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Foreword

While recent global attention has been rightfully focused on viruses (coronaviruses,
Ebola, etc.) and bacteria (MSRA, tuberculosis, etc.) as sources of infectious diseases,
one should not overlook the continued importance of parasites in human and animal
health. The World Health Organization (WHO) reported for 2018 about 228 million
cases of malaria worldwide with associated 405 000 deaths [1]. Less known is the
impact of human and animal pathogenic filariae which are causing severe disease
in both humans and animals. An estimated 180 million humans are infected with
filarial parasites resulting in considerable suffering and disability. Filariasis is con-
sidered to the second leading cause of disability with DALYs (disability-adjusted life
years) estimated to be 5.549 million [2].

The economic and health impacts of diseases like “river blindness” (onchocer-
ciasis) continue to be dramatic both for the individual [3] and society as a whole
[4]. Lymphatic filariasis (LF) is considered to be a “Neglected Tropical Disease”
in humans and causes illness and suffering in more than 125 million individuals.
The main causative agents of lymphatic filariasis include the mosquito-borne filar-
ial nematodes Wuchereria bancrofti and Brugia malayi. An estimated 90% of LF cases
are caused by W. bancrofti (Bancroftian filariasis). Neglected Tropical Diseases like
these still cause severe disease, suffering, and economic loss in affected countries [5].

Treatments and prevention of onchocerciasis and LF generally rely on
community-based approaches using donated drugs such as ivermectin, a com-
pound originally developed in veterinary medicine [6], or diethylcarbamazine [7],
an anthelmintic discovered in 1947 that due to side effects in humans can’t be used
in onchocerciasis-endemic regions.

In animals, filariae cause heartworm disease in dogs and cats, a widespread and
often fatal parasitic infection of pet and feral animals, with canine and feline heart-
worm being the economically most important filarial infections. The global animal
health heartworm market is exceeding US$ 2 billion per year in pet owner spend [8].
With that, it is the most important single disease/parasitic infection market in all of
animal health. Prevention and treatment of Dirofilaria immitis, the parasite caus-
ing heartworm disease, is the focus of intense research in all major animal health
corporations. Given the necessary investment in research, compound libraries, and
whole organism-screening systems, etc., it can be assumed that currently only the
top four animal health companies (Zoetis, Boehringer Ingelheim Animal Health,
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Elanco, and MSD Animal Health) have the resources and financial stamina to truly
bring innovation to market. With the cost of biotechnology dropping dramatically, it
might be possible, however, that smaller animal health startup companies become
active in this field.

Filariae are a prime example for the concept of One Medicine. Different species
of these parasites cause illness and often fatal disease in humans and animals and
have a grave economic impact for both. Antiparasitic and particularly anthelmintic
treatments for human health are often based on animal health compounds and as
filariases are “Neglected Tropical Diseases” in humans while of strong economic
importance in animal health, research in animal health is often the driving force for
new interventions. It is noteworthy that compounds widely used in human health
like ivermectin and related macrocyclic lactones, emodepside (which is currently
in a clinical trial against onchocerciasis in human health [9, 10]) and others, were
discovered in animal health and subsequently tested and used in human health. This
is contrary to the usual pattern of active ingredients proven in human health being
tested and utilized in animal health and, again, a good example of the benefits of a
One Health approach.

One Health is an approach that recognizes that the health of people is deeply con-
nected to the health of animals and our shared environment. One Health is not new,
but it has become more important in recent years. This is because many factors have
changed interactions between people, animals, plants, and our environment [11].
With growing human populations that expand into wildlife areas previously undis-
turbed by human settlement and humans living in close contact with domestic and
wild animals, opportunities for diseases and parasites to pass between animals and
humans increase. With ever-accelerating climate change and land use, disruptions
in environmental conditions can provide new habitats for diseases and parasites and
allow them to more easily pass between animals and humans.

Research into filariases in animals and humans as presented in this book is a
hallmark of the One Health approach. Parasitic diseases research and treatment
in animals have a direct effect on the available treatment and prevention options
in humans and with that a large impact on the economic wellbeing of millions
of people. That reasoning behind One Health is why organizations like the Bill
and Melinda Gates Foundation, the Drugs for neglected Disease Initiative (DnDi),
GALVmed, and others support research in parasitic and other infectious diseases.

Last but not least, human and animal health is important not just for tropical areas
of the world where human filariae are endemic, but also effectively for the entire
world. Economic hardship, inability to generate incomes, or live in certain parts of
the world due to parasite populations or endemic diseases lead to suffering and mass
migrations which increase economic burdens both for countries where citizens leave
and those where they arrive.

Research in infectious diseases and parasites like the comprehensive material pre-
sented in this book is paramount for the future of our global society. Without contin-
ued pioneering work to understand the prevalence, pathogenesis, economic impact,
and treatment and prevention of filariases, the economic impact will only increase
and could make entire normally fertile regions around river deltas uninhabitable.
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The work done for the discovery and development of new heartworm drugs for dogs
and cats has a direct positive effect and relationship with the work done on human
filarial diseases providing the benefit of One Health for both humans and animals.

The detail and quality of the work in this book from the description of the parasites,
detailed chapters on the diseases caused by filariae in humans and animals all the
way to current and future chemotherapy followed by an outlook on drug discovery
for novel antifilarials and even approaches including genetics, vector control, and
potential vaccines will contribute greatly to the understanding of these important
parasites and thus will help with treatment, control, and possibly eradication in both
animals and humans.

Dr. med. vet. Fabian M. KauscheMay 2022
Trustee at GALVmed;
Chairman of the board at PetMedix, Ltd.;
Member of the board at Pet Flavors, LLC;
Member of the board at Sequent Scientific, Pvt Pty;
Member of the Scientific Advisory Committee at
Rejuvenate Bio, Inc.
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Preface

Pathogenic filariae affect the wellbeing of hundreds of millions of people and
animals. The vector-borne human filarial parasites cause onchocerciasis (river
blindness), lymphatic filariasis (elephantiasis), and loiasis (eyeworm). More than
200 million people live in onchocerciasis-endemic areas, and about 1.39 billion
people are at risk in lymphatic filariasis areas in more than 72 countries. It is
estimated that about 380 million dogs and 350 million cats are at risk of being
infected with filariae, with canine heartworm as the most prominent filarial disease
in dogs. This book aims to provide insights regarding the current landscape, the
gaps and challenges, and current and future approaches for control of both human
and animal filariases.

The first section of this volume is titled “Human and Animal Filariae and Their
Diseases,” providing a comprehensive overview of human and animal filariae
and the diseases they cause. Firstly, arguments are presented which foster a “One
Health” approach to review human and animal filariases and explore mutual
benefits. Furthermore, a strong foundation is laid, based on the biological back-
ground, the description of the various diseases and the current gaps, diagnostic
possibilities, and treatment options. A thorough assessment of current chemother-
apeutic interventions (which are still the mainstay of control) is outlined as well
as the importance of drug resistance. A consideration of current elimination and
eradication programs for human filariases, and finally, an economic overview
particularly of canine heartworm, closes this section.

The section on “Drug Discovery for Novel Antifilarials” starts with a discussion of
the similarities and discrepancies in requirements (product profiles) for new antifi-
larials. Subsequently, various authors outline the state-of-the-art discovery processes
for identifying new antifilarial lead compounds. They focus on the current status of
in vitro discovery approaches, advantages, and handicaps of available in vivo rodent
models, and finally on in vivo assays to explore and monitor the activity of active com-
pounds on target parasites. Finally, the antifilarial drug pipeline, as much as is pub-
licly available, is highlighted. As an area for discovery of new drugs, the host–filariae
interface is advanced in particular.

The section on “New Frontiers for Control of Antifilarial Diseases” closes this vol-
ume. These contributions show the potential of exploring improved technologies
for genomic, transcriptomic, and metabolic approaches for the discovery of novel
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points of intervention. Furthermore, they outline the major advances and obstacles
in vaccine research against the background that an effective antifilarial vaccine has
the potential of a breakthrough in control of filariases, particularly of canine heart-
worm. Alternatively, opportunities and current gaps and challenges of vector control
methods are presented. Finally, the potential to therapeutically intervene with the
rickettsia-like endosymbionts Wolbachia as a particular target in most filarial species
is presented.

We thank Prof. Paul M. Selzer, the series editor, and many representatives of Wiley
for the opportunity to embark on this volume and for their continued guidance and
support. We also thank the authors who have generously contributed their time and
expertise. The result of all these efforts is a volume that provides a comprehensive
view on human and animal filariases for physicians, veterinarians, biologists, public
health decision makers, and other interested people in academia and industry.

May 2022 Ronald Kaminsky
Timothy G. Geary
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Breaking the Silos – Obstacles and Opportunities for
One Health in Filariases
Ronald Kaminsky1,* and Timothy G. Geary2,3,*

1ParaConsulting, Altenstein 13, Häg-Ehrsberg 79685, Germany
2Institute of Parasitology, McGill University, 21111 Lakeshore Road, Sainte-Anne-de-Bellevue,
QC H9X 3V9 Canada
3School of Biological Sciences, Queen’s University-Belfast, 19 Chlorine Gardens,
Belfast BT9 5DL, Northern Ireland

Abstract

Despite major similarities in biology and transmission, human and animal filarial par-
asites exhibit a number of species-specific characteristics that prompt the question if a
One Health approach is sui for filariases. We elucidate that applying the One Health
concept to filariases is not motivated by the pathology of these diseases nor their geo-
graphic overlap and only to a minor extent by the zoonotic potential of animal filariases.
Instead, the benefits of adopting a One Health view on this disease complex are evident
in the areas of drug resistance, the well-being of humans and their pets, and even more
importantly for the discovery of new anthelmintics and research on the basic biology
of the host–parasite interface that may lead to entirely novel treatment strategies.

1.1 Introduction

Why should one combine chapters on scientific research and reviews into human
and animal filariases in a single book? An obvious reason is that these parasites
exhibit a number of biological similarities; the pathogenic filariae belong within
the superfamily of Filarioidea and the same family of Onchocercidae [1], and they
all cause vector-borne diseases (meaning that all are adapted to live in two very
distinct kinds of hosts, arthropods, and mammals). However, the preferred sites
of infection and thus the pathologies they cause are quite different, even within
the same host [2, 3], and their respective competent vectors also differ a great deal
in biology [4, 5]. In a more pragmatic approach, the present control methods are

*Corresponding authors.
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quite different for human and animal filariases and product profiles differ sub-
stantially [6]; however, the currently applied control methods rely to a large extent
on the same chemical class, the macrocyclic lactones [7–10]. The common history
of chemical control of filariases relates back to the discovery and development of
ivermectin, firstly for veterinary purposes but subsequently applied for control of
human onchocerciasis and lymphatic filariasis. In addition, it is for good reasons
that Satoshi Ōmura and William C. Campbell were awarded the 2015 Nobel Prize
in Medicine for that breakthrough innovation. Even now, control programs for
human filariases [7] rely on ivermectin (among other drugs), and many veterinary
products [9] contain ivermectin or subsequently developed macrocyclic lactones as
the active pharmaceutical ingredients.

The One Health approach is currently endorsed by many authorities and has
become popular in the scientific public health community [11, 12]. The term
“One Health” was first used in 2003 for the valuable consideration of a combined
perspective on the emerging severe acute respiratory disease (SARS) [12].
Subsequently, the correlation and deep connections between human and animal
health, including wildlife health, and the need for an interdisciplinary and collab-
orative approach to respond to emerging diseases, were clearly outlined (Wildlife
Conservation Society One World-One Health www.oneworldonehealth.org
Sept 2004) [13], although the principles of the One Health concept originated
several decades ago as “One Medicine, One World” [11]. The concept has not been
applied to the study of parasites as frequently or intensively as might be desired,
and, in our experience, veterinarians, physicians, and parasitologists do not always
work together to the extent that they could or should, despite the excellent chances
for mutual benefit.

1.2 Indicators for “One Health” Diseases

The obvious indicators for a link between research in human and animal diseases
are (i) the origin of the pathogen, (ii) shared geographic or microhabitats, and (iii)
a zoonotic characteristic of the disease. A number of emerging infections can be
traced to animals, including wildlife, such as the pathogenic avian influenza H5N1
or SIV/HIV, associated with changes in human activities [14–16]. More recently,
it has been hypothesized that SARS-CoV-2 originated from a β-coronavirus in
the sarbecovirus (SARS-like virus) group that naturally infects bats and pangolins
[17–19]. The risk of exposure may rise when the hosts of the same pathogen
share common close habitats, such as the distribution of Escherichia coli in cattle
grazing next to a lettuce field. Furthermore, at least 60% of human diseases are
multi-host zoonoses [20], including parasitic infections such as leishmaniasis,
human African trypanosomiasis, schistosomiasis, soil-transmitted helminthiasis,
and lymphatic filariasis. Many of these diseases have been grouped as “Neglected
Zoonotic Diseases” [21].
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Table 1.1 Differences and potential synergies for human and animal filariases

Differences
Common/

Animal healthHuman healthdifferent

Predominantly tropical,DifferentGeography
subtropical countries

Heartworm endemic areas
in North America, etc.

Financial
resources of
involved
communities

Resource-limited; mostDifferent
drugs are donated

Heartworm control
products are a major
component of AH
revenue, as well as for
veterinary clinics

Treatment
schedules

Monthly to yearlyIdeally once/yearDifferent

Zoonotic
potential
different for
some species

Different D. repens; D. immitis in
human only anecdotal

—

No known animal—Different
reservoir for W. bancrofti
No animal host confirmed—Different
for O. volvulus, but related
cattle species exist
(O. ochengi)

Primary life
stages targeted
for
chemotherapy

L3/L4, L1L1, adult fertilityDifferent

Vectors ±: overlapping
mosquito species, but
flies not relevant for
heartworm

Mosquitoes/
black flies

Mosquitoes

Possible synergies

Zoonotic
potential for
some species

+ Brugia malayi, Brugia
pahangi

Cats

+ Onchocerca lupi Dogs, cats
+ Dirofilaria repens Dog

Current drugs + Ivermectin, moxidectin,
doxycycline, and
diethylcarbamazine

Macrocyclic lactones,
arsenicals, and
doxycycline

Drug targets + Table 1.3Table 1.3
Vaccine targets + Common epitopes D. immitisO. volvulus
Vector control ± ForFor LFfor mosquitoes D. immitis
Costs + Affordable for publiclow cost of goods

health resources of local
communities

Competitive margins for
animal health industries

Diagnostics + Common protein or
nucleic acid
technologies

All human filariae D. immitis
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1.3 Zoonotic Characteristics of Human and Animal
Filariases

Although eight filariae species have been reported to infect humans [22, 23],
the zoonotic potential of filarial parasites appears to be limited. They all rely on
insect vectors for transmission, but most of them express a more or less strict host
specificity such that each species is confined to a single or few specific definitive and
intermediate hosts [12]. The human pathogenic species Brugia malayi and Brugia
pahangi can also infect cats, but the epidemiological significance of this alternative
host is not known. Nevertheless, they are grouped as lymphatic filariases in the
Neglected Zoonotic Diseases list [21], and cats can serve as competent hosts for
B. malayi, with reported prevalence reaching as high as 20% in endemic feline pop-
ulations [24]. Other than Onchocerca volvulus, the cause of onchocerciasis, only one
other species in this genus, Onchocerca lupi, can use humans as host, although it
is far more commonly found in dogs and cats (Table 1.1). The medical significance
of this parasite has only recently been appreciated. O. lupi infection is now also
proposed as an emerging zoonosis [25, 26]. Infections of humans with the canine
pathogen Dirofilaria immitis occur, but the parasites almost never mature into adult
stages and are described mostly as anecdotal, single case reports. However, the
usually non-pathogenic species Dirofilaria repens, with a primary canine host, has
higher zoonotic potential than D. immitis. Human infection is usually characterized
by subcutaneous nodules, but larva migrans-like symptoms may also occur and,
notably, larvae may reach the eye, becoming visible in the conjunctiva. Some reports
have described the presence of microfilariae in humans [27].

1.4 Are Human and Animal Filariases Suitable for a
“One Health” Approach?

Applying the One Health concept to filariases is not motivated by common patho-
logical manifestations of these diseases nor their geographic overlap and only to a
minor extent by the zoonotic potential of animal filariases (Table 1.1). Instead, the
benefits of adopting a One Health view on this disease complex are evident in the
areas of pharmacology of antifilarial drugs (including drug discovery and drug resis-
tance), the use of common technology platforms for diagnosis and vaccine control,
aspects of vector biology, and implications for the well-being of humans and their
pets. Research on the basic biology of the host–parasite interface that may lead to
entirely novel treatment strategies also illustrates the great potential of a One Health
approach to filariases.

1.4.1 Pharmacology of Antifilarial Drugs

As reviewed in this volume [7–10], chemotherapy of human and veterinary
filariases relies to a significant extent on the use of macrocyclic lactones, in
particular the prototype of this class, ivermectin. Although ivermectin has some
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filariid species- and host-specific effects [28, 29], the drug has microfilaricidal and
temporary sterilization effects against human and veterinary filariae. Although
microfilaricidal activity may be due to inhibition of secretion of parasite-derived
immunomodulatory factors, a mechanistic explanation of the prolonged but
reversible inhibition of fertility caused by the drug remains elusive. In contrast, the
activity of ivermectin against L3 and L4 larvae of D. immitis, the basis for its use as a
heartworm disease preventative, is not fully duplicated in O. volvulus or LF parasites,
for unknown reasons. Although the microfilaricidal effects of diethylcarbamazine
are evident against veterinary and human filariae, macrofilaricidal effects are only
pronounced in LF parasites. The basis for the discrepancy between the profound
pathology associated with killing of microfilariae in onchocerciasis and heartworm
infections, but not in LF, is yet unresolved. Thus, although many commonalities
are observed for antifilarial chemotherapy in human and veterinary medicine,
the differences could provide a basis for comparative studies that may illuminate
strategies for safer and more effective interventions.

1.4.2 Drug Resistance

Drug resistance is a well-known and urgently considered obstacle in animal health,
particularly for livestock but also more recently for companion animals. Producers of
small ruminants and cattle have experienced the disastrous effects of drug-resistant
gastrointestinal nematodes, even to the point of forced abandonment of sheep farm-
ing in some areas with high-level resistance to all available anthelmintics. This major
stressor has resulted in considerable investment in research to understand, monitor,
and combat the issue of drug resistance in livestock animals [30]. These methods are
now being applied to supplement human STH control programs, as concerns about
the development of resistance to albendazole and mebendazole are heightened by
the expansion and intensification of mass drug administration programs. In this
case, extensive molecular biology work has clearly identified three alleles in a nema-
tode beta-tubulin gene that cause benzimidazole resistance, and it is possible to
monitor for the presence and spread of these alleles in human STH species [31].
Recently, one of these alleles (a change from phenylalanine to tyrosine at residue
167 of the beta-tubulin gene) has been reported to be present in Ancylostoma can-
inum (hookworms) in dogs in the United States [32], proving that benzimidazole
resistance is a threat in hookworms and encouraging intensified monitoring for this
mutation in areas that receive intensive treatment with these drugs for human STH
infections.

A similar situation has developed in canine heartworms; recent experiments have
proven that macrocyclic lactone-resistant D. immitis populations have appeared in
the United States [33]. These resistant populations can break through previously
effective macrocyclic lactone regimens, and microfilariae of these parasites are
unaffected by these normally effective drugs. A mixture of genomic and phenotypic
assays has conclusively demonstrated that resistant populations are genetically
distinct from wild-type parasites and support the hypothesis that the phenotype of
macrocyclic lactone resistance is multigenic. Although genomic analyses have not
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yet been able to conclusively identify the genes that cause this phenotype, single
nucleotide polymorphisms (SNPs) have been found that can identify resistant
parasites with high confidence. The phenotype extends to all members of this drug
class, but further work is needed to define the quantitative shift in sensitivity and to
determine if the extent of resistance is the same for all macrocyclic lactones. At this
time, new drugs or drug regiments that are fully effective against resistant parasites
have not been identified or confirmed.

Although resistance to macrocyclic lactones has been suspected in human
filariases (particularly in O. volvulus; [33]), the lack of a convenient laboratory host
for these parasites has greatly limited the opportunity for experimental validation.
It is to be hoped that, once the genes responsible for resistance to macrocyclic
lactones in D. immitis are identified, research can be initiated to characterize and
monitor them in populations of O. volvulus that have been intensively treated with
ivermectin.

1.4.3 Antifilarial Drug Discovery

Almost all medicines used in veterinary practice were originally developed for
human use, with the notable exception of antiparasitic drugs, many of which were
developed for use in animals (Table 1.2). The examples include the majority of drugs
used to treat coccidian infections of poultry and, particularly, anthelmintics. Indeed,
only one drug used as an anthelmintic in animals was originally discovered in a
human-use screening operation: diethylcarbamazine [10], which was discovered

Table 1.2 Anthelmintics discovered for AH, which were repurposed for HH

Active
ingredient

Indication for
animal health

Year of
market entry

Indication for
human health

Derivatives in use1964GI nematodesThiabendazole
(mebendazole, albendazole,
and flubendazole)
Lymphatic filariases1981GI nematodesAlbendazole
GI nematodes
Tapeworms (Taenia and
Echinococcus)
GI nematodes1970sGI nematodesPyrantel
GI nematodes1970sGI nematodesOxantel

GI nematodes,Ivermectin
heartworm,
arthropods

Filariases, mites, lice1981

Onchocerciasis1990As for ivermectinMoxidectin
Schistosomiasis, other1975TapewormsPraziquantel
trematodes

Triclabendazole Fasciola 1983spp. Fasciola hepatica

All but diethylcarbamazine and doxycycline.
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in a program looking for drugs for the treatment of lymphatic filariasis and only
later transitioned for use as a heartworm preventative in dogs (now replaced by
macrocyclic lactones for this indication).

However, relatively little investment was made in the animal health industry
to discover new drugs for heartworm infections over the past 20 years. The most
important reason for this status was the excellent record of efficacy and safety of the
macrocyclic lactones, which greatly reduced the opportunity for new medicines to
penetrate an already well-satisfied market. Furthermore, the necessity to maintain
the long heartworm life cycle in dogs to detect efficacy endpoints requires much
longer discovery programs than for GI nematodes, for example, and greatly limits
the ability of academic researchers to operate in this area (along with animal
use regulations that restrict the use of dogs for exploratory research). Finally, the
marked consolidation of the animal health industry has led to a significant overall
decline in the amount of private resources that can be devoted to the discovery of
new drugs for prevention of heartworm disease.

Instead, significant investment has more recently been targeted for the discovery
of new anthelmintics with macrofilaricidal activity for human use, especially for
onchocerciasis, for which control programs that rely solely on the microfilaricidal
action of ivermectin (and now moxidectin) may not achieve the goals of control
programs in a cost- and time-effective manner. These efforts have led to the iden-
tification of several compounds that are in clinical trials or are candidates for such
trials, including the veterinary anthelmintic emodepside, which has antifilarial
activity in many animal models, auranofin, imatinib, and several antibiotics with
anti-Wolbachia activity [10, 34, 35]. Although these compounds have known
mechanisms of action, their antifilarial activity was discovered in phenotypic and
infected animal models. Among them, only emodepside has been reported to have
activity against D. immitis [36]. It is also important to recognize that other veterinary
anthelmintics, such as monepantel [37] or derquantel [38], may have utility for
filariases; further research is needed to support or reject this possibility.

Until recently, it has not been possible to maintain Wuchereria bancrofti,
O. volvulus, or D. immitis in convenient laboratory rodent hosts to permit transition
from in vitro to in vivo assays before testing promising compounds in dogs, a major
limitation in the ability of academic or small industrial labs to participate in
heartworm drug discovery programs. In the absence of such models, scientists
commonly rely on surrogate filariid species maintained in permissive rodent hosts
(e.g. Litomosoides sigmodontis in mice or Brugia spp. in jirds; see Ref. [39]) to
identify compounds with promising antifilarial activity. These models can identify
compounds with preventative activity, as well as microfilaricides and macrofilari-
cides, and represent a significant synergy in the One Health context. As reviewed
in Ref. [39], novel immunosuppressed rodent models now permit more facile drug
screening studies for D. immitis (mice and rats) and O. volvulus (mice). It remains
somewhat challenging to procure infective larvae of O. volvulus for routine use, but
this is simple for D. immitis, and it is possible that the heartworm screens could be
used to generate and characterize new compounds with high likelihood of activity
against the relevant stages of human filariid species.
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It is important to emphasize in this regard that there is a disconnect between the
life stages targeted for antifilarial chemotherapy in human and veterinary medicine.
The overwhelming emphasis in veterinary medicine is to discover compounds that
prevent maturation to adult parasites by targeting L3 and L4 stages as they develop in
the host. Microfilaricidal activity is permissible but is not generally a therapeutic pri-
ority and can be a drawback (as seen with diethylcarbamazine). Adulticidal activity
is clearly a drawback, as killing adult heartworms can lead to significant pathology in
the host. In contrast, available human antifilarial drugs primarily target microfilar-
iae, both in the host and developing in the adult female parasite, and preventative
chemotherapy is not practiced or practical for these infections. In the absence of
proven resistance to ivermectin, the emphasis has been on finding drugs that safely
kill adult parasites. Thus, much research on potential drug targets in human filarial
parasites may be applicable to heartworms, but it remains to be seen if the macro-
filaricidal compounds now under evaluation for human filariases will find ready
applications in veterinary medicine for heartworm prevention.

1.4.4 Discovery of Common Drug Targets

Because of their parasitic nature and their close phylogenetic relationship, human-
and animal pathogenic filarial share some common drug targets (Table 1.3). The
list includes targets for which activity against both human and animal filariids has
been demonstrated, at least in vitro. There are chances that interference or inhi-
bition of other targets in one filarial species, e.g. D. immitis, may be evident and
relevant in other species. Activity in a particular mechanism-based screen cannot
guarantee that the compound would be suitable for use against all filarial species
as other parameters must also be met, such as stage of the life cycle, proper phar-
macodynamics and pharmacokinetic characteristics, and safe toxicological profile
in the respective host. Nevertheless, activity against a specific target could offer a
valuable starting point for a drug discovery program with therapeutic implications
for all filariases.

Table 1.3 Selected drug targets shared by animal and human pathogenic filariae.

ReferencesFunctionTarget

Glutamate-gated chloride
channels

[10]Secretion, fertility

Specific digestive enzymes of parasiticIntestinal proteases
nematodes involved in feeding process

[40]

[41]Motility, development, and feedingPeptide GPCRs
[36, 42, 43]MotilitysloK channel

Wolbachia [35]Viability and development
[10, 34]ViabilityKinases
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1.5 Insights into Host–Parasite Interactions:
New Therapeutic and Diagnostic Opportunities

Current control of filariases in both human and veterinary medicine relies on drugs
discovered empirically; except for diethylcarbamazine, all were discovered for use
in other indications (trypanosomes, gastrointestinal nematodes, and bacteria).
As noted, our understanding of the molecular pharmacology underlying their
therapeutic benefit remains incomplete, and indeed, our understanding of the basic
biochemistry and physiology of filariid parasites has been little advanced over the
past decades. In part, this reflects the difficulty of maintaining sufficiently large
numbers of parasites at all stages of the life cycle in laboratories, as culture systems
that can replicate the life cycle in the absence of hosts have not been developed.
The use of surrogate (non-target) filariid species is necessary even now as it is quite
challenging if not essentially impossible to obtain living specimens of, for instance,
adult O. volvulus, W. bancrofti, and D. immitis. The situation is made more complex
by the fact that we do not know if parasites removed from the host and placed
in culture accurately reflect their biology in situ and for how long they are useful
surrogates in vitro (see, for example, Ref. [44]).

However, the development of sensitive and highly quantitative technology
platforms for genomic, proteomic, metabolomic, transcriptomic, and microRNA
(miRNA) analyses is revolutionizing our ability to interrogate the host–filariid
parasite interface and the molecular language that serves to maintain or prevent the
establishment of a chronic infection. Comparative studies may eventually provide
insights into the basis for host–parasite specificity, focusing on the species-specific
molecules that are essential for enabling a chronic infection (possibly including
proteins, metabolites, and/or non-coding RNAs). Work in model or surrogate
filariid species may allow rapid extrapolation to medically important species, an
important benefit of a One Health paradigm. Some advances have been made
in our ability to perform functional genomics experiments in filariae [45], but
more intensive investment in this area has the potential to radically transform
our understanding of the host–parasite interface and to reveal new targets and
novel strategies for prevention and control of these infections in humans and
animals.

Clinically important advances may be expected from these studies, not only in
terms of new targets for chemotherapy [46]. Identification of critically important
immunomodulatory proteins can lead to the rational selection of vaccine anti-
gens; by neutralizing those proteins, we may be able to convert permissive into
non-permissive hosts for pathogenic filariid species. Similarly, obtaining the menu
of abundantly secreted parasite-derived proteins and nucleic acids can be expected
to offer new strategies for stage- and species-specific diagnosis of pathogenic
species in field-friendly, cost-effective platforms. New vaccines and diagnostics can
rationally be evaluated in lab animal models before development for use in people
and/or dogs and cats.
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1.6 Health Benefits

Although the direct health benefits of chemotherapy for human filariases are obvi-
ous and profound, the indirect human health benefits of chemotherapy for preven-
tion of heartworm disease should be included in a consideration of the One Health
landscape around filariid parasites. In many parts of the world, companion animals,
particularly dogs and cats, have been integrated into family life, sometimes to the
extent that pets are considered to be family members. The pet–owner bond, partic-
ularly as it relates to the well-being of these animals, contributes to a large extent
to the overall life experience of the involved people, and as such, healthy pets can
contribute to human health by providing many positive psychological and physical
benefits for their owners [47–49]. Thus, although treatment of human filariases leads
to direct improvements in the well-being of communities, families, and individuals,
significant health benefits are also apparent in companion animal owners who are
free from worry over possible heartworm infections and pet ill health.

1.7 Conclusions

Despite significant differences in vectors, tissue location, pathology, and strategies
for control, the phylogenetic and pharmacological similarities among the impor-
tant filarial species that parasitize humans and animals merit the application of a
One Health approach to their study. Much can be learned about their diagnosis,
physiology, biochemistry, and host manipulation strategies in comparative analyses
that will benefit researchers, physicians, and veterinarians, as well as scientists who
strive to develop better tools to control them. Research on filarial parasites that cause
neglected tropical diseases and heartworm has for too long been focused on empiri-
cal discovery of diagnostics and treatments; very little emphasis has been placed on
understanding the complex biology of the host–parasite interface from which novel
approaches may emerge. The research highlighted in this book identifies areas of
work that will benefit scientists in both sectors and can encourage joint efforts to
enhance our ability to eliminate these parasites as significant health burdens.
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Abstract

The filariae are a clade of nematodes that consists of vector-borne parasites with a
unique life cycle. Adults live and reproduce inside a mammal or other vertebrate host
(other than fish). They are viviparous: the female worm does not release eggs but
first-stage larvae, the microfilariae. These are picked up by a blood-feeding insect or
tick, which serves as an intermediate host in which the microfilariae develop further to
third-stage larvae. When, during the next blood meal, such a larva infects a vertebrate
host, it will develop into an adult parasite, reproduce, and the cycle will be closed.
The filariae are a burden to human and animal health. In particular, the subfamily
Onchocercidae, which comprises important pathogens such as Onchocerca volvulus
(the causative agent of river blindness), Wuchereria bancrofti and Brugia malayi (the
causative agents of elephantiasis), and Dirofilaria immitis (the dog heartworm), causes
considerable health and economic burdens. Thus, the filariae are of high interest
to physicians as well as veterinarians. At the same time, they are fascinating study
subjects in basic science due to their many biological peculiarities. The evolutionary
biologist is captivated by the mutualistic symbiosis between onchocercid filariae
and the intracellular bacterium Wolbachia; the geneticist is puzzled by the fact that
the (male) filaria is the only nematode that possesses a Y chromosome; and the
immunologist has to concede that the filariae have gained the higher degree of mastery
in controlling the human immune system. This introductory chapter attempts to
do justice to both aspects of the filariae: their importance as pathogens and their
intriguing biology.

2.1 What’s So Special about the Filariae?

The vast and immensely diverse phylum Nematoda (the roundworms) includes
a defined group of highly specialized, vector-borne parasites: the Filarioidea,
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commonly called filariae. The filariae have no free-living stages in their life cycles;
adult worms as well as all larval stages are obligate endoparasites. The adults live and
reproduce inside a mammal, bird, reptile, or amphibian as the definite host, while
the larvae are disseminated by a blood-sucking insect or another hematophagous
arthropod that serves as an intermediate host. The conserved reproduction and
transmission cycles indicate that the filariae are monophyletic and of terrestrial
origin, whereas the nematodes on the whole probably have marine ancestry [1].

The term filaria derives from filum, which means thread in Latin, while nematode
comes from nema, which means thread in Greek. This somewhat awkward duplica-
tion is attributable to the fact that the filariae were discovered and named (Müller
1787) before the Nematoda were defined as an animal phylum [2]. At least the repeti-
tion reminds us that the filariae are the most thread-like of animals. An adult female
Onchocerca volvulus measures up to 700 mm in length but only 0.4 mm in diameter!

Taxonomically, the Filarioidea form a superfamily, of which the family Onchocer-
cidae is the best studied and the subject of the present book. The Onchocercidae
comprises all the human-pathogenic species of the Filarioidea, most notably the
causative agents of the neglected tropical diseases, river blindness (onchocerciasis)
and elephantiasis (lymphatic filariasis or disfiguring lymphatic edema; Figure 2.1).
The Onchocercidae also comprises several pathogens of veterinary importance, such
as the dog heartworm. Table 2.1 lists the human-pathogenic Filarioidea and a selec-
tion of animal-pathogenic species.

2.1.1 Microfilariae and Macrofilariae

A distinctive feature of the filariae is the fact that they are ovoviviparous, i.e. the
female adult gives birth to larvae that have hatched from eggs inside her body.

Figure 2.1 The disease elephantiasis illustrated by a wooden figurine of the Basonge
people from the Democratic Republic of the Congo, and a patient suffering from edema of
the lower legs and feet. Source: Wellcome Trust Collection/CC BY 4.0; R.S. Craig/Center for
Disease Control (CDC) – PHIL/Public Domain.
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Table 2.1 Selected species of Filarioidea.

Family and
DistributionDiseaseVectorFinal hostspecies

Filariidae
Parafilaria
multipapillosa

Horse Haematobia
spp. biting flies

GlobalSummer bleeding

Stephanofilaria
spp.

Bovines Haematobia EuropeSummer woundsspp.

Setariidae
Setaria Ungulatesspp. Haematobia

spp., mosquitoes
GlobalCavity filariasis

Onchocercidae
Onchocerca
volvulus

Human Simulium spp.
(blackflies)

Subcutaneous
filariasis (river
blindness)

Tropical Africa

Loa loa Human Chrysops spp.
(deer flies)

Subcutaneous
filariasis (loiasis)

West Africa

Wuchereria
bancrofti

PantropicalLymphatic filariasisMosquitoesHuman

Brugia malayi South andLymphatic filariasisMosquitoesHuman
southeast Asia

Brugia timori Lymphatic filariasisMosquitoesHuman
(Timor filariasis)

Lesser Sunda
Islands

Mansonella
streptocerca

Human,
Chimpanzee

Culicoides spp.
(midges)

Subcutaneous
filariasis

Tropical Africa

Mansonella
perstans

Human Culicoides Sub-SaharanCavity filariasisspp.
Africa, Central and
South America

Mansonella
ozzardi

Human Culicoides spp.,
Simulium spp.

Central and SouthCavity filariasis
America

Dirofilaria repens Old worldMosquitoesDog
Dirofilaria
immitis

DirofilariasisMosquitoesDog
(canine heartworm)

Global

Brugia pahangi Southeast AsiaFeline filariasisMosquitoesCat
Onchocerca
ochengi

Bovines Simulium Intradermalspp.
onchocerciasis

Africa

(Continued)
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Table 2.1 (Continued)

Family and
DistributionDiseaseVectorFinal hostspecies

Onchocerca
lienalis

Bovines Simulium Globalspp.

Pelecitus MallophagaBirdsspp.
(bird lice)

Cutaneous

Cardiofilaria
spp.

Birds Culex Bloodspp.

Acanthocheilonema
viteae

Argasidae (softRodents
ticks)

Subcutaneous
filariasis

Deserts

Litomosoides
sigmodontis

Cotton rats Ornithonyssus
bacoti (rat mite)

Central and South
America

Source: Compiled mainly from [3, 4].

The released larvae are called microfilariae, and the adults are called macrofilariae.
Figure 2.2 depicts four different examples of microfilariae.

The microfilariae circulate in the blood (or upper dermis in the case of O. volvulus)
and infect the intermediate host when it takes a blood meal. Interestingly, in some
species of filariae, the presence of microfilariae in the peripheral blood of the

(b)(a)

(c) (d)

Figure 2.2 Examples of microfilariae. (a) Histological preparation of O. volvulus
microfilariae in the subcutaneous tissue of a patient. They are unsheathed and measure
about 300 μm. (b) Loa loa microfilaria stained with hematoxylin. It is sheathed and measures
about 250 μm. (c) Microfilaria of W. bancrofti (sheathed, about 280 μm) and M. ozzardi
(unsheathed, about 180 μm) on a membrane filter stained with Giemsa. (d) Microfilariae of
unknown species in the blood of a mistle thrush (Turdus viscivorus; note the bird’s nucleated
erythrocytes). Source: H. Zaiman (a, b); R. Müller (c); H.P. Striebel (d).
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mammalian host is synchronized with the feeding habit of the vector. Thus, micro-
filariae of O. volvulus, which are transmitted by Simulium spp. (biting black flies;
Table 2.1), have diurnal periodicity, whereas microfilariae of Wuchereria bancrofti,
which are transmitted by night-feeding Culex or Anopheles mosquito spp. (Table 2.1),
have nocturnal periodicity. However, in regions where W. bancrofti is transmitted
by day-feeding Aedes spp., the microfilariae have diurnal periodicity. Other micro-
filariae, such as those of Mansonella spp., are aperiodic. The clues perceived by the
microfilariae are blood oxygen tension and body temperature, both of which are
lower during resting times of the mammalian host [5]. However, the molecular
nature of the mechanisms governing the periodicity of microfilariae remains to be
elucidated.

Microfilariae are the diagnostic stages for most filariases, since the macrofilariae
usually are inaccessible. Obviously, the periodicity needs to be taken into account
when examining blood for the presence of microfilariae. The microfilariae are simi-
lar in size, 250–300 μm (with the exception of the somewhat shorter Mansonella; see
Figure 2.2c), but they can be distinguished microscopically based on the presence or
absence of a sheath and by the arrangement of the nuclei in the tip of the microfilarial
tail (Table 2.2). The sheath is the modified remnant of the egg shell and serves as a
protective layer that is impermeable to antibodies [6].

2.1.2 Filariae at the Dawn of Tropical Medicine

Microfilariae were described for the first time in 1843, when Gruby and Delafond
observed a high number of them in the blood of an infected, but apparently healthy
dog [7]. The species was termed Filaria immitis (Leidy, 1956), later renamed to
Dirofilaria immitis (lat. dirus, dreadful; immitis, relentless). Similar microfilariae
were subsequently found in human body fluids such as urine, testicular hydrocele,
and blood. By 1878, Patrick Manson had established the epidemiological link
between elephantiasis and the presence of microfilariae in the blood [8]. The
species was originally named Filaria sanguinis hominis but ultimately renamed
to Wuchereria bancrofti, in honor of Otto Wucherer, who had found microfilar-
iae in the patients’ urine, and Joseph Bancroft, who had discovered the adult
macrofilariae [9].

Table 2.2 Distinctive characteristics of the microfilariae of human pathogens.

Posterior nucleiSheathPeriodicitySpecies

W. bancrofti No nuclei in tip of tailPresentMainly nocturnal
B. malayi Two distinct nuclei in tipPresentNocturnal
L. loa Nuclei extend to tipPresentDiurnal
O. volvulus Nuclei extend to tipAbsentDiurnal
M. perstans Large terminal nucleusAbsentAperiodic
M. ozzardi No nuclei in tip of tailAbsentAperiodic

For details see (http://www.parasite-diagnosis.ch/microfilariaedk).
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(B)(A)

Figure 2.3 (A) Sir Patrick Manson’s drawing of nocturnal W. bancrofti microfilariae in the
head of a mosquito that had taken a blood meal from a lymphatic filariasis patient
(a, microfilariae; b, labium; c, labrum; d, base of hypopharynx; e, duct of venenosalivary
gland; f , cephalic ganglia; g, eye; h, oesophagus; j, pharyngeal muscle). (B) An infected
mosquito takes a blood meal. Microfilariae have escaped from the mouthparts and are
present in the drop of fluid on the skin. They will enter the skin through the puncture
wound. Source: P. Manson/Wellcome Trust Collection/CC BY 4.0 (A); R. Müller, Medical
Helminthology, London (B).

Microfilaria can reach peak levels of several thousand per milliliter of blood.
Manson reasoned that if the millions of circulating microfilariae in a dog infected
with D. immitis, or in a patient infected with W. bancrofti, all matured to macro-
filariae, the host would immediately be killed. Therefore, microfilariae had to
complete their development outside the mammalian host’s body. Considering
all kind of escape routes, Manson favored the hypothesis that the microfilariae
hijack mosquitoes to leave the bloodstream. He dissected female mosquitoes that
had fed on elephantiasis patients and indeed found live microfilariae (Figure 2.3).
Manson even described the nocturnal rhythm of the circulating microfilariae in the
patient [8]. However, he rejected the – now obvious – hypothesis that the mosquito
itself would transmit the parasites to a new host, since the dogma at the time was
that female mosquitoes have a blood meal only once, whereupon they find water,
lay eggs, and die [10, 11]. Nevertheless, the discoveries by Manson in 1877 mark the
beginning of Tropical Medicine as a research discipline. It was Manson’s work and
his advice to Ronald Ross that paved the way for the discovery that malaria is also
transmitted by mosquitoes [9].

Onchocerca volvulus (gr. onkos, hook; kerkos, tail; lat. volvulus, roll, or small clew)
microfilariae were first described in 1875 [12], but it was not until 1931 that the
causality was understood between the parasite O. volvulus, the vector Simulium spp.,
and the disease river blindness [13–16]. Brugia malayi is named after the Dutch par-
asitologist Steffen Lambert Brug, who discovered the parasite in Indonesia in 1927
and originally named it Filaria malayi [9]. Mansonella perstans was discovered 1890
in London and was originally named Filaria sanguinis hominis minor due to the
microfilaria’s small size (Figure 2.2). On a historical note, it is of interest that at first,
M. perstans was thought to be the causative agent of sleeping sickness, since it was
discovered in a West African patient hospitalized with this dreaded disease [17, 18].

A more recent milestone in filarial research was the isolation of avermectins from
Streptomyces avermitilis in 1975 and the subsequent development of ivermectin
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(trade name Mectizan for human use), for which Satoshi Omura and William
C. Campbell were awarded the 2015 Nobel Prize in Medicine (along with Tu
Youyou for the discovery of the antimalarial drug artemisinin). Developed for
the veterinary sector, ivermectin was repurposed for human medicine due to its
high activity against onchocercid microfilariae [19]. Merck & Co. launched the
Mectizan Donation Program in 1987, which aims to eliminate onchocerciasis and
lymphatic filariasis. In 2007, Colombia was the first country to announce that it had
eliminated onchocerciasis [20]. See Chapter 12 for more information on the success
and challenges of filariasis elimination programs.

2.1.3 Genomic Insights

The first genome sequence of a parasitic nematode was that of B. malayi in
2007 [21]. As is frequently the case with obligate parasites, B. malayi has undergone
a genomic reduction in the course of evolution. While Caenorhabditis elegans has
19 000 protein-coding genes [22], B. malayi only has about 12 000 [21], and the
heartworm D. immitis has even fewer [23]. The onchocercid pathogens have lost
anabolic pathways such as purine and pyrimidine de novo synthesis, whose end
products they salvage either from their hosts or from endosymbiont bacteria (see
below). On the other hand, filarial genome sequences have also revealed expansions
of particular gene families that are important for immune evasion, tissue adherence
and penetration, or for nutrient salvage [24–26]. A surprising finding was the
presence of a Y chromosome in male B. malayi and O. volvulus, which had been
suspected for a long time [27] and confirmed by genomics [24]. This indicates that
these onchocercid parasites have a XX/XY-based genetic sex determination system,
which further distinguishes them from other nematodes such as the free-living
species C. elegans, which has a XX/X0-based system (yet other nematodes such
as Strongyloides have disposed of their sex chromosomes altogether and rely on
environmental cues for sex determination [28]).

2.1.4 Mutualism with Endosymbiont Bacteria

The Onchocercidae are not only parasites but also hosts: the majority of onchocercid
species harbors an intracellular symbiont, the bacterium Wolbachia (also called
Wolbachia pipientis since it was first discovered in the mosquito Culex pipiens [29]).
Those onchocercid species that lack Wolbachia probably lost it in the course of
evolution [30]. Estimated to be present in the majority of insects, Wolbachia is
one of the most widespread bacteria on earth [31]. Interestingly, the Wolbachia
of onchocercid nematodes has smaller genomes than those of arthropods [31]. In
arthropods, Wolbachia is a parasite that cunningly manipulates the reproduction
of its hosts in order to maximize the likelihood of vertical transmission to the next
generation via the eggs [31]. In the Onchocercidae, this has culminated in a mutu-
alistic relationship in which the worm has become fully dependent on Wolbachia
for reproduction. When the endosymbiont is killed by antibiotic treatment, the
worms become infertile and ultimately die as well [32, 33]. What exactly the
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bacteria contribute is unknown. They are thought to provide nutrients for which
the filariae are auxotrophic, such as nucleotides or porphyrins. However, genome
sequencing has revealed that these anabolic pathways are also absent in Loa loa,
one of the few onchocercid species that does not possess Wolbachia [26]. Whatever
the molecular nature of the mutualistic relationship, the fact that filariae such
as O. volvulus, W. bancrofti, or D. immitis cannot survive without Wolbachia may
turn out to be their Achilles’ heel; see Chapter 24 for approaches to cure filariasis
with antibiotics. The endosymbiont bacteria also contribute to the pathology of
the filariases. Wolbachia released from dead worms activate toll-like receptors and
thereby trigger inflammation [34].

2.2 Life Cycles of the Filariae

Like all nematodes, the filaria have a developmental cycle that comprises an egg,
four larval stages (L1–L4), and adults. Unlike other nematodes, the filariae are ovo-
viviparous: the larvae hatch from the egg inside the uterus and are released from
their mother as microfilariae. By definition, the progression from one life cycle stage
to the next is accompanied by molting (Figure 2.4). However, sexually immature
adults are sometimes called L5 larvae, and some authors also distinguish between a
microfilaria and a matured L1 larva in the vector.

The L3 larva is the infective stage for the mammalian host (Figure 2.4). The
so-called dauer-hypothesis [35] proposes that the L3 infective stage of parasitic
nematodes is analogous to the L3 dauer stage of free-living nematodes such as
C. elegans. The dauer larva is an arrested stage that enables the worms to survive
periods of unfavorable conditions. Thus, the ability to make dauer forms would
predispose free-living nematodes to evolve the ability to infect animals and become
parasites [36].

Larvea L3

Larvea L4

Adults

♂ ♀

Microfilariae

Mammal
Definite host

Insect
Intermediate host

Larvea L3

L1
Microfilariae

M
oult

Larvea L2

Blood meal

Blood meal

M
oult

M
ou

lt
M

ou
lt

Figure 2.4 Generalization
of the life cycle of an
onchocercid pathogen. The
development in the
mammalian host (left) takes
from 6 to 12 months,
depending on the species of
filaria. The development in
the arthropod vector (right)
takes between 6 and
30 days. This also depends
on the species of filaria, but
even more so on the
ambient temperature.
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Once in the mammalian host, an L3 molts to an L4 larva. The further develop-
ment to the adult stage often involves tissue migration of the larva and may take
several months. Adult filariae come in two sexes only; there are no hermaphrodites.
The males are smaller than the females. Since sexual reproduction takes place in
the vertebrate, this is the definite host (in contrast to other insect-borne parasites
such as Plasmodium, Theileria, or Trypanosoma, for which the definite host is the
arthropod). Figure 2.4 depicts the general life cycle of an onchocercid parasite.
In the following section, three individual examples are considered in more detail: O.
volvulus for subcutaneous filariasis (Figure 2.5), W. bancrofti for lymphatic filariasis
(Figure 2.6), and D. immitis for heartworm disease (Figure 2.7).

2.2.1 Onchocerca volvulus

Onchocerca volvulus is transmitted by blackflies (Simulium spp.), tiny biting flies
that need oxygen-rich – i.e. moving – waters to breed. They are of the dipteran sub-
order Nematocera and hence more closely related to mosquitoes than to tabanids
or muscids (which belong to the Brachycera). Only the female blackfly takes blood
meals. When an infected fly has a meal from a human host, L3 larvae are deposited
on the skin and penetrate through the bite wound into the subcutaneous tissue.
They molt first to L4 and then to adults, which develop over several months. Mature
macrofilariae measure 35–70 cm (♀) and 2–5 cm (♂). They reside in subcutaneous
nodules (onchocercomata), characteristic granuloma that are formed in reaction to
the worms. An onchocercoma will attract newly invading worms. Female macrofi-
lariae produce unsheathed microfilariae (Table 2.2), up to a thousand per day for up

L3

L4

Adults

penetrate to subcutaneous tissue
through bite wound; molt to

L3
migrate to mouth parts

rest in labium of proboscis

L2, L3
develop in flight muscles

intracellular in muscle fibre

Microfilariae / L1
penetrate the midgut wall

migrate to thorax

live in subcutaneous nodules
can migrate under the skin

Microfilariae
are released into the skin
can spread into the eye

Figure 2.5 Life cycle of Onchocerca volvulus, a causative agent of subcutaneous filariasis.
Source: After Simonsen et al. [3] and the DPDx resource of the CDC (http://www.cdc.gov/
dpdx/az.html).
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L3

L4

Adults

enter skin through puncture
migrate to lymphatics; molt to

L3
migrate to mouth parts

L2, L3
develop in thoracic muscle

Microfilariae

penetrate the stomach wall
migrate to thorax

are ingested
exsheath

live in lymph vessels
cause dilatation

Microfilariae
are released into lymph
end up in blood veins

 L1

Figure 2.6 Life cycle of Wuchereria bancrofti, a causative agent of lymphatic filariasis.
Source: After Simonsen et al. [3] and the DPDx resource of the CDC (http://www.cdc.gov/
dpdx/az.html).
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Figure 2.7 Life cycle of Dirofilaria immitis, the causative agents of heartworm disease.
Source: After Eckert et al. [4] and the DPDx resource of the CDC (http://www.cdc.gov/dpdx/
az.html).
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to 11 years. Microfilariae are first detectable in the skin 10–15 months after infection
and can survive in the skin for up to two years. Thus, the total burden of microfilariae
in a heavily infected person can be over 100 million. When microfilariae are ingested
by another blackfly, they penetrate the midgut wall and migrate to the musculature
of the thorax. After two molts, the infective L3 larvae progress to the proboscis, ready
to infect the next person. The development in the vector takes 6–12 days [3, 37].

2.2.2 Wuchereria bancrofti

Of the three species that cause lymphatic filariasis (Table 2.1), the most common
is W. bancrofti. It is transmitted by a variety of mosquitoes, e.g. Culex, Anopheles,
Mansonia, and Aedes spp. During a blood meal of an infected female mosquito, L3
larvae enter the skin of the human host via the puncture wound. The larvae migrate
to a lymph node, molt to L4, and develop to adults over a period of several months.
Adult worms measure about 9 cm (♀) and 4 cm (♂), and they preferentially reside in
the inguinal lymph nodes. They have a life span of about 10 years and can produce
thousands of microfilariae per day. The microfilariae are sheathed (Table 2.2). They
migrate from the lymphatic vessel into the bloodstream and end up in the capillary
system of the lung. Triggered by the low alveolar oxygen tension during the night,
microfilariae leave the capillaries of the lung and circulate in the peripheral blood.
Once ingested by a female mosquito, the microfilariae exsheath, penetrate the stom-
ach wall, and migrate to the thorax muscles. After two molts, the emerged L3 larvae
migrate further to the proboscis. The development of W. bancrofti in the mosquito
depends on the temperature and takes at least 10 days [3, 37].

2.2.3 Dirofilaria immitis

The dog heartworm D. immitis has become a global threat to canine welfare [38].
It can be transmitted by many different species of mosquitoes. The definitive hosts
are dogs and other canids, such as coyotes. When an infected mosquito takes a blood
meal, infective L3 larvae migrate from the mosquito’s proboscis through the bite
wound into the subcutaneous tissue of the dog, where they molt to L4 within one to
two weeks. The L4 larvae continue their journey along muscle fibers and, after the
final molt, penetrate into the veins as young adults. About three months after infec-
tion, they can be found in the pulmonary artery and the right heart. Sexual maturity
is not reached until 180 days post-infection. The adult worms measure up to 30 cm
(♀) and 18 cm (♂). The females release sheathless microfilariae that measure about
260 μm. The density of microfilariae in the peripheral blood peaks in the evening.
Once ingested by a mosquito, the microfilariae invade the Malpighian tubules and
develop further to “sausage-like” L1, L2, and finally L3 larvae, which then migrate
via the thoracic muscle to the proboscis. Development in the mosquito takes between
8 and 30 days, depending on the temperature [4].
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2.3 Pathology of the Filariases

Given their size, life span, and fecundity, filariae are remarkably harmless. Imagine
that a female W. bancrofti macrofilaria is up to 10 cm long, can live for many years in
the human body, and produces some 1000 microfilariae per day – and yet, a majority
of infected people have no or only mild symptoms. In fact, the parasites are more
harmful dead than alive! Dead worms, and in particular the Wolbachia released by
them, trigger inflammatory responses that exacerbate pathology.

The pathogenic potential of dead worms is illustrated by the fact that the antifi-
larial drugs have more severe adverse effects in infected patients than in uninfected
subjects [3]. Thus, the pathology emanating from dead parasites must be taken into
account in the chemotherapy of filarial infections. This is particularly critical in the
treatment of heartworm disease in dogs. For a dog with a high adult worm burden,
treatment with a macrofilaricidal drug can be life-threatening, as the dying worms
in the right pulmonary artery tend to accumulate in the right heart. Because of such
complications, the American Heartworm Society recommends year-round chemo-
prophylaxis for all dogs (www.heartwormsociety.org). Drug-induced pathology due
to dying microfilariae is also of concern in humans. This is why mass administration
of ivermectin, whether for river blindness or Anopheles mosquitoes, is problematic
in tropical African regions where loaisis is co-endemic. At high microfilaraemia of
L. loa, ivermectin treatment can cause severe, potentially fatal neurological adverse
events [39]. This is not due to the release of Wolbachia (L. loa does not possess
Wolbachia), but is thought to be due to the presence of the L. loa microfilariae in
the cerebrospinal fluid after treatment [39].

In general, most filarial infections are initially mild. However, symptoms can
become increasingly severe over time, and the infection can progress from asymp-
tomatic to acute inflammatory attacks to chronic pathology [40]. In animals as well,
the pathology of filarial infections is usually not life-threatening. An exception is
D. immitis, the canine heartworm, which can cause congestive caval syndrome and
heart failure in dogs. In humans, the most severe pathologies are river blindness
and elephantiasis.

River blindness is caused by migrating microfilariae of O. volvulus, which often
end up in the eye. Over time, chronic inflammation caused by dead microfilariae
leads to opacification of the cornea. Lymphatic filariasis is caused by W. bancrofti
and Brugia spp. (Table 2.1). Elephantiasis is an extreme form of lymphedema of the
legs (Figure 2.1) or scrotum (hydrocele), caused by adult macrofilariae that obstruct
lymph flow. Tables 2.3 and 2.4 summarize the common pathologies caused by filar-
iae in humans and animals, respectively.

The wide distribution of filariases and their high incidence in tropical regions of
Africa and Asia result in a large cumulative burden to human health. According to
the 2017 estimates of the Global Burden of Disease study [42], lymphatic filariasis
(with 1 364 000 disability-adjusted life years) and onchocerciasis (1 343 000 DALY)
impose a higher burden to human health than some of the other, more lethal insect-
borne diseases, such as visceral leishmaniasis (511 000 DALY), African trypanoso-
miasis (79 000 DALY), or yellow fever (314 000 DALY) (http://ghdx.healthdata.org/
gbd-results-tool). So overall, human infections with filariae cause little or no mortal-
ity but impose a very high global burden of morbidity, mainly in sub-Saharan Africa.
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Table 2.3 Filarial pathologies in human health.

PathogenesisCausative agentPathology

River blindness O. volvulus Dying microfilariae in the eye cause
chronic keratitis, resulting in
opacification of the cornea

Elephantiasis,
hydrocele

W. bancrofti B. malayi Extreme form of lymphedema caused
by macrofilaria that block lymph flow

Tropical pulmonary
eosinophilia (TPE)

W. bancrofti B. malayi Asthmatic attacks caused by a
hypersensitive immune response to
microfilariae

Leopard skin
Skin atrophy

O. volvulus Spotty depigmentation of the skin,
mostly on the legs, resulting from
chronic inflammation

Chyluria
(milky urine)

W. bancrofti Abdominal lymphatic vessels blocked
by macrofilariae dilate and rupture,
inflow of chyle to the urinary excretory
system
The general state ofAll filariaeImmunosuppression
immunosuppression in chronic
filariasis may predispose carriers to
other infections or vaccination failure

Nodding syndrome O. volvulus Unresolved etiology; a clinical trial(?)
might be able to clarify the potential
role of O. volvulus [41]

Source: Based on [3].

Table 2.4 Filarial pathologies in animal health.

PathogenesisCausative agentPathology

Caval syndrome in dogs:
intravascular hemolysis
and heart failure

D. immitis At high worm burden, macrofilariae in
the pulmonary artery may recede into
the right heart and from there into the
caval veins, obstructing blood flow

Equine summer bleeding P. multipapillosa Stimulated by sunlight, subcutaneous
nodules burst and release a bloody
exudate with microfilariae (which will
be taken up by biting flies)

Cerebrospinal setariosis
in horses and sheep

S. digitata If transmitted to an accidental host, the
L3 larvae of Setaria of bovines may end
up in the CSF and cause
neuropathology

Source: Eckert et al. [4].
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2.4 Conclusion

A search in NCBI’s PubMed for publications with the term “Caenorhabditis”
returned about 30 000 hits; “Wuchereria” only gave 3000, and “Mansonella” as few
as 400 (August 2019). Thus, filariae are neglected parasites also in terms of research
activities, in spite of their rich and fascinating biology. This research deficit is caused
not only by a lack of investment. A major hurdle is the difficulty of maintaining
the parasites in the laboratory. There are no in vitro cultivation systems for filarial
nematodes and, with the exception of B. malayi rodent models, hardly any in vivo
models. A further complication is the biohazard risk posed by infected vectors,
which requires experiments to be performed in biosafety level 3 laboratories. The
rodent-pathogenic filariae Acanthocheilonema viteae and Litomosoides sigmodontis
(Table 2.1) may serve as substitutes.

The problematic and cumbersome nature of experimental models used to study
filariae may be the reason why the older literature, at times, is more informative
than recent studies. See, for instance, the studies by Frank Hawking on the circa-
dian rhythm of microfilariae [5]. However, readdressing basic research questions of
filarial biology with modern technology would certainly be fruitful, to illuminate the
mechanisms of microfilarial periodicity or the molecular nature of immunomodula-
tion. For applied research, the long-term goals are to close existing gaps in diagnosis
and treatment of the filariases and, ideally, to develop antifilarial vaccines. Imme-
diate questions to be answered include how to optimize control and elimination
programs for lymphatic filariasis and river blindness; how to optimize prophylaxis
for dog heartworm; and how – given the close phylogenetic relationship of human-
and animal-pathogenic onchocercids – to draw synergies between human and ani-
mal health, in particular for drug discovery.
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Abstract

Filarial infections of humans are still medically significant conditions in many of the
tropical regions of the world, despite considerable success in recent years toward con-
trolling and eliminating those filariae that cause the most significant disease, namely
onchocerciasis and lymphatic filariasis. Filariae, parasites that invade the host and mul-
tiply totally within the host’s internal organs, establish unique relationships with their
specific hosts. The consequences of these filaria-host relationships characteristically
present as a spectrum, both in terms of the clinical presentation and the associated
immunological and pathological responses.
The different clinical presentations of human filarial infections are related to the par-
ticular tissues infected and on the type of pathogenic events that follow and induce
damage to these tissues. Central to the pathological changes in filaria-infected tissues
are inflammatory responses associated with the microfilarial stage of these nematodes;
these potentially dangerous clinical responses often pose a medical challenge following
the use of chemotherapeutic agents that specifically damage this stage of the parasite.
Unfortunately, the current anthelmintic-based control and treatment protocols com-
monly target this larval stage. However, study of the clinical responses often seen when
targeting this parasitic stage with drugs has both informed our knowledge of these dis-
eases and their pathogenesis, as well as catalyzed efforts to find agents that directly
affect other stages of filariae where there is less likelihood of adverse reactions. Despite
the challenges associated with the use of anthelmintics, chemotherapy with ivermectin,
albendazole and diethylcarbamazine have been the mainstay in both individual patient
treatment and in global control and elimination programs directed at onchocerciasis
and lymphatic filariasis for well over 20 years. The global efforts against these two infec-
tions have been one of the most successful public health initiatives in tropical medicine
in the past century.
Many gaps remain in our understanding of these complex infections. A lack of detailed
understanding of their pathogenesis remains, as with many tropical infections, in
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part due to the lack of detailed autopsy and non-invasive imaging studies, and in part
due to major research and funding initiatives being directed largely at optimizing
the distribution of currently available drugs rather than what are regarded as more
academic issues. Whether the comparatively minimal level of current knowledge and
range of available drugs will be sufficient to achieve control and elimination of these
important infections remains to be seen.

3.1 Introduction

Humans can be infected by filarial nematodes, sometimes with little apparent
consequence to the infected individual and in other cases with serious clinical
and physical consequences. This theme of “variability” underscores much of the
pathobiology of human and animal filarial infections and is seen in tissue changes,
in host immune responses, and in the clinical presentations resulting from these
infections. Filariae are one of the relatively few pathogenic nematodes in which
adult stages develop, live, and reproduce within internal tissues of the body rather
than in an externally linked cavity such as the gut, as seen with the other nematodes
commonly infecting humans. Consequently, the mechanisms for survival evolved
by filariae are likely to be somewhat different, and perhaps more complicated, than
those of the more commonly and better studied parasitic nematodes such as Ascaris
sp. There are many valuable reviews of filarial infections and the diseases they
cause [1–3], and it is not the aim of the present discussion to duplicate the catalogue
of well-described biological information on human filariae; rather, this discussion
will highlight some of the less clear issues in human filarial infections and identify
some important questions remaining about their pathobiology and their impact on
human health that still need to be addressed.

The clinical images of filariasis – blind elders being led by children, grossly swollen
and disfigured limbs, and grossly swollen male genitalia – have been well known
across the world for centuries, although many who see these images in all likelihood
do not fully understand what caused these disfigurements. In reality, prior to the
establishment of the programs to control and eliminate onchocerciasis in 1974 and
lymphatic filariasis in 2000, the general understanding of these diseases, and their
effects on patients and their families, has remained for much of the past century one
of rumor rather than of fact. Loiasis and mansonellosis, two other human filarial
infections, in general have not received much attention as, at least in their untreated
state, they have been regarded as being relatively unimportant and are often rec-
ognized as clinical conditions, only of interest to a few dedicated physicians and
investigators. An exception to this generalization has been the recognition that clin-
ically significant, and often lethal, outcomes can occur following anthelmintic treat-
ment of patients with high microfilarial loads of these two infections [4], especially
with loiasis. Indeed, post-chemotherapy reactions seen in many filaria-infected indi-
viduals constitute an important phenomenon that has driven much research into
understanding the pathogenesis and treatment of these diseases.
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3.2 Historical Aspects

Filarial infections were recorded in humans in early Egyptian times. Swollen limbs
are depicted on Egyptian hieroglyphics from 2000 BCE, and drawings from the Edo
period in Japan (600 CE) show swollen male genitals and limbs [5]. For most of
the latter half of the twentieth century, few dedicated care centers and investigators
around the world focused on lymphatic filariasis; namely, clinical aspects in India
and Sri Lanka [6, 7], Haiti [8], Ghana [9], and Brazil [10], and with immunology,
entomology, chemotherapy, and pathogenesis studies in the United Kingdom [11]
and United States [12, 13]. The initiation of control and elimination programs for
both onchocerciasis and lymphatic filariasis brought a welcome renewed focus on
these devastating causes of disease and disability of people living in areas where
healthcare support has generally been minimal at best.

Onchocerciasis, at least as a dermal condition, was likely first recorded by Naval
Surgeon O’Neill in captured Africans being freed in West Africa during British
anti-slavery activities in 1782; he used the local term “craw-craw” or “kru kru”
in his original description. It should be noted, however, that these are common
names used for severe skin conditions in coastal West Africa and likely include
other dermal conditions, such as scabies, in addition to onchocerciasis. Although
onchocerciasis is primary a dermal condition, the more dramatic presentation of
loss of vision and the development of blindness, seen in heavily endemic areas
of Africa, dominated the early clinical descriptions of this condition. It is not
entirely clear where the common name given to onchocerciasis, “River Blindness,”
originated. However, in Sudan and now South Sudan, the disease has been known
for almost a hundred years as “Jur River Blindness,” this name being recorded in
official reports submitted in the 1920s by the colonial medical staff in the township
of Wau along the Jur River in what is now western South Sudan [14]; this is likely
the first use of the term “river blindness” for this infection.

The blindness caused by onchocerciasis catalyzed the first major multi-country
effort to control a human parasitic disease. In 1974, a major vector elimination inter-
vention began in West Africa, the onchocerciasis control project (OCP), with the
ultimate goal of reducing and preventing blindness [15]. A major reason for starting
the OCP was the economic effect that onchocercal blindness in these West African
countries caused through the abandonment of fertile river-associated areas of farm
land. The target approach in this initiative, which focused on 11 West African coun-
tries, was to protect some 30 million people against infection by aerial spraying lar-
vicidal agents to destroy larvae of the black fly vector in the rivers of endemic areas.
Thus, the goal of reducing blinding eye disease in this large area of Africa was based
solely on a single entomologically-based approach. Although this had an important
effect on the disease, it was not totally successful and a chemotherapeutic interven-
tion with ivermectin was added in 1987 to move more rapidly toward the goal of
controlling this disease [16]. It is important to recognize that the introduction of
ivermectin, and its distribution to the majority of all inhabitants of endemic areas
in a mass drug administration (MDA) campaign, was a historically transformative
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event in providing health care to people living in underserved areas of the developing
world.

In the period before the introduction of ivermectin, it should be noted that
other chemotherapeutic approaches were in use, albeit most often with significant
adverse consequences. In Eastern Africa in 1970s and 1980s, physicians were either
already using the “Sudan regimen” – employing the very toxic drug suramin [17].
More widely used across Africa was the filaricidal drug diethylcarbamazine (DEC)
that had been described in Mexico in 1949 [18]; some countries outside the OCP
areas at this time were also including vector control activities [19], usually with
chemotherapy. In Latin America, other than the use of DEC, the main approach
to control of the infection in Mexico, Guatemala, and Ecuador was removal of
the adult worm-containing subcutaneous nodules though extensive national
surgical campaigns; these were largely unsuccessful in curtailing the infection
and were almost universally unpopular. These pre-ivermectin interventions across
the endemic areas of the world had variable and usually unsuccessful effects in
reducing onchocerciasis, and it was not until ivermectin was included as a safe and
suitable treatment for onchocerciasis that substantial movement toward control
of this disease began to be seen across Africa, America, and the Middle East,
recognized by award of the 2015 Noble Prize for Medicine [20, 21].

It is important to reiterate that chemotherapy has a central role in any historical
reflection concerning the understanding of the pathogenesis of filarial infections.
Three chemotherapeutic agents loom large in the history of control and treatment
of both lymphatic filariasis and onchocerciasis: DEC [22], albendazole [23], and iver-
mectin [16]. DEC treatment was described for onchocerciasis in Latin America by
Luis Mazzotti in 1948 [22, 24], and for lymphatic filariasis in 1947 [25]. The clini-
cally evident adverse side effects that this drug causes in onchocerciasis, known as
“Mazzotti reactions,” stimulated the search for more tolerable drugs and the even-
tual selection of ivermectin for use in humans. The donation of this drug in 1987
by Merck & Co. for onchocerciasis control, as mentioned above a ground breaking
event in public health, reinvigorated control programmes and led to the concept that
onchocerciasis may be eliminated as public health problem from at least 10 countries
by 2030 [26]. This drug company’s inspiring donation was followed 10 years later by
GSK’s donation of albendazole, and then Eisai’s donation of DEC in 2013, both for
the elimination of lymphatic filariasis as a public health problem.

In contrast to the two major filariases, Loa sp. and the three Mansonella sp., feature
little historically other than in basic morphological descriptions and other general
parasitological aspects. Loiasis has featured more prominently in recent years as
it has been associated with serious adverse reactions to chemotherapy that have
restricted to some degree the implementation of global MDA-based elimination pro-
grams for the two major filariae. Very high loads of Loa loa circulating microfilariae
are strongly associated with the majority of fatalities related to the distribution of the
generally very safe ivermectin in Loa endemic areas in Africa [27]; severe responses
to treatment of this infection have also been reported with DEC [28]. The first of
the Mansonella parasites was first described by Patrick Manson in a sleeping sick-
ness patient from West Africa he was treating in London in 1870 [29, 30]. In general,
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the clinical diseases due to loiasis and mansonellosis have only been the interest of
filarial specialists and those treating expatriate cases, and in general, the parasites
are not believed to induce major clinical outcomes. However, whether it is true that
no significant clinical effects are caused by these filariae is now being investigated,
perhaps as an additional peripheral benefit from the global focus on the two major
filarial infections.

3.3 The Parasites

Eight filariae are known to infect humans, affecting lives in mild to significant
ways [1, 3]. They all enter the human host through blood-feeding insect vectors
(Table 3.1). Host specificity is an important phenomenon in these nematodes, and
as a general rule, each filarial species is confined to a single, or at least very few,
specific host(s) and vectors; their life cycle being able to be fully completed only in
its respective primary host, with very few, often experimentally induced, exceptions.
Although there are many different filariae across the animal kingdom, this host
specificity likely involves intimate and complex adaptive processes that include
a range of different biological protective mechanisms, including both innate and
adaptive processes.

Table 3.1 Human filarial infections.

Common namesFilarial parasite a) General global locationVector

Onchocerca
volvulus

“River blindness”
Craw craw
“Sowdah”

Simulium sp.
(“black flies”)

Latin America, Africa,
and Yemen

Wuchereria
bancrofti

Bancroftian filariasis
“Elephantiasis”

India, Su-saharanMosquitoes
Africa, Western Pacific,
South East Asia, and
Americas

Brugia malayi South East AsiaMosquitoesFilariasis
Brugia timori IndonesiaMosquitoesFilariasis
Mansonella
ozzardi

AmericasMidges (Culicoides)“Ozzardi filariasis”

Mansonella
perstans

Africa, Central andMidges (Culicoides)“Perstans filariasis”
South America

Mansonella
streptocerca

AfricaMidges (Culicoides)“Streptocerca filarisis”

Loa loa Eye worm, Calibar
swelling

Chrysops Africasp.

Dirofilaria Uncommon zoonoticMosquitoes“Heartworm”sp.
infection

a) Names used generally, or locally in some cases, and with some forms of the disease.
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3.3.1 Onchocerciasis

Human onchocerciasis, caused by Onchocerca volvulus, is still present in 31 countries
in sub-Saharan Africa, although some of those in West Africa (e.g., Senegal, Niger,
and Mali) are approaching very low levels as a result of MDA-based control pro-
grams [31]. Latin America now has only two (of the original seven) endemic coun-
tries, Venezuela and Brazil, that have ongoing transmission; the remaining endemic
populations here are the very mobile Amerindian tribes (e.g., Yanomami) who live in
the cross-border jungle area between these two countries [32]. The only other coun-
try outside of Africa to have endemic onchocerciasis is Yemen, where transmission
is occurring in valleys facing the Red Sea [33, 34]; here, the vector is a member of
the Simulium complex Simulium rasyani [34].

In all filariae, three parasitic stages of this nematode are generally the most impor-
tant for understanding the pathobiology, clinical disease, and the interventions for
individual treatment and infection control: microfilariae (L1), infective larvae (L3),
and adult form (L5/adult). The parasite enters the vector from the human host
skin to begin its development during the blood-seeking bites of Simulium sp. black
flies [34], and these bites are also mechanism for infection, or reinfection, of the
host when infective larvae (L3) move from the vector to continue development to
adults and reproduction in humans. The bites of these flies create small pools of
blood in the upper dermis; the insect’s saliva is likely to be an attractant to dermal
microfilariae in small local lymphatics [35, 36]. The adult female and male worms
are detectable in fibrous, palpably firm, nodules commonly found in subcutaneous
tissues or intramuscular fascial planes. These subcutaneous fibro-inflammatory
masses are commonly associated with bony prominences, namely in the iliac crest
area, in the skin overlying chest ribs and the base of the spine (the area above the
cauda equina), as well as bony areas of the heads of infected children. Why these
palpable nodules are most commonly associated with bony prominences is unclear.
In addition, little is known as to whether additional adult worms and/or nodules are
present in deeper body tissues; rare autopsy studies have shown that adult worms
can be found in deeper fascial tissues of the upper leg close to the major long bones
[37, 38]. It is often assumed by epidemiologists that most nodules are palpable in
dermal tissues; the common lack of nodules in microfilariae- or antibody-positive
individuals questions this premise. How newborn microfilariae migrate from nod-
ules to the dermis, and to ocular tissues, is also not clear. Recent studies suggest that
O. volvulus are generally more closely associated with the lymphatic system than
was previously thought [37] and the suggestion that they can travel via this vascular
system is plausible. However, their physical distribution in the body suggests that
microfilariae probably remain relatively close to their originating adult worm. The
observation that microfilariae are not present in diagnostic skin biopsies (“skin
snips”) following chloroquine administration [38] supports the idea that microfilar-
iae are mobile and can at least move away from their location in the upper dermis
relatively quickly. It is also possible that the movement of microfilariae contributes
to the persistent and often intense pruritus associated with this infection.
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The vectors in all endemic locations belong to the Simuliid family (Figure 3.2),
although the capacity of the different species in this genus to transmit this parasite
varies considerably depending on the geographic location. For example, the main
vector in Ecuador, Simulium exiguum, is a voracious human feeder and effective
transmitter of the worm, whereas Simulium ochraceum in Southern Mexico has poor
host capacity due the destructive effects of their cibarial armature through which the
parasites must past during their uptake into the fly. It also noted that humans bitten
by black flies can, and often do, recognize antigens in the saliva of these vectors and
can become hypersensitive to bites [39]; whether these immune responses to vector
antigens affect transmission of onchocerciasis is not known.

3.3.2 Lymphatic Filariasis

Three parasites comprise the group causing lymphatic filariasis in humans:
Wuchereria bancrofti (inducing “bancroftian filariasis”) and two “Brugian filari-
ases” caused by Brugia malayi and Brugia timori. In 2000, some 120–140 million
people were estimated to be infected or exposed to infection. Adult worms of
this group, as their common name implies, predominantly reside in lymphatic
complexes of the pelvic girdle or the axillae of the upper torso and thus induce
clinical consequences in the respective draining anatomical segment (e.g., a limb).
Why these worms choose to lie in a supposedly immunologically active site, such
as afferent lymphatic vessels and the sinuses of lymph nodes, remains a fascinating
biological conundrum.

The vectors of lymphatic filariasis come from four genera of mosquitos: Culex sp.
(common in Latin America but also Pacific, Asia and East Africa), Aedes sp. (com-
mon in the Pacific and Asia), Mansonia sp. (in Latin America, Pacific, and Asia),
and Anopheles sp. (the commonest vector in Africa). Of increasing interest is urban
transmission of this infection [40] and here a better understanding of the associated
entomological aspects is needed, as is the development of optimal approaches to car-
rying out MDA in high population density locations, procedures for which will differ
somewhat from those employed in more usual rural settings for MDA.

There are many similarities between the two major forms of lymphatic filaria-
sis, Bancroftian and Brugian, although there are important differences [41]; chronic
lymphedema and acute systemic attacks are seen in both. However, hydrocele is not
seen in Brugian filariasis. Why this is so is not clear, but it may relate to differences
in location of the adult worm between the two forms of filariasis.

Brugia malayi, unlike other human filariae, can infect cats naturally, and thus
in programmatic efforts to eliminate this form of filariasis from endemic areas,
such as Malaysia, additional surveying of the feline population was essential [42].
Brugia malayi is also endemic in southern areas of Thailand where domestic cats
serve as the major reservoir host [41]. Another, non-human, filarial nematode,
Brugia pahangi also infects cats and is a useful experimental model for the human
disease.
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3.3.3 Loiasis

Loa loa is transmitted by blood-feeding Chrysops sp., insects of the group often
known as deer or horse flies. Untreated infections with L. loa are generally regarded
as having minor clinical significance, with the most significant presentations being
sub-cutaneous angio-edematous swellings and migration of the adult worm across
the visible conjunctival tissues of the eye (“eye worm”). The dermal swellings,
“Calabar swellings,” were first seen in, and named after, the coastal Nigerian town
of Calabar in 1895; these lesions are associated with degeneration of the adult
worms in deep dermal tissues [43]. The migration of adult Loa across the eye is a
directly observable example of the mobility of filarial parasites. It is now recognized
that a wide variety of atypical clinical presentations (e.g., arthralgia, urticaria, etc.)
can occur with L. loa infection and the frequency of these sign and symptoms
increases with increasing parasite microfilarial loads [44, 45].

The main concern in patients with heavy loads of Loa microfilariae is the possi-
bility of developing severe post-treatment responses, that are sometimes fatal, after
microfilaricidal chemotherapy [46]. This is of particular concern where loiasis is
present in endemic areas being treated for onchocerciasis and lymphatic filariasis.
Primates can also carry a form of Loa sp., but it is not clear whether these parasites
are also transmitted to, and can survive in, humans.

3.3.4 Mansonellosis

Three filarial species of the genus Mansonella can infect humans [30]: Mansonella
perstans (found in Africa and Latin America), Mansonella ozzardi (only in the New
World), and Mansonella streptocerca (found only in Central Africa). All are transmit-
ted by Culicoides sp. flies (biting midges), with M. ozzardi transmission also occur-
ring through the bites of black flies (Simulium amazonicum). The location of the
adult worms in their host differs among the Mansonella species, M. perstans being
more commonly found in body cavities such as the peritoneal cavity or the pleural
cavity, and occasionally in the pericardial sac. On the other hand, M. streptocerca and
M. ozzardi are found in sub-cutaneous tissues. However, very little is known about
the clinical effect of these infections, nor is much known about their geographic
prevalence.

3.3.5 Incidental Filarial Conditions

Zoonotic filarial infections occur and are occasionally identified, but the true
incidence is not clear [47, 48]. One of the commonest examples is infection with
the canine/feline parasite Dirofilaria sp., but these and virtually all zoonotic filarial
infections, except for Brugia in cats (as mentioned above) rarely if ever fully develop
and complete the parasitic cycle in humans, with the parasites usually dying
causing focal, usually chronic, histopathological lesions [49]. These lesions usually
serve more as oddities in clinical diagnosis and only when they are misdiagnosed
for important diseases, such as lung cancer, do they have real clinical significance.
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Given that there are at least 11 different filarial nematodes of non-human primates
(including primate Loa sp. and Mansonella sp.), it is likely that in tropical environ-
ments, there is a significant chance that primate parasites do, on occasion, enter
humans through the bites of blood-feeding insects; although given the typical host
specificity of filariae, these most likely do not fully develop in humans to any great
degree.

3.4 The Pathogenesis and Presentation of Human
Filarial Infections

Before discussing the respective pathologies and clinical outcomes of filarial infec-
tions, it is worth considering the events and phenomena that occur in the interac-
tions between filarial worms and their hosts. These are aspects that influence the
various pathologies seen, the consequent disease presentations and responses to
chemotherapy. These important factors can also guide research into these infections
and diseases.

The clinical presentation of each of these human infections varies considerably,
partially due to different levels of adaptation to the host’s natural and developed
immunity in different parasite life stages. The mechanisms that allow these niche
host–parasite relationships to exist are complex and are not clearly understood.
This complexity underscores a plasticity in the biochemistry of filarial worms, their
interactions with host immune system, and ultimately their ability to survive and
multiply in arguably “hostile” host tissues such as the lymphatic system. Filarial
nematodes have the ability to adapt to different biochemical environments and, for
example, to vary their energy sources [50]. Despite this ability to adapt to seemingly
hostile environments, host specificity is an important concept for these nematodes.
There are many different filariae across the animal kingdom, and most have the
ability to survive in their particular host almost undetected in an immunological
sense; the mechanisms by which they survive, which may or may not be similar in
each of these host–parasite situations, are likely keys to developing strategies for
treatments (e.g., vaccines, new drug targets, etc.).

A clear factor in this intimate host–filariae relationship is the ability of these
parasites to suppress the host’s immune system, a phenomenon made obvious
by clinically notable cases in which this suppression is in fact absent and severe
clinical responses occur – often situations associated with death or degeneration
of certain stages of the worms. The immunologically active condition of reactive
oncho-dermatitis (“sowdah”) is a clear example of this in onchocerciasis where
there appears to be heightened specific cellular immunity [51]. This concept of filar-
ial immunological spectrum, paralleled by a clinical spectrum, has been described
in lymphatic filariasis and onchocerciasis [39]. The presence, and increasing
loads, of living healthy parasites in these infections is likely to be paralleled with
suppression of Th1 immune responses induced by the worms; correspondingly,
the development of clinically evident disease is likely the result of a failure of
this immunomodulation. Which specific worm-derived antigens or molecules
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are involved in modulating the array of immune responses that influence clinical
outcomes remains largely unresolved, but it most likely the case that microfilariae
or microfilarial-related antigens (e.g., uterine products associated with the devel-
opment of microfilariae) are important contributors; many of the inflammatory
cellular tissue changes seen involve the presence of microfilariae or are linked to
active productive female parasite’s uterus and are often seen in the tissues adjacent
to the worm’s vaginal opening.

In clinicopathological terms, there are three different types of host response to
filarial parasites, tissue responses that translate into specific clinical outcomes.
First, is the form characterized by lack of a cellular tissue response by the host, a
quiescent phase in which apparently healthy parasites are present in tissues and
fluids; however, immunological indicators, such as specific antibodies, indicate that
the host is “aware” of the presence of the worm in this phase. Second, there can be an
active inflammatory response to obviously degenerating worms, and in many filarial
infections, this is often most obvious clinically with regard to degeneration of micro-
filariae. These responses involve the activation of specific cellular components such
as eosinophils and specific immunological factors and are often clinically severe,
and often acute, reactions. In the third form, cellular responses to dead and primar-
ily biologically inactive worms and worm components are evident; this type of tissue
reaction involves a strong macrophage component, essentially a “foreign-body” type
response, and probably involves much less of an immunologically specific inflamma-
tory response. These different tissue responses, and their different immunological
components, underscore the spectrum of clinical presentations seen in filarial
infections and reflect the extent of adaptation of each filariae to their specific
hosts.

The second of these types of tissue responses, the active responses targeted
to microfilariae or reproductive components (e.g., uterus-derived components),
are central to the development of major pathologies in most, if not all, filarial
infections. This is well demonstrated by reactions that are associated with death of
microfilariae as a result of chemotherapy. Histopathological observations indicate
that inflammation associated with active degeneration of microfilariae reflects
initially a more acute cellular reaction (e.g., eosinophil infiltration) than is seen
with tissue responses to other stages; thus, microfilariae are arguably the most
“pathogenic” stage of filarial infection. The ability of a tissue in which microfilariae
are degenerating and dying – often in large numbers – to handle the associated
inflammation is central to the external clinical responses that result. For example,
inflammatory responses to microfilariae in sensitive and poorly recovering tissues,
such as the retina of the eye or dermal tissues – as happens in onchocercia-
sis – results in significant clinical presentations and most often permanent damage
to these tissues. In contrast, destruction of microfilariae in organs that are better
able to handle the inflammatory consequences, such as the spleen – which occurs
in lymphatic filariasis and loiasis – does not result in such serious clinical outcomes,
at least as far as we know.

The signature clinical responses to microfilaricidal chemotherapy in filarial
infections are known as Mazzotti reactions. First described in 1947, they involve
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both local and systemic signs and symptoms that vary in severity from mild local
dermal reactions to serious and severe systemic reactions of an anaphylactoid
character, including papular eruptions, dermal edema, arthralgia, and swollen and
tender lymph nodes [24]. The severity is related to the microfilarial load and the
tissue in which the parasites are located; for example, microfilariae in the skin, as in
onchocerciasis, induce killing-related responses and severe dermal edema occurs.
Differences in severity are noted with different microfilaricidal drugs, ivermectin
inducing less severe Mazzotti reactions than does DEC. DEC, in addition to dam-
aging the parasite, directly influences inflammatory biochemical pathways [22],
e.g., the arachidonic acid pathway, and it is very likely that this agent exaggerates
the inflammation initiated by its degenerative effect on the microfilariae. Iver-
mectin, on the other hand, likely does not compound the host’s response to the
dying parasite in this manner, although it does induce relatively mild Mazzotti
reactions.

One common component of filariae that has support for being the key contrib-
utor to the development of pathology is the bacterial endosymbiont, Wolbachia sp.
found in most human filariae with the exception of L. loa [52] and some Mansonella
sp. Wolbachia are clearly an active and important component of filariae, and thus it
is not surprising that the host recognizes Wolbachia antigens [53] when the worm
releases them, e.g., when worms degenerate and die. Whether this endosymbiont is
the only, or indeed the major, pathology-inducing filarial component remains unan-
swered.

3.4.1 Onchocerciasis

The common picture of onchocerciasis is a chronic condition with dermatological or
blinding clinical presentations (Tables 3.2 and 3.3; Figure 3.3). However, it should be
recognized that both the dermal and ocular stages of this infection have acute phases,
seen characteristically in terms of the responses to microfilariae in the first peri-
ods of infection, for example in children in endemic areas, or expatriate cases [54].
Nevertheless, the most obvious and signatory presentation of the disease is the pres-
ence of persistent fibrous subcutaneous nodules that contain adult worms; these
lesions have often been the presentation that has signaled the likely presence of O.
volvulus in an individual, and indeed often in a geographical area. The presence of
a nodule in a patient was the first sign that onchocerciasis was present in two Latin
American countries, Guatemala and Ecuador [55, 56].

These nodules are classically seen in the area of the iliac crest as single entities
or, in case with heavy parasite loads, as clusters containing up to 8–9 nodules, each
usually between 0.5 and 1 cm in diameter. These lesions are painless unless they
are lying on sensitive areas of the anatomy, such as nerves or bony prominences. In
children, they can be often be found on the head and in all ages can also be found
on the rib cage, or at the base of the spine in the cauda equina area. Differential
diagnosis of these lesions includes dermal and sebaceous cysts, and cysts induced by
cysticercosis infections. Whether palpably detectable onchocercal nodules are a true
reflection of the load of adult worms is unclear; limited autopsy studies have shown
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Table 3.2 Clinical presentations of dermal onchocerciasis.

Associated featuresCharacteristicsPathogenesisPresentation

Irritation due to theIntolerant pruritus
presence, movement,
and degeneration of mf

Persistent itching and
the presence of scratch
marks on the skin

In severe cases trauma
to the skin from
overactive scratching

Acute papular
dermatitis

Local reaction to
degenerating mf

Discreet raise papule

Wearing out of the skinDermal atrophy
through years of
microfilaria-induced
damage

“Hanging groin”Thin dermis, dry skin

Irritation of epidermalHyperpigmentation
basal layer and the
pigment cells

Increases pigmentation
associated with focal
area of inflammation

Mottled skin

Damage to the basalDepigmentation
layer of the epidermis

Variable amounts of
pigment loss – minor
to complete loss (e.g.,
“oncho shins”)

Damage due to blackly
bites, and scratching
finger nails

Subcutaneous
nodules

Fibrous granulomas
surrounding nest of
adult parasites

Firm, variably movable
masses

Sometimes in multiple
clusters, especially in
aged individuals

Lymphadenopathy:
atrophy

Worn out lymphoid
tissue in chronic
onchocerciasis

Shrunken, hard, lymph
nodes (e.g., in groin
and axillae)

Seen in very chronic
cases with high
parasite loads

Lymphadenopathy:
enlargement

Hyper-responsive
lymphoid tissue in
Reactive
Onchodermatitis
(ROD)

Swollen, sometime
painful, lymph nodes
drain the affected
localized are of ROD

A very active and
pruritic condition with
extensive dermal
pathology (also known
as “sowdah”)

that onchocercal nodules (sometime called “onchocercomas”) can be found deep in
the fascia associated with muscles attached to the upper femur in humans [57] and
in an experimentally-infected chimpanzee (Mackenzie, unpublished observations);
in both situations, it was not possible to detect nodules by external palpation.

Cellular composition of a nodule includes a predominance of collagen and aggre-
gates of lymphocytic cells and plasma cells, together with sheets of macrophages and
giant cells associated with degenerating adult worms. The presence of additional cell
types with lymphatic vessel immunoprofiles (phenotypes) has led to the hypothesis
that the genesis of an onchocercal nodule involves blockage of a dermal lymphatic
bed by mature or maturing parasites [37]. Nodules contain an extensive vascular
network commonly served by one or two major vessels; ligation of the vascular stalk
by surgeons carrying out nodulectomy contributes significantly to a clean surgical
outcome. Onchocercal nodules often carry 6–10 females together with 1 or 2 male
worm; the age of the worm often being judged by biochemical indicators such as the
amount of hemosiderin in their intestines. It has been a common practice to examine
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Table 3.3 Major clinical presentations of ocular onchocerciasis.

Associated featuresCharacteristicsPathogenesisPresentation

Punctate corneal
keratitis

Reactions associated with
the death of microfilariae

Known as “snow flake”
opacities. Microfilariae
also be seen without
any associated visible
reaction

Are often reversible
lesions

Sclerosing keratitis Replacement of the
corneal with disoriented
collagen tissues

Can result in complete
oblation of the cornea

Irreversible
Autoimmune
mechanisms have been
suggested

Accumulation of cells atLimbal globules
conjunctival-corneal
border

Round globules at the
limbus linked to
gimbal vessels

Following
anthelmintic treatment
these lesions contain
eosinophil leucocytes

Inflammation of the uvealIritis
tact

Often induces a “tear
drop” deformity

Associated with the
development of second
cataracts

Choroidore-
tinopathy

Associated with the
presence and degeneration
of microfilariae.
Autoimmune mechanism
also postulated.

Visual loss, reduced
field of vision
Characteristic retinal
pigment alterations

Visual loss, night
blindness

Loss of visionSwollen optic discSimilar to choroidoretinaOptic neuritis
Retinal vascular
leakage

Seen after the use of
diethylcarbamazine

Active leakage of
vessels in tracer studies

Reduction in vision

adult worms after removal of host tissues via digestion, usually after incubation
in collagenase and dispase. Adult worms are then broken up by vortex shaking to
release embryonic forms to allow quantification of the different developing forms to
produce an “embryo-gram,” a numerical profile of the stages present. This approach
is often used in chemotherapy studies, particularly those aimed at sterilizing adult
worms.

Although the presence of nodules is the recognizable presentation of this
infection, onchocerciasis is primarily a more generalized dermatological condition
induced by microfilariae predominantly residing in the skin. In addition, there is the
well-known extension of the habitat of these worms to ocular tissues in cases with
high microfilarial loads. The outcomes of the presence of microfilariae in ocular
tissues and the consequence of blindness have led to the commonly used name
for the disease, river blindness. Dermal changes in onchocerciasis reflect a range
of responses in the clinical-immunological spectrum of this disease; Figure 3.3
summarizes the various stages in the development of the three major categories
of dermal disease in onchocerciasis, namely juvenile onchodermatitis, reactive
onchodermatitis, and chronic onchodermatitis. For the first six to eight years after
infection, the majority of lesions, seen as discrete papular dermatitis and punctate
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corneal lesions, appear almost exclusively to be reactions to dying microfilariae.
These reflect an active immune response against microfilariae; indeed, children
will present with papular or ocular responses even though standard iliac crest
skin biopsies are negative for parasites. Following this initial ability of the host to
destroy microfilariae and keep the numbers of this stage in the skin low, patients,
as they age, appear to move into either a phase of heightened immunoactivity with
subsequent skin damage (reactive onchodermatitis), or more commonly, specific
immune-modulation begins and the microfilarial load begins to increase, reaching
high levels in hyperendemic areas (>500 microfilariae/mg of skin in some cases).
The more commonly recognized dermatological presentation, chronic onchocer-
cal skin changes, is likely due to many years of repeated events of microfilarial
destruction and local tissue damage, with a consequent wearing out of the tissues
in response to these inflammatory events, resulting in the well-described changes
in pigmentation and atrophic degeneration of the skin.

Clinically, acute responses to the death of individual microfilariae in the skin
are seen as discrete papular lesions (Figure 3.1) which over time become more
indurated, and in some cases edematous. An associated alteration in pigmentation
of the epidermis usually occurs over time, initially with an increase in pigmenta-
tion, although over time and with repeated rounds of parasite death, together with
dermal trauma from constant scratching, depigmentation can also occur in certain
locations (over nodules, and on the lower legs) (Table 3.2). Thus, long-term changes
in the majority of those infected are dermal atrophy with altered pigmentation
resulting from an accumulation of damaging events related to the destruction of
the microfilariae and self-induced trauma induced by the intense pruritus (damage
from scratching) over many years – the often-presented picture of onchocercal
dermatitis. Children younger than seven to eight years old living in endemic areas
commonly present with acute papular reactions related to microfilarial death but
often have low parasite loads (skin snip counts), likely indicating that they still
have an active immune response that is largely killing new microfilariae in skin
and those that have invaded the cornea. Gradually, if they do not develop reactive
onchodermatitis, the dermal parasitic load increases as the ability of the immune
system to destroy the parasites becomes ineffective. Nevertheless, microfilariae
continued to die and degenerate either naturally as they age (a life span for O.
volvulus microfilariae of 15–16 months is suggested), causing focal damage to the
associated dermal tissues and contributing to the eventual debilitation of the skin
seen in typical chronic onchocerciasis.

Reactive onchodermatitis differs from this long-term slow degeneration of
dermal tissues. It is more clinically active with an intense, more localized
presentation – often seen to affect only a single limb – first described in Yemen
and assigned the general Arabic name “Sowdah” (Arabic for “black”) due to the
associated hyperpigmentation [33, 34]. This immune-active form appears to be
more common in areas of interrupted or low transmission, likely where the host
is presented with new parasites on an interrupted, episodic basis and the immune
system is unable to move into a permanently suppressed state. This form of derma-
tological presentation differs from the more general degenerative chronic phase in
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(A)

(C) (D)

(B)

Figure 3.1 Onchocerciasis and lymphatic filariasis. Lymphatic filariasis with severe dermal
changes (A); severely affected toes in lymphatic filariasis (B); acute papular eruption in
onchocerciasis (C); lymphoedematous left leg in a cat infected with Brugia (D).

that there is a very active cellular immune response [58]. This active dermatological
presentation of onchocerciasis can be found in many endemic areas across Africa
and Latin America where the history of Sowdah patients suggests that they have
relatively recently entered an onchocerciasis endemic area and thus may have not
yet reached a state of immunosuppression to this parasite. Hypo-endemic areas,
or areas where transmission appears to be intermittent, often have more reactive
onchodermatitis patients than locations with regular annual transmission.

A major contributor to degeneration and destruction of the skin is the constant
scratching with finger nails; this condition is often labeled as “intolerable pruritus.”
Bites of the vector blackly Simulium (Figure 3.2) also cause damage; the creation of
a blood pool by cutting mouthparts can resultant in damage to the upper dermis and
the pigmented basal layer of the epidermis leading to depigmentation. Much weight
has been placed on the loss of pigment in onchocerciasis cases, and depigmented
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Figure 3.2 A Simulium sp. blackly, the blood seeking vector of Onchocerca volvulus.

ankles (“oncho shins”) are regarded by many as a signatory indicator of the presence
of onchocercal infection. However, the presence of these areas of dermal depigmen-
tation may also be a reflection of biting by the vector, and its presence, rather than
being only caused by the presence of parasite, may be related to the intensity of vector
feeding (Figure 3.3).

Although ocular changes (Table 3.3) are classically divided between anterior
and posterior segments, with suggestions by investigators that changes in these
tissues are due to fundamentally different pathogenic mechanisms. It is highly
likely that the primary pathogenic event in both segments relates to degeneration
of microfilariae and the accompanying inflammatory responses that damage the
eye’s sensitive, poorly healing, tissues. Punctate keratitis can be directly observed
to be related to the death of microfilariae; however, the pathogenesis of sclerotic
keratitis, a condition seen more commonly in dustier and dryer endemic regions,
remains less clear [59, 60]. Microfilariae are reported to be present in many posterior
segment anatomical structures, such as the optic nerve, retina, and vitreous [61],
and it likely these parasites contribute to changes in the posterior segment. The
suggestions that autoimmune phenomena, or perhaps immune-complex initiated
pathology, are involved in both corneal and posterior segment lesions, still remain
to be fully defined, as does the basis of the uveitis sometimes seen following
chemotherapy. Certainly, damage to vascular components of the posterior segment
occurs after treatment with microfilaricidal drugs; this was shown in a study
on DEC-induced retinal lesions [62]. Ocular onchocerciasis has not been an
active area of research in recent years, in part due to reduced prevalence of high
loads of infection in many areas of Africa as a result of the implementation of
ivermectin MDA. Arguably, this reduced prevalence of severe ocular pathology
may also be due to elimination of the use of DEC for treatment of this disease, as
ivermectin does not appear to produce the severe inflammatory sequelae often seen
with DEC.
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Figure 3.3 The major components in the patho-biology of onchocerciasis. The range of
clinical presentations (green), the tissue changes (mauve), and the major contributors to the
pathology presented (red).

Causative association between onchocerciasis and a range of central nervous
system (CNS) syndromes has been long been noted. Clinical presentations such as
epilepsy, “Nodding disease,” and the related Nakalanga syndrome have all been
proposed as being caused by O. volvulus [63, 64]. These conditions, all seen
in children, appear to have an epidemiological link to onchocerciasis. Taken
together, these may represent a spectrum of CNS-related, onchocerciasis-
induced, pathologies – developmental, mental, and other CNS-associated signs and
symptoms that are caused by the parasite, or perhaps by immuno-cross reactivity
between parasite components and CNS tissues. The suggestion that it is an auto-
immune condition results from a study showing identity between parasite and CNS
tissue leiomodin-1 [65]. The presence of onchocercal parasites in the CNS is not
reported as a common finding in the few autopsies performed to date; however,
microfilariae can be found in spinal fluid following treatment with DEC [66]. How
microfilariae enter the CNS is not known, although via the extensive CNS blood
vasculature is an obvious possibility, or perhaps through the recently described
lymphatic system of the CNS [67]. Clearly, much more needs to be understood about
the relationship between onchocerciasis (and other filariases) and the CNS. The
now known association between microfilarial death and the lethal development of
CNS pathology in loiasis after chemotherapeutic treatment underscores the need to
refocus on the CNS aspects of filariasis [68].
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3.4.2 Lymphatic Filariasis

As with onchocerciasis, the details of pathogenesis of lymphatic filariasis still
remain relatively vague or incompletely understood at best. Autopsy reports on
patients suffering from lymphatic filariasis have been in general confined to
descriptions of various changes associated with the male reproductive organs [69]
and unusual pathologies found in individual patients [70]. The two classical
presentations of lymphatic filariasis are first lymphedema and associated dermal
and systemic changes (Figure 3.1; Tables 3.4 and 3.5), and second the accumulation
of fluid in the tunica vaginalis of the scrotum. Other pathologies occur, often related
to either parasite-induced defects in the lymphatic system, such as the relatively
rarely seen condition of chyluria [71], or damage due to the local effects of trapped
microfilariae, e.g., renal disease in Brugian filariasis [72].

Lymphatic changes associated with the development of lymphedematous limbs
are initiated by abnormal enlargement and dilation, contrary to the often-stated
idea that the primary event is a physical blockage by adult worms. Dilation
leads to inability of the vessels to pump and move lymph in a cranial direction.
Lymphatic valve dysfunction occurs as the vessels enlarge, which leads to lymph
stasis. Growth factors such as vascular endothelial growth factor (VEGF) have
been shown to be involved in lymphedema due to lymphatic filariasis and other
conditions in which this pathology occurs [73]. Experimental studies have shown
that products from adult filarial parasites induce lymphatic endothelial cell prolif-
eration [74], most likely in association with other inflammatory cells present in the
vicinity of the infected vessels, that produce growth factors that induce lymphatic

Table 3.4 Clinical presentation of lymphatic filariasis (Bancroftian).

Associated featuresCharacteristicsPathogenesisPresentation

Lymphoedema
“Elephantiasis”a)

(“Severe Skin
Disfiguration” – SSD)

Exepidermal and
dermal disfiguration

Skin folds, dermal
nodules, “mossy foot,”
extensive skin cracks
(especially on the heel
and toes)

Secondary infections

Fluid accumulation inHydrocele
the tunica albuginea of
the scrotum

Slow enlargement of
the sac on one or both
sides of the scrotum

Can cause sharp pain
in the lower abdomen
during strenuous
exercise

Impaired lymphaticChyluria
system, obstruction to
flow in the thoracic
duct, lymphatic leak
into the urinary system

Chyle (lymph fluid) in
the urine

Can be self-limiting,
but in severe cases lead
to malnutrition

Systemic issues

a) The term “elephantiasis” should be discouraged as being stigma-inducing, i.e., having skin like an
elephant is stigmatizing.
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Table 3.5 Genital changes in human Bancroftian filariasis.

Associated featuresPathogenesisAnatomical locationCondition

Fluid accumulationHydroceleMales
in the tunica
albuginea of the
scrotum

Slow enlargement
of the sac on one or
both sides of the
scrotum

Can cause sharp
pain in the lower
abdomen during
strenuous exercise

Scrotal
lymphoedema

Scrotal connective
tissue

Defective lymphatic
draining of the
scrotum

Distinct from
hydrocele

“Elephantiasis”
of scrotal skin

Consequences ofScrotal skin
decreased
lymphatic drainage

Treatment similar
to that of limb
“elephantiasis”
Treatment by caseCystic changesCanal of NuckCystic swellingFemales
to case assessment

Edema and
epidermal
changes

Poor lymphaticVulval tissues
drainage and local
epidermal function

Local topical
treatment

proliferation. It is likely that, as lymphedema persists, fibrotic changes occur in the
dermal tissues and reversibility of the condition becomes more and more difficult.
This event underscores the importance of implementing effective treatment and the
reversal of developing lymphedematous conditions as early as possible, especially
in younger age groups.

The presence of static lymphatic fluid most likely leads to a general dysfunction
of subcutaneous connective and the vitally active dermal tissues, with consequent
inability of the skin to protect against secondary infections, to heal in the normal
manner, and to maintain the homeostatic mechanisms it normally performs [75].
These progressive changes all contribute to the development of disfigurement and
changes in the limbs, breast, and genital dermal tissues that are characteristic out-
comes of this devastating infection. The term “elephantiasis” is often used for the
severest dermal changes, but the author believes, as do others, that this term is
socially inappropriate to both the patient and to the animal to which it refers and
should therefore be avoided; it is unfortunate that this term has become probably the
most used and globally recognized name for this condition, a term such as “severe
filarial dermatitis” or similar terminology is much preferred.

Acute filarial attacks associated with lymphedema, also known as episodes of
acute dermatolymphangioadenitis or ADLA [76], are commonly severe local and
systemic events that involve lymphatic vessels and lymph nodes draining the
affected lymphedematous limb. The majority opinion on the etiology of these
debilitating attacks is the introduction of bacteria to the tissues and vessels of
the affected limb [77]; it is also possible that additional or other pathogenic factors
play a role in the genesis of these events, such as parasite-related inflammatory
responses. Abscesses have also been reported to be associated with the death of
adult worms lying in lymphatics; however, most of these reports are from patients
in whom anthelmintics such as DEC were used, and it is probable that the nest of
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degenerating and dying adult worms induces a local inflammatory reaction that
becomes clinically evident as an abscess. Infections with B. timori are thought to
induce more abscesses than the other human filariae.

Hydrocoele, also known as “filaricele,” which is seen only in Bancroftian filaria-
sis, is the result of increased fluid in the sac between the tunica vaginalis and tunica
albuginea covering the surface of the testis [78]. This cavity, which is lined with an
extension of the abdominal mesothelium, is created at the time of the descension
of the testis. It is a cavity, or “sac,” that commonly becomes excessively filled with
fluid in W. bancrofti-infected male patients; the primary origin of this fluid is most
likely the secretory mesothelial cells lining this tunic, associated with a compro-
mised natural drawing down of this fluid by mechanical impairment of lymphatic
drainage. Adult filarial parasites residing in the lymphatic vessels of the spermatic
cord are the likely cause for dysfunction of these lymphatics, reducing drainage of
fluids from the tissues of the scrotum (including the fluid in the tunica sac), leading
to the slow development of a hydrocoele. It should be noted that Brugian filariasis
does not induce hydrocoele in infected males; the reason for this difference remains
unclear. The question of whether an equivalent to male hydrocoele occurs in women
is often raised. Despite obvious anatomical differences, there is indeed a somewhat
similar condition, at least in its fundamental etiology, which can occur in women
related to the Canal of Nuck, an abnormal extension of the parietal peritoneum;
cysts can occur in this structure, but this is likely to be a rare event. There have
unfortunately been very few investigations into the effects of lymphatic filariasis on
female genitalia, and indeed of any consequences on female health and well-being
in general.

Other conditions that can affect the scrotum in lymphatic filariasis include
“lymph scrotum” (superficial scrotal lymphangiomatosis) with the development of
lymphatic vesicles; it is not a common finding in LF, and the pathogenesis remains
unclear. The various dermatological changes seen more often in the skin of affected
lymphedematous limbs can also be seen on the male scrotum and on the external
labia in females (Figure 3.4).

3.4.3 Loiasis

Loiasis is best known clinically for the adverse responses that patients with high
loads of circulating microfilariae can suffer following microfilaricidal chemother-
apy. These were first described with DEC and, importantly in recent times, with
ivermectin in onchocerciasis and lymphatic filariasis elimination programs [27, 28].
Autopsies on these cases of encephalopathy in humans [79] and experimentally
infected baboons [68], although few, indicate that the primary lesion in the CNS
and other tissues is vascular blockage involving dying microfilariae (Figure 3.5),
resulting in anoxia and degeneration of the surrounding parenchyma. In both
species, hemorrhages are also found in various tissues along with intense tissue
eosinophilia soon after treatment, supporting the concept that inflammation
associated with parasite death is central to this phenomenon.

Untreated L. loa infection can also induce pathology. The archetypical clinical
presentation characteristic of loiasis is the development of the classical “Calabar”
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Figure 3.4 Components in the pathogenesis of lymphatic filariasis. Source: [68], Figure 10,
p 08 / PLOS / Public Domain.

Figure 3.5 Loiasis: Blocked vessels in the CNS of a hypermicrofilariaemic baboon [68];
blockage containing Loa microfilaria and chronic inflammatory cells with damage to vessel
wall.

swelling, a subcutaneous response to dying adult worms [43]. In contrast to these
reactions to degenerating worms, an important characteristic of this infection, as
with many filariases, is lack of pathology or tissue reaction to healthy migrating
adult worms. For example, adult worms can be seen migrating across the con-
junctival membranes of the external ocular tissues, often causing great surprise
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and consternation to the observer. The frequency of observing these worms in the
eye (“eye worm”) has been used as a surrogate for estimating the endemicity of
this infection in at-risk populations. The lack of a significant physical reaction in
the conjunctival tissues to migrating adult worms underscores the ability of these
worms whilst alive and healthy to avoid causing adverse tissue responses. However,
it is not that an infected host does not in other ways recognize the parasites’ presence
in the body; blood eosinophilia, specific antibody responses, and other biomarkers
are all present in Loa-infected individuals.

3.4.4 Mansonellosis

In general, Mansonella infections are thought to be well-tolerated and most
often asymptomatic, on occasion inducing mild signs and symptoms such as
lymphadenopathy, pruritus, vague abdominal symptoms, and joint pain; it is
assumed that the pathogenesis of these presentations is similar to those occurring
in lymphatic filariasis [80]. In Brazil, M. ozzardi infections are associated with
corneal lesions. At present, there is no standardized therapy, although a combina-
tion of DEC and mebendazole is often used to treat individuals with M. perstans
microfilaremia. Ivermectin has also been proven to be effective and safe against the
microfilariae, as has doxycycline which kills the essential endosymbiotic Wolbachia
bacteria present in some strains of M. perstans and M. ozzardi.

3.4.5 Incidental – Dirofilariasis

Filarial worms whose primary hosts are animal species can infect humans, although
the development of these infections is usually quite limited as these parasites are
not adapted to surviving in human beings. Human pulmonary dirofilariasis is a rel-
atively rare condition caused by Dirofilaria sp. that is transmitted to humans by
mosquitoes. This parasite enters the subcutaneous tissue and travels through the
blood system, most often dying and embolizing the pulmonary vessels, causing a
small infarction usually in the peripheral areas of the lung, which commonly appears
as a solitary density on radiography, termed a “coin lesion.” It is often misdiag-
nosed as an early neoplastic lesion and has on occasion led to surgery to remove
the lesion – histopathology then confirms that it is a parasite and not cancer.

3.4.6 Comment

As seen from the discussion above, much remains to be learned about the patho-
genesis and clinical presentation of filarial infections, even for those on which there
is much global attention at present, onchocerciasis and lymphatic filariasis. Much
of the available information comes from experimental models, and although this
assists in informing the human condition, given the specific nature of each of the
filarial complexes, confirmation of such information will always be needed in the
natural infection. Acquisition of autopsy material is always likely to be a challenge
in tropical countries for various understandable reasons (weak pathology services,
religious prohibition, etc.), but such opportunities should be taken if available. It is
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also more likely that as medical imaging systems improve and become more com-
mon in endemic countries, non-invasive approaches to obtaining images and other
information about filarial conditions will contribute significantly to understanding
the pathogenesis and support more classical methods such as histopathology.

3.5 Treatment and Control of Human Filarial Diseases

The availability of a chemotherapeutic agent that can safely reduce infection levels
in an individual has been central to treatment and control of filarial infections and
disease. As described above, agents have been tested and used since the late 1940s.
However, early treatments were associated with serious adverse events, and it was
not until 1987, and the availability of the anti-microfilarial drug ivermectin, that
large-scale MDA programs became safe and feasible. Nevertheless, the identification
of a drug that specifically targets the adult worm (and perhaps the infective larval
form) in a safe manner – for example, one that is lethal or permanently sterilizes
the female – is still the most prized target in filarial treatment and control. Other
treatment approaches that were once hoped for, such as vaccines, have not to date
been successful.

3.5.1 Onchocerciasis

The major available treatment option in onchocerciasis is to kill microfilariae with
avermectins (currently ivermectin and likely soon moxidectin) and thus reduce clin-
ical disease in individuals, and to break the transmission cycle if used on an epidemi-
ological scale in MDA programs.

3.5.1.1 Individual Treatment
Reducing the microfilarial load with microfilaricidal drugs is effective in reducing
symptoms, and together with supportive treatment to reduce the intense pruritus
(e.g., an antihistamine), dermal support creams for damaged skin, and surgical
removal of adult-containing nodules, are the current optimal approaches to treat
individuals infected with O. volvulus. As noted, the primary microfilaricide used
is ivermectin, with a second-generation macrocyclic lactone, moxidectin, possibly
available in the near future. Ivermectin appears to work more slowly than the pre-
viously used microfilaricide DEC, and to produce only minimal adverse reactions.
It is likely that ivermectin acts by blocking the parasite’s ability to protect itself
against the host’s innate immune response, possibly by blocking the worms release
of protective secretions [80]. Ivermectin reduces the live microfilarial load in the
anterior segment of the eye, although damage already inflicted on poorly healing
ocular tissues, such as the retina, that occurs with this infection is unfortunately
usually permanent.

Removal of palpable nodules (nodulectomy) has always been regarded as an
important approach to reducing the parasite load in an individual; nodulectomy
as an approach has been used not only for individual treatment but also on a
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mass campaign basis for endemic communities in Latin America, although these
unpopular campaigns were not effective in eliminating transmission of the parasite.

3.5.1.2 Mass Treatment
As mentioned above, the major West African program to reduce disease by elimi-
nating the vector using aerial larvaciding was greatly enhanced by the addition of
mass distribution of ivermectin in 1987 for the West African countries under the
OCP direction [15]. In 1995, the use of ivermectin for onchocerciasis was extended
to cover all endemic countries in Africa with the establishment of the African
Programme for Onchocerciasis Control (APOC) [81]. APOC was formed with the
extended mandate of reducing the prevalence of both blinding and dermatological
disease by distributing ivermectin on an annual basis to everybody (above four years
of age, not infirm or pregnant) living in meso- and hyperendemic communities
(Figure 3.6). A similar program was set up in Latin America (Onchocerciasis Elimi-
nation Program for the Americas – OEPA), although here the goal was the stricter
“elimination of transmission”; ivermectin was used twice a year in all six OEPA
endemic countries. The small Middle Eastern focus of onchocerciasis, confined to
Yemen, initially took the approach of only providing symptomatic treatment for
those individuals with severe clinical presentations of reactive onchodermatitis
(Sowdah), i.e., a clinical, not an MDA approach; Yemen changed to the more
extensive MDA approach in 2015 [34].

A major shift in the global program for onchocerciasis control has taken place in
the last few years with the move from control of the disease as a “public health prob-
lem” to the goal of “elimination of transmission” [82]. One of the greatest challenges
facing this new goal is the need to re-map specific endemic areas of onchocerciasis;
the previous MDA program that began during the 1990s did not include hypoen-
demic areas (except in Sudan). At the time, it was believed that chronic skin disease
and blindness were not a threat in areas of low endemicity; however, Sudan carried
out MDA in areas defined as hypoendemic as the Sudanese team emphasized to

(b)(a)

Figure 3.6 Mass Drug Administration (MDA) in the Tanzanian Lymphatic Filariasis National
Program. (a) A drug distributor dividing out the drugs for a villager. (b) A villager happily
receiving the MDA drugs into her hand with a bag of water used to assist swallowing of the
drugs in her other hand.
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APOC the fact that some of the most severe reactive onchodermatitis cases are actu-
ally most commonly found in hypoendemic areas and on the periphery of meso- and
hyperendemic areas.

The new global goal, elimination of transmission, likely requires MDA treatment
for everyone living in endemic areas; thus, there is a need to redraw the map of
onchocerciasis endemicity based on the presence of transmission. This substantial
task, and the need for improvements in the recommended diagnostic detection
tests and their usage for remapping, and for defining when to stop treatment when
transmission is broken, are central to achieving success in the global program for
onchocerciasis. However, elimination of transmission has been achieved in coun-
tries in Latin America [83–86], and in focal areas of Africa (e.g., Sudan, Uganda,
and others) [87–89]. Four of the six OEPA countries have achieved breaking of
transmission, leaving only Venezuela and Brazil with ongoing transmission. It is
vital that such successes be monitored and surveillance continued to ensure that
these important gains are maintained and there is no recrudescence in these sites
[90] (Table 3.6).

Since OCP activities ceased in West Africa, vector control for onchocerciasis has
not been a major activity in the remaining endemic areas of Africa, Latin America,
or Yemen. The reduction of fly breeding sites by the “slash and clear” removal of
vegetation has been proposed [91] and is now being applied in a few locations in
Africa; whether this community approach to vector control is a major advance over

Table 3.6 Important areas in need of investigation in three major aspects of filarial
infections and diseases.

Items to better understandGeneral area

Better understanding of vulnerable target areas in filarialParasite biology
worm’s biochemistry suitable for chemotherapeutic
treatment – especially in adult worms and infective larvae
Identification of factors released from parasites into theInfection assessment
circulation, notably from fertile female worms

Elimination of transmission
(onchocerciasis and
lymphatic filariasis)

The development of point of use assessment tools and an
efficient and reliable protocol for their use in endemic areas

A clear confirmation of required reduction in parasite
prevalence needed to break transmission permanently
Ensuring lymphatic filariasis cases are treated early in thePatient support
development of their lymphedematous conditions
Improved treatment for the dermatological changes that
occur in onchocerciasis and lymphatic filariasis
Improved care and support for those already with
onchocercal blindness and loss of vision
The development of safe chemotherapeutic agents thatChemotherapy
target adult and infective larvae and that can be used in all
individuals two years old and above
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a fully implemented and maximized MDA strategy with a microfilaricide (and per-
haps an adulticide if one is safely developed) where there is high coverage of the
population remains an unanswered question. Arguably, the most important current
needs for onchocerciasis programs are the development of a practical point-of-use
diagnostic test, appropriate instructions for their use, and an increase in the local
capacity in Africa to handle testing of the samples that country programs generate
[92]. The use of twice a year ivermectin, and the incorporation of moxidectin into the
menu of protocols available for achieving final success and handling difficult areas
(e.g., cross-border situations, persistent hotspots, sites with highly mobile popula-
tions) are both important considerations for national programs as they look toward
completing their elimination programs.

3.5.2 Lymphatic Filariasis

Lymphatic filariasis, transmitted by multiple species of mosquitoes, has always
had a component of vector control, as with the other major tropical infection
transmitted by this insect, malaria. It should be noted that antimalarial activities
based on vector control in many locations assist in prevention of transmission of
lymphatic filariasis. However, the major tool for controlling and eliminating this
infection remains chemotherapy. Anthelmintic treatment for this parasitic infection
in individual patients has been achieved using a combination of albendazole and
either ivermectin or DEC. Unlike onchocerciasis, in which DEC caused problems,
the use of this drug in lymphatic filariasis although on occasion causing significant
adverse reactions, has been generally regarded as safe, with the severity of adverse
reactions being related to the microfilariae load. In recent studies, the combination
of these three drugs in lymphatic filariasis has been shown to be more effective than
the dual combinations, at least in the short term; there appears to a more effective
response when using this triple drug therapy in the first two years after the start of
treatment [93].

3.5.2.1 Individual Treatment
The major focus with individual treatment in lymphatic filariasis is patients who
suffer from either lymphedema and its dermal consequences, or those affected with
genital pathology, predominantly hydrocoele in males. Although extensive modern
treatments are used in developed countries for lymphatic filariasis, many of these
procedures, for various reasons, are often not appropriate for patients living in med-
ically under-resourced environments; this restriction also applies to many patients
suffering from lymphatic filariasis-induced lymphedema. This has led to recommen-
dations on an essential package of care (EPC) for this infection by WHO developed
from the experience of clinical field workers in this area [93]; this arm of the Pro-
gram is termed Morbidity Management and Disability Prevention (MMDP) [94], or
additionally Disease Management and Disability Inclusion (DMDI). The essential
component in the EPC is to carry out skin hygiene and care (washing, antibiotic
and anti-fungal creams, and basic physiotherapy techniques); this regimen has been
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remarkably effective in improving the condition of many patients with lymphedema
[95, 96]

Acute filarial attacks – episodes of lymphadenopathy, lymphangitis, dermal
exfoliation in the affected areas (legs, arms, breath) together with systemic malaise
(“feelings of fever”) – can greatly debilitate a patient for up to six or seven days
in the severest of cases and are recommended to be given supportive treatment.
This treatment is essentially anti-inflammatory agents and, as it is understood
that secondary bacterial infections contribute to the initiation of these attacks,
antibiotics. Doxycycline, with both antibiotic and anti-inflammatory properties,
is currently being considered for treatment of lymphatic filariasis patients with
lymphedema [97].

Patients who have very chronic and extensive forms of lymphedema are a special
medical concern and require more medical oversight than is usually available from
health workers in rural village settings. These patients commonly have extensive
disfiguration of the lymphedematous limb, open wounds, and often suffer from mul-
tiple episodes of acute filarial episodes in relatively short period of time (e.g., every
month). These patients also commonly have comorbidities such as hypertension,
diabetes, and obesity, and often require extensive and long-term medical attention
and thus need to be referred to specialist clinics.

It is important to recognize the two major components in the pathogenesis of
lymphedema when addressing how best to improve care and develop new treat-
ment regimens for patients suffering from filarial lymphedema and the associated
acute filarial episodes. The first major component is dysfunction of the lymphatic
system in the affected limb, resulting in lymph stasis and compromising the ability
of associated tissues (muscles and connective tissue, dermis, and epidermis) to
maintain homeostasis and health. Consequently, interventions that move static
lymph fluid away from the affected side, preventing fluid stasis in the soft tissues
and the recovery of function of these tissues, are likely to be successful, e.g., short
stroke massage. The second major component in pathogenesis to consider is
degradation of the ability of dermal and associated tissues to carry out homeostatic
functions; this underscores the importance of using topical treatments to restore
dermal tissues to their normal status, e.g., consistent washing, topical oils, and
creams (restoration of dermal hydration and reduction in dryness), as well as
assisting healing of open wounds. These procedures apply to all cases of lymphatic
filariasis.

The major form of genital filariasis – hydrocoele in male in Bancroftian endemic
areas – is treated by standard surgical intervention, and if carried out under regular
“good surgical practice,” is most often resolved. Simple aspiration of the fluid from
the tunica vaginalis/albuginea sac is also carried out, but in general this is not as
successful in resolving the issue, with recurrence common and more chance of
secondary infection than with surgery. Two techniques for hydrocoelectomy are
commonly used: “excision” with the removal of the hydrocoele sac (essentially
the tunica vaginalis) – known as Lord’s Technique, and second, “eversion” of the
hydrocoele sac, known as Jaboulay’s Technique. Both approaches are used, with
the excision method preferred by most surgeons operating on thick-walled sacs.
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An essential component in all hydrocoele surgeries in lymphatic filariasis patients,
who often reside in medically underserved locations, is the need for good
pre-operative steps (correct diagnosis, hygiene, and antibiotic coverage) and careful
post-operative follow-up and monitoring [98, 99].

Tropical pulmonary eosinophilia (TPE) is a condition common in Tamil popula-
tions in India; it is often associated with lymphatic filariasis, although it is seen in
less than 1% of those infected with filaria and is believed to be a hypersensitivity
to microfilarial antigens [100]; the current recommendation for treatment of TPE is
DEC for up to three weeks.

The expansion of the range of interventions that can be added to the EPC for
lymphatic filariasis patients is the subject of many current discussions. Ways to
address the mental health needs of lymphatic filariasis patients (stigma, mental
depression) and their rehabilitation back to a more regular life and ability to support
their families and contribute to community life are also currently the focus of many
concerned investigators and care-givers; experiences with other tropical diseases
such as leprosy are contributing to new approaches to care for lymphatic filariasis
patients [101].

3.5.2.2 Mass Treatment
In 1997, a global effort aimed at eliminating lymphatic filariasis as a public health
problem was initiated (World Health Assembly adopted Resolution WHA 50.29).
This resolution was to carry out MDA – i.e. providing medicines to everyone who
is healthy and eligible for them in an endemic area – using two co-administered
anthelmintics in all endemic areas: albendazole and DEC, or albendazole and iver-
mectin in countries where onchocerciasis is endemic in Africa. When the global
program began in 2000, the number of people infected was in excess of 120 million,
with over 40 million suffering clinically, and at risk of becoming infected likely over
200 million.

Many of the 73 lymphatic filariasis endemic countries have, as with onchocerci-
asis, been covered under an MDA program for 20 years, or in certain cases much
longer (e.g., China and South Korea). This has had a marked effect in reduction
of parasite loads, reflected in a correspondingly dramatic reduction in the devel-
opment of new clinical cases. Such efficacy data are vital to demonstrate the value
of the global program; after all, it would never have started had this parasite not
induced such debilitating and life-destroying disease. It should be emphasized that
it is important to link the two arms of the global LF elimination program (MDA and
MMDP) together wherever possible. The provision of care for those symptomatically
infected is a strong motivating factor to those without clinical symptoms to take the
MDA drugs. A national program provides care that leads to improvement in their
fellow villagers who unfortunately have the clinical disease is a powerful message
that assists in improving MDA coverage [96].

By mid-2020, with some 7.7 billion treatments administered, 18 countries declared
the elimination of LF as a public health problem, and another 22 had completed
MDA in all their endemic areas, and the prevalence of the infection in many coun-
tries had reached very low levels, with some 573 million people no longer needing
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MDA. However, the 2021–2030 period will be important, as almost 900 million peo-
ple in 49 countries still remain threatened by this infection and require continuing
MDA. The economic importance of lymphatic filariasis has always been an advocacy
factor for developing an elimination program, and a study in 2016 suggested that
>24 billion US dollars can be saved by elimination of the infection from the globe
through reduction in loss in work potential and the health care costs this disease
causes [102].

3.5.3 Loiasis

3.5.3.1 Individual Treatment
Treatment of individuals has been generally with DEC together with supportive
treatment (antihistamines, etc.), although it should be noted that patients with high
parasite loads can suffer from serious CNS pathology. The treatment now often used
more safely is albendazole [103].

3.5.3.2 Control of Loiasis
There are no major programs in place at the field level to eliminate or control the
transmission of loiasis. As mentioned above, problems do arise with this infection,
and specifically with individuals harboring high loads of L. loa microfilariae residing
in areas that are included in elimination programs for onchocerciasis and lymphatic
filariasis. Thus, considerable efforts have been made to avoid the adverse effects by
screening patients for high levels of L. loa microfilariae and excluding them from
microfilaricidal treatment [104]. The use of the “loascope,” a point of use tool that
assists in the detection of dangerously high loads of circulating microfilariae has
been crucial for screening those at risk.

3.5.4 Mansonellosis and Incidental Filarial Infections

Most of the unusual filarial infections are incidental findings and in most cases are
treated with standard antifilarial drugs; in many cases, they are detected after biopsy
in pathology reports. No control programs exist for mansonellosis or for incidental
filarial infections.

3.5.5 Comment

It is not surprising that distributing a drug to millions of people in poorly served
areas of developing countries comes with many challenges, and it is a tribute to the
endemic countries participating in MDA activities that so much progress has been
achieved. To reach elimination, the challenges that still exist must be addressed
(Table 3.6); these include ensuring that there is routine drug coverage of >80% of
the eligible population and that habitually non-compliant people are eventually
reached and treated (as untreated individuals, they remain potential catalysts for
resurgence of transmission). Specific endemic areas with persistent transmission
(hotspots) have been seen in a number of areas and will likely need special attention
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and possibly additional interventions (such as multiple rounds of MDA, or the
use of new anthelmintics) to eliminate them as transmission sites. The constant
migration of people in endemic areas poses a special challenge, particularly in areas
where countries share national borders; managing implementation of MDA in
such areas requires an additional level of country-to-country communication and
organization.

A major effort is ongoing to identify areas in onchocerciasis-endemic countries
where MDA is still required; this has been termed “onchocerciasis elimination map-
ping” and consists of various steps, such as “exclusion mapping” (i.e., defining and
eliminating from consideration all areas that are unlikely to support transmission),
and “epidemiological mapping” of areas where there is the possibility of transmis-
sion but where MDA has not yet occurred (i.e., defining the presence of vector breed-
ing sites and testing a sample of residents from the catchment area). This essential
activity is needed if elimination of transmission is to be achieved in onchocercia-
sis, but in many cases, it is a huge undertaking for national programs, and ways of
making this essential mapping activity more practical are needed.

An important additional challenge facing national elimination and control
programs is the fact that, especially for onchocerciasis, the tests used to monitor
progress of control to support decisions at major points (e.g., stopping MDA,
confirming success) need to be improved, as do the field protocols to implement
these tests [105, 106]. In both major global elimination programs, there is always a
question of whether the criteria used to define elimination are sufficiently strong
to prevent breakthrough resurgence; this remains a challenge for onchocerciasis in
particular, compounded by the fact at present, the diagnostic criteria for stopping
treatment and defining the cessation of transmission in the vector are not as robust
and practical as they could be.

A programmatic issue commonly discussed in onchocerciasis is whether MDA
twice a year would be more effective than the standard once a year protocol. In the
OEPA program countries, twice a year dosing achieved the goal, even in endemic
areas with intense transmission, such as Ecuador [84]. Two parasitological reasons
support the use of twice a year treatment: First, repopulation of the skin with micro-
filariae after a single dose of ivermectin occurs after seven months, thus, retreating
at six months would prevent this repopulation and limit the possibility of transmis-
sion occurring in the second half of the year. Second, it is likely that ivermectin has
a direct effect on the health of adult worms, reducing their life span [107], and an
additional dose of ivermectin could enhance this much wanted effect.

In a similar vein, there is the question of whether adding albendazole to the
standard annual dose of ivermectin might speed progress to breaking transmis-
sion of O. volvulus. Various studies that have addressed this question have not
produced a definitive answer. However, it is possible that the addition of a second
anthelmintic to the protocol, one that damages the worm through different target
mechanisms, could have at least some useful additive negative effect on parasite
viability. Programmatically, adding albendazole to ivermectin is entirely feasible,
as this already is used in MDA for lymphatic filariasis. This is the basis of the
positive additive or synergistic effects seen in the triple therapy protocols now being
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rolled out for lymphatic filariasis [93]. However, the challenge of using a cocktail
of anthelmintics in onchocerciasis-endemic regions that includes DEC should be
emphasized, given the negative experience of ocular pathology in onchocerciasis
patients administered DEC [62]. Use of the triple therapy as currently defined
should be contraindicated in onchocerciasis-endemic countries, unless it can
be guaranteed that individuals harboring O. volvulus microfilariae will not be
treated.

The recent unexpected arrival of the corona virus pandemic has, as everywhere,
had a major impact on filarial elimination programs, with an interruption to most,
if not all, MDA activities, surveys, and hydrocoelectomy surgeries; the only compo-
nent that some countries have been able to maintain is supporting direct care for
patients with lymphatic filariasis-induced lymphedema. Interestingly, the experi-
ence and communication systems established by MDA programs over the years have
been used by many countries to assist in emergency responses to the COVID-19 out-
break. The long-lasting impact of this pandemic on filarial elimination programs
remains to be seen, but there is no doubt that the experience these countries gained
in responding positively to the outbreak in the past few years indicates they are
resilient and will move forward positively.

3.6 General Discussion

Filarial infections are characterized by an intimate relationship with the host, one
that is complex and involves a number of biological systems – immunosuppression,
immune-avoidance mechanisms, and other homeostatic phenomena. The complex-
ity of the relationship between living filarial parasites and their host in all likelihood
contributes to the difficulty in developing immune-based protection through vac-
cine approaches, although efforts are still being made to experimentally manipulate
the host system and induce protection to filariae. Nevertheless, chemotherapeutic
approaches, especially those that safely target the reproductive cycle of the adult
female and perhaps the male worm, are arguably the currently most sensible
approach to control. Macrofilaricidal drugs are available, although there have been
concerns about the safety of the top candidates [108–110]. Breaking the life cycle
at the pre-embryonic or embryonic stage, and thus preventing development of the
pathogenic stage, the microfilariae, certainly seems a most logical research goal.
This is not to say that other approaches will not also enhance the progress toward
elimination of the two major filarial diseases – vector control being an obvious
important adjunct mechanism in this regard.

As is obvious from the overall discussion above, there has been a global focus
on the two dominant filarial infections of humans with relatively little attention to
others (e.g., loiasis). Only where it has affected MDA programs against onchocerci-
asis and lymphatic filariasis has another human filarial parasite attracted research
attention. This raises the question as to whether more effort should be devoted
to the other filariae. There are good reasons to investigate these lesser-known
filariae, as it is likely that they do induce tissue changes in at least some infected



64 3 Human Filarial Infections

people. Second, understanding the mechanisms that allow them to live more
pathologically peacefully in the host may provide important keys to developing
control methods for filariae in general. It is likely that any chemotherapeutic agent
that can be used safely against one type of filariae will also be useful for treating
other filarial infections. The challenge in achieving such an agent is, as emphasized
in the discussion above, the adverse reactions associated with destruction of large
numbers of microfilariae, which has plagued the discovery pathway.

The control, and now elimination, of lymphatic filariasis and onchocerciasis in
an increasing number of countries is amongst the major public health successes of
all time. Nevertheless, eradication, a goal that many are now focusing on, is still
a tremendous challenge. Where there has been apparently successful removal of
the parasite – in Latin America with onchocerciasis, for example, and in China,
the Pacific, south-east Asia (e.g., Vietnam), and countries in Africa (e.g., Togo,
Malawi) with lymphatic filariasis, it is vital that surveillance is maintained to
ensure that these parasites and the diseases they cause are truly eliminated.
Long-term surveillance, although essential, is not easy to carry out and sustain;
appropriate surveillance, whether via case detection or through more systematic
entomological, serological, or parasitological surveys, must be carried out for a
relatively long period with practical approaches, such as regular sampling of blood
bank collections for parasite antigens or antibodies. Once success is reached in
an MDA program, national government interest in the program, understandably,
often wanes as other medical issues become a more important focus. Despite this,
long-term surveillance needs to be carried out to ensure that the successes achieved
are not lost.

It is also important that we continue to ask pertinent and practical questions
about the biology of this group of diseases. The mechanisms that these parasites
utilize to invade and live long-term in their hosts are still poorly understood but
are an extraordinary example of adaptation in biology. The goal of elimination is
highly desired, but is important to achieving this that we continue to better
understand the pathobiological mechanisms involved in these infections, and
the ways that these mechanisms might be manipulated to the disadvantage
of the parasite and the advantage of the host. Many questions remain about
these diseases, some perhaps more academic than practically useful to the over-
all goals of transmission elimination and provision of care for those already
affected. For example, “is there a lower limit of prevalence at which the infec-
tion naturally dies out?” – many have speculated on this, but we really do not
know enough about the factors involved, which differ from location to loca-
tion. Another essential question is: Do we have the right criteria by which to
measure success? Continuing refinement of such indicators is the most prudent
approach here.

It should be noted that there is always a challenge in achieving the appropriate
balance between scientific quest and public health, between research for more
basic knowledge about each organism and the best way to eliminate them as
global medical problems. However, without more information about the biological
nature of these parasites (Table 3.6), there is an increased likelihood that incorrect
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assumptions are being made with potentially high cost in terms of the effect on
field work.

The effort to control and now eliminate the two major human filariases has
led to major changes in human health in developing countries. The mechanisms
and systems built to distribute antifilarial drugs to many millions of people, at the
necessarily high coverage levels essential to achieve elimination, have brought
much needed health improvements to previously underserved populations. In
addition, these methods and systems are now used more widely for the greater
goal of universal health care [99]. This focus on efficient mass drug distribution,
which has had major successes and great impact in reducing the prevalence of
clinical onchocerciasis and lymphatic filariasis, has nevertheless had the effect of
directing current research activities away from more basic research into filarial
parasites and their diseases. Consequently, many major questions about filarial
nematodes remain unsolved. Despite very significant advances in reducing clinical
disease, the achievement of the current global goal for complete elimination of
transmission of onchocerciasis, and the lesser goal of elimination of lymphatic
filariasis as a public health problem, is likely to be challenging. Better understanding
of these diseases and their complexity through more rather than less basic research,
perhaps targeted to specific questions and areas, could assist in overcoming these
challenges.
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Canine Filariasis (Heartworm) – Disease and Current Gaps
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Abstract

This review presents a brief introduction to heartworm infections and the associated
disease. This is followed by a history of the market introductions of the various macro-
cyclic lactone containing heartworm preventive products that began in 1987 with the
approval of HeartGard-30®. Discussion then follows the development and pre- and
post-approval testing of the efficacy of the additional macrocyclic lactone molecules
and different formulations of these molecules with some being designed with the
dose-limiting parasites being third-stage and young fourth-stage heartworm larvae in
the host within 30 days of their acquisition by mosquito bite (180 days for ProHeart® 6
and a year for ProHeart® 12), while others chose other parasites as the dose-limiting
organism, e.g. hookworms, roundworms, and whipworm, and in one case, fleas. In
2011, as part of a product’s approval (Trifexis, a combination of milbemycin oxime with
added spinosad for flea control), it did not prevent the development of a heartworm
field isolate. Also, we now know that ivermectin, milbemycin oxime, moxidectin, and
selamectin in product formulations have all failed against at least one field isolate. The
history over the last 35 years or so also shows that many of these products are now
failing to control heartworm infections at the internal parasite control dosages that are
much higher dosages than initially required for heartworm prevention. Finally, there
is discussion of the gaps in prevention and therapy. One is whether or not treatment
should be year-round or not year-round. Stopping of therapy each year may let the
last few “resistant” fourth-stage larvae in a dog to mature and produce microfilariae.
Thus, the seasonal withdrawal of prevention appears potentially problematic. Then,
there is the transmission gap; the macrocyclic lactones do not stop transmission,
but the isoxazolines might, and the killing of the few mosquitoes that bite dogs is
unlikely to produce isoxazoline resistance in the mosquito population. The greatest
gap would be caused by the total loss of macrocyclic lactones for heartworm control.
Less than perfect backups exist, e.g. daily diethylcarbamazine or injections of an
arsenical such as melarsomine every four months, but perhaps most hopefully, the
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biggest breakthrough for heartworm control would be to develop a vaccine that would
prevent infection. The most disconcerting gap that might have been the least or most
important gap during the last 35 years was the unwillingness of many to consider that
resistance would happen or was happening when dogs were getting infected when
being given approved products that had elevated efficacy margins of at least 2–10 times
the minimal required preventive dose at the time of product approval. This last gap
held back cohesive teamwork on intervention plans for more than a decade.

4.1 Introduction: Heartworm, Pathogenesis, Pathology,
and Disease Presentation

Infections of dogs and also cats with heartworms is clearly the cause of horrendous
disease that will have life-changing effects and can be fatal. Worms that mature
from infectious larvae inoculated by mosquitoes appear as young adult worms that
begin to appear in the lungs 70–120 days after infection. There they mature, and
adults begin to produce circulating microfilariae some six months after the infection
was initiated [1]. Adult females are about 19.5–29.5 cm (75/8–11 1/2 in.) long, and the
males are around 14.7–18.4 mm (53/4–7 3/8 in.) long. Unlike intestinal worms, when
Dirofilaria immitis adults die or are killed with adulticides, the dead adult D. immitis
have no way to leave the body. Instead, they are pushed further down into the lungs,
where they very slowly decompose, and the cuticular collagen is the last portion
of the worms persisting in tissues. In a 1989 publication on heartworm in shelter
dogs and cats in Florida, 22 of 712 cats (3.1%) and 510 of 876 dogs (59.4%) were
infected, and within these infected dogs, the mean number of worms was 23.4, the
median 11, and they harbored from 1 to 317 adult worms. In total, 38% of the infected
dogs and none of the infected cats had circulating microfilariae [2]. Cats typically are
only infected with 1–3 worms, usually to a maximum of 9 [3].

The pathogenesis of lesions in dogs and cats affected with dirofilariasis can
be directly related to the organism’s life cycle. Following initial inoculation of
third-stage larvae by mosquito vectors and subsequent maturation of these larvae
in the subcutis, fascia, muscle tissue, abdomen, and thorax, immature adult larvae
migrate via the jugular and other venous circulation to the pulmonary arteries
where they mature to adulthood [4]. During this initial larval migration, some larvae
occasionally become lost, resulting in aberrant migration, and adult nematodes may
be found in unusual locations, including the eye, brain, peritoneal cavity, and sys-
temic circulation in dogs [5–8]. Aberrant migration occurs more commonly in cats,
reflecting the unsuitability of cats as hosts for D. immitis. In these cases, adults may
be found in the body cavities, systemic arteries, and central nervous system in feline
hosts [9]. In cases when immature worms do reach the pulmonary arteries in cats,
they often die, resulting in a severe inflammatory response attributed to pulmonary
intravascular macrophages within the capillary beds of the lung [8, 10]. The result-
ing disease, known as heartworm-associated respiratory disease (HARD), presents
clinically as dyspnea, coughing, wheezing, and asthma-like attacks, and manifests
histologically as eosinophilic pneumonia and occlusive medial hypertrophy of the
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pulmonary arteries with villous [8, 10]. As adults, it is believed that mature heart-
worms downregulate the activity of pulmonary intravascular macrophages, result-
ing in mostly asymptomatic infections in cats [10]. Nonetheless, infected cats may be
affected by acute death syndrome (a disease separate from HARD), the pathogenesis
of which remains unknown, although an acute anaphylactic reaction is suspected
[11]. Additionally, given the smaller size of feline lungs relative to adult nematodes,
even a small number of worms may result in cardiovascular changes including
pulmonary artery obstruction, as well as pneumothorax and chylothorax [12].

In dogs with adult heartworms in the pulmonary arteries, clinical signs typically
include coughing, exercise intolerance, decreased appetite, and weight loss [13].
Lesions are commonly seen in the pulmonary arteries and lung parenchyma,
with severity correlated to the number of worms present (Figures 4.1 and 4.2) [14].
Histologic changes typically include villous fibromuscular proliferation in the tunica
intima of pulmonary arteries, as well as eosinophilic endarteritis, smooth muscle
hyperplasia in the tunica media, and fibrosis (Figure 4.3) [15]. The resultant increase
in vascular permeability results in pulmonary edema and pneumonia. The changes
in the pulmonary arteries result in reduced luminal diameter of the vessels and
subsequent pulmonary hypertension. In response to the increased overload, the
right heart may undergo hypertrophy and dilation. In severe cases, the right heart
changes may not be adequate to handle the increased overload, and decompensated
right heart failure develops, manifesting as ascites and ultimately hepatic cirrhosis.

In some cases, adult worms, which usually live in the pulmonary arteries, move
against the blood flow through the heart and enter the vena cava. This displacement
causes the medical condition known as caval syndrome, which requires immediate
life-protecting surgical intervention to extract the offending worms [16]. Caval
syndrome is typically marked by a sudden onset of labored breathing, pale gums,
and dark bloody or coffee-colored urine due to hemoglobinuria [13]. Caval syn-
drome is the result of partial inflow obstruction to the right heart and interference

Figure 4.1 Dirofilaria immitis infection in a dog, 150 days post-infection. Upon opening the
pulmonary artery, the lumen is filled with numerous thin, long, white filarial nematodes.
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Figure 4.2 Dirofilaria immitis infection in a dog, 150 days post-infection; the worms
entered the pulmonary arteries only about 80 days before image was taken. The pulmonary
artery has been incised and reflected to reveal the luminal surface of the vessel, with
extensive, irregular villous proliferation of the intimal surface.

Figure 4.3 Histology of pulmonary dirofilariasis. The pulmonary arteries are partially
occluded by a mixture of fibrin and red blood cells, admixed with tangential and cross
sections of adult Dirofilaria immitis nematodes. The tunica intima is circumferentially
thickened and proliferative, with occasional villous projections of fibrointimal hyperplasia.
Adjacent alveoli are collapsed, with loss of air space.

with the tricuspid valve [14]. Studies have revealed that caval syndrome is due
to mechanical obstruction of the right atrium and right atrioventricular valve
orifice, rather than any virulence factors produced by the nematodes [17–19].
Subsequent to this obstruction, red blood cells entering the right atrium and
ventricle are subject to lysis as they are forced by vascular flow through a whisk of



4.2 Current Gaps 79

tangled and tumbling heartworms, leading to hemolytic anemia [14]. Disseminated
intravascular coagulation (DIC) can also occur with caval syndrome as a result of
intravascular hemolysis. Hepatic and renal dysfunction is also described with caval
syndrome, though the exact cause is unclear [14]. Caval syndrome is less common
in cats, but can occur even with low worm numbers [9].

Worms that have died or have been killed with treatment may induce throm-
boemboli or result in arterial obstruction. Thrombosis of pulmonary vessels occurs
most often in the pulmonary arteries of the caudal lung lobes and in rare cases may
lead to pulmonary infarction [14]. Other lesions related to the D. immitis infection
include glomerulonephritis caused by antigen–antibody complex deposition, as well
as nodular skin disease due to circulating microfilariae [14, 20].

4.2 Current Gaps

According to the Companion Animal Parasite Council (CAPC) map for heartworm
testing for the year 2020 (at CAPCVET.org), 15 441 743 dogs were antigen tested and
201 888 dogs (1.31%) were positive. As there are 70 000 000 dogs in the United States,
we can estimate that somewhere near 1 million dogs have a heartworm infection.
Cases that go without diagnosis and treatment persist for years, causing chronic
lung disease. Also, whether the worms are killed quickly with melarsomine or slowly
with a macrocyclic lactone, dogs would still harbor worms undergoing slow degra-
dation in granulomatous areas of the lungs. Also, it is likely that somewhere around
0.1–1% of infected animals would require life-saving surgical intervention for caval
syndrome or to remove atopically located adults. It must be remembered that the
CAPC data are being collected from dogs taken to veterinarians. Since these are the
dogs seeing veterinarians, it must also be recognized that many dogs, both strays and
pets, do not receive the protection of heartworm preventive therapy. There will also
be a proportion of cats infected, and cats also develop disease. Treatment is expensive
compared with prevention. As they say, “an ounce of prevention is worth a pound of
cure,” and in this case, the cure is likely to cost more than five times the cost of reg-
ular annual prevention. The following section discusses concerns that the current
preventive molecules may not be working forever.

Nine years ago, one author of this chapter published a paper entitled “Heart-
worms, macrocyclic lactones (MLs), and the specter of resistance to prevention in
the United States” [21]. Now, unfortunately, the specter has taken corporeal form
and been made clearly manifest in two recent field studies of dogs from through-
out the United States. These studies examined the safety and non-inferiority of
two new products tested alongside the long-standing backbone of heartworm
prevention, HeartGard® Plus [22, 23]. In these two studies, none of the dogs
receiving the new products developed infections, but six dogs receiving HeartGard®
Plus (two in one study and four in the other) developed heartworm infections.
In one of the trials [22], the enrolled dogs were from throughout the United
States, and 167 dogs (68% of total dogs) received a moxidectin, pyrantel, and
sarolaner combination product (Simparica TrioTM), while 82 dogs (32% of total
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dogs) received the combination of ivermectin and pyrantel, HeartGard® Plus.
Of the 318 dogs receiving one or the other treatment, the only ones developing
heartworm infections were two dogs from the lower Mississippi River valley
that had received the HeartGard Plus. In the other trial [23], one group of dogs
(n = 236) received extended release moxidectin, i.e. ProHeart® 12, while a second
group of dogs (n = 218) received ivermectin and pyrantel, i.e. HeartGard® Plus.
This study yielded results similar to the Simparica TrioTM study, with none of the
dogs treated with ProHeart® 12 testing positive for heartworm infection, while
four HeartGard® Plus-treated dogs, again also from the lower Mississippi River
valley, developed heartworm infections, with three of the four having circulating
microfilariae [23].

Within the work cited above [18] is the statement: “Every currently marketed
compound (i.e., ivermectin, milbemycin oxime, moxidectin and selamectin) has
been shown to be less than 100% efficacious against a resistant strain(s) in at
least one controlled study. This includes Advantage Multi®, Bayer (imidacloprid+
moxidectin) applied topically 30 days post-inoculation with the JYD-34 ML-resistant
strain, in which one of the eight treated dogs had two adult heartworms at necropsy
(McCall, unpublished data).” Thus, it would appear that all macrocyclic lactones
that have been developed for heartworm prevention, including the macrocyclic
lactone in these two new products, now appear to be also potentially at risk of
failing, since the parasites seem to be able to develop even when the products
are given at higher concentrations or on multiple occasions. Usually, resistance
can be overcome by increasing the amount of drug delivered or by increasing the
number of doses or dosing frequency, but at some point, the drug may fail, or it may
require levels that are dangerous or deadly for the host. Overall, this is what has
historically been occurring with heartworm preventives, and we may now be close
to the maximum doses that are safe for all dogs.

If one looks at the history of the approval of the macrocyclic lactone products
since first introduced as heartworm preventives, it is obvious that there has been
a continued increase in the amount of product utilized in the preventives and
that much higher doses are now required for prevention. If one looks at the
original new animal drug application (NADA) summaries available through the
Freedom of Information (FOI) act presented on the FDA’s Center for Veterinary
Medicine website, one can follow some of these changes. Ivermectin in early trials
as HeartGard® was 100% effective when administered at only 3 μg/kg, and it was
marketed at 6–12 μg/kg [24]. The NADA states: “The recommended minimum
dose of 6 μg of ivermectin per kilogram of body weight was selected although a
lower dose (3.3 μg/kg) may be as effective. In addition to the results of the dose
titration and confirmation trials, factors concerning the practicality of incorporating
minute amounts of drug in a reasonably sized tablet with good drug uniformity
and the practical use of the product were considered. The target dose of 6 μg per
kilogram of bodyweight was selected from titration study 10855 as the lowest dose
providing 100% protection when the dosing interval was extended to 60 days to
simulate a missed-dose circumstance.” In the case of milbemycin oxime in the
product Interceptor® [25]. “These studies established the minimal effective dose
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for heartworm prevention at 0.1 mg/kg [=100 μg/kg] and for hookworm control
at 0.5 mg/kg [=500 μg/kg]. To support a dual claim for heartworm prevention
and hookworm control, the finished pharmaceutical dosage forms (tablets) were
formulated to provide a target dose of 0.5 mg/kg body weight. In target animal
safety studies, the selected dose (0.5 mg/kg) was determined to have a wide margin
of safety.” After the launch of Interceptor, HeartGard-30®-Plus was launched
with the inclusion of pyrantel pamoate for the control of adult Toxocara canis,
Toxascaris leonina, Ancylostoma caninum, and Uncinaria stenocephala, with studies
showing 100% efficacy in the prevention of heartworm infection [26]. In the case
of Sentinel® [27], the product was shown to be equivalent to Interceptor® [11], and
thus for heartworm, it was efficacious at 0.5 mg/kg, which, again, was 10 times
the minimum effective dose required for killing month-old L3 heartworm larvae.
Tablets of ProHeart® [28] containing moxidectin, rather than ivermectin, were 100%
efficacious when marketed at the “recommended dose rate of 3 μg moxidectin/kg
(1.36 μg/lb) body weight,” and “100% effective in preventing the development of
a one month-old heartworm infection of 50 L3 larvae of D. immitis in dogs when
administered as a single oral treatment at 1.5, 3.0, and 6.0 μg/kg.” Also, the “0.5 μg
moxidectin/kg body weight dose level was 100% effective against the two-month
heartworm infections.” (Table 4.1)

The selamectin-containing product Revolution® was approved for the prevention
of heartworm at a dose of 6 mg to be applied topically [30]. When Revolution® was
topically dosed to dogs after experimental infections with 50 L3 larvae at 3 mg/kg on
either 30 or 45 days after infection or with 6 mg/kg at 30, 45, or 60 days after infection,
none of the dogs developed heartworm infections. The dose incorporated into this
product was determined by its ability to kill fleas feeding on the infected pets, not
based on heartworm efficacy.

The next product to appear was a second product containing moxidectin. This
was ProHeart® 6 [31], a sustained-release injectable that was ultimately marketed
to be dosed at 0.17 mg/kg; however, in the two trials with experimental infections
where dogs were treated with 0.06, 0.17, or 0.5 mg/kg, none of the dogs developed
patent infections. The dose of 0.17 mg/kg was chosen to provide efficacy against
hookworms [31].

Then, three more heartworm preventives based on heartworm prevention with
ivermectin entered the market. In 2002, a topical treatment for dogs, Advantage®
Duo, containing imidacloprid with ivermectin for heartworm prevention, was
examined at 40, 80, and 160 μg/kg, and all doses were 100% efficacious against dogs
infected 30 days before product application. The product dose was set at 80 μg/kg
topically applied ivermectin along with 10 mg/kg imidacloprid [32]. In 2003, the
FOI for Tri-Heart® Plus [33], a generic version of HeartGard® Plus, showed that
the new product was equally as efficacious (100%) in the prevention of heartworm
infection when given 30 days after infection as the original product’s oral ivermectin
dose of 6 μg/kg. Work on Iverhart Max® (ivermectin, pyrantel pamoate, and
praziquantel) [35] for approval employed the experimental infection of three groups
of eight dogs, one untreated group, one group treated with praziquantel, and one
group treated with the combination of all three ingredients; this oral formulation



Table 4.1 This is a temporal list of the Freedom of Information Summaries of Different New Animal Drug Applications (NADAs) cited in the paper.

ReferencesRate-limiting parasite(s)RouteDateDrug(s)Product name(A)NADA

[24]1987 Oral HeartwormIvermectin138–412 HeartGard-30®
[25]1990 Oral Hookworm & RoundwormMilbemycin140–915 Interceptor®

Ivermectin140–971 HeartGard-30® Plus + [26]1993 Oral Heartworm, Hookworm & Roundwormpyrantel
[29]1995 Injection Heartworms (4-mo-old to adult)Melarsomine dihydrochloride141–042 Immiticide
[28]1997 Oral HeartwormMoxidectin141–051 ProHeart® for Dogs

Milbemycin141–084 Sentinel® Tablet + 1997 Oral Hookworm and Roundwormlufenuron + [27]Fleas
[30]2000 Topical FleasSelamectin141–152 Revolution®
[31]2000 Injection HookwormsMoxidectin – sustained release141–189 ProHeart® 6

Ivermectin141–208 Advantage® Duo + 2002 Topical Heartwormimidacloprid + [32]Fleas
Ivermectin200–338 Tri-Heart® Plus + [33]2003 Oral Heartworm (HeartGard Plus) Controlpyrantel
Moxidectin141–251 Advantage Multi® + 2006 Topical Intestinal Helminthsimidacloprid + [34]Fleas
Ivermectin141–257 IverHart Max® + pyrantel+ 2006 Oral Heartwormpraziquantel +Roundworm+ [35]Tapeworm
Milbemycin141–321 Trifexis® + 2011 Oral Heartwormspinosad + [36]Fleas
Milbemycin141–333 Sentinel® Spectrum® + Lufenuron + 2011 Oral Heartwormpraziquantel + [37]Fleas

141–338 Interceptor® Spectrum® Milbemycin+ 2012 Oral Hookworm and Roundwormpraziquantel + [38]Tapeworm
Moxidectin – sustained-release141–519 ProHeart® 12 [39]2019 Injection Heartworm & Hookworm

141–521 Simparica TrioTM Moxidectin+ sarolaner+ pyrantel [40]2020 Oral Heartworm and Hookworm

The list is not all inclusive since there are products that were approved, such as Coraxis® (a topical moxidectin without imidacloprid, NADA 141–417) that provided
no additional testing data). This is true for most ANADAs that are “abbreviated” NADAs for the approval of generic copies of new animal drug products that have
been previously approved and shown to be safe and effective. The column headed with “REF” refers to the appearance of the NADA-ANADA within the manuscript
and Reference section of the test.
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also had 100% efficacy against heartworm with the previously registered ivermectin
dose of the “pioneer” product HeartGard® [24].

The next heartworm product containing moxidectin that entered the market was
Advantage Multi® for Dogs [34]. Advantage Multi® for Dogs provides a dose of mox-
idectin of 2.5 mg/kg and has a claim for preventing heartworm infection along with
adults and larvae of A. caninum and U. stenocephala, and adults T. canis, T. leonina,
and Trichuris vulpis. The NADA states, see: “Dosage Characterization for the Treat-
ment and Control of Intestinal Nematodes, which establishes a minimum effective
dose for moxidectin.” Relative to heartworm, Advantage Multi® for Dogs was fully
efficacious when applied 30 or 45 days after dogs were inoculated with infective
heartworm larvae [34].

The examination of the above work reveals a major difference in how two groups
of products were approved relative to the determination of the dose required to pre-
vent heartworm infections when dogs were experimentally infected with L3 larvae.
In one group of products, such as HeartGard [24] and ProHeart® Tablets [28], the
products were designed with heartworm as the dose-limiting parasite. However, in
the second group of studies, the dose-limiting parasite used to set the amount of
active ingredient in the product was not heartworm, but instead, was internal nema-
tode parasites (Interceptor®, Sentinel®, ProHeart-6, Advantage® Duo, and Advantage
Multi® [25, 27, 31, 32, 34] or fleas (Revolution®) [30]. Thus, when these products later
failed to prevent heartworm infections, they were not working at the original drug
concentration that was efficacious at a much lower dose level than the final pre-
scribed doses in the marketed product. Thus, conversely, when products failed to
prevent the disease, in most cases, the heartworms were surviving in the presence
of much higher levels of drug than were protective when the product was originally
approved.

The history of milbemycin oxime approvals shows the evolution of what occurred
as the same molecule was submitted for approval in different formulations over a
period of years at the same original preventive dose of 0.5 mg/kg. The argument
could be made that the differences in efficacy were due to changes in product
formulation for each newly developed product that affected the efficacy of the
active ingredients, but it is also likely that it represents changes that had developed
in the nematodes that resulted in reduced efficacy of the filaricide in the different
formulations. It also needs to be remembered when discussing these products
that the pharmacokinetics are such that oral ivermectin and milbemycin oxime
only remain at therapeutic levels in the dog for one to a few days, i.e. they are
not at protective levels all month long. Therefore, soon after treatment, the drug
is not at levels that prevent heartworm infection; instead, when a dog is treated
each month, newly acquired larvae that are <30 days old (or 45 or 60 days in some
trials) at the time when the next treatment is administered, which for ProHeart6 is
180 days after the last injection of ProHeart 6, the sustained release product. In the
following discussion, it is also important to remember that when Interceptor was
first approved, it was 100% efficacious against month-old heartworm infections at
1/10 the approved dose that was chosen to kill adult roundworms and hookworms,
i.e. in 1990, i.e. Interceptor had been shown to be 100% effective against month-old
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heartworm larvae at a minimum effective dose of 50 μg/kg. In 1997, Sentinel, the
combination of milbemycin oxime and lufenuron, was shown to be 100% efficacious
in similar studies, but at this time using a dose that was 10 times that initially
shown to be effective at killing heartworm larvae that were< 30 days of age [27].
Confusion first arose with the approval of the next milbemycin oxime-containing
product, Trifexis®, in 2011 [36]. In laboratory work as part of Trifexis development,
it was found that “While one isolate was fully susceptible to this ML providing
100% prevention after a single dose administered 30 days after inoculation with
heartworm (HW) L3, efficacy of a single treatment against the second isolate was
less than 100%. A study was undertaken with this second field isolate to assess
the effectiveness of currently marketed ML (Macrocyclic Lactones), in this case
administering a single dose of ivermectin (IVM) or milbemycin oxime (MBO), in
dogs challenged with HW L3 1 month before treatment.” In further work that is
described in the report [41], 42 dogs were divided into three groups of 14, and all
received 50 infective larvae of an isolate of D. immitis (now known as the MP3
isolate). The three groups of dogs received either no treatment, oral ivermectin as
HeartGard Plus, or oral milbemycin oxime as Interceptor. At necropsy, it was found
that all 14 control dogs were infected with heartworms, but in both the ivermectin
and milbemycin oxime-treated groups, one dog in each group had one worm
[41]. This was followed by additional studies by Snyder et al. [42] that also appear
within the NADA [36]. One of these studies used four groups of dogs (groups 1–4):
(group 1) sham-treated controls, (group 2) treated 30 and 60 days after infection,
(group 3) treated 30, 60, and 90 days after infection, and (group 4) treated 47 and
75 days after infection. All the control dogs (group 1) were infected. One heartworm
was recovered from a dog in group 2 that had been treated on days 30 and 60 after
infection (group 2). No worms were recovered from dogs in groups 3 and 4; i.e.
when treated 30, 60, and 90 days after infection (group 3) or when treated 47 and
75 days after infection (group 4). In a separate study with a different isolate, no
worms were recovered from dogs treated 30 or 45 days after infection. Based on
these studies, the product was approved as “For heartworm prevention, give once
monthly for at least 3 months after exposure to mosquitoes.” The next approved
product containing milbemycin oxime was Sentinel® Spectrum®, and this product
examined only a regimen of six consecutive monthly treatments, which prevented
the dogs in the study from being infected [37]. The same method of only examining
six months of preventive therapy was also used in the approval of InterceptorTM

Spectrum [38]. Approval for heartworm prevention was: “SENTINEL SPECTRUM
should be administered at monthly intervals, beginning within 1 month of the dog’s
first seasonal exposure to mosquitoes and continuing until at least 6 months after
the dog’s last seasonal exposure.” The NADA for the milbemycin oxime/afoxolaner
product, i.e. NexGard SPECTRA®, did not receive approval in the United States,
since it did not provide 100% efficacy against the heartworm isolate JYD-34, while
was approved in the European Union by the Committee for Medicinal Products for
Veterinary Use [43], with the following annotation: “In a further two studies using
the USA isolate JYD-34 efficacy of circa 70% was achieved using two, three, or six
treatments at monthly intervals. This may indicate reduced susceptibility of this
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isolate to the effects of milbemycin oxime. There is evidence of an increase of reports
on ‘product prevention failures’ with respect to D. immitis (‘lack of efficacy’ in heart-
worm prevention) in the USA and it is now accepted that lack of efficacy related to
resistance to macrocyclic lactones in D. immitis has developed in the USA.”

The history of heartworm prevention with milbemycin oxime provides a sig-
nificant amount of material to consider relative to the recognition of resistance
and understanding how selection changes the ability of a population to live in
higher concentrations of a given product or group of molecules. Again, when first
approved in 1990, the milbemycin oxime component in heartworm preventives
was 100% efficacious at 1/10 the marketed dose when given once 30 days after
a dog was infected. We now have two labels that say “prescribe monthly,” one
that says “prescribe for three months after heartworm is no longer a threat,” and
another that says to “prescribe the product for six months after heartworm is no
longer a threat.” Unfortunately, the recent formulation, NexGard SPECTRA®, was
not preventive even with six consecutive treatments against one isolate. These are
basically all the same active ingredients delivered at the same dose (again, not all
in the same formulations). So now, even though utilizing 10 times the originally
approved dose, the worms survive. More intriguing therapeutically is the fact that
it seems that multiple treatments have a real impact on the development of the
heartworms already in the dogs. The work of Snyder et al. made it clear that these
products had effects on worms after they were more than 30 or 45 days of age
[37, 42]. This strongly suggests two things. First, it supports year-round prevention,
i.e. not stopping treatment will be much more efficacious if a resistant isolate is
present in the dog receiving treatment. Second, it suggests that repeated monthly
treatments that maintain elevated drug concentrations in the tissues of a dog likely
provide increased efficacy against resistant heartworms.

Selamectin, the active ingredient in Revolution® [30], has not appeared in
another product for heartworm prevention in dogs, and again the therapeutic
dose for this product was originally set for the control of fleas, which, at the time
of approval, required higher doses than needed for heartworm prevention [30].
In work done soon after the approval of this product, of eight dogs that were
given monthly treatments with Revolution® for 12 months beginning 90 days after
each was inoculated with 50 infective heartworm larvae, three each had a single
female worm [44]. In a study with one of the early resistant isolates, “MP3” (the
isolate that caused the initial complications in the development of Trifexis® and
Sentinel® Spectrum®), it was shown that when dosed at the heartworm preventive
dose 30 days after infection with 100 infective heartworm larvae, that efficacy of
Revolution® (selamectin) was 95.5% [45]. With the JYD-34 isolate (the isolate cited
by the European Medicines Agency (EMA) relative to the lack of efficacy with
NexGard Spectra), dogs were each given three consecutive monthly treatments
with Revolution® 30, 61, and 90 days after receiving 50 L3 larvae of JYD-34 and the
efficacy with Revolution was only 28.8% [38]. These studies clearly show that the
original heartworm preventive dose defined at approval for selamectin was not as
efficacious against this isolate as it had been with other isolates at the time of its
development.
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Moxidectin, like most other macrocyclic lactones, has different pharmacokinet-
ics when applied topically versus orally, and the pharmacodynamics for moxidectin
are such that the product remains at therapeutic levels much longer when delivered
topically than the others used for heartworm prevention. Also, when moxidectin is
applied topically to dogs on a monthly basis, the dog develops and maintains high
serum levels of moxidectin [46]. These levels protect dogs against incoming hook-
worm infections [47]. These same levels were also characterized pharmacologically
and shown to be protective against heartworm when dogs were treated 28 days after
four consecutive monthly treatments [46]. Similarly, dogs treated just once 28 days
prior to the inoculation of heartworm L3 larvae were also all protected against infec-
tion [48]. The pharmacokinetic data from the dogs infected 28 days after the fourth
Advantage Multi® application show that steady-state levels of moxidectin in the dogs
28 days after four monthly treatments are higher than the level found after a sin-
gle application [46]. Therefore, repeated applications of Advantage Multi® provide
increased and continuously high drug levels that might provide protection simi-
lar to that which occurs with repeated monthly treatments with oral milbemycin
oxime.

Two new canine products that contain moxidectin for heartworm prevention have
entered the market in the United States. One is ProHeart® 12, a sustained-release
injectable product that protects dogs from incoming infections for 12 months [39].
The other is an oral product, Simparica TrioTM, that contains moxidectin for heart-
worm prevention, sarolaner for arthropod treatment and control, and pyrantel for
adult roundworm and hookworm treatment [40]. These products have been shown
in laboratory and in field trials to prevent 100% of dogs from being infected with
heartworms under experimental and natural challenges [22, 23]. Unlike the topically
applied moxidectin, neither product has been shown to reach steady-state pharma-
cokinetics after multiple applications. Thus, there is reason to suspect that dogs are
again susceptible to infection when the drug is withdrawn. ProHeart® 6 was exam-
ined using a resistant isolate from Earle, Arkansas, USA (Jd2009), two control dogs
and four treated dogs were infected with 80 L3 heartworm larvae 180 days after drug
inoculation and examined 150 days later. All six dogs became infected, with no sig-
nificant difference between the worm counts (15 and 43 for the controls and 19, 33,
24, and 15 for the treated dogs) [49]. This strongly suggests that, as for the other
products discussed above, one must be concerned about dogs that are not provided
with follow-up prevention. This is the case for both Proheart® 6 and ProHeart® 12,
because the products are not designed to protect for more than the approved period,
and there is no evidence that the Simparica TrioTM product protects for any given time
after the last treatment application. It must be remembered that, for all of these prod-
ucts, because they are thought to kill only young heartworm stages, they are tested by
infecting dogs and then waiting the scheduled treatment interval before a single dose
is given. This interval is 30 days for the typical monthly products. For ProHeart® 6
and ProHeart® 12, testing is different; the dogs are expected to be protected for at
least 180 or 365 days, respectively, and therefore, 6 months or 12 months after the
respective product is delivered, the dogs are challenged with L3 heartworm larvae.
Of course, as noted above, this simple scenario does not necessarily hold now for
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the monthlies, since to achieve 100% efficacy, some of the products require three or
more monthly treatments.

One obvious gap in heartworm prevention that can be concluded from all the
work with different product is that stopping and starting treatment every six or
eight months is not a good idea. It is clear that currently, multiple, i.e. year-round,
treatments are better than treating dogs only part of the year. The reason is simply
that a single treatment with many of the products is no longer preventing heart-
worm infections unless there are two, three, or perhaps more, consecutive monthly
treatments after the dog is infected. Year-round heartworm prevention should,
therefore, now be considered as required for protection in much of the United
States and the rest of the world if the treatments are must be given six months after
the end of the area’s mosquito season.

Data presented in a recent report of oral moxidectin for the prevention of heart-
worm infection support this conclusion; the report includes an excellent summary
of all the work performed with different products against the JYD isolate [50]. This
work and summary make it clear that repeated preventive treatments are important
for the control of resistant isolates. Oral moxidectin, present in weighed portions
of ground ProHeart® tablets to provide an exact dose, was given to dogs infected
with 50 L3 larvae of the JYD-34 isolate. Thirty days later, dogs were treated with oral
moxidectin in capsules at 3, 6, 12, or 24 μg/kg. Treatment efficacies compared with
untreated controls were, respectively, 19.0%, 25.5%, 33.3%, and 53.2%, indicating that
the magnitude of the dose mattered (it should be remembered that at approval, a sin-
gle treatment of 3 μg/kg was 100% efficacious). Another group of dogs in this study
was given repeated treatments of moxidectin at 3 μg/kg 30, 60, and 90 days after
infection, with efficacy of 44.4% compared with the untreated controls. In an addi-
tional study, when moxidectin at 24, 40, or 60 μg/kg was given to groups of dogs
on each of days 0, 28, and 56 after infection, efficacy was 98.8%, 100%, and 100%,
respectively, clearly demonstrating that the efficacy of multiple monthly treatments
with the newly increased doses warrants the use of continuing repeated treatments
of dogs to prevent heartworm disease.

The original NADA for HeartGard® 30 [24] included two studies in which dogs
were infected with 50 larvae and treated with 3.3, 6, 12, 25, or 50 μg/kg ivermectin
45 days after infection. In one study, all dogs receiving ivermectin were protected,
while in a second, a single dog in the 3.3 μg/kg group and a single dog in the
12.0 μg/kg group each had one worm [24]. When the same dosing schedule was
followed at 60 days after infection, three dogs receiving 3.3 μg/kg had 2, 2, or 16
worms, and one dog receiving 12.0 μg/kg had 5 worms [24]. These data suggested
that ivermectin as formulated did not work as well against older larvae as against
30-day-old larvae, but this was not a direct comparison as to what occurs with
multiple treatments. The recent field studies with Simparica TrioTM and ProHeart®
12 compared with HeartGard® Plus, however, suggest that multiple treatments
with ivermectin in the HeartGard® Plus dose may not be effective in preventing
infection [22, 23]. This is supported by work with the resistant MP3 isolate that
treatment of 30-day-old larvae in dogs with single preventive doses of HeartGard®
Plus Chewables for Dogs (ivermectin with pyrantel), Interceptor® Flavor Tabs
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(milbemycin oxime), Revolution® (selamectin), or Advantage Multi® for Dogs
(moxidectin and imidacloprid), generated efficacies of 95.6%, 95.4%, 95.5%, and
100%, respectively [45]. For the JYD-34 isolate, when HeartGard® Plus (ivermectin
& pyrantel), Revolution® (selamectin), or Trifexis® Chewable for Dogs (milbemycin
oxime and spinosad) was given to dogs infected with L3 larvae on days 30, 61, and 90
after inoculation, efficacies were only 29%, 28.8%, and 52.2%, respectively, whereas
Advantage Multi for Dogs (moxidectin & imidacloprid) given only once 30 days
after infection was 100% efficacious [51]. In a similar study with a single treatment
(presented as a late-breaking poster in New Orleans at American Heartworm
Society in 2016), one of eight dogs treated with Advantage Multi for Dogs harbored
two adult worms [22]. In a study in which six dogs were each treated twice with
ProHeart 6 at the recommended 180 day interval, after which six untreated dogs
and the six treated dogs were infected with 50 heartworm L3, only one treated dog
developed an adult heartworm infection, a single male worm, while the controls
had 21–37 heartworms [52]. Thus, in the case of moxidectin containing products,
i.e. the monthly orally administered Simparica Trio; ProHeart 6 and ProHeart
12; and the monthly topically applied Advantage Multi for Dogs, the above work
strongly suggests that the products be used year-round so that blood levels are
maintained to be able to also treat any worms that are in the dog that may have
already lived through a single treatment.

This annual gap in therapy could also have long-term impacts on the genetics
of heartworms, i.e. abbreviating prevention with some of the products may play a
role in selecting for resistance in incoming heartworms. When therapy stops in the
case of the monthly oral products, e.g. HeartGard, Interceptor, Trifexis®, Sentinel,
etc., there is essentially no drug left in the dog a few days into the month after
the last treatment. Thus, we can consider these dogs as not having any significant
role in the selection of resistant or nonresistant isolates; all heartworms in a
macrocyclic-lactone-free environment should have an equal chance to survive
to adulthood unless the dogs are restarted on therapy. In cases in which dogs
have received regular treatment with Revolution, ProHeart 6, Advantage Multi,
Simparica Trio, and ProHeart 12, residual product remains for varying periods.
Therefore, when heartworms enter these dogs, drug levels may be lower than those
needed for prevention, but potentially not at levels that are too low to exert selective
pressure on incoming infective L3 and L4 developing larvae. This is what occurred
in the case of antibiotic prophylaxis for traveler’s diarrhea, for which travelers
would take low-dose antibiotics to prevent the development of diarrhea [53].
One example of this usage was doxycycline. In the late 1970s, doxycycline was
prescribed as preventive therapy because of its high efficacy against enterotoxigenic
Escherichia coli (ETEC); however, within five years, this use was discontinued
due to the high proportions of tetracycline resistant ETEC; and higher doses of
doxycycline were associated with gastric upset. And “Today, because of the high
risk of antimicrobial resistance and potential side effects from using doxycycline,
no guidelines recommended its use.” In fact, after looking at the potential of
using other antibiotics, such as trimethoprim/sulfamethoxazole, erythromycin,
mecillinam, and fluoroquinolones, it is now recommended “that prophylactic
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antibiotics should be restricted to some high-risk travelers or short-term critical
trips” [53]. This is the same argument relative to the generation of resistance
that has been made for the reduction of the amount of antibiotics in the feed of
cattle [54]. In the case of nematodes, it is well recognized that routine ingestion
of subtherapeutic doses of products can result in increased selection of resistance
traits in gastrointestinal nematodes, such as Haemonchus contortus [55]. Also, one
may always wonder what the impact of the ProHeart 6 recall might have had on
the development of resistance by D. immitis. Twelve million doses of ProHeart 6
had been administered to dogs by the time of the withdrawal, and when it was
withdrawn in September of 2004, how many of the millions of dogs treated within
the last six months were placed on another heartworm prevention product at the
time of their scheduled retreatment at six months? If they were not placed on a
preventive, many dogs that would have harbored subtherapeutic concentrations of
macrocyclic lactone in their bodies.

Another gap that now might be fixed by the isoxazolines is the protection of other
dogs against transmission of heartworms from a dog with circulating microfilariae
undergoing treatment for an existing heartworm infection. There has been a move-
ment to add doxycycline to the treatment of all dogs receiving melarsomine therapy
not just to kill Wolbachia living within the lateral cords and other tissues of the
adult heartworms to minimize pathogenic effects as the worm die from treatment,
but also to prevent transmission between dogs by interfering with larval develop-
ment in mosquitoes. Concerns with the use of doxycycline in heartworm therapy
are twofold. First is the potential of unexpected consequences associated with
utilizing doxycycline without monitoring what else might be occurring with this
treatment. As mentioned above, there should be concerns about dogs developing
tetracycline-resistant ETEC that would provide a severe zoonotic risk to owners and
others dealing with canine fecal matter. Also, in Grand Canary, Spain, a study exam-
ined Staphylococcus aureus from dogs treated for heartworms with doxycycline and
seven dogs without doxycycline therapy. The samples were collected by swab from
the nose and perineum. After treatment, 73.3% (11 of 15 isolates) were resistant or
showed intermediate susceptibility to erythromycin, doxycycline, or chlorampheni-
col, while only two of nine (22.2%) of isolates were resistant before treatment, with
most of the resistant isolates being from dogs that had been treated with doxycycline
for a month [56]. In this same study, 48 isolates of Enterococcus were obtained before
and after treatment; before treatment, 8 of 25 isolates (32%) were resistant to one
antibiotic, and after treatment, 15 of 23 (65%) of isolates were resistant to at least
one antibiotic. Also, two outbreaks of severe respiratory disease in kenneled dogs
in the United Kingdom were shown to be associated with doxycycline-resistant
Streptococcus equi subspecies zooepidemicus. In an earlier similar outbreak in
shelter dogs in California, the S. equi subspecies zooepidemicus isolate was found
not susceptible to doxycycline, the commonly used antibiotic within the shelter [57].

Again, the two arguments to use the doxycycline are to minimize pathology due
to antigen release from dead worms and to stop the development of heartworms
in mosquitoes. Dillon et al. [58] found no difference in the lungs of cats that
received repeated subcutaneous or intravenous ground heartworms from either an
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untreated dog or a dog treated for a month with doxycycline; no immunopathogenic
differences were noted whether the helminth extracts were from worms recovered
from treated or untreated dogs. Relative to mosquitoes and microfilariae, the
easiest means of preventing transmission would be to fully examine the ability
of the isoxazolines to kill mosquitoes; afoxolaner has high efficacy against Aedes
aegypti feeding on a treated dog [59]. Other work with Anopheles, Aedes, and
Culex has shown that fluralaner and afoxolaner both have high efficacies against
mosquitoes, and in the studies in which drug was added to human blood, fluralaner
appeared somewhat more potent than afoxolaner [60]. If the isoxazolines prove
to be excellent at killing fed mosquitoes, they provide the opportunity, until such
time that they may be utilized for crop protection or directly for mosquito control,
to selectively target only the small percentage of mosquitos that have taken a
bloodmeal from a dog, which should minimize the chance of resistance developing
in mosquito populations. Then, the microfilariae in the treated dogs will slowly
die, i.e. microfilariae without treatment can survive circulating in a dog for up to
two years [61], but nonresistant microfilariae should die sooner if the dog remains
on preventive therapy [22, 62, 63]. Also, if doxycycline is not used, the potential
unintended consequences of resistance may be avoided because bacteria in the
dogs and the Wolbachia within D. immitis worms would not be targets of antibiotic
therapeutic pressure.

The ultimate negative outcome causing the potential largest gap would be the
realization or acceptance that the macrocyclic lactones as a class no longer remain
useful for heartworm prevention in dogs. There is a maximum as to how much
macrocyclic lactone can go into a dog without causing signs, and the MDR1
(Multi-Drug Resistance Gene) allele present in many collies and some other breeds,
if homozygous, can allow the development of severe neurologic signs and sometimes
fatal outcomes associated with macrocyclic lactone treatment. Thus, what if the
class fails totally as the preventive of choice. Currently, no published studies show
that drugs in two new anthelminthic drug classes – the depsipeptides [64] and the
amino-acetonitrile derivatives [65] – have been tried against D. immitis. However,
since they have existed for many years, it is likely that they have been tested perhaps
without effect, likely in the form of the molecules emodepside, a depsipepside (in
Profender®, with praziquantel in a spot on for cats and a tablet for dogs in the EU),
and as monepantel, the amino-acetonitrile derivative drench for sheep (in ZolvixTM

and ZolvixTM Plus with added abamectin). It is hard to create a world-changing class
of molecules, and the macrocyclic lactones, exemplified by ivermectin, were just
such a molecule. Hence, the awarding of the Nobel Prize in Physiology and Medicine
to Drs. Campbell and Ōmura “for their discoveries concerning a novel therapy
against infections caused by roundworm parasites” (https://www.nobelprize.org/
prizes/lists/all-nobel-laureates-in-physiology-or-medicine). We can hope for a
workaround through combinations, formulations, and application methods, which
is where we are now with Advantage Multi®, ProHeart® 12, and Simparica TrioTM.
At this point though, there are only so many molecules to choose from, and until
they go off patent, they are not really shared between the product developers.
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If the macrocyclic lactones do fail, there are still fallback options. The old daily,
diethylcarbamazine, went into retirement seemingly before resistance had devel-
oped to it. It has the complication it can cause dangerous toxicity in microfilaremic
dogs. Thus, it will require that dogs, once again, be checked for microfilariae before
beginning treatment, i.e. antigen testing cannot be the sole diagnostic method used.
It needs to be remembered that melarsomine dihydrochloride was approved in 1995
as Immiticide for the treatment of adult heartworm infections [29]. HeartGard-30
was approved for heartworm prevention on 2 March 1987. Until HeartGard came
along, the only other option was a daily, Filaribits (diethylcarbamazine). The initial
plan for melarsomine dihydrochloride had been to provide a product that would be
given every four months to dogs [66–68], or three treatments annually where heart-
worm was being transmitted year round, two injections where heartworm transmis-
sion stopped in the winter (one treatment in spring and one in late summer), and
a single treatment in late spring where winters were long. With the development
and launch of macrocyclic lactone preventives and company mergers and product
ownership shifts, the new objective was to approve it as an adulticide. So, if the
macrocyclic lactones do fail, there are backups, far from optimal, but heartworms
will still be able to be controlled.

There is one other way that a gap caused by the failure of the macrocyclic lac-
tones to prevent heartworms could be closed. Work was proceeding apace at about
the same rate once for both a heartworm vaccine and preventive pharmaceutical
development, and the preventive pharmaceuticals won the race. Thus, the pressure
was removed from the need for a vaccine, and it became very difficult to receive pri-
vate or public funds for vaccine research. We have the heartworm genome to suggest
vaccine targets [69], but there has not been a great deal published with respect to a
vaccine against heartworm since the mid 1990s. If the vaccine was “feline” safe, a
vaccine would be a logical preventive for cats, because the worms do not typically
do very well in them. Also, a vaccine for dogs to prevent heartworm would be more
than novel – it would be an absolute game-changer that would likely also have impli-
cations for human health. It seems a logical time to again consider this alternative
preventive measure, and the 2018 Nobel Prize in Physiology and Medicine that went
to Drs. James P. Allison and Tasuku Honjo “for their discovery of cancer therapy by
inhibition of negative immune regulation” clearly demonstrates the huge strides in
made immunology since the early 1990s (https://www.nobelprize.org/prizes/lists/
all-nobel-laureates-in-physiology-or-medicine).

There remains a philosophical and academic gap. It was fairly obvious to many
when: microfilariae were no longer being cleared by monthly treatments after adul-
ticide therapy; dogs were noted by the Center for Veterinary Medicine (CVM) of
the FDA to be undergoing failures occurring mainly in the Lower Mississippi River
Valley [70]; milbemycin oxime was reported by its manufacturer Elanco Animal
Health [41, 42] not to be protecting dogs against an isolate when administered at the
recommended minimum dose of 50 mg/kg (which, again, is 10 times that originally
needed for heartworm prevention); when work was presented on studies funded by
the Novartis Animal Health demonstrating that resistance was real and extended
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across the macrocyclic class at the Annual meeting of the American Society of
Veterinary Parasitologists in 2013, it was repeatedly stated by many that an overall
ineffectiveness of available heartworm preventives had not been demonstrated, with
most failures still considered to be due to poor owner compliance and weather e.g.
heavy hurricane activity, and increased mosquito numbers and newly introduced
mosquito species. Then came two defining moments, first when the European
Union in its document approving NexGard SPECTRA® on 6 November 2014 wrote:
“There is evidence of an increase of reports on ‘product prevention failures’ with
respect to D. immitis (‘lack of efficacy’ in heartworm prevention) in the USA and
it is now accepted that lack of efficacy related to resistance to macrocyclic lactones
in D. immitis has developed in the USA.” This unfortunate news was followed
by the work presented in the two field efficacy studies on Simparica TrioTM [22]
and ProHeart® 12 [23], which demonstrated 2 of 138 HeartGard Plus treated dog
positive in the first study and 4 of 218 dogs positive in the second. Thus, there were
six heartworm antigen-positive dogs (1.6% of the 356 HeartGard Plus control dogs)
that were required to be fully compliant and monitored for compliance with their
HeartGard® Plus treatments. Also, three of these dogs had circulating microfilariae
that developed from infections in the area of the country that has been the focus of
the potential resistance issue since 2005 [70]. It should be remembered that JYD-34
came from western Illinois, just across the border from Missouri. This gap was
the resistance to the possibility of and the use of the word “resistance.” It 2005,
folks could have done a much better job of working together for intervention and
mitigation, but there was no interest in building the needed consensus to work at
combatting what has become the current reality. And hopefully, we are not going
to find ourselves in a few years in the position where the only options are routine
arsenical therapy every four months or going back to daily diethylcarbamazine.
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Abstract

The diagnosis of human filarial infections, despite important advances in recent years,
remains in need of more practical and more informative improvements. Accurate diag-
nosis and assessment of these infections is vital for the medical management of individ-
uals who become infected with a filarial parasite. However, it is also currently extremely
important for the initiation, monitoring, and evaluation of the major elimination pro-
grams that are underway in endemic countries across the globe targeting the two most
clinically significant human filarial diseases.
Identification and assessment of these infections have often been inhibited by clinically
silent periods before pathognomonic presentations occur in an individual, thus placing
emphasis on the need for increased specific and sensitive biomarkers as indicators of
infection. In addition, valid and practical evaluation methods for monitoring large filar-
iasis endemic populations are central to the road to success in global efforts to eliminate
the transmission of onchocerciasis and eliminate lymphatic filariasis as a public health
problem.
This chapter discusses aspects of diagnosis and assessment from a practical context,
addresses both the needs and challenges that are faced in the development of functional
diagnostic tools for filarial infections, and makes suggestions as to potential approaches
for research in this area. This discussion is not intended to be a comprehensive review
of all aspects of this wide and diverse subject; rather, it emphasizes the need to consider
the biology of these parasites in developing new tests, the locations in which they are to
be used, and sampling procedures that are acceptable and practical for the assessment
of filariasis-endemic populations.
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5.1 Introduction

Central to providing appropriate care for and prevention of human filariases is the
ability to make the correct interpretation of a medical condition, i.e., the correct diag-
nosis and detection of the infection as the cause of disease. A misdiagnosis, or the
use of and belief in poor detection systems, can lead to failure to succeed; possibly
equally important is that failure to recognize that the information being used for
diagnosis and assessment is in fact erroneous can have a major negative impact.
These principles, and their inherent consequences, are especially relevant to the
global effort in which national public health organizations are presently engaged to
eliminate two major human filarial infections, onchocerciasis and lymphatic filari-
asis (LF), from all endemic areas of the world [1, 2].

The general purpose of this chapter is to discuss current diagnosis and assessment
activities for the key filarial infections with regard to the examination of infected
individuals as well as the all-important assessment of endemic populations. It is
not our intention to extensively cover all areas of filarial diagnosis nor to provide
an intensive historical account of the different approaches and techniques used or
the science behind them, except where such information is relevant to the specific
discussion.

The diagnosis and clinical assessment of filarial infections is challenged by the
relatively complicated biology and pathogenesis of these infections. As parasites,
filariae have the ability to invade their hosts and most often follow a slow course of
development with relatively few sentinel clinical events that signal the presence of
infection in most individuals. As with many nematodes that invade internal tissues
of their hosts, the details of how filarial nematodes generally avoid immune and
pathological responses remain a fascinating mystery [3].

There are major differences between diagnosing (identifying the presence of a
parasite) and assessing (evaluation or estimation of the quantity or quality of infec-
tion) filarial infections in an individual compared to surveys of a large group of
people (epidemiology). In terms of an individual, the diagnosis of the presence of
a filarial infection is an important step that likely leads to therapy; assessment, on
the other hand, is the continuing understanding of changes in the clinical condi-
tion over time related to the filarial infection and its treatment. There are indeed
some similarities with the assessment of the status of an endemic population, but
the latter requires a much more arithmetic approach – where statistics, probabili-
ties, and the like are prominent [4]. However, the initial detection of the presence
of infection or ongoing transmission that establishes endemicity in many cases uses
the same procedures as diagnosing infection in an individual patient. In any dis-
cussion of diagnosis, the similarities and differences of these two situations with
regard to diagnosis and assessment necessarily needs to be considered. In clinical
diagnosis, depending on the supporting medical system – which clearly differs from
country to country and from rural to urban areas of many countries – a range of
diagnostic tools may be available for use as appropriate to the local situation. For epi-
demiological assessment, a single reliable test is needed, and the optimal diagnostic
tool is a point-of-use test that is of low cost, easily transported (i.e., no cold chain
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necessary), readily available, and that provides accurate, specific, and reproducible
results.

Scientific, biological, and practical issues currently challenge the interpretation
of filarial infections, and it is important that these are understood and addressed if
the lofty goals of elimination of LF as a public health problem [2], and elimination
of transmission of onchocerciasis [1], are to be achieved. Although there are basic
essential requirements for diagnostics, such as parasite species specificity, that apply
to all levels and forms of testing needed, a major influencing fact is where these tests
are to be employed; for field programs, they need to be simple, reliable, and robust.
This requirement is important as these diseases commonly affect people living in
rural areas, locations that often lack strong medical or laboratory support; this fact
underscores the ongoing discussion regarding the importance of point-of-care (POC)
testing (i.e., rapid diagnostic tests – RDTs) versus laboratory-based testing [5]. The
correct diagnosis of the presence of filariasis is obviously important to an infected
individual, especially if suffering from significant, and potentially permanent, clini-
cal signs and symptoms. However, robust diagnostic procedures and techniques are
also essential for the elimination of the important filarial infections in the ongo-
ing global neglected tropical diseases (NTD) control programs. The definition of the
presence of infection and the extent of ongoing transmission are the major indica-
tors for chemotherapy-driven elimination programs for onchocerciasis and LF; the
detection of infection in people (e.g., epidemiological levels) or in the vector (e.g.,
transmission levels) is central to success in these programs [1, 2].

5.2 Current Needs and Challenges Related to Different
Locations and Situations

The types of diagnostic test or assessment procedures needed for filariases are very
much driven by the status of the underlying science, and, as mentioned above, by
the location where the test is to be used. Translation of new, improved serological
approaches for diagnosis (commonly focused on the presence of a specific antigenic
component of the target worm) to programmatic use in the field has been slow,
especially for onchocerciasis and loiasis, although arguably less so for LF. The lack
of robust POC serological tests has led to an emphasis on laboratory-based test-
ing and a need to develop local laboratory capacity for testing for onchocerciasis
[6]; LF diagnosis has benefitted from a robust POC lateral flow test strip that has
been most useful and central to the success of that global program [7]. The com-
bined difficulties of relatively poor-quality serological tests and the difficulty of using
them in the field by program teams have hindered the mapping and assessment of
both onchocerciasis and loiasis. These two diseases have special mapping needs:
for onchocerciasis, it remains important to map hypoendemic areas that have never
received chemotherapy in Mass Drug Administration (MDA) programs [8]. Loiasis,
although not being targeted for elimination, is critically important in areas where
it is co-endemic with the two infections targeted for elimination, onchocerciasis
and LF [8–10]. MDA treatment of individuals carrying high levels of circulating Loa
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loa microfilariae can induce serious adverse clinical events that can be fatal or lead
to permanent central nervous system damage [11, 12]. Detecting these individuals
and protecting them has been a major challenge to elimination programs in L. loa
endemic areas.

Clinical signs and symptoms remain an important essential early component
of diagnosis and assessment of filariasis, not only for infected individuals but also
for endemic populations (Table 5.1). Signs and symptoms include the presence
of highly pruritic papular eruptions and subdermal nodules (granulomas) for
onchocerciasis, edematous limbs and local lymphadenopathy for LF, and passage
of adult worms across the conjunctiva of the eye for loiasis. However, it should be
noted that, although clinical signs often drive the need for definitive diagnosis in
individual cases, these indicators of possible infection with a filarial worm have
not been commonly used in programmatic epidemiological assessment of endemic
areas. At least two exceptions to this situation were used early in the establishment
of control programs. The first example is known as “onchocerciasis elimination
mapping” (OEM), a procedure currently used in the global elimination program
to determine the need for MDA in any area in an endemic country that has not
previously received treatment [8]. The presence of onchocercal nodules and the
presence of biting black-flies are decision-making observations that can activate
further testing. The second example is the historical first recognition of the pres-
ence of a filarial infection in a country. This was often through recognition of the

Table 5.1 Current approaches for diagnosis and assessment of human filariasis.

Filarial infection
Clinical diagnosis in an

ReferencesCommunity assessmentindividual

Onchocerciasis ● Travel history
● Nodule presence
● Onchodermatitis
● Ocular changes (Mf)

● Rapid Assessment
nodules

● Antibody presence
(Ov16, others

● Xenomonitoring
(O150)

[13–16]

Lymphatic filariasis ● Early lymphadenopathy
● Fluid accumulation in

the scrotum
● Ultrasound
● Exclusion of other

diagnoses
● Serological testing

● Antibody surveys for
Wb123, Bm13, etc.

● Xenomonitoring –
not commonly used

[3, 17–19]

Loiasis ● Conjunctival adult
worm

● Subcutaneous swelling
● Mf in blood smears

● Eye worm prevalence
● LoaScope surveys
● Post-ivermectin SAEs

[11, 20, 21]

Mansonellosis ● Blood sample for
circulating Mf

● Molecular testing is
available

● Not generally carried
out but blood sampling
has been used for field
studies

[22, 23]

Dirofilariasis (zoonotic) ● Radiography Not applicable [24]
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pathognomonic clinical sign (e.g., nodules or severe skin disease) in an individual
examined by a clinician, followed by an investigation of where the patient became
infected, and the consequent definition of a new endemic zone, as happened in
Guatemala, Ecuador, and Yemen [25–27].

Overshadowing the location for testing, or the format of the testing to be used,
is the ever-present issue of cost, availability, and transport of the tests and neces-
sary reagents. Filarial elimination programs almost exclusively target people who
are financially poor, and, in addition, the clinical conditions associated with these
infections are often not regarded by national health systems as being high priorities
for local funding. Thus, there is a vital need to develop tests that are low cost, that do
not involve costly production transport and delivery requirements, and have a long
shelf life in tropical areas. The latter characteristic is essential because disease elim-
ination programs in developing countries are often subjected to logistical delays for
many reasons (e.g., heavy rains, civil disturbances, and inadequate transport equip-
ment). Unused tests may accumulate in the field because of these delays and become
unusable if they have a short shelf life. Experience in filarial control programs has
shown this problem to be both common and a managerial challenge, with an unfor-
tunate waste of both many POC tests and the anthelmintic drugs that provide the
basis for control.

National elimination programs require that the diagnostic samples (e.g., dried
blood samples [DBS] and vector insects) are tested in a timely manner and not stored
for long periods of time. This is required both for quality assurance (QA) reasons
and for optimal and timely use of the data the samples provide for programmatic
decision-making. Important for maintaining high quality (optimal QA) of samples
collected for laboratory analysis is following strict preservation and storage proce-
dures, such as adequate desiccation and robust labeling. Timely processing of sam-
ples is essential for optimal program management and decision-making that often
has very significant implications – for example, the costly implication of another
annual round of MDA. Laboratory associated data drive the decisions and conse-
quent advice provided by the supporting scientific committees to the programs and
national health officials. Consequently, timely processing of samples that provide
these data is essential. Although there have been valiant efforts to develop improved
data management systems, for example, the ESPEN Portal [28], more efficient and
usable data management systems need to be developed; these, in all likelihood, will
utilize the powerful new mobile communication technology and aspects of artificial
intelligence [29].

An important challenge, perhaps not yet of great focus for filarial control
programs, but which will likely become increasingly important as countries
approach elimination, is assessment of continuing suppression of transmission or
disease levels after MDA treatment has stopped [30]. The optimal approach to this
important “surveillance” step is under discussion at the global level. Countries
that have sought to determine whether their often now disbanded national filarial
control programs were correct in declaring success in elimination operations have
taken different approaches depending on local circumstances [31]. However, more
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rigorous recommendations for post-elimination surveillance are needed for both
targeted infections.

Lastly, while discussing challenges and needs for diagnosis and assessment
of filariasis control programs, it is essential to address the issue of training and
maintaining personnel. Filarial diseases and their accompanying global control
programs are long-term efforts – onchocerciasis control efforts have been in place
since 1974 – and consequently, there is a constant turnover of program staff, often
with the loss of valuable experience and capability. It is important that training
systems are in place so that newly appointed country personnel are given the
appropriate skills to maintain these often long-drawn-out programs. National
onchocerciasis elimination programs, for which basic entomological skills are very
much needed, are now beginning to have trouble finding entomologists with the
necessary expertise to fulfill the program’s needs. Although much of the new testing
technology involves modern approaches (e.g., molecular biology), there is still a
need for the more basic skills of vector and parasite visual identification.

5.3 Filarial Infections: Current Approaches to Their
Diagnosis

Filarial nematodes, as discussed elsewhere in this book [3], have adapted to generally
live quietly within their hosts; however, consequential exceptions, as in most biolog-
ical systems, do occur with severe clinical events in some of this group of infections.
The primary human filariases are LF caused by Wuchereria bancrofti, Brugia malayi,
and Brugia timori; onchocerciasis caused by Onchocerca volvulus; and loiasis caused
by L. loa. Diagnosis of Mansonella sp. and human infections of Dirofilaria immitis
(canine heart worm) typically occurs accidentally or as a result of clinical work up
and will be mentioned only briefly in this chapter.

In humans, the filariases that cause the most obvious and well-described clinical
changes are onchocerciasis (severe dermatitis and visual loss) and LF (lymphedema,
dermal disfiguration, and hydrocele). Consequently, these two filariae are central to
global efforts to reduce, control, and eliminate NTDs that cause suffering and disease
in impoverished areas of the world [2]. Filariae as parasites are generally challenging
to control, as they are typically robust and can live and produce larvae in their human
hosts for relatively long periods of time.

Dermal onchocerciasis was arguably first described in West Africa during the
British Naval efforts to block the Africa slavery trade in the 1870s, and the term
“River Blindness” – the common name for this disease today – was first coined
in what is now South Sudan in the late 1920s in relation to the severe eye disease
found in individuals working and living along the Jur River in Bahr El Ghazal. The
condition is still known today locally in Sudan as “Jur River Blindness.” Egyptian
hieroglyphs from 2000 BCE contain representations that are thought to depict
lymphedema, the dramatic clinical manifestation of LF. Hydrocele development
was first related to a filarial infection in the 1860s through the observation of
microfilariae (mf) in hydrocele fluid isolated during surgery [32]. Elephantiasis was
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first associated with a filarial parasite in India in the 1870s, with adult worms first
described by Bancroft in 1876 [33] and transmission by mosquitoes by Manson in
1877 [34].

Diagnosis of filarial parasites has historically relied on clinical criteria based on
symptoms (hydrocele or swollen limbs in LF, and characteristic skin/eye pathology
or the presence of subdermal nodules in onchocerciasis), usually followed by
the detection of mf in blood (LF) or skin (onchocerciasis). Although definitive
in trained hands, mf detection using microscopy requires invasive sampling,
dedicated equipment, and specific technical ability, all of which can represent a
significant operational challenge in many endemic settings. As is the case with
other NTDs, research and development for more innovative diagnostic techniques
and procedures for human filariasis is severely underfunded compared to those for
pathogens that occur in wealthier countries. Recognizing this challenge, the World
Health Organization (WHO) 2030 NTD Roadmap identified “diagnostics” as an
area for priority action over the coming decade [35, 36].

5.3.1 Diagnosis of Onchocerciasis

Indication that an individual might be infected with O. volvulus most often comes
from the appearance of a clinical sign or symptom, e.g., pruritic dermal changes, the
appearance of a subcutaneous nodule, or less commonly the incidental finding of
mf in the anterior chamber of the eye or associated with a snow-flake opacity in the
cornea. The realization that onchocerciasis is endemic in a country often comes from
incidental findings of clinicians who in the course of their general consultations
encounter a patient who has signs and symptoms that could be due to O. volvulus
infection. Through subsequent investigations (pathological analysis of a subcuta-
neous lump or of a skin biopsy), it is discovered to be onchocerciasis. A follow-up
on the location where the patient may have been infected can lead to the discov-
ery of a new endemic area – this happened in Guatemala, [25], Ecuador [26], and
Yemen [27].

The presence of onchocercal nodules, as mentioned above, is definitive for
the infection, and this indicator was, and still is, commonly used for diagnosis
and assessment to identify geographic areas needing control of the disease at
the population level. Onchocercal nodules are firm to hard swellings palpable in
the dermis, usually 0.5–2 cm in diameter. They are most commonly found under the
skin adjacent to the iliac crest, on the rib cage, or at the base of the spine. They
can also be found on the bony prominences of the head, although this location is
usually confined to children (Figure 5.1a). These nodules contain nests of adult
O. volvulus (commonly four to six worms) lying in an immunologically active
granuloma [3, 37]; the presence of the worm in a nodule confirms the diagnosis and
distinguishes these from other subcutaneous lumps such as dermal cysts, cysticercal
lesions, and the like. The presence of nodules has been used as a rapid approach for
assessing the level of onchocerciasis in an endemic community - known as rapid
epidemiologic assessment (REA), or rapid epidemiological mapping for onchocer-
ciasis (REMO), in which estimation of the prevalence of onchocercal nodules in
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(a)

(c)

(e)(d)

(b)

Figure 5.1 Onchocerciasis. (a) Subcutaneous nodules on the head of a Cameroonian child.
The presence of adult-containing granulomas is an indication of the presence of the
infection in a geographic area. (b) Lymphedema of the leg in a Tanzanian child, the onset of
which is an important diagnostic clinical indicator for LF, especially in children. (c and d)
Immunocytochemical positivity for surface antigen (anti-Napsin A) on a newly emerged
onchocercal microfilariae in a nodule. (e) This antigen is absent from the surface of
intra-uterine microfilariae.

adult males of a community or district is made using simple palpation [38]. In
the early days of the onchocerciasis control program, the aim was to intervene
to reduce the prevalence of disease (as distinct from the current more stringent
goal of eliminating transmission of infection) in any community with a nodule
prevalence of 20% or above through MDA treatment with ivermectin [39]. The
logic behind this metric is that the prevalence of palpable nodules in adult males is
roughly equivalent to half the prevalence of positive skin snips in a population (20%
nodules = 40–60% microfiladermia). This clinical tool was very useful for deciding
to initiate an MDA program in an endemic area.

The standard method of identification of O. volvulus mf in the skin has been a skin
snip, a small biopsy of the skin (dermis and upper dermis) approximately 4–5 mm
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diameter, commonly taken either using a corneoscleral punch (Holzer type) or, in
the past, by elevating the skin with a pin and taking a skin shaving with a razor
blade. The skin in the area of the iliac crest is commonly sampled, although other
areas of the body have been used. This small skin sample is then incubated in nor-
mal saline for 4–24 hours (commonly in plastic micro-titer plates) and emerging mf
counted using a dissecting microscope. This technique, although still used in some
countries, has some important negative aspects that must be considered, aside from
the obvious discomfort and pain experienced by the individual being examined. The
procedure is invasive and can cause scarring at the skin snip site, but more impor-
tantly, especially in the era of HIV, the instruments used to perform the biopsy must
be sterilized between samples. In addition, as some skin snips can be contaminated
with blood, blood-circulating filariae may be caught in the sample, giving erroneous
results regarding O. volvulus, although this is not common. Emphasizing that it is
preferable to avoid using this invasive diagnostic technique when assessing endemic
communities underscores the need to develop reliable serological assays in which
the samples (finger-prick blood samples) can be taken more easily and safely.

It should also be emphasized that the skin snip biopsy technique does not detect
mf that are not able to emerge from the skin; dead or significantly degenerating
parasites will not emerge from the skin sample, and thus, a negative standard skin
snip (i.e., no emerging mf) can give a false negative result if mf in the skin are
dead or degenerating (e.g., patients with either reactive onchocercal dermatitis
(Sowdah patients) or those following recent mf damaging chemotherapy) [3].
As an alternative, polymerase chain reaction (PCR)-based Nucleic Acid Amplifi-
cation Techniques (NAAT) have been used to identify the presence of O. volvulus
molecular fragments and intact parasites in skin biopsies [40]. However, this
technique is not widely used in field programs. NAAT approaches are expensive
and require specific expertise and facilities, and the concern remains that it is an
invasive technique. If it is to be used, NAAT analyses of skin snips should perhaps
be confined to essential research projects and the like.

Standard medical imaging techniques (ultrasound and X-ray) have been used
in onchocerciasis, as have newer non-invasive techniques [41, 42]. However, it
is important to highlight that the long-used visualization of mf in the anterior
chamber and cornea using an ophthalmologic slit lamp is the quintessential
non-invasive technique for actually seeing living nematodes in situ in humans. The
sight of clumped, living mf wriggling in the anterior eye fluid of a heavily infected
individual is undoubtedly horribly memorable to those who have experienced it.
Fortunately, there are fewer locations in the world where this is still possible, and it
is to be hoped that this phenomenon will not be present anywhere in the near future
because of the success of MDA programs. Ultrasound procedures have been used to
identify adult parasites in onchocercal nodules [41], but the granulomatous nature
of these lesions tends to inhibit the ability to see parasite motion, and thus clear
echogenic identification of the adult worm is often difficult. This contrasts with
the situation with adult worms of LF, which are more easily seen with ultrasound
as they lie in a fluid environment (the lymphatics) and are usually moving quite
vigorously. Other techniques, such as optical coherence tomography (OCT), have
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been used [42] and are likely to provide useful information about the location of
parasites and tissue changes in ocular and other tissues. Thermography, which has
been used commonly to identify pathological lesions in veterinary medicine [43],
has recently been suggested for the interpretation of clinical aspects of lymphedema
in LF patients [44] and is under investigation to characterize onchocercal nodules.
Thermographic findings with nodules are difficult to interpret: early results show
considerable, presently undeciphered, variation in the heat maps between different
nodules, especially those of different ages and pathological states (e.g., abscessed
versus non-abscessed nodules).

With the skin snip technique facing significant criticism, serological approaches
have become the primary approach for defining the presence of O. volvulus in an indi-
vidual or a population. The only accepted serological test detects antibodies against
O. volvulus [13]. These tests identify people who have been exposed to the parasite
and not necessarily only those with an active infection; a test that could identify the
latter would be more useful for programmatic management. For example, a test that
identifies specific antigens that remain in the host for a short period of time once
the parasite is eliminated or at least after the parasite’s life cycle or viability has been
interrupted, would be very valuable. The standard target used to determine antibody
responses to O. volvulus has been Ov16, an antigen in the hypodermis, cuticle, and
uterus of female worms; the IgG4 response to this antigen is regarded as a sensi-
tive and specific indicator of prior exposure to onchocerciasis [45]. Much effort has
been placed in developing both laboratory-based assays and POC tests, and a lat-
eral flow assay has been developed for measuring Ov16 [14, 46]. Guidelines have
also been developed for the use of this assay for the management of onchocercia-
sis programs, specifically the epidemiological assessment of infection levels in age
groups [4]. For example, the confirmation of interruption of transmission in an area
in children five to nine years of age requires testing for the presence of anti-Ov16
antibodies. In other situations, such as where the question is whether onchocercia-
sis exists in a new or long-treated community, adult residents – who are more likely
to have been infected if the parasite is present – can be tested for Ov16 antibodies.
A challenge that must be considered when using Ov16 as the only detection indicator
is that not all people are likely able to mount antibody responses to the Ov16 antigen
[47]; as high as 20% of a given population, because of the absence of the HLA type
required for production of this specific antibody, may not mount effective antibody
responses. A question that should be resolved is the duration for which Ov16 anti-
bodies persist in the circulation after the individual is free of infection, sometimes
predicted to be as long as 12 months. The answer to this question is essential when
considering the use of Ov16 antibodies as an indicator of elimination of infection.
It is likely that many factors influence the longevity of such an antibody response,
e.g., the age of original infection, the extent of reinfection, etc. Thus, it is appropriate
to be cautious when predicting how long Ov16 antibodies persist after infection is
terminated.

More rigorous serological approaches that assess circulating antigens or other par-
asite components such as microRNAs [48] (see Section 5.4) have not yet been devel-
oped for onchocerciasis. The leading candidates for improving serological testing
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still involve assessing antibodies that recognize a wider range of onchocercal anti-
gens defined from genetic mining, combining appropriate candidates into practical
systems (e.g., lateral flow) that detect antibodies to two or three onchocercal anti-
gens [15, 49]. The use of a combined antigen approach in the field could provide
a more comprehensive picture of the endemicity of onchocerciasis. For example,
incorporating additional antigens with Ov16 in rural Yemen provided a more exten-
sive understanding of the endemicity of the infection [47].

Perhaps the most robust and crucial test now used to assess transmission of
onchocerciasis in an endemic area focuses on demonstration of the presence, or
more importantly the absence, of O. volvulus in the black-fly vector – the lack of
parasites in the vector being evidence that transmission is not taking place. For
many years, this assessment has been made using a NAAT (standard PCR) that
detects an Onchocerca-specific DNA sequence in the heads of black flies collected
in the field. Fly heads are tested separately from the body, as parasites present in
the body of these Simulium vectors may not contribute to transmission, as they
often do not migrate to the head for passage into a new host. This test is routinely
carried out on batches of flies, i.e., is a pooled screening approach, and requires a
trained technician and laboratory [16]. An essential component of this procedure
is ensuring that all flies batched for PCR testing are the relevant species for
transmission of onchocerciasis. Therefore, entomological experience in collection
and identification of insects are essential. This expertise is becoming harder to
source as trained entomologists are becoming scarce in endemic countries. Other
challenges facing xenomonitoring include the supply chain of reagents needed
for carrying out this laboratory-based test, and the difficulty in catching adequate
numbers of flies for testing to enable programmatic decisions. In addition, there
appears to be an overall reduction in the number of flies present in transmission
areas in recent years, possibly because of global climate change; the use of new fly
catching systems/traps and improved knowledge about breeding time periods and
fly number peaks will likely be of assistance in resolving this challenge [50].

Updating the currently used PCR xenomonitoring test to the more efficient,
reduced cost, qPCR technology has been recently achieved [51, 52]. Once this
improved technology is fully field tested and essential training completed, it is
expected that it will provide much-needed support for national programs at a time
when the need for xenomonitoring is likely to increase significantly; more testing
will be needed as endemic countries reach the point in their programs at which
they need to assess the levels of parasite in vectors before stopping treatment or
when they are undertaking essential surveillance activities.

5.3.2 Diagnosis of LF

Individuals are often first diagnosed as infected with LF parasites following the pre-
sentation of a typical clinical sign or symptom. For example, development of swelling
of a limb or breast (Figure 5.1b), together with the enlargement of lymph nodes
linked to the swelling, may lead to further investigation (e.g., examination of the
blood and serological testing) that can definitively diagnose LF. As asymptomatic
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infections are common in this condition, the incidental detection of circulating mf
during blood testing for other medical conditions can occur; understandably, this
occurs most often in endemic countries or in patients who have visited an endemic
country.

Ultrasound imaging of adult filarial worms lying in the lymphatics has become
a standard indicator of lymphatic filarial infection; images of moving worms were
termed the “filarial dance” sign [20, 53]. A common indicator to describe and assess
improvements is the volume of an affected limb. Circumferences taken at different
points on the limb were calculated by using a tape measure, and estimations of limb
volume displacement have been used to describe the extent of swelling; however, the
latter approach is generally regarded as rather cumbersome and is not often used.
Lymphotech® is a digital system that provides numerical volume of limbs using a
tablet computer program [54]; this methodology has been used to assess the volume
of lymphedematous limbs in recent filarial chemotherapy studies [17].

The long-standing blood tests for LF are based on standardized thick blood smears
that increase the chance of mf detection and provide more specific quantitation
using Knott’s concentration technique and a polycarbonate filter system [55]. These
tests were often used in the field in the early days of global programs to eliminate
LF, but the development of POC rapid tests, first the ICT (immunochromatographic
test) system [7] and then the more recently used, and technically easier, Filariasis
Test Strip (FTS) [18], replaced microscopy-based techniques. The ICT and FTS tests
detect the presence of W. bancrofti antigen and produce much more robust data for
control programs than has been experienced in onchocerciasis, for which the tests
detect antibodies rather than antigens. One challenge with the original blood tests
overcome by the new serological approaches is that, because of the diurnal peri-
odicity of LF parasitemia, blood samples had to be drawn at night to detect mf, in
general between 10 p.m. and 2 a.m., when the parasites are most likely to be present
in the circulation. In contrast, the POC antigen detection tests can be used at any
time of day.

Different antigens have been used for LF serology, developed initially from the
different species that cause LF, produced by different techniques, and now used
as recombinant antigens [56]. An ELISA test identifying IgG4 antibodies to the
recombinant filarial antigen Bm14 has been explored, but this test suffers from
cross-reactivity with other nematodes and thus has seen limited use in control
programs, especially in countries or areas that are reaching very low prevalence
[19, 57]. However, this test and another involving the antigen Bm33 provided
data useful for programmatic monitoring [58]. The detection of antibodies against
Wb123 has also been explored but is not yet seen as being a major tool for assisting
elimination programs [59]. Xenomonitoring, which is vital to the assessment of
onchocerciasis transmission, has not yet been a major requirement for the global
elimination program for LF [21]. This is likely due, at least in part, to the wide
diversity of mosquito species that transmit LF.
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5.3.3 Diagnosis of Loiasis

Infection with L. loa was historically considered a minor condition, noted primarily
for the development of “Calabar swellings” – subdermal swellings associated with
degenerating adult worms. Adult worms migrate actively in subcutaneous tissues
and when passing through the head can on occasion be seen passing across the
ocular conjunctiva, unsurprisingly causing concern for the individual involved. This
dramatic presentation led to this parasite being called “eye worm” [3]. Indeed, ques-
tioning a group of residents in a community as to whether they have experienced a
worm moving across their conjunctivas can provide a reasonable estimation of the
prevalence of this infection. This rapid assessment test is known as “RAPLOA.” Typ-
ically, 80 people above the age of 15 are interviewed using clear photographs of L. loa
worms in the eye to assist questioning. Early studies using the approach indicated
that a prevalence of “eye worm” history of >40% identified communities that likely
have residents with high circulating levels of L. loa mf.

High levels of circulating L. loa mf can predispose the carrier to very serious
adverse clinical reactions after being treated with drugs that kill the mf, a criti-
cally important consideration for MDA programs that use ivermectin [11]. These
reactions include severe central nervous system pathology resulting from vascular
damage associated with parasite degeneration that blocks blood vessels and leads to
irreversible damage to the surrounding tissues [12, 22]. Coma within 48 hours and
death has occurred in many patients, and those that survive this initial phase com-
monly suffer from permanent neurological damage. Thus, it is essential not to treat
individuals with high levels of circulating mf, and extensive studies have been car-
ried out to develop a diagnostic procedure to identify those at risk [23]. In general, it
is regarded that a circulating mf load of <30 000 mf/ml does not place the individual
at risk of these potentially lethal adverse reactions, and a POC system known as
“LoaScope” has been developed to assess parasite levels in communities [60]. This
more informative approach has now replaced RAPLOA in most L. loa endemic
areas, although RAPLOA is useful if there is a question in new areas concerning the
possible presence of loiasis. Recently, a rapid test that detects the presence of Loa
antibodies in an individual has been developed as a research tool [24] and is being
considered for use in the field for filarial control and elimination programs.

It should be noted that loiasis is not a disease for which a major elimination pro-
gram is in place; however, it is of significance where it is co-endemic with onchocer-
ciasis and/or LF, both of which are under elimination programs that involve the
distribution of microfilaricidal drugs, and thus residents of these areas are at risk of
developing the loiasis-associated serious reactions.

5.3.4 Diagnosis of Mansonellosis

Three species of the filarial parasite genus Mansonella can infect humans [3] and are
thought to cause mild clinical symptoms, with many infections being asymptomatic.
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Diagnosis is usually established using regular blood smear examination or using
Knott’s concentration technique or membrane filtration, although one of the species
(Mansonella streptocerca) is detected by a skin-snip technique similar to that for-
merly used for the diagnosis of onchocerciasis [61]. Molecular testing (NAAT) is
generally used if there is a need to distinguish the parasites from other filariae [62],
although this approach is not usually available in an endemic setting and is typi-
cally confined to research programs; however, a LAMP assay has been developed for
field settings [63]. Serology is used but has limited value because of poor specificity
(cross-reactivity with other filarial nematodes).

5.3.5 Diagnosis of Zoonotic Filariasis

Humans can become infected with the very common canine parasite D. immitis;
although in almost all cases, the infection does not mature and remain as a
third-stage larva or at most only develops to an early fourth-stage parasite. The
most common presentation in humans is the presence of a sclerosing lesion in
the lungs, which occurs when the parasite migrates to and becomes trapped in
pulmonary tissues. The most common diagnosis is made when these lesions are
detected on X-ray as a radiographically dense “coin” lesion [64]. As such, findings
are often suspected to be early pulmonary neoplasia and are commonly surgically
removed; subsequent pathological investigation then determines that these are due
to the parasite and are not neoplastic. Other diagnostic approaches to investigate
radiographic findings, such as filarial serology, are not commonly used.

5.4 New Approaches and Research Needed

Progress toward achieving the challenging elimination goal of onchocerciasis global
control programs would be greatly enhanced by substantial improvement in our
ability to assess parasite epidemiology in endemic populations through improved
serological, or other liquid biopsy, tests. Arguably, onchocerciasis, although the first
of the NTDs to be focused on for global control, is one of the hardest diseases for
which to carry out the necessary steps to reduce its transmission; it has long been
burdened by diagnostic difficulties in assessing endemic infections.

Without wishing any disrespect to scientists who have dedicated their research
to this group of diseases, it is important to say that, overall, the research commu-
nity’s efforts, regarding both basic and applied aspects, have been poor with regard
to filarial infections, certainly in comparison to efforts for other globally prevalent
diseases and infections. Although there have been valiant efforts to include endemic
country personnel in research on filarial infections, efforts that are very appropri-
ate and should continue to be encouraged, more collaboration between countries
with highly developed research communities and researchers in endemic countries
is needed. The latter are especially important with regard to programmatic ques-
tions, for which their expertise and understanding is central to success. However,
the technical and intellectual power present in the global scientific community has
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not been focused adequately on the needs of filarial infections and their control nor
on most other parasitic diseases. There are, as to be expected, exceptions to this broad
statement, but translation of research findings from concept to field implementation
is frequently very slow or non-existent. There are different reasons for this overall
situation: lack of flexible funding, a general lack of clarity of the needs, absence of
good lateral thinking, and the like.

However, on a more positive note, the introduction of a few new approaches
is slowly happening across different areas of filariasis control and elimination
programs. Among these are the identification of new antigens for use in serological
detection of onchocerciasis [15], the inclusion of mental health in the care for
patients suffering from the worst clinical presentations of filariasis (filaria-induced
dermatitis and onchocercal blindness) [65], and the use of newer imaging tech-
niques to assess internal changes and presence of filarial parasites. However,
arguably, the area that most needs more focused research and improvement is
developing a field-usable rapid test for the diagnosis and assessment of onchocerci-
asis in endemic populations; improvement in this area would have a major impact
on global control programs. In addition to innovative serological approaches for
diagnosis, recent efforts have been made to discover non-protein biomarkers that
could be exploited for this purpose. In particular, parasite-derived microRNAs
(miRNAs) released into the circulation of infected individuals have been sug-
gested as biomarkers of potential value for diagnosis of human filariases [66–68].
Stage-independent and stage-specific differences in the profile of secreted filarial
miRNAs could provide a basis for identifying individuals harboring adult versus mf
stages (or both) [69]. However, techniques for detecting and measuring miRNAs
typically rely on PCR and so cannot be considered “field friendly.” Efforts to develop
parasite-derived miRNAs as biomarkers for onchocerciasis have not been rewarding
[70, 71], and it is unlikely that much additional research will be devoted to their
diagnostic utility.

Metabolites have also been investigated as potential biomarkers for diagnosis
of filariases. Initial research identified a set of 14 potential biomarkers in plasma
obtained from African onchocerciasis patients, although these were not consis-
tently found in samples from Guatemalan patients [72]. Further work on plasma
metabolomics identified increased concentrations of inosine and hypoxanthine
(among others) as potential biomarkers of onchocerciasis [73, 74]. Obtaining
plasma samples for metabolite analysis is still an invasive procedure, and efforts
have been made for identifying onchocerciasis-associated metabolites in urine
samples. A host-derived metabolite of the parasite neurotransmitter tyramine,
N-acetyltyramine-O-glucuronide (NATOG), was first identified as a potential
biomarker [75, 76], leading to the creation of a lateral immunoassay for detection of
this molecule in urine [77]. Further work identified cinnamoylglycine as a potential
urinary biomarker for O. volvulus infection [78]. However, additional studies have
cast doubt on the general utility of either of these metabolites for diagnosis of
onchocerciasis as part of control and elimination programs [74, 78–80], and more
work is necessary to bring metabolomics into the diagnostic arena for human
filariases, despite the inherent appeal of a urine-based platform.
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It should also be mentioned that a common research objective in recent years has
been the discovery of new chemotherapy agents, more specifically a macrofilaricide.
This would undoubtedly be incredibly useful, as it might significantly shorten the
time that chemotherapeutic treatments would need to be distributed to achieve elim-
ination. In the meantime, taking lessons from veterinary medicine, investigating the
possibility of using the more active microfilaricidal agent moxidectin [81] is likely
to be another important scientific advance. This effective and safe anthelmintic has
partially replaced ivermectin in the treatment of many animal parasitic infections.

One way to think about new diagnostic targets for filarial parasites is to approach
this more from a biological point of view, in contrast to the more common genome
screening and whole worm proteomics approaches (Figure 5.2). One of the most
challenging areas of understanding the pathobiology of filariae is understanding
the degeneration and death of these nematodes: how does one define that a worm
is irreversibly degenerating? What are the specific indicators of this irreversibility?
Do damaged worms have the ability to recover? How does one define an adult
filarial worm as being “dead”? Answers to these questions are relevant not only
for pathological assessment of tissues containing filarial parasites [3] but also
relate to establishing practical indicators for assessing the status of an infection.
For example, do irreversibly degenerating filariae release molecules that can be
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detected in blood, or in saliva, or even perhaps in conjunctival fluid in ocular
onchocerciasis? Parallel with a need to improve assessment of the viability of
parasites in our search for new assessment tools for filariasis is the development of
more field-usable clinical assessment tools [49]. Assessing clinical improvements
in the treatment of filarial diseases in endemic communities has not been a major
goal, despite the fundamental aim of global control programs to reduce disease
burdens. Disease assessment has always been largely the prerogative of trained
clinicians; however, many individuals in public health systems that oversee filarial
endemic areas – village health workers, for example – who, given clear instructions
and guidelines, could quickly assess treated communities for changes in filarial
disease prevalence. This is an advance that would in all likelihood greatly benefit
these important health programs: demonstration of clear clinical improvement at a
community level is always a strong advocacy message.

Filarial life cycles are complicated, and the parasite changes its form a number of
times during its maturation and spread. Theoretically, as it changes from one form
or stage to another, it is likely that different target components (proteins, antigens,
etc.) are exposed on and in the parasite. Stage-specific antigenicity of the surface of
nematodes has long been described [82], and characterizing newly exposed proteins
or antigens is likely to reveal targets for new tests. An example of a newly presented
antigen on O. volvulus mf is shown in Figure 5.1c–e; an epitope cross-reacting with
Napsin A (Nap-A), a functional aspartic proteinase [83], is present on the mf sur-
face as they leave the uterus and begin to move through the surrounding tissues
away from the adult worm. Such newly revealed biochemical changes appearing as
the worm matures could be important new indicator molecules that provide infor-
mation on the status of infection. It is important to focus on indicators that reveal
the presence of a reproducing worm, and arguably, given that the release of mf and
associated uterine components induce significant host responses [84], the immuno-
biology of the uterus of filariae and its products are a fertile area for research. Being
able to identify active production of new parasites through assessment of specific
serological tests is of vital importance in assessing the status of an individual’s infec-
tion. The continuing absence of reproduction of the parasite in an infected person,
or indeed a community, would clearly indicate the success of chemotherapy, a status
that is currently hard to assess.

The search for other indicators unique to different biological stages of the para-
sites is not a new concept. Using more modern scientific approaches, and keeping
the specific biology of the worms in consideration, is likely to increase the probabil-
ity of finding new ways to improve diagnosis and assessment. Filariae are complex
organisms and the presence of unique molecules, which might be in relatively small
relative quantities (such as a component of the anatomically thin surface of the
worm), may be “masked” by more abundant, but less relevant, distracting molecules.
Taking an approach that focuses on specific stages or specific organs within these
complex worms may lead to new markers that relate to biological events that are
practical and useful for assessment. Some possible biological targets are summarized
in Figure 5.2.
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Worm secretions are often used as antigens and undoubtedly are important, at
least in the development of pathology and tissue changes associated with the pres-
ence of the parasite [84]. These products are important targets of investigation for
diagnostic antigens; however, it is likely that there are practical differences between
the products that a living healthy worm produces and those released from a degen-
erating parasite; this is indicated by the different tissue reactions seen surround-
ing living and degenerating filariae. It is therefore important to understand the dif-
ferences in products, in antigens, and the biochemistry of a healthy living adult
filarial worm compared with a degenerating or dying worm. As mentioned above,
the definition of what marks the “death” of worm has never been clearly articu-
lated [85].

Improved laboratory or POC testing needs to be linked to improved application
of such tests in endemic, or potentially endemic, populations to ensure statistical
validity; this includes both testing of humans (epidemiological testing) and testing
of vectors (xenomonitoring). Robust community sampling protocols and careful
recalculation of test cut-off points that define filarial control program success, i.e.,
breaking of transmission for onchocerciasis, and absence of a public health problem
for LF, are urgently needed. The use of modern surveillance systems – spatial
systems such as the Reveal technology and other similar technologies [86, 87] – will
greatly assist, through improved micro-planning, both research and program imple-
mentation. It should be noted that supply chain issues are common challenges
faced by national programs in their planning and implementation; interweaving
up-to-date local geographic and environmental information (such as floods, pop-
ulation migration, etc.) with the logistics of distribution of drugs and assessment
tools is essential for these programs. Geographic information, commonly provided
by satellite imaging, is likely to be most useful for onchocerciasis and possibly
for improved understanding of the distribution of loiasis; community prevalence
of these two infections are closely related to vector presence. LF, with its diverse
range of vector mosquitoes, may benefit less from geographic approaches, except
for assisting micro-planning where it would be most useful.

Predictive modeling of global programs, an approach commonly used by inter-
national agencies that support global disease control and elimination programs
for advocacy and planning efforts, relies on valid and relevant data. The current
weaknesses in our testing protocols for filariasis directly affect predictions made
by these models and indirectly affect the fiscal and moral global support for the
programs. Improving reliability and accuracy of tests used to assess and manage
filariasis control programs will assist in gaining wider support for these important
health initiatives. The WHO and its various advisory committees, such as the
Onchocerciasis Technical Sub-Committee (OTS) and the Diagnostics Technical
Advisory Group (DTAG) [51, 88], have important roles to play in supporting,
guiding, and approving new diagnostic and assessment tools. Country programs
take advice from WHO seriously, and validation of success in national control
and elimination programs is ultimately given by WHO. Notwithstanding this, new
and innovative approaches to diagnosis are likely to come from the academic and
research communities.
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It is important to re-emphasize that research into NTDs, and especially filariases,
is usually carried out by relatively small and dedicated disease-specific communi-
ties. It would be prudent to more actively seek assistance from the wider research
community through partnerships between filarial experts and experts in other areas
of science. Increased incentives are needed for the broader scientific community to
focus on these often-forgotten diseases; this goal would be well served by more open
discussion in the general scientific literature about the challenges and needs of filari-
asis research and control, as this discussion is typically confined to specialist groups,
and rarely are these diseases and their scientific needs discussed widely.

5.5 General Comments

As one looks at the status of diagnosis and assessment of filarial infections
(Table 5.2), it can be seen that, although certain areas of the three major infections
have at least some adequate and practically useful testing systems, other aspects are
still in great need of improvement. This is not to discount the great strides achieved
in the overall reduction of the prevalence and incidence of LF and onchocerciasis
across the world in the past 20 years or so [3]. In addition, there has been a most

Table 5.2 Areas of research for improving diagnosis of human filarial infections.

Type test or focus areaGeneral area

Develop stage/event-specific indicatorsParasite biology
Definition of the viability status of adult filarial worms.
Indicators of degeneration and death.
Understand better the biochemical plasticity of filarial
worms – plasma metabolomics, etc.
Improve non-invasive methodologies for locating andClinical interpretation
defining internal parasites
Develop field-usable tools for messaging improvement in
clinical disease
Monitor and present clinical improvements as a result of the
global filarial programs
Develop statistically sound, rapid community assessmentCommunity assessment
tools
Standardize the indicator and assessment tests and tools
across the endemic areas
Utilize newer technologies such as satellite mapping,
artificial intelligence, and cloud-based data systems
Focus of POC testing with supportive quality assuranceIndicator systems
Widen search of relevant indicators to unique, biologically
relevant, molecules and small molecules (antigens,
microRNAs, etc.)
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welcome and significant reduction in severity of two of the diseases these parasites
induce [2]. However, as elimination programs achieve lower and lower levels of
infection, the need for more robust tests becomes more important, and the need for
effective sampling procedures used in these endemic communities becomes more
vital to ultimate success.

Individual diagnosis of infection will in all likelihood continue to be influenced
by the facilities available in the location in which the individual is found. For
onchocerciasis, individual cases outside the known endemic countries (e.g., expa-
triate cases) are most likely to be recognized through dermatological presentations
that can be easily diagnosed through history, clinical signs and symptoms together
with laboratory testing. Previously unexposed individuals who become infected
following visits to onchocerciasis-endemic areas often present with acute derma-
tological changes that respond well to anthelmintic treatment. A more difficult
situation exists for individuals living in endemic areas who suffer from the severe
effects of their infection, including intolerable pruritus, skin deformation, and
purported epilepsy with onchocerciasis, as well as lymphedema, filarial dermatitis,
and hydrocele with LF. The challenge for these patients is that the health systems
in many endemic countries are not equipped to diagnose and provide care for these
conditions. A bright light on this challenge, however, does exist through the patient
care arm of the Global Programme to Eliminate Filariasis (GPELF), in which
affected patients receive basic care for lymphedema and surgery for hydrocele
conditions [89]. Although at present many individuals still need to be identified
and cared for, the current WHO support specifically for LF-affected people is most
welcome. As mentioned above, unfortunately, this is not the case for those still
suffering from severe clinical onchocerciasis in most endemic countries; there
are notable exceptions – e.g., Yemen’s “sowdah” treatment program [90] and the
anti-epilepsy drug treatment initiative in South Sudan [91].

The essential diagnosis-associated step that will herald ultimate success in the
elimination of LF or onchocerciasis from an endemic area of a country is the
judicious use of post-treatment and post-validation surveillance. This vital step
requires the use of the most appropriate and reliable test, and that the testing
is formally planned and carried out. Countries that have achieved validation of
success have seen variable use of the tests and the manner in which post-treatment
(post validation) surveillance is carried out. These issues have arisen in part due to
the disbandment of the original MDA programs and their teams after validation
success has been reached. In addition, there is significant cost and organiza-
tional component needed for these intermittent and often politically low-value
assessments.

In the onchocerciasis world specifically (perhaps less so with LF), there is clearly a
need to improve the quality and efficient collection of field-derived data, as discussed
in this chapter. A range of changes could assist in achieving this improvement; how-
ever, there are differing opinions in the NTD community as to how to fulfill these
needs. The ongoing discussion regarding the enhancement of laboratory support for
programs [6] will certainly continue. However, a strong laboratory component for
field filarial programs is most likely needed, even if the tests themselves become
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more and more POC tools rather than laboratory based. POC tests will always need
to be validated and be monitored as part of a quality assurance system run and mon-
itored by well-managed, active local laboratories.

Abbreviations
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Abstract

Filarial worms are a unique group of parasites with importance in both human and vet-
erinary medicine. These parasites are typically long-lived and difficult to detect, often
causing chronic disease states over a period of years and, for these reasons, effective
diagnostic testing is crucial for their control. Adult filarial worms tend to occupy inac-
cessible anatomical sites within the host, but microfilariae disperse widely in the blood
or skin to allow uptake and transmission by the hematophagous insects necessary to
complete the life cycle, and the detection of this microscopic stage represents a funda-
mental form of diagnostic testing. Immunodiagnostic and DNA-based tests have since
been developed for several filarial species, as well as methods for visualizing adult par-
asites in situ. All these techniques carry their own distinct strengths and weaknesses, so
reliable diagnosis often requires a strategic combination of tests. Accurate diagnosis is
important for potentially fatal infections like canine heartworm and is also essential for
identifying emergent zoonoses, like Onchocerca lupi, and potential animal reservoirs,
as with Brugia malayi. Accurate parasite detection and identification is useful not only
in clinical settings but also greatly assists research efforts. This chapter will review the
diagnostic methods available for some of the most common species of filarial nematodes
in small animal veterinary medicine.

6.1 Introduction

Filarial nematodes (superfamily Filarioidea) comprise a group of parasites impor-
tant to both human and veterinary medicine. They all rely on blood-feeding
arthropods for transmission and generally live for long periods within the definitive
host. Reproductive females release vermiform embryos (microfilariae) ovo-
viviparously, which migrate away from the adults to disperse in the bloodstream

*Corresponding author.

Human and Animal Filariases: Landscape, Challenges, and Control, First Edition.
Edited by Ronald Kaminsky and Timothy G. Geary.
© 2023 WILEY-VCH GmbH. Published 2023 by WILEY-VCH GmbH.



126 6 Veterinary Diagnosis of Filarial Infection

or skin, depending on species, where they may be taken up by a suitable vector.
Species that parasitize domestic and wild animals often also represent zoonotic
threats, many of which are only recently being recognized. Infections with filarial
worms are often asymptomatic and nonpathogenic, but overlooking their presence
carries the risk that life-threatening conditions eventually develop. The canine
heartworm (Dirofilaria immitis) is well known for causing cardiac failure in heavy
and long-lived infections, standing as a compelling reason for regular testing.
Meanwhile, the pathogenic potential of other species remains poorly understood,
and it is here that accurate diagnosis can aid ongoing research.

The biology of filarial worms presents diagnostic challenges distinct from other
nematodes. The techniques available today arose from advances in understanding of
these parasites, including their life cycles, geographic ranges, and molecular charac-
teristics. Although clinical practices may use certain tests to the virtual exclusion of
others, an understanding of the technical strengths and limitations of those tests, as
well as the range of existing alternatives, may offer insight into more effective diag-
nostic strategies. The purpose of this chapter is to review these methodologies and
the species of filarial parasites for which they may be applied.

6.2 Diagnostic Methods

6.2.1 Microscopy-Based Methods

The simplest method for detecting a patent filarial infection, and one still frequently
used in the clinic, is the direct blood smear. This technique requires only a drop of
anticoagulated blood, which is placed on a glass slide, coverslipped, and examined by
microscopy. The forms of the microfilariae are difficult to visualize directly in such a
preparation, but their motility noticeably agitates the erythrocytes around them, and
they can be visualized in this way. Direct smears may be useful when microfilaremia
is high, but this method is susceptible to missing parasites at lower concentrations.
This is especially problematic when microfilaremia is prone to periodic fluctuation.

Many species exhibit a phenomenon of circadian periodicity, in which microfi-
laremia in the peripheral blood rises and falls, sometimes dropping to undetectable
levels. The periodicity of D. immitis varies with geographic location, with peak para-
site circulation supposedly coinciding with the feeding habits of the prevailing vector
species to optimize uptake and transmission [1–5]. Furthermore, an annual cycle
tied to the passage of the seasons has been observed in D. immitis, with microfi-
laremia peaking in the summer months [6, 7]. B. malayi, which parasitizes humans,
cats, and a number of other species, comprises distinct nocturnally periodic and sub-
periodic strains; interestingly, cats only seem to naturally acquire infections of the
latter [8]. In fact, most of the parasites discussed in this chapter exhibit some form of
periodicity. This has the potential to greatly complicate microfilaria testing, so con-
centration techniques were developed to detect parasites even at very low levels in
the circulation.

The Knott test was first developed to detect human infections with Wuchereria
bancrofti, the pronounced nocturnal periodicity of which had previously required
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that blood samples be drawn in the middle of the night. Briefly, in this procedure,
1 ml of anticoagulated venous blood is mixed with 10 ml of 2% formalin solution,
which has the dual benefit of lysing erythrocytes to improve parasite visualization
and preserving the sample for further examination. This mixture is centrifuged, the
supernatant discarded, and the pellet stained with methylene blue or a similar dye.
The stained blood sample can then be examined by microscopy, either coverslipped
or after air drying. Knott’s concentration technique (conventionally known as
the “modified Knott test” in veterinary medicine) is advocated as the preferred
method for detecting blood-dwelling microfilariae because it is simple, inexpensive,
and standardized; the microfilariae observed from a modified Knott test can be
measured and referenced against well-established diagnostic metrics (e.g. length
and width) for species identification.

Nonetheless, the microfilariae of closely related species are often difficult to dis-
tinguish by morphology alone. In such cases, the localization of acid phosphatase
activity can be used in diagnosis. This histochemical technique has been used to
differentiate morphologically similar species for taxonomic purposes and to estab-
lish parameters for diagnostic reference [9, 10]. Over the past decade, it has seen
renewed use in evaluating suspected B. malayi infections in dogs as a complement
to morphological and molecular analysis [11–13].

It is possible to calculate the concentration of microfilariae in venous blood using
methods such as the thick blood smear, in which known volumes (typically 20 μl)
are stained and evaluated. Alternatively, the entire volume of the pellet derived from
a Knott test can be measured and examined. While the usefulness of calculating an
accurate microfilaria concentration is largely limited to research applications, there
are a few situations where this proves helpful in the clinic. High microfilaremia
is a risk factor for anaphylactic reactions against parasite antigens released during
treatment, so this can inform therapeutic options. Another case is when employing
the Microfilaria Suppression Test, which is a method for identifying likely cases
of anthelmintic resistance in heartworm; in this test, microfilaria counts are taken
prior to and one week following treatment with a microfilaricidal compound to
determine drug efficacy [14, 15]. Beyond this, the observation of microfilariae in a
patient is most useful to the clinician as a dichotomous diagnostic parameter and
a means of species identification. Though it is tempting to make inferences about
adult worm burden based on microfilaremia, the two do not always correlate well
[16]. Symptomology and ultrasound visualization should instead be considered
when estimating adult worm burden and, consequently, the likelihood of adverse
reactions to treatment.

6.3 Immunodiagnostic Methods

In many settings, antigen testing has largely taken the place of routine microfilaria
testing. These tests detect the presence of circulating adult worm antigen with a
high level of sensitivity and specificity, independent of the presence or periodicity of
microfilariae. A test based on the enzyme-linked immunosorbent assay (ELISA) was
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developed for the diagnosis and monitoring of human lymphatic filariasis 30 years
ago, which has since been replaced by the immunographic card test and, ultimately,
by the filariasis test strip still in use today [17, 18]. As serological diagnostic technol-
ogy improved, a number of antigen tests were also developed for D. immitis, compris-
ing various formats and all with high degrees of sensitivity and specificity. When this
testing method was introduced, it offered a much-needed means of detecting amicro-
filaremic infections, but over years of use, this role has expanded to that of a primary
screening test [19].

Antibody detection tests also find use in both human and veterinary medicine.
Antibody capture ELISA tests are used for lymphatic filariasis, which detect
antibody against a filarial antigen (Bm14) indicative of both brugian and bancrof-
tian infection [20, 21]. In addition, the Brugia Rapid test detects IgG4 antibodies
against Brugia spp. in a robust, immunochromatographic format [22]. These tests,
however, are subject to the limitation that antibodies remain present long after
active infection and so cannot be used as a reliable indicator of current infection
status. Because they are much better for assessing exposure, antibody tests are
useful for monitoring endemicity, especially in children, who are not expected to be
exposed in communities where the parasites have been successfully eradicated. In
veterinary medicine, antibody tests are available for heartworm but are reserved for
use in cats; owing to the typically low antigen levels in this species, cats are more
prone to false-negative results via antigen testing, so antibody detection is favored
for its sensitivity.

In all cases, timing is an important consideration in testing. Due to the relatively
long developmental periods of filarial worms, the microfilariae or adult antigens on
which testing methods rely may only reach detectable levels a matter of months after
initial infection. In the case of heartworm, seven months of age is the earliest that
testing is recommended for pups; any earlier and negative results provide little-to-no
indication of absence of current infection. Similarly, when an animal starts pre-
ventive therapy, testing should follow six months later to ensure the absence of
pre-existing infections that were mature enough to avoid clearance by the preven-
tive. The interruption of prophylaxis allows opportunities for new infection, which
follow-up testing helps detect. By ruling out the chance of a prepatent infection at the
start of preventive therapy, the clinician is also able to detect potential lack of efficacy
in the event that infection does later occur in the face of compliant drug treatment.

Of interest to the statistically minded reader, it may be noted that when perform-
ing tests with dichotomous outputs (like most of those mentioned thus far), the
reliability of the result is affected by infection prevalence. The positive predictive
value of a test (i.e., the likelihood that a patient with a positive test result is truly
infected) varies with prevalence, approaching 100% as prevalence approaches 100%.
Indeed, clinical data support this phenomenon in heartworm infection. In one
study, an antigen test with established, high levels of sensitivity and specificity was
assessed. In Louisiana, a state with high prevalence (499 per 10 000 tested), the
positive predictive value of the test was 60%; that is, out of 100 positive-testing dogs,
60 were truly infected, while the remaining 40 were false positives. In Washington,
a state with low prevalence (6 per 10 000 tested), the positive predictive value was a



Table 6.1 Characteristics of microfilariae of veterinary significance.

SheathSpecies
Length
(𝛍m)

Width
(𝛍 Acid phosphataseTailHeadm)

Location of
Referencesmicrofilariae Geographic location

Dirofilaria immitis Excretory pore, analStraightTapered5–7.5295–325No
pore

[24, 25]WorldwideBlood

Dirofilaria repens Straight orBlunt5–9368–380No
hooked

[24, 25]Europe, Middle EastBloodAnal pore

Dirofilaria striata North and SouthBloodCurvedTapered5–6360–385No
America

[25]

Acanthocheilonema
reconditum

Hooked orBlunt4–6230–288No
curved

[24–26]WorldwideBloodDiffuse

Acanthocheilonema
dracunculoides

Straight,Tapered4.2–6185–276No
sharp

Excretory pore,
innenkorper, anal pore

[24, 27, 28]Africa, Europe, IndiaBlood

Brugia pahangi Blunt,5–6246–280Yes
rounded

[29, 30]India, southeast AsiaBloodDiffuseTapered

Brugia malayi 2 Nuclei in5–6177–230Yes
tip

Excretory pore, anal
pore (sometimes
amphids, phasmids)

[29]India, southeast AsiaBlood

Brugia ceylonensis [31]India, Sri LankaBlood220–275Yes
Brugia patei similar toYes B.

malayi
2 Nuclei in
tip

Cephalic vesicle,
excretory pore, tail

[32]Kenya (Pate Island)Blood

Brugia beaveri [33]USA (Louisiana)Blood4.5–6.5 Blunt285–325Yes
Onchocerca lupi Europe, Middle East,skinPointed6 Rounded105–115No

USA
[34]

Cercopithifilaria
grassi

Slightly bent,12–25 Bulbous610–644No
conical

Europe, MediterraneanSkin
basin

[35, 36]

Cercopithifilaria
bainae

Slightly6–7170–196No
attenuated

North and SouthSkinBlunt
America

[35, 37]

Cercopithifilaria sp.
II

[35, 36]EuropeSkinAttenuated12–15 Blunt261–307No
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mere 2% [23]. Confirmatory testing helps avoid this pitfall and is especially useful in
regions with low rates of infection. When test results are unexpected given animal
history, symptomology, and other diagnostic results, the test should be repeated; if
results remain ambiguous, independent confirmation by a reference laboratory is
recommended.

The specific needs of filarial diagnostics in the veterinary field differ from those in
human medicine. The diagnosis of human filariases generally occurs on the commu-
nity level as integral parts of elimination efforts utilizing mass drug administration.
Veterinary practices, however, operate on a case-by-case basis, with diagnosis and
treatment specific to each patient. As such, the diagnostic tests of choice may differ,
but robust, accurate, and rapid methodologies are universally desirable, and each
field may naturally borrow from the other where improvements are to be made.
What follows is a review of diagnostic techniques used for some of the most common
and potentially threatening filarial parasite infections in small animal veterinary
medicine (Table 6.1).

6.4 Current Diagnostic Practice

6.4.1 Dirofilaria immitis

Undoubtedly, the most significant filarial worm in companion animal medicine, D.
immitis (the causative agent of canine heartworm disease), is a mosquito-transmitted
parasite primarily of the pulmonary arteries of the dog. In its most severe mani-
festations, the nematode’s prolonged presence therein may ultimately result in car-
diopulmonary failure and death and, for this reason, it is one of the most serious
threats to canine health faced by clinicians. Cats are also susceptible to heartworm
infection but suffer distinct pathologies and require alternate diagnostic methods.
The distribution of D. immitis is cosmopolitan, encountered in temperate, tropical,
and subtropical regions throughout the world, and although the parasite has been
recovered from numerous species, wild canids (e.g., foxes, coyotes, and jackals) may
represent meaningful reservoirs [38, 39]. A zoonotic potential exists wherever D.
immitis is found, but the parasite does not develop to the adult stage in humans;
while most infections are believed to be cleared without incident, larval migration
to the pulmonary arterial tree may result in pulmonary dirofilariasis, giving rise to
granuloma formation [40]. Zoonotic subcutaneous/ocular dirofilariasis is a rare out-
come and more likely to be attributable to Dirofilaria repens in the Old World and
other Dirofilaria spp. in the Americas [41].

Adult parasites reside in the pulmonary arteries and, in heavy infections, the
right chambers of the heart and venae cavae. Adults have been shown to survive
and reproduce for 7.5 years, releasing microfilariae into the bloodstream that may
individually persist up to 2.5 years [42, 43]. The prepatent period is six months
at the shortest, and more typically seven to nine months [44–46]. Mosquitoes of
numerous genera serve as competent vectors, acquiring the infection by taking a
blood meal from a microfilaremic host. Within the arthropod vector, microfilariae
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develop to infective third-stage larvae over the course of approximately 10–14 days,
at which point they can be transmitted to a mammalian host during the mosquito’s
next blood meal [38].

The symptoms indicative of heartworm infection may not manifest for months
or years depending on parasite burden, the animal’s exercise habits, and individual
physiological factors [47]. One common symptom with an earlier onset is chronic,
persistent, nonproductive coughing, which may then be followed by dyspnea, weak-
ness, and (more rarely) syncope. Higher-intensity and longer-lived infections are
more likely to also present with anorexia, weight loss, ascites, edema, and acute pul-
monary and cardiac signs [38, 41]. Treatment of mature D. immitis infection is not
trivial and may be hazardous to the health of the animal; as such, prevention and
early detection are universally encouraged.

A variety of tests are available for D. immitis, but because of their respective,
non-overlapping strengths and weaknesses, multiple tests are often needed for a
diagnosis. In the event of a positive antigen test result, for example, blood should
always be examined for microfilariae; if this is also positive, the diagnosis is
usually considered safely confirmed. However, when multiple tests are used, the
opportunity for discrepancies naturally arises. In an animal that is antigen-positive
and microfilaria-negative, the antigen test should be repeated with a kit of a
different type (see Antigen Tests for the three available formats); this accounts for
the possibility of a false-positive result. Conversely, an animal may test positive
for microfilariae but negative for antigen in a number of scenarios (discussed in
Microfilaria Tests), which may necessitate further testing. Ultimately, if results are
unexpected or ambiguous even after test repetition, independent confirmation by a
reference laboratory with more discriminating techniques is recommended.

6.4.1.1 Microscopy-Based Tests
Though largely supplanted by antigen testing as a first measure for detecting D.
immitis in dogs, routine microfilaria testing is recommended to better inform a
diagnosis [48–50]. Furthermore, microfilaremia status is an important considera-
tion in determining an animal’s reservoir potential and the risk of reaction during
microfilaricidal therapy. The modified Knott test [51, 52] is the preferred method
for detecting microfilariae and performing morphometric evaluations. Briefly, one
milliliter of venous blood is mixed with 10 ml 2% formalin and centrifuged. The
resulting pellet is stained (e.g. methylene blue) and examined on a microscope
slide. Being a centrifugation technique, this test has the advantage of being sensitive
enough to demonstrate microfilariae present at low concentrations, helping to
dampen the variables of parasite periodicity and blood collection time. Modified
Knott tests performed with the standard 2% formalin fixation also benefit from
the established reference measurements of blood-dwelling microfilariae, allowing
morphometric species identification. This is especially valuable when a clinician
must distinguish D. immitis from other co-endemic species that may confound
a diagnosis and misdirect treatment, including Acanthocheilonema reconditum,
Acanthocheilonema dracunculoides, D. repens, Dirofilaria striata, and Cercopithifi-
laria grassi. However, because the modified Knott test requires formalin for blood
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lysis and parasite fixation, some clinics may be deterred from regularly utilizing the
technique; one study has validated acetic acid as a suitable alternative to formalin
when morphometric evaluation is not required [53]. Histochemical staining for acid
phosphatase activity can complement morphometric examination, using either an
established protocol or a commercially available kit [10, 24, 54]. The microfilariae of
D. immitis show two sites of acid phosphatase activity (near the anal and secretory
pores), while those of D. repens, for example, show only one (near the anal pore);
microfilariae of other species can be similarly distinguished.

Microfilariae may also be concentrated by filtration methods. While, at the time of
this writing, no filtration test kit is currently marketed for D. immitis, procedures still
exist that allow clinicians to make use of available components, including syringe
filter holders and 5-μm disk filters [52, 55]. Whole blood must be lysed prior to
filtration; 2% formalin is the recommended lysate, as it allows published morpho-
metric standards to be referenced for species identification. Although exceptionally
rare, cases are known in which parasite-contaminated lysate solution has resulted in
false-positive results, so care must be taken with reagents if this method is selected.

A routine hematocrit test may also be used to detect microfilariae; parasites
are concentrated in the buffy coat of a microhematocrit capillary tube and their
movement can be visualized under low magnification [56]. This is less sensitive
than the techniques described above and only slightly more sensitive than a
non-concentrated, whole blood examination, the only real benefit being conve-
nience. Parasites concentrated by this method can be further examined by smearing
the buffy coat onto a microscope slide and staining.

The direct smear, in which a whole blood sample is placed directly on a microscope
slide and coverslipped, has much poorer sensitivity than any of the concentration
techniques and, thus, is more prone to false-negative results; direct smears poten-
tially miss 19% of microfilaremic infections [57]. Nonetheless, this technique is the
simplest of microfilaria tests and can quickly demonstrate parasites in animals with
high microfilaremia. This can be an instructive demonstration for clients by allowing
them to visualize live worms recovered from their animal. The direct smear can also
help distinguish microfilariae of D. immitis and A. reconditum; the former exhibits
non-progressive motility, while the latter may move intermittently with notable pro-
gressive motility, traversing the microscope field [52].

The key disadvantage of all microfilaria testing is an insensitivity to occult
infections (i.e., cases in which mature parasites are present without circulating
microfilariae), which represent an estimated 10–67% of heartworm infections [58].
Such infections may be prepatent, single-sex, or the result of drug or immune
clearance [59]. Conversely, it is important to note that the presence of microfilariae
does not necessarily indicate the presence of adult parasites. An animal with an
incomplete history, for example, may have previously carried a mature infection
that was either treated or cleared, but never received microfilaricidal treatment,
in which case microfilaremia may persist. Alternatively, very young pups may
test positive after acquiring microfilariae by the transplacental route [60]. And, of
course, microfilariae of different species may be confused with D. immitis unless a
more rigorous examination (e.g. morphological or molecular) is performed.
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Due to the transient microfilaremia characteristic of infections in cats and ferrets,
microfilaria tests are typically not useful for detecting heartworm in these species
[61, 62]. Diagnosis must, instead, rely on serological testing.

6.4.1.2 Antigen Tests
Several antigen tests are commercially available for D. immitis, all of which func-
tion by detecting a glycoprotein produced mainly in the reproductive tract of adult
female parasites. In mature infections, this antigen can be found circulating through-
out the bloodstream [63]. These tests are easily performed and require only a small
quantity of serum, plasma, or anticoagulated whole blood, making them a popular
choice for point-of-care screening. They have the key advantage of detecting occult
(i.e. amicrofilaremic) infections, to which none of the microscopy tests described are
sensitive. The numerous commercially available antigen test kits comprise three for-
mats: the microtiter plate ELISA, the membrane-bound ELISA, and the lateral flow
immunochromatographic assay.

The microtiter plate format for the ELISA is considered to be the most sensitive of
the available antigen tests and yields colorimetric results that reflect the concentra-
tion of circulating antigen [64, 65]. Because this test relies on the interpretation of
color intensity, only serum or plasma samples should be used; strongly hemolyzed or
lipemic samples may contribute too much background color for a clear reading and
should be avoided if at all possible. While a quantitative assessment of the assay’s
colorimetric results shows some correlation to adult female worm burden, there
are several confounding factors (e.g., the age of adult females and transient spikes
in antigenemia following worm death) that may influence these results [66–68].
As such, the use of ELISA color intensity alone to determine worm burden is dis-
couraged and is best complemented with echocardiography and an assessment of
symptomology.

The membrane-bound ELISA represents a simplification of the microtiter format.
Results are either purely qualitative or may provide a “high/low” antigen scoring.
A mixture of blood sample and antibody conjugate is all that needs to be added in
these kits. The lateral flow immunochromatographic assay simplifies this process
even further by incorporating the conjugate onto the capillary bed so that only
the test sample needs to be added. In exchange for this convenience, however,
lateral flow tests are reportedly less sensitive than either of the ELISA-based
formats [65].

Antigen testing benefits from a high degree of specificity (at or near 100% for all
available kits), and while sensitivity is also generally high for all test formats, it is
subject to some variability based on the number of adult female worms present. In
dogs with low worm burden (1–10 adults) sensitivity varies from 52% to 84%, while
specificity remains high at 96% to 98% [65, 69]. As with microfilaria testing, timing
is also important for informative results. Heartworm antigen can be most reliably
detected at least eight months after initial infection; antigen detection may be incon-
sistent at five to seven months and is not usually possible in infections less than five
months old [64]. It should also be noted that in dogs receiving macrocyclic lactone
preventives heartworm antigen may not reach detectable levels until nine months
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after infection [64]. Detectable antigen levels usually precede microfilaremia, poten-
tially allowing for earlier detection, but may also lag by a matter of weeks.

Because these tests rely on detectable levels of circulating adult female antigen,
false-negative results may occur in prepatent infections, male-only infections, and
infections with few adult females. A false-negative result may also occur when
the target antigen is bound in host antigen/antibody immune complexes and is no
longer available for detection [70, 71]. Earlier iterations of the heartworm tests avail-
able today included methods to encourage the dissociation of immune complexes
(e.g. EDTA or heat treatment) as a routine step in sample preparation, but with
improvements to sensitivity in the subsequent generations of these kits, such steps
were removed from standard procedures out of an apparent obsolescence. More
recently, however, heat treatment of samples has been demonstrated to increase the
sensitivity of commercially available canine heartworm tests [72, 73] with similar
findings in feline heartworm [74]. A recent study reported an increase in sensitivity
from 90.7% to 98.4% in mature heartworm infections [75]. While the benefits of
increasing sensitivity are clear, all antigen testing comes with the inherent risk
of false positives; this same study reported a decrease in specificity from 97.8%
to 96.1%. While rare, cross-reactivity in currently available heartworm tests has
been demonstrated which has also been reported with Angiostrongylus vasorum
[76, 77], Spirocerca lupi [78], Acanthocheilonema ohendhali [79], and D. repens [76].
When heartworm infection is suspected despite a negative antigen test result, heat
treatment may help to ensure test accuracy, however, routine heat treatment is not
currently recommended [48–50].

Unfortunately, antigen tests are not as successful at detecting D. immitis infec-
tion in cats as they are for dogs. Feline infections commonly involve few worms
and/or immature worms and therefore are not as likely to produce detectable levels
of antigen [80]. If an antigen test is still desired, the accuracy of diagnosis is greatly
improved when complemented with antibody testing [81]. In ferrets, however, anti-
gen testing remains a sensitive method of detection [61, 82]; antigen is detectable as
early as four months after infection (one month earlier than in dogs and cats) likely
due to greater concentration in a smaller blood volume [83]. Testing in both cats and
ferrets can benefit from imaging techniques due to the complex nature of diagnosing
heartworm infection in these species.

6.4.1.3 Antibody Tests
Antibody testing has long been available for detecting heartworm infection in cats,
a species in which antigen tests are more prone to false-negative results. This test
detects circulating feline IgG antibodies specific to an antigen present in D. immitis
adults and larvae of either sex, which may be detectable as early as two months
after initial infection [84, 85]. The typically strong feline immune response enables
the detection of even single-worm infections. It should be noted that antibody
levels may persist after parasites have been cleared (either naturally or by preven-
tives), so this technique is susceptible to false-positives [86]. As such, radiography
and echocardiography should be considered as supplements to establishing a
diagnosis.
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Antibody tests were once marketed for use in dogs, comprising latex agglutina-
tion, ELISA, and indirect florescent antibody tests [19]. Due to relatively poorer
accuracy, however, these tests have been replaced by more reliable antigen detection
techniques.

6.4.1.4 DNA-Based Tests
While not readily available to most clinicians, the sensitivity and specificity of
polymerase chain reaction (PCR)-based techniques for D. immitis detection in dogs
have been demonstrated in laboratory settings. PCR is capable of detecting microfi-
lariae at very low concentrations and distinguishing closely related species [87–89].
Molecular identification of parasites is advantageous in cases where morphological
characterization is difficult and a definitive diagnosis is desired. Such detection
typically relies on DNA extraction from whole blood, facilitating recovery of genetic
material from microfilariae present in the circulation. This is followed by PCR
amplification of a DNA sequence specific to D. immitis if such a sequence is present
within the sample. While it was historically believed that PCR-based detection of
D. immitis required the presence of microfilariae, limited evidence has suggested
that amplification of cell-free DNA may also be possible [90]. This supports the
possibility that the target signal may be detectable even when samples are collected
from a host harboring an occult infection, theoretically allowing for the detection
of single worm infections, or sexually productive infections prior to the release of
offspring into the circulation. If demonstrated to be reliable and able to be clinically
standardized, such detection would represent a monumental advance for the field
of heartworm diagnostics.

Current laboratory options for the DNA-based detection of D. immitis are limited
to the growing body of assays published in the scientific literature [87–89, 91–93]
and commercially available kits rated for general laboratory or research use only. As
of this writing, clinically approved DNA-based diagnostic options were unavailable
for the detection of D. immitis, leaving veterinary clinics and hospitals without
an approved option for PCR-based confirmatory testing, and making such testing
unrealistic in the vast majority of circumstances. This represents a considerable
gap in the clinical capacity of the veterinary community. DNA-based options for
D. immitis diagnosis at the point-of-treatment are even more limited, with a single
diagnostic method described in the scientific literature [94]. Utilizing loop-mediated
isothermal amplification (LAMP), this assay provides a proof-of-concept for tech-
niques that bring DNA-based testing for D. immitis closer to the local clinic.
However, such approaches will require significant standardization, and many
hurdles remain before clinical use of any similar assay could be considered.

A unique strength of utilizing DNA-based detection approaches for D. immitis is
the capacity to screen vector insects for the presence of pathogen. While some evi-
dence has suggested that current PCR-based approaches for monitoring Dirofilaria
may be ill-suited for the reliable testing of mosquito samples [95], assay-specific
challenges can be easily overcome using advanced bioinformatic approaches to
DNA target selection and assay design [96]. Studies have further demonstrated
proof-of-concept for the detection of parasite in samples collected under field
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conditions from many geographic locations [97–100]. Therefore, while not useful
in a direct clinical sense, vector surveillance provides researchers and veterinary
health care officials with an indirect means of obtaining epidemiological data,
amassing critical information pertaining to geographic ranges of infection, vector
capacity of mosquito populations, and potential for disease spread. With ever
growing importance being placed on the “One Health” approach to the integration
of human and veterinary disease surveillance [101], technologies allowing for
information gathering present unique options for the veterinary community and
provide potential avenues for expanded cross-talk between human and animal
health care professionals.

6.4.1.5 Imaging
Visual assessment of animals suspected of heartworm infection can aid greatly in
diagnosis. Cardiac ultrasound, significantly, can demonstrate current infections by
visualizing adult parasites in situ. Live worms are highly echogenic and appear as
short, parallel lines in the right cardiac chambers or the lumina of the connected
vessels [102, 103]. It should be noted that the appearance and location of adult heart-
worms may be similar to that of the right ventricular chordae tendineae, so care must
be taken to avoid misidentification.

Radiography may be useful as an adjunctive test by showing signs of heartworm
disease, including enlargement of the right ventricle and pulmonary arteries and
abnormal pulmonary patterns. If right-sided congestive heart failure is present,
hepatomegaly and ascites may be observed [104]. Signs of disease, however, do not
necessarily indicate current infection status [105].

The diagnosis of feline heartworm infection presents a special challenge. Several
tests may be necessary in the event that no individual result is definitive and imaging
techniques can contribute strongly to the accurate diagnosis of a suspected infection.
Detecting the presence of worms in the pulmonary arteries by echocardiography or
enlargement of the arterial vasculature, for example, would raise the suspicion of
a heartworm etiology. Radiographic examination of heartworm-infected ferrets is
more likely to reveal cardiomegaly and pleural effusion, while angiography may be
used to visualize adult worms in the venae cavae [61, 106].

6.4.2 Dirofilaria (Nochtiella) repens

Unlike D. immitis, which is found worldwide, D. repens is endemic to Europe and the
Middle East, with especially high prevalence in the Mediterranean Basin [39, 107].
As with all other known members of the genus (with the conspicuous exception
of D. immitis), adult parasites localize in the subcutaneous tissues. This is usually
non-pathogenic in dogs, but the zoonotic potential for D. repens is much higher than
that of D. immitis. Human infection is usually characterized by subcutaneous nod-
ules, but larva migrans-like symptoms may also occur and, notably, larvae may reach
the eye, becoming visible in the conjunctiva. An increasing number of reports have
described the presence of microfilariae in humans [108].
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Adult parasites localize to the subcutaneous and intramuscular connective tissues
of dogs and other carnivores (e.g. foxes, wolves, jackals, and weasels). Following a
prepatent period of 164–238 days, microfilariae are released and enter the peripheral
blood where they are taken up in a blood meal by the mosquito vector [109, 110].
From there, development to the infective stage requires approximately two weeks.
Once in the mammalian host, larvae migrate through the subcutaneous and muscu-
lar connective tissues, developing to the adult stage. Adults usually live two to four
years in this host but can survive as long as ten years [108].

Although less clinically significant than heartworm, the identification of D. repens
in a dog may still have value apart from simply ruling out infection with the former;
symptoms associated with microfilaria hypersensitivity can arise in untreated infec-
tions, including cutaneous erythema and ulcerative pruritic lesions [111]. While it
has been suggested that the localization of these two Dirofilaria spp. in the canine
host ensures little to no opportunity for antigen cross-reactivity [108], it has still be
demonstrated for D. immitis-specific tests and, so, cannot be relied upon with total
certainty [76]. While no serological kits exist for D. repens, diagnosis can be per-
formed by a number of other means.

6.4.2.1 Microscopy-Based Tests
Detection of microfilariae in whole blood is the most common and reliable means
of diagnosis. Concentration methods (like the modified Knott test and filtration
test described for D. immitis) are recommended. According to some studies,
microfilaremia peaks in the late afternoon and evening, especially after meals,
so sensitivity may be increased by timing tests with this circadian periodicity
[112, 113]. The stained microfilariae of D. repens can be differentiated morpho-
logically from other species based on, for example, head shape, tail shape, and
overall length. Treatment of microfilariae with 2% formalin sometimes produces a
distinctive artifact in tail morphology in this and other species, becoming curved
in a “button hook” or “umbrella” shape that can aid identification; note that A.
reconditum shares head and tail features with this species. Staining for localized
acid phosphatase activity may also be diagnostic, especially in cases of ambiguous
parasite morphology.

6.4.2.2 Recovery of Adults
The surgical removal of adult worms in subcutaneous nodules can be diagnostic.
These nematodes are long, tapered at both ends, and whitish in color; adult female
D. repens measure 100–170 mm in length and 4.6–6.5 mm in width, whereas males
measure 48–70 mm in length and 3.7–4.5 mm in width. The parasite cuticle also
bears distinctive longitudinal ridges absent in D. immitis [107]. Most nodules contain
only a single intact worm, and in cases where dermatitis is present (either locally or
generally), it may not be possible to recover any adults [114].

6.4.2.3 Cytology
Samples from suspected parasite-bearing nodules can be taken by fine-needle
aspiration and examined by cytological methods. Infected nodules typically present
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a mixed inflammatory infiltrate with or without eosinophilia. Aspirate samples
may also include uterus fragments, microfilariae, or multinucleated morulae of the
pre-microfilarial stage [107, 114]. Worm sections, if present, can also be visualized
in histological preparations.

6.4.2.4 DNA-Based Tests
If needed, PCR-based testing for adult worms, microfilariae, and vector-borne larval
stages can be performed to confirm species identity, and both multiplexed [89, 91, 92,
115] and singleplex [116] PCR-based assays capable of specifically detecting D. repens
have been described in the scientific literature. Both intact and partial specimens, as
well as microfilariae in whole blood or filtrate, can be used for testing. However,
even when a PCR result is positive, it is recommended that cytological findings in
nodular lesions be used to support a diagnosis [117]. This speaks to the current lack
of clinical approval for all such assays, pointing to a gap in the clinical testing toolkit.

Similar to the research environment surrounding D. immitis diagnostic develop-
ment, at least one assay has been described with the capacity to facilitate DNA-based
detection of D. repens at the point of collection [118]. However, development to date
has been limited to the academic setting, and while novel and worthy of pursuit,
point-of-collection-based testing for D. repens has garnered limited traction in the
research community. Again, similar to the work done by the D. immitis community,
proof-of-concept work for the PCR-based monitoring of mosquitoes for the presence
of D. repens has been performed in a variety of settings [97, 99, 119, 120], but the
feasibility of expanding and standardizing this work has been questioned [95].

6.4.2.5 Imaging
Like D. immitis, the cuticles of adult worms are highly echogenic and can be distin-
guished by ultrasound of nodules as a less invasive alternative to the tests described
above. The worms appear as double linear parallel structures, typical of mature filar-
ial nematodes [114].

6.4.3 Acanthocheilonema (Dipetalonema) reconditum

Though nonpathogenic and of minimal medical concern, A. reconditum is a
common parasite of dogs and its microfilariae must be distinguished from other,
less benign parasites. As its specific epithet suggests, the biology of this nematode
remains poorly studied and many significant details lacking to this day. Despite this,
the parasite has a global distribution and in some regions (including the Mediter-
ranean Basin, South America, southern Africa, and Oceania) may be the most
prevalent filarioid infecting dogs [121]. The parasite is found in red foxes, but their
role as a reservoir remains unknown [122]. In spite of its prevalence, only one
report exists to date of A. reconditum parasitizing humans [123] and, as such, it is
not considered a zoonotic risk.

Adult worms are found in subcutaneous connective tissue, localizing mainly to
the limbs and dorsal regions [124]. After a prepatent period of 67–101 days, females
release microfilariae directly into the bloodstream [125, 126]. Microfilariae are taken
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up in a blood meal by their arthropod vector, either fleas (Ctenocephalides, Pulex,
and Echidnophaga spp.) or lice (Heterodoxus and Linognathus spp.) [121, 124]; the
purported role of ixodid ticks as competent vectors has been rejected. Development
of larvae to the infective stage in Ctenocephalides felis occurs over the course of
7–15 days, depending on environmental temperature [126, 127].

The tick-transmitted filarial nematode A. dracunculoides may present similar diag-
nostic challenges as A. reconditum. Adult worms inhabit the abdominal cavity of
dogs and release microfilariae into the peripheral circulation, which may be con-
fused with those of D. immitis [128]. This species is encountered only in the Old
World.

6.4.3.1 Microscopy-Based Tests
Detection of A. reconditum microfilariae is as for D. immitis, though infections with
this parasite are usually characterized by much lower concentrations than the latter.
Mixed infections do occur, and a heavy microfilaremia should be taken as indicative
of this. The modified Knott test or filter test may be used, preferably with 2% formalin
as morphological analysis is a key means of species identification. The head of the
microfilaria is blunt compared to D. immitis, which is slightly tapered, and the tail
exhibits a distinctive curve (“button hook” or “umbrella” shape); note that both of
these features are also present in D. repens microfilariae. The most recent literature
suggests that the microfilariae of A. reconditum exhibit little if any periodicity, which
seems to agree with the lack of a pronounced circadian rhythm in the feeding habits
of the flea vector [121, 129]. Blood for testing can thus be drawn any time of day.

Histochemical staining for acid phosphatase activity using a commercially
available kit shows diffuse patterning for A. reconditum. This can supplement other
species identification methods because D. immitis exhibits two foci of activity, while
A. dracunculoides exhibits three [24].

The direct smear also has utility in species identification. As mentioned in
Microscopy-based Tests for D. immitis, that parasite exhibits non-progressive
motility, while A. reconditum moves with notable progressive motility, traversing
the microscope field [52]. By their nature, direct smears are less sensitive than
concentration techniques, especially in samples with <10 microfilariae per milliliter
[57]. This is particularly relevant in infections with parasites, such as A. reconditum
and A. dracunculoides, with characteristically low microfilaria concentrations
[121, 130, 131]. As such, use of the direct smear alone for the detection of these
parasites is not recommended.

6.4.3.2 Serological and Molecular Tests
Morphological differentiation of A. reconditum and D. immitis can be challenging
and may not be possible for clinicians without specific training. As such, if species
confirmation is needed, PCR-based testing may be the most useful option [89, 132].
Due to overlapping microfilaria size ranges with A. dracunculoides, PCR may
also be required to distinguish these species [24]. However, as is the case with
Dirofilaria spp., clinically approved DNA-based tests do not exist, despite the
availability of testing options within the published literature [88, 89, 133, 134].
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The development of a clinically approved PCR-based test for the detection of A.
reconditum, or of a multiplexed test enabling the simultaneous detection of both D.
immitis and A. reconditum, would be of great benefit to the veterinary community,
as diagnosis based on morphology alone may result in misdiagnosis, particularly
when infections are light or the condition of the microfilariae within a sample
is suboptimal [135]. While of reduced concern using current methods, historical
reports of possible cross-reactivity of A. reconditum when testing for D. immitis
using serological methods also exist [136].

6.4.4 Brugia pahangi

A parasite naturally infecting cats, Brugia pahangi, is endemic to southeast Asia and
India with a reported prevalence of 11% to 25% in feline populations [11, 137–139].
Adult worms find their predilection site in the lymphatics, causing inflammation
and fibrosis therein [140]. Dogs are also permissive to infection; while largely asymp-
tomatic, the presence of worms may cause lymphadenopathy and lymphedema in
canine hosts [141]. Considering the similarity of microfilariae from this species and
the human-parasitic B. malayi, determining the extent of zoonotic potential is diffi-
cult, however, molecular tests have identified B. pahangi in cases of human filariasis
[142]. Numerous wildlife hosts have been reported (e.g. primates, wild felids, and
civets) that may serve as sylvatic reservoirs [143].

Both larval and adult stages of B. pahangi are found occupying the lymphatics,
though they have also been recovered from subcutaneous tissues. In dogs, adults
are most commonly recovered from the mandibular, retropharyngeal, and axillary
lymphatics [144]. Adult males are 17.4–20 mm in length, whereas females reach
38–63 mm [140]. The prepatent period in cats is 69–96 days [145]. Microfilariae reach
the peripheral circulation where they are taken up by the mosquito vector in a blood
meal (primarily Mansonia, Anopheles, and Armigeres spp.) [146]. While B. pahangi
is not present in the United States, mosquitoes including Anopheles and Psorophora
spp. endemic to Louisiana have been identified as potential vectors [30].

Other, less common Brugia spp. have been identified in dogs and cats, which may
be mistaken for B. pahangi on blood smears. Brugia ceylonensis is a parasite found
in dogs that has some zoonotic potential; it is endemic to Sri Lanka with one survey
putting prevalence in the canine population at 7% [31]. Distinguishing diagnostic
features (e.g. staining features and gene accessions for PCR) is currently lacking,
complicating definitive identification of this species [11]. Brugia beaveri is found in
the southeastern United States; it has been identified in cats, with raccoons serving
as the most significant natural host. Species identification relies on morphological
characteristics [33, 147]. Brugia patei is found in east Africa, where it is known to
infect dogs, cats, and genets. Though very little information exists on this species,
microfilariae are described as morphologically similar to B. malayi and B. pahangi
[32]. B. malayi is discussed separately in the following section.

6.4.4.1 Microscopy-Based Tests
Detection of B. pahangi microfilariae in the blood is achieved by the same methods
as for D. immitis. A concentration technique, like the modified Knott test, is preferred
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as it allows morphological examination. Microfilariae can be found in the peripheral
blood at any given time, but some studies report a subperiodic nature in the infection,
peaking either during the day or night [148, 149].

The microfilariae of Brugia spp., unlike any of the other filarial parasites discussed
here, possess a distinctive sheath derived from embryonic eggshell [150]. While the
sheath is lost by microfilariae of other species in the uterus, Brugia spp. retain it
until ingested by the mosquito vector and undergoes penetration of the midgut. With
staining, the structure of the sheath becomes very apparent and, combined with mor-
phometric findings, is useful for diagnosis. Staining for acid phosphatase activity can
also aid in identification; rather than foci of activity, B. pahangi is characterized by
diffuse staining throughout the length of the worm [151].

6.4.4.2 Serological and Molecular Tests
ELISA and immunoprecipitation have been used experimentally to detect circulat-
ing B. pahangi antigen in cats, but no commercially available test exists [152, 153].
PCR-based approaches have also been described in the scientific literature that may
allow for species-specific screening and diagnosis. However, many of the assays
proposed to be capable of differentiating B. pahangi from other species of Brugia
require the use of cumbersome techniques, such as PCR coupled with restriction
fragment length polymorphism (RFLP) analysis [154, 155] or the cloning and
sequencing of PCR products in an attempt to differentiate closely related Brugia
spp. [12]. While such approaches have been employed in operational research
settings [11, 13, 156, 157], PCR–RFLP is prone to sample contamination-related
error and cloning/sequencing requires a significant level of technical expertise and
infrastructure. Database-derived sequences available for comparative analysis of
results are also imperfect, with questionable annotation in some instances. Thus,
such assays are extremely difficult to standardize and are poorly suited for use at the
level of the local clinic. While the development of assays utilizing increasingly auto-
mated techniques such as high-resolution melting real-time PCR (HRM real-time
PCR) [158–160] has helped to overcome some of the technical challenges associated
with PCR–RFLP and sequencing-based approaches, these techniques are costly
and ill-suited to use outside of a reference or research laboratory. Furthermore,
standardization and clinical approval are currently lacking.

6.4.5 Brugia malayi

This is a parasite of notable concern in human medicine, occurring in India and
southeast Asia where it is one of the principal causative agents of lymphatic filariasis.
But, cats also serve as competent hosts for B. malayi, with prevalence reaching as
high as 20% in endemic feline populations [139, 161]. Primates, wild felids, civets,
and pangolins have been found to carry infections and may serve as reservoirs [162].

As with B. pahangi, larvae and adults localize in the lymphatics [163]; adult males
are 13–23 mm long, whereas females are 43–55 mm long [164]. Here, adult worms
may cause pathology by occluding the lymphatic vessels. In experimentally induced
infections with B. malayi, cats have been observed to develop gross dependent
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limb edema [165]. The prepatent period in feline hosts ranges from 70 to 147 days
[166, 167]. Mosquitoes draw microfilariae from the peripheral blood, which, after
approximately 10 days, develop to infective third-stage larvae.

It is important to distinguish B. malayi from other species with less zoonotic
potential. While a number of cases of B. malayi infection have been reported in dogs
[11–13, 157, 168], the limitations of contemporary testing methods leaves some
ambiguity. Differentiation from species more likely to infect canids, like B. pahangi
and B. ceylonensis, is required to confidently reach such a diagnosis.

6.4.5.1 Microscopy-Based Tests
Microfilariae can be detected using the same methods as for B. pahangi, the modified
Knott test being recommended. The microfilaremia in feline B. malayi infection is
typically lower than in B. pahangi infection [169]. Though a nocturnally periodic
strain of B. malayi exists in humans, cats are only known to be naturally infected
with the subperiodic strain of this parasite. Furthermore, experimentally induced
infections of cats with the periodic strain produce subperiodic microfilaremias in
this host [8, 143]. Therefore, feline blood samples drawn at any time of day can be
expected to yield reasonable results.

The microfilariae of B. malayi are morphologically similar to other Brugia spp.
Staining can be used to reveal the innenkorper (central viscus), which is shorter in
B. malayi than B. pahangi [170]. Acid phosphatase activity can also distinguish these
two species; two foci of staining (excretory and anal pores) are typical in B. malayi
microfilariae, where B. pahangi is characterized by diffuse staining throughout the
length of the body [151].

6.4.5.2 Serological and Molecular Tests
An indirect immunofluorescence test has been described for feline infection with B.
malayi [171]. This test was reported to be more sensitive to microfilaremic infections
than amicrofilaremic infections.

Gold standard DNA-based detection of Brugia infections in humans employs
assays targeting the HhaI repeat sequence [172, 173]. While these assays demon-
strate exceptional sensitivity, they are specific only at the genus level. Because B.
pahangi is generally believed to pose a limited zoonotic risk to humans, the inability
to differentiate various species of Brugia is not generally of concern when testing
human samples. However, when working with animal populations suspected of
serving as reservoir hosts, the capacity for species-level differentiation becomes
critical.

While felids constitute a well-documented reservoir population for B. malayi, the
possible role played by canids as a reservoir host remains an open question. Numer-
ous studies have proposed to demonstrate the existence of B. malayi infection in wild
canids [11–13, 157, 168]. However, conclusions have been based on the imperfect
methods available to the researchers, and therefore, significant ambiguity remains.
As such, both the human and veterinary communities would benefit greatly from the
development of an assay that is capable of reliably differentiating B. malayi from B.
pahangi. Standardization of one or more of the HRM real-time PCR assays described
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in the scientific literature [158–160] could prove capable of filling this void, but such
assays have not yet been used to incriminate canids as a reservoir host for B. malayi.
A conventional reverse transcriptase PCR reaction has also been described with the
capacity to differentiate B. malayi from B. pahangi through the exploitation of a
single nucleotide polymorphism in the TC8100 gene transcript [174]. At present,
however, this assay remains largely untested under field conditions.

Similar to the PCR-based methods described above, point-of-collection-based
assays for the detection of Brugia are limited to genus-level discrimination. Assays
utilizing LAMP [175], helicase-dependent amplification [176], and mini-PCR [177]
have been described.

6.4.6 Onchocerca lupi

The medical significance of this parasite has only recently been appreciated.
Onchocerca lupi infection has been described in dogs and cats and is now also
deemed an emerging zoonosis [178, 179]. It has been reported in the southwestern
United States, Europe, and the Middle East, as well as in animals with a history of
travel to those regions [180–183]. Infected dogs are usually asymptomatic but can
present with ocular signs, including subconjunctival and episcleral nodules. Diag-
nosis of this infection may be accomplished by detection of nodules or parasites on
ophthalmic evaluation. If adult worms develop in the retrobulbar space, however,
no obvious signs of infection may be present [184]. In zoonotic infections, humans
may develop spinal, orbital, and subdermal nodules. Less invasive, subconjunctival
manifestations have only been reported in Europe [179]. This parasite was first
identified in a steppe wolf, so wild canids are suspected as potential reservoirs [185].

Adults of this species are typically found in nodules associate with ocular connec-
tive tissue. Microfilariae, in contrast to the other filarial species described, are found
in the skin of their host where they are available to hematophagous vectors. The
prepatent period remains unknown. Microfilariae of O. lupi localize preferentially
to the ears, nose, and intrascapular, periocular, and umbilical regions [186]. As of
this writing, only the black fly Simulium tribulatum has been described as a putative
vector, though biting midges and other Simulium spp. have been considered [187].

6.4.7 Microscopy-Based Tests

Due to their subcutaneous localization, skin biopsies are necessary to collect
microfilariae. This is a more invasive and labor-intensive technique than the
routine blood sampling required for other microfilaria tests. Briefly, a skin biopsy is
collected either by skin snip (i.e. using a scalpel blade) or a biopsy punch (8 mm is
preferred). The sample is then soaked in saline solution at 37 ∘C for 6–12 hours, after
which the sediment is examined by microscopy for the presence of microfilariae
that have emerged. This method is also useful for monitoring microfilaridermia
during treatment. As mentioned prior, microfilariae may be recovered at greater
concentrations from some anatomical regions, including the ears, nose, and
intrascapular, periocular, and umbilical regions. Concentration may also depend
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on periodicity, with one study reporting greatest mean microfilarial recovery in
the afternoon [186]. As with all filarial infections, microfilaria tests are subject to
false-negative results when infections are in the prepatent phase.

The microfilariae of O. lupi and Cercopithifilaria spp. are both recoverable by skin
biopsies and may need to be differentiated [188]. The latter comprise three species
of veterinary concern encountered in Europe (Cercopithifilaria grassii, Cercopithi-
filaria bainae, and another incompletely described species) and C. bainae in Brazil
and the United States, all vectored by the brown dog tick (Rhipicephalus sanguineus)
[36, 189–191]. These species can be morphometrically distinguished, O. lupi micro-
filariae being consistently shorter in length.

6.4.7.1 Recovery and Imaging of Adults
In the event that nodules are removed from the site of infection, adults of O. lupi
can be identified by histopathological examination. Characteristic cuticular patterns
can be used for identification with staining (e.g. hematoxylin and eosin) and light
microscopy; the O. lupi cuticle exhibits a pair of inner transverse striae between each
pair of outer cuticular ridges [192].

Ultrasound can be used as a minimally invasive means of visualizing adult worms,
which appear as hyperechoic round lesions in the periorbital tissue. This carries the
advantage of revealing parasites in the retrobulbar space, which may be missed by
ophthalmic examination. Neither MRI nor CT scanning are found to be as useful as
ultrasound [193].

6.4.7.2 Molecular Tests
Both conventional and real-time PCR techniques are available for the molecular
identification of O. lupi [194–196]. As these assays target DNA elements of the O.
lupi genome, they allow for the detection of both adult and larval parasite stages.
Currently, serological methods for the detection of O. lupi are lacking. Therefore,
while not yet standardized or approved for clinical use, DNA-based options are
an attractive strategy and PCR assays have been used to identify the presence of
infection in multiple geographic locations [187, 192, 197]. These methods have also
proven useful for the detection of the pathogen within vector insects [187, 196].
As efforts to identify and incriminate competent species of vectors remain ongoing,
the high-throughput nature and specificity of detection makes such DNA-based
assays increasingly attractive as vector surveillance tools. Only through the success-
ful completion of properly conducted incrimination studies can potential ranges of
infection be determined and the risk of disease spread be assessed.

6.5 Conclusions

Over a century of research, the diagnostic methods developed for filarial nematodes
have been varied and numerous, taking advantage of their particular life cycles and
biological characteristics. For most species of veterinary importance, multiple tests
exist that provide complementary means of detection and identification (i.e., the
pairing of microscopy-based techniques with molecular techniques), allowing
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for a well-informed diagnosis. As technologies develop, however, new options
may become more appealing. DNA-based tests are desirable for their sensitivity
and specificity, overcoming some of the persistent issues in immunodiagnostic
methods. The benefits of developing and validating such tests are clear, and current
work may allow DNA-based identification of more species, and in formats more
readily available to clinicians. This may be especially beneficial for work with less
well-studied filarial species, for which validated testing is particularly lacking.
With the advent of rapid, molecular techniques, however, the importance of
microfilaria detection might easily be discounted. Nevertheless, direct observation
of microfilariae provides important information on the present status of infection,
likelihood of adverse reactions, and reservoir potential; as such, it should regularly
accompany other approaches for the most reliable, informative diagnostic picture.

The characteristics most desirable in a diagnostic test may differ between human
and veterinary medicine, the former focusing on community-level treatment
with the ultimate goal of complete elimination, and the latter operating on a
patient-by-patient basis. Similarly, some tests require sensitive reagents and/or
equipment and may be suitable for a clinical setting but not fieldwork. Despite
such differences, techniques for the detection and treatment of filarial parasites
developed in the veterinary arena have seen use in human medicine, and vice
versa. Rapid and reliable methodologies are universally sought after, and advance-
ments made in the diagnosis of one filarial species, or in one particular host, may
beneficially translate to others.
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99 Şuleşco, T., Volkova, T., Yashkova, S. et al. (2016). Detection of Dirofilaria
repens and Dirofilaria immitis DNA in mosquitoes from Belarus. Parasitol.
Res.Springer 115: 3535–3541.

100 Mckay, T., Bianco, T., Rhodes, L., and Barnett, S. (2013). Prevalence of Dirofi-
laria immitis (Nematoda: Filarioidea) in mosquitoes from northeast Arkansas,
the United States. J. Med. Entomol. Oxford University Press Oxford, UK 50:
871–878.

101 Tahir, D., Davoust, B., and Parola, P. (2019). Vector-borne nematode diseases in
pets and humans in the Mediterranean Basin: an update. Vet World. Veterinary
World 12: 1630.

102 Badertscher, R.R. 2nd, Losonsky, J.M., Paul, A.J., and Kneller, S.K. (1988).
Two-dimensional echocardiography for diagnosis of dirofilariasis in nine dogs. J.
Am. Vet. Med. Assoc. United States 193: 843–846.

103 Moise, N.S. (1988). Echocardigraphy. In: Canine and Feline Cardiography (ed.
P.R. Fox), 113–156. New York, NY: Churchill Livinstone, Inc.

104 Thrall, D.E. (2018). Canine and Feline Lung. In: Textbook of Veterinary Diagnos-
tic Radiology, 7e (ed. D.E. Thrall), 710–734. Philadelphia, PA: Elsevier.

105 Venco, L., Genchi, C., Vigevani Colson, P., and Kramer, L. (2003). Relative util-
ity of echocardiography, radiography, serologic testing and microfilariae counts
to predict adult worm burden in dogs naturally infected with heartworms. In:
Recent Advances in Heartworm Disease: Symposium (eds. R.L. Seward and D.H.
Knight), 111–124. Batavia, IL: American Heartworm Society.

106 Supakorndej, P., Lewis, R.E., McCall, J.W. et al. (1995). Radiographic and angio-
graphic evaluations of ferrets experimentally infected with Dirofilaria immitis.
Vet. Radiol. Ultrasound. Wiley 36: 23–29. Available from: https://doi.org/10
.1111/j.1740-8261.1995.tb00208.x.

107 Capelli, G., Genchi, C., Baneth, G. et al. (2018). Recent advances on Dirofilaria
repens in dogs and humans in Europe. Parasites Vectors. BioMed Central 11:
663.



References 153

108 Genchi, C. and Kramer, L. (2017). Subcutaneous dirofilariosis (Dirofilaria
repens): an infection spreading throughout the old world. Parasites Vectors.
BioMed Central 10: –517.

109 Petry, G., Genchi, M., Schmidt, H. et al. (2015). Evaluation of the adultici-
dal efficacy of imidacloprid 10%/moxidectin 2.5%(w/v) spot-on (Advocate®,
Advantage® Multi) against Dirofilaria repens in experimentally infected dogs.
Parasitol. Res. Springer 114: 131–144.

110 Webber, W.A.F. and Hawking, F. (1955). Experimental maintenance of Dirofi-
laria repens and D. immitis in dogs. Exp. Parasitol. 4: 143–164. Available from:
http://linkinghub.elsevier.com/retrieve/pii/0014489455900072.

111 Otranto, D., Dantas-Torres, F., Brianti, E. et al. (2013). Vector-borne helminths
of dogs and humans in Europe. Parasites Vectors. BioMed Central 6: 16.

112 Ionica, A.M., Matei, I.A., D’Amico, G. et al. (2017). Dirofilaria immitis and D.
repens show circadian co-periodicity in naturally co-infected dogs. Parasites
Vectors. England 10: 116.

113 Di Cesare, A., Otranto, D., Di Giulio, E. et al. (2013). Microfilarial periodicity of
Dirofilaria repens in naturally infested dogs. Parasitol Res. 112: 4273–4279.

114 Giori, L., Garbagnoli, V., Venco, L. et al. (2010). What is your diagnosis?
Fine-needle aspirate from subcutaneous mass in a dog. Vet. Clin. Pathol. Wiley
39: 255–256.

115 Laidoudi, Y., Davoust, B., Varloud, M. et al. (2020). Development of a multiplex
qPCR-based approach for the diagnosis of Dirofilaria immitis, D. repens and
Acanthocheilonema reconditum. Parasites Vectors. BioMed Central 13: 1–15.

116 Vakalis, N., Spanakos, G., Patsoula, E., and Vamvakopoulos, N.C. (1999).
Improved detection of Dirofilaria repens DNA by direct polymerase chain
reaction. Parasitol. Int. Elsevier 48: 145–150.

117 Manzocchi, S., Venco, L., Piseddu, E. et al. (2017). Positive PCR alone should
not be considered sufficient to establish Dirofilaria repens as the cause of sub-
cutaneous nodular lesions in the absence of a clear cytologic picture. Vet. Clin.
Pathol. United States: 389–390.

118 Raele, D.A., Pugliese, N., Galante, D. et al. (2016). Development and application
of a loop-mediated isothermal amplification (LAMP) approach for the rapid
detection of Dirofilaria repens from biological samples. PLoS Negl. Trop. Dis.
Public Library of Science San Francisco, CA USA 10: e0004789.

119 Latrofa, M.S., Montarsi, F., Ciocchetta, S. et al. (2012). Molecular xenomon-
itoring of Dirofilaria immitis and Dirofilaria repens in mosquitoes from
north-eastern Italy by real-time PCR coupled with melting curve analysis.
Parasites Vectors. Springer 5: 76.

120 Dyab, A.K., Galal, L.A., Mahmoud, A.E.-S., and Mokhtar, Y. (2015). Xenomon-
itoring of different filarial nematodes using single and multiplex PCR in
mosquitoes from Assiut Governorate, Egypt. Korean J. Parasitol. Korean Society
for Parasitology 53: –77.

121 Brianti, E., Gaglio, G., Napoli, E. et al. (2012). New insights into the ecology
and biology of Acanthocheilonema reconditum (Grassi, 1889) causing canine



154 6 Veterinary Diagnosis of Filarial Infection

subcutaneous filariosis. Parasitology: 139. Available from: http://dx.doi.org/10
.1017/S0031182011002198.
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Abstract

Treatment options for the major human filariases are predicated on an understanding
of the diseases themselves and the history of control efforts. In this chapter, we provide
an integrated summary of onchocerciasis, lymphatic filariasis, and loaisis based on con-
sideration of pathology and diagnosis as a basis for therapy. The origins of antifilarial
drugs and their incorporation into treatment and control programs are reviewed. We
provide a summary of currently recommended chemotherapeutic regimens for Mass
Drug Administration as well as individual treatment in non-endemic regions and com-
ment on remaining challenges in this area.

7.1 Introduction

Humans can be parasitized by several species of filarial nematodes. Of them, three
have attracted most chemotherapeutic attention: parasites that cause lymphatic filar-
iasis (LF), including most prominently Wuchereria bancrofti and to a lesser extent
Brugia timori and Brugia malayi; the parasite that causes onchocerciasis (river blind-
ness, Onchocerca volvulus); and Loa loa, also called the African eye worm. Infections
with Mansonella spp. (Mansonella ozzardi, M. streptocerca, M. perstans) are mostly
asymptomatic and are rather poorly studied in humans. Of these diseases, onchocer-
ciasis and LF are classified as neglected tropical diseases (NTDs) and are found
almost exclusively in tropical areas, primarily in resource-limited regions.
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Filariae are two-host parasites; humans are the definitive hosts in which sexual
reproduction occurs, and an arthropod intermediate host, in which parasite devel-
opment occurs, is required to transmit the parasite from one person to another [1].
Parasites that cause LF are transmitted by multiple species of mosquito in two gen-
era (Anopheles and Culex), while onchocerciasis and loiasis are transmitted by flies
in the genera Simulium and Chrysops, respectively. These arthropod vectors acquire
L1 larval stages (microfilariae; mf) during a blood meal from the human host; L1
larvae subsequently molt twice to the L3 (infective) stage in the vector, from which
they are introduced into a new host during a blood meal and subsequently develop
to adult stages. L3 larvae molt inside the human host to L4 and then L5 stages before
maturing to adults over a period of months.

Humans appear to be the exclusive hosts in natural settings for O. volvulus,
W. bancrofti, B. timori, and L. loa, whereas B. malayi can infect other mammals
(most notably felines). Accidental infections may also occur with other filariae,
for example, with the canine heartworm Dirofilaria immitis, but these infections
almost never produce fertile adult parasites.

As noted, filarial infections are almost entirely found in people living in areas
with limited healthcare resources, where they compete with more urgent needs
for diagnostic and therapeutic attention. As a result, and due to the fact that
filarial diseases are transmissible and most of the time highly prevalent in a locale,
antifilarial chemotherapy has been primarily directed at community-level control
rather than treatment of individuals following diagnosis. Current treatment of river
blindness and LF relies on preventive chemotherapy (PC), in which medicines are
administered annually or biannually. Ivermectin (IVM) is given alone for onchocer-
ciasis and in combination with albendazole (ALB) for LF in onchocerciasis regions,
with diethylcarbamazine (DEC) given in combination with IVM and ALB where
onchocerciasis is absent. The strategy in place in Africa for onchocerciasis is
Community Directed Treatment with Ivermectin (CDTI) developed by the former
African Program for Onchocerciasis Control (APOC). The objective for control
is reduction of larval stages (mf) of the parasites in humans and consequently
reduction of transmission among populations at risk of infection or illness. In
onchocerciasis, in which pathology is primarily caused by mf, this strategy also
markedly reduces blindness and skin disease. Morbidity management is also a
component of control for LF (https://www.who.int/neglected_diseases/resources/
9789240696471/en/), leading to programs in which entire communities in endemic
areas are treated without individual diagnosis.

These efforts are coordinated by several stakeholders, including endemic
countries, funders, donor countries, pharmaceutical companies, and the WHO
(ESPEN|Expanded Special Project for Elimination of Neglected Tropical Diseases).
Mass drug administration (MDA) campaigns of chemotherapy in humans have
demonstrated the potential to lead to the elimination of these parasites as public
health problems and perhaps even their elimination.

The onchocerciasis control program was designed to accomplish two aims. The
first was to eliminate transmission of the parasite that causes onchocerciasis by
markedly reducing the population of mf in treated populations, and secondly to
reduce overall pathology in patients; targeting mf abundance had the important
aim of preventing ocular and dermal pathology, with special emphasis on the
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prevention of blindness. Both aims were achieved by the prolonged suppression of
mf in the blood or skin of infected individuals through yearly or twice-yearly oral
doses of IVM.

The LF program was also built around two main objectives: the reduction of mf in
treated subject to reduce transmission with one or twice a year mass treatment with
DEC or IVM combined with ALB (now all three in combination; see below). The
second objective was morbidity management of LF-related lesions (elephantiasis
and hydrocele).

Both programs have had marked benefits on the prevalence of pathological
manifestations of these infections and have led to the elimination of LF and
onchocerciasis as public health problems in many areas. Indeed, MDA programs
have almost eradicated O. volvulus in the Americas [2]. Despite these efforts,
elimination has not yet been achieved and challenges for controlling these diseases
remain. A major limitation to success is that adult filaroid parasites can live for
almost 15 years in the human host. Macrofilaricidal drugs can speed up the time
to elimination. In this regard, doxycycline kills the Wolbachia endosymbiotic
bacteria of O. volvulus and LF worms, leading to sterilization and death. However,
a constraint with this drug is the long duration of treatment needed for efficacy
(four to six weeks). This constraint means that doxycycline cannot easily be used
for MDA. The combination of IVM+DEC+ALB appears to be macrofilaricidal in
LF (see below); if consistently confirmed in LF areas, this strategy would clearly
accelerate progress toward elimination.

In April 2020, the WHO published a new road map for NTDs for the period
2021–2030 [3], which aims to guide countries to achieve Sustainable Development
Goal 3.3: to ensure healthy lives and promote well-being for all at all ages and to end
endemics of NTDs by 2030. It proposes important shifts for NTD programs, which
will be fundamental to sustain progress for NTD control, including filarial diseases.
The need for a more holistic approach to address cross-cutting development issues
and strong country ownership, including domestic funding, has been recognized,
and programs and activities to fight NTDs should be further combined to achieve
maximum return on investment. This has become even more obvious during
the current SARS-CoV-2 pandemic, in which tremendous financial and strategic
investments are being made that could potentially be useful for NTDs as well.

LF has been eliminated as a public health problem in 17 countries as of 2019.
The new roadmap targets 58 countries (81% of the total). Three critical actions are
identified:

(1) Start MDA in all endemic districts and strengthen MDA in all settings. Imple-
ment improved interventions where appropriate (e.g. three-drug treatment in
settings that qualify; strategies for hotspots).

(2) Improve capacity for morbidity management and disability prevention; priori-
tize in primary health care and as part of universal health coverage.

(3) Improve diagnostics, strengthen criteria for stopping MDA, establish post-MDA
and post-validation surveillance standards; update guidelines with new tools
and strategies as appropriate.

Onchocerciasis has been eliminated from four countries in the Region of the
Americas and is now targeted for elimination (interruption of transmission) in
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12 countries (31% of countries in which the parasite is transmitted). Three critical
actions are identified:

(1) Start MDA in all endemic areas after mapping, improve delivery of current MDA
programs and implement alternative strategies where appropriate.

(2) Develop improved diagnostics to facilitate mapping and decisions to eliminate
transmission; develop improved diagnostic strategy for L. loa; increase program
capacity to perform entomological and laboratory diagnostics.

(3) Develop a macrofilaricidal drug and diagnostic tool or other elimination strate-
gies to accelerate interruption of transmission; design a case management strat-
egy; develop and implement elimination strategies for L. loa co-endemic areas
where onchocerciasis is hypoendemic.

A future challenge will be improved mapping of cases with a sensitive and spe-
cific diagnostic tool to allow a more targeted approach for treatment, especially for
onchocerciasis, for which no sensitive, noninvasive diagnostic tools are available.
This is a fundamental requirement to reduce costs to country programs, pharma-
ceutical partners, and international donors.

Loiasis, however, is not yet incorporated into the roadmap, despite its clinical man-
ifestations, such as localized angioedema (Calabar swelling), itching, muscle pain,
neurological, cardiac and renal complications (see below). The same status applies
to mansonellosis, which, in contrast to other filarial diseases, generally appears to
be asymptomatic, particularly in individuals living in endemic regions.

In this chapter, we discuss disease symptoms, drugs available for use in humans,
and current treatment approaches.

7.2 Clinical Presentation

7.2.1 Lymphatic Filariasis

Adult LF parasites live in nests in lymphatic vessels, often in the groin region,
where they disrupt the function of the lymphatic system, sometimes resulting in
lymphangitis and progressively massive swelling of downstream limbs or tissues.
Adult parasites are the primary source of pathology. Microfilariae released from
fertilized females enter the bloodstream, where they are available to mosquito
vectors, but are not associated with significant harm to the infected individual.

LF varies from subclinical infection to chronic manifestations, resulting in lym-
phatic damage and dysfunction leading to recurrent swelling and disfigurement of
the limbs (elephantiasis), genitalia (hydrocele) in men, and sometimes breasts in
women. The three species cause similar signs and symptoms, although urogenital
disease and chyluria do not occur in Brugia infections.

Most individuals with patent infections documented by the presence of micro-
filaremia do not have clinically overt manifestations of a lymphatic pathologic
process. Nevertheless, imaging studies indicate that asymptomatic infected adults
and children may have compromised lymphatic function [4–7]. Overt sequalae
first become apparent during adolescence and early adulthood, often as acute
adenolymphangitis (AFL, acute filarial lymphangitis) with fever and swelling
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of the leg, arm, or the male genitalia. These episodes may last up to a week in
persons who have been previously asymptomatic or longer in persons who have
experienced repeated attacks. Pathology that progresses toward the lymph node
from a peripheral site is believed to be due to secondary bacterial infections and
not inflammation elicited by filarial worms [8]. Repeated episodes of AFL and
reversible episodes of lymphedema often precede the development of chronic
lymphatic pathology that includes lymphedema of the legs, arms, breasts, and
chronic disfigurement of the male genitalia.

Genital manifestations are more common in W. bancrofti infection than in Bru-
gia spp. infection. Genital involvement includes hydrocele and other forms of geni-
tal disease, such as funiculitis, epididymitis, orchitis, and lymphedema of the scro-
tum [9] in men, and vulvar lymphedema in women [10]. The pathogenesis of these
manifestations of lymphatic filariasis is poorly understood [7, 11], but is related
to lymphatic damage caused by living adult W. bancrofti. Chyluria, resulting from
rupture of dilated retroperitoneal lymphatic structures into the renal pelvis, is a rare
but serious manifestation of LF. Albeit itself painless, weight loss and malnutrition
can occur because of the loss of chyle, which contains dietary lipids, proteins, and
vitamins. The frequency of chyluria in filariasis is not known, but it is lower than
appearance of lymphedema or hydrocele.

Lymphedema occurs in the legs, scrotum, penis, breast, and arms. It is more com-
mon in the lower extremities with asymmetric involvement. In bancroftian filariasis,
lymphedema can involve the entire limb, whereas in brugian filariasis, the swelling
is restricted to the distal extremities below the knee or elbow. The most severe cases
are referred to as elephantiasis [12].

Tropical pulmonary eosinophilia (TPE), another manifestation, is associated with
W. bancrofti and B. malayi infection. Patients are typically middle-aged men who
present with nocturnal asthma, cough, fever, and weight loss. The pathogenesis of
TPE results from an exaggerated allergic hypersensitivity response to mf as they
migrate through pulmonary blood vessels. It is most commonly observed in South
and Southeast Asia and endemic areas of Brazil and Guyana.

7.2.2 Onchocerciasis

Adult O. volvulus reside primarily in subcutaneous and deep tissue nodules and pro-
duce first stage larvae (mf) [7]. Symptoms develop over many years into chronic skin
and ocular manifestation. The immunological response to the death of mf is respon-
sible for the disease symptoms, ranging from skin itching and impaired vision to
disfiguring skin lesions and blindness based on the location of mf.

Adult females, alone or in groups, reside in these nodules, which are visited by
males. Shed mf migrate to the skin, from which they may be acquired by a black fly
vector. Unlike LF parasites, adult O. volvulus cause little overt pathology. Instead,
immune-mediated killing of mf causes skin and eye damage, defining the pathology
of the infection. In the skin, these include acute and chronic papular dermatitis,
lichenified dermatitis, atrophy, and depigmentation [7]. The earliest and most trou-
blesome symptom of onchocercal skin involvement is itching [13]. Skin changes
have been classified as acute papular onchodermatitis (APOD), chronic papular
onchodermatitis (CPOD), localized onchodermatitis, atrophy, and pigmentation
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changes [14]. More than one type of skin disease can coexist. Atrophy of the skin
is relatively common in areas of high endemicity, showing many characteristics of
aging, such as loss of elasticity, and the skin appears excessively wrinkled. Hair may
be lost and sweating reduced. Depigmentation, “leopard skin,” is associated with
patches of complete pigment loss. A rare manifestation is the “hanging groin” or
“adenolymphocele” that is observed only in heavy and long-standing infections.
The infection may also cause inguinal lymph node fibrosis and atrophy of the
overlying skin that leads to the appearance of hanging groin [15].

Ocular disease in onchocerciasis is characterized by pathology in both anterior and
posterior segments of the eye [7]. Early stages typically begin with the appearance
of anterior punctate lesions consisting of opacities of the superficial corneal stroma.
Up to 100 or more opacities measuring 0.5 mm in diameter may be observed [15].
These lesions result from local inflammation around dead corneal mf and heal with-
out scarring. Anterior punctate keratitis can be asymptomatic or accompanied by
conjunctival injection, chemosis, limbitis, and epiphora. Long-standing and heavy
infections can result in massive mf invasion of the cornea and other anterior regions,
leading to later stages of disease, including sclerosing keratitis, a progressive irre-
versible scarring of the cornea [16]. Sclerosing keratitis and accompanying anterior
pathologies (e.g., anterior uveitis, iris atrophy, anterior and posterior synechiae, sec-
ondary cataract, and glaucoma) usually develop after the second decade, resulting
in blindness. Progressive pathologic changes predominantly in the posterior seg-
ment of the eye also account for much of onchocercal-induced blindness. These
include retinal pigmentary disturbances, chorioretinitis, chorioretinal atrophy, sub-
retinal fibrosis, and, finally, optic nerve atrophy [17, 18]. Onchocercal chorioretinitis
appears to be a chronic, indolent, low-grade, progressive inflammation rather than
an active, fulminant disease. In both anterior and posterior segments, ocular pathol-
ogy is caused by an immunological response to the invasion and local death of mf
[19]. The presence of mf in the anterior chamber is associated with increased risk of
serious eye lesions. The presence of many mf in the anterior chamber seems to be a
precursor to the development of posterior segment lesions [20]. Finally, higher skin
mf levels, particularly>10 mf/mg, are associated with optic nerve disease [19]. Thus,
individuals with greater-intensity infections, i.e., high densities of mf, are more likely
to develop severe ocular disease.

Other associated conditions have been described, including a form of dwarfism
and epilepsy. A related epidemic form of epilepsy, termed nodding syndrome, has
recently gained attention and may be related to O. volvulus–induced antibodies that
cross-react with proteins expressed on the surface of neurons [7].

7.2.3 Loiasis

Adult worms migrate through subcutaneous tissues and sometimes beneath the con-
junctiva (hence the popular name eye worm). The clinical spectrum of loiasis is
broad, ranging from asymptomatic infection to life-threatening complications. Sub-
conjunctival migration of adult worms is usually accompanied by transient swelling
of the lid and intense conjunctivitis. Localized angioedema (Calabar swelling) is
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a typical sign. Although most episodes resolve spontaneously and completely, rare
cases of retinal artery occlusion and macular retinopathy due to aberrant migration
of the adult parasite have been reported [21]. Atypical symptoms, such as cardiac,
respiratory, renal, neurological, gastrointestinal, and other pathologies, including
early mortality in heavily infected individuals, have been underestimated, as recent
studies show [22, 23]. Except for eye worm and renal abnormalities, clinical signs
and symptoms are more common in visitors to Loa-endemic areas than in indige-
nous people and reflect a heightened immune response to the parasite. Conversely,
mf are detectable in peripheral blood of most endemic individuals with loiasis but
are rare in infected visitors [24]. Familial clustering of microfilarial density in an
endemic area in Cameroon suggests that host genetics play a role [25].

Although serious complications of loiasis are rare, a recent study demonstrated
increased risk of death in infected individuals with high levels of microfilaremia [23].
In persons with high-level microfilaremia, the most serious complication of L. loa
infection is meningoencephalitis, triggered during treatment with DEC or IVM, but
not ABZ, possibly due to the immune-mediated, rapid destruction of large numbers
of mf and the mechanical effects of mf paralyzed or killed by treatment that create
emboli of high numbers of mf in the capillary circulation [26, 27].

7.2.4 Mansonellosis

In contrast to other filarial diseases, the clinical presentation of Mansonella spp.
infections generally appears milder, and thus this parasite is not included in general
strategies to eliminate filariases. Most infections with M. perstans are believed
to be asymptomatic. When symptoms occur, they appear related to migration of
adult worms and include transient subcutaneous swellings (similar to those caused
by L. loa), pericarditis and pleuritis, and ocular symptoms (e.g., impaired visual
acuity) if mf enter the eye. Nonspecific symptoms, including fever, fatigue, pruritus,
arthralgias, and abdominal pain, may occur. Headache and neuropsychiatric
symptoms have also been reported. Signs may include lymphadenopathy and
eosinophilia. Mf of M. ozzardi circulate in the skin and in the blood, whereas M.
streptocerca has dermal mf; hence if symptoms develop, patients present pruritus,
rash or unexplained eosinophilia, edema, lymphadenopathy, articular pains, fever,
headache, vertigo, and pulmonary symptoms in the case of M. ozzardi [28].

7.3 Diagnosis

Filariases are diagnosed by obtaining an appropriate exposure history in areas where
the disease is endemic in combination with pathological signs and symptoms. This
has to be certified via a definitive diagnosis, traditionally made by microscopic
detection of the parasite, with some assays available for the detection of parasite
antigens or DNA, or immunoglobulin responses to the parasite [29]. Diagnostics
support individual-level treatment choices, inform population-level decisions on
changing treatment frequency or stopping mass treatment, enable disease surveil-
lance, and provide confidence in validating or verifying elimination or certifying
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eradication. Although classical clinical and microscopic techniques are often
adequate for mapping disease distribution and for monitoring the progress of most
NTD interventions, the need for improved diagnostics comes into much sharper
focus as infection prevalence declines and elimination or eradication becomes a
possibility.

7.3.1 Microscopic Detection

The standard detection of blood-dwelling mf (W. bancrofti, Brugia spp., L. loa) is
made in a thick blood film stained with Giemsa or hematoxylin, which allows filar-
ial speciation. Blood should be drawn according to the periodicity of the suspected
species (with adjustment for recent [<2 weeks] travel from a different time zone) to
coincide with peak microfilarial levels. Although mf can be detected in thick blood
smears stained with Giemsa or Wright’s stain, concentration techniques, includ-
ing Knott’s concentration, saponin lysis, and nucleopore filtration of anticoagulated
blood, are useful in patients with low numbers of circulating mf. Skin dwelling mf (O.
volvulus, M. streptocerca) are diagnosed by skin snips using a corneoscleral punch.
The skin snip is incubated in saline and examined using an optical microscope to
detect emergent mf. Ocular mf can be detected by slit lamp examination.

Microfilariae can be distinguished from each other by differences in periodicity,
size, presence or absence of a sheath, and positioning of nuclei extending to the tip
of the tail [30]. Rapid point-of-care quantification of L. loa mf in blood has recently
been demonstrated using a cell phone–based video-microscope and can be used to
identify individuals with high microfilarial levels at risk for severe adverse effects of
microfilaricidal therapy [31].

While microscopic identification of parasites is highly specific, sensitivity declines
when the prevalence and intensity of the infection are very low, and co-infection can
complicate detection. For example, in loaisis-endemic areas, L. loa mf appear in skin
snips in heavily infected patients [32].

7.3.2 Serological Detection

Detection of circulating filarial antigen is the most widely used method for diagno-
sis of W. bancrofti. Plasma or serum can be tested using a commercially available
rapid-format immunochromatographic test strip [33]. This test is semiquantitative,
more sensitive than microscopic detection of mf and can be performed at any time
of the day. This test is specific for W. bancrofti, except among individuals co-infected
with a heavy burden of L. loa [34]. In contrast to diagnosing an active infection, expo-
sure to filarial parasites is measured in most of the other available rapid diagnostic
tests (RDTs) specific for human IgG4, as it is the case for the L. loa RDT [35], bru-
gian filariasis [36], and onchocerciasis [37]. It has been widely recognized that more
sensitive and specific tools are needed to support elimination programs.

A low-molecular-weight antigenic protein termed Ov16 has been used to
develop an enzyme-linked immunosorbent assay (ELISA) and RDT for diagnosis of
onchocerciasis [37]. Nevertheless, due to limitations of these tools, including that
they detect past infections, more sensitive and specific tests are required to ensure
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disease elimination, optimally with the ability to identify active infections (i.e.,
detection of parasite antigens instead of antibodies that recognize them). The main
diagnostic tool for loiasis is the blood smear or preferably calibrated blood smear
with blood collected during the day (10 a.m.–2 p.m.) and stained with Giemsa.
The Loa Antibody Rapid Test is also available with high sensitivity and medium
specificity [35].

Antigen- or antibody-based assays are the best methods for diagnosis of trav-
elers; they are simple to perform and sensitive, and most laboratories outside of
filarial-endemic areas do not have experience detecting mf. Immunodiagnostic tests
are useful for confirming the diagnosis of filariasis in travelers from endemic areas
who have characteristic clinical symptoms or unexplained eosinophilia without
detectable blood mf.

7.4 History of Anthelmintics Currently Used for MDA
in Human Filariases

7.4.1 Diethylcarbamazine

Drug discovery and development are almost entirely driven by commercial inter-
est. Particularly in low resource settings, this creates a tremendous imbalance in the
availability of drugs. During and following World War II, faced by the challenges of
tropical parasitic diseases encountered by the military, government, academic, and
industrial laboratories discovered and developed a range of antiparasitic drugs for
human use.

For filariasis, antimonials and arsenicals had been used without satisfactory
results. The first effective drug on the scene was the piperazine derivative,
1-diethyl-carbamyl-4-methyl-piperazine hydrochloride (DEC; Hetrazan), intro-
duced in 1947. DEC showed remarkable efficacy in experimental filarial infections,
i.e., Litomosoides sigmodontis (formerly: Litomosoides carinii) and Dirofilaria immi-
tis, as well as in humans infected with W. bancrofti (reviewed in [38]). Treatment
markedly reduced circulating mf. In 1950, a citrate salt (Supatonin) was synthesized
[39], and its microfilaricidal effects were confirmed (reviewed in [40]). It was,
however, quickly discovered that DEC administration to onchocerciasis patients
leads inevitably to adverse reactions that could be life-threatening in heavily
infected patients (reviewed in [7, 41]). This reaction was described in 1948 by Luis
Mazzotti in patients after treatment with DEC [42], including dermal, lymphatic,
musculoskeletal, and cardiovascular symptoms. A similar reaction was observed in
animal models [43]. Pretreatment with corticosteroids reduced clinical symptoms
during DEC treatment, but at the same time reduced efficacy [44, 45], pointing to
the involvement of the immune system in rapid drug-induced clearance of mf.

Studies in Brugia-infected individuals supported the positive effects of DEC [46].
Many important studies were carried out in the South Pacific islands, where more
than 10 000 American soldiers suffered clinical filariasis due to nocturnal periodic
W. bancrofti during World War II. These studies addressed optimization of the dose
and treatment schedule of DEC; based on the results, control programs with various
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regimens were implemented in different endemic countries. By the mid-1970s,
the standard DEC regimen for W. bancrofti infection in mass treatment had been
established: a total dose of 72 mg/kg given in 12 divided doses, once weekly or
monthly at 6 mg/kg each [47]. However, difficulties in multidose treatment were
encountered in many LF-endemic communities, especially in the WHO/Samoa
Filariasis Research project, in which a year-long multidose MDA regimen was
conducted twice in 1956/1966 and 1971 utilizing limited health resources, making
the government reluctant to repeat this procedure. This was the time when an
annual single 6 mg/kg dose of DEC was reported successful in French Polynesia
[48]. This was repeated in Samoa when 6 mg/kg was delivered to the entire popula-
tion, except infants under the age of 1, pregnant women, and sick and elderly people
[49]. A similar program in Fiji confirmed the effectiveness of annual single-dose
MDA. Between 1979 and 1981, doses of 4–8 mg/kg DEC were compared, and based
on higher incidence of adverse events at 8 mg/kg [48], the Western Pacific Regional
Office of the WHO implemented a national MDA program using 6 mg/kg DEC.

Despite showing that a single-dose regimen is effective, the multidose treatment
schedule remained in use for many years. Kimura concluded that researchers at that
time focused more on the cure of infection in the early stage of dosing trials and thus
were in favor of multi-dosing [50]. In contrast, a small number of researchers, espe-
cially those working in less developed settings, paid more attention to the feasibility
of a treatment scheme. It became obvious that an annual scheme was much easier
and more practical than the multidose scheme. Therefore, a regimen that was more
operationally feasible was selected instead of one that was potentially more effective
[50]. In 1984, the WHO Expert Committee of Filariasis recognized the effectiveness
of annual treatments of 6 mg/kg DEC for LF control [51].

The extraordinary pharmaceutical stability of DEC under lab conditions, includ-
ing autoclaving, made its use as a salt additive a treatment option. In 1967, at a
time when LF was being addressed primarily as a clinical problem by case iden-
tification and standard treatment was a 12-day regimen, initial studies were done
using DEC-fortified salt. Efficacy of DEC-fortified salt is well-established, and China
and India demonstrated success with DEC salt intervention at the programmatic
level (reviewed in [52]). Advantages of this strategy include that it causes few or
no adverse events compared with DEC tablets. Whether DEC-fortified salt could be
used for onchocerciasis without inducing side effects has not been fully elucidated.
DEC salt, however, despite its success, has never been adopted by MDA programs. As
for all microfilaricidal drugs, it may be contraindicated in areas co-endemic for L. loa.

7.4.2 Ivermectin

Streptomyces avermitilis, a microbe that produces anthelmintic avermectins, was iso-
lated from a soil sample obtained on a Japanese golf course in a project led by Satoshi
Omura at the Kitasato Institute, and the commercial product IVM was then gener-
ated and developed by a team led by William Campbell at Merck, both of whom
were acknowledged with the Nobel Prize in Medicine in 2015 for the impact of their
discovery on global health. In the mid-1980s, IVM became the first-choice drug for
onchocerciasis due to its safety profile in microfilaremic patients. Several studies
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led to its registration, comparing its efficacy against DEC and identifying the dose
necessary [53–57]. The results suggested that there is no advantage in administer-
ing doses >150 μg/kg and that the higher dose of 200 μg/kg may be associated with
an increased incidence of adverse effects. Additional data and a longer follow-up
period would be needed to clearly assess the performance of this dose compared
with 100 μg/kg. Thus, 150 μg/kg was chosen as the dose of IVM for use in onchocer-
ciasis control programs. A higher dose (800 μg/kg) was tested for macrofilaricidal
efficacy; IVM at 150 μg/kg or 800 μg/kg given every three months had some macro-
filaricidal effects, but of insufficient magnitude to warrant incorporation into MDA
programs [58].

IVM was introduced in 1988 for LF based on efficacy against W. bancrofti infec-
tion [59]. Since efficacy of a single dose ranging from 25 to 200 μg/kg was remarkable,
and often better than obtained with DEC, it was suggested as a replacement for DEC
[60]. Further studies identified that the ability of IVM to reduce microfilaremia was
higher than DEC during the first year, but slightly less so during the second year.
Higher efficacy of DEC in LF was also reported in Brazil [61]. This study inves-
tigated the filarial dance sign associated with the presence of adult parasites in a
lymph “nest,” and no change was observed after IVM; it was concluded that IVM
was not macrofilaricidal in LF. Nevertheless, in all studies performed with IVM, it
appeared to be a potent microfilaricide with a good safety profile, with the exception
of patients harboring very high L. loa microfilarial load (>30 000 mf/ml), in whom
cases of Severe Adverse Events (SAEs) were described, including fatalities [26 and
see below].

7.4.3 Albendazole

Benzimidazoles were originally developed as plant fungicides and later as veterinary
anthelmintics, with the first developed and licensed for human use being thiabenda-
zole in 1962. Since then, four other benzimidazoles (mebendazole, ABZ, flubenda-
zole, and triclabendazole) have been licensed for human use in various parts of the
world; ABZ is the only one approved for use in filariases. An initial trial in LF showed
that ABZ (600 mg) combined with IVM (400 μg/kg) was initially more effective than
the combination of ABZ (600 mg) plus DEC (6 mg/kg), but with no difference in
mf reduction after 15 months. The extent of the therapeutic effect of the addition
of ABZ to either DEC or IVM on filarial parasites remains unclear, as both bene-
ficial effects [62–64] and no additive effects have been reported [65–68]. A recent
Cochrane analysis revealed no additional benefit of ABZ in combination with DEC
three years after treatment [69], although a recent study in DRC showed positive
effects of semi-annual ABZ over several years against W. bancrofti [70]. Since ABZ is
highly effective against gastrointestinal helminths, its routine inclusion in LF control
programs is recognized for providing additional benefits of broader health signifi-
cance, including increased compliance and potential help against the development
of resistance.

Thus, throughout the world, except in loiasis or onchocerciasis zones of Africa, a
combination of either IVM/ABZ (Africa) or DEC/ABZ was used for MDA for LF
in areas where onchocerciasis is not prevalent (https://apps.who.int/iris/handle/
10665/259381) in the following regimens:
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Annual single-dose treatment (for four to six years) with IVM (200 μg/kg) or DEC
(6 mg/kg) coadministered with ABZ (400 mg). Also applicable is a one-drug regimen
with DEC (6 mg/kg) alone or DEC-fortified salt (0.2–0.4% w/w) substituted for regu-
lar table/cooking salt for 6–12 months. As noted, ALB (400 mg) alone administered
twice a year appears to have some efficacy against LF and can be recommended for
the treatment of this disease in loiasis-endemic areas to avoid post treatment SAEs
due to IVM [70] if confirmed in additional studies. Very importantly, the discovery
that a single treatment with the combination of ABZ, DEC, and IVM administered
simultaneously may have high macrofilaricidal efficacy in LF [71] has enormous
implications for the time needed to achieve elimination of these parasites and has
been adopted in the guidelines for LF elimination. Confirmation of efficacy in addi-
tional studies is awaited. Whether this regimen can be safely used in onchocerciasis
endemic areas is currently under investigation (clinicaltrials.gov/ NCT04188301).

7.5 Chemotherapy of Human Filariases

Current drug treatment options for filariases are summarized in Table 7.1.

7.5.1 Control of Lymphatic Filariasis

Prior to the initiation of organized control programs, elimination efforts were per-
formed locally. The first countries to address LF were India and China [72], rec-
ognizing the extent of the health and economic costs of this disease on national
well-being as a justification for prioritizing its elimination. China’s basic strategy
starting in the 1950s was to test at-risk populations for mf in the blood (particularly
challenging because of the parasite’s nocturnal periodicity), treat mf-positive indi-
viduals with DEC for multiple weeks, and then ensure that the entire populations
of its 15 endemic provinces (330 million people) either received single treatments of
DEC or utilized DEC-fortified table salt routinely. These principal approaches were
embedded in a highly organized and regimented framework of rigorous monitoring,
evaluation, data management, logistics, and social science. In the 1980s, countries
including Japan, Korea, the Philippines, the Pacific Island countries, Malaysia, Thai-
land, Indonesia, Egypt, and Brazil followed and initiated LF control programs based
on DEC administration [73]. DEC was effective everywhere, but the optimal regi-
men for reducing mf or killing adult worms remained controversial until studies in
the Pacific, Brazil, and elsewhere showed that a single dose of DEC (6 mg/kg) was
essentially equivalent to the same dose repeated daily for two or three weeks, with
both regimens leading consistently to partial clearance of microfilaremia and partial
killing of adult worms [73–75].

In 1997, the World Health Assembly made a resolution to eliminate LF as a public
health problem. Consequently, the Global Programme to Eliminate Lymphatic Filar-
iasis (GPELF) was organized and started its worldwide activities in 2000, with the
target of elimination by 2020. The Global Alliance to Eliminate Lymphatic Filariasis
(GAELF) was formed the same year to support this unprecedented global program.
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Table 7.1 Treatment options and clinical pharmacology of antifilarial drugs.

Drug Loa loaO. volvulus
Lymphatic

Contraindicationsfilariasis

DEC Adult: −
Mf: ++

Adults: +
Mf: ++

Adults: +
Mf: ++

Onchocerciasis,
loaisisa)

Adults:ABZ −
Mf: -

Adults: (+)
Mf: -

Adults: (+)
Mf: −

IVMb) Adults: (+)
Mf: ++

Adults: −
Mf: ++

Adults: −
Mf: ++

Loiasis

DOXc) Adults: ++
Mf: -

No Wb Adults: ++
Mf: −

MOX Adults: −
Mf: ++

LoiasisNot yet testedNot yet tested

Drugs and drug regimens
Lymphatic filariasis

MDA [103]
IVM 200 μg/kg+ABZ 400 mg or DEC 6 mg/kg+ABZ 400 mg
Recently recommended: DEC 6 mg/kg+ABZ 400 mg+ IVM 200 μg/kg

US

[104]
Adult:
Day 1: DEC 1× 50 mg p.o. after meals
Day 2: DEC 3× 50 mg p.o.
Day 3: DEC 3× 100 mg p.o.
Day 4–14: DEC 3× 2 mg/kg/d p.o.
Pediatric:
Day 1: DEC 1× 1 mg/kg p.o. after meals
Day 2: DEC 3× 1 mg/kg p.o.
Day 3: DEC 3× 1–2 mg/kg p.o.
Day 4–14: DEC 3× 2 mg/kg/d p.o.
[12, 105]
DEC 6 mg/kg for 1 or 12 d
Alternative: DOX 200 mg/d for 4–6 wk

Europe

[106]
DEC 3× 2 mg/kg/d for 12 d
Alternative: DEC 6 mg/kg single dose
Alternative: DOX 100 mg orally twice a day for 4–6 wk (could be
combined with DEC)
[107]
DOX 2× 100 mg/d p.o. for 4–6 wk, followed by ABZ 1× 400 mg p.o. and
DEC 1× 6 mg/kg p.o.
[108]
DOX 200 mg/d p.o. for 4 wk, preferred over DEC
Alternative: DEC 6 mg/kg for 12 d
Brugia: total dose: 36 mg/kg for 7 d
Wuchereria: total dose: 72 mg/kg for 14 d
In case of high mf levels, slowly increasing dose:
Day 1: DEC 1× 50 mg p.o.
Day 2: DEC 3× 50 mg p.o.
Day 3: DEC 3× 100 mg p.o.
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Table 7.1 (Continued)

Day 4-d): DEC 3× 150 mg/kg/d p.o.
For the treatment of allergic reactions:
3× 1–2 mg betamethasone, starting 2 d prior to DEC, stepwise dose
reduction after 7 d
IVM, if DOX or DEC is contraindicated

Tropical pulmonary eosinophilia

US [103]
DEC 2× 3 mg/kg/d p.o. for 14 d

Europe [106–108]
DEC 3× 2 mg/kg/d p.o. 12 or 14 to 21 d

Onchocerciasis
IVM 150MDA μg/kg

US

[109]
To kill mf: IVM 150 μg/kg every 6 mo
To kill adult worms: DOX 200 mg/d for 6 wk
[15]
DOX 200 mg/d for 6 wk+ IVM 150 μg/kg

Europe

[110]
IVM 150 μg/kge)every 6 mo
Alternative: DOX 100 or 200 mg/d for 6 wk
[107]
DOX 200 mg/d for 6 wk+ IVM 200 μg/kg p.o. single dose after 4 mo
[108]
DOX 200 mg/d for 6 wk+ 2× IVM 100–200 μg/kg single dose

Loiasis
Not treatedMDA

US

[21, 111]
Symptomatic loiasis with mf/ml <8000:
DEC 8–10 mg/kg/d p.o. divided three times daily for 21 d
Symptomatic loiasis with mf/mL <8000 and failed two rounds DEC or
symptomatic loiasis with mf/ml ≥8000 to reduce level to <8000 prior to
treatment with DEC: ABZ 2× 200 mg/d for 21 d followed by DEC
Symptomatic loiasis with mf/ml ≥8000 alternative: Apheresis followed
by DEC

US

[112]
Loiasis with mf/ml <8000:
Day 1: DEC 1× 50 mg p.o.
Day 2: DEC 3× 50 mg p.o.
Day 4–21: DEC 3× 2.7–3.3 mg/kg/d
Loiasis with mf/ml >8000: ABZ 2× 200 mg/d p.o. for 21 d to reduce
microfilaremia <1000 mf/ml before initiating DEC
Alternative: Apheresis followed by DEC
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Table 7.1 (Continued)

Europe

[107]
Loiasis with mf/ml <1000:
Day 1: DEC 1× 25 mg p.o.
Day 2: DEC 1× 50 mg p.o.
Day 3: DEC 3× 50 mg p.o.
Day 4: DEC 3× 100 mg p.o.
Day 5–21: DEC 3× 150 mg/d
Loiasis with mf/ml >1000: ABZ 2× 200 mg/d p.o. for 21 d to reduce
microfilaremia <1000 mf/ml before initiating DEC

[108]
Loiasis with mf/mL <1,000:
Day 1: DEC 1× 1 mg/kg p.o.
Day 2: DEC 1× 3 mg/kg mg p.o.
Day 3: DEC 6 mg/kg p.o.
Day 4–21: DEC 9 mg/kg/d
Loiasis with mf/mL >8000: ABZ 2× 200 mg/d p.o. for 21 d to reduce
microfilaremia <1000 mf/ml before initiating DEC
Alternative: Apheresis followed by DEC

Loiasis with mf/ml <8000:
IVM 150–200 μg/kg p.o. single dose to reduce microfilaremia <

1000 mf/ml

Mansonella perstans
Not treatedMDA

US
[28]
DEC 2× 200 mg+MBZ 100 mg daily p.o. for 21 d
In areas where M. perstans harbor Wolbachia: DOX 200 mg/d p.o. for 6 wk

Europe

[107]
MBZ 100–200 mg daily p.o. for 21 d +
Day 1: DEC 1× 25 mg p.o.
Day 2: DEC 1× 50 mg p.o.
Day 3: DEC 3× 50 mg p.o.
Day 4: DEC 3× 100 mg p.o.
Day 5–21: DEC 3× 150 mg/d
In areas where M. perstans harbor Wolbachia: DOX 2× 100 mg/d p.o. for
6 wk

[108]
Without symptoms: no treatment required.
With symptoms: DEC (total dose 75 mg/kg)
Alternative: mebendazole 200–500 mg/d for 30 d

Mansonella streptocerca

US
[28]
DEC 6 mg/kg/d for 14–21 d and/or IVM 1× 150 μg/kg to reduce mf load,
if symptomatic
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Table 7.1 (Continued)

Europe

[107]
Day 1: DEC 1× 25 mg p.o.
Day 2: DEC 1× 50 mg p.o.
Day 3: DEC 3× 50 mg p.o.
Day 4: DEC 3× 100 mg p.o.
Day 5–21: DEC 3× 150 mg/d
+ IVM 1× 200 μg/kg to reduce the mf load, if symptomatic

Mansonella ozzardif)

US [28]
IVM 1× 150 μg/kg

Europe

[107]
DOX 2× 100 mg/d p.o. for 6 wk+ IVM 1× 200 μg/kg to reduce the mf
load, if symptomatic

[108]
DEC is effective against mf and adult worms

Clinical pharmacology

Diethylcarbamazine

Trade names Hetrazan, Carbilazine, Caricide, Cypip, Ethrodyl. Notezine, Spatonin,
Banocide Forte, and Eofil

6 mg/kgMDA dose
Cmax 80–200 ng/ml
Tmax 1–2 h
T1/2 8 h

No food effect observed, recommended to take after mealFood effect
DDIg) None significant reported

Albendazole
Zentel, Escazole, Albenza, Valbazel, and many othersTrade names
400 mgMDA dose

Cmax 1310 ng/ml (range 460–1580 ng/ml)
Tmax 2–5 h
T1/2 8–12 h

Dose proportional increase up to fivefold should be taken with foodFood effect

DDI
Dexamethasone, praziquantel, cimetidine, theophylline, grapefruit juice,
carbamazepine, phenytoin, phenobarbital, clozapine, and other drugs
metabolized through CYP450 family (2D6, 1A2)
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Table 7.1 (Continued)

Ivermectin
Stromectol, Mectizan, Scabioral, RevectinaTrade names
150–200MDA dose μg/kg

Cmax 46 ng/ml (range 16.4–101.1 ng/ml)
Tmax 4 h
T1/2 18 h

Food effect Absorption improved with high-fat meal up to 2.5-fold should be taken
without food

DDI
Barbiturates (such as phenobarbital, butalbital), benzodiazepines (such as
clonazepam, lorazepam), sodium oxybate (GHB), valproic acid, and other
drugs metabolized through CYP450 family (3A4) and P-gp

a) DEC used with caution in loiasis, as severe adverse effects have been reported.
b) IVM not approved for use in children weighing less than 15 kg or under the age of 5 years.
c) Doxycycline is contraindicated in children under the age of 9 years and in pregnant women.
d) Duration of DEC treatment depends on parasite species, up to 14 days.
e) IVM may not be registered for human use for this indication in every country.
f) Efficacy of DOX has not been studied in this infection.
g) Drug–drug interactions.

The alliance includes health ministries of endemic countries, UN agencies with the
WHO as secretariat, the private sector, NGOs, academia, and government bodies. It
is essential to recognize that these programs would not be feasible without the essen-
tial drugs being supplied free of charge, namely GSK (ABZ), Merck & Co (IVM), and
Eisai (DEC).

In MDA, all people living in an endemic area are treated, with or without diag-
nosis of an ongoing infection. The basic strategy is to conduct annual single-dose
MDA campaigns for four to six years. In 2000–2007, at least 570 million individuals
were treated in 48 of 83 endemic countries. The drugs used for MDA are the com-
bination of DEC (6 mg/kg) and ABZ (400 mg) in onchocerciasis-free areas, and IVM
(200 μg/kg) and ABZ (400 mg) in onchocerciasis-endemic areas of Africa. The reason
for the use of two separate regimens is that DEC can cause severe adverse reactions if
administered to Onchocerca-infected individuals. As noted above, a triple drug com-
bination (IVM+DEC+ALB; IDA) has recently been recommended by WHO for LF
treatment in non-onchocerciasis areas [71] and is being trialed in patients with low
levels of O. volvulus microfilaridermia to determine if it is safe and macrofilaricidal
in onchocerciasis.

It must still be recognized that many infected people are asymptomatic despite
large numbers of blood-borne mf and that administration of microfilaricidal agents,
including DEC and IVM, can cause sometimes fatal SAEs. This risk in populations
co-infected with multiple filariae, especially L. loa, continues to pose challenges for
global elimination programs for LF and onchocerciasis.

The GPELF has achieved impressive results in terms of parasitological
cure/improvement, clinical benefits, social and economic impacts, etc. Of note is
the program’s success in mobilizing hundreds of millions of local people, who not
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only took drugs but also actively supported MDA programs as drug distributors and
volunteers. Beyond filariasis, the role volunteers can play in supplementing rural
health services is now a topic of discussion and a source of hope for new and more
sustainable systems.

7.5.2 Control of Onchocerciasis

Historical chemotherapeutic treatments for onchocerciasis were of limited efficacy
and safety, including suramin and DEC. Neither intervention was suitable for MDA,
and both drugs have been removed from use for this indication. The situation
changed with the introduction of IVM. Based on its activity against filarial parasites
of veterinary significance, especially Dirofilaria immitis [76] and in multiple
experimental animal models, IVM was tested in human onchocerciasis patients and
shown to be effective as a prolonged-action microfilaricide after a single oral dose
with few side effects [77, 78]. Adult worms examined after nodulectomy were found
to have prolonged suppression of mf production. Realization that a single yearly
treatment with IVM could markedly limit transmission and pathology led to the
decision by Merck and Co. to donate the drug in the Mectizan Donation Program
(MDP) for MDA campaigns to control onchocerciasis.

Adoption of IVM for MDA was swift and has risen to the level of 300 million
doses per year (https://mectizan.org/what/overview/). Although the dose remains
the same (150 μg/kg), some programs, particularly in the Americas, adopted a bian-
nual rather than annual administration scheme to reduce time to elimination by
keeping mf levels very low [79]. Notable achievements toward control and elimi-
nation of onchocerciasis have been made in many countries through MDA cam-
paigns [80], though reaching the current goals for global elimination is thought to
be unlikely to be met through IVM distribution alone [81].

Current guidelines recommend annual (or biannual) treatment of every individ-
ual in targeted communities with an oral tablet of IVM (Mectizan) based on height.
The current height-based IVM dosing has a range of 3–12 mg for four different height
groups (90–119 cm, 120–140 cm, 141–158 cm, and >158 cm). Children below 15 kg
and visibly pregnant women are excluded from MDA [82].

Recognition that SAEs, including coma and death, can occur in individuals har-
boring high levels of L. loa microfilaremia who were treated with IVM [26, 83] fore-
stalled extension of MDA programs to loaisis regions. Efforts to perform MDA in
these areas rely on individual diagnosis of L. loa microfilaremia using microscopic
assays, but since these areas were previously excluded from MDA, they contribute to
incomplete coverage of current MDA programs. A new strategy termed “Test and Not
Treat” (TaNT), based on the use of the LoaScope to estimate L. loa microfilaraemia
before treatment to exclude heavily infected patients, can allow safe implementation
of MDA in loiasis endemic areas [84].

7.5.3 Recent Developments

Two other medicines are relevant for treatment of filariases: doxycycline (DOX) and
moxidectin. Wolbachia symbionts are essential for most filarial parasites [85]. DOX
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was approved by the US FDA in 1967 for the treatment of bacterial infections of
humans and clinicians have a large body of experience in its use. The discovery that
the parasites that cause onchocerciasis and LF harbor Wolbachia endosymbionts
led to evaluation of approved antibiotics for utility in these infections. Long-term
sterilization and macrofilaricidal efficacy were shown in animal models, which was
translated into clinical trials in human onchocerciasis and LF. A meta-analysis of
the available data from clinical trials on onchocerciasis [86] has shown that the three
tested regimens, DOX (200 mg/day) for four weeks, 200 mg/day for six weeks [87],
and 100 mg/day for five weeks [88], are broadly equivalent, in particular with regard
to sterilizing effects on adult worms; therefore, DOX treatment with 200 mg/day for
four weeks can be considered as standard anti-Wolbachia treatment. With its lack of
a direct microfilaricidal effect, DOX causes fewer parasite-related side effects than
DEC or IVM. Shorter courses of DOX are not sufficient for adult worm killing, but do
lead to long-term inhibition of the production of new mf. Similar results were found
for LF infections with a treatment duration of four weeks [89]. Anti-Wolbachia ther-
apy has been shown in a pilot trial to improve lymphatic pathology and decrease
severity of lymphoedema and hydrocele in LF patients, which is currently being fur-
ther investigated in a large multi-center trial [90]. Community-level compliance with
a six-week, 100 mg per day regiment has been demonstrated [91] and suggests the
feasibility of treatment implementation even if some logistical difficulties remain for
the follow-up of such a long regimen at the community level.

Since DOX lacks acute microfilaricidal activity and, in addition, L. loa do not har-
bor Wolbachia, DOX does not pose a threat of SAEs in high-risk Loa patients. Despite
its long treatment duration, it is currently being tested as an alternative treatment
for L. loa-coinfected patients with high Loa mf loads in clinical trials in Cameroon
(Kamgno et al., personal observation).

Antibiotics are not as commonly used in many onchocerciasis-endemic regions as
in wealthy countries, partially allaying fears of selecting antibiotic-resistant strains of
bacterial pathogens during intensive, prolonged use of DOX for onchocerciasis. The
necessity for prolonged daily dosing has limited its incorporation in onchocerciasis
control campaigns and has led to research to identify antibiotics that are equally
effective in shorter (i.e., <2 weeks) regimens [92, 93]. Should resistance to IVM
become a therapeutic problem [94], implementation of a DOX regimen could pre-
vent the spread of resistant parasites; this has not yet become necessary. As the
treatment regimen is rather long and the drug is contraindicated in children<9 years
of age and in pregnant or breastfeeding women, DOX is not suitable for MDA pro-
grams, but should be considered for individual treatment or for use in difficult to
treat areas.

Moxidectin, like IVM, is a macrocyclic lactone endectocide. It is significantly more
lipophilic than IVM and has a considerably longer serum half-life in humans [95,
96]. It also is more potent than IVM against many species of filarial parasites. Clin-
ical trials in onchocerciasis patients showed that a single oral dose of moxidectin
safely provided longer suppression of microfilaridermia than IVM [97], and the drug
received FDA approval at a dose of 8 mg for this indication in 2018. It remains to be
seen how moxidectin will be employed in MDA programs for onchocerciasis control.
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Modeling studies suggest that its superior efficacy could accelerate progress to elim-
ination [98]. Currently, a large post-registration trial is being set up to investigate the
safety of moxidectin for use in MDA programs (clinicalicaltrials.gov/NCT04311671).

Safety of moxidectin in special populations is currently being investigated, e.g.
children (clinicalicaltrials.gov/NCT03962062) and those residing in Loa-endemic
regions (clinicalicaltrials.gov/NCT04049851). It remains to be elucidated how a drug
donation program, if organized, will intersect with the existing Mectizan system for
distribution of IVM.

7.5.4 Treatment of Travelers, Expatriates, Immigrants, and Refugees

With the rise in global migration and travel to remote destinations, filariases can
occur in non-endemic areas in immigrants, refugees, and travelers. Imported cases
seem to be decreasing, which could be due to the success of the global control pro-
grams [99, 100]. The risk of infection and development of chronic manifestations
is very low for the traveler, as the parasite is rather poorly transmitted to humans
by infected vectors [100], typically requiring prolonged exposure. Unlike the situa-
tion in endemic countries, readily available treatment in the Western world allows
definitive diagnosis and treatment to cure the patient, without the risk of contin-
uous exposure and reinfection. Clinicians should be familiar with imported NTDs,
including LF, onchocerciasis, and loiasis. Differential diagnosis, travel history assess-
ment, and a definitive diagnostic test should be done. Treatment guidelines do not
officially exist; however, recommendations in Western countries are based on the
evidence described in this and other chapters of this book. They may vary from
country to country. The following represent our understanding of the consensus
recommendations.

For LF, DEC (6 mg/kg) is the drug of choice. Since DEC is no longer registered, it
is not freely available in the United States or Europe, but can be obtained from the
US-Centers for Disease Control or international pharmacies. Common side effects
are dizziness, nausea, fever, headache, or pain in muscles and joints and are com-
mon especially in those patients with evident parasitemia. As for MDA, co-infection
with onchocerciasis warrants an alternative strategy and IVM (200 μg/kg) is recom-
mended. Although official recommendations are awaited, the triple combination of
DEC (6 mg/kg), IVM (200 μg/kg), and ALB (400 mg) can provide sustained reduction
in mf levels (up to three years). This regimen was adopted by the WHO for MDA out-
side sub-Saharan Africa, and it could be reasonable to use this regimen at six-month
intervals until patients are amicrofilaremic and circulating antigen negative [12].
Due to its macrofilaricidal potential and the added benefit of halting or reducing
lymphedema, a four-week course of DOX (200 mg/day) could also be considered in
symptomatic patients.

For TPE, treatment with DEC leads to symptomatic improvement and reduces
eosinophilia and immunoglobulin E levels. Retreatment may be necessary in some
cases. If the infection is not treated, progressive interstitial fibrosis and restrictive
lung disease may develop [101].
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Patients with onchocerciasis should be treated to prevent chronic disease develop-
ment. IVM (150 μg/kg) is recommended to remove mf, but some countries suggest
the combination of IVM and DOX (four to six weeks, 200 mg) to remove mf while
slowly killing adult worms. Surgical removal of onchocerciasis nodules can be indi-
cated when high numbers of mf are being produced or the nodule is located close
to the eye and is often done whenever palpable nodules are present. Contraindi-
cations for IVM treatment are conditions associated with an impaired blood–brain
barrier because penetration of the drug into the central nervous system can cause
lethargy, ataxia, tremors, and death [15]. The drug is not approved for use in children
<5 years of age or weighing less than 15 kg, pregnant women, and mothers nursing
infants during the first week of life. Existing limited data, however, suggest that oral
IVM in children weighing less than 15 kg has an acceptable safety profile. Data from
well-designed clinical trials are needed to provide further assurance. IVM has no
significant drug–drug interactions. The presence of heavy L. loa infections (mf den-
sities >20 000 mf/ml) is a contraindication to the use of IVM and loiasis should be
ruled out before IVM treatment; if present, DOX is the treatment of choice.

For loiasis, DEC treatment (8–10 mg/kg) for 12 days is often recommended, when
co-infection with onchocerciasis is excluded and L. loa microfilaremia is low, given
the risk of drug-induced SAEs [27]. Some countries suggest a gradual dose increase
of DEC over several days, which can be followed by a single 400 mg dose of ABZ,
depending on the intensity of the infection. Mild side effects, including Calabar
swellings, urticaria, arthralgias, fever, and tenderness, are common during the first
few days of DEC treatment and patients generally respond to antihistamines or a
short course of corticosteroids. In cases with higher mf loads, although advocated
in the past, neither a gradual increase in DEC dose nor corticosteroid pretreatment
is completely effective in preventing complications [21]. Cytapheresis can be used
to reduce the mf load before initiation of DEC [102]. Alternative recommendations
are the use of ALB (200 mg BID for three weeks), which acts more slowly than DEC.
Shorter regimens with higher doses seem to be less effective. Subconjunctival migrat-
ing adult worms can be removed under local anesthesia. DOX is ineffective in loiasis
due to the absence of Wolbachia. Loiasis has significant clinical and community
impacts, but chemotherapeutic options for it remain more than suboptimal. Drug
discovery is unquestionably needed for this disease.

7.6 Conclusions

In this chapter, we integrate what is known about the major human filarial dis-
eases with a discussion of current treatment paradigms using antifilarial drugs. In
a global effort to eliminate filarial diseases, successful MDA programs were estab-
lished and have reached elimination of filariasis in some, but not all areas and coun-
tries. Whereas drug discovery was formerly driven by needs and feasibility and often
followed trial-and-error approaches, standard drug discovery approaches guided by
a formal Target Product Profile (TPP) were not performed. Even now, de novo drug
discovery programs for human filariases are too rare due to funding limitations in
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this area. Despite these shortcomings, new drugs or drug regimens await proof of
safety and efficacy. New drug regimens with superior safety and macrofilaricidal
efficacy would accelerate elimination, as more than one tool should be in place to
be able to react to possible drug resistance and to satisfy the need for therapeutic
alternatives at the end stage of control programs.
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Abstract

Chemotherapy options for the prevention of adult Dirofilaria immitis infections and
other filarial species in dogs and cats focus primarily on the use of macrocyclic lac-
tones. While macrocyclic lactones are considered safe when used as per their registered
product labels, veterinarians should be aware of their basic mechanisms of action and
metabolism to understand potential differences in efficacy and safety in the individ-
ual animal. With the advent of D. immitis resistance to macrocyclic lactones and the
lack of preventatives or treatments for many other filarial species, supportive measures
to decrease exposure to the intermediate host are growing in importance. Chemothera-
peutic treatment of adult D. immitis infections is only available for dogs and uses melar-
somine as the basis. Treatment guidelines differ with regard to the use of antibiotics and
treatment regimen but result in similar efficacy and provide veterinarians with options
that can be adapted based on the client and patient.

8.1 Introduction

This chapter on current veterinary options for antifilarial chemotherapy and
metaphylaxis focuses on the most prominent filarial species in dogs and cats, the
heartworm Dirofilaria immitis. Its geographic distribution has changed importantly
over the years, and it is now ubiquitous in the USA, present in southern regions of
Canada, the Caribbean, Central and South America, Europe (primarily around the
Mediterranean Basin), and focal areas in Africa, Japan, and Asia. Chemotherapy
for Dirofilaria repens, a species closely related to D. immitis and for which there is
some overlap in distribution, is briefly addressed.

Other filarial species of canids include, but are not limited to, Acanthocheilonema
spp., Brugia malayi and Brugia pahangi, Cercopithifilaria spp., Dipetalonema spp.,
and Onchocerca lupi, that latter that also can infect cats. Compared to D. immitis and
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D. repens, these are of lesser importance for the veterinary field, as they either are
confined to circumscribed endemic areas or are of lower prevalence and only rarely
found in veterinary practice. Expanding from dogs and cats, many other filarial
species are of veterinary importance, including those that infect ungulates, such as
species in the genera Setaria, Elaeophora, and Onchocerca, and equids, including
Parafilaria multipapillosa, which causes summer bleeding, and bovids, including
species in the genera Stephanofilaria and Parafilaria, among others. As this book
focuses predominately on the major human and canine filariae, of which D. immitis
and D. repens are the most significant for canids, other filarial parasites of dogs will
be mentioned only briefly and those of other nonhuman hosts will not be discussed.

8.2 Chemotherapy of Dirofilaria immitis

Chemotherapeutic options for the prevention and treatment of adult D. immitis
infections are limited and depend on the stage of the parasite. The available
chemotherapeutics can be classified in three general categories. Preventatives are
those with efficacy directed at third and/or fourth stage larvae (L3, L4), primar-
ily macrocyclic lactones (MLs) but also diethylcarbamazine (DEC). The drugs
prevent the development of larvae to adult stages. They also block production of
microfilariae (mf, L1) for several months following a single dose, but this action
provides little clinical benefit. Macrofilaricides or adulticides have efficacy against
immature adult (“fifth stage larvae”; L5) and adult D. immitis, of which there is one,
melarsomine, which is used to eliminate adult D. immitis and consequently limit
pathology caused by these parasites. Microfilaricides have efficacy against mf and
are used to prevent intermediate hosts from becoming infected, diminishing the
local distribution or prevalence of D. immitis. Only MLs are used for this purpose,
and only one (moxidectin, MOX) is registered for this indication. In addition,
antibiotics that target Wolbachia, symbiotic bacteria of filarioids, are used with the
goal of inhibiting adult female worm reproduction and production of mf, decreasing
pathology when eliminating adult D. immitis infections with melarsomine, and
decreasing the development in mosquitoes of ingested mf acquired from treated
definitive hosts to infectious L3. Repellents and ectoparasiticides that decrease the
transfer of L3 to definitive hosts and mf to intermediate hosts also can be used in a
comprehensive control program for D. immitis.

Guidelines for the prevention of adult D. immitis infections in dogs and cats and for
treatment of adult infections in dogs are provided by the American Heartworm Soci-
ety (AHS) [1], the Companion Animal Parasite Council (CAPC) [2], both based in the
USA, the European Scientific Counsel for Companion Animal Parasites (ESCCAP)
[3], and the Tropical Council for Companion Animal Parasites (TroCCAP) [4]. A core
component of all guidelines is the administration of only registered (i.e. registered
by the Food and Drug Administration (FDA) for USA, European Medical Agency
(EMA) for the European Union, and respective agencies for other geographic regions
with use for D. immitis in cats and dogs specified on the product label) ML-based
products for prevention of the development of adult heartworm infections and to
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enhance pet-owner compliance with correct administration methods and frequency,
the latter being particularly important in light of the documented existence of resis-
tant D. immitis subpopulations in certain geographic regions (see Chapter 11 in this
book). ESCCAP recommends year-round application in hyperendemic regions and
seasonal use in areas in which low temperatures eliminate intermediate hosts, start-
ing ML prevention before the beginning of the mosquito season in spring and con-
tinuing until the end of the transmission period in late autumn. AHS and CAPC
embrace a year-round prevention program with MLs to maximize efficacy in the
face of resistance and due to the pockets of mosquitoes that can survive and poten-
tially transmit D. immitis even outside of the mosquito season in endemic regions
of the USA [1, 2]. TroCCAP also recommends year-round use with a focus on using
broad-spectrum ML-based products, due to the general parasite pressures in tropical
regions. It should be noted, however, that while year-round use is recommended in
endemic areas, this can be in contrast to the label for many products, which state
that the drug is to be used during the transmission season.

In addition to the use of MLs, the guidelines [1–3] recommend reduction of expo-
sure to mosquitoes. This includes the application of registered (e.g. Environmental
Protection Agency [EPA] for USA) mosquito repellents/ectoparasiticides to dogs,
reducing outdoor exposure during key mosquito feeding periods by containing dogs
and cats indoors during these times and the use of standard environmental control
practices for mosquitoes and their breeding environments (e.g. decreasing standing
water in kennels and other areas). The ESCCAP [3] guidelines also refer to an inte-
grated parasite control concept that considers the best use of combination products.

Guidelines for holiday travel with animals from nonendemic to endemic areas (e.g.
from the United Kingdom to Italy or Canada to the southern USA) recommend that,
if travel is for less than one month, administration of one dose of a preventative after
return from the journey to the place of residence is sufficient [5]. These guidelines,
however, do not consider that some product labels state that three or more appli-
cations are needed for the expected efficacy, nor do they consider the situation in
the region visited by the dog. The region visited, the season, and the health of the
dog should be considered in the decision to use one or more treatments. As well,
knowledge of mosquito species in the home region and the risk of an infected dog
becoming a reservoir for mosquito infection should be considered in the assessment
of the treatment regimen.

All available D. immitis treatment and prevention guidelines refer to appropriate
diagnostics, which are covered elsewhere in this book (Chapter 6). Each prevention
and treatment program should include diagnostics, both prior to implementation
and during the course of the program to monitor program success or gaps. Testing at
least once a year using antigen and mf tests is recommended in all the guidelines. In
highly endemic areas, testing twice per year is encouraged and testing before chang-
ing preventative products is recommended. While not specified in the guidelines,
dogs relocated (with owners or via rehoming programs) should be carefully assessed
for D. immitis infection to prevent spreading the parasite to new areas [6].

In the case of established immature adult and adult D. immitis infections, AHS
and CAPC have developed guidelines for treatment, with TroCCAP, ESCCAP, and



194 8 Antifilarial Chemotherapy: Current Options in Veterinary Medicine

other regional and country specific guidelines typically referencing the AHS guide-
lines. These guideline recommendations are discussed in relation to melarsomine
below. All the recommendations in the guidelines require specific adaptation by the
veterinarian to the individual case and the epidemiological and biological situation
of the respective animal, its environs and travel history.

8.2.1 Chemotherapeutics for L3/L4: Macrocyclic Lactones (MLs)

The first and foremost step in any program for D. immitis control as recommended
by AHS, CAPC, ESCCAP, and TroCCAP is metaphylaxis, a strategy that does not
block infection per se but instead prevents development of larval stages to adults
in the definitive host; this is now almost entirely achieved through the use of MLs.
Use of highly potent agents eliminates L3 and L4 stages as the primary therapeutic
action preventing the development of adult worms, i.e. “prevention of heartworm
disease.” Typically, these treatments are referred to as “preventatives” in the
veterinary clinical setting. Most MLs are administered on a monthly basis orally or
topically; in addition, a 12-week topically applied formulation is available for cats
and slow release injectable 6- and 12-month formulations are available for dogs.
The product labels for the ML preventatives administered monthly have typically
recommended a final administration one month after the end of the mosquito
season/D. immitis transmission period (if not used year-round). However, the
occurrence of D. immitis biotypes less sensitive to MLs may be reflected in more
recent product approvals in the USA, with labels of these products stating that
administration should be maintained for three to five months post-exposure. Use of
increased doses as a means to cope with resistance is an ongoing area of research;
however, for many MLs, the dose used is not the minimum efficacious dose for D.
immitis and is instead based on other parasites such as hookworms and fleas [7, 8].
Regardless of concerns with resistance, MLs still provide a high level of protection
to infection; hence, their use is still the first line of defense against the development
of adult D. immitis infections in dogs and cats.

Veterinarians have a wide and ever-expanding choice of ML formulations and
combinations with other actives to suit their geographical location in terms of
common parasites and client preferences with regard to route and frequency of
administration. A brief summary of the MLs available is presented in Table 8.1,
including some unique features for each that could be of interest to veterinarians in
selecting a product for a particular patient. In addition, aspects of the mechanisms
of action, toxicity, and pharmacokinetics of MLs are useful in understanding
variations in efficacy and safety in an individual dog or cat.

MLs act as agonists of glutamate-gated chloride channels. The number and
location of these channels differ between nematode species and life stages and
determine the type of physiological reaction exhibited by the parasite to ML expo-
sure. In the case of D. immitis L3 and L4, these channels are around the excretory
vesicles. The MLs inhibit secretion of parasite-derived molecules that enable the
larvae to evade the host’s immune system [14–16]; see also Chapter 10 in this
book**. Hence, technically, the MLs do not kill L3 and L4; instead, they “unmask”
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Table 8.1 Overview of macrocyclic lactones used in veterinary medicine for Dirofilaria immitis:
Points to consider in product selection in a veterinary clinic.

Ivermectin (IVM)
Dogs (oral, 6 μg/kg BW monthly for dogs over 6 wk of age; topical, 80 μg/kg BW)
● Lower doses of IVM, such as 3–3.3 μg/kg BW orally, have achieved 100% efficacy.
● Selection of 6 μg/kg BW orally was based on 100% efficacy in three experimental studies with

administration either 45 or 60 d post-inoculation, thus providing efficacy if a dose was inadvertently
delayed or missed [9].

● Higher doses and combinations with other anthelmintics expand the spectrum of activity of products.
Cats (oral, 24 μg/kg BW monthly for cats over 6 wk of age)
● Dose is based on Ancylostoma tubaeforme and not D. immitis.

Selamectin (SLM)
Dogs and cats (oral; 6 mg/kg BW monthly for dogs >6 wk of age and cats >6 or 8 wk of age)
● 3 mg/kg BW effective for D. immitis 45 d post inoculation with L3 and 6 mg/kg BW effective 60 d post

inoculation with L3; higher doses and longer time periods not tested with either dose during registration
of the originally registered product.

● Dose selected based on flea efficacy.
● Has one of the broader safety margins of the MLs.
● Efficacy against some other nematodes and fleas and combination with sarolaner expands ectoparasite

activity of products.
Milbemycin oxime (MBO)
Dogs (oral; 0.5–0.75 mg/kg BW monthly in dogs ≥4 wk of age and ≥ 0.9 kg BW or ≥ 2 wk of age and
≥ 0.5 kg BW)
● Dose selected based on Ancylostoma caninum.
● Lower doses at 5 monthly administrations 100% effective against L3/L4 of D. immitis.
● Product dose 95% effective at 60- and 90-d post inoculation.
● At the dose used in D. immitis preventatives, MBO is efficacious against several other nematodes and has

been combined with praziquantel for cestode control and with a variety of ectoparasiticides for flea
control (afoxolaner, lufeneron).

Cats (oral; 2.0 mg/kg BW for cats ≥6 wk of age and ≥0.68 or ≥0.5 kg BW; minimum BW depends on the
country of registration)
● Dose selected based on hookworms (A. tubaeforme) and roundworms (T. cati); 100% efficacy versus

D. immitis at 0.5–0.9 mg/kg [10].
Moxidectin (MOX)
Dogs (topical: 2.5 mg/kg BW monthly for dogs ≥7 wk of age; oral: 0.24 mg/kg BW monthly ≥8 wk of age
and≥ 1.25 kg/BW; injectable: slow-release 6- (0.17 mg/kg BW) and 12-mo (0.23 mg/kg BW) formulations
for dogs ≥6 mo of age)
Cats (topical: 1 mg/kg BW monthly for cats ≥9 wk of age; topical: 2 mg/kg BW every 12 wk for cats ≥9 wk of
age and ≥1.2 kg BW)
● The most lipophilic and broadest in spectrum of the MLs.
● The mean elimination time and distribution volume is high, resulting in the ability to reach a steady

state providing persistent activity [11–13].
● Monthly topically applied formulations have activity against several nematode species.
● Available in combinations with imidacloprid for fleas for cats and dogs; fluralaner for fleas and ticks for

cats; and sarolaner and pyrantel embonate for fleas and additional nematodes for dogs.
● Some MOX-containing products also are registered for ferrets.
Eprinomectin
Cats (topical, 0.5 mg/kg BW at and above 7 wk of age and > 0.6 kg BW)
● Relatively new as an active for the treatment of L3/L4 D. immitis.
● Eprinomectin provides treatment and control for some gastrointestinal nematodes.
● Combinations available with fipronil and (S)-methoprene for ectoparasite control and praziquantel for

cestodes.

Unless otherwise referenced, data are from the USA Food and Drug Administration New Animal Drug
Application freedom of information summary for the first registered product containing each ML or from
the European Product Assessment Report for the relevant ML containing products. Different doses and
minimum age or BW reflect different country registrations.
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the larvae to the host’s immune system resulting in larval death due to an effective
host immune response. The ML-D. immitis–host immune reaction interaction is
complex, and several aspects require further elucidation. Under natural infection
conditions, only some transmitted L3 develop into adult nematodes, resulting in
a dog–heartworm balance in endemic regions [17, 18], suggesting that immunity
is not only important after ML administration. This “balance” does not indicate
a lack of pathology, but that adult heartworm numbers are limited. A study with
cats indicated that retrovirus infections (FIV, FeLV) were risk factors for D. immitis,
again demonstrating the importance of the host immune system [19]. From a
clinical perspective, an individual dog’s or cat’s immune status, particularly in the
case of substantial immune dysfunction, may need to be considered when assessing
efficacy expectations with ML use in the context of heartworm prevention.

As a group, MLs are lipophilic and have a large volume of distribution, although
there are differences between the individual MLs. Time to maximum concentra-
tion and mean residence time are believed to be influenced by the lipophilicity and
efflux potential via ABC transporters, with body fat composition also potentially
influencing Cmax, Tmax, and T1/2 [20, 21]. In dogs and cats with poor body condition,
Cmax would still be reached; however, potentially Tmax and T1/2 could be shorter with
less adipose tissue serving as a reservoir. In obese animals, Tmax and T1/2 could be
extended while Cmax could be lowered [20, 22]. Given that most ML preventatives
are dosed above the minimum level required for efficacy against D. immitis and have
wide safety margins, it is very unlikely that these changes in concentration would
affect prevention efficacy or safety in malnourished or obese dogs and cats [9, 23].
However, there are a few case reports and single adverse events in studies suggest-
ing that, even with the wide safety margins, statements on product labels regarding
animal body condition should not be taken lightly [8, 24].

All ML-containing products registered for use in dogs and cats are considered safe
when used as per the label, even in dogs deficient in P-glycoprotein drug extrusion
pumps due to an ABCB1 (MDR1) loss-of-function gene mutation. Issues and con-
cerns may arise when these dogs are not of normal body condition. Less is known
about ABCB1 gene mutations in cats, and cat colonies with these mutations are not
available for assessing safety of ML-containing products; therefore, an ABCB1 muta-
tion cannot be ruled out if a neurological adverse event occurs after ML application
to a cat [25].

A more in-depth understanding of these aspects of MLs are provided in other
chapters within this book as well as several review articles [15–17, 20–22].

8.2.2 Chemotherapeutics for L3: Diethylcarbamazine (DEC)

While MLs are the primary chemotherapeutics for prevention of adult D. immitis
development in dogs, DEC, the first commercialized compound for “prevention,”
should not be forgotten. Although never used in cats, registered products are still
used and available for dogs in some countries (e.g., Dimmitrol, Mavlab Pty Ltd.,
Australia), and veterinarians can prescribe human DEC formulations. Reasons for
use vary and include concerns about ML toxicity in dogs with ABCB1 mutations,
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cost, and pet owner’s personal preferences; hence, its efficacy and safety require at
least some attention even if not typically considered a current chemotherapeutic.
For a historical perspective on DEC, see Rawlings [26].

DEC, administered orally at a rate of 6.6 mg/kg BW, has activity only against
the L3 of D. immitis and continuous exposure is thus required for efficacy. Per the
product label, DEC must be administered daily starting at or before exposure begins
(mosquito emergence) and continuing for several weeks after exposure ends. Omit-
ting even one or two doses impacts protection of the dog against D. immitis even
when administered at higher doses [26–29]. In addition to the need to ensure that
the pet owner administers DEC at beginning or prior to the heartworm transmission
season and continues for several weeks afterward, without missing any doses, pre-
scribing veterinarians must be aware of safety issues with DEC. The primary concern
with DEC administration is in dogs that have mf. Anaphylaxis in mf-positive dogs
can be fatal [30, 31]. Any dog treated with DEC must be confirmed negative for
mf and adult worm infections prior to administration. Additional testing in season
could be warranted if the season is longer than six months, given that early detection
of prevention failure is critical to avoid shock from DEC use when mf are present.

8.2.3 Chemotherapeutics and Treatment Protocols for Immature (L5)
and Mature D. immitis: Dogs

Several approaches to the treatment of patent D. immitis infections in dogs rely
on the use of melarsomine. “Slow kill” methods that rely on MLs are no longer
recommended in any of the established guidelines, which all endorse the use of
melarsomine injections, incorporate treatment for mf and support the adminis-
tration of a metaphylaxis regimen as soon as feasible to prevent more L3/L4 from
developing to adult worms. The scientific community differs slightly in their inter-
pretation of data on the optimal timing of melarsomine injections and the timing
or length of use of doxycycline or other antibiotics to eliminate Wolbachia prior
to adulticide treatment, resulting in some differences in the guidelines. However,
all guidelines use the registered dosing regimens of melarsomine injections as the
basis with the same expected efficacy outcome [32–34]. Several adjunct treatments
are used to stabilize dogs prior to and during treatment (e.g. prednisone), which are
patient- and case-specific. These treatments have no efficacy against D. immitis and
hence are not discussed here.

The treatment of patent infections in cats differs from that in dogs. It does not
include the use of melarsomine due to safety issues and does not focus on mf treat-
ment due to the transient nature of mf in cats. Most treatment recommendations are
instead focused on managing clinical signs and symptoms.

In some situations, although beyond the scope of this chapter, surgical removal
of adult D. immitis from cats and dogs is recommended, particularly for animals
exhibiting the caval syndrome, a life-threatening illness caused by a mass of adult
D. immitis located aberrantly in the right atrium, the ventricle, and often the vena
cava. The worm mass, which interferes with closure of the tricuspid valve and
impedes normal flow of blood through the right heart, leading to cardiovascular
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collapse, must be promptly surgically extracted to re-establish normal cardiac
function [35].

8.2.3.1 Non-Melarsomine Treatment: “Slow Kill”
“Slow kill” methods that rely on the MLs IVM or MOX in combination with
doxycycline are largely discouraged and are no longer advocated in any treatment
guidelines due to the potential to add to resistance development. However, in
situations in which melarsomine is unavailable or in which the pet owner declines
melarsomine treatment, “slow kill” (with or without doxycycline) may be the only
alternative [36]. In these methods, the dog is treated monthly with the preventative
dose of IVM or MOX and typically administered doxycycline daily for 30 or more
days. This approach can require extensive time before adult D. immitis are elim-
inated and the pathological changes due to heartworm disease might not regress
during this period [37–42].

Given the cost of doxycycline, this method might not, in the long term, be more
economical than melarsomine treatment. In addition, the continuing presence of
adult heartworms in the pulmonary arteries is not beneficial to the health of the dog.
Also, based on a small study, many owners are not compliant with the “slow kill”
treatment protocol, likely decreasing the efficacy and increasing the health risks [43].
Lastly, there are concerns about overuse of antibiotics in companion animals, a
special concern with doxycycline given its importance in human medicine.

8.2.3.2 Doxycycline, Minocycline, and the Endosymbiont Wolbachia
Wolbachia are obligate, intracellular, gram-negative, endo-symbiotic bacteria, which
have been implicated as crucial in the pathogenesis of filarial diseases. All stages of
D. immitis have Wolbachia and reduction of the Wolbachia population via antibiotic
treatment has been linked to a decrease in production of mf and the ability of mf to
develop into L3 in the mosquito intermediate host [44–46]. In addition, studies by
Kramer et al. [32, 47], among others, have indicated that killing Wolbachia prior to
adulticide treatment with melarsomine can decrease the pathological signs related
to the death of adult worms, although the mechanisms of the pathology are still to
be determined [48]. Doxycycline has been identified as a treatment for Wolbachia
prior to administration of melarsomine; however, the effect on treatment outcome
and pathology has primarily been demonstrated when used in combination with an
ML and not when doxycycline has been used on its own [32]. Minocycline also has
been suggested as a means of killing Wolbachia. Studies with mouse models suggest
minocycline could be more potent than doxycycline, although studies with dogs did
not support this conclusion [49–51].

The AHS guidelines recommend daily administration of doxycycline (10 mg/kg
BW twice daily) for four weeks followed by a 30-day waiting period before the
administration of melarsomine to support the adulticide therapy. While limited
data are available on minocycline compared to doxycycline, it is considered an
alternative when doxycycline is not available, with the dosage being the same as
for doxycycline [1]. Both the ESCCAP and TroCCAP guidelines reference the AHS
guidelines for treatment protocols. The CAPC guidelines differ slightly in that they
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state that data indicate that doxycycline improves adulticide efficacy and treatment
outcome and outline different approaches, but do not have the same prescriptive
approach as AHS. The limited literature available reports improvement in outcome
of dogs administered doxycycline prior to melarsomine administration, with less
frequent respiratory complications [33, 34, 44, 52]. However, there has been no
systematic evaluation of the minimal effective dose of doxycycline nor the optimum
length of treatment prior to melarsomine administration. One study indicates that
lower doses might be as effective as the currently recommended dose, and in cases
in which dogs cannot tolerate 10 mg/kg, 5 mg/kg are suggested as an alternative
[53]. While AHS recommends administration for four weeks, shorter periods of one
to three weeks and administration during the melarsomine treatment (e.g. starting
before a melarsomine injection and continuing for a few days after) have not been
assessed to determine their efficacy and impact on pathology in the dog undergoing
D. immitis adulticide treatment. There are concerns that the long-term administra-
tion of doxycycline, as well as other antibiotics, could contribute to selection for
resistance of other bacterial pathogens and, while not raised as an issue specifically
for doxycycline, there is generally increased concern about the impact of long-term
antibiotic use on the gut microbiome [54, 55]. These concerns argue for the need
to assess shorter treatment periods and timing of administration in relation to
melarsomine treatment.

8.2.3.3 Melarsomine
The only approved and available adulticide for dogs with patent D. immitis infec-
tions is melarsomine dihydrochloride, a melaminyl thioarsenite (14.95% arsenic),
which is registered for use against four months old (immature adult) and older
(adult) D. immitis. It is administered intramuscularly in the lumbar region (lumbar
3–5) at a rate of 2.5 mg/kg BW with the registered products having different dosing
regimens for dogs with class 1 and 2 versus class 3 heartworm disease. It is not
recommended or registered for the treatment of class 4 heartworm disease. The
classes of heartworm disease referenced on the label for registered melarsomine
products refer to stage 1 mild, stage 2 moderate, stage 3 severe, and stage 4 caval
syndrome (for classification description see Chapter 3 in this book).

Before treatment commences, the dog must be stabilized in regard to the heart
condition. For class 1 and 2 heartworm diseases, the regimen as per the label of
registered melarsomine products is two injections 24 hours apart. In the case of class
3 heartworm disease, one injection is administered followed one month later with
two injections 24 hour apart. This three-injection approach is believed to decrease
the severity and complications of thromboembolic events and the occurrence and
severity of pulmonary hypertension and allows time for recovery between the
initial single injection, which results in death of a proportion of the adult D. immitis
(primarily male worms) and the later set of two injections. Both the two and three
injection treatment regimens developed were demonstrated to result in >95%
reduction of immature adult and adult D. immitis in >90% of the dogs, although the
three-injection regimen is believed to obtain higher efficacy [56, 57]. A potential
misconception is that melarsomine treatment provides 100% efficacy, which is not
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the case. The efficacy threshold for adulticide D. immitis treatments is in accordance
with the registration requirements for other anthelmintics as set by VICH GL 7 [58].

Shorter injection intervals of 3 and 6 hours provide higher efficacy than a 24 hours
interval. However, these intervals provide less time for veterinarians to address
adverse events and the impact from large numbers of D. immitis dying in a short
time frame [57, 59]. It is possible that slightly higher doses could increase efficacy.
However, the safety margin is already narrow with the recommended dose; doses
between 7.5 and 10 mg/kg result in toxicity [57, 60]. British anti-lewisite (BAL;
Dimercaprol) at 3 mg/kg can be used in cases of adverse reactions, including over-
dose [57, 61]. Occasionally, neurological signs have occurred posttreatment with the
dog recovering without interventions; these have been attributed to the injection
site location and not the D. immitis or melarsomine dose administered [62].

All current guidelines [1–4] support the three-dose regimen for classes 1, 2, and 3
heartworm disease due to a potentially better clinical outcome and higher efficacy
[63, 64]. The AHS [1] (referenced by ESCCAP [3] and TroCCAP [4]) recommend
placing the dog on an ML preventative, 30 days of doxycycline administration fol-
lowed by a 30-day waiting period to provide time for Wolbachia metabolites and
antigens to be cleared and the adult D. immitis to weaken and then starting the
three-dose melarsomine regimen. From initiation of treatment with ML and doxycy-
cline to time of final melarsomine injections is 90 days; the concept is that older L4 D.
immitis present at the time of treatment initiation that were not killed by the ML pre-
ventative will be susceptible to melarsomine, addressing any treatment gap between
the stages impacted by MLs and those impacted by melarsomine. The potential ben-
efits of this approach are as follows:

● higher efficacy and less likely to require further melarsomine treatments; and
● less pathology because of Wolbachia elimination.

While this regimen is reported to work, there are limited systematic and statistically
meaningful comparative studies to other approaches. A concern is that much of the
pathology and risk of complications of thromboembolic events have been attributed
to total worm mass, typically reflected in total number of worms. While the use
of doxycycline could decrease growth of the adult worms present at diagnosis, the
>60-day waiting period from diagnosis to first melarsomine injection, allowing more
larvae to develop to immature adults and adults, could increase total mass. In addi-
tion, this treatment protocol is lengthy and owner compliance, especially regarding
exercise restriction, might be reduced given the length of the full treatment program.
Lastly, the inclusion of doxycycline might be cost prohibitive for some owners.

There has been some recent interest in exploring options for shortening the AHS
recommended treatment approach. One option explored in a 76-dog study was the
omission of the 30-day waiting period between the end of doxycycline treatment
and the first melarsomine injection [65]. In that study, all dogs became antigen- and
microfilariae-negative with no severe or moderate side effects, suggesting that there
is room to explore modifications to the AHS guidelines.

A concern of having a shorter time from treatment initiation to final treatment,
omitting either the 30-day waiting period between the end of doxycycline treatment
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and the first melarsomine injection or omitting doxycycline altogether, may raise
concerns with regard to the susceptibility gap (i.e. the D. immitis stages susceptible
to neither MLs nor melarsomine) [66]. Most MLs, however, when used continuously
have high efficacy (>96%) against two- and three-month-old larvae and melarsomine
has high efficacy against two-month-old larvae [8, 9, 23, 65, 67], suggesting that con-
cerns of a susceptibility gap are not well supported.

In July 2020, CAPC [2] updated its guidelines to recognize that data indicate
that doxycycline could improve the treatment outcome. Prior to this update, CAPC
prioritized immediate treatment using the three-dose melarsomine regimen to limit
worm mass and the time the dog harbors adult worms over delays encountered with
use of an antibiotic for Wolbachia, citing that while there were potential benefits
to including an antibiotic in the treatment protocol, further data were needed
regarding dose, length of treatment, and impact on patient outcome. The potential
benefits of this approach of immediate treatment are as follows:

● less time consuming;
● may have higher owner compliance due to shorter length;
● less expensive with no or a short dose of doxycycline or another antibiotic; and
● limits time mf are exposed to a ML.

As of July 2020, CAPC still emphasizes the need to begin “adulticide as soon
as is medically practical.” However, CAPC now also states that while research
continues, data indicate that doxycycline does improve the outcome of treatment.
CAPC also recognizes the differing opinions regarding the treatment gap and, while
advocating no prescriptive treatment program such as that of AHS, does briefly
describe the AHS protocol as well as the shortened protocol that omits the waiting
period between doxycycline administration and the first melarsomine injection. In
essence, the updated CAPC guideline supports antibiotic use with no prescribed
pattern while still emphasizing adulticide treatment as soon as feasible, leaving the
actual approach more flexible and adaptable to the individual patient.

Regardless of the approach used, melarsomine efficacy is not always complete.
The label for melarsomine products suggests antigen testing four months after the
final injection and administering two additional injections 24 hour apart if needed,
dependent on the condition of the dog. However, while antigen testing typically is
negative four months after treatment, it can be positive for longer. Therefore, the
CAPC guidelines recommend retesting six to seven months later, while the AHS
guideline recommends retesting nine months later.

8.2.4 Chemotherapeutics and Treatment Protocols for Immature (L5)
and Mature D. immitis: Cats

The clinical presentation, diagnosis, and treatment of D. immitis in cats differs from
dogs for several reasons. Cats typically do not have many adult D. immitis, impeding
diagnosis with antigen testing. Instead, cats with immature adult D. immitis
can present with heartworm-associate respiratory disease (HARD) [68]. While
melarsomine is effective against this stage of D. immitis, it is not registered or safe
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for use in cats, and no treatment is approved for immature and adult D. immitis
in cats. Thiacetarsamide, which is no longer readily available, was used in cats
previously, albeit with high risk of toxicity and uncertain efficacy. Thiacetarsamide
was also previously used in dogs, but was replaced with melarsomine due to its
higher efficacy and better safety margin [69, 70].

All the guidelines present similar approaches for handling infections in cats, with
a focus on minimizing clinical signs and pathology from immature adult and adult
worms using corticosteroids and bronchodilators as well as oxygen therapy as per
the individual cat’s needs. Treatment for mf is not recommended, primarily because
mf do not typically persist in cats. Positive cats should be maintained on a meta-
phylaxis regimen to prevent more D. immitis from developing. While this can result
in a “slow kill,” the risk in regard to selection for and spread of resistance is lower
since mf are rarely produced. The AHS guideline also mentions the potential use of
doxycycline, but no studies are available to document efficacy.

8.2.5 Other Chemotherapy: Treating Microfilaria (L1)

A complete treatment program for a dog with reproducing adult D. immitis must
include treatment for mf [1–4]. Microfilariae can live for more than two years
[71, 72], which could lead to incongruent results after elimination of adult D. immi-
tis during annual diagnostic tests prior to ML metaphylaxis prescriptions. Also, dogs
with circulating mf can be a reservoir of infection for mosquitoes and hence are a
risk factor for other dogs/cats in the area. Lastly, presence of mf while using a ML
metaphylaxis could select for resistance. Only one ML product, containing MOX,
is registered (in the USA) for use against circulating mf. Other MLs, when used at
the metaphylaxis dose, can have some impact on circulating mf. However, typically
a higher dose is needed for effective treatment of circulating mf. Doxycycline also
has been used to impact mf via its activity on their Wolbachia, which can result in
inhibited development to L3 in the mosquito intermediate host. However, the effect
of doxycycline on development to L3 is not 100% [44, 45].

MOX in the Advantage Multi®/Advocate® formulation is currently the only prod-
uct registered for mf treatment, and both CAPC and AHS recommend that if mf
are still present after adulticide treatment, MOX, given its registration status, should
be used. Prior to adulticide treatment, the guidelines are less prescriptive. The AHS
guideline relies on the use of doxycycline in combination with an ML preventative
to address mf prior to adulticide treatment, while the CAPC guideline updated in
2020 changed its recommendation from MOX to no specific ML prior to adulticide
treatment.

8.2.6 Other Measures: Decreasing Exposure

Given the development of D. immitis populations resistant to ML preventatives,
other means of decreasing exposure of dogs and cats to infection should be
considered. All the guidelines encourage reducing mosquito exposure, with AHS
and ESCCAP outlining specific measures, such as keeping dogs and cats inside
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or within mosquito-proof screened enclosures during times of the day when
mosquitoes are most abundant. However, it must be noted that in one study, >25%
of D. immitis positive cats were characterized as indoor only and that mosquitoes
can be found inside homes [73]. From a chemotherapeutic perspective, using
topical products (spot-ons or collars) or oral repellents and insecticides should be
encouraged. This requires a shift in reliance solely on ML preventatives and has
the added benefit of control of ectoparasites, potentially limiting transmission of
other vector-borne diseases. Studies by McCall et al. [74, 75] demonstrated that a
combination of ectoparasiticides and ML preventatives lowers the development of
adult D. immitis-resistant isolates. Ectoparasiticides tested in this regard or having a
label claim for repelling mosquitoes include, but are not limited to, topically applied
dinotefuran 4.95% w/w, pyriproxyfen 0.44% w/w, and permethrin 36.08% w/w
(Vectra® 3D) [74]; topically applied imidacloprid 8.8% w/w, permethrin 44% w/w,
and pyriproxyfen 0.44% w/w (K9 Advantix® II); and collars with deltamethrin (e.g.
Scalibor®).

8.2.7 Role of ML Lack of Expected Efficacy (LOE) and Resistance

The expectation for ML-based preventative products has been 100% efficacy against
D. immitis L3 and L4 of 30 days of age, demonstrated by the lack of development of
adult worms in dogs and cats after inoculation of L3. This expectation did not take
in to account the genetic variation or lack thereof in isolates used for efficacy testing
and the representativeness of these isolates [76], and the claim for 100% efficacy
might not have actually ever been reached [77]. In the early 2000s, an increase in
LOE reports for ML preventatives in the Mississippi Delta region of the USA brought
attention to the potential occurrence of D. immitis resistant to MLs [78–80] and the
presence of biotypes that are resistant to all MLs is now acknowledged [81–84].

The general belief is that resistant or less-sensitive biotypes are currently
primarily geographically limited to the Mississippi Delta region, with most clinical
cases outside of this region being traced back to that region (i.e. via inter-state
adoptions or movement of pet owners). However, the true limitation of resistant
biotypes to this region is not known, with some isolates originating outside of the
Mississippi Delta region. LOE cases have also been reported from Brazil [84, 85],
and while there has been limited investigation into resistant biotypes in Europe,
there are concerns of potential occurrence [80, 84, 86].

Regardless of the current distribution of resistant biotypes and their cause
(a reflection of the natural variation in ML susceptibility or directly arising due
to selection of resistance alleles resulting from intensive ML use), it is clear that
D. immitis is not exempt from anthelmintic resistance to MLs, which should be used
wisely. Veterinarians should be aware of differences between countries regarding
monthly use patterns on the label of ML registered preventatives, changes to labels,
and the requirement for three to six months of use (versus one month) for 100%
efficacy for some products [87, 88].

There are proposals and research regarding changes in dosing of MLs to slow down
the development of resistance [89]. The use of MOX, specifically the injectable 6- and
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12-month formulations developed for long-term control to increase owner compli-
ance and the so-called “forward killing” effect, has been discussed as a means to cope
with D. immitis resistance [89–91]. It is important to note, though, that all MLs at
the current doses provide efficacy beyond 30 days and few of the registered doses are
actually at the minimal level needed for efficacy (see Table 8.1). Therefore, increasing
doses or using formulations that could improve owner compliance will, in general,
only delay or slow the development of resistance. As all preventatives belong to the
ML class, the risk of class-wide cross-resistance must be assumed as likely, as shown
for drug classes with gastrointestinal nematodes in livestock [92, 93].

Determining if there is L3/L4 resistance to MLs or if failure is due to compliance
or incorrect administration in a particular case is challenging and, due to lack of
tools for direct and specific diagnostic, not easy or even possible in a clinical setting.
Careful record keeping of testing for adult D. immitis infections and frequency of
preventative prescriptions are needed. In addition, reviewing the administration
method with the client for correct application of topically administered products
(location and skin contact) and ensuring instructions are followed for oral products
(e.g. regarding food and encouraging dogs to chew some of the chewable formula-
tions) is needed to achieve the expected efficacy. Prior to any change in preventative
product, the dog or cat should be confirmed negative for an adult D. immitis
infection and a follow-up test performed six months after changing products. While
not definitive, a positive test at six months or less after changing product would
suggest a LOE with the prior product used. Molecular tests have been described
[84, 94], which offer additional tools to elucidate resistance based on single
nucleotide polymorphism (SNP) profiles. However, these tests are not routinely
available to the veterinary practitioner and are currently more useful for epidemi-
ological studies to understand and confirm the presence and extent of resistance in
geographic areas.

ML preventatives in almost all cases still achieve 100% efficacy when used as per
the product label. The important take-home message is that true efficacy is a range
and based on this range, one can expect some adult D. immitis, albeit very low num-
bers, to develop in some dogs even under the best preventative programs. Following
label instructions, ensuring correct administration of products, and considering the
health status of the dog or cat could all assist in ensuring the lowest number of these
infections.

8.3 Chemotherapy of Dirofilaria repens

Treatment of D. repens in dogs has grown in importance due to its zoonotic potential,
the increasing prevalence and distribution of this parasite in Europe and the poten-
tial for D. repens mf to be confused with those of D. immitis. The primary goals of
D. repens treatments are to prevent mf transfer to intermediate hosts, prevent the
introduction of D. repens to nonendemic regions, and ultimately to prevent zoonotic
infections [3, 95–97]. Only MOX in a topical formulation is registered with claims
against D. repens with the dose being the same as for D. immitis prevention [98]. As a
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preventative, application is started one month prior to the transmission season and
continued for one month after the transmission season ends. As an adulticide, six
months of continuous use is required and four months of continuous use results in
suppression or reduction of circulating mf [99–103]. The injectable formulation of
MOX also has been assessed for D. repens control, with efficacy similar to that of the
topical formulation, but it is not registered for this use [104, 105].

Other approaches using ML regimens similar to those used for D. immitis have
been assessed for prevention of adult D. repens and treatment of mf. However, most
of these have been used in limited studies or are based on case reports, with insuffi-
cient data to support their use. Efficacy achieved is <100% and, for some, below the
minimum 90% expected for anthelmintics [106–109]. Melarsomine also has been
investigated, using a two-injection protocol at 2.5 mg/kg. In one case report, it was
combined with doramectin (0.4 mg/kg subcutaneously once five days after
melarsomine) and resulted in a complete cure with no D. repens at euthanasia
(performed for an unrelated reason) [110]. In a study with natural infections,
melarsomine followed with MOX (three applications) eliminated mf from 35 of
36 dogs [96]. A combination of IVM (6 μg/kg every 15 days for 6 months) with
doxycycline (10 mg/kg daily for 30 days) also has been used to eliminate adult D.
repens and mf. These approaches raise the same concerns as with the use of “slow
kill” for D. immitis [111].

8.4 Chemotherapy of Other Filarioidea of Dogs and Cats

Other filarioids that receive some attention in dogs are Acanthocheilonema
reconditum (formerly Dipetalonema reconditum) and Acanthocheilonema dracuncu-
loides due to the potential to confuse their mf with those of D. immitis or D. repens;
O. lupi (also in cats) due to the ocular lesions and zoonotic potential; Cercopithifilaria
spp. for which the clinical significance is not well understood and are not further
mentioned here; and B. malayi and B. pahangi, which cause lymphatic filariasis in
humans and for which dogs are suspected to serve as a reservoir host.

A. reconditum and A. dracunculoides lack clinical significance and no
chemotherapy is needed, although distinguishing their mf from D. immitis
mf and D. repens mf is important in diagnostics and due to the potential for adverse
reactions with mass Acanthocheilonema spp. mf death after ML use [108, 112].
Use of insecticides for vector control (fleas and lice) is recommended to prevent
A. reconditum infections [2].

For O. lupi, Otranto et al. [113] provide data on several cases. Treatments used
included IVM at 400–600 μg/kg daily, every other day or monthly and MOX at
220 μg/kg subcutaneously once monthly for four or five months, with or without
daily doxycycline administration. However, the most effective treatment reported
to date is the manual removal of O. lupi from the eyes [113–115]. Brugia malayi and
B. pahangi, restricted to Southeast Asia and India, rarely result in clinical signs in
infected dogs. Efficacious treatment has been reported for MOX, SLM, doramectin,
and IVM, and vector control to minimize exposure is recommended [4, 116].
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8.5 Conclusions

Current chemotherapy for D. immitis continues to rely on MLs to prevent adult
worm development and to eliminate circulating mf and on melarsomine to kill
immature adult and adult worms. For filarioids other than D. immitis, there are
either limited data on prevention or treatment or, in the case of D. repens, only one
registered product, with most other options providing subpar efficacy.

Changes in prevention protocols regarding doses and number of monthly admini-
strations required to maximize efficacy against D. immitis are ongoing, and careful
attention should be paid to the specific use pattern on product labels. Monitoring of
resistance development and tracking to determine if it is of local origin or imported
are critical, and veterinarians play a key role in this process. Identifying cases of
ML resistance and eliminating the mf and adult worm infections are critical to
maintain the efficacy of the MLs and to slow distribution or prevalence increases of
less susceptible biotypes.

Efficacy of MLs for the prevention of adult D. immitis infections is still very high,
even with the presence of less susceptible biotypes. However, the future reality is
that eventually 100% efficacy might not be consistently achievable, depending on the
changing prevalence of less susceptible biotypes and their distribution. The number
of dogs and cats with adult D. immitis infections could, therefore, increase over
time. Consideration of additional control measures, such as repellents to decrease
exposure to intermediate hosts is a paradigm shift, but one that is becoming
reality.

Several protocols are available for the treatment of adult D. immitis infections.
Further research is needed to determine the most effective use of antibiotics in
adulticide protocols, considering both the impact on patient outcome and good
stewardship of antibiotics. Given that all clients might not be able to afford a lengthy
regimen of antibiotics prior to use of melarsomine and the fact that doxycycline is
not always available, veterinarians have options to use shorter treatment regimens
and contribute to the body of evidence-based medicine.
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Abstract

Dirofilaria immitis, also known as heartworm, is a major parasitic threat for dogs and
cats around the world. Because of its impact on the health and welfare of compan-
ion animals, heartworm disease is of huge veterinary and economic importance espe-
cially in North America, Europe, Asia, and Australia. Within the animal health market,
many different heartworm preventive products are available, all of which contain active
components of the same drug class, the macrocyclic lactones. In addition to compli-
ance issues, such as under-dosing or irregular treatment intervals, the occurrence of
drug-resistant heartworms within populations in the Mississippi River (United States)
delta areas adds to the failure of preventive treatments. Here, we show possibilities for
interventions within the parasite life cycle and provide an overview on the prevalence of
Dirofilaria spp., on current disease control measures, and available drugs and products.

9.1 Introduction

Companion animals, specifically dogs and cats, are hosts to a variety of external and
internal parasites [1]. One of the most important endoparasites in companion animal
health, from both a pathologic and an economic perspective, is Dirofilaria immitis,
the filarial nematode parasite that causes heartworm disease. In dogs, the disease is
caused by young adult and adult parasites provoking pathology in the pulmonary
arteries. Canines act as the definitive host, so sexual reproduction occurs in the pul-
monary arteries, and microfilariae are released into the circulatory system [1–3].
D. immitis infections also occur in cats, and the disease is usually more severe in
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this atypical host. In cats, severe disease, or even death, can be caused by just a few
developing immature or adult filariae. The adult worms are often shorter than those
found in dogs and rarely produce microfilariae [4]. The life cycle of D. immitis is
similar to that of the pathogenic filarial parasites of humans: Onchocerca volvulus,
Brugia malayi, and Wucheria bancrofti, in that they are all transmitted by arthropod
vectors [5]. D. immitis is distributed across the globe, being endemic in countries on
six continents [6]. From an animal health perspective, dogs, and to a lesser extend
cats, are the most important animals among the numerous mammalian hosts that
are infected by D. immitis [1, 7, 8]. Thus, this chapter will focus primarily on heart-
worm disease in dogs and include relevant background on cats where appropriate.

Treatment of an established D. immitis infection in dogs requires a prolonged
regimen of medication, exercise restriction, and sometimes even surgery (detailed
in Chapter 8) [3, 9, 10]. Therefore, current practice is to control heartworm disease
through prevention, which utilizes a single class of drugs, the macrocyclic lac-
tones (MLs), including ivermectin, abamectin, eprinomectin, milbemycin oxime,
selamectin and moxidectin [11]. However, prevention of heartworm disease in dogs
may be compromised by ML-resistant D. immitis [12, 13].

In this chapter, we outline the industry’s perspective on heartworm control, the
potential chemical points of intervention and currently available treatment options.
In addition to the general distribution of D. immitis, reasons for both the increasing
and decreasing prevalence in certain geographic areas will be discussed.

As a note for the reader and in accordance with the World Association for
the Advancement of Veterinary Parasitology (WAAVP, https://www.waavp.org),
we used the term “dirofilariosis” [14]. However, in many publications, the disease
is also referred to as “dirofilariasis” or occasionally also as “dirofilarosis,” which is
important to consider when reviewing the literature [15, 16].

9.2 Heartworm Biology

Like the majority of filariae, D. immitis has no free-living stages and exhibits a com-
plex lifecycle involving multiple developmental stages in both the definitive mam-
malian host and the mosquito vector (Figure 9.1). The adult worms (macrofilariae)
live as obligate endoparasites mainly in the lobar arteries and the main pulmonary
artery of the canine hosts. In dogs with high worm burden, adult D. immitis can
also be found in the right ventricle. Females measure up to 30 cm and males around
18 cm. Females are ovoviviparous; they release sheathless microfilariae in the blood,
which are 250–300 μm in size. Various mosquito species can acquire the D. immitis
microfilarial stage in a blood meal from an infected host. Once ingested by a
mosquito, the microfilariae migrate within hours from the midgut to the Malpighian
tubules where they morphologically change into various “sausage” forms represent-
ing the first-stage larvae [18, 19]. However, available reports for D. immitis described
these changes using in vitro cultivated microfilariae, which were unable to develop
in those systems beyond the L1 stage [19]. Nevertheless, the principle developmen-
tal stages of D. immitis in mosquitoes are confirmed by observations on the related
species B. malayi [20]. Filariae harvested from infected mosquitoes at various times
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Figure 9.1 Dirofilaria immitis life cycle and chemical intervention periods. The inner circle
represents the life cycle of D. immitis within the mammalian host (dog) and the vector
(mosquito). The length of the arrows approximately indicates the development time of each
stage. During a blood meal from an infected dog, microfilariae (mf) circulating in the blood
are ingested by a mosquito. In the vector, they develop into the larval (L) stages from L1 to
infective L3, which can be transmitted during another blood meal to a mammalian host.
Within the host, they develop rapidly into L4 and finally to adult female or male parasite
that reside and mate in the heart (vascular and cardiopulmonary system, right heart
chamber). The outer circle shows prevention and treatment options depending on the stage
of development of the parasite. MLs are used as preventive treatment up to 60 days (d)
post-infection (0 d) against D. immitis L3 and L4 larval stages. After that period, efficacy of
MLs is no longer 100% [17]. Melarsomine, the only registered heartworm adulticide, is
efficacious against adult D. immitis, which can be diagnosed around 180 days
post-infection. Melarsomine, administered in two doses 24 hours apart, also has substantial
efficacy against juveniles, as shown in controlled studies summarized by Bowman and
Drake [17]. However, melarsomine is not recommended to be used as a preventive or prior
to definitive diagnosis of heartworm infection, but only for treatment of adult heartworms.
Ectoparasiticides or repellents can be used to prevent mosquitos from feeding on dogs and
cats, reducing the potential for infection. Source: Modified from CAPC, Heartworm.

can be differentiated into microfilariae, which migrate and develop within hours
into intracellular L1 stages. These shorter and non-feeding L1 stages undergo a first
molt, resulting in L2 stages that remain intracellular. They molt for a second time
to become infective B. malayi L3 stages [20], which can be transmitted to another
mammalian host. Development of D. immitis and migration in the canine host, as
well as the host immune response, are largely uncharacterized until adults appear
in the pulmonary arteries approximately six months after infection [3, 6, 21, 22].

Cats are less suitable hosts for D. immitis than dogs [2], and most worms in
cats do not develop to the adult stage. Those cats with adult D. immitis usually
harbor only one to three worms. These worms are also smaller than those found
in dogs and rarely produce microfilariae [4, 6] which complicates the diagnosis
[23], and therefore, cats are infected but remain often undiagnosed (American
Heartworm Society Heartworm Basics https://www.heartwormsociety.org/pet-
owner-resources/heartworm-basics accessed November 25th, 2020).
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9.3 Prevalence

Dirofilaria immitis infections in dogs and cats have been identified throughout the
world in tropical and temperate regions [6, 24], while the occurrence of D. repens is
restricted to the Old World (Figure 9.2). A few anecdotal reports suggest the presence
of the related species (not found in the heart) Dirofilaria repens in Mexico and Chile
as well [25, 26]. Two opposing phenomena influence the prevalence and spread of
dirofilariosis. The prevalence of Dirofilaria infections appears to be increasing world-
wide mainly because of climate changes and the accompanying spread of competent
mosquito species such as Aedes albopictus and Ae. koreicus [27]. In contrast, heart-
worm prevalence is decreasing in some regions like Japan [28] and Northern Italy,
likely because of a higher awareness and intensified control of the disease [24, 29].
The latter observation may indicate that the distribution and thus the risk of heart-
worm infection could be reduced by higher awareness of veterinary practitioners
and a concomitant increase in preventive treatment of dogs.

However, decreasing heartworm prevalence, particularly in the Mediterranean,
may also be because of overall reduction of mosquito populations. The general
correlation of mosquito abundance and risk of disease transmission is well estab-
lished for malaria [30], and it was demonstrated that, depending on local conditions
for mosquito populations, there is less or more risk of malaria transmission [31].
Efforts to eliminate malaria in Europe and the Mediterranean date back as far
as the late nineteenth century, with widespread achievement of elimination in
the twentieth century [32]. Today, an additional important effect is the ongoing
reduction of insect populations because of industrialization, urbanization, and
application of insecticides [33]. Thus, heartworm prevalence may continue to
decline in some endemic areas because of reduction of the vector population in

No information
Neither D. immitis nor
D. repens

D. immitis and D. repens

D. immitis
D. repens

Figure 9.2 Presence of D. immitis and D. repens infections throughout the world. Analyzing
the number of dogs at risk for Dirofilaria infection, in Asia approximately 148 million dogs
are at risk, in Latin America as well as in Europe approximately 98 million dogs each, in
North America approximately 80 million, in Africa approximately 50 million, and in Oceania
approximately 6 million; Boehringer Ingelheim internal analysis. Source: Based on
[6, 24–26].
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these regions. In contrast, climate changes will lead to a northward spread of
the occurrences of mosquito vectors, leading to a higher disease risk in presently
non-endemic areas [34–36]. This forecasts the spread of Anopheles spp. and, as
a result, malaria could also mimic the prevalence of dirofilariosis, assuming that
the mosquito migration includes species that are competent intermediate hosts for
Dirofilaria spp.

The prevalence of D. immitis in cats is estimated to be 5–20 fold lower than in dogs
[37, 38]. In a heartworm endemic area in northern Italy, a prevalence of 29% in dogs
and 4.7% in cats was shown [39]. A similar ratio of prevalence rates was detected in
central Italy with 5.6% in dogs and 1.6% in cats [40].

In dogs, D. immitis is prevalent in all the Americas with a few exceptions such as
Chile, where no heartworm cases were found in surveys [6, 41–43]. In the United
States, the mean prevalence rates are generally between 1% and 12% [44–46] but
can be locally quite high. Florida, the most southeastern state in the United States,
exhibits a 28% prevalence rate [47], and rates as high as 48% were observed in
Gulf Coast regions [2, 48]. These reports have been confirmed by more recent
surveys of the American Heartworm Society (https://www.heartwormsociety.org/
in-the-news/558-ahs-announces-findings-of-2019-heartworm-incidence-survey,
accessed November 25th, 2020), which revealed that the top five states in heart-
worm incidence for 2019 were in the Southeast (Mississippi, Louisiana, South
Carolina, Arkansas, and Alabama) (Figure 9.3), similar to the report of Little [46],
which showed highest incidence in Mississippi, Louisiana, Arkansas, Alabama,
and Texas. The general distribution has not changed compared to 2016. No state
is free of D. immitis infections [46]. The prevalence rates are much lower in

Average number of cases
per reporting clinic

<1 case/clinic

1–5 cases/clinic

6–25 cases/clinic

26–50 cases/clinic

51–99 cases/clinic

100+ cases/clinic

Figure 9.3 2019 Heartworm Incidence Survey, American Heartworm Society. Heartworm
incidence as shown in this map is based on the average number of cases per reporting
clinic in 2019. Some remote regions of the United States lack veterinary clinics; therefore,
we have no reported cases from these areas. Source: Used with permission from the
American Heartworm Society https://www.heartwormsociety.org/.
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regions with colder temperatures. In Canada, for example, a study conducted in
1993 determined the prevalence as 0.24% [49]. A more recent study revealed a
prevalence of 3.9% in shelter dogs in Ontario, Canada [50]. Climate change may
also drive an increase in heartworm prevalence in previously preclusive cold
regions [51].

No detailed European surveys on the distribution of D. immitis have been
reported, but surveys conducted at the national or regional level are available. A few
surveys have also focused on D. repens in Europe because of the zoonotic potential
in humans, even though the infection in dogs is often asymptomatic [52, 53].
Furthermore, a substantial decrease in D. immitis infections has been observed in
some endemic areas such as Northern Italy and the Canary Islands (Spain) [24].
In contrast to the reduction of prevalence in those areas, increased transmission
in Central and Northern Europe has been observed and may be attributed to
climate change [6, 54, 55]. Even in areas as far north as Finland, Estonia, and
Siberia, autochthonous cases have been reported [24, 56, 57]. An additional factor
contributing to the spread of dirofilariosis is the movement of positive dogs from
endemic countries to formerly heartworm-free countries such as Germany [58].
In addition, increasing occurrence and climate-change-driven spread of reservoir
hosts in wildlife, e.g., the golden jackal (Canis aureus), seem to play a significant
role, too [55]. A special case appears to be Austria, where only recently the intro-
duction of D. repens has been confirmed in mammals and in the mosquito vectors
Anopheles algeriensis and A. maculipennis [59]. Most cases of dirofilariosis were
imported cases, but climate analysis indicates that D. immitis has the capacity to
establish itself in the lowland regions of Austria, given that the host and a number
of competent culicid vectors are present [59].

In Australia, D. immitis was reported in all states with historical prevalence up
to 100% in the Northern Territory [60]. Today, prevalence is considered to be low
throughout Australia [61]. Dirofilariosis is also present in the near and far East and
in Asia. In China, the prevalence ranges from 2% to 15% [62]. Interestingly, a novel
Dirofilaria species, Candidatus D. hongkongensis, was identified in Hong Kong
[63, 64], which also occurs in India [65]. In Japan, the heartworm prevalence
decreased within a decade by about half in shelter dogs, from 46% in 1999–2001
to 23% in 2009–2011 [28]. Notably, no D. immitis was detected in Israel, while it
was observed in other Middle East countries [24]. Information on the prevalence of
dirofilariosis in Africa is limited [2]. However, reports on the presence of D. immitis
and D. repens are increasing in recent years. Dirofilariosis has been observed in
Tunisia, Algeria, Tanzania, and Mozambique, although the more dominant filarial
species appears to be Acanthocheilonema dracunculoides [24].

There are more than 470 million dogs and 370 million cats worldwide (https://
www.statista.com/statistics/1044386/dog-and-cat-pet-population-worldwide/
accessed October 10th, 2020), and the populations continue growing. More than 200
million dogs live in North America, Europe, Australia, and Japan, where prophylaxis
and treatment probability are expected to be high (Boehringer Ingelheim internal
analysis), making heartworm prevention a highly attractive market segment.
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9.4 Disease Control

Heartworm control relies on antifilarial chemotherapy mainly through prevention,
which utilizes a single class of drugs, the MLs, namely, ivermectin, milbemycin
oxime, moxidectin, abamectin, eprinomectin, and selamectin [11]. Curative
treatment of adult D. immitis depends largely on one drug, melarsomine dihy-
drochloride, while doxycycline as an anti-Wolbachia drug is under investigation.

9.4.1 Macrocyclic Lactones

Starting with the introduction of ivermectin in the canine market in 1987
(Heartgard®), heartworm prevention is now achieved almost solely through regular
administration of active pharmaceutical ingredients (APIs) from the same chemical
class, the MLs. The first MLs active against parasites – the avermectins, fermen-
tation products of Streptomyces avermitilis – were discovered in 1975 from a soil
sample collected in Japan [66, 67]. Subsequently, in 2015, half of the Nobel Prize
in Physiology or Medicine was awarded jointly to Campbell and Ōmura for their
outstanding contribution to the discovery of the avermectins [68].

The MLs can be divided into two groups, the avermectins (abamectin, ivermectin,
eprinomectin, and selamectin) and the milbemycins (milbemycin oxime and mox-
idectin) [69, 70]. All contain a common 16-member ML ring. The main structural
difference between both classes resides at C13 of the macrocyclic ring: avermectins
contain sugar residues, whereas milbemycins are protonated (Figure 9.4). For
further details on classification of the different MLs, for example, the differences
between avermectin 1- and 2-subsets or A and B series, please refer to Shoop et al.
[69] and Prichard and Geary [71].

9.4.1.1 Ivermectin
The soil-dwelling bacterium Streptomyces avermitilis was discovered by Satoshi
Ōmura in a soil sample from Kawana on the southeast coast of Honshu, Japan,
in 1973. As anecdotes are told, Ōmura always carried plastic bags with him to
collect specimen and found his most promising sample in the woods next to a golf
course [68]. Extracts from cultures from this strain were sent to Merck laboratories
to be tested in anthelmintic screens in 1974, where it showed promising activity
against nematodes and many ectoparasites [66, 67, 72, 73]. William C. Campbell
had the active components purified and identified the avermectins in 1975. The
more effective chemical derivative ivermectin was subsequently commercialized,
entering the Animal Health market in 1981 initially for livestock [68, 74, 75]. The
drug’s potential in human health to fight onchocerciasis was confirmed a few years
later, and it was registered in 1987 and immediately provided free of charge for
control of river blindness (branded as Mectizan®) [76, 77] (http://www.mectizan
.org/resources/2014-annual-highlights accessed November 27th, 2020). The World
Health Organization lists ivermectin among the essential medicines [78], and mass
drug administration campaigns in Africa rely on its efficacy to control human
filarial parasites [79].
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Figure 9.4 Structure of MLs marketed against heartworm infections. The macrocyclic core
ring structure (top) indicates regions where MLs differ from each other. C13 is marked and
highlighted in bold, where the main difference between the two major classes of MLs
resides. Residues specific for each individual ML are visualized in blue. Source: Modified
from Prichard and Geary [71].

Ivermectin is a chemically modified, dihydro derivative of naturally produced
avermectin B1 composed of >80% 22,23-dihydro-avermectin B1a and <20% 22,23-
dihydro-avermectin B1b at the initial launch (Figure 9.6) [80, 81], whereas ratio is
now 90% to 10% (https://online.uspnf.com DocID: GUID-2506EE29-023C-4689-
BE0C-392C296F1803_4_en-US). It shows activity against a broad spectrum of
parasitic nematodes after both oral and parenteral administration, but not against
cestodes or trematodes. In addition, it has activity against arthropods such as
fleas, lice, mites, and some tick species [82, 83]. Although it is effective against
microfilariae, L3 and L4 stages, it is not lethal for adult filariae but does reduce
fertility [83]. Ivermectin is marketed as oral, topical, and injectable formulations,
including long-acting injectables and boluses against endo- and ectoparasites of
animals [84, 85].
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9.4.1.2 Eprinomectin
Eprinomectin or 4′′-epi-acetylamino-4′′-deoxyavermectin B1 was developed exclu-
sively for veterinary medicine as the first topical endectocide for all cattle, including
lactating animals [86, 87]. It is a semisynthetic derivative of avermectin B1 or
abamectin, consisting of two homologs, B1a (not less than 90%) and B1b (not
more than 10%), which differ by a methylene group. Eprinomectin first entered
the market in a topical formulation against internal and external parasites of cattle
including lactating cows [87–92]. As it showed good bioavailability and systemic
activity in cats following topical application [93], it was included in a topical
endectoparasiticide combination product together with fipronil, (S)-methoprene,
and praziquantel for cats (Broadline®) [94, 95].

9.4.1.3 Abamectin
Abamectin remains the only ML used in both animal health and crop protection
[96]. It consists of avermectin B1a (>90%) and avermectin B1b (<10%). Abamectin is
approved in Australia for preventive use against heartworm in dogs, however only in
endoparasiticide combination products that include oxibendazole and praziquantel
(https://portal.apvma.gov.au/pubcris accessed November 27th, 2020).

9.4.1.4 Selamectin
Selamectin is a semisynthetic monosaccharide oxime derivative of doramectin
(25-cyclohexyl-25-de(1-methylpropyl)-5-deoxy-22,23-dihydro-5-(hydroxyimino)-
avermectin B1 monosaccharide). Doramectin is the most potent nematicide in a
series of new avermectins prepared by mutational biosynthesis, having a cyclohexyl
group in the C25 position of the avermectin ring [97, 98]. Selamectin was selected
for its efficacy against D. immitis, gastrointestinal nematodes, fleas, and ticks in
1999 [71, 99, 100]. It is available as topical formulation for dogs and cats, while
doramectin is marketed for ruminants and swine only.

9.4.1.5 Milbemycin Oxime
The milbemycins were initially isolated in 1967 as fermentation products from
Streptomyces hygroscopicus, and subsequently from Streptomyces cyaneogriseus in
1983, that displayed very high acaricidal activity [71, 85]. Structure elucidation,
in 1972 by Sankyo scientists revealed the 16-membered ML structure of the active
compound family of milbemycins, from which the anthelmintic milbemycin oxime
(6R, 25R)-5-demethoxy-28-deoxy-6, 28-epoxy-5-hydroxyimino-25-ethyl/methyl
milbemycin) was derived [85, 101, 102]. Milbemycin oxime is available in an oral
formulation, consisting of a mixture of 70–80% milbemycin A4 oxime and 30–20%
milbemycin A3 oxime, for heartworm prevention in dogs and cats. In addition,
milbemycin oxime shows efficacy against immature and adult stages of other par-
asitic roundworms, hookworms, whipworms, lungworms, and mites [85, 103, 104].

9.4.1.6 Moxidectin
Exploration of fermentation products from Streptomyces cyaneogriseus in 1983
revealed not only a new source of milbemycin but also the new ML nemadectin
(F-29249α) [105, 106]. Addition of a methoxime moiety at C-23 and a substituted
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olefinic side chain at the 25-position to nemadectin yields moxidectin [107].
Heartworm prophylaxis products administer moxidectin orally, topically, or as an
injectable. Moxidectin has been approved for human use against river blindness
(https://www.fda.gov/drugs/drug-approvals-and-databases/drug-trials-snapshots-
moxidectin accessed November 25th, 2020).

Compared to the avermectins, moxidectin inhibits Pgp-mediated rhodamine123
transport with 10 times lower potency [108]. Moxidectin is very lipophilic and
has a long half-life, which makes it particularly suitable for long-acting injectable
formulations, e.g., ProHeart-6® and ProHeart-12® preventives in canines, and
Cydectin® LA for prevention and treatment of gastrointestinal nematodes in cattle
[71, 85]. Topical moxidectin products obtained FDA approval for elimination of
microfilariae in heartworm-positive dogs, diminishing adverse reactions, which can
occur because of high microfilarial counts in infected dogs [109]. A combination
product containing moxidectin, sarolaner, and pyrantel to obtain protection against
endo- and ectoparasites has been marketed recently (Simparica® Trio) [110, 111].

9.4.2 Non-macrocyclic Lactone Treatments

9.4.2.1 Diethylcarbamazine Citrate
Diethylcarbamazine citrate (DEC) (Figure 9.5) is the oldest heartworm preventive
and was discovered in 1947 as a derivative of piperazine. It shows both microfilari-
cidal and adulticidal activity, presumably by increasing filarial susceptibility to
innate immune attack [112, 113]. It was first used to control human filariosis [114]
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and made it to the animal health market in products for heartworm prophylaxis
in the 1960s [115, 116]. In contrast to other preventives, it has to be given daily
(https://apvma.gov.au accessed December 2nd, 2020).

As DEC is on the World Health Organization’s List of Essential Medicines
[78] for treatment of filariosis including lymphatic filariosis, tropical pulmonary
eosinophilia, and loiasis [117], its use in animal health has been limited, with only
a few products still marketed.

9.4.2.2 Adulticide Treatment Using Arsenamide Sodium and Melarsomine
Dihydrochloride
The adulticide arsenamide (thiacetarsamide) sodium (Caparsolate®) (Figure 9.5)
was used for treatment of adult D. immitis beginning in the 1940s. The treatment
needed to be administered intravenously, and dogs had to be hospitalized during
initial treatment to handle possible hepatotoxic and nephrotoxic side effects [118].
In the 1990s, melarsomine dihydrochloride (Immiticide®) (Figure 9.5) supplanted
thiacetarsamide as an adulticide, as it provided easier administration as well as
increased safety [118–121]. Melarsomine dihydrochloride is now the first-line
adulticide treatment for heartworm infections. Even though this therapy reduces
the need for hospitalization of dogs, strict exercise restriction is required to limit
thromboembolic effects [17, 118, 122, 123].

To achieve complete elimination of adult heartworm infections, both the
American Heartworm Society and the European Society of Dirofilariosis and
Angiostrongylosis propose protocols with two to three month pre-treatment with
an ML combined with an antibiotic against Wolbachia (such as doxycycline, see
below) before the administration of three doses of Immiticide® [123, 124]. As some
studies provided evidence that melarsomine dihydrochloride may be effective
against worms two to four months of age, the adulticidal treatment protocol might
be improved further [10, 122, 123, 125, 126].

Adulticide therapy using melarsomine is not considered safe for cats, as worm
death in cats is associated with a high risk for pulmonary thromboembolism and
anaphylactic reactions [127]. Surgery known as worm embolectomy is an alternative
to relying on self-cure, which can occur within 18–48 months, while carefully moni-
toring disease progression [124, 127]. Surgical extraction of adult heartworms in dogs
remains the only solution for heavily infected dogs manifesting clinical signs of caval
syndrome, as dying or dead adult heartworms obstruct blood flow and degrading
worms cause inflammatory reactions [128–130].

9.4.2.3 Doxycycline for Supportive Treatment
Doxycycline-mediated clearance of Wolbachia in Onchocerca or Dirofilaria
infections demonstrated that Wolbachia are required for filarial larval develop-
ment, embryogenesis, and long-term viability [131]. Treatment with doxycycline
(Figure 9.5) killed third- and fourth-stage heartworm larvae in experimentally
infected dogs [132]. However, a major drawback of doxycycline is the long treat-
ment duration needed to eliminate the required 90% of Wolbachia for a sustainable
effect [131]. In addition, long-term application of doxycycline in dogs is often
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associated with low tolerability and severe gastrointestinal side effects [133]. Never-
theless, for adulticidal treatment, a combination of doxycycline with monthly doses
of ivermectin showed superior microfilaricidal and adulticidal efficacy compared to
the drugs given alone [134, 135]. Moreover, doxycycline seems to enable a shorter
treatment regimen to eliminate Wolbachia before the first adulticidal dose of
melarsomine dihydrochloride [10]. Reducing the burden of Wolbachia in D. immitis
before adulticide treatment proved to be more efficacious with fewer inflammatory
reactions and lower risk of fatal pulmonary thromboembolisms [134, 136, 137]. The
combination of doxycycline, ivermectin, and melarsomine significantly reduced
the severity of arterial lesions and thrombi [136]. The American Heartworm Society
[123] recommends a therapy including ivermectin or moxidectin, doxycycline, and
melarsomine.

9.4.3 Mdr1 Mutations in Collies and Related Breads

Although in general MLs are considered to be safe for most mammals, some dog
breeds, including collies and shepherds, are prone to moderate to severe neurological
effects. The genetic reason behind this susceptibility is a 4 bp deletion mutation lead-
ing to a frame shift in the multidrug resistant (mdr1) transporter gene (nt230 (del4)
mdr1 mutation; Figure 9.6) [138, 139]. The mdr1 (del4) mutation in these dogs can
be tracked back to a common ancestor in Great Britain around 1873, before formal
breeds were registered and genetically isolated [140, 141].

The P-glycoprotein MDR1 belongs to a family of membrane-bound ATP-binding
cassette transporters (ABC transporters) [142] and acts as a drug efflux pump across
the blood–brain barrier. MDR1 plays an important role in the elimination of many
drugs from the mammalian central nervous system, including humans (Figure 9.7)
[143]. The channel was first isolated and characterized from Chinese hamster ovary
cells that had developed resistance to cancer chemotherapy drugs by overexpression
of MDR1 [144]. Although mice with a deficient mdr1 gene showed no obvious
phenotype in general, all mice of a colony infested with mites showed enhanced
drug sensitivity and subsequently died after treatment with ivermectin [145].
Not only MLs but also many structurally unrelated drugs, toxins, and xenobiotics
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Figure 9.6 Local alignment of mdr1 wt and mutant mdr1 del4. Mdr1 wt from Canis lupus
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et al. [81].
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Figure 9.7 Consequence of mdr1 mutation for drug exposure in the central nervous
system. (a) Functional MDR1 receptor actively lowers the concentration of APIs within the
central nervous system, while (b) mdr1- mutation nt230 (del4) leading to a non-functional,
truncated MDR1 channel results in accumulation of APIs within brain cells, thus increasing
susceptibility to neurotoxic side effects.

can be substrates for MDR1, with distinct affinities and binding modes for different
classes of substrates [146, 147].

Sensitivity increases for heterozygous mdr1 (+/−) but is especially evident for
homozygous mdr1 (−/−) dogs that lack expression of functional MDR1 [143, 148].
Although all marketed products provide ML doses for heartworm prevention that
are well tolerated by mdr1 (del4)-deficient dogs, it is advised to genetically test col-
lies, shepherds, and related breeds for mdr1 (del4) mutations before treatment with
MLs [149, 150]. The prevalence of at least one mdr1 (del4) allele, either as mdr1
(+/−) or mdr1 (−/−), can be as high as 75% for collies (Table 9.1) but is almost nonex-
istent for other breeds, including breeds that share some history with the affected dog

Table 9.1 Allelic frequency of mdr1 (del4) mutation in dog
breeds worldwide.

Dog breed
Range of mdr1 (del4)
allelic frequency (%)

48–75Collie
24–45Longhaired Whippet
7–36Shetland Sheepdog
16–54(Miniature) Australian Shepherd
17–46Australian Shepherd
7–16White Swiss Shepherd
0–11Old English Sheepdog
7English Shepherd
0–6German Shepherd
0–4Border Collie

Source: Data retrieved from Refs [141, 149, 151–155]. As data
availability and sample size differ widely, frequencies have not been
listed for all breeds.
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breads (e.g. Bearded Collie, Anatolian Shepherd Dog, Greyhound, and Belgian Ter-
vuren). It is estimated that about 1–2% of all dogs in the northern hemisphere carry
such a mutation [139–141, 151–153, 156–158]. Across geographies, the prevalence
of MDR1 deficiency in collies is comparable [149].

Today, with further technological advancement and the rise of an integrated
health management, it is rather straightforward to assay dogs for this mutation using
genetic tests on cells obtained by cheek swabbing or a blood sample [150, 159, 160].
It is not only reasonable to know the risk of one’s own dog before treatment with
MLs, but this information is also used by many dog breeders, selecting for mdr wt
dogs to increase the value of the pups and thus hopefully outbreeding the mdr1
(del4) mutation in the future.

In addition to the nt230 (del4) mdr1 mutation, more than 30 single nucleotide
polymorphisms have been identified in the canine MDR1 gene, which might affect
the transport function or expression level [149]. One can speculate that these poly-
morphisms might be the reason for increased drug sensitivity observed in some dogs
that lack the deletion.

9.4.4 Marketed Products

Most heartworm preventives today are available as oral formulations, while only a
few topicals and two injectable formulations are marketed. To illustrate distinctions
in differently regulated markets, we focus on marketed products in the United States,
Europe, Japan, and Australia. In these geographies, heartworm-active APIs take dif-
ferent market shares – either based on local registrations, differences in marketing,
or customer preferences (Figure 9.8).

9.4.4.1 United States
International Cooperation on Harmonisation of Technical Requirements for Re-
gistration of Veterinary Medicinal Products (VICH) guidelines for the registration
of anthelmintic products have been largely adopted by the US Food & Drug Admin-
istration (FDA) in its Guidance for Industry (GFI) system, e.g. GFI #90 (VICH GL7)
Efficacy of Anthelmintics: General Requirements, GFI #111 (VICH GL19) Efficacy
of Anthelmintics: Specific Recommendations for Canine, and GFI #113 (VICH
GL20) Efficacy of Anthelmintics: Specific Recommendations for Feline (https://
www.fda.gov/animal-veterinary/guidance-regulations/guidance-industry accessed
November 30th, 2020). At present, two laboratory dose confirmation studies and
one multisite field safety and effectiveness study must be conducted to demonstrate
heartworm preventive efficacy, following the principles of Good Clinical Practice
(GCP) as described in GFI #85 (VICH GL9) “Good Clinical Practice.” The FDA has
historically required 100% efficacy in these studies for registration. The Center for
Veterinary Medicine (CVM) is currently evaluating alternative approaches for the
design of studies conducted to show effectiveness [161].
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Figure 9.8 Market shares of products based on specific APIs differ across geographies.
As not all approved products are marketed anymore or in all geographies or might be
marketed via channels not captured for this analysis, the API market analysis might be
slightly skewed. One example is products containing DEC, a rather old API that has been
replaced in more modern products. Source: Data based on BI internal market analysis, AH
market 2019.

Although there are several approved heartworm preventives for dogs and cats,
only one has been approved for ferrets to date (Advantage Multi® for Cats). Table 9.2
summarizes the products approved for use in the United States.

9.4.4.2 European Union
The EU Regulation 2019/6 currently governs the centralized marketing authoriza-
tion procedure for both human and veterinary medicines (amending EU Regulation
726/2004 relating to authorization and supervision of veterinary medicines)
(https://eur-lex.europa.eu/eli/reg/2019/6/oj accessed November 30th, 2020), while
national registrations can be requested from the respective national competent
authorities. In addition, the respective VICH guidelines have to be followed: VICH
GL7 Efficacy of Anthelmintics: General Requirements, VICH GL19 Efficacy of
Anthelmintics: Specific Recommendations for Canine, and VICH GL20 Efficacy
of Anthelmintics: Specific Recommendations for Feline (https://vichsec.org/en/



Table 9.2 APIs and products approved in the United States for prevention of heartworm disease or treatment of heartworm infections.

Heartworm-active
SpeciesAPI

Route of
Trade namesapplication

Combination
Companyproduct with

Diethylcarbamazine
citrate

CarbamOralDog, cat
Diro-Form
Dirocide/Filaribits/Pet-Dec
Filban
Nemacide

Bimeda AH
Lloyd
Zoetis
Intervet
Cronus Pharma
ZoetisOxibendazoleFilaribits PlusOralDog
Boehringer Ingelheim AHPraziquantelCentragardTopicalCatEprinomectin

HeartgardOralDog, catIvermectin
generics thereof: Iverhart
Ivermectin

Boehringer Ingelheim AH
Virbac AH
Cronus Pharma
ElancoImidaclopridAdvantage DUOTopicalDog

Heartgard PlusOralDog
generics thereof: Iverhart Plus
Tri-Heart Plus

Boehringer Ingelheim AHPyrantel Pamoate
Virbac AH
Heska

Praziquantel,Panacur PlusOralDog
Fenbendazole,

Intervet

Praziquantel,Iverhart MaxOralDog
Pyrantel pamoate

Virbac AH

InterceptorOralDog, catMilbemycin oxime
generic thereof:
MilbeGuard

Elanco
Ceva Sante Animale

IntervetLufenuronSentinelOralDog
Lufenuron,Sentinel SpectrumOralDog
Praziquantel

Intervet

ElancoPraziquantelInterceptor PlusOralDog
ElancoSpinosadTrifexisOralDog



ProHeartOral s.c. TopicalDogMoxidectin
Proheart 6/12
Coraxis

Zoetis

Elanco

Advantage MultiTopicalDog, cat, ferret
generic thereof: Imoxi

ElancoImidacloprid
Vetoquinol

IntervetFluralanerBravecto PlusTopicalCat
Sarolaner, PyrantelSimparica TrioOralDog
pamoate

Zoetis

RevolutionTopicalDog, catSelamectin
generic thereof: Revolt, Selarid,
Senergy

Zoetis
Aurora Pharmaceutical,
Norbrook Laboratories,
Chanelle Pharmaceuticals
ZoetisSarolanerRevolution PlusTopicalCat

Caparsolate Sodiumi.v.DogArsenamide sodium
not marketed anymore

Boehringer Ingelheim AH

Melarsomine
dihydrochloride

Immiticidei.m.Dog
generic thereof: Diroban

Boehringer Ingelheim AH
Anzac AH

Preventives dominate the market; only three products are approved for adulticidal treatment (see the last two rows of the table).
Source: Data retrieved from: U.S. Food & Drug Administration https://animaldrugsatfda.fda.gov/adafda/views/#/search, accessed November 30th 2020; AH – Animal
Health.
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guidelines/pharmaceuticals/pharma-efficacy/anthelmintics accessed November
30th, 2020). In general, most new, innovative medicines are submitted to the
European Medicines Agency (EMA) for centralized authorization, while most
generics and over-the-counter medicines use national marketing authorization.
Expansion of marketing authorization to other EU member states can be obtained
by either a mutual recognition procedure or a centralized procedure. Nevertheless,
data requirements and standards for authorization of medicines in the EU are the
same, irrespective of the authorization route. Combination products dominate the
European market for heartworm prevention (Table 9.3).

9.4.4.3 Japan
For Japan, the Ministry of Agriculture, Forestry and Fisheries (MAFF) holds
jurisdiction over affairs concerning veterinary medicinal products. Regulations
include the Law and the Enforcement Ordinance of the Law for Ensuring the
Quality, Efficacy, and Safety of Drugs and Medical Devices, (Enforcement Ordi-
nance No. 11, 1961), and the Control Regulations of Veterinary Medical Products
(Control Regulations, Ministerial Ordinance No. 107, 2004). Besides local guide-
lines established for registration studies by MAFF, further globally harmonized
VICH guidelines on quality, safety, and efficacy have to be considered for regis-
tration (http://www.maff.go.jp/nval/ accessed November 30th, 2020). Preventive
treatment using oral products containing only one API dominate the market,
including many generics (Table 9.4). Adulticidal products based on melarsomine
dihydrochloride (Immiticide and generics thereof) have been authorized but
are not available anymore in Japan, as their production and sales have been
discontinued.

9.4.4.4 Australia
All agricultural and veterinary chemical products sold in Australia have to be reg-
istered by the Australian Pesticides and Veterinary Medicines Authority (APVMA).
The “Efficacy and target animal safety general guideline (Part 8)” in conjunction
with the adopted VICH guidelines as well as the World Association for the Advance-
ment of Veterinary Parasitology (WAAVP) guidelines have to be followed. More than
95% efficacy against D. immitis is required for registration.

Although preventive products containing abamectin and DEC as well as melar-
somine are available only for dogs, all other products are also approved for use
in cats. Some moxidectin-based products are also approved for use in ferrets,
while some selamectin-based products can also be used in rabbits. For adulti-
cidal treatment, only melarsomine dihydrochloride as Immiticide is registered
(Table 9.5).



Table 9.3 APIs and products approved in Europe for prevention of heartworm disease or treatment of heartworm infections.

Heartworm-active
SpeciesAPI

Route of
CompanyCombination product withTrade namesapplication

Boehringer Ingelheim AHEsafoxolaner, PraziquantelNexGard ComboTopicalCatEprinomectin
Fipronil, Praziquantel,BroadlineTopicalCat
(S)-Methoprene

Boehringer Ingelheim AH

ElancoGuardian inj.s.c.DogIvermectin
Boehringer Ingelheim AHPyrantelHeartgard/Cardotek plusOralDog
ElancoLufenuronProgram plusOralDogMilbemycin oxime

MilbemaxOralDog, cat
generics thereof:
Milbactor, Milprazon,
Milquantel
Milpro

ElancoPraziquantel
Krka
Virbac

Boehringer Ingelheim AHAfoxolanerNexgard SpectraOralDog
ElancoSpinosadTrifexisOralDog
Support Pharma, FatroAfilarias.c.DogMoxidectin
Bayer AHImidaclopridAdvocate/PrinovoxTopicalDog, cat, ferret
IntervetFluralanerBravecto PlusTopicalCat

Sarolaner, PyrantelSimparica TrioOralDog
embonate

Zoetis

StrongholdTopicalDog, catSelamectin
generic thereof:
Chanhold, Evicto

Zoetis
Chanelle Pharmaceuticals,
Virbac AH

Stronghold PlusTopicalCat
Felisecto Plus

ZoetisSarolaner

Melarsomine
dihydrochloride

Boehringer Ingelheim AHImmiticidei.m.Dog

Preventives dominate the market; only one product is approved for adulticidal treatment (see the last row of the table).
Source: Data retrieved from: EMA Europa Veterinary https://www.ema.europa.eu/en/medicines/field_ema_web_categories&percnt;253Aname_field/Veterinary,
HMA Heads of Medicines Agencies https://mri.cts-mrp.eu/veterinary/ and CIMAVET https://cimavet.aemps.es/cimavet/publico/home.html accessed November
30th 2020; AH – Animal Health.



Table 9.4 APIs and products approved in Japan for prevention of heartworm disease or treatment of heartworm infections.

CompanyCombination product withTrade nameRoute of applicationSpeciesHeartworm-active API

Fipronil, Praziquantel,BroadlineTopicalCatEprinomectin
(S)-Methoprene

Boehringer Ingelheim AH

CardomecOralDogIvermectin
generics thereof: Azavasuca
Heartmectin
Panamectin

Boehringer Ingelheim AH
Nissin Pharmaceutical
ASKA AH
Meiji Seika Pharma

Cardomec POralDog
generics thereof: Iverguard P
Ivermec DSP, PI
Panamectin

Boehringer Ingelheim AHPyrantel pamoate
Kyoritsu Seiyaku
Fujita Pharmaceutical
Meiji Seika Pharma

Milbemycin AOralDogMilbemycin oxime
generics thereof: Milbeguard
Milbejelly
Milbemycin

Elanco
SAMPO Pharm
Meiji Seika Pharma
Fujita Pharmaceutical

ElancoPraziquantelInterceptor SOralDog
ElancoPraziquantelMilbemaxOralDog, cat
Boehringer Ingelheim AHAfoxolanerNexgard SpectraOralDog
ElancoSpinosadPanoramisOralDog
ElancoLufenuronSystecOralDog

MoxidecOralDogMoxidectin
generics thereof: Moxiguard
Moxiheart

Zoetis
SAMPO Pharm
Fujita Pharmaceutical

ZoetisProheart-12s.c.Dog
Bayer YakuhinImidaclopridAdvocateTopicalDog, cat
ZoetisRevolutionTopicalDog, catSelamectin
ZoetisSarolanerRevolution plusTopicalCat

Melarsomine
dihydrochloride

MelarsomineImmiticidei.m.Dog
dihydrochloride

Boehringer Ingelheim AH
Kyoritsu Pharmaceutical

Preventives dominate the market; only one product is approved for adulticidal treatment (see the last row of the table).
Source: Data retrieved from: MAFF National Veterinary Assay Laboratory http://www.maff.go.jp/nval/ accessed November 30th, 2020; AH – Animal Health.



Table 9.5 APIs and products approved in Australia for prevention of heartworm disease or treatment of heartworm infections.

Heartworm active
SpeciesAPI

Route of
Trade namesapplication

Combination
Companyproduct with

Virbac CanimaxOralDogAbamectin
Purina Total Care Heartwormer and
Allwormer

Praziquantel
Oxibenda-
zole

Virbac
Nestle Purina Petcare

Diethylcarbamazine
citrate

AristopetAristopet/Vitapet Heartworm DimmitrolOralDog
Mavlab

Exelpet EZY - HeartwormOralDogIvermectin
Heartgard 30
Heartworm Soluble
I Love My Pet Heartworm Chewables
Nuheart

Saint Bernard Petcare
Soluble Heartworm Valuheart
Vetafarm Heart Gold

Exelpet Products/Mars
Boehringer Ingelheim AH
Arkolette
My Pet Products Australia

Bocko/Flexsky in partnership
Australian Pharmavet
Contract Manufacturing

Jurox & Zoo Pets
Vetafarm

Exelpet EZY - Heartwormer + Intestinal
All-Wormer
Guardian Complete
Popantel Allwormer Plus Heartworm

Oxantel
embonate
Pyrantel
embonate
Praziquantel

Exelpet Products/Mars

Intervet
Jurox

Heartgard 30 Plus
Startgard Plus for Puppies (Heartgard 30 Plus
+ Frontline Plus combi pack)

Pyrantel
embonate

Boehringer Ingelheim AH

Heartgard 30 FXOralCat
Startgard Plus for Kittens (Heartgard 30 FX +
Frontline plus combi pack)

Boehringer Ingelheim AH

Boehringer Ingelheim AHAfoxolanerNexGard SpectraOralDogMilbemycin oxime
Interceptor Spectrum,
Purina Total Care Heartwormer & Allwormer

ElancoPraziquantel

(Continued)



Table 9.5 (Continued)

Heartworm active
SpeciesAPI

Route of
Trade namesapplication

Combination
Companyproduct with

Purina Total Care Heartwormer, Allwormer &
Flea Control,
Sentinel Spectrum

Praziquantel,
Lufenuron,

Elanco

ElancoSpinosadPanoramis, Trifexis
MilbemaxOralDog, cat
Milpro

ElancoPraziquantel
Virbac
ZoetisProheartOralDogMoxidectin
ZoetisProheart SR-12 Injections.c.Dog
ElancoImidaclopridVets Choice for Fleas, Heartworm and WormsTopicalDog

Advantage Advocate Exelpet Vet Series Flea,TopicalDog, cat, ferret
Intestinal & Heartworm
Exi-Flea Plus
Moxiclear

ElancoImidacloprid

Abbey Laboratories
Norbrook Laboratories

Aristopet AH fleas, heartworm and wormsTopicalDog, cat
Neovet
Wagg & Purr Fleas, Heartworm & Worms

AristopetImidacloprid

Shanghai Neway AH
Avet Health
IntervetFluralanerBravecto PlusTopicalCat

Sarolaner,Simparica TrioOralDog
Pyrantel
embonate

Zoetis

Evicto NeovelaTopicalDog, cat, rabbitSelamectin
Purevet/Revolution
Selapro
Wagg & Purr Fleas & Heartworm

Virbac Shanghai Neway AH
Zoetis
Norbrook Laboratories
Avet Health

ZoetisSarolanerRevolution PlusTopicalCat
Melarsomine
dihydrochloride

Boehringer Ingelheim AHImmiticide Canine Heartworm Treatment

Preventives dominate the market; only one product is approved for adulticidal treatment (see the last row of the table).
Source: Data retrieved from: Australian Pesticides and Veterinary Medicines Authority https://apvma.gov.au accessed November 30th, 2020; AH – Animal Health.
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9.5 Conclusion

Heartworm disease is a serious threat for dogs and cats in many parts of the
world. Because it is unlikely that heartworm prevention could be achieved solely
by improved vector control, preventive treatment based on actives of the ML
class remains the mainstay of control. However, ML-resistant populations have
been reported from the Mississippi River delta areas in the United States. For-
tunately, for the majority of regions, available drugs are still of high value. With
confirmed resistance to all MLs, it is evident that new control methods are urgently
needed. Continuous progression in technology and science enables new innovative
approaches to search for novel drugs affecting filarial-specific targets. For example,
focused assays have been developed to discover anti-Wolbachia compounds with
an indirect but finally lethal effect on D. immitis. Apart from the search for novel
APIs, the time and technology also seem ripe to discover highly effective vaccines.
Antifilarial vaccines would have the potential to change heartworm control sub-
stantially. Such a vaccine may become part of a more holistic heartworm control
program when combined with preventive drugs such as MLs or yet to be discovered
actives. Finally, it is important to emphasize compliance with veterinarians and pet
owners to provide sufficient protection of the animals and to delay development
and spread of drug-resistant D. immitis populations. Therefore, ideal novel products
should be sustainable and highly effective and should possess a convenient route
of administration to encourage owner compliance with required dosing regimens.
Covering a broader range of endo- and ectoparasites within one product is a desired
add-on.
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Abstract

Filarial parasites of humans and animals represent a heterogeneous group of
pathogenic nematodes, interacting throughout their life cycles with two hosts and,
for most species, a bacterial endosymbiont. Various control strategies have been
implemented since the mid-twentieth century, including vector control in endemic
zones, mass drug administration campaigns, and preventive chemotherapy in com-
panion animals. The challenges posed by the incompletely understood biology of these
long-lived pathogens, their restricted accessibility, discrepant life stage-dependent
sensitivities to drugs, as well as the potential for severe adverse events, have greatly
complicated progress toward elimination of human filariases. This chapter chronicles
the history of antifilarial medicines and reviews current understanding of their
mechanisms of action, highlighting persisting knowledge gaps some 70 years after the
first efforts were undertaken to control filarial infections.

10.1 Introduction

Relatively few filariid species are of major importance as parasites of humans and
domesticated animals. Although generally not acutely lethal, these parasites cause
significant morbidity that impairs productivity and quality of life and can lead to
mortality in humans and their companion animals. The two-host life cycles of these
pathogens include a definitive vertebrate host and an arthropod vector (mosquitoes,
black flies; [1]); transmission is thus largely restricted to climactic zones that afford

*Corresponding author.

Human and Animal Filariases: Landscape, Challenges, and Control, First Edition.
Edited by Ronald Kaminsky and Timothy G. Geary.
© 2023 WILEY-VCH GmbH. Published 2023 by WILEY-VCH GmbH.



250 10 Current Antifilarial Drugs – Mechanisms of Action

facile vector development. The incidence and extent of pathology associated with
filariases led to research devoted to the discovery and implementation of control
measures targeted primarily at three diseases: onchocerciasis (or river blindness,
due to Onchocerca volvulus) and lymphatic filariasis (LF; Wuchereria bancrofti,
Brugia timori and Brugia malayi) in humans, and canine and feline heartworm
disease (Dirofilaria immitis). Chemotherapy-based control measures (as opposed
to targeted treatment of infected individuals) were introduced for LF and heart-
worm disease as early as the 1950s, following the discovery and development of
diethylcarbamazine (DEC; [2]).

Vector control was the primary strategy for onchocerciasis until the introduction
of ivermectin (IVM; [3, 4] (Figure 10.1)). A campaign of river-targeted insecticide
treatments to reduce larval populations of black flies in the genus Simulium, which
transmit O. volvulus, was implemented in highly onchocerciasis endemic regions in
the 1970s and succeeded to some extent to reduce local incidence of infection and
disease-related blindness [5]. Concurrent chemotherapeutic interventions for this
disease were targeted to infected individuals but were of limited utility due to signif-
icant safety concerns. DEC was used to eliminate microfilariae in the skin but caused
severe side effects, including blindness, due to drug-induced immune reactions to
dying microfilariae in situ [6, 7]. Suramin and melarsoprol were used (along with
surgical removal of nodules) as a macrofilaricidal strategy, but again led to severe
side effects. These drugs are no longer used for onchocerciasis (Figure 10.2).

Filariae that cause LF are transmitted by many species of mosquito, and vector
control strategies (primarily household spraying of DDT) were employed as a con-
trol measure for this disease with success in some circumstances [8]. The intro-
duction of insecticide-treated bednets for malaria control has been beneficial to LF
control in areas where the diseases are co-endemic [8]. The introduction of DEC
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Figure 10.1 Discontinued drugs for onchocerciasis.



10.1 Introduction 251

Figure 10.2 Ivermectin is an ∼80/20 mixture
of the dihydroavermectin isomers B1a and B1b.
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treatment for LF began in the late 1940s; the drug was discovered in an effort to
treat soldiers returning from LF endemic areas who were infected during WWII [2].
Monthly treatment with DEC safely suppressed microfilariae in blood of patients
infected with W. bancrofti and had some macrofilaricidal efficacy; however, the drug
caused more frequent adverse events in patients infected with B. timori or B. malayi,
which restricted the use of intensive dosing schedules. Subsequent advances showed
that once yearly doses of 6 mg/kg or the use of DEC-fortified salt were effective
in suppressing microfilarial levels for prolonged periods but had less macrofilari-
cidal activity [2, 6, 9]. Importantly, this schedule caused acceptable levels of adverse
events in patients infected with Brugia spp., enabling its wide introduction for con-
trol. Safe, simple macrofilaricidal options were not available, and thus chemotherapy
was directed at reducing transmission rather than eliminating the pathology due to
the presence of adult parasites in lymph vessels.

Like the parasites that cause LF, D. immitis is transmitted by many mosquito
species. Vector control targeted specifically to prevent heartworm infections was not
widely applied, although mosquito control programs to reduce malaria transmission
in some areas likely had the ancillary benefit of reducing heartworm infections.
Daily DEC treatment of dogs during mosquito season prevented the development of
L3 to L4 stages but was ineffective after this transition occurred and was associated
with severe side effects in microfilaremic dogs, necessitating diagnostic tests prior
to starting treatment. Adult parasites are the pathogenic stage in heartworm disease
and cannot be treated with DEC; these stages can be killed by arsenic-containing
medicines, of which melarsomine is the only one widely available now.

The introduction of IVM in the 1980s [3], followed by several additional macro-
cyclic lactones (MLs) (Figure 10.3), revolutionized the ability to prevent infection by
or transmission of O. volvulus and D. immitis by virtue of its prolonged activity against
larval stages of filariid parasites after single low doses. The persistent microfilaricidal
activity of IVM limits pathology in the skin and eye in onchocerciasis patients and
limits transmission of O. volvulus and the species that cause LF [4]. In companion

Figure 10.3 The antibiotic doxycycline.
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animals, IVM and related drugs eliminate L4 stages when given monthly, preventing
the development to the pathogenic adult stages [10]. IVM and other macrocyclic lac-
tones changed the ability to control these infections to a remarkable degree, ushering
in the modern era of antifilarial chemotherapy [4, 11].

Three important parasite life cycle stages of filarial parasites are targeted for
treatment in mammalian hosts: microfilariae (L1), infective and developing larvae
(L3 and L4), and adults. These stages are affected by chemotherapy to different
extents in the major filarial diseases under review here.

10.2 Drugs Used in Onchocerciasis

Treatment of onchocerciasis prior to 1988 relied on DEC to remove microfilariae
from the skin [2]; this remedy led to immune-dependent destruction of these stages
in the skin and eye, causing significant inflammatory reactions in the skin known as
the Mazzotti reaction, and in the eye, potentially causing blindness [6]. The intensity
of these consequences hampered compliance, and DEC is no longer approved for use
in onchocerciasis. Nodules containing adult stages could be removed by surgery, to
the extent possible; many nodules are not palpable, and this procedure was rarely
curative. Treatment with suramin or melarsoprol or its potassium salt, Mel W, pro-
vided some adulticidal efficacy but at a cost of significant, sometimes lethal, toxicity;
these drugs are no longer used (see Ref. [7]).

As noted above, the introduction of IVM (as Mectizan) for human use for
onchocerciasis in the late 1980s, and the subsequent decision by Merck & Co.
to donate it for onchocerciasis control operations, revolutionized the field. The
ability of single oral doses of 150 μg/kg to remove microfilariae from the skin
and eye for many months with tolerable side effects had two beneficial effects in
mass drug administration (MDA) programs: disease progression to blindness was
effectively halted in treated populations, and the transmission of the parasite was
markedly impeded in treated areas [12]. Twice-yearly dosing leads to better control
of microfilariae in the skin and accelerated the progress toward the eradication of
this parasite in the Americas [7, 13, 14].

An important exception to the otherwise impressive safety record of IVM (and also
a serious complication of therapy with DEC) is the incidence of severe adverse cen-
tral nervous system (CNS) events, including death, in patients harboring high levels
of Loa loa microfilariae in the blood [15, 16]. The severity of the response retarded
the introduction of IVM in regions in which O. volvulus and L. loa are co-endemic,
and its use requires prescreening of target populations to identify heavily infected
individuals, who are excluded from treatment. The severe adverse events appear to
involve an inflammatory component, but we lack a full understanding of the patho-
physiological basis for them in humans and the reason(s) for the apparent threshold
of microfilaremia required for it to occur [17] (Table 10.1).

Extended (six week) regimens of daily doxycycline (Figure 10.4), an antibiotic that
targets the Wolbachia symbiont essential for reproduction and survival of adult O.
volvulus, has macrofilaricidal activity, although death of the parasite occurs slowly
[18, 19]. Shorter regimens are suboptimally efficacious in this regard. A month-long
course of doxycycline is feasible at the community level [20] but is not currently
incorporated into control programs.



Table 10.1 Mechanism of action of antifilarial drugs.

Parasite spp.Drugs
Stage

Efficacykilled
General mechanism

CommentsAlternative MoAof action

Diethylcarbamazine
(DEC)

mfLF +++ Likely indirect,
stimulating host
immune response

AdultsLF ++ Only intensive
regimens with
resulting side effects

O. volvulus mf +++ Contraindicated
D. immitis L3 +++ Replaced by MLs; no

efficacy against L4

Benzimidazoles
Albendazole mfLF +/− Inhibits microtubule

assembly in
nematodes, impairing
many cellular
processes, with
multiple phenotypic
consequences

Used annually orProtein secretion
bi-annually, only in
combination with
other compounds.
Repeated treatments
may be more effective
than infrequent single
doses. Albendazole
boosts anti-Wolbachia
activity of antibiotics

AdultsLF + (++ Single dose ineffective;)
intensive regimens
show better efficacy
but with side effects

L. loa mf + Modest efficacy in
intensive regimens

O. volvulus mf +/− Evidence of efficacy
lacking



Table 10.1 (Continued)

Parasite spp.Drugs
Stage

Efficacykilled
General mechanism

CommentsAlternative MoAof action

Macrocyclic lactones
Ivermectin O. volvulus mf, LF +++ Glutamate-gated

chloride channel
(GluCl) agonists.
Long-term sterilization
of adult filariae

Protein secretion;
indirect effects on
eliciting host immune
responses

Mainstay for MDA
programs for
onchocerciasis;
prevention of
heartworm in dogs;
used with caution in
zones co-endemic for
L. loa

O. volvulus Adults, LF + Prolonged sterilization;
some macrofilaricidal
efficacy after
prolonged treatment

D. immitis L3/L4 +++
D. immitis Adults + Requires prolonged

regimens, not
recommended

Selamectin D. immitis mf, L3/L4 +++
Adults + Unknown efficacy

Moxidectin O. volvulus mf +++ Often administered in
combination with
other drugs

D. immitis mf, L3/L4 +++
Adults + Unknown efficacy



Milbemycin oxime D. immitis mf, L3/L4 +++ Often administered in
combination with
other drugs

mf + Unknown efficacy

Antibiotics
AdultsLFDoxycycline +++ Targets the

endosymbiont
Wolbachia. Prevents
translation by blocking
interaction between
tRNA and mRNA
required for addition of
amino acids at the
ribosomal complex

Extended regimens
sterilize and slowly kill

O. volvulus Adults +++ Extended regimens
sterilize and slowly kill

D. immitis L3/L4 +++ Extended regimen
prevents development
of infective L3 in
mosquitoes

Adults + Reduces side effects of
melarsomine
treatment

Arsenic-based
Melarsomine D. immitis Adults +++ Unclear; possible lethal

oxidative stress may be
induced through
binding to sulfhydryl
groups

Triple drug combination
DEC+ ivermectin+
albendazole

mfLF +++ IrreversibleUnclear
sterilization and slow
killing of adult worms
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10.3 Drugs Used in LF

DEC has been the mainstay for control of LF since its introduction some 70 years ago.
It has been available as a medicated salt, and intensive dosing regimens have been
used to treat infected individuals. In general, DEC has not been routinely used to
kill adult parasites in lymph nests. Instead, MDA programs have been implemented
to prevent the transmission of the parasites that cause LF. Until recently, these pro-
grams relied on annual treatment of people in endemic regions with a combination
of DEC and albendazole (Figure 10.5) [14, 21], which has led to significant reduc-
tions in LF endemicity in many regions [22]. This regimen was replaced in regions
co-endemic for LF and onchocerciasis with the combination of IVM plus alben-
dazole to avoid the adverse events experienced after the administration of DEC to
individuals infected with O. volvulus.

As discussed below, it has recently been reported that simultaneous adminis-
tration of single standard doses of ivermectin+ diethylcarbamazine+ albendazole
(IDA; triple drug therapy) produces very long-lasting suppression of microfilaremia
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in LF patients, potentially due to macrofilaricidal efficacy [23–26]. More exten-
sive, longer-term studies will reveal if this effect is sustained; reversion to a
microfilariae-positive state in a recent study could also simply reflect re-infection
[26]. A recent follow-up study five years after a single treatment showed almost
a complete lack of microfilariae, although circulating filarial antigen was still
present; it is possible that the effect of triple-drug therapy is irreversible sterilization
rather than killing [27]. Permanent sterilization is equivalent to macrofilaricidal
activity for the purposes of control. Importantly, this regimen has been shown
to be safe [28, 29] and has been adopted as the treatment of choice for LF in
non-onchocerciasis regions [30].

As is the case for onchocerciasis, extended-duration regimens of daily doxycycline
doses are slowly macrofilaricidal in LF [19, 31]. However, this drug has not been
incorporated into MDA programs, and, if the current results with the triple drug
combination are consistently confirmed, it is unlikely to be needed.

10.4 Drugs Used in Heartworm Disease

Although DEC can prevent infection of dogs by D. immitis, daily administration dur-
ing periods of mosquito presence was required for full efficacy, and overall adoption
of daily DEC and compliance were low. The introduction of MLs as preventatives,
beginning with IVM, revolutionized heartworm prophylaxis [10, 11, 32]. A single
monthly dose of IVM was fully effective in preventing infection, assuming compli-
ance, and encouraged widespread adoption of this practice by pet owners. Additional
MLs, including milbemycin oxime, selamectin, and moxidectin, were subsequently
introduced. Available products are formulated to enable oral, topical, or parenteral
dosing, with the last strategy providing 6- or 12-month protection in a slow-release
product [33]. The appearance of ML-resistant populations of D. immitis has compro-
mised the efficacy of these drugs as heartworm preventatives [34]. The genotypic
basis for this phenotype has not been fully defined. Evidence suggests that the phe-
notype affects all drugs in this class, but duration of exposure, which varies among
the MLs, is a variable that may affect the degree of resistance [35].

Melarsomine (Figure 10.6) is used as an adulticide in infected dogs. A 30-day
course of doxycycline typically precedes administration of melarsomine, which is
given in three divided doses. The second and third dose are administered 30 and
31 days, respectively, following the first [32, 33]. The pathology associated with
killing large worms in situ appears to be ameliorated by removal of the Wolbachia
symbiont, especially when combined with pretreatment with IVM [36–38]. Doxycy-
cline therapy has the added benefit of rendering circulating microfilariae incapable
of developing to infectious L3 larvae in mosquitoes [36, 38]. This feature could help
to reduce the transmission and spread of macrocyclic lactone-resistant strains from
infected dogs.

No chemotherapy is approved for cats with patent heartworm infections; cats typ-
ically have few adult worms and transient microfilaremia. Supportive care is recom-
mended with surgical removal of adult worms in some cases.
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Figure 10.6 The D. immitis adulticide melarsomine
(injected as the dihydrochloride salt).

10.5 Drugs Used in Other Filariases

Two other filariid species have attracted chemotherapeutic attention, though to a
lesser extent than the main foci of this chapter. The veterinary canine and feline para-
site Dirofilaria repens is a concern in Europe, Asia, and Africa. The mosquito-borne
D. repens can also infect humans but is not considered pathogenic in companion
animals, and so has attracted less research than D. immitis. D. repens adults inhabit
subcutaneous and intramuscular connective tissues, not the cardiopulmonary sys-
tem, and microfilariae are found in the circulation. Prophylaxis can be achieved
with monthly doses of macrocyclic lactones, and macrofilaricidal efficacy has been
reported with long-term macrocyclic lactone therapy, which may be enhanced by
the addition of doxycycline [39].

The human parasite L. loa is found in Africa and is co-endemic with LF and
onchocerciasis in some areas [16]. As noted above, individuals bearing high levels of
L. loa microfilaremia are at risk of serious adverse events following treatment with
IVM (or DEC). Intensive dosing schedules of albendazole have shown some efficacy
in reducing the microfilaremia, possibly due to sterilization of adult parasites, but
are not of sufficient magnitude to entirely ameliorate the risk of IVM-MDA in
endemic regions [40, 41].

10.6 Drug Effects Against Filariae are Species-
and Host-Specific

Much of what we know about the pharmacology of antifilarial drugs comes
from studies done in other kinds of nematodes, including the free-living species
Caenorhabditis elegans [42]. No convenient laboratory animal can host the full
development of O. volvulus, W. bancrofti, or D. immitis; even partial development
requires some form of immunosuppression. An exception is B. malayi (and the
closely related feline parasite Brugia pahangi), which can undergo full development
in a number of small animals; these parasites have typically served as models for the
other filariid species of interest. Furthermore, the efficacy and potency of antifilarial
drugs vary greatly in the different host–parasite animal models that are amenable to
laboratory operation [43] for reasons that are unclear. Samples of parasite material
are very difficult or almost impossible to acquire, particularly adult stages of O.
volvulus and W. bancrofti. It is also challenging to obtain samples of adult heart-
worms, which require the sacrifice of infected dogs or ferrets. Thus, the discussion
that follows reflects the best available information, with appropriate caveats.
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10.7 Mechanisms of Action and Basic Pharmacology
of Antifilarial Drugs

Although hundreds of millions of people and companion animals have been
treated with antifilarial chemotherapy for many decades, we know surprisingly,
and depressingly, little about the mechanism of action of many of them. As has
generally been the case for neglected tropical diseases, much greater investment
has been made in the empirical search for efficacious drugs than in an effort to
understand the basic biology of the pathogens and the pharmacology of the drugs
that are available. It is important to recognize that all of the antifilarial drugs in
use resulted from empirical drug discovery efforts primarily using infected animal
models, almost all for indications in veterinary medicine.

10.7.1 DEC

10.7.1.1 Background
The only antifilarial drug discovered explicitly for human filarial infections is DEC
[2]. First identified in the late 1940s as part of an initiative to find safe treatments for
soldiers who acquired LF during WWII, the drug remains a mainstay of LF con-
trol programs. In MDA programs, a single annual dose of DEC (given in combi-
nation with albendazole) rapidly removes microfilariae from the circulation and
blocks development and release of new microfilariae from adult females for many
months. Although previously used to treat onchocerciasis, DEC is now contraindi-
cated because of the severity of side effects observed in the skin and eye due to
immune-mediated killing of O. volvulus microfilariae in situ. It was also used to pre-
vent heartworm infections in dogs; given daily during the transmission season, DEC
targeted D. immitis L3 larvae. Diagnostic tests to preclude active infection with D.
immitis were required before administration, as DEC was associated with severe side
effects in microfilaremic dogs. The use of DEC for heartworm prophylaxis essentially
ceased when the MLs were introduced.

10.7.1.2 Mechanism of Action
DEC has little or no evident deleterious activity against any stage of many filarial
nematodes in culture at pharmacologically relevant concentrations and durations
of exposure (Cmax 7.5 μM, t1/2 10–12 hours; [26]). Instead, DEC has been thought to
act indirectly by triggering immune responses against parasites in hosts [44]; these
can include apparent activation of innate immune responses and attachment of host
effector cells [45]. How the drug does this is not well understood, and little work has
been done recently on this problem. The molecular target(s) of DEC in filariases
are not fully defined; they may be present in both host and parasite. Therapeutic
doses of the drug have a variety of immune-related and anti-inflammatory effects in
animals [44, 45], but these are inconsistent and of uncertain relevance to the rapid
action of the drug observed in human and canine filariases. Experimental evidence
supports an interaction of DEC with the host cyclooxygenase pathway for the syn-
thesis of prostaglandins, and a requirement for efficacy of host inducible nitric oxide
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synthase has been shown in a mouse model of filariasis [46], and prostaglandin
synthesis in microfilariae is also inhibited by DEC [47]. How these systems are
engaged by DEC and how they contribute to its efficacy in humans and dogs has
not been determined, no evidence has been reported that DEC directly inhibits
eicosanoid synthesis enzymes at pharmacologically relevant concentrations (or that
recognizable homologs of such enzymes exist in nematodes). Recently, evidence
has been published to document that C. elegans can synthesize prostaglandins by a
non-cyclooxygenase-dependent pathway [48], which may explain previous reports
of prostanoid synthesis by B. malayi microfilariae [47, 49]. DEC has also recently
been shown to activate a family of TRP channels in microfilariae and adult B.
malayi at concentrations in the range of reported Cmax values [50]. DEC caused a
rapid but quickly resolved paralysis of these parasites in culture. Activation of TRP
channels led to activation of SLO-1 K+ channels, which are targeted by emodepside
(see below); arachidonic acid metabolites may act similarly on TRP channels. How
activation of TRP channels leads to immune-dependent clearance of microfilariae,
whether these actions can explain the prolonged suppression of microfilaremia after
a single DEC dose, and how the involvement of prostaglandins can be reconciled
with the new observations should be research priorities. Considering that DEC is a
mainstay of LF control programs and is given annually to many millions of humans,
it is troubling that we still lack a comprehensive understanding of its mechanism(s)
of antifilarial action.

10.7.1.3 Pharmacodynamics
DEC acts very rapidly to clear microfilariae from the blood of LF patients and in
some (but not all) animal models, and to rapidly cause the death of mf in the skin
(and eyes) of onchocerciasis patients [2, 6, 7, 9]. What happens to L3 stages of D.
immitis in DEC-treated dogs is unknown. Why the drug affects D. immitis L3 larvae
and microfilariae, but not L4 larvae in dogs, is unknown. Intensive regimens of DEC
in LF patients have some macrofilaricidal efficacy [2, 9] but are not used as part of
the current elimination/eradication strategy. How DEC causes these effects is not
known, and it is important to note that DEC has no apparent macrofilaricidal activ-
ity against O. volvulus. Importantly, a single dose of DEC in MDA programs causes
significant and persistent diminution of microfilaremia for months (variable in dura-
tion among patients) [9], suggesting that the drug causes serious (but reversible)
injury to or long-term sterilization of adult parasites. Although this persistent effect
on microfilaremia following a single dose of DEC is the basis for its use in LF control
programs, a pharmacological explanation for it remains elusive.

10.7.2 Albendazole

10.7.2.1 Background
Albendazole is used primarily for the treatment of gastrointestinal nematode infec-
tions. The prototype of the benzimidazole class, thiabendazole, was introduced for
this indication in the 1960s. Albendazole, a benzimidazole carbamate, has much bet-
ter potency and efficacy than the progenitor [51]. Intensive regimens of albendazole
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(high and/or prolonged dosing) have some macrofilaricidal effects in LF patients
but caused significant side effects thought to be associated with the death of adult
worms. This observation led to a decision to include the drug at tolerable annual or
biannual doses in combination with either DEC or IVM (in loiasis regions) [52] in
LF MDA programs.

10.7.2.2 Mechanism of Action
The mechanism of action of albendazole and other anthelmintic benzimidazoles is
well understood: the drug destabilizes the tubulin–microtubule equilibrium [53].
Microtubules, which form essential dynamic structural networks in eukaryotic
cells, are polymers of an α- and β-tubulin dimer. Microtubules develop and collapse
by adding or losing tubulin dimers, and the concentration of tubulin in the cell is
determined by the rate of dimerization of the α- and β-subunits. The benzimidazole
binding site on tubulin, though incompletely solved, has been proposed to be
centered on β-tubulin; residues 167, 198, and 200, all of which can be mutated
to generate benzimidazole resistance, are thought to be key for drug binding
[54, 55]. Binding to tubulin prevents the formation of microtubules, leading to
the dissolution of microtubule networks in nematode cells. Benzimidazoles have
higher affinity for nematode β-tubulin than for mammalian isoforms [53], which
differ in the amino acid at position 200 (Phe in nematodes, Tyr in mammals;
[56]). Loss of microtubule networks inhibits a plethora of cellular functions; in GI
nematodes, a major consequence appears to be cessation of nutrient uptake across
the gut epithelium. In contrast, the role of the filariid gut in nutrient acquisition
is ill defined, as transcuticular uptake of small molecule nutrients is believed to
predominate (see [57]). The formation and development of larvae in utero is also
dependent on microtubule function during cell division, and the cessation of larval
development and production in adult female filariids is a consequence of exposure
to effective concentrations of benzimidazoles, an effect especially noted with
flubendazole [58, 59].

10.7.2.3 Pharmacodynamics
Albendazole is very poorly bioavailable after oral administration; its sulfoxide
metabolite, which is an anthelmintic, reaches higher plasma concentrations and
accounts for most of its systemic activity [51]. A recent revaluation of clinical data
indicated that albendazole, given at single doses (400 or 800 mg, not adjusted for
body weight), has at best limited antifilarial activity; its co-administration with
DEC or IVM for treatment of LF provides no marked benefit over administration of
DEC or IVM alone [60]. In contrast, albendazole has been reported to boost the
activity of anti-Wolbachia antibiotics when given in multiple doses (see below); a
pharmacological explanation for this effect remains obscure. Intensive and/or pro-
longed regimens of albendazole in loiasis patients had a modest but significant effect
on microfilarial levels in blood, suggesting that prolonged or repeated exposure to
the drug may be more effective than the dosing schedule employed in LF MDA
programs [40, 41]. However, efficacy was insufficient to enable full deployment
of current MDA strategies in loiasis regions. Importantly, the beneficial effects
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of treating GI nematode infections with albendazole may enhance community
participation in the MDA programs.

Although the actions of albendazole that lead to its antifilarial effects are impre-
cisely known, it should be noted that this drug like other benzimidazoles inhibits
protein secretion from parasitic nematodes (e.g. [61]). This effect is also seen in filar-
ial parasites [62]. As discussed below, inhibition of the secretion of parasite-derived
immunomodulatory molecules by the MLs may contribute to their antifilarial activ-
ity; whether this is also true for albendazole remains to be determined.

10.7.3 Macrocyclic Lactones (MLs)

10.7.3.1 Background
MLs are the predominant anthelmintic drugs in veterinary medicine, and the use of
IVM in human medicine opened the way to MDA for the control of onchocerciasis
[11]. Importantly, the precedent set by Merck & Co. to donate IVM for onchocer-
ciasis and LF control changed the way major pharmaceutical companies addressed
neglected tropical diseases.

Four MLs are approved for the prevention or treatment of human and veteri-
nary filariases. IVM is approved for use in LF, IVM and moxidectin are approved
for the treatment of onchocerciasis, and these two drugs, milbemycin oxime and
selamectin, are approved for the prevention of companion animal heartworm infec-
tions. These drugs are all derived from fermentations of Streptomyces spp. They are
classified as avermectins (IVM and selamectin) or milbemycins (moxidectin and
milbemycin oxime); the major difference between these classes is the presence of
sugar residues attached at position C-13 (2 in IVM, 1 in selamectin, 0 in milbemycins)
and the substituent at position C-25.

Although MLs are generally exceptionally safe drugs, overdoses can occur.
Accumulation in the CNS is associated with severe toxicity. The drugs are normally
excreted across the blood–brain barrier by a P-glycoprotein pump encoded on the
mdr1a gene; loss-of-function mutations in this gene in dogs lead to IVM sensitivity
[63]. Milbemycins are less affected by this pump and are generally safer in dogs.

IVM, the progenitor of the ML class (all commercially available members of
which are semi-synthetic), is a product containing two isomers, 22,23-
dihydroavermectin B1a and B1b in an 80 : 20 ratio [64]. It is given annually or
biannually as a tablet in MDA programs for onchocerciasis, and monthly in various
oral formulations for the prevention of heartworm disease in dogs. The other
avermectin, selamectin [65], is available as a topical product. Milbemycin oxime
is a product composed of the 5′ oxime of milbemycin A3 and A4 (30 : 70 ratio;
[66]) and is administered as a tablet, often combined with other medicines. The
milbemycin moxidectin [67] is available for companion animals in multiple dosage
forms, again often in combination with other medicines, including oral tablets and
topical formulations. It is also available as a slow-release preparation of drug-loaded
microspheres, dosed every 6 or 12 months. It is approved for administration as a
tablet for human onchocerciasis treatment [68] but has not yet been added to MDA
programs for this indication.
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Although the MLs share a common mechanism of action, they are not identical
medicines [35, 63]. Among these differences, higher lipophilicity leads to the milbe-
mycins generally having longer plasma residence times and more persistent activity
than the avermectins. This is notable, for example, in the longer duration of suppres-
sion of microfilariae in the skin of onchocerciasis patients dosed with moxidectin
compared to IVM [69].

10.7.3.2 Mechanism of Action
Although not identical in pharmacology, these drugs share a mechanism of action:
they are agonists at a family of ligand-gated ion channels (LGICs) [70] and the
glutamate-gated chloride channels (GluCls) [71–74]. GluCls are restricted phylo-
genetically to invertebrates, most notably nematodes and arthropods. Glutamate
binding causes opening of these channels, an event that is markedly potentiated
and prolonged by the coincidental presence of an ML. Channel opening allows the
passage of Cl− ions into the interior of nerve and muscle cells, lowering membrane
potential and inhibiting the ability of the cell to contract or conduct a signal
following exposure to an excitatory stimulus.

GluCls, like other LGICs, are composed of five subunits, which form homo-
or heteropentamers, depending on the subunits and the cells in which they are
expressed. Many distinct GluCl subunits are encoded in nematode genomes,
although the complement varies to some degree [75]. GluCls composed of different
subunits are located in tissues throughout the nematode body; the pharmacological
actions of MLs in a given nematode species is presumed to be governed by this
distribution [76].

Publication of a high-resolution crystal structure of a C. elegans GluCl (Cel-Glc-1)
bound to ivermectin and glutamate enabled a molecular-level description of the
presumed ML binding site [77]. This model predicts that ivermectin binds to an
allosteric site in the plasma membrane near the extracellular domain at the inter-
face between two subunits, inserting the cyclohexene moiety. Binding at this site,
ivermectin induces a large-scale conformational change that extends to the neu-
rotransmitter binding site, suggesting a mechanism for the effects of this drug on
glutamate-gated currents [78].

The kinetics of activation of GluCls by IVM are compatible with a two-step pro-
cess that leads to pseudo-irreversible binding [79]; binding is not covalent but is
characterized by an extremely slow off-constant. It is thought that the exception-
ally lipophilic drug partitions into the lipid bilayer of cell membranes, reaching a
high local concentration which decreases very slowly as the drug dissolves in aque-
ous compartments outside the cell [78]. Fewer studies have been reported on other
MLs, but the class is presumed to interact similarly with GluCls, although minor
differences likely exist [63].

At higher concentrations, IVM and other MLs can affect the function of other
LGICs, including those gated by gamma-aminobutyric acid (GABA), glycine, and
histamine [76, 78]. The contribution of the effects of IVM on non-GluCl LGICs to its
anthelmintic activity is uncertain, but these effects may account for at least some of
the toxicity of IVM if it accumulates in the CNS.
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10.7.3.3 Pharmacodynamics
In GI nematodes and C. elegans, GluCls are prominently located in the somatic and
pharyngeal neuromusculature, and ML-induced paralysis of these tissues leads to
cessation of motion and feeding, respectively, both of which contribute to efficacy of
these drugs [74]. The situation in filariid nematodes is different; MLs have little or
no effect on motility of larval or adult stages in culture at pharmacologically relevant
concentrations [73, 74]. Recent work suggests instead that IVM inhibits the release
of parasite-derived immunodulatory molecules, primarily in extracellular vesicles,
from the excretory–secretory pore [62, 80, 81]. Consequently, larvae are recognized
and destroyed by the host immune response [74]. That the only GluCl detected in B.
malayi microfilariae is localized to this pore is consistent with this hypothesis [62].
Additional experiments have shown that incubation with MLs stimulates the bind-
ing of canine leukocytes to D. immitis microfilariae [82, 83]. It is possible that this
reflects the reduction in ML-induced release of parasite-derived immunomodula-
tory molecules; although parasite killing was not induced by cell attachment, this
may lead to lethality in vivo.

In addition to larval stages of filarial parasites targeted by MLs in the host (L3, L4,
and microfilaria), MLs induce long-term sterilization of adults [7, 84–86]. Killing
of adult stages by MLs in vivo also occurs but is slow and requires repeated dosing
[32, 87, 88]. It is extremely important to note that the activity of MLs against all stages
varies with filariid species and is also host-dependent [43], for reasons that are not
understood.

Activity against L3/L4 stages provides the basis for prophylaxis against D. immitis
in companion animals; how these drugs prevent larvae in dogs and cats from matur-
ing to adults has not been resolved experimentally. As the L4 stage last for more than
a month during the D. immitis life cycle, treating companion animals on a monthly
basis is an effective prophylaxis strategy. It is interesting to note that prophylactic
activity against O. volvulus larvae in chimpanzees is not observed with IVM [89]; it
is not clear if the drug has prophylactic activity against LF parasites in humans (it is
not prophylactic against Brugia spp. in the jird; [43]).

Activity of IVM (and moxidectin) against microfilariae is the primary basis for its
use in human filariases [4, 85]. Removing microfilariae from the blood or skin pre-
vents transmission, a key pillar of control strategies, and the removal of these stages
from the skin and eye of onchocerciasis patients is of pivotal therapeutic benefit
in preventing blindness and dermal pathology [7]. Unlike DEC, adverse effects of
MLs on microfilariae are generally mild and quickly reversible. MLs also remove D.
immitis microfilariae in companion animals [32], generally without serious adverse
events, and thus can prevent transmission of the parasite from infected animals. The
activity of MLs on microfilariae is thought to be dependent on the host immune
response, as noted above, but the precise mechanisms have not been resolved and
may be species- and host-dependent.

More mature larval stages and young adults of D. immitis can be killed by pro-
longed monthly dosing with MLs, with lethal consequences even for most adult
stages after long-term monthly treatment [87]; this effect is enhanced by simultane-
ous treatment with doxycycline [90]. The pharmacological basis for these effects is
unknown. The use of MLs to treat adult stages of D. immitis, known as the “slow kill”
protocol, is not currently recommended as a primary adulticidal strategy; concerns
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have been raised that this practice may have led to the selection of ML-resistant
parasite strains [32]. As noted above, a degree of macrofilaricidal activity has been
reported for O. volvulus after multiple rounds of annual treatment [88], but this
action (the basis for which is unknown) is of insufficient magnitude and consistency
to achieve eradication.

More importantly, MLs have profound nonlethal effects on adult filariids: sin-
gle doses confer months-long sterility, marked by cessation of the production of
new microfilariae and the accumulation of mal- or undeveloped larval stages in the
uterus [84, 85, 91, 92]. It was shown that ivermectin dysregulates genes involved in
meiosis and calcium signaling surrounding fertilization as well as embryo develop-
ment in female B. malayi [93]. In addition, at least some of the cessation of microfi-
larial production appears to be due to effects on males, limiting insemination in O.
volvulus [94] and D. immitis [86]. The pharmacology underlying these effects is not
clearly understood.

One hypothesis is that MLs could inhibit pharyngeal function in adult filariids
[74]. Although the acquisition of small nutrients seems to occur across the filarial
cuticle [57], iron for the synthesis of new hemoproteins likely requires the ingestion
of iron bound to host proteins. Prolonged inhibition of oral ingestion by MLs
could lead to dysregulated sperm and larval development due to the inability to
generate heme. A similar effect would result from the antibiotic-induced killing of
Wolbachia, which provide the parasite with heme. However, evidence that adult
filariae ingest host hemoproteins is lacking. An alternative explanation is based on
the discovery of a GluCl (MbAVR-14) localized in reproductive tissues in adult male
and female B. malayi [95]; similar tissue-level expression of the C. elegans AVR-14
ortholog has not been observed. The physiological function of BmAVR-14 has not
been reported, but ML-induced hyperpolarization of the neuromuscular system
associated with adult reproductive tissues could account for or contribute to the
persistent sterilization phenotype.

10.7.4 Antibiotics

10.7.4.1 Background
Almost all of the filariids that cause medically significant infections rely on
symbiotic bacteria in the genus Wolbachia for reproduction and viability. Pro-
longed exposure to antibiotics reduces the population of these bacteria in filarial
parasites, causing sterilization and gradual death of the adults [18, 19, 96]. Wol-
bachia contribute essential products of intermediary metabolism to the parasite,
including heme [97–99]. Filariids cannot synthesize heme, and the absence of
Wolbachia-derived heme likely prevents the formation of viable microfilariae, a
developmental program that requires de novo hemoprotein synthesis. Wolbachia
also can contribute vitamins and nucleic acid precursors to the host nematode,
although it appears that the extent of this relationship may differ among filariid
species.

10.7.4.2 Mechanism of Action
The only antibiotic routinely used for filariasis is doxycycline, a semisynthetic
macrolide in the tetracycline family originally derived from a Streptomycin fermen-
tation. Tetracyclines are bacteriostatic protein synthesis inhibitors [100]. Although
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the details of its molecular target remain to be precisely defined, it is thought
that tetracyclines interact with the 30S subunit of bacterial ribosomes, possibly
through binding to the 16S rRNA component. Drug binding prevents translation
by blocking the binding of aminoacyl-tRNA to the mRNA-ribosome complex. As
noted below, other antibiotics with different mechanisms of action are also effective
anti-Wolbachia agents.

10.7.4.3 Pharmacodynamics
Prolonged exposure – typically, daily dosing for four to six weeks – is required for
full macrofilaricidal efficacy in humans [18, 19, 96]. Sufficient durations of drug
exposure in vitro and in vivo cause marked reductions in Wolbachia populations;
these reductions can be irreversible. As the drug is bacteriostatic and not bacterici-
dal, exposure must be long enough to prevent recovery of bacterial populations after
treatment, a difficult outcome to confidently predict based on acute bacterial counts
alone.

Antifilarial effects of doxycycline in at least some parasite species include steril-
ization of adult females, stunting of microfilariae, prevention of microfilarial mat-
uration to infective larvae in mosquito vectors, and eventual death of adult stages
[18, 19, 96]. The consequences of removal of Wolbachia may be related to loss of
essential nutrients, including heme, but evidence has also been obtained that deple-
tion of Wolbachia leads to apoptotic death of germline cells and in developing larvae
in utero [101]. Apoptosis may also contribute to the death of adult worms following
doxycycline treatment. Effects of doxycycline treatment on spermatogenesis in adult
male filariids have not been reported in detail.

Doxycycline is administered to heartworm-infected dogs prior to treatment with
the macrofilaricide melarsomine; reducing Wolbachia populations reduces the
incidence and severity of side effects associated with the killing of adult parasites,
presumably by minimizing the release of Wolbachia antigens upon parasite death
[36, 38]. Doxycycline also prevents the development of L3 and L4 stages of D.
immitis to adults, an effect also observed in some animal models of filariasis [102].
Although doxycycline does not kill D. immitis microfilariae, treatment prevents
L3 stages that develop in mosquitoes from becoming competent for infecting a
new host, blocking transmission [36, 38, 102]. This may be help limit the spread of
ML-resistant strains of D. immitis.

10.7.5 Melarsomine

10.7.5.1 Background
Arsenic-based compounds have been used for many decades for the treatment of
parasitic infections; the only remaining valid indications are for the treatment of
human African trypanosomiasis (melarsoprol) and for removal of adult heartworms
(melarsomine).

10.7.5.2 Mechanism of Action
Little information is available about the mechanism of action of melarsomine against
adult heartworms. Studies on trypanosomes have shown that the active metabolite



10.7 Mechanisms of Action and Basic Pharmacology of Antifilarial Drugs 267

MelarsomineMelarsen oxideMelarsoprol

N N

NH2N

NH2

N
H

S

SAs
S

S
AsN N

NH2N

NH2

N
H

N N

NH2N

NH2

NH2

NH2

N
H

As

OH

O

Figure 10.7 Filaricidal arsenicals and the proposed active metabolite.

of melarsoprol, melarsen oxide (Figure 10.7) (with trivalent arsenic), binds cova-
lently to sulfhydryl groups. A primary target appears to be trypanothione, resulting
in the formation of a complex termed Mel T, which is thought to be toxic to these
protozoan parasites through imprecisely defined mechanisms, although inhibition
of trypanothione reductase may lead to lethal oxidative stress [103]. Inhibition of
other sulfhydryl-dependent enzymes may contribute to the lethality. A key com-
ponent of selective toxicity of melarsoprol for trypanosomes is its uptake into the
parasite through three (or more) transporter systems, loss of which leads to drug
resistance [104].

Whether and how melarsomine and/or melarsen oxide are selectively accumu-
lated by adult heartworms has not been reported. Nematodes lack trypanothione
and whether melarsen oxime generated from melarsomine can form toxic adducts
with glutathione or thioredoxin in adult heartworms is unknown. Melarsomine does
not kill D. immitis microfilariae in infected dogs, and any proposed mechanism of
action must explain this stage specificity.

10.7.5.3 Pharmacodynamics
Like melarsoprol, melarsomine is a prodrug which is converted to the active metabo-
lite melarsen oxide [105]. Single doses of melarsomine are only partially efficacious
against adult heartworms, and a three-dose regimen (a single dose followed one
month later by two additional doses) is now standard practice in veterinary medicine
[33]. This regimen reduces the incidence and severity of side effects associated with
a more intensive treatment protocol, but the pharmacological basis for the improved
macrofilaricidal efficacy achieved with this dosing schedule has not been resolved.

10.7.6 Triple Drug Combination

The use of DEC plus albendazole or IVM plus albendazole in annual dosing regi-
mens is not associated with significant macrofilaricidal efficacy in LF, necessitating
treatment of people living in endemic regions for many years to achieve eradication
by suppression of transmission. As noted above, although initial evidence suggested
that the addition of albendazole to these regimens increased efficacy in human
filariases, recent evaluations show little benefit compared to treatment with DEC
or IVM alone [60]. In contrast, combinations of DEC and IVM are additively more
efficacious than either drug alone in suppressing microfilaremia in LF, although
without marked macrofilaricidal effects [106, 107]. Recent observations of macrofi-
laricidal efficacy and safety of the triple combination of IVM+DEC+ albendazole
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(IDA) administered in a simultaneous single dose [23–26] is thus welcome but
nonetheless somewhat surprising from a pharmacological perspective. The failure
of combinations of any two of these drugs to reliably demonstrate macrofilaricidal
efficacy and the lack of consistent evidence for positive contributions of albendazole
as a micro- or macrofilaricide leave unresolved the mechanistic explanation for
efficacy of IDA. Given the inability to examine this question in human subjects, it
is important to analyze this interaction in animal models of filariasis. Longer-term
studies will also be important to determine if macrofilaricidal activity is a general
result of this regimen. Nevertheless, these results have changed the paradigm for
LF control [30, 108] and, if more broadly confirmed, will unquestionably enhance
prospects for eradication of this disease. Whether the combination can be safe and
effective as a macrofilaricidal strategy for onchocerciasis remains to be seen.

10.7.7 Medicines in the Near-term Pipeline

The drive to discover, develop, and introduce new antifilarial drugs is driven by two
main factors: the need for a macrofilaricide for onchocerciasis that is effective in
short regimens, and the presence of macrocyclic lactone-resistant populations of D.
immitis, which threaten the efficacy of current prophylaxis regimens. Significant
investment has been made in these areas; the first is largely driven by academic,
governmental, and nongovernmental organizations, while heartworm research has
been the focus of the animal health industry.

Two types of molecules are in development for their ability to kill or permanently
sterilize adult O. volvulus: (i) antibiotics and (ii) re-purposed drugs already approved
for use in veterinary or human medicine.

10.7.7.1 Antibiotics
Although doxycycline has proven macrofilaricidal activity in onchocerciasis, the
requirement for a >30-day daily dosing regimen is unlikely to be compatible with
MDA programs. The search for alternative antibiotics is focused on compounds that
could deliver high efficacy in shorter regimens, preferably a week, but possibly two
weeks [109]. The approved antibiotics minocycline and rifampicin (Figure 10.8)
have attracted attention as potential macrofilaricides. Minocycline, which shares
a mechanism of action with doxycycline, appears to act more quickly, although
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still appears to require the same duration of treatment as doxycycline for full
efficacy [110].

Rifampicin, an inhibitor of bacterial DNA-dependent RNA polymerase, exerts
macrofilaricidal activity more rapidly than doxycycline in vitro and in animal
models [111]. However, two- and four-week standard dosing regimens were not
fully macrofilaricidal in onchocerciasis patients [112]. Experimental evidence and
pharmacodynamic simulations suggest that a high-dose regimen of rifampicin
could be safe and more effective as a macrofilaricide in an acceptably short course
[113], but this has not yet been proven in human trials.

A few reports from humans and in animal models suggest that albendazole may
contribute to efficacy if given in combination with antibiotics. Samples of O. volvulus
obtained from patients treated with doxycycline for three weeks plus albendazole
for three days showed modestly greater measures of efficacy than patients receiving
doxycycline only, differences that seem to be unlikely to reflect full macrofilaricidal
efficacy with the shorter course [113]. A study in an animal model showed that the
addition of albendazole to courses of either minocycline or rifampicin led to faster
macrofilaricidal efficacy than treatment with the antibiotics alone, suggestive of a
possibly efficacious shorter course in humans [114]; how this finding can be recon-
ciled with results from the study with doxycycline plus albendazole in humans [110]
remains to be resolved. The mechanistic explanation for the interaction, if it is more
than additive, remains to be determined.

Interest in this area has led to the identification of several new antibiotics that
hold some promise for achieving high macrofilaricidal efficacy in acceptably short
courses [111, 115, 116]. A derivative of tylosin (Figure 10.9), an antibiotic macrolide
used in veterinary medicine, has advanced into development [117, 118]. Although
mechanism of action studies have not been published, it is reasonable to assume
that this derivative, TylaMac, acts like the prototype of the series as a bacteriostatic
inhibitor of protein synthesis in Wolbachia through interactions with the 50S ribo-
somal subunit. Additional antibiotics with macrofilaricidal activity have been dis-
covered in phenotypic screens; included are a number with unknown mechanisms
of action as well as inhibitors of protein synthesis and of bacterial DNA-dependent
RNA polymerase [111, 115, 116].

10.7.7.2 Non-antibiotics
Three repurposed drugs are under investigation for direct macrofilaricidal activity.
The most advanced is emodepside (Figure 10.10), a cyclooctadepsipeptide semi-
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synthetic natural product derived from a fungal fermentation. The primary
anthelmintic target of emodepside is a nematode Ca2+-activated K+ channel, typi-
fied by the C. elegans channel encoded on the slo-1 locus [119–122]. The channel
is homologous to mammalian BK channels. Activation of this channel leads to
the efflux of K+ from cells in the nematode neuromuscular system, resulting in
paralysis. Null slo-1 mutants are highly resistant to emodepside, and expression
of homologs from parasitic nematodes rescue emodepside sensitivity in these
mutants [119].

Emodepside is used to treat gastrointestinal nematode infections in companion
animals. Anthelmintics in this class exhibit potent, though species-dependent,
antifilarial activity in animal models [123, 124], including activity against micro-
filariae and adult stages (macrofilaricidal and sterilizing effects). Emodepside
is undergoing clinical development as a macrofilaricide for use in onchocerciasis
through a partnership with DNDi, Bayer and Eisai. One concern in this regard is
its activity against microfilariae; killing of these stages appears to cause significant
adverse effects in dogs infected with D. immitis [125], and the drug is not licensed in
the United States for use in dogs. Whether this activity will cause effects similar to
DEC in humans infected with O. volvulus remains to be determined. Interestingly,
medicinal chemistry efforts have led to the generation of emodepside analogs
with considerably greater potency against L3 and L4 stages than microfilariae of
D. immitis [125]; compounds with this property could have utility for heartworm
prevention. The pharmacological basis for the stage-selective potency of the new
derivatives is not known. That the prototype, emodepside, is equipotent against
microfilariae and L4 larvae of D. immitis in culture suggests that neither differential
SLO-1 abundance nor localization is responsible. The potency and efficacy of these
compounds against adult filariae was not reported.

Auranofin (Figure 10.11), a gold salt, has been used for decades as a second-line
drug for rheumatoid arthritis with a good safety record. It has many pharmaco-
logical activities in addition to immunomodulation and has attracted attention for
several chemotherapeutic indications, including for viral, bacterial, and protozoal
infections, and for cancer. Auranofin has macrofilaricidal activity in vitro and in
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Figure 10.11 The potential filaricide auranofin.
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animal models of filariasis, although fairly prolonged dosing regimens are needed
for full efficacy [126]. The parent drug has a very short plasma half-life, being
essentially undetectable after oral administration and is present in an undefined
form, possibly as the gold–phosphine complex bound to albumin. Measurements
of gold indicate that this form has a very long residence time in the body [127].
The mechanism of antifilarial action of auranofin is imprecisely known; inhibition
of the selenium-dependent enzyme thioredoxin reductase has been proposed as
a general mechanism of action for multiple indications, and inhibition has been
shown for B. malayi [126] but whether this is the only relevant target remains
unresolved. A Phase I trial has been completed [127], with a focus on amebiasis,
and the safety of the drug in this context has been confirmed. A Phase IIa follow-up
study of auranofin is underway, again with the indication of GI protozoal infections.

Flubendazole and oxfendazole (Figure 10.12), which share a tubulin inhibition
mechanism of action with albendazole, have been proposed as macrofilaricidal
candidates. Flubendazole is approved for the treatment of human gastrointestinal
nematode infections. This drug is very poorly bioavailable after oral dosing but
has outstanding macrofilaricidal efficacy in multiple infection models, including
human onchocerciasis patients, following parenteral administration, which pro-
duces a drug depot, leading to prolonged exposure to low concentrations [58].
Efforts to develop an orally bioavailable formulation with some efficacy succeeded,
but the plasma concentrations reached had an unacceptable toxicity profile, and
further development was halted [128]. Oxfendazole, which is approved for veteri-
nary but not human use, is a prodrug of fenbendazole; oxfendazole has superior
oral bioavailability and is a candidate under investigation for neurocysticercosis
and other helminth infections in humans, including filariasis [129]. The drug has
significant macrofilaricidal activity in some [130] but not all animal models of
filariasis [131] following one to two weeks of oral dosing. A Phase I trial provided
encouraging results for safety and pharmacokinetics in humans [132].
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Figure 10.12 Additional benzimidazoles under investigation as filaricides.
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10.8 Conclusions and Priorities for Research

Despite the remarkable success of antifilarial chemotherapy in human and veteri-
nary medicine, much remains to be learned about how these drugs work to prevent
or eliminate filarial infections. As is the case for the human filarial pathogens,
no convenient small animal model is available to support investigations into the
basic pharmacology of heartworm preventatives or adulticides. The drugs used for
filariases have enabled remarkable reductions in the incidence of these infections,
and the potential of triple drug therapy to lead to elimination of LF as a public health
concern, and its possible eradication, is highly encouraging. New macrofilaricides
may be needed to achieve the same kind of results for onchocerciasis, and the wor-
risome appearance of ML-resistant populations of D. immitis may also require the
discovery and development of new antifilarials. All such efforts can be bolstered by
additional investment into the basic pharmacology of existing drugs used for these
infections.

Among many important unresolved questions about antifilarial drugs are

1. How does DEC cause the removal of microfilariae from infected individuals?
What are its targets in the host and/or parasite? Can the immunologically driven
process be modulated to make DEC safe for use in onchocerciasis?

2. How does DEC sterilize adult LF parasites for prolonged periods after a single
dose?

3. Can an animal model be developed to study the mechanism of macrofilaricidal
activity of the triple drug combination? Does this effect, as is the case for many
other therapies, vary with host and parasite species?

4. Does IVM paralyze the pharynx of adult filariids and does this contribute to its
ability to sterilize these parasites?

5. What is the contribution of loss of sperm production in adult males to the steril-
ization observed in adult females in IVM-treated individuals?

6. Do the sterilizing effects of IVM and antibiotics converge on the inhibition
of heme generation needed for de novo hemoprotein synthesis in developing
embryos?

7. Does the anti-secretory effect of albendazole occur in filariae and does it con-
tribute to the efficacy of the triple drug combination?

8. Does the ability of IVM to inhibit secretory processes in larval stages contribute
to its efficacy as a preventative strategy for heartworms?

9. Lastly, can we develop an egg-to-egg culture system for a filarial parasite to enable
genome-based research into drug targets and drug mechanisms of action?
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Abstract

Macrocyclic lactones (MLs) are antifilarial drugs. Resistance occurs in Dirofilaria
immitis to the MLs, ivermectin (IVM), milbemycin oxime, selamectin, and moxidectin
(MOX). To date, resistance in D. immitis has arisen in the southern United States.
Factors that may have contributed to selection of ML resistance are (i) high-intensity
local transmission, (ii) a degree of inbreeding of the parasite, the fact that MLs act
not only on the developing L3/L4 stages, but (iii) also have microfilaricidal properties
and (iv) inhibit fecundity in adult parasites, (v) year-round monthly treatment, which
(vi) may allow periods when drug concentrations are falling and insufficient, against
less susceptible parasites to exert these antiparasitic effects. ML heartworm preventives
have been used for over 30 years. This long-term selection pressure coupled with
the heartworm life cycle make it not surprising that resistance has arisen in regions
where transmission and drug treatments are highest. Tests to confirm ML resistance
include a microfilariae reduction test and genetic markers. More research is needed
to understand the mechanisms of resistance, factors that could reduce its spread or
overcome resistance, as well as monitoring resistance.
IVM has been used to treat onchocerciasis for over 30 years, and in sub-Saharan
Africa, to treat lymphatic filariasis (LF) in humans. Recently, MOX was registered for
onchocerciasis. IVM and MOX remove microfilariae and suppress fecundity of adult
Onchocerca volvulus for several months. There are a number of reports of a decrease
in the anti-fecundity effect of IVM in some countries, and recently evidence of a
reduction in the microfilaricidal effect of IVM. These reductions in the anti-fecundity
and microfilaricidal effects of IVM indicate developing IVM resistance in O. volvulus.
Diethylcarbamazine (DEC) is widely used for LF. There have been some reports of poor
responses to DEC treatment, but no concrete evidence of DEC resistance. Albendazole
(ABZ) is used in combination with DEC or IVM, and more recently in a triple combi-
nation of these anthelmintics, to enhance the anti-fecundity effect on LF. There is no
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evidence of resistance to ABZ in LF. However, single-nucleotide polymorphisms that
confer ABZ resistance in other nematodes have been found in Wuchereria bancrofti.
Doxycycline has been used against filariae in situations in which ML resistance is a
concern or where there is a risk of severe adverse events after IVM use in people with
high burdens of Loa loa. Doxycycline and related tetracyclines acts on the symbiotic
Wolbachia in most filarial parasites, and the elimination of these bacteria impairs the
viability of their filarial hosts. Antibiotic resistance to doxycycline can be selected, but
so far has not been recorded when it is used as an anti-filarial treatment.

11.1 Introduction

Filarial nematode parasites are treated with a small number of anthelmintic drugs,
which are reviewed in more detail in other chapters of this book [1–3]. This chapter
deals more specifically with the evidence that their use in human and veterinary
settings has led to the selection of drug-resistant populations of filarial parasites.
Anthelmintic resistance is well-known phenotypically in the treatment of many
nematode infections in veterinary medicine [4] and is of increasing concern for the
treatment of human helminthiases [5]. For this chapter, “anthelmintic resistance”
is defined as a heritable trait that enables persistent survival of a parasite population
in the presence of normally effective drug concentrations or dosing regimens. Many
explanations for inefficacy of treatments can be relevant in addition to resistance,
the demonstration of which requires experimental evidence from the field or the
laboratory.

11.2 Diethylcarbamazine

Diethylcarbamazine (DEC) was discovered in 1947 [6]. It is effective against
microfilariae of Wuchereria bancrofti, Brugia malayi, and Brugia timori, which
cause lymphatic filariasis (LF) in humans, and also has some adulticidal and
embryo static effects against these parasites. While it shows similar effectiveness
against Onchocerca volvulus, it should not be used in people infected with this
parasite as it causes a severe pathology known as the Mazzotti reaction which can
be life-threatening. DEC is also effective against Loa loa infection. In animals, DEC
has been successfully used to prevent heartworm infection caused by Dirofilaria
immitis but is little used these days for this indication because it requires daily
treatment during the mosquito transmission season. DEC has been a mainstay of
LF treatment and control programs for many years. While there are only a few
reports of apparently reduced or variable efficacy of DEC against W. bancrofti [7, 8],
there is no conclusive evidence that genetically determined resistance to DEC has
affected the success of these programs.

11.3 Macrocyclic Lactones

A great advance was made in the treatment of filarial infections in animals
and humans when it was discovered that ivermectin (IVM) was larvicidal and
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microfilaricidal against many filarial parasites. Initial studies using IVM in O.
volvulus-infected people were conducted in 1982 [9, 10]; it was safe and effective in
removing microfilariae and subsequently found to sterilize adult worms for three
to six months [11]. In 1985, IVM was approved for use in humans at a dose of
150 μg/kg for onchocerciasis [12], as Mectizan® for oral administration. Approval
was sought for registration of Heartgard-30® as an oral heartworm preventive in
dogs in 1987, targeting developing L3/L4 larvae, with an IVM dose rate of 6–12 μg/kg
(NADA 138-412, April 7, 1987). It should be noted that, consistent with its use in
onchocerciasis against microfilarae, IVM at 50 μg/kg was markedly microfilaricidal
in dogs with a patent D. immitis infection [13]. However, it was not registered for
this indication in dogs.

Other anthelmintics in the macrocyclic lactone (ML) class were subsequently
developed and registered for use. Milbemycin oxime, at 0.5 mg/kg orally, was
approved in 1990, for use as an anthelmintic in dogs, including heartworm pre-
vention (FDA NADA 140-915 Interceptor®, June 14, 1990). In some of the studies
for registration, it was noted that in dogs already infected with adult D. immitis,
this dose of milbemycin oxime was markedly microfilaricidal. However, it was not
registered as a microfilaricide and was to be used as a preventive in dogs not already
infected with heartworm.

Selamectin was approved as a topical treatment, at 6 mg/kg, for heartworm pre-
vention, and treatment of fleas and some other parasites in dogs and cats in 2000
(NADA 141-152 Revolution®, June 13, 2000).

Moxidectin (MOX) was found to have high potency against microfilariae [14]
and anti-reproductive effects on adult Onchocerca spp. [15]. The greater potency
of MOX against the filarial nematode D. immitis compared with other MLs, was
reported [16–18] and suggests that this may be generally true for other filari-
ids. It was originally approved for heartworm prevention in dogs for up to two
months, as ProHeart®, at an oral dose rate of 3 μg/kg in 1997 (NADA 141-051,
ProHeart, 27 May 1997), but as with other heartworm preventives available at
the time, treatment was recommended every 30 days. Subsequently, MOX was
developed as injectable heartworm preventive formulations, at 6 monthly inter-
vals (NADA 141-189, June 13, 2002, ProHeart 6) at 0.17 mg/kg, and 12 monthly
intervals (ProHeart SR-12, 2001 in Australia; and ProHeart 12, in the United
States, NADA 141-519, 2 July 2019) at 0.5 mg/kg. MOX was also developed as a
topical formulation to be used each 30 days (NADA 141-251, Advantage Multi®
[Advocate®], 20 December 2006), as a combination product with the ectoparasiti-
cide, imidacloprid, and NADA 141-147 Coraxis® for heartworm prevention (without
combination with an ectoparasiticide and without microfilaricide registration).
Additional D. immitis microfilaricidal activity was approved for Advantage Multi
(NADA 141-251, 24 October 2013). MOX was registered for use in humans for
the treatment of onchocerciasis, as an 8-mg oral dose, by the US Food and Drug
Administration on 13 June 2018 (https://www.Prnewswire.com/news-releases/us-
fda-approves-moxidectin-for-thetreatment-of-river-blindness-300666114.html; 3).
It was found to suppress microfilaridermia for more than 18 months after a single
treatment [19].
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11.4 Albendazole

Albendazole (ABZ) is not usually used by itself against filarial parasites, except in
areas of Africa where LF is co-endemic with loaisis. ABZ resistance in gastroin-
testinal parasites in animals, caused by single-nucleotide polymorphisms (SNPs) in
the β-tubulin gene, is reasonably common, and similar SNPs have been found in
W. bancrofti [20]. ABZ is not particularly anti-filarial, but it does induce a very slow
decline in microfilarial count [21] suggestive of an effect on adult worm reproduc-
tion. Its main benefit when used in combination with other antifilarial drugs is that
it appears to enhance the anti-fecundity effect and it also removes soil-transmitted
helminths as a collateral benefit. Other than the observation of the presence of SNPs
in W. bancrofti and that the frequency of the SNPs appeared to increase after some
rounds of ABZ+ IVM combination treatment, there is no conclusive evidence of
ABZ resistance in LF.

11.5 Combination Treatments used for Lymphatic
Filariasis

The Global Program for the Elimination of Lymphatic Filariasis (GPELF) has
recommended a combination of DEC plus ABZ in all LF endemic countries, except
those in sub-Saharan Africa where onchocerciasis may be endemic. In sub-Saharan
Africa, DEC is not recommended because of the risk of a Mazzotti reaction, and the
combination of IVM plus ABZ is recommended for LF. The DEC+ABZ combina-
tion is highly microfilaricidal, removes a portion of the adult LF worm burden, and
sterilizes the remaining adult worms for some months. ABZ in the combination
appears to enhance the anti-fecundity effects and has collateral advantages of
removing a high proportion of Ascaris lumbricoides and hookworms in the subjects
and some of the Trichuris trichiura (soil transmitted helminths). The DEC+ABZ
combination is thus very effective in interrupting transmission of lymphatic filariae
for many months and also reducing the adult parasite burden with repeated
treatments. The IVM+ABZ combination used in sub-Saharan Africa is also very
good at removing microfilariae and suppressing reproduction in adult worms, thus
having excellent anti-transmission properties. However, it has less anti-fecundity
effect than DEC+ABZ, and very little adulticidal activity. In recent years, this
has been superceded by the IDA triple drug combination (IVM+DEC+ABZ) in
areas where co-infection with O. volvulus or L. loa is not a concern. IDA treatment
appears to have significant macrofilaricidal activity after a single dose [22, 23] and
is now the recommended treatment for LF [24].

11.6 Other Anthelmintics with Antifilarial Activity

Emodepside is another anthelmintic that has antifilarial activity and is being
investigated as a candidate for development for this indication by a partnership
between the Drugs for Neglected Diseases initiative (DNDi) and Bayer [3, 25, 26].
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It is registered as a spot-on, Profender®, at 3 mg/kg, for the control of gastrointestinal
nematodes in cats, and as an oral tablet given at 1 mg/kg for roundworm control in
dogs, but is not so far, registered for anti-filarial use. Because it has a different mode
of action from the MLs, acting on a calcium-activated potassium channel (SLO-1)
[27], emodepside, or other anthelmintics which target this receptor, could prove
useful in future for controlling filarial parasites resistant to MLs.

11.7 Doxycycline

Many filariae, including D. immitis, O. volvulus, and W. bancrofi, contain endosym-
biotic Wolbachia. The Wolbachia are required for filarial larval development, the
long-term viability of adult filariae, and embryogenesis. Enzymes involved in
several biosynthetic pathways, such as for heme and riboflavin (vitamin B2), are
absent from the genomes of filariae containing Wolbachia, such as B. malayi, but
functional in Wolbachia [28–30]. Clinical trials in onchocerciasis and bancroftian
filariasis patients showed that oral doxycycline (DOX) treatment mediated signifi-
cant antifilarial curative activity [31, 32]. In both LF and onchocerciasis patients,
macrofilaricidal activity was shown by loss of motility of adult filariae. A minimum
four-week 100−200 mg/day dose of DOX was identified as minimally curative in
both LF and onchocerciasis [32–37]. DOX treatment showed (i) Wolbachia depletion
from filarial tissues after 2–4 months, (ii) blockade of embryogenesis, associated
with degeneration and loss of interuterine developing embryos and a slow reduction
of circulating or skin mf by 6–12 months, and (iii) adulticidal activity between 18
and 24 months posttreatment with the 4–6 weeks daily DOX regimen. DOX courses
for 3 weeks or shorter periods did not result in significant macrofilaricidal activity
in LF [36, 38, 39].

For heartworm-positive dogs, a 28-day regimen of DOX as part of a three-drug
adulticidal regimen (DOX, an ML, and melarsomine) is now recommended [1].
Another aspect of DOX treatment of the mammalian host is that it can deplete
microfilariae of Wolbachia and this can impair the infectivity of developing stages in
the insect vector. In a D. immitis study, L3 derived from Aedes aegypti experimentally
fed with microfilariae from DOX-treated dogs subsequently failed to develop into
adults following inoculation into naïve dogs [40].

While long-term daily treatment with DOX is effective in removing infections
of filarial parasites which contain endosymbiotic Wolbachia, the four to six weeks
daily treatment required can prove a difficult regimen in some infected animals
or humans, and there is an active search for other antibiotics with anti-Wolbachia
activity which would be therapeutic with a much reduced treatment regimen
[3, 26, 41, 42].

DOX resistance in Wolbachia has not been reported. However, bacterial drug resis-
tance to DOX and other tetracyclines is common [43] and has been selected in dogs
after DOX treatment for D. immitis [44]. The possibility of DOX resistance being
selected in Wolbachia in filarial parasites, and thus reducing the effectiveness of
DOX on filarial parasites, would presumably depend on ongoing selection pressure
from extensive DOX usage and should be kept in mind.
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11.8 Macrocyclic Lactone Action and Resistance

The most important pharmaceuticals used to control filarial parasites in animals
and humans belong to the ML class of anthelmintics. In considering how resistance
to these drugs may evolve, it is important to consider how they work and what
stages of the filarial life cycle they target. The most sensitive targets for the MLs in
nematodes, at nM concentrations, are considered to be glutamate-gated chloride
channels (GluCls). The MLs have a pseudo-irreversible effect of opening these
channels to the influx of Cl- which results in flaccid paralysis of muscle [45].
However, it is also important to note that MLs bind to, and activate, a wide range
of other ligand-gated anion channels (e.g. GABA- and dopamine-, serotonin- and
tyramine-gated chloride channels) [45], but effects on these ion channels require
higher concentrations of the ML. In Clade 5 nematodes, such as Caenorhabditis
elegans, Haemonchus contortus, hookworms, etc., the pharynx may be the most
sensitive muscle paralyzed by MLs, resulting in the nematode being unable to
take up nutrients. MLs also cause paralytic effects on body muscle, which in
gastrointestinal nematode parasites may result in the parasites being unable to
maintain their site of predilection in the gastrointestinal tract and leading to their
physical removal. A more extensive discussion of possible mechanisms of ML
resistance in nematodes, and of outstanding questions that remain about our under-
standing of ML resistance mechanisms, is available [46]. The effects of MLs seen in
gastrointestinal nematodes may, however, be less important in filarial parasites as
filariae are thought to be able to absorb nutrients through their cuticle and strong
pharyngeal contraction is not required for feeding. Furthermore, some filariae, at
some stages of their life cycle, such as adult O. volvulus in cutaneous nodules, and
adult lymphatic filariae in lymph glands may be able to survive a temporary period
with body muscles paralyzed without being physically removed from their “nests.”

Although it is not conclusively proven, it has been hypothesized that GluCl
expressed in the excretory pore cell may be paralyzed following ML exposure,
resulting in filariae, particularly developing larval stages and microfilariae in the
tissues or blood, being unable to adequately maintain the secretion of immunomod-
ulatory chemicals and thus become much more susceptible to immune killing by
the host [47].

In adult filariae, MLs can suppress reproduction for prolonged periods of time. In
adult female B. malayi, strong GluCl expression signals were detected in the ovary,
developing embryos and lateral hypodermal chords, with moderate expression in the
uterus wall adjacent to stretched microfilariae [48]. GluCl genes were also highly
expressed in adult male worms in spermatogonia, in the wall of the vas deferens,
and in the lateral chords (but not in mature spermatozoa). In addition, the GluCl
avr-14 was highly expressed in somatic muscles adjacent to the terminal end of the
vas deferens. These results suggest that paralysis of muscles in these sites by MLs
will impact gamete production and embryogenesis in filarial worms and explain the
observed suppression of microfilaria production following ML treatment. Single ML
treatment does not kill a significant proportion of adult filariae, but repeated expo-
sure to ML may reduce the lifespan of adult worms [49].
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To summarize, developing L3/L4 stages of filariae, such as D. immitis, and proba-
bly other filarial species are exquisitely sensitive to MLs (the basis of heartworm pre-
ventive control); microfilariae are sensitive to slightly higher concentrations of MLs
for the microfilaricidal approach to reducing onchocerciasis and lymphatic filariasis
transmission and morbidity (IVM and MOX) and the registered claim of microfi-
laricidal activity of Advantage Multi (MOX) against heartworm, and reproduction
in adult filariae (the anti-fecundity effects of MLs that are critically important to
reducing transmission of filariae and contributing to reducing morbidity). When ML
resistance evolves in filariae, resistant L3/L4 can still develop into reproductively
active adult parasites [50], resistant microfilariae survive ML treatment [51, 52] and
can subsequently be transmitted by the relevant vector, and reproduction in the adult
worms is suppressed for a shorter period of time, allowing more transmission and
morbidity [53]. If the ML effect on any of these stages is diminished, the surviv-
ing parasites will be able to reproduce and pass on genes involved in the resistance
phenotype. To evaluate the current situation of ML resistance and factors that may
contribute to the evolution of resistance, it is necessary to consider different filarial
infections separately.

11.9 ML Resistance in Heartworm

ML resistance in D. immitis is now well accepted. First indications that ML preven-
tives may be failing were reported in 2005 [54], in an analysis of significant num-
bers of reports to the FDA of ineffectiveness of heartworm preventives, described as
“adverse experiences of approved animal products” (commonly termed “LOE” for
loss of effectiveness when compliance with heartworm prevention guidelines have
been strictly followed). This paper reported that heartworm product complaints,
relating to LOEs, began to be submitted to the Center for Veterinary Medicine (CVM)
in 1998 and occurred rarely until 2000. The numbers increased dramatically between
2000 and 2003 and occurred mainly in the southern United States. Subsequently,
most of these LOEs were ascribed to failure of compliance, because heartworm pre-
ventives were registered as being 100% effective based on initial registration trials.

Two reports then appeared of a lack of 100% effectiveness in dogs experimentally
infected with an isolate called MP3; although the efficacy based on worm counts was
high, respectively, 99.7% [55], and 94.5, 95.3, 95.3, and 100%, depending on which
commercial heartworm preventive was used [18], these data raised the question of
possible low-level ML resistance.

Clear examples of unequivocal resistance in two US D. immitis isolates, Td2008-2
and Jd2009-2, were obtained in three studies in which efficacies, based on worm
counts, were respectively 31%, 71.4%, and 6.5%, along with evidence of genetic dif-
ferences between these isolates and LOE samples on the one hand and susceptible
isolates on the other hand [50]. Genetic evidence of resistance along with the phe-
notypic data clearly established that true drug resistance was responsible and not,
for example, a problem for treatment of the dogs. This conclusion was strengthened
by the demonstration that the resistance can be inherited between generations [56].
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Subsequently, other studies [57, 58] have confirmed ML resistance to preventative
treatment.

The microfilaricidal attributes of MLs used as heartworm preventives was
not claimed in original registration approvals but had been shown previously
([13, 59–65]; FDA NADA 140-915, 1990). A clear case of a lack of expected efficacy
in vivo in the microfilaricidal properties of IVM and milbemycin oxime, even
when used repeatedly at high doses, was reported by Bourguinat et al. [51]; this
study provided the first well-documented evidence for ML resistance in D. immitis.
Microfilaricidal activity was approved in 2013 for Advantage Multi, which contains
MOX for topical use at a recommended dose of 2.2 mg/kg (NADA 141-251, 24
October 2013) and is reported in a subsequent publication [66]. Based on the sub-
stantial body of work showing that MLs are microfilaricidal, Geary et al. proposed
an in vivo microfilaraemia suppression test as a means of detecting heartworm
infections containing ML-resistant D. immitis [67]. This method was used in dogs
attending clinics in the United States having heartworm infections [52] and at
the same time, the genetic profiles of the isolated microfilariae were evaluated
using a panel of previously reported ML resistance genetic markers [50, 68]. The
Ballesteros et al. study [50] indicated a number of very resistant infections coming
from Louisiana, Tennessee, Arkansas, and Missouri, and other dogs with suspected
resistant infections coming from these states plus Mississippi and Texas.

ML resistance in heartworm preventives has reached serious proportions.
However, much is still to be learnt about whether it is occurring independently at
different locations, whether it is being spread by movement of dogs or transmission
by vectors, what is the general fitness cost of being resistant, and what we can
expect in terms of its spread and our ability to control heartworm infections and
disease in dogs and cats. What role, if any, will infections in untreated dogs and
wild canines play in providing refugia from drug selection to mitigate against a
worsening of the problem? Many other questions must be answered to provide
guidance for maintaining our ability to prevent heartworm infection. Some of these
questions are addressed below.

11.9.1 Selection for ML Resistance in Heartworm

If we assume, based on the report of Hampshire [54], that resistance first appeared
around 1998, ML heartworm preventives had been used and recommended as the
first line means to prevent heartworm disease for 10 years (Heartgard-30 was first
approved in April 1987, see above). Given that heartworm preventives were regis-
tered as being 100% effective, can we assume that the genetic change(s) that causes
ML resistance only arose and was selected in that 10–11 years period? Despite that
fact that heartworm preventives were registered as being 100% effective and stud-
ies were submitted to the FDA showing 100% efficacy, it is very probable that they
were never truly 100% effective. Vidyashankar et al. [69] have argued cogently that
this may be the case. The arguments include the facts that early registration stud-
ies were performed with very few D. immitis isolates, which were maintained under
experimental conditions, that severe “bottlenecking” occurs during the life cycle of
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D. immitis and that very few dogs are used in treatment and control groups (typically
8–15 dogs), and each untreated dog has an infection with very few (breeding) adult
male and female worms (typically 7 to 18 male or female worms/dog). Thus, efficacy
studies used for registration purposes do not adequately reflect the likely genetic and
phenotypic diversity that occurs in the wider D. immitis population; thousands of
dogs infected with tens of thousands of worms from different isolates would need to
be tested to adequately estimate the true variability in responsiveness of D. immitis
to a heartworm preventive. Clearly, that is not practical and so a requirement for
100% effectiveness by registration authorities is a moot point. Given normal bio-
logical variation in organisms that are not propagated by cloning, very few if any
pharmaceuticals are 100% effective in all circumstances. Nevertheless, a high level
of efficacy should be expected when a preventive is registered.

A recent study [70] clearly demonstrates that against a very ML-resistant strain of
D. immitis (JYD-34), the efficacy of MOX, used as a preventative in dogs, is depen-
dent on the dose and the number of monthly treatments; when the dose is lower
(e.g. at the original registered monthly rate of 3 μg/kg) and the challenged dogs are
not treated at four-week intervals, more adult worms will establish and could sub-
sequently breed and pass on their resistant genes. In contrast, when a high dose
(24–60 μg/kg) was strictly repeated at four weekly intervals, efficacy against JYD-34
developing larvae was very high and approached 100%. These data are important
for understanding how ML resistance in D. immitis likely was selected. ML heart-
worm preventives that were commercialized for monthly treatment were registered
and used at the lowest dose rates that could provide apparent 100% efficacy in the
limited studies that were required for registration, on the assumption that animal
owners would treat their dogs at the recommended minimum dose rates and at
the stipulated 30-day frequency. Studies of the pharmacokinetics of IVM heartworm
preventive show that peak blood levels for the chewable oral formulation at 6 μg/kg
occur at 8.5 hours (∼3.7 ng/gm equivalent) and decay rapidly over the first three
days and was less than 0.2 ng/gm equivalent by 10 days after treatment [71]. For the
6 mg/kg topical application of selamectin, the peak plasma concentration, occurring
at around five days, reported in male dogs as 12.7 ng/ml and for female dogs it was
22.7 ng/ml. For both sexes, the mean residence time was 12.55 days [72]. Oral admin-
istration of 0.5 mg/kg of milbemycin oxime reaches peak plasma concentration by
one to four days, with a t1/2 of only 1.6 days (A3 form) and 3 days (A4 form) [73].
The pharmacokinetic studies show that these ML heartworm preventives reach peak
concentrations not long after administration and then are cleared from the circula-
tion within a few days. Thus, after the peak concentration is reached, decreasing
levels are available to act on developing L3/L4 larvae of D. immitis until the next
dose of preventive. If the next dose is delayed beyond 30 days, or is missed in some
months, developing larvae are likely to be exposed to subtherapeutic levels of the
ML. Any D. immitis with a genotype that makes them less susceptible to MLs will
be more likely to survive and subsequently reproduce than a parasite that is fully
susceptible. In this way, with selection pressure potentially every month, given that
ML heartworm preventives have been recommended since 1987, selection for ML
resistance in D. immitis is not surprising.
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Other factors that are likely to have played a role in the development of ML resis-
tance in D. immitis include the reasonable probability that inbreeding of D. immitis
is common, the extent of refugia may not be high, and that MLs act on other life cycle
stages, but at normal monthly dose rates are not lethal to some life cycle stages.

11.9.2 Inbreeding

A host with an adult breeding population of heartworm will often have only a few
adult worms and any microfilariae taken up by a biting mosquito will be the progeny
of those few female and male worms living in the mammalian host. Thus, a good
proportion of microfilariae acquired by the transmitting mosquito are likely to be
siblings or half-siblings. The small number of microfilariae acquired during a blood
meal can develop to infectious L3 larvae in a few days and can then be transmit-
ted to a new host when the mosquito takes another blood meal. Thus, the L3 larvae
infecting the recipient mammalian host will also likely have a proportion of siblings
and half-siblings similar to the microfilariae that the mosquito initially acquired.
These related L3 will subsequently develop into breeding, genetically related, adult
worms, unless the L3/L4 stages are truncated by effective chemoprophylaxis. Obvi-
ously, if the developing larvae are somewhat tolerant of the chemoprophylaxis, they
may survive the intervention. Subsequent inbreeding will produce some progeny
which may be even more resistant to ML prophylaxis than their parents. In this way,
a moderately high propensity to inbreeding in filarial infections is likely to be more
conducive to resistance selection [74] than would be parasite populations with lit-
tle inbreeding, such as gastrointestinal nematodes that have very large and diverse
populations on pasture or in the soil.

11.9.3 Refugia

In contrast to gastrointestinal nematodes where most of the nematode popula-
tion will often be free-living stages on pasture/in soil, which are not subject to
anthelmintic selection, filarial nematodes do not have any free-living stages; all of
the filarial nematode population will be in a mammalian host (L4, adult, and micro-
filariae) or an insect vector (L1–L3). The vast majority of the population (>99.9%)
overall will be the microfilariae in the mammalian host. These microfilariae can
survive in a dog for two to three years and may total billions in a single dog. The
proportion in the insect vector is miniscule. Thus, the proportion of the filarial
population that is in refugia will be the miniscule fraction in vectors and those in
infected mammalian hosts not subject to chemotherapy. In effect, the proportion
of the domestic and wild canid population that is not under chemotherapy will be
the main reservoir for refugia. In North America, and particularly in the southern
United States where heartworm transmission is most intense, there have been
very strong recommendations for many years to have all domesticated dogs on
heartworm preventives 12 months of the year, because heartworm disease is very
serious. To the extent that such campaigns have been successful, refugia will have
diminished. It has been well established in other parasitic infections that, when
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refugia is low, resistance selection is likely to be high [75]. This study also provides
evidence that “years to resistance” is likely to decrease in environments where
parasite transmission is high. For heartworm infection, the Lower Mississippi River
region is an environment where D. immitis transmission is high, which would be
conducive to resistance development.

11.9.4 Effects of MLs on Different Life Cycle Stages of D. immitis

While ML heartworm preventives act primarily on L3/L4 stages in the mammalian
host, they do have effects on other mammalian life cycle stages, such as microfilariae
and adult worms. Indeed, killing microfilariae is the primary purpose of treatment
of human filarial infections, such as in onchocerciasis (IVM or MOX) and LF (IVM).
Against D. immitis microfilariae, the high MOX dose rate formulation, Advantage
Multi has a registered claim as being microfilaricidal [67]. However, IVM and milbe-
mycin oxime also have microfilaricidal effects ([13, 76]; FDA NADA 140-915 Inter-
ceptor, 14 June 14, 1990). The effectiveness of MLs as microfilaricides depends on
the dose, frequency of treatment, and the degree of resistance of a population of D.
immitis. This was illustrated by the observations of McTier et al. [77] who showed
that microfilariae of the ZoeMO isolate, a relative of the highly ML-resistant JYD-34
isolate, were essentially eliminated over several months in dogs treated with MOX
extended release products but were incompletely reduced by a single high oral dose
of MOX (0.25 mg/kg). Thus, ML heartworm preventatives will more likely remove
fully susceptible microfilariae, while microfilariae more tolerant to the ML treat-
ment may survive, enriching the gene pool for resistance in subsequent generations.

A similar consideration is relevant to the effects of MLs on adult filariae. While
MLs do not kill adult worms, they markedly interrupt their reproduction. This
has been well documented for IVM [78] and MOX in O. volvulus [19], in which
the suppression of fecundity by IVM lasts from 3 to 6 months, while that for
MOX extended more than 15 months. Indeed, suboptimal response to IVM in
onchocerciasis is manifested as a shortening of the anti-fecundity effect [79].
Blair and Campbell showed that a 50 μg/kg dose of IVM suppressed production
of new D. immitis microfilariae for approximately two months in the dog [13].
A reduction of the anti-fecundity effect of MLs against D. immitis would manifest
in adult heartworm showing a reduced susceptibility to the ML, as it does on
O. volvulus [53]. Thus, for a period after ML heartworm preventative treatment,
adult heartworms which were less affected by the treatment would be more likely
to continue releasing microfilariae (replacing microfilariae eliminated by the
treatment) than would more susceptible adult worms, and so more resistant adult
worms would have a reproductive advantage over more susceptible worms, leading
to selection for ML resistance. One could speculate that reliance on the “slow-kill”
treatment method [80] to eliminate heartworm infections in dogs, in which repeated
“subtherapeutic” administration of ML is used, would facilitate resistance selection
acting on the adult worm fertility and also on the microfilaricidal effects of MLs.

To summarize the discussion so far on ML resistance selection in D. immitis, selec-
tion may occur at several points in the life cycle, particularly on L3/L4 larvae, the
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primary target for heartworm preventives, but be assisted by variable efficacy against
microfilariae and any reduction in the anti-fecundity effect if MLs are used while
adult worms are present. Selection for resistance is also likely to be greatly amplified
by inbreeding in filariae and by high transmission conditions. On the other hand,
as almost all of the filarial population exists in the mammalian host, recommenda-
tions to try to suppress heartworm infection by year-round monthly (or long acting)
treatment, in as many dogs as possible, are likely to reduce refugia, which is mainly
represented by infections in untreated dogs.

11.9.5 Other Factors in ML Resistance in D. immitis

While ML resistance in heartworm is mainly confined to the Lower Mississippi River
region [52], it could be spread by the movement of dogs. Indeed, there is evidence of
considerable migration of dogs in North America and of this migration increasing
levels of heartworm infections [81]. Movement of dogs can introduce ML-resistant
D. immitis to areas well away from the Lower Mississippi River region, as has already
been reported [51]. So far, very little survey work has been done to provide informa-
tion on the possible spread of ML resistance in heartworm.

The spread of ML resistance could also be facilitated by migration of mosquitoes.
Although mosquitoes tend to remain in their local environment, vectors could play a
role in spreading resistant strains locally, particularly in areas of high transmission.

Another factor that could affect the spread of ML resistance is if resistance confers
some general fitness cost to resistant populations compared with susceptible popula-
tions, i.e. the greater the resistance fitness cost, the lower the tendency for resistance
to spread. This has yet to be studied. However, a preliminary finding [58] suggests
that there could be some fitness cost of ML resistance.

11.10 Detection, Diagnosis, and Monitoring for ML
Resistance in Heartworm

Confirmation of ML resistance in heartworm infections is often confounded,
because records of when treatments occurred may be incomplete or are difficult
to confirm. Thus, a dog which has been mainly on regular monthly heartworm
preventive may not have received a treatment in one or more months or the interval
between monthly treatments is sometimes greater than 30 days. In these situations,
if a dog becomes infected, it is likely to have been due to noncompliance with the
treatment recommendations [82]. Thus, the existence of a heartworm infection in
a dog whose owner believed that the dog had been on a preventative is not de facto
proof of ML resistance.

The gold standard for showing that a D. immitis isolate contains ML-resistant
parasites is by challenging a naïve dog which is on heartworm preventative ther-
apy, under controlled conditions in which the treatment, timing, and infection
challenge are all carefully monitored. This has been done in a number of studies
[50, 56, 58] showing unequivocally that ML resistance exists. Furthermore, in these
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or associated studies, it was shown that resistance was inherited (had a genetic
basis), and that changes at the DNA level were associated with the resistance trait
[50, 56, 68, 83].

DNA-based tests of SNPs which correlate with ML resistance were initially devel-
oped by Bourguinat et al. [50, 84]. These SNP markers were further refined [68], and
it was shown that a 2 SNP DNA test was very predictive of ML resistance as mea-
sured in a microfilariae suppression test carried out on field isolates in many states
of the United States [52]. While these SNP markers do not tell us the mechanism
of ML resistance in heartworm, they have been highly predictive in these and other
unpublished analyses (Prichard, unpublished data). Further research is required to
pinpoint the genetic changes which cause resistance.

Based on the early evidence that MLs have a microfilaricidal effect on D. immitis
[13], Geary et al. proposed a microfilariae suppression test as a means of confirming
a resistance diagnosis in heartworm infections [67]. The test involves undertaking a
blood microfilaria count in a dog that is infected with heartworm, treating the dog
with a dose of an ML that is usually microfilaricidal and then two to four weeks later
having a second microfilarial count taken in order to determine the reduction in
microfilariemia. In infections in which the heartworms are susceptible, the micro-
filarial count should be substantially reduced, while in cases of ML resistance the
microfilarial count will not decrease significantly. This test was used and refined
further with the microfilaricidal treatment Advantage Multi, which is registered as
a microfilaricidal MOX formulation, and the follow-up blood count conducted three
to four weeks after treatment [52]. This study, which used both the microfilariae
reduction test and analysis of genetic markers for resistance, also provided some lim-
ited information on the distribution of ML resistance in the United States. However,
there is a great need to expand on that limited study and monitor for the presence of
ML resistance in D. immitis more widely and over time to better map the distribution
of resistance and to see if it is spreading. Such a study would also possibly provide
information on factors which are involved in the spread of resistance, as well as
control practices which may delay or enhance the spread of the resistance and would
be a service to help maintain animal health in heartworm endemic areas. It would
also be prudent to monitor for ML heartworm preventative resistance in other parts
of the world where D. immitis infection is common and dogs are regularly treated to
prevent it.

11.11 ML Resistance in Human Filariae

Little work has been undertaken to assess whether there is evidence of ML resis-
tance in human filariasis, such as in LF or onchocerciasis. This is partly because it
is extremely difficult to monitor for possible resistance and even more difficult to
unequivocally prove resistance in human filarial infections. The effects of IVM or
MOX (the two MLs registered for human use) are to remove microfilariae (from the
skin in onchocerciasis and from the blood in LF) and to suppress the adult worms
from producing new microfilariae for several months. Because microfilaraemia is
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diurnal in W. bancrofi infections (the cause of over 90% of lymphatic filariasis),
blood microfilarial counts are almost never done after IVM treatment for LF. In
onchocerciasis, skin snip microfilarial counts have been done in a limited number
of studies. However, some studies indicate that the anti-fecundity effect of IVM
may be reduced in at least some areas where IVM treatment has been undertaken
for many years. The anti-fecundity effect of IVM (and MOX) can be assessed in
two ways, either by monitoring skin microfilarial counts at approximately 30, 90,
180, and 365 days after treatment in order to assess the repopulation of the skin of
infected people with new microfilariae (after an initial peak drop by about 30 days)
and/or by excising Onchocerca cutaneous nodules, digesting out the adult female
worms and then conducting an embryogram (observing the state of development
of embryos and developing microfilariae in utero in adult female worms at similar
times after IVM treatment). Microfilarial repopulation and embryogram studies
have been conducted in Ghana and Cameroon [53, 79, 85–87] and suggest decreased
responsiveness of the anti-fecundity effect of IVM, and more recently a decrease in
the microfilaricidal effect of IVM in some communities or regions where annual
or more frequent IVM treatment had been conducted for many years. This is
suggestive of a form of IVM resistance. Until recently, there was no evidence of a
reduction in the microfilaricidal effect of IVM. However, using sensitive molecular
tools (polymerase chain reaction (PCR) and loop-mediated amplification (LAMP)
assays), Abong et al. have now shown a significant reduction in the ability of
IVM to clear microfilariae 30 days after treatment of communities which had
been under IVM treatment for over 20 years in Cameroon compared with other
communities in Cameroon which have had less history of IVM treatment [87]
and with historical data on the response of O. volvulus microfilariae to IVM [88].
It is very difficult to prove, in controlled experiments, resistance in human O.
volvulus infections because, for ethical reasons, humans cannot be experimentally
infected with this parasite and sampled repeatedly with nodulectomies and skin
snips before and after treatment. Attempts to explain the apparent reduction in
the anti-fecundity and now the microfilaricidal effects of IVM as a result of new
infections do not stand up to close examination. The age of adult female worms
recovered at nodulectomy 90 days after an IVM treatment was determined and
embryograms undertaken on these worms [79]. The results showed that, in the
populations showing a poor anti-fecundity effect of IVM, there were very few young
adult female worms (possibly acquired since the IVM treatment) and of those
few young worms, almost all were without microfilariae in utero. Therefore, new
infections producing microfilariae could not have accounted for the more rapid
rebound in microfilaridermia or for the continued presence of microfilariae 30 days
after treatment in the communities/regions showing suboptimal responses to IVM.
These suboptimally responding communities were compared with good/normally
responding communities and with historical data using an individual-based
onchocerciasis mathematical model [89]. The variability in the rate at which
O. volvulus microfilariae repopulate the host’s skin following IVM treatment was
quantified. The model estimated a single skin repopulation rate for every host
sampled, allowing reports of suboptimal responses to be statistically compared with
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responses from populations with no prior exposure to IVM. Statistically faster rates
of skin repopulation, consistent with a suboptimal response, were observed in three
Ghanaian villages (treated with IVM 12–17 times).

In addition to this phenotypic evidence of a change in the responsiveness of the
anti-fecundity and microfilaricidal effects of IVM on O. volvulus, some studies have
investigated genetic differences between suboptimally responding and normally
responding O. volvulus [90, 91]. In the former study, significant differences in SNP
frequencies in a β-tubulin gene were found between individual O. volvulus samples
from communities showing a poor anti-fecundity response to IVM after many
rounds of treatment compared to individual worm samples from communities that
were either relatively naïve or responding well to IVM treatment. The work on
β-tubulin followed other studies indicating allele frequency changes in this gene,
when individual worms were genotyped, associated with repeated IVM treatment
over many years [92, 93]. In another genomic analysis of O. volvulus worms from
Ghana and Cameroon, next-generation whole genome sequencing was under-
taken on pools of worms with each pool differentiated by country of origin, IVM
treatment history, and response to treatment (duration of suppression of micro-
filaraemia) [91]. In addition, a subset of worms was analyzed individually at 130
SNP loci by Sequenom genotyping. The whole genome pooled sequencing revealed
significant differentiation of good responder pools from poor responder pools, and
the differences were not randomly distributed, but clustered in 31 quantitative
trait loci. Single-worm sequencing at predetermined SNPs revealed geographical
diversity and changes over time in the presence of drug pressure. Taken together,
the data on genotyping indicate that IVM treatment pressure changes the genotypic
profile of O. volvulus, which together with reduction in the anti-fecundity and
microfilaricidal effects of IVM with repeated rounds of treatment, can be considered
evidence of developing resistance to IVM in this human filarial parasite. Given the
unequivocal evidence of ML resistance in the dog filarial parasite D. immitis, this
should not be surprising and indicates that better monitoring for sustained efficacy
of IVM in human filariae should be undertaken. Furthermore, because of the more
potent effect of MOX in suppressing fecundity longer than IVM [19], this drug may
have a role in hastening elimination of onchocerciasis (and perhaps LF) should ML
resistance become more problematic for success in the control programs [94].

11.12 Conclusions and Future Directions

At present, MLs are the only practical and registered anthelmintics for the pre-
vention of heartworm infections in animals. However, ML resistance occurs in
some regions and isolates of D. immitis in the United States. It is important that
the extent of this resistance is better understood, and that it is monitored for
changes in its frequency and distribution over time. To do that, genotypic (e.g.
resistance-associated SNPs) and phenotypic (e.g. microfilariae suppression test)
monitoring need to occur. Ideally, organizations such as the American Heartworm
Society (AHS), which brings together people from the animal health industry,
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veterinarians, and academics, could undertake such monitoring as AHS does with
reports of heartworm infection incidence, from veterinary clinics across the United
States.

Another need that arises with the development of ML resistance in heartworm
is the development of a new class of heartworm preventatives/treatments. This is of
considerable economic importance to animal health companies but is also important
for veterinary clinics dealing with the problem of resistance in heartworms, and for
animal welfare.

Further research to understand the mechanism(s) and genetics of ML resistance
in D. immitis and O. volvulus is needed. Advances in this understanding will help
improve diagnosis of resistance and may point to ways to reduce selection for resis-
tance or to overcome it.

Because there may be a fitness cost associated with ML resistance, it would be
interesting to attempt to quantitate this and to propose how this could be exploited to
sustain the effectiveness of MLs against filariae. Other areas of research which could
be productive include determining the efficacy of high doses of MLs against strains
of parasites that are resistant to currently used doses and to establish whether resis-
tance to ML heartworm preventives can be overcome with repeated monthly treat-
ment with high doses of MLs, keeping in mind the need to retain target host safety.
Now that there is good evidence of IVM resistance in O. volvulus, manifested as both
reduction in the anti-fecundity and the microfilaricidal effects of IVM, it would be of
interest to investigate whether MOX administration at three to six months intervals
will overcome that resistance and drive onchocerciasis control toward elimination.
Finally, it would be useful to have a better understanding of the role of duration
of drug exposure on efficacy against ML-resistant filaria. The period of exposure
of a parasite can be altered by the use of different anthelmintic formulations, for
example in long-acting injectables [95]. Studies on ML-resistant D. immitis may pro-
vide insights into what is going on in terms of the development of IVM resistance in
human filariae, such as O. volvulus.
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Abstract

Onchocerciasis, caused by Onchocerca volvulus, and lymphatic filariasis (LF), caused
by Wuchereria bancrofti, Brugia malayi, and Brugia timori, are the most important
causes of human filariases. These diseases primarily affect the poor, contribute to their
poverty, and are a continuous obstacle to the socioeconomic development. Ninety-nine
percent of onchocerciasis cases occurs in Africa, with the rest in Latin America and
in Yemen. LF is more widespread, with 1.39 billion people living in areas at risk.
These two diseases were targeted for elimination of the parasite and as public health
problems, onchocerciasis by 2025 and LF by 2020.
Mass Drug Administration (MDA) is the strategy used in the elimination process
for the two diseases. Ivermectin (IVM) is given once a year (in some cases more
than once a year) to the at-risk population for decades for onchocerciasis, while
MDA for LF has provided a combination of drugs once yearly for at least six years:
albendazole (ALB)+ IVM, ALB + diethylcarbamazine (DEC), or ALB twice a year in
places where LF is coendemic with Loa loa. Recently, the triple drug combination of
IVM+DEC+ IVM (IDA) has shown evidence of macrofilaricidal activity in LF and is
being introduced gradually in non-onchocerciasis LF endemic areas.
Progress toward elimination of onchocerciasis transmission has been slow in Africa but
has been greatest in the Americas, where 11 of the 13 original foci in 4 of the 6 endemic
countries have stopped MDA, and where completed posttreatment surveillance
evaluations demonstrated no recrudescence of transmission.
Challenges faced by the programs include mapping of all transmission zones in
Africa, resolution of the diagnostics platforms required to determine the threshold of
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transmission interruption at the tail end of long-standing MDA programs, the need for a
second-line drug suitable for MDA should there be resistance to IVM, and cross-border
movements and migration that may result in re-establishment of transmission in areas
where onchocerciasis has been interrupted or eliminated. Other challenges are lack of
or poor political will, low priority, lack of monitoring and accountability, sub-optimal
treatment coverage and monitoring and evaluation, inadequacy in data reporting, and
difficulty of delivering effective MDA coverage in urban areas in the case of LF.
Nonetheless, results for LF are promising: 14 (19%) of the 73 countries targeted
for control are in post-validation surveillance, whereas another 8 (11%) are in the
post-MDA surveillance phase.
Onchocerciasis will be eliminated in the Americas in the expected time frame.
Many countries in the Africa region, after the many rounds of MDA, are making
onchocerciasis elimination a reality in the WHO-NTD 2021–2030 goals, but the L.
loa issue and the need to complete mapping of hypoendemic areas remain challenges
that need solutions in the near term. Progress has been made in LF elimination in all
countries, and the introduction of IDA is likely to accelerate progress outside of Africa.

12.1 Introduction

The human filariases consist of a group of nematode parasites transmitted by
arthropod vectors. These include onchocerciasis (“river blindness”), caused by
Onchocerca volvulus, lymphatic filariasis (LF; “elephantiasis”), caused by Wuchere-
ria bancrofti, Brugia malayi, and B. timori, loiasis (“eyeworm”), caused by L.
loa, and mansonellosis, caused by Mansonella perstans, Mansonella streptocerca,
or Mansonella ozzardi. Onchocerciasis and LF are of the greatest public health
importance and will be covered in this chapter; loiasis will be mentioned in so far
as its presence complicates the global efforts to eliminate onchocerciasis and LF.

Onchocerciasis and LF affect the poor, contribute to their poverty, and are an
obstacle to the socioeconomic development. They belong to the group of Neglected
Tropical Diseases (NTDs) that were targeted for elimination – onchocerciasis by
2025 [1] and LF by 2020 [1]. The largest number of persons afflicted with onchocer-
ciasis (99% of all cases) occurs in Africa. The rest reside in two small foci, one in
Latin America and the other in Yemen [2]. The World Health Organization (WHO)
estimates that 205 million people live in onchocerciasis-endemic areas, although
today there is little risk for these individuals to develop blindness or skin disease,
as the prevalence and intensity of infections have been greatly reduced through reg-
ular administration of the microfilaricide ivermectin (IVM) [3]. The management of
onchocerciasis in Africa has gone through several phases: administration of vector
control alone from 1974 through the early nineties, followed by a phase in which
management consisted of a combination of vector control and IVM treatment, and
last, with the passage of the WHO resolution WHA 47.32 of 1994, through mass drug
administration (MDA) of IVM (Mectizan®, donated by Merck & Co.). In the Amer-
icas, onchocerciasis was originally present in 6 countries, but 4 of these have now
been verified as free of onchocerciasis transmission by WHO as a result of twice per
year or four times per year (quarterly) IVM MDA [4].
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LF is much more widely distributed than onchocerciasis. LF is endemic in 72
countries (in the Americas, Africa, South East Asia, the Middle East, and South
East Asia), with an at-risk population of about 1.39 billion people [5]. Unlike
onchocerciasis, which is primarily a rural disease, LF occurs in both urban and
rural areas. In most endemic rural settings in Africa, LF is co-endemic with
onchocerciasis. Given the global burden of LF, World Health Assembly Resolution
WHA 50.29 of 1997 called for the elimination of LF as a public health problem [6].
The LF global program is based on two pillars: (i) to interrupt transmission of the
parasite using MDA and (ii) to alleviate morbidities arising from LF infections,
especially lymphedema/elephantiasis, male scrotal hydrocele, and acute attacks of
lymphangitis [7].

The Onchocerciasis Control Programme for West Africa (OCP) was launched in
1974 in 9 (expanding to 11) countries. Its goal was to control onchocerciasis as a
public health problem using vector control. In 1993, the Onchocerciasis Elimina-
tion Program for the Americas (OEPA) was launched with the goal of interrupting
transmission throughout the region using a strategy of twice per year (six monthly)
IVM MDA, reaching at least 85% overage of the eligible population in each treat-
ment round. In 1996, the African Programme for Onchocerciasis Control (APOC)
was launched in non-OCP-supported endemic countries in Africa with a strategy of
annual MDA with IVM to control morbidity from onchocerciasis. In 2009, APOC
changed its objective to elimination of onchocerciasis transmission in areas where
this was practicable. APOC closed its operations in 2016 and was succeeded by the
WHO Expanded Special Project for the Elimination of Neglected Tropical Diseases
(ESPEN) in Africa. Among its broad and overarching roles in NTDs, ESPEN sup-
ports the transition to onchocerciasis elimination in Africa, including supporting
country-led elimination programs that can garner domestic political and financial
support as well as help with relevant capacity building.

The identification of LF as “eradicable” or “potentially eradicable” by the Inter-
national Task force for Disease Eradication (ITFDE) [8] was followed by WHO’s
launch in 2000 of the Global Programme for the Elimination of Lymphatic Filariasis
(GPELF), aiming to eliminate LF as a public health problem. MDA for the LF
program has been based on a combination of 3 anthelmintics: albendazole (ALB,
donated by GlaxoSmithKline) combined with diethylcarbamazine (DEC, donated
by Essai) in LF but non-onchocerciasis endemic areas; and IVM (donated by Merck)
in combination with ALB in areas coendemic for LF and onchocerciasis. Most
recently, the triple therapy of IVM+DEC+ALB (IDA) has been introduced in LF
but non-onchocerciasis endemic areas.

These regional and global initiatives fighting onchocerciasis and LF have run con-
currently over the last two decades. This chapter sets out the conceptual framework,
the methods in use, the progress, challenges, and the outlook arising from these
initiatives for the elimination of onchocerciasis and LF in the global context. Some
specific modalities within the various regions of the world are also presented. The
emphasis will be on elimination of transmission and elimination as a public health
problem, while the notion of global eradication of onchocerciasis and/or LF will only
be mentioned briefly.
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12.2 Definitions of Elimination of Transmission and of
Public Health Problem and Eradication

It is important to make a clear distinction between these three terms. Elimination
of transmission (EoT) is defined here as the reduction to zero of the incidence
of infection caused by a specific pathogen in a defined geographic area, with
minimal risk of reintroduction (based on careful post-intervention surveillance), as
a result of deliberate efforts. Continued surveillance and potential action to prevent
re-establishment of transmission may be required. WHO recognizes EoT through
a process known as verification [9–11]. Elimination as a public health problem
(EPHP) may result in interruption of transmission, but the primary goal is high-level
control of morbidity resulting from the infection. Again, continued surveillance and
potential action to prevent recurrent morbidity are required. WHO recognizes this
accomplishment through a process known as validation. In both instances, MDA
interventions may be stopped, but post-treatment surveillance (PTS) for a period
after stopping MDA is required before EoT or EPHP may be verified or validated,
respectively, and post-elimination surveillance follows indefinitely. Eradication,
on the other hand, is “the permanent reduction to zero of a specific pathogen, as
a result of deliberate efforts, with no more risk of reintroduction,” documented
by a WHO “certification process involving all countries on earth, regardless of
whether they were previously known to be endemic” [11, 12]. In contrast to EoT
and EPHP, post-certification surveillance is not required once global eradication
is achieved.

12.3 Elimination of Onchocerciasis

Both OCP and APOC had the goal to reach a level of control sufficient to elimi-
nate the disease as a public health problem. The idea of elimination of transmis-
sion and the parasite in Africa was not envisaged by either programs when first
launched. OEPA was launched in response to a 1991 resolution of the Pan American
Health Organization (PAHO) that called for the elimination of onchocerciasis from
the Americas. The term “elimination” as used in OEPA is defined along the lines of
the EoT definition provided above. Several observations have stoked current enthu-
siasm to embark on elimination of onchocerciasis transmission in Africa following
proof-of-concept using sustained high coverage IVM MDA as the main intervention
in OEPA. These include WHO verification of elimination of onchocerciasis transmis-
sion in four countries in Latin America, starting in 2012 in Colombia and followed
in rapid succession by similar WHO verifications in Ecuador (2013), Mexico (2014),
and Guatemala (2015) [14], announcement of elimination in the Abu Hamad focus
by Sudan [13] and elimination in multiple foci in Uganda [14], findings that permit-
ted IVM MDA to be stopped in two West African foci [15, 16], and growing evidence
of progress toward interruption of transmission in several other foci in Africa.
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12.3.1 Elimination of Onchocerciasis Transmission in Africa, Latin
America, and Yemen

12.3.1.1 Conceptual Framework
The OCP in West Africa largely achieved its objectives in the core 11 West African
countries. Under OCP, the vector control effort interrupted transmission altogether
in most areas of operation. The OCP EoT conceptual framework (CF) on which
the vector control strategy was based is as depicted in Figure 12.1. The CF pre-
dicts that transmission is interrupted within two years of launching vector control,
which then must be continued, in the ideal situation, for the 14-year lifespan of
O. volvulus adult worms. At that point, vector control can be stopped but must be
followed by surveillance. For the rest of Africa, i.e., the previously APOC-managed
countries in which annual IVM MDA was the mode of intervention, the CF is pro-
foundly different (Figure 12.2). The decline in transmission is much more grad-
ual than seen with the OCP vector control model, since IVM is less effective in
cutting transmission. IVM can suppress transmission of onchocerciasis for about
six months after MDA. However, the reduction in fecundity of adult worms over time
with repeated use of IVM [17] plays a role in reducing the reproductive lifespan of
the adult worms, potentially lessening the 14-year period required for vector control
alone. Thus, in areas treated with IVM MDA alone, the time to reach interruption
of transmission (and subsequently stopping MDA) depends on the initial level of
transmission, the level of treatment coverage, and the number of treatment rounds
(Figures 12.3 and 12.4). It is generally assumed that annual MDA with good total
population treatment coverage (>65%) will require 10–14 years to achieve this goal.
Twice per year MDA has been estimated by modelers to reduce the time period
to interruption by 40% [18], an approach used with great success in the Americas.
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Figure 12.1 Conceptual Framework of elimination of onchocerciasis by ivermectin (OCP).
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Figure 12.3 Progress toward elimination in evaluated projects (projects with very high
pre-control endemicity levels).

However, increasing the frequency of MDA per year could increase annual costs by
around 60% [19]. In the MDA conceptual model, a post-MDA surveillance period of
3–5 years is required before elimination of transmission may be declared.

12.3.1.2 Implementation of the Elimination Program for Onchocerciasis
IVM at a dose of 150 ug/body weight is the only agent used in the management of
onchocerciasis to reduce morbidity and with the intention of stopping transmission
of the parasite (elimination). IVM MDA in Africa is delivered primarily through
a community-directed treatment with ivermectin (CDTi) strategy. It is important
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Figure 12.4 Progress toward elimination in evaluated projects (projects with high
pre-control endemicity levels).

to note that, unlike with vector control, the use of IVM rapidly results in the
reduction of eye and skin morbidity in those already suffering from O. volvulus
infections.

Several relevant modalities that are required must be considered if the march
toward EoT of onchocerciasis is to be successful. These include the following:

12.3.1.3 Mapping
Mapping is crucial to defining areas that need intervention. Most onchocerciasis-
endemic areas have been mapped using either skin snip surveys or rapid epidemi-
ological mapping of onchocerciasis (REMO), especially during the control period,
when the focus was to discover areas with the greatest morbidity. The REMO maps
provided optimum identification of areas that qualified for IVM distribution dur-
ing the control era. For the EoT paradigm, it is essential to identify all areas that
have sustained transmission, no matter if morbidity is a problem or not. IVM dis-
tribution programs must then be launched in these additional (hypoendemic) areas.
This requires other diagnostics and approaches for mapping, such as remote sensing
data, GIS spatial models, and OV16 testing in children and adults. Taken together,
these approaches are called onchocerciasis elimination mapping (OEM), the pur-
pose of which is to ensure that the new endemicity maps identify all communities
that require treatment [2, 9, 20, 21].

12.3.1.4 Coverage
Two important factors that make a positive or negative difference in an MDA inter-
vention are “geographic coverage” and “therapeutic coverage.” Geographic coverage
describes the areas that have been identified to require IVM distribution. 100%
geographic coverage indicates that the distribution program reaches all endemic
communities in all transmission areas. Any endemic area not geographically
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covered during treatment remains a local source of transmission and will compro-
mise the elimination agenda. Hypoendemic areas in the control era were excluded
from treatment. All such low transmission areas need to be geographically covered
for intervention in the elimination phase. A new protocol for OEM is being piloted
for use in IVM-naïve areas in endemic countries to re-define required geographic
coverage [2].

While geographic coverage focuses on communities, therapeutic coverage
encompasses the coverage of all individuals in the population in each area that
qualifies for IVM treatment. The minimum acceptable therapeutic coverage is 65%;
the optimum level in light of the change of paradigm to onchocerciasis elimination
by APOC is 80%. It should be noted that the therapeutic coverage calculation
denominator includes persons ineligible for IVM (i.e., pregnant women, children
under five years of age and the very sick) such that, ideally, programs are expected
to approach close to 100% coverage of the eligible population in the quest for
elimination of onchocerciasis. This is not always possible due to factors such as a
high proportion of the populations composed of children under 5, pregnancy rates,
absenteeism, illness, fatigue of multiple MDA programs, inadequate and poor social
mobilization, decreased enthusiasm on the part of volunteer drug distributors,
un-sustained political commitment, and abject refusals.

12.3.1.5 Diagnostics
Diagnostics need to be more sensitive and specific to detect changes in low preva-
lence areas during elimination activities. As prevalence reaches zero, false positives
(specificity), or the availability of confirmatory tests, become more critical. The skin
snip method, hitherto the gold standard of OCP, APOC, and OEPA, is specific and
quantitative (e.g., can be used to calculate intensity of infections expressed as the
community microfilaria (mf) load-CMFL) but is unable to detect infections with very
low microfilaridermias and is less and less acceptable to the population. Skin snips
are now used mainly as a research tool for developing new diagnostics and testing
candidate medicines for onchocerciasis.

WHO currently recommends the use of serology to detect IgG4 antibodies to the
OV16 recombinant antigen, based on the sensitivity and specificity of the test when
used at a population level to detect infection signals in low endemicity areas [22, 23].
The 4 countries in the Americas verified by WHO to have eliminated onchocerciasis
relied in part on OV16 ELISA testing in children to indicate no recent transmission
events in an area. The rapid diagnostic test (RDT) using OV16 has a high speci-
ficity (97–98%), is easy to use, and can provide rapid results [23, 24], although the
ELISA method is more sensitive. An ideal diagnostic test, one that is field accessi-
ble, sufficiently specific and sensitive for detecting current infection, acceptable to
the population and can be used to assess the elimination status in transmission zone,
is urgently required to support the elimination process.

12.3.1.6 Monitoring and Evaluation
Periodic monitoring to assess progress toward elimination and eventual evaluation
exercises to meet WHO elimination criteria are essential parts of the EoT agenda.
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Evaluations help detect shortcomings in process indicators of the intervention
(therapeutic and geographic coverage of IVM MDA programs) and are important
so that measures to correct such situations can be taken. In the African context,
where interventions for elimination of onchocerciasis are undertaken through
CDTi projects, procedures have been established for evaluation, analysis, and
interpretation of results [25]. WHO/ESPEN recommends a first evaluation six years
into intervention with IVM MDA, using skin snips to determine the decline in
prevalence of infection as well as the CMFL in sentinel communities. The process
is repeated every three years or so until the set elimination threshold (1/2000 poly-
merase chain reaction [PCR]-positive flies) level of infection is reached. Modeling is
used to help interpret the results and to make a prediction of when the elimination
threshold will be attained. This takes into account the pre-intervention endemicity
level and the treatment coverage through the period under review [25].

12.3.1.7 Modeling
Modeling has played an important role in onchocerciasis control and elimination
programs. It was used as a prediction tool and helped developed forecasts that were
used to make important OCP programmatic decisions as, for example, (i) when to
stop larviciding, (ii) the likelihood of recrudescence of infection and how to control
it, and (iii) possible outcomes/impact of different frequencies of IVM application
based on levels of endemicity. Modeling remains extremely important in the elim-
ination era. Since the original ONCHOSIM model was developed and used oper-
ationally by OCP and APOC, many other models for onchocerciasis have become
available. Comparison of these models as well as their adaptation to the use of serol-
ogy rather than skin snips in the onchocerciasis elimination era is still required, as
real-life results become available to test their predictive values [18, 23].

12.3.1.8 Loa loa Co-Endemicity
A major challenge in the quest to end onchocerciasis is the filarial parasite L. loa,
which is often coendemic with onchocerciasis in central Africa. The vector of L. loa
is Chrysops spp. deerflies that reside in forested areas. Clinically, L. loa infections
are known for the tendency of adult filarial worms to move across the conjunctiva
of the eye. The mf of this parasite appear in the blood, often in massive numbers
exceeding 30 000 per ml. These mf are sensitive to IVM, which causes their rapid
death, which can provoke central nervous system adverse events such as altered con-
sciousness and (infrequently) coma [26, 27]. The Rapid Assessment Procedure for
Loa loa (RAPLOA), which uses eyeworm self-reports as a proxy for L. loa infection,
has been utilized to identify likely areas of high-density infection where IVM treat-
ment expansion in hypoendemic onchocerciasis communities has up to now been
avoided [28, 29].

As noted earlier, IVM MDA treatment of hypoendemic areas is necessary under
the new EoT onchocerciasis paradigm, since untreated hypoendemic areas may con-
stitute a source of ongoing transmission. As yet, a solution has not been found to this
challenge, resulting in many countries (such as Gabon and Democratic Republic of
Congo) being left out of the 2025 elimination goal.
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12.3.1.9 Challenges and Alternative Approaches to Intervention
Broad areas in Africa have been mapped and provided MDA for some years; these
may reach EoT by 2025. However, mapping of all transmission zones in Africa,
which is needed to determine where IVM treatment still must be administered,
is not yet complete. This unknown treatment need is a major factor that makes it
unlikely that Africa will reach 80% EoT by 2025.

The diagnostics required to determine the threshold of transmission interruption
at the tail end of long-standing MDA programs still need to be resolved. Although
model predictions and previous empirical information indicate that infection and
transmission do not have to be completely zero to trigger halting MDA [9], optimal
diagnostics to confirm trends are essential.

Annual MDA has been largely satisfactory and adequate in many endemic African
countries. Some countries/projects have used twice a year treatment in an attempt to
reduce the time to elimination (according to modeling by about 40%). In problematic
areas where coverage has not been optimum or new areas starting treatment for the
first time, twice a year or some other frequency of treatment may be warranted. The
decision to change to twice a year or another frequency of treatment should take into
consideration the cost implications.

IVM is the drug of choice for MDA. Although resistance has not been explicitly
demonstrated, there have been reports of suboptimal IVM response [30]. The
presence of a second-line drug suitable for MDA, preferably a macrofilaricide
that could sterilize or kill adult worms, would be useful. Moxidectin (MOXI) is
in the same class as IVM but has a considerably longer half-life. A single annual
dose of MOXI has the same effect at suppressing mf in skin as twice per year
IVM, and modeling suggests a similar reduction in time to elimination by about
40% [31]. It may be instructive to note, however, that despite a similar mode of
action as IVM, theoretically MOXI may retain efficacy against IVM-resistant strains,
although intestinal parasites resistant to IVM show some degree but not complete
cross-resistance to MOXI [32]. Doxycycline, which kills the Wolbachia endosym-
bionts necessary for adult worm health, is macrofilaricidal against O. volvulus [33],
but the prolonged daily treatment course is not suitable for MDA except in specific
situations.

Cross-border movements and migration may result in re-establishment of trans-
mission in areas where it has been interrupted or eliminated. Additionally, migration
of infected flies may be assisted (especially in West Africa) by seasonal wind currents
that may carry them hundreds of kilometers to reinstate transmission. Conflicts and
difficult to access regions tend to disrupt the frequency with which communities
receive IVM. All these phenomena affect coverage and can increase the duration of
treatment required to attain elimination.

12.3.1.10 Current Status and Progress toward Elimination of Onchocerciasis
OCP and APOC supported onchocerciasis-endemic countries to set up CDTi projects
for onchocerciasis control. The CDTi approach is still valid for implementing IVM
distribution in the elimination phase. CDTi is usually carried out once a year, but it
has been used for twice a year distribution in Africa in former OCP (Togo, Ghana,
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Benin, etc.) and APOC countries (Uganda, Sudan, Nigeria, and Ethiopia). The OEPA
countries in the Americas have used twice or four times per year treatment to accel-
erate interruption of transmission [4]. Through annual MDA with IVM, elimination
of infection has been achieved in a few focal areas in Africa [34]. It is important
to recognize that the duration of MDA required to achieve elimination depends on
pretreatment endemicity level, frequency of treatment, and treatment coverage. The
lower the endemicity level, the fewer the number of rounds of treatment needed
to attain elimination [9]. WHO Weekly epidemiological record No. 47 [2] for the
period 2017–2018 on onchocerciasis reports that (i)142.5 million received IVM, and
(ii) there was 88.5% geographical coverage, ranging from a low of 69.4% to 17 coun-
tries achieving 100% coverage. Table 12.1 summarizes the global MDA status for
onchocerciasis for 2017.

Although the geographic coverage is high in several countries, onchocerciasis
elimination requires 100% coverage in all areas concerned. The aim, therefore, is
to strive to attain this level of coverage, with minimum 65% therapeutic coverage.
Several countries have reported focal interruption of transmission of onchocerciasis,
and stoppage of MDA has been reported in 3 countries (Ethiopia, Nigeria, and
Uganda) that have started PTS after meeting the criteria for stopping MDA accord-
ing to the 2016 WHO guidelines [10]. In Uganda, several sub-national areas have
completed the required three years of PTS, and as a result, more than 1.15 million

Table 12.1 Global MDA for onchocerciasis in 2017.

AmericasAfricaMDA/WHO region
Eastern

GlobalMediterranean

Total population
requiring MDA in
2017

205 151 1961 058 57930 561204 135 056

Population no longer
requiring MDA

1 815 820120 000538 5171 157 303

No. of districts
requiring MDA

1 6743721 635

No. of districts
delivering MDA

1 453421 447

No. of districts no
longer requiring MDA

228 11 3

Proportion of districts
achieving effective
coverage

88.910010088.9

Reported population
treated in 2017

142 480419 03723 141142 037 943

Geographical
coverage (%)

86.810.810088.5

69.438.675.769.6National coverage (%)

Source: Adapted from WHO [2].



318 12 Elimination and Eradication of Human Filariases

Ugandans are now considered to live in an area where transmission has been
eliminated [2].

Progress toward elimination of onchocerciasis transmission has been greatest in
the Americas, where 11 of the 13 original foci have stopped MDA and completed PTS
evaluations that demonstrated no recrudescence of transmission. The 4 countries of
the Americas that have been verified by WHO to be free of transmission are the only
countries in the world that have achieved that status. 96% of MDA in the region has
been stopped compared to peak MDA delivery in 2008 (Figure 12.5), and 94% of the
original population at risk now reside in areas that have completed PTS (Map 12.1).
The remaining MDA programs in the Americas are now only directed at about 35,000
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indigenous people residing in an extremely remote area in the Amazon jungle on the
border between Brazil and Venezuela, accessible only by air or boat.

12.3.1.11 Outlook for the Future
The elimination of onchocerciasis will be attained by 2025 in the OEPA countries
and most likely Yemen. Indeed, the challenge for the Americas in completing the
“final inch” is well-reflected in the required “long-tail” of continued interventions
in remote and difficult areas. Undoubtedly, there will be similar “long tail” areas
that will remain to be treated in Africa as the final goal of transmission elimina-
tion is approached near the end of this decade. The establishment of independent
national onchocerciasis elimination committees by ministries of Health has been
recommended by WHO/ESPEN to facilitate the drive for the elimination program
activities. Optimistically and realistically, one would expect a large proportion of
Africa to have attained elimination of onchocerciasis transmission by 2025 with the
operationally problematic areas following by 2030.

12.3.1.12 Research
Operations and basic research remain very important to the elimination agenda.
Priorities include: improved diagnostics; optimization of the use of current interven-
tion tools such as IVM, MOXI, doxycycline, and vector control; a continued search
for novel (especially macrofilaricidal) agents; monitoring for the emergence of IVM
resistance; standardization of methods for mapping, monitoring and evaluation and
surveillance; modeling to support monitoring, evaluation, and PTS decisions; devel-
opment of approaches to stop onchocerciasis transmission in coendemic L. loa areas;
and development of a strong evidence base to advise and, if necessary, revise current
WHO onchocerciasis elimination guidelines.

12.4 Elimination of Lymphatic Filariasis

Compared to onchocerciasis, LF is a global disease, with over one billion people
at risk in over 80 countries; more than 120 million are infected in both rural and
urban areas. Over 56% of the global burden of LF is in Asia (especially in the Indian
subcontinent), an estimated 37% in Africa and the remainder (6%) in the Western
Pacific, Americas, and Middle East. Africa’s total at-risk population is estimated to
be 432 million, residing in 36 of 49 sub-Saharan countries [35, 36].

The Global Programme for the Elimination of Lymphatic Filariasis (GPELF)
was established in early 2000 with the goal of eliminating LF as a public health
problem by 2020. Several advances and factors provided the impetus to the
WHA, international communities, national governments, and pharmaceutical
entities to pursue the elimination of LF. These include: (i) the declaration of the
ITFDE in 1993 that LF could be eradicated [8]; (ii) subsequent passage of WHA
Resolution 50.29; (iii) new understanding about the severity and impact of the dis-
ease; (iv) new, practical, and reliable point-of-care diagnostic and monitoring tools
[37, 38]; (v) the prospect that LF could be eliminated through a five to six year annual
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MDA program with drugs donated by pharmaceutical companies; (vi) new disabil-
ity management approaches; (vii) development of partnerships among academia,
researchers, and donors; and (viii) proof-of-principle examples of successful elimina-
tion programs from countries such as China, Korea, Japan, and the Solomon Islands
[33, 39, 40].

Unlike onchocerciasis programs in Africa, the GPELF was set up to be an elimina-
tion rather than a control program. One of the most important differences was the
much lower prevalence required for launching LF MDA; during the disease map-
ping stage of the LF program, 1% circulating filarial antigen was set as the MDA
threshold (compared to 30–40% infection threshold for onchocerciasis in APOC).
Another important difference was that the LF program, unlike the onchocerciasis
program, quickly moved away from complicated microscopic (parasitological) tests
to rapid finger-prick-based serological diagnostics. Hitherto, night blood testing for
mf was the standard test for LF. This test, although highly specific, was insensitive
at low prevalence rates, cumbersome for teams (as they had to be present in villages
at night in most LF areas where mf circulate after 10 p.m.), and inconvenient to the
population. The advent of a rapid format filarial antigen-based diagnostic test that
could be done during the day [38] revolutionized the ability to rapidly map areas for
MDA via a method known as RAGFIL (rapid assessment of geographical distribution
of filariasis) [41].

12.5 Framework/Steps toward Elimination
of Transmission

The framework/steps used in the implementation of the LF program include
mapping, at least five years of MDA, a stop MDA assessment, and then five years of
post-MDA surveillance (Figure 12.6). The critical decision of when to stop MDA is
based on a transmission assessment survey (TAS) that evaluates antigen levels in
children six to seven years of age [42]. It is assumed that if antigen levels in these
children are below 2%, transmission in the larger community has been interrupted
and MDA may be stopped. Post-MDA surveillance consists of repeating TAS surveys
in children three and five years following the end of MDA. When an entire country

Figure 12.6 Steps towards elimination of transmission of lymphatic filariasis. Source:
Adapted from Sodahon et al. [5].
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has completed these steps, it may request WHO validation of the elimination of LF
as a public health problem.

In contrast to the REMO approach (using nodule rates) to support the develop-
ment of CDTI projects as the base unit for implementation of MDA, the LF pro-
gram uses immunochromatographic test (ICT) antigen-based test and the RAGFIL
to identify Implementation Units (IUs) for MDA. These IUs are usually the entire
district in which a village with >1% antigenemia is identified. MDA is carried out
annually for five to six years if the ICT threshold is 1% or higher.

12.5.1 Implementation of the LF Elimination Program

12.5.1.1 MDA for LF
The entire at-risk population in LF endemic areas is targeted for MDA to interrupt
parasite transmission. MDA, which is usually carried out by health workers or/and
volunteer community drug distributors (CDD), is generally conducted door-to-door,
and the treatment is ideally directly observed by the CDD (various combinations
to this accepted strategy, however, are in use). The recommended drugs used in
MDA are administered mostly in once-yearly, single doses of two drug combinations:
6 mg/kg DEC+ 400 mg ALB; or 150 μg/kg IVM+ 400 mg ALB (in areas that are also
endemic for onchocerciasis); 400 mg ALB is also used twice per year in areas that are
coendemic for L. loa [43]. As in onchocerciasis MDA, dosing poles are used for IVM
treatment to approximate weight, thus avoiding the use of scales. An alternative and
equally effective community-wide regimen used in a few settings is the use of com-
mon table salt or cooking salt fortified with DEC. The successful Chinese LF elimina-
tion program was largely based on a combination of MDA and DEC fortified salt [44].

The primary aim is to administer MDA once a year for a minimum of five years,
with coverage in each round reaching a minimum of 65% of the population. The
objective of MDA is to reduce the level (prevalence and density) of microfilaremia
in infected individuals in the communities to levels at which transmission can no
longer be sustained by the vector.

Triple drug therapy (IDA) is a new and more efficacious regimen that combines
all three current medicines used in double combination LF MDA [45, 46]. In clinical
studies, one dose is capable of permanently eliminating microfilaraemia. IDA the-
oretically can interrupt transmission of LF in two annual cycles if good coverage is
achieved. It was recently successfully implemented in four districts of India and in
the entire country of Timor-Leste with extensive advocacy and social mobilization
inputs. It may be expanded to more districts in coming years in India, Indonesia, and
Myanmar.

12.5.1.2 Vector Control
Other interventions may be considered as adjuncts to the main regimen of MDA.
Integrated vector management is encouraged to accelerate and sustain the elimina-
tion process. Long-lasting insecticidal bed nets (LLLIN) distributed by the malaria
control programs have an important synergistic effect with MDA, especially in areas
where LF is transmitted by Anopheles mosquitoes.
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12.5.1.3 Morbidity Management and Disability Prevention (MMDP)
Despite the benefits of an effective MDA program, individuals who already have
damage from past LF infections still suffer because the injury to the lymphatic
system is permanent and not reversed by antifilarial medicines. Those who live
with these disease manifestations need knowledge, support, and in some cases of
hydrocele, surgical intervention. MMDP aims to: (i) reduce the misery of acute
attacks of adenolymphangitis (fever, pain, and inflammation of swollen limbs
related to secondary bacterial or fungal infections due to poor hygiene); (ii) halt
and, if possible, reverse the progression of swollen limbs, and (iii) provide surgical
intervention for hydrocele. In addition, more focus is being given to relieving
the mental health struggles brought on by the suffering, stigma, and hopeless-
ness of this disease. This work will improve productivity and enhance quality
of life.

MMDP is the “second pillar” of WHO’s requirements for validation of elimina-
tion of LF as a public health problem. Unfortunately, funding for this second pillar
is lacking compared to the support that the MDA pillar enjoys. The focus is to enable
health facilities to help treat persons afflicted by elephantiasis or acute attacks and
create a referral program to facilities equipped to perform hydrocele surgeries. Over-
all, the program relies on ministries of health to strengthen their delivery of these
services within the existing peripheral health care infrastructure.

12.5.2 Current Status and Progress toward Elimination of Lymphatic
Filariasis

The LF elimination program has made remarkable progress since it was established
in 2000. The number of treatments in 2000 was around 2 million. In the space of
17 years (2000–2017), a cumulative total of 7.1 billion treatments have been deliv-
ered to about 890 million people. In 2017, 465.4 million of the targeted 585.8 mil-
lion people that required MDA from 37 reporting countries received treatment. The
overall program coverage was 79.4%, while geographic and national coverage were
70.7% and 52.4%, respectively (Table 12.1) [47]. The desired 100% geographical cov-
erage was not achieved. During the same period, an estimated 157.1 million children
2–14 years of age (preschool and school-aged) children received MDA.

In Africa, the number of people estimated to require MDA was >343.2 million.
More than 202.1 million received treatment. The reported number that received
MDA was >202.1 million, and the geographic and national coverages were 84.0%
and 58.9%, respectively.

As of 2015, 18 LF endemic countries had reduced infection prevalence to levels at
which transmission is unsustainable.

The highest proportion of the burden of LF globally is found in the south-east
Asia region (SEAR); treatment results in this region are partially summarized in
Table 12.2. During the last 18 years, national programs were gradually expanded
and a staggering 5.38 billion treatments were reportedly administered to 853 mil-
lion people. MDA programs cured or prevented an estimated 56.75 million LF cases
as of 2013 [48].
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Table 12.2 Progress and current status of program to eliminate LF in SEAR countries as of
2017.

Country
Number
of IUs

Population
of IUs
(millions)

Number of
treatments
delivered
(millions)

Number of
treatments
consumed
(millions)

% Population
no longer
requiring
MDA

Current
program
status

6377630India 256 . 444961 . MDA and5 39
surveillance

453102Indonesia 236 . 28005 . MDA and05 43
surveillance

28940Myanmar 45 . 25806 . MDA and41 25
surveillance

16625Nepal 63 . 12477 . MDA and39 60
surveillance

412.8Timor-Leste 13 . 363 . MDA likely to47 100
be stopped

26433Bangladesh 19 . 22051 . Surveillance24 100
10.17Thailand 350 . 121 . LF elimination07 100

acknowledged
5210.46Sri Lanka 8 . 4477 . LF elimination79 100

acknowledged
00.00Maldives 1 . 0007 . LF elimination006 100

acknowledged

Source: Data from Molyneux et al. [39] and WHO [49].

Maldives, Thailand, and Sri Lanka, with an endemic population of 10.63 million,
have eliminated LF. Bangladesh is expected to complete surveillance soon and
submit the dossier to WHO to obtain LF elimination validation. Timor-Leste, with
a population of 12.8 million, became the first country in the world to implement
nation-wide triple drug therapy in 2019 and thus earned quicker eligibility to stop
MDA [49].

The three large endemic countries in SEAR, India, Indonesia, and Myanmar, along
with Nepal, include 600 endemic IUs and a population of 797 million. The enormity,
diversity, accessibility and logistics issues, and weaker health systems in some dis-
tricts pose a challenge to LF elimination efforts. Nonetheless, the national programs
achieved steady progress during the last 18 years. MDA geographic coverage is 100%,
and MDA was completed and no longer required in 248 districts, with a population
of about 380 million. MDA is in progress in the remaining 352 districts (population
417 million). Among the districts, 1 to >12 rounds of MDA were implemented and
an average of 6.41 treatments reportedly consumed as of 2017.

GPELF’s progress for 2017, represented by the status of MDA in countries, is
shown in Figure 12.7. The countries are at various stages of MDA; 3 countries have
yet to start MDA and 14 countries are in the post-validation and surveillance stage.
Almost half (49%) of the countries in the GPELF are undertaking MDA at the stage
in which MDA is scaled to all endemic IUs.
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Figure 12.7 GPELF Progress: MDA status of countries 2018.

12.5.3 Outlook for the Future

The original target set for the elimination of LF by 2020 could not be met. There
is, however, optimism that, given the rapid and considerable progress that has been
made in virtually all LF endemic regions, there is considerable momentum to move
toward realization of the elimination goal. In addition, the new three drug IDA com-
bination should accelerate progress toward elimination outside of African countries
where DEC cannot be used because of L. loa and onchocerciasis.

12.5.4 Challenges

Challenges faced by the LF elimination program are common to many of the
national programs. They include: (i) lack of or poor political will, which calls
for concerted efforts at advocacy; (ii) low priority and lack of monitoring and
accountability, resulting in neglect of the program at various levels; (iii) sub-optimal
treatment coverage and monitoring and evaluation (M&E), leading to too many
rounds of MDAs; (iv) inadequacy in data reporting; and (v) difficulty of delivering
effective MDA coverage in urban areas.

12.6 Conclusion

The next WHO NTD roadmap for the period 2021–2030 is expected to set ambitious
goals for 2030 with respect to elimination of onchocerciasis and LF. The current
situation is consistent with the elimination of onchocerciasis from the Americas.
Many countries in the Africa region are expected to have profited from the many
rounds of MDA, making its elimination a reality in the time frame of 2021–2030,
but the L. loa issue and the need to complete mapping of hypoendemic areas will
remain challenges that need solutions in the near term. LF has made progress toward
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elimination in countries in all regions and the introduction of IDA [50] is likely to
accelerate this progress outside of Africa. Support for MMDP as the second pillar
of LF EPHP will remain a challenge to be met as long as outreach health delivery
services are weak.
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Abstract

Heartworm disease caused by infection with Dirofilaria immitis causes a pathological
impact on dogs and an economic impact on pet owners. This chapter outlines the world-
wide economic impact of heartworm disease on the pet owner. The cost is calculated
by separating cost components into the cost of prevention (heartworm medication), the
cost of treatment, and the opportunity cost of treatment. From a geographic standpoint,
separate estimates on the impact within the key heartworm countries (United States,
Australia, Japan, Italy, Spain, and Canada) and the rest of the world in aggregate are
provided. These calculations provide an estimated total global cost of heartworm dis-
ease of US$ 2.47 billion dollars. The cost of prevention makes up 93%, or $2.30 billion
of this total, with the cost of treatment representing 6%, or $146 million, and the oppor-
tunity cost to the pet owner of 1% or $24.6 million. From a geographic standpoint, the
United States accounts for 65% of the costs ($1.6 billion), Japan 10% ($257 million),
Canada 7% ($174 million), Italy 6% ($150 million), Spain 4% ($101 million), Australia 3%
($80 million), and the rest of the world 4% ($106 million). The global costs of heartworm
will likely increase in the future as the disease spreads geographically, the prevalence of
heartworm increases in countries where it is currently found, and the standard of care
for pets continues to increase throughout the world.

13.1 Introduction

Heartworm disease caused by Dirofilaria immitis not only carries a pathologic
impact on pet dogs and cats but also brings significant emotional and economic
impacts on pet owners and provides economic opportunities for practicing veteri-
narians and pharmaceutical manufacturers. Dogs and cats can suffer from clinical
signs and pathology related to heartworm infection, while pet owners can struggle
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with the emotional impacts of concern for their pet while infected and during
treatment, plus the additional stress related to the costs of testing, treatment, and
prevention. Practicing veterinarians and veterinary health care teams try to balance
making the best medical recommendations for at-risk patients while also helping
pet owners manage costs related to treatment and prevention of heartworms.
Additionally, sales of diagnostics, treatments, and preventives represent a signifi-
cant source of revenue for veterinary hospitals, which often underwrites the costs
of other veterinary services. Similarly, manufacturers of heartworm diagnostics,
treatments, and preventives can profit from increased awareness of the risks of
heartworm disease through increasing sales of heartworm-related products. In this
chapter, we explore the financial implications related to diagnosis, treatment, and
prevention of heartworm disease in pets.

13.2 Background and Current Situation

Dirofilaria immitis infections in pets are found in many countries around the world.
D. immitis is commonly diagnosed in pet dogs and cats in tropical and subtrop-
ical regions around the world [1–3]. Currently, the United States is the largest
“heartworm market” based upon total sales of heartworm preventives, heartworm
treatments, and diagnostic tests. The most detailed data sets for analysis related
to heartworm prevalence, usage of heartworm prevention, and other economic
factors related to heartworm disease also come from this market. For areas outside
United States, many of the economic impacts we discuss have been extrapolated
from the US market, while also considering prevalence data and pet populations
from a variety of countries. Globally, the most well-developed heartworm markets,
based upon routine testing and usage of prevention, include United States, Canada,
southwestern Europe, Japan, and Australia. Emerging heartworm markets, where
heartworm is endemic but testing and preventive use is lower, includes much of
Asia, Mexico, Central America, South America, and Africa.

A recent study analyzing heartworm prevalence in the United States and the usage
of preventatives in dogs reported an overall prevalence of 1.28%, with approximately
2/3 of 77 million dogs receiving no heartworm prevention. In addition, this study
showed results from over 9 million heartworm tests performed in 2016 and reported
via maps created by the Companion Animal Parasite Council (CAPC). According to
CAPC, these data represent fewer than 30% of all heartworm tests run in the United
States, meaning more than 50% of dogs in the United States were not tested for heart-
worms in 2016. The dispensing data from this study showed that, in 2016, 20 million
dogs were dispensed an average of 8.6 doses of heartworm preventative, or a total of
172 million doses [4].

Prevalence rates around the world vary widely, and we are currently limited in
many areas to small studies or local dog populations, typically either pet dog stud-
ies or shelter dog studies [5–9]. A few studies have also looked at the prevalence of
heartworms in wild canids like foxes, jackals, and coyotes [7, 10, 11].
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While local prevalence studies are helpful for determining historic risk of
infection, we are seeing a trend involving animal rescue groups and animal shelter
networks, which have started moving large numbers of dogs for the purpose of
adoption and re-homing. Testing and treatment of parasites is not a requirement
prior to movement of dogs in some areas. A survey of animal rescue organizations
reported that 2/3 of the organizations provided no medical services related to
heartworms, whether that be testing, treatment, or prevention, prior to dog ship-
ments [12]. As animals are relocated, it is possible for them to also bring parasitic
infections into local populations. For example, a recent study revealed an increase
in heartworm prevalence in Colorado over a period of time when over 114,000
dogs were brought into the state by animal welfare organizations [13]. This animal
movement phenomenon is not limited to the United States. International dog
movement has also raised concerns with increasing infectious diseases and the
spread of parasites related to pets for sale and adoption in the United Kingdom
and in western Europe which originate from eastern European sources [14, 15].
As animals are transported into new locations, the risks of parasitic infections
may arise in areas not previously thought to be endemic. With no foreseeable end
to animal movement and relocation, the future heartworm risk and associated
economic impacts seem to be on the rise.

13.3 The Global Economic Cost of Heartworm Disease

Economic considerations include a number of factors, including at-risk pet popu-
lations, diagnostic testing, pretreatment patient assessments, adulticide treatments,
heartworm disease preventatives, hospital visits, and time investments by pet own-
ers and hospital teams. In this section, we examine these elements of cost, calculate
a value for each, and estimate the total economic cost of heartworm globally.

Worldwide pet spending is growing significantly as pet owners in developed coun-
tries spend more on high-quality food, technology (e.g. pet tracking), and services
like boarding and grooming. Pet owners in developing countries are following the
trend of humanization of pets as it relates to care. Total spending on pet care glob-
ally is expected to be $223 billion in 2019 [16], with the United States accounting for
$95.7 billion or 43% of that total, and veterinary care making up 30% of the spend in
the United States [17] (Table 13.1). According to the American Pet Products Associ-
ation (APPA), spending is expected to continue growing as lower prices make care
more accessible to a broader market.

Spending on heartworm makes up a significant portion of companion animal
veterinary care spending, as seen in the following analysis. We calculate overall
out-of-pocket costs on prevention and treatment and also build in an economic
estimate of the cost of a pet owner’s time when it comes to both prevention and
treatment. Most cost calculations focus on out-of-pocket costs only. However, by
including the pet owners’ cost of time, we provide a more comprehensive and truer
estimate of the economic impact for the total cost of the disease.
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Table 13.1 Veterinary spending by category in the United States.

% of total spendSpend (billions $s)Category

39%$36.9Food
20%$19.2Supplies/over the counter (OTC) medicine
31%$29.3Veterinary care
11%$10.3Other services

100%$95.7Total

Our calculations only include the cost to the pet owner. From the standpoint of a
veterinarian, there are no unrecovered out-of-pocket costs for the treatment or pre-
vention of heartworm. The veterinarian gets paid for his or her time, and for the
diagnostic testing, treatment, and/or preventative products. There is the possibility
of an opportunity cost whereby the veterinarian could be spending their time in a
more efficient way, or in a more lucrative activity; however, this is beyond the scope
of this chapter. So, for the purposes of this chapter, we focus on the complete eco-
nomic cost to the pet owner, including both out-of-pocket expenses and opportunity
costs of time.

The calculations are separated into three different sections, as there are different
levels of data available and different levels of heartworm significance in these areas.

(1) the United States
(2) Key Countries of Canada, Australia, Japan, Italy, and Spain
(3) Rest of the World (ROW)

There is more information available about the United States, less available for
Key Countries, and even less in the Rest of the World category. Therefore, our
calculations require more extrapolation for Key Countries compared to the United
States, and even more extrapolation for Rest of the World. However, the United
States accounts for a large percentage of the global heartworm spend, so we are
comfortable with the global estimates. The formula for the calculation is below:

Economic cost of heartworm(EC) = Cost of prevention (P)
+ Cost of treatment (T) + Opportunity cost of treatment (OC)

where:

P =number of dogs in the country×% HW (heartworm) prevention use× average
compliance × monthly cost of heartworm prevention

T = pet owner cost of treatment (charged by the veterinarian) × estimated number
of heartworm cases per year × % treated (not slow-kill method)

OC of treatment = ((time driving to veterinarian× trips to the veterinar-
ian+ time at veterinarian×number of appointment/treatment visits)× cost per
hour)+ (number of veterinary visits× estimated travel cost per visit)×number of
heartworm cases treated per year.



Table 13.2 Economic cost of heartworm calculations summary.

Total WorldROWSpainItalyAustraliaJapanCanadaUS

365.54.77.03.712.08.269.9Number of dogs (millions)
0.5%33%33%33%33%33%33%% treated with HW Preventative
68.68.68.68.68.68.6Avg doses per year

Avg Cost of HW Preventative
Monthly Dose

$ 7.42$ 7.42$ 7.42$ 7.42$ 7.42$ 7.42$ 7.42

$ 2,302.98$ 81.36$ 98.97$ 147.41$ 77.91$ 252.70$ 172.68$ 1,471.95Cost of Prevention ($ millions)
$ 1,000.00$ 1,000.00$ 1,000.00$ 1,000.00$ 1,000.00$ 1,000.00$ 1,000.00Treatment of HW Cost to Vet
0.05%0.30%0.30%0.30%0.30%0.16%1.28%Prevalence of HW
0.1830.0140.0210.0110.0360.0130.89Number of dogs test positive (millions)
75%75%75%75%75%75%75%% treated with Slow Kill
12.5%12.5%12.5%12.5%12.5%12.5%12.5%% treated with Fast Kill
12.5%12.5%12.5%12.5%12.5%12.5%12.5%% not treated

$ 146.98$ 22.84$ 1.76$ 2.63$ 1.39$ 4.50$ 1.64$ 111.84Cost of Treatment ($ millions)
0.50.50.50.50.50.50.5Time Driving to vet (hours)

6 6 6 6 6 6 6Trips to the vet
0.5 0.5 0.5 0.5 0.5 0.5 0.5Time at vet (hours)
5 5 5 5 5 5 5Number of Appt/Treatment Visits
$ 27.98 $ 17.31 $ 18.12 $ 20.72 $ 16.80 $ 12.87 $ 9.25Cost per hour
10 10 10 10 10 10 10Miles per visit
$ 0.58 $ 0.58 $ 0.58 $ 0.58 $ 0.58 $ 0.58 $ 0.58Cost per mile
$ 153.89 $ 95.21 $ 99.66 $ 113.96 $ 92.40 $ 70.79 $ 50.88Cost of time
$ 34.80 $ 34.80 $ 34.80 $ 34.80 $ 34.80 $ 34.80 $ 34.80Cost of travel
$ 188.69 $ 130.01 $ 134.46 $ 148.76 $ 127.20 $ 105.59 $ 85.68Total cost per visit

$ 24.60$ 1.96$ 0.19$ 0.33$ 0.21$ 0.61$ 0.21$ 21.10Total Cost for All Visits ($ millions)
$ 2,474.18$ 106.16$ 100.92$ 150.36$ 79.51$ 257.80$ 174.53$ 1,604.89Total Cost $ Millions
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There is an opportunity cost of time for prevention as well. For the purposes of
these calculations, we assume that the trip to the veterinarian, during which a pet
owner purchases or refills their heartworm preventative, is a trip that is of dual use
for a health check as well and so do not include this cost for heartworm per se.

We go into greater detail for US calculations but follow the same procedure for the
Key Country and Rest of the World sections. Table 13.2 provides a summary of the
data used in the calculations.

13.4 Economic Cost of Heartworm in the United States

The total economic cost of heartworm in the United States can be calculated by
adding estimates for the current costs of prevention, treatment, and the opportunity
cost for pet owners’ time and associated travel costs.

13.4.1 Cost of Prevention: The Data and Calculation

According to PetSecure [18], there were 69.9 million dogs in the United States in
2017 (see Table 13.3). Of these dogs, 1/3 is treated with a heartworm preventative,
averaging 8.6 monthly doses per year [4].

The average cost to the pet owner for monthly heartworm preventative depends
on several variables:

(1) The size of the dog. Typically, monthly preventative for larger dogs costs more
than for smaller dogs. For example, according to July 2019 prices on petmeds

Table 13.3 Pet populations in various
heartworm endemic regions.

Country
Estimated dog
population (millions)

United States 69.9
Brazil 35.8
China 27.4
Russia 12.5
Japan 12.0
Philippines 11.6
India 10.2
Canada 8.2
France 7.2
Italy 7.0
Spain 4.7
Australia 3.7
Total World estimate 471
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.com [19], the cost for a leading heartworm/endoparasiticide product (six-month
package) is $5.25 per monthly dose for a dog under 25 lb, $6.75 per monthly dose
for a dog between 26 and 50 lb, and $8.25 per monthly dose for a dog over 50 lb.

(2) Location of purchase. Online sites are frequently less expensive than buying at
the veterinary clinic. While many online sites appear to have close to the same
price, veterinary clinic prices can be 20–30% higher. Veterinarians and pharma-
ceutical companies sometimes offer incentives and rebates to the consumer to
offset this difference in price. We do not include these incentives in our cost
estimates.

(3) Formulation (oral, injectable, or topical), and whether or not the product is
bought as an endoparasite product or a combination endo-ectoparasite product.
If the product purchased is a combination endo-ectoparasite product, there is
some subjectivity in the percentage value of the heartworm component of the
product.

As a result of these variables, there is a wide range for what a pet owner pays
for heartworm prevention. For the purpose of this calculation, we must make some
assumptions to derive a realistic average price paid for heartworm prevention by
month, as we want to determine a number, not a range. It would be possible to
calculate a very granular price per month, but the lack of publicly available data
and the subjectivity that is necessary even if we had the data would still make the
number an educated guess (i.e. how do you put a value on the heartworm com-
ponent in a combination endo-ectoparasite product?). To keep it somewhat simple
and conservative, we use the six-month package price of a leading branded heart-
worm preventative for the middle weight range, 25–50 lb, from petmeds.com as of
July 2019 [19], and increase that price by 10% to compensate for the portion of pet
owners that may purchase at veterinary clinics at a higher price. This gives an aver-
age monthly price of $6.75 plus 10% for a total of $7.42 per month on average for
what a pet owner pays for heartworm prevention. Several online resources were
reviewed, including 4Paws4Rescue [20], which quoted an average monthly price
between $3.75 and $8.33, and DVM360, which quoted an average price between
$5.00 and $20.83 per month [21]. In all the reviewed sites, a wide range was given and
our estimate was in the middle of the ranges. Utilizing these data, we can calculate
the cost of heartworm prevention in the United States.

Cost of prevention = number of dogs in the country (69 900 000)
× %HW prevention use (33%) × average compliance (8.6 months)
× average monthly cost ($7.42) = $𝟏.𝟔𝟐 billion.

So, the total cost to the pet owner for heartworm prevention in the United States is
$1.62 billion per year.

13.4.1.1 Cost of Treatment – The Data and Calculation
There are three conventional methods for treatment of a dog that has tested posi-
tive for heartworm. The “slow kill” method is typically for milder cases and con-
sists of giving the dog a heartworm preventative over an extended period of time.
This method is not recommended by either CAPC or the American Heartworm
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Society (AHS). The heartworm preventative medication (often combined with doxy-
cycline and restricted activity) reportedly kills the adult worms over a period of
one to two years. This method is controversial as it may also allow continued dis-
ease progression and may select for resistance to the heartworm preventative. The
“fast kill” method involves using a heartworm preventative, doxycycline, and either
two or three injections of melarsomine, which is Food and Drug Administration
(FDA)-approved for the treatment of adult D. immitis. The third option for severe
cases (caval syndrome) is surgical removal of the nearly foot-long worms.

The cost of treatment for heartworm is calculated as follows: estimated average
veterinary treatment price to the pet owner×number of heartworm cases per
year× the estimated percent of cases treated.

Veterinarians typically charge one fee to the pet owner for the entire treatment
for heartworms. According to the websites Costhelper Pets and Petcare, the price
a veterinarian typically charges a pet owner for treatment of heartworm is around
$1,000 [22]. Searching various online sources reveals pricing estimates ranging from
$400 to $1,800 to treat adult heartworm infections, with most estimates centering
around $1,000. We use this number for our economic cost calculation.

Based on the study by Drake and Wiseman, the prevalence of heartworm in the
United States in 2016 was 1.28% [4], meaning that about 985 600 dogs tested posi-
tive for heartworm that year. We use this number in our calculation for the cost of
treatment. A broad range appears when we search for the number of dogs actually
treated after testing positive for heartworm. If we use as the basis for our number a
study that investigated management choices for heartworm treatment in Mississippi
[23], we can estimate that about 12.5% of heartworm-positive dogs are treated with
fast kill, 12.5% of dogs are not treated, and 75% of dogs are treated with slow kill.
At this point, we make the assumption that the slow kill dogs are “on heartworm
prevention” and are counted in the previous prevention calculation and therefore
are not included in this cost of treatment calculation. Thus, about 123 200 dogs are
treated with the fast kill method by veterinarians for heartworms.

The calculation for cost of treatment for heartworms in the United States is:
Veterinarian charge for treatment ($1,000) × number of HW case per year (985 600)

× percent treated (12.5%) = $𝟏𝟐𝟑 𝟐𝟎𝟎 𝟎𝟎𝟎.
Therefore, the total cost to the pet owner for treatment of heartworm (money paid

to the vet) is $123 200 000 per year.

13.4.2 Opportunity Cost of Pet Owner Time for Treatment

The pet owner incurs non-veterinary costs for the treatment of heartworm that need
to be included when calculating a total cost of heartworm. The pet owner spends
travel time to and from the veterinarian, appointment time with the veterinarian,
and incurs the expense of transportation to and from the veterinarian. To determine
a specific number, we again make a set of general assumptions for the variables. For
this calculation, we assume the pet owner cost calculation for only the fast kill treat-
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ment method, as the slow kill involves minimal time and few veterinary visits from
the pet owner. The calculation for non-veterinary cost that we label as “opportunity
cost” is as follows:

OC of treatment = (((time driving to veterinary hospital
× number of trips to the veterinary hospital + time at veterinary hospital
× number of appointment∕treatment visits) × cost per hour)
+ (number of veterinary visits × estimated travel cost per visit))
× number of heartworm cases treated per year).

To calculate these costs, we assume a treatment protocol as outlined below (we
assume 3 melarsomine injections):

(1) Pet owner takes the pet to the veterinarian for initial diagnosis. Dog is tested
and confirmed at clinic, then an additional test is performed and sent to the
diagnostic laboratory for confirmation.

(2) Veterinarian then calls the pet owner confirming heartworm positive results.
(3) Pet owner visits veterinarian for diagnostic work-up for staging the disease,

including radiographs, ultrasound, blood work.
(4) Pet owner picks up heartworm preventative and doxycycline.
(5) Thirty days later, the pet owner brings the pet in to the clinic for the 1st injection

of melarsomine.
(6) As this is the three-dose protocol, the pet owner brings the pet in again 30 days

later for the second injection of melarsomine.
(7) The pet owner then brings the pet back to the veterinarian for the 3rd injection

24 hours after the second injection.

We assume that each visit to the veterinarian (except for step 4) includes travel,
travel time, and 30 minutes in the veterinarian clinic. Average travel distance we set
at 10 mi (to the clinic and back) and 30 minutes of travel time. The Internal Revenue
Service (IRS) used 0.58 cents per mile for standard deductible costs for operating an
automobile in 2019 [24], and we use the same figure to estimate the pet owner cost
of driving back and forth to the clinic. Based on the protocol above, there are six trips
to the vet, with five of these visits including some “appointment or treatment” time.
Finally, according to the US Bureau of Labor Statistics, the average hourly earnings of
all employees in the United States in 2019 is $27.98 [25]. Based on these assumptions
and data, the calculation for the opportunity cost of treatment to the pet owner is as
follows:

(Time driving to veterinarian and back (30 minutes)
× number of trips driving to the veterinary hospital (6))
+ (time at the veterinary hospital (30 minutes)
× number of of appointment∕treatment visits (5))
× cost per hour ($27.98) + (number of veterinary visits (6)
× estimated travel cost per visit (10 mi at 0.58 per mi = $5.80))
× number of of heartworm cases treated per year (123 200).
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This leads to the following calculation:

(((30 minutes × 6 visits) + (30 minutes × 5 appointments)
× $27.98 per hour) + (6 visits × 10 miles per visit × 0.58 per mile)) × 123 200 =
((5.5 hours × $27.98) + (60 mi × 0.58)) × 123 200 = $𝟐𝟑 𝟐𝟒𝟔 𝟔𝟎𝟖 opportunity∕
time cost to the pet owner in the United States per year.

13.4.3 Total Cost of Heartworm in the United States

Therefore, the total cost of heartworm to pet owners in the United States is the cost of
prevention ($1620 million)+ the cost of treatment ($123 million)+ the opportunity
cost to the pet owner ($23 million) = $1.766 billion. It is interesting to note that 92%
of the costs to the pet owner are from purchase of heartworm preventative.

13.5 Economic Cost of Heartworm in Key Countries
(Australia, Japan, Italy, Spain, and Canada)

We use the same calculations to estimate the cost of heartworm in the Key Countries
of Australia, Japan, Italy, Canada, and Spain. Few data are available on which to
base many of the necessary calculations, and so estimates have been made when no
source can be found for the needed data. The key data that change for each of these
countries were the number of dogs and the average salary per hour, which are built
into the opportunity cost of treatment.

The data used for the number of dogs in each of the countries can be found in
Table 13.2, with all numbers except Canada and the total world estimate coming
from Pet Secure [18]. The number of dogs in Canada was obtained online at the
Canadian Animal Health Institute [26], and the total world numbers were obtained
online at Statista [27]. Reported prevalence of heartworm for Australia was 0.3% [28]
and 0.16% for Canada [29]. Calculations for Italy, Spain, and Japan were performed
using the same prevalence reported for Australia [28]. The income per hour cost for
the opportunity cost of time for pet owners for Canada, Japan, Australia, Italy, and
Spain was found through the following sources [30–33]. Estimates and calculations
are in US Dollars to facilitate comparisons and calculation of a global number.

At the highest level, costs are driven by the number of dogs and the percent admin-
istered heartworm prevention in each country. These data were not readily available
for these countries, so the US numbers were used for estimation purposes.

13.6 Total Cost of Heartworm in Key Countries

The total annual cost of heartworm in these countries combined is estimated to be
$763 million. We find that the cost of prevention in these countries is slightly under
$750 million, the cost of treatment is $12 million, and the opportunity cost of time is
$1.54 million. The cost of prevention contributes the significant majority of the cost,
making up 98% of the total. The lower estimated prevalence of heartworm in these
countries versus the United States drives the cost of treatment and the opportunity
cost down.
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13.6.1 Economic Cost of Heartworm in the Rest of the World

We again use the same calculation process to estimate the economic cost of
heartworm in the remaining countries of the world. Very few data are available
for these countries, as heartworm is not seen as a major issue in most of the
world. Key variables for this calculation are the number of dogs in the remaining
countries throughout the world, an estimated percent treated with heartworm
preventative (we estimated 0.5%, as we know most of the areas either do not
have heartworm and/or do not treat), average doses per year when treated, and
heartworm prevalence (estimated at 0.05%). The numbers (except for numbers of
animals) are estimated using logical deduction comparing to the numbers that we
know, and based on industry experience.

13.6.2 Total Cost of Heartworm Rest of World

Using the numbers summarized in Table 13.2, we estimate that the total economic
cost of heartworm in the “Rest of World” is $106 million per year. Around 77% of
this total, or $81.4 million, is cost of prescribed heartworm preventative. About 22%
($22.8 million) is the treatment cost of heartworm, and the remaining $2 million, or
approximately 2%, comes from the opportunity cost of the pet owner.

13.7 Conclusions

The economic cost (EC) of heartworm disease caused by D. immitis in dogs is a sig-
nificant portion of estimated overall pet care costs globally, considering it is only
one health issue for one species. The estimated annual global costs total $2.47 bil-
lion, with approximately 65% of those costs coming from the United States, an addi-
tional 31% coming from the key countries of Canada, Japan, Australia, Italy, and
Spain, and the remaining 4% coming from the rest of the world. Most of the spend
(approximately 93%) comes from spending on heartworm preventatives, with an
additional 6% coming from the cost of treatment and 1% the opportunity cost of time
for the pet owner. It is expected that these costs will increase as the number of dogs
treated with preventatives rises, and the incidence of heartworm increases in coun-
tries throughout the world which, historically, have not had significant heartworm
prevalence.
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Abstract

For a drug project to succeed in delivering the right medicine for the right patient, there
must be a clear understanding of the critical features of the final therapeutic product
from the very beginning. These features are defined in the Target Product Profile (TPP),
which is a list of the desired and essential attributes required for a specific drug to be
a successful product. The TPP is an important strategic planning and decision-making
tool that is used to define: the target population, the levels of efficacy and safety, the
route of administration, the dosing schedule, the properties of the formulated drug,
and financial parameters of the formulated drug. In an optimal setting, the TPP guides
the complete drug discovery and development process from the start of target identi-
fication, through clinical study design, and to final drug registration. In human and
animal health, TPPs for filarial diseases can help focus the drug discovery process and
reduce the high attrition rates typically associated with drug discovery and develop-
ment. In addition, this approach helps more quickly identify targets and compound
series or candidate characteristics, which can never achieve the parameters defined in
the TPP. This facilitates the rapid termination of such projects and allows realignment of
valuable resources into more promising projects. We focus in this chapter on the most
important characteristics of TPPs against human onchocerciasis and canine filariasis
and discuss fundamental differences, similarities, and potential synergies.

14.1 Introduction

Whether to invest in a Research and Development (R&D) program for products
against filarial diseases is initially a strategic decision. Neglected tropical diseases
(NTDs), including human filariases, are closely associated with poverty and thus
no high-value commercial market exists; decisions about control efforts are steered
by the global health community rather than patients, in contrast to the situation
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in Animal Health, for which decisions on R&D investments depend largely on
economic considerations.

Product profiles are set guidelines to facilitate decisions within R&D programs
on success or failure of a project. The ultimate goal of such an R&D program
is the development of a new therapeutic with sufficient benefits over existing
therapies to justify introduction to the market. To ensure that the requirements
for introduction of a new drug are established clearly and are useful for guiding
the drug discovery and development process, a target product profile (TPP) is
established at the beginning of the program. The TPP is a list of characteristics that
defines and prioritizes the key attributes of the intended new agent and formalizes
what constitutes success. In Animal Health R&D programs, TPPs are often decisive
for which projects are pursued and when they are terminated. In contrast, in public
health, TPPs help guide strategic decisions of stakeholders and are critical to allow
flexibility and adjustment to changing landscapes. Therefore, TPPs for human filar-
iasis evolve and mature as a project advances and need to be reassessed periodically
to ensure the continuing validity of ideal and minimally acceptable criteria.

Here we propose TPPs for both veterinary and human filarial diseases. During
drug development, it is frequently the case that certain criteria in an accepted TPP
can’t be met, and decision-makers must determine if this failure is critical for the
project or can be overcome or compensated by additional beneficial criteria. There-
fore, TPPs are often combined with Minimum Product Profiles in Animal Health,
which define the lowest values for criteria that must be met in order to pursue the
project. Similarly, for NTDs, TPPs are separated into ideal TPPs and acceptable TPPs.

One-sixth of the world’s population – approximately 1 billion people – is infected
with pathogens that cause NTDs, including the vector-borne parasitic diseases,
African sleeping sickness, Chagas’ disease, leishmaniasis, schistosomiasis, and
filariasis, including onchocerciasis. Although drugs currently used to treat many
NTDs have serious limitations, only 1% of all new drugs to reach the market in
the past 25 years were for neglected diseases [1, 2]. Drug discovery and develop-
ment for NTDs are largely driven by the unmet medical needs put forward by
the global health community. Since in this area no high return of investment is
possible, minimizing waste of money and resources is even more important in this
under-funded arena. To ensure any drug discovery project is addressing the complex
requirements of patients and health care providers and can deliver a benefit over
existing therapies, the ideal and acceptable attributes of a novel drug need to be
predefined. In particular, the TPP needs to take into account existing therapies
and define those attributes required for the new therapy to present a significant
advantage over them.

In contrast, the strategic decision for investment in drug discovery in the Animal
Health industry is based on needs and market opportunities. Heartworm in dogs and
cats, caused by Dirofilaria immitis, is a priority due to its impact on the health and
well-being of these companion animals, a substantial economic value (reviewed by
Klug and Drake in Chapter 13 of this volume). Thus, this market segment is highly
competitive and has recently drawn even more attention due to the occurrence of
drug-resistant D. immitis isolates [3–5].
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We summarize major differences among TPPs and point to opportunities to
synergize efforts in both areas in line with the One Health concept. While there
is a good chance that antifilarial drugs will have useful activity against important
human and veterinary filariae, it cannot be taken for granted that the same chemical
will be developed into a drug for both human and veterinary medicine. Indeed,
such development will depend on how well the characteristics of a particular drug
candidate will fit the partially overlapping but still distinct TPPs. An additional
barrier for human drug development is the fact that currently, no intensive and
dedicated drug discovery program for antifilarials is ongoing, while in Animal
Health, competitive research is pursued and pipelines are likely to be populated
with diverse candidates at various levels of development. Discovery of human
antifilarials could instead be based on transfer from R&D activities in Animal
Health. Against that background, it is important to define and compare TPPs for
new human and animal antifilarial drugs to investigate potential differences and to
identify product characteristics that enable synergies early in any project.

14.2 Target Product Profile for Human Filariasis

The NTD concept was developed to draw attention to overlooked patient groups and
was embedded in the millennium development goals (MDGs) [6]. Twenty diseases
are recognized as NTDs by World Health Assembly resolutions, among them human
filarial diseases. Progressing to the end of NTDs is now firmly embedded within the
sustainable development goals (SDGs) for 2030, under target 3.3 (https://unstats.un
.org/sdgs/metadata/files/Metadata-03-03-05.pdf), reflecting the promise to “leave
no one behind.” In 2020, the World Health Organization (WHO) renewed specific
targets for control, elimination, and eradication (https://www.who.int/neglected_
diseases/WHONTD-roadmap-2030/en), including the need for a macrofilaricide
for onchocerciasis. The 2012 London declaration (https://unitingtocombatntds.org/
london-declaration-neglected-tropical-diseases) united pharmaceutical companies,
donors, endemic countries, and nongovernment organizations in the recognition
that new drugs need to be developed to achieve the elimination goals.

The WHO is currently updating the NTD road map that identifies critical goals
and the actions required to reach the targets set for 2030, established through global
consultation with the NTD community (https://www.who.int/neglected_diseases/
WHONTD-roadmap-2030/en). To reach the program goals, it is recognized that
new drugs or drug regimens that kill or permanently sterilize adult filarial worms
(without rapidly killing microfilariae) would improve chances for elimination
and are likely to accelerate accomplishment of that goal. Current treatment of
river blindness and lymphatic filariasis relies on preventive chemotherapy (PC),
administered as a single annual or biannual dose, either alone or in combination,
to control morbidity in populations at risk of infection or illness (https://apps.who
.int/iris/bitstream/handle/10665/83962/9789241505499_eng.pdf). For lymphatic
filariasis, recent development of the triple therapy combination (IDA: ivermectin-
diethylcarbamazine-albendazole) has provided an effective macrofilaricidal strategy
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for elimination [7], and so we focus in this chapter on the TPP for a macrofilaricide
for onchocerciasis. With the recent registration of moxidectin for use in humans,
it is considered that new microfilaricides are not needed for human filarial disease,
and so TPPs for that indication will not be addressed here.

14.3 Target Population/Use Case

Important for generating a TPP is definition of the target population and how
the product will be used (use case). In onchocerciasis, a new macrofilaricide or
long-term sterilizing treatment would be beneficial for:

● Mass drug administration (MDA) campaigns, if the safety and tolerability profile
is suitable, to drastically reduce the number of MDA cycles (lasting 10–15 years as
currently required).

● Test-and-Treat strategies (TNT) for therapy of patients in endemic areas outside
MDA campaigns when diagnostic tools are available, especially in “mop-up” cam-
paigns after the disease burden has been reduced by MDA programs, rendering
them no longer cost-effective, or in areas where regular ivermectin (IVM) distri-
bution is difficult.

● Test-and-not-Treat (TaNT) campaigns in areas where Loa loa is co-endemic when
the macrofilaricidal drug also has rapid microfilaricidal activity.

● Individual case management.

14.3.1 MDA

MDA is a means of delivering safe and inexpensive essential medicines based on
the principles of preventive chemotherapy, in which populations or subpopulations
are offered treatment without individual diagnosis. MDA in endemic areas aims to
prevent and alleviate symptoms and morbidity on the one hand and reduce trans-
mission on the other, together improving global health [8]. Insufficient coverage,
however, is one of the main factors hindering progress toward elimination. Reasons
for this situation are many, including difficult to treat areas (for instance, due to
ongoing conflicts), lack of financial resources, and inadequate political engagement.
Additionally, program fatigue in MDA has been reported after years of implementa-
tion, and an individual in an endemic area may find repeated MDA inconvenient or
may lose confidence in the MDA campaign. As the population is treated as a whole,
irrespective of individual infection status, an additional aspect must be considered.
Unlike a vaccine, MDA for onchocerciasis does not provide an immediate benefit
for an uninfected person. With effective MDA, the benefits for the entire population
clearly exceed the risk, but when prevalence has been reduced, the risk/benefit ratio
may narrow considerably. The balance between making MDA compulsory, which
potentially limits the autonomy of an individual, and allowing individuals to opt
out, potentially jeopardizing the entire effort of the campaign if onchocerciasis is
reintroduced to the treated community, must be constantly evaluated, a topic also
discussed with regard to malaria [9].

A curative macrofilaricide in a single-dose regimen would be ideal to simplify
elimination campaigns on a large scale. Most importantly, such a medicine must
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be highly safe and sufficiently well-tolerated to be given across the age spectrum,
including children, adolescents, and pregnant women. This requires testing of a
new drug on thousands of patients for safety, as currently planned for moxidectin
to allow treatment without prescription or health worker supervision (clinicaltrial
.gov NCT04311671) An ideal MDA drug would be safe for use in Loa-coendemic
areas, i.e. does not target microfilariae but only adult worms (see below).

14.3.2 Test-and-Treat (TNT)

A TNT approach for filariasis requires diagnosis of infection and/or considerations
of any contraindications before a decision is made to treat and with what regimen,
assuming the availability of sufficiently specific and sensitive diagnostic tests. This
approach can increase confidence in the benefit provided by treatment as opposed
to MDA, particularly in asymptomatic individuals, and secondly, can address safety,
particularly in areas with prior experience of severe adverse events. TNT can be car-
ried out at the individual level (case management) – this would most likely require
the availability of the registered product in pharmacies throughout endemic areas
at a reasonable price. A programmatic TNT approach requires participation of the
community during each TNT campaign and would need funding for such activities.
Cost-effectiveness at the operational level remains to be fully evaluated by national
and international programs; however, modeling of costs associated with switching
from MDA to more focused TNT approaches suggests that it may be cheaper than the
current MDA approach, especially when overall disease prevalence declines [10].

14.3.3 Test-and-Not-Treat (TaNT)

This strategy applies to L. loa–Onchocerca volvulus co-endemic areas. IVM causes
serious adverse events in patients with high microfilarial densities of L. loa,
another filarial nematode common in central Africa [11]. The expected number
of onchocerciasis-infected individuals in co-endemic areas is predicted to be 3.6
million in 2025. Of these, 25.000 people are estimated to be coinfected with L. loa
with microfilarial densities>20.000/ml blood. Such individuals need to be identified
before enrolment in an MDA campaign to minimize the risk of severe adverse events.
In some areas in Cameroon where onchocerciasis is hypo-endemic, the TaNT strat-
egy is currently being evaluated with screening for loiasis using the “LoaScope” [12].
Subjects with loiasis microfilaremia rates >20 000 mf/ml are excluded from IVM
treatment. Patients excluded but positive for onchocerciasis receive doxycycline for
four weeks (ongoing DNDi program, unpublished). This approach allows a focused
treatment plan for onchocerciasis in Loa co-endemic areas.

14.4 Target Product Profile for Onchocerciasis

TPPs exist for human parasitic diseases such as malaria [13] and Chagas’ Disease
[14]. Currently, only two TPPs for onchocerciasis are publicly available, one gen-
erated by the WHO (https://www.who.int/tdr/publications/documents/rna-drug
.pdf) and one by the Drugs for Deglected Diseases initiative (DNDi) (Table 14.1).



350 14 Product Profiles for New Drugs Against Human and Animal Filariasis

Table 14.1 Target product profile for onchocerciasis.

IdealAcceptableVariable

For the treatment ofFor the treatment of onchocerciasisIndication
onchocerciasis

Product
description

Oral dosage form, intramuscular or
subcutaneous injection

Oral dosage form

All individuals with the exception of pregnantTarget population
women and children younger than 5 yr

All individuals who are at risk
for onchocerciasis

Treatment
regimen

● Oral dose, once or twice a day
● Duration of treatment up to 14 d
● One single im or sc injection or repeated

after a week (2 injections)
● One dose for adults and weight/age-adjusted

or height-based dosing for children

● Oral dose, once a day, up to
3 d

● One dosage for all ages

Superior to comparator in eliminating skinEfficacy
microfilariae at 24 mo with evidence of
impacting adult worms (killing adults or
sterilization)

Superior to comparator in
eliminating skin microfilariae
at 24 mo with evidence of
impact adult worms (killing
adults or sterilization)

Safety Adverse events
Minor and manageable side effects
Monitoring for AE manageable at local

healthcare post
Moderate impact on activities of daily living
No severe Mazzoti reaction
No severe adverse ocular reaction

Population for restricted use at
registration
Pregnant women
Lactating woman (duration according to PK of

the drug)
Precaution/Warnings
Concomitant infections (e.g. loiasis)
Acute illness (e.g. fever, bacterial infection)

Use in specific populations:
Pretreatment assessment and careful

posttreatment follow-up should be available
for patients with Loa loa coinfection.

Exclusion of high L. loa mf/ml co-infected
patients

Adverse events
● No monitoring for AE

required
● No impact on activities of

daily living
● No Mazzoti reaction
● No adverse ocular reaction

Population for restricted
use at registration
● None

Precaution/Warnings
● None

Use in specific populations:
● Safe for use in patients

co-infected with L. loa
No monitoring needed (no
rapid microfilaricidal activity)

(Continued)
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Table 14.1 (Continued)

IdealAcceptableVariable

Drug–drug interactions:
Manageable for individual case treatment

Drug–drug interactions:
No clinically significant drug–drug

interaction with commonly used
antiparasitic and anti-infective
drugs

No evidence for clinically significant
adverse interactions with
long-term/chronic use drugs (e.g.
anti-tuberculosis drugs,
anti-retrovirals, contraceptives)

No evidence for clinically significant
adverse interactions with
commonly administered MDA
drugs (e.g. ivermectin,
praziquantel, benzimidazoles,
azithromycin), and antimalarial
drugs

More than 3 yr in zone IVb3 yr in zone IVbShelf life

The DNDi is a nonprofit R&D organization based in Geneva that is committed
to developing new treatments for patients with NTDs, including onchocerciasis.
Whereas the WHO TPP was formulated within a working group focusing on
RNA-based drugs, DNDi’s TPP targets drugs that, independent of the mode of
action, lead to death or long-term sterilization of adult filarial parasites (https://
www.dndi.org/diseases-projects/filarial-diseases/target-product-profile-filarial-
diseases). The first TPP targets applicability for MDA, whereas the second also
addresses other treatment strategies, such as multiple daily treatments for up to
14 days for case management and TNT scenarios. Key properties also include safety,
heat stability, palatability, and acceptable production costs.

14.5 Challenges

The development of pharmaceutical products for NTD patients in low- and
middle-income countries (LMIC) presents additional challenges in addition to
those mentioned in the discussion section.

14.5.1 Formulation Development

There is a critical need to develop appropriate formulations of medications that are
suitable across weight bands and age groups, including children and adolescents.
In addition to pharmacokinetics and safety, suitable formulations are important to
ensure correct dosing and compliance with treatment. Factors that influence com-
pliance include tablet, capsule, or pill size and number needed per dose, frequency of
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dosing, volume of solution, palatability, food requirement, and side effects attributed
to medications. Innovative alternatives, such as long-acting formulations, could be
considered and developed as alternatives to repeated daily oral medications.

14.5.2 Supply Chain

Medicines for filarial infections need to be shipped to and stored in LMIC, where
climate conditions can be hot and dry or hot and humid. Product stability must
consider those conditions to attain the intended shelf life in the target countries.
Appropriate packaging with greatly reduced weight and volume reduces shipment
and storage costs. The ideal product should be easily transported, not require refrig-
eration, and be readily available to people who need it.

14.6 Product Profiles for Animal Health

Although only one macrofilaricide against the adult D. immitis is available [15],
almost all R&D efforts in Animal Health for new antifilarial drugs are focused on
novel heartworm preventatives (https://www.grandviewresearch.com/industry-
analysis/flea-tick-heartworm-products-market). We propose two TPPs, one for
a pure heartworm preventative (Table 14.2) and one for an endo-parasiticide
(Table 14.3), and highlight key features of novel antifilarial drug candidates.

14.6.1 Spectrum of Preventative Drugs

Due to the spectrum of the actives and customer preferences, these can be catego-
rized as pure antifilarial drugs, as endo-parasiticides for control and prevention of
heartworm and other pathogenic nematodes, and as endecto-parasiticides covering
additionally the control of ectoparasites such as fleas and ticks. Accordingly, the
TPPs differ: for a pure antifilarial preventative drug, the targeted parasite species
(primary therapeutic area) is D. immitis and, as an added benefit, Dirofilaria repens.
In contrast, for a competitive endo-parasiticide, the target parasite species include
numerous pathogenic nematodes such as hookworms, roundworms, whipworms
in addition to major tapeworms (Table 14.3). At present, all preventative products
contain a macrocyclic lactone (ML) such as IVM, moxidectin, selamectin, or
milbemycin oxime as the active ingredient. Beyond targeting L3 and L4 stages of
Dirofilaria spp., MLs are also active against gastrointestinal nematodes. Therefore,
the same active can be employed not only as a heartworm preventative but also as
a gastrointestinal dewormer for companion animals. However, that profile is not
identical for all actives, and it is possible to conceive of chemicals or vaccines, which
target only larval stages of Dirofilaria spp. However, pet owners prefer a “once for
all solution,” i.e. one treatment should cover as many pathogens as possible, hence
the importance of endecto-parasiticides.
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Table 14.2 Target product profile for a heartworm chemotherapeutic preventative for
animal health.

MPP (minimum product profile)TPP (target product profile)Product features

Primary therapeutic
area

Prevention of dirofilariasis
caused by D. immitis (heartworm
disease) or subcutaneous
dirofilariasis caused by D. repens

Prevention of dirofilariasis
caused by D. immitis
(heartworm disease)

DogsDogsPrimary species
N/ACatsSecondary species

Puppies and dogs, kittens, andAge of species
cats: 6 wk and older

Puppies and dogs: 12 wk
and older

New chemical class, new mode ofMechanism of action
action, a potential ML resistance
breaker

New mode of action

Clinical description of
effects

Indicated for the prevention of
heartworm disease caused by D.
immitis, and prevention and
control of subcutaneous D. repens

Indicated for the
prevention of heartworm
disease caused by D.
immitis

100% againstComparative efficacy D. immitis
infection, proven efficacy against
ML-resistant D. immitis isolates

100% against D. immitis
infection

Equivalent safety to leadingComparative safety
heartworm products; free from
neurological or collie-related side
effects

Equivalent safety to
leading heartworm
products

SystemicSystemicSite of action
Route(s) of
administration

● Oral if it has 1 mo duration,
longer duration is a plus

● Injectable if it has 6–12 mo
duration

● Topical if it has 1 mo duration

Oral or topical

Comparable to leadingClass-leading onset of actionOnset of action
heartworm products

Duration of action ● 1 mo for an oral
● 6–12 mo for an injectable
● 1 mo for a topical

1 mo for an oral

According to route ofDosing regimen
administration

Once per month
minimum

Oral chewie or gel, injectable,Dosage form
thin strip, drops, granules or
liquid – convenience is key

Oral or topical

Antigens included
(vaccines only)

Vaccine in combinationVaccine as stand alone
with a ML

Adjuvant system
(vaccines only)

TBDTBD

2 yr3 yrShelf life

(Continued)
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Table 14.2 (Continued)

MPP (minimum product profile)TPP (target product profile)Product features

Precautions/
contraindications (or
lack thereof)

Similar to leading HW/IP
products

Similar to leading HW/IP
products

TBDTBDPatentability
Registration goal TBD, in 20XXTBD, in 20XX
Pricing (specify to
veterinarian or to
consumer/farmer)

USD XX /dose (avg.) to
veterinarian

USD XX plus/dose (avg.)
to veterinarian

USA, Canada, Australia, NewLaunch countries
Zealand, Europe, Brazil, Japan
plus all other HW markets

USA, Canada

Estimated peak sales
(in USD)

XX $ mio USDXX $ mio USD

Estimated gross
margin %

TBD %TBD %

14.6.2 Efficacy and Resistance Breaking

Resistance of D. immitis isolates to MLs has been demonstrated (3–5) and has finally
been accepted by the American Heartworm Society: “Every compound currently
marketed in every form of administration (oral, topical, and parenteral) has been
shown to be less than perfect in at least one study” (https://www.heartwormsociety
.org/veterinary-resources). Against this background, the mode of action of a new
antifilarial drug is critical in the TPP. This includes the equipotency of a new chemi-
cal against ML-resistant and -sensitive D. immitis isolates. Meeting the regulatory
requirement for a new heartworm antifilarial remains a challenge, because the
FDA continues to set the required efficacy at 100%, apparently including efficacy
against contemporaneous field strains, which will possibly include ML-resistant
isolates.

14.6.3 Routes of Administration and Duration of Activity

Convenience of drug administration is a key driver for innovation [16] and crucial
for a new heartworm preventative. Currently, three possible routes of administra-
tion exist: oral, topical, and injectable, each with advantages and disadvantages. Oral
administration for dogs offers the opportunity to combine drug administration with
a tasty chewie to almost make this a treat for the dog, fostering, beyond health care,
the owner–dog relationship. Oral application is not generally a favorable treatment
route for cats. Injectables are usually more costly and typically require a visit to a
veterinary clinic. However, they are accepted as trade-off for prolonged duration of
activity, if, for example, a product prevents disease for up to one year.
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Table 14.3 Target product profile for an endo-parasiticide for dogs and cats.

MPP (minimum product profile)TPP (target product profile)Product features

Primary
therapeutic area

Prevention of dirofilariasis caused
by D. immitis (heartworm disease)
and subcutaneous dirofilariasis
caused by D. repens, additionally
for the treatment of parasitic
infections due to
Dogs:
Larval, pre-adult and adult stages

of hookworms (Ancylostoma
caninum, Ancylostoma
braziliense, Uncinaria
stenocephala), roundworms
(Toxocara canis, Toxascaris
leonina), whipworms (Trichuris
vulpis), and tapeworms
(Dipylidium caninum, Taenia
spp., and Echinococcus
multilocularis, E. granulosus,
Mesocestoides spp.);

Prevention and treatment of
disease caused by
Angiostrongylus vasorum,
Crenosoma vulpis

Cats:
Larval, pre-adult and adult stages

of hookworms (Ancylostoma
tubaeforme, Uncinaria
stenocephala), roundworms
(Toxocara cati, Toxascaris
leonina) and tapeworms
(Dipylidium caninum, Taenia
spp., and Echinococcus spp.)

Indicated for the prevention of
heartworm disease caused by Dirofilaria
immitis, and for the treatment and
control of parasitic infections due to

Dogs:
Adult stages of hookworms

(Ancylostoma caninum, Uncinaria
stenocephala), roundworms
(Toxocara canis and leonina),
whipworms (Trichuris vulpis) and
tapeworms (Dipylidium caninum,
Echinococcus multilocularis);

Treatment of disease caused by
Angiostrongylus vasorum and
Crenosoma vulpis

Cats:
Adult and immature stages of

hookworms (Ancylostoma
tubaeforme, Uncinaria stenocephala),
roundworms (Toxocara cati,
Toxacara leonina) and tapeworms
(Dipylidium caninum, Taenia spps.,
and Echinococcus spp.);

The minimum should always be at
parity with the spectrum of
competition products

Dogs and catsDogs and catsPrimary species
N/AN/ASecondary species

Dogs 2 wk and older, and cats 4 wkAge of species
and older

Dogs 6 wk and cats 6 wk and older, only
if one can claim superiority in
spectrum, efficacy, or convenience over
competition products

Mechanism of
action

New chemical class, new mode of
action, a potential ML resistance
breaker

New chemical class

Clinical
description of
effects

Indicated for the prevention of
heartworm infection, and
prevention and control of
subcutaneous D. repens infection,
plus prevention and/or control of
intestinal parasites

Prevention of heartworm infection,
prevention and/or control of intestinal
parasites

(Continued)
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Table 14.3 (Continued)

MPP (minimum product profile)TPP (target product profile)Product features

Comparative
efficacy

100% against D. immitis infection,
proven efficacy against
ML-resistant D. immitis isolates,
plus superior efficacy to
competition products against
common parasites in dogs and cats

100% against D. immitis infection,
plus equivalent efficacy to
competition products against
common parasites in dogs and cats

Comparative
safety

Superior safety to leading
heartworm products; free from
neurological or collie-related side
effects

Equivalent safety to competition
product

SystemicSystemic and/or topical (cat)Site of action
Route(s) of
administration

Flexible route of administration:
oral and topical

Oral or topical

Onset of
action/immunity

Comparable to competition
product

At parity with competition product

Duration of
action/immunity

At parity with competition product3 mo or longer

MonthlyOnce every 3 moDosing regimen
Palatable oral with highDosage form
acceptability in dogs and cats with
high scoring on “spontaneous
uptake” (e.g. novel formulation,
thin strip, chewie or paste)
Ideally large dose band allowing
only 1 tablet/spot-on per animal
treatment regardless of weight

Oral application with comparable
score as competition product on
“spontaneous uptake” in dogs
and cats

Dosing band and number of tabs,
etc., comparable to competition
product

Antigens included
(vaccines only)

N/AN/A

Adjuvant system
(vaccines only)

N/AN/A

3 yr5 yrShelf life
Precautions/
contraindications
(or lack thereof)

Similar to competition productSuperior to competition product

TBDTBDPatentability
20XX or later20XXRegistration goal

Pricing (specify to
veterinarian or to
consumer/farmer)

Premium in the CAB endo
category

At parity with competitor

Europe, USA, Canada, Australia,Launch countries
Japan, ASIA, South America

Europe, USA, Canada, Australia,
Japan

Estimated peak
sales (in USD)

Less than XY $ mm USDXY $mm USD

TBDTBDEstimated GM%
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14.6.4 Financial Parameters

Beyond the need for novel drugs, investment in R&D programs is based on financial
opportunities. Consequently, the desired gross margin is critical in the TPP, which
is impacted by cost of goods, the estimated selling price of the new product, and
its potential market penetration. Naturally, the qualities of technical features com-
pared with available competitive products will impact those financial parameters.
In addition, time needed for development and registration and the intended launch
date are important and part of TPPs. These parameters can’t be generalized and
depend on the individual project, but will influence the gross profit margin of
the product. The desired gross profit margin percentage is set by decision-makers
within an Animal Health company and, although usually not publicly accessible, is
decisive for the project.

14.7 Discussion

In Animal Health, product profiles are almost contract-like, in that not meeting
standards defined in the minimum product profile (MPP) is a cutoff point for a
project. The termination or continuation of programs in Animal Health is finally
based on economic viability of the individual project. TPPs are fairly stable during
a project but may change depending on market parameters or on market changes
forced by changes in the landscape of competitor products.

In contrast, TPPs in human filariasis are guidelines, likely to be adjusted accord-
ing to changing landscapes and feasibilities in public health, making it difficult to
act via clear cutoff points. With drug development timelines of 10–15 years, current
approaches try to anticipate what the disease prevalence may be at the time of
registration of a new drug. This exercise will help to formulate the use case for a
macrofilaricide. Funding environments are constantly challenged, and therefore
control and elimination of NTDs require persistent international cooperation to
make sustainable progress over a long period of time.

14.7.1 Similarities, Differences, and Opportunities for Synergy
of Human and AH TPPs

The obvious difference between potential human and animal antifilarial products
is the target populations. In Animal Health, the major target species is dogs, with a
secondary species of cats. Species-specific parameters such as the route of adminis-
tration and interspecies differences in pharmacology will influence bioavailability,
dosage, and efficacy of any agent. While several routes of administration are
possible, a noninvasive formulation is preferred for humans and animals, partic-
ularly oral formulations with acceptable taste and size. On the other hand, drug
characteristics such as safety and efficacy are not negotiable and are independent of
the target species. Acceptable tolerability and safety limits are set by drug approval
authorities, i.e. FDA, EMEA, and country regulatory agencies. Importantly, some of
the required studies, including environmental safety, preclinical and reproductive
toxicology, and manufacturing, are similar or identical in drug development for
NTDs and Animal Health.
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Drug development is handicapped by high attrition rates, and many promising
molecules fail during preclinical development or in subsequent toxicological,
safety, and efficacy testing; thus, R&D costs in aggregate are very high. The level of
investment into R&D for new products for NTDs, as reported in the annual Global
Funding of Innovation for Neglected Diseases (G-FINDER) surveys, shows that few
NTD areas receive anywhere near the level of funding required; and that funding,
when it is available, is rarely allocated in a manner likely to move products through
the pipeline to patients [16]. Therefore, no dedicated drug development pipeline for
human filariasis is in place, and it is essential that stakeholders, funders, industry,
academics, and NGOs adopt a cooperative approach and share responsibility to
reduce risks and overcome these obstacles. Joint efforts are being made to cut the
cost of R&D for new drugs for NTDs and increase attractiveness of this sector to
funders and investors. Supportive programs by the FDA (priority voucher pro-
gram: https://www.fda.gov/about-fda/center-drug-evaluation-and-research-cder/
tropical-disease-priority-review-voucher-program) and EMA (article 58: https://
www.ema.europa.eu/en/human-regulatory/marketing-authorisation/medicines-
use-outside-european-union) aim to increase incentives for companies to engage
in drug development for NTDs.

Commercially available and late pipeline Animal Health products should be eval-
uated for human indications to shorten drug development timelines and enhance
affordability of drug discovery and development. Repurposing is a common strategy
in other therapeutic areas, and drugs are typically transferred from human to
animal health, such as for cancer, nonparasitic infectious diseases or allergies. It is
the opposite case in parasitology. While the de novo development of anthelmintics
is commercially not attractive for human use, development of new drugs for animal
health is (relatively) financially rewarding and therefore much better supported
and further advanced. Furthermore, drug repurposing typically has a higher
chance of success with an already proven drug target in nematodes of veterinary
importance. Some impressive examples demonstrate successful repurposing of
veterinary drugs for human use, including benzimidazoles, IVM, praziquantel,
moxidectin, and triclabendazole [17]. This approach has also been adopted by the
DNDi, which is currently investigating emodepside (in collaboration with Bayer
AG) and ABBV-4083 (a tylosin derivative, jointly developed in collaboration with
the Anti-Wolbachia [AWOL] consortium, and the pharma partner AbbVie). The
other lead compound is the off-patent veterinary product oxfendazole for potential
human use (https://www.dndi.org/diseases-projects/filarial-diseases).

14.7.1.1 Sales and Access
In both cases, a new drug should be as inexpensive as possible, albeit for different
reasons. In Animal Health, low cost of goods might enable a sufficiently high gross
profit margin, depending on the selling price and market share, to justify the initia-
tion and pursuit of an anti-filarial R&D project. However, cost of goods for products
for companion animals, such as heartworm preventatives, is not as critical as for
products for livestock. For farmers, costs for Animal Health must be integrated in



14.7 Discussion 359

their business expenses for producing animals, meat, milk, wool, and other animal
products and are therefore price-sensitive. This is in contrast to the majority of dog
or cat owners, who have built up more or less strong, often family type, relationships
with their pets and are prepared to pay a premium for superiority over products of
the competition. As noted above, the resulting Animal Health financial opportunity
is crucial and defined in the TPP.

In global health, successful development and securing regulatory approval do
not guarantee that a product will be available to people who need it. Challenges to
access in LMIC include guaranteeing high distribution coverage, ensuring afford-
ability, and adoption of medicines, at both provider and end-user levels. Developing
countries often lack the financial resources and infrastructure needed to ensure
access to medicines. Therefore, affordable cost, which is impacted by the cost of
goods and distribution, is a vital part of decision-making in NTD treatment and
control programs. This is ultimately measured by achieving the SDGs [18] and/or
costs per averted disability-adjusted life year (DALY); the estimated cost per averted
DALY of annual MDA varies between US$ 3 and US$ 30 [19, 20]. The economic
success of IVM distribution is largely based on the fact that the drug is donated
free of charge by Merck & Co. If the costs of the drug were included (calculated at
US$ 1.5 per tablet), the economic balance would be highly unfavorable [20] and
IVM may not have been taken up by the community to eliminate filarial diseases.
Additional costs include international shipping and in-country distribution costs.
These costs can be relatively high, reflecting in part a limited ability of governments
and individuals in affected countries to pay for the efforts needed. The exact cost of
goods is thus difficult to estimate and highly depends on the use case and thus the
target population.

Therefore, it is important to acquire accurate information on the target population
to estimate acceptable levels of cost of the formulated drug, based on data provided
by health care workers and physicians, health regulators, and policymakers, espe-
cially from disease endemic countries. This estimate further depends on the use case
of a macrofilaricidal drug, i.e. in MDA programs delivering billions of treatments to
the population at risk or in a more targeted approach. For TNT approaches, higher
cost of goods may be acceptable, but must be as low as possible for MDA programs.
Mathematical models have been developed and are constantly updated to provide
optimal information for key stakeholders [21, 22]. Economic analyses are currently
being conducted [19], comparing the cost-effectiveness of current elimination strate-
gies with other potential interventions, such as T(a)NT approaches with hypotheti-
cal macrofilaricidal drugs. It must be noted that many obstacles affect the accuracy
of assumptions used in modeling, such as political instability, development of resis-
tance, or MDA program fatigue. In the absence of consolidated and clear global
forecasts and demand planning, there may be no definitive incentive for companies
or partnerships to initiate development of such drugs. Facing these challenges, the
signatories of the London Declaration made a clear statement that it is important to
take the initiative now for the development of new drugs to avoid a scenario in 2030,
when elimination targets may not be achieved and valuable time wasted [22].
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14.7.1.2 Efficacy
A substantial difference in the TPPs for new antifilarial drugs is the required
efficacy. In Animal Health, the FDA requires 100% efficacy for new products
against contemporaneous isolates of D. immitis. The 100% requirement is unique
for Animal Health approvals and scientifically questionable, but nonetheless it
remains established for heartworm preventatives, although for other anthelmintics
for ruminants or companion animal gastrointestinal nematodes, “effectiveness
should be 90% or higher calculated using transformed (geometric means) data”
(https://www.fda.gov/regulatory-information/search-fda-guidance-documents/cvm
-gfi-111-vich-gl19-effectiveness-anthelmintics-specific-recommendations-canine).

In contrast, for a novel antifilarial human drug, the minimal requirement for effi-
cacy is not yet decided. However, a minimum standard would be non-inferiority
to current drugs (i.e. IVM or moxidectin for a microfilaricide). For onchocerciasis,
a new drug would be used to prevent disease transmission and disease-associated
morbidity and multiple treatment rounds are accepted, while in Animal Health, a
new drug will be used for preventive chemotherapy. Therefore, the major difference
lies in the therapeutic strategies.

A new mode of action is envisioned in both areas. In Animal Health, it is
included in the TPP: adding a requirement for full efficacy against ML-resistant
isolates. Among the MLs, moxidectin at use doses has been shown to retain efficacy
against at least some IVM-resistant isolates of D. immitis [23, 24]. Although all
MLs are thought to share the same mechanism of action, the mechanisms of
resistance developed by the parasites may differentially affect individual MLs.
In addition, moxidectin seems to have higher intrinsic potency against filarial
nematodes than other MLs [25]. While moxidectin and IVM both bind to the same
transmembrane domain of glutamate-gated chloride channels, their interaction
with them differs [26]. Furthermore, moxidectin has different pharmacokinetic
parameters than other MLs in dogs, including a longer half-life and larger volume
of distribution [27]. Therefore, it was not surprising that moxidectin showed (at
least for a time) full efficacy against ML-resistant GI-nematodes in sheep [28],
cattle [29], and dogs [24], independent of the occurrence of moxidectin-resistant
isolates [25].

In human filariasis, resistance to IVM has been observed [30], but has not been
proven on a large scale. On the historic background in Animal Health, it would
not be unexpected after more than 20 years of IVM distribution that resistance
would develop in onchocerciasis as well. Moxidectin, recently repurposed from
animal health and registered for human use, has shown much longer suppression
of microfilaridermia than IVM after a single dose. If production costs and delivery
hurdles are successfully passed, implementation of moxidectin may result in
fewer MDA cycles. In addition, the significantly longer duration of action may
make moxidectin a preferred choice over IVM in areas in which regular annual
or biannual treatments cannot be guaranteed. Nevertheless, moxidectin does not
kill the adult parasite and microfilariae reappear after some time; as is the case for
dirofilariasis, drugs with new modes of actions would be a major step ahead, albeit
not presently fixed in the human TPP. The most desirable aim is to develop a drug
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with a different mode of action and with long-term sterilizing or macrofilaricidal
activity, but the feature of “resistance breaker” may not be decisive.

Five NTDs are currently controlled through MDA using safe, single-dose, or
combination medicines: LF, onchocerciasis, schistosomiasis, soil-transmitted
helminths, and trachoma. For these, no combination products are available in
a single formulation. However, the global health community is moving toward
integrated approaches for NTD control and elimination activities. Such integrated
approaches may include the simultaneous delivery of multiple drugs for the
treatment of several NTDs, including filarial infections. Such combination products
are already standard in Animal Health. Heartworm preventatives are rarely limited
to use for prevention of dirofilariasis, but are often included in products for other
canine of feline helminth infections, and thus are classified as endo-parasiticides.
In addition, endecto-parasiticides, products containing additional actives against
most common ectoparasites, are commercially available and widely used.

14.7.2 Vaccines as Future Tools for Filarial Control

With the research activities of the Onchocerciasis Vaccine for Africa (TOVA) initia-
tive (https://www.riverblindnessvaccinetova.org), a new vaccine may enter Phase I
trials by 2023. However, its efficacy in humans remains to be proven (see chapter
on Development of a vaccine against O. volvulus by Abraham et al.). If this or any
other vaccine demonstrates safety and efficacy at a minimum of 50% prevention of
establishment of inoculated worms and> 90% reduction of microfilaridermia levels
(TOVA TPP; [31]), it may be used alone or in combination with anthelmintics in
programs of “vaccine-linked chemotherapy” to prevent reinfection following MDA.

A safe and efficacious canine vaccine against D. immitis has the potential to
disrupt the current heartworm market. It would provide veterinarians and pet
owners with a nonchemical alternative to the only current option of prevention
with regularly administered MLs. However, with the exception of Dictol® for cattle
against Dictyocaulus viviparus and Barbervax® for sheep against Haemonchus con-
tortus, no anthelmintic vaccines have been commercialized. In contrast to vaccines
against ruminant pathogenic nematodes, a heartworm vaccine for pets would
likely have to be 100% efficacious or close to that, given current FDA requirements
for preventatives. Additional characteristics of a canine vaccine that will affect
its acceptance by veterinarians and pet owners now using MLs are the number
and frequency of immunization boosters and the period of full protection, which
would need to be longer than what is possible with MLs. These parameters are also
important for a human antifilarial vaccine. Current technology advancements will
certainly enable identification of potential vaccine targets. The tricky part will be
selection of best antigens and the subsequent engineering of a vaccine that provides
safe and long-duration protection.

14.7.3 Game Changer That Would Change TPPs

For human filarial diseases, the game changer would be a safe, cheap, and easy to
administer drug with a curative single dose that kills adult worms safely. If such a
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drug acts only on adult worms but not microfilariae, it could enable its use for MDA
in loiasis co-endemic areas, which have not yet been included in MDA programs
due to the risk of severe adverse events [32]. Ultimately, the cost of goods must be
manageable by the global health community. Such a drug could be implemented for
MDA, T(a)NT, and case management. Advocating such a game-changer drug profile
(“best case”) for NTDs bears the danger that less ideal macrofilaricidal projects may
be dropped too early; in this context, one should be aware that no drug was initially
developed for MDA purposes. If a given drug candidate is considered to show macro-
filaricidal potential, the minimally acceptable frequency of treatment remains to be
elucidated.

In Animal Health, game-changing superiority over competitor products could
be achieved on the basis of convenience of administration, duration of protec-
tion, and spectrum of parasites. A candidate product with a one year or longer
period of protection clearly would have advantages over monthly or bimonthly
medication, regardless if the product was a vaccine or a slow-release drug depot
created by injection. A novel and superior convenient route of administration
could be achieved if such a medication could be given as a non-injectable treat.
Finally, protection over a long period not only against canine filariasis but also
against other pathogenic helminths and most common ectoparasites, including
disease-transmitting vectors, would be clearly superior to present options.

14.8 Conclusions

A TPP guides the development of an antiparasitic compound through its life, starting
with drug discovery and development until access to the patient population. A TPP
sets specific requirements that a compound must meet for initiation and continuing
its development to finally become a registered and available medicine. Establishing
a TPP includes careful consideration of the impact of the disease, the target popula-
tion, the mode of action and route of administration of the active, efficacy and safety
levels, and economic value. This exercise allows rational decisions to be made on
continuation or termination of a project and thus enables focusing limited invest-
ments on the most promising projects.

NTDs in humans are generally nonprofitable and drug development is driven by
unmet medical needs. Investments into these areas are therefore limited, requiring
the need to avoid high-risk development programs and to minimize development
costs to enable new drugs to reach patients. In contrast, it is a strategic decision
in the Animal Health industry to enter into a disease area based on needs and
market opportunities. The veterinary market, especially for companion animals,
offers a potential return on investments, which is a strong driver for drug discovery
and development. For filarial diseases, the Animal Health pipeline is much more
advanced compared with human medicine. Therefore, the potential of repurposing
actives should be exploited, particularly for antifilarials, to enable drug development
for human use. Further efforts should be made in line with the One Health concept
and available animal health products and promising candidates should be exploited
for human indications to make drug development affordable.
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A comparison of filaricide TPPs in veterinary and human medicine shows that
similarities and clear differences exist between these areas. Similarities are linked
to the parasitic organisms, since closely related species in the same biological family
are targeted. Chances are high that the intrinsic activity of compound is expressed
against animal and human pathogenic filarial species. Safety and toxicology require-
ments are similar or even identical. In addition, a new mode of action is desirable
to add superior efficacy and to either avoid the development of drug resistance in
humans or to break it in animal pathogens such as D. immitis. Low cost of goods
for final products is desirable, although for different reasons. In Animal Health,
low cost of goods enables a sufficient gross margin to meet economic require-
ments of the TPP, while in human NTDs, affordable costs are required to enable
product distribution to the target populations, mostly located in resource-limited
settings.

Key differences are related to the host species, the parasitic stage targeted,
required efficacy, and the sociological environment the drugs are used in. The focus
in Animal Health, mainly for canine heartworm disease, is on preventative drugs
targeting two larval lifestages (L3 and L4), while in the NTD onchocerciasis, the
search is for a macrofilaricide with efficacy against adults. Furthermore, in Animal
Health, the required efficacy is set by regulatory authorities at 100%, while in
human medicine, against the background of limited available candidates, efficacy is
currently driven by need for additive effects, i.e. macrofilaricidal or long-term inhi-
bition of embryogenesis, to reach superiority over current treatments. These must
demonstrate sufficient efficacy to substantially shorten the time needed for parasite
elimination, thus to contribute to healthy lives and promote well-being for all
at all ages.
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Abstract

The worldwide threat represented by filarial species has imposed challenging research
initiatives among academic and private contributors toward identifying novel or
complementary antiparasitic treatments. As a result, past decades have seen the
emergence of a variety of nematode-applied drug screening methods. Some of them
consisted in revisiting classical assays directly inherited from model organisms such as
the free-living nematode Caenorhabditis elegans or the strongyle parasite Haemonchus
contortus. Such methods often imply phenotypic observation of hit compound effect on
the motility/locomotion or the development of different nematode instars. Applied to
filarial species, the use of the dog heartworm model Dirofilaria immitis has highlighted
supplementary challenges imposed by the species life cycle and maintenance require-
ments, which imposes a reflection on alternative assays to ease screening processes
and further in vivo testing. The era of microfluidic technologies represents a source of
powerful tools, which would enable fine characterization of phenotypic effects induced
by any active ingredient in development. The motility trap assay, currently adapted to
strongyle species, is one of the most recent accomplishments in combining motility
observation and automated recording in a nematode-applied fluidic device. As a result,
the MTA enables fine anthelmintic sensitivity assessment and fills the gaps of classical
methods as it dramatically reduces the duration of the assay, the number of required
animals, and enable the detection of relevant and more representative effective
concentrations. In summary, the preliminary data presented in this chapter reflect a
novel standardized approach that has the potential to be applied to filariid species, a
prospective that is hoped to stimulate a new dynamic in anthelmintic research.
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15.1 Introduction

15.1.1 In Vitro Tests in General

Most available antiparasitic drugs, or at least the lead molecules for all classes,
were characterized in low-throughput screens that employ parasites (either target
or alternative model species) in infected host animals. In the anthelmintic area,
almost all of the work that led to marketed drugs over the past eight decades was
performed by the animal health industry [1, 2]. Indeed, anthelmintics used in
livestock or companion animal species can bring considerable financial revenue
due to markets and cost recovery much bigger than for human helminth diseases.
In the advancement of drug discovery, a screening-based approach remains an
intensively explored strategy, employing infected-animal screening or alternatively
whole-organism in vitro screens which utilize various life stages of target or model
parasites. Furthermore, model organisms, particularly the free-living nematode
species C. elegans, were used for both routine and specialized screening research
initiatives. Indeed, in an industrial setup, screening can be pursued on a regular
basis or can be conducted in time- or number of available compounds-limited
campaigns. In all the latter assays, the parasites are maintained in a microtiter plate
in the presence of candidate compounds and phenotypic parameters such as the
viability, motility, and/or development of the worms are recorded [3–7]. When a
phenotypic effect is observed with a given molecule, it implies that the compound
possesses physicochemical properties that allow it to enter the parasite, to penetrate
membrane barriers, and to avoid the detoxification mechanisms of the parasite, and
finally to reach its molecular target.

For the discovery of new anthelmintics, the classical egg hatch assay (EHA) was
often used as a primary screen [8, 9] as well as free-living larval stages of parasitic
species like the sheep pathogenic H. contortus [10, 11]. Larvae can be fairly easy
obtained in large quantities, and thus, this strategy appears to be for H. contortus a
good compromise between throughput, amount of compound required, and labo-
ratory feasibility. For historical and pragmatic reasons, the pharmaceutical industry
mostly uses whenever possible the original target parasite species for screening com-
pound libraries and evaluating the efficacy of lead molecules. However, some par-
asitic nematodes, including the canine heartworm Dirofilaria immitis, have more
complex life cycle, making it challenging to examine the impact of small molecules
in high-throughput, quick read-out paradigms preferably used to identify molecules
with activity against this filarial species in large compound libraries.

The free-living nematode C. elegans offers a convenient alternative model system
to search for new compounds with anthelmintic properties [12–15]. The major-
ity, if not all, of marketed anthelmintics express some degree of activity against
C. elegans [16]. However, some exceptions highlight the caution required with
this model organism. For example, the nAChR antagonist derquantel appears to
be active on adult worms only if the cuticle integrity is artificially disrupted [17].
Also, the insensitivity of C. elegans to morantel is explained by the absence of
orthologs of the parasite-specific nAChR genes acr-26 and acr-27 [18]. These latter
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findings reflect the ability to employ techniques for the molecular manipulation
of C. elegans, which has been instrumental in understanding the mechanism of
action (MoA) of anthelmintic compounds [12, 15, 19–23]. Nevertheless, regardless
of the nematode species used in an in vitro screen, the activity of any identified
hit compound has to be verified by in vivo testing independent of knowledge of a
molecular target.

One of the main challenges in the search for new active compounds with
the potential to become a drug remains the identification of hits that maintain
antiparasitic activity during the transition from in vitro assays to in vivo studies [24].
Screening of large compound libraries against infectious agents such as bacteria,
viruses, and parasites has yielded thousands of hits in a given time, resulting in
an acute need for rational criteria to select the best candidates for further testing
and development [25–27]. Often, only a small number of the in vitro identified hits
are active in the animal model, which can rapidly increase research costs as only a
minority of hits are validated for further development.

However, these lead molecules might lack essential pharmacokinetic (PK)
characteristics needed to detect efficacy in vivo: action governed either by total drug
exposure or exposure to a peak concentration (AUC/CMAX), or by duration of drug
levels above the minimal effective concentration. A major limitation of current
in vitro assays is that compound selection is mostly done with static concentrations;
target proteins, cells, or intact organisms are exposed to nominal concentrations of
active compounds for long periods of time (up to a week in some cases). The true
concentration experienced by the parasite can vary in an uncontrolled way by pre-
cipitation of the active ingredient, adsorption to the labware, or through metabolism
by the parasite or by associated microorganisms, which are almost always present in
in vitro assays employing parasites, particular in those which use parasites obtained
from manure. In vivo, exposure profiles are typically very different than those used
in culture; anthelmintics are absorbed, distributed, metabolized, and excreted [28]
by the host, leading to dynamic and unstable concentrations in blood and tissues.
Drug metabolism and pharmacokinetics (DMPKs) is an important part of studies
often referred to as ADME (absorption, distribution, metabolism, and excretion;
[29]). In mammalian models, many compounds disappear quickly from the body,
thanks to very efficient detoxification systems. In the authors’ experience, most
failures in the early stages of in vivo testing are due to lack of efficacy often due to
an unfavorable DMPK profile.

Currently, several phenotypic low- to high-throughput screening assays (LTS
and HTS, respectively) have been adapted for evaluating anthelmintic activity
(Table 15.1): the EHA [40] reviewed and harmonized by Samson-Himmelstjerna
et al. [8], the larval development assay (LDA) [41, 42], the larval migration inhibition
assay (LMIA) [43], the larval motility assay (LMA) [44], the larval exsheathment
inhibition assay (LEIA) [36], the larval feeding inhibition assay (LFIA) [37, 45], and
more recently the automated larval migration assay (ALMA) [39] (Table 15.1).

The LMA utilizes motility as an indicator of larval fitness and drug efficacy and
thus has the fewest limitations with regard to parasite life stage and species. LMIA
and LMA assays have not been well standardized across laboratories, and despite



370 15 Discovery and Development of New Antifilarial Drugs (In Vitro Assays)

Table 15.1 Overview of key model in vitro screening assays developed for nematodes.

Assay
Nematode

ReferencesDuration of assayEndpointLife stagespecies

EHA C. elegans Number ofEggs
hatched eggs
and L1

[30]15 h
H. contortus [8]48 h

LDA C. elegans Eggs to
L1/adults

Number of
developed
larvae/adults

24 h (L1) to 96 h
(adults)

[19]

H. contortus Number ofEggs to L3
developed L3

[31, 32]6–8 d

LMA/LMIA H. contortus Number ofL3
migrated
larvae

24 h incubation
24 h migration

[33, 34]

D. immitis Number ofL3
migrated
larvae

48 h incubation
2 h migration

[35]

LEIA H. contortus Ensheathed
L3

Number of
exsheathed
larvae

[36]3 h

LFIA H. contortus Number ofL1
fluorescent
fed larvae

[37, 38]4 h

ALMA H. contortus Number ofL2
migrated
larvae

[39]25 min

numerous publications that describe the LMIA, no consistent protocol has been
established yet [46]. The LMIA is based on the ability of larvae to migrate through
a fine mesh screen; larvae that are negatively affected by the test compound are less
able to migrate through the mesh. Obviously, a major limiting factor to this assay
is the differing size of larval stages of different parasite species, requiring custom
selection of mesh size for every species [33–35]. Additionally, a single time point is
usually measured to estimate migration capability, thus requiring numerous assays
to optimize incubation time for each nematode species and drug. The LMA requires
an observer to assign a motility score for each larva on a 0–3 scale or to classify it
as motile or non-motile [31]. Consequently, the LMA is highly subjective, vulner-
able to reader bias, poorly quantitative, and extremely low throughput. The ALMA
takes advantage of the natural auto-fluorescence of most gastro-intestinal nematodes
larval stages by measuring real-time fluorescence correlated with the migration rate
of worms through a 20 μM sieve. Blanchard and collaborators have shown a highly
significant correlation between fluorescence and the number of larvae that migrated
through the sieve (R2 = 0.9935) after 25 minutes [39]. As for the LMIA, the size of the
sieve pores has to be adapted and experimentally selected according to the diameter
of the parasite species under investigation. Another drawback of this new technology
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is the very low throughput (one single read at a time) and the high number of larvae
required (7500 per concentration to be tested).

Technological developments have accelerated the adaptation of computer image
processing coupled with high definition video for studying and characterizing the
movement of nematodes [47]. WormAssay is a specific application of this type
of technology developed at the University of California, San Francisco (UCSF)
to assess motility of macro-parasites (i.e. visible to the naked eye) in cell culture
plates. This can be applied for high-throughput screening of potential anthelmintic
compounds [5, 48]. The program analyzes differences in worm position in succes-
sive video frames to determine the rate of movement, which contrasts with more
classical approaches that measure dead or paralyzed worms as an endpoint. With
computerized movement recording systems, the lower the movement, the lower the
motility number and more effective the compound is against the parasite. Recently,
based on this technology, the Worminator was developed to provide a relatively
low-cost, easy to assemble platform for developing genera- and stage-specific assays
for measuring sensitivity to anthelmintics, as well as screening new compounds
for anthelmintic properties [49]. Interestingly, a recent application of similar
technology [48] identified auranofin, a repurposed FDA-approved drug, as a macro-
filaricide against the human filariid species Brugia malayi and Onchocerca volvulus
[50]. In addition to improving screening throughput, sensitivity, and accuracy,
this new generation of algorithm-based processes [14] brings novel tools for the
fine detection of compound-induced behaviors and the identification of poorly
explored MoAs.

New innovative tools have taken advantage of microfluidics to assess worm move-
ment [14]. Microfluidic devices have emerged as powerful tools for high-throughput
analysis of C. elegans, going beyond the possibilities offered by standard assay for-
mats [51–55]. Microfluidic devices permit accurate spatiotemporal application of
compounds, so that concentration–response curves and data sets with enriched
information can be obtained [56]. Microfluidics enables the manipulation of
very small (nanoliter to picoliter) volumes of fluids inside very small channels
(micrometer sized). Microfluidic technology is precise and automated and, there-
fore, applicable to drug discovery for cost-efficient and ultrahigh-throughput assays
using biological materials that are in limited supply [57, 58]. Because microfluidic
devices require small volumes, liquid pharmaceutical libraries of compounds can
be screened conveniently. These systems may be particularly amenable for small
worms and for assessing drug effects on various phenotypes, including neurophys-
iological and behavioral responses [59–62]. Overall, microfluidic technologies have
demonstrated the potential to considerably improve many aspects of worm-based
research by providing higher performance when applied to protocols ranging
from observations of worm behavior, embryo selection and age synchronization,
reversible worm immobilization, imaging and drug exposure [56].

In most initiatives implementing HTS assays to discover new nematicide classes,
an LDA is usually performed with worms developing in the presence of static nom-
inal compound concentrations. The analysis is done using machine vision software,
yielding objective data that are not subject to scorer bias. This automated LDA
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often leads to high hit rates (depending on the starting concentration used and the
artificially set threshold), which must be correlated with compound concentration
used throughout the primary screening process. A current alternative is the use of
single stage worms (mainly non-feeding L3-larvae), measuring the effect of static
levels of a drug on their dorsoventral oscillations. In this HTS assay, the worms are
not required to do anything more than oscillate. However, this test fails to identify
the main classes of nematicides (e.g. macrocyclic lactones; MLs), biasing the set of
identified compounds to favor those with severe toxicity. In animal health, some
drugs are also tested with in vitro DMPK models borrowed from human pharma
research. This strategy results in a large number of in vivo studies with a very
low success rate. In other words, this approach reflects the need of technologies
enabling a better mimicking of the in vivo situation with the use of additional
parameters than attainable with only motility as a readout and the challenge of
modifying drug concentration over time in an HTS-compatible system.

15.1.2 Screening Assays for Heartworms

The filarial nematode D. immitis can be found globally [63–65]. The endemic areas
are expanding due to climate changes that enhance propagation of infectious
larvae in mosquitoes [66, 67]. Parasite-associated pathologies are broad, but most
serious manifestation are lung damages and heart failure [63, 68]. Diagnosis of D.
immitis infection is based on adult or antigen detections (by echocardiography and
ELISA, respectively) or circulating microfilariae (mf) [69–72]. Because treatment
of infected dogs to eliminate adult worms is challenging and risky [73], control
efforts are focused on preventative treatments. The American Heart Worm Society
recommends preventative treatment with MLs such as ivermectin, milbemycin, or
moxidectin to eliminate the tissue-migrating 3rd and 4th-stage larvae (L3-larvae and
L4-larvae) before they enter into the blood stream [68, 73]. Dogs in endemic areas
generally need to be treated on a monthly basis to ensure protection from adult
heartworm infection. The commercial market for the prevention of filarial infection
of dogs is estimated to be around US$ 8 billion per year in the USA, the largest
companion animal health market [74].

Anthelmintic resistance (AR) in gastrointestinal nematode (GIN) parasites consti-
tutes a major problem for livestock health and productivity worldwide [75, 76]. The
common practice of intensive farming methods coupled with a heavy dependence
on anthelmintics has resulted in a serious escalation in the prevalence and distri-
bution of AR in many of the most important GIN parasite species, leading to the
emergence of isolates resistant to all commercially available anthelmintics [77, 78].
In contrast to the situation with GIN, filarial parasites such as D. immitis were con-
sidered to be at a low risk for developing AR [79]. Despite the constant widespread
use of MLs for prevention, no treatment failures were documented for almost three
decades. However, since 2005, an increased number of loss of efficacy (LOE) cases
have been reported, in which dogs develop mature heartworm infections despite
receiving monthly doses of MLs [80–84]. The fact that only one class of anthelmintics
is usefully effective for this indication, coupled with the rise of resistance, stresses
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the urgent need for discovery and development of new anthelmintic groups with,
ideally, confirmed in vivo activity against ML-resistant D. immitis larvae.

A well-known constraint for chemotherapy of filariae is imposed by their biology.
For preventative-based control, anthelmintics need to reach L3/L4 larvae as they
migrate through the body of the host, where they are difficult to locate. In addition,
D. immitis cannot be expelled from the body like GINs from the intestinal tract, so
treatments that induce temporary immobilization are not sufficient. Last but not
least, D. immitis development (L3-larvae to adult) in the tissues of the host is a slow
process (>five months). Hitting the filariae at the right place, at the right time, with
a sufficient concentration of anthelmintic remains challenging and stresses the dif-
ficulties faced in the discovery of new preventive and also curative (macrofilaricidal)
treatments. Nevertheless, filarial parasites have a few weak points while in their ver-
tebrate host, which can be used to our advantage when designing the next generation
of filaricidal compounds: (i) they need to feed; (ii) they need to molt; and (iii) they
cannot temporarily leave the host to avoid drug exposure. Ideally, to maximize the
chance to hit the worms, a new filaricide compound should have an irreversible MoA
from which worms cannot recover or which express activity over a sufficiently long
duration. In the first case, Cmax is the most critical DMPK parameter, while in the
second case, the compound half live (t1/2) becomes the most critical DMPK factor in
the treatment scheme.

15.1.3 Which Nematode Species/Model Is Best?

The first decision in establishing a screening concept for the identification of
D. immitis active compounds resides in the choice of the parasite species to be
employed. As outlined earlier, the final goal will require testing in an infected
animal. With filarial nematodes, an additional difficulty resides in the insect vector
intermediate host. In addition, the long migration of the intermediate life stages
in the final host is radically different than the rather straightforward location of
maturing GINs. For those reasons, it remains important to consider the advantages
and disadvantages of different parasitic or non-parasitic nematode models available
before setting up a filaricide screening platform.

15.1.3.1 Filarial Models: Introduction
Dirofilaria immitis is found in over 30 mammalian species, including foxes,
cats, wolves, coyotes, and other wild carnivores, but is mainly a concern in dogs
[65, 85, 86] . Dogs are the most important definitive hosts and serve as the main
reservoir of infection. The parasite is named “heartworm” due to the location of the
adults in the arteries of the lungs and occasionally in the right ventricle of the heart.
Very common in numerous tropical countries, it is widespread throughout the Far
West, Equatorial Africa (multiple heartworm species), and in the Pacific and also
occurs in North/South America, Australia, North Africa, and South/East Europe
[63, 64, 68, 87, 88], depending on the distribution and seasonal presence of compe-
tent mosquito species. The life cycle of this parasite involves two hosts: a mosquito
(of the genera Culex, Aedes, Psorophora, Mansonia, or Anopheles) as an intermediate
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host and typically a dog (Canis lupus familiaris) as the final host. The pre-patency
period in a newly infected dog is six to nine months. During this time, the larval
stages migrate through the host body until they reach the target tissues, the pul-
monary arteries and the right ventricle. Migrating larvae pass several host tissues,
and the larvae undergo two molts while escaping the host immune system. Details
of the migration path are largely unknown [89, 90] along with the time required for
this migration. Knowing the localization of larvae would enhance our understand-
ing of the PK parameters that should be met to select the optimal compound and
treatment scheme.

15.1.3.2 Use of D. immitis as a Screening Model
The D. immitis mf model used for in vitro screens has been implemented in
several public institutions, including the College of Veterinary Medicine of Auburn
University, AL and the University of Georgia, among others, as well as in animal
health-related industrial laboratories. When infected dogs are available, detection
of mf in the dog blood enables the harvest of sufficient number of parasites for HTS
screening campaigns.

15.1.3.3 Disadvantages
The D. immitis model is complex and has a long-life cycle that requires dogs
and mosquitoes. Drug discovery efforts against D. immitis are hampered by the
difficulty of accessing the target larval stages (L3 and L4) for high-throughput phe-
notypic screens. Indeed, even obtaining L3-larval stages from infected mosquitoes
is rather time- and energy-consuming. Given the challenges faced to sustain a
high-throughput screen with L3- or L4-larval stages of D. immitis, an alternative for
whole organism-based anti-filarial screening is to use mf. Such screens presume
that different developmental stages share the same functional biology of essential
drug targets, as observed with the major classes of anthelmintics in C. elegans
[16, 91]. This hypothesis is supported by the example of monepantel (MPTL)
activity on C. elegans. Indeed, MPTL was shown to target L2 larvae to adult worms,
which coincides with expression of the MPTL-sensitive acr-23 gene across these life
stages [22]. Interestingly, in our experience, mf-based assays often reveal question-
able results, such as a very high hit rate (5–10% with compounds tested at 10 μM,
most of which are toxic to the host), necessitating counter-screens to minimize the
number of compounds to be advanced. In addition, and most importantly, MLs are
hardly detectable in mf-based assays because they do not paralyze or kill this stage
at concentrations that are relevant in vivo [92, 93].

15.1.3.4 Conclusions
The use of L3-larvae and other life stages in vitro in multiple types of screens
faces challenging limitations that have not generally been more productive for the
identification of new classes of anthelmintics as opposed to simpler screens using
C. elegans [15, 19]. A potential solution for antifilarial screening would be to adapt
migration assays with mf under dynamic compound exposure conditions. Indeed,
the use of screening assays under static concentrations and with motility only as
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a readout could explain the lack of compounds showing efficacy when tested in
vivo, further stressing the need for the development of new assays. Based on the
difficulties and the costs required for sustainable access to a constant production
of good quality D. immitis L3-larvae, other nematodes, such as H. contortus or
C. elegans, offer interesting alternatives.

15.1.4 Haemonchus contortus

15.1.4.1 Introduction
Haemonchus contortus belongs to the phylum Nematoda (roundworms), more
precisely to the family of Trichostrongylidae. Haemonchus species are the largest
nematodes found in the abomasum of ruminants. They range from 10 to 20 mm
in length for males and 18 to 30 mm in length for females. They are reddish when
freshly obtained because they are blood feeders. They can pierce the epithelial
membrane of the abomasum with the help of a tiny lancet found in their small
buccal capsule. H. contortus is also called the barber pole worm because the
white ovaries of female wind around the red blood-filled intestine. Males are
easily recognizable by their copulatory bursa and spicules at the posterior end.
The H. contortus life cycle is monoxenic and direct. The predilection site is the
abomasum of its host.

15.1.4.2 Advantages
Many reasons make H. contortus an excellent parasite to use in screens for new
anthelmintics, including new filaricides. First, it is one of the parasitic nematode
species for which AR is a common problem and has been intensively studied
[94, 95]. Second, it is closely related to many other important GIN species of rumi-
nants for which AR is emerging [96]. Third, as H. contortus is a parasite of sheep, it is
possible to undertake experimental work in its natural host rather than in laboratory
model hosts. This is not the case for human or cattle parasites for ethical and cost
considerations, respectively. Fourth, female H. contortus are extremely prolific, with
a female producing up to 10 000 eggs per day. This allow for the collection of high
number of eggs and the ready production of L3-larvae for DNA extraction or drug
selection in vitro. Furthermore, as the adults are quite large, DNA extraction from
a single individual is possible, permitting genotyping assays. L3-larvae can also be
cryopreserved, allowing stable access to isolates or intermediate resistant lines [97].
In addition, H. contortus is closely related phylogenetically to C. elegans [98–101].
Finally, all nematicides on the market today are active against H. contortus, with
very low EC50s for the MLs, making this parasite a relevant and cost-effective model
for filaricide screening.

15.1.4.3 Disadvantages
An obvious disadvantage to the use of H. contortus to screen for new filaricides is that
it is an obligatory parasite of sheep, requiring animals to maintain it in a laboratory.
In addition, this parasite does not have Wolbachia endosymbionts like D. immitis
and most medically important filarial parasites. Also, it belongs to nematode clade V
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(versus clade III for filariae), meaning that, from an evolutionary point of view, H.
contortus is closer to C. elegans than to D. immitis. Finally, most screening assays
using H. contortus, including the LDA and the EHA, are still labor-intensive, despite
increasing efforts to refine handling and readouts.

15.1.4.4 Conclusions
Even though H. contortus is not in the same clade as filarial parasites and is a
parasite of sheep, not dogs, it remains an excellent parasitic nematode model to
screen for new filaricides. Most anthelmintic classes that affect D. immitis also
control H. contortus in vitro and in vivo. Of course, compounds with a MoA specific
to D. immitis will not be discovered, but such compounds are expected to be the
overwhelming minority. Indeed, more than 80% of the anthelmintics on the market
target the parasite nervous system. The D. immitis receptome contains considerably
fewer ligand-gated ion channel subunits than H. contortus or C. elegans, potentially
explained by the fact that D. immitis parasites live in a much more controlled envi-
ronment (e.g. mosquitoes and mammals) and are never exposed to the environment
(meaning that less neurological plasticity is required). As a consequence, chances
for false positives are certainly higher than false negatives when screening with
H. contortus for new filaricides.

15.1.5 C. elegans

15.1.5.1 Introduction
The free-living nematode C. elegans lives in soil and feeds on microbes. To emulate
their natural environment, C. elegans is typically cultured in the laboratory on agar
plates seeded with a lawn of Escherichia coli. C. elegans has two sexes: hermaphrodite
and male. In 1977, Platzer and colleagues used, for the first time, C. elegans to eval-
uate the anthelmintic activities of nine benzimidazoles and suggested that it could
be used in a test for anthelmintic screening [102]. Recent advances in screens using
C. elegans, including in handling, liquid workflow, read-out, and data analysis, have
facilitated high-throughput drug screens, including for anthelmintics [5].

15.1.5.2 Advantages
As noted, parasitic nematodes are difficult to work with, requiring passage through
their host(s) for maintenance of their life cycle. This greatly complicates quantitative
experiments in their natural habitat. Methods for conducting forward and reverse
genetics are also at best primitive. Thus, C. elegans has routinely been exploited
as a more “user-friendly” model system, one that is also highly tractable to molec-
ular genetic techniques. Since its first introduction to biology in the early 1960s,
C. elegans has played a pivotal role in elucidating genetic pathways controlling
important cellular processes (e.g. development, cell death, aging, RNAi). In the
past decade, C. elegans has emerged as a tool for drug discovery: its small size
(∼1 mm in length), short generation time (∼three days), ability to produce ∼300
offspring in ∼three days, genetic amenability and conservation of cellular processes
across species, make C. elegans an excellent tool for whole organism-based HTS.
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The majority of marketed anthelmintics are active against C. elegans, and the
use of this model system has been instrumental in improving the understand-
ing of the mechanism of action of several anthelmintic compounds, including
levamisole [103, 104], benzimidazole [105], and the amino-acetonitrile deriva-
tives [21, 22]. Its relatively short lifespan of two to three weeks allows the drug
discovery process to be studied over the whole life of the organism and in a
time-specific manner. A large collection of mutant strains is readily available
at the Caenorhabditis Genetics Center (CGC; https://cgc.umn.edu) to easily
study a significant portion of its genome, and many genetic tools have been
developed that allow manipulation of single genes or groups of genes, such as
ENU (N-ethyl-N-nitrosourea) or EMS (ethyl methanesulfonate) mutagenesis,
genetic interference by double-stranded RNA (RNAi) and more recently the
CRISPR technology [15, 106, 107].

For parasites that are difficult to obtain in large numbers or too resource demand-
ing to maintain in the laboratory (e.g. D. immitis), transgenic C. elegans strains offer
an interesting alternative to express parasite drug targets. This model has been
exploited to validate anthelmintic targets from parasitic nematodes as well as drug
resistance mechanisms for benzimidazoles, MLs, monepantel, and emodepside
[22, 108–112]. Recently, Courtot et al. used C. elegans as a functional tool to express
a novel class of acetylcholine receptors for which no ortholog could be identified
in its genome [18]. They confirmed the functional expression of a receptor made
of H. contortus or Parascaris equorum ACR-26 and ACR-27 subunits, rendering
C. elegans sensitive to morantel and pyrantel, to which wild-type C. elegans is insen-
sitive. Last, C. elegans offers the ability to simultaneously evaluate drug efficacy and
absorption, distribution, metabolism, excretion, or toxicity (ADMET) characteristics
at the initial stages of the drug discovery pipeline [113]. Those examples highlight
the value of C. elegans expressing molecular targets from parasitic nematodes as a
relevant screening tool for the discovery of novel anthelmintics and filaricides in
particular. Indeed, as mentioned above, C. elegans is easily amenable to efficient
motility assays with a large repertoire of scorable phenotypes available.

15.1.5.3 Disadvantages
Although the utility of the worm as a versatile genetic tool is certain, there are
distinct limitations for using C. elegans in drug discovery:

1. It is not a parasite and therefore lacks many of the adaptations required for para-
sitism and the potential anthelmintic targets associated with those processes [12].

2. Caenorhabditis elegans has been thought to be a poor candidate for screening due
to the relatively inefficient drug accumulation caused by the impermeability of
the cuticle to non-water-soluble compounds [16, 114] and the selective uptake of
drugs by the intestine.

3. Escherichia coli (OP50) is typically added to the culture as the primary food
source. The use of live bacteria could lower the effective concentration delivered
to the worms due to metabolism or degradation by the bacteria. For these
reasons, higher initial compound concentrations (25–100 μM) are usually used
in C. elegans-based drug screens.
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4. Despite its similarity to parasitic nematodes, with many of them grouped in the
same phylogenetic clade (clade V), the correlation of activity against C. elegans to
parasitic nematodes is not universal. Two key human anthelmintics, albendazole
and pyrantel, show no activity against C. elegans larvae [115].

5. Compounds active against larval stages are not necessarily active against
adult worms, the traditional targets of anthelmintic chemotherapy, given
stage-dependent differences in target expression [116].

6. Drug effects can vary significantly even among closely related nematode species.
7. in vitro – in vivo correlation is poor for many standard anthelmintics, since these

drugs do not induce death of worms but rather impair motility or cause other
subtle alterations (difficult to detect and quantitate by eye in an in vitro system)
that still result in the expulsion of the parasitic worms [117, 118]. Ivermectin,
for example, has excellent trichuricidal properties in the Trichuris muris mouse
model despite having no detectable in vitro activity. A newly developed assay, the
Motility Trap Assay (MTA), might offer a solution to this specific issue (see next
section).

15.1.5.4 Conclusions
Caenorhabditis elegans was used for many years as a substitute organism for
parasites in whole-organism screens [119]. These efforts were largely unsuccessful;
no new anthelmintic class was brought to market based on the activity against this
organism [12]. Recent data show that the accumulation of xenobiotics in this worm
is much more limited than expected based on physical chemical characteristics
[114], suggesting that it may not be a faithful mimic of drug permeation and
accumulation in adult nematode parasites. This finding also suggests that use of
C. elegans as a primary anthelmintic screen may have missed important actives;
there is every reason to develop new and improved screening methods for this
purpose. It is promising in this regard that the use of worms with defects in
cuticle structure demonstrated enhanced sensitivity to chemicals due to increased
accumulation, improving the drug sensitivity correlation between C. elegans and
parasitic nematodes [118, 119].

It is undeniable that drug discovery using C. elegans offers opportunities that are
currently not possible with parasitic species. Keiser proposed the use of C. elegans
for the screening of large libraries with unknown anthelmintic properties, while
smaller, better characterized libraries (e.g. from animal health companies) should
be directly tested on models of human and veterinary nematode infections, ideally
both larval and adult stages [120]. The recent advancement made with genome edit-
ing technologies (e.g. CRISPR-Cas9) makes it possible to express parasitic targets in
C. elegans, offering an unprecedent, powerful and affordable screening tool.

15.1.6 Motility Trap Assay (MTA) with H. contortus

15.1.6.1 Introduction
Measuring motility of nematodes in an accurate and reproducible way has long
been challenging but necessary to identify active compounds in a high-throughput
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manner. Nevertheless, the use of motility only as a readout under static drug
concentrations does not mimic properly the in vivo situation. In addition, being able
to test the potential reversibility of the compound-induced phenotype would help to
determine the proper in vivo treatment regimen. The MTA was designed to resolve
these challenges and was developed in collaboration with the INRAE (Institut
National de Recherche pour l’Agriculture, l’Alimentation et l’Environnement,
Nouzilly, France) and the CSEM (Centre Suisse d’Electronique et de Microtech-
nique, Neuchâtel, Switzerland). This new innovative and proprietary worm
migration device was inspired by the ALMA technology [39, 121] but with HTS
in mind. Briefly, 100 H. contortus L3-larvae are deposited in a dedicated well and
allowed to migrate toward a trap area, where the worm number increases over a
21-minute time window. The migration process is monitored by an automatized
reading system, which measures the surface of worms at the destination trap every
three minutes, generating a migration curve over time. Thanks to the automatized
reading system, this assay is totally objective, as it removes the reader bias that can
occur in other assays, such as the LMA. The number of L3-larvae exposed to test
compounds reaching the trap area is then compared to drug-free controls.

15.1.6.2 Advantages
The MTA proof of concept was revealed by testing MLs with H. contortus L3-larvae
(non-developing worms). While classical in vitro assays (e.g. L3-larvae immersion
assay; Table 15.2) yield micromolar EC50s with MLs [34, 122], the ALMA platform
and the MTA provide EC50s in the nanomolar range. This is more in agreement
with the in vivo situation (Figure 15.1 and Table 15.2). The need for few parasites
(only 100 L3-larvae compared to 7500 with the ALMA) and its simple recording
analysis protocol makes it suitable for relatively HTS with a throughput of 3200

Table 15.2 EC50 values for a set of anthelmintic compounds measured with three different
screening assays (MTA; immersion assay; ALMA).

Immersion assayMTA (4 h) a)(6 h) Immersion assaya)(24 h) ALMAb)(4 h)

Compounds EC50 (nM) Std. Err. EC50 ECStd. Err.(nM) 50 ECStd. Err.(nM) 50 (nM) Std. Err.

275Emodepside . 670 . NANA800.03 5004 100.07 900.03
906Monepantel . 3120 . NANA1 300.02 500.041 500.078 500.06

26Ivermectin . 75 . 0.26.61 300.02 500.041 500.078 500.04
245Moxidectin . 490 . 4 830.0NANA3 c) NANANA
338Pyrantel . 1170 . 10770NANANANA9

Levamisole 1 257. 2990 . 301 140NANANANA0

a) The INVENesis H. contortus L3-larvae assay measures the effect of compounds on L3-larvae of
H. contortus. Approximately 100 L3-larvae are deposited in a 384-well plate and the treatment
formulated in DMSO. Plates are incubated at 25 ∘C for 24 hour. The effect of compounds is measured
as motility reduction using an automated data acquisition system. Efficacy is expressed in % motility
reduction compared to negative controls.

b) ALMA assay, H. contortus L3-larvae Weybridge strain [121].
c) Worminator assay, H. contortus L3-larvae, UGA-SUSC strain [122].
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Figure 15.1 Ivermectin
concentration–response curve obtained
in the MTA assay using H. contortus
L3-larvae. Inhibition of migration is
expressed in percent compared to
placebo. Each point represents the
average of 4 independent experiments,
each in triplicate. Standard deviation is
shown as well as 95% confidence
intervals (gray).

data points in triplicates per month. A key aspect of the MTA technology relies
on its high discriminating power, as it enables shorter incubation times than
other available or published tests (four hours versus eight hours or more generally
72 hours) [4, 7, 123, 124].

Another interesting aspect of the MTA resides in the fact that incubation of
L3-larvae in test compounds and the migration are two distinct processes that take
place in two different plates. Thus, the incubation time can be adapted according to
the optimization phase of the screening: 24 hours incubation allows the detection
of hits and a shorter and more discriminative four hours incubation detects hit
compounds with fast action (Figure 15.2). In addition, the fact that a compound
effect is irreversible or not should be considered when selecting compounds for
in vivo studies and designing treatment schemes for these studies. Here again,

MTA 1st round

Goal

Incubation time: 24 h
Protocol : “no wash”

• Detection of the promising
  compounds

How

• Worms are deposited into the
  MTA wells after the
  incubation period with the
  compound
• Compounds are tested in 3
  doses and in triplicates

MTA 2nd round

Goal

Incubation time: 24 h
Protocol : “wash”

MTA 3rd round
Incubation time: 4 h
Protocol : “wash”

In vivo
Rodent model
Target animal

• Detection of compounds with
  an irreversible mode of action

How

• Worms are “washed” after
  the incubation period
• Compounds are tested in 3
  doses and in triplicates
• Hits can be tested in 9
  dilutions and in triplicates

Goal

• Detection of compounds with
  a fast and irreversible mode of
  action
• Hits confirmation and final
  selection

• Worms are “washed” after a
  short incubation period (4 h
  only)
• Compounds are tested in 9
  doses and in triplicates

How

Figure 15.2 Proposed screening flowchart using the MTA for the discovery of new
filaricide compounds. 1st round: incubation time 24 hour along with “no wash” method to
detect promising hits. 2nd round: incubation time 24 hour along with “wash” method to
detect compounds with an irreversible mode of action. Such compounds have a higher
chance to remain efficacious when applied in vivo. 3rd round: incubation time four hours
along with “wash” method to discriminate among hit compounds that act as quickly as
ivermectin and remain effective after wash-out, mimicking the declining concentration of
the drug in vivo due to the metabolism by and excretion from the host.
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the design feature which makes incubation and migration two distinct processes
in the MTA allows analysis of worm recovery to compounds, as it is possible to
“wash” away the compounds before migration takes place. The MTA encompasses
this parameter with two versions of the test: the “wash” and “no-wash” methods
(Figure 15.2).

As the principle of the MTA is not based on the use of a mesh, it avoids the major
limiting factor of the LMIA (e.g. custom selection of mesh size; see section above).
There is no need to modify the MTA plate to adapt to different sizes of larval stages
of different parasite species (although this remains to be proven with species other
than H. contortus).

In the AR context, worm motility is not a suitable phenotype to assess the emer-
gence of resistance in parasite populations. Available assays that detect AR face
numerous limitations, such as manually counting parasite, operator-dependent
interpretation of results, and typically low throughput [122]. The MTA, being
exempt of the limitations cited above, could lead to fast and efficient detection of AR
even from a mixture of different parasitic species. Last but not least, since the MTA
allows recollection of tested worms, it is possible to perform subsequent molecular
analysis, for instance to determine the proportion of a resistance marker in worms
that reach the destination trap.

15.1.6.3 Disadvantages
Screening for new filaricides using H. contortus L3-larvae might be seen as a
disadvantage as it is not the target species. However, even though H. contortus does
not belong to the same clade as filarial parasites and is a parasite of sheep and not
dog, it remains an excellent parasitic nematode model to screen for new filaricides.
As previously discussed, chances for false positives are certainly higher than false
negatives when screening with H. contortus for new filaricides.

Another well-known and common weakness of most larval-based assays resides
in the use of non-target stages (e.g. free-living L3-larvae of trichostrongyloid
species), the results of which may impair reliable conclusions about compound
efficacy against target stages. For heartworm preventatives, which are intended to
act against larval stages, this is less of a disadvantage. The use of CRISPR-engineered
C. elegans strains expressing relevant parasitic targets (see above) could compensate
for this disadvantage and offer an interesting, HTS-compatible alternative.

15.1.6.4 Conclusions
The MTA is an in vitro assay that can detect MLs in the nanomolar range using
non-developing L3-larvae. It appears particularly interesting to screen repurposing
libraries of compounds, as numerous anthelmintic candidates may have been missed
in previous screening campaigns due to the poor in vivo predictability of other tests.
The different versions of the MTA which allow variation of (i) incubation time and
(ii) the possibility to wash compounds make this in vitro assay extremely polyvalent
and a tool of choice to study numerous aspects of compounds prior to in vivo studies.
A potential screening cascade for new filaricides using the MTA as a selection tool
is outlined in Figure 15.2.
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Table 15.3 Summary of model species key points.

DisadvantagesRequirements AdvantagesSpecies

D. immitis Dogs
Mosquitoes

– High microfilaremia
– Standardized mf

preparation
– L4 filariae: the target life

stage
– The right parasite

– Mf: not the target life stage
– Costly and challenging
– Access to high number of

L4-larvae

H. contortus Sheep – High production of
eggs/L3-larvae

– Standardized egg test
– Exsheathment of L3-larvae
– Microplate test
– Automated

– Poor prediction for other
clades of nematodes

– Challenging development
to L4-larvae

C. elegans n.a. – Plenty of mutants available
– Production is easy and

standardized

– Non-parasitic
– Detoxification enzymes

15.1.7 Summary/Conclusion

Despite numerous descriptions of new lead molecules with promising efficacy
against nematodes, including filarial worms, there has been relatively limited
progress in the development and marketing of new drugs. Geary et al. [125]
pointed out the major challenges associated with development and translation to
the market of new anthelmintics. In addition to the hurdles of achieving efficacy
with an acceptable therapeutic index and the ability to develop formulations that
deliver the PK profile necessary for efficacy, the drug has to demonstrate acceptable
human safety, in addition to low cost-of-goods. Regarding heartworm, the market
supports the cost of development for an efficacious drug for this application, but the
limitations imposed by the parasite itself (e.g. complex life cycle, slow development
within the host, rise of AR) dictate the search for alternative molecules and the
development of novel compound evaluation methods (Table 15.3). The MTA,
currently developed with H. contortus L3-larvae, is a response to these challenges,
with the aim of refining the characterization of active compounds in a more
representative manner. This is also encouraged by the most recently collected data
demonstrating the effectiveness of standard anthelmintics in both H. contortus
and D. immitis [92]. Preliminary data presented in this chapter reflect a novel
standardized approach that has the potential to be applied to filariid species, a
prospective that is hoped to stimulate a new dynamic in anthelmintic research.
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Abstract

The search for novel, safe, and effective antifilarials has led to the development of
various screening and evaluation tools. Among them, many rodent models have been
investigated and optimized over the last decades. As filarial nematodes are specific
to their hosts, establishing representative models in rodents or other animals remains
very difficult. The worm species, its development and location in the model host, and
the resulting pathology never completely mimic the target filarial worm in its natural
host. Experience over the last decades has shown that different approaches and models
need to be investigated to get a good overview of the potential of a drug. This process
is, however, time-consuming and not always adapted to high-throughput screens and
chemical optimization. So far, most efforts have been focused on re-purposing known
antiparasitics (or antibiotics in the case of Wolbachia elimination). Characterizing and
comparing well-known fully optimized drugs in models has at least allowed a better
understanding of the suitability of these models. Identifying novel classes and running
chemical optimization in models, as is done for other parasites, may be a much bigger
challenge, but this may be helped by the recent development of transgenic, often
immuno-compromised, models that can harbor the target worm parasite, sometimes
up to the adult stage. It is, however, too early to predict the added value of these
models, which are still far from the reality in humans. Here, we list current existing
models and their use for evaluating known and potentially new antifilarial compounds
in human and veterinary medicine and highlight important aspects to consider when
using these models.

16.1 Introduction

Since the 1940s, researchers have used animal models in their research and
development efforts to discover drugs against filarial parasites. Depending on the
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veterinary or human needs, different goals have been prioritized, such as sterilizing
adult females or directly killing microfilariae to block transmission, killing the
adult worms, or preventing the development of infective larvae into adult worms.

Every host–parasite combination has its own strengths and limitations. The larval
biology of filarial worms presents not only common but also highly distinct fea-
tures, which appear to be fundamental and need to be considered when choosing
or interpreting an animal model for research and development of antifilarial drugs.
The difficulty of finding good representative in vivo models lies in the specificity of
filarial worms for their host. Transposing, for example, human filarial worms or dog
heartworms into rodent species is hardly possible due to the size of the adult worms,
the body compartment they may occupy, or rodent immune responses. A few recent
attempts to overcome this problem by using transgenic rodent hosts, immunologi-
cally transformed to tolerate human or dog filarial species, have been described and
are discussed in this chapter. Thus, the search for new antifilarial drugs has mostly
been performed with a different worm species in a different host than the final tar-
gets. In this chapter, we describe the life cycles of the rodent filarial worms most
frequently used for drug testing and the in vivo models employing them that are
most relevant for human and animal health.

To illustrate the complexity of the problem, we present a set of standard antifi-
larial drugs and their performance in various animal models (Table 16.1). Many
known drugs give different outcomes depending on the rodent model chosen. Many
publications report the parallel testing of a drug in different rodent models to check
for consistency of activity (efficacy and potency) across models. This approach,
including results from rodent models infected with other nematode species,
such as the gastrointestinal parasites Haemonchus contortus and Trichostrongylus
colubriformis [40], could be the best way to identify and prioritize drug candidates
coming out of in vitro screens.

However, besides macrocyclic lactones (MLs) and benzimidazoles, and more
recently also cyclodepsipeptides, no new antifilarial chemical class has yet emerged
from the screening efforts of many research groups, highlighting a big gap between
activity in in vitro and in vivo models, and confirmation of this activity against the
target filarial parasite in the final host. Filarial worms are embedded deep in the
host’s body, and adequate drug pharmacokinetics is necessary to reach them. This
aspect may be impossible to address with a model using a surrogate host and a
different parasite species and needs careful consideration.

In human filariasis, for which the main objective has been to stop transmission,
the minimum requirement besides safety for new drugs is microfilaricidal activity.
It has become clear that additional drugs, ideally both safe and macrofilaricidal,
are needed to achieve elimination. In dog heartworm, the focus continues to be on
killing the infective larvae before they reach the blood circulation and pulmonary
arteries. For both, the challenge remains to identify novel, safe, and effective drugs
that serve the purpose of prevention and/or elimination, providing additional tools
for difficult to treat areas.



Table 16.1 Activity of drugs in rodent models.

Microfilariae (mf)
reduction (%)

Drug
Dosage
(mg/kg) Frequency

Treatment
mode

Treatment
time (day
post-
infection)

Model
worm
species

Rodent
host

Day 3/7
post
treatment

At
necropsy
(from
d42)

Adult
worms
(Mf)
reduction

References(%) Notes

Macrocyclic lactones
s.c. or p.o. 65–695, Q24h0.05Ivermectin M. natalensisA. viteae n.a.100100 [1]

65p.o.10.1 M. natalensisA. viteae n.a.100100
65–69p.o.5, Q24h6.25 M. natalensisA. viteae 73100100
65–69s.c.5, Q24h6.25 M. natalensisA. viteae 84100100
63–67s.c.5, Q24h0.05 M. couchaA. viteae Mf activity at80100100

5× 6.25 mg/kg
[2]

65s.c.10.5 M. couchaA. viteae 64100100 [3]

65s.c.10.05 M. couchaA. viteae 57100100
65s.c.10.005 M. couchaA. viteae 57100100
65s.c.10.0005 M. couchaA. viteae 357070
6p.o.10.2 M. unguiculatusA. viteae n.d. > Treatment9950

on L3/early
L4

Sager and
Pautrat,
personnal
communica-
tion

6i.p.10.2 M. unguiculatusA. viteae n.d. > Treatment9250
on L3/early
L4

6s.c.10.1 M. unguiculatusA. viteae n.d. > Treatment9750
on L3/early
L4

(Continued)



Table 16.1 (Continued)

Microfilariae (mf)
reduction (%)

Drug
Dosage
(mg/kg) Frequency

Treatment
mode

Treatment
time (day
post-
infection)

Model
worm
species

Rodent
host

Day 3/7
post
treatment

At
necropsy
(from
d42)

Adult
worms
(Mf)
reduction

References(%) Notes

115–119s.c.5, Q24h6.25 B. malayi M. coucha n.a.9040 [2]

115s.c.15 B. malayi M. coucha n.a.9280 [3]
115s.c.10.5 B. malayi M. coucha n.a.4260
2p.o.10.2 B. malayi Balb/c mice

SCID
mf i.v.n.d.81n.d.
infusion

[4]

1–7p.o.7, Q24h15 B. malayi Balb/c mice
SCID

Count on day57n.d.n.d.
8, efficacy on
L3-L4

[5]

1–7p.o.7, Q24h15 B. malayi Count on day40n.d.n.d.Balb/c mice
8, efficacy on
L3-L4

i.p. 25 1 B. malayi Balb/c mice
SCID

mf i.v.n.d.n.d.76
infusion

i.p. 25 1 B. malayi mf i.v.n.d.n.d.79Balb/c mice
infusion

4–8i.p.5, Q24h0.5 B.
pahangi

Larval8–82n.d.n.d.Balb/c mice
recovery
d29–32

[6]

115–119s.c.5, Q24h12.5 B.
pahangi

M. coucha n.a.10085 [2]

115s.c.15 B.
pahangi

M. coucha n.a.9210 [3]

s.c or p.o. 85–895, Q24h1.56 M. natalensisL. carinii n.a.100100 [1]



85p.o.10.2 M. natalensisL. carinii n.a.100100
85–89s.c. or p.o.5, Q24h6.25 M. natalensisL. carinii n.a.100100
85–89s.c5, Q24h0.03 M. couchaL. carinii 100 > *No Mfn.a.*95

activity at 5×
0.05 mg/kg

[2]

85s.c.15 M. couchaL. carinii n.a.100100 [3]

85s.c.10.5 M. couchaL. carinii n.a.98100
85s.c.10.05 M. couchaL. carinii n.a.90100
85s.c.10.005 M. couchaL. carinii n.a.65100
0–2p.o.3, Q24h0.2 L. sig-

modontis
Treatment94n.d.n.d.Balb/c mice
on L3

Sager and
Pautrat,
personnal
communica-
tion

4–8s.c.5, Q24h0.2 M.
dessetae

P. oris Treatment100n.d.n.d.
on L3

[7]

47–51s.c.5, Q24h0.2 M.
dessetae

P. oris Treatment77n.d.n.d.
on pre-adult
worms

189–193s.c.5, Q24h0.2 M.
dessetae

P. oris Treatment716070
on adult
worms

3p.o.10.15 O.
ochengi

M. auratus mf s.c.n.d.100n.d.
infusion

[8]

3p.o.10.6 O.
ochengi

M. auratus mf s.c.n.d.100n.d.
infusion

(Continued)



Table 16.1 (Continued)

Microfilariae (mf)
reduction (%)

Drug
Dosage
(mg/kg) Frequency

Treatment
mode

Treatment
time (day
post-
infection)

Model
worm
species

Rodent
host

Day 3/7
post
treatment

At
necropsy
(from
d42)

Adult
worms
(Mf)
reduction

References(%) Notes

30s.c.10.006 D.
immitis

Rat (Sprague–
Dawley IGS)

Immuno-100n.d.n.d.
suppressor in
diet

[9]

30s.c.10.003 D.
immitis

Rat (Sprague–
Dawley IGS)

Immuno-96.5n.d.n.d.
suppressor in
diet

30s.c.10.001 D.
immitis

Rat (Sprague–
Dawley IGS)

Immuno-89.3n.d.n.d.
suppressor in
diet

Milbemicin
A4 oxime

65s.c.10.5 A. viteae M. coucha 567582 [3]
65s.c.10.05 A. viteae M. coucha 310778
65s.c.10.005 A. viteae M. coucha 473068
65s.c.10.0005 A. viteae M. coucha 353558
115s.c.15 B. malayi M. coucha n.a.5748
115s.c.10.5 B. malayi M. coucha n.a.030
115s.c.15 B.

pahangi
M. coucha n.a.9282

85s.c.15 M. couchaL. carinii n.a.1000100
85s.c.10.5 M. couchaL. carinii n.a.70100
85s.c.10.05 M. couchaL. carinii n.a.5590



85s.c.10.005 M. couchaL. carinii n.a.4890
Milbemycin
oxime

p.o. 65 1 M. unguiculatusA. viteae n.d. > Treatment9550
on L3/early
L4

Sager and
Pautrat,
personnal
communica-
tion

p.o. 63.2 1 M. unguiculatusA. viteae n.d. > 89 Treatment50
on L3/early
L4

p.o. 62.5 1 M. unguiculatusA. viteae n.d. > 100 Treatment50
on L3/early
L4

p.o. 61 1 M. unguiculatusA. viteae n.d. > 77 Treatment50
on L3/early
L4

p.o. 131 1 M. unguiculatusA. viteae n.d. > 96 Treatment50
on L4

p.o. 60.5 1 M. unguiculatusA. viteae n.a.n.a. Treatmentn.d.
on L3/early
L4

p.o. 5–90.5 5, Q24h M. unguiculatusA. viteae n.d. > 98 Treatment50
on L3/early
L4

p.o.5, Q168h 7, 14, 21,0.5
28, 35

M. unguiculatusA. viteae n.d. > 95 Treatment50
on
L4/preadults

p.o.5, Q24h 0–43 L. sig-
modontis

Balb/c mice 80n.d. Treatmentn.d.
on L3

(Continued)
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Microfilariae (mf)
reduction (%)

Drug
Dosage
(mg/kg) Frequency

Treatment
mode

Treatment
time (day
post-
infection)

Model
worm
species

Rodent
host

Day 3/7
post
treatment

At
necropsy
(from
d42)

Adult
worms
(Mf)
reduction

References(%) Notes

63–67s.c.5, Q24h5Milbemycin M. couchaA. viteae >95 > *No Mfn.a.*95
activity at
5× 5 mg/kg

[2]

115–119s.c.5, Q24h5 B. malayi M. coucha <95 < *No Mfn.a.*95
activity at
5× 5 mg/kg

115–119s.c.5, Q24h5 B.
pahangi

M. coucha <95 < *No Mfn.a.*95
activity at
5× 5 mg/kg

85–89s.c.5, Q24h0.5 M. couchaL. carinii >95 > *No Mfn.a.*95
activity at
5× 5 mg/kg

65s.c.10.5Moxidectin M. couchaA. viteae 74100100 [3]

65s.c.10.05 M. couchaA. viteae 44100100
65s.c.10.005 M. couchaA. viteae 341000
65s.c.10.0005 M. couchaA. viteae 745750
6p.o.10.5 M. unguiculatusA. viteae n.d. > Treatment9450

on L3/early
L4

Sager and
Pautrat,
personnal
communica-
tion

p.o. 61 1 M. unguiculatusA. viteae n.d. > Treatment10050
on L3/early
L4



5–8 mos.c.120 M. couchaB. malayi 497118 [10]

115s.c.15 M. couchaB. malayi n.a.9562 [3]

115s.c.10.5 M. couchaB. malayi n.a.9762
Trans-p.o.110
planted
adult
worms

M. unguiculatusB. malayi 4951n.d. [10]

Trans-s.c.110
planted
adult
worms

M. unguiculatusB. malayi 5654n.d.

Trans-p.o.120
planted
adult
worms

M. unguiculatusB. malayi 6360n.d.

Trans-s.c.120
planted
adult
worms

M. unguiculatusB. malayi 7363n.d.

p.o.1 Trans-40
planted
adult
worms

M. unguiculatusB. malayi 6663n.d.

s.c.140 Trans-
planted
adult
worms

M. unguiculatusB. malayi 7166n.d.

(Continued)
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Microfilariae (mf)
reduction (%)

Drug
Dosage
(mg/kg) Frequency

Treatment
mode

Treatment
time (day
post-
infection)

Model
worm
species

Rodent
host

Day 3/7
post
treatment

At
necropsy
(from
d42)

Adult
worms
(Mf)
reduction

References(%) Notes

115s.c.15 B.
pahangi

M. coucha n.a.10070 [3]

85s.c.15 M. couchaL. carinii n.a.100100
85s.c.10.5 M. couchaL. carinii n.a.100100
85s.c.10.05 M. couchaL. carinii n.a.100100
85s.c.10.005 M. couchaL. carinii n.a.64n.a.
30s.c.10.003 D.

immitis
Rat (Sprague–
Dawley IGS)

Immuno-100n.d.n.d.
suppressor in
diet

[9]

30s.c.10.001 D.
immitis

Rat (Sprague–
Dawley IGS)

Immuno-91.7n.d.n.d.
suppressor in
diet

65s.c.10.5Doramectin A. viteae M. coucha 100 100 75 [3]
65s.c.10.05 A. viteae M. coucha 100 100 65
65s.c.10.005 A. viteae M. coucha 100 100 63
65s.c.10.0005 A. viteae M. coucha 80 45 6
115s.c.15 B. malayi M. coucha 80 93 n.a.
115s.c.10.5 B. malayi M. coucha 55 90 n.a.
115s.c.15 B.

pahangi
M. coucha 0 96 n.a.



85s.c.15 M. couchaL. carinii n.a.100100
85s.c.10.5 M. couchaL. carinii n.a.100100
85s.c.10.05 M. couchaL. carinii n.a.90100
85s.c.10.005 M. couchaL. carinii n.a.70100

Carbamates
Diethyl
carbamazine
(DEC)

2–6p.o.5, Q24h250 M. natalensisA. viteae 97100n.d. [11]

28–32p.o.5, Q24h500 M. natalensisA. viteae 5598n.d. [11]

63–67p.o.5, Q24h100 M. couchaA. viteae > 668595 [2]

65–69i.p.5, Q24h50 M. couchaA. viteae n.a.90n.d. [12]

115–119p.o.5, Q24h250 M. couchaB. malayi > 509395 [2]
1–7p.o.7, Q24h50 B. malayi Balb/c mice

SCID
Count on day100n.d.n.d.
8, efficacy on
L3-L4

[5]

1–7p.o.7, Q24h50 B. malayi n.d.n.d.Balb/c mice > Count on day99
8, efficacy on
L3-L4

[5]

trans-p.o.1100
planted
adult
worms

M. unguiculatusB. malayi 1325n.d. [10]

trans-s.c.1100
planted
adult
worms

M. unguiculatusB. malayi 4125n.d. [10]

(Continued)



Table 16.1 (Continued)

Microfilariae (mf)
reduction (%)

Drug
Dosage
(mg/kg) Frequency

Treatment
mode

Treatment
time (day
post-
infection)

Model
worm
species

Rodent
host

Day 3/7
post
treatment

At
necropsy
(from
d42)

Adult
worms
(Mf)
reduction

References(%) Notes

5–8 mop.o.5, Q24h50 B. malayi M. coucha 40n.a.70 [10]

4–8i.p.5, Q24h25 B.
pahangi

larvaln.a.-50n.d.n.d.Balb/c mice
recovery
d29–32

[6]

115–119p.o.5, Q24h250 B.
pahangi

M. coucha 9010080 [2]

140–144i.p.5, Q24h200 B.
pahangi

M. unguiculatus Delayed67n.d.n.d.
effect,
8 weeks post-
treatment

[13]

trans-s.c.5, Q24h25
planted
adult
worms

B.
pahangi

M. unguiculatus 15n.a.n.d. [14]

i.p.5, Q24h50 >150 B.
pahangi

M. coucha n.a.1792 [14]

85–89p.o.5, Q24h100 M. couchaL. carinii > *No Mfn.a.*095
activity at 5×
250 mg/kg

[2]

85–89i.p.5, Q24h50 S. hispidusL. carinii n.a.n.a.n.d. [12]

4–8p.o.5, Q24h400 M.
dessetae

P. oris Treatment100n.d.n.d.
on L3

[7]



47–51p.o.5, Q24h400 M.
dessetae

P. oris Treatment95n.d.n.d.
on pre-adult
worms

[7]

189–193p.o.5, Q24h400 M.
dessetae

P. oris Treatment9410100
on adult
worms

[7]

Noti.p.5, Q24h350DEC citrate
specified

M. natalensisA. viteae n.d. > n.a.90 [15]

90–94p.o.5, Q24h125 M. natalensisL. carinii n.a.7499 [16]

Noti.p.5, Q24h6
specified

S. hispidusL. carinii n.d. > n.a.90 [15]

Benzimidasoles
2–6p.o.5, Q24h50Albendazole M. natalensisA. viteae 97100n.d. [11]

28–32p.o.5, Q24h300 M. natalensisA. viteae 7498n.d.
63–67s.c.5, Q24h25 M. couchaA. viteae n.a. >95 >95 [2]
115–119s.c.5, Q24h50 M. couchaB. malayi n.a. >95 >95
1–7p.o.7, Q24h50 B. malayi Balb/c mice

SCID
Count on day98n.d.n.d.
8, efficacy on
L3-L4

[5]

1–7p.o.7, Q24h50 B. malayi Count on day100n.d.n.d.Balb/c mice
8, efficacy on
L3-L4

115–119s.c.5, Q24h50 B.
pahangi

M. coucha n.a. >95 >95 [2]

85–89s.c.5, Q24h6.25 L. carinii M. coucha n.a. >95 > *Mf activity95*
at
5× 50 mg/kg
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Microfilariae (mf)
reduction (%)

Drug
Dosage
(mg/kg) Frequency

Treatment
mode

Treatment
time (day
post-
infection)

Model
worm
species

Rodent
host

Day 3/7
post
treatment

At
necropsy
(from
d42)

Adult
worms
(Mf)
reduction

References(%) Notes

4–8s.c.5, Q24h50 M.
dessetae

P. oris Treatment100n.d.n.d.
on L3

[7]

47–51s.c.5, Q24h50 M.
dessetae

P. oris Treatment100n.d.n.d.
on pre-adult
worms

189–193s.c.5, Q24h50 M.
dessetae

P. oris Treatment10010060
on adult
worms

Albendazole/
ivermectin

190–194s.c.10/0.04 5, Q24h M.
dessetae

P. oris 37n.d.n.d. [17]

4–8s.c.10/0.04 5, Q24h M.
dessetae

P. oris Treatment100n.d.n.d.
on L3

[7]

47–51s.c.10/0.04 5, Q24h M.
dessetae

P. oris Treatment85n.d.n.d.
on pre-adult
worms

189–193s.c.10/0.04 5, Q24h M.
dessetae

P. oris Treatment3700
on adult
worms

Cambenda-
zole

63–67s.c.5, Q24h50 A. viteae M. coucha n.a. > n.a.95 [2]

115–119s.c.5, Q24h50 B. malayi M. coucha n.a.n.a.n.a.
85–89s.c.5, Q24h25 L. carinii M. coucha n.a. >95 > *Mf activity95*

at 5 ×
50 mg/kg



Ciclobenda-
zole

s.c.5, Q24h 63–6750 M. couchaA. viteae n.a. >95 >95 [2]
s.c.5, Q24h 85–896,25 M. couchaL. carinii n.a. >95 >95* *Mf activity

at 5 ×
25 mg/kg

p.o.5, Q24h 2–6200Fenbendazole M. natalensisA. viteae 2015n.d. [11]
p.o.5, Q24h 28–32200 M. natalensisA. viteae 2585n.d.
s.c.5, Q24h 63–6750 M. couchaA. viteae n.a.n.a.n.a. [2]

s.c.5, Q24h 115–11950 M. couchaB. malayi n.a.n.a.n.a.
i.p.5, Q24h 4–810 B.

pahangi
Balb/c mice Larval100n.d.n.d.

recovery
d29–32

[6]

115–119s.c.5, Q24h50 B.
pahangi

M. coucha n.a.n.a.n.a. [2]

85–89s.c.5, Q24h25 M. couchaL. carinii n.a. >95 > *Mf activity95*
at
5× 50 mg/kg

2–6p.o.5, Q24h50Flubendazole M. natalensisA. viteae 99100n.d. [11]
28–32p.o.5, Q24h100 M. natalensisA. viteae 99100n.d.
Trans-s.c.5, Q24h1.56
planted
adult
worms

M. unguiculatusA. viteae 100n.d.n.d. [18]

Trans-s.c.5, Q24h100
planted
adult
worms

M. unguiculatusA. viteae 100n.d.n.d. [19]
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Microfilariae (mf)
reduction (%)

Drug
Dosage
(mg/kg) Frequency

Treatment
mode

Treatment
time (day
post-
infection)

Model
worm
species

Rodent
host

Day 3/7
post
treatment

At
necropsy
(from
d42)

Adult
worms
(Mf)
reduction

References(%) Notes

63–67s.c.5, Q24h6.25 M. couchaA. viteae 1001000 [2]

Trans-s.c.5, Q24h100
planted
adult
worms

A. viteae 88n.d.n.d.Balb/c mice [20]

Trans-s.c.5, Q24h50
planted
adult
worms

A. viteae 100n.d.n.d.Balb/c mice

Trans-s.c.5, Q24h100
planted
adult
worms

M. unguiculatusA. viteae 100n.d.n.d.

Trans-s.c.5, Q24h50
planted
adult
worms

M. unguiculatusA. viteae 55n.d.n.d.

115–119s.c.5, Q24h12.5 B. malayi M. coucha 961000 [2]

Trans-s.c.5, Q24h10
planted
adult
worms

B. malayi Balb/c mice
SCID

100n.d.n.d. [5]

Trans-s.c.5, Q24h10
planted
adult
worms

B. malayi 100n.d.n.d.Balb/c mice



p.o. 22 1 B. malayi Balb/c mice
SCID

12 mf i.v.n.d. n.d.
infusion

[4]

2p.o.140 B. malayi Balb/c mice
SCID

49 mf i.v.n.d. n.d.
infusion

4–8i.p.5, Q24h10 B.
pahangi

n.d. Larvaln.d. 100Balb/c mice
recovery
d29–32

[6]

Trans-s.c.5, Q24h100
planted
adult
worms

B.
pahangi

M. unguiculatus n.d. 100n.d. [19]

s.c.5, Q24h 115–1196.25 B.
pahangi

M. coucha *Mf activity97*1000
at 5 ×
25 mg/kg

[2]

Trans-s.c.5, Q24h100
planted
adult
worms

B.
pahangi

100n.d.n.d.Balb/c mice [20]

Trans-s.c.5, Q24h50
planted
adult
worms

B.
pahangi

100n.d.n.d.Balb/c mice

Trans-s.c.5, Q24h100
planted
adult
worms

B.
pahangi

M. unguiculatus 100n.d.n.d.

Trans-s.c.5, Q24h50
planted
adult
worms

B.
pahangi

M. unguiculatus 55n.d.n.d.
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(Mf)
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References(%) Notes

Trans-s.c.5, Q24h1.56
planted
adult
worms

Brugia
pahangi

M. unguiculatus 100n.d.n.d. [18]

85–89s.c.5, Q24h1.6 M. couchaL. carinii *Mf activity100*1000
at 5 ×
12.5 mg/kg

[2]

76 or 90p.o.140 L. sig-
modontis

M. unguiculatus 8591n.d. [21]

76–80, orp.o.5, Q24h2
90–94

L. sig-
modontis

M. unguiculatus 7995n.d.

76–80, orp.o.5, Q24h6
90–94

L. sig-
modontis

M. unguiculatus 7195n.d.

76–80, orp.o.5, Q24h15
90–94

L. sig-
modontis

M. unguiculatus 8499n.d.

76–85, orp.o.10, Q24h2
90–99

L. sig-
modontis

M. unguiculatus 5999.5n.d.

76–85, orp.o.10, Q24h6
90–99

L. sig-
modontis

M. unguiculatus 7799.7n.d.

76–85, orp.o.10, Q24h15
90–99

L. sig-
modontis

M. unguiculatus 9799.9n.d.

76 or 90s.c.12 L. sig-
modontis

M. unguiculatus 98100n.d.



76 or 90s.c.110 L. sig-
modontis

M. unguiculatus 100100n.d.

76–80, ors.c.5, Q24h10
90–94

L. sig-
modontis

M. unguiculatus 100100n.d.

Trans-s.c.5, Q24h10
planted
adult
worms

O.
ochengi

Balb/c mice
SCID

93n.d.n.d. [4]

Trans-s.c.110
planted
adult
worms

O.
ochengi

Balb/c mice
SCID

82n.d.n.d.

Tran-p.o.5, Q24h0.2
splanted
adult
worms

O.
ochengi

Balb/c mice
SCID

Solidn.a.n.d.n.d.
dispersion

Trans-p.o.5, Q24h1.5
planted
adult
worms

O.
ochengi

Balb/c mice
SCID

Solid19n.d.n.d.
dispersion

Trans-p.o.5, Q24h15
planted
adult
worms

O.
ochengi

Balb/c mice
SCID

Solid30n.d.n.d.
dispersion

Trans-s.c.5, Q24h10
planted
adult
worms

O.
ochengi

Balb/c mice
SCID

97n.d.n.d. [5]
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Microfilariae (mf)
reduction (%)

Drug
Dosage
(mg/kg) Frequency

Treatment
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Treatment
time (day
post-
infection)

Model
worm
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Rodent
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Day 3/7
post
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At
necropsy
(from
d42)

Adult
worms
(Mf)
reduction

References(%) Notes

2–6p.o.5, Q24hMebendazole 25 M. natalensisA. viteae Sterile92100n.d.
females

[11]

28–32p.o.5, Q24h100 A. viteae M. natalensis No dose94100n.d.
dependence

63–67p.o.5, Q24h200 A. viteae M. coucha 3680n.a. [2]

63s.c.112.5 A. viteae M. coucha 7375n.a.
115–119p.o.5, Q24h200 B. malayi M. coucha 2673n.a.
115–119s.c.5, Q24h6.25 B. malayi M. coucha 8774n.a.
115–119p.o.5, Q24h100 B.

pahangi
M. coucha 1173n.a.

115–119s.c.5, Q24h6.25 B.
pahangi

M. coucha 8781n.a.

4–8i.p.5, Q24h10 B.
pahangi

Larval100n.d.n.d.Balb/c mice
recovery
d29–32

[6]

85–89p.o.5, Q24h25 M. couchaL. carinii n.a.88n.a. [2]

85–89s.c.5, Q24h0.8 M. couchaL. carinii n.a.94n.a.
2–6p.o.5, Q24h200Oxfendazole M. natalensisA. viteae 94100n.d. [11]
28–32p.o.5, Q24h100 M. natalensisA. viteae No dose8099n.d.

dependence



63–67s.c.5, Q24h25 M. couchaA. viteae n.a. >95 > *Mf activity95*
at 5 ×
25 mg/kg

[2]

115–119s.c.5, Q24h50 M. couchaB. malayi n.a. >95 >95
85–89s.c.5, Q24h6.25 M. couchaL. carinii n.a. >95 > *Mf activity95*

at 5 ×
25 mg/kg

90–94p.o.5, Q24h200Parbendazole M. natalensisL. carinii n.a.9734 [22]

2–6p.o.5, Q24h200Thiabendazole M. natalensisA. viteae 929n.d. [11]

28–32p.o.5, Q24h200 M. natalensisA. viteae 3081n.d.
Imidazothiazoles

63–67p.o.5, Q24h3.1Levamisole M. couchaA. viteae n.a.0100 [2]

2–6p.o.5, Q24h6.25 M. natalensisA. viteae 98100n.d. [11]

12.5 28–32p.o.5, Q24h M. natalensisA. viteae 100100n.d.
50 63–67p.o.5, Q24h M. couchaA. viteae 100 > 9795 [2]

50 Trans-p.o.5, Q24h
planted
adult
worms

A. viteae 61n.d.n.d.Balb/c mice [20]

p.o.5, Q24h50 Trans-
planted
adult
worms

M. unguiculatusA. viteae 100n.d.n.d.

p.o.5, Q24h25 115–119 M. couchaB. malayi *Mf activity24*9397
at 5 ×
75 mg/kg

[2]

4–8i.p.5, Q24h10 B.
pahangi

Larval100n.d.n.d.Balb/c mice
recovery
d29–32

[6]
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115–119p.o.5, Q24h25 B.
pahangi

M. coucha n.a.83100 [2]

115–119p.o.5, Q24h50 B.
pahangi

M. coucha 100 > *Mf activity81*95
at 5 ×
75 mg/kg

Trans-p.o.5, Q24h50
planted
adult
worms

B.
pahangi

0n.d.n.d.Balb/c mice [20]

Trans-p.o.5, Q24h50
planted
adult
worms

B.
pahangi

M. unguiculatus 71n.d.n.d.

90–94p.o.5, Q24h25 M. natalensisL. carinii 693798 [22]
85–89p.o.5, Q24h12.5 M. couchaL. carinii *No Mfn.a.*60100

activity at 5
× 100 mg/kg

[2]

90–94p.o.5, Q24h25Tetramisole M. natalensisL. carinii n.a.7898 [22]



Amidines
Pyrantel
tartrate

90–94p.o.5, Q24h40 M. natalensisL. carinii n.a.n.a.n.a. [22]

Methyl-
pyrantel
tartrate

90–94p.o.5, Q24h40 M. natalensisL. carinii n.a.n.a.n.a. [22]

Anilines
63–67p.o.5, Q24h100Amidantel M. couchaA. viteae 100 > *Mf activity95*95

at 5 ×
200 mg/kg

[2]

115–119p.o.5, Q24h250 M. couchaB. malayi n.a.5088
115–119p.o.5, Q24h250 B.

pahangi
M. coucha n.a.7085

85–89p.o.5, Q24h250 M. couchaL. carinii n.a.4094

Cyclodepsi-peptides
115–119p.o.5, Q24h100PF1022A M. couchaB. malayi n.a.50100 [23]

85–89p.o.5, Q24h100PF1022A L. sig-
modontis

M. coucha n.a.42100

3spot on1100Emodepside M. couchaA. viteae Treatment9098n.d.
on L3

[24]

14spot on1100 M. couchaA. viteae Treatment100100n.d.
on L4

28spot on1100 M. couchaA. viteae Treatment8695n.d.
on preadults

65p.o.1100 M. couchaA. viteae 96n.d.n.d. [23]
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65Spot on112.5 A. viteae M. coucha *Mf activity96*99100
at 1 ×
100 mg/kg

3Spot on1100 B. malayi M. coucha Treatment210n.d.
on L3

[24]

12Spot on1100 B. malayi M. coucha Treatment4265n.d.
on L4

38Spot on1100 B. malayi M. coucha Treatment1872n.d.
on preadults

115p.o.150 B. malayi M. coucha <95 < *No Mfn.a.*95
activity at 5
× 100 mg/kg

[23]

115s.c.16.25 B. malayi M. coucha *No Mfn.a.*98 75
activity at 5
× 100 mg/kg

115Spot on112.5 B. malayi M. coucha *No Mfn.a.*95 20
activity at 5
× 100 mg/kg

14Spot on1100 L. sig-
modontis

M. coucha Treatment3120n.d.
on L4

[24]

28Spot on1100 L. sig-
modontis

M. coucha Treatment3685n.d.
on preadults



13.1 85p.o. L. sig-
modontis

M. coucha 81*60 *Mf activity95
at 1 ×
100 mg/kg

[23]

112.5 85p.o. L. sig-
modontis

M. coucha 100*92 *Mf activity100
at 5 ×
100 mg/kg

13.1 85s.c. L. sig-
modontis

M. coucha n.a.90100

112.5 85s.c. L. sig-
modontis

M. coucha 100*98 *Mf activity100
at 5 ×
100 mg/kg

112.5 85Spot on L. sig-
modontis

M. coucha n.a.98100

1100 3Spot on L. sig-
modontis

M. coucha Treatment4350n.d.
on L3

[24]

15 30s.c. D.
immitis

Rat (Sprague–
Dawley IGS)

Immuno-100n.d.n.d.
suppressor in
diet

[9]

11 30s.c. D.
immitis

Rat (Sprague–
Dawley IGS)

Immuno-75.6n.d.n.d.
suppressor in
diet

3, Q96h10Depsi-1 30, 34, 38s.c. D.
immitis

Rat (Sprague–
Dawley IGS)

Immuno-100n.d.n.d.
suppressor in
diet

3, Q96h10Depsi-2 30, 34, 38s.c. D.
immitis

Rat (Sprague–
Dawley IGS)

Immuno-100n.d.n.d.
suppressor in
diet

3, Q96h10Depsi-3 30, 34, 38s.c. D.
immitis

Rat (Sprague–
Dawley IGS)

Immuno-100n.d.n.d.
suppressor in
diet
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Phenylurea
28–32s.c.5, Q24h40Suramin A. viteae M. natalensis 5386n.d. [11]

63–67s.c.5, Q24h40 A. viteae M. coucha <95 <95 >95 [2]

2–6s.c.5, Q24h40 A. viteae M. natalensis 10099n.d. [11]

115–119s.c.5, Q24h40 B. malayi M. coucha n.a.n.a.n.a. [2]
4–8i.p.5, Q24h40 B.

pahangi
larval7–87n.d.n.d.Balb/c mice
recovery
d29–32

[6]

115–119s.c.5, Q24h40 B.
pahangi

M. coucha n.a.n.a.n.a. [2]

90–94s.c.5, Q24h50 M. natalensisL. carinii 100500 [25]
85–89s.c.5, Q24h40 M. couchaL. carinii n.a.n.a.n.a. [2]

4–8s.c.5, Q24h40 M.
dessetae

P. oris Treatment100n.d.n.d.
on L3

[7]

47–51s.c.5, Q24h40 M.
dessetae

P. oris Treatment70n.d.n.d.
on pre-adult
worms

189–193s.c.5, Q24h40 M.
dessetae

P. oris Treatment9310020
on adult
worms



Thiocyanates
2–6p.o.5, Q24h50Amoscanate M. natalensisA. viteae No males97100n.d. [11]
28–32p.o.5, Q24h50 M. natalensisA. viteae Females7598n.d.

shorter
63–67p.o.5, Q24h100 M. couchaA. viteae >95 > 10095 [2]

Trans-s.c.5, Q24h100
planted
adult
worms

M. unguiculatusA. viteae Anti-33n.d.n.d.
schistosome

[18]

Trans-s.c.5, Q24h100
planted
adult
worms

M. unguiculatusA. viteae 100n.d.n.d. [19]

Trans-s.c.5, Q24h100
planted
adult
worms

A. viteae 54n.d.n.d.Balb/c mice [20]

Trans-s.c.5, Q24h50
planted
adult
worms

A. viteae 54n.d.n.d.Balb/c mice

s.c. Trans-5, Q24h100
planted
adult
worms

M. unguiculatusA. viteae 100n.d.n.d.

5, Q24h50 Trans-s.c.
planted
adult
worms

M. unguiculatusA. viteae 78n.d.n.d.
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115–119p.o.5, Q24h25 B. malayi M. coucha 100100 >95 [2]

Trans-s.c.5, Q24h100
planted
adult
worms

B.
pahangi

M. unguiculatus Anti-17n.d.n.d.
schistosome

[18]

4–8i.p.5, Q24h200 B.
pahangi

Larvaln.a.n.d.n.d.Balb/c mice
recovery
d29–32

[6]

115–119p.o.5, Q24h25 B.
pahangi

M. coucha 9092 >95 [2]

Trans-s.c.5, Q24h100
planted
adult
worms

B.
pahangi

M. unguiculatus 0n.d.n.d. [19]

Trans-s.c.5, Q24h100
planted
adult
worms

B.
pahangi

74n.d.n.d.Balb/c mice [20]

Trans-s.c.5, Q24h50
planted
adult
worms

B.
pahangi

61n.d.n.d.Balb/c mice

Trans-s.c.5, Q24h100
planted
adult
worms

B.
pahangi

M. unguiculatus 0n.d.n.d.



Trans-s.c.5, Q24h50
planted
adult
worms

B.
pahangi

M. unguiculatus 29n.d.n.d.

85–89p.o.5, Q24h25 M. couchaL. carinii 100 > 10095 [2]

CGP 6140
(amoscanate
derivative)

Trans-s.c.5, Q24h100
planted
adult
worms

M. unguiculatusA. viteae 100n.d.n.d. [19]

Trans-s.c.5, Q24h100
planted
adult
worms

A. viteae 18n.d.n.d.Balb/c mice [20]

Trans-s.c.5, Q24h100
planted
adult
worms

M. unguiculatusA. viteae 49n.d.n.d.

Trans-s.c.5, Q24h100
planted
adult
worms

B.
pahangi

M. unguiculatus 0n.d.n.d. [19]

Trans-s.c.5, Q24h100
planted
adult
worms

B.
pahangi

38n.d.n.d.Balb/c mice [20]

5, Q24h Trans-100 s.c.
planted
adult
worms

B.
pahangi

M. unguiculatus 2n.d.n.d.

p.o.5, Q24h50 2–6Nitroscanate M. natalensisA. viteae 1421n.d. [11]

p.o.5, Q24h 28–3250 M. natalensisA. viteae 041n.d.
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Dosage
(mg/kg) Frequency

Treatment
mode

Treatment
time (day
post-
infection)

Model
worm
species

Rodent
host

Day 3/7
post
treatment

At
necropsy
(from
d42)

Adult
worms
(Mf)
reduction

References(%) Notes

Aminoquinolines
2–6p.o.5, Q24hAmodiaquine 100 A. viteae M. natalensis n.d. 59 24 [11]

28–32p.o.5, Q24h100 A. viteae M. natalensis n.d. 82 64
90–94p.o.5, Q24h25 L. carinii M. natalensis 32 97 84 [25]

Organo-phosphates
63–67p.o.5, Q24hMetrifonate 100 A. viteae M. coucha 60 0 n.a. [2]

115–119p.o.5, Q24h100 B. malayi M. coucha 10 0 n.a.
115–119p.o.5, Q24h100 B.

pahangi
M. coucha 0 0 n.a.

4–8i.p.5, Q24h25 B.
pahangi

Larvaln.a.n.d.n.d.Balb/c mice
recovery
d29–32

[6]

90–94p.o.5, Q24h200 M. natalensisL. carinii n.a.099 [22]

85–89p.o.5, Q24h100 M. couchaL. carinii n.a.0100 [2]
2–6p.o.5, Q24h10Fenthion M. natalensisA. viteae 00n.d. [11]

28–32p.o.5, Q24h10 M. natalensisA. viteae 10n.d.

Nitrofuranes
2–6p.o.5, Q24hNitrofurantoin 50 M. natalensisA. viteae 8099n.d. [11]

2–6p.o.5, Q24h100 M. natalensisA. viteae 100100n.d.



28–32p.o.5, Q24h100 M. natalensisA. viteae n.a.41n.d.
Trans-s.c.5, Q24h100
planted
adult
worms

M. unguiculatusA. viteae 81n.d.n.d. [19]

Trans-s.c.5, Q24h100
planted
adult
worms

M. unguiculatusA. viteae 81n.d.n.d. [20]

Trans-s.c.5, Q24h50
planted
adult
worms

M. unguiculatusA. viteae 0n.d.n.d.

s.c. Trans-5, Q24h100
planted
adult
worms

A. viteae 42n.d.n.d.Balb/c mice

s.c.5, Q24h50 Trans-
planted
adult
worms

A. viteae 0n.d.n.d.Balb/c mice

p.o.5, Q24h100 63–67 A. viteae M. coucha n.a.0 70 [2]

p.o.5, Q24h100 115–119 B. malayi M. coucha 7092 80
s.c.5, Q24h100 Trans-

planted
adult
worms

B.
pahangi

M. unguiculatus 100n.d. n.d. [20]

s.c.5, Q24h100 Trans-
planted
adult
worms

B.
pahangi

M. unguiculatus 100n.d.n.d.
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Microfilariae (mf)
reduction (%)

Drug
Dosage
(mg/kg) Frequency

Treatment
mode

Treatment
time (day
post-
infection)

Model
worm
species

Rodent
host

Day 3/7
post
treatment

At
necropsy
(from
d42)

Adult
worms
(Mf)
reduction

References(%) Notes

Trans-s.c.5, Q24h50
planted
adult
worms

B.
pahangi

M. unguiculatus 0n.d.n.d.

Trans-s.c.5, Q24h100
planted
adult
worms

B.
pahangi

55n.d.n.d.Balb/c mice

Trans-s.c.5, Q24h50
planted
adult
worms

B.
pahangi

13n.d.n.d.Balb/c mice

115–119p.o.5, Q24h100 B.
pahangi

M. coucha 6010088 [2]

85–89p.o.5, Q24h100 M. couchaL. carinii 1009985
Hydroxymethyl
nitrofurantoin

63–67p.o.5, Q24h150 A. viteae M. coucha n.a.70100 [2]

115–119p.o.5, Q24h150 B. malayi M. coucha 569697
85–89p.o.5, Q24h150 L. carinii M. coucha 1009999

2–6p.o.5, Q24h150Nifurtimox M. natalensisA. viteae 140n.d. [11]

28–32p.o.5, Q24h150 M. natalensisA. viteae 4786n.d.
63–67p.o.5, Q24h100 M. couchaA. viteae n.a.500 [2]



115–119p.o.5, Q24h100 M. couchaB. malayi n.a.020
85–89p.o.5, Q24h100 M. couchaL. carinii 1001000
63–67p.o.5, Q24h100Furazolidone M. couchaA. viteae 337575 [2]
115–119p.o.5, Q24h75 M. couchaB. malayi 189992
85–89100 p.o.5, Q24h M. couchaL. carinii 1001000
Trans-Furapyrimidone 100 s.c.5, Q24h
planted
adult
worms

M. unguiculatusA. viteae 36n.d.n.d. [19]

p.o.5, Q24h 63–67100 A. viteae M. coucha 1296100 [2]
p.o.5, Q24h 115–119100 B. malayi M. coucha 8298100
s.c.5, Q24h Trans-100

planted
adult
worms

B.
pahangi

M. unguiculatus 38n.d.n.d. [19]

p.o.5, Q24h100 115–119 B.
pahangi

M. coucha 8198100 [2]

85–89p.o.5, Q24h50 M. couchaL. carinii 0 > 10095

Furanes
Trans-s.c.Nigericin 5, Q24h6.25
planted
adult
worms

M. unguiculatusA. viteae Antibiotic91n.d.n.d. [18]

Arsenicals
Thiacertas-
amide

5, Q24h 63–67s.c.15 M. couchaA. viteae 9070 >95 [2]
5, Q24h 115–119s.c.20 M. couchaB. malayi <95 <95 > *Mf activity95*

at 5 ×
2.5 mg/kg
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Microfilariae (mf)
reduction (%)

Drug
Dosage
(mg/kg) Frequency

Treatment
mode

Treatment
time (day
post-
infection)

Model
worm
species

Rodent
host

Day 3/7
post
treatment

At
necropsy
(from
d42)

Adult
worms
(Mf)
reduction

References(%) Notes

115–119s.c.5, Q24h20 B.
pahangi

M. coucha <95 <95 > *Mf activity95*
at 5 ×
2.5 mg/kg

85–89s.c.5, Q24h20 M. couchaL. carinii 70 >95 >95

Flavonoids
Trans-s.c.5, Q24h25Rutine
planted
adult
worms

B.
pahangi

M. unguiculatus n.a.n.a.n.d. [14]

Trans-s.c.5, Q24h25Flavone
planted
adult
worms

B.
pahangi

M. unguiculatus 38n.a.n.d.

Trans-s.c.5, Q24h25Hesperetin
planted
adult
worms

B.
pahangi

M. unguiculatus n.a.n.a.n.d.

Trans-s.c.5, Q24h25Chysin
planted
adult
worms

B.
pahangi

M. unguiculatus n.a.n.a.n.d.

Trans-s.c.5, Q24h25Naringin
planted
adult
worms

B.
pahangi

M. unguiculatus n.a.n.a.n.d.



Trans-s.c.5, Q24h25Naringenin
planted
adult
worms

B.
pahangi

M. unguiculatus 73n.a.n.d.

i.p.5, Q24h100 >150 B.
pahangi

M. coucha 515320

Substituted
azines
compounds

5–9p.o.5, Q24h3Compound 2 M. unguiculatusA. viteae n.d. >50 >90 [26]

Compounds
18, 90

5–9p.o.5, Q24h10 M. unguiculatusA. viteae n.d. >50 >90

Compound
104

5–9s.c.5, Q24h23 M. unguiculatusA. viteae n.d. >50 >90

Compounds
6, 57, 65, 80

5–9p.o.5, Q24h32 M. unguiculatusA. viteae n.d. >50 >90

Pyridinyl/pyrimidinyl compounds
5–9p.o.Compound 1 3 5, Q24h M. unguiculatusA. viteae n.d. >50 >80 [27]

Sulfonyl-
aminobenza-
mide
compounds
Compounds
1.5, 1.10, 1.13,
1.17, 2.1, 2.21,
2.26, 2.51

5–910 5, Q24h p.o. M. unguiculatusA. viteae n.d. >50 >80 [28]

Compounds
1.6, 1.7, 1.8,
1.25, 1.30,
1.32, 2.24,
4.13, 4.24

5–9p.o.5, Q24h10 M. unguiculatusA. viteae n.d. >50 >80 [29]
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Microfilariae (mf)
reduction (%)

Drug
Dosage

Frequency(mg/kg)
Treatment
mode

Treatment
time (day
post-
infection)

Model
worm
species

Rodent
host

Day 3/7
post
treatment

At
necropsy
(from
d42)

Adult
worms
(Mf)
reduction

References(%) Notes

Benzazole derivatives
Group 1 (ben-
zothiazoles)

65–69p.o.25–100 5, Q24h A. viteae M. natalensis > n.d.95 >95 [30, 31]

115–119p.o.12.5–100 5, Q24h B. malayi M. natalensis > n.d.95 >95
115–119p.o.5, Q24h12.5–50 B.

pahangi
M. natalensis > n.d.95 >95

85–89p.o.5, Q24h12.5–50 M. natalensisL. carinii > n.d.95 >95
Group 2 (ben-
zothiazoles)

65–69p.o.5, Q24h12.5–50 M. natalensisA. viteae > n.d.95 > Best95
derivative of
all groups,
CGP 20376:
mf and Mf
activity at 5
× 6.25 mg/kg

115–119p.o.5, Q24h6.25–50 B. malayi M. natalensis > n.d.95 >95
115–119p.o.5, Q24h6.25–25 B.

pahangi
M. natalensis > n.d.95 >95

85–89p.o.5, Q24h6.25–25 M. natalensisL. carinii > n.d.95 >95
Group 3
(benzoxazoles)

65–69p.o.5, Q24h100 A. viteae M. natalensis > n.a.n.d.97
115–119p.o.5, Q24h50–100 B. malayi M. natalensis > n.d.95 >95
115–119p.o.5, Q24h50–100 B.

pahangi
M. natalensis > n.d.95 >95

85–89p.o.5, Q24h50–100 M. natalensisL. carinii > n.d.95 >95



Group 4
(benzoxazoles)

65–69p.o.5, Q24h50–100 M. natalensisA. viteae > n.d.95 >95
115–119p.o.5, Q24h25–100 M. natalensisB. malayi > n.d.95 >95
115–119p.o.5, Q24h25–100 B.

pahangi
M. natalensis > n.d.95 >95

85–89p.o.5, Q24h25–100 M. natalensisL. carinii > n.d.95 >95

Benzothiazole derivatives
3p.o.125CGP 21306 M. natalensisA. viteae n.d.n.d. >95 [32]
28p.o.150 M. natalensisA. viteae n.d.n.d. >95
3p.o.125 M. natalensisB. malayi n.d.n.d. >95
38p.o.150 M. natalensisB. malayi n.d.n.d. >95
3p.o.125 B.

pahangi
M. natalensis n.d.n.d. >95

32p.o.125 B.
pahangi

M. natalensis n.d.n.d. >95

3p.o.50 1CGP 21835 M. natalensisA. viteae n.d.n.d. >95
28p.o.150 M. natalensisA. viteae n.d.n.d. >95
3p.o.125 M. natalensisB. malayi n.d.n.d. >95
38p.o.125 M. natalensisB. malayi n.d.n.d. >95
3p.o.125 B.

pahangi
M. natalensis n.d.n.d. >95

32p.o.125 B.
pahangi

M. natalensis n.d.n.d. >95
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Microfilariae (mf)
reduction (%)

Drug
Dosage
(mg/kg) Frequency

Treatment
mode

Treatment
time (day
post-
infection)

Model
worm
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Rodent
host

Day 3/7
post
treatment

At
necropsy
(from
d42)

Adult
worms
(Mf)
reduction

References(%) Notes

3p.o.150CGP 26701 A. viteae M. natalensis n.d.n.d. >95
28p.o.150 A. viteae M. natalensis n.d.n.d. >95
38p.o.150 B. malayi M. natalensis n.d.n.d. >95
3p.o.150 B.

pahangi
M. natalensis n.d.n.d. >95

32p.o.1100 B.
pahangi

M. natalensis n.d.n.d. >95

3p.o.1100CGP 21833 A. viteae M. natalensis n.d.n.d. <95 (89)
28p.o.1100 A. viteae M. natalensis n.d.n.d. <95
3p.o.1100 B. malayi M. natalensis n.d.n.d. >95
38p.o.1100 B. malayi M. natalensis n.d.n.d. >95
3p.o.1100 B.

pahangi
M. natalensis n.d.n.d. >95

32p.o.1100 B.
pahangi

M. natalensis n.d.n.d. >95

3p.o.1100CGP 26702 A. viteae M. natalensis n.d.n.d. <95
28p.o.1100 A. viteae M. natalensis n.d.n.d. >95
38p.o.1100 B. malayi M. natalensis n.d.n.d. >95
3p.o.1100 B.

pahangi
M. natalensis n.d.n.d. >95

32p.o.1100 B.
pahangi

M. natalensis n.d.n.d. >95



3p.o.125CGP 20308 M. natalensisA. viteae n.d.n.d. >95
28p.o.150 M. natalensisA. viteae n.d.n.d. >95
3p.o.125 M. natalensisB. malayi n.d.n.d. >95
38p.o.125 M. natalensisB. malayi n.d.n.d. >95
3p.o.112.5 B.

pahangi
M. natalensis n.d.n.d. >95

32p.o.112.5 B.
pahangi

M. natalensis n.d.n.d. >95

3p.o.125CGP 20376 M. natalensisA. viteae n.d.n.d. >95
28p.o.150 M. natalensisA. viteae n.d.n.d. >95
3p.o.112.5 M. natalensisB. malayi n.d.n.d. >95
38p.o.125 M. natalensisB. malayi n.d.n.d. >95
3p.o.125 B.

pahangi
M. natalensis n.d.n.d. >95

32p.o.125 B.
pahangi

M. natalensis n.d.n.d. >95

3p.o.150CGP 24588 M. natalensisA. viteae n.d.n.d. >95
28p.o.1100 M. natalensisA. viteae n.d.n.d. >95
3p.o.112.5 M. natalensisB. malayi n.d.n.d. >95
38p.o.125 M. natalensisB. malayi n.d.n.d. >95
3p.o.125 B.

pahangi
M. natalensis n.d.n.d. >95

32p.o.150 B.
pahangi

M. natalensis n.d.n.d. >95
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(mg/kg) Frequency
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(Mf)
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References(%) Notes

3p.o.1100CGP 20309 A. viteae M. natalensis n.d.n.d. >95
28p.o.1100 A. viteae M. natalensis n.d.n.d. <95
3p.o.150 B. malayi M. natalensis n.d.n.d. >95
38p.o.150 B. malayi M. natalensis n.d.n.d. >95
3p.o.150 B.

pahangi
M. natalensis n.d.n.d. >95

32p.o.150 B.
pahangi

M. natalensis n.d.n.d. >95

3p.o.1100CGP 24589 M. natalensisA. viteae n.d.n.d. <95
28p.o.1100 M. natalensisA. viteae n.d.n.d. >95
3p.o.150 B.

pahangi
M. natalensis n.d.n.d. >95

32p.o.1100 B.
pahangi

M. natalensis n.d.n.d. >95

Quinolones (Quinol-4(1H)-one-3-carboxamide derivatives)
Compound
4a

Maturep.o.5, Q24h200
infection

M. couchaA. viteae 10090n.d. [33]

Compound
4e

Maturep.o.5, Q24h200
infection

M. couchaA. viteae 8024n.d.



Thiosemicarbazone derivatives
Trans-s.c.Compound 1 50 5, Q24h
planted
adult
worms

M. unguiculatusA. viteae 74n.d.n.d. [34]

Trans-s.c.5, Q24h6.25Compound 2
planted
adult
worms

M. unguiculatusA. viteae 70n.d.n.d.

Compound
10

Trans-s.c.5, Q24h50
planted
adult
worms

M. unguiculatusA. viteae 76n.d.n.d.

Compound
12

Trans-s.c.5, Q24h100
planted
adult
worms

M. unguiculatusA. viteae 80n.d.n.d.

s.c.5, Q24h Trans-100Compound 6
planted
adult
worms

B.
pahangi

M. unguiculatus 80n.d.n.d.

s.c.5, Q24h12.5Compound 7 Trans-
planted
adult
worms

B.
pahangi

M. unguiculatus 76n.d.n.d.

Compound
14

s.c.5, Q24h100 Trans-
planted
adult
worms

B.
pahangi

M. unguiculatus 100n.d.n.d.

Cyclohexanol
compound 2b

i.p.5, Q24h 65–6950 M. couchaA. viteae 89n.a.n.d. [12]

i.p.5, Q24h 85–8930 S. hispidusL. carinii n.a.n.a.n.d.
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Cyclooctanol
compound 2f

65–69i.p.5, Q24h50 M. couchaA. viteae 100n.a.n.d.

85–89i.p.5, Q24h30 S. hispidusL. carinii n.a.n.a.n.d.

Thioxanthenes
Trans-s.c.5, Q24hFlupentixol 12.5
planted
adult
worms

M. unguiculatusA. viteae Neuroleptic96n.d.n.d. [18]

Trans-s.c.5, Q24h12.5
planted
adult
worms

B.
pahangi

M. unguiculatus 15n.d.n.d.

Cellular dyes
Trans-s.c.5, Q24h12.5Ethidium
planted
adult
worms

M. unguiculatusA. viteae Anti-89n.d.n.d.
African
Try-
panosoma

[18]

Trans-s.c.5, Q24h12.5
planted
adult
worms

B.
pahangi

M. unguiculatus 7n.d.n.d.

Gentian
violet

90–94s.c.5, Q24h2 M. natalensisL. carinii Dyesn.a.n.a.n.a. [22]



Hoechst
28637

90–94p.o.5, Q24h125 M. natalensisL. carinii n.a.3497

Hoechst
29691

90–94p.o.5, Q24h100 M. natalensisL. carinii 633497

Hoechst
33258 free
base

90–94s.c.5, Q24h40 M. natalensisL. carinii n.a.9099 [16]

Hoechst
33258
diphosphate

90–94s.c.5, Q24h20 M. natalensisL. carinii n.a.95100 [16]
90–94s.c.5, Q24h10 M. natalensisL. carinii 606399.5 [22]

Hoechst
33258× 3
HCL

90–94s.c.5, Q24h40 M. natalensisL. carinii n.a.4393 [16]
90–94s.c.5, Q24h2.5 M. natalensisL. carinii n.a.9199 [22]

Methylen
violet

90–94s.c.5, Q24h4 M. natalensisL. carinii n.a.n.a.n.a.

Thiazines
Trans-s.c.5, Q24h6.25Isothipendyl
planted
adult
worms

M. unguiculatusA. viteae Anti-96n.d.n.d.
Trypanosoma
cruzi

[18]

Trans-s.c.5, Q24h6.25
planted
adult
worms

B.
pahangi

M. unguiculatus 24n.d.n.d.
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Alkaloids
Neoeudistomin
analog 1d

Noti.p.5, Q24h50
specified

M. natalensisA. viteae 10073n.d. [15]

Noti.p.5, Q24h30
specified

S. hispidusL. carinii 00n.d.

Neoeudistomin
analog 2a

Noti.p.5, Q24h50
specified

M. natalensisA. viteae 00n.d.

Noti.p.5, Q24h30
specified

S. hispidusL. carinii 980n.d.

Neoeudistomin
analog 2c

Noti.p.5, Q24h50
specified

M. natalensisA. viteae 033n.d.

Noti.p.5, Q24h30
specified

S. hispidusL. carinii 6873n.d.

Antimonate compounds
Stibocaptate
acid

90–94s.c.5, Q24h400 M. natalensisL. carinii 64n.a.n.a. [25]

90–94Stibophen 315 5, Q24h s.c. L. carinii M. natalensis n.a.10048
90–94s.c.5, Q24hTartar emetic 30 L. carinii M. natalensis n.a.10022

Compounds from Trachyspernum ammi
2-Isopropyl-5-
methylphenol

5–6 moi.p.5, Q24h50
old
infection

B. malayi M. coucha 59046 [35]



Diarylheptanoids compounds from Alnus nepalensis
Methanolic
fraction

Trans-s.c.5, Q24h200
planted
adult
worms

M. couchaB. malayi 38n.d.n.d. [36]

Chloroformic
fraction

Trans-s.c.5, Q24h100
planted
adult
worms

M. couchaB. malayi 51n.d.n.d.

Butanol
extract

Trans-s.c.5, Q24h100
planted
adult
worms

M. couchaB. malayi 40n.d.n.d.

Methanolic
fraction

Trans-s.c.5, Q24h100
planted
adult
worms

M. unguiculatusB. malayi 49n.d.n.a.

Chloroformic
fraction

s.c. Trans-5, Q24h100
planted
adult
worms

M. unguiculatusB. malayi 37n.d.n.a.

Butanol
extract

Trans-s.c.5, Q24h100
planted
adult
worms

M. unguiculatusB. malayi 38n.d.n.a.

Others
Trans-s.c.5, Q24h100WR215498
planted
adult
worms

M. unguiculatusA. viteae Antifilarial82n.d.n.d. [18]

(Continued)
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Microfilariae (mf)
reduction (%)

Drug
Dosage
(mg/kg) Frequency

Treatment
mode

Treatment
time (day
post-
infection)

Model
worm
species

Rodent
host

Day 3/7
post
treatment

At
necropsy
(from
d42)

Adult
worms
(Mf)
reduction

References(%) Notes

Trans-s.c.5, Q24h100
planted
adult
worms

B.
pahangi

M. unguiculatus 97n.d.n.d.

Trans-s.c.5, Q24h100WR229428
planted
adult
worms

M. unguiculatusA. viteae Antifilarial66n.d.n.d.

Trans-s.c.5, Q24h100
planted
adult
worms

B.
pahangi

M. unguiculatus 100n.d.n.d.

Trans-s.c.5, Q24h100WR237379
planted
adult
worms

M. unguiculatusA. viteae Antifilarial95n.d.n.d.

Trans-s.c.5, Q24h100
planted
adult
worms

B.
pahangi

M. unguiculatus 52n.d.n.d.



Trans-s.c.5, Q24h12.5WR24199
planted
adult
worms

M. unguiculatusA. viteae Anti-95n.d.n.d.
African
Try-
panosoma

Trans-s.c.5, Q24h12.5
planted
adult
worms

B.
pahangi

M. unguiculatus 26n.d.n.d.

Trans-s.c.5, Q24h25WR7396
planted
adult
worms

M. unguiculatusA. viteae Antimalarial95n.d.n.d.

s.c. Trans-5, Q24h25
planted
adult
worms

B.
pahangi

M. unguiculatus 32n.d.n.d.

s.c.110 30Bisamide D.
immitis

Rat (Sprague–
Dawley IGS)

Immuno-24.6n.d.n.d.
suppressor in
diet

[9]

30s.c.130Isoxazoline D.
immitis

Rat (Sprague–
Dawley IGS)

Immuno-28.9n.d.n.d.
suppressor in
diet

Wolbachia control
i.p.14, Q24h 1–14Doxycyclin 50 L. sig-

modontis
n.d.n.d.Balb/c mice >99 Wolbachia

reduction in
female
worms

[37]

1–7p.o.7, Q24h200 L. sig-
modontis

100n.d.n.d.Balb/c mice Wolbachia
growth
inhibition

(Continued)
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Microfilariae (mf)
reduction (%)

Drug
Dosage
(mg/kg) Frequency

Treatment
mode

Treatment
time (day
post-
infection)

Model
worm
species

Rodent
host

Day 3/7
post
treatment

At
necropsy
(from
d42)

Adult
worms
(Mf)
reduction

References(%) Notes

1–14p.o.14, Q24h100 L. sig-
modontis

100n.d.n.d.Balb/c mice Wolbachia
growth
inhibition

1–10i.p.10, Q24h25Minocyclin L. sig-
modontis

n.d.n.d.Balb/c mice >99 Wolbachia
reduction in
female
worms

Start 6 ws.c.56, Q1225
postinfec-
tion

B. malayi Balb/c mice
SCID

98n.d. Wolbachia
reduction in
female
worms

[5]

1–10i.p.10, Q24h25Tigecyclin L. sig-
modontis

n.d.n.d.Balb/c mice >99 Wolbachia
reduction in
female
worms

[37]

Trans-s.c.14, Q24h15Rifapentine
planted
adult
worms

O.
ochengi

Balb/c mice
SCID

99n.d.n.d. Wolbachia
reduction in
female
worms

[5]

Rifapentin/
Moxifloxacin

50/200 7,
Q24h/14,
Q12h

1–7i.p. L. sig-
modontis

n.d.n.d.Balb/c mice >99 Wolbachia
reduction in
female
worms

[37]



Doxycyclin/
Rifapentin/
Moxifloxacin

6/6,50/50/200
Q24h/12,
Q12h

1–6p.o. L. sig-
modontis

n.d.n.d.Balb/c mice >99 Wolbachia
reduction in
female
worms

Doxycyclin/
Rifapentin/
Moxifloxacin

3/3,50/15/200
Q24h/6,
Q12h

1–3i.p. L. sig-
modontis

n.d.n.d.Balb/c mice >99.9 Wolbachia
reduction in
female
worms

Minocyclin/
Rifapentin/
Moxifloxacin

4/4,50/15/200
Q24h/8,
Q12h

1–4p.o. L. sig-
modontis

n.d.n.d.Balb/c mice >99.9 Wolbachia
reduction in
female
worms

Quinazolines
13 wkp.o.4, Q24h50CBR417 L. sig-

modontis
M. unguiculatus 100n.d. >99.8 Wolbachia

reduction in
female
worms; no
significant
reduction in
adult worm
numbers

[38, 39]

16 wkp.o.7, Q24h50CBR417 L. sig-
modontis

M. unguiculatus 100n.d. >97.7

16 wkp.o.7, Q24h20CBR417 L. sig-
modontis

M. unguiculatus n.d. <90 <90

16 wkp.o.7, Q24h10CBR417 L. sig-
modontis

M. unguiculatus n.d. <90 <90

13 wkp.o.7, Q12h75CBR490 L. sig-
modontis

M. unguiculatus 100n.d. >99.9

13 wkp.o.7, Q12h25CBR490 L. sig-
modontis

M. unguiculatus 100n.d. >99

(Continued)
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Microfilariae (mf)
reduction (%)

Drug
Dosage
(mg/kg) Frequency

Treatment
mode

Treatment
time (day
post-
infection)

Model
worm
species

Rodent
host

Day 3/7
post
treatment

At
necropsy
(from
d42)

Adult
worms
(Mf)
reduction

References(%) Notes

16 wkp.o.7, Q24h20CBR490 L. sig-
modontis

M. unguiculatus n.d. <90 <90

16 wkp.o.7, Q24h10CBR490 L. sig-
modontis

M. unguiculatus n.d. <90 <90

16 wkp.o.7, Q12h25CBR490 L. sig-
modontis

M. unguiculatus 100n.d. >99.6

23 wkp.o.7, Q24h40CBR417 B.
pahangi

M. unguiculatus n.d. > 10090 Wolbachia
reduction in
female
worms

[38]

23 wkp.o.7, Q24h40CBR490 B.
pahangi

M. unguiculatus n.d. <90 >99.9

23 wkp.o.7, Q24h20CBR490 B.
pahangi

M. unguiculatus n.d. >90 >90

23 wkp.o.7, Q24h10CBR490 B.
pahangi

M. unguiculatus n.d. >90 >90

Abbreviations: i.p., intraperitoneal; i.v., intravenous; Mf, macrofilariae; mf, microfilariae; n.a., not active; n.d., not done; p.o., per oral; s.c., subcutaneous; wk, weeks.
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16.2 Major Rodent Filariae Life Cycles

16.2.1 Litomosoides sigmodontis

Litomosoides sigmodontis was discovered and described by Chandler in 1931 in
the cotton rat (Sigmodon hispidus) found in Texas, USA. It was later reclassified as
Litomosoides carinii, a very similar filaria of the genus Litomosoides recovered
from a squirrel, as it was considered identical. It was not until the 1980s that
Odile Bain confirmed the distinct morphological characteristics of Litomosoides
spp. from squirrels and from cotton rats. Consequently, the species now being
maintained in laboratory rodents has reverted to its original name, L. sigmodontis.
The experimental hosts are jirds, mice, albino rats, and Mastomys spp. The natural
host, however, is the cotton rat (Figure 16.1) [41]. In cotton rats, inoculation
of as few as 5 third-stage infective larvae (L3) is sufficient to establish a patent

(a)

(b)

Figure 16.1 Life cycle of Litomosoides sigmodontis in its natural host, the cotton rat.
Source: Figure 5 from Morris et al. [41]/with permission from American Society for
Microbiology.
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infection [42]. After introduction by the bite of a tropical rat mite (Ornythonyssus
bacoti), L3s travel preferentially to the pleural and pericardial cavities of the cotton
rat. Experimental infections suggest that approximately 21% of inoculated larvae
survive to adulthood [43]. When parasite burdens reach approximately 400 worms,
the peritoneal cavity of the cotton rat also becomes parasitized [44]. Cotton rats
and jirds are the preferred animals to maintain the parasitic cycle in the laboratory
due to their continuously high microfilaria (mf) levels. However, for screening
purposes, small rodents, especially mice, are preferred, as they are easy to breed
and handle, and up-to-date immunological and genetic tools are available.

In BALB/c mice, L3s enter small-vessel lymphatics shortly after inoculation [45]
and later localize preferentially to the pleural cavity by four days postinfection (p-i).
A few adult worms can occasionally be found in the peritoneal cavity. Two molts
occur within the pleural cavity at 8 to 12 days, and 25 to 30 days p-i, and patency
commences at 50 days p-i. Adult worm numbers start to decline much earlier than
in the natural host. This decline begins at around 70 days p-i, and most worms are
cleared by 16 weeks p-i [46]. This is important to note, as depending on the mode of
action of a drug, macrofilaricidal efficacy may not be seen in this short time window.

BALB/c, BALB/k, and BALB/b mice are transiently permissive, with BALB/c
mice sustaining the longest period of microfilaremia [47]. Female BALB/c mice
are more susceptible to infection than male BALB/c mice, as measured by both
adult worm burden and microfilaremia, but in other strains of mice, males are
more susceptible [47, 48]. Between 30% and 100% of infected BALB/c mice become
microfilaremic, depending on the inoculation protocol [49, 50]. In the CBA, C3H,
and DBA strains, worms develop to the adult stage but male spiculae are malformed,
preventing microfilaremia [47]. All B10 mice are resistant to infection, including
those with H-2d MHC [47], and 129/SvJ mice are semi-resistant [51]. BALB/c mice
are susceptible and can produce patent infections.

Litomosoides sigmodontis is a widely used model of filarial infection in mice for
discovery of direct-acting anthelmintics and anti-Wolbachia drugs (see Chapter 22).
It further represents a spectrum of parasitological and immunological features that
mimic some of those seen in human infections. Three methods of infection are
commonly used: exposure to infected mites, subcutaneous inoculation of L3 larvae
obtained from mite dissection, and subcutaneous inoculation of L3 larvae obtained
from the pleural cavity of recently infected jirds [49, 51, 52].

Recently, this model was used to identify a number of candidates that have now
been moved forward into clinical trials in humans [2, 49, 53] (see also Chapter 17).

16.2.2 Acanthocheilonema viteae

Since the early 1950s, this filarial parasite of the jird, Meriones lybicus, has been con-
sidered a valuable laboratory model for the study of the biology of filarial worms [54]
and the search for novel antifilarial drugs. This filarial nematode was first described
under the name Dipetalonema vite or witei, then D. viteae [55], and finally A. viteae.

Adult A. viteae mainly dwell in the subcutaneous tissues and external muscle
layers of their rodent host, with preferred sites on the back, axilla, and groin [54].
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The worm only successfully reproduces in a limited range of experimental hosts,
such as jirds (Meriones unguiculatus) [56], multimammate rats (Mastomys natalen-
sis) [57], and golden hamster (Mesocricetus auratus) [55]. A. viteae is among the few
filarial worms lacking Wolbachia [58]. This particular feature should be taken into
account when screening for drugs targeting adult worm reproduction and survival
via Wolbachia inhibition.

Unsheathed A. viteae mf circulating in rodent blood are taken up by an Argasid
tick of the Ornithodoros genius (Figure 16.2). In the wild, they develop into L3s in
Ornithodoros tartakovskyi ticks that commonly live in rodent burrows [54, 59], but
Ornithodoros moubata is most often used in the laboratory as intermediate vector
host. This tick species can be easily reared and infected with A. viteae mf by using
artificial membrane feeding. The tick infection rate can be controlled, and high
numbers of L3s can be produced when needed with limited laboratory resources

(a)

(b)

Figure 16.2 (a) Life cycle of Acanthocheilonema viteae in its natural host, the jird. (b), Left:
Known survival of worms after infection in jirds and hamsters (+ most likely the worms
survive longer). Right: Rough outline of the course of microfilaremia over time after
infection with 20 L3s in jirds or 160 L3 in hamsters. Source: Figure 1 from Morris et al.
[41]/with permission from American Society for Microbiology.
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[60, 61]. The mf ingested by ticks in a blood meal actively cross the wall of the tick
midgut and enter muscle cells within a few days. In muscle cells, they molt to the
L2 stage, acquire a functioning gut, go through a rapid growth phase, and molt
to L3 [54, 55]. Mature infective larvae leave the muscle cells and accumulate in
the tick body cavity. Full development takes about 27 days in ticks maintained at
27 ∘C [11] and 20–25 days in ticks maintained at 29 ∘C [59]. L3 larvae can survive
for a very long time in their arthropod host, for periods of up to one year. (In the
laboratory, O. moubata is unable to transmit the larvae directly to the rodent [61].
Infective larvae are collected from dissected ticks and injected subcutaneously
into the mammalian host.) Twenty-four hours after infection, most larvae can be
found in host muscles around the biting site [62]. They begin a migration phase
through subcutaneous tissues and musculature and can be found in all parts of the
rodent body three days later. Five to seven days postinfection, larvae moult to the L4
stage [11] and grow rapidly. They reach the L5 stage after around 23 days p-i [63],
but oocyte production has already started [56]. Circulating mf appears in the jird
blood seven to nine weeks p-i, and a positive microfilaremia can be observed for up
to two years, providing that individuals of both sexes survive that long [41, 63]. In
jirds, microfilaremia can reach very high levels (>1000 mf/μl blood) [61, 64], with
no impact on host health status or lifespan. However, severe neurophysiological
problems can occur between 30 and 90 days p-i when larvae migrate to the central
nervous system. Ataxia and paralysis, often requiring euthanasia, have been
reported [65].

Acanthocheilonema viteae is generally more sensitive to known filaricide classes
(MLs, benzimidazoles) compared with other rodent filariae used as models for
drug screening, such as L. sigmodontis or Brugia pahangi (Table 16.1). However,
its longer life cycle and absence of the Wolbachia endosymbiont often disqualify it
for use in the search for novel antifilarial drugs and compound class optimization.
Nonetheless, the A. viteae model remains a valuable tool for screening of com-
pounds against heartworm. Both A. vitae and Dirofilaria immitis undergo migration
through host muscular tissues during L3 and L4 stages; preventive drugs against
D. immitis target these stages, and molecules known to be active against heartworm
are also active against A. viteae larval stages.

16.3 Other Models for Filariae

16.3.1 Onchocerca ochengi

Onchocerca ochengi is a nodule-dwelling bovine parasite closely related to O. volvu-
lus. Although with limited veterinary importance, O. ochengi has become a natural
model of human onchocerciasis due to the similar relationship it has with its host.
Since its discovery, many insights into the natural history of the infection have been
obtained, including into reproductive biology, pre-patency periods, and differential
susceptibility to infection among cattle [40]. Selected as a tertiary drug screen by the
World Health Organization (WHO), several standard drugs have been tested in this
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natural infection, suggesting similar drug susceptibility of O. ochengi and O. volvulus.
Ivermectin (IVM) at 200 μg/kg, for example, exhibited microfilaricidal activity, but
no significant macrofilaricidal activity [66]. However, the same study also revealed a
lack of macrofilaricidal activity of suramin, which contrasts with the effect observed
in humans [67, 68]. While one of the key attributes of this model is the ability to
easily perform several ex vivo assays at the same time (MTT, embryogenesis, motility
observation, histology) due to the abundance of nodules, certain differences need
to be taken into account. These include, but are not limited to, the absence of clin-
ical symptoms in cattle, the location of the nodules (intradermal), and the fact that
there is only one female per nodule. Furthermore, infection timelines are like those
in human onchocerciasis and are not feasible for rapid drug screening efforts. This
model may be useful for gaining additional data for a lead candidate, but refined
parameters need to be measured in humans.

16.3.2 Brugia malayi and Brugia pahangi

Although the domestic cat, a natural host of both B. malayi and B. pahangi [69–71],
has been experimentally infected and used for the evaluation of diethylcarbamazine
(DEC) [72], a suitable model for rapid screening of potential filaricides was not
available until Ash and Riley [73] showed M. unguiculatus to be a good experimental
host for B. pahangi. Suswillo and Denham [74] transplanted adult B. pahangi worms
into the peritoneal cavity of jirds and used this model to screen potential antifilarial
compounds. With respect to experimental infection of the B. malayi subperiodic
strain, jirds and multimammate rats are good animal models [75, 76]. After inoc-
ulation of infective larvae, the third molt occurs within 7–8 days and the final one
by 29–35 days. The prepatent period in jirds lasts 93 days, and 107 days in Mastomys
coucha. Although these animal models harbor patent infections for periods beyond
six months, they do not fully mimic human lymphatic filariasis: in rodents,
despite the lack of obvious pathology, most of the worms are localized in different
organs in the animals, while filarial worms are limited to the lymphatic system in
human [77].

Leaf monkeys (Presbytis spp.) have been extensively studied to determine their
suitability as hosts for lymphatic filarial parasites [78]. However, due to ethical con-
cerns as well as costs and maintenance efforts, this model is not preferred for drug
screening. This also applies to the use of dogs and cats. Nonetheless, these mod-
els may be chosen to address specific questions, especially those with a focus on
pathology.

Although wild-type mice are refractory to the full developmental cycle of
Brugia spp., each stage can survive for limited periods of time. Adult male and
female worms can be implanted into the peritoneal cavity and survive for around
90 days [79]. The female worms continue to produce mf under these conditions.
In addition, mf alone, injected intraperitoneally, will survive at least 28 days [80],
and if injected intravenously, they will circulate in the bloodstream for approxi-
mately 65 days [81]. Although L3 of B. malayi (injected either intraperitoneally or
subcutaneously) will not normally survive longer than 10 days [82], athymic and
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severe combined immunodeficiency (SCID) mice are susceptible to full infection
with the development of mf-producing adults following L3 injection by either
route [83]. Adult worms implanted into athymic mice will also survive longer than
in intact mice.

16.4 Immuno-Compromised Models

A significant hurdle for studying the biology of parasites and for the development
of new therapeutics and diagnostics has been the absence of predictive small
animal models. One reason is the potential host’s ability to prevent infection by
non-coevolved species, making it a challenge to introduce filarial parasites of
human and veterinary importance into small rodents. To overcome this obstacle,
immunodeficient mouse strains that have been extremely useful for immunology,
infectious diseases, cancer, stem cell biology, and other research areas have also
enabled the introduction of parasites into otherwise resistant hosts. Several immun-
odeficient mouse strains are available, of which those with SCID [84] are the most
widely used in filarial research (Table 16.2). In the absence of T and B cells, SCID
mice are fully susceptible to B. malayi [86]. Within 6–10 weeks after injection of
infective Bm L3 larvae, both male and female worms were found in 90% of the mice
and peripheral mf were detected [91]. Studies comparing the efficacy of standard
anthelmintics in immunodeficient mice, however, are scarce (Table 16.1). Results
show strong larvicidal activity of albendazole (ABZ) and DEC, and partial activity
for IVM, in both wild-type (WT) and SCID mice. To further assess responses of mf
to these drugs, B. malayi mf were inoculated via the tail vein into SCID mice or
respective controls. As opposed to the experimental setup in vitro, IVM induced

Table 16.2 Transgenic models in rodents.

ReferencesParasite survivalWorm species Parasitic stage used

O. volvulus Nodule implant Survival >20 wk [85]
O. ochengi Nodule implant [5]
B. malayi L3 injection s.c. Full patency [86]
O. volvulus L3 injection s.c. L4 (not investigated beyond 8 wk) [87]
O. volvulus L3 injection s.c. L4 (not investigated beyond 8 wk)
O. volvulus L3 injection s.c. L4 (not investigated beyond 8 wk)
O. volvulus L3 injection s.c. L4 (not investigated beyond 8 wk)
Loa loa L3 injection s.c. Young adults (70 d) [88]
B. malayi L3 injection i.p 12 wk [89]
O. ochengi implant into pleural cavity 38 d
L. loa L3 injection s.c. Full patency [90]

Abbreviations: s.c, subcutaneous; i.p., intraperitoneal; wk, weeks.
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rapid reductions, suggesting involvement of the host immune system in mf removal.
As SCID mice are devoid of T and B cells, other mechanisms, as yet unidentified,
play a role in rapid mf removal.

A first attempt to maintain the human infectious species O. volvulus outside of
a human or primate host was made by implanting onchocercomata (skin nodules
containing adult worms) subcutaneously into SCID mice. After up to 20 weeks in
the mouse, onchocercomata contained both viable adult worms and mf [85]. This
model has been recently used by Halliday [5] with O. ochengi nodules extracted
from cattle. Being the closest species to O. volvulus, this could be an alternative to
implantation of O. volvulus nodules. However, the functionality of nodule implan-
tation as a screening model remains to be validated. It is unknown how parasites
in nodules are affected by living in a foreign environment, whether nodules will be
fully re-vascularized, and how rejection mechanisms by the host impact viability of
the worms.

Recently, a highly immune-compromised mouse strain that has profound defects
in adaptive and innate immune responses has entered the scene. NSG mice can
be replenished with human immune cells to build humanized mouse models.
Interestingly, NSG mice can support the complete life cycle of the human nematode
Strongyloides stercoralis, whereas immunologically competent mice cannot. NSG
and humanized NSG mice were infected with 100 O. volvulus infective larvae (L3).
In each of the different humanized mouse models, worms advanced to the L4 stage
and there was a trend for higher parasite recovery in mice with cellular engraftment
compared to unengrafted NSG mice, albeit it was not statistically significant.
Although this model is not yet used for drug discovery, it is a helpful tool to identify
parasite-derived biomarkers measurable in both urine and serum [87]. Similar
approaches are being investigated for heartworm research. A model using caninized
SCID mice bearing D. immitis worms in the peritoneal cavity has been recently
patented [92]. Whether these models can be established for high-throughput
screening remains to be evaluated.

Drugs that are developed against onchocerciasis will eventually have to be
counter-screened against Loa loa because of safety concerns about microfilaricidal
drugs in co-endemic areas. Development of a fully patent infection was established
in immunodeficient lymphopenic mice lacking the common gamma chain (γc)
cytokine signaling pathway, providing an alternative to splenectomised non-human
primates. In these mice, a single dose of IVM, but not benzimidazoles, induced
rapid mf clearance >90% [90], allowing this model to be used as a counter screen in
human filarial drug development.

Rodents immunosuppressed by administration of glucocorticoids incorporated
in their diet, already described in the case of gastrointestinal nematodes models
in jirds and rats [93, 94], could be an interesting alternative to the use of trans-
genic immuno-compromised animals. A recently published patent application
[9] describes the development to full patency of D. immitis in hydrocortisone-fed
rats. In this model, all standard endoparasitic drugs were successful, opening new
perspectives in drug screening against heartworm (Table 16.1).
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16.5 Models for Human Filariae

The trickiest question in drug development for filarial parasites has always been:
which is the best model to use to prioritize and select drug candidates by accu-
rately predicting efficacy in humans? The simple answer is that there is not one. The
choice of model needs to be guided by the programmatic question being addressed,
for example, breaking of infection transmission or identifying and understanding
the direct effect of a chemotherapeutic agent on the worm’s reproductive capability
and/or its viability. The complexity of the nematode life cycle requires, therefore,
that attention be given not only to species/host combinations and larval stages but
also to the anatomical location and the presence or absence of the immune system.
Therefore, results from model infections always need to be interpreted with caution.

IVM, DEC, and the recently registered moxidectin are potent inhibitors of micro-
filaremia. In the past, IVM and DEC have been excellent drugs to address the most
important issue: elimination of filarial diseases as a public health problem. These
drugs have been remarkably successful in reducing transmission and clinical symp-
toms. However, it is important to note that these drugs would have been missed if
a stringent drug screening cascade had been applied with in vitro prior to in vivo
testing. This sort of disconnect unfortunately hinders the setup of a straightforward
“one-fits-all” screening cascade.

As mass drug administration with IVM has successfully reduced infection inten-
sity over the last two decades, it is currently debated whether additional tools should
be developed, and if so, which. Without doubt, a drug that either kills the adult
worms or permanently sterilizes females would be a useful tool for tackling the
remaining filarial infections on the road to elimination.

For drugs acting via removal of Wolbachia, the assessment is relatively easy, since
Wolbachia measurement is a reliable surrogate marker, leading to long-term inhibi-
tion of embryogenesis and ultimately a slow death of adult parasites (see Chapter 24),
as shown in studies in humans treated with long-term regimens of doxycycline.

The situation is more complex for direct-acting drugs. Drug candidates with a clear
effect across the models may act on mf directly and/or attack adult worms quickly.
The amount of antigen released by large numbers of dying worms may lead to devel-
opment of adverse events, and thus there is a cost to safety or feasibility. Other drugs
may act more subtly and only show effects in a few host/parasite combinations, but
eventually with the same final outcome, i.e., death of the parasite. This requires care-
ful investigation of the host/parasite environment chosen, so that potentially slowly
acting but highly effective drugs are not missed in the development cascade. The
investigator must be guided by the totality of the data when moving a potential drug
forward. Ultimately, only parasite-infected humans contain all components needed
to evaluate the efficacy of a drug.

PK/PD modeling is a helpful tool to predict the human efficacious dose, and in
vivo models have progressed for this purpose over recent years. These should also
be applied to drug development for human filarial infections. However, none of the
models reflects all the necessary parameters that are present in human infections.
Whereas L. sigmodontis has been developed as a high-throughput model for drug
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discovery in onchocerciasis, the parasites are in the pleural cavity, rather than in sub-
cutaneous nodules. O. ochengi is the closest relative to O. volvulus with many similar-
ities to it, but differences between them make confident predictions rather difficult.
At best, drug candidates that have shown efficacy in more than one model and have
been proven to be safe in humans should be tested for proof-of-concept prior any
final selection is made. Only then can a fully informed decision be taken whether or
not this compound should be taken further along the development pipeline.

16.6 Models for Heartworm

The discovery of IVM in the late 1970s, with its exceptional spectrum of activity
against nematodes, including heartworm [95, 96], opened an era of effective heart-
worm prevention. Other MLs (milbemycin oxime, moxidectin, and selamectin) with
different modes of administration or protection periods were later developed. For a
long time, the effectiveness of MLs at preventing the development of D. immitis in
dogs and cats, along with the difficulty of the dog model itself as an experimental
system (involving long and expensive studies), did not motivate animal health
companies to specifically look for new anti-heartworm drugs with alternative
modes of action. The situation changed in the last decade with the emergence of
D. immitis strains resistant to MLs in the Mississippi basin [97]. The development
of tools for screening new chemical entities in an in vitro high-throughput format
(see Chapter 15) and the establishment of complete screening streams with in
vivo rodent models and dog heartworm are recent, and little has been published.
Finding the right rodent model that mimics the fate of heartworm in dogs is
challenging. There is no rodent filarial worm with a life cycle resembling that of
D. immitis in dogs. Models in ferrets exist [96] but are not suitable for a discovery
screening platform when the amount of compound available is limited. Ferrets are
not necessary easier to maintain than dogs, and D. immitis life cycle is not shorter
in these animals. Recently, Mills et al. [9] were able to obtain a D. immitis patent
infection in male Sprague–Dawley rats fed on a glucocorticoid diet. The treatment
started with 200 ppm hydrocortisone acetate eight days prior infection with 50
D. immitis larvae. The immunosuppressive treatment was pursued for another
13 days and then reduced to 50 ppm until necropsy that took place 112–120 days p-i.
Infection rates in rats were close to 100%, and an average of 5–7 fully mature worms
were recovered from the heart and pulmonary arteries. No particular mortality was
observed in rats due to the hydrocortisone treatment or the filarial worms. The
experiment was extended without increase in rat mortality up to 260 days p-i to
obtain circulating mf. Standard preventive antifilarials (MLs, but also emodepside)
were active in the rat model after treatment 30 days p-i (Table 16.1). This new rat
model, although allowing efficacy assessment one month earlier than with dogs
or ferrets, is still taking about 17 weeks. These timelines remain suboptimal when
thinking about lead chemical optimization and understanding of structure activity
relationship. Nonetheless, it clearly opens new perspectives for the search of novel
heartworm preventives.
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Other filarial species have also been used as surrogates to D. immitis for the identi-
fication of new chemical entities potentially active against heartworm. Gauvry and
her team [26–29] described the use of a model with A. viteae in male jirds for chemi-
cal optimization. Rodents are infected by subcutaneous injection and treated by oral
gavage daily between days 5 and 9 p-i, targeting L3 and early L4 migrating stages.
This migration phase is also present in D. immitis L3 and L4 stages in a similar com-
partment, giving some hope that drugs positive in the jird model may also show
activity against heartworm in dogs. Major antifilarials, such as MLs and benzimida-
zoles, have indeed been found to be positive in A. viteae rodent models at very low
doses (Table 16.1). Like the rat model cited earlier, the model described by Gauvry
et al. takes time. Necropsy is performed only after 84 days, and only animals with
clearly reduced microfilaremia are selected for complete dissection and counting of
adult worms. Here again, the model duration may be a significant hurdle for chemi-
cal optimization, since clear structure–activity relationships can only be established
every 12 weeks. Parallel hypotheses need to be pursued to optimize the process.

Litomosoides sigmodontis is another model of choice because of its shorter life
cycle and the ease of larval or adult recovery from the pleural cavity [50]. The worm
is typically less sensitive to anthelmintics than A. viteae but detects the known
anthelmintic classes (Table 16.1). However, little has been disclosed about how
representative this model is for heartworm in dogs.

Another option followed by Köhler et al. [40] was to perform the in vitro screen-
ing step against D. immitis microfilariae and L3–L4 larvae and then test the best
compounds in jirds infected with H. contortus and T. colubriformis gastrointestinal
nematodes to generate an in vivo proof-of-concept.

A model using caninized SCID mice that permit development of D. immitis in the
peritoneal cavity up to the adult stage has been recently described [92]. The advan-
tages of having the right worm species in a rodent might be limited by the different
final location of the worm and the use of genetically transformed animals that lack
effective immune responses.

The future will tell whether one of these models can be more successful than
the others at identifying novel chemical entities as antifilarials. The pharmacoki-
netic behavior of a drug is critical for efficacy against worms that migrate through
the body of their host for weeks before reaching the target organ. There is a risk
that using rodent models for chemical optimization will result in identifying the
best drug for the rodent but not necessarily for the target host. As is the case for
research into drugs for the elimination of human filariae, research into drugs to pre-
vent heartworm requires collection of information from different sources, in vitro
and in vivo in different models, and should include, at a very early stage, some PK/PD
evaluation in the dog. Although the ideal PK profile requirements for a drug to be
successful at controlling heartworm are still unclear, in addition to data from mod-
els, data generated in the target host are essential to taking informed decisions and
selecting the most promising candidates for efficacy testing in the long and tedious
dog/heartworm model.
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16.7 Conclusions

It is important to note that, in the context of drug development, simple numerical
quantification is used to assess the most commonly used parameters. With this
approach, there is a risk that potentially useful drugs with particular characteristics
may be discarded. Therefore, a more detailed assessment is warranted that involves
functional (biochemistry, fertility) and histological parameters. We have seen in
this chapter that no model is ideal and that the accumulation of information
(activity in vitro against different worm stages, activity in different in vivo models,
pharmacokinetic parameters in the final hosts, etc.) may be needed to identify novel
and effective antifilarials.

To understand the irreversible points of parasite degeneration induced by new
drugs, it is necessary to investigate changes at the level of the worm itself and to
evaluate drug-induced pathological events. For example, depletion of Wolbachia
with doxycycline results in long-term inhibition of embryogenesis and eventually
killing of the adult parasites. Whereas this long-term effect has been described in
humans, surrogate models, such as L. sigmodontis, are too short-lived for it to be
observed. But since the results of Wolbachia depletion are very well described (see
Chapter 24), candidate selection for anti-wolbachial drugs is relatively straightfor-
ward. It becomes more complicated for direct acting drugs, and particularly for
the discovery of novel classes of antifilarials for which chemical optimization is
required. With new technical developments, it may become feasible to implement
new methods to reduce the use of animals, refine endpoints, and bypass invasive
techniques for assessing antifilarial drug efficacy. The evaluation of filarial parasites
and responses to drug exposure still require improvement and harmonization.
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Abstract

Heartworm disease or dirofilariasis is a globally distributed, life-threatening condition
primarily afflicting canines, and to a lesser extent cats, and is caused by the mosquito-
vectored parasitic filarial nematode, Dirofilaria immitis. In dogs, untreated heartworm
disease can result in extensive damage to the pulmonary arterial system and heart,
potentially leading to congestive heart failure and even death. Unlike dogs, cats are
generally able to mount an effective immune response to D. immitis, but the unlucky
minority that develop dirofilariasis often die from feline-specific heartworm-associated
respiratory disease. Effective treatment, therefore, is critical for the health and
well-being of our pets. For almost 40 years, the primary means of controlling dirofi-
lariasis has been through the widespread use of a single class of drug, the macrocyclic
lactones, to eliminate larval stages of the parasite, thereby preventing development of
adult heartworm disease in the host. As with any type of anti-infective therapy and
irrespective of the mechanism of action, natural selection has, over time, invariably
led to an increase in the incidence of treatment failure due to macrocyclic lactone
resistance. To address the threat posed by resistance, it will be necessary to identify
new anthelmintic drugs with unique mechanisms of action, that are able to convey a
high level of preventive efficacy in regions of the world where the treatment failure due
to macrocyclic lactone resistance is growing. In this chapter, we describe and reduce to
practice, detailed methodologies that are inherent with, and unique to, the discovery
of new preventive or curative treatments for dirofilariasis due to D. immitis, including
mosquito breeding and parasite propagation, experimental infection of animals
and laboratory and field trials for safety and effectiveness. The current regulatory
environment, as well as requirements for the approval of new preventive treatments,
is also discussed, with an emphasis on challenges that may arise from the inconsistent
application and/or interpretation of globally harmonized guidelines.
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17.1 Introduction

Dirofilariasis, or heartworm disease caused by infection with Dirofilaria immitis, is
predominantly described for dogs but may also occur in cats. The fact that it is a
life-threatening disease and that resistance issues against existing prophylactic treat-
ments are of concern increases the pressure to identify new drugs. In vivo models
are of high importance for the evaluation of new agents effective against D. immitis.
Despite the fact that in vitro models may help to identify small molecules with a
high degree of intrinsic activity against D. immitis, they cannot replace – or simulate
only in a very preliminary way – the complex host–parasite interaction. As men-
tioned in the previous chapter, rodent models allow a first evaluation of identified
hits in filaria-infected mammals. However, these models have limitations, as noted
in Chapter 15. Finally, testing in the target animal remains the only way to reliably
demonstrate efficacy against this parasite.

Considering the long duration of the life cycle of D. immitis and respecting efforts
to follow animal welfare 3R recommendations (reduce, refine, and replace), it
is obvious that it is not possible to screen hundreds or thousands of compounds
for their activity in dogs. Such studies require large amounts of compounds and
end in the euthanasia of the dogs, followed by necropsy and worm counting. It
takes at least six months after infection until patency is reached [1]. Although
such studies may be shortened by aiming for immature stages in the right
heart and pulmonary arteries, they do not allow rapid evaluation of compounds
of interest.

For the evaluation of heartworm efficacy, two approaches are of most interest:
(i) control of larvae and (ii) elimination of adults and/or microfilariae. Although the
two treatment strategies aim for different life cycle stages, the endpoint of evaluation
remains the late stages in the right heart and in the pulmonary artery. The focus of
current research lies in the former, i.e. preventive treatment with compounds that
eliminate early larval stages migrating in tissues. In that regard, it is not optimal to
wait several months after experimental infection until adult stages have developed.
It would be much more attractive to examine survival of larvae during the first two
to three months after infection, or even earlier if possible. The difficulty lies in the
identification of early infection biomarkers that diminish in case of successful treat-
ment. Many efforts are ongoing in that direction; however, no real breakthrough has
been achieved.

The second approach, aiming to clear adult infection or eliminating microfilariae,
can be simplified by the use of donor dogs. In such studies, microfilariae or adult
D. immitis are harvested from dogs with existing infections and transplanted to the
study dogs. By doing so, the study duration can be considerably shortened, compared
to a standard protocol using third-stage-larvae for experimental infection.

In addition to direct treatment against D. immitis, alternative approaches aim for
blocking parasite transmission from mosquitoes to dogs [2]. In these cases, it will not
be sufficient to simply demonstrate repellency or rapid kill of mosquitos. The final
proof of prevention of disease transmission will still rely on the absence of adult
D. immitis in exposed dogs.
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In the following sections, several aspects of the heartworm model in dogs (and to a
lesser extent in cats) will be highlighted. We focus on experimental infection models
for treatment against larvae, but other setups, like treatment against adults or natural
infection models, will also be discussed. Although other filarial nematodes, such as
Dirofilaria repens, have obtained more attention recently, little information is avail-
able on experimental infection models and they will be discussed only marginally.

17.2 Requirements, Infrastructure and Safety Measures
for Experimental Infections and Mosquito Breeding

The life cycle of D. immitis is closely linked to the presence of suitable vectors and cli-
matic conditions that allow full development of infective larvae in the intermediate
host. To maintain the parasite in an experimental environment, certain conditions
for the respective life stages must be met. The breeding of mosquitos and the devel-
opment of infective third-stage larvae are described below (mosquito-breeding and
production of L3s).

Studies that include animals must respect local animal welfare requirements.
These normally define the housing conditions (e.g. surface area per dog, natural
light exposure, access to outdoor infrastructure, interaction with other dogs, etc.)
and manipulations (blood sampling, physical examinations, etc.). In addition,
regulations may be made for biosafety reasons. In non-endemic areas, work with
microfilaremic dogs may only be allowed in mosquito-proof facilities. The use of
mosquito nets may be a possibility, but single layers may not prevent exposure
if dogs are in direct contact with the net. In contrast to measures for malaria
prophylaxis, it is not recommended to impregnate the nets with insecticides or
repellents, as this may impact the outcome of mosquito breeding or efficacy studies.

The development of D. immitis larvae in mosquitos is strongly dependent on envi-
ronmental temperature [3], while further development in the dog is thought to show
only low variation due to the constant body temperature. However, the infection rate
after experimental injection of D. immitis L3 seems better when the average temper-
atures are at 20 ∘C or above (internal communication). Furthermore, microfilaremia
is highly seasonal and seems to depend on day length and temperature changes [4].
This leads to the requirement for indoor housing for dogs in areas with moderate
or cold climatic conditions, especially for donor dogs, which should remain highly
microfilaremic throughout the year.

The mosquito-proof housing of dogs is an important measure for non-endemic
areas to prevent introduction of D. immitis to the local mosquito population. In
endemic areas, prevention of exposure the other way is also important, as study
dogs may be exposed to pathogen-carrying mosquitos. Such exposure may result
in unplanned (patent) infections of dogs, which impacts the outcome of efficacy
studies and may contaminate characterized heartworm isolates.

Dirofilariasis is a zoonotic disease, which increases requirements on the quali-
fication of the personnel working with the parasites, the mosquitos and the dogs.
The most critical is the handling of L3-carrying mosquitos. Accidental release of
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Figure 17.1 Example of a mosquito breeding unit and lab for isolation of third-stage
larvae of Dirofilaria spp. The lab on the left is climate-controlled to maintain a temperature
of 28 ∘C and relative humidity of 80%. It is equipped with a two-door entry (1) to prevent
escape of mosquitos. Lab coats are available at the entry. The feeding of mosquitos can be
done on the work station (2). For isolation of Dirofilaria spp. L3, mosquito cages are
transferred to the isolation lab on the right. The window is equipped with mosquito
nets (4). Isolation of L3 is done in the laminar flow (5). Both labs have water supply (3) and
mosquito traps (6). All air tubes (climate system, laminar flow, etc.) have mosquito nets or
filters to prevent mosquito escape.

D. immitis-infected mosquitos (especially when using isolates with demonstrated
anthelmintic resistance) must be avoided by all means. Access to mosquito breeding
locations should therefore be limited to trained personnel only, and the entry should
be equipped with two doors (or mosquito-proof nets; see Figure 17.1). Furthermore,
consideration should be given to appropriate disposal of material. Mosquito larvae
and pupae should be immersed in hot water at approximately 80 ∘C until they do
not move, while adult mosquitoes and eggs should be frozen at –20 ∘C for at least
12 hours.

17.3 Isolation of D. immitis from the Field

Dirofilaria immitis can be maintained under laboratory conditions. Nevertheless,
this is costly and requires extensive infrastructure to cover all life stages in
mosquitos as well as in the definitive host. The starting point may be an infected
dog coming from the field. In some areas, it may be possible to introduce a patent
D. immitis-infected dog into a laboratory environment and to use it as source
of microfilaremic blood. In many countries, it will be difficult to get animal
welfare approval for use of a dog not bred for laboratory purposes. An additional
challenge may be the incomplete history of such a dog (vaccination, exposure
to pathogens, etc.), which increases the risk of importing unrecognized diseases
into the laboratory environment. Thus, it may be more attractive to simply get a
sample of peripheral blood from a D. immitis-infected dog from a clinic or shelter
to establish a new isolate. Anticoagulated blood samples should be sent without
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delay to the laboratory. While no specific cooling procedure is required, the samples
must not be exposed to temperatures below 0 ∘C. When evaluating the density of
microfilariae, their viability has to be considered. This is normally based on motility.

Mosquitos feeding on microfilaremic blood can harbor infective third-stage larvae
within two to three weeks. It is possible to ship such mosquitos for infection of a dog.
The number of larvae per mosquito may range between 2.6 and 6.8 [5], but one has
to consider that a proportion of the mosquitos remains uninfected. Thus, a sufficient
number of mosquitos will be required to infect one or several dogs. For shipment, it is
also important to respect all biosafety requirements, while using packaging material
that allows airflow and ideally feeding of the mosquitos.

Getting access to new field isolates may be facilitated by contacts with veterinary
practices in endemic areas or through institutions working with D. immitis. The
more information one can gather on the infected dog, the better. Heartworm iso-
lates from dogs that underwent regular prophylactic treatment have a high risk of
being resistant to macrocyclic lactones. Thus, the characterization of a new isolate
is recommended. This can be done by genetic profiling, in vitro assays and in vivo
exposure to drugs. However, some authorities specifically request the use of recent,
non-characterized field isolates for pivotal heartworm efficacy studies.

Dogs infected with D. immitis can be kept for several years. Our experience is that
dogs can remain without clinical symptoms over a period of at least five years while
maintaining an adequate microfilaremia. Normally, the first year of patency results
in lower microfilariae concentrations than the following years [4].

Microfilariae of D. immitis exhibit seasonal periodicity, resulting in higher counts
in peripheral blood during summer (northern hemisphere) compared to winter.
Even under standardized climatic conditions, seasonality can be observed. Some
experiments indicate that heartworm isolates may adapt to laboratory conditions
and lose seasonality after a few passages [4]. Whether this also impacts other
characteristics of the respective isolates remains an open question, but it may be
one of the arguments to maintain the requirement for acquiring new isolates from
the field for pivotal efficacy studies.

17.4 Mosquito Breeding and Production of L3

An impressive number of mosquito species belonging to the genera Aedes,
Anopheles, and Culex are competent vectors for D. immitis and D. repens, as long
as climatic conditions allow development of the larvae. In a standardized labora-
tory environment, climatic conditions can be optimized for larval development
(Figure 17.2a). When it comes to the selection of the best mosquito species for
the production of L3, one has to evaluate the availability of isolates, the ease of
handling, and the expected yield of infective larvae. Our experience is based on
Aedes aegypti, but other species may provide equivalent or even better results.
Examples of research protocols for rearing mosquitos, collecting infective larvae,
and experimentally infecting dogs or cats can be found on the FR3 homepage [6].

Mosquitos become infected by ingesting microfilaremic blood (Figure 17.2b).
Under laboratory conditions, this will only exceptionally be done directly on the dog.
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Figure 17.2 (a) Mosquito cage. The cardboard box is closed with a mosquito net and
sealed with a plastic lid whose central part has been cut. A rubber band holds the mosquito
net tightly. A wet cotton square and several pieces of sugar are placed on top of the
mosquito net and serve as water and food supply. The second mosquito net is placed above
the cardboard box and secured with another rubber band. (b) Mosquito feeding with blood.
For mosquito feeding, the upper net and the wet cotton are removed from the cardboard
box. Adult mosquitoes inside the cardboard box are fed with dog blood using a glass
feeding system composed of a mouse skin and glass chamber that remains open, so that
blood can be poured into the chamber. The chamber is connected with plastic tubes to a
water bath set at 37 ∘C to warm the system.

Much more standardized is artificial feeding. Blood samples from microfilaremic
dogs are typically diluted with blood from non-infected dogs to avoid too high
concentrations of microfilariae. Values of 3000–5000 microfilariae per mL blood
seem suitable.

After a period of 13–21 days in a climate-controlled room at 28 ∘C/80% relative
humidity with access to 5% glucose and water ad libitum, third-stage larvae are fully
developed and can be harvested from the mosquitos. To do so, mosquitos are crushed
and viable Dirofilaria larvae purified by active migration and washing steps in cul-
ture media, such as Hank’s balanced salt solution (HBSS). The number of third-stage
larvae harvested from mosquitos can vary considerably. It may therefore be useful
to include backups in case of insufficient numbers of the primary production. Our
experiments resulted in average production of 450 L3 per mosquito cage. However,
in some cases, the harvest of L3 went as low as 50 per cage.

17.5 Experimental Infection of Dogs and Cats

Experimental infection of target animals is currently the only way to assess the effi-
cacy of a test compound. The following sections describe the steps for experimental
infection of dogs. Particularities for infection of cats will be highlighted at the end
of this section.
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Figure 17.3 Experimental study setup for preventive treatment (a) and for treatment of
adult D. immitis (b). The period between experimental infection with third-stage larvae and
the appearance of circulating microfilariae in peripheral blood is approximately six months.
In a standard study design for preventive treatment (a), the first administration is done 30
days after infection. Additional treatments may follow, e.g. in monthly intervals. The
evaluation of efficacy is based on worm counts five months or later after infection. When
treating adult heartworm (b), a patent infection has to be established, either by infection
with third-stage larvae or by transplantation of adult males and females. The treatment
scheme and the time of necropsy depend on the characteristics of the test compound and
formulation. The calculation of efficacy will be based, as for preventive treatment, on the
counts of adult worms in the treated group compared to the non-treated control group.

As discussed earlier, two approaches are typically used to evaluate efficacy of an
experimental compound in dogs: to control larvae (preventive treatment) or to elim-
inate adult worms (adulticide treatment). Each approach targets different parasite
stages and requires different study designs (see Figure 17.3). Here, we focus mainly
on the description of the study design for efficacy evaluation of preventive treatment.
The main activities include (i) D. immitis inoculation, (ii) treatment, (iii) monitoring
of infection status and onset of patency, (iv) worm count at necropsy, and (v) efficacy
calculation.

17.5.1 D. immitis Inoculation

Each inoculum generally consists of 50–100 infective D. immitis L3 suspended in
HBSS. Animals are infected by subcutaneous injection in the inguinal area or in the
region of the neck (between the shoulder blades). The inoculation dose and the num-
ber of inoculation sites may vary to attempt to increase the infection rate. In addition,
if the number of L3 larvae obtained following the initial harvest of mosquitoes is
inadequate to inoculate all animals on the same day, it is possible to infect dogs
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twice, one week apart (i.e. 25 L3 on day 0 and 25 L3 on day 7). Spreading the num-
ber of inoculations through several days might be helpful to better mimic the natural
exposure of dog by infected mosquitoes.

17.5.2 Treatment

Generally, one month after parasite infection (day 30± 3), a single dose of the pre-
ventive compound under test is administered to the dog. The group size for treatment
and non-treated controls is typically four to eight animals. The route of administra-
tion can be oral, topical, or parenteral. Additional treatments can be done at monthly
intervals (∼day 60 and∼day 90) to try to eliminate remaining larvae. Other treatment
schemes are conceivable, depending on the intended product claim (Figure 17.3a).
A non-treated (vehicle) control group is used to confirm adequacy of infection of the
heartworm isolate used.

Dogs are observed at different time points after the treatment to ensure that the
entire treatment is given (i.e. to detect vomiting in case of oral administration via
gelatin capsules) and to detect possible adverse events related to the test compound.

Blood samples are usually taken pre-dosing and at different time points after the
treatment for analysis to better understand the pharmacokinetic profile of the test
compound.

17.5.3 Monitoring Infection Status and Onset of Patency (Antigen
Tests and Microfilaremia)

Currently available heartworm antigen tests detect proteins secreted mainly by
adult female D. immitis [7]. Although the test has limitations and may provide
false-negative results, this is normally not an issue in experimentally infected
dogs: the expected number of females and the total number of adult worms are
considerably above the detection level [8]. More challenging is the fact that it takes
at least five months until positive results can be obtained (Figure 17.3a). Many study
designs schedule necropsy of the dogs five to six months after infection. Therefore,
the value of this assay in the experimental protocol is relatively low. Many efforts
have been made to identify markers that allow confirmation of infection at an earlier
stage, i.e. before the (pre-) adult worms reach the heart and pulmonary artery. An
antigen that seemed promising was DiT33. Antibodies against this protein could
be detected between 9 and 11 weeks after experimental infection. Dogs given a
drug-abbreviated infection, and therefore only exposed to infective larvae and early
fourth-stage larvae, did not contain detectable levels of DiT33 [9]. Although such
an assay would allow early detection of D. immitis and of successful prophylactic
treatment, it never attained wide distribution, nor was it commercialized.

The presence of microfilariae is monitored using a direct blood smear and the
modified Knott’s technique [10, 11]. The earliest that microfilariae can be detected
is about six months postinfection, but almost always by seven months (day 210)
post-infection. Generally, in experimental efficacy studies evaluating preventive
compounds, microfilaremia is not evaluated, as necropsy is performed before
patency is reached.
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It can be concluded that the antigen test and the determination of microfilaremia
in peripheral blood provide limited value to studies with dogs experimentally
infected with D. immitis. These assays do not provide early information on the
infection status of the dogs, nor can they be considered as endpoints, i.e. even in
cases of clear negative or positive results, necropsy of the dogs for the determination
of the adult worm burden is required. Nevertheless, the tests can be helpful tools
when establishing a new infection protocol, to estimate when (pre-) adult stages
reach the vascular system. Finally, monitoring microfilaremia in donor dogs is
essential, when precise information on microfilaremia in blood fed to mosquitos is
needed.

17.5.4 Necropsy and Worm Counts

Between five and six months after infection (∼day 150–180), dogs are sedated,
euthanized via intravenous injection of an approved euthanasia solution, and
then necropsied. The necropsy procedure involves removal of the heart and lungs,
dissection, and examination of the anterior vena cava, right atrium, right ventricle,
and pulmonary arteries (Figure 17.4). All adult D. immitis worms found in the
cardiopulmonary system are collected, identified, sexed, and counted (Figure 17.5).
Only worms that are normal in both appearance and motility are considered live.
All other worms are considered dead. The WAAVP guidelines mention an expected
average of 28 worms per non-treated control dog when infecting with 50 larvae [12].

Personnel performing the necropsy should be blinded to the treatment group to
which the animals have been allocated.

17.5.5 Efficacy Calculation (Criteria to Grant a Claim for Registration)

The US Food and Drug Administration Center for Veterinary Medicine requires
100% efficacy for laboratory studies following VICH GL19 [13] to support the
approval of heartworm disease preventive products.

Figure 17.4 Dissection of heart and pulmonary
vessels approximately five months after
experimental infection with D. immitis. A large
number of adult stages was identified and
macroscopically evaluated for viability and
gender.
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(a) (b)

Figure 17.5 Male and female adult worm pairs collected 153 days post-infection from
dogs in a laboratory study. Female worms are usually longer than male worms. The tail of
the male worm is spirally coiled. (a) Worms from a dog treated with an experimental
research compound are thinner and show reduced size compared to (b) worms collected
from a non-treated control dog.

According to VICH GL19 and GL20 guidelines [13, 14], requirements for approval
of an anthelmintic product are based on statistically significant differences between
the treated and control groups and on calculated percent effectiveness (which must
be 100% for preventatives) using the Abbott formula:

Efficacy (%) = 100 ×
Mc − Mt

Mc

Mt = arithmetic/geometric mean of adult worms in the treated group
Mc = arithmetic/geometric mean of adult worms in the control group

Efficacy can be calculated using the arithmetic or the geometric mean. Differences
in efficacy might be observed depending on whether arithmetic or geometric means
are used. Log-transformed parasite counts tend to follow a normal distribution more
closely than do non-transformed parasite counts. Therefore, the geometric mean is
a more appropriate estimate of central tendency and has less potential for misinter-
pretation than the arithmetic mean.

17.5.6 Experimental Infection of Cats

The infection methodology for and life cycle of D. immitis in cats is generally sim-
ilar to dogs, though cats are not a natural definitive host for D. immitis. As with
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dogs, cats harboring adult heartworms can develop caval syndrome [15], but that is
where similarities between the two species end. Compared to dogs, the pre-patency
interval in cats is approximately one to two months longer, adult worm burdens
are lower, microfilaremia is often absent or lower in magnitude if present, and the
rate of successful infection following experimental inoculation with L3s is lower
[16–18]. For the clinician, the diagnosis, clinical presentation, and subsequent treat-
ment of dirofilariasis in cats are also markedly different from dogs in several respects
[19–21]. Cats mount an aggressive immune response to D. immitis infection, that
while resulting in self-cure in the majority of cases, can also lead to feline-specific
heartworm-associated respiratory disease (HARD) as well as anaphylactic shock and
death [21–26]. The only sound approach for the treatment of heartworm disease in
cats, therefore, is regular monthly treatment with a heartworm preventive.

As already mentioned, the experimental infection methodology for cats is essen-
tially the same as described for dogs, with the caveat that successful infection rates
are lower. This necessitates inoculation of a larger number of animals to secure
the required number of heartworm-positive cats and appropriate statistical power
for evaluating effectiveness of treatment. Unlike dogs, assessment of drug safety in
heartworm-positive animals is contraindicated for cats [12]. Treatments are admin-
istered in the same fashion and interval as for dogs, if designed to gain a heartworm
prevention claim. Monitoring of infection status is trickier in cats, as antigen tests
do not work as well [19]. Necropsy and worm count protocols are similar to those
for dogs, but one should expect fewer worms overall and more animals in the con-
trol group with zero worms. According to WAAVP guidelines, 70% of cats given 100
larvae will harbor an average of four to five adult worms. The recommendation is to
aim for a group size of nine cats to ensure six infected animals [12]. Adult worms
have a shorter life span and are smaller in cats than in dogs [27, 28]. Similar rules
apply for gaining an effectiveness claim, via VICH GL20 [14].

17.6 Transplantation of Adult Worms

Surgical transplantation of adult D. immitis has been described in dogs [29–31]
as well as in cats [32]. Refinement of the technique by Rawlings and McCall [33]
resulted in a reliable and relatively safe method of establishing well-controlled infec-
tions in dogs that are suitable for supporting a variety of studies, including research
into the pathophysiology of dirofilariasis, evaluating the safety of heartworm
preventives in heartworm-positive animals, and evaluating adulticidal or micro-
filaricidal activity of antifilarial drugs. The transplantation method reduces the
number and magnitude of variables arising in naturally or experimentally infected
animals, such as unpredictable and often excessive worm burdens, unknown worm
gender ratios, and highly variable degrees of microfilaremia. Surgical transplanta-
tion of adult worms ultimately results in greater predictability and uniformity of
heartworm disease progression between animals, as well as significant reductions
in undesirable sequelae in the host due to excessive worm burden (for example,
caval syndrome) [15, 33, 34]. Adult heartworms may be surgically transplanted
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into cats for similar purposes; in fact, transplantation could be viewed as more
critical for cats despite a higher post-implantation death rate [35], given that this
species exhibits even greater variability than dogs in terms of predictable infection
rate and clinical manifestations arising from heartworm infection. For the sake of
brevity, we limit discussion to dogs unless otherwise specified, recognizing that the
general methodology of transplantation into cats is similar (though fewer worms
are transplanted, for obvious reasons of host physical size).

The first step in surgical transplantation is the generation of a suitable number
of heartworm-positive donor dogs. Early work utilized donor dogs that had been
inoculated via subcutaneous injection with large numbers of infective larvae, often
up to 400 L3s [33]. Such heavily infected dogs tended to develop caval syndrome,
and given the inherent value of these animals and animal welfare concerns,
inoculation with fewer larvae, usually in the range of 50–100 L3s [23], reduces the
potential for complications such as caval syndrome. As early as five months after
inoculation, screening of infected donor dogs via heartworm antigen test may be
initiated. Echocardiography may also be useful in helping to exclude donor dogs
with an insufficient worm burden. Worms may be harvested from antigen-positive
dogs prior to becoming sexually mature, though waiting until donor dogs become
microfilaremic (usually about six to seven months post-infection) can reduce the
amount of time required for recipient dogs to become microfilaremic following
transplantation surgery.

Typically, 5–15 adult female–male pairs of worms are transplanted into a
heartworm-naïve dog via jugular venotomy [13, 33]. Strict worm gender balance
does not seem to be as critical as ensuring that each dog receives a sufficient
number of females and harbors the same total worm burden. In the current
state of the art, dog recovery rates are very high, with few if any post-surgical
complications. Following successful transplantation, these dogs are suitable for use
in a variety of different research or drug development activities, most frequently
involving studies to evaluate drug safety in heartworm-positive dogs; studies to
evaluate potential microfilaricidal activity of drugs; and studies to evaluate potential
adulticidal activity of drugs. Potential adulticidal and microfilaricidal activities are
pertinent to drug safety. Generation of a patent infection via surgical implantation
of adult worms into healthy, naïve recipient dogs provides some advantages over
the more traditional L3 infection method (subcutaneous injection). First, the
interval of time between transplantation of worms and evaluation of drug safety
in dogs with a patent infection can be as short as two weeks, resulting in studies
of significantly shorter duration. Second, since the life cycle from injection of L3s
to worm maturation and microfilaria production is bypassed with the surgical
method, the potential for heartworm-associated pathology (i.e. vascular inflam-
mation, caval syndrome) will likely be reduced, thereby minimizing potentially
confounding factors that could make interpretation of safety data more difficult.
Third, the transplantation method tends to reduce animal-to-animal variability in
microfilaria counts, which improves overall confidence that mean group changes
in microfilaria burden are reflective of the true changes to be expected in a larger
patient population.
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17.7 Field Trials

Due to the complexity and severity of dirofilariasis, heartworm preventive field tri-
als represent an integral part of a drug development program, primarily to obtain a
more complete picture of the effects and potential adverse events of treatment under
real-world conditions. While the mandate for such a field trial may differ between
regulatory agencies, completion of a trial is an absolute requirement for approval
of any new canine heartworm preventive in the United States. While agencies in
some countries may rely exclusively on data from a large US field trial, others may
stipulate that smaller-scale field trials be conducted in the country to confirm drug
effectiveness and safety in local populations. In cats, controlled laboratory effective-
ness studies are considered adequate to support approval of a claim, and heartworm
preventive field trials are not mandated. As with all field studies, safety is always
a primary objective, though increasing emphasis has been placed on effectiveness
over the past decade. This would seem to be a logical response on the part of regu-
latory agencies, at least in part, to an increase in LOE (lack of efficacy) reports with
commercial heartworm preventives [36, 37], as well as the fact that an increasing
number of strains obtained from the field exhibit reduced susceptibility to macro-
cyclic lactone treatment in laboratory studies. Field trials also facilitate collection
of information from pet owners about user-friendliness of the product, for example,
ease of treatment, palatability (if oral), or visual appearance of skin and hair coat at
the application site (if topical).

The typical heartworm field trial is of relatively straightforward design, though
a number of noteworthy requirements are unique to this type of study. The
investigational veterinary product (IVP) under evaluation should be in a near-final
or final presentation form and manufactured under current Good Manufacturing
Practice standards. For ethical reasons, a negative control (placebo) group is never
utilized in a field trial, and the safety and efficacy of the IVP are compared to
the safety and efficacy of a commercially available control veterinary product
(CVP) that is tested in parallel. Preferably, the CVP selected for comparison should
employ a similar route of administration and treatment frequency (e.g. both
monthly oral treatments, but different active ingredients), or alternatively, the same
active ingredient with different routes of administration (e.g. monthly oral versus
monthly topical). Only a limited number of individuals involved in a trial should
be unmasked; to maintain impartiality, it is critical that the clinical investigators
and veterinary staff remain unaware of treatment group assignment for enrolled
patients. Veterinary staff involved in administration or dispensing of treatments
should be blinded, as well as owners and any individuals responsible for third-party
monitoring and quality oversight of the study. A minimum of 100 patients, or
evaluable cases in each treatment group, is considered necessary to generate
data that offer significant inferential value to support conclusions about safety
and effectiveness. The size of a typical trial and the required number of patients
necessitate the use of multiple clinics, preferably spread across a relatively broad
geographic area that is representative of heartworm disease incidence. While there
is no specific guidance around the number of veterinary clinics that may participate
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in the study, care should be taken to ensure that no single clinic accounts for more
than one-third to two-fifths of the total number of evaluable cases. That being said,
it is currently recommended that at least half of the evaluable cases originate from
regions with the highest prevalence of heartworm disease, which in the United
States is the southeastern portion of the country that includes the Mississippi Delta
and Mississippi River Valley.

As a general rule, dogs from single- and multi-animal households are eligible for
recruitment, though only one dog in any given household should be enrolled in
the study. For multi-pet households, consideration must be given to ensure that
non-enrolled animals on anthelmintic and/or endectocide treatment do not present
the potential for inadvertent cross-contamination of dogs receiving the IVP or CVP;
for example, non-enrolled pets should not receive a topical treatment with a para-
siticide product having antifilarial activity. General good health, a complete med-
ical history, and negative heartworm antigen and modified Knott’s tests [10, 11]
are the primary criteria used to establish patient eligibility. Dog age and weight
are not usually considered to be of critical importance with the exception that they
should match the intended age and weight restrictions for the IVP under evaluation.
Concomitant treatment, with commonly used prescription medications other than
anthelmintic or antifilarial drugs, for example a nonsteroidal anti-inflammatory, is
frequently permissible. Exclusionary criteria include stray, feral and/or shelter dogs
(due to an inability to establish an accurate medical history), or dogs intended for
breeding purposes during the study, as well as females that are pregnant or lactat-
ing. Once suitability for enrollment is confirmed, a dog should be randomly allo-
cated to one of the two treatment groups at a target ratio that is specified in the
trial protocol.

The timing and duration for a field trial are critical. It is recommended that
the vast majority of dogs be enrolled and receive their first treatment during peak
heartworm transmission season, which in North America falls between June 1 and
July 31 [28]. Additional cases enrolled outside this window may be justifiable, par-
ticularly in geographic regions where peak heartworm transmission season begins
before 1 June. American Heartworm Society and Companion Animal Parasite
Council guidelines promote year-round protection from heartworm infection, so
for each dog, a trial duration of approximately one year should be anticipated, from
the time of enrollment to the final clinic visit. Dogs should receive the appropriate
number of treatments that are designed to provide heartworm protection for the
entire period. For example, a monthly heartworm preventive would be administered
approximately every 28–32 days, whereas a dog receiving a long-acting heartworm
preventive that is intended to provide six months of protection would receive
two treatments, the first administered at the time of enrollment and the second
administered six months later. The first treatment should always be administered
by the veterinary staff at the clinic, but subsequent treatments may be given by
the pet owner at home, unless the intended product concept requires veterinary
administration (i.e. injection). During the course of the trial, a thorough assessment
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of each dog should be conducted by clinic personnel at routine intervals, beginning
at enrollment and with follow-up visits at least every three months. At each
clinic visit, a complete physical examination and heartworm antigen test should
be performed, with blood drawn for a modified Knott’s test to detect circulating
microfilaria. The antigen tests conducted through the first eight months of the trial
are critical for determining continued eligibility of a dog for measurement of pre-
ventive efficacy; it is during this window of time that a positive antigen test would
confirm that the dog had a preexisting, pre-patent heartworm infection that was not
detectable at the time of enrollment. These dogs should be removed immediately
from the study, and owners should be counseled by the veterinarian about treat-
ment options to address adult heartworm infection. Additionally, owners should
receive training to support daily assessment and documentation of any abnormal
clinical signs or behavior in their dogs, particularly following administration
of treatments.

The effectiveness of treatments is assessed via heartworm antigen and modified
Knott’s tests and reflected numerically as the percentage of eligible evaluable cases
that remain antigen negative with no evidence of circulating microfilaria for the
duration of the study. Regulatory agency hurdles remain quite stringent for a field
trial, with the anticipated and desired outcome being the same as with pivotal labora-
tory effectiveness studies, in which all dogs remain free from detectable heartworm
infection. However, as pointed out by Vidyashankar and colleagues [38], from a
statistical standpoint, an observed value of 100% preventive efficacy in laboratory
studies that utilize a limited number of dogs should not be construed to infer that
the treatment in question will be 100% efficacious under all circumstances. In the
case of a field trial, regulatory agencies may determine that it is acceptable for a
very small number of eligible evaluable cases in the IVP group to be positive for
heartworm infection (i.e. a treatment failure) provided that a comparable or greater
number of failures are observed in the CVP group and non-inferiority of the IVP is
demonstrated.

One of the most obvious limitations of a field trial, in terms of evaluating
preventive efficacy of a drug, is the uncertainty around D. immitis exposure. While
mosquitos are ubiquitous and there is a plethora of historical mosquito burden
data for North America, direct methods for assessing D. immitis burden in a
given mosquito population are not amenable to implementation at a field trial
scale. In theory, it is assumed that a significant number of dogs will be exposed to
D. immitis-infected mosquitos at least once during the course of a trial, particularly
in geographic areas with very high mosquito burdens and historically high inci-
dence rates of reported heartworm-positive dogs. However, these are indirect
measurements that, in reality, can only infer likely exposure without providing
conclusive evidence for it. Nevertheless, field trials provide critical information
about drug safety, and the large number of dogs in a trial provides key inferential
value, that when taken together with laboratory data, enables reliable assessment
of drug effectiveness under real-world conditions.
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17.8 Characteristics of Experimental and Natural
Infection Models

Rodent models

Experimental
infection
with L3

Transplantation
of adult
worms

Natural
infection

Early research:Indication
First in vivo
testing of
compounds
identified
in vitro

Research and
development:
Proof-of-concept
and pivotal
studies. Efficacy
against larval
and adult stages
of D. immitis
(and D. repens)

Research and
development:
Proof-of-concept and
pivotal studies.
Efficacy against adult
stages and
microfilariae of
D. immitis, safety of
heartworm preventives
in heartworm-positive
animals

Development: Field
studies. Efficacy
against larval and
adult stages of
D. immitis (and
D. repens)

Infrastructure
and resources

Rodent facility,
rooms for
parasite
breeding, rooms
for necropsy and
worm counts

Dog facility,
mosquito
breeding (or
access to L3),
rooms for
necropsy and
worm counts

Dog facility, mosquito
breeding or access to
donor dogs, rooms for
surgery
(transplantation)
necropsy and worm
counts

Veterinary clinics
for client-owned
dogs, rooms for
clinical
examination, and
access to diagnostic
tests (antigen,
microfilaremia)

Number of
animals
needed

4–10 mice or
gerbils per
group

4–8 dogs per
group
8–12 cats per
group

4–8 dogs per group
8–12 cats per group

≥100 dogs per
group (client
owned)

SeveralAPI quantities
milligrams

Several kilogramsSeveral gramsSeveral grams

Time ∼3 mo ∼ 2–12 mo6 mo ≥1 yr
Costs per study ∼10–50 k USD ∼ 200–800 k USD500 k USD ≥1 M USD

HighHighLow to medium HighPredictability
Risks
(infection
failure, non-
compliance,
etc.)

Standardized
laboratory
setting reduces
the risk of
variability

Standardized
laboratory
setting reduces
the risk of
variability

Standardized
laboratory setting
reduces the risk of
variability

Increased risk of
incomplete history
of dogs and
noncompliance of
dog owners

17.9 Requirements of Authorities (CVM, EMA)

D. immitis has been identified across a very large region of the world that includes
North and South America, Australia, Japan, and both central and Mediterranean
coastal areas of Europe [3, 23, 39–44] and is considered by global regulatory agencies
as a serious disease of concern to dogs and cats. In North America and specifically
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the United States, D. immitis is prevalent across large regions of the country, par-
ticularly in areas where the climate is conducive to prolific mosquito populations
and a relatively long mosquito season. These factors, along with the serious nature
of dirofilariasis, contribute in part to what is the most stringent possible require-
ment for disease treatment or prevention in humans or animals, that of 100% effi-
cacy. To gain an approval for a heartworm prevention claim in the United States,
at least two pivotal dose confirmation laboratory studies and a field trial are neces-
sary. Some regulatory agencies may also require that at least one laboratory study be
conducted against a local heartworm isolate, so there is a high likelihood that more
than two dose confirmation studies will be required to support investigational drugs
intended for commercialization on a global scale. Some agencies have greater evi-
dentiary requirements around how a proposed minimum dosage was determined,
and if D. immitis is the dose-limiting parasite, the need for comprehensive dose esca-
lation work should be anticipated.

Prior to approval of the first macrocyclic lactone, ivermectin, in the United States
in 1987, heartworm disease was prevented through daily administration of flavored
treats containing diethylcarbamazine. The introduction of ivermectin revolution-
ized the landscape of heartworm disease, primarily because it conveyed complete
protection (100% preventive efficacy) against the development of heartworm disease
in a more convenient once-monthly treatment regimen for the pet owner [45]. Since
the advent of ivermectin, 100% efficacy has been the requirement set forth by multi-
ple regulatory authorities, including the CVM, to support approval of a heartworm
prevention claim for an investigational animal drug. However, there is increasing
recognition within the heartworm community that the concept of “100% efficacy” is
an artificial and misleading benchmark, and results from limited numbers of dogs
in laboratory studies should not be construed to indicate that a particular treatment
can provide complete protection against development of heartworm infection under
all circumstances [38]. In the United States, the current regulatory environment is
such that the requirement for a drug to be granted approval as a heartworm pre-
ventive is significantly more stringent than comparable regulations governing min-
imum protection rates (i.e. disease prevention) for vaccines against deadly canine
diseases, including parvovirus, distemper, hepatitis, and even rabies. Furthermore,
an increasing tempo in the identification and characterization of heartworm isolates
with reduced susceptibility (or resistance) to macrocyclic lactones has resulted in a
conundrum, whereby expectations of regulatory agencies do not always align with
internationally accepted guidelines stating that dose confirmation work should not
be conducted against known drug-resistant strains of parasites [46]. This leads to the
question of whether a result of <100% efficacy against an isolate confirmed a priori
or ex post facto to be resistant to the drug or drug class under evaluation should be
classified as a treatment failure or an invalid study. While this distinction may seem
to be semantic in nature, the practical outcome of whether or not an investigational
drug is deemed approvable for a heartworm prevention claim currently hinges on a
regulatory agency’s interpretation of language in the harmonized guideline. VICH
GL7 [46] guidance would suggest that this type of scenario should result in the study
being categorized as invalid for purposes of determining drug efficacy; at the time of
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writing this article, the European Medicines Agency seems to have adopted this line
of thinking for at least one commercial heartworm preventive [47].

For over 30 years, macrocyclic lactone class anthelmintics have been the mainstay
for the prevention of heartworm infection and have provided pets and their owners
with an unprecedented level of protection against heartworm disease. While most
LOE cases are believed to be caused by poor owner compliance with manufacturer
treatment recommendations, the number of heartworm isolates obtained from the
field and characterized in the laboratory as being less susceptible in vivo to one or
more macrocyclic lactone class drugs is growing. The mechanisms behind the high
level of efficacy historically observed with macrocyclic lactones are complex, but evi-
dence of macrocyclic lactone resistance is now undeniable and regulatory agencies
must work with academic and industry researchers to develop reasonable policies
that address this threat.
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Abstract

The current therapies for managing human filarial infections fall short in efficient
treatment of onchocerciasis and lymphatic filariasis. Current approved treatments,
including ivermectin (IVM), diethylcarbamazine (DEC), and albendazole (ABZ),
require repeat administration over prolonged periods of time in order to target and
eliminate the L1 larval stage (microfilariae). Both single and combinatorial drug
therapies for onchocerciasis have drawn concerns over adverse events and increasing
emergence of IVM-resistant strains, therefore creating a great need for compounds
that exhibit adult stage selectivity (macrofilaricidal).
The reposing of veterinary anthelmintics such as moxidectin (MOX), flubendazole,
oxfendazole (OXF), and emodepside has proven to be lucrative with MOX being
approved in 2018 for treatment of onchocerciasis and both OXF and emodepside
moving into Phase II clinical trials for onchocerciasis. Along with medicinal chemistry
efforts, multiple compounds have shown significant progress toward the treatment of
filarial diseases; however, more information and dedicated discovery efforts are needed
to determine the future of antifilarial treatments.

18.1 Current Therapies for Control of Filarial Diseases

The current therapies (Table 18.1) for managing human filarial infections target the
elimination of microfilariae (mf), the L1 larval stage, via repeated administration
of ivermectin (IVM) or diethylcarbamazine (DEC), in combination with albenda-
zole (ABZ) for lymphatic filariasis (LF). In addition, these drugs provide a prolonged
block of the production of new mf, leading to sustained reductions in transmission
and, for onchocerciasis, pathology [1]. IVM is one of most extensively used antipara-
sitic drugs in human and veterinary medicine. To date, the impact of IVM on human
filarial diseases has been astonishing. Owing to widespread distribution of IVM,
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Table 18.1 Currently approved therapies.
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Mechanism of
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the Mectizan Donation Program run by Merck & Co. has reduced the occurrence of
onchocerciasis and LF for millions of people in the poorest countries in the world [2].
While DEC has shown evidence of macrofilaricidal activity and has been used exten-
sively to treat LF since 1947, it is used as a microfilaricide and long-term sterilant.
The mechanism of action of DEC remains unclear, though it has been suggested that
it interferes with arachidonic acid and nitric oxide metabolism in microfilariae [3, 4].
Lastly, ABZ, part of the benzimidazole class of broad-spectrum anthelmintic agents,
is generally used to treat enteric helminthiasis; however, more recently it has been
used in combination for treatment of LF. ABZ functions via inhibition of tubulin
polymerization [1, 5].

18.1.1 Ivermectin, Diethylcarbamazine, Albendazole

Annual mass drug administration (MDA) programs for the treatment and control
of LF rely on three agents, DEC, IVM and ABZ, as either single drugs or in combi-
nation. For over 30 years, MDA of IVM has been used as a single agent for treatment
of onchocerciasis in endemic areas [6]. IVM, as a single oral dose of 150 μg/kg
every 6–12 months, prevents disease transmission by decreasing the number of
skin mf (mf per mg of skin) for up to 30 days post treatment and causes long-term
sterility of female worms. IVM, however, is not a macrofilaricide, as it does not
kill the adult worms. Neurological events consisting of coma, some of which
resulted in encephalopathy, Parkinson’s disease, or death, have been observed
in a limited patient population with very high blood levels of Loa loa mf treated
with IVM in loiasis and onchocerciasis co-endemic areas of Cameroon and the
Democratic Republic of Congo (DRC) [7]. DEC is effective against loaisis; however,
it is not recommended in areas of high levels of L. loa microfilaremia due to
severe adverse side effects, including encephalitis, retinal hemorrhage, and Mazotti
reactions, all caused by the rapid immune-mediated killing of mf [8]. Concerns
of serious L. loa-related post-IVM adverse events and the possible emergence of
IVM-resistant O. volvulus have prompted the need for compounds that exhibit
adult stage selectivity (macrofilaricidal) or longer-lasting (preferably permanent)
sterilizing effects.

18.1.2 Combination Therapies

Utilization of two drug combinations, IA (IVM and ABZ) or DA (DEC and ABZ),
is highly dependent on geography and co-endemicity of LF with either onchocer-
ciasis or loiasis. The WHO recently amended its guidelines for LF MDA to allow
for triple-drug therapy, IDA (IVM, DEC, and ABZ) in onchocerciasis or loiasis
non-endemic areas. IDA was shown to be the most effective regimen and was
equally well-tolerated compared with the current DEC+ABZ MDA regimen [9–12].

18.1.3 Moxidectin

In 2018, MOX was approved for onchocerciasis for people over the age of 11 in
the United States (https://www.prnewswire.com/news-releases/us-fda-approves-
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moxidectin-for-the-treatment-of-river-blindness-300666114.html). Similar to IVM,
MOX is a repurposed veterinary medicine; the macrocyclic lactone (ML) class of
anthelmintics acts by binding to glutamate-gated chloride channels (GluCls) [1].
However, MOX has a considerably longer half-life in plasma, 20 days compared with
IVM (two days), allowing for either less frequent treatment or improved efficacy
with similar frequency of treatment. MOX has also demonstrated effectiveness in
IVM-resistant animal helminth infections [13, 14]. Development of MOX as an oral
treatment of onchocerciasis was supported by Medicines Development for Global
Health (MDGH) through the Global Health Investment Fund (GHIF) program [15].
In multiple clinical trials comparing the efficacy, safety, and tolerability of MOX and
IVM in O. volvulus infected patients, the data suggested that MOX was efficacious
with a favorable safety profile for MDA [16]. MOX showed superiority to IVM at
12 months posttreatment using skin mf density as the primary efficacy outcome;
the MOX cohort (adjusted geometric mean 0⋅6 [95% CI 0⋅3–1⋅0]) was lower than
the IVM group (adjusted geometric mean 4⋅5 [95% CI 3⋅5–5⋅9]; a skin mf density
difference of 3⋅9 [95% CI 3⋅2–4⋅9], p< 0.0001; treatment difference 86%) [17].

While these current treatments are successful in reducing the prevalence of
the diseases, administration of the therapies requires repeated treatments for
10–12 years, as they do not kill adult worms.

18.2 Experimental Therapies and Drug Discovery
Approaches

The IDA (triple-drug) regimen recently adopted for the treatment and control of
LF appears to be macrofilaricidal [1, 9–12], reducing the urgency of developing
new drugs for this indication. However, current treatments used for elimination of
onchocerciasis have limitations, in that they are ineffective against the macrofilaria,
or adult worms, thus requiring repeated and prolonged treatments. The need for
a novel macrofilaricide is imperative to achieve eradication of this disease. This is
further complicated by the threat of emerging resistance. Recently, there has been
a focus on finding well-tolerated macrofilaricidal drug regimens either through
re-evaluating known molecules or dedicated drug discovery efforts (Table 18.2).
Another approach has been new antibacterial drugs that target the Wolbachia
symbiont of the major human filarial pathogens and are discussed elsewhere in this
book [1, 21]

18.2.1 Flubendazole

A member of the benzimidazole (BZD) class, flubendazole (FBZ), is reported to be
the best macrofilaricidal molecule within this class, having demonstrated lethal
effects on multiple filarial species in animal models [22]. Initially developed as a
paste by Janssen Pharmaceutical N.V. for treatment of gastrointestinal nematode
infections in companion animals, FBZ is approved for human use in Europe and
a good candidate for therapy against filariasis [23]. Unfortunately, similar to other



18.2 Experimental Therapies and Drug Discovery Approaches 485

Table 18.2 Current experimental therapies.
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BZD anthelmintics, FBZ has limited water solubility and standard oral human
dosage forms as tablets or suspensions displayed low systemic bioavailability [24].
An improved formulation of FBZ was reported by Janssen and several partners,
including DNDi and AbbVie, with enhanced bioavailability for use as an oral
macrofilaricide for the treatment of LF and onchocerciasis (https://www.jnj.com/
media-center/press-releases/johnson-johnson-joins-public-and-private-partners-
in-the-largest-coordinated-action-to-date-to-eliminate-or-control-neglected-
tropical-diseases). An amorphous solid dispersion formulation (ASD FBZ) was
developed by Janssen and partners, which exhibits good oral bioavailability in
animals [25]. ASD FBZ provided improved systemic absorption for efficacy and
pharmacokinetic evaluation and allowed for preclinical evaluation. ASD FBZ dosed
orally (0.2–15 mg/kg) for five days showed no significant decrease in worm burden
in jirds (Meriones unguiculatus) infected with the filarial nematode Brugia pahangi,
in contrast to five days of single subcutaneous (SC) injections of 10 mg/kg of FBZ.
At doses as low as 1.5 mg/kg, extensive ultrastructural damage in developing
embryos and mf was observed [25]. Dose and treatment duration dependent
reduction of adult worm burden was observed with ASD FBZ in the L. sigmodontis
infected jird model. Oral dosing with ASD FBZ for 10 days at 15 mg/kg gave a 95%
reduction in worm burden and a 25% cure rate. Comparatively, SC administration
of FBZ (2 mg/kg single dose) was more effective, providing 98.2% reduction in the
adult worm burden and a cure rate of 58%. Additionally, oral ASD FBZ treatment,
15 mg/kg for five days, significantly reduced the number of later embryonal stages
within female adult worms, with 43% of analyzed female worms being patent com-
pared with 91% in the control group. Oral ASD FBZ treatment caused degeneration
of filarial uterine tissue, preventing filarial embryogenesis and the release of mf;
when compared with SC administration of FBZ, oral ASD FBZ did not prove to be
as effective in reducing adult worm burden [26].

While being effective, FBZ also interferes with microtubules and has reproductive
toxicity [27]. It is reported that embryotoxicity had been observed at concentrations
above 0.25 μg/ml in vivo [28–30]. It has been suggested that exposure duration
in patients should not exceed one day, due to carcinogenic risk associated with a
positive effect in the in vivo micronucleus test. Utilization of ASD FBZ allowed
re-evaluation of the toxicity of FBZ, including potential genotoxicity. The terato-
genicity and FBZ-induced toxicity risk were deemed monitorable and controllable
in patients if stringent precautions were applied with respect to testicular tox-
icity [31]. However, it was concluded that the risk/benefit associated with the
use of orally bioavailable FBZ as a macrofilaricide did not substantiate further
development [27].

18.2.2 Oxfendazole

As an improved profile was desired, a BZD related to FBZ, oxfendazole (OXF), was
identified as a drug candidate for the treatment of onchocerciasis with improved oral
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bioavailability compared with FBZ. OXF has a moderate effect on O. gutturosa adult
worm motility in vitro; only 16% reduction was observed after 24 hours at the high-
est concentration of 50 μM. When tested against O. volvulus pre-adults (L5 stage),
motility inhibition after 14 days of exposure to OXF was marginal (IC50 = 7.59 μM);
however, after washout and up to 33 additional days in culture, almost complete
inhibition of motility was observed (IC50 = 0.1 μM). OXF dosed at 12.5 and 25 mg/kg
BID PO or 5 and 25 mg/kg QD SC for five days achieved sterile cure (100% adult
worm reduction) in L. sigmodontis infected mice. Oral OXF treatments (10 days,
5 mg/kg, BID) in patently infected jirds reduced peripheral microfilaremia by >99%
within three weeks post treatment along with complete inhibition of embryogenesis
in the remaining female adult worms at necropsy 16 weeks after treatment [32]. OXF
does not cause rapid mf clearance, which is deemed critical with regard to potential
microfilaricidal toxicity associated with rapid mf death [32]. Compared with oral
FBZ, oral OXF is more efficacious, achieving a complete reduction of L. sigmodontis
adult worm burden in infected mice when administered as a conventional suspen-
sion. Additionally, OXF has yet to exhibit analogous toxicity to FBZ in cell-based
toxicity assays. OXF is currently under development for the treatment of neurocys-
ticercosis (NCT02234570). Based on encouraging Phase I study data in a multiple
ascending dose evaluation of the safety and PK of OXF (3, 7.5, or 15 mg/kg) given
orally daily to healthy volunteers, oral administration for five consecutive days at the
predicted human efficacious dose, 1.5–4.1 mg/kg, is considered achievable. Based on
preclinical efficacy and Phase I data, DNDi is repurposing OXF as a macrofilarici-
dal treatment for filarial indications along with a planned proof-of-concept Phase II
clinical study for onchocerciasis [33].

18.2.3 Emodepside

Emodepside (BAY 44-4400), a potent macrofilaricide, is being investigated in clinical
trials as a potential treatment for onchocerciasis. Emodepside, a cyclooctadepsipep-
tide, is registered in Europe and the United States as a combination product for the
treatment of gastrointestinal nematode infections in companion animals. Emodep-
side is a novel modulator of BK/SLO-1 Ca2+ -activated K+ channels in nematodes,
insects, and humans [34], which paralyzes adult filarial worms via a mode of action
distinct from previous anthelmintics [1, 15]. In 2014, Bayer HealthCare entered
into a legal agreement with DNDi for collaboration on development of emodepside.
Favorable preliminary results were observed in a first-in-human double-blind,
placebo-controlled study of single ascending doses in healthy male volunteers
(NCT02661178) and in a repeat dose study evaluating pharmacokinetic, safety,
and tolerability of a liquid formulation given over 10 days (NCT03383614) [35].
Emodepside was found to be safe up to 40 mg and well tolerated up to 20 mg,
with rapid absorption, dose proportionality, and a long terminal half-life [36].
The evaluation of safety and efficacy of emodepside in a Phase II clinical trial in
Ghana is planned [37, 38].
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18.2.4 Auranofin

Auranofin, a registered antirheumatoid agent, was identified in a high-throughput
screen of over 2000 FDA-approved drugs on adult Brugia species as a potential
macrofilaricide by scientists from the University of California, San Francisco [18].
Auranofin is a gold complex targeting thioredoxin reductase (TrxR), a key enzyme
involved in defense against oxidative damage due to oxygen metabolism. It is
suggested that TrxR is likely the target of auranofin in Brugia. Auranofin is highly
effective in killing both male and female B. malayi and Onchocerca adult worms
and inhibiting molting of O. volvulus L3 to the L4 stage with IC50 values <1 μM.
Auranofin shows a 58–91% overall reduction of B. pahangi adult worm burden in
vivo in infected jird models (5 mg/kg BID weekdays and SID weekends for 28 days
for a total of 48 doses). Additionally, it is not effective in killing O. ochengi and L.
loa microfilariae, an important consideration for treatment in L. loa endemic areas.
Since auranofin is already an FDA-approved drug, the path to clinical trials could
be efficient, particularly since rheumatoid arthritis patients who were treated with
auranofin for an average of six months exhibited few side effects, with the most
common being diarrhea [39].

18.2.5 AN8799 and AN15470

In order to overcome the limited solubility and embryotoxicity associated with FBZ,
Anacor (currently Pfizer) prepared benzoxaborole-benzimidazole analogs of FBZ
[40, 41]. Initially, several small-molecule boron-containing molecules for the treat-
ment of river blindness demonstrated killing of B. malayi adult worms in one to two
days at 10 μM in vitro [40]. More recently, a series of benzimidazole−benzoxaborole
amide linked hybrid molecules were described that exhibited good in vitro activity
against O. volvulus. In particular, AN8799 showed acceptable pharmacokinetic
properties and when dosed s.c. as a suspension at 100 mg/kg/day for 14 days demon-
strated effective killing of B. malayi, B. pahangi, and L. sigmodontis in infected
gerbils [40]. Although the proof-of-concept efficacy demonstrated with AN8799
was encouraging, the lack of oral bioavailability was of concern, prompting further
modification of the series. Further optimization of a benzimidazole−benzoxaborole
series resulted in hybrid molecules linked via a ketone versus the amide. This
resulted in the identification of AN15470, which maintained acceptable phar-
macokinetic properties and enabled evaluation by oral dosing in in vivo filarial
models. When dosed for 14 or 28 days, AN15470 was 99% effective in killing female
B. pahangi worms in infected gerbils [41]. Further evaluation of AN15470 in
other in vivo efficacy models, including the examination of worm damage using
transmission electron microscopy (TEM), is ongoing and to be reported.

18.2.6 1,2,4-Thiadiazol-5-amines

Recently, Celgene Global Health (currently Bristol Myers Squibb) disclosed a
series of substituted di(pyridin-2-yl)-1,2,4-thiadiazol-5-amines as potential macro-
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filaricides. This series of compounds are effective at ex vivo killing of adult O. gut-
turosa, B. malayi, B. pahangi, and L. sigmodontis [42]. Further evaluation of these
compounds is ongoing and will be reported in due course.

18.3 Conclusion

Significant progress has been made toward the goals of elimination and con-
trol of filarial diseases through repurposing veterinary drugs and screening of
FDA-approved compounds. While IVM has been vital for the treatment of filarial
diseases, it has been implied that IVM treatments will not lead to the elimination
of onchocerciasis in Africa [19]. The effectiveness of IVM has been compromised
due to growing concerns of resistance development, which was initially observed
in ruminants. With the recent registration of MOX for human use, it has been
suggested that MOX selects less rapidly for resistance; though there is evidence
that MOX-resistant parasite populations have evolved, and that MOX remains more
potent than the other avermectins against nematodes exhibiting ML resistance
[20, 43]. Similar concerns for emerging resistance with ABZ and DEC have been
expressed with regard to LF [44] and for ABZ in soil-transmitted helminths [45].

Use of combination IDA treatment in LF has been shown to be beneficial and
should be examined further in onchocerciasis, after depleting mf levels to avoid
DEC-induced toxicity. Regarding macrofilaricides, recent modeling data suggest
that a macrofilaricidal-only drug regimen may not be sufficient to reach elimination
goals and a combination of macrofilaricidal and microfilaricidal treatments would
provide the ideal outcome in a timely manner [46]. The therapies currently in the
clinic will provide critical information for future dedicated discovery efforts for
antifilarial drugs.
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Abstract

The evolutionary arms races underlying all host–helminth associations have resulted
in intricate negotiations enabling a successful infection. At the host–parasite interface,
a continuous dialogue takes place, where a plethora of molecules are exchanged,
with crucial consequences on the outcome of the infection. This molecular exchange
appears to be a rich source of potential therapeutic targets. Here, we present what recent
research has brought to light on this topic for helminths, focusing on filarial nematodes.

19.1 Helminth–Host Interactions

Among the highly abundant and diverse helminth species, parasitism is a prevalent
lifestyle. It is estimated that between 75 000 and 300 000 helminth species are
parasites of vertebrates [1]. In phylum Nematoda alone, parasitism is thought
to have evolved at least 15 times independently [2, 3]. Hence, even in humans
(until recently), being parasitized by nematodes represented the normal situation
rather than an exception. Being important pathogens of plants, humans, and
animals, there is considerable interest in understanding the molecular and genomic
adaptations of nematodes that enable parasitism [4]. In addition, the interactive
interface between host and parasite, shaped by the constant exchange of mediators
in a molecular dialogue, may reveal key molecules that support successful infection.
Parasitic helminths have evolved various strategies to thrive in their vertebrate
hosts, in a context of activated immune defenses. These strategies encompass
evasion from, and modulation or subversion of, each component of the immune
response that clears or prevents infection by nonadapted parasite species [5].
An evolutionary arms race underlies all host–parasite associations in which hosts
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have constrained the detrimental impact of parasites, while the pathogens have
learned how to overcome host responses to survive and propagate. Hence, the
intricate negotiations between hosts and parasites have led to the evolution of
highly elaborate relationships, characterized by complex molecular dialogues in
precisely delimited conditions that permit a successful and sustained infection.
In that context, much attention has been given to molecules released by parasites
that influence host immune responses. The best characterized molecules are
soluble excretory/secretory (E/S) proteins. Their immunomodulatory properties
have been shown in many instances to facilitate the establishment of infection and
result in the creation of a permissive environment for parasites to thrive [6]. Among
well-studied immunomodulatory E/S proteins from filarial nematodes are cytokine
homologs and protease inhibitors (e.g., MIF-1 and serpin-2 of Brugia malayi), or the
strong anti-inflammatory phosphorylcholine-containing glycoprotein ES-62 from
the filarial nematode Acanthocheilonema viteae [7, 8]).

Filarial nematodes have complex life cycles, as all are transmitted by various
arthropod vectors to a restricted set of permissive vertebrate hosts. Some species rely
on the endosymbiotic bacterium Wolbachia, some are endosymbiont-free. Filarial
infections are not acutely life-threatening; they may persist for many years and can
cause long-term suffering and tissue damage. The adult worms reside in (or migrate
through) specific tissues where they reproduce and release microfilariae, the
characteristic first-stage larvae [9]. These circulate in blood or localize to the skin of
their hosts. Hence, different life histories are expected to be reflected in the different
molecules released at the host–parasite interface, since the challenges parasites
experience in different hosts and localizations differ.

Current control of filarial infections mainly relies on chemotherapeutic strategies,
predominantly directed at microfilariae in humans and developing larvae in com-
panion animals. Several gaps remain in the spectrum of action of our available drug
panel, which may compromise elimination goals. Few treatments used in mass drug
administration campaigns show direct adulticidal (macrofilaricidal) effects, which
are predicted to accelerate progress toward global elimination of human filariases
[10]. Since 2017, the World Health Organization recommends a triple-drug ther-
apy for lymphatic filariasis, which appears to be macrofilaricidal and is now being
broadly implemented [11, 12]. In addition, the modes of action of these compounds
have not always been fully resolved, a lack of knowledge that may hamper their opti-
mal use. Despite the millions of people (and even more animals) affected by filarial
infections, the pipeline of new antifilarial candidates is limited. Therefore, efforts to
discover novel drug targets are still needed [13].

In addition to killing the parasite, finding ways to render permissive hosts
nonpermissive represents an alternative approach. The idea behind vaccines is that
a well-rounded immune response is elicited, engaging both innate and adaptive
arms of immunity, conferring long-lasting protection against a pathogen [14].
However, our understanding of how components of host immunity interact, and
how hosts and parasites function together, is limited, impeding the implementation
of a rational antigen targeting strategy. Capturing global changes induced by an
infection at the systems-, cellular and molecular levels has become possible through
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recently developed analytical tools and shows promise for the development of
targeted strategies that prevent infection.

Genomes, transcriptomes, and proteomes of filarial parasites are becoming
increasingly available [15] and will open new avenues to illuminate new targets
for infection control and diagnostics. Research aimed at identifying the molecules
exchanged by parasites and hosts will build our understanding of the interactive
interface between them, enabling us to decipher the mechanisms used to influence
each other and allowing us to deduce the important molecular events that result
in an established infection. This knowledge can ultimately support identification
of vulnerable nematode pathways that can be targeted by novel interventions. This
chapter provides an overview of current research advancements in this field and
provides a perspective on their potential as therapeutics.

19.2 Filarial Nematodes Release Proteins

E/S products refer to molecules released into the host environment by parasites
either through excretion (e.g., waste products or uterine fluid) or by an active secre-
tory process; at least some of these molecules are expected to exert functional roles
at the host–parasite interface. Analysis using sensitive methods such as mass spec-
trometry and genome mining approaches allowed the generation of large E/S pro-
tein lists. These represent various types of molecules, including a large number of
enzymes, parasite-derived antigens, etc. [16]. Because they circulate in the extracel-
lular compartment, E/S proteins have captured substantial interest for the devel-
opment of therapeutic and diagnostic applications, since they are more accessible
to drugs compared with somatic proteins [17]. E/S proteins are involved in various
essential biological processes, including proteolysis, cell–cell communication, and
nutrient acquisition [18]. Roles of parasite E/S proteins in the modulation of host
immune functions are also broadly recognized; they may interfere with complement
activation, chemotaxis, lymphocyte responses, etc. [7, 18]. Table 19.1 summarizes
briefly the available filarial “secretomes.”

The contribution of E/S proteins to immune evasion is believed to be very
important. Indeed, the fact that ivermectin-treated B. malayi microfilariae lose their
capacity to release E/S proteins in vitro has been proposed as mode of action of the
drug [28–31]. By impairing the contractility of muscles around the secretory pore,
ivermectin-reduced E/S protein release may lead to the inability of the parasite to
evade the normally effective host immune response.

Discovery of E/S proteins can be done by proteomics (i.e., analysis by mass
spectrometry) based on material produced in the laboratory or using computational
approaches to search expressed sequence tags (ESTs) databases [32, 33]. Producing
sufficient material from in vitro helminth cultures may be difficult; some stages are
challenging or even impossible to maintain in vitro for the required time. Therefore,
genome-wide identification workflows may represent an efficient way to prioritize
downstream experimental investigations of potentially important E/S proteins as
new drug targets. A recent study identified and functionally annotated proteins
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Table 19.1 E/S proteins of filarial nematodes.

Species
Number of
proteins

Dominant proteins/
Referencesfamilies

Acanthocheilonema
viteae

[8]ES-62 (leucyl-aminopeptidase)NA

Brugia malayi Triose-phosphate isomerase,Up to 852
phosphatidylethanolamine-
binding protein 1, galectin 1

[19–22]

Dirofilaria immitis Phosphatidylethanolamine-Up to 110
binding protein,
transthyretin-like proteins

[23, 76]

Loa loa [24]Av335
Litomosoides
sigmodontis

Cysteine protease inhibitor,302
glutathione S-transferase, major
sperm proteins, ES-62, Av33

[25]

Onchocerca ochengi transthyretin-like proteins, von94
Willebrand factor type-d domain
proteins, cysteine protease
inhibitor, Av33

[26]

Onchocerca volvulus secreted larval acidic proteins,NA
retinol-binding protein, cysteine
protease inhibitor, superoxide
dismutase, glutathione
S-transferase

Reviewed
in [27]

Data were derived from experiments on different stages, and proteins and protein families highly
represented in secretomes depend on the stage examined. The stages selected, number of
organisms cultivated, and the methods of analysis are likely responsible for the large discrepancies
in numbers and types of proteins identified. NA: not available

encoded in the genomes of 73 nematode species. Following matching to the Drug-
Bank target database and RNA interference (RNAi) phenotypes in Caenorhabditis
elegans, the authors reported 62 potential targets for human parasitic species and
390 targets for plant parasitic species [33].

Glycoproteins (and lipids) are abundant in helminth E/S preparations and likely to
interact with the host innate immune system via pattern recognition receptors [34].
The extent and type of posttranslational modifications of E/S proteins remain diffi-
cult to assess. However, in some cases, immunomodulatory properties may be due
primarily to their levels of glycosylation, etc. The best-characterized helminth E/S
protein, ES-62 from A. viteae, is a potent anti-inflammatory molecule. The multiple
immunomodulatory effects of the tetrameric glycoprotein ES-62 depend on phos-
phorylcholine moieties, attached via an N-type glycan [35]; this moiety is effective
when added to other proteins.

Helminth protein secretomes are a potentially rich source of targets for vaccines
and novel anthelmintics. Intriguingly, these proteins may also lead to the develop-
ment of novel therapies for inflammatory and autoimmune disorders; awareness of
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the fact that some worm infections show protective effects is increasing [36]. Clearly,
recombinant proteins would almost certainly be better accepted by patients than
inoculation with live parasite ova or larvae.

While a thorough characterization of the protein candidate is necessary, there are
a number of potential pitfalls, from the design of an immunogenic molecule to its
manufacture. For instance, ES-62 is a very potent anti-inflammatory molecule, but is
too large to be produced on a large scale at acceptable costs. Therefore, its structural
features have inspired the design of small-molecule analogues to treat inflammatory
disorders [8, 37]. It was pointed out that structurally closely related compounds may
vary with respect to immunomodulatory activity and hence require careful analysis
at the individual level, the effects being more selective than those observed with the
native ES-62 molecule [37].

19.3 Extracellular Vesicles Contribute to Establishing a
Permissive Infection

The past few years have seen parasite-derived extracellular vesicles (EVs) become a
main focus of helminth research as newly discovered key elements of the molecu-
lar dialogue with the host. EVs comprise both exosomes (50–150 nm in diameter)
and microvesicles (up to 1 μm in diameter) [38] and are released by virtually all
eukaryotic cells into their environment and may be taken up by and affect the func-
tion of distant cells. As such, EV trafficking is emerging as a central mechanism in
intercellular communication in mammals [39]. EVs express markers of the parent
cells and are specifically enriched in molecules reflecting their subcellular origin or
that were selectively packaged into them. The presence of bioactive proteins, lipids,
nucleic acids, and metabolites has been demonstrated; their relative abundance is
cell-type-specific and may depend on the physiological (and pathological) status.

It is also hypothesized that the molecular composition of EVs and their cargo is
specific to each host–parasite association, thus reflecting the biological requirements
associated with localization of the parasite in the host at different stages in the life
cycle. This is nicely illustrated by the differing effects observed upon administration
of EVs from Trichuris muris and Nippostrongylus brasiliensis to their common host,
the mouse [40]. At the time of writing, EVs and their cargo have been character-
ized in E/S products from 20 parasitic helminth species, including filarial parasites.
Experimental evidence supports important functions for EV cargo in host–parasite
relationships, with consequences on host cells that may determine pathogenicity,
invasion, and longevity of infections [34, 41–44].

Indeed, parasite EVs have been shown to be taken up by host cells. They attach to
recipient cells through surface proteins such as tetraspanins and integrins, among
others [45], after which membranes fuse and vesicle contents are delivered into the
cell. This phenomenon appears to be facilitated by various endocytic internalization
pathways [34]. Helminth EVs impact the activation profile of the recipient cell:
upon internalization by intestinal cells, Heligmosomoides polygyrus EVs suppressed
the expression of key genes in innate immunity and inflammation pathways,
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including dual specificity phosphatase 1 (Dusp-1; preferentially downregulating
interleukin (IL)-6 while upregulating levels of immunosuppressive IL-10) and
interleukin-1 receptor-like 1 (IL-33 receptor) [46, 47]. Similarly, EVs from the
cestode Echinococcus multilocularis suppressed the levels of nitric oxide produced
by activated macrophages via downregulation of inducible nitric oxide synthase
expression [48]. Supported by several other reports, e.g., [40, 49–52], the various
regulatory effects observed seem to be relevant for the establishment and survival of
the parasites in their hosts. EVs from filarial parasites have also been characterized
[53, 54]. Protein and nucleic-acid-filled EVs are released in vitro by all B. malayi
mammalian stages (microfilariae, L3, L4, adult males and females) [29, 54]; the E/S
pore has been proposed as a candidate site for EV release in microfilariae [54]. B.
malayi EVs are enriched in effectors such as a cathepsin-L like cysteine protease,
reflecting transition between stages involving molting, but whose intriguing
presence in the extracellular compartment points to some manipulation of the
host–parasite interface, as suggested for other parasites [55, 56]. B. malayi EVs
transport quantities of small noncoding RNAs among which, microRNAs (miRNAs)
play essential roles in regulating gene expression. Far larger amounts of miRNAs
were detected in L3 cultures than in adult cultures, despite the greater biomass
adult worms represent [54]. Interestingly, several miRNAs displayed homology to
host miRNAs; this finding suggests the possibility that parasite-derived miRNAs
tap into existing host gene regulatory pathways [54]. B. malayi EVs are internalized
by murine macrophages in vitro and elicit a classically activated phenotype [54]. In
total, 18% of female-derived EV proteins were predicted to be immunomodulators
or pathogenesis-related effectors (e.g., cytokine macrophage migration inhibitory
factor homolog (MIF-1/BmMIF-1), glycan-binding proteins (galectins 1 and 2), heat
shock proteins, thioredoxin peroxidases, and GAPDH) [29].

Helminth EVs are enriched in vaccine candidates [57]: for instance, 31% of S. man-
soni proteins contained in EVs are homologues of vaccine candidates or therapeutic
targets [56], many of them predicted to have potential against multiple stages of
the parasite. In addition, four of the five most abundant EV proteins are known
vaccine candidates or protective antigens from other trematodes [56], including a
saposin-like protein [58], a tetraspanin (currently in clinical development) [59], the
tegumental protein Sm-29 [60], and a component of cytoplasmic dynein [61].

Vaccination with helminth EVs has been studied in experimental animal models,
with encouraging results for H. polygyrus [46, 47], N. brasiliensis [40], Echinostoma
caproni [50], and Fasciola hepatica [62]. The presence of relevant proteins in or on
EVs that are internalized by host cells may explain how the host has access to them
to mount an efficient immune response, blocking uptake by host cells. Hence, if EV
internalization and cargo delivery to host cells play a pivotal role in the establish-
ment of an infection, disruption of this process may explain why vaccines directed
against EV membrane proteins show efficacy [63].

EV surface proteins are hypothesized to be even more accessible to antibody
binding and possible blockade of EV uptake by host cells [63]. EVs from F. hepatica
display 380 individual proteins on their surface; this complex profile suggests var-
ious modes of biogenesis, and cellular origins, of different EV subpopulations [64].
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EV exposure to anti-tetraspanin antibodies reduced the uptake of Opisthorchis
viverrini EVs by host cells [65]; however, pretreatment of F. hepatica EVs with host
serum reactive against these surface proteins instead facilitated uptake by host cells
[47, 64]. In fact, exposing proteins on the EV surface for targeting by host antibodies
may represent a benefit to the parasite, increasing its immunomodulatory capabili-
ties. Consequently, target specificity is likely to be required to identify valid vaccine
candidates.

19.4 MicroRNAs, the New Immunomodulators

The regulation of gene expression is a fundamental mechanism driving biological
processes and is governed by different modes of action. The action of transcription
factors on gene promoter sites is one of the most important regulatory systems. The
role of epigenetics, and processes involving DNA structural changes, has also gained
interest as it finds applications in cancer research and other diseases [66–68]. Since
the identification of microRNAs (miRNAs) in the free-living nematode C. elegans
[69, 70], posttranscriptional gene regulation has opened new fields of investigation
enforced by the current era of complex genome sequencing. Being central to gene
regulation in all organisms, the importance of miRNAs is particularly crucial in par-
asitic helminth species as key regulators of host–parasite relationships, and they are
therefore increasingly investigated as platforms for the identification of new thera-
peutic targets [71, 72].

miRNAs represent a major subset of small (21–25 nucleotides) noncoding RNAs
initially functionally characterized in C. elegans lin-4 and let-7; both regulate worm
development [69, 70]. In animals, miRNA synthesis has been described in detail [73].
It involves multiple conformational changes and associations with intermediate pro-
teins to enable a partial base complementarity with any region of targeted messen-
ger RNAs (mRNAs). RNA-induced silencing complexes (RISCs) are assembled in
the cytosol and directly downregulate protein translation by destabilizing transcript
structure [74]. Hence, the interaction between an miRNA and a target transcript
typically results in gene repression.

The increasing availability of helminth genomes and transcriptomes has dra-
matically expanded the collections of miRNAs, and the constant input of current
sequencing projects continuously enriches our knowledge of helminth-derived
noncoding RNAs. Moreover, miRNA databases [75, 76] enable downstream analyses
focusing on functional characteristics, evolution, diversity, conservation, and gene
expression modulation across a large variety of species. The last decade has seen
a steadily increasing number of newly sequenced “miRNAomes” from a variety
of model species, sometimes across life stages, or directly from host biofluids.
These species include parasitic nematodes of plants [77] and animals, including
filarial nematode species [53, 78] such as Dirofilaria immitis [79–81], B. malayi
[29, 82, 83], Brugia pahangi [84], O. volvulus [85], O. ochengi [85, 86], Loa loa
[86], and Litomosoides sigmodontis [87]. Pan-species comparative analyses have
highlighted conserved groups of miRNAs, such as the miR-36 family shared by all
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screened helminth species, whereas others may be clade specific, such as miR-2 and
miR-71 [83, 88–91], or novel miRNAs, being the product of different evolutionary
mechanisms based on gene duplication, mutation, and arm switching [73].

Immunomodulatory roles played by helminth miRNAs can be investigated
through the development and interrogation of bioinformatic tools that enable
prediction of target mRNAs and networks based on miRNA structural features and
miRNA–protein interactions, among others [92]. The roles of miRNAs in nema-
tode development, modulation of physiological functions such as reproduction,
and others have been particularly well described in C. elegans and highlight the
complexity of miRNA biology. The hypothesis that parasite-derived miRNAs
target host genes involved in immune responses has been well documented in
a variety of host–parasite relationships [41, 71, 72]. Indeed, detection of parasite
miRNAs in host fluid circulation supports the hypothesis that parasite-derived
miRNAs modulate expression of host genes. Based on their presence in plasma,
parasite-derived miRNAs have gained interest as biomarkers, diagnostic tools,
and potential therapeutics [71, 72, 93–99]. With some exceptions [100], miRNA
release by parasites seems to mostly take place through the production of EVs,
and most recent studies have developed host target prediction tools supported by
experimental validations, as illustrated with filariid species [46, 53].

miRNAs appear essential in the development of parasites and for their successful
establishment within their respective host. Often exploited as diagnostic markers,
miRNAs have, in some cases, also been considered as potential therapeutic targets
[101]. Classical approaches such as knocking-down miRNA genes or implement-
ing exogenous transcripts, also known as miRNA sponges to form inactive com-
plexes [102, 103], remain rarely applied to helminth species [104], while impairing
miRNA functions through the synthesis of anti-miRNAs and/or miRNA inhibitors
(also known as “antagomirs”) has been more seriously considered [105, 106]. They
both consist of blocking specific miRNA action, which has sometimes proven effi-
cacious (but not always) in a variety of applications against hepatitis C virus [107],
cancers (oncomiRs) [108], inflammatory/metabolic diseases [109–111], and others
reviewed elsewhere [107, 112].

In nematodes, miRNAs as therapeutic targets remain a poorly investigated
concept despite recent identification of candidate miRNAs and their respective
antagomiRs or mimics. For example, hco-miR-228 and hco-miR-235 from the
gastrointestinal parasite of small ruminants Haemonchus contortus are abundantly
expressed in L3 (infective stage larvae) and may maintain development arrest until
ingestion by the host. Interestingly, the in vitro use of specific miRNA inhibitors
significantly increased the number of L3 to L4 transitioning animals while miRNA
mimics exhibited no apparent change on L4 numbers [113]. In filarial nematodes,
the “miRNAome” of key model species would theoretically enable the identifica-
tion of potentially targetable essential miRNAs at the center of the host–parasite
relationship. However, in B. pahangi, although miR-5864, a member of the let-7
family, was found to be highly upregulated during the mosquito to mammalian host
transition, the use of anti-miR sequences failed to induce significant changes in
host target mRNA expression levels. The authors of this study report promiscuous
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activity of miRNAs and the overlapping functions of other untargeted miRNAs,
which would lead research toward a multi-miRNA targeting approach [114]. As
indicated by Poole and colleagues, further analysis of filariid miRNAs and their
respective targets will provide insights on targetable miRNA-related pathways [83].
Analysis of the B. malayi “miRNAome” has revealed up to nine filarial-specific
miRNA families, such as the large miR-2 family or the microfilariae subfamily
miR-71 [83]. Despite being potential targets for antagomir-based therapies, this
option has poorly been developed in filariids, as the off-target risk remains a strong
limitation and requires adjustments such as targeting whole miRNA families [115].

Host-derived miRNAs released in response to parasite invasion could also
be investigated as therapeutic pathways. Indeed, in B. malayi infected mice,
miR-125b-5p, miR-146a-5p, miR-199b-5p, and miR-378-3p appear differentially
expressed in parasite-exposed macrophages [116]. The use of miR-378-3p inhibitors
or mimics negatively regulates macrophage proliferation by interfering with the
PI3K/Akt-signaling pathway, highlighting potential parasite targeting pathways.

The expansion of the set of filariid miRNAomes offers a rich reservoir of poten-
tially targetable miRNAs, which, along with extended studies on pathway analysis,
may reveal key host response actions that are required for prevention or rejection of
an infection.

19.5 DNA Vaccines

The era of genome sequencing has greatly influenced the search for novel target-
ing pathways and the development of vaccine strategies. The last decades have seen
intensive development of DNAs encoding key parasitic antigens as a vaccine strat-
egy, administered to activate protective host immune response against a variety of
parasitic diseases such as protozoan and helminth infections, including filariases.
At a close contact point between host and parasites, several parasite-derived pro-
teins have been proposed as candidate vaccines and the era of -omics is expected to
expand the current library of targetable antigens. Identifying parasite proteins that
are required for immune evasion would lead to a more rational selection of candidate
vaccine antigens; new strategies for the generation of transgenic filarial nematodes
may soon enable this platform [117]. The concept here is to turn a permissive into a
nonpermissive host by disabling the parasite immunomodulation strategy.

The quest for novel antiparasitic drugs remains a major axis of research. How-
ever, the history of vaccine development against infectious and noninfectious
diseases (i.e., cancer) supports renewed attention to parasitic helminths, including
filariids. Considerable recent efforts have been made to develop innovative vaccine
strategies as illustrated by DNA vaccines. Briefly, the host receives an exogenous
DNA encoding a candidate antigen protein of parasitic origin that will educate
the host immune system to generate immune-based protection. Since their first
application against influenza [118], DNA vaccines have been investigated against
some cancers and infectious diseases. A large variety of immune responses can
be generated [119], and research has also focused on increasing the robustness
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of immune response while developing multi-antigen vaccines and adjuvants
[120–123]. As the genomes of many parasitic species have become available, DNA
vaccines have gained particular interest against protozoan parasites (malaria,
leishmaniasis, trypanosomiasis, etc.) [124]; the approach is now being investigated
against complex parasitic helminth species. For example, research on schistosomia-
sis vaccine strategies has developed several DNA-based vaccine candidates with the
objective of reducing mortality, morbidity, and/or transmission, while potentially
complementing current chemotherapy [125]. Several candidate DNA vaccines,
mostly encoding tegument-derived proteins, have been advanced [126, 127], and
efforts are being made to improve efficacy by targeting antigen presenting cells,
developing adjuvants, and testing different routes of immunization [128].

Control of human filariases relies almost exclusively on chemotherapy and
vector-control strategies, which, despite being undeniably successful, remain time-
and labor-demanding and require prolonged sustainable funding. Vaccination
represents a novel cost-effective complementary approach that has been initiated
by immunizing mice or jirds with attenuated L3 larvae of O. volvulus [129] or
B. malayi [130]. A few surface or secreted proteins have been proposed as candidate
antigens. For example, the O. volvulus L3-specific chitinase induced a decrease in
parasite survival in mice to a maximum of 53% when injected as a plasmid DNA
vaccine [131]. Several B. malayi antigens, such as Bm5 (paramyosin), BmHSP-70
(heat shock protein), BmIF (intermediate filament), and Bm14 (serodiagnostic
antigen), were tested in mice and helped measuring the amplitude of antibody
responses, the result of different routes of immunization as well as the relevance of
using multivalent vaccine strategies [132, 133]. Since then, the increase in genome
sequencing projects continues to provide new DNA-based vaccine strategies, and
a variety of candidate antigens have been proposed as monovalent or multivalent
solutions.

Among these candidate targets, B. malayi ALT-1 and ALT-2 (abundant larval
transcripts) are particularly abundant in L3s and jird immunizations with ALT-1
reduced parasite survival by 76% [134]. The function of ALT proteins remains
poorly understood, but some evidence implies a role in protective immunity,
possibly participating in parasite establishment [135–137]. Since the first effective
monovalent rodent vaccines based on BmALT-2 [138] and BmALT-1 [135], a variety
of multivalent combinations have been proposed to boost immune responses and
improve protection in rodent models. For example, BmALT-2 in combination with
thioredoxin peroxidase conferred 78% protection against L3 larvae in mice [139].
Protection was 80% with the venom allergen BmVAH [140] and up to 85% against
adult stages with the immunoreactive vespid venom homolog BmVAL-1 [141] if
complemented with a heterologous protein boost regimen [142]. Finally, a synergis-
tic enhancement of protective immune response was obtained with a multivalent
combination of BmALT-2 and a small heat shock protein that induced 90% larval
death when given as a prime boost regimen [143].

To date, different vaccine formulas (whole worm, subunits, DNA-based, etc.)
have been tested in animal models. However, translation for use in humans has not
yet been undertaken as safety and logistics remain challenging. Novel approaches
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switching from empirical to more rational antigen-selection strategies have already
been explored by developing multi-epitope-based vaccines against several infectious
diseases [144–146]. Such a strategy has recently been applied to filariids, which
aimed at combining B-cell and T-cell epitopes to generate a chimeric vaccine with
gained antigenicity and a potential for cross-protection between multiple parasitic
nematode species [147].

19.6 Conclusion

To eliminate helminth infections, it is likely that new drugs or vaccines will be
required. In recent years, many new players in the molecular dialogue between
parasite and host have been discovered, and we expect even more will be found in
the future. The roles of sugar moieties, lipids, metabolites, and other noncoding
RNA species remain to be characterized, and much more work needs to be done
to identify the host pathways targeted by parasite-derived miRNAs that enable a
sustained infection.

Identifying key parasite-derived proteins that make hosts permissive to infection
should allow us to rationally target immune responses that will convert them to
nonpermissive, at least for the target parasite. Unlike anthelmintics, vaccination is
not likely to be broad-spectrum; however, filarial diseases, including onchocerciasis,
lymphatic filariasis, and heartworm disease, are amenable to species-specific vacci-
nation for control [147–150].

Developing an in-depth mechanistic understanding of host–parasite communica-
tion is an essential step for informed antigen discovery as it pertains to EVs and vac-
cine research in general. Indeed, a shift in practice is likely required, from empirical
to more rational antigen-selection strategies. Evaluating the full impact of helminth
mediators on the infective process (e.g., beneficial to the pathogen, to the host, or
both) is required to understand physiological functions and may offer the perspec-
tive for vaccination and other therapeutic approaches [63].
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Abstract

The genome of the filarial worm Brugia malayi was one of the first parasitic nematode
genomes to be sequenced, over a decade ago. Since then, improved technology has facil-
itated sequencing of the genomes and transcriptomes of many more filarial species and
of their Wolbachia endosymbiont. It is now possible to identify genes and gene fami-
lies that are present in filariae, to compare across species to identify gene gain and loss
and to identify in which developmental stages specific genes are expressed. However,
functional studies have lagged behind progress in genome sequencing. Some genes are
conserved across the nematode phylum, and functional information can be gained from
the model nematode Caenorhabditis elegans. However, many genes in filarial nema-
todes are novel, and direct manipulation in the parasite is required to verify their func-
tion. Here we review successes to date with RNA interference (RNAi) technology and
the phenotypes observed in a variety of filarial species and life cycle stages following
RNAi by soaking. In addition to success with gene knock-down, significant progress
has been made in transfection methodology allowing the expression of transgenes in
filarial worms, holding promise for determining spatial and temporal gene expression
patterns. CRISPR-Cas9 knockout has proved effective in C. elegans and in the para-
sitic nematode Strongyloides and, building upon the success of transfection, has the
potential to revolutionize functional genomics in filarial nematodes. Complementing
these technologies are improvements in the in vitro culture of filarial species to enhance
development, which is important for phenotypic screening. Together, the application of
these technologies holds promise for advancing knowledge of filarial gene function.

20.1 Introduction

Filarial worms are among the most fascinating of parasitic nematodes. Their poten-
tial for longevity, related to their extraordinary ability to modulate host immune
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responses, and the intimate relationship of many pathogenic species with their
Wolbachia endosymbiont, mark them out from most other parasitic nematodes.
However, these are challenging worms to manipulate in the laboratory; they are
obligate parasites with lengthy developmental cycles in the vertebrate host and
require an arthropod vector to complete the life cycle. Currently, there are no meth-
ods for propagating the whole life cycle in vitro, although certain life cycle stages can
undergo some development in culture (see below). In recent years, the publication of
a number of filarial genomes and transcriptomes has facilitated the identification of
multiple genes with potentially important functions in worm development and sur-
vival ([1–3] and WormBase ParaSite [https://parasite.wormbase.org/index.html]).
However, many filarial genes lack annotation (hypothetical or unknown genes),
and thus methods for identifying likely function are important, particularly for
predicting targets that could form the basis of novel therapies. At present, func-
tional genomics tools are limited for filarial nematodes, and the model nematode
Caenorhabditis elegans remains the “go-to” system for further analysis. However,
success with gene silencing and transfection of Brugia malayi holds promise for the
future. In this chapter, we discuss how to identify genes of interest in filarial worms
and review the tools available for functional genomics.

20.2 Exploiting Filarial Omics Data

20.2.1 Mining the Genome

Numerous parasitic nematode genomes have now been sequenced to varying depths
and with varying degrees of annotation [3]. These provide an important source of
information for identifying gene families conserved throughout the filariae, as well
as those that are greatly expanded or, conversely, have been lost in filarial worms.
WormBase ParaSite currently lists 11 filarial genomes, three species of Brugia
(malayi, pahangi, and timori), three species of Onchocerca (volvulus, ochengi, and
flexuosa), the human parasites Wuchereria bancrofti and Loa loa, the dog heart-
worm, Dirofilaria immitis, and the laboratory model species Acanthocheilonema
viteae and Litomosoides sigmondontis. A draft B. malayi genome was first published
in 2007 [4], and both the B. malayi and O. volvulus genomes are now assembled
into chromosomes [3, 5, 6]. In addition to providing abundant information on
genome structure, content, and diversity, these studies enable the understanding of
filarial genome evolution, as observed by the identification of a recently evolved Y
chromosome in O. volvulus [6].

The genomes of filarial nematodes encode fewer proteins than those of many other
nematodes, with approximately 11 000–15 000 protein coding genes, depending on
species, compared with approximately 20 000 in C. elegans. While there has been
extensive gene loss, expansion of specific genes in some filarial nematodes can help
indicate important functions within the parasite and/or in host–parasite interac-
tions. For example, O. volvulus is unique among the filariae in containing genes
encoding all of the G-protein-coupled receptor (GPCR) families present in C. elegans
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and shows remarkable expansion of some GPCR families, possibly required for sens-
ing host signals [6]. As O. volvulus adult worms are not localized to a particular organ
of the body, the intriguing possibility also exists that the expansion of GPCRs may
reflect the requirement for males to find females for mating.

20.2.2 The Filarial Transcriptome

As well as genome sequencing, RNA sequencing (RNA-Seq) has been widely used
to describe the transcriptome of various filarial species at different stages of devel-
opment (reviewed in [2]). Using these data, it is possible to build up a picture of
transcripts that are highly expressed at key points in the life cycle and that may
play important roles in the development and/or survival of the parasite. In addi-
tion, many RNA-Seq projects have also co-sequenced transcripts expressed by the
Wolbachia endosymbiont in an attempt to define the role that Wolbachia play in
parasite survival (for example [7]). By identifying key metabolic genes absent from
filarial worms that are present in Wolbachia, it may be possible to better under-
stand the nature of this symbiotic relationship. Examples of pathways missing or par-
tially missing in filarial worms are: purine/pyrimidine salvage pathways and a heme
biosynthesis pathway [8, 9]. The heme pathway is absent in nematodes, implying
that heme must be supplied from the environment or perhaps via the endosymbiont,
which possesses a full heme biosynthetic pathway. In support of this hypothesis,
knockdown of hrg-1, a key gene in the heme acquisition pathway, in adult B. malayi
inhibited microfilariae (Mf) production [10]. More sophisticated tools, such as flux
balance analysis, have been used to reconstruct metabolic pathways in filarial worms
and their Wolbachia and indicate that the endosymbiont may provide a source of
purines to the worm. Using a combination of imaging and cell biology methods,
Foray et al. [11] described the role of the Wolbachia in germline stem cell develop-
ment in adult Brugia female worms. These elegant studies demonstrated that Wol-
bachia are essential for germline proliferation and maintaining stem cell quiescence
and are unlikely to act (at least with respect to the germline) through nucleotide
supplementation. In contrast, it was suggested that metabolic supplementation may
be provided by Wolbachia present in hypodermal cells of the worm and may pro-
mote longevity [11]. More recent studies have shed further light on the mutualis-
tic relationship between worm and Wolbachia, building upon the observation that
the bacteria lack key genes required for glycolysis [12]. It was demonstrated that
supplying exogenous pyruvate, the end point of glycolysis, stimulated growth of
the Wolbachia within the worm, providing further evidence of a true symbiosis.

20.2.3 Tissue-Specific Gene/Protein Expression

The large size of some adult filarial worms has allowed dissection and analysis of
tissue-specific gene expression. Luck et al. [13] dissected the body wall, intestine,
and reproductive tissues from adult male and female D. immitis and processed
these for both transcriptomic and proteomic profiling. That study highlighted the
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contribution of the reproductive tissue to the overall transcriptome of adult worms
and showed a reasonably good correlation between the transcriptome and the
proteome (∼35% of tissue-specific transcripts having a peptide “hit”). A similar
proteomic analysis of adult B. malayi identified proteins enriched in each tissue
[14], with particular emphasis on those in the digestive tract, which might constitute
“hidden antigens” and therefore be interesting vaccine candidates. In addition to
tissue-specific transcriptomic profiling, understanding where and when a gene is
expressed can yield important information. For this purpose, in situ hybridization
has been used to study the localization of specific transcripts in filarial worms.
Li et al. [15] localized a likely target of ivermectin, the glutamate-gated chloride
channel (GluCl) gene avr-14, in adults and Mf of B. malayi. The expression of this
GluCl subunit in the reproductive system of adult B. malayi, as well as in developing
embryos, helps explain the mechanisms by which ivermectin sterilizes filarial
nematodes.

Rather than sequencing a whole worm or a particular tissue, methods are now
available for single-cell RNA-Seq that could be applied to filarial worms. Single-cell
RNA-Seq of C. elegans L2 stages resolved 27 different cell types, including neuronal
cells that were sparsely represented in the worm [16]. The transcriptomic data from
this analysis correlated well with whole animal RNA-Seq and resolved tissue-specific
expression patterns. Moreover, the sensitivity of the method was demonstrated when
examining neuronal gene expression, where genes expressed in individual neurons
were identified. Data such as these have been used to configure whole worm gene
expression atlases for different C. elegans life cycle stages (e.g., [16, 17]), providing
an extremely useful (and searchable) resource. While such technology has yet to be
applied to filarial worms, the significant contribution of reproductive tissue to the
total transcriptome of adult worms may provide additional challenges and suggest
that single-cell RNA-Seq of filariae might be better focused on sexually immature
stages, at least initially.

20.2.4 Using miRNA Profiling to Identify Genes of Interest

In recent years, improved understanding of genome and transcriptome content
has resulted in the identification and characterization of regulatory noncoding
RNA species, including microRNAs (miRNAs), long noncoding RNAs, and small
interfering RNAs (siRNA), each of which can have distinct roles in eukaryotes
[18]. miRNAs have been sequenced from a range of filarial species, including
B. pahangi [19], B. malayi [20], and D. immitis [21]. Work in our laboratory focused
on B. pahangi miRNAs that were differentially expressed in various life cycle stages.
Many miRNAs identified had no homology to miRNAs in miRBase (ftp://mir-
base.org/pub/mirbase21), while others belonged to well-characterized miRNA
families [19]. These data were used to examine both miRNA and gene expression in
parallel as the L3 of B. pahangi moves from the mosquito vector to the mammalian
host, with the aim of better understanding how the parasite adapts to a novel
environment at this key transition in the life cycle. From five miRNAs that were
differentially expressed (up- or downregulated) upon infection of the mammalian
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host, we focused on a novel member of the let-7 family, Bpa-miR-5364 [22].
Using RNA-Seq data from corresponding life cycle stages and a variety of miRNA
target prediction tools, we identified several mRNAs, the expression of which
correlated negatively with Bpa-mir-5364 expression. While an interaction between
Bpa-miR-5364 and three selected target mRNAs could be demonstrated in vitro in
a heterologous transfection system, it was not possible to inhibit Bpa-miR-5364 in
the worm using antisense oligonucleotides, highlighting the challenges involved in
defining gene function in the parasite itself.

20.2.5 The Filarial Secretome and Immunomodulation

Detailing the proteome and miRNAome of filarial secreted products is important in
progressing understanding of host–parasite interactions and immunomodulation.
The majority of studies on the excretory-secretory (ES) products of filarial worms
have focused on protein constituents as the major source of immune-modulators
(reviewed in [23]). Many potential immune regulators have been identified
in ES products and their activity and mode of action confirmed. One of the
best-characterized filarial ES products is ES-62, a phosphorylcholine containing
molecule that interferes with immune cell signaling and mediates a range of
anti-inflammatory responses [24]. Other molecules identified in filarial ES include
a cystatin that blocks antigen processing in the MHC class II pathway [25]. Interest-
ingly, this effect was specific to filarial cystatin, as the C. elegans homologue showed
no such activity [26].

More recent studies have considered the role of extracellular vesicles (EV)
containing miRNAs in modulating immune responses to nematode infections. This
is based on the original observations of Buck et al. [27], who demonstrated the
transfer of miRNAs in EV from the gastrointestinal nematode Heligmosomoides
polygyrus to mammalian cells and their ability to target immune genes. Filarial
parasites also release EV containing miRNAs, and these have been shown to enter
murine macrophages and affect expression of immune genes [28]. Additionally,
Onchocerca-specific miRNAs have been detected in human serum from O. volvulus
infected patients and serum from cattle infected with O. ochengi [29], confirming
that parasite miRNAs are released in vivo and raising the possibility of using
miRNAs as biomarkers of infection.

20.3 Gene Silencing and Editing in Filariae

20.3.1 RNA Interference and CRISPR/Cas

While genes of interest can be identified from the genome and their degree of con-
servation and homology ascertained in silico, it is important to confirm function by
modulating levels of gene expression and investigating resulting phenotypes. RNA
interference (RNAi) is a reverse genetic technique developed for the model nema-
tode C. elegans, in which it can be mediated by feeding bacteria expressing dsRNA,
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by soaking worms in dsRNA, or by microinjection of dsRNA. In filarial worms,
which do not feed on bacteria and for which microinjection is difficult, most efforts
have concentrated on RNAi by soaking. Aboobaker and Blaxter in 2003 [30] were the
first to demonstrate knock-down of two housekeeping genes (β-tubulin and RNA
polymerase II) in adult female B. malayi and the subsequent death of the worms.
RNAi knock-down of a gene encoding a microfilarial sheath protein (specifically
expressed by adult female worms and incorporated into the Mf sheath) was also
successful, with a phenotype observed only in Mf [30]. Other functionally relevant
targets for knock-down in filarial worms include genes involved in molting, such as
those encoding cathepsin-like cysteine proteases, which were shown to be required
for the L3 to L4 molt in O. volvulus [31]. Landmann et al. [32] successfully targeted
a number of structural genes in adult B. malayi that have severe phenotypes in
C. elegans, using a mixture of short overlapping RNAs generated by enzymatic
digestion of dsRNA. Adult worms were subjected to soaking for two to five days, and
embryos from treated worms phenocopied RNAi results in C. elegans. More recent
studies aimed at elucidating drug mode of action have used RNAi to knock down
predicted target genes of anthelmintic drugs. For example, Verma et al. [33] demon-
strated the effect of various cholinergic anthelmintics on adult B. malayi. By using
RNAi targeting specific subunits of the nicotinic acetylcholine receptor (nAChR),
the role of each subunit in the response to different drugs was demonstrated. A
summary of RNAi studies in filarial species is presented in Table 20.1.

While most attempts at RNAi in filarial worms have focused on soaking accessi-
ble stages maintained in vitro, such as L3s or adult worms, Song et al. [38] injected
dsRNA into the thorax of B. malayi-infected mosquitoes containing L2 or L3 stages
and showed good levels of knock-down of a cathepsin-L gene. This novel approach
resulted in parasites with a range of motility phenotypes, which were unable to
migrate from the thorax to the head and mouthparts [38].

Genome editing using CRISPR-Cas9 is now widely used experimentally to pre-
cisely mutate DNA sequences and has been successfully applied in Strongyloides
stercoralis [41], a parasitic nematode with the advantage of a free-living stage in
the life cycle. Building upon the success of transgenesis in Strongyloides species
[42], a Cas-9 construct targeting CRISPR sites within the muscle gene unc-22 was
micro-injected into free-living adult female worms. The expected twitcher pheno-
type was apparent in a proportion of F1 offspring and, when passaged through a
gerbil host, F2 mutants were recovered. This impressive finding was complemented
by additional experiments in which the same technology was used to introduce a
transgene into the related species, S. ratti. These studies are important because they
mark a new frontier in parasitic nematode biology and hopefully will encourage the
application of similar methods to less tractable species, such as filarial worms.

20.3.2 Transgenesis: C. elegans and Beyond

As alluded to previously, the most widely used functional genomics tool for
analyzing filarial genes relies upon the use of C. elegans. The free-living nematode
provides a “tool-box” of reagents and methods, including a range of plasmid
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Table 20.1 Summary of RNAi studies in filarial parasitic nematodes.

ReferencesEffectMethodGeneStageSpecies

B. malayi Adult
female

RNA polymerase,
Beta-tubulin,
Sheath protein

Soaking in
dsRNA

Adult death
Adult death
Short mf

[30]

Adult
female

γ-tubulin
Polarity
determinant
Protein PAR-1
Cell junction
protein AJM-1

Soaking in
heterogenous
dsRNA

Emb cytokinesis
Polarity defects

[32]

Adult
female

Soaking inCathepsin L & Z
dsRNA or
siRNA

Reduced mf
release and
embryo viability

[34]

Adult
female
L3

trehalose
6-phosphate
phosphatase

Soaking in
siRNA

Reduction in Mf
impaired viability

[35]

Adult
female

Collagen proyl-4
hydroxylase
subunits

Soaking in
heterogenous
siRNAs

mf morphology
defects

[36]

Adult
L3

UDP-
Galactopyranose
mutase

Soaking in
siRNAs

Reduced motility,
Fewer mf and
embryos
Reduced motility
or death

[37]

nACh ReceptorsAdult
unc-29+unc-38

Soaking in
dsRNA

Reduced motility [33]

HeterogenousCathepsin LL3
siRNAs injected
into mosquito
thorax

Reduced motility
Reduced
migration

[38]

L. sigmodontis Adult
female

Soaking inActin
dsRNA

Reduced motility
Reduced mf
release

[39]

O. volvulus Soaking incathepsin L & ZL3
dsRNA

Incomplete
molting

[31]

Serine proteaseL3
inhibitor

Soaking in
dsRNA

Reduced molting
and viability

[40]

vectors, selectable markers, and reporter constructs that facilitate its application in
determining spatial and temporal gene expression and as a heterologous expression
system for parasite genes (reviewed in [43]). Transgenesis of C. elegans with
promoter–reporter constructs has identified the expression pattern of filarial genes
[44] and of C. elegans homologues of filarial genes of interest [45]. In addition, the
availability of large numbers of mutant strains from the C. elegans Genetics Center



524 20 Functional Genomics of Filariae

(CGC) provides an excellent resource to determine whether a particular phenotype
can be rescued by expression of a filarial gene, indicating functional conservation.
The results have proved to be somewhat unpredictable, but potentially valuable in
revealing novel functions or structures of filarial proteins. For example, attempts
to rescue a C. elegans daf-21 (hsp90 mutant) with the Brugia orthologue (84%
amino acid identity) were not successful, while partial rescue was achieved with a
construct containing the Haemonchus contortus open reading frame (88% amino
acid identity to C. elegans) [46]. A similar approach was used to examine prolyl
4-hydroxylase (C-P4H) enzymes, required for cuticle collagen formation. Winter
et al. [36] demonstrated functional conservation of the C-P4H β subunit, with
complete rescue of a C. elegans mutant (pdi-2) with the homologous B. malayi gene.
In contrast, no rescue was observed following transgenesis with genes encoding the
α-subunits, PHY-1 or PHY-2, singly or in combination. However, human C-P4H
α-subunit genes can rescue the C. elegans mutant phenotypes. This work indicated
that the surprising result with B. malayi homologues was not due to evolutionary
distance, but may result from a novel structure required for B. malayi C-P4H
activity, which has potential relevance for drug targeting.

Rather than using C. elegans as a transgenic expression system, recent efforts have
concentrated upon transformation of filarial parasites. Building upon early suc-
cesses with biolistic bombardment, in which luciferase reporters were transfected
into B. malayi embryos [47], the Unnasch laboratory recently reported transfection
and stable integration in B. malayi using piggyBac vectors [48]. In their original
work, embryos, L3, and adult females were all biolistically transformed, with
optimal activity of the luciferase reporter in embryos [49]. One of the challenges of
attempting to transfect adult female filariae is their size. In C. elegans, constructs
are injected into the gonad, while the long length of the filarial reproductive tract
makes it difficult to know where to inject. Higazi et al. [49] micro-injected into
three separate regions of the female reproductive tract and recorded most luciferase
activity from the medial region. However, transfected embryos were unable to
develop further.

In subsequent studies, the L3 stage of B. malayi was transfected via calcium phos-
phate precipitation with a luciferase reporter under the control of the Bm-hsp-70
promoter both in vitro and in vivo within the peritoneal cavity of jirds [50]. In these
studies, maintenance of the L3 in vitro, under conditions that promoted molting to
the L4, resulted in successful transformation, but these parasites were not capable
of survival in vivo. By injecting L3 into jirds along with the transfection mix, it was
possible to recover adult worms and Mf that were transformed (i.e. able to secrete
luciferase into the medium). In these studies, an impressive 67% of adult females
and 60% of adult males were transformed and, moreover, a small number of Mf
derived from these adult worms inherited the transgene. Finally, it was shown that
transformed Mf could infect mosquitoes, resulting in L3 carrying the transgene. In
addition to demonstrating the feasibility of establishing transgenic lines of filariae,
these experiments are important for a number of reasons: they defined the necessary
promoter and 3′UTR sequences required for expression, highlighted the importance
of including intronic sequence in the construct, developed the use of a secreted
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luciferase reporter gene, and indicated that molting parasites might be more sus-
ceptible to transfection.

While calcium phosphate precipitation was successful, it was much less efficient
than biolistic bombardment [50], and additionally, it was not clear how transgenes
were maintained in the filarial genome. Further studies from this group used the
piggyBac system and lipofectamine to stably transform B. malayi L3 in an updated
culture system containing Bovine Embryo Skeletal Muscle (BESM) cells in which
high levels of L3 molt to the L4 [48]. These transfected L4 were competent to develop
when injected into jirds and produced small numbers of transgenic Mf in which the
transgene was integrated, mostly into intergenic regions of the genome.

20.3.3 Cryopreservation and In Vitro Culture of Filarial Worms

While impressive progress has been made in transgenesis, the complex and lengthy
life cycle of filarial worms provides additional challenges. It is possible to cryopre-
serve larval stages (Mf and L3) efficiently and to recover them from liquid nitro-
gen while maintaining their infectivity for their respective hosts [51–53]. This is
an important consideration for enabling long-term storage of transformed worms.
However, there are presently no culture systems that permit the development of the
whole life cycle in vitro, meaning that Mf must be fed to mosquitoes to generate
L3. The Mf of Brugia are intracellular parasites within the mosquito host, and this
presumably restricts their ability to develop in vitro [54]. However, better success has
been reported with L3 stages, which can be cultured to L4 and beyond, depending
upon species. The L3 of D. immitis molt quite rapidly, after 48–72 hours in vitro [55],
while O. volvulus, requires four to five days in culture [56], and Brugia spp. require
a longer period of culture (six to eight days). This observation may relate to spe-
cific differences in the life cycle: both D. immitis and O. volvulus L3 develop to the
L4 in the tissues surrounding the bite site, while Brugia spp. migrate rapidly to the
lymphatic system [57]. Elegant in vivo studies using labeled L. sigmodontis recently
detailed the unidirectional movement of L3 within the lymphatics [58]. Determining
whether the observed difference in behavior and/or in vivo environment is reflected
in differences in vitro will require additional studies.

More recently, a method was published for obtaining early adults of O. volvulus
in vitro [59]; this technique involved allowing L3 to molt to L4 in the standard
culture system, which includes human PBMC, and then switching the L4 to a
different system containing a mammalian cell line. The best results were obtained
by containing O. volvulus L4 within a transwell overlaying either human dermal
fibroblasts (HDF) or human umbilical vein endothelial cells (HUVEC) in medium
supplemented with 25% fetal bovine serum, 1% nonessential amino acids, and 0.1%
lipid mixture. Under these conditions, the L4 molted to the L5 and underwent
significant growth. These experiments underpin the importance of attempting
to mimic the in vivo environment of filarial nematodes; these are highly adapted
organisms that tend to be extremely host-specific within both vector and mam-
malian hosts and in general will only develop in specific anatomical sites. Progress
in mammalian culture systems, including the development of organoids [60], may
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provide clues as to how best to optimize filarial culture. These advances are highly
relevant to in vitro application of gene knockdown technology and phenotypic
analysis and screening for new therapeutics.

20.4 Conclusions

While considerable progress has been made in developing tools for functional
genomic analysis in filarial worms, several obstacles remain, perhaps the most
significant being the obligate parasitic life cycles, requiring two hosts for develop-
ment. Great strides have been made in the control of human filarial infection, using
ivermectin/moxidectin for onchocerciasis and diethylcarbamazine/albendazole or
ivermectin/albendazole for the lymphatic species (see Chapter 6). In small foci of
onchocerciasis, such as in Latin America, control has been achieved, but in the major
African foci, an estimated 21 million people remain infected, despite >30 years of
ivermectin distribution. Moreover, the specter of ivermectin resistance is now a
reality [61]. Thus much remains to be learned as to how best to combat these impor-
tant infections; an improved understanding of their genomes and the development
of additional functional genomic tools will help accelerate control strategies.
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Abstract

Onchocerciasis or river blindness is a neglected parasitic disease that causes severe
dermatitis and visual impairment, predominantly in Africa. The current strategy for
controlling and/or eliminating this devastating disease relies on mass administration
of a single drug, ivermectin. Neglected tropical disease experts doubt that onchocerci-
asis can be eliminated through mass drug administration (MDA) with IVM alone. We
present in this chapter the rational strategy that was taken to develop a prophylactic
vaccine that could accelerate elimination efforts and safeguard the enormous strides
made in onchocerciasis control. This vaccine is based on two lead candidate antigens
identified by an international partnership, The Onchocerciasis Vaccine for Africa Ini-
tiative (TOVA). The protective effects of two lead vaccine candidates in small animal
models are presented, as well as the way forward for testing them in the Onchocerca
ochengi cow infection system. Immune responses against these antigens in humans are
reported with putative mechanisms of protective immunity described.

21.1 Onchocerciasis Control Programs, their
Limitations, and the Need for Additional Supportive
Intervention Tools

Onchocerciasis (ONCHO), caused by Onchocerca volvulus (Ov), is a debilitating
eye and skin disease and the world’s second-leading infectious cause of blindness
in humans; 99% cases are in sub-Saharan Africa (SSA). Current estimates put
120 million people at risk; 20 million are infected, and 1.2 million have vision
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impairment or blindness [1]. Long the focus of efforts to alleviate morbidity and lost
productivity, ONCHO has more recently been targeted for elimination [2, 3]. The
three ONCHO control programs aimed at interrupting disease transmission have,
since 1989, been based on mass drug administration (MDA) of ivermectin (IVM),
a therapy effective at killing microfilariae but not adult worms. Even successes
[4–6] now must be weighed against the fact that since 1995, the prevalence of
ONCHO has been reduced by only 31% in Africa [7]. The African Programme for
Onchocerciasis Control (APOC) called in 2015 for 1.15 billion IVM treatments until
2045 [8], though many neglected tropical disease experts doubt that ONCHO can
be eliminated through MDA alone [9], especially given that MDA of IVM cannot
easily be used in 11 Central African countries co-endemic for Loa loa infections due
to the risk of severe adverse events [10, 11]. Moreover, many areas of SSA do not
implement ONCHO MDA programs in areas of hypo-endemicity, which could lead
to re-introduction to areas undergoing MDA [3]. Of equal concern is the potential
emergence of IVM-resistant Ov, limiting the long-term effectiveness of MDA [12, 13]
and, in time, undermining all the gains achieved by ONCHO control programs.
Complicating the resistance issue is that IVM is not administered to children ≤5
years old; and a macrofilaricidal drug, doxycycline, cannot be given to children ≤9
because of the limiting indications for these drugs. These children are not only
vulnerable to infection, but they become reservoirs for transmission [14]. For these
reasons, APOC called in 2014 for the development and testing of new ONCHO
intervention technologies, including a prophylactic vaccine [15]. Importantly, vacci-
nation would become a part of an integrated control strategy that includes existing
chemotherapy, new or repurposed macrofilaricidal drugs, and where appropriate,
vector control. Furthermore, repositioning vaccines to complement chemotherapy
is an innovative, revitalizing concept, one that synergistically supports activities
that to date have been mostly focused only on morbidity and/or transmission
reduction [16]. In contrast to chemotherapy, which attempts to temporarily cure
or reduce infection intensities, morbidity, and transmission, prophylactic vaccines
would reduce worm burdens from new infections and induce long-lasting protective
host immune responses, capable of being boosted by continued exposure to new
infections. The expectation is that an ONCHO vaccine would first be administered
to children under the age of five years, prior to their entry into IVM MDA programs.
This would thus deliver a key companion technology to ensure the long-term
success of MDA, as these vulnerable children may become, if infection is not
prevented, reservoirs for transmission [14]. The ONCHO vaccine ultimately could
obviate the need for lengthy repeated MDA and, concomitantly, lower the risk of
drug failure and reinfection. Moreover, vaccination would be synergistic with later
drug therapy, thereby justifying the use of effective vaccines as a long-term solution
presently lacking in most control strategies.

The feasibility and proof of concept that antilarval protective immunity to
filarial parasites can be induced was first and most consistently demonstrated
using irradiation-attenuated infective third-stage larvae (xL3) in several natural
hosts (Onchocerca ochengi (Oo)/cattle; Brugia spp./Rhesus monkeys/cats; Diro-
filaria immitis/dogs) and other animal models (mice, ferrets, and gerbils) that
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can be infected with filariae [17–20]. Protection was also shown in a number
of these infection model systems using defined recombinant filarial proteins
[20–22]. Moreover, two distinctive expressions of anti-L3 protective immunity were
described in ONCHO and lymphatic filariasis endemic populations: (i) immunity
that impedes the development of a patent infection (microfilaria positive) in puta-
tively immune (PI) individuals [23–27]; and (ii) age-acquired concomitant protective
humoral [28] and cellular [29] immunity in infected individuals that prevents most
newly acquired L3 infections from developing and results in a stable adult worm
burden [30–33].

In this chapter, only the two current and most promising ONCHO vaccine
candidates (Ov-103 and Ov-RAL-2) will be covered in detail, as they were chosen to
be pursued for clinical development as a prophylactic vaccine against O. volvulus L3.
Many other promising vaccine candidates against O. volvulus, Wuchereria bancrofti
and Brugia malayi (the causative agents of lymphatic filariasis), or D. immitis
(the causative agent of canine heartworm disease) have been described; however,
they will not be the focus of this chapter, as they have been discussed in other
publications [22, 34]. The animal models that have been (and can be) used to test
the validity of Ov-103 and Ov-RAL-2 for advancement to preclinical and clinical
development will also be described. The research efforts described below are part
of The Onchocerciasis Vaccine for Africa Initiative (TOVA, founded in 2015), a
collaborative partnership between 14 academic institutions across Africa, Europe,
and the United States [35, 36] with a mission to advance at least one ONCHO
vaccine into Phase II human trials by 2025 (www.riverblindnessvaccinetova.org).

21.2 The Use of the Diffusion Chamber Mouse Model to
Support the Development of a Vaccine Against Onchocerca
volvulus Infective Larvae

Vaccine development against Ov has been severely challenged by the absence of suit-
able animal models. Although chimpanzees and mangabey monkeys are susceptible
to infection [37–40], ethical and financial constraints prevent their use in experi-
ments. To overcome this obstacle, a system was developed using diffusion chambers
containing Ov L3 implanted subcutaneously in animals. This method allows the effi-
cient and complete recovery of all larvae injected into an animal and the unique
opportunity to analyze host cells and humoral factors in the parasite microenviron-
ment. Larvae survived at least nine weeks and molted into fourth-stage larvae (L4) in
diffusion chambers implanted in rodents, including mice, and in primates, includ-
ing chimpanzees [41]. The mouse/diffusion chamber system was used to test the
hypothesis that protective immunity would develop in mice to the larval stages of Ov
after vaccination with larvae. The development of protective immunity was deter-
mined by a statistically significant reduction in the number of larvae surviving in
challenge infections implanted within diffusion chambers. Vaccination of mice with
live, dead, or xL3 induced protective immunity, killing approximately 50% of the lar-
vae, whereas immunization with L4 did not [42]. The protective immune response
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in the vaccinated mice required a Th2-type of CD4 T-cell response, dependent on
IL-4 and IL-5 [43, 44]. Protective immunity induced by xL3 was dependent on both
IgE and contact of the worms by eosinophils [45].

It was clear from the onset that a vaccine using xL3 would never be practical for use
in the field, and that a recombinant antigen-based vaccine was essential. In the first
series of studies, antibodies from immune humans, chimpanzees, or rabbits were
used to identify Ov antigens with vaccine potential. Three of the five antigens identi-
fied through this approach, Ov7, OvB8, and Ov64, induced protective immunity only
when administered with alum, a Th2 adjuvant. Notably, immunization of mice with
a cocktail of the three antigens did not enhance the level of protective immunity, but
rather decreased antibody responses compared with monovalent vaccination [46].
Thus, recombinant antigens could induce protective immunity to infection with Ov
in mice that was Th2-dependent, recapitulating results obtained with xL3.

To overcome variability in the production and validation of recombinant antigens,
eight antigens were selected for further analysis based on a set of selection criteria
[34, 35]. These antigens were expressed in a single laboratory in both bacterial
(Escherichia coli) and eukaryotic (Pichia pastoris) systems to identify the optimal
platform. Mice were immunized with the antigens individually with alum and
three of them (Ov-103 expressed in P. pastoris, Ov-RAL-2 expressed in E. coli, and
Ov-CPI2M expressed in either expression system) consistently induced significant
protective immunity. Differential cell analysis between diffusion chambers recov-
ered from control and protected mice did not reveal significant differences, and
antibody titers to the antigens did not correlate with levels of protective immunity,
leaving the mechanism of protective immunity induced by these recombinant
antigens unresolved. Immunizing mice with a fusion protein comprised of two or
three of these protective antigens, or injection of the three antigens concurrently,
did not enhance protective immunity. In all cases, approximately 40% of challenge
larvae were killed by the immune response. Antibody titers in mice to the individ-
ual antigens did not differ between mice immunized with single antigens, fusion
antigens, and concurrent immunization with three antigens, suggesting that these
antigens did not compete or antagonize reciprocal immune responses [34].

Immunity to Ov induced by xL3 was shown to be Th2-dependent [43–45]. The
requirement for Th2 responses was confirmed with several recombinant antigens
based on efficacy of alum as the adjuvant [34, 46]. However, there are reports
demonstrating that other recombinant antigens that induce immunity to Ov require
a Th1 response based on the adjuvant [47] or were effective irrespective of adjuvant
polarization [48]. To test the hypothesis that vaccine efficacy would be enhanced
by the appropriate adjuvant, mice were immunized with recombinant Ov-103
and/or Ov-RAL-2 in the presence of five different adjuvants. Immunizing mice
with Ov-103 and Ov-RAL-2 in conjunction with alum, Advax 2 and MF59 induced
significant, yet equivalent, levels of larval killing, whereas these antigens admin-
istered with CpG and Advax 1 as adjuvants failed to induce protective immunity.
Analysis of spleen cell cytokine responses confirmed that the recombinant vaccine
comprised of Ov-103 and Ov-RAL-2, with all three of the adjuvants, induced a
predominately Th2-biased response. IgG1 was the dominant antibody isotype, with
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antigen-specific IgE absent from these mice. Mice immunized with both Ov-103
and Ov-RAL-2 in conjunction with each of the three adjuvants displayed enhanced
parasite killing compared to single immunizations, with 90% of the worms killed
in some cases. Unlike previous studies using multiple-antigen vaccines against Ov,
antigen-specific antibody titers were significantly increased in mice immunized
concurrently with the two antigens; apparently, the antigens interacted synergisti-
cally to boost the response to the reciprocal antigen [49]. The requirement for IgG
in the killing mechanism induced by the recombinant vaccines was confirmed in
studies in which mice that genetically lack IgG were immunized with either Ov-103
or Ov-RAL-2. These mice developed a robust Th2 immune response but could not
kill the larvae in the absence of parasite-specific IgG [50].

Differential cell analysis showed that the types and numbers of cells migrating
into the diffusion chamber did not differ between control and immunized mice
[49]. It is clear, however, that cells are required for the immune response to kill the
worms based on in vivo cell exclusion studies, which demonstrated that parasite
killing in immunized mice did not occur if cells were prevented from direct
contact with the parasites [50]. As an alternative approach to identify the cells
involved in controlling the infection after vaccination, chemokine levels in the
fluid surrounding the worms in the diffusion chambers were measured. Based on
this analysis, it was concluded that neutrophils and eosinophils participate in the
protective immune response induced by Ov-103, and macrophages and neutrophils
participate in immunity induced by Ov-RAL-2. Thus, different mechanisms of
protective immunity are induced with the two antigens, both dependent on Th2
cytokines and IgG, yet functioning with different effector cells [49].

A new mouse model has recently been developed, in which Ov larvae develop
in humanized NSG mice. Human stem cells transferred into NSG mice result in
mice that lack a murine immune response but have a functional human immune
response. As Ov will molt and grow in the humanized mice, it would be a useful tool
to evaluate human protective immune responses to the infection [51]. Immunized
humanized mice would be an interesting tool to use to dissect the mechanism of
protective immunity engendered by the human immune response. This informa-
tion would be critical for the clinical development of a vaccine, providing criteria to
assess the efficacy of the vaccine in humans during the immunization process.

21.3 Validation of the ONCHO Vaccine in the Brugia
malayi-Gerbil Infection Model

Because of the limitation of the Ov mouse model (which can only determine efficacy
against the early larval stages), the B. malayi (Bm)-gerbil model of subcutaneous
infection with L3 was also employed. This provided a valuable complement for eval-
uating vaccine efficacy against adult and microfilarial worm burdens, the ultimate
stages targeted for reduction by a vaccine. Notably, efficacy is much greater when
adult worm burdens are determined compared to Ov L3 survival in the diffusion
chamber model [20, 52]. The two Bm homologues (Bm-103 and Bm-RAL-2) of the
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Ov-103 and Ov-RAL-2 vaccine candidates were expressed and tested individually or
after co-administration in separate sites for their protective efficacy [53, 54]. The pro-
tective outcomes of co-administered Bm-103 and Bm-RAL-2 were much improved
compared to a single antigen, achieving maximal 61% reduction of worm survival,
while the individual antigens induced maximal 39% (Bm-103) or 46% (Bm-RAL-2)
reduction [53]. Importantly, the effect of vaccination on fertility of female worms was
assessed by embryogram – i.e. counting embryos, pretzel-stage microfilariae, and
stretched microfilariae per female worm – at 120 or 150 dpi, and by counting micro-
filariae in peripheral blood, verified that co-administered vaccines are better able to
reduce the development of all embryonic stages. However, no significant reduction
in circulating microfilariae was observed [53], pointing to the need to extend the time
point at which to analyze vaccine efficacy on circulating B. malayi microfilariae. In
the protected gerbils after vaccination using alum-adjuvanted Bm-RAL-2, Bm-103,
or the co-administered vaccines, a strong antigen-specific IgG response to the corre-
sponding antigens was elicited. When these sera samples were used with gerbil peri-
toneal exudate cells (PECs) as effector cells in antibody-dependent cellular cytotoxic-
ity (ADCC) assays against Bm L3 in vitro, significant inhibition of motility at 48 hours
of culture following the adherence of PECs to the parasite surface was observed [53].

21.4 Proof of Principle that an ONCHO Vaccine Can
Work in a Natural Environment of Infection

Oo, a parasite of cattle, is a sibling species of Ov and is transmitted by the same
complex of blackfly vectors in West Africa (Simulium damnosum sensu lato) as the
human parasite [55, 56]. The natural history of Oo, including morphology of devel-
opmental stages, the prepatent period in the definitive host, and the histological
structure of nodules containing adult worms, are remarkably similar between the
two species. However, there are some important differences: most Oo nodules are
intradermal, not subcutaneous as in Ov; and Oo nodules rarely contain more than
a single female worm, which is not true of Ov. Cattle with ONCHO are also free of
any overt clinical manifestations of disease.

Although originally described in Uganda and Tanzania [57, 58], essentially all epi-
demiological and experimental research with Oo has taken place in Cameroon or has
used worms imported from this country for investigations in developed countries.
A unique strength of the Oo system is that it allows studies on natural protective
immunity and the response to vaccination under real-world conditions of exposure
to transmission. Thus, it is an ideal system in which to obtain robust data on vac-
cine efficacy before entering very expensive, late-stage clinical trials in humans. The
only site at which detailed epidemiological studies on the transmission of Oo have
occurred is at the River Vina du Sud, located near the town of Ngaoundéré in the
Adamawa Region of northern Cameroon [59, 60]. This is where the first investigation
on natural immunity to Oo in local cattle took place, which revealed that older ani-
mals tended to have lower microfilarial loads, despite a greater number of nodules on
average than younger cohorts had, with similar proportions of gravid female worms
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[61]. This is consistent with microfilaria-specific concomitant immunity developing
naturally in older cattle, as is also seen in human ONCHO with age. Similarly to
“putatively immune” humans, a proportion of cattle in Cameroon remain free of
infection (or at least have very low parasite loads) despite high levels of natural
exposure [62]. However, unlike the situation with humans, it is possible to directly
test whether putative immunity develops in exposed cattle. In a key experiment per-
formed close to the Simulium breeding site at the Vina du Sud, drug-cured and puta-
tively immune (filaria-negative) cattle from endemic areas were exposed to trans-
mission alongside naïve animals from a non-endemic area. After two years, most
of the putatively immune cattle had acquired some nodules and microfilariae but
at significantly lower levels than the drug-cured or naïve animals [63]. However, no
evidence was found for lower vector attractiveness in putatively immune cattle, indi-
cating that the lower worm burdens observed in these animals were a consequence
of immunological control and not differential exposure to infection [63].

The first vaccination experiments performed in the Oo cattle system used xL3. Two
approaches were employed: vaccination followed by experimental challenge using
imported parasites in the UK and a parallel study using the same vaccination pro-
tocol but followed by natural exposure near the Vina du Sud for 22 months [63].
Interestingly, in experimental challenge, significant reductions in adult worm bur-
den (males and females) were apparent, whereas under natural exposure, the nodule
loads were not significantly lower in vaccinated animals, but there were marked
reductions in microfilarial prevalence and density (as well as in the number of gravid
female worms). The reasons for these contrasting outcomes are unclear but may
relate to differences in immunological control of a “bolus” versus “trickle” chal-
lenge following vaccination. The extremely close relationship between Ov and Oo
was subsequently emphasized in an experiment in which vaccination of calves with
Ov L3 provided almost complete protection against experimental challenge with Oo
L3 [64]. Conversely, humans residing in regions of northern Cameroon with high
cattle densities and consequent transmission of Oo appear to be partially protected
against Ov infection, suggesting that “zooprophylaxis” against the human pathogen
can be achieved when Oo fails to develop fully in a human host [65].

The xL3 approach would never be practicable as a vaccine strategy for humans;
however, the proof of principle afforded by the putative immunity and irradiated
vaccine experiments in cattle spurred further development of a recombinant vaccine
against ONCHO. Importantly, 18 recombinant Ov antigens that were initially eval-
uated in rodent models of filariasis and against panels of human immune sera were
recognized serologically by cattle experimentally infected with Oo [66]. Prioritiza-
tion of the lead vaccine candidates culminated in a major field trial in the Oo system
using a combination of eight antigens, with each vaccinated calf receiving each anti-
gen separately in either alum or Freund’s adjuvant, depending on prior efficacy data
from rodents [67]. Calves were protected from blackfly bites during the primary vac-
cination and boosters, and then exposed continually to infection near the Vina du
Sud for 22 months. Surprisingly, at the end of the experiment, all but one vaccinated
animal had nodules and the median nodule load was similar to that of the con-
trols. However, only 42% of vaccinated animals had patent infections (microfilariae)
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compared with 100% of control cattle [67]. In contrast with the results of the xL3
experiment with natural challenge (see above), there was no evidence for reduc-
tion in gravid adult female worms in vaccinated animals, suggesting that microfi-
lariae were targeted directly by vaccine-induced immune responses. There were no
correlations between antibody levels to a particular antigen and protection against
patency with strong statistical support, although there was an inverse trend between
the strength of the anti-tropomyosin IgG2 response and patency [67].

It is not known why the eight antigens used in this Oo vaccine field trial failed
to induce significant protection against adult worm establishment, but it is plau-
sible that some of the immunomodulatory molecules used as vaccine candidates
may have interfered with the development of protective immunity. Specifically, it
is now known that the abundant larval transcript (ALT) and cysteine proteinase
inhibitor (CPI) families of filarial antigens have potent immunomodulatory activ-
ity that includes inhibition of antigen processing [68, 69]. To use the proteins as
vaccines, their sequences should be modified to ablate amino acid residues that are
critical for their immunomodulatory function [34, 54, 70]. Another important con-
sideration with respect to this field trial is that only one of two current lead vaccine
candidates, Ov-RAL-2, was included, so the potential impact of adding Ov-103 is
not known. Ongoing vaccine trials of Ov-103 and Ov-RAL-2 in combination in the
Oo-cattle system will resolve this question.

21.5 Immune Responses in Humans Against the Two
O. volvulus Lead Vaccine Candidates

To determine if antigen-specific antibody responses and antilarval protective immu-
nity are associated in humans, the presence of anti-Ov-103 and anti-Ov-RAL-2
cytophilic antibody responses (IgG1 and IgG3) in individuals classified as puta-
tively immune and in infected individuals who developed concomitant immunity
with age was analyzed [50]. Notably, 86% of putatively immune individuals and
95% of individuals with concomitant immunity had elevated IgG1 and IgG3
responses to Ov-103 and Ov-RAL-2. Moreover, it appeared that anti-Ov-103- and
anti-Ov-RAL-2-specific IgG3 responses in infected individuals increased with
age. Based on the elevated chemokine levels associated with chemotaxis of neu-
trophils (KC/CXCL1 and MIP-1α), monocyte/macrophages (MCP-1 and MIP1β),
and eosinophils (eotaxin) in protected mice after immunization with Ov-103 or
Ov-RAL-2 [49], the profile of these chemokines was also analyzed in putatively
immune and infected humans. Interestingly, both groups contained significantly
higher levels of CXCL1 (neutrophils), MCP-1 and MIP-1β (monocyte/macrophages),
and IP-10 (an IFN-γ-inducible protein that is a chemoattractant for monocytes and
activated T cells) compared to normal human sera [71].

To test whether the elevated anti-Ov-103 and anti-Ov-RAL-2 cytophilic antibodies
present in putatively immune and infected individuals can function in ADCC,
Ov L3 were cultured in the presence of human-naïve neutrophils or monocytes
and monospecific human anti-Ov-103 or anti-Ov-RAL-2 antibodies. Notably,
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human monospecific anti-Ov-103 antibodies, but not anti-Ov-RAL-2 antibodies,
significantly inhibited molting of third-stage larvae (L3) in vitro by 46% in the
presence of naïve human neutrophils, while both anti-Ov-103 and anti-Ov-RAL-2
antibodies significantly inhibited molting by 70–80% when cultured in the pres-
ence of naive human monocytes. Interestingly, inhibition of molting by Ov-103
antibodies and monocytes was only partially dependent on contact with cells,
while inhibition of molting with Ov-RAL-2 antibodies was completely dependent
on contact with monocytes. In comparison, significant levels of parasite killing
in Ov-103 and Ov-RAL-2 vaccinated mice only occurred when cells entered the
parasite microenvironment [50]. Taken together, these results lead to the conclusion
that antibodies to Ov-103 and Ov-RAL-2 and immune response cells are required
for protection in mice, as well as for the development of immunity in humans.

21.6 Conclusions and Future Directions

In conclusion, two Ov protective vaccine antigens (Ov-103 and Ov-RAL-2), admin-
istered individually or concurrently, with a proven scale-up production pathway
and significant efficacy in two small animal models, are ready to move forward
into preclinical development. The next evaluative step for the vaccine is being
performed in naïve calves against natural infection with Oo, a system that mimics
immunologically the status of humans living in regions endemic for ONCHO.
Furthermore, establishing the immune correlates and mechanisms associated
with protective immunity induced by these two ONCHO vaccines in mice, the
vaccinated bovine model and protected humans in parallel, will position TOVA
to move this promising ONCHO vaccine to a first-in-human trial. This ambi-
tious goal will require a commensurate level of resources for the development
and evaluation of optimal formulations, assessment of toxicity in preclinical
screens, and cGMP production and scale-up. Nevertheless, it is a critical priority
if the ONCHO elimination goals are to be safeguarded and brought to fruition in
Africa.
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Abstract

In 1887, Patrick Manson first proposed that a mosquito serves as the “nurse” for
the parasites that cause lymphatic filariasis (LF). Thereafter, an age of discovery for
vector-borne diseases (VBDs) ensued, and the mosquito became the target of choice
for intervention to prevent diseases such as malaria and yellow fever. Lymphatic
filariasis, a disease that causes profound suffering but is not acutely lethal, was
overlooked in large-scale mosquito and disease control campaigns. With the advent of
inexpensive and effective chemotherapeutics to prevent LF transmission, the Global
Alliance to Eliminate Lymphatic Filariasis formed and launched the Global Program
to Eliminate Lymphatic Filariasis in 2000. Even in this endeavor, mosquitoes as a point
of intervention were largely overlooked because mass drug administration (MDA) is
so effective. In some endemic countries, LF control by MDA alone, or MDA and a lack
of sustained mosquito control, have proven insufficient to eliminate transmission and
disease. In this chapter, we primarily review the policy and practice of vector control
for LF and present alternative and burgeoning tools that could be useful for endgame
LF control. In addition, efforts to control the transmission of Onchocerca volvulus by
black flies in the genus Simulium and Loa loa by tabanid flies in the genus Chrysops
are discussed as examples of campaigns of vector control that were once predominant
(onchocerciasis) or have not yet been attempted (loiasis).

22.1 Introduction

Manson’s watershed discovery of mosquitoes as the intermediate host for filaria
nocturna (syn. Wuchereria bancrofti) in 1877 [1] inspired an age of discovery for
mosquito-borne disease to include the pioneering work of Ronald Ross who saw
Plasmodium parasites developing in the guts of mosquitoes, and Finlay, Lazear,
Carter, and Reed, who showed that “loaded” mosquitoes, and not fomites, transmit
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the yellow fever virus [2, 3]. Thereafter, Boyce concluded that “if the mosquito
is destroyed, the life cycle of the parasite is destroyed and the disease must be of
necessity cease. This constitutes the fundamental principle of prophylaxis in all the
mosquito-borne diseases.” At the time, campaigns against the mosquito involved
avoidance (e.g. screening houses and sleeping under mosquito nets), mosquito
extermination (using natural enemies, kerosene oil as a culicide, wetland drainage
to eliminate breeding places, and penalties for harboring larvae in stagnant water),
and public education [4].

With the mosquito as a new point of focus for disease control, global campaigns
ensued to control malaria and yellow fever – many founded in imperial motives;
witness, for example, the extraordinary successes of Major William Gorgas and col-
leagues in eliminating the threat of yellow fever and malaria in Cuba and Panama
[5]. Filariasis control was not represented in those early campaigns. Wilson et al.
(2020) provide a comprehensive review of vector control interventions for the elim-
ination of VBD [6]. Of these, they make note of 16 notable, large-scale vector con-
trol programs with substantial disease control impacts for mosquito-borne disease
from 1900 to present. Only one of those – in the Solomon Islands and Papua New
Guinea – relates to LF control.

Indeed, vector control has only rarely, and in focal settings, been the intervention
of choice for LF control, perhaps because LF as a disease demanded less attention for
intervention. Webber (1979) remarked that “war-time workers surveying the whole
of the Pacific found filarial infection in the Solomon Islands one of the highest in
the whole region. Nothing was done about it as other disease problems, particu-
larly yaws, malaria, and tuberculosis, were considered priorities” [7]. Yet, the impact
of LF on global health is profound for the associated debilitating disease, human
suffering, social stigma, and costs to the individual and community. Before interven-
tions, between 1.29 and 1.365 billion people were living at risk of LF in 72 countries.
It is estimated that 119–129 million people were infected with LF, and 43 million
had clinical disease, with an associated Disability Adjusted Life Years burden of
5.25 million [8, 9]. The total economic burden of LF was estimated to be US$ 5.765
billion annually [10].

The understanding that LF is a VBD inspired the search for vectors of other human
filariases, leading to the discovery that Chrysops spp. are the vectors for Loa loa by
Leiper in 1912 [11], followed by the demonstration that Simulium spp. are the vec-
tors for Onchocerca volvulus by Blacklock in 1926 [12]. Loiasis has generally been
regarded as of mild pathological interest [13, 14] and has attracted relatively little
attention for therapy or control. In contrast, onchocerciasis was the first human
filariasis to attract intensive vector control efforts (see below), which have since been
supplanted by chemotherapeutic strategies [15]. Campaigns for onchocerciasis elim-
ination based on both vector control and MDA have largely succeeded in eradicating
the parasite from the Americas and have made notable progress in reducing the
incidence of infection and blindness in Africa [14–16]. Given that the campaigns
of vector control for onchocerciasis have been well reviewed and those for loiasis
have been minimal, the major focus of the chapter will be on mosquito abatement
for LF control.
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22.2 Global Health Policies Toward LF Control

The impetus to control LF went public in 1997 based on World Health Assembly
resolution WHA50.29 Regarding Elimination of Lymphatic Filariasis as a Public
Health Problem [17]. The global community mobilized to form the Global Alliance
to Eliminate Lymphatic Filariasis (GAELF) and the Global Programme to Elimi-
nate Lymphatic Filariasis (GPELF) launched in 2000. The fundamental goals of the
GPELF were to interrupt transmission of the parasite and to alleviate the suffer-
ing of infected individuals and affected communities. Toward this end, the GPELF
intended to use MDA with the drug or combinations of drugs of choice according
to co-endemicity with O. volvulus or L. loa and morbidity management and disabil-
ity prevention (MMDP) to alleviate clinical disease and suffering. The plan included
the use of vector control in situations in which MDA alone was not possible or suf-
ficient to interrupt transmission [17], as outlined in Figure 22.1. The GPELF set an
ambitious 2020 target date for LF eradication; therefore, it is timely to review the
contributions of mosquito control past, present, and future, to LF disease control.

The GPELF plan has evolved and radiated outward and has achieved remarkable
coverage and outcomes. Specific policy and guidance related to vector control,
in particular, are detailed here. In 2004, the WHO released The Global Strategic
Framework for Integrated Vector Management (IVM) [17], which puts forth
guidance shaped by fundamental entomological principles for integrated pest man-
agement, whereby a pest is surveyed and controlled using a variety of approaches
(e.g. environmental management, crop rotation, and chemical insecticides) to a
designated, acceptable threshold. The WHO guidance also suggested integration
with health sector partners, and integrating vector control for multiple vectors
where VBDs are co-endemic in the interest of the many collateral benefits of
implementing vector control [18]. The WHO reaffirmed its stance on IVM in a
subsequent position statement to encourage member states to strengthen capacity
for IVM, defined as “a rational decision-making process for the optimal use of
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Figure 22.1 Diagram of the Global Programme to Eliminate Lymphatic Filariasis approach
to control LF. Abbreviations: MDA – mass drug administration; MMDP – morbidity
management and disability prevention. Source: WHO GPELF Strategy/with permission of
WHO.
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resources for vector control” [19]. In 2007, WHO published the Global Plan to
Combat Neglected Tropical Diseases 2008–2015 and renewed commitment to LF, as
a “tool-ready” disease for which infrastructure was in place, and could be scaffolded
with “packages” of interventions to benefit “tool-deficient” diseases [20]. In doing
so, communities would have access to, for example, MDA to include anthelmintics
for control of soil-transmitted helminths and schistosomiasis, bed net distribution
and antimalarials for malaria control, and community health information and
education [20]. In 2012, the WHO published an entomological handbook for LF
elimination programs and provided a new iteration of Figure 22.1 to include vector
control for reduction of transmission during MDA and to prevent new infections
during post-MDA surveillance [21].

In 2017, the WHO released Guidance for a Global Vector Control Response
2017–2030 [22]. The associated consortium supported the goals of IVM but
acknowledged that IVM uptake has been poor because of limited political buy-in
and fragmented local and regional infrastructure for vector control at the scale
required to tackle multiple VBDs. The new guidance clarifies an approach to achiev-
ing both IVM and control for co-endemic VBDs by establishing a foundation of
vector control and capacity by strengthening collaboration, engaging communities,
enhancing surveillance and evaluation of control efforts, and scaling up efforts to
ultimately develop effective and locally adapted vector control [22]. Wilson et al.
echo this idea in their review of vector control for elimination of VBD, stating
that “there is a need to return to vector control approaches based on a thorough
knowledge of the determinants of pathogen transmission, which utilise a range of
insecticide and non-insecticide based approaches in a locally tailored manner for
more effective and sustainable vector control [6].”

22.3 Role of Vector Control in LF Control Programs

As of 2018, 14 GPELF member countries have achieved Stage 5 status, i.e. “validated
as having eliminated LF as a public health problem and under surveillance,” and 10
more are at Stage 4: “MDA stopped in all endemic districts and under surveillance
[23].” These successes are largely attributable to MDA and MMDP. There is good
reason to be hopeful that the GPELF will continue to be successful – perhaps on
the timescale predicted by the Bill and Melinda Gates Foundation (i.e. 2030) [23].
That said, it is clear that MDA alone will not universally suffice to achieve the goal
of LF elimination. Burkhot et al. argued that including vector control in LF elimi-
nation strategies would suppress parasite transmission across whole communities,
minimize the risk of reintroduction of parasites from microfilaremic patients, and
provide collateral benefits for other mosquito-borne disease [24]. Likewise, in their
2009 comprehensive review of vector control for LF, Bockarie et al. concluded that
“including vector control would represent an important strategic tool to expedite
and sustain the achieved interruption of filariasis transmission” [25]. Irvine et al.
modeled the probability of elimination in endemic settings where either Culex or
Anopheles mosquito species are vectors for the parasites and in scenarios where
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communities with varying levels of microfilaremia received 65% or 80% MDA cover-
age with or without vector control to reduce bite exposures. With higher endemicity,
and either vector type, additional vector control significantly increases the probabil-
ity of elimination over high-coverage MDA [26].

22.4 Arsenal of Mosquito Control Tools for IVM for LF

The tools available to affect mosquito control have arguably changed little since
Boyce described “The Campaign Against the Mosquito” in 1909. The key endpoint
of both prevention (e.g. screening houses and sleeping under mosquito nets) and
mosquito extermination measures (using natural enemies, kerosene oil as culicides,
and drainage to get rid of breeding places) is reducing the biting rate and therefore
transmission potential from infected mosquitoes. Significant reductions in biting
burden and transmission of LF parasites have been achieved for Culex quinque-
fasciatus using larvicides at breeding source sites and for Anopheles species using
bed nets (see below). It is very likely that sustained mosquito control will also be
a keystone to sustained LF control post-MDA. As such, it is critical to appreciate
the diversity of mosquito species that transmit LF parasites and to understand the
spectrum of control approaches available for the particular mosquito vector species
present. As Wilson et al. noted, vector control approaches should be based on a
thorough knowledge of the biology of the vector and of pathogen transmission and
should utilize a range of tools in a locally tailored manner to optimize disease control
potential [6]. Complicating matters, at least 45 mosquito species in the genera Aedes
or Ochlerotatus, Anopheles, Culex, and Mansonia are implicated in the transmission
of LF parasites; readers are directed to catalogs of LF mosquito vector species con-
structed by Raghavan [27], Chow [28], and Nelson [29] to appreciate the diversity
of vectors involved, with a note of caution that the nomenclature for many of these
species has changed substantially (see Refs [30, 31]). Adding to the complexity of
integrating MDA and vector control, some of these species (e.g. Aedes vector species
in the Pacific Islands) are more effective vectors at lower microfilaremias (see Refs
[6, 32]).

The IVM ethos dictates the decision-making process for the optimal use of
resources for vector control. The concept stems from Integrated Pest Management
(IPM), which was developed primarily for agricultural pests and is summarized as
“a decision support system for the selection and use of pest control tactics, singly
or harmoniously coordinated into a management strategy, based on cost/benefit
analyses that take into account the interests of and impacts on producers, society,
and the environment” [33]. In the best-case scenario, when resources permit,
IPM and IVM should involve data-driven decision-making for the most cost- and
outcome-effective use of control methods, with consideration for product mode of
action to pre-empt the development of insecticide resistance. This should be based
on surveillance data, to include the target species and life stage, pathogen infection
status in adult female mosquitoes, and the presence of insecticide resistance. The
WHO provides guidance on the biology, surveillance, and control of key LF vector
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species in the Handbook of Practical Entomology for National Lymphatic Filariasis
Elimination Programmes [21].

The success of LF control in Korea could be considered a natural experiment in
IVM alongside MDA. During a 40 year campaign of periodic diethylcarbamazine
MDA interventions, residents in endemic communities moved to sleeping indoors
and with screened windows, and using mosquito nets and repellents, thereby reduc-
ing exposure to mosquito bites [34]. Cheun et al. also suggested that urbanization,
industrialization, and use of agricultural pesticides have significantly decreased
mosquito populations [34]. There are several additional excellent examples of con-
trolled studies of IVM impacts on LF control. The Vector Control Research Center
(VCRC) in Pondicherry, India, was an early adopter of IVM targeting Cx. quinque-
fasciatus as a vector for W. bancrofti. The VCRC used sanitation measures for point
source reduction, alongside polystyrene bead treatments and predatory fish and
measured use of chemical insecticides. Exposure to bites from Cx. quinquefasciatus
indoors was reduced by 90%. A subsequent return to conventional mosquito control
resulted in increased mosquito density [35]. Rueben et al. conducted a comparative
study of IVM and MDA and showed dramatic decreases (>90%) in transmission
potential and microfilaremia and showed that sustained vector control was essential
to sustained LF control [36].

22.5 Prevention Measures and Mosquito Extermination
Approaches

Here, Boyce’s original description of tools for mosquito prevention and extermina-
tion are expanded/modernized to include the use of long-lasting insecticidal nets as
a physical barrier to mosquito bites and source control reduction for larval breed-
ing habitats, biological control agents for larval control, and chemical insecticides
as larvicides and adulticides. The examples below do not represent a comprehensive
list of vector control approaches, rather serve to illustrate the differences in vector
control approaches applied to different vector species.

22.5.1 Culex spp. Prevention Measures

Generally speaking, insecticide-treated nets have not been widely used successfully
to control Culex vectors of LF. Bogh et al. tested the effect of insecticide-treated nets
on three LF vectors, Culex quinquefasciatus, Anopheles funestus, and An. gambiae,
and saw no change in numbers of indoor or outdoor resting Cx. quinquefasciatus
[37]. In another study in South India, insecticide-treated curtains placed in eaves and
doorways produced an 82% reduction in biting burden from Cx. quinquefasciatus
[38]. However, Curtis et al. noted “strikingly less [mortality] than that of Anophe-
les with all types of pyrethroid-treated nets and curtains,” and a “lack of reduction
of Culex populations … in communities with widespread use of pyrethroid-treated
nets” [39].
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22.5.2 Aedes spp. Prevention Measures

Aedes species of LF vectors can be more challenging to target for control as adults
because they are outdoor feeding and diurnal. Chambers et al. assessed the poten-
tial for insecticide-treated cloth sheets as a preventive measure for Ae. polynesiensis
control in French Polynesia and observed 98.0% mortality at 24 hour in laboratory
conditions. Unfortunately, in field cages, the 24 hr mortality rate was 54.3% com-
pared to 31.2% for controls [40].

22.5.3 Anopheles spp. Prevention Measures

Bogh (1998) tested the effect of insecticide-treated nets on three LF vectors: Culex
quinquefasciatus, An. funestus, and An. gambiae. Nets significantly reduced the
vector density for An. funestus and An. gambiae (99% and 98%, respectively); the
authors calculated a 92% reduction in annual transmission potential for W. bancrofti
[41]. In Uganda, Ashton et al. tested the impact of combining high-coverage,
long-lasting insecticidal nets and MDA and showed a marked reduction from 22.3%
antigen positivity in 2007 to 6% in >5 year-old children in 2010; however, this study
was not designed to test the specific role of these nets in this effect [42]. In East
Sepik Province, Papua New Guinea, Reimer et al. tested implementation of bed
nets after a 10 year hiatus of LF control. Bed nets reduced the maximum number of
bites per person per day from 61.3 to 9.4 bites for 11 months after distribution, the
prevalence of infection in Anopheles from 1.8% to 0.4%, and the annual transmission
potential from up to 325 infective larvae/person/year to 0 [43].

22.5.4 Culex Control – Larval Breeding Habitats as Particular Point
Source Targets

A small LF focus around Brisbane, Australia, which incidentally was also home to
Joseph Bancroft (namesake for W. bancrofti), was the subject of a targeted control
effort by the Brisbane City Council. Using environmental management (destruction
of breeding sites, improving drainage) and biological control with predatory fish
to target Cx. quinquefasciatus breeding sites, the city was LF free by 1910 [44].
Charleston, South Carolina, USA, appears to have achieved control of filariasis
alongside an early Water, Sanitation and Hygiene campaign. The city converted
primitive privy vaults to a permanent piped sewerage system that was complete by
1920. This effort eliminated breeding sites preferred by Cx. quinquefasciatus, and
LF was eliminated as a public health threat by 1930 [45]. It is notable that improved
living standards, WASH, and vector control are credited with interrupting LF
transmission in Burundi, Cape Verde, Costa Rica, Mauritius, Rwanda, Seychelles,
Solomon Islands, Suriname, and Trinidad and Tobago, such that these countries do
not need MDA for LF control [46].

Bacillus sphaericus and B. thuringiensis var israelensis, spore-forming, mosquito
larva-lethal bacteria, are widely used globally for control of Culex vector species.
In metropolitan Recife, Brazil, 18 months of targeted treatments of breeding sites
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for Cx. quinquefasciatus took place in 2500 sites and resulted in 60% reduction in
mosquito bite burden and a concomitant drop in microfilaremia from 13% to 7.2%
[47]. Polystyrene beads have proven a remarkable intervention for heavily polluted
point sources of Cx. quinquefasciatus. For example, in Makunduchi, Zanzibar, sur-
veyed, larval-infested latrines were treated with polystyrene beads, and the biting
burden on individuals dropped from approximately 25 000 bites per year to 440 bites
per year; alongside diethylcarbamazine MDA, microfilaremia prevalence dropped
from 49.5% to 10.3% [48].

22.5.5 Aedes spp. Control

Targeting crab hole breeding sites using natural predators (copepods or guppies), or
plugging holes, resulted in marked reduction of Ae. polynesiensis in Pacific Islands
and provided more impact than use of organophosphate sprays or fogs (reviewed in
Ref. [24]).

22.6 Opportunities for Mosquito Elimination: Vector
Control Achieved as a Collateral Benefit from Other
Disease Intervention Campaigns

Concerted vector control efforts for diseases other than LF have shown remarkable
collateral benefit for reducing mosquito bites and exposure to LF parasites. In the
1970s, the Malaria Eradication Programme in the Solomon Islands implemented
household residual spraying of DDT every six months from 1968 to 1976 to con-
trol An. farauti. In North Choiseul, microfilaremia was monitored in two villages
from 1974 to 1977 and revealed a decline from 21.8% to 0% prevalence [7]. More
recently, Ashton et al. [42] showed that LLINs for malaria control were protective
for W. bancrofti infection in Uganda. The WHO, and many authors, strongly suggests
leveraging malaria control and LF control when the vector species for the parasite
is the same (see, for example, Refs [6, 22, 24, 49, 50]. Stone et al. further note that
combined control programs for LF and malaria should factor in high level of vector
intervention required for malaria control, as compared to less-intensive but longer
term need for control of LF vectors [51].

22.7 Challenges to Mosquito Elimination: Insecticide
Resistance

Widespread and long-term use of pyrethroid-impregnated bed nets has contributed
significantly to insecticide resistance (IR) in malaria vectors that also transmit LF
parasites (e.g. An. gambiae and An. funestus). Across large parts of Africa, pyrethroid
resistance is ubiquitous, and incorporation of carbamate and organophosphate
insecticides for control is on the rise [52]. The WHO reported resistance to at least
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three of four classes of insecticide (pyrethroids, organochlorines, carbamates, and
organophosphates) in Anopheles species from 23 African countries and India [53].
The resistance status of Anopheles vector species in Papua New Guinea is being
monitored, but thus far, resistance is not evident [54].

22.8 Alternative and Emerging Approaches to Vector
Control for LF

22.8.1 Vector Control Innovations

There is tremendous pressure and motivation to develop novel approaches to
mosquito control to pre-empt or overcome hurdles of insecticide resistance and
regulatory changes that are diminishing the portfolio of available insecticides.
Some of these efforts include (i) developing novel delivery systems (e.g. remote
sensing and drones to detect breeding sites and more selectively deliver larvicides
[55], attractive toxic sugar baits to attract and kill male and female mosquitoes
[56], and eave tubes to concentrate insecticides for control of An. gambiae [57]);
(ii) developing products with novel modes of action (e.g. spatial repellents to deter
blood feeding mosquitoes from homes [58] or molecular mosquitocides [59]);
(iii) improving existing products (e.g. synergists for existing [60] and resistance-
breaking compounds [61]; and (iv) improving operational practices for integrated
insecticide resistance management and product rotation. Modifying populations
using genetic means is another potential tool in the arsenal.

22.8.2 Genetic/Genomic Interventions

The use of genetically modified mosquitoes as an intervention approach for LF
control is not new [62]. Releases of thiotepa-sterilized male Cx. quinquefasciatus
in the Florida Keys resulted in 96% reduction of the population in five generations
(with releases of 18 000 sterile male mosquitoes/day), and more than 99% of egg rafts
were sterile [63]. In India, the ICMR/WHO Research Unit on Genetic Control of
Mosquitos implemented the same technology for nuisance and vector control of Cx.
quinquefasciatus. Sterile males were released daily (150 000–300 000 males/day for
5.5 months); despite the remarkable numbers, the release of sterile males resulted
in a high level of sterility in the population in only one of two study sites and just
for 3 weeks [64]. These experiments were met with the suspicion of exploitation
and biowarfare by the general public and a report in the National Herald called
the work “neo-imperialism” because of perceptions that the USDA was running
experiments in India that could not be done in the United States [65].

Mosquito modification by paratransgenesis is another option for population
reduction that involves introducing mosquitoes infected with Wolbachia endosym-
biotic bacteria that induce sterilizing effects (termed cytoplasmic incompatibility).
Laven et al. described successful eradication of Cx. quinquefasciatus based on cyto-
plasmic incompatibility. From March 16 until May 6 1967, 5 000 incompatible males
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were released daily in a village outside of Rangoon; on May 9 and 10, no viable egg
rafts were collected [66]. O’Connor et al. produced an artificially Wolbachia-infected
strain of Ae. polynesiensis (CP) and tested the extent of population suppression in
lab and field trials in Motu islands in French Polynesia. After the release of more
than 117 000 Ae. polynesiensis (CP), the authors observed high rates of insemination
of trapped females and a reduction in viable egg production (93% versus 76% at the
control and experimental sites, respectively) [67].

The field of mosquito control using molecular tools to alter the mosquito genome
is at a watershed moment with the introduction of gene drive and CRISPR-based
technologies (see Refs [68, 69]). As a proof of concept for application for LF con-
trol in particular, a transposable element transgenic approach for driving produc-
tion of an antifilarial gene product was developed for Cx. quinquefasciatus, with
a promoter specifically directing expression to the thoracic musculature – the tar-
get site for parasite development [70]. The pipeline of further development of this
technology is much further advanced for Anopheles species, and An. gambiae in
particular, in the context of malaria control (see Refs [69, 71]); this could prove
useful where An. gambiae is both a malaria and a LF parasite vector and could be
targeted for population modification. As of publication of this chapter, releases of
Wolbachia-infected Ae. aegypti are underway as part of the Eliminate Dengue Pro-
gram, and Oxitech is testing sterile, FriendlyTM Ae. aegypti to suppress populations in
Brazil, Florida, the Cayman Islands, Panama, and India. Guidance for testing genet-
ically modified mosquitoes in field settings, with an emphasis on An. gambiae, has
been proposed [72]. Transgenic approaches to population modification for malaria
control may well benefit LF control in the near future.

22.9 Vector Control for Onchocerciasis

Onchocerca volvulus is transmitted by black flies in the genus Simulium; after ingest-
ing microfilariae from an infected human during a blood meal, the parasite under-
goes development to the infective L3 stage, which can be introduced into a subse-
quent human host during a blood meal (see Chapter 2, this volume). Of the many
species of Simulium, only a subset are competent vectors for O. volvulus [73], primar-
ily in the S. damnosum complex, of which six sibling species are thought to be the
major vectors in Africa [74]. Variation in vector competence among the S. damnosum
species complex includes physiological or anatomical barriers to parasite develop-
ment, the extent of attraction to human vs. other hosts, choice of breeding sites,
behaviors, etc. Female black flies are hematophagous and lay eggs in selected areas
of flowing water, including in rivers and streams, where the larvae subsequently feed
and develop over as little as a week before emerging as adults; the common name
for onchocerciasis, river blindness, reflects the aquatic stage of the life cycle of the
vector. S. neavei, the larvae of which associate with freshwater crabs, is also an impor-
tant vector of this parasite in parts of Africa; its restricted distribution led to the first
successful local onchocerciasis elimination program, in Kenya [75].
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In the Americas, onchocerciasis was introduced through the slave trade [76].
S. damnosum is not present in the Americas [15, 77]. Instead, the primary vector
in Guatemala and Mexico was S. ochraceum, which is less effective in transmitting
the parasite. In South America, vectors included S. oyapockense, S. metallicum,
S. exiguum, and S. guianense, some of which are as competent as S. damnosum.
None of these species have a large geographical range, so onchocerciasis in the
Americas was found in relatively small and isolated patches. Vector control was
not a prominent component of onchocerciasis control programs in the Americas;
early efforts included application of the insecticide Paris Green, an arsenical, and
clearing of vegetation around Simulium-infested streams; neither was notably
effective, given the patchy distribution of the vectors and the ease of repopu-
lation of treated areas. Instead, control initially relied on surgical removal of
nodules (which was also only modestly effective), and subsequently distribution
of ivermectin in MDA campaigns, which has led to the almost complete eradication
of the parasite from the Western hemisphere [78].

In contrast, vector control for onchocerciasis in Africa has a long and successful
history, which has been well reviewed [15, 79–84]. Although chemotherapy became
the mainstay of control efforts following the introduction of ivermectin in the
late 1980s, it is important to consider, at least briefly, the role of vector control in
achieving significant reductions in the regional prevalence of onchocerciasis and,
importantly, in the incidence of parasite-induced blindness.

Recognition that black flies in the genus Simulium were vectors for O. volvulus led
to control that employed insecticides and environmental modification, with notable
success in Kenya. Forest clearing near infested rivers and the application of DDT
to control populations of S. neavei had marked local effect on new infections with
O. volvulus [75]. Success generated enthusiasm for the implementation of similar
efforts in other areas based on the treatment of black fly-infested streams with DDT.
Expansion of vector control efforts led to the realization that S. damnosum posed
greater challenges for control than S. neavei. Insecticide applications to suppress
adult populations were not sufficiently effective and had broad environmental con-
sequences. As a result, local treatment of waterways with insecticides to kill black
fly larvae became the method of choice. Environmental concerns over the actions
of DDT led to the selection of alternative insecticides, most notably the organophos-
phate cholinesterase inhibitor temephos, for operations in areas of West Africa in
which S. damnosum-mediated transmission was of urgent concern. Although local
reductions in vector populations were achieved, the ability of S. damnosum to travel
considerable distances meant that these reductions were only temporary, leading to
the conclusion that vector control would have to be implemented on a much larger
geographic scale to achieve sustained disease control. Experience in Kenya around
the elimination of S. neavei populations revealed that the life span of adult O. volvulus
was 13–17 years, indicating that the disease would disappear if transmission could
be abrogated for more period of time.

This recognition led to initiation of the Onchocerciasis Control Program (OCP)
[82] in the mid-1970s to minimize the impact of the parasite in highly endemic
areas. Based on transmission dynamics, the extent of savannah environments and
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the population incidence of infection and eye disease, formal vector control efforts
were marshalled in seven countries in West Africa (later expanded to 11) under
the auspices of the WHO, the World Bank, and other organizations. Vector control
was initially achieved through regular (weekly) aerial spraying of temephos over
infested rivers and streams. As resistance to temephos appeared, additional insec-
ticide classes were employed both to minimize the extent of temephos resistance
and to forestall the further development of resistance to an extent that could affect
the benefits already obtained through OCP operations. Alternative insecticides
included pyrethroids, carbamate cholinesterase inhibitors, and a strain of Bacillus
thuringiensis. This tactic insured that gains made in onchocerciasis control were
maintained and expanded over the duration of insecticidal treatment as the primary
OCP strategy.

It must be recognized that, before the introduction of ivermectin for use in MDA
campaigns, vector control was the only rational and cost-effective method available
to reduce the incidence of the disease and the prevalence of parasite-induced blind-
ness. These efforts, as noted, were remarkably effective. Several factors combined to
re-orient control efforts from insecticide application to ivermectin MDA. Cost was
one; ivermectin could be administered once a year as opposed to the weekly aerial
insecticide deliveries, and the drug was donated. Environmental concerns about the
routine spraying of broad-spectrum insecticides contributed to the decision as well.
The continued success of onchocerciasis control programs is testament to the effi-
cacy of MDA campaigns.

However, there is continuing interest in vector control options in certain cir-
cumstances. Modeling suggests that focused, local, short-duration (10 weekly
treatments) larviciding campaigns could be a valuable complementary strategy
for onchocerciasis in some areas [85]. Additionally, recent experience in Uganda
suggests that a combination of vegetation removal through a “slash and clear”
operation, coupled with ivermectin MDA, was very successful in reducing fly biting
rates, enhancing control efforts [86]. Recruitment of local residents to remove
trailing vegetation from streams reduced the number of larvae and the quality of
the environment for their development and did not involve the use of insecticides.
Modeling suggests that monthly operations of this kind, combined with MDA,
could accelerate elimination of onchocerciasis and markedly reduce black fly biting
[87]. Integrating vector control with MDA programs may be cost-effective in some
situations and deserves additional research investment.

22.10 Vector Control for Loiasis

Efforts to control human infections with L. loa have been associated almost entirely
with efforts to control other filariases, particularly onchocerciasis, because of the
rare but very severe adverse events observed in patients with high burdens of L. loa
mf who are treated with ivermectin or diethylcarbamazine (see Refs [13, 14, 16, 88]).
Efforts to extend MDA programs into loiasis regions rely on diagnostic procedures
to exclude heavily infected individuals. Because infections with L. loa have been
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presumed to cause few health problems, much less research has been conducted
on this parasite than on the filarial species that cause LF and onchocerciasis.

The vectors for L. loa are tabanid flies in the genus Chrysops; multiple species in
this genus are found in Africa, with two being the primary vectors for human loiasis:
C. silacea and C. dimidiata [89, 90]. These species are both anthropophilic and prefer
forested, humid habitats near water; eggs are laid in mud overlaid by shallow water.
After hatching, larvae burrow into the mud for a prolonged period of development
before emerging to feed and mate. Females are hematophagous, and the bites can be
painful and may become infected. Once ingested by permissive Chrysops spp., L. loa
mf develop into infective larvae, ending up in the proboscis, from which they enter
a host during a subsequent blood meal.

As noted, few attempts were made to control these vectors, which provide
significant challenges to a comprehensive program, due in part to the predilection
sites for larval development and adult residence. However, considering the barriers
to MDA implementation for onchocerciasis and LF control in loiasis regions, a new
look at a possible role for vector control in these regions has been recommended
[90]. Possible interventions include reducing smoke from wood fires, which
attracts adult flies, clearing brush near human habitation, use of repellants, and
targeted insecticidal applications; however, more research is needed to quantify the
efficacy of these interventions to justify investment in their broader applications in
Loa-endemic areas. To the extent that onchocerciasis control programs are stalled
by the prevalence of heavily infected individuals, these measures may assume
sufficient important to warrant implementation.

22.11 Conclusion

Vector control for onchocerciasis played an historic and highly significant role in
reducing the prevalence of River Blindness and is a testament to the ability of this
strategy to ameliorate human illness and suffering. The control of LF across the globe
is also a remarkable public health success story and one that is far from over. The
original goal for elimination (2020) has passed, and there is much work to be done
to advance every endemic country through MDA implementation, reducing infec-
tion to the threshold of transmission, and demonstrating sustained reduction over
time. Mosquito control has proven effective in reducing bite burdens and thereby
transmission potential for major Culex and Anopheles species vectors of LF parasites
and is a useful supplement to MDA where possible and to sustaining transmission
below the threshold after MDA is complete. Where possible, there is tremendous
collateral benefit to implementing strategies for the dual purpose of malaria and LF
control and to integrating control practices to maximize the effectiveness of controls,
account for insecticide resistance management, and minimize the environmental
impacts of the program. Novel technology development, including new chemical
and molecular insecticides, innovative delivery systems, and genetic tools for popu-
lation modification, will no doubt benefit vector control in LF disease control pro-
grams. The extension of novel technologies such as these to Simulium and Chrysops
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vector spp. could also have significant impacts on the other major human filariases,
although those efforts lag far behind the work already accomplished in mosquitoes.
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Abstract

Mosquitoes are important vectors of Dirofilaria immitis and Dirofilaria repens, the
nematodes that cause canine filariasis. Depending on geographical location, the
specific vector species can vary. Species of Aedes, Anopheles, Culex, and Psorophora
are competent for vectoring Dirofilaria spp. However, on a global scale, much remains
to be known about which mosquito species are vectors of Dirofilaria and research
is needed to address vector competency and seasonality of transmission not only
between regions, but among species and their willingness to feed on specific hosts,
including dogs. This chapter provides an overview of the important mosquito species
known to potentially transmit canine filariasis. The mosquito life cycle and Dirofilaria
interactions are briefly discussed. The majority of the chapter is dedicated to Integrated
Mosquito Management (IMM) strategies that can be implemented by mosquito control
districts, veterinarians, and pet owners, as well as research-based biological control
methods for mosquito vector population suppression.

23.1 Introduction

A variety of nematode species vectored by arthropods infect domestic canines
(Table 23.1). Tahir and colleagues provide an overview of many filarial nematodes
associated with pets [12]. Onchocerca lupi first described in 1967 in a wolf in
Georgia [13] causes ocular lesions in dogs and cats in Europe [11] and has more
recently been more commonly reported in the United States [14, 15]. The black
fly Simulium tribulatum is reported as the putative vector in southern California
[10]. Louse flies and ticks transmit Acanthocheilonema drancunculoides [1, 2] and
Ceropithifilaria spp. can be vectored by ticks [7] in the Mediterranean region. Fleas
and lice can vector Acanthocheilonema reconditum [3, 4]. Other filarial species in
canines include Brugia malayi and Brugia pahangi, which can cause lymphatic
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Table 23.1 Filarial parasites of canines and their arthropod vector associations.

VectorFilarial species

Acanthocheilonema dracunculoides Louse flies and ticks [1, 2]
Acanthocheilonema reconditum Fleas and lice [3, 4]
Brugia malayi Mosquitoes [5]
Brugia pahangi Mosquitoes [6]
Cercopithifilaria bainae Ticks [7]
Cercopithifilaria grassii Ticks [7]
Dirofilaria immitis Mosquitoes [8]
Dirofilaria repens Mosquitoes [9]
Onchocerca lupi Black flies [10]
Thelazia californiensis Non-biting flies (Drosophila) [11]
Thelazia callipaeda Non-biting flies (Drosophila) [11]

filariasis in humans [16, 17] with dogs and cats as important reservoirs for human
infection [18]. Of all the filarial species known to cause canine infection, Dirofilaria
immitis and D. repens receive the most attention due to the significant prevalence
of infections in dogs and the ensuing damage an infection can cause. D. immitis has
a cosmopolitan distribution [19], with D. repens currently distributed only in the
old world [20]. This chapter focuses on mosquitoes, the only vectors of Dirofilaria
spp. The chapter begins with a brief overview of the mosquito life cycle and Diro-
filaria interactions. It then outlines the various control strategies used to mitigate
mosquitoes. Some of these strategies are more related to research-based ideas and
have the potential for use. However, the main focus of this chapter is to introduce
the reader to the important vector species as well as mosquito control strategies that
could be implemented by either mosquito control districts, the veterinarian or the
pet owner, each helping to decrease the transmission of Dirofilaria spp.

23.2 Mosquito Life Cycle and Habitats

Mosquitoes (Diptera: Culicidae) are ubiquitous as they have a short lifespan and
reproduce multiple times a year (i.e. multivoltine) [21]. Mosquitoes undergo
holometabolous development, also referred to as complete metamorphosis, begin-
ning with the aquatic phase for immature development. Eggs are laid either singly
or in groups in different types of habitats tied to individual species preferences.
For example, Culex and Anopheles species oviposit eggs on the surface of stagnant
water near marshes, whereas Aedes species generally deposit eggs on moist soil
or on dry edges of water-holding containers [22]. After hatching, larvae develop
through a series of instars, eventually entering the pupal stage. Development from
egg to adult varies by mosquito species but typically takes 10 to 14 days depending
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on environmental conditions, including ambient temperature as well as food source
and availability [22, 23].

Several medically important mosquitoes rely on varying amounts of water in nat-
ural and artificial containers to complete larval and pupal development [24]. These
containers may include natural accumulations of water, such as rock pools [25], tree
holes [26, 27], and axils of bromeliads [28, 29] or other phylotelmata. Novel invasive
mosquitoes have moved into new geographical areas through the used tire industry.
Aedes (Ochlerotatus) japonicus japonicus and Aedes albopictus were introduced from
Japan and temperate regions of Asia, respectively, to the United States through the
movement of automobile tires [30–33]. Ae. j. japonicus inhabit natural containers,
such as rock pools along stream beds [34] that are excellent development sites in the
United States, similar to its development habitats in its home range of Japan [25]. Ae.
albopictus has a cosmopolitan distribution, as the adults can withstand cold temper-
atures and enter diapause in winter [33]. Artificial containers such as used tires can
provide optimal environmental conditions for mosquito development [35, 36].

Adult female mosquitoes of medical and veterinary importance are anautogenous,
meaning a blood meal is required for egg production, which allows for the potential
to serve as disease-causing pathogen vectors [37]. Mosquito host-seeking for blood
feeding is aided by ocular structures and ommatidia dimensions (i.e. cells of com-
pound eyes) [38] in addition to sensory cues, including carbon dioxide, lactic acid,
heat, moisture [22, 39], and possibly pheromones emitted from microfilaremic hosts
[40]. Spatial preference for feeding also varies by mosquito species. For instance,
endophagic behaviors (i.e. feeding inside dwellings) are observed in Aedes aegypti
and Aedes vexans, whereas Ae. albopictus and Anopheles punctipennis are exophagic
(i.e. feed outdoors in urban areas) and Anopheles quadrimaculatus exhibits a com-
bination of both [41, 42]. Mosquitoes with sylvatic feeding behaviors, such as Aedes
canadensis and Aedes sierrensis, may contribute to dissemination of disease via stray
dogs and wildlife reservoirs inhabiting rural areas [42]. Agricultural operations may
also influence mosquito populations from genera such as Anopheles and Psorophora,
which are commonly found in flooded rice fields [8, 43].

Peak blood feeding times are classified as crepuscular (i.e. dawn and dusk), diur-
nal (i.e. daytime), and nocturnal (i.e. nighttime) [42]. Ae. aegypti and Ae. canadensis
are daytime feeders along with Ae. albopictus, which has more aggressive feeding
tendencies [42, 44]. Crepuscular feeding activity has been observed with Ae. vexans,
An. punctipennis, and Ae. trivittatus [38]. Important nocturnal vector species for D.
immitis include Culex pipiens quinquefasciatus, Anopheles crucians, and An. quadri-
maculatus [42].

23.3 Important D. immitis Vectors

Vector-borne diseases such as canine filariasis are complex, as the conditions for dis-
ease transmission are multidimensional. Multiple physiological interactions occur
among Dirofilaria spp. during nematode development in mosquitos that serve as
intermediate hosts and vectors, as well as in the definitive and aberrant mammalian
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hosts. The biological and ecological requisites for each mosquito species are also
multifaceted and are influenced by physiological and behavioral traits that may ulti-
mately impact the distribution and dynamics of mosquito populations as well as
mosquito vector competency.

Ledesma and Harrington provide an overview of potential vectors of D. immi-
tis in the United States [42]. Compiled from published studies between 1939 and
2007, Ledesma and Harrington created a list of 25 mosquito species in the United
States that were naturally infected with the D. immitis L3 stage [42]. Species of Aedes,
Anopheles, Culex, and Psorophora were presumed to be competent for vectoring D.
immitis, with the following eight species being the most important vectors in the
United States: Ae. albopictus, Ae. canadensis, Ae. trivittatus, Ae. vexans, An. crucians,
An. punctipennis, An. quadrimaculatus, and Cx. p. quinquefasciatus.

In Canada, the prevalence of heartworm infection is low, with most infections
reported in southern Ontario. Northern Ontario has been seeing an increase in
infection, which may be attributed to climactic change, with temperatures favorable
for D. immitis development in mosquitoes or inadvertent detection due to an
increase in tick-borne disease screening with combination diagnostic tests [45]. The
major mosquito vectors of D. immitis in southern Ontario include Ae. vexans, Cx.
pipiens, Mansonia perturbans, and Ae. simulans, with 22 other species reported as
potential vectors [45].

In Europe, studies have been conducted on wild-caught mosquitoes and their
role in transmitting Dirofilaria spp. (Table 23.2). Although many species have
been recorded to be positive for Dirofilaria spp., Cx. pipiens is likely one of the
more important vectors throughout Europe. The establishment of new mosquito
species in Europe, such Ae. albopictus, Ae. j. japonicus, and Ae. (Finlaya) koreicus,
is a growing concern [81–83]. The rapid distribution of Ae. albopictus throughout
Europe is concerning due to the potential for inhabiting non-endemic countries, a
threat especially with people and pets traveling frequently between endemic and
non-endemic regions [9, 84]. Non-endemic countries with few reports of heartworm
infections include the United Kingdom, Germany, the Netherlands, Czech Republic,
Slovak Republic, Switzerland, Romania, Poland, and regions of France, Spain, and
Italy [84]. As new mosquito species are introduced and become established, climate
models predict that regions of these northern European countries could see more
Dirofilaria infections [9]. As globalization and climate warming continues, there is
a need to update mosquito-borne disease data.

Bendas and colleagues [85] discussed the gaps in literature and the estimated
heartworm prevalence in South American countries, including Argentina, Brazil,
Chile, Guiana, Paraguay, Peru, Suriname, Venezuela, and Mexico. Some reported
Dirofilaria spp. vectors in the genera Aedes, Anopheles, Culex, and Wyeomyia
have been compiled in Table 23.2, but there is still limited knowledge regarding
mosquito vectors in South America and Mexico. On a global scale, much remains
to be known about which mosquito species are vectors of Dirofilaria and research
is needed to address vector competency and seasonality of transmission in many
areas throughout the world. The seasonality of transmission is quite different not
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Table 23.2 A list of naturally collected mosquitoes throughout the world (excluding the
United States) found positive for Dirofilaria immitis and/or Dirofilaria repens infection.

CountrySpecies
Dirofilaria
speciesa) Year of collection

Aedes aegypti 2003–2004 [46]DIFrench Polynesia
2007–2008 [47]DIArgentina
2007 [48]DIMexico
2013–2017 [49]DRRussia

Aedes albopictus 1996–1997 [50]DIBrazil
1997–1998 [51]DITaiwan
2000–2002 [44]DIItaly
2002–2003 [52]DRItaly
1985–1987 [53]DIJapan
2013–2017 [49]DIRussia
2015 [54]DI, DRFrance

Aedes annulipes 2010–2015 [55]DRMoldova
Aedes behningi 2010–2015 [55]DIMoldova
Aedes cantans 2010–2015 [55]DRMoldova

2013–2017 [49]DI, DRRussia
Aedes caspius 2010–2015 [55]DRMoldova

2011–2013 [56]DIPortugal
2013 [57]DI, DRHungary
2014 [58]DI, DRRomania

Aedes cataphylla 2013–2017 [49]DI, DRRussia
Aedes cinereus 2013–2017 [49]DI, DRRussia
Aedes communis 2013–2017 [49]DI, DRRussia
Aedes detritus 2011–2013 [56]DIPortugal
Aedes flavescens 2010–2015 [55]DRMoldova
Aedes geniculatus 2010–2015 [55]DRMoldova

2013–2017 [49]DI, DRRussia
Aedes intudens 2013–2017 [49]DI, DRRussia
Aedes notoscriptus 1979 [59]DIAustralia
Aedes polynesiensis 1978–1980 [60]DISamoa

2003–2004 [46]DIFrench Polynesia
2006 [61]DIAmerican Samoa

Aedes riparius 2010–2015 [55]DRMoldova
Aedes samoanus 1978–1980 [60]DISamoa
Aedes scapularis 1995–1996 [62]DIBrazil

1996–1997 [50]DIBrazil
2007 [48]DIMexico

(continued)
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Table 23.2 (Continued)

CountrySpecies
Dirofilaria
speciesa) Year of collection

Aedes (Ochlerotatus)
sollicitans

2007 [63]DIMexico
2007 [48]DIMexico

Aedes sticticus 2010–2015 [55]DRMoldova
Aedes (Ochlerotatus)
taeniorhynchus

1995–1996 [62]DIBrazil
1996–1997 [50]DIBrazil
2007 [63]DIMexico
2007 [48]DIMexico

Aedes vexans 2005 [64]DI, DRKorea
2008–2009 [65]DITurkey
2009–2011 [66]DRCzech Republic
2013 [67]DI, DRSerbia
2013–2017 [49]DI, DRRussia
2010–2015 [55]DRMoldova
2013 [68]DRSlovakia
2014 [58]DI, DRRomania

Armigeres subalbatus 2005 [64]DRKorea
Anopheles albimanus 2007 [48]DIMexico
Anopheles algeriensis 2014 [58]DIRomania
Anopheles annulipes 1979 [59]DIAustralia
Anopheles atroparvus 2011–2013 [56]DIPortugal
Anopheles claviger 2015 [69]DRBelarus
Anopheles crucians 2007 [48]DIMexico
Anopheles daciae 2011–2013 [70]DRGermany
Anopheles hyrcanus 2014 [58]DI, DRRomania
Anopheles maculipennis 2000–2002 [71]DIItaly

2005–2006 [72]DIIran
2010–2015 [55]DI, DRMoldova
2011–2013 [56]DIPortugal
2014 [58]DI, DRRomania
2016 [73]DRGermany

Anopheles messeae 2013–2017 [49]DI, DRRussia
Anopheles plumbeus 2015 [74]DRAustria
Anopheles pseudopictus 2010–2015 [55]DRMoldova
Anopheles
pseudopunctipennis

2007 [48]DIMexico

(continued)
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Table 23.2 (Continued)

Species Country
Dirofilaria
speciesa) Year of collection

Anopheles sinensis
Group (An. sinensis s. s.,
An. pullus, An. kleini, An.
belenrae, An. lesteri)b)

2005 [64]DI, DRKorea

Anopheles sineroides 2005 [64]DI, DRKorea
Anopheles triannulatus 2010 [75]DIBrazil
Coquillettidia richiardii 2000–2002 [71]DIItaly

2013–2017 [49]DI, DRRussia
2014 [58]DI, DRRomania

Culex annulirostris 1979 [59]DIAustralia
Culex antennatus 2012–2013 [76]DREgypt
Culex coronator 2007 [48]DIMexico
Culex declarator 1995–1996 [62]DIBrazil
Culex interrogator 2007 [63]DIMexico
Culex modestus 2010–2015 [55]DRMoldova

2013–2017 [49]DI, DRRussia
2013 [57]DIHungary

Culex pipiens 1997–1999 [40]DIItaly
2000–2002 [71]DIItaly
2004–2006 [77]DISpain
2005 [64]DIKorea
2007–2008 [47]DIArgentina
2008–2009 [65]DITurkey
2010–2015 [55]DI, DRMoldova
2011–2013 [70]DIGermany
2012–2013 [78]DISpain
2012–2013 [76]DI, DREgypt
2011–2013 [56]DIPortugal
2013 [67]DI, DRSerbia
2013 [57]DIHungary
2013–2017 [49]DI, DRRussia
2014 [58]DI, DRRomania
2015 [69]DIBelarus

Culex pusillus 2012–2013 [76]DIEgypt
Culex saltanensis 1995–1996 [62]DIBrazil

(continued)
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Table 23.2 (Continued)

CountrySpecies
Dirofilaria
speciesa) Year of collection

Culex theileri 2002–2003 [79]DIPortugal
2005–2006 [72]DIIran
2011–2013 [56]DIPortugal

Culex tritaeniorhynchus 1985–1987 [53]DIJapan
Culex quinquifasciatus 1979 [59]DIAustralia

1995–1996 [62]DIBrazil
1996–1997 [50]DIBrazil
2005 [64]DITaiwan
2010 [75]DIBrazil
2007 [48]DIMexico
2016–2017 [80]DIMexico

Culiseta annulata 2010–2015 [55]DRMoldova
Culiseta longiareolata 2010–2015 [55]DRMoldova
Uranotaenia unguiculata 2010–2015 [55]DRMoldova
Wyeomyia bourrouli 1995–1996 [62]DIBrazil

See Ledesma and Harrington [42] for an overview of potential vectors in the United States.
Note: Published studies were only included if wild mosquitoes were positive for D. immitis and D.
repens larvae, regardless of development stage. Studies in which wild mosquitoes were caught and
then fed on infected host blood were excluded.
a) DI = D. immitis; DR = D. repens.
b) Could not be identified to species.

only between regions, but among species and their willingness to feed on specific
hosts, including dogs.

23.4 Dirofilaria immitis in Mosquitoes

Susceptible female mosquitoes may acquire blood meals from microfilaremic hosts
and ingest heartworm microfilariae [19, 86]. The ingested microfilariae enter the
mosquito midgut along with the blood meal before migrating into the cells of the
Malpighian tubules where they develop into noninfective L1 larvae [19, 87]. The L1
larvae enter the Malpighian tubule lumen (Figure 23.1a) and subsequently molt into
L2 and then to L3 larvae (Figure 23.1b) [19]. The non-yet infective L3 larvae then
break through the Malpighian tubules and migrate through the hemocoel to the
head and labium (Figure 23.2) [19]. If the parasite burden is too heavy, the mosquito
may not survive due to impaired Malpighian tubule function [88]. L3 larvae that
successfully migrate to the labium are considered to be infective [19] and exhibit
positive thermotaxis to facilitate transmission to a mammalian host [42]. The tip
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(a) (b)

Figure 23.1 (a) Malpighian tubules of a mosquito. (b) D. immitis L3 larvae in a mosquito
Malpighian tubule.

of the mosquito’s labium will rupture during a blood meal and infective L3 larvae
will enter the host through the punctured epidermis to continue the life cycle in the
vertebrate definitive host [19].

With the exceptions of malaria and canine heartworm prophylactics, lymphatic
filariasis eradication program measures, and yellow fever vaccination campaigns,
no medical interventions have been implemented to prevent mosquito-borne dis-
eases. The commonly available monthly heartworm preventatives for dogs and cats
work postinfection by killing L3 and L4 D. immitis larvae present in pets at the time
of administration to prevent development of adult heartworms [19, 89, 90]. These
products have an essential role in preventing heartworm disease in companion ani-
mals, but there are concerns regarding owner compliance [91, 92] and lack of efficacy
due to resistant strains of D. immitis [89, 93, 94]. Therefore, it is vital to incorporate
Integrated Mosquito Management (IMM) practices to mitigate mosquitoes through
a combination of control strategies.

23.5 Integrated Mosquito Management (IMM)

IMM uses an ecosystem-based approach to intervene before mosquitoes become
problematic, to be prepared when actions are needed, and in the case of dirofilari-
asis, minimizing risk of companion animals from adult heartworms. An excellent
overview of IMM and its components is provided by the American Mosquito
Control Association (AMCA) [95]. The concept of IMM is a long-term strategy to
reduce or prevent mosquito abundance, which includes the use of a combination
of monitoring and control operations that cannot be accomplished with a single
management approach. Given the role of mosquitoes in pathogen transmission to
humans, IMM often includes goals of reducing risks of vector-borne diseases to
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Figure 23.2 (a) The head of a female anopheline mosquito with long maxillary palps
equal to the length of the proboscis. The proboscis is composed of a labium containing thin
stylets, including the mandibles, maxillae, a hypopharynx, and a labrum terminating at the
labella. (b) Aedes aegypti proboscis dissected to expose D. immitis infective L3 larvae
(stained with methyl blue).

humans and, by extension, companion animals, while limiting harmful interactions
with the environment. It is important to recognize that, due to the varied develop-
mental habitats of mosquitoes, one-size-fits-all solutions are not feasible, and for
several important mosquitoes, an area-wide approach, as practiced by mosquito
abatement programs, is needed. The major components of IMM (Figure 23.3) are
outlined below and include surveillance, physical control, larval source reduction,
and adult mosquito control and monitoring for insecticide efficacy and resistance
[92]. In this chapter, we focus on the first four components:

1. The first step in all IMM programs is a robust surveillance plan. Mosquito
surveillance programs are critical to assess the effectiveness of prevention, avoid-
ance, or suppression tactics. Due to the widespread nature of many mosquito
species, these programs are often implemented by mosquito abatement programs
executed by local government agencies. Mosquito species identification is an
essential component in IMM to recognize the specific invasive and indigenous
species that may serve as vectors for nematode transmission or account for
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mosquito resistance to insecticides. In community-wide abatement programs,
this is done through a wide range of tools not available to or appropriate for
the general public. These include carbon dioxide-baited traps, use of sentinel
chickens for background virus monitoring, and widespread identification of
larger larval developmental sites. For the pet owner, surveillance can best be
accomplished by examining containers holding water for developing mosquito
larvae and pupae.

2. The next step in a local IMM program includes physical control operations
intended to remove all water-holding containers or make them such that
they do not hold water (punch holes in bottom) or alter the developmental
habitat. Common developmental sites found near residential areas that are
often overlooked include rim-less tires, water-filled vases or similar small
containers, animal water troughs, and plant holders. Rain gutters should be
properly maintained, and debris following home renovation projects should be
removed. When immature mosquito populations are found, manual elimination
of the immature mosquitoes is required. This should include the emptying of
water-holding containers, elimination of debris that may hold water, and, if
permanent water-holding containers are present, periodic (2× weekly) scrubbing
to remove eggs. Although not technically physical control, the addition of a
larvicide is warranted when it is not possible to alter such habitats. Many home
improvement and other stores carry such products that are safe to use around
pets. If adult mosquitoes become a problem, the next step in IMM is to reduce the
impact of heartworm transmission by preventing mosquito bites (see below). On
the larger scale, most abatement programs incorporate larval reduction, typically
through the use of lower toxicity products that are specifically toxic to mosquito
larvae. These products are delivered either by hand or machine to areas known
to repeatedly harbor developing mosquitoes.

3. When adult mosquitoes are a concern, reducing their interaction with pets should
be attempted. An option is to choose the times of day and amount of time that pets
are exposed to mosquitoes outdoors, such as avoiding times when crepuscular
vector species feed. This approach is not practical for many animals who spend
all of their time outdoors, but consideration of this approach for indoor pets is
recommended. Numerous repellent products are available and well studied for
human use. Less is known about their use on pets, and it is important to recognize
that human-approved products are not necessarily appropriate for pets, and in
some cases can make pets sick or even kill them. One challenge with pets is that
they will groom topically applied products off themselves, resulting in ingestion
of the repellent chemicals. All label instructions should be read and understood
before use and, if a product is not labeled for cats or dogs, it should not be used on
them. Products are available that have repellency claims for various insects and
ticks. Repellency of these products is not universal against all mosquitoes and
their effectiveness will vary among individual animals. It must be stressed that
use of a repellent product does not replace the use of preventative heartworm
medicinal products.
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Figure 23.3 Intervention practices at the veterinary level for canine filariasis with
emphasis on Integrated Mosquito Management to mitigate disease transmission.

4. The final step in an IMM program involves using chemicals to kill mosquitoes.
Chemical applications can occur in various ways, including spatial or contact
repellents for humans, spot-on preventatives for pets, and adulticides or larvi-
cides applied to the environment. Such approaches are most effectively used in
mosquito abatement programs, with individual property applications becoming
more commonly employed; however, variable efficacy has been reported. Volatile
pyrethroids (which also kill mosquitoes), also called spatial repellents, differ
from repellents applied to the skin or clothing in that spatial repellents protect a
larger space surrounding one or multiple individuals, rather than a body region
on a single person. Spatial repellents such as metofluthrin, transfluthrin, and
prallethrin, or various botanical extracts, are commercially available as passive
emanators, vaporizers, candles, coils, and heated mats for mosquito control in
areas with humans and animals [96, 97]. Botanical extracts, including citronella,
cedar, lavender, eucalyptus, neem tree oil, peppermint, and lemongrass and
lemon eucalyptus oil (para-menthane-3,8-diol), have been shown to deter
mosquitoes [97]. The US Environmental Protection Agency (EPA) [98] generated
a list of approved spatial and contact repellents for mosquitoes and ticks specific
to consumer needs (https://www.epa.gov/insect-repellents/find-repellent-right-
you). It should be noted that, as with skin repellents, some spatial repellents
should not be used around cats and label directions should be confirmed
before use.

Heartworm transmission and survival in vectors can be prevented through
delivery of oral (e.g. ivermectin and milbemycin oxime) or topical (e.g. moxidectin
and selamectin) anthelmintic drugs in combination with topical insecticides (e.g.
imidacloprid–permethrin solution) with repellent effects to prevent blood feeding
[99, 100]. However, some mosquito populations have developed resistance to
pyrethroid-based insecticides [101], including permethrin, which is commonly
used on dogs to control ectoparasites [99]. Additionally, reports of ineffective
insecticides have been attributed to mosquito resistance and cross-resistance
beyond pyrethroid compounds [99]. A relatively newer non-pyrethroid compound,
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dinotefuran, is formulated as a topical insecticide (in conjunction with pyriproxyfen
and permethrin) to reduce risk of heartworm transmission for dogs because of its
low toxicity to animals, fewer reported resistance issues, and efficacy in repelling
mosquitoes [99].

Mosquito abatement programs use adulticides and larvicides to suppress mosquito
populations on a community-level scale, but mosquitoes may be unaffected by insec-
ticide sprays not due to resistance, but due to applications not delivered to places they
rest or oviposit [102, 103]. Many ecological methods for mosquito reduction have
been considered due to environmental pollution, insecticide resistance, and public
health concerns about chemical insecticide use [104, 105].

Many research-based alternatives to chemical control are discussed below, includ-
ing using biological control agents against mosquitoes as well as the potential for the
use of genetically modified mosquitoes as control agents in population reduction
programs. These approaches fall outside of traditional IMM but are worthy of dis-
cussion due to their ongoing development and potential use in mosquito abatement.

23.6 Biological Control Agents

Entomopathogenic fungi have been investigated as alternatives to chemical insec-
ticides as they are environmentally friendly and minimally toxic to humans and
other vertebrates [102] and may reduce the risk of insecticide-resistant mosquito
populations [106, 107]. The fungal conidia (i.e. infective spores) attach to the
cuticle of adult mosquitoes and produce various proteases that allow penetration to
infect the mosquito, followed by release of lethal toxins [107, 108]. Mosquitoes are
infected by direct contact with fungal pathogens, which may enable development of
entomopathogenic fungi-treated cloths, nets, and sprays to combat mosquito popu-
lations [106]. Environments with stagnant water, moisture, moderate temperatures,
and sunlight protection are ideal for mosquito development, resting, and possible
overwintering [102]. These conditions are also favorable for entomopathogenic
fungi, allowing mosquito control in their natural habitats [102]. Common ento-
mopathogenic fungi used as terrestrial mosquito control agents include Beauveria
bassiana and Metarhizium anisopliae, which have effectively reduced Cx. quin-
quefasciatus [102], Anopheles gambiae, and Anopheles stephensi [106]. Laboratory
strains of Metarhizium brunneum have been effective against Ae. aegypti [108]. In
comparison to commercial insecticides with fast-acting mechanisms, pathogenic
fungi have a slow-kill effect, resulting in mortality days 3 to 14 posttreatment [102].
The delay in killing mosquitoes may reduce selection for resistance [102, 106].
Further research is necessary to validate entomopathogenic fungi as a biopesticide
against specific heartworm vectors. Scholte and colleagues provide a detailed
overview of entomopathogenic fungi for mosquito control [109].

The Aedes Densonucleosisvirus (AeDNV) is a mosquito-specific virus that is rel-
atively stable in the environment and has potential as a biological control agent
[110–112]. This is a less toxic alternative to chemical insecticides as it is not known
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to infect or replicate in other arthropods or vertebrates [110, 112]. AeDNV infects
aquatic mosquito larvae through the anal papillae [110, 111] and disseminates to
other tissues with 75% mortality in Ae. aegypti [110]. Larvae that do not die follow-
ing infection continue to develop and eclose as infected adults with reduced lifespan,
fecundity, and egg viability and also can vertically transmit AeDNV to progeny [110].
Although entomopathogenic viruses have not been well studied [110, 113], labora-
tory evidence suggests that AeDNV is effective against species in the Aedes and Culex
genera [110]. In addition, the Baculovirus CuniNPV is pathogenic to Culex nigripal-
pus and may be effective as a biological control agent [110, 113]. Viral infections are
dose-dependent and maintaining a high viral concentration in the field is difficult,
and so more research is necessary to develop persistent infections that significantly
reduce wild mosquito populations [110].

Some species of bacteria have been implemented as biological control agents
against mosquito vectors. The Gram-positive bacteria, Bacillus thuringiensis var.
israelensis (Bti), has been used to selectively target Ae. aegypti and Ae. albopictus
larvae for population control [108, 110]. Spinosad is an environmentally friendly
bioinsecticide that kills Ae. aegypti and Anopheles albimanus larvae and other
insect pests in laboratory studies [114]. Although Spinosad is highly toxic to insects,
the neurotoxic metabolites that are derived by fermentation of Saccharopolyspora
spinosa bacteria display low toxicity to mammals, allowing for the potential of this
bacterial species for biological control of insects, including mosquitoes [114].

Various aquatic predators of immature mosquitoes, such as fishes, crustaceans,
and insects, have potential for mosquito population control. The efficacy of preda-
tory fish such as Gambusia for vector control relies on many factors, including
their small size, predisposition to ingest large amounts of larvae, affinity for the
target insect, and tolerance of high temperatures and pH variations [115]. Haas
and Pal [116] give an excellent overview of the variety of fishes that have promise
for biological control. Mosquitofish (Gambusia spp.) have been used as biological
control agents for Culex tarsalis [103, 117], Cx. quinquefasciatus [102], and various
Aedes and Anopheles spp. [118]. One of the shortcomings in using fish to control
mosquitoes is that the mating behaviors of these fish may decline in certain envi-
ronments (e.g. storm drains), preventing substantial control [102]. As polyphagous
predators, mosquitofish also feed on other invertebrates that prey on mosquitoes,
which may indirectly benefit mosquito populations by reducing other predator
populations [117]. Mosquitoes may also be deterred from laying eggs in areas where
predators are prevalent. Gravid female Culex tarsalis and Cx. quinquefasciatus were
deterred from oviposition in the presence of tadpole shrimp (Triops longicaudatus)
due to water surface agitation [119]. Cyclopoid copepods are also commonly used
to control mosquito populations, but Cuthbert and colleagues [120] showed that
the freshwater calanoid copepod Lovenula raynerae may be more effective, as it is a
voracious predator of Cx. pipiens larvae, unlike cyclopoid copepods. Toxorhychites
spp. are mosquitoes that are predatory on container-developing and tree-hole
mosquito species, including Ae. albopictus and Aedes triseriatus [105, 121, 122].
Both adult male and female Toxorhychites are non-blood feeding, so they pose no
threat of blood-borne pathogen transmission [122].
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23.7 Future Directions

Many different methods have been investigated to use mosquitoes as biological
control agents in attempt to reduce mosquito vector populations. The sterile insect
technique (SIT) has been implemented for decades to eradicate agricultural pests,
including the tsetse fly Glossina austeni and the primary screwworm Cochliomyia
homnivorax from endemic regions [108]. Using radiation to sterilize male insects
to prevent successful reproduction with a wild female has been impractical for
mosquito control, because irradiated male mosquitoes generally do not seek mates
[108]. Cytoplasmic incompatibility (CI), another control method, utilizes the
endosymbiotic bacteria, Wolbachia, to suppress mosquito populations. CI results
in unviable progeny when Wolbachia-infected male mosquitoes, released into the
environment, mate with a wild female that is either uninfected or infected with a
different strain of Wolbachia [108, 123]. The biotechnology company MosquitoMate
(www.mosquitomate.com) [124], with EPA approval [125], is using a specific strain
of Wolbachia to suppress wild Ae. albopictus populations in the United States and
District of Colombia. Genetically modified (GM) male Ae. aegypti mosquitoes were
developed by introducing a self-limiting gene that results in premature death of
offspring if mated with a wild female mosquito [108]. The biotechnology company
Oxitec Ltd. [126] has conducted field trials by releasing GM mosquitoes in Brazil,
Panama, Cayman Islands, and the Florida Keys, achieving approximately 90%
mosquito suppression. Further research is necessary for these novel technologies,
but they show promising results and may reduce transmission of pathogens
of human and veterinary importance, potentially including Dirofilaria spp., if
mosquito vector populations can be successfully suppressed in endemic regions.

Dog heartworm issues are prevalent in many areas of the world. Although many
vectors have been properly screened for competence, many others remain to be iden-
tified. In other areas of the world, few if any vector incrimination studies have been
performed. With a changing climate in many parts of the world, areas once thought
to have only seasonal transmission due to vector inactivity during winter months
are no longer viewed in that light and this message needs to be communicated to
veterinarians and pet owners. Exciting new technologies are becoming available for
mosquito abatement; however, these will likely target species of human health inter-
est first. Many important heartworm vectors do not fall in this category, and thus
mosquito management and pet owner preventative delivery remain highly impor-
tant in managing this disease.
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Abstract

Wolbachia bacteria are endosymbionts of many parasitic filarial nematodes. They are
present in human pathogenic filarial species causing lymphatic filariasis (Wuchere-
ria bancrofti, Brugia malayi, and Brugia timori), onchocerciasis (Onchocerca volvulus),
mansonellosis (Mansonella perstans and Mansonella ozzardi), but not in filariae causing
loiasis (Loa loa). Furthermore, they are present in a large number of filariae parasitizing
animals, including the canine filariae Dirofilaria immitis and Dirofilaria repens. Wol-
bachia are proposed to provide the filarial nematodes with essential factors like heme,
nucleotides, and riboflavin. The filarial species that contain Wolbachia depend on the
endosymbionts for development, embryogenesis, and survival. Due to this crucial role
of Wolbachia for filarial transmission and survival, drugs that target the Wolbachia
endosymbionts provide an alternative treatment option that is being exploited. Over
the past decades, it was shown that the anti-wolbachial drug doxycycline is a safe treat-
ment that leads to permanent sterilization of the female adult worms and provides a
macrofilaricidal effect, i.e. it kills adult worms, in humans suffering from onchocer-
ciasis and lymphatic filariasis. As microfilariae are slowly cleared over several weeks
by anti-wolbachials from the skin or circulation, anti-wolbachial therapies do not trig-
ger inflammatory responses such as those seen after diethylcarbamazine treatment in
onchocerciasis and lymphatic filariasis patients. Furthermore, the lack of Wolbachia
endosymbionts in L. loa prevents potential life-threatening serious adverse events that
can occur in highly microfilaremic patients treated with diethylcarbamazine or iver-
mectin. Similarly, doxycycline is included in the recommended combination treatment
with ivermectin and melarsomine for canine heartworm disease and was suggested to
lessen treatment-associated pathology in comparison to melarsomine treatment alone
or in combination with ivermectin.
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Thus, anti-Wolbachia compounds have several advantages compared to drugs currently
used for human mass drug administration. Nevertheless, contraindications for doxycy-
cline and its treatment regimen of at least four weeks prevent its broader use for human
filariasis. Therefore, novel or improved anti-Wolbachia therapies are being discovered
and developed, including high-dose rifampicin, moxifloxacin, ABBV-4083 (Flubenty-
losin), Corallopyronin A, AWZ-1066S, and combination therapies with other antibiotics
or direct acting drugs to reduce the treatment time required to clear filarial infection or
permanently block the transmission of the disease.

24.1 Wolbachia Endosymbionts of Filariae

Among the human pathogenic filariae, Wolbachia are present in Brugia malayi,
B. timori, and Wuchereria bancrofti [1, 2], the causative agents of lymphatic filariasis;
in Onchocerca volvulus [3–7], the causative agent of onchocerciasis (river blindness);
in Mansonella perstans [8] and Mansonella ozzardi [9]; but are absent from Loa loa
[10–12] and the closely related nematode Dracunculus medinensis [13]. Whether
Mansonella streptocerca harbors Wolbachia endosymbionts is not known.

Wolbachia endosymbionts have also been found in filarial nematodes of animals,
including filariae parasitizing cattle (Onchocerca ochengi, Onchocerca gutturosa, and
Onchocerca lienalis) [3, 14, 15], cats (Brugia pahangi) [1, 16], dogs (Dirofilaria immi-
tis [16, 17] and Dirofilaria repens [18]), rodents (Litomosoides sigmodontis) [19], and
monkeys (Dipetolonema gracile) [20], but are not present in Onchocerca flexuosa
in deer [21], Litomosoides yutajensis in bats [22], or Acanthocheilonema viteae in
rodents [19].

Phylogenetic analysis showed that the Wolbachia present in filarial nematodes
belong to the supergroups C, D, and F, with supergroup C containing the Onchocerca
and Dirofilaria species, supergroup D the Brugia spp., W. bancrofti and Litomosoides
spp., and supergroup F Mansonella spp. [23]. Supergroup J contains Wolbachia of
Dipetalonema gracile. The supergroups A, B, E, F, and I represent Wolbachia of
arthropods [23].

Intracellular bacteria were initially described in filariae in electron micrographs
from D. immitis, B. malayi, and O. volvulus [24, 25]. They were found in large
numbers in all examined larval stages, oocytes, and in the lateral chords and
hypodermis of both sexes, but never in the male genitals. Based on the morphology,
these intracellular bacteria were described as rickettsia-like endobacteria that were
transovarially transmitted to the next generation [26]. However, the therapeutic
potential of Wolbachia in filariae was not immediately recognized, e.g. treatment
of Mongolian gerbils (Meriones unguiculatus) with tetracycline-protected animals
from infection with B. pahangi, but the effect was not attributed to the endobac-
teria [27]. The endobacteria were later identified as close relatives of Wolbachia
endosymbionts described in arthropods by sequencing the 16S rDNA gene [17].
After identification of the endobacteria as Wolbachia, studies using animal filariae
confirmed that the endobacteria were vertically transmitted and that tetracycline
treatment resulted in loss of Wolbachia from B. pahangi, D. immitis, O. ochengi,
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and L. sigmodontis and this correlated with loss of microfilariae from the infected
animals and infertility of adult female L. sigmodontis [14, 16, 19, 28]. Hoerauf et al.
showed that the effect of tetracycline was specific to Wolbachia because treatment
of animals infected with A. viteae, a filarial species without Wolbachia, did not result
in a loss of microfilariae from the blood nor did the adult female worms become
infertile [19]. A first indication that depletion of Wolbachia is macrofilaricidal was
provided by studies in the O. ochengi bovine model in which nodules containing
adult worms disappeared after treatment with oxytetracycline, and the loss of
nodules was preceded by depletion of Wolbachia [29].

The reason(s) for this dramatic effect on filarial nematode embryogene-
sis/development and survival is not completely understood, but several hypotheses
have been proposed based on the annotated genomes of B. malayi and their Wol-
bachia endosymbionts (wBm) [30–32]. This analysis revealed that wBm had a highly
reduced genome. It encoded complete pathways for the de novo synthesis of purines
and pyrimidines, but not for the de novo synthesis of amino acids, with the exception
of meso-diaminopimelate, an amino acid required to produce peptidoglycan. The
wBm genome also encoded complete pathways for the synthesis of heme, riboflavin,
and flavin adenine dinucleotide, all of which are involved in the production of cellu-
lar energy, but are not completely encoded in – or are completely lacking from – the
nematode genome. Experimental evidence supported the importance of Wolbachia
heme biosynthesis in nematode biology. Using inhibitors of heme biosynthesis,
it was shown that B. malayi in culture became immotile and died, an effect that
could not be reversed by adding a source of heme to the culture medium [33]. This
was supported by microarray results that found a significant upregulation in the
expression of mitochondrial genes involved in ATP synthesis, specifically subunits
that required heme and riboflavin, after tetracycline-depletion of Wolbachia from
L. sigmodontis infecting M. unguiculatus [34]. The same upregulation was not seen
in A. viteae after four weeks of tetracycline treatment of infected animals [34]. An
essential role of Wolbachia as a source of riboflavin has also been shown. Treating
B. malayi nematodes in culture with doxycycline resulted in immobility of adult
female worms and a halt in the release of microfilariae. Supplementing the medium
with riboflavin (vitamin B6) partially rescued worms treated with doxycycline [35].
Thus, Wolbachia appear to be essential to those filarial nematodes harboring the
endosymbionts for nucleotides, heme, riboflavin, and flavin adenine dinucleotide
and may also be a source of ATP to their filarial hosts during energy intensive
stages, e.g. embryogenesis and development.

24.2 Wolbachia as Targets for Human Filarial Diseases

24.2.1 Doxycycline: The First Safe Macrofilaricidal Drug for Human
Filariasis

Doxycycline, a second-generation tetracycline antibiotic (Table 24.1), is the first
safe macrofilaricidal drug for human filarial disease. Following experimental



Table 24.1 List of anti-wolbachial compounds and candidates, their effect and Wolbachia target.

Target inDrug (class) Wolbachia ReferencesStatusCommentActivity

Doxycycline
(Tetracycline)

Inhibits protein synthesis
by binding the 30S
ribosomal subunit, thus
preventing binding of the
aminoacyl-tRNA

Blocks embryogenesis,
macrofilaricidal in
onchocerciasis and
lymphatic filariasis

Extended daily treatments
of 3–6 wk are required.
Contraindicated in
children <8 yr, pregnant
and lactating women.

Individual therapy for
onchocerciasis, lymphatic
filariasis.

[36–39]

Minocycline
(Tetracycline)

Inhibits protein synthesis
by binding the 30S
ribosomal subunit, thus
preventing binding of the
aminoacyl-tRNA

Partial inhibition of
embryogenesis

Superiority to doxycycline
given at comparable
treatment lengths has to
be confirmed in clinical
trials.

Phase 2 clinical trial with
3-wk treatment has been
performed for
onchocerciasis.

[40, 41]

Rifampicin
(Rifamycin)

Binds to prokaryotic
DNA-dependent RNA
polymerase, precluding
subsequent translation

Partial inhibition of
embryogenesis
(10 mg/kg/d dose)

10 mg/kg/d were
suboptimal for the
treatment of human
filariasis. High dose
(30–35 mg/kg/d) predicted
to be 15-fold more potent
than doxycycline in vivo.

Phase 2 clinical study
using 10 mg/kg/d for
onchocerciasis has been
performed. High dose
studies are ongoing.

[42–44]

Rifapentine
(Rifamycin)

Binds to prokaryotic
DNA-dependent RNA
polymerase, precluding
subsequent translation

Rifapentine plus
moxifloxacin combination
reduced treatment time
required to clear
Wolbachia in in vivo
animal experiments

Combination of
rifapentine and
moxifloxacin is expected
to be superior to
doxycycline therapy.

Phase 2 clinical trial
comparing the
combination of rifapentine
plus moxifloxacin in
onchocerciasis is ongoing.

[45]



Moxifloxacin
(Quinolone)

Inhibitor of bacterial DNA
gyrase, topoisomerase II
and IV, preventing DNA
and RNA synthesis

Rifapentine plus
moxifloxacin combination
reduced treatment time
required to clear
Wolbachia in in vivo
animal experiments

Combination of
rifapentine and
moxifloxacin is expected
to be superior to
doxycycline therapy.

Phase 2 clinical trial
comparing the
combination of rifapentine
plus moxifloxacin in
onchocerciasis is ongoing.

[45]

ABBV-4083
(Flubentylosin)
(Macrolide)

Inhibits protein synthesis
by biding to the 50S
subunit of the bacterial
ribosome

Animal studies suggest
inhibition of
embryogenesis and
clearance of microfilariae

Superiority to doxycycline
shown in animal studies

Phase 1 clinical study
completed. Phase 2
clinical trial in
onchocerciasis patients is
ongoing.

[46, 47]

AWZ-1066S
(Azaquinazoline)

Inhibition of aspects of
protein synthesis

Animal studies suggest
inhibition of
embryogenesis and
clearance of microfilariae

Superiority to doxycycline
and minocycline shown in
animal studies

Phase 1 clinical study is
ongoing.

[48]

AN11251
(Pleuromutilin)

Inhibits protein synthesis
by binding to the 50S
subunit of the bacterial
ribosome

Wolbachia Experimental animaldepletion
studies suggest at least
equal Wolbachia depletion
as doxycycline

[49, 112]Preclinical candidate

Corallopyronin A
(α-Pyrone)

Noncompetitive inhibitor
of bacterial
DNA-dependent RNA
polymerase

Animal studies have
shown inhibition of
embryogenesis, clearance
of microfilariae and
macrofilaricidal efficacy

Animal studies suggest
superiority to doxycycline

Preclinical development,
phase 1 clinical study
scheduled for 2024.

[50, 119]
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confirmation in animal models that doxycycline treatment depletes Wolbachia
endosymbionts of filariae, inhibits embryogenesis, and leads, over time, to the
clearance of microfilariae and adult worms [14, 16, 19, 51], Hoerauf et al. demon-
strated in onchocerciasis patients that doxycycline given at 100 mg daily for six
weeks depletes Wolbachia bacteria from O. volvulus, inhibits embryogenesis, leads to
long-term amicrofilaridermia, and is macrofilaricidal [52, 53]. Subsequent clinical
trials in bancroftian filariasis patients demonstrated that doxycycline is also effec-
tive, leading to a 96% Wolbachia reduction and a 99% reduction in microfilaremia
one year after treatment with 200 mg doxycycline for six weeks and complete
amicrofilaremia when ivermectin, in addition, is given as a single dose four months
after doxycycline was administered [54]. Following proof of a safe macrofilaricidal
treatment with doxycycline, several clinical studies in onchocerciasis and lymphatic
filariasis patients were performed to elaborate the optimal treatment duration and
dose and to identify the kinetics of efficacy.

With regard to onchocerciasis, it was shown that following a six-week doxycycline
regimen (100 mg daily), Wolbachia gradually decline from month 2 to 6 following
treatment, with inhibition of embryogenesis by six months, and decline of micro-
filariae by 11 months after treatment start. These effects were maintained for 18
months, but no macrofilaricidal efficacy was observed at that time point [55]. If
ivermectin was added to the treatment, microfilariae quickly declined (as expected
from the mode of action of ivermectin), but microfilariae loads did not recover, in
contrast to what is observed with ivermectin treatment alone. In accordance with
the histological findings from onchocercomata removed after doxycycline treat-
ment and Wolbachia depletion, adult female worms became infertile. Inhibition of
embryogenesis was not improved if doxycycline was given for six weeks at 200 mg/d
compared to 100 mg/d; at 20 months after treatment, both regimens led to only 1.2%
of onchocercomata with embryogenesis in female adult worms compared to 28.8%
in the placebo control, with complete Wolbachia absence in 96% of treated female
worms [56] (https://doi.org/10.1186/ISRCTN68861628). Shortening the 200 mg/d
doxycycline treatment from six to four or two weeks demonstrated that at least four
weeks of doxycycline treatment are required in onchocerciasis patients. Six and
four weeks of doxycycline treatment reduced microfilarial loads by 18 months after
treatment start, with six weeks being, by trend, more efficacious than four weeks,
and two weeks resulting in no significant reduction [57]. In accordance, two weeks
of 200 mg/d doxycycline therapy failed to deplete Wolbachia [57]. Comparison of
the six and four week 200 mg/d doxycycline treatment in onchocerciasis patients in
a randomized, placebo-controlled trial, in which ivermectin was additionally given
as single dose six months after initiation of doxycycline treatment, demonstrated
that the six-week therapy was macrofilaricidal, leading to the death of ∼60% of
the female adult worms at 20 and 27 months after treatment compared to ∼50%
in the four-week group [58]. The actual macrofilaricidal efficacy may have been
even underestimated, as reinfections occur after doxycycline treatment in areas of
ongoing transmission [59]. The six-week doxycycline therapy was also more effica-
cious than the four-week therapy in maintaining the inhibition of embryogenesis
and reducing microfilariae loads [58]. Reduction of doxycycline treatment time to
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five weeks at 100 mg/d was also effective for onchocerciasis, leading to the death
of 49% of female adult worms, depletion of Wolbachia and complete inhibition
of embryogenesis two years after treatment [60]. Importantly, a community trial
including 12 936 subjects and a second placebo-controlled study demonstrated that
large-scale six-week doxycycline therapy is feasible and safe in areas co-endemic
for loiasis [61, 62]. Thus, doxycycline treatment overcomes previous restrictions of
MDA treatment in areas of loiasis co-endemicity, where DEC and ivermectin cannot
be given in an MDA approach due to the risk of the development of life-threatening
serious adverse events in L. loa patients with high microfilariae loads [36, 63–65].
The placebo-controlled study in onchocerciasis patients further compared the
efficacy of 200 mg doxycycline given daily for six weeks with or without additional
ivermectin (150 μg) treatment given at four months. In concordance with the
previous studies, combined treatment with ivermectin led to amicrofilaridermia in
89% of the patients, compared to 67% of the doxycycline and 21% of the ivermectin
only-treated patients [62]. Both doxycycline treatments completely cleared Wol-
bachia and embryonic stages within the female filariae and mediated a comparable
macrofilaricidal effect [62]. Importantly, microfilariae with reduced Wolbachia
levels from doxycycline-treated patients are retarded in their development into
infective stage larvae (L3) in the Simulium vector, indicating that the transmission
of onchocerciasis may be inhibited by anti-Wolbachia therapy [66].

Four years after the 6-week doxycycline treatment in the large-scale trial, patients
previously treated with doxycycline had a significantly lower prevalence of micro-
filaridermia despite ongoing transmission and subsequent one to two rounds of
annual ivermectin treatments in this area [67]. Similarly, meta-analytic modeling
that included data from the onchocerciasis trials with doxycycline given at 100 and
200 mg for four, five, or six weeks showed that the life span of adult O. volvulus is
reduced by 70–80%, from 10–15 years to 2–3 years [68]. Importantly, in an area of
endemic onchocerciasis with persistent microfilaridermia despite multiple rounds
of ivermectin MDA treatments, i.e. suboptimal ivermectin responses, doxycycline
therapy (100 mg daily for six weeks) followed by ivermectin treatment at 3 and 12
months was also shown to be efficacious [69]. Comparable to the previous studies,
doxycycline had cleared the Wolbachia in 95% of the surgically recovered female
worms by 20 months after treatment. No microfilariae were detected in any nodule
taken from doxycycline-treated patients (compared to 34.1% in patients treated only
with ivermectin), 97% of the patients had no detectable microfilaridermia and a sig-
nificant macrofilaricidal effect was observed [69], demonstrating that doxycycline
therapy is also efficacious in suboptimal ivermectin responders. These data indicate
that four to six weeks of doxycycline therapy provide long-term inhibition of
embryogenesis, thereby leading to amicrofilaridermia over time and slow death of
adult filariae. The slow clearance of microfilariae due to inhibition of embryogenesis
and a lack of a direct microfilaricidal efficacy in combination with the slow-acting
macrofilaricidal efficacy has several advantages, as it prevents serious adverse
events that are observed, e.g. during the clearance of O. volvulus microfilariae by
DEC [70, 71] and is safe to administer in areas co-endemic for loiasis [61, 62].
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Following the initial proof that anti-wolbachial therapy with doxycycline is
also effective for lymphatic filariasis [54], a randomized, placebo-controlled study
was performed for bancroftian filariasis and demonstrated that treatment with
200 mg doxycycline daily for eight weeks almost completely cleared microfilariae
8–14 months following treatment, with only 22% of the treated patients having
remaining viable worms. None of the doxycycline patients had serious adverse
events [72]. Giving bancroftian filariasis patients doxycycline 200 mg daily for
a shorter period of six weeks followed by a single administration of ivermectin
(150–200 μg/kg) and albendazole (400 mg) four weeks later also resulted in a
significant reduction in Wolbachia, microfilarial loads and adult worm survival
at 24 months after treatment compared to the placebo control [73]. A further
reduction of doxycycline therapy with 200 mg daily for four weeks followed by
a single ivermectin dose after four months confirmed that this regimen is also
effective, leading to a significant reduction of Wolbachia, microfilariae levels
and the presence of only 20% viable adult worms at 24 months [74]. New data
from another placebo-controlled trial will show that reduction of the doxycy-
cline regimen to four to five weeks of 100 mg/d is equivalent (not inferior) to
the 200 mg/d regimens, reaching 86% macrofilaricidal efficacy at 18 months
compared to 76% with the previous gold standard (ISRCTN15216778) [75]. Sim-
ilarly, reducing the doxycycline dose to 100 mg daily for six weeks followed by
a single administration of DEC (6 mg/kg) and albendazole (400 mg) after four
months in B. malayi patients reduced the microfilariae count by 77% after one
year in the group receiving doxycycline alone and by 88% in patients receiving
doxycycline plus the other drugs [76]. In contrast, microfilariae reductions of
26.7% were observed in patients who only received DEC and albendazole [76].
Importantly, prior treatment with doxycycline also reduced the occurrence of
serious adverse events associated with DEC plus albendazole treatment [76],
which is expected to be due to the doxycycline-induced depletion of Wolbachia,
preventing inflammatory responses that otherwise occur when Wolbachia are
released from dying microfilariae [77]. Further shortening of the doxycycline
regimen with 200 mg/d for three weeks or 10 days followed by a single dose of
DEC four months later showed that three weeks of doxycycline treatment also
leads to the complete ablation of microfilaremia and a significant reduction of
worm nests in the scrotums of W. bancrofti patients after one year, whereas the
10-day doxycycline-treated group had results comparable to the placebo control
[78].

With regard to infections with M. perstans, six weeks of 200 mg/d doxycycline
treatment was effective in an open-label clinical trial in Ghana, depleting Wolbachia
from microfilariae by >1 log, and resulting in a complete clearance of microfilariae
in the majority of patients two years after treatment start [79].

Thus, the filariae causing lymphatic filariasis, Brugia spp. and W. bancrofti, are
more susceptible to treatment with doxycycline compared to O. volvulus, with
three to four weeks of doxycycline therapy leading to long-term reduction of
microfilaremia and adult worm death. Furthermore, depletion of Wolbachia by
doxycycline therapy reduced the incidence of serious adverse events that occur with
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DEC. Doxycycline-containing regimens are frequently administered by doctors in
outpatient clinics, not only in endemic countries with health systems that provide
individual care for lymphatic filariasis but also in Europe and the US. Most recently,
Brazil and the Bolivarian Republic of Venezuela began using doxycycline treatment
as end-game strategy to clear remaining onchocerciasis disease foci [80].

24.2.1.1 Lymphedema Treatment with Doxycycline Is Superior to Simple
Hygiene
In addition to the macrofilaricidal efficacy and long-term sterilization achieved by
doxycycline therapy in lymphatic filariasis patients, this treatment also ameliorates
the disease manifestations of lymphatic filariasis [73]. W. bancrofti lymphedema
patients treated for six weeks with 200 mg doxycycline daily followed by a single
administration of ivermectin and albendazole at four months had significantly
lower plasma levels of vascular endothelial growth factor VEGF-C and its soluble
receptor sVEGFR-3, significantly lower mean stage of lymphedema at 12 months,
and by 24 months significantly smaller dilatation of the supratesticular lymphatic
vessels [73]. Furthermore, doxycycline treatment reduced pro-inflammatory
cytokines such as TNF that are associated with the presence of Wolbachia and
microfilariae [81]. Significant reduction in lymph vessel dilatation was also
achieved with three weeks of 200 mg/d doxycycline therapy followed by a single
dose of DEC four months later [78]. Results from a randomized placebo controlled
clinical trial confirmed that patients with mild to moderate lymphedema pathology
(lymphedema scores of two to three according to the scoring system established by
Dreyer et al. [82]) had significant reductions in lymphedema pathology after one
and two years and fewer dermatolymphangioadenitis attacks in this time frame
after being administered doxycycline daily at 200 mg for six weeks in addition to
standard hygiene morbidity treatment [37]. Importantly, the beneficial effect of
doxycycline therapy on lymphedema was independent of the presence of viable
adult worms [37]. Nevertheless, not all factors leading to lymphedema are related
to Wolbachia endosymbionts of filariae, as pro-angiogenic factors such as VEGF-A,
VEGF-C, VEGF-D, and angiopoietins were increased in bancroftian lymphedema
patients as well as in patients with subclinical microfilaremia compared to endemic
normal controls, but doxycycline treatment failed to change their levels 1-year after
treatment, indicating that the filariae per se also contribute to pathology [83].

These results indicate that, compared to the standard lymphedema treatment
including regular cleaning with soap and water, nail and skin care, topical antibi-
otics or antifungals, exercise and shoes, doxycycline therapy improve or halts the
progression of the lymphedema.

In an ongoing multi-center clinical trial in Ghana (ISRCTN14042737), Mali
(NCT02927496), Sri Lanka (NCT02929134), India (NCT02929121), and Tanzania
(ISRCTN65756724), the beneficial effects on lymphedema using 200 mg doxycycline
given for six weeks are being compared to a reduced doxycycline dose of 100 mg
given for six weeks and the standard lymphedema treatment in the absence of
doxycycline therapy. The goal of this multi-center trial is to provide evidence to
support the implementation of doxycycline therapy into the current treatment



598 24 Wolbachia Endosymbionts as Treatment Targets for Filarial Diseases

programs for morbidity control, a task that has not had as great success as MDA, but
which is necessary to improve the lives of millions with lymphedema or hydrocele.

24.2.2 Recommendations for Doxycycline Therapy for Lymphatic
Filariasis and Onchocerciasis

Based on the results described above, it is recommended that, for onchocerciasis,
doxycycline is given daily for four weeks at 200 mg or five weeks at 100 mg to achieve
permanent sterilization of female adult worms and permanent amicrofilaridermia.
For macrofilaricidal efficacy in onchocerciasis, 200 mg doxycycline should be given
daily for six weeks. In lymphatic filariasis, doxycycline is macrofilaricidal at 100
mg given daily for four weeks, and reduces lymphedema and hydrocele pathology
following six weeks of daily 200 mg doxycycline. For lymphedema patients, it is rec-
ommended to repeat the doxycycline therapy yearly or every other year [37].

24.2.3 Limitations

Although doxycycline is the first safe macrofilaricidal treatment for lymphatic filar-
iasis and onchocerciasis, limitations are evident. The treatment duration of at least
four weeks of daily doxycycline to achieve permanent sterilization in onchocercia-
sis or macrofilaricidal efficacy in lymphatic filariasis is an option only for individual
therapy, not for mass drug administration. Furthermore, doxycycline forms a stable
calcium complex in any bone-forming tissue, which may affect bone growth and lead
to teeth discoloration, and is therefore contraindicated for use in children below the
age of 8 or breast-feeding women. In addition, doxycycline crosses the placenta and
has been shown to have toxic effects on the developing fetus and therefore cannot
given to pregnant women.

24.3 Wolbachia as Targets for D. immitis Infections of
Dogs

It was demonstrated by Bandi et al. in 1999 that after the end of a regimen of
30 days of 30 mg/kg doxycycline in naturally infected dogs, filarial embryogenesis
was inhibited compared to control animals [16]. This was associated with the
restriction of Wolbachia to the caudal end containing the ovary of the adult filariae
in the treated animals, whereas Wolbachia were present throughout the reproduc-
tive tract of the filariae recovered from the control animals. As necropsies were
performed immediately after treatment end, D. immitis adult worms showed no
impaired motility and microfilariae levels were comparable to the counts before
treatment started [16], which we now know is due to the fact that inhibition of
embryogenesis precedes the clearance of microfilariae and clearance of adult worms
by several months. Twice-daily administration of 10 mg/kg doxycycline for 30 days
to experimentally infected dogs improved efficacy and led to a gradual decline
of microfilaremia that was evident at the end of treatment and continued until
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necropsy 12–13 months after treatment started [84]. This doxycycline treatment
regimen reduced the adult worm recovery in comparison to the control animals
and remaining adult filariae were moribund [84]. Furthermore, L3 larvae isolated
from mosquitoes that fed on doxycycline-treated dogs 73–77 and 161–164 days after
treatment did not establish infections in dogs [84], demonstrating that doxycycline
treatment prevents the transmission of the disease long-term.

Experimental combination studies using beagles transplanted with adult
D. immitis were performed to compare the efficacy of treatments at weeks 0–6,
10–12, 16–18, 22–26, and 28–34 with ivermectin (6 μg/kg/wk orally), doxycycline
(10 mg/kg/d orally), and a combination of both treatments [85]. The doxycy-
cline/ivermectin combination therapy cleared microfilaremia by 12 weeks after
treatment, whereas most dogs that received doxycycline or ivermectin alone had
reduced but not eliminated microfilariae at the end of the study 36 weeks after
treatment [85]. The combination therapy completely inhibited embryogenesis and
had superior macrofilaricidal efficacy compared to the single drug treatments [85].
In contrast, ivermectin treatment alone cleared microfilaremia within days, but
only led to a temporary inhibition of embryogenesis followed by a rebound of
microfilaremia. Doxycycline treatment, on the other hand, does not directly affect
microfilariae; therefore, the microfilariae clearance due to doxycycline-inhibited
embryogenesis occurs more slowly, i.e. according to the half-life of microfi-
lariae. Results from this study were confirmed in a subsequent study which
additionally demonstrated that L3 larvae obtained from mosquitoes that fed on
doxycycline-treated dogs were not infective [86].

Furthermore, it was shown that combinations with doxycycline can reduce the
occurrence of lung and arterial pathology caused by the registered adulticidal drug
melarsomine dihydrochloride. The combination of ivermectin (6 μg/kg monthly)
with doxycycline (20 mg/kg daily for 30 days) and melarsomine dihydrochloride
(2.5 mg/kg intramuscularly at week 12, followed by two injections one month
later that were 24 hours apart) as well as the combination treatment of doxycy-
cline and melarsomine led to fewer lung lesions compared to dogs that received
melarsomine alone, and the ivermectin and doxycycline combination resulted in
fewer severe arterial lesions [87]. This beneficial impact of the combination of
doxycycline, ivermectin, and melarsomine was further shown in an analysis from
medical reports of dogs that were treated either with 2–3 doses of ivermectin before
melarsomine treatment and received either four weeks with 10 mg/kg twice-daily
doxycycline or not [88]. No heartworm-caused deaths were reported for the dogs
receiving doxycycline before melarsomine treatment and those dogs had fewer
respiratory conditions compared to the group that did not receive doxycycline
[88]. As an adulticidal treatment for D. immitis, the American Heartworm Society
recommends treatment with the standard monthly ivermectin (6 μg/kg) treatment,
plus one round of doxycycline (10 mg/kg twice-daily) given for four weeks, and
treatment with melarsomine dihydrochloride (2.5 mg/kg) intramuscularly at day
60, 90, and 91. This regimen reduces microfilariae loads, leads to adult worm death,
and prevents the aggravation of pulmonary damage [89].
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To identify novel combination therapies for dirofilariasis, combinations of doxy-
cycline (10 mg/kg/d) for 40 days followed by a 7-day treatment with the saponin
acaciaside (10 mg/kg/d) were tested [90]. This combination led to almost complete
clearance of microfilariae, superior to the single drug administrations, that was
maintained for four months until the end of the study [90]. In addition, given the
greater potency of minocycline versus doxycycline in animal models of filariasis
[91], and the increasing costs of doxycycline compared to minocycline, minocycline
was also considered for heartworm disease [40, 92]. The comparison of 28-day treat-
ment of doxycycline or minocycline given at 10 or 5 mg/kg twice-daily in addition to
a six-month treatment with ivermectin/pyrantel and melarsomine dihydrochloride
(2.5 mg/kg) intramuscularly at days 60, 90, and 91 showed that all dogs treated
with 10 mg/kg doxycycline were Wolbachia negative four weeks after doxycycline
treatment. In comparison, 2/8 dogs treated with 5 mg/kg doxycycline and 10 mg/kg
minocycline and 3/8 dogs treated with 5 mg/kg minocycline remained Wolbachia
positive [92]. Gastrointestinal problems were more common in dogs treated with
10 mg/kg doxycycline or minocycline compared to the 5 mg/kg doxycycline or
minocycline groups [92]. Based on those observations, it is recommended to
use the treatment regimen of the American Heartworm Society with ivermectin
in combination with four weeks of doxycycline (10 mg/kg twice-daily) and the
three-dose melarsomine treatment and, in the case of gastrointestinal side effects,
reduce the doxycycline dose to 5 mg/kg [92].

24.4 Identification of Anti-wolbachials with an
Improved Profile

Based on the essential role of Wolbachia endosymbionts for filarial develop-
ment, transmission, and survival, but the limitations of doxycycline, more potent
anti-wolbachials are required. A recently developed high throughput in vitro screen-
ing system using a Wolbachia insect cell line allowed screening for compounds with
potent anti-wolbachial activity [93, 94]. Rodent models infected with diverse filarial
nematodes [95–98] were subsequently used for in vivo pre-clinical screening. Based
on those results, several novel treatments are currently in clinical trials for filariasis
or are under consideration for clinical trials.

24.4.1 Clinical Trials

24.4.1.1 Rifampicin
In the search for antibiotics with improved efficacy against Wolbachia endosym-
bionts of filariae and that overcome some of the limitations of doxycycline,
rifampicin is of interest (Table 24.1), as it can be administered to children.
Rifampicin was initially tested in the L. sigmodontis mouse model and shown
to deplete Wolbachia endosymbionts and reduce filarial development and adult
worm survival [99]. A subsequent human clinical study tested two and four weeks
of 10 mg/kg/d rifampicin in onchocerciasis patients in Ghana and compared its
efficacy against six-week doxycycline treatment (100 mg/d) as well as untreated
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patients [42]. Eighteen months after the four-week rifampicin treatment, filarial
embryogenesis was reduced and viable female O. volvulus filariae contained sig-
nificantly fewer Wolbachia endosymbionts compared to untreated patients [42].
Nevertheless, complete depletion of the Wolbachia endosymbionts was not achieved
18 months after the two and four weeks of 10 mg/kg/d rifampicin treatment, and
78–100% of the male and female adult worms were viable [42]. Compared to the
six-week doxycycline regimen, 10 mg/kg/d rifampicin was inferior in Wolbachia
depletion [42]. The reason for this inferior performance may lie in suboptimal
dosing. In subsequent preclinical dose-escalation studies in animal models using B.
malayi and O. ochengi, PK-PD analysis showed that 10 mg/kg/d rifampicin, which
is the bioequivalent dose of the 600 mg/d dose used in humans, is suboptimal and
a bioequivalent human high dose of 30–35 mg/kg/d (approximately 1.5–2 g/d in
humans) achieved >90% Wolbachia reduction within 7 and 14 days in those models,
respectively [43]. Thus, high-dose rifampicin has the potential to require only a one
to two-week duration of treatment for human filariasis [43]. Initial clinical studies
using 20 and 35 mg/kg rifampicin for tuberculosis treatment were shown not to
cause increased toxicity in comparison to the standard 10 mg/kg dose [100–102].
In addition, shortened treatment durations of one to two weeks are not expected
to lead to the development of Mycobacterium tuberculosis resistance to rifampicin
[103]. Based on these findings, additional phase 2 clinical studies using high-dose
rifampicin treatment are ongoing (ISRCTN38954299).

24.4.1.2 Minocycline
Minocycline (Table 24.1) was shown in several animal models of filariasis to
be active against Wolbachia endosymbionts and to be more quickly acting than
doxycycline [45, 46, 91, 96]. A subsequent human field trial compared the efficacy
of three weeks 200 mg/d minocycline with three and four weeks of doxycycline
at 200 mg/d in onchocerciasis patients in Ghana [41]. Six months after treatment,
Wolbachia were absent in 72.7% of female adult worms from minocycline-treated
patients, 64.1% of three-week doxycycline-treated patients and 98.8% of four-week
doxycycline-treated patients [41]. Thus, in line with the animal models, Wolbachia
depletion was, by trend, superior after three-week minocycline treatment in com-
parison to doxycycline given for the same duration, but inferior to the four-week
doxycycline gold standard treatment regimen [41]. Future studies in a fully random-
ized clinical trial are required to confirm the superiority of three-week minocycline
therapy in comparison to three weeks of doxycycline treatment, but a short-term
regimen of two weeks or less for onchocerciasis seems not to be achievable with a
minocycline monotherapy.

24.4.1.3 Combinations of Anti-wolbachials
In addition to the identification of novel or repurposed drugs with an improved
efficacy against the Wolbachia endosymbionts of filariae, several experimental and
clinical studies indicated that combinations of anti-Wolbachia compounds with
albendazole or additional anti-Wolbachia compounds may allow shorter treatment
regimens.
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24.4.1.4 Anti-wolbachials Plus Albendazole
Albendazole is an anthelmintic benzimidazole used for mass drug administration
with DEC or ivermectin for the treatment of lymphatic filariasis and onchocerciasis,
respectively. Given as a monotherapy semiannually, albendazole was reported to
reduce peripheral blood microfilaremia and W. bancrofti antigenemia in lymphatic
filariasis patients [104] and prolonged treatment for 3–10 days was shown to partially
inhibit embryogenesis and reduced microfilariae levels [105, 106]. However, a recent
Cochrane study analyzing 13 randomized clinical trials with lymphatic filariasis
patients identified little to no impact of albendazole treatment alone or in combina-
tion with the microfilaricidal drugs DEC or ivermectin on microfilariae prevalence
or adult worm clearance [107]. In accordance, a single dose of 800 mg albendazole in
combination with 200 μg/kg ivermectin did not improve the sterilization or killing
of adult O. volvulus worms or lead to prolonged clearance of microfilariae compared
to ivermectin alone, irrespective of a semiannual or annual treatment [108].

In the B. malayi gerbil model, albendazole has a synergistic effect on Wolbachia
depletion as well as microfilariae clearance in combination with antibiotics of the
tetracycline (minocycline) and rifamycin (rifampicin) classes, although albendazole
on its own has no anti-Wolbachia efficacy [109]. Interestingly, the synergistic effi-
cacy of anti-Wolbachia candidates and albendazole was more prominent in female
adult worms, which led to the conclusion that the combination acts on the germline
Wolbachia population [109]. Albendazole, as a β-tubulin inhibitor, may
interfere with the dividing Wolbachia bacteria and enhance the efficacy of
anti-wolbachials [109]. These preclinical results indicate that combination thera-
pies of anti-Wolbachia compounds with improved potency and albendazole may
allow regimens of seven or fewer treatment days [109].

An initial pilot study testing three-week 200 mg/d doxycycline with albendazole
given at 800 mg/d for the final three days of therapy demonstrated that the combi-
nation improves Wolbachia depletion and provides an inhibitory effect on embryo-
genesis compared to three-week doxycycline monotherapy, although it was inferior
to monotherapy with doxycycline given for four weeks with 200 mg/d [41].

24.4.1.5 Rifapentine Plus Moxifloxacin
Preclinical studies in the L. sigmodontis mouse model indicated that combinations
of different antibiotics can improve efficacy against Wolbachia endosymbionts and
reduce the treatment time required to deplete them [45]. Matrix testing of com-
binations of rifamycins (rifapentine, rifampicin), gyrase inhibitors (sparfloxacin,
ciprofloxacin, moxifloxacin) as well as tetracyclines and derivates (doxycycline,
tigecycline, minocycline, methacycline) identified the combination of moxifloxacin
and rifapentine (Table 24.1) as most effective in clearing Wolbachia endosymbionts
of L. sigmodontis, allowing oral treatments as short as four days in this model [45].
Based on those results, a phase two clinical trial in onchocerciasis patients in Ghana
started in 2018, evaluating a combination of 900 mg/d rifapentine plus 400 mg/d
moxifloxacin given for 14 or 7 days compared to patients receiving the standard
anti-Wolbachia therapy of 200 mg doxycycline for four weeks or untreated controls
(https://doi.org/10.1186/ISRCTN43697583).
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24.4.1.6 Rifampicin Plus Doxycycline
Based on the efficacy of rifampicin against Wolbachia endosymbionts in the
L. sigmodontis model [99] and onchocerciasis patients [42], a combination of
two weeks doxycycline (200 mg/d) and 10 mg/kg/d rifampicin was compared to
four weeks of 200 mg/d doxycycline in bancroftian filariasis patients [110]. Both
treatments reduced Wolbachia within microfilariae and reduced microfilariae levels
in the patients significantly. However, whereas four weeks of doxycycline mediated
complete clearance of the adult worm burden, the two-week combination was less
effective (50% reduction) [109]. Two phase two clinical studies subsequently tested
whether prolonged administration of rifampicin at 10 mg/kg/d in combination
with doxycycline for three weeks provides a shortened treatment regimen for
onchocerciasis and lymphatic filariasis compared to doxycycline monotherapy.
The onchocerciasis study included six treatment arms, with doxycycline given at
200 mg/d and 100 mg/d for six weeks, rifampicin given at 10 mg/kg/d for six weeks,
a combination of doxycycline (200 mg/d) and rifampicin (10 mg/kg/d) for three
weeks and placebo controls (https://doi.org/10.1186/ISRCTN68861628). While
100 and 200 mg/kg doxycycline given for six weeks both inhibited embryogenesis
in 98.8% of female worms within recovered onchocercomata at 20 months after
treatment, the combination with rifampicin and doxycycline given for three weeks
inhibited embryogenesis in 87.3% of the female worms. Rifampicin treatment
alone and the placebo group had inhibited embryogenesis in 64.8% and 71.2% of
worms, respectively [56]. The corresponding study with lymphatic filariasis patients
included seven treatment arms using four weeks of doxycycline at 200 mg/d, four
and five weeks of doxycycline at 100 mg/d, 10 days, two weeks and three weeks of
a combination of doxycycline (200 mg/d) plus rifampicin (10 mg/kg/d) (https://
doi.org/10.1186/ISRCTN15216778). Results of this study showed that three weeks
of the combination with doxycycline and rifampicin led to a significantly reduced
number of patients positive for microfilariae at 12 months compared to the placebo
control [75]. As mentioned above for this study, four weeks of 100 mg/d doxycycline
therapy is comparable to five-week treatment with 100 mg/d doxycycline with
regard to macrofilaricidal efficacy at 18 months, leading to the recommendation to
use 100 mg/d doxycycline for four weeks for the treatment of lymphatic filariasis
[75]. As mentioned above, PK-PD analysis suggests that 10 mg/kg/d rifampicin is
suboptimal and future studies should assess combinations with rifampicin high
dose of 30–35 mg/kg/d [43].

In conclusion, no combination therapy has been proven, in humans, to be equal
to- or better than the current “gold standard” doxycycline monotherapy in filariasis
patients. However, data from animal models suggest that monotherapy or therapy
with high-dose rifampicin with and without doxycycline or the combination
of moxifloxacin and rifapentine have the potential to allow shorter treatment
regimens.

24.4.1.7 ABBV-4083 (Flubentylosin)
ABBV-4083 is an analog of the veterinary macrolide antibiotic Tylosin A with an
improved pharmacokinetic profile and efficacy (Table 24.1) against Wolbachia
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endosymbionts of filariae. Whereas Tylosin A has limited oral bioavailability, this
characteristic was vastly improved with ABBV-4083 [46, 111]. Compared to doxycy-
cline, ABBV-4083 was superior in activity against Wolbachia in all filariasis animal
models tested (B. malayi, L. sigmodontis, and O. ochengi) [46, 111]. Treatment
regimens of one to two weeks resulted in >90% Wolbachia depletion in these animal
models and blocked filarial embryogenesis and microfilariae release, surpassing the
efficacy of three to four weeks therapy with doxycycline or minocycline [46, 111].
Additional experiments in the L. sigmodontis rodent model demonstrated that
ABBV-4083 induces Wolbachia depletion as soon as three days after treatment
begins and Wolbachia depletion continues in the following weeks after treatment
ends [47]. Furthermore, it was shown in the L. sigmodontis model that up to four
missed ABBV-4083 treatments can be subsequently completed without impairing
efficacy [47]. Beneficial preclinical safety assessments [46, 111] and completed
phase 1 clinical studies support the progression of ABBV-4083 to phase 2 clinical
studies (https://www.dndi.org/diseases-projects/portfolio/abbv-4083/). Thus,
ABBV-4083 represents a next-generation macrofilaricidal oral drug candidate for
the treatment of human filarial diseases, which may allow treatment regimens of
14 days or less. It has completed clinical phase 1 evaluation and phase 2 trials in
onchocerciasis patients are ongoing.

24.4.2 Pre-clinical Candidates

24.4.2.1 AWZ1066S
The azaquinazoline AWZ1066S (Table 24.1) is a highly selective anti-Wolbachia
candidate with improved oral efficacy in preclinical animal models of filariasis
compared to human bioequivalent doses of doxycycline and minocycline [48].
AWZ1066S provides maximal clearance of Wolbachia within one day of in vitro
drug exposure, markedly reducing the time to Wolbachia clearance compared to
other anti-Wolbachia drugs such as doxycycline, moxifloxacin, minocycline, and
rifampicin [48]. In vivo, seven-day treatment with AWZ1066S achieved a Wolbachia
reduction of ≥98% in the B. malayi SCID mouse and L. sigmodontis gerbil models
and inhibited embryogenesis [48]. Microfilariae gradually declined in AWZ1066S
treated L. sigmodontis-infected jirds beginning six weeks after starting treatment
with sustained amicrofilaremia from 14 weeks after treatment start. This suggests
that clearance of microfilariae is due to the inhibition of embryogenesis rather than
direct microfilaricidal efficacy of AWZ1066S [48]. The potent and highly selective
anti-wolbachial efficacy of AWZ1066, its promising preclinical safety assessment
[48], and human PK simulations predicting >90% Wolbachia reduction in >90%
of patients using an oral seven-day regimen with 10 mg/kg [48] are in line with
the target product profile criteria for novel drug candidates for human filariasis.
AWZ1066S is currently being assessed for its safety in clinical phase 1 studies.

24.4.2.2 AN11251
Pleuromutilins are inhibitors of the ribosomal protein synthesis complex in
Gram-positive bacteria. The boron-pleuromutilin AN11251 (Table 24.1) was
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identified using in vitro assays in which it exhibited very high potency against Wol-
bachia [49]. AN11251 had good oral bioavailability and achieved Wolbachia deple-
tion of >99% in the L. sigmodontis mouse model in a 10–14-day treatment regimen,
which was superior to the bioequivalent human dose of doxycycline [49, 112].
Preliminary in vitro and in vivo safety assessment support further evaluation of
AN11251 as a preclinical anti-Wolbachia candidate for human filarial diseases.

24.4.2.3 Corallopyronin A
Corallopyronin A is an α-pyrone ring-containing natural product from Corallococ-
cus coralloides [113] (Table 24.1). It is highly effective against Gram-positive bacteria
but has low efficacy against Gram-negative bacteria [114]. It is a non-competitive
inhibitor of bacterial DNA-dependent RNA polymerase and is effective against
rifampicin-resistant Staphylococcus aureus [114, 115]. Corallopyronin A, and the
related myxopyronins [114, 116], targets the switch region rather than the active
site like rifamycins [117, 118]. Although this compound is not typically active
against Gram-negative bacteria, Wolbachia (with a rudimentary cell wall and
lipopolysaccharide-free outer membrane) are susceptible to Corallopyronin A in
vitro and in vivo [50]. Wolbachia were depleted by more than four logs from L.
sigmodontis in mice compared to worms from untreated animals. In accordance
with this result, Corallopyronin A is the only anti-wolbachial drug candidate
reported so far in the L. sigmodontis model that has demonstrated a robust and
reproducible reduction of adult worm burdens, alone and in combination [119].
All in vitro and in vivo safety and toxicity tests indicate that Corallopyronin A is
safe and non-toxic [120], thus supporting its development to human trials (phase 1
clinical studies scheduled for 2024) by the German Center for Infection Research
(DZIF, www.dzif.de).

24.5 Conclusion

Wolbachia endosymbionts of filariae are excellent targets for novel drugs, as therapy
aimed at them can overcome several issues that may be present in direct acting
drug candidates. Thus, Wolbachia-targeting drugs should be safe to administer
in areas co-endemic for L. loa, which does not harbor these endosymbionts.
Similarly, the slow decline of microfilariae levels provided by anti-wolbachials is
expected to prevent serious adverse events (blindness, severe dermatitis) that are
manifested following DEC treatment in onchocerciasis patients. Most importantly,
anti-wolbachials have been shown to cause permanent sterility of female adult filar-
iae and lead to a slow macrofilaricidal effect. Doxycycline is the first safe and well
tolerated macrofilaricide for human use and also improves lymphedema pathology.
Moreover, doxycycline therapy ameliorates pathology induced by melarsomine
therapy during canine dirofilariasis and is now a part of the American Heartworm
Association recommended treatment regimen. However, doxycycline therapy has
limitations, including the need for extended treatment regimens and, in the case of
human filariasis, the exclusion of children, and pregnant and breast-feeding women
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from treatment. Thus, further research is required to identify novel treatment
regimens that overcome these limitations and allow shortened duration of therapy.
Novel, more quickly-acting anti-wolbachials have been recently identified and
combination studies using different anti-wolbachials or anti-wolbachials with
albendazole have shown the feasibility of macrofilaricidal treatment regimens
as short as 7–10 days. These novel treatments are urgently required to meet the
Sustainable Development Goals and the WHO goal to eliminate lymphatic filariasis
and onchocerciasis by 2030.
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metaphylaxis 194
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microfilarial-related antigens 42
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prevention (MMDP) 58, 322,
547, 548
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insecticide resistance 552–553
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315, 358, 372, 448, 483–484
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226–228
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nAChR antagonist derquantel 368
Nakalanga syndrome 49
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neglected tropical diseases (NTDs)

102, 103, 163, 308, 345
Neglected Zoonotic Diseases 6
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(nAChR) 368, 522
night-feeding Culex 21
Nodding disease 49
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nonantibiocs, for filaricidal usage 269
non-macrocyclic lactone,

diethylcarbamazine citrate
224–225, 250

non-melarsomine treatment 197
Nucleic Acid Amplification Techniques

(NAAT) 105, 110
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ocular disease 166
ocular onchocerciasis 45, 48
Onchocerca lupi 143, 565

microscopy-based tests 143–144
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102, 103, 216, 371, 554, 555
vaccine development against 534
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54, 104, 163–164
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313
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ONCHO vaccine
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drug resistance 7–8
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zoonotic characteristics of 4

indicators for 4
opportunity cost, of pet owner

338–340
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105
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oxfendazole (OXF) 271, 481, 486
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parasite-derived biomarkers 447
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responses 51
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and ACR-27 368
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regions 336
P-glycoprotein 226, 262
phylogenetic analysis 590
pigmentation changes 165–166
PK/PD modelling 448
Plasmodium parasites 545
point-of-care (POC) 99, 114
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post-treatment surveillance (PTS) 310
praziquantel 81, 358
Presbytis spp. 445
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rodent models, drugs activity in 393
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SARS-CoV-2 4
schistosomiasis 346
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semi-synthetic antibiotic (TylaMac)
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severe acute respiratory disease (SARS)
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Simparica TrioTM 79, 86
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Simulium spp. 21, 546
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single subcutaneous (SC) injections
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skin snip method 314
“slow-kill’ treatment method 198, 293
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Spirocerca lupi 134
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subcutaneous fibro-inflammatory
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52
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tetracyclines 265–266
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Th1 immune responses 41
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triclabendazole 358
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triple drug therapy 321
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uterus-derived components 42
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vaccines 361, 531–539
vector-borne diseases (VBDs) 346,
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vector control
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mosquito 553–554
onchocerciasis 554–556
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Brugia pahangi 140–141
Dirofilaria immitis 130–136
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w
Wolbachia-derived heme 265
Wolbachia endosymbionts (wBm)

590–591
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Wolbachia reduction treatment
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with minocycline 198
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measurement 448
as targets for D. immitis infections of
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as targets for human filarial diseases
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World Association for the Advancement
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World Health Organization (WHO)
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x
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XX/XY-based genetic sex determination

system 23

z
ZolvixTM 90
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zoonotic filarial infections 40
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