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The attempts of humans to control the influence of ectoparasites on the health of 
themselves and their associated animals have been documented throughout 
recorded time. Within the past 100 years, we have witnessed major gains for 
ectoparasite control with the use of synthetic insecticides; but through time, we 
have found that these gains are episodic, primarily because of environmental 
issues and selection of drug resistance in arthropod populations. Therefore, the 
constant discovery of novel and safe drugs for ectoparasite control is a modern 
need. Volume 8 of the series Drug Discovery in Infectious Diseases provides a 
valuable snapshot of the timeline in the battle to control ectoparasites. The con-
tributing authors have provided current perspectives on control of ectoparasites 
and transmission of agents of disease, strategies for discovery and development of 
drugs, and the development and potential uses of isoxazolines.

Ectoparasites have impacts on human and animal health by both direct and 
indirect mechanisms, and the reduction of these different impacts can be achieved 
by approaches that are not dependent on pesticides. The control program for the 
New World screwworm using the area‐wide release of sterile males has been 
highly effective in controlling the direct impact of obligatory myiasis in North 
and Central America. Area‐wide programs to control the indirect effects of 
ectoparasites, such as using vaccines for protection against agents of vector‐
borne diseases like yellow fever, and controlling onchocerciasis by targeting the 
microfilarial populations of humans also have been effective. However, the suc-
cess of these programs is based on very specific parameters that lead to narrow 
applications, which leaves the need for broader spectrum control methods as a 
top priority.

The need for drug discovery for use in the control of ectoparasites of humans 
and animals will continue to be a major factor in the preservation of human and 
animal health. The One Health approach considers the facts that these entities 
cannot be separated and will only become more important due to global changes 
in the environment, as well as human population growth and movement. The 
majority of vector‐borne human diseases have zoonotic cycles which can be 
affected by the effective use of ectoparasite control. Even for anthroponoses such 
as malaria and visceral leishmaniasis, zoonotic blood sources maintain many spe-
cies of potential vectors of pathogens that are drivers of major causes of death in 
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humans. Ectoparasites do truly represent a moving target for control efforts rela-
tive to population density and susceptibility. The timely and rational use of extant 
and novel drugs against these moving targets and upon a changing global stage 
can provide leverage for humans in our race against ectoparasites, as long as the 
discovery and development of new and effective drugs can maintain the pace.

April 2018 Lane Foil
Professor of Entomology

Louisiana State University
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Infestation by ectoparasites has plagued humans, figuratively and literally, since 
ancient times; for example, lice are listed among the Biblical plagues visited upon 
Egypt (Exodus 8:17, KJV) and fleas transmitting bubonic plague have had devas-
tating impacts on numerous civilizations over the centuries. Strategies for bat-
tling ectoparasites have an equally deep history, as evidenced by mummified lice 
found in ancient Egyptian combs and by perforated necklace beads that doubled 
as personal flea traps in medieval Europe. Although human ectoparasite infesta-
tions are less prevalent in modern developed countries due to dramatically 
improved living and hygiene conditions, infestation on domesticated animals 
remains a major challenge, causing nuisance in companion animals and livestock 
as well as lowering livestock productivity. Ectoparasites can move between ani-
mals and from animals to humans, potentially transmitting various diseases in 
the process. Ectoparasite control strategies must therefore contend with the abil-
ity of the target to move, often quite quickly, as anyone who has ever wanted to 
kill a flea can attest. This eighth volume in the Drug Discovery for Infectious 
Diseases series reviews strategies and models for discovery and development of 
ectoparasiticidal treatments for use in both human and animal health. The chal-
lenges presented by moving targets are a common theme throughout, ranging 
from the market requirement for a rapid speed of kill to the design of effective 
containment strategies in whole‐organism drug screening assays.

The first section of the volume, Strategies & Resistance, presents various per-
spectives on what is needed to achieve effective therapeutic control of ectopara-
site infestations. The section begins with a comparison by Woods et al. of 
therapeutic strategies against moving target ectoparasites with those against the 
less‐mobile endoparasites. Weber et al. review strategies for preventing disease 
transmission by ectoparasite vectors, for which speed of kill is an important con-
sideration. Schetters reviews promising progress toward development of vaccines 
against ticks. The emergence of drug resistance threatens the utility of ectopara-
siticides, especially for cattle tick and human head lice. Sager et al. and Lovis et al. 
discuss the threat, reality, and monitoring of drug resistance in cattle tick, par-
ticularly relevant for Southern Hemisphere markets such as Brazil and Australia. 
Clark reviews new developments in the control of human lice.

The second section focuses on laboratory screens and in vivo models for dis-
covery of new treatments against ectoparasites. Compared to human diseases, 
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the molecular targets of parasites, especially ectoparasites, are much less clear, 
and few can be utilized for screening. The chapter by Kopáček considers the chal-
lenges in identifying candidate small‐molecule drug targets in ticks. Currently, 
discovery of new treatments against ectoparasites relies heavily on phenotypic‐
based screening against whole organisms such as fleas and ticks. Chapters by 
Clark and Pearce and by Nijhof and Tyson discuss the design and implementation 
of various whole‐organism assays to detect different aspects of the desired treat-
ments, for example, the flea ingestion assay to detect the ability of a compound to 
work through ingestion rather than through contact. Compared to drug discov-
ery for humans, a major advantage of drug discovery for animal health is that a 
new investigative drug can be tested in the target host much sooner in the latter. 
This might seem to make testing in rodent models less critical. However, testing 
in rodent models remains an important step in drug discovery for animal health, 
because these models require much less quantity of a compound and save valua-
ble animals of the target species, as discussed in depth by Weber et al. Of course, 
testing in the target host species is an essential aspect of late‐stage development 
of a new drug for animal health, and in the concluding chapter of this section 
Clark reviews protocols for controlled laboratory testing in host species and pro-
vides numerous examples of how these testing strategies have been applied in 
successful ectoparasiticide development programs.

Drugs effective against ectoparasites comprise only a few chemical classes, the 
pyrethroids, the phenylpyrazoles, and the macrocyclic lactones being the major 
ones. On average a new class appears about every 20 years. The isoxazolines are 
the most recent addition to the roster. The last section of this volume is devoted 
exclusively to this fascinating new class of ectoparasiticides, which has attracted 
tremendous interest in the animal health and crop protection industries. Weber 
and Selzer first discuss the new mode of action that underlies the rapid speed of 
kill by the isoxazolines. Chapters by Lahm et al. and by Letendre et al. detail the 
complete drug discovery and development process for afoxolaner, the first com-
mercial product launched from this class. The development of sarolaner, reviewed 
by Woods and McTier, gives another story from a different setting. The final 
chapter by Long presents a comprehensive overview of the entire isoxazoline 
chemical class to date.

We thank Dr. Paul M. Selzer, the series editor, and the various representatives 
of Wiley for the opportunity to shepherd this volume, and for their guidance and 
support. We also thank the authors who have generously contributed their time 
and expertise. The combined result of their efforts is a volume designed to be of 
both interest and utility to those scientists in academia and industry willing to 
undertake the discovery of drugs aimed at moving targets.

April 2018 Charles Q. Meng
Duluth, Georgia

Ann E. Sluder
Boston, MA
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Debra J. Woods*, Tom L. McTier, and Andrew A. DeRosa

Abstract

In this chapter, we consider the similarities and differences between manage-
ment of ecto‐ and endoparasites. We discuss the general approaches of preven-
tion and control of ecto‐ and endoparasites (historic and current chemothera-
pies, environmental management/host management), while considering the 
different challenges faced relating to lifecycle, host distribution, genetics, and 
selection pressure.

1

 Introduction

The Merriam Webster dictionary defines a parasite as an organism living in, with, 
or on another organism. “Parasitism” refers to the intimate association between 
the parasite and host, whereby the parasite obtains part or all of its nutrition or 
needs from the host and results in an overall negative effect on the host. Simply, 
ectoparasites live on the outside of the animal and endoparasites on the inside. 
Microparasites (bacteria, viruses, protozoa) establish infections where it is hard 
to quantify numbers of infectious agents present, so numbers of infected hosts 
are quantified, rather than numbers of parasites within each host. Microparasites 
are small and have rapid generation times relative to their hosts. Macroparasites 
(nematodes, flies, ticks, etc.) are larger and can be counted; so the unit of study is 
the individual parasite, not the infected host. Macroparasites are also small and 
have rapid generation times, but there is less of a difference than between micro-
parasites and host. Epiparasites are an interesting class of parasites whereby a 
parasite parasitizes a parasite in a host–parasite interaction referred to as hyper-
parasitism (as referred to in the well‐known poem by Jonathan Swift: “a flea has 
smaller fleas that on him prey, And these have smaller still to bite ’em: And so 
proceed ad infinitum”). Examples of this are the larvae of the tapeworm, 

Comparison of Anti‐ectoparasite and  
Anti‐endoparasite Therapies and Control Strategies

*Corresponding author.
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Dipylidium caninum, which infect fleas (Ctenocephalides species) and biting lice 
(Trichodectes canis). When a dog ingests a parasitized flea/louse when grooming, 
the tapeworm develops into an adult in the dog’s intestine.

Fleas, ticks, and flies are the most visible and treated ectoparasites, but lice and 
mites also affect health and wellness. Infestation with ectoparasites causes many 
pathogenic effects, including tissue damage and blood loss due to feeding; hyper-
sensitivity responses following exposure to ectoparasite antigens; secondary 
infections; and, most importantly disease transmission. Ectoparasites have 
evolved to fill many niches, but may be considered in terms of their host associa-
tion. Many mites and lice live almost completely in permanent association with 
their host and, as such, have fairly low mobility and are open to risk of desiccation 
and death without the protection of their host. Other parasites, such as fleas, 
ticks, and flies, are more mobile and relatively resistant to damaging factors when 
off the host. As a result, the first category of organisms, mites and lice, often has 
a commensal relationship with the host as opposed to a parasitic interaction. The 
latter are able to find new hosts relatively easily, so are less impacted by death of 
a host and therefore likely to impose greater harm to the host. Most medically 
important ectoparasites have short generation times, large numbers of offspring, 
and very high rates of population growth [1].

Roundworms are the major infective internal parasite in both humans and ani-
mals, although cestodes (tapeworms) and trematodes (flukes) also have a significant 
impact on health. Helminth infections cause significant long‐term, chronic debilitat-
ing disease and even death. In humans, it is estimated that around 125 000 deaths 
occur every year, and these are mainly due to infections with the hookworms, 
Ancylostoma duodenale and Necator americanus, or the roundworm, Ascaris lum-
bricoides [2]. In companion animals, endoparasite infections are primarily a disease 
of younger animals, with peak occurrence in dogs less than 6 months old and cats 
under 18 months old [3], with prevalence ranging from 5% to 70% worldwide [4]. 
Clinically, symptoms can vary from zero to critical (emaciation, anemia, death) and 
the zoonotic risks associated with some helminths are an additional concern. The 
economic impact of helminth infections on livestock, especially ruminant, produc-
tion is well recognized [5, 6]; in pigs, it has been shown that the presence of endo-
parasites induces a reduction in body weight [7]. The mechanisms for the impact of 
helminths on production include direct tissue damage and diminished function of 
the affected organs; diversion of energy and protein resources of the host from pro-
duction toward defense and immune mechanisms and reduced feed intake. In com-
panion animals, there are similar adverse effects on health; unfortunately, roundworm 
infection is common, due to the ubiquity of infective stage larvae in the environ-
ment, and concerns are elevated due to zoonotic health risks.

 Approaches for Ectoparasite and Endoparasite Control

Treatment of parasites results in removal of an existing infection, whereas pre-
vention is a process by which infection is deterred. For dog and cat ectoparasite 
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infections, experts generally recommend prophylaxis (year round in some 
 climates) over therapeutic treatment, to effectively manage control of the lifecy-
cle, as well as to reduce the risk of disease transmission from ectoparasite vectors 
[8, 9]. The benefit from regular preventative treatment is particularly recognized 
for the control of fleas due to the nature of their lifecycle; an adult flea infestation 
is only a very small part of the population, which includes immature stages pre-
sent in the pet’s environment. It is critical to control these stages, either by the use 
of products that target these early lifecycle stages or by regular use of products 
that eliminate adult fleas on the animal, which will progressively lead to the 
reduction of environmental lifecycle stages. CAPC (Companion Animal Parasite 
Council) goes as far as to recommend “avoiding initial infestation altogether by 
placing pets on life‐long prevention programs is the best option for pets and their 
owners” [8]. Transmission of diseases (i.e., Rickettsia rickettsia and Borrelia burg-
dorferi) by vectors, especially ticks, in dogs and cats is a major concern, and 
reducing the ability of a vector to attach and/or feed with an effective ectoparasite 
control program will reduce the risk of disease transmission. Tick‐borne diseases 
in dogs and cats are becoming increasingly important, with several tick species 
responsible for the continued spread of multiple diseases. Among the other more 
important diseases are babesiosis, hepatazoonosis, Ehrlichiosis, anaplasmosis, 
cytauxzoonosis (cats), and tick paralysis. Although control of internal parasites is 
the primary concern for horses, ectoparasites can also impact the welfare of 
horses, either through dermatological effects or nuisance bites, which affect the 
ability of horses to thrive. The primary ectoparasites of horses are houseflies, 
stable flies, mosquitoes, and horse and deer flies; ticks, lice, and mites also para-
sitize horses. The major problem is a limited supply of effective, licensed prod-
ucts for horses [10], combined with the challenges of managing ectoparasite 
species that are able to live for extensive periods off the animal, requiring fre-
quent treatment. Fly repellents tend to have a very short duration of efficacy, if 
any, and need frequent reapplication. Taylor’s 2001 review [11] highlighted how 
few pharmaceutical agents are available for treating horse ectoparasites and this 
situation has improved little in the intervening years.

For livestock, as for companion animals, ectoparasite control is dependent on 
the parasite lifecycle – do they spend their whole life on the host, like lice; or only 
spend time on the animal to feed, as for some species of mites, which then return 
to protected spaces in the environment? For the former, treating just the animal 
will suffice; for the latter, the environment must also be treated. In a 1992 review 
[12], Byford et al. gave an authoritative overview of the commercial and health 
impact of ectoparasite infestation in the United States, focusing on the horn fly, 
Haematobia irritans, commercially the most important and widespread pest in 
cattle in the southern United States. Although a complicated condition, the over-
all implication was that the damaging effect on production and performance of 
cattle results from an alteration of the total energy balance following ectoparasite 
infestation. This is a major problem, considering the widespread resistance of 
horn flies to pyrethroids, probably accelerated by the use of pyrethroid‐impreg-
nated ear tags [13].
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Humans are as susceptible to ectoparasite infestation as animals are, and are 
often affected by the same pests; for example, close contact with pets can result in 
infestation with fleas, ticks, lice, and mites and, although more common in ani-
mals, humans can also suffer from myiasis, especially in tropical regions. Scabies 
and head lice [14], as well as being socially embarrassing, can cause significant 
health problems. Resistance is a major issue, with multiple resistance mecha-
nisms identified in different populations of head lice, including kdr (knockdown 
resistance) mutations of the sodium channel and oxidative metabolism resistance 
mechanisms (see chapter 6 by J. M. Clark in this volume). Although head lice are 
the most prevalent parasites causing pediculosis, body louse prevalence is also 
increasing, which heightens the public health threat due to risk of transmission of 
a number of diseases, including typhus (Rickettsia prowazekii), louse‐borne 
relapsing fever (B. recurrentis), and quintana (trench) fever (Bartonella quin-
tana). Tungiasis occurs in tropical and subtropical regions and is caused by the 
tiny flea, Tunga penetrans, the chigoe flea or jigger, which embeds itself under the 
stratum corneum and can lead to dangerous complications from secondary 
infections.

However, the biggest impact on human health globally is from ectoparasite 
 vectors. Malaria, caused by the protozoan parasite Plasmodia spp., is commonly 
transmitted by infected female Anopheles spp. mosquitoes and, in 2015, there 
were approximately 214 million malaria cases and an estimated 438 000 malaria 
deaths [15]. Ticks are becoming increasingly important as a cause of significant 
disease in humans, as well as their pets. Examples of disease common to both pets 
and humans include the bacterial Lyme disease (B. burgdorferi), transmitted by 
the deer tick, Ixodes scapularis (Ixodes ricinus in the European Union); Rocky 
Mountain spotted fever (R. rickettsia), transmitted by Dermacentor variabilis; 
and ehrlichiosis (Ehrlichia chaffeensis), transmitted by the lone star tick, 
Amblyomma americanum and I. scapularis. The protozoal disease babesiosis is 
caused by infection with Babesia microti or Babesia equi, transmitted by I. scapu-
laris and Ixodes pacificus. Viral diseases can also be transmitted by ticks, for 
example, tick‐borne encephalitis (TBE) (caused by the flavivirus, TBE virus), 
transmitted by Ixodes spp. and there are even toxins, such as the tick paralysis 
toxin transmitted by Dermacentor spp. in the United States and Ixodes holocyclus 
in Australia. Ticks and mosquitoes may cause significant disease, but fleas have 
also had a major effect on human history. The vector for bubonic plague, 
Xenopsylla cheopis, transmits the bacterium Yersinia pestis when it feeds and this 
was thought to be the cause of the Black Death, which killed an estimated 50 mil-
lion people in the fourteenth century [16].

For helminth infections, prevention is managed by disrupting the lifecycle of 
the parasite, which, in humans, is usually achievable by good sanitation and 
hygiene; but in animals, this is often less feasible. For livestock, experts recom-
mend combining anthelmintic control with minimizing exposure to reinfection; 
while in companion animals with exposure to the external environment. Where 
contamination of the environment with infective larvae is extensive, prevention 
usually requires a strict treatment regimen, combined with regular egg  production 
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monitoring. A unique situation exists with heartworm, where a very high degree 
(up to 100%) of efficacy is required to control this potentially life‐threatening dis-
ease of dogs and cats. Fortunately, regular dosing (1‐month and 6‐month prod-
ucts) with a macrocyclic lactone (ML)‐based anthelmintic prevents development 
of the larval‐stage heartworms. Heartworm larvae are very sensitive to ML prod-
ucts and until recently efficacy was thought to be 100% for the various products. 
However, more recent evidence of heartworm resistance to MLs has been 
detected in some areas of the United States (Mississippi Delta) and is a cause for 
concern. The American Heartworm Society [17] generates guidelines for canine 
and feline heartworm prevention, which it updates regularly based on the latest 
scientific understanding of the disease; the most recent revision was in 2014. For 
horses, as mentioned earlier, internal parasites are a major concern, especially as 
few new drugs are being approved for horses. In the face of increasing anthelmin-
tic resistance [18], more sustainable methods for helminth control are being 
sought.

Ectoparasiticides
There are many mechanisms of action utilized in the management of ectopara-
sites in animals and humans, most older ectoparasiticides being historically 
 leveraged from the crop protection industry. Numerous agricultural pests and 
veterinary ectoparasites are insects and acarines; and agrochemicals with activity 
against crop pests also frequently work against animal health ectoparasites. Add 
to this the fact that the market for Animal Health ectoparasiticides is significantly 
smaller than the market for agricultural pesticides, and it makes commercial 
sense to leverage the learnings and assets for animal health utility. Ivermectin is a 
major exception, being discovered by a pharmaceutical company animal health 
group (Merck Sharp & Dohme), and was first used on animals and later for agri-
culture and human medicine.

A primary driver for the development of these multiple therapies is the devel-
opment of resistance. Resistance is a shift in susceptibility to a drug [19] and is 
recognized as a failure of drugs to control parasitism. Resistance is often meas-
ured as survival of parasites following a treatment that would be expected to be 
effective, or as a reduction in the protection period that a persistent treatment 
provides. Resistance development is multifactorial and involves parasite genetic 
factors (dominance of resistance alleles, gene frequency, fitness of resistant para-
sites, linkage disequilibrium, etc.); the host–parasite interaction (immunogenic-
ity, pathogenicity, levels of refugia, etc.); biological factors (breeding patterns, 
numbers of offspring, generation time, behaviors that impact gene flow and 
opportunities for selection – migration, refugia, host range, etc.); and the parasite 
management system (method of application, frequency and timing of treatments, 
life cycle stage treated, selection threshold, etc.).

Insecticide resistance was first documented in 1908 by Melander [20] who 
noticed significant levels of survival of the San Jose scale insect, Quadraspidiotus 
perniciosus (Comstock), after exposure to lime‐sulfur. In a 1984 review, Forgash 
[21] described the emergence of 428 resistant insect and acarine species in the 
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following years, with 61% having medical/veterinary importance, and numbers 
still growing. By 2014, the cumulative increase in species resistant to insecticides 
was 586 [22]. Significantly, the numbers of resistant species started to increase 
dramatically after the introduction of synthetic organic insecticides (i.e., DDT 
(dichlorodiphenyltrichloroethane), cyclodienes, and organophosphates) in the 
1940s. These products had better efficacy and broader spectrum of activity and 
consequently were used more extensively and repetitively, a practice that likely 
resulted in the observed resistance.

The Insecticide Resistance Action Committee (IRAC) was set up in 1984 to 
provide a coordinated response from industry to delay resistance development in 
insect and mite pests [23]. Its primary objective is to ensure long‐term efficacy of 
insecticides and acaricides, thereby enabling sustainable agriculture and improved 
public health. One of the tools used is a mode of action classification scheme [22], 
which classifies pesticides based on the target site of action or mode of action. 
This can then be utilized, along with guidance on resistance management, to sup-
port alternation or rotation‐based resistance management programs. The cur-
rent classification includes 25 different mechanisms of action. Although focused 
on the crop protection industry, these classifications are also valid for effective 
management of human and animal health insect and acarine infestations.

Methods of ectoparasiticide use vary depending on the parasite and the host. 
For animal health, convenience is a major driver of route of administration [24]. 
Treating livestock is a very costly and resource‐intensive process, so farmers have 
traditionally sought methods that allow whole‐herd administration, such as fog-
gers, dusts, sprays, dips, and so on, primarily incorporating formulations of 
organophosphates and synthetic pyrethroids to control ticks, mites, lice, and 
blowflies. Dosing frequency is highly dependent on the persistence of ectopara-
siticide on the skin, hair, or wool of the animal, not just the lifecycle of the para-
site; duration of efficacy is therefore generally longer in sheep, as the persistence 
on wool is higher. Cattle ear tags, primarily formulated with pyrethroids and 
some organophosphates, are still used for management of biting flies; when 
attached to the ear, insecticide is released from the formulation and dissolves in 
the sebum, spreading over the whole body, likely by grooming, ear/tail flapping, 
and contact between animals. In the past 30–40 years, agents and formulations 
with systemic efficacy have been developed and have enabled easy pour‐on deliv-
ery (i.e., avermectins/milbemycins, synthetic pyrethroids, and some organophos-
phates); and even parenteral delivery for control of some ectoparasites, primarily 
endectocides (i.e., avermectins/milbemycins).

Companion animal ectoparasiticide products have progressed significantly in 
the past 30 years. Historically, dusting powders, baths, and aerosol sprays and 
impregnated insecticidal collars, with organophosphates, carbamates, and syn-
thetic pyrethroids as the active agents, were the only available control measures for 
fleas, ticks, mites, and lice. Efficacy was variable and often with short duration and 
there were higher risks associated with toxicity both for the owner applying the 
product and for the animal, than with products developed in recent years. Spot‐on 
application increased in popularity in the 1990s, with formulations incorporating 
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the nicotinergic flea agent, imidacloprid, the GABA‐gated chloride channel antag-
onist for flea and tick control, fipronil, and the chloride channel agonist, selamec-
tin, for control of endo‐ and ectoparasites. More recently, oral ectoparasiticides 
such as spinosad [25, 26], a putative nicotinic acetylcholine receptor agonist; and 
the GABA‐gated chloride channel blocking isoxazolines [27–29] have become 
available on the market (see chapter 15, by Woods and McTier, in this volume). 
The latter are potent insecticidal and acaricidal molecules which have provided 
safe, oral chewable tablets for the treatment and control of fleas and ticks in dogs. 
Interestingly, insecticidal collars, such as Scalibor® (Merck) and Seresto® (Bayer) 
that provide both repellency and direct killing of parasites have made significant 
sales in recent years, due partly to an increased concern about the spread of 
Leishmania into northern Europe [30], as well as convenient prevention of flea and 
tick infestations. Domestic dogs are the primary reservoirs for human visceral 
leishmaniasis, caused by the zoonotic protozoa Leishmania infantum. Control of 
the sand fly vectors, Phlebotomine spp., is the primary approach to managing dis-
ease transmission and collars impregnated with pyrethroids, such as Merck’s 
Scalibor, are able to deliver an extended duration of prevention.

As outlined, a key motivator for managing ectoparasite infestation in humans is 
reduction of the risk of vector‐borne disease transmission [31], although we 
should not underestimate the potential for significant morbidity from other 
ectoparasites in susceptible populations [32]. Treatments are generally topical 
[33]. For head lice treatment, pyrethroids are the main pediculicides [14]; scabies 
is treated with topical scabicides (pyrethroids, lindane, malathion, crotamiton, 
benzyl benzoate) and off‐label oral ivermectin [34]; in tungiasis, the flea (T. pen-
etrans) is removed physically. The incidence of flea‐ and tick‐borne diseases is 
thought to be greater than is recognized by doctors and health authorities, and 
hence diagnosis and treatment are often delayed as they are not initially consid-
ered when attempting to determine the cause of the illness [35]. Control of fleas 
on pets and in the environment is the best approach for preventing disease trans-
mission, as discussed earlier. Similarly, preventing exposure to ticks is recom-
mended to prevent transmission of diseases such as Lyme disease; for example, 
with the use of an insect repellent, either DEET (N,N‐diethyl‐meta‐toluamide) or 
a pyrethroid spray. In areas where TBE is prevalent (central and eastern Europe 
and northern Asia), the World Health Organization (WHO) recommends immu-
nization with the TBE vaccine, which has been shown to be highly effective [36], 
and is on the WHO list of essential medicines [37]. There is increasing interest in 
utilizing oral ivermectin for control of ectoparasites, especially in poor countries 
where populations are infected with multiple parasites and ivermectin is already 
used in antifilarial control programs, although spectrum gaps have been identi-
fied [38], so this is not a universal solution. 

Endoparasiticides
There are fewer classes of endoparasiticides than ectoparasiticides due in part to a 
reduced emphasis on the discovery of endoparasiticide agents by the agrochemical 
industry, although there are still examples of nematicidal molecules being 
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 discovered by crop protection companies and leveraged for development as  animal 
health anthelmintics; emodepside being one example. In 1990, Meiji Seika Kaisha 
patented PF1022A, a novel cyclooctadepsipeptide anthelmintic (European patent 
0382173A2) [39]. Fujisawa Pharmaceutical Co. (Japan) then filed another patent 
which included the bis‐para‐morphonyl derivative of PF1022A, named emodep-
side; which was licensed by Bayer Animal Health and developed as an anthelmintic 
for dogs and cats; marketed as Profender®, in combination with praziquantel [40].

Similar to the situation with ectoparasiticides, resistance is a strong driver for 
identification of novel endoparasiticides. However, for the major commercially 
important host species (cattle and dogs) nematodes have been slow to develop 
resistance to the endectocidal avermectins and milbemycins, so investment in 
novel endoparasitic drug classes has been limited. As a result, only three new drug 
classes have been marketed in the past 30 years [41]. Endoparasiticide resistance 
is, however, now being reported in cattle gastrointestinal nematodes [42–44] and 
heartworm (Dirofilaria immitis) resistance to MLs (avermectins and milbemy-
cins) in dogs is now acknowledged to have emerged in the Mississippi Delta in the 
United States [45, 46]. This has no doubt stimulated investment in Animal Health 
endoparasiticide research. For example, more than 800 anthelmintic families were 
filed in animal health company patents during the past 10 years; at least 175 of 
these describing novel compounds. Along with increased investment in anthel-
mintic discovery for human filarial diseases, this is very encouraging for future 
management of endoparasitic diseases in animals and humans.

In animal health, anthelmintics are used therapeutically to treat existing infec-
tions or clinical outbreaks or prophylactically where treatment timing is depend-
ent on the disease epidemiology. When viewed across all hosts, anthelmintics are 
primarily administered orally: as drenches in livestock, tablets for dogs and cats, 
and pastes for horses; but parenteral dosing, by injection or with pour‐on formu-
lations, is also widely used in cattle (and to a limited degree in dogs), to reduce 
time and resources needed to treat the animals. Due to increasing resistance, 
which is widespread and serious in sheep, multiple drug classes are used, both 
alone and in combination (in some cases, with multiple active agents); with the 
newer aminoacetonitrile derivative and spiroindole drugs being utilized increas-
ingly in sheep to control infections in areas where all other drug classes no longer 
work. There is a strong advocacy among experts for more sustainable approaches 
to resistance management [47], and this will be discussed in more detail in the 
section titled “Endoparasite Challenges” Section 2.2. 

 Challenges for Ecto‐ and Endoparasite Control

Ectoparasite Challenges
Unfortunately, selective breeding for “improved” traits in livestock and compan-
ion animals has generally increased susceptibility to parasites; for example, some 
breeds of dog (Dalmation, American Bulldog, and American Pit Bull Terrier) 
appear to be more susceptible to Demodex canis [48]. This is exacerbated by 
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intensive production practices for livestock and the increasing zoonosis concerns 
with the growth of pets being viewed as family members; in a US 2015 Harris Poll 
[49], 95% of pet owners considered their pets to be members of the family (up 7% 
since 2007).

With the inherent variability in lifecycles, climate, and hosts, it is difficult to 
make broad recommendations on management of ectoparasite infestations. It 
can be challenging to control parasites, such as ticks and flies, that only spend 
part of their lifecycle on the host. Some parasite infections are seasonal (e.g., tick 
infections are common in spring and autumn and louse/mite infections more 
common in autumn and winter), allowing seasonally targeted treatments. With 
changes in climate, there are increasing predictions and observations of the 
spread of diseases from warmer to previously more temperate climates, due to 
movement of the vectors, as for sand flies in Europe [30]. There is also no doubt 
that increased international trade and travel is leading to reemergence of ectopar-
asite diseases; epidemiological studies support that ectoparasite diseases and 
their vectors are hyperendemic in the developing world [50].

At what point is intervention optimal? This is a surprisingly difficult question 
to answer. Logically, it makes sense to intervene before welfare is impacted, but 
this is not always well understood and can sometimes be difficult to measure. For 
example, with hypersensitivity, as in flea allergy dermatitis [51], once sensitiza-
tion has occurred, recurrence of signs can be initiated by just a small number of 
bites, although the threshold of sensitivity varies between individual dogs [52], so 
preventing flea infestation with monthly treatments, either topical or oral, is rec-
ommended to break the lifecycle. There are established guidelines for companion 
animal parasite management [8, 9, 17], which include guidance for ectoparasites. 
As highlighted in the section titled “Ectoparasite Challenges”, experts generally 
recommend prophylaxis over therapeutic treatment, to effectively manage con-
trol of the lifecycle, and to reduce the risk of vector disease transmission. For 
livestock, it is a continuous battle to maintain the efficacy of parasiticides [53]. 
There is a dichotomy between the desire of farmers for easy application and fewer 
interventions, and the prevention of resistance by minimizing selection pressure 
and maintaining refugia, thereby ensuring the population is constantly refreshed 
with unexposed, susceptible parasites [54]. It is no coincidence that resistance 
developed more rapidly in the single host tick, Rhipicephalus (Boophilus) micro-
plus, than in multihost ticks [55]. Understanding population dynamics is a valu-
able tool, but can be challenging. Experts advocate the development of more 
sustainable, integrated pest management programs [1, 56], incorporating strate-
gic, directed treatments, environmental control, disease management, and resist-
ant breeds. However, this would require significant changes in management 
practices in the industry.

In humans, head lice infestations are a significant issue in developed, as well as 
developing countries [57–59], with evidence that prevalence is increasing around 
the world [60]. It is therefore surprising that monitoring and reporting are not 
standard practice in many countries [60]. It is clear that epidemics spring up 
 frequently in populations of children, where, if left untreated, the infestations 
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spread rapidly. Unfortunately, resistance to topical ectoparasiticides is widespread 
[61], with many plant‐based products now being used, although safety and efficacy 
have not been well established. A key recognition from mathematical modeling is 
that synchronized treatment of “potentially” infected individuals (relatives, class-
mates, and other close contacts) should interrupt transmission [62], with system-
atic treatments being another key to successful eradication of infections.

Vaccines have long been championed as the solution to parasiticide resistance; 
however, despite decades of investment and research into host–parasite interactions 
and evaluation of many putative vaccine antigens, the number of marketed ectopar-
asite and helminth parasite vaccines is disappointingly limited [63]. Ectoparasite 
vaccines are particularly challenging, as the parasites live either on the surface of the 
host or even off the host. Bm86 is the only ectoparasite recombinant vaccine and 
works by immunizing cattle with a “hidden” tick gut antigen; antibodies generated 
against Bm86 rupture the gut wall of the tick and give good levels of protection 
against tick infection, although repeated immunizations are required to maintain 
antibody levels [64]. The lower levels of efficacy when compared to drug treatment, 
requiring parallel drug treatment, led to poor sales and removal from the market. 
Interestingly, a new formulation, developed by the U.S. Department of Agriculture 
(USDA) Agricultural Research Services (ARS), USDA Veterinary Services, and 
Zoetis, was recently given a conditional license for management of R. microplus 
infestations in both permanent and temporary quarantine zones in Texas [65].

Environmental concerns have led in the past to removal of pesticides from the 
market. Everyone is familiar with DDT, once considered the solution to all our 
pest problems. Its use to control ectoparasite vectors undoubtedly saved many 
lives before tolerance/resistance started to emerge. Unfortunately, it is also now 
known to be a persistent organic pollutant, which is readily adsorbed to soil/sedi-
ment and is resistant to environmental degradation; and add to this a high lipo-
philicity, which leads to bioaccumulation in the food chain and impacts on 
wildlife. There was a widespread ban implemented in most countries between 
1970 and 1990, although a limited supply of DDT is still used for vector control, 
by indoor residual spraying (spraying the inside walls of homes made of mud or 
wood) [66]. Environmental impact now has to be evaluated for every new antipar-
asitic drug; ectoparasiticide, anthelmintic, or endectocide. This is generally not 
an issue for the newer oral companion animal ectoparasiticides, where environ-
mental exposure is very limited, but can require a considerable program of work 
for livestock ectoparasiticides. Some ectoparasites, such as red mites on chickens, 
spend the majority of their lifecycle in crevices in buildings, only leaving to feed 
on the host for a short period at night. In this case, spraying the buildings with 
pesticide is the most effective control method; however, the products are consid-
ered biocides and require an extensive environmental program for approval. 

Endoparasite Challenges
In this section we focus on the management of helminth parasites in livestock 
where drug resistance is a major challenge for both the control and prevention of 
endoparasite infections.
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Both internal and external parasites of grazing livestock are ubiquitous and 
therefore all grazing livestock should be considered an at‐risk or an exposed popu-
lation to infection and infestation [67]. Even light‐to‐moderate infections and 
infestations negatively impact the welfare, thrift, and production efficiency of 
grazing animals. Approaches to minimize parasite infections and infestations 
include husbandry practices founded on an understanding of the epidemiology of 
the organism, chemotherapeutic interventions to prevent or remove the effect 
of the organism on the host, or a combination of both. Prior to the 1960s the use of 
chemotherapeutic agents to achieve modern‐day expectations for animal welfare 
and production efficiency was virtually nonexistent. Livestock producers were 
essentially dependent on the genetic resistance or tolerance of the host to sustain 
body growth and reproduction, often at a high cost to the welfare and production 
efficiency of the animal. Furthermore, little was known about the epidemiology 
and biology of internal and external parasites, which could assist management 
decisions to moderate parasite infections. Even with the current knowledge base 
of parasite epidemiology and host genetics and breeding techniques, improved 
husbandry and hygiene practices and genetic selection as stand‐alone methods for 
parasite control are far from achieving the level of animal welfare and production 
efficiency expected from modern livestock producers and society [68].

Since the 1960s, global beef production has more than doubled and carcass 
weights have increased by approximately 30% [69]. Improvements in animal wel-
fare gained from effective parasite control by the three main classes of anthelmin-
tics (benzimidazole, imidazothiazole/tetrahydropyrimidines, and MLs) have 
contributed to the efficiency of livestock production. The endectocidal character-
istic of the MLs has also enabled livestock producers to depart from the once 
common use of plunge dipping or bath treatments for external parasite control; 
now limited primarily to tropical and subtropical regions of the world. Livestock 
managed under effective internal and external parasite control programs founded 
on chemotherapeutic control are more efficient converters of feedstuff to meat, 
enabling more efficient utilization of land and feed resources.

Inherent with the administration of any anthelmintic is the genetic selection of 
the subpopulation of organisms that are genetically tolerant or resistant to the 
active ingredient. Anthelmintic resistance, at least to the major classes of com-
pounds, is conferred by multiple alleles and therefore constitutes a small percent-
age of a naive parasite population. As selection pressure is increased on a parasite 
population, the proportion of resistant parasites increases until they are the dom-
inant genotype in the parasite population. In addition to the frequency of expo-
sure/selection pressure, underdosing (exposing parasites to subtherapeutic levels 
of a drug) will also increase the resistant population by further selecting parasites 
that are genetically tolerant to the active pharmaceutical ingredient (API). This 
phenomenon has been observed for all classes of anthelmintics and will likely 
be  the case if other classes of anthelmintic compounds become commercially 
available [42].

The greatest prevalence of anthelmintic resistance in livestock has been observed 
in the sheep industry where frequent anthelmintic administrations were common 
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practice in internal parasite control programs. The frequency of administration 
was driven primarily by high mortality and clinical morbidity associated with par-
asitic gastroenteritis and anemia due in large part to the hematophagous parasite 
Haemonchus contortus. H. contortus is often the most prevalent internal parasite 
in sheep due to its high fecundity (egg shedding) relative to other species. The 
practice of frequent anthelmintic application and resistance development in sheep 
has often been inaccurately extrapolated to characterize the use pattern of anthel-
mintics and endectocides in cattle parasite management programs. This is an 
unfortunate and mistaken characterization of the industry as a whole. There are 
likely cases of misuse, overuse, or erroneous application of anthelmintics; but 
without empirical evidence demonstrating common practice, such statements are 
mere generalizations. It would not be possible to have 30 years of effective use of 
these compounds in the cattle industry if frequent indiscriminate or misuse was 
common practice in the industry. A brief review of the scientific literature will 
demonstrate that anthelmintic resistance is now, however, emerging in all species 
of livestock that are exposed to the current classes of compounds [42, 67, 70]. 
Industry and scientific leaders in conjunction with veterinarians and producers are 
working toward solutions to maintain the longevity of existing anthelmintics. For 
example, there is a slow shift in some market segments away from pour‐on formu-
lations to injectable formulations to ensure proper dose rate and application and 
the goal is to continue this trend. The introduction and proper use of combination 
products or concurrent use of anthelmintics with disparate modes of action [71] 
are also being introduced to producers along with education on use patterns.

Targeted selective treatments have long been advocated as a refugia‐based 
approach to resistance management [47]. A number of biomarkers have been 
proposed, including Famacha® for haemonchosis [72] and measures of health 
and/or performance [73–75]. However, even the advocates recognize that it can 
be a challenge to convince farmers of the value of these approaches, when weighed 
against the additional time, energy, and costs required to implement [76, 77].

The availability of all of the existing classes of anthelmintics is vital to maintain-
ing the current level of health and welfare of livestock in modern production sys-
tems, with a need to introduce new classes to support and maintain these levels, 
alongside helminth management programs that include anthelmintic resistance 
management as a variable.

 Perspectives on Current and Future Strategies for Ecto‐ and Endoparasite Control

It is evident that antiparasitic agents greatly enhance the welfare and subse-
quently, for livestock, the production efficiency of the host. Unfortunately, these 
advantages diminish over time if parasiticide‐susceptible parasite populations are 
not maintained within the environment where the host–parasite interaction 
occurs. When consistent genetic selection pressure by an antiparasitic agent is 
maintained on a parasite population, a threshold is reached where the parasite 
population is no longer susceptible to the antiparasitic agent and its benefits are 
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no longer observed. Such is the case for small ruminants and horses, and the situ-
ation is now emerging in cattle. Researchers in more recent years have been eval-
uating mechanisms to manage resistance development and keep products 
effective for longer; but there is a mismatch between the reality of dosing regi-
mens for animals and for humans in the developing world and the reality of what 
is required for “best practice” for management of resistance development.

Challenges of Bringing New Antiparasitic Drugs to the Market
In earlier sections we highlighted the importance of agrochemical pesticide 
development for leveraging substrate for animal health application, particularly 
for ectoparasiticide drugs, with the isoxazoline class highlighting the value of this 
resource; as well as the importance of animal health drug development as a source 
of human health antiparasitic medicines. We have previously shown figures high-
lighting the consolidation of the animal health industry over time [78, 79]. As a 
consequence of acquisitions and mergers, the overall resources available for 
antiparasitic discovery have reduced considerably over the past 25 years. We have 
updated the figure for this chapter (Figure 1.1) to show that the recent acquisition 
of Novartis by Elanco, and the acquisition of Merial by Boehringer Ingelheim 
Vetmedica have only intensified this consolidation. Although antiparasitic drugs 
are core to the success of animal health companies, these changes have resulted in 
fewer players, reduced competition, and potentially less opportunity for the dis-
covery of novel antiparasitic molecules. A reduction in resources  available for 
research and development (R&D) will impact availability of scientists and funds 
to discover and develop new products.
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Figure 1.1 Consolidation of animal health companies 1990–2016.
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As discussed in previous reviews [41, 78, 79], identifying molecules that kill 
parasites in vitro is the easiest part of the R&D process. A major challenge is 
delivering the drug with the optimal pharmacokinetic profile for efficacy, via the 
preferred, convenient route of administration. The drug has to be safe, both to the 
animal and the handler; with additional regulatory hurdles for human food safety 
(and environmental safety) for livestock products. Added to this are increasing 
regulatory pressures on new and even on existing products. For example, 
European Medicines Agency (EMEA) has concerns about persistent, bioaccumu-
lative and toxic (PBT) or very persistent and very bioaccumulative (vPvB) sub-
stances in veterinary medicinal products [80]. Finally, the product has to be 
manufactured to high levels of quality, both for the API and the formulated prod-
uct. All of these challenges increase the time and resources required to bring a 
product to the market. Companies then have to balance the chance of success and 
R&D costs against the potential value and return on investment (ROI) long  term. 
If this is low, or negative, the product will not be developed. For human health the 
business model is different, with nongovernmental (nonprofit) organizations 
(NGOs) increasingly investing in neglected parasite diseases, including hel-
minths. Although they still face all the challenges of the animal health industry, 
there is no expectation of ROI, but still a proven route to success is partnering 
with animal health companies. Historically, there are good examples of pharma-
ceutical companies partnering with the WHO to develop products for human 
health use. Mectizan® is a great example in which Merck led a collaboration with 
WHO in the late 1980s, running field studies to demonstrate the efficacy and 
safety of ivermectin for the treatment of onchocerciasis (river blindness). They 
have continued to commit to the Mectizan Donation Program [81] to provide 
ivermectin to treat both onchocerciasis and lymphatic filariasis (elephantiasis) in 
Africa. DNDi (Drugs for Neglected Diseases Initiative) has also recently part-
nered with Bayer Animal Health to evaluate the anthelmintic emodepside for 
macrofilaricidal activity against onchocerciasis [82].

Prevention and Control – Balancing the “Ideal” Against the “Real World”
In an ideal world, we would manage parasite infections and infestations with 
good hygiene and husbandry but, with the realities of the conditions of the devel-
oping world for humans and the intensive farming required to feed the world’s 
population, this is never going to be possible, even for infections that could be 
managed this way. Parasiticides are therefore a fact of life, and it is to everyone’s 
advantage to extend the lifespan of existing and new drugs. There is a clash, how-
ever, between treatment regimens that minimize resistance development and the 
desire for convenience in dosing and duration of efficacy, both for humans in the 
developing world, where access to treatments may be limited and challenging to 
reach, and for animals where reducing handling is a major driver. Farmers and pet 
owners now expect treatments and preventatives that meet their needs, be they 
chewable monthly flea and tick products for dogs (Simparica®,1  NexGard®, and 
Bravecto®) or long‐acting products (heartworm preventatives for dogs (ProHeart® 
6 and 12) and anthelmintics for cattle (LongRange®)). Indications are that the 
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market is progressing even further down the path of convenience, to meet the 
demands of their customers. So, how do we balance the demands of the customer 
with responsible parasite management?

Integrated parasite management (IPM) has been championed for many years as a 
responsible tactic to minimize the impact of parasite resistance [83, 84]. IPM aims to 
improve host resistance by combining multiple approaches, both chemical and 
nonchemical (targeted use of parasiticides, improved monitoring of resistance and 
infection levels, and incorporation of nonchemical control methods, e.g., fungi). 
There are examples of initiatives to utilize agroecological approaches in developing 
countries [85]. However, there is reluctance among end users in the developed world 
to accept the increased costs and resources to implement such schemes and the real-
ity that there will likely be some loss in production and a level of parasitism present.

One approach being used successfully in sheep for helminth control is develop-
ment of combination products. Historically there have been concerns about com-
binations increasing parasite selection, but modeling has shown that combining a 
new drug (with low resistance frequency and very high efficacy) with another 
class of anthelmintic will delay development of resistance to the new drug [71, 86]. 
The modeling showed that resistance to even a new active drug can develop rap-
idly if it is used in an inappropriate manner. However, although the benefit of the 
anthelmintic in slowing resistance development to the new entity is influenced by 
the level of resistance to the older drug, Leathwick’s model [71] predicted that 
even at 50% efficacy of the older drug, the development of resistance to the novel 
drug should be slowed in a combination and vice versa. Nonetheless, best prac-
tice would be to use the combination while the older drug still has relatively high 
efficacy and resistance genes are still infrequent. The model also illustrated that a 
large percentage of the population must remain unexposed to the treatment – as 
refugia decreased, resistance developed more rapidly, reducing the benefit of the 
combination; encouraging management strategies such as rotational grazing. 
Another important observation was that resistance was still delayed even when 
resistance to one of the drugs was functionally dominant, as long as a high level of 
refugia was maintained. This is likely to be due to fully overlapping generations 
and small proportions of populations exposed to each treatment.

For insecticides too, modeling shows that mixtures are effective at delaying 
resistance (even better than alternation), as long as a proportion of the population 
is not exposed to the treatment [87]. In order for these mixtures to be effective for 
delaying resistance, the initial resistance frequencies should be low, the agents 
should be close to 100% effective against treated susceptible homozygotes, and 
the combination components should be nearly equal in persistence.

There have been some efforts to identify and validate nutritional supplements 
for sustainable control of gastrointestinal nematodes in livestock [77]; both target-
ing direct anthelmintic effects and the indirect effect of supplementary feeding 
improving an animal’s resilience against gut nematode infections (nutraceuticals). 

1 SIMPARICA is a trademark or registered trademark of Zoetis Services LLC in the United States and 
other countries.
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Tannin‐rich plants (TRP), for example, may have a direct effect on reduction of 
larvae establishment in the host, as well as benefit for the host from the nutrients 
in the fodder [88]. This approach however depends on supporting the level of resil-
ience and resistance against gastrointestinal nematode infections, which varies 
among ruminant species and also among and within breeds.

Biological control is well established for control of agricultural pests, where a 
range of control methods are used, including introduction of pathogens (bacteria, 
fungi, viruses, etc.), predators (insect larvae (ladybugs), entomopathogenic nem-
atodes, predatory mites), and parasitoids (wasps and flies). More recently, RNA 
interference (RNAi) is also being evaluated. Transgenic plants offer the opportu-
nity to express pathogens/toxins and this has been incredibly successful, espe-
cially with the use of Bacillus thuringiensis (Bt) toxin, which has replaced chemical 
insecticide use for many crops. This strategy is now being applied to RNAi, the 
latest tool for pest management [89, 90], with an RNAi‐enhanced corn engi-
neered to contain RNA devised to kill rootworms in development by Monsanto. 
RNAi sprays are also being developed, and could be on the market by 2020 [89]. 
However, there are concerns about effects on biodiversity and a need to evaluate 
potential levels of risk posed to nontarget species by biological control strategies 
[91]. Although there are studies evaluating fungi for veterinary control of live-
stock gastrointestinal nematodes [92–94], biological control strategies have yet to 
make an impact on the management of veterinary parasites.

The reality for veterinary and human parasite control is that there will continue 
to be an expectation for ectoparasiticides that rapidly clear existing infestations 
and prevent reinfestation for extended periods of 1 month and longer. For hel-
minth control in livestock, the aim is to keep the challenge to young livestock at a 
minimum rate by both periodic and strategic deworming. For companion ani-
mals, the recommendation is year‐round broad‐spectrum parasite control with 
efficacy against roundworms, hookworms, and whipworms [8].

It is clear that parasites, both internal and external, have a major impact on the 
health and well‐being of humans, both directly and through their effect on com-
panion animals (with associated zoonotic diseases) and livestock (influencing the 
efficiency of food production). Building our understanding of the biology of the 
responsible organisms will help in the development of new drugs, vaccines, and 
control strategies.
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 Tick Evolution and Life Cycle

Ticks are arthropods that belong to the order Parasitiformes, which is one of the 
two orders of Acari. Parasitiform fossils of ticks have been found in amber speci-
mens from the early Eocene (35–40 MYA), and one sample was dated 90–94 MYA 
[1]. The ticks in these specimens could be identified at the species level, indicating 
that speciation had already occurred. Ancestral ticks most likely developed from 
scavengers (feeding on dead organisms) to predators (feeding on lymph from 
arthropods). The latter is corroborated by the fact that cannibalism has been 
observed in soft ticks [2] and hard ticks (Trentelman and Schetters, unpublished 
observations). Later during evolution, ticks evolved to feed on blood from verte-
brate hosts, usually only during a short portion of their life cycle, with the Ixodid 
ticks, for example, still spending 94–97% of their life off‐host [3]. With the adapta-
tion to feed on vertebrate hosts, ticks acquired the ability to transmit pathogens 
among vertebrate hosts, such as Borrelia burgdorferi (Lyme disease), tick‐borne 
encephalitis virus, and Babesia parasites [4].

Ticks can be divided into hard ticks (Ixodidae) and soft ticks (Argasidae). Hard 
ticks have a keratinous plate on the back (scutum), which is absent in soft ticks. 

Vaccination Against Ticks

Theo P.M. Schetters*

Abstract

Classically, tick infestation is controlled using acaricides that are administered as 
pour‐ons, by dipping, or by spray race. Because of the continuous pressure of tick 
infestation and the decrease of active compound over time after administration, 
selection of relatively resistant ticks is a given. As a result of this, in all geographic 
areas resistant ticks have emerged, some of which are even multidrug resistant. As a 
consequence, there is also an upsurge in the prevalence of tick‐transmitted diseases, 
which negatively impact the productivity of livestock. Vaccination against tick infes-
tation would resolve these problems and does not select for drug‐resistant tick strains.

*Corresponding author.
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Ticks undergo different developmental stages, the first of which are larvae that 
hatch from fertilized eggs. Larvae usually feed on small vertebrates, after which 
they drop off the host. They moult to slightly larger nymphs that climb up in the 
vegetation to encounter a new host. Nymphs feed on a variety of hosts, large and 
small, depending on the tick species and habitat (see subsequent text). Adult ticks 
feed on larger vertebrate animals. Depending on the number of hosts that are 
visited during the life cycle, ticks are classified as three‐host, two‐host, and one‐
host ticks; the latter do not drop off at the larval and/or nymph stage but develop 
to fertile adults on a single host. After mating, the fully engorged females drop off 
and deposit the eggs in the vegetation [5].

The prevalence of ticks in a specific geographic area is dependent on a variety 
of climatic and ecological factors, the most important of which are humidity, 
environmental temperature, and the presence of suitable host species. When 
humidity and temperature are relatively low, ticks may become inactive and enter 
diapause (hibernation). Ticks become active again in spring time, which in the 
tropics is the start of the rainy season. Depending on such conditions and the 
particular tick species, several generations of ticks can be completed in 1 year; 
other species take more than 1 year to complete a full generation. Notably, one‐
host ticks that complete multiple generations in a single year can lead to individ-
ual hosts that harbor thousands of ticks, negatively affecting general health, 
growth, and production. Such biological differences influence the strategy and 
success of vaccination to control tick infestation. 

 Commercially Available Vaccines

With the discovery that one could immunize vertebrate hosts against feeding by 
hematophagous arthropods using a rough preparation of dead arthropods, the 
basis for vaccine development was created [6]. There is one commercially 
 available vaccine on the market that is based on this principle (launched in 2005). 
The vaccine contains partially purified proteins from Rhipicephalus microplus 
larvae that are formulated in an oil‐based adjuvant (TickVac®, Technochimica, 
http://www.soydelcampo.com/vademecum_veterinario/productos.php?id=6568; 
21 September 2016). For initial vaccination, calves are immunized three times; at 
day 0, day 20, and day 60. To maintain the maximum level of immunity, revaccina-
tion every 6 months is recommended [7]. The efficacy varied between 10% and 
79% reduction in fully engorged female ticks (average 44.3%). In addition, vacci-
nation reduced the viability and number of eggs produced by female ticks. 
Although the protective mechanisms have not been elucidated, antibodies against 
a variety of tick antigens are presumed to inhibit tick development and impair 
viability when taken up with the blood meal from vaccinated animals.

Many of the antigens in such preparations are normally not injected into the host 
during feeding, and represent so‐called concealed antigens [8]. Extensive purifica-
tion studies using semi‐engorged adult female ticks have led to the identification of 
an antigen from the surface of the midgut of R. microplus ticks (called Bm86) that 



ationaal Tick Vaccine  eeealoopent  27

was shown to induce protective immunity [9]. The biological function of this 
 molecule is thus far unknown. The gene encoding for this antigen was identified 
and used to produce recombinant Bm86 protein in Escherichia coli [10]. The anti-
gen, when formulated in a water‐in‐oil adjuvant, induced antibodies in the serum of 
 vaccinated calves. These antibodies were shown to impair the integrity of the epi-
thelial cells of the midgut, thereby affecting tick viability and leading to the death of 
most of the affected ticks [11, 12]. The vaccine is effective against all stages of 
R.  microplus, including larvae (Trentelman et al., 2016, submitted), resulting in 
recovery of fewer adult ticks from vaccinated compared to unvaccinated animals. 
Some of the larvae develop to adults that have a red appearance because of blood 
that leaks from the midgut into the hemocoel. This vaccine (TickGARD®) has been 
commercialized in Australia [13]. Results from the field showed that some animals 
did not respond upon vaccination. This problem was partially resolved by adding 
saponin to the formulation as an additional adjuvant (TickGARDPlus®; [14]). 
Importantly, vaccination did not protect cattle against infestation with the labora-
tory R. microplus A strain from Argentina [15]. Detailed analysis of the Bm86 gene 
indicated that there is some polymorphism, which could explain the variability in 
efficacy when used in different geographic areas [16]. The Australian vaccine was 
discontinued after reorganizations in the animal health industry.

A similar vaccine based on the same molecule has been developed in Cuba 
(Gavac®; [17]). This vaccine contains recombinant Bm86 protein that is produced 
in a Pichia pastoris expression system. An evaluation of these two vaccines after 10 
years of use in the field revealed that efficacy was on average 50–60% reduction in 
engorged female ticks after the initial vaccination schedule [18]. The vaccine not 
only reduced the number of adult females feeding to repletion but also reduced the 
egg mass and viability of the progeny of females that survived on vaccinated ani-
mals. Extended use of the vaccine in the same herd further improved efficacy to 
approximately 75%, enabling an impressive reduction in the use of acaricides [19].

In order to circumvent problems with antigenic diversity among R. microplus 
strains, a number of synthetic peptides were produced, which contain three regions 
of the Bm86 protein that are conserved in strains from Colombia, Argentina, 
Venezuela, Uruguay, and Brazil. One of these peptides, SBm7462, induced protec-
tive immunity in calves, which was reflected in a reduction of fully engorged female 
ticks up to 61%. A relatively high amount of antigen (2 mg) was used with saponin 
as adjuvant [20].

Because commercial vaccines did not completely prevent tick infestation, 
unlike acaricides when these were first introduced, vaccination has not been 
widely adopted [18]. These results have stimulated research to develop vaccines 
with an improved efficacy profile.

 Rational Tick Vaccine Development

In order to understand the basic principles of vaccine development against tick 
infestation, an understanding of the biology of ticks and their adaptation to 
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 different hosts and feeding behaviors is an important foundation. The advent of 
 molecular tools for genetically modifying the expression of specific proteins (e.g., 
gene knockout and inhibition of the translation of proteins from mRNA using 
RNA‐interference techniques) led to the discovery of a number of proteins that 
are vital to tick feeding and development. Ongoing research aims at evaluating 
the protective effect of these proteins when used to vaccinate animals against tick 
infestation. Some of these protective responses affect basic tick biology, whereas 
other responses influence processes at the tick–host interface (Figure 2.1). From 
the vast number of tick antigens that have been investigated, those that induced 
(partial) immunity against tick infestation are discussed here.

Tick Biology
The tick proteins that are targeted to kill ticks directly are normally not exposed 
to the immune system of the host (concealed antigens). An advantage is that 
during evolution the ticks had no opportunity to develop immune‐evasive 
mechanisms. The disadvantage is that a natural infestation will not boost the 
immune responses that were induced against these concealed antigens. In order 
to maintain effective immunity, repeated booster immunizations are therefore 
required.

ImmunityAttachment

Cell biology
Reproduction

DevelopmentPhysiology

Host interface

Tick biology

Coagulation Inflammation

Figure 2.1 Schematic representation of the systems that are being targeted to develop 
vaccines against tick infestation.
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Cell Biology
Subolesin/Akirin One of the first required proteins discovered was subolesin 
(originally called 4D8 antigen) in Ixodes scapularis ticks [21, 22]. This approxi-
mately 25 kDa protein appeared to be present in a wide range of tick species and 
was later discovered to be the homologue of akirin of other arthropods and ver-
tebrates. Subolesin was subsequently shown to play a crucial role in gene tran-
scription regulation. Vaccination of a variety of hosts (including cattle and deer) 
protected hosts against tick infestation (47% reduction in the number of fully 
engorged adult female ticks [23]). The mechanism of protection is unclear, since 
subolesin is an intracellular molecule that is not easily accessible for antibodies, 
although there is some evidence that antibodies can enter tick cells [24, 25].

Vaccination of rabbits with the full length recombinant subolesin of Ornithodoros 
moubata induced marginal protection [26]. An in‐depth analysis showed that 
immune responses were directed against linear B‐cell epitopes that were not con-
sidered to be related to the biologically active sites of subolesin. Therefore, four 
synthetic peptides derived from the area that comprises the putative biologically 
active site of subolesin were selected and evaluated for vaccine potential. 
Vaccination of rabbits with one of these synthetic peptides (Om1) conjugated to 
keyhole limpet hemocyanin (KLH), induced 70% and 83% protection against 
Ornithodoros erraticus and O. moubata, respectively [27].

Ribosomal P0 Antigen Rodríguez‐Mallon et al. have described a cytoplasmic pro-
tein, P0 antigen, in Ixodid ticks that is involved in the assembly of ribosomes. The 
P0 protein is also involved in other metabolic processes, and was found to be 
associated with cell surface proteins of some Protozoa (Plasmodium, Toxoplasma) 
and other eukaryotic cells, a localization of which the function is unknown [28]. 
Importantly, when cattle were vaccinated with a 20 amino acid peptide derived 
from P0 that was conjugated to KLH, reduced numbers of engorged female 
R. microplus ticks were recovered, reduced engorged weight was observed, and 
ticks that survived produced less viable progeny. Overall protection against infes-
tation reached 96%, which was slightly higher than that earlier obtained against 
Rhipicephalus sanguineus using the same antigen (90% overall protection; [29]). 

Physiology
Ferritins Ticks have developed mechanisms to metabolize toxic iron‐containing 
metabolites that are present in their blood meals, in which ferritins 1 and 2 play a 
major role. Ferritin 1 shows some homology to mammalian heavy‐chain ferritins 
and facilitates intracellular uptake of nonheme iron. The translocation of non-
heme iron from the tick gut to peripheral tissues is mediated by ferritin 2, ortho-
logues of which are absent in vertebrates [30]. A recombinant form of the latter 
protein was used to vaccinate rabbits against Ixodes ricinus. Upon infestation, 
vaccinated rabbits exhibited 43% fewer engorged female ticks, reduced engorged 
tick weight, and reduced tick oviposition and egg fertility, resulting in overall pro-
tection of 98%. When cattle were vaccinated with recombinant ferritin 2 from 
R.  microplus, the reduction in engorged female R. microplus ticks was 30% 
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(64% overall protection). The same animals, when infested with Rhipicephalus 
annulatus, showed 42% fewer engorged female R. annulatus ticks, (overall 
 protection 72%; [31]). Using a similar approach for Haemaphysalis longicornis, 
partial protection was found in vaccinated rabbits as reflected in reduced 
engorged weights, oviposition, and hatching rate of the infesting ticks. However, 
no effect on tick numbers was observed [32].

Aquaporins A female Ixodid tick can imbibe 200–300 times its own body weight 
of blood. The blood meal is concentrated in the gut, and excess water is returned 
to the host in saliva. Aquaporins, also called water channels, play a major role in 
this process [33]. In R. microplus, three aquaporins have been described, and one 
of these (RmAQP1) has been tested as a vaccine candidate. RmAQP1 is mainly 
expressed in the synganglia of male and female ticks [34]. When cattle were vac-
cinated with a recombinant RmAQP1 antigen that was produced in P. pastoris, 
high levels of protection were obtained (average of 70% reduction in engorged 
female R. microplus ticks). Moreover, the level of protection was higher than that 
obtained with a Bm86‐based vaccine preparation (49% reduction in engorged 
female ticks; [34]).

Development There is one report that specifically mentions an effect of vaccina-
tion on moulting. The antigen used was the Rhipicephalus appendiculatus homo-
logue of the Bm86 midgut protein of R. microplus. Cattle were vaccinated with 
recombinant Ra86 that was produced in P. pastoris. Results showed that the 
moulting success of nymphs to the adult stage was significantly impaired [35]. 
Whether or not the inhibitory effect is specifically on the moulting process, or the 
result of reduced nymph viability that prevented further development, remains to 
be determined.

Reproduction
Mating Adult female ticks only feed to repletion when they have mated with 
male ticks. Male ticks pass on an engorgement factor (EF; voraxin) to females, 
which was first identified in Amblyomma hebraeum ticks [36]. Voraxin comprises 
two polypeptides termed AHEFα and AHEFβ. Vaccination of rabbits with recom-
binant forms of these polypeptides reduced the number of A. hebraeum female 
ticks that completed engorgement by 75%. Similarly, when rabbits were vacci-
nated with recombinant voraxin α of R. appendiculatus, the weight of engorged 
ticks was reduced by 40%. Importantly, the deduced amino acid sequence of 
voraxin α appeared to be highly conserved among A. hebraeum, R. appendicula-
tus, and Dermacentor variabilis, which holds promise for development of an 
effective broad‐spectrum tick vaccine [37].

Egg Production Fully engorged female ticks produce many eggs that are depos-
ited in the environment. For the production of these eggs, a number of molecules 
have been found to be crucial. In R. microplus, three enzymes contributing to egg 
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production have been identified, comprising two aspartic peptidases (Boophilus 
yolk pro‐cathepsin (BYC) and heme‐binding aspartic peptidase), and a cysteine 
endopeptidase (vitellin‐degrading cysteine endopeptidase (VTDCE); [38–40]). 
Cattle vaccinated with a vaccine containing only one of the different enzymes 
(recombinant proteins expressed in E. coli) exhibited limited protection [41–44]. 
However, when cattle in the field were vaccinated four times (with 3‐week inter-
vals) with a combined vaccine comprising R. microplus BYC and VTDCE anti-
gens mixed with H. longicornis GST, a 35–62% reduction in engorged tick counts 
was found. The onset of immunity was evident as early as 2 weeks after the sec-
ond vaccination, and lasted for more than 2 months after the final vaccination. 
This was also reflected in improved weight gain in vaccinated animals over the 
127‐day period of the study (vaccine group 39%, control group 25%; [45]).

Fewer vaccine studies have been done with soft ticks [46]. In one study, rabbits 
were vaccinated with purified tick egg yolk protein (vitellin) from O. moubata. 
After infestation with O. moubata nymphs and adults, no effect was observed on 
the number of ticks that engorged. However, the percentage of ticks that laid eggs 
was reduced by 60% and the time required to further develop eggs was increased 
from 40 to 49 days. It was hypothesized that specific antibodies crossed the mid-
gut to the hemolymph where they bound to vitellogenin, thereby preventing 
uptake by oocytes [47]. 

Host Interface
During evolution ticks have developed a number of mechanisms to successfully 
attach to the host, to prevent coagulation to enable blood feeding, and to circum-
vent rejection by host immune responses. A number of tick molecules that play a 
crucial role in these processes have been identified and evaluated for use in vac-
cines against tick infestations. The advantage of these molecules is that a natural 
infection could potentially boost vaccine‐induced immunity, because they are 
released in the host.

Attachment When adult ticks feed on a host they produce a cement cone under-
neath the dermis in order to anchor themselves to the host. Prevention of the 
formation of this cone would affect tick attachment and increase chances that 
ticks would drop off before feeding to repletion. A number of studies have shown 
the feasibility of such an approach. In H. longicornis, two cement cone proteins 
that protected vaccinated rabbits against tick infestation have been identified. 
The collagen‐like P29 protein induced 40–56% mortality in H. longicornis larvae 
and nymphs, whereas vaccination against HL34 reduced survival of all develop-
mental stages of the tick, including adults by 30% [48, 49]. In R. appendiculatus, a 
15 kDa tick cement protein was discovered in saliva (64P). The native 64P tick 
protein is injected into the host during feeding. Vaccination of animals with a 
truncated form of this protein (called 64TRP) fused to glutathione S‐transferase 
(GST) affected both feeding and the integrity of the tick midgut, which led to 
death [50, 51].
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Coagulation Appearance of the first blood‐sucking arthropods is estimated at 
155 MYA, while the presumed origin of ticks is dated 120–90 MYA. The latter is 
based on the fact that the basal hard tick lineages (Ixodidae) have been identified 
only in Australia, suggesting that they evolved after the separation of Australia from 
Gondwanaland [52]. Although this might indicate that ticks evolved from such 
ancestral blood‐sucking arthropods, available evidence suggests that adaptation of 
ticks to blood feeding happened independently [53]. It has been suggested that 
ancestral ticks originally fed on dead material, including arthropods (insects, etc.). 
In order to feed on such prey, ticks required enzymes to degrade the arthropod 
matrix, such as hyaluronidase, to aid digestion. In addition, as arthropods have a 
clotting mechanism in the hemolymph to minimize effects of external damage, only 
ticks that had developed mechanisms to prevent hemolymph clotting were able to 
feed successfully on live arthropods, because clotting would prevent uptake of 
hemolymph efficiently [54]. Indeed, a number of proteases have been described in 
ticks that prevent coagulation of hemolymph from arthropod targets. It has been 
hypothesized that during tick evolution, enzymes that interfere with the vertebrate 
coagulation system have derived from these ancestral proteases (Figure 2.2) [53]. 
These proteases are produced by the salivary glands, and injected into the host dur-
ing feeding [55].
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Platelet activation is the most immediate event preventing blood loss when 
blood capillaries are damaged. Platelets adhere to the site of injury when they 
come into contact with collagen. Activation is mediated through a number of 
compounds, such as thrombin that also promotes coagulation. As a result of acti-
vation, platelets express certain integrins that are able to bind fibrinogen, leading 
to platelet aggregation and the formation of a plug (Figure 2.2). Activated and 
aggregated platelets release mediators that trigger the inflammatory response, 
thus creating a hostile environment for the tick [53]. During evolution, ticks have 
evolved mechanisms that interfere with this process at different levels [56]. 
Prevention of coagulation serves two purposes for the tick: maintaining blood 
flow to the attachment site and prevention of coagulation in the tick midgut to 
allow uptake and digestion of the blood meal. The tick molecules that affect these 
processes and that have met with some success when used to vaccinate hosts 
against tick infestation are described here.

Prevention of Blood Coagulation at the Attachment Site Tick metalloproteases have 
been shown to affect platelet aggregation and blood coagulation by fibrinolytic 
and gelatinase activity, thus diminishing blood coagulation and allowing blood 
feeding [57, 58]. Using a newly discovered metalloprotease of H. longicornis 
(HLMP1), rabbits vaccinated with recombinantly produced protein were par-
tially protected against H. longicornis infestation. This was reflected in mortal-
ity of around 15% in nymphs and adults. Importantly, rabbits that had repeatedly 
been infested produced antibodies against this protease, indicating that in natu-
ral infection the native molecule is injected into the host and is immunogenic 
[59]. In R. microplus ticks, a metalloprotease that is expressed in the salivary 
gland was discovered. The protein was not detectable in ticks that had com-
pleted engorgement, suggesting that it is required during the process of feeding 
[60]. Although the precise biological activity of this protease has not been elu-
cidated, it is tempting to speculate that it affects blood coagulation in a way 
similar to that of the protease of H. longicornis described earlier. Vaccination of 
cattle with a recombinant metalloprotease of R. microplus (BrBm‐MP4) 
decreased the number of fully engorged female ticks by 43% and also affected 
size and viability of the egg mass, providing an overall protection of 60% against 
tick infestation [61].

Decrem et al. discovered a salivary gland protein in I. ricinus that accelerated 
fibrinolysis in vitro. The protein appeared to be a metalloprotease (Metis1), and 
antisera from repeatedly infested animals recognized the recombinant Metis1 
protein, indicating that native Metis1 is injected at the injection site during feed-
ing [62]. When rabbits were vaccinated with rMetis1, they were partially pro-
tected against tick infestation as reflected by partial reduction in female tick 
feeding, engorged weight, and subsequent oviposition. Vaccination did not affect 
attachment, nor nymphs or male ticks.

Prevot et al. identified a salivary gland serine protease inhibitor in I. ricinus 
(IRIS) that is a specific elastase inhibitor interfering with the intrinsic coagulation 
pathway and fibrinolysis, thereby disrupting platelet adhesion [63]. Animals that 
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have been repeatedly infested produce antibodies against IRIS, which corrobo-
rates that the native protein is injected at the attachment site. When recombinant 
IRIS was used to vaccinate rabbits, partial immunity was induced against infesta-
tion by nymphs and adults as evidenced by increased feeding time, reduced 
engorgement, and approximately 30% mortality of ticks [64]. IRIS also affects the 
development of an acquired immune response (see subsequent text).

The salivary glands of H. longicornis produce longistatin, a protease that hydro-
lyzes fibrinogen and activates plasminogen [65]. This leads to shortage of fibrino-
gen for platelet aggregation and clot formation at the attachment site. In addition, 
activation of plasminogen leads to increased levels of plasmin, a molecule that 
degrades existing fibrin (clots; Figure 2.2). Immunization of mice with longistatin 
affected engorgement of adult female ticks (54% reduction) and post‐engorge-
ment body weight (11% reduction). In addition, moulting of nymphs was reduced 
by approximately 34%. The resulting overall protection was 73% [65].

The saliva of Amblyomma americanum ticks contains a serine protease inhibi-
tor (AAS19), a highly conserved protein characterized by its functional domain 
being 100% conserved across tick species [66]. The protein inhibits trypsin‐like 
proteases, including five of the eight serine protease factors in the blood clotting 
cascade (Figure 2.2). Vaccination of rabbits with recombinant AAS19 induced 
antibodies that reacted with native AAS19 protein. Upon subsequent infestation, 
significantly smaller blood meals were observed, especially after a second infesta-
tion. Importantly, 60% of ticks that engorged on immunized rabbits in the second 
post‐vaccination infestation failed to lay eggs [66].

Two salivary gland proteins were discovered in the soft tick O. moubata that 
affected the hemostatic response of the host: an apyrase (OmAPY; hydrolyses 
adenosine diphosphate that activates platelets) and a disaggregin (OmMOU), 
both of which inhibit platelet aggregation (Figure 2.2). Vaccination of rabbits with 
recombinant forms of these proteins induced overall protection of 27% and 43%, 
respectively, mainly because of an effect on fertility (26% and 32%; [67]).

Prevention of  Blood Coagulation in  the  Tick Midgut Ticks have also developed 
mechanisms that prevent blood coagulation in the midgut to facilitate blood 
digestion and uptake. Clearly, salivary components that are injected into the host 
to prevent coagulation are also imbibed with the blood meal. However, there are 
also tick molecules that are located in the midgut (not detectable in salivary 
glands and/or saliva) that interfere with blood coagulation.

A recombinant serine protease inhibitor from H. longicornis, HLS2, inhibited 
thrombin activity resulting in prolonged coagulation times. Rabbits vaccinated 
with HLS2 were partially protected against H. longicornis infestation (43–45% 
mortality in nymphs and adults). Interestingly, this protein was not expressed in 
salivary glands but instead in the hemolymph compartment [68].

Ixophilin is a thrombin inhibitor from I. scapularis that is expressed in the tick 
midgut. Immunization of mice against recombinant ixophilin prolonged feeding time 
and reduced engorgement weights of female ticks [69]. Homologous proteins have 
been described in R. microplus (boophilin; [70, 71]) and H. longicornis (hemalin; [72]).
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R. appendiculatus serine protease inhibitors RAS 1–4 are expressed in the mid-
gut, and two of these (RAS 3 and RAS 4) are predicted excretory proteins. RAS 1 
and RAS 2 are equally expressed in midgut and salivary gland tissue, but appear 
to be concealed antigens [73, 74]. These results suggest that the RAS proteins play 
a role in blood digestion and uptake. Vaccination of cattle with a combination of 
RAS‐1 and RAS‐2 reduced the number of engorged nymphs by 60% and increased 
mortality of adult males and females by 43% and 28%, respectively [74]. 

Host Inflammatory and Immune Responses
Ticks damage host tissues when they force their mouth parts into the host skin to 
feed, which triggers the host’s innate and adaptive immune systems. The inflam-
matory response promotes repair of the tissue, and involves the kallikrein, com-
plement, and coagulation systems. In addition, cellular inflammatory responses 
are triggered, leading to attraction of granulocytes, macrophages, and lympho-
cytes to the site of injury [75]. Some of these responses induce itching and pain 
through release of bradykinin and subsequent prostaglandin production [76], 
which may increase grooming behavior at the site where the tick has attached, 
leading to subsequent removal of ticks. Detailed studies of R. microplus have 
shown that hosts differ in such primary (innate) local anti‐tick responses that are 
induced upon tick bite, which could explain why some hosts are more sensitive to 
tick infestation than others [77, 78].

Subjects that have encountered tick bites repeatedly can develop some form of 
acquired immunity against subsequent bites, ranging from simple rejection of the 
parasite with little or no damage, to interference with feeding, increased feeding 
time, reduced engorged weight and egg mass, to death of the parasite [79]. 
Antibodies appear to play an important role in natural immunity. In a number of 
tick–host models (I. ricinus–rabbits, D. variabilis–rabbits, R. microplus–cattle), 
partial immunity could be transferred to naive subjects with serum from previ-
ously exposed animals [80–82]. Full expression of immunity, however, involves 
additional cellular responses, including hypersensitive responses to ticks. 
Basophil infiltration and degranulation followed by infiltration of eosinophils are 
characteristics of attachment sites where ticks are being rejected from various 
immune hosts [78].

Ticks modulate these innate and adaptive immune responses in order to pre-
vent rejection and to complete feeding. Salivary gland extracts (SGEs) contain 
molecules that can potentially affect the humoral inflammatory defence systems 
(complement, coagulation, and kallikrein) and the recruitment and adhesion of 
leucocytes to endothelium, which are activated by injury inflicted by tick bite 
[83]. Indeed, Ribeiro and colleagues have shown that saliva from Ixodes dammini 
has anti‐complement, anti‐hemostatic, anti‐prostaglandin, anti‐interleukin‐2, 
and other anti‐inflammatory activities [84].

The composition of these actives in saliva is variable; whereas saliva of fully 
engorged female ticks does not have significant amounts of these enzymes, par-
tially engorged female ticks do [85, 86]. Importantly, sera from bovines that had 
been repeatedly infested with R. microplus alleviated the inhibitory effects of tick 
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saliva on coagulation, anti‐thrombin activity, and modulation of endothelial cell 
activation [87]. This further shows that antibodies play an important role in the 
development of natural immunity, and stimulated research to develop vaccines 
that interfered with these defence mechanisms of the tick.

Inflammation Bradykinin is an important mediator in inflammation, playing a 
role in hemostasis and the occurrence of pain. Enzymes that hydrolyse any pep-
tide bond in bradykinin (kininases such as angiotensin‐converting enzyme (ACE)) 
abolish its activity. Proteins with kininase activity have been discovered in sali-
vary glands of different tick species, and most of these are metalloproteases [61]. 
In R. microplus, a metalloprotease Bm91, which shares biochemical and enzy-
matic properties with ACE, has been evaluated as vaccine for cattle [88]. 
Vaccination of cattle with Bm91 did not affect the number of adult female ticks, 
but the ability to engorge and subsequently lay eggs was reduced [89]. When cat-
tle were vaccinated with the combination of Bm91 and Bm86, there was an addi-
tive protective effect in impairing engorgement [90].

Histamine is released in response to tissue damage. It is mainly secreted by 
mast cells and basophils and increases the permeability of post‐capillary blood 
vessels, thus allowing wound repair factors to pass into the damaged tissue [76]. 
The biological effect of histamine on tick feeding is bimodal: injection of hista-
mine underneath the attachment site of R. microplus ticks interfered with feed-
ing and led to detachment. This sensitivity to histamine declined when larval 
attachment had stabilized, and repeated injections had no effect on the weight of 
larvae after 3 days on the host [91]. In order to stay attached, Ixode ticks encode 
several histamine binding proteins to counteract the effect of histamine early in 
feeding. In contrast, later during the rapid phase of tick feeding, a tick histamine 
releasing factor (tHRF) is upregulated, facilitating blood flow for rapid engorge-
ment. This protein has vaccine potential, as evidenced by the fact that transfer of 
antibodies against tHRF to mice drastically decreased feeding of I. scapularis 
ticks [92].

Immunity Pigs that had been vaccinated with SGE of the soft tick O. moubata 
recognized a protein of 44 kDa (Om44) that was not recognized by sera from 
repeatedly infected pigs. Functional characterization showed that the protein is a 
phospholipase A2 (renamed OmPLA2; [51]). The protein, an antagonist ligand of 
host P‐selectin, prevents adhesion of platelets and leukocytes to vessel walls, and 
as such inhibits host hemostatic and inflammatory responses of the host. 
Subsequent vaccination studies with the recombinant OmPLA2 protein showed 
that feeding of adult O. moubata ticks was inhibited by almost 50% and fecundity 
by 44% [93].

The saliva of O. moubata contains a peptidase inhibitor (OmC2) that affects 
the function of antigen‐presenting mouse dendritic cells by reducing the produc-
tion of the pro‐inflammatory cytokine tumor necrosis factor α and interleu-
kin‐12, and proliferation of antigen‐specific CD4+ T cells [94]. This suggests that 
suppression of this responsiveness facilitates tick survival. Indeed, blocking of 
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OmC2 by immunization significantly decreased the number of viable O. moubata 
in a mouse model (24% reduction of nymphs that moulted to adults; [95]).

The salivary gland serine protease inhibitor (IRIS) of I. ricinus that interferes with 
blood coagulation (described earlier) was also found to modulate T‐lymphocyte and 
macrophage responsiveness. IRIS induced preferentially Th2‐type immune responses 
and inhibited the production of pro‐inflammatory cytokines [94]. The protective 
effects observed in animals that were vaccinated with IRIS could also be (in part) 
related to the abrogation of the modulation of the immune response by IRIS [64].

Anguita et al. showed that a protein in the saliva of Ixodes ticks (Salp15) inhib-
its interleukin‐2 production upon T‐cell receptor engagement [96] and sup-
presses the activity of dendritic cells [97]. Specific antibodies against Salp15 
neutralized the immunosuppressive effects of Salp15 [98]. 

 Future Developments

With the further development of molecular biological techniques it is envisaged 
that new vaccine candidate antigens will be discovered [99]. In order to increase 
the protective activity of tick vaccines, combining tick antigens that have shown 
partial protection into multivalent vaccine formulations will be pursued [50]. 
This will require closer collaboration of research groups, and initiatives to jointly 
develop tick vaccines for humans (ANTIDotE) and animals (CATVAC) have 
been taken [100, 101]. Effective vaccine formulations will be one of the tools to 
control tick infestations in animal husbandry, as such vaccines will complement 
the strategic use of acaricides and management practices.
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 Introduction

Blood‐feeding ectoparasites are responsible for severe aggravation through their 
constant attempts to get blood from their hosts. Besides causing discomfort, 
allergic reactions, skin damage, and pain, many ectoparasites are also vectors of 
life‐threatening or debilitating diseases caused by the transmission of a wide vari-
ety of pathogens, that is, viruses, bacteria, protozoans, and worms, adding to their 
economic and emotional impact on human and animal health [1]. Therefore, 
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requirements for new ectoparasitic drugs should include not only the control of 
ectoparasites for a certain period of time but also address their ability to block the 
transmission of the various vector‐borne pathogens by a rapid onset of action. In 
this scope, “speed of kill” has become an important commercial differentiator for 
recent marketed products [2–6] and many studies have been designed for testing 
the ability of those products to block transmission of some important pathogens 
of cats like Bartonella henselae [7], and of dogs like Dipylidium caninum [8], 
Leishmania infantum [9], Ehrlichia canis [10], Borrelia burgdorferi, Anaplasma 
phagocytophilum [11], and Babesia canis [12, 13]. These studies all report a com-
plete prevention of pathogen transmission by fast elimination of the vector. These 
promising results confirm that a rapid onset of action should be an essential com-
ponent of a novel drug profile. However, due to the diversity and specificity of 
vector–parasite interactions, the blocking characteristics of those ectoparasiti-
cides may not be sufficient to control other major pathogens transmitted by vec-
tors to humans and companion and farm animals. The arthropod can be either a 
mechanical vector, that is, a simple carrier for dispersion, or a biological vector, 
within which the pathogen undergoes asexual and/or sexual multiplication before 
being transferred to a mammalian host. In the latter situation, pathogens need 
time to undergo development inside the vector and reach their infective stage. 
This depends to a major part on environmental conditions like temperature and 
humidity, and on the ability of the vector to survive long enough to harbor the 
matured infectious stage to be transmitted at next bite. Blocking pathogen trans-
mission during that period has been tried with success as seen with Ixodes scapu-
laris and B. burgdorferi [14]. Treating only the mammalian host with an efficient 
drug is a simpler option, but ensuring that a new drug is able to reliably block 
pathogen transfer remains very challenging. Nevertheless, there is a window of 
time for an ectoparasitic drug to prevent disease transmission (Figure 3.1). This 
time period differs in length for each pathogen and vector, and can last from mere 
seconds to weeks.

Here we catalog a fair number of ectoparasite vectors and the respective trans-
mitted pathogens of medical and veterinary importance. In addition, we comple-
ment that list with published information on the pathogen transmission time. 

Uptake Development Infective
stage

Attachment Feeding and transmission

Uptake by vector:

• Transovarial
• Transstadial
• Blood meal on

infected host

Development of
disease agent

inside the vector

Attachment of
ectoparasites on
host and either

immediate feeding
or wandering on
host to feeding

sites

Transmission can
occur with onset of
feeding or with a
delay, depending
on where infective
stages are located

Can occur off or on a host
Major period for an ectoparasiticide to affect vector

and to block transmission

Figure 3.1 Generic sketch of transmission of diseases by ectoparasites (vectors). Blocking of 
transmission can, in principle, occur at every stage, but most drugs aim to interfere during the 
“Attachment” phase and/or “Feeding and Transmission” phase.
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Based on these results, we propose several characteristics for an effective ectopar-
asitic drug profile.

 Vector‐borne Transmitted Pathogens

Major pathogens of medical and veterinary importance are listed in Tables 3.1–3.3. A 
short description of their development in the vector and timing of transmission is 
given when available. For each category of mammalian hosts, vectors are listed 
according to their importance in disease transmission. Many pathogens are 
zoonotic, with companion or farm animals becoming reservoirs in close contact 
with human populations, thus highlighting the practicality of employing com-
mon strategies for both human and animals to control pathogen transmission. The 
tables demonstrate the diversity of the vector–pathogen interactions. In most cases, 
the pathogen will undergo a multiplication, a change in morphology, and matura-
tion in the vector. Very often, the infectious pathogen is waiting in the vector’s 
 salivary glands and will be passed on to the host together with the saliva immedi-
ately at bite. On the other hand, there are a few organisms, like Rickettsia sp. [44], 
Anaplasma sp. [45–47], Borrelia sp. [47, 51], or Babesia sp. [52, 53], that need an 
activation step for migration into the salivary glands, multiplication within the sali-
vary glands, or a maturation phase all triggered by the onset of the blood meal. 
Interestingly, these pathogens all mature in ticks, which are slow blood‐feeding 
arthropods and typically need days of host attachment to fully engorge.

 Transmission Time Is Considerably Different Between Insects and Ticks

When considering ectoparasites in relation to the pathogens transmitted and the 
time needed to transfer the pathogens after biting the host, a clear difference 
between insects and ticks is noticeable (Tables 3.1–3.3). Many, if not all, holo-
metabolic insects like mosquitoes [18], tsetse flies [26], fleas [32], or sand flies 
[21], which undergo complete metamorphosis, almost always transfer the respec-
tive pathogens immediately at bite. By contrast, some ticks can require host 
attachment time periods of several hours, extending up to days in some instances 
before transmission of pathogens occurs. As hard ticks (Ixodidae), sometimes 
also referred to as hardbacked ticks, feed only once before molting to the next 
stage, ingested pathogens will have to survive the molting process and be trans-
ferred transstadially (i.e., Babesia sp. [52]; Ehrlichia sp., [48, 63]). It may be diffi-
cult for the pathogen to develop, migrate, or mature while the physical and 
metabolic changes take place during the vector’s molting process. The pathogen 
will also have to survive for an extended period in the tick vector that might not 
find the next host immediately and could stay unfed for weeks or months. Those 
microorganisms may then need a reactivation from some kind of dormant condi-
tion to resume their development. Temperature change due to the tick attach-
ment to a warm‐blooded animal [44], or fresh blood entering the tick may be the 
signal for the pathogen to multiply [45], migrate to the salivary glands [51],  
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Table 3.1 Human vector-transmitted pathogens. 

Vector Pathogen class Disease
Pathogen development phases 
and timing in vector

Pathogen-to-host 
transfer timing at 
vector bite References

Mosquitoes
(Culicidae)
Aedes sp.
Culex sp.
Anopheles sp.
Ochlerotatus sp.

Arboviruses Togaviridae

Flaviridae

Bunyaviridae

Chikungunya, Ross 
River
Zika, Yellow fever, 
Dengue, West Nile, 
etc.
La Cross, Rift Valley

Replication occurs first in 
midgut cells, followed by 
dissemination to other organs 
including salivary glands with 
additional multiplication cycles. 
Development success in vector 
is dependent on temperature, 
vector competence, and viral 
dose at infection. An EIP 
(extrinsic incubation period) is 
defined for each vectorvirus 
combination. For dengue, an 
average of 7 to 12 days reported, 
but could be as early as 4 days

Immediate 
transmission at next 
blood meal once 
viruses have infected 
salivary glands

[15–17]

Protozoans Plasmodium sp. Malaria Only sexual stages 
(gametocytes) survive in vector. 
Fertilization results in an 
ookinete that moves out of the 
midgut lumen and settles in the 
midgut outer epithelium.

Immediate 
transmission at next 
blood meal once 
sporozoites are 
present in the 
salivary ducts

[18, 19]
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(continued overleaf )

Vector Pathogen class Disease
Pathogen development phases 
and timing in vector

Pathogen-to-host 
transfer timing at 
vector bite References

Transforms into an oocyst. 
Asexual multiplication occurs 
(sporogony). Cyst opens and 
sporozoites migrate to salivary 
glands through hemocoel. They 
are imbedded into a 
parasitophorus vacuole until 
they are released into the 
salivary ducts. About 2 weeks 
are needed from ingestion of 
gametocytes to migration of 
sporozoites to salivary glands. 
Timing dependent on 
parasite-mosquito species 
combination

Nematodes 
(Filariae)

Wuchereria 
bancrofti
Brugia malayi

Lymphatic filariasis Ingested microfilariae (mf) 
cross the vector midgut wall to 
enter the thoracic muscles. 
Subsequent molting to L1, L2, 
and to the L3 infective stage. L3 
migrate back into the hemocoel, 
then to the head and mouth 
parts. No active injection by 
vector. L3 penetrate the host 
skin at biting site. Development 
from mf to L3 takes at least 
10–11 days

Immediate 
transmission at next 
blood meal once L3 
have reached the 
mosquito 
mouthparts

[20]



3 Blocking Transmission of Vector‐borne Diseases48

Table 3.1 ( ontinued)

Vector Pathogen class Disease
Pathogen development phases 
and timing in vector

Pathogen-to-host 
transfer timing at 
vector bite References

Sand flies
(Phlebotominae)
Lutzomyia sp.
Phlebotomus sp.

Protozoans Leishmania sp.a)

Subgenera
Leishmania sp.
Vannia (New World 
only)

Cutaneous and 
visceral leishmaniasis

Amastigotes (intracellular in 
host macrophages) taken up 
mainly from skin at insect bite. 
Changes within the vectors 
internal environment trigger the 
transformation into motile 
procyclic promastigotes that 
multiply in blood meal. After a 
few days, differentiation into 
highly motile elongated 
nectomonad promastigotes

Leishmania: Nectomonad 
promastigotes migrate to the 
anterior part of the midgut and 
break out of the peritrophic 
membrane. They move to the 
cardia and transform into 
leptomonad promastigotes, 
which further multiply and 
produce a promastigote 
secretory gel. Some attach and 
transform into haptomonad 
promastigotes. Some 
differentiate into infective 
metacyclic promastigotes

Immediate 
transmission at next 
bite once the gel 
containing the 
pathogens is 
blocking the foregut 
of the vector, in a 
way that the vector 
has to expel the gel 
into the host to be 
able to feed

[21, 22]
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(continued overleaf )

Vector Pathogen class Disease
Pathogen development phases 
and timing in vector

Pathogen-to-host 
transfer timing at 
vector bite References

Vannia: Similar to Leishmania, 
except for a concentration and 
replication step in the hindgut. 
Attachment as haptomonad 
promastigotes. Migration to 
foregut and establishment in the 
cardia as leptomonad 
promastigotes

Both subgenera: The gel 
containing the infective 
metacyclic forms obstructs the 
anterior midgut, forcing 
regurgitation at next bite prior 
to feeding, releasing the 
pathogen into the host

Almost 1–2 weeks are needed 
between ingestion of 
amastigotes and regurgitation of 
the infective metacyclic 
promastigotes

Black flies (Simuliidae)
Simulium sp.

Nematodes 
(Filariae)

Onchocerca volvulus River blindness Ingested mf cross the vector 
midgut wall to enter the thoracic 
muscles. Subsequent molting to 
L1, L2, and to the L3 infective 
stage. L3 migrate back to the 
hemocoel, then to the head and 
mouth parts. No active injection 
by vector. L3 penetrate the host 
skin at biting site

Immediate 
transmission at next 
blood meal once L3 
have reached the 
vector mouthparts

[23, 24]
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Table 3.1 (Continued)

Vector Pathogen class Disease
Pathogen development phases 
and timing in vector

Pathogen-to-host 
transfer timing at 
vector bite References

Development in vector takes 
6–11 days, depending on 
temperature and vector species. 
The simulids need to feed 1–2 
times before the infective L3 are 
fully developed

Biting midges
(Ceratopogonidae)
Culicoides sp.

Nematodes 
(Filariae)

Mansonella perstans Mansonellosis Life cycle similar to O. volvulus.
Development in vector takes 
7–9 days

Immediate 
transmission at next 
blood meal once L3 
have reached the 
vector mouthparts

[25]

Tsetse flies
(Glossinidae)
Glossina sp.

Protozoans Trypanosoma 
gambiense,
T. rhodesesiense

African 
trypanosomiasis

Ingestion by vector of 
bloodstream trypanosomes. 
Transformation into procyclic 
trypomastigotes and intense 
multiplication in midgut from 
day 3 after feeding. From day 6, 
migration starts from hindgut to 
foregut, pharynx, and finally to 
salivary glands. Metacyclic 
trypomastygotes are the 
infective stage, detectable in 
salivary glands from day 12 after 
feeding and can be injected at 
next blood meal. Flies infective 
for the rest of their lives

Immediate 
transmission at next 
blood meal once 
infective metacyclic 
forms are developed 
in salivary glands

[26, 27]
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(continued overleaf )

Vector Pathogen class Disease
Pathogen development phases 
and timing in vector

Pathogen-to-host 
transfer timing at 
vector bite References

Tabanids
(Tabanidae)
Chrisops sp.

Nematodes 
(Filariae)

Loa loa African eye worm Ingested mf exsheath in midgut 
and migrate predominantly to 
abdominal fat bodies. 
Subsequent molting to L1, L2, 
and then to the infective L3. L3 
migrate back into the hemocoel, 
then to the head and 
mouthparts. Development time 
is temperature dependent, 
requiring 7–10 days

Immediate 
transmission at next 
blood meal once L3 
have reached the 
vector mouthparts

[28]

True bugs
(Hemiptera, 
Reduviidae)
Rhodnius sp.
Triatoma sp.

Protozoans Trypanosoma cruzia) Chagas disease Bloodstream trypomastigotes 
ingested by vector. Change to 
spheromastigotes and then to 
epimastigotes. Active 
multiplication in hindgut. 
Transformation into infective 
metacyclic forms, released with 
feces or Malpighian secretions. 
Infection via rubbing feces over 
skin lesions, contact with 
mucosae (mouth, nose, eye), or 
ingestion of the whole bug. 
Development timing is 
temperature and vector species 
dependent. At least 15–30 days 
are needed to detect infective 
metacyclic forms in the hindgut. 
Timing is shorter in immature 
instars (6–15 days)

Immediate 
transmission once 
infective forms are 
present in feces

[29–31]
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Table 3.1 (Continued)

Vector Pathogen class Disease
Pathogen development phases 
and timing in vector

Pathogen-to-host 
transfer timing at 
vector bite References

Fleas
(Siphonaptera, 
Pulicidae)
Xenopsylla and 
Pulex sp. (plague)
Ctenocephalides sp.

Bacteria Yersinia pestis Plague After ingestion, bacteria 
multiply in the midgut until the 
total blockage of the flea 
proventricule is achieved. Host 
infection occurs via 
regurgitation by the flea or via 
direct contact and aerosol 
during an epidemic. In the flea 
vector, 4–16 days are needed to 
complete proventricule 
blockage. Depending on 
temperature and flea species, 
timing to reach proventricule 
blockage can be much longer

Immediate 
transmission at next 
bite once 
proventricule 
blockage is achieved

[32]

Rickettsia felis Cat flea typhus Transmitted by C. felis. Ingestion 
by feeding on an infected host. 
Multiplication in midgut cells 
and dissemination in the flea 
tissues, including ovaries and 
salivary glands. Migration to 
salivary glands takes 7–14 days 
but transmission has been 
reported to occur as soon as 12h 
after infection

Between 12–24h for 
transmission via 
cofeeding. Timing 
for infection in host 
not measured per se. 
Could be immediate 
at next bite once 
salivary glands are 
invaded

[33–35]
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(continued overleaf )

Vector Pathogen class Disease
Pathogen development phases 
and timing in vector

Pathogen-to-host 
transfer timing at 
vector bite References

feeding (surely within 24h) via 
cofeeding with infected fleas. 
This early phase transmission 
seems to be mechanical. 
Transovarial transmission also 
occurs in the flea vector. 
Mosquitoes (Anopheles 
gambiense) now also suspected 
to be vector

Bartonella henselaea) Cat scratch disease Transmitted by C. felis. 
Pathogen ingested via an 
infected blood meal. Acquisition 
starts 3h after feeding begins. 
Replication occurs in gut cells. 
Bacteria survive during entire 
flea life span. Detected in feces 
24h after first feeding starts. 
Survival in flea feces estimated 
to be at least 3 days. Host 
infection through exposure with 
flea feces, ingestion of infected 
fleas or flea feces, scratching or 
biting of a flea contaminated 
carrier animal

Immediate 
transmission via 
exposure to 
contaminated feces. 
In unfed fleas 
starting to feed, 24h 
delay before infected 
feces are released

[36]
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Table 3.1 (Continued)

Vector Pathogen class Disease
Pathogen development phases 
and timing in vector

Pathogen-to-host 
transfer timing at 
vector bite References

Lice
(Phthiraptera, 
Pediculidae)
Pediculus sp.

Bacteria Rickettsia 
prowazekii

Epidemic typhus The pathogen develops in gut 
cells and is released in the gut 
lumen when the cells break. The 
insect feces are infectious. Host 
infection occurs when the skin 
damaged by scratching comes 
into contact with infected feces 
A minimum of 5 days required 
between feeding on infected 
blood and first release in feces. 
Narrow infection time window 
as infected lice die prematurely 
due to gut cell burst and 
perforation

Immediate 
transmission if 
infected feces in 
contact with wounds 
due to scratching

[37]

Bartonella quintana Trench fever The pathogen multiplies in gut 
lumen and in epithelial gut cells, 
then shed in feces. Infection via 
skin damaged by scratching, 
contact with eyes mucosa, or if 
wounds are in contact with 
contaminated bedding or 
clothes. Five to 8 days needed 
between feeding on an infected 
host and detection of the 
pathogen in lice feces

Immediate 
transmission if 
infected feces in 
contact with wounds 
due to scratching

[38, 39]
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Vector Pathogen class Disease
Pathogen development phases 
and timing in vector

Pathogen-to-host 
transfer timing at 
vector bite References

Hard ticks
(Ixodidae)
Amblyomma sp.
Dermacentor sp.
Ixodes sp.
Ripicephalus sp.
Hyalomma sp.
Haemaphysalis sp.

Arboviruses Bunyaviridaea) Crimean-Congo 
hemorrhagic fever 
(Old World)

Transmitted by Hyalomma sp. 
Virus persistence in the vector 
through transstadial and 
transovarial transmission. 
Venereal transmission from 
male to female ticks also occurs. 
Intrastadial virus transfer via 
cofeeding demonstrated. 
Development time in vector not 
measured. Contamination also 
reported via direct contact with 
an infected host, raw meat or 
milk ingestion, aerosol, etc.

Immediate 
transmission at next 
blood meal once 
viruses have reached 
and multiplied in 
salivary glands

[40, 41]

Heartland virus 
(United States)

Amblyomma americanum 
seems to be main vector. Virus 
persistence in the vector 
through transstadial and 
transovarial transmission. 
Intrastadial virus transfer via 
cofeeding demonstrated. 
Development in vector not 
described in detail. Virus 
detected in midgut epithelial 
cells after infection feeding

Transmission timing 
not reported, but 
likely to be similar to 
other Bunyaviridae

[42]

Flaviridae Tickborne 
encephalitis (TBE)

Transmitted by Ixodes sp. Virus 
persistence in the vector through 
transstadial and transovarial 
transmission. Virus amplification 
via cofeeding on infected 
reservoirs. Virus multiplication

Transmission occurs 
presumably as soon 
as feeding starts, as 
salivary glands are 
invaded prior to 
feeding

[40, 43]
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Table 3.1 (Continued)

Vector Pathogen class Disease
Pathogen development phases 
and timing in vector

Pathogen-to-host 
transfer timing at 
vector bite References

takes place first in gut cell, then 
other tissue cells are invaded 
with further replication. Salivary 
glands are invaded relatively late, 
probably after molting as this 
organ undergoes resorption and 
regeneration during molting. 
Virus detected in salivary glands 
before the next blood meal 
starts. Transmission cases 
through infected milk and 
derivate are also reported

Bacteria Rickettsia conorii
R. rickettsii

Fièvre boutonneuse
Rocky Mountain 
spotted fever

R. conorii transmitted by many 
tick genera. R. rickettsii 
transmitted by Dermacentor sp. 
The pathogen can multiply in 
almost all organs of the vector. If 
present in ovaries, transovarial 
transmission can occur. 
Persistence in the vector also 
through transstadial 
transmission. The pathogen is 
avirulent in ticks that have not 
fed for a long time period. 

At least 10h of tick 
feeding are needed 
before the pathogen 
becomes infective 
again and can be 
successfully 
transmitted

[44]
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Vector Pathogen class Disease
Pathogen development phases 
and timing in vector

Pathogen-to-host 
transfer timing at 
vector bite References

Reactivation can be triggered by 
the temperature increase that 
typically occurs during blood 
feeding on a warmblooded 
vertebrate

Anaplasma 
phagocytophyluma)

Human granulocytic 
anaplasmosis

Transmitted by Ixodes sp. 
Persistence in the vector through 
transstadial transmission, but 
not transovarial. Acquisition by 
the vector within 24h of blood 
feeding. Multiplication in vector 
during and after acquisition 
feeding, and triggered again by 
next blood meal

Transmission does 
not take place before 
36–48h post tick 
feeding. In the 
laboratory, 
transmission has 
occasionally been 
shown to occur 
within 24h of 
attachment

[45–47]

Ehrlichia ewingiia) Human granulocytic 
ehrlichiosis

Transmitted by Amblyomma 
americanum. Life cycle in ticks 
not described. Closely related to 
E. chaffeensis. Development 
time in vector not measured. In 
one transmission study, 
pathogens were detected in host 
only 11–28 days after the 
beginning of exposure to adult 
ticks having acquired infection 
at the nymph stage. The speed 
of detection is depending on the 
size of the inoculum

Timing not 
measured

[48, 49]
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Table 3.1 (Continued)

Vector Pathogen class Disease
Pathogen development phases 
and timing in vector

Pathogen-to-host 
transfer timing at 
vector bite References

Ehrlichia 
chaffeensisa)

Human monocytic 
ehrlichiosis

Transmitted by A. americanum 
nymphs and adults. Persistence 
in the vector through transstadial 
transmission, not transovarial. 
Development time in vector not 
measured. In one transmission 
study, pathogens were detected 
in host only 7–12 days after the 
beginning of exposure to adult 
ticks having acquired infection at 
the nymph stage

Timing not 
measured

[48, 50]

Borrelia burgdorferi 
sensu lato complexa)

Lyme disease Transmitted by Ixodes sp. 
Persistence in the vector 
through transstadial 
transmission, not transovarial. 
After ingestion of infected 
blood, the spirochetes multiply 
in the ticks midgut by binary 
fission. They survive the vector 
molting. They migrate from the 
tick midgut to the salivary 
glands within 24h of the start of 
the transmission feeding

Most transmission 
occurs between 48h 
and 72h after tick 
attachment. But 
some studies report 
infection as early as 
16h post attachment

[47, 51]
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Vector Pathogen class Disease
Pathogen development phases 
and timing in vector

Pathogen-to-host 
transfer timing at 
vector bite References

Protozoans Babesia divergensa) Human babesiosis 
(European Union)

Ixodes ricinus is the main vector. 
Persistence in the vector 
through transovarial and 
transstadial transmission. Only 
adult ticks seem to be able to 
acquire infection, but all stages 
can transmit. The sexual part of 
the life cycle occurs in the 
vector. Ingested gametocytes 
fuse to give rise to immobile 
zygotes that transform into 
mobile kinetes. They enter the 
hemolymph, disseminate into 
various tissues including 
muscles, epidermis, Malpighian 
tubules, and ovaries in adults. 
They undergo an additional 
asexual multiplication step and 
further dissemination as 
secondary kinetes. In salivary 
glands, kinetes continue to 
multiply asexually. The 
maturation into infective 
haploid sporozoites happens 
only after transmission feeding 
starts. In nymph ticks, 
sporozoites were detected in 
salivary glands from the third 
day of feeding

Like other Babesia, 
transmission is 
delayed to the 
second half of the 
tick blood meal. 
Transmission 
reported from day 3 
of feeding

[52–54]
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Table 3.1 (Continued)

Vector Pathogen class Disease
Pathogen development phases 
and timing in vector

Pathogen-to-host 
transfer timing at 
vector bite References

Babesia microtia) Human babesiosis 
(United States)

Transmitted by Ixodes sp. 
Persistence in the vector 
through transstadial 
transmission over one stage 
only, not transovarial. Nymphs 
are the main transmission stage. 
The sexual part of the life cycle 
occurs in the vector. The 
ingested gametocytes fuse into 
zygotes that move to the gut 
epithelial cells, then to the 
hemolymph as ookinetes and 
reach the salivary glands. They 
establish and become a 
multinucleate sporoblast after 
asexual multiplication. 
Maturation of infective 
sporozoites starts only after the 
tick host begins to feed again

Transmission 
success increases 
with feeding time. 
Minimal infectious 
dose of sporozoites 
detected 48h after 
transmission feeding 
starts. Maximum 
numbers of 
sporozoites found in 
salivary glands 60h 
after feeding start

[52, 55, 56]

Hard and soft ticks 
(Ixodidae and 
Argasidae)

Bacteria Coxiella burnettia) Q fever Transmitted by many tick 
genera. Persistence in the vector 
through transovarial and 
transstadial transmission. 
Multiplication in midgut cells. 

Timing not known 
in feeding ticks

[57]
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Vector Pathogen class Disease
Pathogen development phases 
and timing in vector

Pathogen-to-host 
transfer timing at 
vector bite References

The bacteria are released in tick 
feces when the tick begins to 
feed again. Transmission via an 
arthropod vector is very rare; 
occurs mostly through aerosol 
or from parturient fluids 
released by infected vertebrate 
hosts. The pathogen persists in 
the environment for weeks and 
can be spread by the wind

Soft ticks (Argasidae)
Ornithodoros sp.

Bacteria Borrelia duttoni 
(Old World);
B. hermsii, B, 
turicatae, B. parkeri 
(New World)

tick-borne relapsing 
fever

Ornithodoros moubata (B. 
duttoni): After ingestion with 
the blood meal, the pathogens 
enter the hemolymph and 
invade numerous tissues 
including synganglion, salivary 
glands, ovaries, and coxal 
organs. Transmission via saliva 
in nymph ticks, and mainly via 
coxal fluid contamination of tick 

Transmission can 
occur within 
minutes, and has 
even been shown 
happening as quickly 
as 30s after tick bite

[58, 59]
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Vector Pathogen class Disease
Pathogen development phases 
and timing in vector

Pathogen-to-host 
transfer timing at 
vector bite References

bite in adult ticks. Persistence in 
the vector through transovarial 
and transstadial transmission 
O. hermsi (B. hermsii): 
Transmission via saliva in all 
tick instars. Persistence in 
vector mainly through 
transstadial transmission, very 
rare transovarial transmission 
reported

Lice
(Phthiraptera, 
Pediculidae)
Pediculus humanis

Borrelia recurrentis Lice-borne relapsing 
fever

Ingestion by feeding on an 
infected host. From the midgut, 
spirochetes infect the body cavity 
and multiply without invading 
other tissues. No transovarial 
transmission. Transmission 
occurs when lice are crushed 
during scratching and 
spirochete-infected hemolymph 
is released onto the host skin

Immediate [60]

Chigger mites
(Trombiculidae)
Leptotrombidium sp.

Bacteria Orientia 
tsutsugamushi

Oriental scrub 
typhus

Chiggers feed only once on 
infected host. Only larvae are 
parasitic. Chiggers do not feed 
on blood. They inject digestive 

Timing not known [61]

Table 3.1 (Continued)
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Vector Pathogen class Disease
Pathogen development phases 
and timing in vector

Pathogen-to-host 
transfer timing at 
vector bite References

fluids to digest the hosts tissues 
and feed on serum exudates. 
Details on the pathogen life 
cycle in the vector not described. 
The pathogen is likely to be 
inoculated into the extracellular 
exudates during feeding. 
Persistence in the vector mainly 
through transovarial 
transmission. Transstadial and 
cofeeding transmission have also 
been shown

Tabanids, mosquitoes, 
fleas, hard ticks

Bacteria Francisella 
tularensisa

Tularemia Main ways of transmission via 
tick bites and direct contact with 
a contaminated animal, mainly 
rabbits and hares, but occurs 
also via insect bites, ingestion of 
contaminated food, or aerosol

Ticks: Dermacentor variabilis is 
the main vector. Persistence in 
the vector through transstadial 
transmission, although infected 
nymph ticks suffer high mortality 
due to the pathogen. Transovarial 
transmission also reported

Ticks: Can occur 
within 1 day after an 
adult tick infected as 
nymph begins to 
feed

[62]

a) Zoonotic diseases.
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Table 3.2 Companion animal vector-transmitted pathogens.

Vector Pathogen class Disease
Pathogen development phases 
and timing in vector

Pathogen-to-host 
transfer timing at 
vector bite References

Hard ticks (Ixodidae)
Rhipicephalus sp.
Dermacentor sp.
Haemaphysalis sp.
Amblyomma sp.
Ixodes sp.

Bacteria Ehrlichia ewingiia) Canine 
granulocytic 
ehrlichiosis

Transmitted by Amblyomma 
americanum. Life cycle in 
ticks is not described. Closely 
related to E. chaffeensis. 
Development time in vector 
not measured. In one 
transmission study, the 
pathogens were detected in 
host only 11–28 days after the 
beginning of exposure to 
adult ticks having acquired 
infection at the nymph stage. 
The speed of detection is 
dependent on the size of the 
inoculum

Timing not measured [48, 49]

Ehrlichia chaffeensisa) Canine monocytic 
ehrlichiosis

Transmitted by 
A. americanum nymphs and 
adults. Persistence in vector 
through transstadial 
transmission, not 
transovarial. 

Timing not measured [48, 50]
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Vector Pathogen class Disease
Pathogen development phases 
and timing in vector

Pathogen-to-host 
transfer timing at 
vector bite References

Development time in vector 
not measured. In one 
transmission study, pathogen 
detected in host only 7–12 days 
after beginning of exposure to 
adult ticks having acquired 
infection at the nymph stage

Ehrlichia canis Canine ehrlichiosis Rhipicephalus sanguineus is 
the main vector. D. variabilis 
also reported to be vector. 
Development in ticks not 
investigated in detail. 
Pathogen likely to multiply 
within gut cells, hemocytes, 
and salivary glands. 
Persistence in the vector 
through transstadial 
transmission. Intrastadial 
infection reported (infection 
among ticks of same stage 
cofeeding). Importance of 
male ticks in the 
epidemiology of the disease as 
they can move from host to 
host and could transmit the 
pathogen more efficiently

Host infection can 
occur as soon as 3h 
post tick attachment

[63, 64]

Anaplasma platys Canine cyclic 
thrombocytopenia

R. sanguineus is the main 
vector. Rickettsia-like 
organism. Life cycle in ticks 
not described

Timing not 
measured, could be 
within 2 days, likely 
hours

[65]

(continued overleaf )
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Vector Pathogen class Disease
Pathogen development phases 
and timing in vector

Pathogen-to-host 
transfer timing at 
vector bite References

Borrelia burgdorferi 
sensu lato complexa)

Lyme disease Transmitted by Ixodes sp. 
Persistence in the vector 
through transstadial 
transmission, not 
transovarial. After ingestion 
of infected blood, spirochetes 
multiply in the ticks midgut 
by binary fission. They 
survive the vector molting. 
They migrate from the 
midgut to the salivary glands 
within 24h of the start of the 
transmission feeding

Most transmission 
occurs between 48h 
and 72h after tick 
attachment. But 
some studies report 
infection as early as 
16h post attachment

[47, 51]

Protozoans Babesia canis 
(European Union), B. 
vogeli (United States)

Canine babesiosis R. sanguineus (United States, 
European Union), 
D. reticulatus (European 
Union), and H. leachi (Africa) 
are reported to be vectors. 
Persistence in the vector 
through transovarial and 
transstadial transmission. The 
sexual part of the life cycle 
occurs in the vector. Ingested

At least 48h of 
feeding are needed 
before transmission 
occurs. But if male 
ticks have already 
been feeding once, 
transmission could 
be immediate on the 
next host visited

[6668]

Table 3.2 (Continued)
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Vector Pathogen class Disease
Pathogen development phases 
and timing in vector

Pathogen-to-host 
transfer timing at 
vector bite References

gametocytes fuse into zygotes, 
transform into mobile kinetes 
that enter the hemolymph and 
disseminate into various 
tissues including muscles, 
epidermis and Malpighian 
tubules. They undergo a 
further division cycle. 
Secondary ookinetes invade 
almost all tick tissues, 
including ovaries in adults and 
salivary glands. In salivary 
glands, asexual multiplication 
by binary fission occurs. The 
maturation into infective 
sporozoites happens only after 
transmission feeding starts. 
Sporozoites formation in 
salivary glands takes 2–3 days

Babesia microtia) Canine babesiosis Transmitted by Ixodes sp. 
Persistence in the vector 
through transstadial 
transmission over one stage 
only, not transovarial. 
Nymphs are the main 
transmission stage. The 
sexual part of the life cycle 
occurs in the vector. The 
ingested gametocytes fuse 
into zygotes that move to the

Transmission success 
increases with feeding 
time. Minimal 
infectious dose of 
sporozoites reported 
48h after 
transmission feeding 
start. Maximum 
numbers of 
sporozoites detected 
60h after feeding start

[52, 55, 56]

(continued overleaf )
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Vector Pathogen class Disease
Pathogen development phases 
and timing in vector

Pathogen-to-host 
transfer timing at 
vector bite References

gut epithelial cells, then to the 
hemolymph as ookinetes and 
reach the salivary glands. 
They establish and become a 
multinucleate sporoblast after 
asexual multiplication. 
Maturation of infective 
sporozoites starts only after 
the tick host begins to feed 
again

Babesia vulpes 
(= Theileria annae)

Tick vector not known but 
likely to be Ixodes sp. and R. 
sanguineus. Life cycle in 
vector not described but 
likely to be similar to B. 
microti as genetically closely 
related to it

Timing not 
measured, but likely 
to be delayed like 
other Babesia sp.

[69]

Hepatozoon canis Canine 
hepatozoonosis

R. sanguineus is the main 
vector. Infection by ingestion 
of gamonts from an infected 
dog. Persistence in the vector 
through transstadial 
transmission, not 
transovarial. Mature oocysts

Immediate 
transmission

[70]

Table 3.2 (Continued)
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Vector Pathogen class Disease
Pathogen development phases 
and timing in vector

Pathogen-to-host 
transfer timing at 
vector bite References

containing infective 
sporozoites located in the 
hemocoel. Dogs get infected 
through oral ingestion of a 
tick containing oocysts. 
Oocysts break inside the dogs 
digestive system, releasing the 
infective sporozoites. 
Transmission success is more 
dependent on temperature 
more than blood meal size 
dependent. Success is higher 
if the tick has been feeding for 
some days, being heated by 
the ingested blood, but 
transmission also works when 
unfed ticks are ingested

Cytauxzoon felis Cat theileriosis A. americanum is the main 
vector. Persistence in the 
vector through transstadial 
transmission. Details of the 
life cycle in vector not 
reported

Transmission occurs 
within 48h of feeding

[71]

(continued overleaf )
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Vector Pathogen class Disease
Pathogen development phases 
and timing in vector

Pathogen-to-host 
transfer timing at 
vector bite References

Mosquitoes
(Culicidae)
Aedes sp.
Ochlerotatus sp.
Anopheles sp.
Culex sp.

Nematodes 
(Filariae)

Dirofilaria immitis Heartworm Ingested microfilariae (mf) 
cross the vector midgut wall 
to enter the Malpighian 
tubules. Subsequent molting 
to L1, L2, and to the L3 
infective stage. L3 migrate 
back to the hemocoel, then to 
the head and mouth parts. No 
active injection by vector. L3 
penetrate the host skin at 
biting site. Development from 
mf to L3 lasts about 15–17 
days (Aedes aegypti), 
temperature and mosquito 
species dependent

Immediate 
transmission at next 
blood meal once L3 
have reached the 
mosquito 
mouthparts

[72, 73]

Sand flies
(Phlebotominae)
Lutzomyia
Phlebotomus

Protozoans Leishmania sp.a) Cutaneous and 
visceral 
leishmaniasis

Amastigotes (intracellular in 
host macrophages) taken up 
mainly from skin at insect 
bite. Changes within the 
vectors internal environment 
trigger the transformation 
into motile procyclic 

Immediate 
transmission at next 
bite once the gel 
containing the 
pathogens is blocking 
the foregut of the 
vector

[21, 22]

Table 3.2 (Continued)
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Vector Pathogen class Disease
Pathogen development phases 
and timing in vector

Pathogen-to-host 
transfer timing at 
vector bite References

promastigotes that multiply 
in blood meal. After a few 
days, differentiation into 
highly motile elongated 
nectomonad promastigotes. 
They migrate to the anterior 
part of the midgut and break 
out of the peritrophic 
membrane. They move to the 
cardia and transform into 
leptomonad promastigotes, 
which further multiply and 
produce a promastigote 
secretory gel. Some attach 
and transform into 
haptomonad promastigotes. 
Some differentiate into the 
infective metacyclic 
promastigotes. The gel 
containing the infective 
metacyclic forms obstructs 
the anterior midgut, forcing 
regurgitation at next bite 
prior to feeding, releasing the 
pathogen into the host
At least 1–2 weeks are needed 
between ingestion of 
amastigotes and regurgitation 
of the infective metacyclic 
promastigotes

(continued overleaf )
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Vector Pathogen class Disease
Pathogen development phases 
and timing in vector

Pathogen-to-host 
transfer timing at 
vector bite References

True bugs
(Hemiptera, Reduviidae)
Rhodnius sp.

Protozoans Trypanosoma cruzia) Chagas disease Bloodstream trypomastigotes 
ingested by vector. Change to 
spheromastigotes and then to 
epimastigotes. Active 
multiplication in hindgut. 
Transformation into infective 
metacyclic forms, released 
with feces or Malpighian 
secretions. Infection via 
rubbing feces over skin 
lesions, contact with mucosae 
(mouth, nose, eye), or 
ingestion of the whole bug. 
Development timing is 
temperature and vector 
species dependent. At least 
15–30 days are needed to 
detect infective metacyclic 
forms in the hindgut. Timing 
is shorter in immature instars 
(6–15 days)

Immediate 
transmission once 
infective forms are 
present in feces

[29–31]

Table 3.2 (Continued)
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Vector Pathogen class Disease
Pathogen development phases 
and timing in vector

Pathogen-to-host 
transfer timing at 
vector bite References

Fleas
(Siphonaptera, Pulicidae)
Ctenocephalides sp.

Bacteria Bartonella henselaea) Cat scratch disease Transmitted by C. felis. 
Pathogen ingested via an 
infected blood meal. 
Acquisition starts 3h after 
feeding begins. Replication 
occurs in gut cells. Bacteria 
survive during entire flea life 
span. Detected in feces 24h 
after first feeding starts. 
Survival in flea feces 
estimated to be at least 
3 days. Host infection 
through exposure with flea 
feces, ingestion of infected 
fleas or flea feces, scratching 
or biting of a flea 
contaminated carrier animal

Immediate 
transmission via 
exposure to 
contaminated feces. 
In unfed fleas 
starting to feed, 24h 
delay before infected 
feces are released

[36]

(continued overleaf )
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Vector Pathogen class Disease
Pathogen development phases 
and timing in vector

Pathogen-to-host 
transfer timing at 
vector bite References

Fleas
(Siphonaptera, Pulicidae)
Ctenocephalides sp.

Lice
(Phthiraptera, 
Trichodectidae)
Trichodectes sp.

Cestodes Dipylidium caninum Dog tapeworm Vector gets infected at larval 
stage through cestode egg 
ingestion. Development in 
fleas is temperature 
dependent. With temperature 
lower than 30°C, the infective 
metacestode is not ready 
when the adult fleas emerge. 
The flea will need to survive 
and stay on a host a few days 
to allow completion of the 
development of the 
metacestode, triggered by the 
higher temperature of the 
host. Blood meal has no effect 
on development. Dog 
infection through ingestion of 
the parasitized flea

Immediate 
transmission once 
the infective larva is 
mature

[74]

a Zoonotic diseases.

Table 3.2 (Continued)
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Table 3.3 Farm animal vector-transmitted pathogens.

Vector Pathogen class Disease
Pathogen development phases and 
timing in vector

Pathogen-to-host 
transfer timing at 
vector bite References

Hard ticks
(Ixodidae)

Rhipicephalus sp.

Dermacentor sp.

Amblyomma sp.
Ixodes sp.

Hyalomma sp.

Viruses Bunyaviridaea) Crimean-Congo 
hemorrhagic fever

Transmitted by Hyalomma sp. Virus 
persistence in the vector through 
transstadial and transovarial 
transmission. Venereal transmission 
from male to female ticks also 
occurs. Transmission via cofeeding 
demonstrated. Development time in 
vector not measured. 
Contamination can also occur via 
direct contact with an infected host, 
raw meat or milk ingestion, aerosol, 
etc.

Immediate 
transmission at 
next blood meal 
once viruses have 
reached and 
multiplied in the 
salivary glands

[40, 41]

Flaviviridaea) Louping ill Transmitted by Ixodes ricinus. Virus 
persistence in the vector through 
transstadial transmission, no 
evidence of transovarial 
transmission. Closely related to 
tickbone encephalitis (TBE) virus. 
Transmission between vectors via 
cofeeding demonstrated. 
Development time in vector not 
measured

Immediate 
transmission at 
next feeding once 
viruses have 
reached and 
multiplied in 
salivary glands

[75]

(continued overleaf )
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Vector Pathogen class Disease
Pathogen development phases and 
timing in vector

Pathogen-to-host 
transfer timing at 
vector bite References

Bacteria Anaplasma 
phagocytophyluma)

Granulocytic 
anaplasmosis

Transmitted by Ixodes sp. 
Persistence in the vector through 
transstadial transmission, but not 
transovarial. Acquisition by the 
vector within 24h of blood feeding. 
Multiplication in vector during and 
after acquisition feeding, and 
triggered again by next blood meal

Transmission does 
not take place 
before 36–48h tick 
feeding, but was 
shown in the 
laboratory to 
occasionally occur 
within 24h of 
attachment already

[45–47]

Ehrlichia
(= Cowdria) 
ruminantium

Heartwater Transmitted by Amblyomma sp. 
Persistence in the vector through 
transstadial transmission. 
Transstadial transmission can 
happen over one or more stages 
depending on tick species. No 
interstadial transmission reported 
and transovarial transmission not 
sure. Bacteria ingested with the 
blood meal and enter the gut cells 
into which they multiply by binary 
fission in inclusion bodies. 
Migration to other organs like 
hemocytes, Malpighian tubules, and 
salivary glands. Bacteria colonies 
detected in salivary glands only after 
transmission feeding start

Transmission 
reported to occur 
from the second 
day of feeding in 
nymphs, and from 
the fourth day in 
adult ticks

[76–78]

Table 3.3 (Continued)
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Vector Pathogen class Disease
Pathogen development phases and 
timing in vector

Pathogen-to-host 
transfer timing at 
vector bite References

Borrelia theileri Bovine borreliosis Transmitted by Rhipicephalus 
microplus. Persistence in the vector 
through transstadial and 
transovarial transmission. 
Spirochetes ingested or present in 
ticks, multiply in hemocytes and 
hemolymph, with a tropism for 
ovaries and central ganglion. Also, 
transitory presence of the bacteria 
can be detected in other organs. 
Salivary glands may be invaded 
prior to or during the next blood 
meal. Larvae do not transmit 
infection as spirochetes are too 
scarce to sufficiently invade salivary 
glands. The pathogen multiplication 
is proportional to the level of tick 
nutrition. Highest in adult females.

Timing not 
measured.

[79]

Protozoans Babesia divergensa) Bovine babesiosis 
(European Union)

Ixodes ricinus is the main vector. 
Persistence in the vector through 
transovarial and transstadial 
transmission. Only adult ticks seem 
to be able to acquire infection, but 
all stages can transmit. The sexual 
part of the life cycle occurs in the 
vector. Ingested gametocytes fuse to 
give rise to immobile zygotes that 
transform into mobile kinetes, They

Like other Babesia, 
transmission is 
delayed to the 
second half of the 
tick blood meal. 
Transmission 
reported from day 3 
of feeding

[52–54]

(continued overleaf )
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Vector Pathogen class Disease
Pathogen development phases and 
timing in vector

Pathogen-to-host 
transfer timing at 
vector bite References

enter the hemolymph, disseminate 
into various tissues including 
muscles, epidermis, Malpighian 
tubules, and ovaries in adults. They 
undergo an additional asexual 
multiplication step and further 
dissemination as secondary 
ookinetes. In salivary glands, kinetes 
continue to multiply asexually. 
Maturation into infective haploid 
sporozoites happens only after 
transmission feeding starts. In 
nymph ticks, sporozoites were 
detected in salivary glands from the 
third day of feeding

Babesia bovis 
B. bigemina

Bovine babesiosis 
(Rest of the World)

Transmitted by Rhipicephalus 
(Boophilus) sp. that are one host 
ticks. Persistence in the vector 
through transovarial and 
transstadial transmission. The 
sexual part of the life cycle occurs in 
the vector. Ingested gametocytes 
develop into gametes (ray bodies) 
that fuse to form diploid zygotes and

In tick larvae, 
transmission delayed 
due to maturation of 
sporozoites taking 
place after tick 
feeding starts. Nine 
days needed, in 
B. bigemina, 
2–3 days in B. bovis.

[80, 81]

Table 3.3 (Continued)
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Vector Pathogen class Disease
Pathogen development phases and 
timing in vector

Pathogen-to-host 
transfer timing at 
vector bite References

enter the gut cells. Asexual 
multiplication and generation of 
kinetes that will migrate to invade 
other tissues, including salivary 
glands and tick oocytes. A 
secondary multiplication step 
occurs in these tissues. In salivary 
glands, kinetes transform into 
multinucleate stages that break up 
to form infective sporozoites. 
Maturation into infective 
sporozoites will start only when the 
tick is feeding again

B. bigemina: 9 days required for the 
development of infective 
sporozoites. Transmission possible 
only at nymph and adult stage

B. bovis: infective stages detected 
2–3 days after feeding starts. Larvae 
can also transmit infection

Theileria parva East Coast fever Rhipicephalus appendiculatus is 
the main vector for T. parva. T. 
annulata, and T. lestoquardi 
transmitted by Hyalomma sp. 
Persistence in the vector through 
transstadial transmission only. 
The sexual part of the life cycle

T. annulata: 2 days 
feeding required for 
infective 
sporozoites to be 
ready for 
transmission. Can 
take up to 6–9 days

[82, 83]

(continued overleaf )
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Vector Pathogen class Disease
Pathogen development phases and 
timing in vector

Pathogen-to-host 
transfer timing at 
vector bite References

Theileria annulata

Theileria lestoquardi

Tropical theileriosis 
(cattle)

Old World tropical 
theileriosis (sheep)

occurs in vector. Ingested 
merozoites undergo gamogony. 
The resulting gametocytes fuse 
into zygotes that enter the gut cells. 
Maturation into ookinetes without 
obvious multiplication. Ookinetes 
move out of the gut cells and 
migrate to the salivary glands cells 
through the hemolymph. 
Transformation into multinucleate 
sporonts. Ticks are molting at this 
stage. Development stopped until 
the next blood meal begins, 
triggering a secondary 
multiplication and differentiation 
into infective sporozoites

in ticks having 
starved for months. 
No information on 
the other species

Table 3.3 (Continued)
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Vector Pathogen class Disease
Pathogen development phases and 
timing in vector

Pathogen-to-host 
transfer timing at 
vector bite References

Hard ticks 
(Ixodidae)
Tabanids, stable 
flies, mosquitoes

Bacteria Anaplasma 
marginale

Cattle anaplasmosis, 
erythrocytic 
anaplasmosis

Ticks: transmitted by many tick 
genera. Persistence in the vector 
through interstadial and transstadial 
transmission. No transovarial 
transmission. Importance of male 
ticks (i.e., Dermacentor sp.) that 
remain persistently infected and 
feed on different hosts. Acquisition 
by the vector within 24h of blood 
feeding. Multiplication in gut cells, 
then in other tissues, including 
salivary glands. Multiplication 
triggered again by next blood meal

Insects: mechanical transmission via 
contact with infected mouthparts. 
Transmission also via contaminated 
fomites (i.e., needles)

Ticks: transmission 
does not take place 
before 36–48h of 
tick feeding, but 
was shown in the 
laboratory to 
occasionally occur 
after 24h

[84, 85]

Hard and soft 
ticks (Ixodidae 
and Argasidae)

Coxiella burnettia) Q fever Transmitted by many tick genera. 
Persistence in the vector through 
transovarial and transstadial 
transmission. Multiplication in 
midgut cells. The bacteria are released 
in tick feces when the tick begins to 
feed again. Transmission via an 
arthropod vector is very rare, occurs 
mostly through aerosol or from 
parturient fluids released by infected 
vertebrate hosts. The pathogen 
persists in the environment for weeks, 
and can be spread by the wind

Timing not known 
in feeding ticks

[57]

(continued overleaf )
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Vector Pathogen class Disease
Pathogen development phases and 
timing in vector

Pathogen-to-host 
transfer timing at 
vector bite References

Tsetse flies
(Glossinidae)
Glossina sp.

Tabanids, stable 
flies (T. vivax)

Protozoans Trypanosoma brucei,
T. congolense,
T. vivax

Nagana (cattle)
Sheep trypanosomiasis 
(T. vivax)

General life cycle in vector similar to 
human trypanosomes (Table 3.1)

T. brucei: 12 days to 2 weeks needed 
to complete the cycle in flies. 
Metacyclic forms found in salivary 
glands. Flies remain infective for life 
afterwards

T. congolense: do not infect salivary 
glands. Epimastigotes attach to the 
labrum and hypopharynx of the 
proboscis, proliferate and mature 
into infective metacyclic forms

T. congolense: infective metacyclic 
forms detected in saliva 21 days 
after infection feeding. Flies remain 
infective straight at bite afterwards

T. vivax: after ingestion, only 
elongated forms survive in foregut 
and migrate to the cibarium. They 
transform into epimastigotes that 
migrate to the proboscis, attach and 
multiply. Free premetacyclic forms 
are generated by asymmetric fission 
of the epimastigotes. Host infection

Immediate 
transmission at 
next blood meal 
once infective 
metacyclic forms 
have matured

[27, 86–88]

Table 3.3 (Continued)
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Vector Pathogen class Disease
Pathogen development phases and 
timing in vector

Pathogen-to-host 
transfer timing at 
vector bite References

process not clear: either premetacyclic 
forms invade the hypopharynx and 
differentiate into infective metacyclic 
forms and/or metacyclic forms 
remaining in the alimentary canal are 
expelled via regurgitation before blood 
meal ingestion. At least 3 days are 
needed from infection feeding to 
detect infective forms in the 
hypopharynx. In addition to 
transmission by tsetse flies, 
mechanical transmission by other 
biting flies like stable flies and tabanids 
also occurs. In tabanids, the pathogen 
can survive in the crop or midgut up 
to 5–7h, and be regurgitated during 
early stages of feeding

Tabanids
(Tabanidae)
Tabanus sp., 
Chrysops sp.

Stable flies
(Muscidae)
Stomoxys sp.

Protozoans Trypanosoma evansi Surra Mechanical transmission of the 
pathogen during restart of feeding 
on a different host after feeding 
interruption on an infected host. 
Infected blood remains in mouth 
parts and is reinjected with saliva 
into the next host. Blood meal 
regurgitation also shown. 
Trypanosomes survive up to 30min 
on mouthparts. Survival in midgut 
can be hours, up to 48h in Stomoxys 
flies allowing pathogen regurgitation 
in a delayed transmission mode

Immediate 
transmission at 
insect bite

[87]

(continued overleaf )
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Vector Pathogen class Disease
Pathogen development phases and 
timing in vector

Pathogen-to-host 
transfer timing at 
vector bite References

Black flies
(Simuliidae)
Simulium sp.

Biting midges
(Ceratopogonidae)
Culicoides sp.

Nematodes 
(Filariae)

Onchocerca lienalis,
O. ochengi,
O. dukei,
(O. gutturosa)
O. gibsoni, O. 
gutturosa

Bovine onchocercosis Ingested microfilariae (mf) cross the 
vector midgut wall to enter the 
thoracic muscles. Subsequent molting 
to L1, L2, and to the L3 infective stage. 
L3 migrate back into the hemocoel, 
then to the head and mouth parts. No 
active injection by vector. L3 penetrate 
the host skin at biting site

Development time to infective L3 is 
temperature dependent: O. ochengi in 
about 6 days, O. dukei in 6–9 days, 
O. gibsoni in about 6 days at 30°C, 
O. gutturosa in 13–15 days at 23°C, 
but up to 19 days have been reported. 
O. lienalis similar to O. gutturosa

Immediate 
transmission at 
next blood meal 
once L3 have 
reached the insect 
mouthparts

[89, 90]

Biting midges
(Ceratopogonidae)
Culicoides sp.

Viruses Reoviridae Bluetongue To be transmitted, the virus ingested 
need to enter the midgut cells, 
replicate in them, escape into the 
hemocoel, and finally invade and 
replicate into the salivary glands. 
Development is temperature, virus 
serotype, and vector species 
dependent. The extrinsic incubation 
period (EIP) varies from 4 to more 
than 20 days. Vector remains 
infective for life

Immediate 
transmission once 
salivary glands are 
infected

[91, 92]

Table 3.3 (Continued)
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Vector Pathogen class Disease
Pathogen development phases and 
timing in vector

Pathogen-to-host 
transfer timing at 
vector bite References

Face flies
(Muscidae)
Musca automnalis

Bacteria Moraxella bovis Bovine 
keratoconjunctivitis

Transmission via direct contact, 
through feces or regurgitation of the 
bacteria by the vector. Regurgitation 
seems to play a major role. Bacteria 
accumulate in the fly crop

Immediate 
transmission, with 
success depending 
on fly numbers 
feeding at same 
time

[93]

Tabanids, 
mosquitoes, fleas, 
hard ticks

Bacteria Francisella 
tularensisa

Tularemia Main ways of transmission via tick 
bites and direct contact with a 
contaminated animal, mainly rabbits 
and hares, but occurs also via insect 
bites, ingestion of contaminated 
food or aerosol

Ticks: Dermacentor variabilis is the 
main vector. Persistence in the 
vector through transstadial 
transmission, although infected 
nymph ticks suffer high mortality 
due to the pathogen. Transovarial 
transmission also reported

Ticks: can occur 
within 1 day of an 
adult tick infected 
as nymph begins to 
feed

[62]

a) Zoonotic  diseases.



3 Blocking Transmission of Vector‐borne Diseases86

or finish its maturation and be ready for transmission [52]. This last step might 
take hours or days, and gives opportunities to block the transfer. In this context, 
fast‐acting ectoparasiticides could be effective at preventing disease transmission 
in ticks [8–13, 71].

In soft ticks (Argasidae), also referred to as softbacked ticks, pathogens face con-
ditions similar to those in hard ticks (i.e., survival through molting, long periods of 
fasting, transstadial transmission) but also have to adapt to additional constraints. 
Soft ticks like Ornithodoros are fast blood feeders that need only minutes to fully 
engorge. Adults feed many times, and females lay eggs in small batches after each 
blood meal. They develop through more than one nymphal stage, increasing the 
number of opportunities for transmitting pathogens during their life span [58]. 
Fast feeding implies that pathogens cannot go through an activation step during 
the blood meal like that previously discussed for hard ticks, but rather have to be 
ready in the salivary glands to be transferred as soon as feeding starts. As an exam-
ple, B. duttoni infecting soft ticks is transmitted from within 30 s to a few minutes 
after feeding starts [59], whereas B. burgdorferi is only transmitted by hard ticks 
after 24–48 h on average [47, 58]. Thus, a drug with an onset of action within a few 
hours might be sufficient for blocking transmission by hard ticks, but not for pre-
venting transmission by soft ticks. In the latter case, preventing the vector from 
accessing the host with a repellent could be a more effective solution.

Some major pathogens of hemimetabolic insects like true bugs (Reduviidae) or 
lice (Phthiraptera) can develop in either immature stages or adults. Trypanosoma 
cruzi [29], Rickettsia prowazekii [37], or Bartonella quintana [38] are transmitted 
to their host via infected feces rubbed on wounded skin. Killing the vector before 
it gets time to produce infected feces could be possible using a drug with very fast 
onset of action. In the case of lice, such a drug could also have a massive impact 
on lice populations that do not move easily from one host to another, and there-
fore reduce the inflammation and scratching that are the real cause of infection. 
In Reduviidae, blocking transmission via killing the insect before releasing 
infected feces may also work. However, as Reduviidae are fast feeders, release of 
the feces could occur within the first minutes of a blood meal. It remains to be 
demonstrated whether preventing access to a host and subsequent biting with a 
repellent drug can effectively block T. cruzi transmission.

Pathogens of most holometabolic insects develop and multiply in an adult indi-
vidual that has a life expectancy on the order of days or weeks. Their development 
can start immediately after ingestion and needs to reach the infective stage within 
the life span of the insect vector. In these cases, the pathogen strategy appears to 
be different and infectious stages are transmitted often within seconds to the 
mammalian host. Blocking transmission is therefore more challenging, and 
avoiding insect bite via a repellent drug could be the best option.

 Drug Profile for Blocking Pathogen Transmission

The principal feature of an ectoparasitic drug aiming to block transmission should 
certainly be a very fast onset of action. This requirement is generally understood 
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by the animal health industry, and most products marketed recently have been 
tested and compared for the speed of their onset of action [2–6]. Recent com-
pounds deriving from the fairly new chemical class of isoxazolines ([94], 
Chapter  12) exhibit their ectoparasitic action against both, insects and acari of 
veterinary importance, within hours, and certainly reduce the risk of disease trans-
mission of hard tick pathogens that are not immediately passed on to the host such 
as Babesia sp. [12, 13] or Borrelia sp. [11]. Such a beneficial effect was shown 
especially for canine borreliosis [11, 94]. Based on those results, one could hypoth-
esize that isoxazolines may also be able to prevent human borreliosis (Lyme dis-
ease). However, to date many unknowns remain, including the pharmacokinetic 
behavior and safety of the drug in humans. Although effective at eliminating some 
tick infestations and consequently blocking pathogen transmission, systemic 
ectoparasiticides may be more limited in controlling those pathogens that are 
transmitted within a few hours or immediately after the vector’s bite. For example, 
in a comparative study on the ability to block E. canis transmission from 
Rhipicephalus sanguineus ticks by orally administered isoxazolines compared 
against topically applied products containing synthetic pyrethroids, the tested 
 systemic isoxazoline ectoparasiticides gave insufficient protection of dogs from 
pathogen transfer [95]. Despite being considered “old drugs,” synthetic pyrethroids 
(i.e., permethrin, deltamethrin, flumethrin) exhibit features that would, in princi-
ple, be close to an ideal drug profile. In addition to having a fast onset of action on 
many insects and tick species, some pyrethroids are also irritant or repulsive for a 
variety of ectoparasites [96]. It appears that a combination of repellency and para-
siticidal activity could be the best way to prevent pathogen transmission, indepen-
dently from the transfer time at bite. Synthetic pyrethroids have been shown to 
efficiently block transmission of Leishmania sp. in dogs by repelling and killing 
sandflies [9, 97]. They are also widely used for impregnating bed nets and clothing 
to prevent insect bites and disease transmission to humans [98, 99]. They have 
been added to some recently marketed products for companion animals, to act as 
repellents and/or speed up the onset of action [4, 5]. However, widespread resist-
ance in many vectors (including mosquitoes, lice, true bugs, and ticks) and safety 
issues [100, 101] disqualify them for longer term use and motivate the search for 
novel drugs displaying an equivalent profile with improved safety. Designing and 
developing new and safe ectoparasiticide drugs able to effectively block fast trans-
mitted vector‐borne pathogens is still on a wish list and remains extremely chal-
lenging. In our opinion, such novel ectoparasitic drug for animal health should 
combine features of fast killing, long persistency, and repellency to both acari and 
insects. Additional constraints may be encountered if any new ectoparasiticide 
should be considered for human use. Beyond identifying a relevant application, it 
is not clear if humans would accept a persistent drug exposure to achieve a long‐
lasting protection period. In principle, repellency combined with long‐term per-
sistence is very difficult to achieve in a single compound, constituting a challenge 
as big as achieving a very rapid onset of action. In addition, a drug with only repel-
lent activity would have the disadvantage of having no impact on vector popula-
tions. The fast killing and long‐lasting persistence already achieved with the 
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isoxazolines would allow prevention of important tick‐borne diseases. Additional 
repellency or deterrent activity would be efficacious at preventing insect‐borne 
pathogens that are transmitted rapidly upon biting. Combining all of these activi-
ties would be the ideal profile for an ectoparasiticide. Achieving that goal might 
not be possible with a single chemical entity but may be possible with a combina-
tion of molecules, bearing in mind the challenges of maintaining a good safety 
profile for the host and for the environment. Hurdles remain extremely high, how-
ever, and other complementary measures targeting the pathogen itself via specific 
drugs or vaccines should definitely be investigated in parallel.

 Conclusion

Meeting the requirements for new ectoparasiticides, including prevention of 
transmission of pathogens, is challenging if possible at all. Transmission in com-
panion animals of some major tick‐borne pathogens can be now controlled with 
compounds of the isoxazoline class because of their fast onset of action. Extending 
the use of this class of molecules to humans and farm animals may help control 
some tick‐borne zoonotic diseases. For other pathogens, mainly those transferred 
to the host by insects immediately at bite and by soft ticks, the speed of kill by 
isoxazolines is insufficient to effectively prevent pathogen transmission. Most 
insect vectors have little time for feeding before being chased away or being killed 
by the host, and therefore, in most cases, blood feeding and associated pathogen 
transmission begins immediately upon landing. In this situation, drugs having 
repellent or deterrent activity that hinders the vector from biting or landing on 
the host would be more successful at preventing disease transmission. Solutions 
could, therefore, be different depending on the vector, the associated pathogens 
and the speed of transmission. In an ideal situation, a drug or a combination of 
chemical entities should prevent the vector from access, or at least from biting the 
host. If the vector eventually succeeds in reaching the host, killing by the drug 
should happen very rapidly. Repellent efficacy combined with parasiticidal activ-
ity seems to be the ideal drug profile for successfully preventing vector‐borne 
diseases in humans, pets, and livestock. This easy statement unfortunately hides 
major difficulties, especially if the repellent effect has to be long‐lasting for weeks 
or months. Due to those substantial difficulties, the search for new vaccines or 
drugs targeting the pathogen should not be left aside. Novel alternative 
approaches, for example, ones based on regulators of the immune system like the 
Toll pathway of the vector [102] should also continue to be explored.
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 The Cattle Tick Rhipicephalus (Boophilus) microplus

The cattle tick Rhipicephalus (Boophilus) microplus is widespread in tropical and 
subtropical countries and has a major economic impact on the cattle industry 
due to blood feeding as well as to transmission of pathogens. Due to its 

The Threat and Reality of Drug Resistance in the Cattle 
Tick Rhipicephalus (Boophilus) microplus
Heinz Sager*, Léonore Lovis, Christian Epe, and Ronald Kaminsky

Abstract

Use of acaricides is one of the key strategies to protect cattle herds on pasture 
against tick infestation with Rhipicephalus (Boophilus) microplus. Control of cat-
tle ticks with chemical compounds started at the end of the nineteenth century 
with the use of arsenic. This acaricide class was followed by organochlorines, 
organophosphates, amidines, synthetic pyrethroids, phenylpyrazols, macrocyclic 
lactones, growth regulators, and natural products. Unfortunately, the introduc-
tion of new acaricide classes has been followed by reports of treatment failure and 
finally the identification of resistance. Responsible for resistance are genetic 
changes in a cattle tick population that cause modifications to the target site, 
increased metabolism or sequestration of the acaricide, or reduced ability of 
the acaricide to penetrate through the outer protective layers of the tick’s body. 
The mechanisms of resistance have been widely examined for some classes like 
the synthetic pyrethroids and organophosphates, while for other acaricides many 
aspects still remain unclear.
Nowadays, resistance can be found to almost all acaricide classes in the endemic 
areas. As a consequence, alternative strategies have been proposed to reduce the 
dependency on chemical products. While the use of indicine cattle breeds – which 
are less susceptible to tick‐infestation – needs to be balanced with reduced pro-
ductivity, other strategies like tick vaccines, may simply not be available in some 
countries or regions. Finally, the use of acaricides will remain an important pillar 
for control of cattle ticks, which increases the pressure on their sustainable use.

* Corresponding author.
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 importance, different measures are taken to reduce the tick burden on the 
 animals as well as to control the spread of the ticks. The currently available tools 
for tick control in cattle consist of chemical acaricides of which different applica-
tion methods and various formulations exist. In addition, nonchemical strategies 
are based on cattle breeds which are less susceptible to tick infestation, vaccines 
against ticks and tick‐borne diseases, as well as rotations between livestock and 
crops [1]. Among these different options, chemical control is by far the most 
important strategy to control R. (B.) microplus infestations. However, resistance 
of R. (B.) microplus against acaricides has been acknowledged as a threat for 
successful tick control.

As a one‐host tick, all life cycle stages of R. (B.) microplus develop on the same 
host and only the engorged females will drop off to lay eggs. Large numbers of 
larvae are usually present on the pasture in late spring, while successive genera-
tions of larvae occur through the summer till autumn and early winter [2]. The 
duration of the life cycle is strongly dependent on the climatic conditions, but it 
can be assumed that an average of four generations per year is not unusual in 
endemic areas [3].

 History of Acaricidal Compound Classes: Their Introduction on the Market 
and Emergence of Resistance

Control of cattle ticks with chemical compounds started at the end of the nine-
teenth century with the use of arsenic. This class of compounds was followed by 
the organochlorines (OCs), organophosphates (OPs), amidines (AMs), synthetic 
pyrethroids (SPs), phenylpyrazols (PYZs), macrocyclic lactones (MLs), growth 
regulators, and natural products. The introduction of new acaricide classes 
has been followed by the emergence of resistance (Figure 4.1). In the following 
section, the different acaricide classes are presented in their order of market 
introduction.

Amidines
Arsenic (1895–1936)
Organochlorines (1939–1952)

1975

1955 1965 1978 1988 1995 2007

1980 1981 2001

1994

Spinosyns
?

2014

2002

5 years
Macrocyclic lactones

20 years

Organophosphates

10 years

Synthetic pyrethroids

10 years

Phenylpyrazoles

12 years

Growth regulators
20 years

Figure 4.1 Chronological order of introduction of acaricides for use against cattle ticks (green 
date markers) and the first documentation of resistance against the respective class (red date 
markers).
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Arsenicals
Arsenicals were the first compounds used for tick control. They were introduced 
in 1895 and the standard dose was 0.2% arsenic tetroxide [4]. In 1896, a local 
farmer in Queensland, Australia, initiated the use of an arsenic‐based dipping vat 
for acaricidal treatments [5]. This successful arsenic dip was very rapidly adopted 
in other countries such as the United States, South Africa, and Cuba and dipping 
became a widespread practice [5]. Dipping had to be very frequent due to the very 
short residual effect (24 h) of arsenic [6]. After around 40 years of use, in 1936 the 
first case of R. (B.) microplus resistance to arsenic was reported [7].

Organochlorines
OC insecticides were the first synthetic organic insecticides (and acaricides) to be 
marketed in the late 1930s and 1940s for the control of ticks on cattle [8]. 
Dichlorodiphenyltrichloroethane (DDT) and benzene hexachloride (BHC) were 
the first of this group of chemicals to be used as acaricides [9]. A third important 
group of OCs is the cyclodienes, which include dieldrin and toxaphene [10]. OCs 
demonstrated a high efficacy, had a long residual activity and a large spectrum of 
action, and offered the advantages of being less toxic than arsenicals and being 
available at low costs. The first case of resistance to OCs was observed in Brazil in 
1952 [11]. A decade later, in 1962, the use of all OCs was banned for tick control 
because of residues in meat, milk, and in the environment [4], resulting from their 
low biodegradability and their affinity for fat tissues.

Organophosphates and Carbamates
OPs began to be used as ectoparasiticides in the mid‐1950s [12]. They first 
allowed control of ticks which had become OC resistant. Major compounds of 
this class were ethion, chlorpyrifos, chlorfenvinfos, and coumaphos. OPs were 
less stable and less persistent than OCs, although they may be very toxic to 
mammals [10, 13]. In contrast to OCs, they offered the advantages of being 
biodegradable, and therefore not accumulating in the environment, and of 
being much less lipophilic than OCs. Residual effect of OPs against tick reinfes-
tation was 2 to 3 days [6]. OP resistance appeared first in Australia in the mid‐
1960s [14–16] and is nowadays widespread in the whole endemic area of R. (B.) 
microplus.

Carbamates comprise two main compounds used for tick control, which are 
carbaryl and propoxur. Carbaryl has low mammalian toxicity but may be carcino-
genic and is often combined with other active ingredients [10]. Carbamates and 
OPs share the same mode of action, which is based on the inhibition of acetylcho-
line (AChE) and related esterases. As a consequence, cattle ticks resistant to car-
bamates will show cross‐resistance to OPs, and vice versa [17].

Formamidines
AMs began to be used for tick control in the mid‐1970s [18]. Today, amitraz is the 
most frequently used molecule of this class. It has a narrow spectrum of action but 
is very effective against ticks, with residual effectiveness against tick reinfestation 
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for 9 days. It presents minimal toxicity to cattle and humans, is rapidly degraded 
in the environment, and has no meat withholding period [19].

Amitraz resistance appeared 4 to 10 years after its initial use in different parts 
of the world and was first identified in the early 1980s in Australia [18]. Since 
then, resistance has also been reported in Mexico, South America, South Africa, 
India, and New Caledonia. However, in 2007, Jonsson and Hope reported that 
amitraz was still one of the most popular acaricides for the control of cattle ticks 
in Australia, Latin America, and Southern Africa [19].

Synthetic Pyrethroids
SPs were introduced in the mid‐ to late 1970s and since then have been widely 
used [8]. SPs have very effective insecticidal and acaricidal activities while pre-
senting a very low toxicity to mammals, and also are well biodegraded.

In the late 1980s, resistance was already observed in Australia [20] and Brazil 
[21, 22]. Nowadays, SP resistance is extremely common. Widespread resistance 
has been found throughout all the countries where resistance studies have been 
carried out and reported in the literature, that is, Mexico, Central and South 
America, South Africa, Australia, India, and New Caledonia. As for the OPs, SP 
resistance was also observed in the tick strain associated with an outbreak in 
Texas [23].

Macrocyclic Lactones
MLs were introduced to the market in 1981 [24]. They are divided into two cate-
gories [10]: (i) the avermectins, such as ivermectin, doramectin, abamectin, 
eprinomectin; and (ii) the milbemycins, including moxidectin and milbemycin 
oxime. MLs are active systemically against ticks and have the advantages of pre-
senting a longer residual activity than SPs and of being active against a wide range 
of arthropods and nematodes [10]. Resistance to doramectin and ivermectin was 
first reported in Brazil in 2001 [25], followed by reports of ivermectin resistance 
in Mexico [26]. More recent data show the presence of ivermectin resistance in 
India and indicate emerging resistance against MLs in Uruguay, Argentina, and 
South Africa [27–29].

Phenylpyrazoles
Fipronil is the only phenylpyrazole compound to be used in livestock for the con-
trol of cattle ticks, with use starting in the mid‐1990s [30]. Fipronil has a long 
residual activity [10] and its field efficacy persists up to five weeks [31]. Resistance 
to fipronil was reported for the first time in 2007 in Uruguay [32], and later in 
Brazil [33, 34].

Growth Regulators
Growth regulators are the most recent acaricide classes, of which fluazuron 
became the first representative available on the acaricidal market in 1994 in 
Australia. They have a completely different mode of action compared to all other 
previously introduced classes. Based on their mode of action, they are divided 
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into (i) benzoylphenyl ureas, which are chitin synthesis inhibitors; (ii) triazine/
pyrimidine derivatives, acting as chitin inhibitors; and (iii) juvenile hormone ana-
logs [35]. Fluazuron is a benzoylphenyl urea providing long‐term protection 
against R. (B.) microplus (6–12 weeks) [36]. In contrast, the other benzoylphenyl 
urea compounds have a relatively low efficacy against ticks. Fluazuron cannot be 
used for dairy cows because it is highly lipophilic and therefore accumulates in 
body fat tissues and milk. Recent data show the appearance of fluazuron resist-
ance in Brazil and Colombia [37, 38].

Natural Products
Spinosad is a natural product containing a mixture of two fermentation metabo-
lites produced by the actinomycete Saccharopolyspora spinosa [39, 40]. It has 
been shown to be effective against R. (B.) microplus larvae and nymphs [39] and 
is registered for tick control in some countries in Latin America, such as Brazil 
since 2002 [41]. Spinosad has the advantages of being rapidly biodegraded in soil, 
of exhibiting a low cross‐resistance with other chemicals, and of presenting a 
reduced risk for workers [39].

 Mechanisms of Resistance in Cattle Ticks

Resistance can arise through several mechanisms that are generally classified in 
three main categories: target site insensitivity, increased metabolic detoxification, 
and reduced cuticular penetration [42]. Penetration resistance is a reduced sus-
ceptibility of the target organism to penetration by an acaricide. Although it has 
been reported in R. (B.) microplus [43], this mechanism has not been much stud-
ied. In contrast, target‐site and metabolic resistances are more common and have 
been widely studied for some classes of compounds, such as the SPs. Target‐site 
resistance is due to single nucleotide substitution in the gene coding for the target 
molecule of an acaricide, resulting in an amino acid mutation which confers a 
lower susceptibility to the acaricidal compound [42]. Metabolic resistance occurs 
when an individual has an increased ability to detoxify or sequester an acaricide. 
Three main enzyme families are known to be involved in this type of resistance: 
the cytochrome P450s, esterases, and glutathione S‐transferases. Chemicals 
known as synergists are often used to detect metabolic resistance. Piperonyl 
butoxide (PBO), triphenyl phosphate (TPP), and diethylmaleate (DEM) are the 
three most commonly used synergists and are considered to be specific inhibitors 
for cytochrome P450s, esterases, and glutathione S‐transferases, respectively 
[42]. Synergist studies are usually carried out using the larval packet test (see 
Chapter 5) by comparing a compound in the presence and absence of a synergist 
[44–47]. An observed impact on the toxicity of a chemical compound in the pres-
ence of a synergist is an indicator for the involvement of the corresponding 
enzyme class in the degradation of the acaricidal compound [42]. Synergist stud-
ies are useful guides to determining if metabolic resistance mechanisms are pre-
sent, but do not provide a definitive determination of the mechanism of metabolic 
resistance.
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Studying resistance mechanisms of ticks to acaricides provides important 
information. First, the knowledge of the biochemical or molecular mechanisms of 
resistance allows the development of tools for rapid detection of resistance in the 
field that can be integrated into a resistance management program. Secondly, the 
knowledge of the resistance mechanism will allow the selection of the best alter-
native compounds to overcome the resistance. Furthermore, if the mechanism of 
resistance is known, the useful lifetime of a pesticide may be extended once resist-
ance emerges by combination with an appropriate synergist. Finally, resistant 
ticks are valuable tools to study the mode of action of acaricides [48].

Resistance mechanisms to OP and amitraz have been studied, but not yet elu-
cidated. For OP, more than one acetylcholinesterase may be targeted by OP and 
thus be potentially involved in resistance mechanisms [49, 50]. Several studies 
attributed R. (B.) microplus OP resistance to target‐site insensitivity, although 
no  mutation has been identified yet [42]. Some authors provided evidence of 
potential metabolic resistance [46, 51, 52]. For amitraz, target‐site resistance has 
been suspected, although it has not been unequivocally demonstrated [42], 
and synergist studies have shown that metabolic resistance plays a role in some 
strains [53, 54].

Resistance mechanisms to SP are better understood: both target‐site‐ and 
metabolism‐based resistances have been identified in R. (B.) microplus. Generally, 
when both mechanisms coexist, target‐site resistance is the more important one. 
Four single nucleotide substitutions have been shown to confer pyrethroid resist-
ance: first, a mutation located in domain III of the R. (B.) microplus sodium chan-
nel and resulting in a phenylalanine to isoleucine amino acid substitution was 
identified in Mexican tick populations [55]. More recently, three additional muta-
tions have been identified in other tick populations, leading to leucine to isoleu-
cine, glycine to valine, and methionine to threonine amino acid substitutions, 
respectively, in domain II of the sodium channel [56–58]. These four mutations 
are associated with different resistance phenotypes and have different geographi-
cal distributions. The molecular aspects of metabolic pyrethroid resistance are 
not yet well defined in R. (B.) microplus. Overproduction of an esterase that 
hydrolyzed permethrin, designated CzEst9, was observed by Jamroz et al. and 
Pruett et al. [59, 60]. In addition, synergist studies with PBO have indicated that 
cytochrome P450s also play a role in pyrethroid resistance in some strains, 
although the exact molecular mechanisms have not yet been elucidated [45].

Fipronil acts on both the 4‐aminobutyric acid (GABA)‐gated chloride channel 
and the glutamate‐gated chloride channel [61]. This activity on dual targets prob-
ably plays a role in delaying or preventing the buildup of high levels of resistance. 
However, one of these targets is shared with the cyclodiene class of pesticides and 
low levels of fipronil resistance can be associated with resistance to dieldrin in 
Drosophila melanogaster [62]. Thus far no mechanistic studies have been per-
formed to confirm reports of fipronil resistance in R. (B.) microplus and no infor-
mation on potential mechanisms of resistance is available.

The situation is very similar for MLs, where resistance has been described for 
R. (B.) microplus in the field, but studies of resistance mechanisms are at a very 
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early stage. Despite the assumption that fipronil and the MLs both act on the 
glutamate‐gated chloride channel and the GABA‐gated chloride channel, thus far 
cross resistance has not been observed. Isolates of R. (B.) microplus that were 
either resistant to MLs or fipronil have proved sensitive to the other class [27, 63].

There are only few and very recent reports on resistance to the growth regula-
tor fluazuron, which has the consequence that no information on potential 
resistance mechanisms is available up to now. There has been as yet no reported 
resistance of ticks to spinosad.

 Resistance Management

The availability of appropriate tools to determine acaricide resistance in ticks is a 
prerequisite for giving recommendations to farmers on treating cattle success-
fully in the short term and on reducing the risk of further development of resist-
ance in the long term. As shown by the history of the different acaricide classes, 
each market introduction (with the exception of spinosyns, up to now) has been 
followed by the development of resistance. Therefore, when a new class of com-
pounds is launched, the question is not whether resistance will appear, but rather 
when resistance will appear. An additional problem is the persistence of resist-
ance once established in a population. There is a general assumption that a rever-
sion of acaricide resistance in ticks does not occur. As an exception, the AM class 
is the only acaricide group in which a resistance reversion has been reported 
[41, 64]. However, the level of resistance of a R. (B.) microplus strain that was not 
exposed to amitraz for 10 years did not change significantly [3]. This finding sup-
ports the hypothesis that reversion of acaricide resistance in ticks is very unlikely. 
In many organisms it has been described that resistance mechanisms impose fit-
ness costs. In such a scenario, the resistant individuals would be selected and 
become dominant during exposure, but become less frequent over time in the 
absence of the respective chemical class. It is difficult to estimate how much this 
applies to cattle ticks. Temeyer and colleagues described in their article that ticks 
maintain a large and diverse assortment of AChE alleles available for rapid recom-
bination and selection, which potentially reduces fitness costs associated with 
individual mutations [65]. This would mean that – at least for OPs – the preva-
lence of resistant ticks within a population will not change considerably in the 
absence of the respective chemical class.

Hence, strategies to delay the emergence and spread of resistance to a new or 
existing acaricide are crucial. One of the most important factors is the training of 
the farmers. There is a need for widespread understanding of how to correctly 
dose and use the available acaricides. In addition, there are several recommenda-
tions for slowing the emergence of resistance when using acaricides: (i) Reducing 
the frequency of treatments. This requirement, however, is often conflicting with 
the producers wishing a high level of tick control [1]. (ii) Limiting the number of 
ticks exposed to chemical treatments, for example, by using a threshold approach. 
In such an approach, treatments are applied only when a predetermined number 
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of engorged females is reached on each animal [1]. (iii) Rotation of acaricides with 
different modes of action [66]. This must be done with great care to avoid the 
selection of multiresistant strains, however. Rotation should be done after follow‐
up with efficiency tests or at least every two years [67]. (iv) The use of combina-
tion products. The combination should ideally demonstrate an additive or even 
synergistic effect, although this can raise the risk of underdosing the individual 
compounds and consequently increasing the risk of developing resistance. It is 
therefore of utmost importance to respect the correct dose of each compound. 
(v) Monitoring of ticks with bioassays, biochemical or molecular tests to detect 
developing acaricide resistance at an early stage and to adapt treatment strategies 
accordingly.

Furthermore, when possible, chemical control of tick populations should not 
be employed as a stand‐alone strategy, but should be integrated in a pest man-
agement program designed to decrease the frequency of treatment application 
and to delay the onset of resistance. Nonchemical methods which can be com-
bined with chemical control are: (i) The use of tick‐resistant cattle breeds. The 
variation in resistance to tick infestation is most marked between Bos taurus and 
Bos indicus cattle. The latter carry between five and ten times less ticks than the 
former when held under the same conditions. One explanation may be found in 
the strong T‐cell‐mediated response directed against larval stages that has been 
demonstrated in indicine cattle. Other parameters like the skin properties (epi-
dermal growth factors, collagens and other matrix components such as lumican) 
may also contribute to variation in host resistance [68]. The inferiority of indi-
cine cattle breeds in productivity may be partially overcome by cross breeding 
with taurine cattle [69]. (ii) The use of cattle tick vaccines. In Australia and in 
Cuba, a genetically engineered tick vaccine based on the antigen Bm86 was 
launched in the 1990s [70, 71]. The vaccine induced antibodies to bind to the 
Bm86 molecule on tick intestinal cells causing them to lyse, and thereby interfere 
with the blood‐feeding activity of the tick. In order to keep a high level of protec-
tion, the vaccination had to be repeated every 10–12 weeks. The vaccine had no 
immediate effect on the numbers of ticks and reduced infestations only margin-
ally. But due to the effect on the reproductive capacity of the females, the number 
of surviving ticks was considerably reduced in the following generations. A limit-
ing factor was the large variation of responsiveness to the Bm86‐antigen between 
animals. It was feared that nonresponders may contribute disproportionately to 
the reestablishment of tick populations. Efforts were made to improve the pro-
tection, for example, by combining with additional antigens like Bm95 [72, 73]. 
Different groups and companies are working on the development of new 
R.  (B.)  microplus vaccines. Where commercially available, the vaccine can be 
deployed to reduce the dependency on acaricides and to delay the appearance of 
acaricide‐resistant ticks. Specifically, acaricides can be employed in combination 
with vaccination to reduce the frequency of chemical treatments. (iii) Rotation 
between crops and livestock. This involves removal of all livestock hosts from 
pastures for a period of time long enough to ensure death of most of free‐living 
ticks [1]. (iv) Biological control. This last option is the least developed for cattle 
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ticks. However, the use of the fungus Metarhizium anisopliae, already commer-
cialised as an insecticide, seems to be successful against R. (B.) microplus in 
 laboratory bioassays [1].

Whatever strategy is selected, the people directly involved, that is, in most 
cases the farmers, have to understand the benefit (and also the limits) of the strat-
egies so that they are willing to implement the control measures. Studies have 
shown that the incorrect use of chemicals is widespread and accelerates the 
development of resistance [74]. Furthermore, recent surveys in Brazil among 
milk producers showed that producers had only limited knowledge of the tick life 
cycle and about the products they were using, and were not aware of the subop-
timal practices that can promote the development of resistance [67, 75]. 
Therefore, to ensure a sustainable use of the acaricidal compounds that are cur-
rently available and still effective, and to extend their life span, educating farmers 
about ticks, tick control, tick resistance, and integrated management programs is 
crucial.
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 Introduction

The cattle tick Rhipicephalus (Boophilus) microplus is widespread in tropical and 
subtropical countries and has a major economic impact on the cattle industry due 
to blood feeding as well as to transmission of pathogens. Because of its economic 
importance, different measures are taken to reduce the tick burden on the ani-
mals as well as to control the spread of the ticks. The currently available tools for 
tick control consist of chemical acaricides, of which different application meth-
ods and various formulations exist. In addition, nonchemical strategies consist of 
cattle breeds being less susceptible to tick infestation, vaccines against ticks and 
tick‐borne diseases, as well as periodic rotations between livestock and crops [1]. 
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Use of acaricides is one of the key strategies to protect cattle herds on pasture 
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tively. This chapter describes the currently available assays for determining the 
drug sensitivity status of tick populations, and discusses the advantages and limi-
tations of the various assays.
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However, among these different options, chemical control is by far the most 
important and applied strategy to control R. (B.) microplus infestations.

Historically, the introduction of any new chemical acaricide class including the 
organochlorines (OCs), organophosphates (OPs), amidines (AMIs), synthetic 
pyrethroids (SPs), phenylpyrazoles, and macrocyclic lactones (MLs) has been 
followed by the emergence of resistance to those chemical classes (see Chapter 4). 
Acquisition of accurate information on the drug sensitivity of the involved tick 
populations is fundamental for recommending and applying optimal acaricide 
protection of cattle. Furthermore, once resistant tick populations have been iden-
tified, they may be used for the discovery of new acaricide classes with distinct 
modes of action to overcome the resistance to currently available products.

 How to Identify Acaricide Resistance

Monitoring of cattle tick resistance to acaricides is essential on a local and global 
scale. It is important to recognize that tick control failure is not always due to 
resistance but can be caused by faulty equipment, inappropriate dosing, or use of 
forged products or expired chemicals. A confirmation of the observed lack of 
efficacy is therefore crucial in order to advise farmers on alternative chemical 
classes and other means of controlling the tick population. For the former, an 
evaluation of the susceptibility of the ticks to a spectrum of compounds is of 
utmost importance. Suspected resistance can be tested by retreating cattle 
(in vivo) with the same acaricide after ensuring that application procedures and 
doses are correct [2]. However, this procedure is costly and does not provide 

Figure 5.1 The cattle tick R. (B.) microplus has 
attachment sites where it may not be easily 
detected. In the present case, a heifer was 
captured on pasture and laid down for 

determination of the tick burden. Using such 
a technique before and after acaricide 
treatment to identify resistance is very 
resource intensive and time consuming.
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information on susceptibility to alternative acaricides (Figure 5.1). Therefore, 
in vitro tests seem more appropriate, because they are less expensive and provide 
more information on the level of resistance against various acaricides. Hence, 
resistance can be confirmed and differentiated using in vitro bioassays, as well as 
through the use of biochemical or molecular tests to detect metabolic‐ and target‐ 
site‐based resistance, respectively. The objective of this chapter is to describe the 
currently available assays for determining the drug sensitivity status of tick popu-
lations and to discuss the advantages and limitations of the various assays.

 Bioassays

Bioassays are based on in vitro exposure of ticks (larvae or engorged females) to a 
single dose or to linear dose escalations of an acaricidal compound. The type of 
contact with the active ingredient (AI) and its duration differ among the tests. 
Use of bioassays in ectoparasiticide discovery is discussed in Chapter 8. In this 
chapter we review the particular application of bioassays in diagnosing acaricide 
resistance, for which an ideal bioassay should meet several requirements [1]: The 
diagnostic test should be sensitive enough to identify resistance early in its emer-
gence and should cover the full range of chemical groups that are in use. The test 
should be simple and inexpensive, require a low number of engorged female ticks, 
and be time‐effective. In addition, it should provide rapid and reliable results, and 
be suitable for standardization among laboratories in many countries. However, 
none of the currently available tests meet all these requirements.

In order to have unified standards, the Food and Agriculture Organization of 
the United Nations (FAO) adopted and recommended in 1975 the use of the 
larval packet test (LPT) bioassay [2], and provided a standardized protocol avail-
able since 1999. This test was recommended by the FAO for surveys and for defin-
itive confirmation of a diagnosis of resistance despite some limitations due to its 
laborious nature. However, despite these efforts, in 2004 the FAO pointed out that 
“a lack of standardized techniques for diagnosing acaricide resistance appears to 
be the main difficulty in creating and maintaining a tick resistance monitoring 
system” [1]. A survey carried out by an FAO Working Group on Parasite Resistance 
(WGPR) revealed that the method most widely used to diagnose acaricide resist-
ance in laboratories was not the LPT but an adult test called adult immersion test 
(AIT) [1]. As a consequence, the FAO decided to provide a protocol for the AIT 
and recommended this test for preliminary screening in addition to the LPT.

Two other in vitro tests which have proved to be useful for the determination of 
acaricide resistance are the larval immersion test (LIT) [3] and the larval tarsal 
test (LTT) [4]. Although neither test has been officially recommended by the 
FAO, both have proved their usefulness in various studies [5–8].

The key characteristics of the currently available tests are summarized here.

Adult Immersion Test
The AIT was first developed by Drummond [9]. The principle of the initial pro-
tocol was to expose engorged female ticks to a range of dilutions of an acaricide 
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and to assess the effect of a treatment on fecundity and fertility, comparing treated 
and untreated ticks (Figure 5.2a). In the following years, several modifications 
were made to the test. The duration of exposure of the ticks to the acaricide varies 
between 30 s and 30 min and in many cases a single dose is used instead of a 
dilution series. The evaluation of oviposition and larval hatching is normally done 
after 4–5 weeks. In order to shorten the assay time, a recommended standard-
ized  assay focuses on oviposition 7 days after treatment [1]. However, various 
protocols of the AIT are currently in use, despite the efforts of the FAO for 
standardization.

Larval Packet Test
The LPT was first developed by Stone and Haydock [10]. In this test, tick larvae 
are exposed to chemically impregnated filter papers and their subsequent mortal-
ity is quantified after 24 h. The filter papers are folded and sealed with clips in 
order to form packets which harbor the larvae (Figure 5.2b). The handling of 
larvae to place them in the packets with a paintbrush is delicate due to their agil-
ity. In order to simplify the method, FAO recommended discriminating doses 
(DDs) of various compounds and even offered an acaricide resistance testing kit 
in the early years of 2000 [1]. Although this kit is no longer distributed and the 
application of the DD proposed by the FAO is not common practice, the stand-
ardized LPT protocol is widespread and, in contrast to the AIT, is carried out with 
only little variation between the different laboratories [1].

Larval Immersion Test
The LIT was first developed by Shaw [3] and later modified by Sabatini et al. [11]. 
In this test, tick larvae are immersed in acaricide dilutions and then incubated for 
24 h before the assessment of mortality (Figure 5.2c). The exposure of the larvae 
to the respective compound is limited to 10 min, while they are kept for 24 h in 

Figure 5.2 Schematic depiction of the most 
commonly used bioassays for in vitro 
identification of cattle tick resistance to 
acaricides. (a). AIT: Adult engorged female 
ticks are immersed in defined dilutions of 
acaricide. The ticks are dried, placed in Petri 
dishes and kept at 27 to 28 °C and 80–95% 
relative humidity (RH). After 2 weeks, eggs are 
weighed, transferred to tubes, and incubated 
at the before‐mentioned climatic conditions 
for ~3 additional weeks to evaluate the larval 
hatching. In a simplified protocol, oviposition 
is evaluated approximately 1 week after 
incubation, without further evaluation of the 
larval hatching. (b). LPT: Tick larvae are 
incubated at 27 to 28 °C and 85–95% RH for 
24 h in filter paper pouches that were 

impregnated with acaricides. The pouches are 
opened to visually determine the viability of 
the larvae. (c). LIT: The tick larvae are 
immersed for ~10 min in defined 
concentrations of acaricide. This is followed 
by a transfer into filter paper pouches (no 
impregnation with acaricide) in which the 
larvae are incubated for 24 h at 27 to 28 °C and 
80–90% RH. The viability of the larvae is 
determined directly in the pouch by removing 
the clips, analogous to the LPT. (d). LTT: Tick 
eggs are placed into 96‐well flat bottom 
plates which were pre‐coated with defined 
concentrations of acaricides. The plates are 
sealed and incubated at 27 to 29 °C and 
70–80% RH. Two weeks after egg hatching the 
larval mortality is determined in each well.
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(a)

(b)

(c)

(d)

dry filter paper pouches similar to those described in the LPT. The LIT is cur-
rently mainly used for the detection of resistance to ivermectin and fipronil and 
was shown to perform more reliably than the LPT for the detection of resistance 
to these two compounds [5, 6].

Larval Tarsal Test
The LTT was first described by Lovis et al. [4]. In contrast to the larval tests 
described, it uses a microtiter‐plate format to expose the ticks to serial dilutions 
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of acaricides and to evaluate viability (Figure 5.2d). The LTT allows testing of a 
high number of compounds at various doses with a minimum number of ticks. 
An important advantage of this system is the easy and safe handling, since no 
manipulations of larvae are required. The distribution of ticks is done with the 
eggs, and the plates are sealed afterwards. In addition, the concentrations of the 
acaricides used are considerably lower than in the LPT. One of the reasons pre-
venting the test from a wider use is the required laboratory infrastructure for 
coating the plates with the compounds. Most diagnostic laboratories in Latin 
American countries do not have the required dry blocks for the evaporation 
of  the solvents and thus far no commercial provider of pre‐coated plates has 
emerged.

 Biochemical Tools

Metabolic resistance can be diagnosed by measuring the activity of enzymes 
capable of contributing to known drug resistance mechanisms. Esterases have 
been shown to play an important role in the resistance to OPs and SPs [12–16]. 
Two categories of esterases are usually studied for potential OP‐ and SP‐ hydrolytic 
activity, namely, the carboxylesterases and the acetylcholinesterases. Potential 
involvement of esterases in metabolic resistance is investigated through studies 
measuring hydrolytic activity of esterases. To do so, total soluble proteins are 
extracted from larvae. The esterase activity can be quantified by different means 
such as gel electrophoresis or colorimetry [12, 16–18]. In addition, inhibitors can 
be used to determine the level of activity attributable to acetylcholinesterases or 
carboxylesterases separately [16, 19].

 Molecular Tools

There are two prerequisites for the development of molecular tools to diagnose 
target‐site resistance. First of all, the target site (receptor or enzyme) of the cor-
responding compound must be known. Secondly, mutations conferring resist-
ance to the compound must have been identified in the target. In R. (B.) microplus, 
these conditions are met only for SPs, where four single nucleotide substitutions 
have been identified in the voltage‐gated sodium channel gene of R. (B.) micro-
plus (Figure 5.3) [20–23]. Polymerase chain reaction (PCR) assays have been 
developed to detect the presence of these mutations: Guerrero et al. [24] designed 
a PCR assay for the detection of the domain III mutation identified by He et al. 
[23]; and Morgan et al. [21] developed a PCR assay for the domain II mutation 
described in 2009. More recently, a multiplex PCR using allele‐specific primers to 
amplify wild‐type or mutated genotypes of all three previously described muta-
tions was developed by Lovis et al. [25]. Finally, Stone et al. [20] used a quantita-
tive PCR to identify resistant genotypes, including the latest (fourth) mutation 
they identified in domain II.
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The availability of in vitro methods and of molecular tools to determine the 
resistance status of ticks is of great importance, from the scientific as well as from 
the economic viewpoint. However, although the available bioassays are very help-
ful (and some of them are even recommended by the FAO), each of them has limi-
tations which restrict the number of compounds and doses that can be tested. 
The molecular tests, on the other hand, are very specific and are currently not or 
only rarely used for routine diagnosis, especially in developing markets where 
laboratory infrastructure is limited. Taking this into consideration, there is a need 
to develop new tests that are easy to perform, require only basic infrastructure, 
and provide a maximum of information on acaricide resistance with a limited 
number of ticks.

 Use of Resistance Bioassays in the Discovery of New Acaricides

The requirements on a bioassay for identification of new acaricide candidates dif-
fer considerably from those used for identification of acaricide resistance in cattle 
ticks isolated in the field. While for the latter the constraints are given by the 
number of collected engorged females and the laboratory infrastructure, the for-
mer often use large numbers of ticks produced under standardized conditions 
and the tests are run in an automated way. Since most of the compounds are 
down‐titrated, tests similar to the LTT seem most suitable for such an approach. 
Nevertheless, in this setup only the topical activity of a compound is evaluated. If 
a systemic activity is expected, artificial blood feeding systems would be required 
or the compound would need to be injected into the tick; this would most likely 
be done in engorged females.

For pivotal studies testing the efficacy of new acaricide candidates it is recom-
mended  –  and requested by most authorities  –  to use recent field isolates for 
artificial infestations of cattle [26]. No such requirement exists for ticks used in 
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Figure 5.3 Position of the so far identified 
mutations in the voltage‐gated sodium 
channel of R. (B.) microplus, which lead to 
resistance to synthetic pyrethroids. Three 
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of domain II: T170C (red) [20], C190A (green) 
[21], and G215T (blue) [22]; and one in the 
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bioassays for the discovery of new acaricides. However, given the widespread 
presence of acaricide resistance, it would make sense to include ticks with 
 confirmed acaricide resistance at an early stage. This would help identify drug 
candidates with similar modes of action or modes of resistance (cross‐resistance) 
before testing them in vivo. The problem of including recent field isolates in 
 automated test systems is the need of recalibration of each test in case of chang-
ing parameters. This is labor intensive and is normally kept at a minimum. A 
feasible approach would be to use the (high‐throughput) standard test using the 
lab‐isolate for screening of new compounds and only select positive candidates 
for further evaluation, which includes testing the activity against (recent) resist-
ant tick isolates. A characterization of the isolates with bioassays is a prerequisite. 
Especially due to the fact that not all tests are equally sensitive for the known 
acaricide classes, one should not refer to a single method. More information on 
the use of bioassays in ectoparasiticide discovery can be found in Chapter 8.

 Resistance Management

The availability of tools to determine acaricide resistance in ticks is a prerequisite 
for giving recommendations to farmers for successfully treating or protecting cat-
tle in the short term and on reducing the risk of further development of resistance 
in the long term. This applies for the current acaricides as well as for any new one. 
When a new class of compounds is introduced in the market, it is only a question 
of time before resistance appears. An additional problem is the persistence of 
resistance to a compound class once it is established in a population. Today’s 
assumption is that reversion of acaricide resistance in ticks is unlikely to occur. To 
ensure the sustainable use of the acaricidal compounds that are currently availa-
ble and still effective and to extend their life span, information for farmers on 
ticks, tick control, tick resistance, and integrated management programs is essen-
tial. This is discussed in more detail elsewhere in this volume.
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 Introduction

Both the human head louse (Pediculus humanus capitis) and the body louse 
(Pediculus humanus humanus) are obligatory ectoparasites that feed only on 
human blood and together represent one of the longest ectoparasitic relation-
ships associated with mankind [1]. Body lice diverged from head lice when 
humans began wearing clothing ~40 000–70 000 years ago [2]. Genomic and tran-
scriptomic comparisons show that these two lice are highly related genetically 
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Abstract

Human head and body lice represent one of the longest and most prevalent para-
sitic infestations of humans. While head lice are an economic and social concern, 
body lice pose a more serious public health concern. In the past 10 years, signifi-
cant progress has been made in the study of human lice and the information gen-
erated has led to a number of new developments for their control. The in vitro 
rearing of head and body lice has allowed the establishment of insecticide‐ 
susceptible and ‐resistant reference strains, which have allowed more formal 
descriptions of pediculicide resistance, its underlying mechanisms, and the 
detection and monitoring of resistance. Likewise, the availability of inbred strains 
has allowed the efficient sequencing, assembly, and annotation of the genomes 
and transcriptomes of both lice. This information enabled the use of functional 
genomics and reverse genetics to study the genes involved in the evolution of 
resistance, the odorant response to attractants and repellents, and the discovery 
of novel target sites for the development of new pediculicidal/ovicidal chemicals 
and metabolic synergists. With these tools and techniques, we are now poised for 
the first time to make substantial advancements in providing society with effec-
tive treatments for pediculosis in a sustainable resistance management format.

* Corresponding author.
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[3, 4] and can interbreed under laboratory conditions [5, 6]. Nevertheless, there 
are significant differences between head and body lice, and these differences have 
and continue to have significant impacts on humans.

Head and body lice have different living and feeding behaviors, morphologies, 
and disease vectoring abilities. Head lice live only on the human scalp. Females 
attach their eggs (ova) to the base of hair shafts, eggs hatch leaving an empty egg 
case (nit), and the first instar larva undergo three successive molts, resulting in a 
reproductive adult. All stages feed numerous times per day using their piecing‐
sucking mouth parts. In contrast, body lice feed on the non‐head regions of the 
human body and the females secure eggs to clothing, where they usually reside, 
only coming onto the human body intermittently to feed. Body lice are generally 
larger than head lice as a result of taking larger but less frequent blood meals 
[7, 8]. Head lice do not transmit human diseases, whereas body lice are compe-
tent vectors of a number of bacterial diseases to humans.

In this chapter, new developments that have occurred over the past 10 years are 
summarized in terms of the impact that they have had on the control of human 
lice. This time frame was chosen because it encompasses the genomic sequencing 
of both the head and body louse genomes, the development of an in vitro louse‐
rearing system, the use of functional genomics and reverse genetics to study 
pediculicidal resistance, the discovery of new target sites for pediculicidal action 
and repellency, and the marketing of new, effective, and novel acting pediculi-
cides with the possibility of implementing sustainable resistance management 
strategies. To accomplish this in an efficient manner, the information in a number 
of excellent recent reviews  is used to guide our summarization [9–14].

 Pediculosis and Medical Importance of Head and Body Lice

Pediculosis is the infestation of humans by lice and is one of the most prevalent 
parasitic infestations of humans. The costs of pediculosis in the United States are 
estimated at >$367 million USD/yr [12] and infestation rates range from 6 to 
12  million cases annually, with 2.6 million households affected and 8% of all 
schoolchildren infested [15].

Although not a vector of disease, head lice represent a major economic and 
social concern worldwide [16]. Infestations can cause intense itching, which can 
injure the skin allowing secondary infections [17]. Unlike head lice, body lice pose 
a serious public health threat because they transmit several bacteria (Rickettsia 
prowazekii, Borrelia recurrentis, and Bartonella quintana) that cause human dis-
eases (epidemic typhus, louse‐borne relapsing fever, and trench fever, respec-
tively) [18]. Since the advent of antibiotics, outbreaks are sporadic but do occur 
particularly during times of war, famine, and social unrest; and the body louse still 
serves as an important vector of reemerging diseases in developed countries [19].

Most people find lice intolerable and repeatedly and prophylactically apply pedicul-
icides (insecticides) without realizing their harm and possible lethality. Misapplications 
affect children in particular due to their small size and higher sensitivity.
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There are two ways to combat pediculosis: (i) proactive prevention or (ii) post‐
infestation treatment. Emphasis is increasingly on prevention (education) and 
physical removal (combing or shaving) because a crisis exists in the chemical 
management of pediculosis. The pediculicide arsenal is limited and shrinking due 
to insecticide resistance. Effective management information is hard to find and 
few alternatives exist when standard treatments fail. Thus, there is a critical need 
for biological, biochemical, and molecular information that can be used to imple-
ment sustainable novel lice control strategies, including the understanding of 
mechanisms of pediculicide resistance and monitoring of resistance, the use of 
genetic information to identify new and unique target sites, and the development 
of new and novel acting pediculicides.

 Pediculicides and Resistance

Over the past 70 years, the control of pediculosis has been largely dependent 
upon the availability of natural and synthetic insecticides starting with dichlo-
rodiphenyltrichloroethane (DDT) (1943), natural pyrethrins (1945), the organ-
ochlorine lindane (1960), organophosphorous insecticides (malathion, 1971), 
carbamates (carbaryl, 1977), and synthetic pyrethroids (permethrin, pheno-
thrin, 1992) [20].

In the United States, the pyrethrins/pyrethroids have dominated the over‐the‐
counter (OTC) market, followed by the prescription‐only malathion‐containing 
formulations, such as Ovide®. The pyrethrins/pyrethroids share a common target 
site in the nervous system, the voltage‐sensitive sodium channel (VSSC), and act 
as agonistic neuroexcitants by increasing inward sodium current, leading to nerve 
depolarization and hyperexcitation, followed by neuromuscular paralysis and 
death. Malathion is a phosphorodithioate‐type organophosphorous insecticide, 
which is an indirect nerve toxin that acts as a competitive irreversible inhibitor 
of  acetylcholinesterase associated with the cholinergic nervous system. When 
inhibited, acetylcholinesterase cannot efficiently hydrolyze the neurotransmitter, 
acetylcholine, allowing overstimulation of post‐synaptic effector organs, includ-
ing muscle, leading to paralysis and death.

Insecticide resistance to currently used pediculicides, including permethrin, 
synergized pyrethrins, and malathion, has occurred worldwide, is increasing 
[21–24], and is certainly contributing to increased incidences of pediculosis.

Both clinical and parasitological pyrethroid resistance to d‐phenothrin was 
first reported in France in 1994 [24] with additional reports of clinical control 
failures following: permethrin (2001) in the United States [25], phenothrin (1995) 
in the United Kingdom [26], and permethrin (2005) in the United Kingdom [27]. 
Also, parasitological resistance has been reported in the Czech Republic [28], the 
United Kingdom [26], Denmark [29], Israel [30], the United States [31], Argentina 
[32], Japan [33], and Australia [34].

Malathion resistance was first reported in France in 1995 [35], followed by the 
United Kingdom in 1999 [36], Australia in 2003 [34], and Denmark in 2006 [29]. 
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The lack of extensive resistance in the United States is likely due to the use of the 
Ovide® formulation, which also includes pediculicidal terpenes likely resulting in 
a mixture of active compounds that has redundant killing action on multiple tar-
get sites [37].

Current control and resistance problems underscore the need to understand 
the molecular mechanisms of insecticide resistance in lice. The identification of 
resistance mechanisms and novel target sites may allow the development of 
resistance‐breaking compounds and specific nontoxic synergists useful in the 
implementation of novel control and resistance management strategies.

 Development of the In Vitro Rearing System: Maintenance of Insecticide‐
susceptible and ‐resistant Strains and Determination of Resistance

An improved in vitro rearing system was developed on the basis of modifica-
tions to a manual prototype, which allowed for the first time the sustaina-
ble  maintenance of head and body lice without human infestation [38]. The 
improved system, based on a silicone‐reinforced Parafilm® membrane, human 
hair tufts, and reconstituted human blood, enabled the large‐scale rearing of 
pediculicide‐ susceptible and ‐resistant strains of lice in a semi‐sterile condition 
[39] (Figure 6.1).

The efficacies of three commercially available OTC formulations (Nix®, Rid®, 
Proto® Plus) were assessed by applying the products directly to the hair tufts with 
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Figure 6.1 Assembly of the in vitro rearing system for lice. (Reproduced with permission from 
Yoon et al. [39]. Copyright 2006, Elsevier.)
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lice attached following the manufacturers’ instructions. All products were highly 
effective (100% mortality) in the pediculicide‐susceptible strain but differentially 
efficacious (62–84% mortality) in the pediculicide‐resistant strain, validating 
previous anecdotal reports of resistance to permethrin‐ and pyrethrin‐based 
pediculicide formulations.

 Sequencing of the Human Louse Genomes and Transcriptomes

Estimation of nuclear deoxyribonucleic acid (DNA) content by flow cytometry 
indicated that both head and body lice had small genomes compared to other 
insects, spanning only 108 Mb [40]. Sequencing of the body louse genome vali-
dated this finding and revealed that despite its small size the genome retained a 
remarkably complete basal insect repertoire of 10 775 predicted genes [41]. 
Evolutionary reduction of the genome size relative to other insects was accom-
plished by removing intergenic DNA, reducing the size and number of introns 
within genes, and reducing the number of genes within large gene families, par-
ticularly those involved in environmental sensing and response, including odor-
ant and gustatory receptor, detoxification enzyme, and innate immune response 
genes [41–43].

Comparison of the transcriptional profiles of body and head lice using 
expressed sequence tags identified 10 771 body and 10 770 head louse transcripts 
[4]. Illumina sequence reads were mapped to the 10 775 body louse gene models 
and identified nine presence/absence differences between the two transcript sets. 
Only one gene difference between the two transcriptomes was determined, 
a  hypothetical protein with no function, indicating that these two organisms 
share  virtually the same genome and are likely ecotypes of the same species. 
Interestingly, the numbers of detoxification genes involved in xenobiotic metab-
olism (e.g., cytochrome P450 monooxygenases, glutathione‐S‐transferases, 
esterases) were dramatically reduced in both head and body lice compared with 
other insects, indicating that the decreased number of detoxification genes and 
small genome size would make human lice an efficient model to study insecticide 
resistance [42].

Recently, the whole genome sequence of the head louse was determined by 
next‐generation sequencing methods and compared to the reference genome 
sequences of the body louse [3]. Results indicated that the number of genes in the 
body louse genome may be an underestimation and that both genomes appear to 
possess at least 10 790 genes. In addition, the nucleotide diversity between the 
head and body louse genomes was determined to be larger than that reported 
initially using a transcriptome comparison [4], suggesting that head and body lice 
are evolving to separate species from their status as con‐species [44] or ecotypes 
of the same species [45].

With this information in hand, it became apparent that human lice could serve 
as an efficient model system to study (i) the molecular mechanisms of insecti-
cide resistance and use of this information in monitoring of resistance; (ii) how 
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xenobiotic metabolism, which is involved in insecticide resistance, is induced 
and how this information might be used in ‘proactive’ resistance monitoring; 
and (iii) selective new target sites for the development of novel acting pediculi-
cides, repellants/deterrents, and metabolic synergists.

 Head Louse Resistance to Pyrethrins, Pyrethroids, and Malathion

Three Point Mutations in the α‐subunit Gene of the VSSC Cause Knockdown 
Resistance (kdr) and can be used for Monitoring the Extent and Magnitude 
of Resistance
Lee et al. [46] first reported that head lice were resistant to a pyrethroid, perme-
thrin, and exhibited in vivo responses in behavioral bioassays that were consist-
ent with kdr. Kdr is a heritable trait associated with nerve insensitivity to DDT, 
the pyrethrins, and the pyrethroids [47] and point mutations in VSSC genes are 
functionally responsible for the kdr, kdr‐type, and super‐kdr traits [48].

Three point mutations located in the domain IIS1‐2 extracellular loop (M815I) 
and in the domain IIS5 transmembrane segment (T917I and L920F) of VSSC 
α‐subunit (numbered according to the head louse amino acid sequence) were 
identified in permethrin‐resistant head lice [49]. Yoon et al. [50] inserted the 
three mutations associated with pyrethroid resistance in the head louse (MI, TI, 
and LF) in all possible combinations into the corresponding positions of the 
house fly Vssc1WT sequence, expressed wild‐type and specifically mutated chan-
nels along with the house fly Vsscβ auxiliary subunit in Xenopus oocytes, and 
employed the two electrode voltage‐clamp technique to electrophysiologically 
assess the impact of these mutations on permethrin sensitivity of the expressed 
channels (Figure 6.2). In the absence of the three mutations and their corre-
sponding amino acid replacements, a dose‐dependent increase in the late current 
seen during inactivation and a prolongation of the tail current seen during deac-
tivation were apparent at increasing concentrations of permethrin. In the pres-
ence of the three amino acid replacements, superimposed current traces obtained 
at increasing concentrations of permethrin were indistinguishable from dimethyl 
sulfoxide (DMSO) control traces, confirming that the MITILF haplotype results 
in target‐site insensitivity of the VSSC and contributes to permethrin resistance 
in the head louse.

Monitoring the Allele Frequency of kdr in North America
The extent and frequency of a kdr‐type resistance allele in North American popu-
lations of head lice were initially determined from lice collected from 32 locations 
in Canada and the United States [51]. Using the serial invasive signal amplifica-
tion (SISAR) technique to detect the frequency of the kdr‐type T917I mutation 
(TI), it was found that TI occurs at high levels in North American lice (94.1%). 
The TI frequency in the US lice from 1999 to 2009 was 84.4%, increased to 99.6% 
from 2007 to 2009, and was 97.1% in Canadian lice in 2008. The authors of the 
study cautioned, however, that their results were preliminary (based only on the 
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TI mutation) and perhaps biased due to the small number of lice analyzed and 
because most of the lice were collected from metropolitan and urban collection 
sites.

In response, a subsequent study expanded on the existing kdr‐map [52]. It uti-
lized three quantitative sequencing (QS) reactions to determine the kdr‐type 
mutation frequency at each of the three alleles (MI, TI, and LF). Lice from 
138 geographical collection sites, ranging from rural to metropolitan areas, were 
collected from 48 US states. Mean percent resistance allele frequency values 
across the three mutation loci (mean % RAF) were determined from each collec-
tion site. The overall mean % RAF (±S.D.) for all analyzed lice was 98.3 ± 10%. Of 
the 138 sites, 132 (95.6%) had a mean % RAF of 100%, 5 sites (3.7%) had interme-
diate values, and only a single site had no mutations (0.0%). Forty‐two states (88%) 
had mean % RAF of 100%. The frequencies of kdr‐type mutations did not differ 
regardless of the size of the human population from which the lice were collected, 
indicating a uniformly high level of resistant alleles. The loss of efficacy of the 
Nix® formulation from 1998 to 2013 was correlated to the increase in kdr‐type 
mutations. These data provide a plausible reason for the decrease in the effective-
ness of permethrin in the Nix® formulation, which is the parallel increase 
of kdr‐type mutations in lice over time.

Thus, the frequency of kdr‐type alleles in North American head louse popula-
tions was determined to be uniformly high, apparently due to the high selection 
pressure from the intensive and widespread use of the pyrethrins/pyrethroid‐based 
pediculicides over many years, and is likely the main cause of increased pediculo-
sis  and failure of pyrethrins/permethrin‐based products in Canada and the 
United States.
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Figure 6.2 Comparative sodium current 
traces from the house fly VSSC variants with 
and without head louse mutations expressed 
in Xenopus oocytes before and after exposure 

to increasing concentrations of permethrin. 
(Reproduced with permission from Yoon et al. 
[50]. Copyright 2008, Elsevier.)
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Malathion Resistance Is Due to Enhanced Hydrolytic Ester Cleavage by 
Malathion Carboxylesterase
Enhanced malathion carboxylesterase (MCE) activity was previously reported 
to be involved in malathion resistance in the head louse [23]. To identify the 
MCEs involved, the transcriptional profiles of five catalytically active esterases 
were determined and compared between the malathion‐resistant (BR‐HL) and 
malathion‐susceptible (KR‐HL) strains [53]. Only one esterase gene, HLCbE3, 
exhibited a significantly higher transcription level (5.4‐fold) in the resistant 
BR‐HL strain. Comparison of the entire complementary deoxyribonucleic acid 
(cDNA) sequences of HLCbE3 revealed no sequence differences between the 
BR‐HL and KR‐HL strains. However, two copies of the HLCbE3 gene were 
found in BR‐HL, implying that over‐transcription of HLCbE3 is due to the com-
bination of a gene duplication and upregulated transcription. Knockdown of 
HLCbE3 expression by RNA interference (RNAi) in the BR‐HL strain caused 
increased malathion susceptibility, confirming the identity of HLCbE3 as the 
MCE responsible for malathion resistance in the head louse.

 Optimization of the Noninvasive Induction Assay to Identify Detoxification 
Genes Involved in Insecticide Tolerance as a Proactive Resistance Monitoring 
Approach

Identifying xenobiotic detoxification genes based on insecticide‐induced tran-
script profiles of insects has been suggested as a means of identifying metabolic 
pathways involved in insecticide resistance [42]. Initial pilot studies using 
Drosophila melanogaster did identify a number of detoxification genes, but most 
were not involved in insecticide metabolism [54].

The ability to identify detoxification genes that metabolize insecticides during 
the process of induced tolerance, prior to resistance evolving, would be a major 
step forward in resistance management because the expression of such genes 
could then be used proactively to monitor for metabolic resistance. In a proof‐of‐
principle experiment, the transcriptional profiling results using an “optimized” 
noninvasive induction assay [short exposure intervals (2–5 h) to sublethal 
amounts of insecticides (<LD3 at 24 h) administered by stress reducing means 
(contact vs. immersion screen) and with induction assessed in a time frame 
when tolerance is still present (~LC90 in 2–4 h)] efficiently identified ivermectin‐
induced detoxification genes from body lice [55]. The cytochrome P450 monoox-
ygenases (CYP6CJ1, CYP9AG1, and CYP9AG2) and ATP‐binding cassette 
transporter (PhABCC4) genes were the most significantly over‐expressed, had 
high basal expression levels, and were most closely related to genes from other 
organisms that metabolized insecticides, including ivermectin. Injection of 
dsRNAs against either CYP9AG2 or PhABCC4 into non‐induced female 
lice reduced their respective transcript level and resulted in increased sensitivity 
to ivermectin, indicating that these two genes are involved in the xenobiotic 
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metabolism of ivermectin and in the production of tolerance (Figure 6.3). Once 
identified, they can be used in proactive resistance monitoring schemes (e.g., 
quantitative, real‐time, polymerase chain reaction) and in the construction of 
metabolic maps to establish cross‐ and negative cross‐expression patterns during 
the acquisition of tolerance following induction. Such information is critical in 
establishing effective mixtures to be used in proactive resistance management of 
pediculosis. Certainly, the substantially reduced number of xenobiotic detoxifica-
tion genes in the louse genome facilitated this process.
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Figure 6.3 Relative transcript levels (panel a 
and b) and mortality responses (panel c and 
d) of body louse females to a lethal contact 
amount of ivermectin (5% IVM) following 
injection of dsRNA targeting either louse 
CY9A 2 or ABCC4. Lice were also injected 
with either dsRNA of the odd‐paired gene, 
opas, ( eneBank accession # S78339) for P450 
silencing or with dsRNA of the E. coli plasmid, 
pQE30, for ABC transporter silencing as sham 
injected controls. Asterisks (*) in panels a 
and b indicate that CY9A 2 ane ABCC4 
dsRNA significantly suppress the levels of 

CY9A 2 ane ABCC4 transcripts, respectively 
(Student’s t‐test,  < 0.05). In panel c, the 
bioassay was started 48 h after CY9A 2 
dsRNA injection. In panel d, the bioassay was 
started 12 h after ABCC4 dsRNA injection. 
Asterisks (*) in panels c and d indicate that 
the mortality responses of lice injected with 
dsRNAs were significantly different from 
their respective controls (buffer or water 
only injected, maximum log‐likelihood ratio 
test,  < 0.05). (Reproduced with permission 
from Yoon et al. [55]. Copyright 2011, 
John Wiley & Sons.)
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 New Pediculicides, Infestation Deterrents/Repellents, and Metabolic 
Synergists with Novel Modes of Action

New pediculicides need to be safe, rapidly eliminate live lice and viable eggs, 
show no cross‐resistance to other products, and be easily used and affordable 
[12]. The following list of formulations includes commercially available pediculi-
cidal treatments that have been recently registered either in the United States or 
elsewhere, or are currently being registered for use. They all have unique chemi-
cals as their active ingredients, the target sites of which do not overlap with those 
of the OTC‐ or malathion‐containing formulations discussed earlier, indicating 
that cross‐resistance is not likely. Only products that have had their active ingre-
dient identified are discussed here.

Benzyl Alcohol‐containing Formulations
A topical 5% benzyl alcohol formulation (Ulesfia®; Concordia, Pharmaceuticals, 
Inc., Bridgetown, Barbados) was registered in the United States in 2007 as a pre-
scription treatment of children older than 6 months [12]. Although intravenous 
exposure to benzyl alcohol has been associated with neonatal gasping syndrome, 
this issue is unlikely given the product’s labeled use protocols [14]. Ulesfia® is not 
neurotoxic to lice but appears to affect the spiracles controlling air movement in 
the louse respiratory system [56]. The product is not ovicidal so a second applica-
tion 7 to 10 days following the first is needed for full efficacy.

Dimethicone‐based Formulations
There has been a trend, primarily in Europe, toward the development of physical 
means to control head lice because of increasing instances of resistance, particu-
larly to the neurotoxic pediculicides, and the increased scrutiny of the use of 
such products on children. The dimethicone‐based anti‐louse products (silicone 
oils) are of interest due to their low mammalian toxicity, novel modes of action 
(not neurotoxic), and the possibility that they will have a low potential for 
the  development of resistance. Dimethicones are linear polydimethylsiloxanes 
(CH3SiO[SiO(CH3)2]nSi(CH3)2), where n is the number of repeating monomers 
[SiO(CH3)2] in chains of varying length; chain length influences viscosity and 
spreading characteristics. The toxic action for the dimethicones is not defini-
tively known (and may differ between products of differing chain lengths, see 
subsequent text), but they have been shown to be effective pediculicides [57, 58]. 
Two dimethicone‐based products are better characterized scientifically in terms 
of their effectiveness and probable modes of action, and are discussed here.

Hedrin® 4% lotion (Thornton & Ross Ltd, Huddersfield, UK) is a 4% dimethi-
cone lotion in 96% (w/w) decamethylcyclopentasiloxane (cyclomethicone D5). 
Treated head lice are rapidly immobilized, but small movements in their extremi-
ties over several hours indicate that death is delayed. Scanning electron micros-
copy coupled with X‐ray microanalysis revealed that Hedrin® 4% lotion was 
found in the spiracles, in some cases blocking the opening, and penetrated into 
the outer aspects of the tracheae [57]. Asphyxia is unlikely given the slow onset of 
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mortality. The inability of the louse to excrete the excess water acquired during 
blood feeding by transpiration out of the spiracles has been suggested as a toxic 
action [58].

The second dimeticone‐based anti‐louse product (NYDA®, G. Pohl‐Boskamp 
GmbH & Co., Hohenlockstedt, Germany) contains a mixture of two dimethi-
cones, one of low and the other of higher viscosity, at a final total concentration 
of dimeticones of 92% (w/w). Medium‐chain‐length triglycerides, jojoba wax, and 
two fragrances make up the remaining constituents. NYDA® rapidly enters the 
tracheal system due to its high spreading ability [59]. Death occurs rapidly and 
appears to be due to asphyxia. NYDA® is also an effective ovicide [60].

In the United States, the OTC product, Lice MD®, is currently available from 
Reckitt‐Benckiser, Slough, England, and contains dimethicone as an emollient [12].

Ivermectin‐based Formulations
Ivermectin is a macrocyclic lactone produced fermentatively by Streptomyces 
avermitilis followed by a chemical modification, and it is a widely‐used oral 
anthelmintic agent for both humans and animals. In addition to muscles used in 
motility, ivermectin also acts to paralyze the muscles associated with the nema-
tode pharyngeal pump, inhibiting the pumping action needed for feeding and 
attachment [61, 62]. The concentration of ivermectin needed to cause paralysis of 
the pharyngeal pump is 10‐ to 100‐fold lower than the concentration needed to 
cause mortality [63].

Ivermectin increases chloride ion permeability in insect [64] and nematode 
[65] neurons and muscle membranes through binding to glutamate‐ and gamma‐
aminobutyric acid (GABA)‐gated chloride ion channels. These channels are 
highly expressed in the neuromuscular system of the pharyngeal pump in the 
mouthparts of the free living nematode, Caenorhabditis elegans, which has been 
shown to be highly sensitive to ivermectin. During deworming, ivermectin para-
lyzes the mouthparts of the nematode, causing it to detach from the mammalian 
gut and be excreted. A similar mode of action in head lice, however, has not been 
directly characterized.

Recently, oral ivermectin was used to treat hard‐to‐control head louse infesta-
tions [66]. Successive treatments were necessary to kill nymphs that emerge from 
eggs present at the time of the initial treatment, indicating an absence of a direct 
ovicidal effect of oral ivermectin.

Ivermectin is also formulated as a topically applied pediculicide in a 0.5% iver-
mectin cream (Sklice®, Arbor Pharmaceutical, Atlanta, GA) that was approved by 
the U.S. Food and Drug Administration (FDA) in 2012 as a prescription treatment 
in patient 6 months or older [12]. Sklice® killed permethrin‐resistant head lice 
[67] but was not directly ovicidal to treated eggs, as hatchability was not decreased 
[68]. Nevertheless, the percentage of hatched lice from treated eggs that took a 
blood meal significantly decreased (80–95%) compared to lice that hatched from 
untreated eggs, and all treated lice died within 48 h of hatching. Lice that hatched 
from eggs treated with nonlethal dilutions of Sklice® also fed significantly less 
than lice from untreated eggs. Using [3H] inulin uptake as a means to measure 
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blood feeding, lice from eggs treated with nonlethal dilutions of Sklice® ingested 
significantly less blood than lice from untreated eggs. Thus, the failure of hatched 
instars to take a blood meal following egg treatments with Sklice® is likely respon-
sible for its action as a post‐eclosion nymphicide [68].

Spinosad‐based Formulation
Spinosad is a macrocyclic lactone insecticide produced fermentatively by a soil 
actinomycete bacterium, Saccharopolyspora spinosa. It has two active ingredi-
ents, spinosyn A and spinosyn D, in a 5 : 1 ratio. Spinosad is a neurotoxic agonist 
at the nicotinic acetylcholine receptor of the cholinergic nervous system where it 
selectively modifies the non‐desensitizing aspect of the current flowing through 
this ligand‐gated channel, causing prolonged excitability and then paralysis [69]. 
Spinosad is both pediculicidal and ovicidal [70].

Spinosad has been commercially formulated as a 0.9% viscous topical suspen-
sion and was approved by the FDA in 2011 as a prescription treatment for the 
treatment of pediculosis in patients 6 months or older (Natroba®, ParaPRO, LLC, 
Carmel, IN) (12).

Abametapir‐based Formulation
Recently, an alternate approach investigated egg hatching [71] as a pathway 
to identify new sites of action for the development of novel ovicidal compounds. 
A number of proteases were identified as metalloproteases and their presence 
from newly hatched louse eggs indicated that they may play a role in egg hatching. 
Subsequently, eggs treated with known metalloproteinase inhibitors failed to 
hatch, indicating that metalloproteinase may function as novel ovicidal targets 
in lice.

To better understand this phenomenon, 5,5′‐dimethyl‐2,2′‐bipyridyl (a bipy-
ridine metal chelating ligand formerly termed Ha44, now referred to as abam-
etapir) was used to determine its ovicidal, larvicidal, and adulticidal action on 
D. melanogaster as a model insect [72]. Although toxic to both larvae and adults, 
abametapir was particularly potent on eggs, providing further evidence of its 
ovicidal efficacy in insects.

Very recently, abametapir in isopropanol and as a formulated lotion (Xeglyze™, 
0.74% abametapir) was determined to be 100% ovicidal on both head and body 
louse eggs [73]. Registration processes are currently under way.

Repellents/Deterrents and Odorant Receptor Discovery
Due to pyrethroid resistance and the lack of efficient resistance management, 
there is considerable interest in the protection of uninfested people and preven-
tion of reinfestation by disrupting lice transfer. Recently, in vitro and in vivo 
models were used to determine the efficacy of the infestation deterrents, 
Elimax lotion® and/or Elimax shampoo® (oligodecene oil, sesame oil, and acrylate, 
Oystershell Laboratories NV, Drongen, Belgium), against human head or poultry 
chewing lice, respectively [74]. Head lice exhibited significantly higher oviposi-
tional avoidance (~100% over 72 h) to both formulations when compared to lice 
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on control hair tufts and both formulations were determined to be competent 
infestation deterrents (% avoidance >50%) in a competitive avoidance test against 
a known attractant (head louse feces extract). Elimax shampoo® was also an effi-
cacious deterrent against poultry chewing lice. These results validate that human 
lice have both an aggregation response, which was found many years ago [75], and 
now a repellent response.

There is a drastic reduction of the chemosensory gene repertoires in the body 
louse genome when compared to other insects [41]. With this finding, seven 
putative full‐length odorant receptors (ORs), in addition to the odorant receptor 
co‐receptor (Orco), were identified and four of them expressed in the Xenopus 
oocyte system [76]. PhumOR2 responded electrophysiologically to a narrow set 
of compounds: 2,3‐dimethylphenol >4‐methylcyclohexanol >1‐phenylethanol. At 
the behavior level, both head and body lice were repelled by these physiologically 
active chemicals in the same order that they were electrophysiologically active. 
This study presents the first evidence that an OR pathway is functional in lice and 
identifies PhumOR2 as a sensitive receptor of natural repellents, which could be 
used to develop novel efficient molecules for the control of these insects.

Metabolic Synergists
Pyrethroids are the preferred class of insecticides when human exposure is likely. 
Unfortunately, the pyrethroids share a common genetic resistance mechanism, 
kdr, with DDT and prior extensive use of DDT has predisposed the pyrethroids to 
cross‐resistance via kdr and metabolic mechanisms. Thus, the use of metabolic 
synergists with pyrethroids is considered prudent to guard against the selection 
of insects with multiple mechanisms of resistance.

Recently, 3‐phenoxybenzyl hexanoate (PBH) was synthesized as a multifunc-
tional pyrethroid synergist that, besides being a surrogate substrate that seques-
ters hydrolytic carboxylesterases, also functions by out‐competing pyrethroids in 
oxidative xenobiotic metabolism pathways [77]. Addition of PBH to permethrin‐
treated mosquitoes, Culex pipiens quinquefasciatus, resulted in a threefold 
increase in the synergistic ratio (LT95 of permethrin‐treated mosquito/ LT95 of 
permethrin‐treated + PBH mosquito). Similarly, PBH synergized the action 
of deltamethrin by sixfold on the common bed bug, Cimex lectularius, and was 
2.8‐fold more synergistic than piperonyl butoxide (PBO), the synergist in many 
pyrethrin‐based pediculicides. Thus, PBH synergized the action of both type I 
and II pyrethroids in a range of blood‐feeding insects. PBH has residual proper-
ties similar to permethrin and is itself nontoxic, unlike PBO, and therefore should 
be compatible with existing pyrethroid formulations, including the OTC pedicul-
icides, perhaps extending their usefulness.

 Sustainable Resistance Management

Resistance management entails processes that reduce resistant allele frequen-
cies, dominance, and fitness of the resistant genotypes [78]. Many nonchemical 
processes used to delay resistance in agricultural settings (e.g., natural enemies, 
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insect disease, and host–plant resistance) are not applicable for human lice and 
limit the operational choices to a chemical management format coupled with 
nit removal. Insecticides are applied to manage resistance by moderation, satu-
ration, and multiple attack strategies [79]. Low tolerance of infestations and the 
“No‐Nit” policy eliminate most moderation approaches. Saturation schemes 
that involve high concentrations of insecticides are not appropriate when treat-
ing children. Thus, only multiple attacks (e.g., mixtures, mosaics, and rotations 
of pediculicides) are available strategies. The use of mosaics on a human head is 
impractical and rotations have not worked in the United Kingdom [80], leaving 
only mixtures as a viable application strategy. Central to the use of mixtures as 
a resistance management scheme is the idea of “redundant killing.” Simply put, 
all active ingredients in the mixture must have unique target sites and metabo-
lism so as the insect acquires mutations that result in insecticide resistance; 
the other compounds in the mixture will act on their unaltered sites, thereby 
removing the insect and its resistance‐yielding mutations. To this point, 
a mixture of α‐terpineol, terpine‐4‐ol, and 0.5% malathion, found in the Ovide® 
formulation (Medicis Corp., Scottsdale, AZ), was effective in controlling a 
malathion‐ and permethrin‐resistant head louse strain from the United Kingdom 
[37]. The successful application of insecticide mixtures, used in a resistance man-
agement format, shows that: (i) these approaches suppress resistance and (ii) they 
are likely to be effective in field situations when used in conjunction with efficient 
monitoring. Thus, as new pediculicides are introduced into the market place, it is 
imperative that we understand how lice may develop resistance or cross‐resist-
ance to these compounds. Such knowledge will have practical applications, in 
terms of recommending mixtures of compounds, where lice may develop very 
different forms of resistance to the two separate compounds.

In summary, resistance to traditional pediculicides has developed, leading to 
clinical failures, so management strategies are necessary. However, these resist-
ance management strategies need to be built on sound scientific knowledge 
before resistance evolves. It is also imperative that the molecular mechanisms 
mediating resistance be identified for the selective targeting of novel com-
pounds and proper formulation of mixtures aimed at controlling these insects. 
The head and body louse genome projects [3, 41] have now provided the neces-
sary core information for finding novel target sites for improved louse control, 
the means of identifying genes responsible for resistance and establishing cross‐ 
and negative cross‐resistance relationships, and the tools for effective and 
affordable resistance monitoring, as summarized in this chapter.
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 Introduction

Ticks (Acari, Ixodida) are ectoparasites that have adapted to an obligate blood‐
feeding lifestyle (hematophagy) during their evolution from ancestral mites. 
About 900 species have been described and these are divided into two major 
families – the hard ticks (Ixodidae, ~700 species) and soft ticks (Argasidae, ~200 
species) [1, 2]. Of special interest is a monotypic family, Nuttalliellidae, repre-
sented by a single species Nuttalliella namaqua that is hypothesized to represent 
an evolutionary link between these two families [3, 4]. Ticks of both families are 
dangerous vectors of a wide variety of pathogens, causing severe infectious diseases 
of humans as well as wild and domestic animals [5]. Although hard and soft ticks 
may have followed independent paths toward hematophagy [6] and differ in many 

Molecular Targets to Impair Blood Meal Processing 
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Abstract

Feeding and digestion of host blood are key physiological processes providing 
essential nutrients for the development and fecundity of ticks. Ingested host 
blood, which exceeds the weight of unfed females by more than one hundred 
times, is concentrated and stored in the tick gut lumen, gradually being taken up 
by digestive cells, and intracellularly digested by a multi‐enzyme network of 
acidic aspartic and cysteine endo‐ and exo‐peptidases. Digestion of hemoglobin, 
the major protein component of blood, results in the release of a vast excess of 
potentially toxic heme. In most eukaryotic cells, heme and iron homeostasis is 
based on a balanced flux between heme biosynthesis and heme degradation, 
mediated by heme oxygenase. In contrast, ticks are not capable of synthesizing 
or degrading heme. Therefore, ticks have evolved specific molecular mecha-
nisms of heme and iron acquisition, detoxification, intracellular trafficking, and 
inter‐ tissue transport. This chapter reviews current knowledge on the molecular 
mechanisms of these processes and discusses their potential as targets for anti‐
tick interventions.
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physiological and developmental aspects [7], they still share several common 
traits that offer targets for rational and specific tick control. Major physiological 
differences in feeding strategies of soft and hard ticks can be summarized as fol-
lows: In soft ticks, the larvae, several nymphal stages, and adults of both sexes 
take their blood meal rapidly by feeding on the host for up to 1 h. In adult females, 
feeding and oviposition are cyclic processes, and feeding performance is not nec-
essarily related to mating status. In contrast, hard ticks feed only once per life 
stage (larva, one nymphal stage, and adult) for long periods of several days. An 
adult, mated female can engorge a huge amount of host blood that exceeds more 
than one hundred times the weight of the unfed tick. The substantial amount of 
imbibed blood is then digested and converted into a large number (several thou-
sands) of laid eggs, following which the hard tick female dies.

What all ticks noticeably have in common is the process of blood meal diges-
tion that clearly distinguishes ticks from their vertebrate hosts as well as from 
blood‐feeding insects that have the digestive apparatus based on neutral or alka-
line serine proteases. In contrast, ticks digest blood intracellularly in the acidic 
lysosome‐like vesicles of digestive cells lining the midgut epithelium [7]. The 
multi‐enzymatic machinery of acidic aspartic and cysteine peptidases involved in 
blood meal processing in ticks resembles the digestive system in other, evolution-
ary distant blood‐feeding parasites, such as the malaria‐causing Plasmodium, 
flatworms, or nematodes [8].

The blood meal, the ultimate source of nutrients for all tick developmental 
stages, is a rather unhealthy diet that required ticks to evolve specific adaptations 
to cope with excessive amounts of blood. Hemoglobin, the major protein con-
stituent (accounting for about 60% of total blood proteins), has been assumed to 
be the main source of amino acids for tick proteosynthesis and vitellogenesis. 
Digestion of hemoglobin brings about the release of its prosthetic group – heme, 
which, when unbound, is toxic through its involvement in the formation of free 
oxygen radicals via the Fenton reaction [9]. One adult hard tick female, such as 
Ixodes ricinus, can imbibe and concentrate up to 1 ml of host blood containing 
~150 mg of hemoglobin, out of which heme comprises 6 mg. In the case of 
complete degradation of acquired heme, about 500 µg of ferrous iron would be 
released. These extremely large amounts of pro‐oxidative molecules would 
clearly represent a lethal burden for a ~2 mg organism, as is the case of the 
unfed  female tick. This simple consideration indicates how important in tick 
physiology are efficient “waste management” strategies for superfluous blood 
meal components.

In the majority of eukaryotic organisms, heme and iron homeostasis is based 
on balancing the flux between heme biosynthesis and its degradation, mediated 
by heme oxygenase (HO). An earlier biochemical study on the cattle tick 
Rhipicephalus (Boophilus) microplus [10] and a recent genome‐wide analysis of 
Ixodes scapularis genome [11] revealed that at least hard ticks lack a functional 
pathway for biosynthesis of endogenous heme [12]. Ticks have retained only the 
last three mitochondrial enzymes (coproporphyrinogen oxidase, protoporphy-
rinogen oxidase, and ferrochelatase) out of eight enzymes that make up the 
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canonical heme‐biosynthetic pathway that was present in tick mite ancestors 
[12]. The most likely explanation for the loss of heme biosynthesis during tick 
evolution is their exposure to a vast surplus of heme originating from digested 
host hemoglobin. On the other hand, the inability to synthesize endogenous 
heme makes ticks completely dependent on the acquisition of host‐derived heme 
for use as a prosthetic group for proteosynthesis of their own hemoproteins. 
Besides lacking heme biosynthesis, ticks are also unable to degrade heme as 
the  gene coding for the key enzyme, HO, is apparently not present in their 
genome [11]. This trait, however, does not seem to have evolved as an adapta-
tion to hematophagy, since HO is also absent from the genomes of other non‐
hematophagous mites and possibly also chelicerates [12].

Taken together, the physiological processes of ticks associated with digestion of 
huge amounts of blood meal, elimination of waste products and excessive water, 
lack of heme biosynthesis and catabolism, and unique mechanisms for acquisi-
tion and inter‐tissue distribution of heme or iron, all constitute a major departure 
from their vertebrate hosts (Figure 7.1). There are basically two ways to effec-
tively target tick Achilles’ heels: “anti‐tick” vaccines and acaricides. The develop-
ment of effective “anti‐tick” vaccines or highly selective and environmentally 

Midgut lumen

Hemocoel

Ovaries

Digestive cells

Blood meal

Hemolysis

Vitellogenin/heme uptake

Nutrient uptake:
receptor-mediated
endocytosis of hemoglobin;
fluid-phase endocytosis
of serum proteins
Multienzyme digestion
of blood meal proteins
Heme/iron acquisition,
detoxification, and
intracellular transport

Heme-, iron-, and protein-rich diet

Vitellogenin processing

Long-term blood meal storage
Hemoglobin crystallization

Heme/iron transport to
the peripheral tissues and
ovaries

Figure 7.1 Physiological processes associated 
with blood meal processing in ticks. 
A schematic overview of tick tissues and 
related processes of blood meal uptake, 
digestion, heme and iron metabolism, 

detoxification and inter‐tissue transport that 
may serve as rational targets for “anti‐tick” 
intervention. The red and blue arrows indicate 
blood meal uptake and reverse water 
secretion, respectively.
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friendly acaricides depends on the discovery of suitable protective antigens or 
distinctive traits in tick physiology. This effort comprises a variety of strategies 
including the target-based approach (the primary focus of this chapter) as well as 
high‐throughput approaches such as functional genomics, vaccinomics and 
tick–host–pathogen interactomics [13–15]; anti‐tick vaccines are discussed fur-
ther in Chapter 2 of this volume.

 Processes Associated with Blood Feeding and Digestion

Attachment and On‐host Feeding
Blocking of tick attachment to the host and impairing their long undisturbed 
feeding is intuitively the most straightforward “anti‐tick” strategy. Therefore, 
a focus on the tick–host interface and the role of tick saliva components in modu-
lation of host hemostasis, inflammation, and innate (complement‐based) or 
acquired (antibody‐based) immunity represents the largest and most explored 
field of tick research. However, it is out of the scope and aim of this chapter to 
cover the complexity of bioactive factors present in tick saliva and we can only 
refer to several recent comprehensive reviews that deal with this extensive area of 
research [14, 16–18].

Nevertheless, identification of suitable targets in the rich cocktail of com-
pounds secreted by the tick salivary glands is quite problematic given the high 
redundancy of multi‐genic protein families [14]. The molecules present in tick 
saliva come into contact with the host immune system (exposed antigens) and 
should be capable of eliciting an antibody response. Yet the counteraction of 
tick immune modulators usually suppresses the host’s ability to prevent or 
reduce tick attachment and feeding during repeated exposure to tick infestation 
[19]. By contrast, blood meal digestion and associated processes located inside 
the tick are mediated by molecules that are not exposed to the host immune 
system (concealed antigens). Therefore, tick infestation on a host vaccinated 
with a recombinant concealed antigen might have a protective effect if the 
specific antibodies present in ingested blood meal block a physiologically 
important mechanism. The feasibility of targeting concealed antigens has been 
successfully tested by the use of the only existing “anti‐tick” commercial vaccine 
against the cattle tick R.  microplus, based on the midgut membrane protein 
Bm‐86 [20, 21].

Blood Meal Uptake
Processes of blood meal uptake and digestion differ significantly between the two 
evolutionary distinct Argasidae and Ixodidae, as well as between the individual 
developmental stages of hard ticks [7]. However, morphological, tissue, cellular, 
and molecular backgrounds of these processes are best explored for female hard 
ticks, which are thus mainly discussed in this chapter.

Following attachment to the host, blood meal uptake occurs in two phases: 
(i) a slow feeding period (taking about 6 days post‐attachment in the case of Ixodes 
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spp. ticks), during which time about one‐third of total blood meal is ingested and 
the tick body size continuously grows; (ii) rapid engorgement, occurring 12–24 h 
prior to detachment, in which the main portion (about 2/3) of the host blood is 
imbibed [8, 22]. Rapid engorgement is conditioned by female fertilization that 
might occur during feeding in the presence of the male on the host. After the fully 
engorged female drops off the host, the ingested blood meal is gradually digested 
and the pool of free amino acids is mainly utilized for synthesis of yolk proteins, – 
vitellogenins (Vgs), that takes place mainly in the fat body and midgut. Following 
transport to ovaries, Vgs are proteolytically processed to vitellins (Vns), the major 
storage proteins for embryonic development and larval stages [7, 12].

Mating Factors
Rapid engorgement of females, conditioned by mating, is triggered by the 
factor voraxin, which is passed from males to females during copulation [23]. 
Amblyomma hebraeum voraxin is composed of two independent peptides, 
AHEFα and AHEFβ, of MW 16.1, and 11.6 kDa, respectively. Interestingly, rab-
bits vaccinated with a mixture of recombinant AHEFα and AHEFβ were highly 
protected against infestation with mated A. hebraeum females as only 25% were 
capable of full engorgement [23]. The vaccination potential of voraxin was also 
successfully tested against Rhipicephalus appendiculatus infested on rabbits 
immunized with a recombinant homolog of voraxinα from this tick species. 
Fully engorged R. appendiculatus females were reduced in weight by ~40% and 
also the efficacies of subsequent oviposition and larval hatching were markedly 
lowered [24].

Secretion of Blood Meal Water
The imbibed blood meal is concentrated and stored in the gut lumen and exces-
sive water is excreted via mechanisms that substantially differ between N. nama-
qua, soft ticks, and hard ticks, providing another piece of evidence in support 
of independent evolution of hematophagy among these tick families [3, 4]. The 
ancestral mode of secreting excessive water of blood meal origin via the 
Malpighian tubules was described in the “living fossil” tick N. namaqua [4]. In 
soft ticks, about 40% of blood meal water is secreted via the coxal glands that 
are, by contrast, absent in hard ticks [7]. Hard ticks are capable of removing 
60–70% of blood meal water by salivation during the rapid engorgement phase. 
The water is transported from the gut contents via the hemolymph to the sali-
vary glands and its secretion to the host is dependent on the presence of pros-
taglandin E2, synthesis of which is specific for the salivary glands of hard ticks 
[25, 26]. The water channels that allow this massive reverse water flow through 
the hydrophobic lipidic membranes are named aquaporins [27]. The potential 
of aquaporins as anti‐tick molecular targets was recently demonstrated for sev-
eral tick species [28–31]. A vaccine based on the recombinant aquaporin 1 from 
the cattle tick R. microplus (RmAQP1) exerted high protection against this spe-
cies as only about one‐third of ticks infested on vaccinated cattle completed 
feeding [30].
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Digestion of Blood Meal in the Tick Gut
The entire process of blood digestion takes place in the tick gut, the largest organ 
(>80%) of the tick body (Figure 7.1). Blood digestion occurs in the central part of 
the gut (midgut) that is branched into individual protuberances (caeca). In con-
trast to blood‐feeding insects, the tick gut lumen serves mainly as a storage organ 
and the host blood is degraded intracellularly in the digestive cells of the midgut 
epithelium [7, 32]. Blood digestion in ticks is a slow and gradual process that allows 
survival of immature as well as adult ticks for long periods of time (months to 
years) of starvation. The blood‐filled midgut lumen is surrounded by a thin layer of 
histologically distinguishable epithelial cells and a thin outer layer of muscle fibers. 
The inner epithelial surface is covered by a peritrophic matrix (PM) composed of 
mucopolysaccharides underpinned by a chitin network. PM has been described in 
several hard and soft tick species and is repeatedly formed in each instar during 
blood meal ingestion [7]. Therefore, the endogenous tick chitinase likely plays an 
important role in inter‐stage molting and turnover of the PM. Chitinase cloned 
and characterized from the hard tick Haemaphysalis longicornis is a protein of 
MW 116 kDa that contains one chitin‐binding peritrophin A domain and two gly-
cosyl hydrolase family 18 chitin‐binding domains, further corroborating the role of 
the enzyme as a chitin hydrolase in the tick life cycle [33]. The potential of chi-
tinase as a bioacaricide component was tested using a recombinant baculovirus 
expressing H. longicornis chitinase, giving promising results in increased tick mor-
tality, especially in combination with the pyrethroid flumethrin [34].

The existing nomenclature of tick gut cells is very inconsistent (gastrointestinal, 
basal, secretory, and other cell types described differently in various tick species), 
when in reality this may only reflect one type of cell that undergoes asynchronous 
differentiation during blood meal uptake and digestion. The original basal cells of 
the intestinal epithelium change to digestive cells that first multiply their proteo-
synthetic apparatus, and then secrete components of the PM on the surface and 
begin to digest hemoglobin [35]. During preparation for rapid engorgement (see 
subsequent text), the cell filled with condensed heme leaves the epithelial layer 
and migrates toward the inner intestinal lumen. This phenomenon is not appar-
ent in fully engorged females where digestion occurs in all intestinal cells [22].

The imbibed host blood is stored in the gut lumen and the major protein com-
ponent – hemoglobin, is gradually released from lysed red blood cells (RBCs). 
Hemolysis is not merely an osmotic or mechanical destruction of erythrocytes, 
but more likely a complex biochemical process involving extracellular hemo-
lysins. Hemolytic activity of unspecified origin was described in the midgut of 
Ixodes dammini (nowadays I. scapularis) [36]. Later, a multi‐domain cubulin‐like 
serine protease from H. longicornis, tagged as HlSP, was reported to exert hemo-
lytic activity in both in vivo and in vitro experiments, suggesting its role in initia-
tion of the whole hemoglobinolytic process [37, 38]. Hemoglobin released from 
the RBCs of some vertebrates tends to form relatively large protein crystals in the 
tick gut lumen, most likely as a result of a high protein concentration that follows 
blood meal water secretion [39]. A physiological rationale for this fascinating 
phenomenon remains unclear, but could possibly be long‐term preservation of 
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hemoglobin as a nutrient source and/or physiological protection against potential 
risks from excess hemoglobin and released free heme.

The process of uptake and digestion of blood meal proteins, termed 
heterophagy, in ticks consists of at least two parallel endocytic mechanisms 
(Figure 7.2), as elegantly demonstrated by Lara et al. who monitored the intracel-
lular fate of fluorescently labeled hemoglobin and albumin in a primary culture 
of intestinal cells from R. microplus [40]. Serum albumin (and possibly other 
serum proteins) is nonspecifically transported into the population of small acidic 
vesicles within tick digestive cells by fluid phase endocytosis (FPE), whereas 
hemoglobin seems to be recognized specifically by as yet unidentified cell sur-
face receptor(s) and transported via clathrin‐coated pits to large endosomal 
vesicles (receptor‐mediated endocytosis, RME) [40, 41]. Intracellular transport 
and degradation of these two major host blood proteins thus occurs separately 
(Figure 7.2). The need for specific recognition and endocytosis of hemoglobin 
evolved most likely as a response to the toxicity of free heme released upon the 
enzymatic cleavage of hemoglobin. Tick digestive cells adopted a mechanism of 
heme detoxification by heme accumulation and aggregation within specialized 
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membrane organelles  – hemosomes [42] (Figure 7.2). Although hemoglobin 
seems to be a replaceable source of amino acids, its absence in the tick diet leads 
to defects in tick embryogenesis [12]. Hence, molecular identification and tar-
geting of the gut surface-localized hemoglobin receptor by a recombinant vac-
cine has great potential to control tick reproduction.

The previous concept of blood digestion in tick digestive cells by a single 
“hemoglobinase” was replaced by the current model of multienzyme system that 
comprises a complex of acidic cysteine and aspartic peptidases involved in pro-
cessing of host hemoglobin [8, 43, 44] and albumin [41]. Complexes comprising 
clan CA (cathepsin B, L, and C), clan CD (asparaginyl endopeptidase – legumain), 
and clan AA (cathepsin D) peptidases are also present in the unicellular malarial 
agent, Plasmodium spp., as well as in the intestines of parasitic platyhelminthes 
and nematodes (for review, see Ref. [8]). Blood digestion based on acidic lysoso-
mal proteases apparently predates the evolution of the pancreas and serine‐based 
extracellular digestion used in most blood‐feeding insects such as mosquitoes, 
fleas, lice, sandflies, or tse‐tse flies.

Despite spatial separation, digestion of hemoglobin and albumin seems to be 
performed by the same cadre of peptidases [8, 41, 43]. The initial cleavage of 
hemoglobin is performed by three endopeptidases, namely, cathepsin D (CatD) 
and cathepsin L (CatL) with a supportive (possibly activating) role of asparagi-
nyl endopeptidase (AE) [43]. By contrast, CatD does not seem to be necessary 
for the initial cleavage of albumin [41]. The large protein fragments are further 
cleaved by the endo‐peptidolytic activity of cathepsin B (CatB), the most abun-
dant peptidase in the system. The dipeptides are cleaved from the small frag-
ments by the exo‐peptidolytic activity of CatB and cathepsin C (CatC). The 
free amino acid residues are liberated by monopeptidases, comprising a class of 
serine carboxypeptidases (SCPs) and leucine aminopeptidases (LAPs) [8, 43] 
(Figure 7.2).

Individual enzymes involved in blood digestion were characterized in several 
tick species. The hard tick I. ricinus possesses three CatD isoenzymes tagged as 
IrCD1, 2, and 3, out of which only IrCD1 is solely expressed in the gut tissue of 
partially engorged females [45]. IrCD1 is auto‐catalytically activated from its 
zymogen upon cleavage of its N‐terminal pro‐part. The activated enzyme prefer-
entially cleaves hemoglobin as well as synthetic substrates between large hydro-
phobic amino acids in the P1 and P1′ position [45]. RNAi silencing of ircd1 gene 
expression resulted in a substantial reduction of CatD activity in the midgut of 
semi‐engorged I. ricinus females. The IrCD2 isoform that is expressed in the gut 
of fully engorged females (post rapid engorgement) is phylogenetically more 
related to tick aspartic peptidases BmAP from R. microplus [46] and longepsin 
from H. longicornis [47]. BmAP was found to be responsible for generation of 
heme‐derived antimicrobial fragments (hemocidins) that were isolated from the 
gut of fully engorged R. microplus females [46, 48].

AEs (legumains) were shown to have a supportive role in the initial phases of 
hemoglobinolysis and albuminolysis [41, 43]. The I. scapularis genome contains 
nine genes encoding AEs, out of which four seem to be exclusively expressed in 
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the midgut [49]. IrAE1 from I. ricinus, the first ever identified and characterized 
invertebrate AE, is localized intracellularly in digestive cells as well as extracellu-
larly within the PM covering the midgut epithelium of semi‐engorged females 
[50]. IrAE1 has a strict cleavage specificity for asparagine at the P1 position and is 
irreversibly inactivated at pH > 6.0. Functional characterization of two gut‐associ-
ated legumains, HlLgm and HlLgm2 from H.  longicornis by RNAi displayed a 
phenotype in gut cell remodeling and reduced tick post‐engorgement weight, 
oviposition, and hatching rate [51–53].

A cysteine endopeptidase of CatL‐type is involved in the initial cleavage of 
blood meal proteins and is capable of substituting for the activity of IrCD1 in 
hemoglobin digestion after its specific inhibition [43]. At least three isoenzymes 
of CatL could be identified in the I. scapularis genome [11]. The enzyme respon-
sible for CatL activity in the midgut of I. ricinus (IrCL1) is markedly upregulated 
during the slow feeding phase, has a very low pH optimum (pH 3–4), and under-
goes autocatalytic activation [54], features described also for HlCPL‐A, the CatL 
from the H. longicornis midgut [55]. Expression and activity of IrCL1 is markedly 
reduced in fully engorged females [22, 54] and its role is most likely substituted by 
expression of the isoform IrCL3 during the off‐host digestive phase [56]. The 
IrCL1 ortholog in R. microplus (BmCL1), together with BmAP, was reported to be 
involved in production of hemoglobin‐derived hemocidins [46].

CatB of the papain family of cysteine peptidases is capable of both endo‐ and 
exopeptidase activity. IrCB1 is the most abundant component of the I. ricinus 
digestive apparatus [22, 43, 44]. Western blotting analysis of midgut homo-
genates using IrCB1‐specific antibodies detected the zymogen, prevailing inter-
mediates, and active enzyme of ~38, ~33, and ~31 kDa, respectively [22]. The 
enzyme activity of the native CatB in the I. ricinus midgut extracts has a pH 
optimum at 5.5–6.0, significantly higher than the pH optima of the initial pepti-
dases IrCD1, IrCL1, and IrAE1. A search of the I. scapularis genome, as well as 
in the rich transcriptomic data from I. ricinus, revealed the existence of another 
two isoforms of CatB, tagged as IrCB2 and IrCB3. Transcripts encoding IrCB1and 
IrCB2 are expressed more highly in the course of feeding than in the fully 
engorged females [57]. IrCB3 is orthologous to the H. longicornis CatB, termed 
longipain, which was reported to be involved in blood processing and was shown 
to exert a babesiacidal effect by killing the midgut stage of Babesia parasites in 
H. longicornis [58]. By contrast, expression of ircb3 mRNA in the I. ricinus mid-
gut is marginal and, therefore, the role of this isoenzyme in I. ricinus remains 
unclear [57].

A papain family cysteine peptidase, CatC (aka dipeptidyl‐peptidase I), is 
involved in the terminal phase of blood protein digestion by cleavage of dipep-
tides from fragments produced by the upstream endopeptidases. Only a single 
gene encoding CatC is present in the I. scapularis genome, and accordingly 
only one type of transcript could be found in I. ricinus midgut transcriptomes 
[57]. The gene encoding I. ricinus CatC (IrCC) zymogen (~50 kDa) is mainly 
expressed in the tick gut but transcripts are also present in other tissues [44]. 
The pH optimum of native CatC activity in I. ricinus gut extracts is similar to 
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that of CatB, pointing to a pH shift toward neutral values along with the blood 
meal processing [43].

Monopeptidase activities of SCPs and LAPs types have been detected in I. rici-
nus midgut homogenates [43]. The SCP HlSCP1 was shown to liberate free amino 
acids from the blood meal–derived peptides in the digestive vesicles of H. longi-
cornis. The enzyme is induced by blood meal and is active over a broad range of 
acidic and neutral pHs [59]. The LAP, termed HlLAP from the same tick species, 
a member of the M17 family of cytosolic aminopeptidases, was found to be 
mainly expressed in the cytosol of midgut epithelial cells [60]. The transcription 
of its encoding gene peaks during the post‐feeding period [61]. A follow‐up study 
revealed that HlLAP is also localized to the ovarian cells, indicating its role in the 
supply of free amino acids for the developing oocytes [62]. The pH optimum and 
cytosolic localization of HlLAP thus support the concept that at least part of the 
blood meal processing (cleavage of dipeptides to free amino acids) takes place in 
the cytosol of digestive gut cells.

Except for the abovementioned RNAi silencing of hllgm, hllgm2, and longepsin 
in H. longicornis [52, 58], other attempts to silence genes encoding individual 
components of tick digestive machinery by RNAi usually did not substantially 
affect tick fitness and fecundity, despite a clear reduction in transcription, protein 
content, and activity of the targeted enzymes in gut tissue extracts from partially 
engorged females [45, 54]. Vaccination of laboratory animals with individual 
recombinant digestive enzymes, as well as with a mixed cocktail of recombinant 
antigens, did not exert any significant protective effect against I. ricinus infesta-
tion [13]. The limited potential of targeting the tick digestive apparatus may be 
explained by redundancies in the system, which was also demonstrated in vitro by 
the specific inhibition of individual enzymes that did not prevent completion of 
hemoglobinolysis or albuminolysis [41, 43].

Heme Detoxification and Intracellular Transport
Ticks detoxify the majority of heme liberated from digested hemoglobin in the 
digestive vesicles via its accumulation in specialized, membrane‐delimited orga-
nelles called hemosomes that were first described from the gut cells of the cattle 
tick R. microplus [40, 42]. Heme detoxification via formation of hemosomes (also 
tagged as residual bodies in soft ticks [7]) is a process functionally analogous to 
hemozoin formation in other hematophagous parasites such as the malarial 
Plasmodium, triatominae bug Rhodnius prolixus, or the flatworm Schistosoma 
mansoni [42]. In contrast to hemozoin, which consists of a crystalline form of 
heme, the tick hemosomes contain noncrystalline heme aggregates [42].

The mechanism of intracellular heme trafficking within the tick digestive cell is 
unknown and its depiction in Figure 7.3 is only putative. In the model heme auxo-
trophic nematode Caenorhabditis elegans, heme acquisition was shown to be 
mediated by the heme‐responsive gene (hrg‐1) [63]. Proteins homologous to 
HRG‐1 were also described in the unicellular, heme auxotrophic parasites of the 
genus Trypanosoma and Leishmania [64, 65] which, similar to ticks, exploit a 
mechanism of acquisition of exogenous heme via RME and lysosomal digestion 
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of hemoglobin. These protozoan parasites transport heme required for synthesis 
of their endogenous hemoproteins from the endolysosomes to the cytosol via 
HRG transporters; these present very promising targets for rational development 
of antiparasitic drugs [64]. One gene related to hrg‐1 (ISCW001847) was identi-
fied in the I. scapularis genome [11] and its corresponding ortholog in I. ricinus 
(Gen Bank GEFM01005533) was found to be expressed in ovaries and the midgut 
of adult females, in all developmental stages [66]. The gene encodes a protein of 
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heme responsive gene 1 (HRG‐1) transporter. 
Ticks detoxify the majority of acquired heme 
by an ABC transporter (ABC)‐mediated 
transport to hemosomes. Glutathione‐S‐
transferase(s) (GST) serve as an intracellular 
scavenger of free heme. A small portion of 
acquired heme required for proteosynthesis 
of endogenous hemoproteins is exported 
from the digestive cells to the hemocoel by 
FLVCR transporter. In hemolymph, heme is 
bound by the abundant carrier protein(s), 
heme‐lipo‐glycoprotein (HeLp), which serves 
in all developmental stages both as a 
scavenger of excessive heme and transporter 
into peripheral tissues. In the post‐repletion 
period of fully engorged females, most of the 
heme is bound to vitellogenins (Vg) and 
transported to the ovaries to supply heme 
metabolic demands of developing embryos 
and larvae. After entry into the developing 
oocytes via vitellogenin receptor (VgR), Vg is 
proteolytically processed to vitellins (Vns) by 
aspartic proteases BYC and THAP, and 
cathepsin L‐like activity of VTDCE. For details, 
see the text.
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204 amino acids, with no signal sequence and one HRG‐superfamily domain. 
RNAi‐mediated silencing of putative tick hrg‐1 had no marked effect on the 
number and weight of females that completed feeding. However, the number of 
females capable of laying eggs was reduced by 30%, suggesting that functional 
HRG‐1 is involved in tick reproduction. As the conservation of HRG‐1 molecules 
among metazoans is rather low, more detailed characterization and functional 
studies of putative tick HRG‐1 is needed to conclude that this molecule is indeed 
the transporter of heme from digestive vesicles (endolysosomes) to the cytoplasm 
of tick digestive cells (Figure 7.3). Heme detoxification via its transport from the 
digestive vesicles to the hemosomes has been recently reported to be mediated by 
the ATP‐binding cassette (ABC) transporter (Figure 7.3) that is also involved in 
detoxification of amitraz, the acaricide used for the control of the cattle tick pop-
ulation [67]. It remains to be examined whether the tick ABC transporter(s) 
might also be involved in extracellular heme export, as was recently demonstrated 
in C. elegans for MRP‐5, a multidrug resistance protein belonging to the ABC 
transporter family [68].

In mammalian macrophages, heme originating from degradation of RBC is 
exported via FLVCR (the cell surface receptor for feline leukemia virus, subgroup 
C) [69, 70]. The gene (ISCW022805) coding for a protein related to FLVCR was 
also identified in the genome of I. scapularis. The putative tick FLVCR is a protein 
of 413 amino acids that clearly belongs to the large and diverse group of second-
ary transporters of the major facilitator superfamily (MSF), and contains a signal 
sequence peptide, ten transmembrane motifs, and predicted target sequences for 
localization to the cellular plasma membrane or Golgi apparatus vesicles [66]. 
The BLAST (Basic Local Alignment Search Tool) search at https://blast.ncbi.
nlm.nih.gov/Blast.cgi displayed up to 50% sequence identity to FLVCR‐related 
proteins of other organisms such as the horseshoe crab or Drosophila sp. 
Expression of a corresponding flvcr ortholog in I. ricinus developmental stages or 
tissues of adult female was undetectable by quantitative reverse transcription 
polymerase chain reaction (qRT‐PCR) analysis, and RNAi‐mediated silencing of 
flvcr in this species revealed no phenotype. However, it is possible that the RNAi 
experiment did not hit the right target as transcriptomes from I. ricinus midgut 
or I. scapularis synganglion contain transcripts coding for different FLVCR‐
related proteins of the MSF family (Gen Bank GEFM01002811, GANP01002798, 
and GBBN01005999, respectively).

Glutathione S‐transferases (GSTs) form a family of enzymes that catalyze the 
reaction of xenobiotics as well as endogenous molecules with reduced glutathione 
and thus facilitate their solubility and biological detoxification [66, 71]. GSTs 
were proposed to bind heme in several blood‐feeding parasites, the nematodes 
Haemonchus contortus [72] and Ancylostoma caninum [73], or the malarial para-
site Plasmodium falciparum [74]. As such, GSTs have long been in focus as prom-
ising antiparasitic targets [73, 75] and GST, together with the digestive CatD‐like 
peptidase Na‐ASP1, eventually became a leading vaccine candidate in vaccine 
development against the human hookworm Necator americanus [76]. In ticks, 
the GSTs were characterized in H. longicornis and R. appendiculatus [77]. 
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Vaccination of cattle with recombinant GST from H. longicornis exerted a high 
(about 50%) protection against infestation with R. microplus, given the cross‐
reactivity of anti GST‐antibodies in both species [78]. On the other hand, 
 identification of the best “anti‐tick” target among the tick GST family might be a 
quite demanding task, as the I. scapularis genome, for example, contains more 
than 40 genes annotated as putative gst [11]. It remains to be investigated whether 
any tick GSTs participate in heme binding and/or metabolism in the tick gut.

Inter‐tissue Transport of Heme
Despite heme auxotrophy of ticks, more than 200 gene encoding enzymes that 
utilize heme as a cofactor were identified in the genome of I. scapularis [12]. 
Among the hemoproteins that are vitally important for basic metabolism of ticks 
are respiratory chain cytochromes, catalase, and a large number of genes encod-
ing members of the cytochrome P450 family. Certainly, to fulfill the heme 
demands for synthesis of endogenous hemoproteins in all tick developmental 
stages, effective transport and distribution of heme from the site of hemoglobin 
digestion to the peripheral tissues has to be secured throughout the tick life cycle. 
Moreover, it was recently demonstrated by artificial membrane feeding of ticks 
on hemoglobin‐depleted serum that the presence of heme in developing ovaries 
is absolutely necessary for successful embryogenesis [12]. Therefore, efficiently 
targeting heme transport to the ovaries of mated, fully engorged females can sub-
stantially reduce tick populations, a goal of particular importance for one‐host 
tick species, the cattle tick R. microplus. The inter‐tissue transport or scavenging 
of heme in all tick stages is facilitated by the abundant hemolymph carrier pro-
teins (CPs) also termed HeLp (for hemo‐lipo‐glycoprotein) [79], whereas heme 
transport to the ovaries of fully engorged females seems instead to be mediated 
by heme‐binding Vgs [12, 80–82] (Figure 7.3). Tick CPs and Vgs belong to the 
same family of large lipid transfer proteins known to facilitate the circulation of 
hydrophobic molecules across bodies of vertebrate as well as invertebrate ani-
mals [83]. To clearly distinguish between genes encoding tick CPs from those 
encoding Vgs, their expression profile has to be known. While HeLp/CPs are 
expressed ubiquitously in all tick stages including males, Vgs are expressed only 
in fertilized, fully engorged females [12]. The genome of I. scapularis contains at 
least five carrier proteins (cp1–5) [11]. In I. ricinus, the cp3 ortholog, tagged as 
ircp3, was identified and sequenced (GenBank KP663716). It encodes a protein 
of 1537 amino acid residues including the signal peptide with a theoretical MW 
of about 175 kDa. In accordance with aforementioned criteria, the ircp3 is 
expressed in all developmental stages and is upregulated by blood feeding. In 
adult females, ircp3 is mainly expressed by the fat body associated with trachea, 
and to a lesser extent also in salivary glands and ovaries. Silencing of ircp3 by 
RNAi reduced the amount of the protein in hemolymph by about 80% and cor-
respondingly lowered the concentration of associated heme [12]. On the other 
hand, silencing of ircp3 did not markedly reduce the amount of heme present 
in tick ovaries (Perner, unpublished data). The I. scapularis genome encodes two 
Vg molecules IsVg1 (ISCW013727) and IsVg2 (ISCW021228) that differ by 
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the absence of the DUF1943 domain in the latter. The corresponding I. ricinus 
orthologs are preferentially synthesized in the tick gut and fat body. Their silenc-
ing by RNAi revealed that heme transport to developing ovaries occurs mainly 
during the off‐host digestive phase and is dependent on Vgs [12]. Preliminary 
results further suggest that IrVg1 has a higher affinity for heme binding than 
IrVg2 (Perner, unpublished data). Whether the DUF1943 domain that is also pre-
sent in IrCP3 is responsible for heme‐binding capacity remains to be examined. 
It is also possible that in the native state, IrVg1 and IrVg2 form a functional het-
erodimer capable of heme binding and transport.

The crucial function in Vg and most likely also Vg‐bound heme uptake to tick 
ovaries is mediated by the vitellogenin receptor (VgR), which was characterized in 
three hard‐tick species, the American dog tick Dermacentor variabilis [84], the 
Asian hard tick H. longicornis [85], and in the African bont tick A. hebraeum [86]. 
Tick VgRs are large membrane proteins, of about MW 200 kDa, sharing the 
common multi‐domain architecture comprising two ligand‐binding sites, two 
epidermal growth factor (EGF)‐precursor domains, an O‐sugar‐binding domain, 
a transmembrane domain and a cytoplasmic C‐terminal tail [84–86]. In all these 
studies, the function of VgR was examined by RNA interference, clearly demon-
strating that VgR knockdown led to impaired development of heme‐depleted 
oocytes, finally resulting in limited egg production. These findings present tick 
VgRs as a good target capable of reducing tick reproduction. However, the key to 
the rational control of vitellogenesis and Vg/heme uptake by tick oocytes seems 
to be rather in targeting hormonal regulation of Vg and VgR expression, which is 
still inadequately understood [87, 88].

Embryogenesis and Fertility
Rational targeting of oogenesis and embryogenesis would be specifically important 
for the control of the cattle tick R. microplus population. To date, three enzymes 
processing Vgs in R. microplus eggs have been characterized: (i) An aspartic pepti-
dase, BYC (Boophilus yolk pro‐cathepsin D) was isolated from tick eggs [89] and its 
molecular cloning revealed that BYC lacks the highly conserved second catalytic 
Asp residue that is essential for CatD‐type endoproteolytic activity [90]. Despite 
this, the recombinant as well as isolated native BYC exerted limited proteolytic 
activity, which is actually a desired feature for the slow degradation of Vn in the 
course of embryonal development [90]. (ii) THAP, a tick‐heme‐binding aspartic 
peptidase isolated and cloned from R. microplus eggs, has conserved both catalytic 
Asp residues and is specifically active against hemoproteins [91]. The authors con-
clude that THAP uses heme bound to Vns as a docking site to increase the specific-
ity of degradation of its physiological substrate  –  Vn and regulation of gradual 
heme supply for the developing embryos [91]. (iii) Another enzyme proposed to be 
involved in Vn processing in R. microplus eggs has been described as CatL‐like 
vitellogenin degrading cysteine endopeptidase (VTDCE) [92]. This enzyme was 
purified from tick eggs and characterized as CatL based on its substrate/inhibitor 
specificity. However, the molecular mass of the purified protein did not match the 
size of CatL‐type peptidases and recent molecular cloning revealed that VTDCE is 
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more related to tick antimicrobial peptides of microplusin and/or hebraein 
types  [93]. Vaccination of cattle with native or recombinant BYC and isolated 
VTDCE conferred only limited protection (some 25%) in overall efficacy against 
R. microplus ticks [94–96].

Iron Acquisition and Metabolism
Iron is an essential element that acts as an electron donor/acceptor involved in 
vitally important physiological processes across the whole animal kingdom. Iron 
or iron–sulfur (Fe–S) clusters are core components of many enzymes function-
ing, for instance, in the respiratory chain of mitochondria, DNA biosynthesis, and 
energy metabolism [97]. The major source of iron for most known animals, 
including hematophagous insects, originates from heme degradation that is cata-
lyzed by HO [98]. As mentioned, this enzyme is, however, absent from the tick 
genome [11]. Artificial membrane feeding I. ricinus females on hemoglobin‐
depleted serum revealed that the amount of iron in tick tissues does not depend 
on hemoglobin in the diet, experimentally proving that hemoglobin‐derived 
heme is not a source of iron for ticks [12]. The lack of heme degradation thus 
raises the question of the dietary source of iron for ticks, which is most likely 
explained by acquisition of a sufficient amount of nonheme iron from the host 
serum transferrin [99–101] (Figure 7.3). Mammalian cells uptake iron from circu-
lating transferrin via RME of the transferrin/transferrin receptor complex, fol-
lowed by iron release in the mildly acidic environment of endosomes [102, 103]. 
A similar mechanism of iron acquisition from host transferrin was also described 
for the blood‐stream form of the sleeping sickness agent, Trypanosoma brucei. 
However, the transferrin receptor of this protozoan parasite is structurally com-
pletely different from its mammalian counterpart [104, 105]. No protein related 
either to mammalian or trypanosomal transferrin receptor could be found by 
BLAST searches of the available tick genome and/or transcriptome databases. It 
is possible that the release of iron from the host transferrin occurs in the acidic 
environment of digestive vesicles along with digestion of other serum proteins. 
Released iron must be first reduced to Fe2+ before its transport from the lysosome 
to the cytoplasm, mediated in other organisms by the divalent metal‐transporter 
(Dmt1), also tagged as malvolio in Drosophila [106]. A gene encoding a putative 
dmt1/malvolio homologue was identified in the I. ricinus midgut transcriptomes 
(GenBank GANP01004329 or GEFM01002799). The tick dmt1 gene was shown 
to be expressed in all developmental stages and tissues. However, its silencing by 
RNAi did not result in any obvious phenotype [66].

Free iron is potentially toxic for all living cells as it participates in the formation 
of free oxygen radicals and its intracellular levels must therefore be strictly main-
tained at low levels [107]. This function is carried out by the intracellular iron 
storage protein ferritin, referred to here as ferritin1 (Fer1) (Figure 7.3). Fer1, first 
characterized in the hard tick I. ricinus and the soft tick Ornithodoros moubata, 
shared high‐sequence similarities and were closely related to the mammalian 
heavy‐chain ferritins, including the typically conserved motifs for ferroxidase 
center [108]. Tick Fer1 are proteins of MW about 20 kDa, which, in the native 
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state, form homopolymers of MW about 500 kDa, most likely composed of 
24 subunits as in vertebrates. The 5′‐untranslated regions of tick fer1 mRNA con-
tains a stem‐loop structure of an iron‐responsive element (IRE) (the only IRE 
found in the tick genome), which points to the regulation of Fer1 at the transla-
tional level by an iron‐responsive protein1 (IRP1) (Figure 7.3). Increasing levels of 
intracellular iron allow insertion of newly synthesized Fe–S clusters into IRP, 
which then becomes an active cytoplasmic aconitase that subsequently detaches 
from fer1 mRNA IRE thereby allowing its translation. This was experimentally 
proved by RNAi silencing of the I. ricinus irp1 gene, which resulted in a marked 
increase in Fer1 protein levels in tick tissues [12, 100]. The irp1 KD did not affect 
tick feeding, but exerted a clear impact on tick reproduction as larval hatching 
from laid eggs was significantly reduced [100]. Unlike vertebrates, ticks possess 
another form of heavy‐chain‐type ferritin, called ferritin2 (Fer2) that is synthe-
sized mainly in the tick gut and secreted into the hemolymph [100] (Figure 7.3). 
RNAi KD of fer2 resulted in a substantial decrease in Fer1 levels in tick peripheral 
tissues, suggesting that Fer2 plays a role in iron inter‐tissue transport [100]. It 
remains an unresolved issue whether iron is loaded into Fer2 inside the midgut 
cells or if iron is first secreted to the hemolymph and subsequently scavenged by 
Fer2. Impairment of iron storage and transport by RNAi KD of tick ferritins 1 and 
2 severely affects tick development and reproduction as first demonstrated in 
I. ricinus [100] and later in H. longicornis [109, 110]. Fer2 possesses all the impor-
tant attributes of a suitable concealed antigen as it has no counterpart in mam-
mals, is encoded by a single gene, and is mainly expressed in the tick gut where it 
comes into direct contact with ingested host blood. This all makes Fer2 a promis-
ing candidate for development of an “anti‐tick” vaccine. The concept of using 
recombinant tick Fer2 for vaccination of animals against tick infestation was suc-
cessfully demonstrated on laboratory rabbits against I. ricinus [111] and H. longi-
cornis [112]. More importantly, vaccination of cattle with recombinant Fer2 from 
R. microplus exerted a protective effect against this one‐host tick species that was 
comparable with the commercial vaccine based on Bm‐86 [111].

The I. scapularis genome contains a gene encoding a putative transferrin 
(GenBank XM_002400404), but a phylogenetic analysis of this gene revealed that 
it is most closely related to the insect type 2 transferrins (Tf2) (also termed mel-
anotransferrins) [66]. The function of Tf2 remained obscure until a study showed 
that Drosophila Tf2, capable of binding iron, is a component of epithelial septate 
junctions and apparently does not play a role in inter‐tissue iron transport [113]. 
In line with this finding, RNAi KD of the tf2 ortholog in I. ricinus did not affect 
iron supply into tick tissues, as monitored by the levels of Fer1 [66].

 Conclusions

Although our understanding of blood meal digestion and associated physiolog-
ical processes in the tick gut has progressed remarkably during the past decade, 
it nevertheless remains limited mainly to adult hard‐tick females during their 



 ckno ledgments  157

on‐host feeding phase. In contrast, we know almost nothing about blood 
 digestion in fully engorged females following their detachment from the host. 
An in‐depth knowledge of molecules and processes capable of transforming 
the huge amount of ingested blood into the imposing egg mass laid by the 
females would be especially useful for the control of tick reproduction and for 
reducing their population in the field. In order to protect hosts from tick infes-
tation and transmission of tick‐borne diseases, it would, however, be particu-
larly important to effectively impair blood uptake and digestion during the 
early stages of feeding of both adult and immature ticks. Preliminary results 
suggest that the activities of digestive enzymes stay low in virgin females and 
are only upregulated in fertilized females [56]. Therefore, male factors such as 
voraxins [23], most likely linked with hormonal control, trigger the exponential 
upregulation of digestive enzymes during the slow‐feeding period in fertilized 
females [22]. But a similar upregulation of the digestive apparatus, which is 
obviously independent of mating status, also occurs in the nymphal stage 
(Konvičková, unpublished results). What is then the triggering stimulus? 
Assuming that nutrient sensing is responsible, what blood meal component is 
important for that? These questions might be experimentally addressed using 
in vitro membrane feeding techniques (see Chapter 9 by Tyson and Nijhof ). 
The necessary prerequisite for such experiments is developing a chemically 
defined diet, similar to that recently implemented for the mosquito Aedes 
aegypti [114]. The  other possibility of sensing incoming blood could be via 
neuropeptidergic signaling, facilitated by the complex system of neurons pre-
sent in the tick hindgut [115].

Blood‐feeding arthropods are challenged not only by a surplus of heme and 
iron but also by a huge amount of amino acids originating from their protein‐
rich diet. Hence, functional catabolism of amino acids is also essential for their 
survival, as recently demonstrated for the triatominae bug R. prolixus by RNAi 
silencing and/or inhibition of the tyrosine degradative pathway in this insect 
[116]. Disabling tyrosine detoxification by specific inhibitors also caused the 
premature death of A. aegypti and of the cattle tick R. microplus, suggesting 
the potential of using these compounds to selectively target arthropod blood 
feeders [116].

In addition to the molecules and processes described in this chapter, there will 
definitely appear in the future many other targets that may eventually turn out to 
be the right keys to reach the ultimate goal – discovery of effective anti‐tick vac-
cines and/or selective acaricides protecting us and our household animals against 
ticks and infectious diseases that they transmit.
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 Purpose, Advantages, and Limitations of Whole‐organism Screens

Whole‐organism ectoparasite assays, or ex vivo screens, have been used for nearly 
50 years at the early phase of novel ectoparasiticide discovery to determine com
pound activity directly on the target parasite in the laboratory rather than on 
the animal. These assays avoid several aspects of host physiology that can compli
cate early compound assessment, including compound bioavailability, metabo
lism, absorption across the relevant tissue barrier (skin, gastrointestinal tract, 
etc.), immune responses and other processes that could compromise the effec
tiveness, tissue or blood levels, and/or molecular stability of the drug. However, 
because this ex vivo screening does not take into account these host responses, 
a  false prediction of the efficacy in the host can occur. It is not practical or 
 desirable to test a large number of compounds using only animal models (see 

Whole‐organism Screens for Ectoparasites
Jeffrey N. Clark* and Cedric J. Pearce

Abstract

Whole‐organism ex vivo assays that are key to the discovery process for new ani
mal health ectoparasiticides and that form an essential bridge between in vitro 
target‐based screens and animal models are described. The purpose and basic 
principles of conducting whole‐organism assays are discussed. Typical workflows 
are outlined for the use of whole‐organism screens in the discovery process 
assessment of pure compounds and natural products. The fundamentals and pro
cedures of assays for mosquito larvae, adult fleas (contact and ingestion) and flea 
eggs (contact), ticks (contact and ingestion), and flies (contact) are described in 
detail along with activity information in these assays for many marketed ecto
parasiticides. Assays using mites and lice are described in summary and with lit
erature references. The relevance and importance of agricultural chemical 
insecticidal and acaricidal compounds and discovery programs are emphasized 
as a source of new animal health ectoparasiticides.
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Chapters  10  and  11). Eventually, of course, during the drug development pro
gram, the effects of host physiology on drug exposure at the site(s) of parasite 
attachment must be taken into account. However, in the early ectoparasiticide 
discovery phase, it is paramount to determine if a compound is potent and effec
tive in direct contact with the ectoparasite.

Whole‐organism screening bridges the gap between in vitro molecular target‐
based assays, conducted using a validated drug target in the parasite, and testing 
in host animal parasite infestation models (see Chapter 11). In vitro screening 
focuses on a particular key enzyme, receptor, or other target that may be modu
lated by a compound in a manner detrimental to the parasite. However, it does 
not take into account those barriers that the whole‐organism screening will 
encompass, namely, the metabolism of the drug by the living arthropod, such as 
the effect of mixed function oxidases on the integrity of pyrethroids, or tissue 
barriers, such as the cuticle of a tick or flea and other barriers that can prevent 
compound absorption or bioavailability.

While whole‐organism screening does not allow for testing of ~1 million com
pounds as can be achieved with in vitro target‐based screening, nevertheless, 
with the proper assay procedures, a few hundred compounds can be evaluated 
at  a time. Furthermore, if liquid handling, automated parasite dispensing, and 
computerized efficacy determination programs are available, several thousand 
individual compounds can be evaluated in each screening campaign. Most 
whole‐organism assays are conducted over 1–4 days, allowing more than one 
assay to be conducted in a week. Whole‐organism screening also has the major 
advantage of requiring relatively little compound compared to animal model 
tests – usually less than 1 mg for several assays, including dose–response meas
urements or down titrations of interesting compounds, although in vitro target‐
based screening only requires a few micrograms.

 General Workflow for Ectoparasiticide Discovery Screens

A typical screening paradigm for novel ectoparasiticides, used in our laborato
ries  at Mycosynthetix, Inc. in Hillsborough, NC, is shown in the flow charts in 
Figure 8.1. When screening compounds or natural product extracts of unknown 
activity, we start with the mosquito larval assay (MLA) as a sensitive predictor 
of ectoparasiticide activity (Figure 8.1a). Pure compounds or natural product 
extracts are first evaluated in the MLA in single point (SP, one concentration), and 
active compounds are further assessed by a dose titration (DT) to determine the 
EC100 or EC50. Compounds that are active at certain potency (e.g., EC50 of 1 ppm 
(µg/ml)) are thereafter evaluated in mammalian cytotoxicity assays, and those with 
a therapeutic index (TI, the ratio of activity against the mammalian cell  compared 
to that toward the parasite) of ≥5X become possible program ectoparasiticides with 
appropriate potency and safety characteristics. Natural product crude extracts, 
 following mammalian cytotoxicity assays, undergo a de‐convolution/isolation 
 process whereby the structure of the active compound is identified and determined 
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to be novel (or not), and then this structure undergoes a chemical review to 
 determine if  it represents a potentially “druggable” (drug candidate based on 
 structure and physicochemical properties) entity. If not, it is discarded.

Candidate program insecticide leads are evaluated in a broad selection of 
ectoparasite assays to assess activity against fleas, ticks, and flies (Figure 8.1b). At 

MLA SP/DT

Pure
compounds

Extracts

“Actives”

Mam cytotox

“Hits/confirmed hits”

Extract
de-convolution

Adult mosquito
Ectoparasite assays

Potential program
ectoparasiticides(a)

(b)

Novelty
Chemically acceptable

Flea
contact

Pure
compounds

Potential program
ectoparasiticides

Flea
ingestion

Flea
egg

Flea
assays

Tick
contact

Tick
ingestion

Immature
life stages

Tick
assays

Fly
contact

Fly
assays

Figure 8.1 Ectoparasiticide discovery flow diagrams: (a) Part 1; (b) Part 2.
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this point, all samples will consist of single compounds usually with known struc
tures. These pure compounds can be evaluated against several adult and imma
ture stages and several species of fleas, ticks, and flies. Assays are conducted in SP 
tests (~100 compounds/test, generally performed in triplicate) followed by DT of 
active compounds.

 Basic Principles in Ectoparasite Screen Design

Throughput is an important consideration in the design of assay methods. For 
example, the MLA is conducted in a 96‐well plate‐based system, so it is possible 
to evaluate a few hundred to as many as several thousand compounds over the 
course of a campaign. The MLA’s throughput capacity is why it is used as a 
“primary ectoparasite assay” at Mycosynthetix, Inc. In contrast, the flea, tick, and 
fly assays are “secondary ectoparasite assays” and only allow for low throughput 
(~hundred compounds/week) due to the significant amount of skilled manual, as 
opposed to automated, labor required. However, the MLA can demonstrate that 
the compound is an ectoparasiticide and also can indicate its relative potency, 
allowing for prioritization in the secondary assays.

The lower throughput secondary assays largely encompass primary ectopara
site target species for companion animals (fleas and ticks) and some livestock 
animals (ticks, flies). Other ectoparasites can be utilized, however, to complete 
the spectrum for the host animal species of interest. Assays that are conducted for 
one species of canine tick might not suffice for that tick in cats or a related species 
in livestock. Therefore, it is best to utilize the specific tick that is applicable (e.g., 
Rhipicephalus (Boophilus) spp. for cattle). The life cycle of the parasite is impor
tant when determining the appropriate assay, as one stage (e.g., the adult) may be 
more important for the animal infestation in question than another stage (e.g., 
egg or larvae). In some cases, such as fleas, all parts of the life cycle are important, 
as control of all stages is required for complete flea control. This leads to the con
cept of a developmental assay, where insect growth regulators (IGRs) are impor
tant for such stages as the egg or larva, and where all the immature forms up to 
the adult can be present at some time during the course of the assay. For fleas, for 
example, developmental assays for the egg, larvae, pupae, and adult stages are 
well established.

For an effective screen, the ectoparasite must survive the rigors of the ex vivo 
assay in the absence of treatment or the actual efficacy of the test compound is in 
question. To demonstrate that survival is adequate to support a valid assay, either 
a negative (no treatment) or a solvent (that used to dissolve the compounds being 
tested) control is used. Solvent‐only treated ectoparasites should maintain high 
viability, preferably ≥90% throughout the test period. As all solvents have some 
detrimental effect, the compounds should be dissolved in as small a quantity of 
solvent as possible. The volume and nature of the solvent at each concentration in 
each test must be consistent so that solvent effects are identical at all concentra
tions. Common solvents used are dimethyl sulfoxide (DMSO) and acetone, both 
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of which have effects directly on the organism. In many assays, such as those for 
fleas, ticks, and flies, the solvent evaporates before introduction of the ectopara
sites, thereby minimizing solvent effects.

Likewise, ectoparasites may require certain media or support systems to main
tain viability in the control assays. For example, the MLA is conducted in an aque
ous medium which contains some nutrients. Also, flies dehydrate rapidly, so they 
require sugar water or actual blood sustenance in the petri dish assay. Furthermore, 
some ectoparasites require temperature and humidity control (e.g., flea and tick), 
so these assays are conducted in an environmental chamber. Flea, tick, and fly 
assays also require a solid support, such as a filter paper, which allows the ectopar
asite to come into contact with the compound. These support systems provide 
containment and allow constant exposure of the compound to the ectoparasite.

 Considerations in Assay Implementation and Screen Execution

One or more known ectoparasiticide or IGR standards of different modes of 
action are utilized in every assay as positive controls. The common ectoparasiti
cides used are fipronil, pyrethrins/pyrethroids, organophosphates such as chlor
pyrifos, ivermectin, or other macrocyclic lactones and amitraz. Methoprene is 
used as a representative IGR in immature flea assays. Occasionally, ectoparasiti
cide‐resistant organisms are available. Novel compounds which remain active 
against these resistant parasites could indicate that they act by a different mode of 
action. The known ectoparasiticide or acaricide compound should be used at a 
concentration where it reaches 100% kill (EC100) and can also be used in a DT. The 
latter is routinely done in the MLA, as throughput is not an issue; however, the 
EC100 alone may be used in the secondary assays such as flea, tick, and fly to limit 
the numbers of samples that need to be evaluated. When initiating a new test, the 
efficacy of various ectoparasiticide standards is evaluated, followed by a DT to 
the EC100. Thereafter, this EC100 level is used in the secondary assays. Replicates 
are used in most assays to determine if variability or consistency in response is 
seen between identical treatments. Ideally, the results should be very similar 
within replicates. Otherwise the validity of the assay is in question.

Exposure of the ectoparasite to the compound can occur by various means. In 
the MLA, the compound is added to the medium in each well followed by mixing. 
The larvae are then added to the mixture, and compound contact occurs through 
the oral route. For flea, tick, and fly contact assays, the compound is exposed to 
the ectoparasite through the cuticle. For this reason, a detergent is often added to 
the solvent, at least for ticks, to assist in transporting the compound through the 
cuticle.

The concentration of the compound tested is subject to the type of assay being 
conducted (e.g., plate‐based or direct application to filter paper in a Petri dish or 
scintillation vial). A useful starting SP concentration is 50 ppm (50 µg/ml) which 
is a relatively high concentration compared to the activity of the positive controls. 
If the test compound is not active at this level, it is most likely not of interest, as 
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lead compounds must be much more active than this. A typical dose–response 
titration following the SP assay utilizes serial fourfold dilutions from the 50‐ppm 
starting dose, yielding concentrations of 50, 12.5, 3.125, 0.781, and 0.195 ppm. For 
very potent compounds, the titration levels can go lower in a subsequent assay. 
For the fly assays described subsequently, solutions of the compound in an organic 
solvent are placed on filter papers contained in Petri dishes, and therefore the 
concentration rates used are in µg/cm2 based on the area of the filter paper.

The duration of the assay varies between ectoparasite test species and should 
be at least as long as the time required to kill 100% of the ectoparasites in the posi
tive controls. This can vary from a rapid kill, such as permethrin’s effects in stable 
flies, where the flies are killed within 5 h, to a slower kill, such as fipronil killing of 
fleas or ticks which takes 1 to 2 days. This variation in speed of kill is another 
reason why multiple positive controls are used, and it could be important to the 
scientific or marketing interest in regard to the objective of the compound.

Ectoparasite assays can have different scoring end points depending on the 
species, life cycle stage, and testing medium, which document certain pheno
typic responses. Most ectoparasites show decreased motility up to death when 
affected by the compound. Amitraz, which does not cause death in ticks up to 
50 ppm, consistently creates intense hypermotility in ticks down to very low con
centrations. While usually quiescent at the bottom of the scintillation vial unless 
disturbed or exposed to CO2, the ticks in the presence of amitraz constantly 
move quickly around the vial and at the same time have rapid movement of their 
legs, head, and sensory appendages. Flies generally turn upside down when dead 
but can show slight to severe gait abnormalities in an upright or recumbent posi
tion until death occurs. For flies, fleas, and ticks, a scoring paradigm of dead/live/
affected was developed. The “affected” score indicates that there were pheno
typic changes that occurred that were due to the compound, but at the particular 
evaluation time, the ectoparasite was still alive. At times, the organism can 
recover. This “affected” score is documented as an early sign of the compound’s 
effect.

 Specific Whole‐organism Ectoparasite Assays

This section discusses individual assays in more detail, and focuses primarily on 
contact and ingestion assays. The utility of specific feeding assays will be noted; 
feeding systems for hematophagous arthropods and the associated assays are 
covered in more detail in Chapter 9.

Mosquito Larval Assay
This assay uses first instar larvae of Aedes aegytpi, eggs of which can be obtained 
from Louisiana Biological Supply (Dr. Steve Sackett) or from Benzon Research, 
Inc.

A nutrient broth solution is prepared, and 180 µl of this broth is added to 
each well of a 96‐well flat‐bottom plate (Figure 8.2). Ectoparasiticide standards 
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are prepared in DMSO or acetone (depending on the solubility of the compound) 
and added to the standard wells, as noted in Figure 8.2, to prepare a titration regi
men of 10, 2.5, 0.625, 0.156, and 0.039 ppm (µg/ml). Mosquito eggs are placed in 
a conical centrifuge tube, the broth is added, and the tube is shaken vigorously for 
5 min. After settling, the upper layer containing the larvae is removed and placed 
in a separate beaker in preparation for adding to the 96‐well plate. The concentra
tion of larvae is adjusted to 10 larvae per 20 µl aliquot which is added to each well. 
Unknown compounds are initially tested in SP at 10 ppm, thereafter undergoing 
a DT, if they are 100% active at 10 ppm.

Mosquito larvae usually swim rapidly around the well in the 96‐well plate, but 
the movement slows or stops as they die. Also, rotifers, microscopic pseudocoe
lomate animals which are a common contaminant of mosquito eggs, multiply 
greatly after the mosquito larvae die, as they are likely a food source for the larvae. 
The presence of large numbers of rotifers in the well is another indication that the 
mosquito larvae have died.

The results for ectoparasiticide standards are noted in Table 8.1. The organo
phosphate chlorpyrifos was found to be so potent that severe edge effects (activity 

Test compounds (10–50 ppm)

Drug

A A

B B

C C

D D

E E

F Ivermectin
Standards down

titration

F

G Fipronil G

H Control H

1 2 3 4 5 6 7 8 9 10 11 12

Figure 8.2 Typical 96‐well plate setup for mosquito larval assay.

Table 8.1 Ectoparasiticide standards in the mosquito larval assay.

Standard EC100 (ppm)

Ivermectin 0.125

Eprinomectin 0.031

Chlorpyrifos <0.00195

Permethrin 0.031

Fipronil 0.031

Amitraz >10
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on the larvae in adjacent wells not containing chlorpyrifos) were seen, so this 
standard was dropped from subsequent tests. Ivermectin and fipronil, which did 
not show edge effects but have different modes of action (although on the same 
ion channel), were used as routine positive controls.

This assay was validated and was sufficiently robust to evaluate several thou
sand compounds over a few weeks. Several potent compounds and active extracts 
have been found using this assay.

Flea Contact Assay
The adult stage of Ctenocephalidis felis, the cat flea, which is the primary flea spe
cies infesting both cats and dogs, is used. Adult fleas can be obtained from several 
sources including EctoServices in North Carolina, TRS Laboratories in Georgia, 
and EL Labs in California.

The assay is conducted in 20 mL glass scintillation vials (Figure 8.3a). Test com
pounds are dissolved in a mixture of DMSO, acetone, and Triton X®100, a sur
factant which facilitates entry of compound through the flea cuticle. Each 
compound is titrated from 50 ppm in fourfold dilution steps (50, 12.5, 3.1, 0.78, 
0.195 ppm). A 1/8 inch hole is drilled into the top of the plastic cap of the scintil
lation vial to allow air to enter the vial, and a piece of 2.1 cm diameter circular 
filter paper is placed inside the cap. A 0.5 inch length of pipe cleaner is placed in 
the bottom of each vial (Figure 8.3a), and 0.75 µl of compound mixed in the sol
vent is put on each pipe cleaner, the vial cap is replaced loosely, and the vial is then 
air dried for at least 1 h. Infestation takes place the next day. Vials are protected 
from the fluorescent light in the laboratory to avoid photodegradation of the 
compound. Unfed adult fleas are released into a large (empty) aquarium of suffi
cient height to prevent the fleas from escaping (Figure 8.3b). Fleas are put into the 
previously treated scintillation vial using a vacuum system (Figure 8.3b,c). The 
vial is then removed from the system and quickly capped to prevent flea escape. 
The assay is maintained for 72 h in an incubator at about 25°C and 80% relative 
humidity.

Several ectoparasiticide standards (fipronil, permethrin, ivermectin, and 
chlorpyrifos) are used, and their activity in this assay along with their IRAC 
(Insecticide Resistance Action Committee) classification are noted in Table 8.2 
below. Several of the compounds show poor activity in the flea contact assay but 

(a) (b) (c)

Figure 8.3 (a–c) Apparatus for flea contact assay.
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are sold commercially to treat flea infestations, because they act through the 
oral  route (see section titled “Flea Ingestion Assay”). The most potent com
pounds for contact killing of fleas include fipronil, the carbamates, the neonico
tinoids imidacloprid and dinotefuran, the mitochondrial electron transport 
inhibitor (METI) chlorfenapyr, and the organophosphate chlorpyrifos. The 
pyrethroids (permethrin, cypermethrin) are moderately active. This assay is a 
very valuable tool to identify compounds that are active through the contact 
route.

Flea Ingestion Assay
This assay allows oral exposure to the flea of compounds that are mixed in with a 
blood meal. This was made possible by the “artificial dog,” an ingenious invention 
of Dr. Jay Georgi, a noted parasitologist formerly of Cornell University Veterinary 
College, which is described in more detail by Nijhof and Tyson. His invention is 
covered in US Patent 5133289 [1].

Table 8.2 Activity of ectoparasiticide standards in the flea contact assay.

Standard Chemical class IRAC classification EC50 (ppm)

Fipronil Fiprole 2B 3.125

Pyrafluprole Fiprole 2B 48.85

Pyraprole Fiprole 2B 46.21

Fenpyroximate METI 21 >50

Chlorfenapyr METI 13 13.0

Carbosulfan Carbamate 1A 6.25

Carbofuran Carbamate 1A 14.06

Permethrin Pyrethroid 3A 46.28

Cypermethrin Pyrethroid 3A 20.97

Acetamiprid Neonicotinoid 4A 44.32

Imidacloprid Neonicotinoid 4A 11.65

Nitempyran Neonicotinoid 4A >50

Denotefuran Neonicotinoid 4A 1.73

Indoxacarb Semicarbazone 22A >50

Metaflumizone Semicarbazone 22B >50

Ivermectin Macrocyclic lactone 6 >50

Selamectin Macrocyclic lactone 6 >100

Chlorpyrifos Organophosphate 1B 3.125

Spinosad Spinosyns 5 >50

Amitraz N‐Methyl‐formamide 19 >50
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Table 8.3 shows data from several known ectoparasiticides evaluated in this 
assay. There are several potent chemistries including the fiproles, the METIs, car
bamates, neonicotinoids, macrocyclic lactones, and spinosad. Unlike its action in 
ticks, amitraz is not known to be effective in fleas, and this is borne out by the 
results of both the flea contact and flea ingestion assays.

Flea Egg/Larval Assays
An important consideration to control flea infestations is the killing of environ
mental immature stages such as the egg, larvae, and pupae. Due to the cocoon 
nature of the pupae, this stage is difficult to treat. However, the egg and larvae are 
the prime targets of IGRs such as methoprene, pyriproxyfen, and fenoxycarb.

A Petri dish/filter‐paper‐based system is used to evaluate the effect of IGRs on 
the hatchability of isolated flea eggs in a Petri dish/filter‐paper‐based system. 
Filter papers (47 mm) are placed into glass Petri dishes (60 mm) and then 
treated with various concentrations (0–0.020 µg/cm2) of methoprene dissolved in 

Table 8.3 Activity of ectoparasiticide standards in the flea ingestion assay.

Standard Chemical class IRAC classification EC50 (ppm)

Fipronil Fiprole 2B 0.048

Pyrafluprole Fiprole 2B 1.503

Pyraprole Fiprole 2B 0.196

Fenpyroximate METI 21 12.28

Chlorfenapyr METI 13 5.56

Carbosulfan Carbamate 1A 6.25

Carbofuran Carbamate 1A 3.98

Permethrin Pyrethroid 3A >50

Cypermethrin Pyrethroid 3A >400

Acetamiprid Neonicotinoid 4A 10.58

Imidacloprid Neonicotinoid 4A 0.14

Nitempyran Neonicotinoid 4A <0.195

Denotefuran Neonicotinoid 4A <1.563

Indoxacarb Semicarbazone 22A >50

Metaflumizone Semicarbazone 22B >50

Ivermectin Macrocyclic lactone 6 3.88

Selamectin Macrocyclic lactone 6 0.09

Chlorpyrifos Organophosphate 1B ND

Spinosad Spinosyns 5 <0.195

Amitraz N‐Methyl‐formamide 19 >400
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acetone, the latter of which is then evaporated. The isolated flea eggs are intro
duced onto the filter paper (~20 eggs/dish) and the dishes are maintained in an 
environmental chamber at 25–29°C and 85% relative humidity. Dishes remain in 
the chamber for 3 days after which they are evaluated for egg hatching and lar
vae number and viability by microscopic examination. Pictures of the eggs and 
larvae from these experiments are shown in Figure 8.4a and b.

Methoprene has a profound effect on egg hatching, resulting in inhibition from 
30% (0.0105 µg/cm2) to 60% (0.0210 µg/cm2) when compared to solvent control. 
The effect of compounds on later immature flea stages up to the adult flea can 
thereafter be followed by providing the hatched larvae in the Petri dish with 
appropriate medium to develop a pupa and finally to pupate into the adult flea. 
This is a very useful assay to discover IGR effects on flea egg hatching and the 
development of larvae as well as the effect of insecticides on the larval stage.

Tick Contact Assay
Ticks are an important ectoparasite of companion animals and livestock and also 
are a vector for many zoonotic diseases. Dogs are infested by four primary 
ticks – Rhipicephalus sanquineus, Dermacentor variabilis, Amblyomma ameri-
canum, and Ixodes spp. Ticks can be obtained from several sources including 
EctoServices, EL Labs, and Nu‐Era Farms. Ticks are released from their shipping 
containers (Figure 8.5a) on to a white paper (Figure 8.5b), sorted, and then placed 
in scintillation vials (Figure 8.6a and c) for the assay.

The tick contact assay is conducted using 20 mL glass scintillation vials using 
procedures similar to that for fleas. A 1/8 inch hole is drilled in the cap of the vial 
to supply air to the ticks. About 400 µl of compound solution is placed in the vial, 
and the vials are rotated horizontally on a hot dog roller at laboratory room tem
perature to allow compound spreading and evaporation of the solvent. The next 
day, one 2.1 cm filter paper is placed inside the cap and a second filter paper is 
placed in the bottom of the vial, 50 µl of compound solution is added, and the 
solvent is allowed to evaporate. Ten adult ticks up to 30 days old are introduced 
into the treated vial, and the vial is capped. Ticks are thereafter maintained in 
an  environmental chamber at 24°C and 95% relative humidity, and efficacy is 
determined, based on the tick mobility at 24 and 48 h and occasionally at 72 h, 

(a)

Flea egg

Flea larvae Flea fras
(digested blood)

(b)

Figure 8.4 (a) Flea eggs, larvae, fras in Petri dish. (b) Flea larvae in Petri dish.
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particularly for D. variabilis. Ticks become quiescent with no stimulation, so they 
may be stimulated to determine viability by rotating the vial on the hotdog roller 
or breathing through the top of the vial with the lid removed. Live ticks will start 
moving quickly; dead ticks, aside from being non‐motile, are generally flat and 
desiccated in appearance. Pictures of the ticks, vial arrangement, and use of the 
hotdog roller are shown  in Figure 8.6a–c.

(a) (b)

Figure 8.5 (a) Ticks in shipping container. (b) Ticks on white paper.

(a)

(c)

(b)

Figure 8.6 (a) Dv larvae nymph, adult. (b) Vial on hotdog roller. (c) Amitraz effect.
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Figure 8.6a shows three stages of the life cycle of the tick D. variabilis. Similar 
vial‐based assays can be conducted for all three, although the size of the two 
immature stages makes containment interesting. Figure 8.6b shows the use of the 
hotdog roller. Figure 8.6c shows the effect of amitraz on the ticks. The control, 
diluent‐only treated vial, labeled “C” in Figure 8.6c shows the normal quiescent 
nature of D. variabilis ticks when left undisturbed. However, amitraz treatment, 
without any other stimulation, causes the ticks to move quickly and continuously 
with rapid moving of their head, legs, and other appendages (Figure 8.6c treat
ment vial labeled “2”). This quite dramatic effect can be seen within 24 h and 
affects all ticks in the vial down to at least 0.195 ppm. The effects of various 
ectoparasiticide standards on ticks following exposure by the contact route are 
shown in the Table 8.4.

It is readily seen that the fiproles, pyrethroids, carbamates, and organophos
phates have the greatest lethal effect on ticks by the contact route. The macrocyclic 

Table 8.4 Activity of ectoparasiticide standards in the tick contact assay.

Standard Chemical class IRAC classification EC50 (ppm)

Fipronil Fiprole 2B 1.385

Pyrafluprole Fiprole 2B 2.876

Pyraprole Fiprole 2B ND

Fenpyroximate METI 21 19.64

Chlorfenapyr METI 13 ND

Carbosulfan Carbamate 1A 3.28

Carbofuran Carbamate 1A 2.64

Permethrin Pyrethroid 3A 10.73

Cypermethrin Pyrethroid 3A 2.255

Acetamiprid Neonicotinoid 4A >50

Imidacloprid Neonicotinoid 4A >50

Nitempyran Neonicotinoid 4A >50

Denotefuran Neonicotinoid 4A >50

Indoxacarb Semicarbazone 22A >400

Metaflumizone Semicarbazone 22B >50

Ivermectin Macrocyclic lactone 6 >50

Selamectin Macrocyclic lactone 6 40.1

Chlorpyrifos Organophosphate 1B 12.5

Spinosad Spinosyns 5 38.54

Amitraz N‐Methyl‐formamide 19 <0.195a)

a) Stimulatory only, not a lethal effect.
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lactone selamectin and spinosad have some weak effect. As expected, the neonico
tinoids and semicarbazones had no effect at the levels tested.

The tick contact assay is a proven and validated test to determine the efficacy of 
novel compounds. Throughput is low, however, at about 50–100 compounds/
week in SP testing.

Tick Ingestion Assay
A tick ingestion assay similar to the Georgi flea assay has been developed [2]. 
Another tick ingestion assay uses a capillary tube containing a solution of the 
compound to be tested, which is inserted into the mouth parts of a tick that is 
adhered to a glass platform by tape. Both of these assays have very low through
put; however, they may be the only approach to testing promising compounds ex 
vivo that are not active topically on the tick, short of conducting animal trials. 
Both feeding systems and associated assays are described further in Chapter 9.

The feeding apparatus has been used to test fipronil, permethrin, and ivermec
tin [2]. Fipronil at 10 ng/cm2 area of membrane resulted in a 70% kill rate, while a 
concentration of 1 µg/cm2 was 100% effective. Permethrin was 30% effective at 
1 ng/cm2 and 100% effective at 100 µg/cm2. Ivermectin was effective at levels of 
≥0.1 µg/ml of blood.

Mite Assays
Mites are very important infesting agents of all animals with Sarcoptes, Demodex, 
Cheyletiella (see Figure 8.7), and Otodectes infesting companion animals and 
Sarcoptes, Dermanyssus, Chorioptes, and Psoroptes infesting livestock.

Macrocyclic lactones such as ivermectin have been very effective against most 
mite infestations of companion animals and livestock. Mites are not a primary 
target for a discovery program in companion animals, but this activity of a new 
flea/tick compound is an important additional target for commercialization.

Ex vivo assays against mites have been reported in the literature [3–5]. A robust 
72‐h primary filter‐paper‐based Psoroptes ovis ex vivo screen [5] was used to test 
several essential oils, desiccants, and detergents. Furthermore, compounds of 

Figure 8.7 A Cheyletiella spp. mite.
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specific mode of actions in mites such as growth regulators, lipid synthesis inhibi
tors, and nerve action and energy disruptors have also been tested. Many of these 
compound classes were effective against nymph or adult stages including fenpy
roximate, spinosad, tolfenpyrad, and chlorantraniliprole as nerve action and 
energy disruptors.

Stable Fly Contact Assay
Stable flies are a ubiquitous and serious nuisance for livestock and can cause con
siderable loss of productivity (decreased weight gain and milk production) 
through their painful biting and harassment activity. The stable fly, Stomoxys cal-
citrans, also acts as a mechanical vector for Trypanosoma spp. protozoal disease 
in cattle and horses, which can cause very severe productivity losses and death. 
Stable flies can also act as an intermediate host for Habronema spp. larvae, the 
cause of summer sores in horses.

A contact assay was developed at Mycosynthetix to assess the activity of 
ectoparasiticide standards, unknown compounds, and natural product extracts 
and pure compounds against the adult stable fly. Pupae can be obtained from 
New Mexico State University (Dr. Ronnie Byford), and these develop into adult 
flies in a hatching cage (Bugdorm®, Figure 8.8a). Sugar water solution is provided 
as a nutrient source (Figure 8.8b). The closable sleeve on the left‐hand side of the 
cage in Figure 8.8a allows access to the inside of the cage without losing flies to 
the laboratory. After the flies are hatched, the dish containing the spent or 
unhatched pupae is removed.

Compounds are prepared using a diluent solution containing acetone, Triton 
X 100, DMSO, and water so that 5, 1.25, 0.312, 0.078, and 0.0195 µg/cm2 are 
applied to a 47‐mm piece of filter paper contained in a 60‐mm Petri dish as 
shown is Figure 8.8b. Manipulation of the flies during the assay is done by the use 

(a) (b)

Figure 8.8 (a) Adult flies in Bugdorm® cage. (b) Flies in the Petri dish assay.
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of a large covered plastic tub (Figure 8.9a) into which the entire fly cage is placed 
(Figure 8.9b, top removed). One end of the tube from this tub (Figure 8.9b) is 
connected through a port and plastic tubing to a CO2 source which is used to 
temporarily anesthetize the flies during the transfer procedures.

After the flies are immobilized, they are swept from the bottom of the hatching 
cage with a fine brush, and the cage is removed from the tub. A 2‐inch hole in the 
bottom of the tub allows for the transfer of 10 anesthetized flies to each treated 
Petri dish. The flies recover from the CO2 in the Petri dish after a few minutes, 
and thereafter the effect of the compounds on the live flies is noted at 1, 5, and 
24 h post infestation. The flies are evaluated for death, gait abnormalities, twitch
ing, righting reflex defects, and lateral recumbency and are scored as dead, 
affected, or live. Petri dishes where the filter paper is just treated with the solvent 
are used as a negative control to account for lethality during all the manipulation 
procedures not due to the test compounds.

Several ectoparasiticide standards can be used as positive controls, using com
pounds with different mode and speed of action. Activity of several standards is 
shown in Table 8.5.

Fipronil, permethrin, and chlorpyrifos are extremely fast acting, with systemic 
effects and death being seen within 5 h. Total kill is seen with all three compounds 
at 24 h with an EC100 as noted. The assay is low throughput, at about 100 com
pounds/week in an SP testing, so that only compounds of high ectoparasiticide 
promise based on other ectoparasiticide assays (see Figure 8.1b) should be con
sidered for testing. The stable fly assay is very reproducible, as long as particular 
care is taken in the continued nourishment of the fly in the dish and during the 
CO2 procedures. The typical survival rate of the solvent‐treated control flies is 
≥80% for valid assays. A similar assay for horn fly (Haemotobia irritans) was also 
developed at Mycosynthetix, but this fly requires blood as a nutrient source.

Other Ectoparasites of Animals
Other ectoparasites important in animal health, particularly in livestock, are not 
addressed by specific assays described here. These include many other fly genus/

(a)

Large plastic
tub

Fly cage

CO2 line

(b)

Figure 8.9 (a) Fly capture system. (b) Setup to anesthetize the flies.
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species such as face fly (Musca autumnalis), blow fly (Lucilia spp.), Cuterebra, 
Hypoderma, and Culicoides. Many of these are disease vectors and can cause con
siderable productivity losses. There is an ex vivo assay for Lucilia cuprina and 
animal models for others. Also not discussed here are the biting (Mallophaga) 
and sucking (Anoplura) lice which infest all livestock species as well as dogs and 
cats. Testing of compounds and botanicals in ex vivo assays has been reported for 
lice infesting water buffaloes (Haematopinus tuberculatus) [6], sheep (Bovicola 
ovis Schrank) [7, 8], and humans (Pediculus humanus capitis) [9, 10]. During the 
course of development of animal health ectoparasiticides, promising candidates 
would generally be tested against these fly and lice targets. However, these would 
not solely constitute a driving force for a new product, but would be valuable 
add‐ons to the spectrum of the lead ectoparasiticide.

Relevance of Agricultural Chemical Assays to Animal Health
Agricultural chemical (agchem) companies have been discovering and develop
ing insecticides and acaricides for crop protection targets for many decades. 
While the specific target species of agricultural pests may be different, they are 
nevertheless similar in many respects to those ectoparasites infesting animals. 
Many of the major chemical and mode‐of‐action classes of ectoparasiticides 
used in animal health were originally discovered for agricultural use and then 
adapted directly, altered chemically, or prepared in a different formulation or 

Table 8.5 Activity of ectoparasiticide standards in the stable fly contact assay.

Standard Chemical class IRAC classification EC100 (ug/cm2)

Fipronil Fiprole 2B 0.312

Chlorfenapyr METI 13 1.35

Carbaryl Carbamate 1A >5

Carbofuran Carbamate 1A ND

Permethrin Pyrethroid 3A 0.078

Imidacloprid Neonicotinoid 4A 4.81

Nitempyran Neonicotinoid 4A >5

Indoxacarb Semicarbazone 22A ND

Metaflumizone Semicarbazone 22B ND

Eprinomectin Macrocyclic lactone 6 >5

Ivermectin Macrocyclic lactone 6 >5

Selamectin Macrocyclic lactone 6 1.3

Chlorpyrifos Organophosphate 1B 1.25

Spinosad Spinosyns 5 ND

Amitraz N‐Methyl‐formamide 19 >5
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delivery system to be utilized in animals. These include organophosphates 
(chlorpyrifos), carbamates (carbaryl), fiproles (fipronil), neonicotinoids (imida
cloprid), spinosyns (spinosad), semicarbazones (indoxacarb), pyrethroids (per
methrin, cypermethrin), macrocyclic lactones (abamectin), and many others. In 
the course of his career, one of us (JNC) has identified several potential animal 
health ectoparasiticides by pursuing the new compounds being developed by 
agchem companies for their insecticide and acaricide targets. A number of com
panies have both agchem and animal health groups which mutually benefit from 
that association.

 Conclusion

Whole‐organism “ex vivo” assays have been used for many years in conjunction 
with target‐based (“in vitro”) and host animal (“in vivo”) ectoparasite assays to 
discover and develop new compounds effective against parasitic and/or nuisance 
arthropods such as mosquitoes, fleas, ticks, flies, mites, lice, and many other 
related species. The whole‐organism assays supply a valuable bridge between the 
relatively newly derived target‐based screens and the pest on the target animal. 
This chapter describes the discovery process and the many whole‐organism 
assays that have been developed for the laboratory. The assays vary in throughput 
and ease of manipulation. Ectoparasites are available from many suppliers, and 
the laboratory setup costs are modest unless very sophisticated phenotypic evalu
ation or liquid handling equipment is utilized. For most assays, a microscopic or 
naked eye observation is the usual procedure to determine efficacy, which is most 
often based on motility. Whole‐organism ex vivo assays have been instrumental 
in the discovery of the initial novel chemistry, the selection of the eventual clinical 
candidate and the potency, spectrum, resistance expectations, phenotypic effects, 
and the onset of effect of most of the ectoparasiticides on the market today.
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 Introduction

Laboratory feeding of hematophagous arthropods usually requires the use of 
experimental animals. However, a long‐standing interest exists in developing effec-
tive in vitro feeding systems of hematophagous arthropods for (i) the colonization 
and maintenance of some species, (ii) the mass rearing of insects for use in control 
programs (e.g., the sterile insect release method), and (iii) the facilitation of ento-
mological studies, including studies on vector–pathogen interactions and drug dis-
covery and efficacy. An additional factor that has stimulated further development 
of artificial feeding systems (AFSs) is the public demand for the use of alternatives 

In vitro Feeding Methods for Hematophagous 
Arthropods and Their Application in Drug Discovery

Ard M. Nijhof * and Katharine R. Tyson

Abstract

In ectoparasiticide research, the use of artificial feeding systems (AFSs) to evalu-
ate the in vitro efficacy of test compounds against hematophagous arthropods 
offers many potential advantages: only small amounts of test compounds are usu-
ally required, compound effects can be tested in a controlled laboratory setting 
with limited variables, and their use leads to a reduction in experimental animal 
use. However, initial assay development can be challenging and not all hematopha-
gous arthropods can be maintained under laboratory conditions using AFSs. In 
this chapter, general requirements for the main components of each AFS, includ-
ing the membrane, blood meal, and temperature control system are discussed 
and an overview of currently established in vitro feeding methods for major 
hematophagous arthropod groups is presented. AFSs have found successful 
application in drug discovery projects targeting fleas, which may serve as an 
example for the further development of improved and more consistent assays 
employing AFSs.

*Corresponding author.
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to animal experimentation as enunciated in the 3R concept (Replacement, 
Reduction, and Refinement of animal experiments) [1].

The earliest references to the artificial feeding of arthropods date back to the 
beginning of the twentieth century, with the publication of reports on the artificial 
feeding of tsetse flies and soft ticks to study Trypanosoma transmission and the 
function of Haller’s organ, respectively [2, 3]. Both publications describe a feeding 
system similar to using an anticoagulated blood pool covered by rat skin or a rat 
diaphragm through which the arthropods can pierce their proboscis and imbibe a 
blood meal. Many improvements to these first AFSs have since been made, particu-
larly by the replacement of animal skin or tissue with artificial membranes such as 
Parafilm or silicone. However, the basic principle remains the same, and most AFSs 
for hematophagous ectoparasites still consist of the following four components: (i) 
a confined space containing the arthropods; (ii) an artificial membrane or animal 
skin through which the arthropods can pierce and obtain a blood meal; (iii) the 
actual vertebrate blood meal, which is for most arthropods heated to the host body 
temperature; and (iv) a temperature control system. Optionally, attachment or for-
aging stimuli such as elevated CO2 concentrations; exfoliated host skin, animal hair, 
and animal hair extracts; conspecific excreta or (synthetic) pheromones; and blood 
additives such as glucose, adenosine triphosphate (ATP), or reduced glutathione 
(GSH) and antibiotics can also be used to increase feeding success [4–7].

Artificial feeding methods are now regularly used for the rearing of some 
hematophagous insect laboratory cultures including the triatomine bug Rhodnius 
prolixus [8], the bed bug Cimex lectularis [9, 10], the soft tick Ornithodoros errat-
icus [11], and several mosquito species [12–14]. The technique has become indis-
pensable for the mass rearing of certain species such as tsetse flies and Aedes 
aegypti mosquitoes that are used in release programs based on the sterile insect 
technique (SIT) [15, 16]. In vitro feeding methods are also used in many research 
applications including basic physiology studies of ectoparasites, vector–pathogen 
interactions, and drug discovery efforts using both in vitro feeding and surface 
contact efficacy tests. Similar systems also find use in research on non‐hematopha-
gous arthropods, for instance, to study plant pathogen transmission using artifi-
cial feeding media (reviewed in Ref. [17]).

The aim of this review is to provide an overview of currently established artificial 
feeding techniques for arthropods of veterinary relevance and to discuss how these 
methods were or could be implemented in drug discovery projects. Due to their 
relevance for the animal health industry, the primary focus lies on techniques devel-
oped for fleas and ticks, but AFSs for other ectoparasites, including lice, mosquitoes, 
flies, mites, and triatomine‐ and bed bugs are also presented and discussed.

 AFS‐Components: The Membrane

The use of animal skin membranes in AFSs most closely mimics natural feeding 
and has therefore been used extensively. However, since animal skin is prone to 
contamination and decay, especially when kept at warmer temperatures during 
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in  vitro feeding, may not be easily obtainable, and can raise bioethical issues, 
alternative (partial) synthetic membranes that mimic host skin have been devel-
oped. Of all the synthetic membranes tested, Parafilm is the easiest to handle and 
obtain and is now preferentially used to feed most hematophagous arthropods. 
Examples of other frequently reported alternatives include Baudruche membrane 
(or goldbeater’s skin), which is prepared from the serosa of the intestine from cat-
tle or sheep, and collagen sausage casings [18, 19]. For the feeding of ixodid ticks, 
silicone membranes find frequent use, as they do not decay and are, in contrast to 
Parafilm, self‐sealing. This prevents blood from leaking into the feeding chamber 
when ticks withdraw their mouthparts [20, 21]. Silicone membranes reinforced 
with netting are also routinely used for feeding tsetse flies [22]. Synthetic mem-
branes may require additional attachment stimuli such as animal odor extracts 
and hair to mimic animal skin and make them more attractive to the parasite, in 
particular for ixodid ticks.

 AFS Components: The Blood Meal

The animal source of the blood meal impacts the in vitro feeding efficacy and 
fecundity of hematophagous arthropods. In rearing some tsetse fly species (Glossina 
spp.) and R. prolixus, pig blood was found to be superior to cow blood [8, 23]. 
However, for the cat flea, Ctenocephalides felis, no significant differences were 
observed in the survival and fecundity when fed cattle or dog blood in vitro [24]. In 
addition, Ixodes ricinus nymphs successfully fed on either chicken or sheep blood in 
vitro [25]. Lutzomyia ovallesi sandflies fed with chicken blood showed higher 
fecundity and longevity compared to sandflies fed with blood from six other ani-
mals. Unlike L. ovallesi, Phlebotomus papatasi sandflies displayed similar survival 
when fed with blood from eight different animals including chickens [26, 27]. Based 
on the cumulative results of these studies, it seems that for some hematophagous 
arthropods, survival and fecundity are dependent on the host source of blood. This 
specificity may be attributed to host immune factors present in the host blood that 
potentially adversely affect the physiology of the feeding arthropod.

Large amounts of blood for in vitro feeding systems can be collected at abat-
toirs during the exsanguination of animals. A disadvantage of this method is that 
the blood is not sterile and may require further treatment before use by gamma 
irradiation [28] or through the addition of (broad‐spectrum) antibiotics [20]. 
Both treatment methods have limitations. Gamma irradiation requires a radia-
tion source and results in accelerated hemolysis [28], while the addition of antibi-
otics to the blood affects the microbiome of the feeding arthropod, which 
potentially results in reduced fitness, fecundity, and vectorial capacity [29, 30]. 
Aside from sterility limitations, animal blood collected from slaughterhouses 
might also be infected with blood‐borne pathogens or contain veterinary drug 
residues if the appropriate drug withdrawal times were not observed.

An alternative to the use of blood from a slaughterhouse is the use of aseptically 
collected blood from commercially obtained donor animals. The use of human 
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blood from blood banks has also been reported. However, an increased age of the 
blood showed negative effects on the feeding rates and fecundity of mosquitoes and 
bed bugs [9, 19, 31]. The prolonged storage of blood at 4°C was also reported to 
decrease feeding success in AFSs for mosquitoes and tsetse flies [32, 33]. As an 
alternative to refrigeration, blood conservation techniques such as freezing [33], 
freeze‐drying [34] or oven‐drying [35] have in some instances proved to be useful 
for the long‐term storage of blood meals, potentially reducing the cost of regular 
blood collections. Following collection, blood is defibrinated or treated with antico-
agulants to prevent clotting. The selection of an appropriate anticoagulation 
method is important because some methods may affect feeding efficacy. For exam-
ple, Rhipicephalus appendiculatus nymphs did not feed on acid citrate dextrose 
(ACD) or ethylenediaminetetraacetic acid (EDTA)‐treated blood but did feed to 
repletion on defibrinated or heparinized blood, with the highest feeding success on 
heparinized blood [36]. Similar findings were reported for artificially fed 
Amblyomma variegatum ticks [37]. Triatoma infestans bugs fed on heparinized 
blood laid more viable eggs in comparison to bugs fed on sodium oxalate‐, sodium 
citrate‐, or sodium fluoride‐treated blood [38]. Heparinized blood was also supe-
rior to defibrinated blood when fed to the bed bug, C. lectularis [10], but not when 
high heparin (10%) concentrations were used [9]. Besides affecting the feeding effi-
cacy of hematophagous arthropods, specific anticoagulants may also affect down-
stream research applications. When Anopheles albimanus mosquitoes were 
artificially infected with blood containing Plasmodium vivax from patients, EDTA 
present in the blood inhibited the development of P. vivax in the mosquito [39].

The use of artificial diets to feed hematophagous arthropods could avoid many 
of the disadvantages associated with the use of animal or human blood. Artificial 
diets can be manufactured under controlled conditions ensuring a consistent and 
sterile composition, are pathogen‐free, and do not rely on the direct use of (exper-
imental) animals. Kogan et al. were able to rear A. aegypti for eight generations 
using a substitute blood meal consisting of proteins, salts, and the phagostimu-
lant ATP, suggesting the promise of artificial diets [40]. A substitute diet devel-
oped and used to rear five generations of Glossina palpalis was also used to feed 
Glossina morsitans, Stomoxys calcitrans, and Tabanus nigrovittatus [41, 42]. 
Artificial diets such as these may however not be feasible for all arthropods, and 
the effects of the long‐term use of an artificial diet on colony rearing are rarely 
reported.

 AFS Components: Temperature Control Systems

Heating of the blood to a temperature near the physiological body temperature of 
the arthropod’s natural host is a critical factor in each AFS. For instance, A. var-
iegatum ticks did not attach to membranes at blood temperatures below 35°C or 
above 39°C [37], bed bugs did not attach at blood temperatures below 35°C [10], 
and the optimum temperature to induce probing in the black fly Simulium 
 venustum was found to be 37°C [43]. The highest in vitro feeding rates for the 
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poultry red mite (Dermanyssus gallinae) were obtained at blood temperatures of 
40–41°C, within the range of the normal body temperature of chickens [44]. 
Examples of frequently used temperature control systems for heating the blood 
meal in AFSs include (circulating) water baths, microscope slide warmers, labora-
tory heating plates, and heated operating or aquarium mats [10, 20, 43, 45].

 Artificial Feeding Methods and Applications

Fleas
The best known in vitro feeding method for cat fleas (C. felis) is the “artificial 
dog,” which was sold commercially by its inventor Jay Georgi (FleaData, NY, 
USA). This system comprises a two‐compartment Plexiglas box that normally 
contains 25 individual feeding units. Each feeding unit consists of a blood con-
tainer and a flea cage. The blood container holds approximately 10 ml of blood 
and is sealed with stretched Parafilm at the bottom. The flea cage is made up of 
two rings that can be assembled to form a cylindrical cup. A feeding screen with 
300 µm openings is cemented to the lower edge of the upper ring, whereas the 
bottom ring has a bottom screen with 30 µm openings to allow gas exchange 
while keeping flea eggs and faeces inside. Each flea cage accommodates approxi-
mately 25 to 30 fleas. The blood container is put in place on top of the feeding 
screen, and the feeding unit is placed into a hole in the Plexiglas bottom of the 
upper compartment. The top compartment contains a heater that warms the air 
and the blood through conduction to 38°C. Fleas can pierce the Parafilm mem-
brane and imbibe the heated blood directly above them [46].

A modified version of the “artificial dog,” the “Greyhound”, was later developed 
for the simultaneous testing of insecticidal compounds against C. felis [47] 
(Figure 9.1). Instead of 25 feeding units with a 5‐cm inner diameter, the “Greyhound” 
accommodates up to 104 cages with a diameter of 2.5 cm. This system has been 
used to identify and test several classes of ectoparasiticides, as described in more 
detail later in this chapter and in the chapter by Clark and Pearce in this volume.

An alternative AFS currently in use is the Rutledge feeder [48]. The feeder is 
attached to a laboratory support stand and then flea cages are brought into con-
tact with a Parafilm membrane using a laboratory jack (Figures 9.2 and 9.3).

Besides their application in drug screening, flea AFSs have also been used to infect 
fleas in vitro with pathogens. When blood containing R. felis‐infected ISE6 tick cells 
was fed to C. felis fleas, a persistent R. felis infection was detected in the fleas using 
quantitative real‐time polymerase chain reaction (PCR). Vertical transmission to the 
F1 progeny was not observed [49]. The AFS was also used to infect cat fleas with dif-
ferent Bartonella species, such as Bartonella henselae and Bartonella quintata, and 
then study their kinetics in the flea and the flea faeces [50, 51].

Ticks
Ticks are divided into two families, argasid (soft) ticks and ixodid (hard) ticks. A 
third family, the Nuttallielidae, is monotypic and will not be considered further 
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Figure 9.1 The “Greyhound” artificial feeding system. (Reproduced with permission from 
Zakson‐Aiken et al. [47]. Copyright 2001, Oxford University Press.)

a

b
c

Figure 9.2 Rutledge‐type feeder. The 
Rutledge feeding system consists of a 
jacketed hollow cone, the base of which can 
be covered by an artificial membrane or 
animal skin (a). Blood is introduced into the 
cone through a tube (b) that extends from its 

vertex. Using a circulating water bath, 
heated water is pumped through the 
cylindrical water jacket that surrounds the 
cone and tube (c), thereby warming the 
blood meal. (Courtesy of K. Seidl, Freie 
Universität Berlin.)
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here. The development of AFSs for ixodid ticks is particularly challenging, mainly 
due to the long duration of the feeding process and complex feeding behaviors. All 
life stages of ixodid ticks typically feed for several days to weeks [52], while nym-
phal and adult argasid ticks feed for relatively short time periods (15–60 min).

Researchers began experimenting with AFSs for ixodid ticks in the early 1900s 
[4]. Through the past century, advances in the development of AFSs for several 
species of ixodid ticks have been made, resulting in modified in vitro feeding 
systems that use various artificial membranes and complex combinations of tick 
attachment factors. Kuhnert et al. developed one of the first successful ixodid 

a

b

c

e

d

Figure 9.3 Example of an in vitro flea feeding 
system, showing three Rutledge‐type feeders 
(a) attached to laboratory support stands (b) 
and connected in series to tubing attached to 
a circulating water bath. The continuous flow 
of warm water heats the blood meal inside 
the Rutledge feeders to approx. 37°C. Flea 
cages (c) are brought into contact with the 

Parafilm membrane covering the blood meal 
using a laboratory jack (d). Each flea cage has 
a feeding screen which directly touches the 
Parafilm membrane and a bottom screen 
which allows flea eggs and feces to fall 
through in a dish containing culture media 
(e), from where the eggs can be harvested. 
(Courtesy of K. Seidl, Freie Universität Berlin.)
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AFSs using a silicone membrane rather than Baudruche [20]. In order to induce 
attachment of Amblyomma hebraeum to the silicone membrane, combinations 
of host hair and hair extracts, tick faeces, and a synthetic‐attachment phero-
mone mixture were used. While all life stages of the tick were able to attach to 
the membrane and feed, adult females displayed prolonged pre‐oviposition peri-
ods and reduced hatch rates. Kuhnert later investigated if other tick species were 
amenable to the same AFS [4]. Again, while Rhipicephalus microplus, A. variega-
tum, and A. hebraeum larvae, nymphs, and adults were able to attach to the sili-
cone membranes and feed, adult female reproductive abilities were impaired. 
While maintaining ixodid tick colonies through AFSs remains a challenge, AFSs 
have successfully been used to test the efficacy of acaricides [4, 20, 53]. In more 
recent years, using a modification of Kuhnert’s methods, Krober and Guerin fed 
I. ricinus various concentrations of two acaricides, fipronil and ivermectin. The 
improved method included the use of lens‐cleaning paper‐reinforced silicone 
membranes, acrylic glass tubing or polystyrene feeding units, glass fiber mos-
quito netting glued to the feeding unit, and a plastic cross and cow hair extract 
on the membrane (Figure 9.4). With this improved method, dose effects and 
efficacy differences were apparent in artificially fed I. ricinus ticks. This method 
has since been modified and used to feed and infect Ixodes scapularis with mul-
tiple pathogenic, tick‐borne bacteria [54, 55]. A Rutledge‐type feeder with ani-
mal skin membranes was used for studying artificial infection of I. ricinus with 
Babesia divergens [56].

N

M

R

S

Figure 9.4 An in vitro feeding unit modified after 
Ref. [53]. It consists of glass tubing and mosquito 
netting (N) glued to a silicone membrane (M) 
which closes the unit on one side. Additional 
attachment stimuli such as hair or hair extracts can 
be placed on the membrane. A movable rubber 
ring (R) around the unit keeps the blood meal 
below the membrane when the feeding unit is 
placed in a blood container such as a glass beaker 
or the well of tissue culture plate. A perforated 
plastic stopper wrapped with muslin (S) is inserted 
in the unit to confine the ticks during feeding. 
(Courtesy of Bettina Böhme, Freie Universität 
Berlin.)
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Because argasid ticks feed for shorter time periods and do not require complex 
mixtures of multiple components for attachment, the development of AFSs for 
argasid ticks has proved to be less challenging than the development of AFSs for 
ixodid ticks. In fact, argasid ticks appear to have increased reproductive abilities 
when fed by artificial means in comparison to natural host feeding. Specifically, 
Osborne and Mellor showed that when Ornithodoros moubata adults fed through 
either animal or silicone membranes in an artificial feeding apparatus, they 
became fully engorged faster and laid significantly more eggs than adult ticks fed 
naturally on mice [57]. Later, Schwan et al. further developed a Parafilm‐based 
AFS using O. moubata with a capacity to feed up to 2000 nymphs or 200 adults at 
one time [58]. Using this feeding technique, adult females displayed no deleteri-
ous reproductive effects when fed different types of blood samples.

An alternative to membrane feeding is the capillary feeding of ticks [59]. In this 
method, ticks are adhered to a glass slide, and then pulled glass capillaries pre‐filled 
with blood are placed over the ticks’ mouthparts. A variation of this technique can 
be used to collect pilocarpine‐induced tick saliva [60]. The capillary feeding of ticks 
has been used to artificially infect ticks with tick‐borne pathogens (e.g., [59, 61–63]), 
for feeding double‐stranded RNA (dsRNA) to ticks to induce RNA interference 
(RNAi) [64], and for feeding antibodies raised against potential tick vaccine anti-
gens to evaluate their potential as anti‐tick vaccine candidates [65]. The main dis-
advantage of this technique is that only partially fed ticks will imbibe larger amounts 
of blood, so the use of experimental animals to pre‐feed ticks prior to the capillary 
feeding is usually required. This also makes the capillary feeding technique less 
suitable for the evaluation of systemic acaricidal compounds.

Mosquitoes
Several membrane feeding systems for mosquitoes have been developed and dif-
fer by their methods of temperature regulation, the nature of the membranes, and 
the blood meal compositions [19]. As a result of personal experience, preferences, 
and inherited methods, membrane feeding techniques vary between laboratories. 
The Rutledge feeder and the Hemotek system are probably the most frequently 
used feeding systems. A landmark in the development of AFSs for arthropods was 
the membrane feeder designed by Louis Rutledge and colleagues [66]. Initially 
used for feeding mosquitoes, this device has been adapted by many other labora-
tories for the feeding of other ectoparasites, including fleas and ticks [24, 56]. The 
Rutledge feeding system consists of a jacketed hollow cone, the base of which can 
be covered by an artificial membrane or animal skin. Blood is introduced into the 
cone through a tube that extends from its vertex. Using a circulating water bath, 
heated water is pumped through the cylindrical water jacket that surrounds the 
cone and lower part of the tube, thereby warming the blood meal [67] (Figure 9.2).

Another feeding system originally developed for the artificial feeding of 
A.  aegypti is the Hemotek system, which is now sold commercially (Hemotek 
Limited, Lancashire, UK). The Hemotek system uses a low‐voltage power supply 
to control the temperature of the blood meal inside an aluminum blood meal 
reservoir [68]. Multiple feeders can be connected to one power unit, and collagen 
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membranes are provided with the system. A modified Hemotek system that 
 provided a larger feeding surface to accommodate more mosquitoes was recently 
developed [69].

Lice
Until the 1940s, colonies of the human body louse (Pediculus humanus) and head 
louse (Pediculus capitis) could only be maintained on humans. This changed with 
the colonization of human lice that could be fed on rabbits [70]. A breakthrough 
in the in vitro feeding of lice using an artificial membrane was reported by Haddon 
in 1956. He was able to maintain the human body louse for two generations using 
membranes made of stretched Gutta‐percha, a natural latex, and may have been 
the first to mention the successful use of Parafilm in AFSs for hematophagous 
arthropods [71, 72]. Other lice which have been artificially fed using membranes 
include the squirrel louse Neohaematopinus sciuropteri and the hog louse 
Haematopinus suis [73, 74]. To reduce human labor associated with AFSs, an 
automated system for the feeding of P. capitis was developed, in which the blood 
meal is pumped into a feeding reservoir, alternated with saline rinses. Fluid 
release into and drainage of the feeding reservoir were controlled by program-
mable timers [75].

Hematophagous Hemiptera
A laboratory colony of C. lectularis could be maintained for over 2 years by weekly 
in vitro feeding using a Rutledge‐type feeding system [10]. Unfortunately, adapta-
tion of field‐collected bed bugs to an in vitro feeding system may be difficult [76]. 
Other cost‐effective feeding systems include the use of heated blood bags made 
out of Parafilm [9] and an artificial host made of three stacked compact discs 
(CDs) [45]. In the latter system, the diameter of the middle CD was reduced to 
create a small void, which can be filled up with blood and covered with silicone 
membrane; an aquarium heat mat was used to heat the artificial host. An auto-
mated feeding apparatus designed for the human head louse has also been suc-
cessfully used for the feeding of bed bugs [75].

Flies
As previously mentioned, AFSs using silicone membranes are widely used for the 
mass rearing of tsetse flies (Glossina spp.) for SIT; standard operating procedures are 
available from the International Atomic Energy Agency (IAEA) . Colonies of other 
hematophagous flies, such as the stable fly S. calcitrans, can also be reared using 
AFSs with silicone membranes, or by contact with blood‐drenched cloth [77, 78]. 
Other telmophages (pool feeders), such as some horseflies (Tabanus spp.), can also 
be fed using the latter method [79, 80].

Mites
Various AFSs have been described for feeding the poultry red mite D. gallinae 
and the northern fowl mite Ornithonyssus sylvarium in vitro [44, 81–84]. The 
most frequently used membranes are day‐old chicken skins, although some 
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 success with Parafilm and Parafilm‐like products treated with skin extracts have 
been reported [85, 86].

 Artificial Feeding Systems in Ectoparasiticide Drug Discovery

In order to discover effective insecticides and acaricides, animal health drug dis-
covery programs have employed the use of AFSs. Successful integration of an AFS 
into a discovery program requires that certain factors be met. First, the objective 
of the screening program must be well defined in order to select the appropriate 
arthropod species for testing [87] and the desired phenotypic response to be 
measured (i.e., paralysis, mortality, feeding inhibition, etc.). If possible, the target 
species will be used for testing. However, if the target species is not amenable to 
laboratory conditions, an alternative species may be used. The desired activity on 
the alternative species must translate to activity on the target species for success-
ful drug discovery. In addition, if the goal of the program is to discover a broad‐
spectrum parasiticide, multiple species representing a range of sensitivity to the 
drug should be used for testing.

Second, once the screening program objective is defined and the organism to 
be used and the phenotypes to be measured are determined, the assay design 
must be carefully considered. Assays need to be sensitive, reproducible, stable, 
economically feasible, and generate comparable, homogenous, and reliable data 
[88, 89]. To do this, assay variability should be reduced as much as possible, which 
is difficult with whole‐organism screens due to inherent biological differences 
between individual insects that may result in different outcomes when the insects 
are exposed to experimental drugs. In addition, measuring whole‐organism phe-
notypes in the presence of a drug typically requires laborious observations from 
highly trained individuals, which generates qualitative, subjective, and ambigu-
ous data. Increasing the number of animals tested as well as using robotics and 
automated systems for assay setup and end point measurements help reduce vari-
ability [88]. Once an assay is established, various statistical parameters can be 
used for assay validation, specifically evaluating the performance and sensitivity 
of the assay [90, 91].

In the context of drug discovery, some AFSs have produced sensitive, reliable, 
and homogeneous data regarding the efficacy of multiple classes of ectoparasiti-
cides. Specifically, the “Greyhound” AFS has been extensively used as a primary 
assay to evaluate the efficacy of multiple ectoparasiticides because of its ease of 
use, reduced compound testing needs in comparison to animal models, sensitiv-
ity, and reproducibility. In one study, the  “Greyhound” was used to test the rela-
tive potencies of three different concentrations (1, 10, and 20 µg/ml) of avermectin 
analogs in heparinized bovine blood fed to fleas [47]. Flea mortality was scored 
after 48 h of drug exposure. The “Greyhound” feeding method was sensitive 
enough to differentiate potencies between different compounds, and one com-
pound had superior LC90 and LC50 values when compared to ivermectin. When 
that same compound was administered subcutaneously in a dog at >100 times the 
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commercial ivermectin dosage, it showed zero efficacy against fleas. These 
in vitro and in vivo results led to the conclusion that the low systemic activity 
against fleas of ivermectin is likely to be a class‐wide phenomenon.

The “Greyhound” system has also been used to test the activity of several other 
ectoparasiticides, including nodulisporic acid derivatives [92], pyriproxifen [93], 
and the most recently discovered novel class of ectoparasiticides, the isoxazolines 
[94–96]. Gassel et al. determined that the isoxazoline, fluralaner, displayed supe-
rior insecticidal activity to fipronil and imidacloprid when all compounds were 
fed to dieldrin‐resistant C. felis [94]. Shoop et al. used the “Greyhound” to deter-
mine the optimal blood concentration of afoxolaner [95]. In this study, fleas were 
fed in vitro on a sixfold serial dilution of afoxolaner in citrated bovine blood (0.32, 
0.16, 0.08, 0.04, 0.02, and 0.01 µg/ml), and flea mortality was assessed after 24, 48, 
and 72 h. The concentration of 0.16 µg/ml killed all fleas within 24 h in the in vitro 
system, and this concentration was subsequently chosen as a target blood con-
centration for in vivo studies in dogs. The afoxolaner plasma concentration esti-
mated to provide 90% efficacy (EC90) against fleas in dogs was later found to be 
0.023 µg/ml [97], different from the in vitro data.

The observed difference between the in vivo and in vitro results was also found 
in a similar study using the fungal metabolite nodulisporic acid. This difference 
could be partially explained by the absence of host behavioral responses, such as 
grooming, in the in vitro system, which would otherwise increase the mortality 
rate of ataxic fleas [98]. A reduced uptake of blood in the in vitro system com-
pared to in vivo feeding [99] and possibly a prolonged acclimatization to the in 
vitro system, which may result in a delayed start of feeding compared to feeding 
in vivo, may be other contributing factors. While effective concentrations of 
ectoparasiticides have differed between in vitro and in vivo flea feeding experi-
ments, the “Greyhound” is a sensitive and reliable method to identify and differ-
entiate active compounds for further progression in a drug discovery program.

AFSs for ticks have also been used to determine the efficacy of acaricides. In a 
recent study, fluralaner concentrations as low as 0.001 µg/ml resulted in 83% mor-
tality when fed to O. moubata nymphs using a membrane feeding system similar 
to the methods described earlier in this chapter [96]. Because ixodid tick AFSs are 
laborious to set up, often get contaminated, and are typically low throughput, they 
have not been used as extensively as “the Greyhound” and argasid tick AFSs in 
drug discovery programs as a primary screening tool. Alternatively, various types 
of tick contact assays, which are not described here, are frequently used to deter-
mine the acaricidal activity of ectoparasiticides on ixodid ticks; see the chapter by 
Clark and Pearce in this volume for descriptions of these assays.

 Conclusions

Over the past century, several advances have been achieved in the development 
of AFSs for hematophagous arthropods. These advances have allowed for the 
laboratory maintenance of some species of blood feeders, the infection of 
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hematophagous arthropods with various microbial pathogens, RNAi and vaccine 
studies, and drug discovery efforts. The main advantages of AFSs in ectoparasiti-
cide research are that small amounts of test compounds are usually required, 
compound effects can be tested in controlled systems with limited variables, and 
experimental animal use is reduced. However, initial assay development can be 
challenging. Some hematophagous arthropods cannot be maintained under labo-
ratory conditions. Many hematophagous arthropods fed by artificial means, 
including triatomine bugs, ixodid ticks, fleas, and lice [20, 24, 75, 100], have 
reduced weights and egg masses when compared to naturally fed arthropods. 
This phenomenon may be caused by several factors: (i) the uptake of smaller 
blood meals in vitro compared to arthropods which fed on mammals due to a lack 
of natural host factors that attract the arthropods and signal them to initiate feed-
ing; (ii) a disruptive effect of the addition of antibiotics to the blood meal on the 
microbiota and symbionts of arthropods that may in turn affect the fecundity; 
(iii) decreased mating activity of in vitro fed arthropods; (iv) decreased nutritive 
quality of stored blood; (v) bacterial or fungal contamination; or (vi) the use of 
anticoagulants [4, 9, 101, 102]. Elucidation of these factors is essential to obtain 
optimal arthropod growth and reproduction in vitro and improve existing AFSs 
for drug discovery.

Another limitation of AFSs for drug discovery is assay variability and reduced 
sensitivity due to the use of whole organisms. Robotics and automation serve to 
help reduce assay variability and increase performance. While several automated 
systems are available for use with arthropod screening programs, they have mul-
tiple limitations and typically cannot be used to assay larger life stages of arthro-
pods (i.e., nymphs and adults) [90]. In order to reduce variability and improve 
assay performance, future assay improvements need to be aimed at developing 
more rapid, consistent, and automated methods for setting up assays and measur-
ing a variety of desired phenotypes using the appropriate target organisms and 
life stages.
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 Introduction

The search for novel ectoparasiticides in the agrochemical, pharma, or animal 
health industry is pursued today through the screening of hundreds of thousands 
of compounds from synthetic or natural origin [1]. In the first selection steps, 
high‐throughput screening (HTS) tests, often extensively automated, are per-
formed either on validated target receptors or directly on the whole parasites, 
monitoring their survival over time in phenotypic assays (for more details, see 
Chapter 8). As ectoparasites are, by definition, living at the interface between the 
environment and their host, assays mimicking the real world can be reproduced 
in standardized laboratory conditions rather accurately. This is particularly true 
for agrochemical science since the final product is usually intended to be depos-
ited on plants for protection against various pests. Compounds to screen can be 
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Abstract

Animal models are commonly used in drug discovery for the identification of 
novel ectoparasiticides but few are disclosed in detail. They can be important 
selection tools in early phases of chemistry optimization, when compound avail-
ability and information on toxicity are very limited. Most models have been 
designed using ticks and fleas, mainly due to their direct medical and veterinary 
importance but also as good general representatives of acari and insects. This 
review summarizes and describes laboratory rodent and rabbit models currently 
available for compound evaluation. Some models developed for other purposes 
are also mentioned because they could be easily adapted to drug discovery. 
Important parameters to take into account when establishing models with 
ectoparasites are also presented, such as choice of surrogate host, parasite con-
finement and recovery, and group size.
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sprayed or poured on leaves or fragments of them, in Petri dishes or multi‐well 
systems in a scenario that mimics the final use. Parasites will be soaked in the 
compound formulation, or walk on a treated surface, similar to the actual field 
situation [2]. Ectoparasiticides developed for animal and human health use are 
often identified and selected similarly in the first steps of the discovery process 
[3]. However, as they are eventually intended to be administered to companion/
farm animals, or humans, the chemistry optimization process and selection tools 
should preferentially integrate a mammalian host as early as possible. In vitro, or 
more precisely off‐host testing, might be sufficient to discover the intrinsic 
potency of a molecule, but will be unable to predict how the molecule may behave 
in, or on a warm‐blooded vertebrate (e.g., dog, cattle, or human) with respect to 
bioavailability, duration, and so on. [4].

Efficacy studies that target companion or farm animals such as dogs or cattle 
are time‐ and resource demanding, requiring the synthesis of significant amounts 
of active ingredient. They may also raise animal welfare concerns given the need 
to confine individual test animals for long periods of time inside the testing facil-
ity in order to avoid cross‐contamination and interference by wild ectoparasites. 
For those reasons, studies with target hosts are usually limited to the final phase 
of the profiling process, when selection has been narrowed down to a handful of 
compounds from which the final drug development candidate will be identified.

Chemistry optimization to improve ectoparasiticidal activity and reduce toxic-
ity in the mammalian host relies on the establishment and understanding of a 
reliable structure–activity relationship (SAR) [5]. In silico selection for the best 
physicochemical properties in combination with off‐host efficacy testing against 
the parasite very often results in insufficient selectivity, with too many candidate 
molecules showing equivalent potencies and properties. There is, therefore, a gap 
or a missing selection step that would help narrowing down to fewer potential 
candidate compounds, which could be synthetized in gram amounts for further 
evaluation in target hosts. This gap in the drug discovery process can be success-
fully filled with appropriate laboratory animal models.

Parasite models using rodents are widely used in research against endopara-
sites, in particular helminths, for drug discovery [6], vaccine research [7], and 
immunology studies (e.g., [8]). For example, the chemistry optimization leading 
to the discovery of the new anthelmintic monepantel was mainly achieved 
through the use of a gastrointestinal nematode model in gerbils (Meriones unguic-
ulatus) [9]. In a similar way, models using surrogate hosts like rodents or rabbits 
are strong tools for chemistry optimization of novel ectoparasticide classes. They 
require limited amounts of compound, very often within the tens of milligrams 
range, provide short testing cycle times, allow the parallel comparison of several 
analogs, and can be adapted to different modes of application.

The smaller physical size of those animals is well suited to laboratories, and 
even small facilities can successfully house rodent units that are far less constrain-
ing and resource demanding than companion or farm animal facilities. Most 
pharmaceutical companies do use such models and have often developed them 
internally, tailoring them to their own research workflow. These types of efficient 
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models can be considered as providing a competitive advantage and, for this 
 reason, are rarely published, except in patent applications without many experi-
mental details [10–13]. The present review summarizes information available in 
the public domain and discusses the advantages, limitations, and difficulties in 
developing such models for ectoparasiticidal drug discovery.

 Developing Laboratory Animal Models of Ectoparasite Infestation

In this section we discuss a few parameters we consider to be important when 
establishing new laboratory animal models with ectoparasites based on our own 
experience at developing, validating, and running rodent models for compound 
screening.

As for any parasite model, finding the right surrogate host can be challenging. 
Ectoparasites (some ticks, mites, fleas, or lice) can be rather specific to their 
natural host. Other parasites, while perhaps less restrictive, may still have their 
host preferences. Therefore, an extensive knowledge of the parasite life cycle 
and behavior is a prerequisite for the development of a good representative 
model. Rats and mice are often chosen as surrogate hosts because they are rela-
tively easy and affordable to purchase and maintain. However, some ectopara-
sites may attach faster and feed better on non‐murine rodents or non‐rodent 
hosts. Therefore, other common laboratory species such as gerbils (M. unguicu-
latus, Picture 10.1) [13], hamsters (Mesocricetus auratus), guinea pigs (Cavia 
porcellus) [14], or even birds such as chickens [15], should be considered during 
model design.

Parasite confinement is another difficulty, particularly for flying or jumping 
arthropods. It is not always possible simply to release the parasites on a treated 

Picture 10.1 Non‐murine rodents like gerbils can be used successfully for evaluating 
ectoparasiticides. To our experience, they are easy to handle and are very good hosts for ticks 
and cat fleas.
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rodent. The main end point in those models, like in target species, is normally the 
collection and counting of parasites, dead or alive, engorged, attached or not, in 
order to calculate a percentage of efficacy in comparison with numbers of para-
sites collected from control animals [16]. In order to get solid and reproducible 
data, parasites should be collected in sufficient numbers from each individual. It 
is, therefore, important to find the best confinement technique, and prevent the 
host from removing, killing, or eating the ectoparasites during the study. Neck 
collars are often used for that purpose [17]. We also observed that collars are very 
good at preventing licking and grooming, which is important if the rodent host is 
treated on its entire body surface. Feeding chambers can be used as confinement 
tools for preventing ticks from escaping into the environment [18]. They can be 
constructed of different materials, generally plastic, silicone, or even metal [19]. 
The top is closed with a lid that can be opened to insert the parasites. The lid 
generally holds a mesh that allows both air circulation and visual inspection with-
out opening the chamber. The chambers are glued onto a shaved area on the 
animal’s body. The choice of the glue is crucial for avoiding parasite escapes. It 
has to be strong enough to hold the device in place for several days and also be 
supple enough to fit closely with the folds of the skin. It should not provoke any 
inflammation that could interfere with the parasite attachment or cause animal 
welfare issues. The number of parasites fitting in such confinement devices will 
depend on the interior surface available and the stage and feeding behavior of the 
parasite chosen for the model. For example, one should remember that ticks sig-
nificantly increase their volume during feeding, and that nymphs take more blood 
than larvae. Putting too many parasites in a confinement device would result in 
poor and irregular engorgement, and excessive mortality in controls. If feeding 
will be interrupted after a defined period of time for purposes of scoring results, 
numbers can often be increased accordingly.

When parasites are released freely on the host, good confinement should be 
imposed at the cage level. In some cases, cages may have to be adapted to the 
arthropod behavior. For example, cages holding rodents infested with fleas may 
have to be elevated to avoid escapes into the environment and loss of data [20]; 
ticks dropping off their host after engorgement may try to escape the cage to find 
a quiet place to molt. Placing the cages over or into a container of water to catch 
the dropping ticks could prevent contamination of the environment and facilitate 
easy collection of ticks [17].

The recent interest in long‐lasting systemic ectoparasiticides [3, 21–23] has 
introduced an additional complexity in the design of good compound selection 
tools, both off‐host and in laboratory animal models. Efficacy data generated via 
oral or injection application in rodents should be used with care, keeping in mind 
that drug metabolic fate is species‐specific and could be very different among 
models and even more varied when compared to target host species.

Regular, proper evaluation of drug candidate pharmacokinetics in the final 
host, whether or not combined with efficacy, is certainly needed to monitor drug 
persistence and to complement the potency information provided by either a 
laboratory animal model or by off‐host testing [24, 25]. Despite this limitation, 



Available Ectoparasite Models  209

with appropriate caution, drug SAR can still be established using laboratory mod-
els and used to guide chemistry optimization. Testing for systemic activity 
requires the parasite to be in contact with the drug upon feeding. In this situation, 
parasites are often released on the host before or in parallel to treatment [24, 26].

Finding the right treatment group size for generating solid data on which to base 
optimizational decisions is another difficult challenge for the model design. 
Scarcity of the compounds to be tested and requests for parallel evaluations of 
multiple analogs may restrict group size to a level not allowing statistical compari-
son between test groups. Individual variations should be reduced to their mini-
mum, to allow clear differences between controls and treatment groups. Our own 
experience shows that efficacy ranking can be established with small group sizes 
(n = 2–4) through successive dose down-titrations. Group size may be increased at 
a later stage if statistical analysis is requested at important decision points, by 
repeating the test with as many or more animals and pooling all data generated at 
the dose of interest. Testing with only one animal per group could be tempting to 
save active ingredient. However, we would not recommend this option as there is 
high risk that one could end up with no data at all, resulting in a loss of time and 
the need to repeat the full test with a potentially inactive compound.

Finally, validation with known ectoparasiticides (positive standards) is strongly 
advised before a model is integrated into a discovery workflow [4, 18]. Additional 
compounds known to be poorly or not active against the arthropod of interest 
could be also added as “negative standards” to strengthen the validation process. 
As a prerequisite, positive and negative standards should behave similarly in the 
model compared to the target host species, preferentially but not necessarily at 
comparable dosages. Ideally, activity ranking among standards should be main-
tained in the same order in the model. However, exceptions are often seen, and 
should not lead to the complete withdrawal of the model if restricted to one or 
two standards. We often observed that model correlation with the target species 
is chemistry class‐specific, and extra validation with the class of interest should 
be performed with early leads to guide the correct interpretation of the data gen-
erated with the model. We could note here that the choice of the route of admin-
istration (topical, oral, injection) in the model for drug selection is independent of 
the mode of action of the chemistry class (contact or systemic activity). In gen-
eral, overinterpretation of results might lead to an incorrect understanding of the 
SAR, resulting in mistakes during chemistry optimization.

 Available Ectoparasite Models

The animal models most commonly used in the animal health industry are cer-
tainly those for testing compounds against ticks and fleas and they will be the 
main focus of this chapter. However, models established with other ectoparasites 
do exist and are also described here as interesting alternatives (Table 10.1).

Ticks are primary targets, impacting farm animal growth performance, causing 
skin damage and secondary bacterial infections. Some species like Ixodes 



10 Testing in Laboratory Animal Models for Ectoparasiticide Discovery and Development210



Tick Models  211

 holocyclus can cause lethal paralysis in dogs. Ticks are also vectors of a broad 
variety of pathogens of medical and veterinary importance (for more details, see 
Chapter 3). Fleas are nuisance parasites and their bite can induce severe allergic 
disorders in companion animals. Both ticks and fleas can be utilized as good rep-
resentatives of other acari and insects, respectively, for which models do not exist, 
are difficult to establish, or are of lower medical or economic importance. Rodents 
and rabbits are natural hosts for immature stages (or even adults) of most ixodid 
tick species. Setting up models for testing against ticks should therefore be rather 
straightforward.

 Tick Models

Rabbits
Rabbits have been used for a very long time in ectoparasitology for tick rearing in 
the laboratory. Almost all ixodid species of veterinary importance have been 
raised on this host, including the one‐host cattle tick Rhipicephalus (Boophilus) 
microplus [36] and the brown dog tick Rhipicephalus sanguineus [19]. Rabbits 
have been widely used for studying tick–host immune interactions [37, 38], and 
are often the preferred surrogate host for evaluating novel anti‐tick vaccines [39, 
40]. Rabbits are also of a reasonable size that allows the parallel feeding of up to 
2–3 tens of adult ticks, which is a real advantage compared to the smaller rodents. 
Ticks of any stage can be released in a confinement device glued on the shaved 
back of an animal restrained from grooming by a neck collar. This setup was used 
for comparing tick repellents for activity against R. sanguineus [27]. Treatments 
were applied on skin only inside the confinement devices, at different incremental 
dosages, and left to dry for 24 h before the ticks were released. Tick attachment 
was monitored daily. The length of time needed to reach 50% tick attachment was 
used to define the level of efficacy for each dosage of repellent tested. Based on 
the percentage of ticks that did not attach or engorge, repellency was qualified as 
slight (50–75%), moderate (76–90%), or strong (>90%).

Alternatively, and probably more useful for compound screening, ticks can be 
confined into nylon or cotton bags wrapped around each rabbit ear. In this setup, 
the treatment is limited to one or both ears, and delivered as a spray. This proce-
dure limits the amount of active ingredient needed for the testing. A neck collar 
is also required to prevent the rabbit from licking or removing the ear bags. If 
cross‐contamination between ears is effectively prevented, two different com-
pounds could be evaluated on the same animal, one on each ear, reducing the 
number of animals needed per compound tested. As ear bags can be opened at 
any time during the experiment, the percentage of mortality, attachment, and 
engorged ticks can be recorded daily or even on an hourly base, making the model 
very close to the procedure used in cats and dogs [41]. Such a system was 
described for testing repellents [28], and was similarly used for evaluating acari-
cides [10]. Rabbits were treated by spray on their ears, and infested one day later 
with adult R. sanguineus ticks. Efficacy was measured 24, 48, and 72 h after 
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Figure 10.1 Tick rat model, diagrammed based on description by Gutierrez et al., 2006 [18].

 infestation by counting live attached ticks, in comparison with a placebo‐treated 
group [16]. After 72 h, remaining ticks were removed and the treated animals 
were challenged with repeated infestations at weekly intervals until efficacy 
dropped.

Rodents
Rabbit maintenance is nowadays more space demanding than in the past due to a 
significant improvement in animal welfare considerations for this species. 
Consequently, many companies have developed screening models in smaller lab-
oratory animals, primarily in rats [11, 18, 42], but also in mice [12] and gerbils 
[13]. A rat model specifically designed for the evaluation and optimization of 
chemical entities using nymphs of Amblyomma americanum has been described 
in detail (Figure 10.1) [18].

Containment units were used for confining the ticks on the animal. Each unit 
was made of the upper portion of a 15‐ml screw‐cap conical tube inserted into a 
commercial orthodontic nipple cut across at the top. The tube lid was drilled at 
the center and closed with a self‐adhesive mesh allowing air circulation, tick 
insertion, and subsequent engorgement monitoring. An additional rubber washer 
encircling the base of each nipple helped stabilize the unit and improve fastening 
to the skin. Containment units were attached to rats on a hair‐clipped area within 
the dorsothoracic region using an instant adhesive. Anesthesia was necessary for 
the installation. Compounds to be evaluated were dissolved in absolute ethanol 
and poured inside the units. After the ethanol had completely evaporated, nymphs 
were released and left to attach and feed. Control animals received ethanol only. 
Concentrations of the active ingredient were calculated in milligram per square 
centimeter and due to the small surface of application, only few tens of milligrams 
were needed to run the test. Five animals per group and 10 nymphs per unit were 
used in the standard study design. The number of surviving ticks was assessed 
after 4 days’ infestation, in comparison with the controls to calculate a percentage 
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of tick mortality [16]. Nymphs collected were weighed to obtain additional infor-
mation on their engorgement status. Serial dilutions were used to describe dose‐
dependent responses, evaluated via linear and nonlinear regression analysis. Four 
commercial acaricides (fipronil, ivermectin, chlorpyrifos, and permethrin) were 
tested to validate the model. All compounds showed activity in a dose‐dependent 
manner, allowing 50% and 90% effective concentrations (EC50 and EC90) to be 
calculated. Compared to the recommended doses of commercial products 
(Table 10.2), effective surface calculated dosages were in a similar range in the 
model. Ivermectin blocked feeding at much lower dosages than was required to 
kill ticks, confirming the usefulness of tick weight as an additional end point in 
this model. The EC values of permethrin measured in rats against nymphal stages 
of A. americanum were also very close to those obtained in cattle against adult A. 
americanum (EC50 0.035 mg/cm2 in rats, vs 0.028 mg/cm2 in cattle). This model 
was later used successfully to characterize a compound of the benzimidazole‐car-
bamate class as overcoming tick resistance to other acaricides [42]. A very similar 
model with Dermacentor variabilis nymph ticks was used for the optimization 
and  patenting of a novel ectoparasitic control agent [11]. In this case, tick mortal-
ity was assessed after 48 h only.

Mouse models have also been developed for compound screening. A protocol 
using the same type of tick containment units as used for rats was run on mice 
with Haemaphysalis longicornis larvae [12]. Tick mortality was monitored after 
72 h feeding. Other mouse‐tick combinations have been described for studying 
tick–host immune interactions [44–46]. In all cases, parasite confinement was 
achieved via containment devices. Larvae have been the preferred stage for infes-
tation, and were usually left to full engorgement, although nymphs have also been 
used [44]. Based on these data, one could suppose that the screening model 
described for H. longicornis could easily be adapted to many other tick species, 
depending on tick availability and veterinary importance in a specific country.

A model implemented in gerbils differed from the others as R. sanguineus 
nymph ticks were freely released on their host [13]. Test compounds diluted in 
spray or spot‐on formulations were applied and left to dry for 24–48 h before 
infestation. Ticks were allowed to feed to repletion, then collected and kept under 
controlled conditions for molting to the next stage. Molting success was scored as 
an additional metric of tick survival. Compounds that disrupt the tick life cycle 
and/or are slow acting can thus be identified. Efficacy was expressed in compari-
son with controls [16]. An advantage of this model was to avoid the use of anes-
thesia and tick containment device, and thus could more closely mimic the 
situation found on target host species. This model might however have been 
more compound demanding in some situations, as the total body surface of the 
gerbils was treated. Nevertheless, since gerbil weight normally does not exceed 
100 g, compound requirements should still remain within a range of a few tens of 
milligrams.

Recently, a novel class of acaricides with long‐lasting systemic efficacy in dogs 
was brought to the animal health market [3, 21–23]. Different subclasses of isoxa-
zolines have been described and in some cases results obtained using rodent tick 
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models were used to guide the chemistry optimization [5, 24]. The rat model with 
D. variabilis nymphs [18] was adapted for evaluation of systemic activity by put-
ting the ticks into the units 24 h before the oral treatment. Compound efficacy 
was evaluated 48 h later. The gerbil model with R. sanguineus nymphs was used 
similarly. Ticks were released on the animals 24 h before oral treatment [26] and 
left to engorge until repletion. In most cases, the best candidate compounds 
selected with models were further evaluated for persistence in dogs through 
pharmacokinetic and/or efficacy studies [5, 11, 24].

 Flea Models

Animal models for testing efficacy against fleas are less numerous. Flea confine-
ment can be a real challenge and cat fleas, Ctenocephalides felis, although rather 
permissive in terms of host selection, are not frequently reported to infest rodents 
in the field. Few epidemiological studies mention C. felis collected from wild 
rodents [47]. The main flea species is generally the oriental rat flea Xenopsylla 
cheopis, and C. felis is only found at low percentages [48]. Attempts to improve 
feeding success by selecting a flea population physiologically better adapted to 
rodents have been made by rearing cat fleas on mice in the laboratory [20]. Mice 
were maintained on a grid, allowing flea eggs to fall through for collection and 
rearing. Successful breeding was achieved as fleas were able to survive on mice 
for more than 40 days. A model for testing compounds was established using this 
approach, and the general methods have been partially disclosed [29]. Mice were 
treated topically and adult unfed fleas were freely released on the animals one day 
later. Flea survival was assessed after 24 h. Another attempt to establish a flea 
model on mice has been described more precisely [4]. To allow fleas to feed freely 
without any particular confinement, mice were anesthetized to prevent grooming 
and active removal and killing of the insects. Different variations were evaluated 
during model development, including putting fleas on nude or shaved mice, but 
this did not provide any experimental advantage. Feeding failed when only the 
bare tail was available to the fleas, although the mice did not have to be anesthe-
tized in this case. Body temperature was shown to be an important parameter for 
feeding success, as there was a clear correlation between dosages of sedative, the 
subsequent drop in mouse body temperature, and the percentage of fleas success-
fully feeding. The model was validated with known systemic insecticides applied 
orally at three dosages (nitenpyram, selamectin, fipronil, cythioate, nodulisporic 
acid, ivermectin, and the insect growth regulator lufenuron). About 1 h after 
treatment, mice (n = 3) were sedated, housed individually, and each infested with 
30 fleas for a 2‐h period. Fleas were removed by combing and vacuum aspiration 
and incubated for 24 h to monitor survival. The treatment efficacy was expressed 
by calculating flea mortality: for each individual mouse, the number of live fleas 
recovered after 24‐h incubation was divided by the total number of fleas collected 
from the animal. For each treatment group, individual data were averaged and 
multiplied by 100, resulting in a percentage of flea survival. To calculate  mortality/
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efficacy, those percentages were subtracted from 100. Control animals (n = 14) 
treated with the vehicle (10% dimethyl sulfoxide (DMSO)) were handled simi-
larly; but results were used only to compare feeding success, and were not inte-
grated in the drug efficacy calculation. The percentage of mortality/efficacy was 
qualified as poorly (<50%), moderately (50–70%), very active (70–90%), and 
highly active (>90%),

The model efficiently discriminated and ranked the seven tested insecticides 
and could be used for novel drug profiling. Nitenpyram was the best compound, 
being active at the lowest dosage, followed by selamectin. Fipronil, cythioate, and 
nodulisporic acid were less potent than the two former molecules. Ivermectin 
and lufenuron were not active at any dosage tested. As lufenuron is an inhibitor of 
the larval development, no efficacy on adult fleas was expected. These results 
were consistent with dosages used in the marketed formulations, even if some 
active ingredients of topical products were administered orally in the model 
(Table 10.2). Ivermectin could be considered an exception, but Ivomec® is not 
specifically indicated for flea control in dogs, and this molecule was previously 
shown to be poorly active against cat fleas [30].

Besides mice, some published patent applications provide examples of flea mod-
els in rats [31] or gerbils [32]. Rats were infested with fleas and treated topically 
24 h later with the test compounds. Placebo‐treated animals served as controls, 
and a positive group treated with a known standard insecticide (not disclosed) was 
also included in each study. Fleas were left to feed for 48 h and were collected by 
combing. Geometric means were calculated and efficacy expressed in comparison 
with placebo [16]. Gerbils were conversely treated first by spray and infested with 
fleas 24 h later [32]. Efficacy was recorded 24 and 48 h after infestation by collect-
ing and counting live fleas from treated animals, in comparison with live flea num-
bers from a placebo‐treated control group [16]. Infestations could be repeated at 
weekly intervals until efficacy decreased to gain additional information about the 
potential long‐term persistence of the drug. This model was also used for evaluat-
ing compounds with systemic efficacy [26]. The protocol was slightly changed in 
order to make sure that the parasites would be in contact with the compound dur-
ing the peak of absorption. Gerbils were therefore infested immediately after the 
oral treatment. Efficacy was assessed only after 48 h of infestation, in the same way 
as previously described.

 Other Ectoparasite Models

Bedbugs
Bedbugs (Cimex lectularius) have been successfully used in a mouse model to 
identify systemic activity of novel natural products [33, 49]. Test compounds 
were applied orally by gavage or through medicated feed for 5 days. Mice were 
restrained in plastic containers and their tail inserted into a tube containing 
unfed fourth instar bedbugs. The parasites were left to feed for 10–20 min, and 
then incubated until molting to the next stage. Activity criteria were mortality, 



ther Ectoparasite Models  217

 paralysis, or molting delay. Fifty percent effective dosage (ED50) [49] or chi‐
square comparison of results from treated versus control groups were used to 
express efficacy [33]. The model served also as preliminary filter for mammalian 
toxicity [49].

Lice
Lice are parasites of human and veterinary importance, and resistance to stand-
ard insecticides is widespread [50]. Novel insecticide classes should be screened 
against hemimetabolous insects such as lice as they may respond differently from 
species undergoing complete metamorphosis. Lice are very host specific and do 
not allow the development of animal models with human, sheep, or cattle lice. A 
mouse model with Polyplax serrata, the mouse sucking louse, has been estab-
lished for insecticide selection and optimization [26]. Mice naturally infested 
with lice were treated topically by line‐on application (one line on the back from 
the neck to the base of the tail). Live lice (all instars) were counted before, and at 
4 and 14 days after treatment. The efficacy of each treatment was calculated using 
the Henderson and Tilton formula [51], which considers the numbers of live lice 
found on each individual mouse before and after treatment, weighed with the lice 
numbers found at the same time‐points on untreated control mice held under 
similar conditions. Killing efficacy and life cycle disruption could be assessed 
with this two‐time‐point assessment.

For testing insecticides and infestation deterrents against human head lice, a 
model has been developed in chickens naturally infested with the chewing lice 
Menopon spp. and Menacanthus spp. [15, 35]. Chickens were treated topically by 
spray, as would be done to treat human hair. Besides the treated group and an 
infested untreated “seeder” control group, an additional lice‐free group was 
added to monitor the speed of reinfection over time, as might happen among 
children in a school setting. The three groups were mixed for 24 h, and lice counts 
performed after 8, 12, and 24 h. Arithmetic and geometric means of pretreatment 
and posttreatment counts were statistically compared for efficacy evaluation. 
This model could probably also be used for selecting compounds for control of 
lice on sheep or cattle.

Flying Insects
Very few small‐animal models have been described for testing compounds against 
flying insects. Adequate confinement and prevention of premature killing by the 
host are more challenging with flying insects than with fleas and ticks. A mouse 
model with adult stable flies was used for testing spinosad and could be repre-
sentative of the methodology required for evaluating drugs against flying insects 
[34]. Mice were treated topically, then anesthetized and left for 40–60 min in fly 
boxes containing unfed adult stable flies (Stomoxys calcitrans). Efficacy was 
expressed by counting dead flies in the box after exposure to the treated animal, 
in comparison with controls. In a similar design, an insecticide preparation was 
tested topically on mice as a line‐on application against Aedes albopictus mosqui-
toes [52]. Interestingly, the volume of administration was calculated on the basis 
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of the dog dose to obtain a similar surface area dose on mice. Rodents were 
 anesthetized and exposed to female mosquitoes for 1 h on days 1, 7, 14, 21, and 28 
post treatment. Insect survival and engorgement status were evaluated immedi-
ately after exposure. Live mosquitoes were kept for 24 h and observed for addi-
tional mortality. Both end points were used to calculate efficacy in comparison 
with untreated controls. Alternatively, repellents or deterrents potentially active 
against mosquitoes or biting midges [53, 54] have been tested directly on human 
arms, circumventing the use of animal models. This procedure must however be 
limited to compounds of known toxicity, and certainly is not suited to optimiza-
tion of efficacy in novel chemistry classes.

Mange Mites
Like lice, mites are specific to their host. Mites of veterinary importance are phy-
logenetically very diverse, and sometimes occupy only specific body niches, such 
as ears. It is a challenge to find mite species that parasitize laboratory species and 
also qualify as a good surrogate representative for a different target species. For 
that reason, tick animal models are often used for selecting compounds that are 
later tested directly against mites on target hosts. However, possibilities may exist 
to develop models related to these particular ectoparasites. Myobia musculi and 
Myocoptes musculinus are pests often found on mice in animal facilities [55], and 
both species are related to mites of higher veterinary importance: Myobia to 
Demodex spp., and Myocoptes to Psoroptes and Sarcoptes spp. [56]. Using mice 
naturally infected with one or both species could be a valid option for evaluating 
compounds potentially active against mange mites. In a similar approach, 
Psoroptes cuniculi commonly infects the ears of rabbits and could be a possible 
laboratory model for compound screening. The Psoroptidae family includes 
Psoroptes, Otodectes spp. (dog and cat ear mite) and Chorioptes spp. (cattle ear 
mite) and is also related to Sarcoptes mites [56]. The methodology established for 
testing compounds against ticks could probably be adapted to this parasite. 
However, the severity of the disease in rabbits [57] should not be underestimated 
in the development of such a model and should be kept to a minimum.

 Conclusions

The successful development of animal models relies on identification of the best 
surrogate host for the parasite of interest, and on knowledge of the ectoparasite’s 
requirements on the model and on the target host in order to mimic the field situ-
ation as closely as possible. Compromises will have to be made to meet the needs 
of drug discovery research (e.g., small group sizes, fast turnaround times, parasite 
confinement, simplified setup, and use of another related parasite species). 
Despite these limitations, models have proved their usefulness in drug discovery 
and certainly help in filling the gap between off‐host high‐throughput screening 
and efficacy studies on target species. They are valid components in often com-
plex workflows leading to the discovery of novel classes of ectoparasiticides.
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 Role of Animal Models in Ectoparasiticide Discovery and Development

Controlled laboratory infestation models for arthropod external parasite pests 
are used to evaluate novel ectoparasiticide candidates that have previously been 
identified during the discovery process using in vitro target‐based assays and/or 

Testing in Target Hosts for Ectoparasiticide Discovery 
and Development
Jeffrey N. Clark*

Abstract

Animal models of ectoparasite infestations form a pivotal bridge in the discovery 
and development process, guiding the advancement of active ectoparasiticidal 
compounds identified by laboratory studies against key molecular targets and 
whole organisms to new product candidates ready for field or clinical testing. 
Rodent infestation models have the advantage of requiring less compound for 
testing than do target animal studies, while still providing valuable in vivo infor-
mation on efficacy, safety, metabolism, bioavailability, and the pharmacokinetic 
(PK) properties of a new compound, thereby identifying possible issues before the 
compound is evaluated in larger target animals such as dogs, cats, and livestock. 
Rodent models are often used as a screening tool to identify the best lead candi-
date prior to efficacy, safety, and PK studies in the target animal. Recommendations 
for the procedures for controlled testing of ectoparasiticides against most arthro-
pods infesting target animals have been published. This chapter describes the 
reasons for using animal models, an outline of the screening paradigm to identify 
lead and clinical candidates and the test methods used. The discussion focuses 
primarily on controlled laboratory efficacy studies in target animals, but also 
briefly discusses other types of studies. Several new ectoparasiticide compound 
classes that have been evaluated in both rodent and target animals using a variety 
of routes of administration are described. Extension of the utility of these animal 
models to the development of human health ectoparasiticides is also briefly 
discussed.

* Corresponding author.
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ex vivo whole‐organism assays (see Chapters 7 and 8). Such animal models of 
infestation can be utilized to address several questions in early product develop-
ment prior to field testing, including compound pharmacokinetics (PKs) and bio-
availability, product safety, duration of efficacy, ectoparasite spectrum, efficacy 
against different life cycle stages, route of application, development and testing of 
formulations, and product aesthetics. The target pests are established early in a 
discovery campaign, based on the desired market: fleas and ticks are most impor-
tant for dog and cats, and flies, ticks, lice and, mites are most important for live-
stock. Throughout the process, the initial lead compound is always scrutinized to 
determine if it is the best candidate to move forward into late‐stage development. 
In some cases, a backup compound will be selected as a better product candidate 
for various reasons, a decision in which animal model studies can play a pivotal 
role. The discussions that follow are designed to introduce the reader to the basic 
concepts of the use of animal models in this workflow, using primarily the dog as 
the example model.

The flow charts in Figure 11.1 present a prototypical, albeit simplified, work-
flow for an ectoparasiticide discovery/development program in animal health. 
Animal models are employed once a lead compound (or a lead series) has been 
selected on the basis of the discovery screening in target‐based and/or whole‐
organism assays. Throughput of compounds in animal model ectoparasite assays 
is very low, and trials are expensive in both time and amount of compound 
required. Thus, in the earlier stages these studies may utilize rodent models 
of  infestation, while later stages shift to target hosts amenable to controlled 
laboratory use (e.g., dogs). Still, even in rodent assays, no more than 100–200 
compounds/week can be evaluated at a single concentration depending on the 
duration of the assay and the manpower available. Dog studies can only evaluate 
a few compounds/week (<20 in single point) and can require up to several grams 
of sample.

Historically, leads were selected directly in the whole organism screens to be 
used in animal models, and target‐based screening has been a more recent addi-
tion to the workflow. A compound, or compound series, selected as a screening 
lead, ideally will exhibit satisfactory potency against the selected in vitro target, 
lack apparent off‐target activity, display good potency, spectrum, speed of kill in 
the whole‐organism ex vivo screens, and lack obvious mammalian cell toxicity in 
cell‐based assays. Then the compound is advanced to the rodent ectoparasite 
model. Evaluation in a rodent ectoparasite infestation model can then be used to 
identify a specific lead candidate from a series of molecules in a lead optimization 
program that evaluates efficacy, safety, and PKs.

If the ultimate product is intended for oral or injectable administration, based 
on a response to the need in the market, the lead will be evaluated in mouse PK 
models to determine oral or systemic bioavailability, PK parameters such as t1/2, 
Tmax, Cmax, and area under the curve (AUC) and also initial metabolism and 
any  toxicity issues. If these studies show the compound remains promising, it 
advances to the rodent ectoparasite efficacy model, if available; thereafter moving 
on to dog PK studies and finally dog ectoparasite efficacy trials. If no rodent 
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ectoparasite model is available, the compound can advance directly to the dog PK 
evaluation prior to dog efficacy studies. In the past, PK monitoring was not done 
extensively in animal health drug research, but now it is an essential part of any 
discovery/development program.

If the primary goal of the program is to develop a topical product, following 
in  vitro and whole‐organism screening the compound can go directly into the 
rodent efficacy model (if available) and then proceed on to the dog efficacy model 
studies. The goal at this point is to determine if the compound is active against 
the primary ectoparasite targets, fleas, and ticks, on dogs. Preliminary informa-
tion on potency, duration, and spectrum of activity and any safety issues are 
determined at this time. Safety issues include gastrointestinal disturbances, neu-
rological changes (shaking, seizures, mydriasis, etc.), skin irritation, injection or 
administration site issues, and other sensitivities. At this time, the biological data 
generated in rodents and dogs and in previous ex vivo studies are scrutinized to 
determine if the compound might also hold promise for ectoparasite targets in 
livestock. In recent times, as the livestock animal sector holds less value (in terms 
of profitability) than the flea/tick market in companion animals, livestock 
ectoparasite targets may be an extension to the flea/tick market, unless the whole‐
organism screening indicates that the principal ectoparasite targets are only in 
this livestock sector, and there is a large and viable market for a new product.

If there are no outstanding issues, then the compound proceeds into preclinical 
development studies (Figure 11.1, part 2) in the target animal. At this time in the 
process, different product candidates will progress through the flowchart in a 
similar manner, regardless of route of administration, target pest, or target animal 
species.

During a preclinical program in dogs, the compound is further evaluated in 
more advanced efficacy and safety studies to determine if it continues to exhibit 
the desired attributes of efficacy, spectrum, duration, and safety. Also, heretofore, 
a discovery formulation (often dimethyl sulfoxide (DMSO) or similar) will have 
been used; but in the preclinical program, a series of more suitable formulations 
for an actual product are evaluated to identify the likely lead formulation. Often 
this exercise is initially based on previously used and acceptable formulations for 
similar molecules. During this process, any effects on hair coat quality can be 
ascertained, although this aspect will be more thoroughly evaluated when a more 
advanced formulation is available.

If all tests continue to show the promise of the compound, a clinical lead pro-
gram is initiated using the lead compound and the final formulation. During this 
program, the compound undergoes several efficacy and safety evaluations in 
larger trials while looking at parasite spectrum, including secondary targets such 
as the mite, other animal species such as the cat, the best route of administration 
and, for topical products, any aesthetic issues with the hair coat following 
treatment.

The final product proceeds through the U.S. Food and Drug Administration 
(FDA; for oral or injectable products) or Environmental Protection Agency (EPA; 
for topical products) regulatory requirements. Both agencies require a long list of 
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efficacy and safety studies as well as many additional studies in the case of food 
production livestock to evaluate residues and effects on reproduction as a meas-
ure of potential safety issues for humans. Protocols for all these studies are well 
established but require the target animal and the compound in its final formula-
tion. It is beyond the scope of this chapter to discuss regulatory requirements and 
the associated study designs in full detail. A good reference series for more 
detailed information on various ectoparasite targets in various companion and 
livestock animals can be found in Refs [1–6].

 Alignment of Animal Model Assays with Desired Product Characteristics

Animal models are used to evaluate the efficacy of novel compounds against sev-
eral arthropod species in both companion animals and livestock. While scoring 
for efficacy against ectoparasites is very simple in animal models, as lethality is 
the desired effect, design of specific animal model assays must anticipate the 
combination of properties desired in the final ectoparasitide product. These 
models can be used to determine speed of kill, duration of activity, ectoparasite 
spectrum, repellency effects, spreading of the formulated active compound(s), 
effects on insect or acarine immature stages, cosmetic effects, and so on, for both 
single and multiple active formulations administered by a variety of routes (oral, 
spot‐on, pour‐on, and injectable). Efficacy evaluation at various early time points 
after infestation can be used to determine speed of kill. Also, fleas from different 
life cycle propagation suppliers can be used to determine if there are any differ-
ences between flea lines. Furthermore, efficacy against adult and immature fleas 
and ticks can be evaluated in comparison to untreated control or to another prod-
uct or active (positive control). Some life stages (egg, larvae, nymph) may occur 
off the host, so inclusion of off‐animal end points for product activity may be 
important. For example, when testing for insect growth regulator (IGR) effects in 
flea studies, eggs produced by fleas on the treated animal are collected and then 
placed in an incubator and scored a few days later for egg hatching and larval 
effects compared to control. Effects on later stages of the life cycle such as pupae 
and adults (for fleas) can also be assessed by providing the appropriate growth 
medium to the larvae.

The desired route of exposure of the ectoparasite to the compound is another 
consideration. For companion animals, a topical product that has good contact 
activity against fleas and ticks and kills these pests before they can draw blood is 
generally preferred over a systemic product that the ectoparasite encounters only 
via a blood meal, as the latter does not prevent transfer of blood‐borne pathogens 
or immunological reactions such as flea bite dermatitis. In contrast, systemic 
product activity may be required for full control of some fly species in livestock, 
where immature stages can attack internally. Thus, animal model assay designs 
often incorporate steps to assess the impact of compounds on ectoparasite feed-
ing, such as recording tick attachment and engorgement or testing fleas collected 
post‐exposure for evidence of a blood meal.
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Exposure to the ectoparasiticide topically can also be through the process of 
translocation in which the compound moves from a single spot‐on, small‐volume 
formulation over the skin and hair of the animal through the hair follicles and 
sebaceous glands. In this way, the pest becomes exposed to the compound any-
where on the body of the host, and the duration of efficacy can be extended. 
Translocation is a well‐known characteristic for fipronil, as noted in the Frontline® 
products [7]. Translocation studies can be conducted using radiolabeled active 
[7], in this case [14C]‐fipronil, which is administered once in a spot‐on formula-
tion, and then, hair snippets, skin swabs, and full‐thickness skin biopsies are 
taken weekly for several weeks. From this procedure, one can determine the 
amount/concentration and duration of active on the surface of the animal at each 
time period, and the appearance and skin penetration of the radiolabel by autora-
diography of the skin biopsies. In this study, fipronil was found to penetrate only 
the upper layers of the skin and the pilo‐sebaceous structures and did not pene-
trate into the dermal or hypodermal layers. Radiolabel was found in the skin/hair 
samples for up to 56 days post application.

To guide selection of compounds with the desired potency, animal model stud-
ies are conducted using controls in parallel with the test compound. Negative or 
solvent controls establish the baselines of infestation levels against which the effi-
cacy of a compound in reducing ectoparasite burdens will be evaluated. Often, 
studies also use as positive control a marketed compound in the same or different 
class but having the same or similar spectrum of activity and duration of efficacy. 
In these cases, the proposed drug is expected to be at least as good as the mar-
keted product but preferably lasts longer, has better spectrum, acts faster, has 
fewer side effects, and so on, to be in a position to compete against existing prod-
ucts. Animal model studies can be designed to answer all these objectives (assum-
ing that they can be met). For example, if 1 month of efficacy against fleas and 
ticks is required, then the study will be conducted for at least 4 weeks, preferably 
at least 6 weeks or until the efficacy is below 90% to make certain that there is a 
margin of error. Such duration studies are best conducted in the target animal 
host rather than in rodent models. Studies using a combination of products pre-
sent several challenges, as the efficacy of each active in the combination must be 
evaluated by itself (to get a baseline) and then in the presence of one of more 
actives in separate study groups. The objective of these studies is to determine 
whether other actives in the same formulation interfere with the activity of any 
other active (see Ref. [1]).

Animal models are also used to evaluate different solvents and excipients that 
may be used in formulations, especially for topical use, to aid in exposure of the 
compound to the host and the target pest, extending duration of effect, minimiz-
ing effects of photodegradation and limiting exposure to off‐target hosts such as 
humans, the environment, and beneficial organisms. Aesthetic studies are con-
ducted to determine if the formulation leaves any visible residue (white powder, 
crystals, stickiness, etc.) that might affect the acceptability and possible human 
exposure to the product. Formulations for systemic use are more limited, as 
there is a finite list of solvents and excipients that can be injected or given orally 
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without causing adverse reactions in the animal host. In all these studies, a nega-
tive control (no active compound) or an approved positive control with known 
characteristics will have to be included in any efficacy study to verify that there is 
no contribution to the activity against the parasite by the formulation alone.

Additional examples of the types of animal model studies that are conducted 
are included in following sections.

 Specific Animal Model Ectoparasite Assays

Laboratory Animal Models
Rodent and rabbit ectoparasite models have been used for many years to deter-
mine the efficacy of various compounds. Summarized here are a few specific 
examples of use of rodent model assays in the identification of active compounds 
that became products or were very promising leads, to illustrate use of these 
models in ectoparasiticide development. Rodent models of ectoparasite infection 
are discussed further in Chapter 10.

A Cimex lectularius (bedbug) assay in mice was used for many years at Merck 
Research Laboratories [8] and was instrumental in the discovery, optimization, 
and development of macrocylic lactones and nodulisporamides and many other 
actives [9]. In this model, mice are treated orally with the test compound, and 24 h 
later are restrained in plastic containers which allow their tail to be exposed. The 
tail is then inserted into a vial containing fourth instar bedbug larvae. The subse-
quent engorged larvae are observed daily until ≥80% have molted to the fifth 
instar and then scored for death, paralysis, and molt delay relative to controls. 
Several nodulisporamides were found to have activity of ≤1 mg/kg body weight in 
this assay, and this test along with the flea ingestion assay (discussed in Chapter 8), 
directed the chemical optimization program to find the eventual lead compound, 
N‐tert‐butyl nodulisporamide [9].

Adult fleas were also evaluated in a rat model at Merck Research Laboratories 
to find successors to ivermectin and abamectin as ectoparasiticides, and also to 
find a novel macrocyclic lactone for use in a topical flea treatment product. Rats 
were treated topically and infested with fleas. Efficacy was determined on a 
weekly basis by counting live and dead fleas. A mouse model was also used to 
evaluate the systemic activity of several existing and experimental compounds of 
many different chemical classes against fleas [10]. The mouse was sedated with 
acepromazine, and ectoparasiticides were given orally at 1, 10, and 30 mg/kg body 
weight. An early evaluation (2 h) indicated that 77% of the fleas fed. Efficacy was 
measured as the percent reduction of live fleas on treated animals relative to 
untreated controls. At 24 h, nitempyran was found to be active (94%) at 1 mg/kg, 
selamectin active (86%) at 10 mg/kg, fipronil active (83%) at 30 mg/kg, cythioate 
active (64%) at 10 mg/kg, and nodulisporic acid active (55%) at 10 mg/kg. 
Lufenuron and ivermectin were not active at 30 mg/kg. This model thus provided 
a very good measure of the flea adulticide activity of known compounds, and was 
subsequently used to help prioritize experimental compound leads.
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Target Host Animal Models
The dog has been the primary animal model for flea and tick studies, and many 
chemical series have been tested in this model using various routes of administra-
tion. Several meetings have been held among flea/tick investigators to develop 
guidelines for the evaluation of ectoparasiticides in companion animals. Such a 
meeting recently took place at the World Association for the Advancement of 
Veterinary Parasitology (W.A.A.V.P.) conference, which resulted in a key publica-
tion [1] that outlines recommended procedures for dog and cat model assays. Key 
aspects of these recommendations include use of controls, standardization of 
 animal handling and housing during a study, recommended numbers of parasites 
per animal, definition of quantitative quality control thresholds for assay perfor-
mance in a given study, and standardized formulae for calculating and reporting 
compound efficacy. In addition to this publication on flea and tick companion 
animal model assays, W.A.A.V.P. members have also published guidelines for 
conducting ectoparasiticide studies in several other host animal species. These 
include guidelines for mange mites on livestock [2], flies on livestock [3], myiasis 
on ruminants [4], lice and sheep keds on ruminants [5], and ticks on ruminants 
[6]. A thorough familiarity with these published best practices is recommended 
for the practitioner preparing to implement animal model assays in an ectopara-
siticide development program.

 Specific Examples of Animal Model Uses in the Development 
of Ectoparasiticide Products

In this section I review the use of animal models in studies conducted for the 
registration of several insecticide/acaricide products, with the goal of further 
illustrating the principles presented in the preceding sections.

Ectoparasite Control Products for Topical Administration on Companion 
Animals
Early compounds to control flea infestations systemically in dogs include the 
orally administered organothiophosphate cythioate (Proban®) and the topically 
administered organophosphate fenthion (ProSpot®). These were developed using 
a dog adult flea model where the product was given once either orally or topically, 
respectively, followed by weekly infestations with fleas and determination of 
adulticide activity.

These products were followed by the pyrethroids, which included a topical 60% 
solution of permethrin delivered in a spot‐on formulation (ExSpot®), whereby a 
small volume of the product is placed between the shoulder blades of the dog to 
achieve efficacy against fleas and ticks as well as repellency of these arthropods. 
A recent paper [11] reviewed the efficacy of several permethrin‐containing prod-
ucts against the tick Dermacentor reticulatus in induced infestation trials using 
dogs. Inherent in the study design was an evaluation of efficacy against ticks 
located in various parts of the body, thereby giving information on the movement 
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of permethrin across the dog. Groups of six dogs were treated topically with a 
recommended dose of the product, while control dogs were untreated, and there-
after all dogs were infested with ticks on days 1, 14, and 28. Efficacy was deter-
mined 6 h after tick infestation to evaluate speed of kill and any repellent effects. 
All the products were found to be very effective within 6 h of infestation through 
the 28 days of the study. Permethrin was found to be widely distributed within 
24 h of treatment. It was speculated that this rapid action of permethrin could 
help prevent the transmission of rickettsial, bacterial, and protozoal diseases to 
the dog and to man.

The evaluation of a two‐way combination of the insecticide fipronil and the 
IGR methoprene was conducted [12] against adult and immature stages of the cat 
flea (Ctenocephalides felis) using an induced infestation model in dogs. Test 
groups of eight animals each included an untreated control group and groups 
treated with fipronil, methoprene, and the fipronil/methoprene combination. 
Dogs were treated topically with a spot‐on formulation on day 0, and thereafter 
were infested with ~200 fleas weekly. Flea eggs were also collected for 24 h at 
3 days after each infestation to determine effects of the combination on immature 
flea stages, for example, egg production, larval hatch, as a measure of ovicidal 
effects, and adult flea emergence from subsequent pupae. The fipronil‐only group 
provided excellent control of adult fleas for 5 weeks. However, the combination of 
fipronil and methoprene provided an additional effect (>90%) on ovicidal activity 
and inhibition (91.4%) of adult flea emergence for 12 weeks. A synergistic effect 
of the combination of the two compounds was seen on ovicidal activity and adult 
flea emergence. In this development program, the dog flea model proved very 
useful for demonstrating high efficacy of fipronil and of a fipronil/methoprene 
combination against the adult stage of the target parasite, high efficacy against 
various stages of the target parasite (the combination), and a synergistic combina-
tion of two actives where high efficacy could be maintained for longer than that 
observed with either active alone.

Another series of two‐way topical spot‐on combination studies evaluated the 
effect of two adulticides, fipronil and permethrin, using induced flea and fly 
infestations in dogs [13–15]. This combination has been developed to control 
fleas, ticks, mosquitoes, sandflies, and biting flies on dogs, and, therefore, differ-
ent animal‐arthropod models were used for each of these indications. For fleas, 
the dogs were treated on day 0 followed by weekly infestations and determination 
of efficacy at 1 and 6 h for rapid adulticide activity and repellency effects and then 
at 24 h after each infestation. Excellent activity was seen for fast‐acting, 24‐h 
infestation efficacy and repellent effects throughout the 28‐day study. These 
effects were observed even after shampooing and washing of the dog on several 
days during the study [14]. Dogs were also exposed to stable flies weekly follow-
ing treatment on day 0 with this two‐way active formulation. After 1 h, the flies 
were removed and crushed to determine feeding status. Insecticidal and repellent 
effects observed in this dog fly model showed the product to have excellent 
effects (≥98.3% and 88.7%, respectively) on these two parameters throughout the 
35‐day trial.
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A two‐way spot‐on formulation containing the insecticides metaflumizone and 
amitraz (Promeris Duo®) was tested against fleas and ticks on dogs [16] in an 
induced infestation model. Dogs were infested with both fleas (started on day 1) 
and ticks (started on day 2) followed by treatment on day 0 and thereafter infested 
weekly. Counts were made on day 1 to estimate knockdown activity and thereaf-
ter 48 h after infestation to determine standard efficacy. The six treatment groups 
consisted of a solvent control, three dosage groups of the metaflumizone/amitraz 
formulation to provide a dose titration (10, 20, and 40 mg/kg of both actives), and 
one group was treated with fipronil (Frontline®) to act as a positive control. This 
study was therefore designed to select a dosage for the new product and compare 
the efficacy at the preferred dosage to a positive control, fipronil. The 20 mg/kg 
dosage of the metaflumizone/amitraz combination exhibited excellent efficacy 
against both fleas and ticks for at least 35 days, which was similar to that of 
fipronil.

An induced infestation cat model was used to evaluate a four‐way topical spot‐
on formulation containing fipronil, (S)‐methoprene, eprinomectin, and praziqu-
antel (e.g., Broadline®) against the cat flea [17] compared to untreated control. As 
susceptibility to ectoparasiticides can vary between flea colonies, fleas from dif-
ferent locations in the United States, South Africa, and Germany were used in the 
infestations. Cats were left untreated (control) or treated with Broadline® on day 
0. The animals were infested with 100 fleas on day 2 and thereafter weekly through 
day 35. Live adult fleas were counted 24 h after infestations. In a related study in 
the same publication [17], gravid fleas previously fed on an untreated host were 
placed on treated animals. Excellent efficacy was achieved for the duration of the 
studies against adult fleas, and the product also had excellent activity in prevent-
ing adult flea emergence arising from eggs laid following treatment. Therefore, 
the animal model was used to demonstrate activity against both adult and imma-
ture flea stages.

Animal studies can be conducted to compare the efficacy against adult fleas of 
one active in comparison to another. In one study [18], cats received induced flea 
infestations on days 28 and 21 and thereafter were treated with either selamectin 
(Revolution®) or fipronil (Frontline®) monthly for 0, 30, 60, 90, and 120 days. 
Adult flea comb counts to measure efficacy were conducted every 2 weeks for the 
duration of the study (day 150). Cats were also re‐infested starting on day 91 every 
7 days until the end of the study. Excellent adulticide (97–100%) activity was 
observed with both products.

Ectoparasite Control Collars for Companion Animals
Flea and tick collars have been used for many years to control ectoparasite infes-
tations in companion animals. Most of the early collars used carbamates or 
organophosphates as the insecticide/acaricide. With time, increased resistance to 
these actives plus occasional skin irritation and the arrival of the much more 
effective spot‐on products, decreased the use of collars. Novel polymer chemistry 
to make superior slow‐release products and the advent of much more effective 
insecticides/acaricides have resurrected the collar as an administration option.
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One such improved product, a combination imidacloprid/flumethrin slow‐
release collar, (Seresto®), has recently been developed to combat ectoparasites, 
nematodes, and protozoa on or in dogs [19–23]. Field trials using natural infec-
tions [19, 20] in dogs and/or cats evaluated the efficacy of the collar versus 
untreated control against heavy flea and tick infestations. Some animals also had 
severe cases of flea allergic dermatitis (FAD) caused by flea bites. The collar was 
shown to have a dramatic effect on reducing the flea infestation by day 2 with 
reduction to zero by day 14. Tick numbers were dramatically dropped by day 7 
and then to zero by day 14. Furthermore, the incidence of FAD dropped precipi-
tously as well. These superior effects were observed until the end of the study (day 
250). One study [23] also showed, in addition to excellent long‐term efficacy 
against natural flea and tick infestations, that tick‐borne pathogen transmission 
was also dramatically (91.6%) decreased by use of the collar. The combination 
collar was compared to a moxidectin/imidacloprid spot‐on topical against the 
transmission of Thelazia callipaeda to dogs in natural infections [21]. The spot‐
on formulation proved superior in this situation. The collar was also tested for 
protection of dogs from infection by the protozoa Leishmania infantum, which is 
transmitted by the sandfly (Phlebotomus spp., Sergentomyia spp.). Again, natural 
infestation models were used in hyperendemic sandfly areas in Italy [22]. Two 
groups of dogs were used, one receiving the collar and one for the negative con-
trol. Laboratory tests for the presence of L. infantum were conducted over the 
course of 300 days. At the end of the study, the collar was able to decrease the 
presence of the parasite in the dog by 93.4%. Some of the dogs in the control 
group also showed cutaneous signs of L. infantum infection.

Ectoparasite Control Products for Oral Administration to Companion Animals
As mentioned, two products, Proban® (oral) and ProSpot® (topical), were devel-
oped in the 1980s following the decline in the usage of the collar, spray, shampoo, 
and powder organophosphate and carbamate products, as clients wanted more 
effective and easy‐to‐use products. Exspot® was subsequently a major topical 
spot‐on flea/tick product, which was followed by many other chemistries in the 
1990s including fiproles (Frontline®), imidacloprid (Advantage®), and macrocy-
clic lactones (selamectin). Most of the new products were topically administered 
as a small volume spot‐on, and later products combined one or more actives to 
broaden the ectoparasiticide spectrum or to effect immature pest stage efficacy. 
The only other oral products during the 1990s were lufenuron (Program®), a chi-
tin synthesis inhibitor, which controlled flea reproduction by its effects on imma-
ture stages but did not kill adult fleas, and later nitempyram (Capstar®), which 
provided rapid but very short‐term adult flea control. The latter product was 
used in conjunction with lufenuron, as the lufenuron did not have rapid‐onset 
flea adulticide efficacy but only provided long‐term efficacy to control flea popu-
lations by controlling immature stages.

Therefore, for many years, oral products were not in favor for ectoparasite con-
trol. There were many reasons for this, including (i) the concern about toxicity to 
the dog with the active, (ii) the need for the ectoparasite to take a blood meal 
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before being affected by the drug, thus allowing immunological issues (such as 
FAD and pathogen transfer) to take place prior to the control of the infestation, 
and (iii) the difficulties in discovering compounds with sufficient systemic bioa-
vailability and rapid onset of effect to control the ectoparasite. One advantage to 
the oral route of administration was lower potential exposure to the owner or to 
the environment than the topical.

One such oral new entity compound was the natural product nodulisporic acid 
and its chemically synthesized derivative, N‐tert‐butyl nodulisporamide [9]. This 
series was discovered in a Cimex lectularis (bed bug) assay conducted in a mouse 
model as described earlier [8]. This mouse model was used along with a labora-
tory ex vivo flea feeding assay (see Chapters 8 and 9) to prioritize the chemical 
derivatization work to result in the clinical candidate. Compounds selected on 
the basis of the flea feeding (LC50 ≤ 1 ppm) and Cimex mouse (ED50 ≤ 1.0 mg/kg) 
assays were then evaluated in dogs. The first two assays provided valuable data 
without the use of much compound, which was limited in supply. Probe‐dog‐
induced infestation studies were conducted at 5 mg/kg body weight orally, which 
was reduced to 2.5 mg/kg as more potent derivatives were synthesized. PK studies 
were conducted at the same time to select compounds with superior bioavailabil-
ity. Larger dog studies using fleas and ticks commenced using a small selection of 
the analogs and coupled with PK to help explain the relative efficacy between the 
analogs. The N‐tert‐butyl nodulisporamide analog at 10 mg/kg orally proved to 
have 100% flea control on dogs for 6 weeks, with partial losses coming at 7 and 
8 weeks; and finally at week 9, efficacy was less than 50%. Dogs were also infested 
with Rhipicephalis sanguineus ticks during this study (in between the flea chal-
lenges), and an efficacy of 80%, 78%, and 41% was observed during days 12, 19, 
and 26, respectively. This same analog at 20 mg/kg body weight in induced flea 
infestation trials in cats showed 100% efficacy against fleas at week 3 and 97% and 
94% efficacy at week 4 and 5, respectively. The difference in efficacy between the 
dog and cat was determined to be the shorter half‐life and lower Cmax of the com-
pound in cats, as determined from the simultaneous PK studies. Control (100%) 
of two tick species at 30 mg/kg in the dog of the lead compound was shown for 
14 days, but this subsequently decreased to 85–87% at 21 days and 84–92% at 
28 days.

Spinosad is a natural product originally developed for the agricultural chemical 
insecticide market, which was also later developed as an oral flavored tablet for 
the flea market in dogs and cats [24–27]. During product development, several 
dog and cat models were used to establish the most effective dose, to determine 
if the compound provided a rapid knockdown and then a sustained effect against 
adult fleas and had any effect on environmental flea stages (eggs, larvae, pupae), 
and to determine whether adding another active (milbemycin oxime) could pro-
vide efficacy against internal parasite infections. In the adult flea knockdown 
studies [25, 26], flea counts were conducted at 0.5, 2, 4, 8, and 24 h post treat-
ment. The product provided >90% efficacy at 2 h post dosing and 100% kill by 
24 h. The cage of the dog was adapted (solid walls, carpeted floors) to provide an 
ideal habitat for flea reproduction. Treatment of animals in this model at days 0, 
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30, and 60 showed excellent activity to prevent infestations. Spinosad was shown 
in a related trial to have no direct effect on flea environmental stages, but showed 
dramatic effects on the flea population following heavy infestations [25]. Field 
trials with natural infections were also conducted at several sites which showed 
that the product worked very well [96%] against fleas on cats for at least 60 days 
[26]. A further trial [27] was conducted with spinosad/milbemycin oxime in 
dogs, which confirmed the dosage of the two actives and showed that the com-
pounds did not interfere with each other in their respective activity against fleas 
(spinosad) or hookworms (milbemycin oxime).

A new chemistry, the isoxazolines, for control of flea and tick infestations by 
oral administration was recently launched by three separate companies [28–34].

Afoxolaner (NexGard®), formulated as a flavored chewable, was tested in 
induced dog flea and tick models [28, 29]. Against ticks, the product was effec-
tive (99%) against existing infestations and maintained efficacy following a 
single dose against weekly tick infestations of over 96% for up to 30 days [28]. 
Studies conducted to evaluate efficacy against adult fleas at 12 and 24 h post 
infestation showed excellent activity at both evaluation times through day 35. 
NexGard also reduced egg counts by 99% for all evaluation time points between 
days 7 and 35 [29].

Fluralaner (Bravecto®) is a similar isoxazoline compound presented in a 
flavored chew for fleas and ticks, which was evaluated in induced dog ectopara-
site infestation models [30–32]. Given at a much higher dose (25 mg/kg) than 
NexGard (2.5 mg/kg) and with flea counting at 48 rather than 24 h after infesta-
tion, a single oral dose of Bravecto provided 100% efficacy against adult fleas after 
weekly infestations for 4 months and completely prevented egg production within 
48 h during this time after each infestation [30]. A study [31] was conducted 
against Ixodes ricinis ticks in induced infestations in dogs at the 25 mg/kg dose 
and was shown to be highly effective in quick kill (4, 8, and 12 h post infestation) 
and at 24 h post infestation evaluation times. Efficacy of at least 98.1% was main-
tained at both 12 and 24 h post infestation for up to 12 weeks. PK studies in dogs 
and cats [32] showed that fluralaner is readily absorbed from the skin into adja-
cent dermal tissues and into the blood where the tick can become exposed upon 
biting the dog. Blood levels remain high for several weeks and are still measurable 
at 12 weeks post single topical dosing. Intravenous PK studies also support this 
long residence time in both cats and dogs. Several induced tick infestation studies 
in dogs showed efficacy of 91.1–100% within 48 h and 95.4–100% thereafter for 
12 weeks.

Sarolaner (SimparicaTM) is the latest isoxazoline to be introduced [33, 34]. This 
molecule was the result of testing of several thousand compounds in a combina-
tion of whole‐organism and animal model testing. These tests included an adult 
flea ingestion assay followed by tick ingestion models (see Chapters 8 and 9) using 
the soft tick, Ornithodoros turicata. Compounds of interest were then evaluated 
in a mouse safety model followed by further tests in dog models for safety, PK, 
and efficacy. Mice used for safety testing were orally treated with up to 30 mg/kg 
body weight of sarolaner in an aqueous micelle formulation and were observed at 
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several time points for up to 6 h after administration. Observations included pos-
ture, activity (hypo or hyper), convulsions, ptosis, and grip strength. No adverse 
effects were found. Active compounds that were acceptable in this mouse safety 
assay were then evaluated in dog models. Beagles were used to evaluate the safety 
of sarolaner at 0, 2, 6, or 10 mg/kg body weight orally using capsules. Dogs were 
dosed three times with a 28‐day dosing interval, followed by serum chemistry, 
hematology, urinalysis, and clinical and neurological evaluation. Finally, a com-
plete necropsy was conducted after the last dose. A similar study was conducted 
in 8‐week old puppies, with dosing at 4, 12, and 20 mg/kg body weight given two 
times at 28‐day intervals. No adverse effects were found in these target animal 
safety studies. PK was conducted in dogs at 2 (intravenous) or 20 (oral) mg/kg 
body weight. From these PK studies the oral bioavailability was 85% and the t1/2 
was 11–12 days. Flea and tick efficacy studies were conducted in dogs per the 
standard guidelines [5]. These studies showed that sarolaner was 100% effective 
against fleas and ticks at 48 h post infestation and maintained 100% efficacy 
against fleas and R. sanguineus ticks and 98.0% against D. reticulatus ticks for 
35 days at 2.5 mg/kg body weight given orally. It also provided nearly 100% effi-
cacy against Ixodes ricinus ticks through day 57 at 2.5 and 5.0 mg/kg body weight 
given orally. No adverse reactions were seen in treated dogs.

Products for Control of Other Ectoparasites in Companion Animals
Macrocyclic lactones such as ivermectin and selamectin have been used to treat 
mite and fly infestations in companion animals [35]. Evaluation of treatments for 
these ectoparasites have been done using natural infestations, as induced models 
either do not exist or the prevalence of such infestations does not warrant a full 
development program. However, veterinarians can prescribe such products for 
these infestations and often publish the results to alert others. Dosing is taken 
from the approved levels for the more common ectoparasites such as fleas and 
ticks. Ear mites (Otodectes cynotis), Notoedric mange (Notoedres cati), nasal 
mites (Pneumonyssoidses caninum), walking dandruff (Cheyletiella spp.), and 
miasis (Cordylobia anthropophaga) in either cats or dogs have responded well to 
selamectin treatment at 6–24 mg/kg body weight. Dog models do exist for 
Demodex spp. and scabies (Sarcoptes scabiei) mite infestations. Although neither 
ivermectin nor selamectin is effective against Demodex spp. infection, ivermectin 
and other macrocyclic lactone derivatives are effective against scabies. Ivermectin 
and selamectin were also found to be effective against Cheyletiella spp. natural 
infestations in rabbits [36].

Products for Control of Livestock Ectoparasites
Induced infestation models have been implemented in cattle for a few ectopara-
sites such as flies (Stomoxys calcitrans, stable fly; and Haemotobia irritans, horn-
fly) and mites. However, many trials are conducted using naturally infested 
production animals, as induced models are very difficult to establish. For exam-
ple, the fly models for cattle are difficult to conduct, few animals can be included 
in a study, and the fly life cycle maintenance is very labor intensive. Therefore, 
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field trials with natural or acquired rather than induced infestations are generally 
used to demonstrate efficacy of the product.

Treatment of ectoparasites on livestock can occur with oral, systemic, or topi-
cal treatment including sustained release formulations. For example, ivermectin 
was found to eliminate scabies (S. scabiei var suis) in pigs when provided in an 
in‐feed formulation [37]. Similarly, topically applied ivermectin using naturally 
acquired infestations was found to be highly effective against cattle grubs 
(Hypoderma bovis and H. lineatum) and lice (Damalina bovis) [38] and horn flies 
(H. irritans) [39].

A subcutaneously administered sustained release formulation of doramectin 
was shown to be highly effective against the lone star tick (Amblyomma america-
num) and horn flies (H. irritans) on cattle [40]. In this study, animals were admin-
istered the formulation, and ticks were placed in a stockinet sleeve adhered to the 
side of the animal. Thereafter, the ticks were observed to determine the percent-
age of engorged females, weight of the engorged females, the weight of the egg 
mass produced, and the numbers of eggs to determine an index of fecundity. The 
effect of blood from treated animals on horn flies was determined using ex vivo 
whole‐organism assays. Doramectin was shown to be highly effective against 
both ectoparasites.

Ivermectin in a sustained release bolus administered orally was shown to be 
effective against horn fly infestations in cattle [41]. When two boluses were used, 
resulting in serum levels of 31.2 ppb at 13 weeks post treatment, efficacy against 
feeding female horn flies was 96.2%. Horn fly larvae placed in dung pats from 
treated animals were completely prevented from development through week 19 
posttreatment. In the development of the ivermectin bolus, stomach contents 
from a rumen fistulated cattle model was evaluated for ivermectin levels in addi-
tion to blood levels to help monitor the duration of efficacy based on PK.

 Extension to Human Conditions

As mentioned in the chapter for whole‐organism assays in this volume (Chapter 8), 
information gained from the testing of new compounds in animals also provides 
data useful for human infestations. Humans can become infested naturally with 
the same or similar ectoparasite organisms as in animals and can become infected 
with the zoonotic organisms carried by the ectoparasite. It is therefore important 
to develop novel ectoparasiticides for humans, particularly for tick and mite 
infestations. Studies conducted in animals which have reference to human infes-
tations include efficacy information in regard to effective dosage; PK require-
ments for minimum blood levels and residence time; and safety information 
(toxic levels via different exposure routes, exposure to residues in animal tissues, 
etc.). These data derived from animal models are useful to determine the appro-
priate treatment of humans using off‐label procedures or in actually developing a 
new drug specifically for humans. An example of the latter is that of ivermectin 
approval in humans for a topical head lice product Sklice®.
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Humans can be bitten by the same or similar ectoparasites as animals and can 
be exposed to a number of highly debilitating or even lethal pathogens such as 
ricketisia, other bacteria, and protozoa. The zoonotic potential of ectoparasites 
either directly or by the pathogens that an ectoparasite carries as observed in 
animal models provide very valuable data regarding exposure time between the 
bite and the delivery of the pathogen to the human and potential lethal or serious 
debilitation. Experiments in animal models can be highly useful to identify a safe, 
effective therapy for human diseases.

 Conclusion

This chapter has explored the use of rodent and target animal (dog, cat, livestock) 
ectoparasiticide models to determine the efficacy; potency; duration of effect; 
therapeutic margin; PK parameters; and reproductive, target animal, young ani-
mal, and food safety aspects (residues, safety margins) of new lead candidates for 
potential ectoparasiticide products. Rodent models are used to screen many 
compounds using little compound to determine safety, efficacy, and PK charac-
teristics of the lead candidate. These findings are used to prioritize the com-
pounds for studies in the target host animal that require far more compound, and 
are very expensive with low throughput and often long duration. Induced infesta-
tion target animal models have been established for both companion animals and 
livestock, although natural infestations are most often used in livestock. The use 
of PK has become much more important in the discovery process to prioritize 
compounds based on bioavailability and metabolism. Several examples of the use 
of animal models to find many different classes of ectoparasiticides which are 
delivered by a variety of routes of administration are provided. Recommended 
procedures for the use of animal models to approve new ectoparasiticides have 
been published and have been written by leading academic and industry scien-
tists and provide a valuable blueprint. Finally, mention is made of the utility of 
animal models to discover new ectoparasiticides for use in human health or to 
provide efficacy and safety data suitable to allow off‐label use of a veterinary 
product in humans.
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 Arthropod Ectoparasites: Burden to the Agricultural and Veterinary Sectors

Safe and efficient control of pests has become pivotal not only for agricultural 
productivity [1] but also in the veterinary sector, including companion animals 
and livestock [2]. In this regard, antiparasitic drugs strive to regulate, mitigate, 
and ideally prevent infestation by parasites such as arthropods, helminths, or pro
tozoa and the consequences associated with them [3, 4]. From an animal health 
perspective, acarid and insect ectoparasites are particularly key target species, 
with ticks, fleas, and flies affecting cattle as well as cats and dogs severely. 
Prominent species are Ctenocephalides felis (flea) and Dermacentor variablis 
(tick) in cats and dogs, respectively, and Rhipicephalus microplus (tick) in cattle. 
Many of them are primarily blood feeders; however, the immediate and more 
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Abstract

Efficient control of arthropod ectoparasite infestations has a long‐standing 
 history in the agriculture and veterinary sectors, aiming to decrease the parasite 
burden of affected crops and animals. Ligand‐gated chloride channels (LGCCs) 
modulated by γ‐aminobutyric acid (GABA) and glutamate have been identified as 
suitable molecular targets, and several classes of potent parasiticides have been 
devised. Due to the increase in cross‐resistance and decreased development of 
new chemical entities, an urgent need for new parasiticides or prevention schemes 
has emerged. In the past decade, an innovative isoxazoline chemotype appeared 
to offer promise for inhibiting LGCCs with a new mode of action and distinct 
binding site from that of historical agents. Considerable efforts have focused on 
optimizing the antiparasitic activity of isoxazolines and may provide the potential 
for future human use.

* Corresponding author.
Note: This article has been pre‐published in: ChemMedChem 2016, 11, 270–276; DOI: 10.1002/
cmdc.201500516



12 Isoxazolines: A Novel Chemotype Highly Effective on Ectoparasites246

apparent pathology linked with the initial bite of the parasites should not deflect 
from their role as vectors for parasitic microorganisms and as a source of infec
tions. Extensive research has consequently gone into the development of efficient 
and selective veterinary ectoparasiticides [5]. As humans are also heavily bur
dened by ectoparasites, they might also benefit from these developments.

 Ligand‐gated Chloride Channels as Suitable Targets for Ectoparasiticides

Considering the mode of action, a significant number of active compounds target 
ligand‐gated ion channels [6, 7]. Three representatives of the major structural 
insecticide classes that act on those targets are depicted in Table 12.1.

Dieldrin belongs to the organochlorides, more specifically to the cyclodienes, 
which were extensively used in the agricultural sector for over three decades since 
the 1940s [8]. Long persistence in the environment, however, proved detrimental, 
as bioaccumulation of dieldrin gave rise to toxic effects in species not initially 
targeted, including humans, along with the development of resistance. A more 
recent alternative is fipronil, a phenylpyrazole with contact as well as systemic 
activity that was introduced in the 1990s [9, 10]. The broad‐spectrum ectopara
siticides are distributed as the racemate and are used in plant protection schemes 

Table 12.1 Ectoparasiticides acting on ligand‐gated chloride channels.
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as well as in the veterinary sector. Structurally more complex are naturally occur
ring macrocyclic lactones and derivatives thereof, such as ivermectin [11–15]. 
The potent parasiticides exhibit better safety and selectivity profiles, with greater 
affinity for invertebrate receptors than mammalian analogs [16].

 Mode of Action

The three parasiticide classes described herein act by disrupting the signaling 
ability of the synapses between the neurons within the central nervous system 
(CNS), and also at the neuromuscular junctions [17]. In this process, a nerve 
impulse or action potential typically triggers axon uptake of calcium ions via spe
cific Ca2+ channels. The increase in Ca2+ concentration influences the synaptic 
vesicles that contain neurotransmitters, causing them to fuse with the presynap
tic cell membrane and to open up into the extracellular space between an axon 
and a dendrite: the synaptic cleft. The released neurotransmitters then bind and 
modulate receptors such as ligand‐gated ion channels in the postsynaptic cell, 
subsequently shifting the local transmembrane potential and thus allowing trans
mission of an electrical pulse or signal. In this cascade, the ion channels are of 
particular interest as parasiticide targets, as disruption of their regular function 
by blockage or prolonged activation may decisively interfere in the signaling pro
cess. Characteristic features in arthropod ion channel sequences are envisaged as 
strategic points for selectivity.

Dieldrin and fipronil have been identified as antagonists for γ‐aminobutyri
cacid‐gated chloride channels (GABACls), essentially blocking the influx of chlo
ride ions and consequently counteracting the inhibitory function of the natural 
neurotransmitter [8, 9, 18]. As a result, depolarization and ensuing hyperexcita
tion occur, leading to tremors, convulsion, and death. GABACls are essential 
in both the mammalian and invertebrate CNS, which makes parasiticide selectiv
ity a prerequisite to ensure a relevant therapeutic window [19]. In contrast, 
glutamate‐ gated chloride channels (GluCls) are specific to invertebrates and are 
predominantly located in the skeletal muscle tissue and the CNS. They have 
recently been associated with the same superfamily of cysteine‐loop ligand‐gated 
chloride channels (CysLGCCs) as GABACls, with the added advantage of being 
species‐specific [20, 21]. Notably, ivermectin has been shown to activate gluta
mate receptors and intensify the chloride influx, giving rise to hyperpolarization 
followed by ataxia and coma at higher concentrations [7, 20–22]. The sedative 
effect has also been partially attributed to the activation of GABACls, albeit to a 
lower degree [23].

 Isoxazolines: Novel Ectoparasiticides Acting on GABACls and GluCls

Twenty years since the introduction of the phenylpyrazole fipronil as the most 
recent addition to the existing portfolio of ectoparasiticides, the demand for new 
molecular entities addressing the CysLGCCs in a different manner has grown 
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steadily. A clear distinction from known commercially available antagonists is 
essential, with a novel mode of action or binding site to circumvent cross‐ 
resistance concerns. In this regard, structural diversity is key. Previously investi
gated as highly selective modulators of arthropod ryanodine receptors [24, 25], 
derivatives of phthalic and anthranilic diamides came into focus when the incor
poration of isoxazoline moieties changed the activity profile toward ligand‐gated 
chloride channels [26, 27]. Extensive research on this novel compound class led 
to the discovery of potent ectoparasiticides by researchers at Du Pont [28, 29] and 
Nissan [26, 27]. Active ingredients with the international nonproprietary names 
(INNs) such as afoxolaner (Chapter 13) and fluralaner were later approved by the 
US Food and Drug Administration (FDA) in short succession for Merial’s 
NexGard (September 2013) [30, 31] and MSD‐AH’s Bravecto (May 2014) [26, 
32–34], respectively (Table 12.2). Structurally related to fipronil to a certain 
degree with its chloride‐substituted phenyl heterocyclic core, the novel compound 

Table 12.2 Isoxazoline‐derived parasiticides.
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class contains a nonaromatic isoxazoline and an extended side chain that indi
cates its link to the preceding diamides. The aryl amide side chain and the substi
tution pattern on the terminal aromatic unit have consequently been the central 
areas for further derivatization. With regard to the chiral center within the isoxa
zoline ring, studies have revealed only the S enantiomer of fluralaner to be active 
[27], with no adverse effects of the respective R enantiomer known to date. In this 
regard, the  ectoparasiticides afoxolaner and fluralaner both are distributed as 
racemic mixtures [27, 31].

 Structure and Active Sites of Chloride Channels

As a family, CysLGCCs differ noticeably in complexity in terms of their subunits’ 
composition; however, the homo‐ or heteromeric ion channels show common 
structural and functional features and can be generalized to some degree [20, 21]. 
Embedded in the postsynaptic cell membrane, each unit of the pentameric ion 
pore that forms the CysLGCCs consists of four distinct helical transmembrane 
regions (M1–M4) and a characteristic cysteine loop located in the large extracel
lular N‐terminal domain. A schematic representation of the ion channel’s α‐ 
helical domain is depicted in Figure 12.1, with M2 creating the inner lining of the 
pore while the five independent helix clusters are linked between M1 and M3 of 
adjacent subunits. Accordingly, the amino acid sequence in M2 has a pronounced 
influence on the ion selectivity of the respective receptor. With the emergence of 
parasiticide resistance, especially against cyclodiene derivatives, research has 
focused on locating the most conspicuous modifications in the relevant genes 
that code for the ion channels.

An amino acid exchange of alanine to serine or glycine at position 302 in 
the  M2 helix was observed in a dieldrin‐resistant (rdl) GABA subunit gene of 
Drosophila melanogaster, and the single point mutation at this position was later 
identified as a central cause for resistance development across a number of differ
ent species [37–39]. In addition, cross‐resistance to fipronil and other GABAergic 
parasiticides has been observed to varying degrees of intensity, suggesting a high 
congruency of the binding sites for the different potent GABACl blockers and 
linking the similarities in mode of action to a common, but not necessarily identi
cal, allosteric‐binding site in the channel lumen [23, 40]. By way of better illus
tration, a homology model of a pentameric GABACl of C. felis was generated on 
the basis of crystallographic data for the respective Erwinia chrysanthemi analog 
(PDB ID: 2VL0; Figure 12.2) [41–43]. The crucial resistance‐inducing point 
mutation located in the transmembrane region is highlighted in dark green with 
the amino acid residue as a red sphere in Figure 12.2c, the characteristic Cys loop 
in the extracellular region in light green. In a view along the channel pore axis 
(Figure 12.2b,c), the channel‐pore‐lining M2 helices are visible.

Besides voltage clamp electrophysiology studies for investigations on the 
parasiticides’ influence on the chloride ion flux, a multitude of target‐site binding 
assays have been used to evaluate their inhibition and modulation capacity 
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[44, 45]. The frequently used radiolabeled receptor channel blocker 4′‐ethynyl‐
4‐n‐propylbicycloorthocarboxylate ([3H]EBOB) shows good correlation between 
its displacement and the toxicity of GABACl antagonists such as cyclodienes and 
fipronil, thus further supporting the close link between the parasiticides’ binding 
sites [44, 45]. Noncompetitive and incomplete binding was observed for avermec
tins, however, emphasizing the distinction in pathology and their conserved sen
sitivity even in dlr‐GABACls [45]. Analogous studies on GluCls suggest an 
ivermectin‐stimulated activation of the ion channel by insertion between the 
linking M3 and M1′ helices of adjacent subunits in a transmembrane region 
closer to the N‐terminal extracellular domain [46–48]. Crystallization of a GluCl 
of Caenorhabditis elegans in complex with Fab molecules and ivermectin has 
been reported by Hibbs and Gouaux, defining a binding site and activation mech
anism of the avermectin potentiators (PDB ID: 3RHW) [49]. A representation of 
the ion channel in its proposed open conformation is shown in Figure 12.3, with 
one ivermectin‐binding pocket highlighted in yellow.

Despite the favorable distinction and high parasiticide selectivity for inverte
brates, the complex scaffold of the macrocyclic lactones constrains further exten
sive and profitable derivatization and optimization of this compound class. 

M1 M2 M3 M4
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M4′

M1′
M2′

Cl−

Cl−
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Intracellular

(a) (b)

Figure 12.1 Schematic representation of the transmembrane domain of a ligand‐gated 
chloride channel. (a) Four transmembrane helices (M1–M4) that make up one subunit are 
depicted with their connecting loops. (b) Arrangement of the transmembrane subunits to form 
a pentameric ion channel with M2 Cl− helices (orange) lining the pore, M1 and M3 linking the 
adjacent subunits, and M4 facing the outside of the pore. Helices M3′ and M4′ of the foremost 
subunit have been omitted for clarity. The composition of helices is illustrated for only three of 
the five subunits.
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Coupled with the emerging resistance toward GABA blockers, this constraint 
makes the development of novel modulators of ligand‐gated chloride channels 
pressing. However, a new innovative substrate class has been developed over 
recent years with an intriguing activity profile.

 Isoxazoline Mode of Action and Binding Site

A dose‐dependent inhibition of GABACls in D. melanogaster by afoxolaner 
was observed in electrophysiology studies with an IC50 value of 3.7 nM and no 
detectable cross‐resistance effect [29]. Similarly, electrophysiology studies on 
CysLGCCs of Musca domestica confirmed the efficient inhibition of agonist‐
induced currents in GABACls and GluCls by fluralaner, with IC50 values of 5 and 
80 nM, respectively, identifying the GABA receptor as the more sensitive of the 
two [27]. In addition, it retains its potency even in the dlr mutant of the M. domes-
tica chloride channel (A299S). In comparison with fipronil, both isoxazoline 

(a)

(b)

(c)

Extracellular

Intracellular

Figure 12.2 Homology model of GABACl in a proposed closed form. Sequences of Erwinia 
chrysanthemi GABACl and dlr‐GABACl of Ctenocephalides felis were aligned using the BLAST 
algorithm, and final modeling was performed with the MOE software package [41]. The five 
individual subunits are shaded in different colors. The Cys loop of one subunit is highlighted in 
light green (light‐green arrows), the resistance‐inducing mutation in dark green (dark‐green 
arrow). (a) Protein shown parallel to membrane; horizontal gray bars indicate membrane 
boundaries. (b) View along the channel pore axis from the extracellular side, with M2 helices 
visible as the inner pore lining. (c) View along the channel pore axis from the intracellular side, 
with resistance‐inducing residue (red dot) highlighted with a red arrow.
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derivatives exhibit markedly higher potency toward GABACls, emphasizing the 
crucial advancement relative of the aforementioned parasiticides achieved and 
reviving the susceptibility of CysLGCCs as valid drug targets.

In initial assays on housefly head membrane to elucidate the binding site of 
isoxazoline derivatives, fluralaner successfully impeded [3H]EBOB binding at 
subnanomolar concentrations in a manner similar to known antagonists [27]. 
Ensuing comprehensive evaluation of the specific binding site in housefly head 
membrane revealed avermectin analogs as effective inhibitors of radiolabeled[3H]
fluralaner binding; however, poor displacement by antagonists such as fipronil 
was detected [50]. The isoxazoline consequently addresses a binding site 
reasonably distinct from that of CysLGCCl blockers and is closely associated 
with that of activators, despite being a potent chloride channel blocker. Casida 
et al. summarized this unique sensitivity profile in a comparative binding site 
study with various radiolabeled ligands including [3H]fluralaner, [3H]EBOB, 

(a)

(b)

(c)

Extracellular

Intracellular

Figure 12.3 GluCl crystal structure of C. elegans represented in an activated, open‐channel 
state. These images are based on an original X‐ray crystallographic structure (PDB ID: 3RHW) 
[49] and were produced with the MOE software package [41]. Fab molecules are omitted for 
clarity. The five individual subunits are shaded in different colors. The surface of one ivermectin‐
binding pocket is highlighted in yellow. The Cys loop of one subunit is highlighted in light 
green (light‐green arrows). (a) Protein parallel to membrane, horizontal gray bars indicate 
membrane boundaries. (b) View along the channel pore axis from the extracellular side, with 
M2 helices visible as the inner pore lining. (c) View along channel pore axis from the 
intracellular side.

Figure 12.4 Schematic representation of CysLGCCs in a sectional view with only three units 
of the pentameric transmembrane region depicted for clarity. Positioning of isoxazolines 
is putative.

Color Fig. 12.4
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and avermectin B1a ([3H]AVE) (Table 12.3) [51]. It highlights the exceptional 
activity of isoxazolines and their distinct target site. Notably, this also implies 
the absence of common features that might lead to the appearance of cross‐
resistance and supports the previously reported observations in rdl mutants. No 
clear assignment of an isoxazoline‐binding pocket by X‐ray crystallography or 
other methods has yet been reported. However, based on the evidence provided 
by the aforementioned binding studies, an interaction with the helical subunits 
of the transmembrane domain in CysLGCCs between the identified agonist and 
antagonist sites is conceivable. In comparison, parasiticide‐binding regions of 
GABA blockers and ivermectin relative to each other are depicted in a sche
matic illustration of a CysLGCC (Figure 12.4). Further in‐depth research is 
required to fully elucidate the inhibition site and mechanism of the novel isoxa
zoline compound class.

Extracellular

Ivermectin

Dieldrin

Fipronil

Isoxazolines

Intracellular

Figure 12.4 Schematic representation of CysLGCCs in a sectional view with only three units 
of the pentameric transmembrane region depicted for clarity. Positioning of isoxazolines 
is putative.

Color Fig. 12.4
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 Selectivity and Safety Profile

The ectoparasitic activity of the novel isoxazoline chemotype was evaluated in 
a series of studies against prominent flea and tick species, such as C. felis, 
D. variablis, and R. microplus, as well as other pests including an assortment of 
flies and mosquitoes [27, 33, 52, 53]. Identification, cloning, and functional 
expression of GABA‐ and glutamate‐receptor genes of R. microplus in addition 
to the expression of rdl and susceptible C. felis and D. melanogaster GABA 
receptors have sparked the development of on‐target assays, and a comprehen
sive exploration of the chloride channel inhibiting qualities relative to relevant 
representative parasiticides ensued [33]. Accordingly, a plethora of studies ver
ify the superiority of the new chemotype, emphasizing the advanced potency 
over fipronil, dieldrin, and other GABACl antagonists in arthropods. In a direct 
comparison, the corresponding GluCls are effectively impeded in their activity, 
but show less sensitivity than GABACls, inferring a clear preference in the tar
geted receptors. Mammalian chloride channels, as in rat brain membrane, 
showed no significant response to isoxazoline ectoparasiticides in binding 
assays [27].

Critically, [3H]EBOB binding in recombinant human GABACl β3 homopen
tamers, which represent an appropriate model for the analysis of toxicity by 
 displaying generally high sensitivity toward the standard GABAergic antiparasitic 
agents, remained equally unaffected [51]. In this regard, a high level of specificity 
for arthropods had been accomplished, justifying the renewed interest in 
CysLGCCs as antiparasitic drug targets. Fipronil, on the other hand, exhibits 
less pronounced selectivity against the mammalian GABACls, with IC50 values 
of 800 and 3.4 nM in rat brain membrane and the human β3 homopentamer, 
respectively [51].

Table 12.3 Ectoparasiticide activity (IC50 (nM)) in binding assays on M. domestica head 
membrane.a)

Radioligand Fluralaner AVEb) Fipronil References

[3H]fluralaner 0.4 3 PI [50]

[3H]EBOBb) ∼40 I ∼40 [51]

[3H]AVEc) PI 20 NI [51]

a) I, inhibition; PI, poor inhibition; and NI, no inhibition.
b)  4′‐Ethynyl‐4‐n‐propylbicycloorthocarboxylate. Fipronil showed no significant association to 

the isoxazoline‐ or avermectin‐binding sites, setting it apart from the other two insecticide 
classes. AVE seems to have a modulating effect on the isoxazoline‐binding site, as [3H]
fluralaner is displaced; however, fluralaner has only poor activity on [3H]AVE. All three 
ectoparasiticides displace the more general [3H]EBOB ligand to various degrees, with AVE 
showing the least activity. The overview is compiled from studies reported by Casida and 
coworkers [50, 51].

c) Avermectin B1a.
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 Isoxazoline Derivatives: Continuous Exploration of the Novel Chemotype

The introduction of isoxazoline derivatives has shown impressive results con
cerning the selective inhibition of insect and acarid GABACls and GluCls. 
Moreover, a novel binding site is key to the innovative activity profile, which 
bypasses the critical cross‐resistance observed in other noncompetitive antago
nists [51]. With regard to the disclosed isoxazoline selectivity and activity quali
ties, research is continuously striving to explore the full potential. As such, 
DuPont researchers reported on isoxazoline derivatives for agricultural applica
tions with small N ‐heterocycles as substitutes for the carboxamide side chain 
[28]. Structurally reminiscent of the phenylpyrazole fipronil, a range of thus gen
erated compounds exhibit parasiticidal activity against a variety of pests. In addi
tion, one representative was found to efficiently block GABA‐induced currents in 
both wild‐type and dlr mutant receptors of D. melanogaster [28].

Two other isoxazoline‐related compounds have been registered by leading 
pharmaceutical companies as antiparasitic agents, with the INNs lotilaner [35] 
by Novartis AH, now Elanco, and sarolaner [36] by Zoetis (Table 12.2, Chapter 15). 
Both introduce heterocycles as modifications to the phenyl isoxazoline core and 
adjust the substitution pattern on the terminal phenyl moiety. On September 11, 
2015, Zoetis Belgium SA received a positive opinion from the European 
Medicines Agency and its Committee for Medicinal Products for Veterinary Use, 
recommending the granting of a marketing authorization for the veterinary 
medicinal product Simparica chewable tablets  –  active ingredient sarolaner 
– intended for the treatment of tick, flea, and mange mite infestations in dogs 
[54]. In contrast to NexGard and Bravecto, which represent racemates of afox
olaner and fluralaner, respectively, Simparica represents only the bio logically 
active S enantiomer of sarolaner [55, 56]. Searching the patent literature revealed 
numerous additional isoxazoline‐related data and filings coming out of crop sci
ence and animal health [57, 58], including isothiazoline compounds (O replaced 
by S in the name giving ring) [59]. The interest in and research on isoxazolines as 
effective ectoparasiticides are therefore still unbroken and the high potency in 
GABACl and GluCls coupled with the encouraging safety profile is an attractive 
portfolio to justify further investigations.

 Conclusions

Acarid and insect ectoparasites such as ticks and fleas pose a serious problem in 
the agricultural and veterinary sector, as they elicit a severe derogatory effect on 
crop yield and animal health and welfare. The development of potent antiparasiti
cides is therefore not only essential but also urgent.

Ligand‐gated chloride channels have been prominent targets in the battle 
against these parasitic species; however, the emerging resistance against various 
chemotypes, subsequent potency depletion, and slow advancement in this 
research area have raised concerns over the sustainability of those targets. The 
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outlined recent examples of novel isoxazoline derivatives as potent insecticides 
mark an inflection point in this development, resurrecting GABA and GluCls 
as valid drug targets and reviving research interest. Notably, comprehensive 
exploration and evaluation have led to the development of noncompetitive antag
onists with activities as low as subnanomolar against a range of insect and acarid 
pests while exhibiting low inhibition toward the mammalian GABACl analogs. 
Unprecedentedly, the isoxazoline blockers were shown to circumvent cross‐
resistance by addressing a distinct new binding pocket in the chloride channels, 
setting the stage for an innovative new approach to tackling ectoparasitic infesta
tions. Until now, this progress has culminated in the approval of three orally 
administered veterinary products: NexGard, Bravecto, and Simparica against 
ectoparasites on dogs [26, 31, 36]. In addition, combination products such as 
NexGard Spectra, which combines the ectoparasiticide afoxolaner and the endo
parasiticide milbemycin oxime, have been launched [54]. In view of these devel
opments, further derivatives and combinations are certainly in the pipeline to 
fully explore the isoxazoline scaffold’s potential. Notably, although this compound 
class originates from research in crop science, it was first marketed in the veteri
nary sector, and no product for the crop science market has been released yet. 
Similar to other compounds that were initially launched with a veterinary parasi
tology application, for example, benzimidazoles, praziquantel, ivermectin [60], 
isoxazolines seem to have the potential to enter the human‐host parasitology 
applications as well, preventing extensive feeding or blood meals by insects, 
mites, lice, and ticks. If so, isoxazolines might be able to impede arthropod‐borne 
diseases such as Lyme disease, tick‐borne encephalitis, or even neglected tropical 
diseases such as human African trypanosomiasis (sleeping sickness), leishmania
sis, and malaria, for which respective claims have already been made in the patent 
literature [26, 31, 35, 36, 57, 58]. However, for the time being, the question remains 
open as to how fast systemic isoxazolines act on the different feeding parasites. It 
would require the ectoparasite to fall off the host before the disease‐causing agent 
is transmitted, which could be, depending on the parasite and disease, a challeng
ing goal to achieve.
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 Introduction

Afoxolaner (1) is a new naphthalene isoxazoline with excellent effectiveness 
against fleas and ticks by both topical and oral treatment (Figure 13.1) [1, 2]. 
Studies on the mode of action demonstrate that it is a potent inhibitor of the 
GABA‐gated chloride channel but importantly lacks cross resistance with 
cyclodienes.

Flea control in companion animals has largely been achieved by topical appli-
cation of fipronil and imidacloprid since the mid 1990s, and spinosad has been 
demonstrated to have utility as an oral drug for fleas. However, we judged that 
there remained space in this market for a broadly active, long‐lasting, safe oral 
treatment, especially with a new mode or new site of action, for control of both 
fleas and ticks. Furthermore, previous flea and tick control agents have often 
derived from insecticide research for agricultural uses, in which the active ingre-
dient was initially developed for crop protection applications before develop-
ment of the veterinary utility. When DuPont initiated a program to evaluate 
compounds from our internal collection for flea and tick control, isoxazoline 
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The discovery and optimization of a new class of naphthalene isoxazolines led to 
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ness against fleas and ticks by both topical and oral treatments. The compound is 
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observed cyclodiene cross‐resistance.
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insecticides were an early discovery research program. Optimization of proper-
ties for veterinary utility at this stage afforded a unique opportunity to alter the 
attributes of this chemo‐type, and discover a new compound optimized as an 
orally available antiparasitic drug, effective on both fleas and ticks, with a long 
duration of action and safety to host animals, rather than accepting compromises 
that might be present with an existing agricultural agent.

Isoxazoline insecticides, such as Nissan compound 2 (Scheme 13.1), were dis-
covered by Mita et al. [3]. These compounds are characterized by broad‐ 
spectrum insecticidal activity spanning both agricultural and veterinary utility, 
particularly useful as ectoparasiticides. While the agricultural utility has not yet 
been realized, this class has been shown to be useful for the treatment of fleas 
and ticks on dogs.

The unique chemical features of 2 were attractive. The trifluoromethyl sub-
stituent and 3,5‐disubstituted aryl group at the 4‐position of the isoxazoline, as 
well as the carboxamide group, appeared to be crucial for activity. In the course of 
our work in this area, we identified several leads shown in Scheme 13.1, including 
the 3‐cyano‐4‐triazole of formula 3a, the pyrimidine of formula 3b, and the naph-
thalene of formula 4, all of which were found to be effective in a cat flea artificial 
membrane feeding assay (MFA). Further optimization pointed to some of our 
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Scheme 13.1 Lead compounds in the discovery of afoxolaner.



Development of ChemicallBiological StructurelActivity Relationships  261

best analogs as belonging to the naphthalene class. We herein describe the opti-
mization of the naphthalene chemistry as well as mechanistic studies leading to 
the discovery of afoxolaner.

 Development of Chemical–Biological Structure–Activity Relationships

The synthesis of lead compound DD‐01 (4) was accomplished as outlined in 
Scheme 13.2. Mono‐lithiation of 1,4‐dibromonaphthalene with 1.05 equivalents 
of n‐butyllithium followed by addition of dimethylformamide (DMF) afforded 
aldehyde 6 in 70% yield. Treatment of 6 with hydroxylamine afforded oxime 7. 
The chlorooxime of 7 was generated in situ by treatment with N‐chlorosuccinim-
ide, and subsequently reacted with trifluoromethyl styrene 8 in a base‐moderated 
3 + 2 cycloaddition to afford isoxazoline 9 in an overall yield of 64% for the three 
steps. Palladium‐catalyzed carbonylation and trapping with trifluoroethylamine 
produced isoxazoline carboxamide 4 (DD‐01) in 56% yield. Carboxamides DD‐02 
through DD‐17 of Table 13.1 were prepared in an analogous manner.

Initial evaluation of naphthalene isoxazolines was done by two primary meth-
ods. Inherent potency of compounds was determined in an artificial MFA in 
which the test substance was diluted in citrated bovine blood and made available 
for cat fleas to feed upon through a thin membrane. Testing at concentrations of 
30, 15, and 3 parts per million (ppm) was used initially, and then compounds 
showing activity at the lowest rate were titrated to their lowest effective dose in 
a second round of testing. The MFA data are shown in Table 13.1, with values 
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Scheme 13.2 Synthesis of 4. (a) nBuLi, DMF, THF; (b) NH2OH, EtOH; (c) NCS, Et3N, DMF; (d) CO, 
PdCl2dppf, NH2CH2CF3, toluene.
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indicating the concentration in ppm that provided >95% control of fleas, assessed 
72 h after exposure.

Compounds advanced to secondary testing in the MFA were also evaluated in 
a live mouse assay, in which compounds were formulated and dosed at 10 mg/kg 
(mpk) by oral gavage (OG) to the test animals, and the mice were then exposed to 

Table 13.1 Membrane feeding and oral gavage results for monoamide naphthalene 
isoxazolines on fleas.

R1

F3C

Cl

Cl

H
N

O

O N

Compound R1 MFAa) OGb)

DD‐01 CH2CF3 0.31 86% 2 h

DD‐02 Et 0.62 67% 6 h

DD‐03 iPr 0.31 17% 2 h

DD‐04 s‐Bu 0.08 42% 2 h

DD‐05 Allyl 0.16 91% 6 h

DD‐06 Propargyl 0.16 27% 2 h

DD‐07 CH2Ph 0.31 Not tested

DD‐08 CH2CH2OMe 0.31 92% 24 h

DD‐09 CH2CN 0.15 15% 2 h

DD‐10 CH2CH2SCH3 0.08 58% 24 h

DD‐11 CH2CH2S(O)CH3 0.04 62% 48 h

DD‐12 CH2CH2S(O)2CH3 0.04 67% 48 h

DD‐13 CH2CH2CH2SCH3 0.08 33% 24 h

DD‐14 CH(Me)CH2SCH3 0.02 42% 48 h

DD‐15 (rac)c) CH(Me)CH2SCH3 (R) No data 92% 24 h

DD‐16 (R)c) CH(Me)CH2SCH3 (R) No data Inactive

DD‐17 (S)c) CH(Me)CH2SCH3 (R) No data 88% 72 h

a)  Membrane feeding assay (MFA) values indicate the concentration in parts per million that 
provided >95% control of fleas 72 h after exposure.

b) Oral gavage (OG) assay values indicate the percentage of control at the feeding time point shown.
c)  Stereochemistry designated with compound number is that of the isoxazoline 5‐position (CF3 

attachment).
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cat fleas (Ctenocephalides felis). Fleas ingested a blood meal from treated mice at 
a series of time points (2 h, 6 h, 24 h, 48 h, etc.), and the exposed fleas were held 
and evaluated after 48 h to observe mortality and sublethal effects of each test 
compound. This was done in consideration that fleas intoxicated but not yet 
killed by the drug could be more easily groomed off by a treated animal, thus 
achieving effective real‐life control even at sublethal doses. Results of this testing 
are shown in Table 13.1, as OG for administration by OG, with data expressed as 
total percent mortality (%M) at a time point. Mortality was generally >95% for 
earlier feeding time points than those in the table.

Blood samples were also collected at periodic intervals via the mouse tail vein 
for chemical analysis of serum concentration of test substances to determine a 
time course profile for all substances tested in the oral assay. Thus, data on inher-
ent potency, duration of action, and pharmacokinetics after oral administration 
were obtained from the earliest stages of the program. For compounds of high 
interest, additional testing in mice was performed at doses up to 50 mpk to evalu-
ate the effect on duration of action at higher doses, as well as to provide an initial 
assessment of mammalian safety. No adverse effects were observed on mice for 
any of the compounds tested.

One of the first compounds evaluated from this area of chemistry, compound 
DD‐01, showed inherent activity at 0.31 ppm in the MFA, with modest efficacy 
via OG. However, chemical analysis of blood concentration showed a low, but 
long, duration of exposure. This key feature attracted further testing of analogous 
naphthalene isoxazolines, as the class already demonstrated a key attribute for 
the desired application to animal health care. As might be expected, the data in 
Table 13.1 show that duration of action in the mouse assay did not track directly 
with inherent potency, as oral bioavailability, dependent upon multiple ADME 
(absorption, distribution, metabolism, and excretion) properties, is generally 
more complex than simple differences of inherent potency.

Various amide substitution patterns were interesting for the combination of 
their inherent potency and improved oral activity. As seen in Table 13.1, the pres-
ence of non‐carbon elements such as oxygen (DD‐08) and especially sulfur in 
various oxidation states (DD‐10 through DD‐14, DD‐15, DD‐17) correlated with 
enhanced activity in both the MFA and the in vivo mouse assay.

The presence of an additional amide group indicated by the compounds pre-
pared in Scheme 13.3, such as by inclusion of amino acid amides as a heteroatom‐
containing group, appeared particularly promising, as shown in Table 13.2. This 
feature made possible the exploration of different amino acid side chains as well 
as a diverse set of substitution patterns on the terminal amide nitrogen. A number 
of combinations of alkyl and haloalkyl groups at these positions afforded highly 
active compounds in the flea assays, with compounds containing the trifluoroeth-
ylamino group (DD‐23, DD‐25) showing especially high potency.

Diamide derivatives of glycine and alanine (Table 13.2) along with a variety 
of  aryl substituents R4 (Table 13.3), were generally prepared as shown in 
Scheme 13.3. Cycloaddition of substituted trifluoromethyl styrenes of formula 
10 with oxime 7 provided naphthalene isoxazolines 11. Palladium‐catalyzed 
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Table 13.2 Membrane feeding and oral gavage results for diamide naphthalene isoxazolines 
on fleas.

R3

R2

F3C

Cl

Cl

H
N

N
H

O

O

O

N

Compound R3 R2 MFAa) OGb)

DD‐18 H Et 0.08 100% 6 h

DD‐19 H iPr 0.04 81% 24 h

DD‐20 H CH2cPr 0.08 54% 6 h

DD‐21 H iBu 0.08 29% 2 h

DD‐22 H tBu <3 69% 2 h

DD‐23 H CH2CF3 0.04 100% 24 h

DD‐24 Me (S) CH2CF3 0.62 Inactive

DD‐25 Me (R) CH2CF3 0.04 80% 48 h

DD‐26 (S) H CH2CF3 No data 79% 48 h

DD‐27 (R) H CH2CF3 No data 8% 48 h

a)  Membrane feeding assay (MFA) values indicate the concentration in parts per million that 
provided >95% control of fleas 72 h after exposure.

b) Oral gavage (OG) assay values indicate the percentage of control at the time point shown.
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carbonylation and trapping with glycine and alanine methyl esters afforded 
amides 12, which were readily converted to diamides 14 by hydrolysis to acid 
13 followed by typical amide coupling reactions.

To determine the absolute configuration and activity associated with chirality 
at the isoxazoline asymmetric center, the diastereomers DD‐16 and DD‐17 were 
prepared as shown in Scheme 13.4. Palladium‐catalyzed carbonylation of 9, 
followed by treatment with methanol, afforded the methyl ester. Subsequent 
hydrolysis with lithium hydroxide in THF/H2O (1 : 1) and neutralization afforded 
carboxylic acid 15 in 85% yield. Acid 15 was treated with oxalyl chloride and then 
reacted with (R)‐1‐(methylthio)propan‐2‐amine to afford a mixture of diastere-
omers 16, which were separated by chiral column chromatography to afford the 
(R,R) and (S,R) diastereomers DD‐16 and DD‐17 respectively, as determined by 
X‐ray diffraction of DD‐16. Activity was determined to largely reside in the (S,R) 
enantiomer DD‐17. Of particular note was the determination that the active con-
figuration at the isoxazoline asymmetric center was the S enantiomer.

Table 13.3 Membrane feeding and oral gavage results for diamide naphthalene isoxazolines 
on fleas.

F3C

CF3

(R4)n

H
N

N
HO

O

O

N

Compound (R4)n MFAa) OGb)

DD‐28 F 3 Inactive

DD‐29 Br 0.04 67% 2 h

DD‐30 CF3 3 74% 24 h

DD‐31 OCF3 0.3 86% 6 h

DD‐32 3,5‐di‐F 0.62 Inactive

DD‐33 3,5‐di‐Br 0.04 100% 24 h

DD‐34 3,5‐di‐CF3 0.04 60% 96 h

DD‐35 3‐F‐5‐CF3 0.3 75% 24 h

DD‐36 3‐Cl‐5‐CF3 0.02 83% 72 h

DD‐37 3‐Br‐5‐CF3 0.04 77% 48 h

DD‐38 3‐Cl‐5‐OCF3 0.16 79% 72 h

a)  Membrane feeding assay (MFA) values indicate the concentration in parts per million that 
provided >95% control of fleas 72 h after exposure.

b) Oral gavage (OG) assay values indicate the percentage of control at the time point shown.
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Early testing of a few compounds in the area demonstrated the potential for tick 
control with this class of chemistry. A key attribute desired for the veterinary 
market was to have activity on ticks at an effective dose similar to that used for 
fleas so that any potential candidate for development could satisfy the market 
need for control of both through oral administration at an acceptable dosage 
while retaining a high safety margin for the treated animal. Thus, evaluation of 
tick activity in a rat model was pursued for a group of compounds showing high 
efficacy in the mouse/flea assay for a final round of optimization. This work 
focused on fine‐tuning the properties of analogs through a combination of 
substituent changes on the terminal phenyl group adjoining the trifluoromethyl 
isoxazoline, alpha‐amino acid side chains and amide substituent groups.

This final round of analogs allowed us to identify the best combination of sub-
stituents for optimal potency, duration of control, and similar dosage for both 
fleas and ticks, with safety upon oral administration, balanced against any poten-
tial issues of molecular complexity, cost, and other manufacturing considera-
tions. To assess efficacy, rats were treated by OG, but this time at three doses of 
0.6, 0.3, and 0.15 mpk, and the treated animals were exposed to ticks for 72 h. 
Evaluation of tick mortality provided the results summarized in Table 13.4. All 
compounds demonstrated excellent activity, with compound DD‐36 showing 
the highest levels of control. Compound DD‐36 (afoxolaner) was advanced for 
development based on the combination of this outstanding flea and tick control 
coupled with the desired combination of additional attributes.

 Mode of Action

Previously we demonstrated that similar isoxazolines having a triazole and an 
ortho‐cyano group on the aryl ring had potent insecticidal properties [4]. 
Pyridine isoxazoline 22 (CPD I) containing the cyano and triazole substituents 
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Scheme 13.4 Synthesis of DD‐16 and DD‐17. (a) CO, PdCl2dppf, MeOH, Et3N, toluene; (b) LiOH, 
THF/H2O then HCl; (c) oxalyl chloride; (d) (R)‐1‐(methylthio)propan‐2‐amine, Et3N, CH2Cl2; 
(e) HPLC separation of diastereomers by chiral OJ‐RH column with MeOH/CH3CN as eluent
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was thus useful for mode of action studies owing to its higher water solubility 
compared with naphthalene analogs. Compound 22 was prepared as outlined in 
Scheme 13.5. Pyridylboronic acid 17 was coupled with 1,1,1‐trifluoro‐2‐bromo-
propene using palladium catalysis to afford trifluoropropenylpyridine 18 in 50% 
yield. A 3 + 2 cycloaddition with oxime 20 afforded isoxazoline 21 in 26% yield. 
Addition of triazole in the presence of potassium carbonate as base afforded 
cyano triazole 22 in 93% yield.

Physiological and biochemical studies were then conducted to elucidate 
the  insecticidal mode of action. Poisoning symptoms in American cockroach, 
Periplaneta americana, included periodic wing fluttering, incoordination and leg 
tremors, indicative of action at a neuronal target site. Among insects, the primary 
excitatory and inhibitory neurotransmitter receptors are nicotinic acetylcholine 
receptors (nAChRs) and GABA‐gated chloride channels (GABA‐Cls), respec-
tively. The isoxazoline insecticide 22 (CPD I) potently inhibited GABA‐Cl cur-
rents of isolated cockroach neurons with an IC50 value of 10.8 nM (Figure 13.2) 
while lacking significant activity against cockroach nAChRs [2, 5]. A strong cor-
relation between GABA‐Cl inhibition and cockroach injection toxicity for a series 

Table 13.4 Tick control by oral gavage.

F3C

(R4)n

H
N

O

O N

R3

R2
N
H

O

Compound (R4)n R3 R2 Tick OGa)

DD‐23 3,5‐diCl H CH2CF3 100% @ 0.3

DD‐34 3,5‐di‐CF3 H CH2CF3 56% @ 0.15

DD‐36 3‐Cl‐5‐CF3 H CH2CF3 100% @ 0.15

DD‐37 3‐Br‐5‐CF3 H CH2CF3 50% @ 0.15

DD‐41 3‐Cl‐5‐CF3 Me (R) Me 53% @ 0.3

DD‐42 3‐Cl‐5‐CF3 Me (R) Et 89% @ 0.3

DD‐43 3‐Cl‐5‐CF3 Me (R) iPr 100% @ 0.3

DD‐44 3‐Cl‐5‐CF3 Me (R) CH2CF3 84% @ 0.6

DD‐45 3‐Cl‐5‐CF3 H Me 53% @ 0.3

DD‐46 3‐Cl‐5‐CF3 H cPr 68% @ 0.3

a)  Tick oral gavage (OG) assay indicates the percentage of control of ticks at a given dose (mpk) by 
oral gavage in rats 72 h post‐treatment.
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Scheme 13.5 Synthesis of 22. (a) Pd(PPh3)4, 4 N KOH, THF/DME, 80 °C; (b) CuCN, NMP 150 °C 
15 h; (c) NH2OH, EtOH, rt, 3 h; (d) NaOCl, THF, 0 °C to rt, 30 min; (e) triazole, K2CO3, CH3CN, 
80 °C, 18 h.
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Figure 13.2 CPD I (22) inhibits GABA‐gated currents in American cockroach, P. americana, 
neurons. Dissociated neurons were clamped at a holding potential of −60 mV and repeatedly 
stimulated with pulses of 100 μM GABA (inset, solid trace). Perfusion of CPD I (22) inhibited the 
GABA response (inset, dashed trace) in a dose‐dependent manner with an IC50 = 10.8 nM. 
Following prolonged saline rinse, a partial recovery of the GABA response (inset, dotted trace) 
was observed. (Reproduced with permission from Shoop et al. [2]. Copyright 2014, Elsevier.)
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of isoxazolines confirmed GABA‐Cls as the target of this insecticide class. 
Independently, Ozoe et al., reported the Nissan isoxazoline, A1433, to be a potent 
inhibitor of ligand‐gated chloride channels [6].

Invertebrate GABA‐Cls, encoded by the rdl (resistance‐to‐dieldrin) gene, are 
the target of cyclodienes and fipronil. It has been established that a single point 
mutation (A302S) in the fruit fly (Drosophila) rdl gene confers strong and moder-
ate resistance to cyclodienes and fipronil, respectively [7, 8]. GABA‐Cls encoded 
by rdl have also been found in American dog tick, Dermacentor variabilis, and in 
cat flea, C. felis, with certain flea strains bearing the A302S mutation [9, 10], 
although the impact of these mutations on the efficacy of fipronil‐based flea and 
tick control products has not been determined. In a study of flea strains that were 
homozygous for the rdl mutation, a commercial fipronil product was fully effec-
tive; and in another study, the rdl mutation was present in most field collected 
and laboratory flea strains, but this had no discernible effect on responses to 
fipronil [11, 12]. Given that isoxazoline insecticides target GABA‐Cls, compara-
tive studies were conducted to determine if the A302S mutation confers resist-
ance to afoxolaner. When tested against Xenopus oocytes expressing the wild‐type 
Drosophila RDL channel, afoxolaner was found to have an IC50 value of 3.7 nM 
[2]. As shown in Figure 13.3, similar potency was observed with oocytes express-
ing the mutant (A302S) RDL.
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Figure 13.3 Inhibitory effect of afoxolaner, on GABA‐gated Cl− currents recorded from Xenopus 
oocytes expressing either wtRDL or A302SRDL(resistant) receptors. Oocytes were recorded using 
TEVC (two electrode voltage clamp method) with a holding potential of ‐60 mV. (Reproduced 
with permission from Shoop et al. [2]. Copyright 2014, Elsevier.)
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To further test for cyclodiene cross‐resistance, afoxolaner toxicity between 
wild‐type Drosophila and a mutant strain bearing the A302S mutation (Rdl) was 
investigated. As predicted, mutant Drosophila exhibited strong and moderate 
resistance to dieldrin and fipronil, respectively. In contrast, afoxolaner exhibited 
comparable toxicity between the two strains as shown in Figure 13.4. These 
results confirm those observed in target‐based site studies, indicating that afox-
olaner binds to the GABA‐Cl in a manner distinct from cyclodienes and phe-
nylpyrazoles. This is further supported by preliminary biochemical findings using 
a radiolabeled isoxazoline [5]. Since cyclodiene resistance among fleas and ticks 
may be associated with a homologous mutation to the Drosophila A302S, one 
could expect a similar lack of cross‐resistance between afoxolaner and cyclo-
dienes among these ectoparasites.

 Summary

Afoxolaner is a new naphthalene isoxazoline with excellent effectiveness against 
fleas and ticks by both topical and oral treatment. This compound works by 
inhibition of the GABA‐gated chloride channel, but there is no observed cross‐ 
resistance with cyclodienes. The outstanding efficacy coupled with a favorable 
pharmacokinetic and safety profile will help make afoxolaner an excellent choice 
for ectoparasiticide control in dogs.
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Figure 13.4 Contact toxicity of afoxolaner (square), fipronil (triangle), and dieldrin (circle) against 
wild‐type (Canton‐S, closed symbol) and cyclodiene‐resistant (Rdl, open symbol) strains of 
Drosophila. Mortality measurements were taken 72 h after flies were transferred to treated glass 
vials. The resistance ratio (RR) was calculated as Rdl LD50/Canton‐S LD50 for each compound.
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14
Development of Afoxolaner as a New Ectoparasiticide 
for Dogs
Laura Letendre*, Diane Larsen, and Mark Soll

Abstract

Afoxolaner was formulated as a nonmeat‐based chewable dosing form designed 
for monthly oral administration and was developed and registered as NexGard®, 
the first product to effectively control both fleas and ticks on dogs for a month 
after oral treatment. The studies conducted for the development and registration 
of NexGard and NexGard Spectra are discussed with a focus on studies to evalu
ate safety and efficacy in dogs, the target species.

The afoxolaner development program included extensive testing of efficacy 
and safety, as well as drug disposition studies to define the ADME (absorption, 
distribution, metabolism, and excretion) profile in laboratory animals and dogs. 
The relationship between drug exposure (pharmacokinetics) and the safety and 
efficacy (pharmacodynamics) of the product (PK/PD) was elucidated early in the 
program and was used to help make key decisions. Studies to define the optimal 
formulation in terms of bioavailability, palatability, safety, efficacy, and manufac
turing scale‐up were performed. Efficacy and safety studies in dogs at various 
doses were conducted to understand the full range of biological activity and ben
efits of the product for dogs and to select the most appropriate dose level. Toxicity 
studies in laboratory animals were performed to understand any risks to non
target species and to the environment. Simultaneously, NexGard Spectra®, an 
endectocide, containing afoxolaner given in a fixed combination with milbemycin 
oxime in a chewable formulation was developed to treat and control flea and tick 
infestations and intestinal nematode infections including hookworms, round
worms, and whipworms and for prevention of heartworm disease.

The NexGard development program was thorough and efficient resulting in 
proven safety and efficacy profiles and a highly acceptable oral dosage form that 
has been well accepted by veterinarians and pet owners in more than 50 countries 
around the world, and it is providing protection for millions of dogs against 
ectoparasites that threaten their health and well‐being.

* Corresponding author.
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 Introduction

Until recently, control of ectoparasites on dogs relied largely on topical applica
tion of insecticidal/acaricidal compounds. Although some agents have shown 
systemic activity, systemic efficacy has been limited to immature stages of fleas, 
and none of the topical agents provided useful activity against both fleas and 
ticks. The isoxazolines represent an interesting new class of compounds with 
useful activity against insects and acarines. Based on preliminary efficacy and 
safety information, and a novel mechanism of action [1], a naphthalene isoxazo
line, afoxolaner, was selected as the lead candidate for further development as a 
product that could provide extended efficacy against ectoparasites of dogs 
when administered orally in a palatable dosage form. Afoxolaner was formu
lated as a non‐meat‐based chewable dosing form designed for monthly oral 
administration and was developed and registered as NexGard®, the first prod
uct to effectively control both fleas and ticks on dogs for a month after oral 
treatment. The afoxolaner development program included extensive testing of 
efficacy and safety, as well as drug disposition studies to define the ADME 
(absorption, distribution, metabolism, and excretion) profile in laboratory ani
mals and dogs. The relationship between drug exposure (pharmacokinetics 
(PK)) and the safety and efficacy (pharmacodynamics (PD)) of the product (PK/
PD) was elucidated early in the program and was used to help make key deci
sions. Studies to define the optimal formulation in terms of bioavailability, pal
atability, safety, efficacy, and manufacturing scale‐up were performed. Efficacy 
and safety studies in dogs at various doses were conducted to understand the 
full range of biological activity and benefits of the product for dogs and to select 
the most appropriate dose level. Toxicity studies in laboratory animals were 
performed to understand any risks to non target species and to the environ
ment. Simultaneously, NexGard Spectra®, an endectocide, containing afox
olaner given in a fixed combination with milbemycin oxime in a chewable 
formulation, was developed to treat and control flea and tick infestations and 
intestinal nematode infections including hookworms, roundworms, and whip
worms and for prevention of heartworm disease [2]. The development program 
for NexGard Spectra was similar to that of NexGard and additionally included 
studies to establish non‐interaction of the active ingredients and efficacy against 
intestinal nematodes and heartworms.

The previous chapter described the in vitro and efficacy experiments per
formed to optimize properties of the active pharmaceutical ingredient (API) 
candidates for veterinary utility, leading to the selection of afoxolaner as the 
lead candidate with a well‐defined mode of action that demonstrated encourag
ing results for safety and efficacy [1]. The challenge for product development 
was then to confirm that these results translated into a safe and efficacious 
product for the target species (dogs and puppies), that is also safe for the pet 
caregiver, family, veterinarian, and the environment. This chapter outlines the 
studies conducted for the development and registration of NexGard and 
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NexGard Spectra with a focus on studies to evaluate safety and efficacy in dogs, 
the target species.

 Study Compliance with Regulatory Requirements

Studies performed in the early stages of development with the aim of establishing 
proof‐of‐concept efficacy and safety had fewer animals per group and used 
prototype formulations. All pivotal PK, safety, and efficacy studies in the target 
animal were conducted with the final formulation produced under current Good 
Manufacturing Process (cGMP) conditions and following appropriate regulatory 
guidelines.

Because the product was to be made available in a fixed dosage form (i.e., a 
defined size of the product for a specified weight range), it was important to 
establish the dosing bands and dose of active to be delivered for each of them. 
Establishing these bands early in development is important, as regulatory author
ities generally require testing for efficacy at the minimum dose to be provided 
within a weight band, and confirmation of safety at multiples of the highest dose 
to be provided. Table 14.1 gives the four dose bands and afoxolaner amounts in 
each NexGard beef‐flavored chew. Typically, 6–8 animals per group were used 
for pivotal studies. Pivotal PK, target animal safety, and nonclinical toxicity stud
ies were conducted under Good Laboratory Practice (GLP) guidelines. Pivotal 
efficacy studies were performed under Good Clinical Practice (GCP) guidelines. 
Other appropriate International Cooperation on Harmonisation of Technical 
Requirements for Registration of Veterinary Medicinal Products (VICH), U.S. 
Food and Drug Administration (FDA), and European Union (EU) guidelines were 
followed as applicable.

Methods to quantitate drug plasma concentrations were validated early in the 
development program in rat, cat, and dog plasma. The validated methods were 
later adapted for use with plasma samples from mice and cattle. The methods 
used 96‐well solid‐phase extraction of afoxolaner and milbemycin oxime from 
0.25 ml of canine plasma fortified with a proprietary internal standard. Plasma 

Table 14.1 Weight bands and active ingredient amounts 
in the four sizes of NexGard chewable tablets for dogs.

Dog size (kg) Afoxolaner (mg)

2–4 11.3

>4–10 28.3

>10–25 68.0

>25–50 136.0
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samples were analyzed for afoxolaner and, when appropriate, the milbemycin 
oxime A3 and A4 forms. The extracted analytes were separated by reverse‐phase 
high‐performance liquid chromatography (HPLC) and detected using AB Sciex 
and Waters quadrupole mass spectrometers. The methods have been described 
in detail [3, 4]. Repeatability (precision), accuracy, assay specificity, stability in 
plasma and all solutions, and method robustness were verified and passed the 
FDA guideline criteria for validated bioanalytical methods [5].

All animal procedures used to support studies were reviewed and approved by 
relevant Institutional Animal Care and Use Committees (IACUC), and animals 
were handled with due regard for their welfare and in compliance with all local 
and national regulatory requirements.

 Background

Fleas
The cat flea, Ctenocephalides felis, is the most common flea species infesting both 
dogs and cats worldwide [6, 7]. In addition to causing annoyance and discomfort 
to pets and their owners, fleas are associated with several diseases including flea 
bite allergy dermatitis in dogs and cats. They are the primary intermediate host of 
the tapeworm Dipylidium caninum [8, 9], can transmit murine typhus (Rickettsia 
typhi) and flea‐borne spotted fever (Rickettsia felis) [10], and have been impli
cated in the transmission of some Bartonella species such as Bartonella henselae, 
the agent of cat‐scratch disease [11].

The optimal flea control program requires the rapid elimination of established 
flea infestations while providing continued protection against infestation with 
new fleas emerging from the environment. Therefore, the desirable attributes of 
an effective flea control product include the ability to eliminate fleas quickly and 
continuously, and to prevent them from producing viable eggs that infest the 
environment.

Although the use of newer insecticides has improved flea control, treatment 
and control of flea infestations remain a major concern for pet owners and veteri
narians. New products containing compounds that are fast‐acting, long‐lasting, 
and easy‐to‐administer were needed to complement the existing products on the 
market.

Ticks
Tick control is an important concern for public health officials, pet owners, and 
veterinarians [12, 13]. Tick infestations can be a nuisance, and heavy tick infesta
tion can lead to anemia, particularly in young or small dogs. Importantly, certain 
ticks are vectors of infectious agents such as Babesia spp., Ehrilichia spp., 
Anaplasma phagocytophilum, Borrelia burgdorferi, and Rickettsia spp.

Many species of ticks are capable of infesting dogs, with the spectrum of infes
tations varying across geographies. Those of primary interest to veterinarians 
and dog owners include ticks of the genera Ixodes, Dermacentor, Rhipicephalus, 
Amblyomma, and Haemaphysalis, and thus these were the genera targeted in the 
development program of NexGard.



Dose Level and  ormulation Selection  277

 Establishing Proof of Concept in Dogs

Proof‐of‐concept studies to establish early efficacy and preliminary safety of 
afoxolaner are reported by Shoop et al. [14] and involved treating dogs with the 
compound in an oral solution. Efficacy against fleas and ticks of doses ranging 
from 1.5 to 3.5 mg/kg, the impact of prandial state on systemic afoxolaner expo
sure, and the efficacy and exposure upon repeat monthly dosing were evalu
ated. Safety was assessed in each study with dogs being periodically checked by 
a veterinarian. In addition, studies were performed at higher doses of 12.5 and 
25 mg/kg and clinical chemistry was monitored. The mean afoxolaner plasma 
concentration versus time curve following a treatment regimen of 2.5 mg of 
afoxolaner/kg given in an oral solution monthly for 5 consecutive months pro
vided drug plasma concentrations ranging from 100 to 1000 ng/ml. Steady state 
was reached by the second dose, with plasma levels not increasing further with 
multiple doses. The terminal plasma half‐life appeared ideal for a monthly 
product, and the prandial state at the time of dosing did not impact systemic 
exposure. Effectiveness against fleas was never <99%, and high levels of effec
tiveness were also shown against ticks (Dermacentor variabilis). The results 
indicated that afoxolaner was a good candidate for further research and 
development.

 Dose Level and Formulation Selection

Dose Level Selection
The objective of dose selection studies is to define a minimal therapeutic dose. 
This includes not only the dose in weight of drug/body weight but also the 
required frequency of administration. Exploratory dose characterization studies 
employing a single dose against fleas (C. felis) and ticks (D. variabilis, Rhipicephalus 
sanguineus, Amblyomma americanum, and Ixodes scapularis) were performed 
using preclinical formulations, and these studies revealed that fleas were more 
sensitive than ticks, with high levels of efficacy obtained against C. felis at all dose 
levels tested. Afoxolaner dose selection studies for ticks evaluated the effective
ness and PK over the dose range of 1.5–3.5 mg/kg in prospective chewable formu
lations. As an example, the percent efficacy as a function of dose for R. sanguineus 
is shown in Figure 14.1. Although all three dose levels administered in this study 
(1.5, 2.5, and 3.5 mg/kg) were effective for 1 month, the 1.5 mg/kg dose level pro
vided <90% efficacy on day 30, whereas the 2.5 and 3.5 mg/kg doses provided 
comparable efficacy that was >90% for the entire month. Therefore, the 2.5 mg/kg 
dose was chosen as the minimum effective dose to achieve >90% efficacy against 
R.  sanguineus for 1 month. Similar results were obtained for D. variabilis, 
A. americanum, and I. scapularis. The dose selection studies consistently showed 
that a single 2.5 mg/kg afoxolaner treatment administered in oral chewable for
mulation could effectively treat flea and tick infestations for 1 month.

During these early flea and tick efficacy studies, a direct relationship between 
afoxolaner plasma concentration and percentage of effectiveness relative to con
trol dogs was observed and modeled using a Sigmoidal Emax model. The resulting 
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afoxolaner EC90 for fleas was 23 ng/ml and the EC90 for ticks was close to 100 ng/
ml (Table 14.2). An example of the tick efficacy as a function of plasma concentra
tion is given in Figure 14.2. The single 2.5 mg/kg dose resulted in ≥100 ng/ml 
mean afoxolaner plasma concentration maintained for 1 month and correspond
ing to 100% efficacy against fleas and >95% efficacy against all the tick species 
28  days after treatment. Understanding the relationship between afoxolaner 
plasma concentration and efficacy aided in decision making and helped optimize 
the afoxolaner development program.

Safety is another important consideration when selecting the dose. Afoxolaner 
administered to dogs at the 2.5 mg/kg dose level had a large margin of safety. 
Preliminary data also indicated that repeated monthly dosing was not predicted 
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Figure 14.1 Percent efficacy of afoxolaner against  tipiceptalus sanguineus following a single 
oral treatment to dogs at 3 dose levels: 1.5, 2.5, and 3.5 mg/kg.

Table 14.2 Mean ± standard deviation of the effective concentration for 90% efficacy (EC90) 
determined using a Sigmoid Emax model for percent efficacy against  . sanguineus, D. variabilis, 
and A. americanum following oral administration of afoxolaner in a chewable formulation 
to dogs.

D. variabilis R. sanguineus A. americanum

EC90 (ng/ml) 110 ± 16 100 ± 14 117 ± 21
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to result in appreciable drug plasma accumulation, and this was later confirmed 
in multiple‐dose PK and safety studies (see subsequent text).

Based on the excellent efficacy, the PK profile and safety data obtained in the 
dose selection studies, monthly oral treatment with 2.5 mg/kg was selected as the 
appropriate dose for the afoxolaner oral chewable for dogs. Efficacy and target 
animal safety studies conducted with the final formulation in the pivotal develop
ment program subsequently confirmed the selection of this dose.

Formulation Selection
Formulation of an active ingredient in an appropriate dosage form is a critical 
step in the development of any new product. Identification of a safe and effective 
API may not always translate into an effective product if it cannot be formulated 
as an acceptable product that can be readily applied. Administration compliance 
is an especially important aspect for effective use of veterinary products, includ
ing flea and tick control products where continued suppression of new genera
tions of parasites may be required for an effective control program. Acceptability 
and palatability of oral formulations are critical attributes when establishing 
owner compliance, especially for regularly applied products such as parasiticides 
that require monthly treatments. These dosage forms should be highly palatable 
to ensure that they are voluntarily and completely consumed by the pet each 
time they are dosed. The primary goal of the program was therefore to develop a 
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highly palatable and acceptable dosage form that would be well accepted by the 
great majority of dogs, and that could deliver the target dose rapidly and effec
tively. Production of the final dosage form needs to be scalable to allow for com
mercial manufacturing, and the product should be compatible with appropriate 
packaging materials and stable, with a shelf life of at least 2 years. Early formula
tion development work involved testing for solubility, polymorphs, solvates, 
hygroscopicity, particle size, physicochemical properties, hardness (upon drying 
and over time), and compatibility with potential excipients. Long‐term stability 
of viable formulation candidates was evaluated at specified temperature and 
humidity conditions to ensure a final product shelf life of >2 years in the climates 
of all major geographical regions. Dissolution tests were performed and in vivo 
PK and efficacy tests conducted to ensure that the formulations had immediate 
release in vitro and rapid in vivo dissolution leading to rapid and complete in vivo 
absorption and fast kill of external parasites. Selected formulation candidates 
were then tested to determine acceptability to dogs. At an early stage, palatability 
was determined in a study with placebo formulations given to dogs in the home 
environment. All formulations were highly palatable, and the final NexGard 
formulation had the best palatability of all placebos. The final formulation 
candidates (including the active ingredient afoxolaner) demonstrated excellent 
palatability, similar to that of HeartGard Plus, the accepted industry gold stand
ard (unpublished data). Excellent palatability and acceptability have been con
firmed subsequently in preference tests conducted for comparison with other 
isoxazoline‐containing products [15].

In order to confirm selection of the final formulation, studies were performed 
to ensure that it could be produced at increasing levels of production up to 
the final commercial scale. Further work was conducted to ensure that the lead 
formulation and its excipients were compatible with selected primary packag
ing. Extensive testing under a range of environmental conditions confirmed 
long‐term stability.

 ADME Properties and Pharmacokinetics

ADME and PK studies were performed during the development of afoxolaner 
with the aim of supporting clinical efficacy and safety in the treated animal. These 
studies ultimately were used to fulfill the goals outlined in the EMEA (Europe, the 
Middle East and Africa) Guideline for the Conduct of Pharmacokinetic Studies in 
Target Animal Species [16], which is now undergoing revision.

Oral Pharmacokinetics in Dogs
The PK properties of afoxolaner are well characterized in dogs. The physico
chemical properties, absorption including the effect of prandial state, degree 
of proportional systemic exposure with dose, bioavailability, multiple‐dose 
kinetics, distribution, protein binding, half‐life, principal routes of elimination 
and metabolism, and lack of interaction between active ingredients were 
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determined during the research and development phases for NexGard and 
NexGard Spectra. Afoxolaner plasma concentrations were also compared 
to  efficacy and safety data to understand the therapeutic window for each 
product.

Afoxolaner is a Biopharmaceutics Classification System (BCS) Class II com
pound, characterized by high permeability and low aqueous solubility measured 
in defined laboratory cell permeability (Caco 2 and MDR‐MDCK) and solubility 
experiments, and subsequently confirmed in animals. Afoxolaner has a low 
molecular weight and is lipophilic and hydrophobic. Afoxolaner also remains 
neutrally charged over a range of physiological pH; afoxolaner is therefore 
expected to cross cell membranes freely via passive diffusion driven by a con
centration gradient and the high afoxolaner Log  P of 5.5. Absorption of BCS 
Class II compounds may depend on the rate and extent of dissolution due to the 
compounds’ low aqueous solubility. The high permeability of these compounds 
results in high bioavailability if dissolution is complete and the drug is in solu
tion. High‐permeability compounds may be eliminated primarily by metabolism 
because they readily cross membranes and access enzymes within the hepato
cytes. Lastly, high‐permeability compounds are expected to have greater distri
bution into tissues than low‐permeability compounds [17]. Afoxolaner PK 
properties follow the expectations for a BCS Class II compound [3], although 
due to high protein binding the majority of the compound does not reach hepat
ocytes and is excreted unchanged.

The absorption characteristics of afoxolaner were tested when given orally as 
a  solution and in test chew formulations, and confirmed in two GLP studies 
using the final chewable formulations for NexGard and NexGard Spectra [3, 4]. 
Afoxolaner absorption was rapid, with maximum afoxolaner plasma concentra
tions of 1655 ± 332 and 1822 ± 165 ng/ml reached between 2 and 4 h following 
administration from NexGard and NexGard Spectra, respectively. To determine 
bioavailability, the oral afoxolaner PK profile was compared to that following 
intravenous (IV) administration of afoxolaner in a polyethylene glycol (PEG)/
ethanol (8 : 2) solution at a dose rate of 1 mg afoxolaner/kg body weight. Due to 
the long terminal plasma half‐life of afoxolaner (~2 weeks), each dog could not 
serve as its own control, so the oral and IV treatments were administered to sepa
rate dogs, and the average bioavailability was determined. NexGard had an aver
age afoxolaner bioavailability of 73.9% and NexGard Spectra had an average 
afoxolaner bioavailability of 88.3%.

The effect of prandial state on NexGard absorption was investigated in several 
studies. For example, in Beagle dogs fed immediately prior to treatment, afox
olaner plasma concentrations reached a mean maximum of 1366 ± 276 ng/ml 
occurring, for most dogs, 2–24 h following treatment. Dogs that were fasted over
night and for 4 h following treatment had a similar mean maximum afoxolaner 
plasma concentration of 1453 ± 374 ng/ml occurring 2 h posttreatment. Other PK 
parameters were also comparable, including half‐life and AUCs. The prandial 
state of the dog prior to treatment does not significantly affect the PK profile of 
afoxolaner.
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The afoxolaner exposure, established by calculating Cmax, AUC0‐Tlast, and 
AUC0‐Inf, increased proportionally with dose, indicating linear PK over the range 
of 1.0–4.0 mg/kg when afoxolaner chews were dosed orally in a GLP PK/efficacy 
study with eight dogs per treatment group. Linearity was also demonstrated over 
the range of 1.0–40 mg/kg when data from a second study delivering 20 and 
40 mg/kg to five dogs per treatment group was included in the analysis. Dose 
proportionality was assessed by calculating the strength of a linear relationship 
existing between area under the curve (AUC) and dose or between Cmax and dose 
using the Power method [18].

Due to the long afoxolaner half‐life in dogs, afoxolaner plasma concentrations 
were determined for 87 days to obtain the full PK profile following treatment. The 
full afoxolaner plasma concentration versus time curve continued to follow a sin
gle exponential decay from day 2 to day 87, the last sampling time for this study, 
corresponding to a long elimination phase. The reason for the long terminal half‐
life was also investigated and is discussed below in the section on distribution, 
clearance, and protein binding.

Multiple‐dose afoxolaner kinetics were assessed in dogs following oral 
2.5 mg/kg doses of a solution administered three times at 28‐day intervals. The 
maximum afoxolaner plasma concentrations were 699 ± 315, 1150 ± 450, and 
908 ± 147 ng/ml observed at approximately 3 h after the first, second, and third 
doses, respectively. Experimental data confirmed the low accumulation with a 
ratio of AUC0‐Inf (dose #3) to AUC0‐Inf (dose #1) of approximately 1.0. The accu
mulation ratio for Cmax in this study was 1.3 (a 30% increase from dose #1 to dose 
#3). The half‐life was comparable after each of the 3‐monthly doses. These 
parameters indicate that the drug disposition processes are linear upon multiple 
dosing and that the clearance, distribution, and absorption processes are neither 
saturated nor induced during regular monthly dosing. The lack of accumulation 
upon monthly dosing was confirmed in the pivotal target animal safety studies 
wherein three doses of the final formulation were given monthly followed by 
three doses given every 2 weeks (see subsequent text).

The mean half‐life of afoxolaner administered orally at a dose rate of between 1 
and 4 mg/kg across Merial studies is 12.8 ± 5.6 days in adult Beagle and mongrel 
dogs. For the dog with the longest half‐life following monthly oral administra
tions, NexGard is predicted to have maximum afoxolaner plasma concentrations 
increasing 2.2‐fold at steady state which is reached by the sixth‐monthly dose. No 
further increases in afoxolaner plasma concentration are expected once steady 
state has been reached. Increases of 2.2‐fold do not indicate a safety concern for 
afoxolaner (see subsequent text).

The PK profile of afoxolaner following oral administration was predictable 
between dogs and comparable across all studies from which plasma was collected 
during the chewable development program, encompassing data from >145 dogs.

Distribution and Clearance of Afoxolaner in Dogs
Another goal of the afoxolaner development program was to understand the 
distribution and clearance of afoxolaner in dogs under conditions of use and 
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potential overdose conditions to ensure product safety. Information was com
piled from a number of studies to get a full understanding of underlying ADME 
properties of afoxolaner. Following the 1.0 mg/kg IV dose, the Vdss was 2.68 ± 0.55 l/
kg and the Cl was 4.95 ± 1.20 ml/h/kg. The single exponential decay of afoxolaner 
in plasma from day 2 to day 87 suggests that no special tissue depots are present 
in the dog. This is consistent with the physicochemical properties of afoxolaner 
which favor passive diffusion into and out of tissues. Active transport, if occur
ring, was not saturated under the conditions/dose levels tested. PK parameters 
were consistent across breeds (Beagle, mongrel, and Greyhound dogs) tested fol
lowing multiple dosing, and following increased dosing of up to 40 mg/kg. No 
correlation has been found between body weight or age of dog and terminal 
plasma half‐life for Beagle dogs. The Vdss indicates moderate tissue distribution 
within the range of other safe pharmaceutical drugs [19], and afoxolaner has a 
wide margin of safety with afoxolaner plasma concentrations at steady state fol
lowing multiple therapeutic doses that are at least 10 times lower than those 
tested in the NexGard target animal safety study (see subsequent text).

To learn more about hepatic clearance, metabolite identification was per
formed on plasma samples from dogs and rats following administration of 25, 30, 
or 100 mg/kg given orally as a solution. A single major metabolite, hydroxylated 
afoxolaner, was observed in both rat and dog plasma. This metabolite, an oxida
tion product formed via cytochrome P450 enzymes, is shown in Figure 14.3. The 
position of the hydroxyl group was determined using mass spectrometry.

The hepatic clearance rate for afoxolaner in dogs is much less than the hepatic 
blood flow [20] and is primarily responsible for the long half‐life of afoxolaner in 
dogs. To investigate further the factors contributing to low clearance, protein 
binding was determined via equilibrium dialysis in rat, cat, and dog plasma. 
Incubations were performed for 2.5 h at 37 °C after which the afoxolaner concen
trations were measured in the buffer and plasma compartments. Afoxolaner is 
highly bound to plasma proteins (>99%) of dogs, cats, and rats, and protein bind
ing is independent of concentration over the range of 200–10 000 ng/ml. The high 
afoxolaner protein binding (>99%) limits the amount of free drug available to dif
fuse into hepatocytes or into the kidney. The intrinsic rate of metabolism is also 
an important aspect of clearance and was measured in vitro in rat, cat, and dog 
hepatic microsomes. In all cases the half‐life in microsomes was >120 min, with 
intrinsic clearance values that were below detection in most cases and all lower 
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than 0.007 ml/min/mg of protein. In summary, clearance of afoxolaner is low due 
to high protein binding and slow intrinsic clearance in all species tested.

 Toxicology and Safety of Afoxolaner

Safety Pharmacology Profile of Afoxolaner
Early electrophysiology studies suggested that afoxolaner’s mode of action 
involved a novel, strong, and specific inhibition of insect gamma‐aminobutyric 
acid (GABA)‐gated chloride channels [14]. In situ studies suggested that central 
nervous system (CNS) and neuromuscular junction (NMJ), rather than muscle 
fibers, are the sites of action. Biochemical studies suggested a unique site of 
GABA binding for some isoxazolines relative to fipronil [21]. Off‐target receptor 
profiling was conducted in over 70 in vitro pharmacological assays, which 
included receptor, ion channel, transporter, enzyme, and second messenger tar
gets. This profiling revealed virtually no cross‐reactivity with mammalian GABA 
receptors and confirmed selectivity for insect GABA receptors and enhanced 
safety for humans. Subsequent extensive toxicity testing demonstrated that off‐
target sites were not responsible for the salient toxicity profile in rats, the most 
sensitive laboratory species (unpublished data).

To appropriately assess the safety profile of afoxolaner, and to meet regula
tory requirements, more than 20 acute and repeated toxicity studies were con
ducted in rodents, rabbits, and dogs. The acute toxicity profile was limited to 
effects on body weight and food consumption at relatively high dose levels in 
rats and rabbits. Mortality was not observed in dogs dermally administered 
upper‐limit doses of 2000 mg/kg or in rats orally administered 1000 mg/kg of 
afoxolaner. In handler safety testing, afoxolaner was neither dermally irritating 
nor a sensitizer. Similarly, in a genotoxicity test battery, afoxolaner was neither 
mutagenic (with and without S9, where S9 is the supernatant fraction of the 
liver homogenate) nor a directly acting genotoxic agent. The repeated‐dose 
toxicity profile in rats was driven by a reduction of feed intake and subsequent 
effects on body weight, leading to inanition, with effects on organ weight, and 
clinical and anatomic pathology. Similar clinical effects were observed in rab
bits. Developmental and reproductive toxicity was assessed in the rat and rab
bit. Afoxolaner was not a selective developmental or reproductive toxicant in 
these studies.

Safety in Dogs, The Target Species
In vitro cell permeability assays (Caco 2 and MDR‐MDCK) demonstrated that 
afoxolaner is not a substrate for the transporter p‐glycoprotein. This is impor
tant because a subpopulation of dogs have a mutation in the gene encoding p‐ 
glycoprotein, which results in production of a nonfunctional protein [22]. 
Phenotypically, this mutation affects absorption and elimination of substrate 
molecules. From a drug safety perspective, animals with this mutation cannot 
transport molecules that are substrates for p‐glycoprotein out of the CNS. 
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Therefore, these drugs accumulate in the CNS, resulting in signs of toxicity that 
would not be seen at the same dose in animals without this mutation.

To confirm the results of the in vitro study, doses up to 25 mg/kg (10× the target 
dose) were tested in collies known to have this mutation. The results correlated 
very well with the results of the receptor binding assay and none of the collies 
demonstrated any signs of toxicity.

The safety profile of afoxolaner was also tested in a laboratory study in 
dogs  without the p‐glycoprotein mutation, following regulatory requirements. 
NexGard was administered six times orally at a dose of 1, 3, or 5× the maximum 
exposure dose (6.3 mg/kg) in 8‐week old Beagle dogs [23]. No afoxolaner‐related 
changes were observed in growth, physical variables, clinical pathology variables, 
or tissues examined histologically. No clinically or statistically significant health 
abnormalities related to the administration of afoxolaner were observed.

Safety was also tested in client‐owned dogs at the label dose. Multisite trials 
were conducted in the United States, Europe, Australia, and Japan to evaluate 
safety of NexGard under field conditions. Afoxolaner was administered in >400 
client‐owned dogs including different breeds and ages under conditions of 
normal use. The product was shown to be safe and effective and was not associ
ated with serious adverse reactions.

 Pivotal Dose Determination, Confirmation and Field Trials

Following dose selection, and confirmation of the final formulation, a program 
including multiple studies was conducted at sites around the world to confirm 
efficacy of the product under controlled conditions employing induced infesta
tions of fleas and ticks, as well as under conditions of natural challenge in the 
field. The study design for all pivotal ectoparasite dose determination and confir
mation studies is very similar. In induced infestation studies, dogs are challenged 
with an appropriate number of fleas or ticks prior to treatment and weekly there
after. Fleas or ticks are counted and removed at an appropriate time (usually 24 h 
for fleas and 48 h for ticks) after treatment or challenge. Based on the systemic 
mode of action of afoxolaner, ticks could be counted dead or alive, free or attached, 
and the status of engorgement was included in all experiments, per the WAAVP 
(World Association for the Advancement of Veterinary Parasitology) guideline by 
Marchiondo et al. revised in 2013 [24]. Mean parasite counts for the treated dogs 
are compared to the control counts at each time point. Parasite counts were 
transformed to the natural logarithm (count +1) for calculation of geometric 
means by treatment group and percent efficacy was calculated using the for
mula  ((C − T)/C) × 100, where C = geometric mean for the control group and 
T = geometric mean for the treated group for each time point.

Dose Confirmation Studies for Fleas
Excellent efficacy was confirmed in all studies using the challenge with C. canis 
and C. felis fleas [25, 26]. In these studies, dogs were infested with approximately 
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100 fleas on days – 1, 7, 14, 21, 28, and 35. Dogs were treated on day 0 using the 
chewable tablet sizes listed in Table 14.1, so that the dose was as close as possible 
to the minimum dose of 2.5 mg/kg. Fleas were counted on day 0 (12 h posttreat
ment), and on days 1, 7, 14, 21, 28, and 35 (12 and 24 h post‐infestation). Efficacy 
at 12 h was >93% on all count days except two, and efficacy at 24 h post‐dose was 
>99.99% on all count days, confirming a high level of both curative and preventa
tive efficacy, and a rapid onset of action. Figure 14.4 shows the demonstrated 
efficacy of NexGard against fleas in one of the pivotal studies. Similar results were 
obtained in flea studies conducted on five continents during the course of the 
development program.

Two of the flea dose confirmation studies also included assessment of flea egg 
counts taken at 12 and 24 h on the same days as flea counting. Efficacy was >99.1% 
on all counting days demonstrating that, due to the rapid speed of flea kill, 
NexGard prevented fleas from laying eggs, thereby preventing development of 
further flea infestations. A single treatment therefore also provides control of new 
flea development for 5 weeks.

Flea studies were also conducted to determine the speed of flea kill following 
treatment of dogs with a preexisting flea infestation [27]. In a negative control, 
randomized block design study 80 dogs of both sexes were infested with approxi
mately 100 fleas on day – 1, and on day 0 dogs were treated with NexGard at an 
average dose of 2.5 mg/kg. Live fleas were counted and removed at 0.5, 2, 4, 8, 12, 
and 24 h after treatment in study 1 and 0.5 and 2 h after treatment in study 2. 
Results are given in Figure 14.5. NexGard starts killing fleas within 0.5 h and is 
>90% effective by 8 h posttreatment.

The results of dose determination studies demonstrated a sustained 12‐h count 
efficacy and ≥99.9% efficacy at 24‐h counts against adult C. felis for 5 weeks after 
a single administration. Similarly, studies to determine efficacy against another 
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flea species, C. canis showed ≥99% efficacy at the 24‐h count for 5 weeks after 
treatment.

Dose Confirmation Studies for Ticks
Two dose confirmation studies were conducted for each of eight tick species of 
primary interest on dogs globally. All dose confirmation studies against tick infes
tations utilized similar study designs. Beagle or mongrel dogs of both sexes were 
either treated or served as untreated controls in negative‐controlled randomized 
block design studies with 8–10 dogs per group. In all cases, the NexGard chewa
ble product was administered orally to provide an afoxolaner dose as close as 
possible to the minimum effective dose of 2.5 mg/kg. Because prandial state did 
not affect afoxolaner exposure in dogs, studies were conducted with dogs that 
were either fed prior to treatment or fasted overnight prior to treatment and fed 
4 h after treatment. Dogs were challenged with an appropriate number of ticks 
prior to treatment, and again at weekly intervals thereafter and efficacy was 
determined based on numbers of ticks recovered from treated and control dogs 
at 48 h (and in some cases 72 h) after treatment or challenge. Mean efficacies for 
tick species tested following challenge 1 month after treatment are given in 
Table 14.3.

Field Trials
While induced challenge studies help confirm efficacy and allow for use of rela
tively small numbers of animals in a trial, the real test of how the product can be 
expected to perform is obtained by conducting field trials. NexGard was also 
tested in client‐owned animals in several multicentered positive control field tri
als conducted in the United States, EU, and Japan, with similar good results at the 
end of a month following the first treatment. Male and female dogs of various 
ages (e.g., from 3 months to 16 years in the EU) and representing a variety of 
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breeds and crossbreeds were enrolled. The dogs were infested with fleas or ticks 
at the start of the study, and were randomly allocated to either a NexGard or posi
tive control treatment group. They were treated once at the start of the study (and 
monthly thereafter in the US study), and evaluated for efficacy at different inter
vals following treatment. They were maintained at home under their usual condi
tions, and no premise treatments or other flea or tick control products were 
applied. Because the dogs were infested with fleas at enrollment, it can be 
assumed that their home environment was contaminated, and that they would 
have been subject to continued re‐infestation upon returning home. NexGard 
performed as well as or better than positive control in field trials that included 
116 flea cases and 64 tick cases in the EU, 241 flea cases in the United States and 
103 flea cases and 102 tick cases in Japan. The results of the field trials are shown 
in Figure 14.6.

Additional Efficacy Studies
With strong acaricidal activity, it was expected that afoxolaner could provide use
ful activity against mites as well as ticks on dogs. Mite infestations arising from 
the mite genera Demodex, Otodectes, and Sarcoptes can cause significant skin 
lesions and compromise the health of dogs. Probe studies indicated that the sys
temic activity of afoxolaner can provide good efficacy against mange mites, 
including those that may be active deep in the skin. In a positive‐controlled study 
involving dogs diagnosed with generalized demodicosis, afoxolaner was adminis
tered at the recommended dose (at least 2.5 mg/kg) on days 0, 14, 28, and 56. 
Clinical examinations and deep skin scrapings were performed every month in 
order to evaluate the effect on mite numbers and the resolution of clinical signs. 
The percentage reductions of mite counts were 99.2%, 99.9%, and 100% on days 
28, 56, and 84, respectively, in the afoxolaner‐treated group. The skin condition 
of the dogs also improved significantly from day 28 to day 84. Mite reductions 
were significantly higher on days 28, 56, and 84 in the afoxolaner‐treated group 

Table 14.3 Mean percent efficacy against eight tick species on day 30 or 31 following treatment 
with NexGard (48‐ or 72‐h counts).

Tick species Average % efficacy References

Amblyomma americanum 98 Unpublished data

Ixodes scapularis 95 [28]

Ixodes ricinus 97 [29]

Rhipicephalus sanguineus 97 [30]

Dermacentor reticulatus 96 [29]

Dermacentor variabilis 98 [31]

Ixodes holocyclus 98 Unpublished data

Haemaphysalis longicornis 92 [32]
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compared to the positive control group, and the results of this study demon
strated that afoxolaner, given orally, was effective in treating dogs with general
ized demodicosis within a 2‐month period [33].

In a study conducted to evaluate efficacy of afoxolaner against the ear mite 
Otodectes cynotis, a single treatment provided efficacy of >98.5% by 28 days after 
treatment [34]. Another study was conducted with dogs naturally infested with 
Sarcoptes scabiei [35], and two treatments with afoxolaner at the target dose level 
on day 0 and again 28 days later eliminated mites (100% efficacy) based on evalu
ations conducted on days 28 and 56.

As indicated previously, the efficacy of afoxolaner against ticks is not only 
important because ticks are a nuisance for owners and dogs but they can also 
transmit dangerous pathogens. A serious tick‐borne pathogen affecting humans 
and dogs is B. burgdorferi, the causative organism of Lyme disease. To assess 
whether NexGard could aid in preventing transmission of pathogens by killing 
ticks before they transmit disease, a study was conducted using wild caught 
I. scapularis ticks confirmed by polymerase chain reaction (PCR) to be infected 
with B. burgdorferi [36]. Ten dogs were treated orally on day 0 at a dose near the 
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Figure 14.6 Efficacy results from NexGard field trials.
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minimum recommended dose of afoxolaner (2.5 mg/kg). Ten control dogs were 
not treated. On day 28, each dog was infested with approximately 50 adult unfed 
ticks (67% B. burgdorferi infection rate), and any remaining ticks were removed 
on day 33. To detect B. burgdorferi infection, SNAP® 4Dx® tests were performed 
on serum collected before infestation (all dogs seronegative) and on days 48, 63, 
77, and 92. The 10 dogs treated with NexGard® were protected from B. burgdor-
feri infection as they remained seronegative through the end of the study (day 92), 
while 9 of the 10 untreated control dogs were infected and became seropositive 
starting on day 48.

Another serious disease pathogen of dogs is Babesia canis, transmitted by 
D. reticulatus, which may cause severe hemolysis, leading to death. To test the 
ability of NexGard to protect dogs from B. canis, 16 dogs were infested on days 7, 
14, 21, and 28, with 50 adult D. reticulatus ticks confirmed to harbor B. canis by 
PCR. Half of the dogs were untreated, while the other half were treated with 
NexGard on day 0. B. canis was transmitted to all untreated control dogs, while 
all treated dogs remained negative until the end of the study on day 56 [37].

These additional efficacy studies demonstrate further value of the acaricidal 
effect of afoxolaner, which was shown to have extended efficacy against mange 
mites including Demodex, Sarcoptes, and Otodectes. In addition to broad activity 
against multiple species of ticks, treatment with NexGard was also shown to be 
effective against Ixodes and Dermacentor ticks soon enough after infestation of 
dogs to prevent transmission of B. burgdorferi and B. canis, respectively.

 NexGard Spectra®

NexGard Spectra chewable for dogs (approved centrally in the EU in January 
2015) is a broad‐spectrum parasiticide combination which contains afoxolaner 
(2.5 mg/kg) and milbemycin oxime (0.5 mg/kg). The product is designed to treat 
and control a wide spectrum of ectoparasites (by afoxolaner) and endoparasites 
(by milbemycin oxime) when administered at monthly intervals [2]. It is a unique 
product that targets fleas, ticks, and gastrointestinal nematodes, and is effective 
in preventing heartworm disease.

The development of NexGard Spectra was similar to that of NexGard. Dose 
confirmation studies were performed for efficacy against fleas, ticks [38], intesti
nal nematodes [39], and for the prevention of heartworm. A target animal safety 
study was also performed to ensure safety of the combination product [40], and 
field efficacy and safety studies were conducted at multiple sites in the United 
States, EU, and Japan.

In addition, studies were conducted to ensure that the compounds adminis
tered in this fixed combination did not interact with each other. Exploratory and 
GLP pivotal studies were performed with groups of dogs receiving NexGard and 
NexGard Spectra (or similar test formulations) in the same study and the PK 
parameters were compared [4]. The PK profile of afoxolaner was unchanged by 
the addition of milbemycin oxime and vice versa [4].
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 Future Direction

Following the registration of NexGard and NexGard Spectra, other uses for afox
olaner have been investigated. The dose of 2.5 mg/kg is ideal for a monthly oral 
product for dogs. The relationship between afoxolaner plasma levels and efficacy 
is well understood; and it was determined that by keeping plasma levels above 
approximately 100 ng/ml, efficacy will be maintained against fleas and ticks. This 
knowledge was used to assess the proper dose to maintain afoxolaner plasma 
concentration above 100 ng/ml for 3 months. A chewable formulation with higher 
concentrations of afoxolaner may achieve these drug plasma concentrations and 
would provide a longer acting product for veterinarians and pet owners.

Preliminary studies indicate that afoxolaner is effective in cats for protection 
against fleas and ticks and in cattle against Rhipicephalus (Boophilus) microplus, 
cattle ticks. Afoxolaner has shown a long duration of action from immediate 
release formulations in all species tested to date.

 Conclusions

In the development of NexGard for dogs, the behavior of the afoxolaner active 
ingredient was well understood early in the development program. This enabled 
efficient selection of dose and formulation, ensuring efficacy against the target 
parasites, and safety for dogs (the patient), the owner, veterinarian, and the envi
ronment. Because of extensive work done upfront to understand afoxolaner’s 
safety and efficacy profiles, the pivotal program could be run efficiently to dem
onstrate the required levels for efficacy for 1 month against all major flea and tick 
species and safety in use and overdose situations.

Based on its proven safety and efficacy profiles and the highly acceptable oral 
dosage form, NexGard has been well accepted by veterinarians and pet owners in 
more than 50 countries around the world, and is providing protection for millions 
of dogs against ectoparasites that threaten their health and well‐being.
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 Introduction

The canine ectoparasiticides market is very crowded, with multiple topical and 
oral products available both over the counter and by prescription; with generics 
only adding to the complexity. Despite this, there was a gap in the market for 
more effective, broader spectrum, oral ectoparasiticides [1], which was filled by 
the orally administered novel ectoparasiticidal isoxazoline class [2–4], with the 
initial entries, afoxolaner and fluralaner, leveraged from crop protection research 
and discussed in more detail elsewhere in this book. In 2009, Zoetis initiated a 
program to design an isoxazoline molecule specifically targeting the drug proper-
ties required for a veterinary ectoparasiticide (parasite spectrum, potency, dura-
tion of activity, and safety), which would demonstrate advantages over older 
isoxazolines (see section titled “Comparative Flea and Tick Efficacy”), and a lead 
optimization program was initiated. Achieving high efficacy via oral administra-
tion is anticipated to increase pet owner compliance by removing the difficul-
ties of administering topical products, and eliminating the need to temporarily 
isolate treated animals from children and other pets required with some topical 
products.

Discovery, Development, and Commercialization 
of Sarolaner (Simparica®), A Novel Oral Isoxazoline 
Ectoparasiticide for Dogs
Debra J. Woods* and Tom L. McTier

Abstract

In this chapter, we discuss the focused efforts by Zoetis scientists to discover and 
develop a novel isoxazoline, sarolaner (Simparica®1), expressly for use in compan-
ion animals; highlighting this important advance in the effective treatment and 
control of ectoparasites on dogs.

* Corresponding author.
1 SIMPARICA is a trademark or registered trademark of Zoetis Services LLC in the United States and 
other countries.
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 Discovery of Sarolaner

Zoetis medicinal chemists synthesized over 3000 isoxazoline compounds, which 
were then evaluated by the parasitology team to build an understanding of the 
structure–activity relationships of the compounds in the Zoetis isoxazoline 
library. This led ultimately to the identification of sarolaner (Figure 15.1) as the 
primary candidate for product development [4, 5]. The molecule was optimized 
specifically for potency against a broad spectrum of ectoparasites, enhanced 
duration of exposure, and safety in the dog. A 4‐substituted fluorine attachment 
to the 3,5‐dichlorophenyl head unit provided outstanding tick potency com-
pared to 4‐hydrido‐3,5‐substituted patterns. The spiroazetidinebenzofuran linker 
moiety has not previously been described in the parasiticide literature and pro-
vides rigidity, potency, and novelty to the molecule. The final optimization gener-
ated a methylsulfonylethanone tail, which increased the polar surface area of the 
molecule, enhancing the pharmacokinetic exposure and ensuring rapid kill of 
fleas and ticks. To augment safety, the molecule was prepared as the active single 
S‐ enantiomer; with selection of the pure chiral form decreasing the potential of 
off‐target effects that may result from incorporation of the inactive enantiomer.

The screening strategy that led to the identification of sarolaner is discussed in 
detail in the paper by McTier et al. (2016) [4]. Efficacy screening was conducted 
initially in an in vitro membrane feeding assay against the cat flea, Ctenocephalides 
felis felis. Active hits were progressed to testing in a membrane feeding assay 
against the soft tick, Ornithodoros turicata. Potent in vitro hits were then assessed 
for safety in a mouse symptomatology model and compounds with an acceptable 
rodent safety profile were progressed to target animal toleration and pharmacoki-
netic and efficacy studies in the dog. For all studies described in this chapter 
involving animals, all protocols and procedures were reviewed and approved by 
institutional animal care and use committees and all procedures were conducted 
according to state, national, or international regulations. All efficacy calculations 
are based on geometric means, unless otherwise stated.
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Figure 15.1  Structure of sarolaner (1‐(5′‐((5S)‐5‐(3,5‐dichloro‐4‐fluorophenyl)‐5‐
(trifluoromethyl)‐4,5‐dihydroisoxazol‐3‐yl)‐3′‐H‐spiro(azetidine‐3,1′‐(2) benzofuran)‐1‐yl)‐2‐
(methylsulfonyl) ethanone): (1) phenyl head group, (2) isoxazoline core, 
(3) spiroazetidinebenzofuran moiety, and (4) methylsulfonylethanone tail.
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In vitro, sarolaner was highly potent against both fleas and ticks in comparison 
to afoxalaner and fluralaner (Table 15.1), with 10‐fold increased potency against 
fleas and threefold increased potency against soft ticks. In vivo, sarolaner was 
rapidly and well absorbed following oral dosing, with a bioavailability calculated 
at >85% and a t1/2 calculated at 11–12 days; >99.9% was protein bound. Dose pro-
portionality was demonstrated in aqueous solution across doses of 1.25–5 mg/kg. 
In early mouse symptomatology testing, sarolaner showed no adverse signs asso-
ciated with isoxazoline toxicosis at 30 mg/kg. Oral administration of ≤10 mg/kg of 
sarolaner three times at 28‐day intervals to adult dogs and ≤20 mg/kg of sarolaner 
two times at 28‐day intervals to 8‐week‐old dogs was also well‐tolerated [4].

With potent in vitro activity, high exposure, a long half‐life and good toleration 
in dogs, sarolaner was then progressed to efficacy studies at an exploratory oral 
dose of 2.5 mg/kg in solution [4]. A >99.9% efficacy was observed against fleas 
(C.  felis) and excellent efficacy against three hard‐tick species, Ixodes ricinus 
(>99%), Rhipicephalus sanguineus (100%), and Dermacentor reticulatus (>98%) at 
all the time points observed through to day 35 (2, 7, 14, 21, 28, and 35 days 
post‐dosing).

Three laboratory studies were subsequently conducted [6], to determine the 
effective dose of sarolaner compared to a placebo control. In the first study, 
sarolaner was dosed in a suspension formulation at 1.25, 2.5, or 5.0 mg/kg to 
dogs infested with C. felis, R. sanguineus, and D. reticulatus, and then re‐infested 
weekly for up to 8 weeks. Sarolaner delivered 100% flea efficacy for all three 
doses at 48 h after treatment of the existing infestation and at 24 h after each 
weekly infestation for 35 days. The lowest dose had efficacy of >98% at time 
points up to day 56 and also achieved 99.7–100% control of both species of ticks 
through to day 28, at 48 h posttreatment or after re‐infestation. In the second 
study, dogs were dosed orally with sarolaner suspension formulations at 0.625, 
1.25, or 2.5 mg/kg and infested with Ixodes scapularis prior to treatment and 
weekly for 6  weeks, Amblyomma americanum (pretreatment and on day 26), 
Dermacentor variabilis (on day 33) and Amblyomma maculatum (on day 41). 
I. scapularis was the most susceptible tick species, with the lowest dose deliver-
ing >95% efficacy through day 43, at 48 h posttreatment and after re‐infestation. 
On day 35, efficacy against D. variabilis was >96% at 1.25 and 2.5 mg/kg, while 

Table 15.1 Comparative in vitro whole parasite efficacy for afoxalaner, fluralaner, and sarolaner 
fed in blood to C. felis and O. turicata (n = 3).

Compound Chemistry
Flea feed (C. felis)
LC 80 (µg/ml)

Soft tick feed (O. turicata)
LC 100 (µg/ml)

Afoxalaner (MW 625.9) Racemic 1 0.1

Fluralaner (MW 556.3) Racemic 1 0.1

Sarolaner (MW 581.4) S‐enantiomer 0.1 0.03
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the 0.625 mg/kg dose provided only 61.4% efficacy. Amblyomma spp. were the 
least susceptible ticks; for A. americanum, efficacy at day 28 with the 1.25 mg/kg 
dose was much lower (88.5%) than that achieved at day 28 for D. reticulatus in 
the first study (100%) and also lower than at day 35 for D. variabilis (96.2%). 
A.  maculatum efficacy at day 43 was similarly low, with the two lower doses 
(0.625 and 1.25 mg/kg) resulting in <70% control. This indicated that a minimum 
dose of between 1.25 and 2.5 mg/kg would be needed to ensure effective monthly 
treatment and control of fleas and multiple species of ticks following a single 
treatment. The final dose determination study focused on one of the dose‐limit-
ing ticks, A. maculatum. Dogs infested with A. maculatum on day‐1 were dosed 
with sarolaner in the anticipated commercial tablet (Simparica) at 1.0, 2.0, or 
4.0 mg/kg and ticks counted on day 2 and after re‐infestation at days 7, 14, 28, 
and 35. A 100% control of the existing infestations was seen on day 2 at all doses 
tested. The two highest doses gave >93% control of subsequent challenges for 
5  weeks, at 48 h post‐infestation. The 4.0 mg/kg dose offered no significant 
improvement in efficacy over the 2.0 mg/kg dose (P > 0.05). The 2.0 mg/kg dose 
was superior to the 1.0 mg/kg on day 14 (P = 0.0086). Efficacy for the 1.0 mg/kg 
dose fell below 90% at day 28, and did not provide a full month of tick control. 
Therefore, a single oral treatment of 2.0 mg/kg sarolaner was selected as the dose 
rate providing effective control of fleas and all major species of ticks infesting 
dogs for at least 1 month.

As part of the discovery program, the team evaluated the mechanism of 
action and pharmacology of sarolaner [4], by recombinantly expressing the 
C. felis gamma‐aminobutyric acid (GABA)‐gated chloride channel RDL (resist-
ance to dieldrin) subunits (CfRDL‐A285 and CfRDL‐S285) in stable CHO‐K1 
cell lines. A single amino acid substitution of alanine to serine at position 285 
of the CfRDL‐S285 subunit confers resistance to dieldrin. Electrophysiology 
studies were conducted using the IonWorks platform [7], which enabled rapid 
voltage clamp recordings of up to 384 individual cells, comparable to tradi-
tional electrophysiology measurements. Sarolaner potently blocked GABA‐
induced currents with IC50 values of 135 and 136 nM at CfRDL‐A285 and 
CfRDL‐S285 receptors, respectively, in agreement with published literature 
on  the isoxazoline mechanism of action [2, 3, 8] and demonstrating that the 
resistance to dieldrin mutation does not affect sarolaner activity at the GABA 
receptor. As a comparison, afoxolaner was evaluated in the same assays and 
demonstrated 3‐ to 4‐fold weaker blockade of GABA‐induced currents, with 
IC50 values of 539 and 412 nM at CfRDL‐A285 and CfRDL‐S285 receptors, 
respectively [4]. In unpublished data, blockade of glutamate‐induced currents 
has been demonstrated in recombinantly expressed C. felis glutamate‐gated 
chloride channels; and also block of both GABA‐ and glutamate‐induced cur-
rents in recombinantly expressed Rhipicephalus microplus GABA and gluta-
mate‐gated chloride channels. Finally (unpublished data), sarolaner exhibits 
selective blockade of flea GABA‐gated chloride channels over recombinantly 
expressed human GABA‐gated α1β2γ 2 chloride channels (by approximately 
244‐fold).
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 Laboratory Studies

Sarolaner was formulated in a palatable chewable tablet, and its activity was 
determined in controlled laboratory studies at study sites worldwide [9–11].

Flea Efficacy
Five studies were conducted to determine the efficacy of the projected minimum 
effective dose of 2 mg/kg sarolaner against existing C. felis and Ctenocephalides 
canis flea infestations and weekly challenges for 35 days after a single oral dose 
(Table 15.2, [9]). Four of the studies were run at facilities in the United States 
(US), Europe, and Australia using laboratory flea colonies regularly enriched 
with fleas from the field. The C. canis fleas were from a laboratory colony in 
Ireland, established with fleas from the field 4 years prior to the study com-
mencing. C. felis studies were run in Arkansas, US, with fleas from a North 
Carolina laboratory colony, infused with Arkansas field fleas 2 years prior to the 

Table 15.2 Summary of dose confirmation laboratory flea efficacy studies [9].

Geometric mean flea counts
(percentage reduction)

Day of count

Flea strain origin Treatment Day 1 Day 7 Day 14 Day 21 Day 28 Day 35

EU Placebo 63.9 70.2 66.5 62.4 79.1 85.5

Sarolaner 0.0a)

(100)
0.0a)

(100)
0.0a)

(100)
0.0a)

(100)
0.0a)

(100)
0.0a)

(100)

US Placebo 92.3 96.3 79.5 71.9 62.7 75.6

Sarolaner 0.0a)

(100)
0.0a)

(100)
0.0a)

(100)
0.0a)

(100)
0.0a)

(100)
0.0a)

(100)

Australia Placebo 59.2 70.7 83.3 82.3 79.6 74.9

Sarolaner 0.07
(99.9)

0.0a)

(100)
0.0a)

(100)
0.0a)

(100)
0.0a)

(100)
0.0a)

(100)

KS1 
(fipronil‐resistant)

Placebo 69 90.5 84.9 94 94.4 87.1

Sarolaner 0.0a)

(100)
0.0a)

(100)
0.0a)

(100)
0.0a)

(100)
0.15

(99.8)
0.0a)

(100)

Flea Species

C. canis Placebo 74.4 95.4 84.3 85.4 75.8 70.9

Sarolaner 0.0a)

(100)
0.0a)

(100)
0.0a)

(100)
0.0a)

(100)
0.0a)

(100)
0.0a)

(100)

a) Sarolaner significantly lower than placebo (P < 0.0001).
Source: Reproduced with permission from Six et al. [9]. Copyright 2016, Elsevier.
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study; the second study was run in Ireland, with a laboratory colony (from the 
United Kingdom (UK)), infused with field fleas (from Europe) 9 years prior to 
the study; the third study was run in New South Wales (NSW), Australia, with 
fleas from a NSW laboratory colony, infused with field fleas, also from NSW, 
2 years prior to the study. A fifth study was run against the KS1 strain of fleas, 
which has demonstrated reduced susceptibility to many older topical flea con-
trol parasiticides.

For all five studies, at the minimum oral dose of 2 mg/kg sarolaner was highly 
and rapidly effective for both the treatment and control of C. felis over the full 
35‐day duration of the studies, after a single dose. Existing flea infestations were 
cleared by 24 h post‐dosing and efficacy was ≥99.8% at all the time points over the 
35 days of the study, at 24 h after re‐infestation. Sarolaner, at the same dose rate, 
was equally effective and persistent against C. canis and the insecticide‐tolerant 
C. felis strain, KS1. No adverse events related to treatment with sarolaner were 
observed in any study.

Tick Efficacy
United States (US) Ten laboratory studies were run to determine the efficacy of 
the minimum effective dose of 2 mg/kg sarolaner against five common tick spe-
cies that infest dogs in the US, I. scapularis, D. variabilis, R. sanguineus, 
A.  americanum, and A. maculatum (Table 15.3) [10]. Ticks of each species were 
acquired from eight different laboratory cultures, originally isolated from the 
field, with wild caught ticks introduced into each colony every couple of years or 
generations; one I. scapularis study used wild caught adult ticks from South 
Carolina. Treatment with a single oral dose of sarolaner chewable tablets at 2 mg/
kg resulted in ≥99.6% efficacy against existing infestations of all five tick species 
within 48 h of treatment. For at least 35 days after treatment, the efficacy against 
weekly posttreatment re‐ infestations of all tick species was ≥96.9%, at 48 h post‐
infestation. No adverse events related to  treatment with sarolaner were observed 
in any study.

These studies confirmed that a single oral administration of sarolaner at the 
minimum effective dose provides rapid treatment (>99.6%) of existing infesta-
tions and 5 weeks of control (≥97.1%) against re‐infestation by the common US 
tick species infesting dogs.

Europe Eight laboratory studies were run in Ireland, Germany, and South Africa 
to determine the efficacy of the projected effective label dose of 2 mg/kg sarolaner 
against four common tick species that infest dogs in Europe, D. reticulatus, 
Ixodes hexagonus, I. ricinus, and R. sanguineus (Table 15.3) [11]. Ticks were 
sourced from laboratory‐maintained colonies with isolates all originating from 
the field in Europe (UK, The Netherlands, Ireland, Germany, Slovakia); with new 
ticks being introduced into each colony within the 10 years prior to each study. 
Treatment with a single oral dose of sarolaner chewable tablets at 2 mg/kg 
resulted in 100% efficacy, within 48 h, against existing infestations of all tick 
species except R. sanguineus, where the efficacy was 99.7%. For at least 35 days 
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after treatment, the efficacy against weekly re‐infestations of all tick species was 
≥97.5%. No adverse events related to treatment with sarolaner were observed in 
any study.

These studies confirmed that a single oral administration of sarolaner at the 
minimum effective dose provides rapid treatment (>99.7%) of existing infesta-
tions and up to 35 days control (>99.6%) of re‐infestation by common European 
tick species infesting dogs.

Flea Speed of Kill and Environmental Flea Control in a Simulated 
Infested‐home Environment
Eradication of fleas from both the animal and its environment is required for 
effective flea control [12]. Managing fleas in the environment can be achieved 
with application of an insect growth regulator (IGR), such as lufenuron or meth-
oprene, either alone, or in combination with an adulticide. However, insecti-
cides with a rapid onset of activity can also kill adult fleas before they are able to 
lay eggs, thus disrupting the flea life cycle and thereby reducing the infestation 
levels in the environment [13]. Laboratory studies were run to evaluate the 
speed of kill of sarolaner against existing and posttreatment flea infestations, 
the effects on flea reproduction and the efficacy in a flea‐infested, simulated 
home environment [14].

Two studies were conducted to determine the speed of kill sarolaner (at the 
minimum effective dose of 2 mg/kg) against both existing and re‐infestations of 
C. felis on dogs; at 1, 2, 3, 4, 8, and 12 h post‐dosing or weekly flea re‐infestations 
up to 35 days post‐dosing. Both these studies confirmed that sarolaner began 
killing fleas by 3–4 h posttreatment or after re‐infestations for up to 1 month, and 
achieved ≥98% control of fleas by 8 h posttreatment or after re‐infestation for 
28 days following a single oral 2 mg/kg treatment. Complete kill was attained 
within 12 h of infestation over 35 days; therefore, monthly sarolaner treatments 
would be expected to affect the ability of fleas to reproduce, because female fleas 
need at least 24 h on the dog prior to the start of egg laying [15].

A third study evaluated the effects of a single oral 2 mg/kg sarolaner treatment 
on flea reproduction. No flea eggs were recovered a day after treatment or follow-
ing weekly re‐infestations until 35 days after treatment.

In the final study, dogs were held in a flea‐infested simulated‐home environ-
ment and the effects of monthly 2 mg/kg sarolaner treatment on flea infestations 
were evaluated over a 3‐month period. Flea infestation reductions in sarolaner‐
treated dogs relative to placebo‐treated dogs on days 14, 30, and 44, respectively, 
were 95.6%, 98.6%, and 99.6% and 100% on days 60, 74, and 90. The small num-
bers of fleas detected up to day 44 are likely a result of fleas emerging from eggs 
laid pretreatment, as the flea life cycle can take up to 8 weeks to complete [12]; the 
complete clearance of fleas during the final 4 weeks of the study confirms the 
rapid speed of kill of adults before they could lay eggs during the treatment 
period.

Overall, a rapid and consistent speed of kill, starting between 3 and 4 h post-
treatment, was shown to completely stop flea egg laying for 1 month following 
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a single oral 2 mg/kg treatment with sarolaner. The simulated infested‐home‐ 
environment study confirmed that monthly treatment of the host with sarolaner 
provided excellent control of existing environmental flea infestations.

Tick Speed of Kill
As highlighted in Chapter 1, in the “Ectoparasiticides” section, transmission of 
diseases by vectors, especially ticks, to dogs is a major concern; consequently, 
decreasing the ability of a vector to attach and/or feed with an effective ectopara-
siticide will reduce the risk of disease transmission. Key to success in reducing 
the potential risk of contracting tick‐borne diseases is selection of products with 
rapid speed of kill; defined as the time required to kill ticks that are already 
attached when the product is initially administered, or to kill ticks after re‐ 
infestation after the product has already been applied. Acaricides with rapid 
onset of efficacy are also more effective in reducing the irritation and reducing 
the debilitating effects due to blood loss or tick toxicosis. An initial attachment 
and feeding of at least 24–48 h is required before transmission of most tick‐borne 
pathogens can occur, a period during which reactivation of tick‐borne pathogens 
takes place [16]. The transmission of the tick‐borne pathogens may be prevented 
if the infected ticks are killed within that period of time [17].

Three laboratory studies were conducted to evaluate the speed of kill of the 
minimum effective oral dose of 2 mg/kg sarolaner against induced infestations of 
three tick species (I. scapularis, I. ricinus and A. maculatum) for 5 weeks post-
treatment [18].

Live tick counts were reduced significantly at 8 h compared to placebo counts 
for all tick species, indicating that sarolaner started killing existing infestations of 
ticks very quickly, resulting in rapid, effective control with efficacy of 90.1% 
against I. ricinus, 98.8% against I. scapularis, and 99.2% against A. maculatum 
within 12 h posttreatment, and 100% efficacy within 24 h posttreatment against 
all three tick species. This rapid speed of kill was sustained with ≥95.7%, ≥98.7%, 
and ≥89.6% efficacy against I. scapularis, I. ricinus, and A. maculatum, respec-
tively, at 24 h after re‐infestation through at least day 28. There were no adverse 
events observed in any of the studies that were considered related to sarolaner 
treatment.

This rapid speed of kill and consistent and persistent efficacy for a full month 
against ticks following oral administration demonstrates that sarolaner will effec-
tively reduce the chances of ticks surviving and/or feeding for the critical period 
required for the transmission of most tick‐borne diseases. Used in a control pro-
gram, Simparica will reduce the impact of tick infestation with the additional 
potential to reduce the risk of dogs contracting tick‐borne diseases.

 Flea and Tick Field Studies

In the field, dogs are continuously exposed to re‐infestations by fleas and 
ticks from the environment. Ectoparasiticides should therefore provide not only 
immediate rapid efficacy but also persistent efficacy after a single administration 
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until the end of the treatment period to protect the dogs from re‐infestation. 
Reducing the ability of a vector to attach and/or feed, with an effective ectopara-
site control program, will reduce the risk of disease transmission. The laboratory 
studies described in the section “Laboratory Studies”, earlier in this chapter, dem-
onstrate that sarolaner has these characteristics, but how does this translate to 
efficacy in the home environment?

The efficacy and safety of sarolaner was evaluated for the control of fleas on 
dogs in a randomized, controlled clinical study run in 19 general veterinary prac-
tices across the United States [19]. Around 479 dogs from 293 households were 
enrolled and tablets administered orally once a month for 3 months. Dogs were 
randomly assigned to treatments with either sarolaner (Simparica) chewable at a 
minimum dose of 2.0 mg/kg (range 2–4 mg/kg), or an approved comparator prod-
uct, Comfortis® (oral spinosad, Elanco), at the label dose. Most sarolaner tablets 
(91.5%) were taken by free choice from the hand or in food; only 8.5% of doses had 
to be pilled. This compared with 81.1% free choice and 18.9% pilling with spino-
sad tablets.

After the first treatment, live flea counts were reduced by >99% after 14 days 
(the first efficacy time point) and continued to reduce through the study. 
Treatment success rates, based on the number of dogs with ≥90% reduction in 
fleas, were statistically superior for sarolaner compared with spinosad (P ≤ 0.025) 
on days 14 and 30 (97.7 vs 90.0% and 98.3 vs 69.0%, respectively). Following the 
second and third treatments, efficacy was similar for the two products. This con-
firmed that the excellent efficacy of sarolaner against flea infestations demon-
strated in the laboratory studies [9, 14] was corroborated in the general dog 
population under typical use conditions, with treatment administered by the 
owner. The rapid reduction of flea infestations in these dogs reflects the rapid 
onset of activity of sarolaner demonstrated in speed of kill studies [14] indicating 
that fleas are likely to be killed before they are able to lay eggs [14, 20]. This 
effected a reduction in the flea populations in the environment, rapidly killing 
newly emerged fleas on the dogs before they laid eggs and contributed to re‐ 
infestation of the environment. The >99% reduction of fleas within 14 days of the 
first treatment is consistent with the results obtained in a simulated‐home, flea‐
infested environment study [14].

Prior to the first treatment, almost 90% of the sarolaner‐treated dogs had pru-
ritus, the most common sign associated with flea allergy; this was reduced to only 
9% of dogs by the end of the study. Similarly 49.9% of papules pre‐study were 
reduced to 1.9%; 96.2% erythema to 13.2%; 67.9% scaling to 15.1%, and alopecia 
from self‐trauma was reduced from 69.8% pre‐study to 5.7% post‐study. This 
shows that treatment with sarolaner tablets, causing a rapid reduction in flea 
infestations, led to a concurrent rapid resolution of the clinical signs of flea aller-
gic dermatitis (FAD). Sarolaner was well tolerated by dogs in the study.

The efficacy and safety of sarolaner (Simparica), was also evaluated for the 
control of fleas and ticks on dogs in a randomized, multicentered clinical 
study conducted at veterinary clinics in Belgium, Hungary, Italy, France, and the 
United  Kingdom [21]. In the flea study, 285 primary and 137 supplementary 
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dogs, harboring natural infestations of ≥5 live fleas, were enrolled and treated. In 
the tick study, 181 primary and 48 supplementary dogs, harboring natural infes-
tations of ≥3 live attached ticks, were enrolled and treated. Dogs were randomly 
assigned to treatments with either sarolaner (Simparica) chewable at a minimum 
dose of 2.0 mg/kg (range 2–4 mg/kg), or an approved comparator product; spino-
sad (Comfortis Chewable Tablets, Elanco) was used in the flea study; and fipronil 
(Frontline® Spot on, Merial) was used as positive control in the tick study. Tablets 
were dosed orally once a month for 3 months. In the two studies, sarolaner chew-
able tablets were well accepted, with 93% taken by free choice from the hand; this 
compared with 84.2% for Comfortis tablets. Sarolaner chewable tablets may be 
administered with or without food, so the high palatability and ease of adminis-
tration of sarolaner chewable tablets should increase owner compliance, a key 
contributory factor for the success of companion animal ectoparasite treatment 
[22]. Efficacy for the European field studies is reported as percentage reduction 
in posttreatment arithmetic mean flea or tick counts compared to pretreatment 
counts, arithmetic means, following European regulatory guidelines.

In the flea study, sarolaner treatment caused a rapid decrease in the incidence 
of infestations with >95% of dogs being flea‐free at all posttreatment time points, 
starting at day 14. The incidence of C. felis infestations was higher for spinosad‐
treated dogs with >10% of dogs having up to 4 or 39 fleas on days 14 and 30, 
respectively (<90% of dogs were flea–free), and 2.3% and 4.3% of dogs with up to 
17 and 19 fleas on days 60 and 90, respectively. There were no treatment‐related 
adverse events in sarolaner‐treated dogs.

For C. canis, sarolaner treatment was also effective, with only a single dog with 
a single flea found from day 30 onward, similar to observations in dogs treated 
with spinosad. Thirty primary dogs in the sarolaner‐treated group and 12 in the 
spinosad‐treated group were identified as having FAD at enrolment. The clinical 
signs of FAD improved in all dogs following administration of treatment in both 
groups. Incidence of any one of the clinical signs of FAD ranged from 50% to 
100% at enrolment; by completion of the study, the incidence of FAD signs had 
dropped to 0–8.3% in both groups.

In the tick field study, 52.8% of dogs were infested at enrollment with I. ricinus, 
41.1% with R. sanguineus, 23.9% with D. reticulatus, and 6.7% with I. hexagonus. 
Some dogs harbored infestations of more than one tick species. In general, the 
initial incidence of each species was similar for each treatment group. In the 
sarolaner‐treated group, efficacy on posttreatment days 14, 30, 60, and 90 was 
97.4%, 97.6%, 99.8%, and 100%, and in the fipronil group, 94.1%, 88.5%, 89.9%, and 
98.1%. Sarolaner was non‐inferior to fipronil at all time points, and superior to 
fipronil on days 30 and 60. The high efficacy of sarolaner against D. reticulatus 
during the study period is noteworthy, as this species is the main vector of Babesia 
canis, a potentially fatal disease in dogs. I. hexagonus and I. ricinus, the most 
prevalent tick species infesting dogs in Europe, are the main vectors of Borrelia 
burgdorferi sensu lato which causes Lyme disease in dogs and people. At 30 days 
after the second treatment, neither of these species was found on any sarolaner‐
treated dogs and no live ticks of any species were found after the third treatment. 
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By contrast, fipronil had relatively poor efficacy against both Ixodes species, at 
these time points, with a maximum of 145 I. hexagonus recovered from almost 
6% of fipronil‐treated dogs and a maximum of 59 I. ricinus recovered from nearly 
10% of fipronil‐treated dogs at day 60, and a maximum of 10 live ticks found on 
over 6% of dogs 30 days after the third treatment. By reducing the ability of the 
ticks to remain attached and/or feed, sarolaner will reduce the risk of disease 
transmission. There were no treatment‐related adverse events in sarolaner‐
treated dogs.

From these three studies it can be concluded that oral sarolaner, administered 
at monthly intervals at a minimum dosage of 2 mg/kg, was safe and highly effec-
tive against natural infestations of fleas and ticks on dogs in geographically sepa-
rate locations. The flavored, chewable tablets were highly palatable and clinical 
signs associated with FAD improved in dogs treated with sarolaner.

 Mite Efficacy

Efficacy Against Demodex Infestations in Dogs
Demodicosis is a debilitating and often life‐threatening inflammatory disease in 
dogs with an impaired or underdeveloped immune system, caused by sensitivity 
to large numbers of Demodex spp. mites, and is difficult to control with existing 
therapies [23]. A laboratory study was therefore run in dogs to evaluate the effi-
cacy and safety of sarolaner, at the minimum dose of 2 mg/kg, against natural 
infestations of Demodex spp.

Naturally infested dogs were allocated to blocks of two by descending mite 
count and randomly assigned to treatment with either sarolaner or the positive 
control, topical imidacloprid plus moxidectin (Advocate®/Advantage® Multi 
Spot‐on solution for Dogs, 100 mg imidacloprid/25 mg moxidectin/ml, Bayer), 
with eight dogs assigned to each group. Dogs in the sarolaner group were dosed 
orally with a single tablet that was trimmed to provide the target dose of 2 mg/kg 
of sarolaner on days 0, 30, and 60. Positive control dogs were dosed topically once 
weekly from day 0 to day 81 with the appropriate band dose providing ≥10 mg 
imidacloprid/≥2.5 mg moxidectin/kg, per label directions for dogs with severe 
generalized demodicosis. There were no adverse events related to treatment with 
sarolaner.

A single oral dose of 2.0 mg/kg resulted in >97% reduction in Demodex mite 
counts at 14 days and >99% at 29 days with a concurrent improvement in the 
clinical signs of demodicosis. Following a second monthly treatment, no live 
mites were recovered from any sarolaner‐treated dog. This level of efficacy com-
pared favorably to that of the commercial comparator (topical imidacloprid plus 
moxidectin), as a dog in the comparator group continued to host live mites even 
after administration of 11 weekly treatments.

Sarolaner administered at three consecutive monthly doses of 2 mg/kg in dogs 
with generalized demodicosis was highly effective in eliminating mites and 
resolving clinical signs of the disease. In regions where it is approved, Simparica 
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offers an attractive alternative to existing therapies for this debilitating parasite 
infestation.

Efficacy Against Otodectes cynotis Infestations in Dogs
Otodectic mange is caused by Otodectes cynotis, an obligate parasite which 
inhabits the vertical and horizontal ear canals of dogs and cats. Liquid aural treat-
ments (including antibiotics, antifungals, steroids, and parasiticides) are utilized 
for treatment, but require regular reapplication; monthly topical spot‐on treat-
ments are also available and effective [24]. An attractive therapeutic option would 
be a systemic product with persistent activity.

A laboratory study was conducted in dogs to evaluate the efficacy and safety of 
sarolaner, at the minimum dose of 2 mg/kg against induced aural infestations of 
O. cynotis. Dogs were assigned to single‐ or two‐dose treatments, with either pla-
cebo or sarolaner oral tablet, trimmed to provide the target dose of 2 mg/kg, with 
eight dogs per treatment or placebo group. A single oral 2 mg/kg dose of sarolaner 
resulted in a 98.2% reduction in live mite counts; with two doses of sarolaner, 
administered 1 month apart, resulting in a 99.5% reduction in ear mites com-
pared to placebo‐treated controls. There were no adverse events related to treat-
ment with sarolaner.

Against an induced infestation of O. cynotis in dogs, oral sarolaner reduced 
mite counts by >98% after a single dose and by >99% after two monthly doses. 
In regions where it is approved, Simparica offers an attractive alternative to exist-
ing therapies for this parasite infestation.

Efficacy Against Sarcoptes scabiei Infestations in Dogs
Sarcoptes scabiei var. canis is a highly contagious and zoonotic parasite and is one 
of most common mites infesting dogs worldwide, causing severe pruritus, with 
potential for concomitant secondary bacterial and yeast infections. Licensed 
treatments are primarily topical. These include selamectin and moxidectin/imi-
dacloprid containing spot‐on products; plus, in some countries amitraz dip, with 
adjunctive therapy including shampooing/bathing with products to rehydrate the 
skin and treat seborrhea. This may also have the regrettable effect of reducing the 
efficacy and/or persistence of the topical treatments. Milbemycin oxime, deliv-
ered orally, is also approved in some regions, but has to be dosed every other day. 
Having an oral monthly treatment option would therefore be a convenient and 
effective option for many patients.

A laboratory study was run to evaluate the efficacy of 2 monthly doses of 
sarolaner, at the minimum dose of 2 mg/kg, for the treatment of sarcoptic mange 
in dogs. In addition, a multicentered field study was conducted in veterinary 
patients to confirm the efficacy and safety of this treatment and dosing regimen 
against S. scabiei [25]. In the laboratory study, infested dogs were assigned to a 
sarolaner treatment group or to a placebo group, based on pretreatment mite 
counts. In the field study, dogs were dosed with the Simparica chewable tablets to 
provide the recommended minimum dose of 2 mg/kg (range 2–4 mg/kg). The 
imidacloprid/moxidectin spot‐on treatment (Advocate) was applied topically 
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according to its label directions to deliver 10–25 mg/kg imidacloprid and 
2.5–6.25 mg/kg moxidectin.

Sarolaner achieved 100% parasitological cure in both studies following 
2  monthly administrations, with clinical signs of sarcoptic mange markedly 
improved in the treated dogs. The efficacy of sarolaner was non‐inferior to the 
topically applied positive control in the field study; however, parasitological cure 
was not achieved in one imidacloprid/ moxidectin‐treated dog after 2 monthly 
treatments, whereas mites were eliminated from all sarolaner‐treated dogs. 
Sarolaner tablets were also highly palatable with 90.5% acceptance by free choice 
within 1 min of offering. There were no adverse events related to treatment with 
sarolaner.

Sarolaner, administered orally twice at monthly intervals at the minimum label 
dosage of 2 mg/kg, was safe and achieved complete parasitological cure in dogs 
with natural infestations of S. scabiei. The clinical signs of sarcoptic mange also 
improved without topical or systemic concomitant treatment, confirming that 
Simparica offers a convenient, efficacious therapy for sarcoptic mange, in regions 
where it is approved.

 Prevention of Tick‐borne Disease Transmission

Reducing the ability of a vector to attach and/or feed with an effective ectopara-
siticide program will reduce the risk of disease transmission. Currently, recom-
mendations for pet owners are to reduce tick populations in the dogs’ environment, 
frequently examine and remove any ticks found on the dog, and to use an approved 
product year‐round to protect dogs against unexpected exposure to ticks [26].

A laboratory study was therefore run to evaluate the efficacy of sarolaner 
(Simparica) to prevent transmission of B. burgdorferi and Anaplasma phagocyt-
ophilum from infected wild‐caught I. scapularis to dogs [27].

Dogs were allocated to one of three oral treatment groups (eight dogs per 
group): placebo administered on days 0 and 7, or sarolaner at 2 mg/kg adminis-
tered on day 0 (28 days prior to tick infestation) or on day 7 (21 days prior to tick 
infestation). On day 28, all dogs were infested with 25 female and 25 male wild‐
caught adult I. scapularis that had 57% prevalence for B. burgdorferi and 6.7% for 
A. phagocytophilum. Tick counts were conducted on days 29 and 30. On day 33, 
all ticks were counted and removed. There were no adverse reactions to treat-
ment with sarolaner.

The live tick count reductions at day 29, day 30, and day 33 were 86.3%, 100%, 
and 100% for the group treated with sarolaner 21 days prior to infestation, and 
90.9%, 97.1%, and 100% for the group treated with sarolaner 28 days prior to 
infestation. Transmission of B. burgdorferi to all eight placebo‐treated dogs was 
confirmed by positive antibody, polymerase chain reaction (PCR), and/or culture. 
Similarly, transmission of A. phagocytophilum was confirmed by the presence of 
antibodies in four of eight placebo‐treated dogs. By contrast, treatment with a 
single dose of sarolaner prevented transmission of B. burgdorferi from infected 
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ticks to dogs infested 21 or 28 days after treatment. Prevention of transmission of 
A. phagocytophilum was demonstrated in all sarolaner‐treated dogs.

As highlighted earlier, attachment and feeding of at least 24–48 h is required 
before transmission of most tick‐borne pathogens can occur [16]; the transmis-
sion of the tick‐borne pathogens may be prevented if infected ticks are killed, or 
feeding halted, within that period of time [17]. After a single dose of sarolaner, the 
rapid speed of kill, within 24 h after treatment and with persistent high efficacy 
for a full month, indicates that treatment with sarolaner is likely to effectively 
reduce the chances of ticks surviving and/or feeding for this vital time period. 
The use of sarolaner in a tick‐control program should therefore reduce the risk of 
dogs becoming infected with tick‐borne diseases, as well as minimize the nega-
tive health effects accompanying tick infestation.

This study demonstrated that a single oral dose of sarolaner (Simparica) was 
successful at preventing transmission of B. burgdorferi and A. phagocytophilum 
from infected wild‐caught I. scapularis, to dogs when challenged 28 days after 
treatment.

 Comparative Flea and Tick Efficacy

Sarolaner (Simparica) is the most recently approved product in the isoxazoline 
class of parasiticides for dogs, with proven rapid onset of activity and sustained 
persistence against flea and tick infestations. There are many topical and oral 
products already available, with differing profiles with respect to spectrum of 
activity, speed of kill, and duration and consistency of efficacy. The efficacy of 
sarolaner was compared with other commonly used flea and tick control prod-
ucts, both topical and oral, over the approved dosing intervals. These compari-
sons allow an evidence‐based evaluation of the relative onset of effect, speed of 
action, and duration and consistency of protection these products provide against 
flea and ticks throughout the dosing interval.

Comparative Flea Studies Against Topical and Oral Products
Rapid kill of fleas is desirable to relieve both the immediate irritation caused by 
fleas as well as to reduce associated allergenic responses (FAD) and the risk of 
transmission of flea‐borne pathogens [28]. Rapid speed of kill of adult fleas on the 
host is also important in the control of infestations, as female fleas do not begin 
producing eggs until 24–48 h after they start feeding [16]. Killing fleas before they 
lay eggs will, over time, effectively control an environmental infestation.

Three studies were conducted to evaluate the speed of kill and persistence 
of sarolaner against induced infestations of fleas, when compared to afoxolaner 
(NexGard®, Merial) [29], fluralaner (Bravecto®, Merck) [30] and spinosad/ 
milbemycin oxime (Trifexis®, Elanco) [31]. Summary data can be found in 
Table 15.4.

In the afoxolaner and spinosad/milbemycin oxime studies, dogs were treated 
with either a placebo tablet; a Simparica chewable tablet to deliver sarolaner at 
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the minimum label dose of 2 mg/kg (range 2–4 mg/kg); or NexGard (afoxolaner 
at 2.5–6.8 mg/kg); or Trifexis (spinosad at 30–60 mg/kg plus milbemycin oxime 
at 0.2–0.4 mg/kg). Live fleas were counted at 8, 12, and 24 h posttreatment and at 
successive re‐infestations on days 7, 14, 21, 28, and 35. In the sarolaner and afox-
olaner comparative study [29], a single oral dose of sarolaner delivered ≥98.8% 
efficacy within 8 h of treatment or successive weekly re‐infestations of fleas to 
day 35 and by 12 h posttreatment fleas were virtually eliminated from all dogs; 
efficacy was 100% at all other time points (Table 15.4). Significantly higher num-
bers of live fleas were recovered from afoxolaner‐treated dogs at 8 h on all days 
and at 12 h on days 28 and 35 (P < 0.05). In the sarolaner and spinosad/milbemy-
cin oxime study [31], a single oral dose of sarolaner delivered ≥ 94.0% efficacy 
within 8 h of treatment or successive weekly re‐infestations of fleas to day 35 
(Table 15.4). By 12 h, fleas were eliminated from all dogs and they remained free 

Table 15.4 Flea efficacy: comparative speed of kill [29–31].

Sarolaner geometric mean live �ea counts
Signi�cantly (P< 0.05) lower than comparator – yes/noa)

Count day Day 0 Day 7 Day 14 Day 21 Day 28 Day 35

NexGard ®

8 hb) Yes Yes Yes Yes Yes Yes

12 h No No No No Yes Yes

24 h No No No No No No

Trifexis®

8 h No No No Yes Yes Yes

12 h No No No No No Yes

24 h No No No No No Yes

Count day Day 0 Day 14 Day 29 Day 44 Day 274 Day 90

Bravecto®

8 hc) No No No No Yes Yes

12 h No No No No No No

24 h No No No No No No

a) No comparator was significantly lower than sarolaner.
b) Count times after treatment on day 0 and after each subsequent weekly infestation. Dogs treated 

once on day 0.
c) Count times after treatment on day 0 and after each subsequent infestation. Sarolaner 

administered on days 0, 30, and 60; Bravecto® administered on day 0 only. Counts conducted 
prior to treatment on days 30 and 60.
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of fleas at 24 h. Significantly higher numbers of live fleas were recovered from 
spinosad/ milbemycin oxime‐treated dogs at 8 h from day 21 to day 35 (P ≤ 0.0085), 
and at 12 and 24 h on day 35 (P ≤ 0.0002). There were no adverse reactions to 
treatment.

In the third study [30], dogs were treated with either a placebo tablet; the 
appropriate strength Simparica chewable tablet to provide sarolaner at the rec-
ommended label dose of 2 mg/kg (range: 2–4 mg/kg) on days 0, 30, and 60; or 
Bravecto on day 0 only (fluralaner at 25–50 mg/kg). On days 30 and 60, dogs in 
the fluralaner group were administered placebo. Three monthly doses of sarolaner 
provided ≥97.6% efficacy (by arithmetic means) within 8 h of treatment or at 
weekly re‐infestations of fleas for 3 months. By 12 h posttreatment or re‐infesta-
tion, 100% fleas were eliminated from all dogs. Significantly higher numbers of 
live fleas were recovered from fluralaner‐treated dogs at 8 h posttreatment on 
days 74 and 90 (P ≤ 0.0043) with efficacies of only 80.7% and 72.6%, respectively 
(Table 15.4). There were no adverse reactions to treatment.

Sarolaner (Simparica) was demonstrated to deliver ≥94.0% efficacy within 8 h 
of treatment or post‐weekly flea infestations, across all three studies. By 12 h 
posttreatment or re‐infestation, fleas were eliminated or virtually eliminated at all 
the time points. Toward the end of the treatment period, sarolaner maintained 
the rapid and consistent speed of kill, whereas the speed of kill of the comparator 
treatments declined.

Comparative Tick Studies
Comparative Speed of Kill of Sarolaner and Afoxalaner Against Induced Infestations 
of I. scapularis I. scapularis, or black‐legged (deer) tick, is the primary vector for 
B. burgdorferi and A. phagocytophilum, which cause Lyme borreliosis and 
 granulocytic anaplasmosis in humans and dogs [28]. They also secrete a sali-
vary  neurotoxin that may cause tick paralysis in dogs and humans. While 
tick  efficacy for regulatory claims are based on evaluation at 48 h posttreat-
ment or re‐infestation [32], the speed of kill is key in disrupting or preventing 
feeding and thereby reducing the risk of pathogen transmission, which occurs 
after the infected tick has attached and been feeding for 24–48 h, for many 
 pathogens [16, 17].

In this study, dogs were infected at day 2 and treated with either a placebo 
tablet,  a sarolaner chewable tablet (range 2–4 mg/kg), or afoxolaner tablet 
(at 2.5–6.8 mg/kg) [33]. Live ticks were then counted at 8, 12, and 24 h post-
treatment and successive re‐infestations on days 7, 14, 21, 28, and 35. Sarolaner 
reduced tick counts significantly versus placebo from day 0 to day 21 at 8 and 
12 h, and on day 35 at 12 h (P ≤ 0.0174), while afoxolaner was significantly lower 
at 8 h only on days 0 and 14 (P ≤ 0.0309), and at 12 h only on day 0 (P < 0.0001). 
Significantly more live ticks were recovered from afoxolaner‐treated dogs than 
from sarolaner‐treated dogs at 24 h post‐infestation from day 14 to day 35 
(P ≤ 0.0278). At 24 h, efficacy of afoxolaner declined to <80% from day 21 to the 
end of the study, while efficacy for sarolaner was >95% for the full 35 days, at 
24 h. There were no adverse reactions to treatments.
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Sarolaner had a faster speed of kill against I. scapularis than afoxolaner, an 
effect that was markedly more evident toward the end of the monthly treatment 
period. This therapy should provide highly effective and reliable control of ticks 
over the entire treatment interval, and reduce the risk of tick‐borne diseases, 
including Lyme disease and anaplasmosis.

Comparative Speed of  Kill of  Sarolaner and  Imidicloprid/Permethrin Against Induced 
Infestations of D. reticulatus D. reticulatus infests dogs throughout Europe and is 
a vector for B. canis, a lethal protozoan disease in dogs. Rapid kill of the tick 
before B. canis can be transmitted is desirable.

In this study, dogs were dosed with either a placebo tablet, sarolaner at 2–4 mg/
kg or a topical application of Advantix® Spot‐on solution for dogs (imidaclo-
prid + permethrin at 10–25 mg/kg imidacloprid and 50–125 mg/kg permethrin) 
[34]. On days 0, 7, 14, 21, 28, and 35, live ticks were counted 8, 12 (±0.5) and 24 
(±0.5) h posttreatment or following each weekly re‐infestation. The efficacy of 
sarolaner was ≥75.6% (89.6%), by arithmetic (geometric) mean tick counts, within 
8 h of treatment, with tick counts significantly lower than placebo and imidaclo-
prid/permethrin‐treated dogs (P < 0.0001). Imidacloprid/permethrin caused no 
significant reduction (P ≥ 0.3990) at 8 or 12 h posttreatment. Sarolaner killed all 
ticks within 24 h of treatment, while the efficacy of imidacloprid/permethrin was 
only 48.1%. Following weekly re‐infestations, sarolaner reduced the tick counts sig-
nificantly versus placebo within 8 h on days 7, 14, and 35 (P ≤ 0.0239), and at 12 and 
24 h (P ≤ 0.0079) until day 35. Sarolaner efficacy was ≥95.8% within 24 h for 35 days. 
Significantly more live ticks (P ≤ 0.0451) were recovered from imidacloprid/perme-
thrin‐treated dogs than from sarolaner‐treated dogs at 24 h after infestation on all 
days. There were no sarolaner‐related adverse reactions during the study.

Oral Simparica had a faster and more consistent speed of kill against D. reticulatus 
compared to topically applied Advantix. With rapid and consistent efficacy within 
24 h for a full 5 weeks after a single oral dose, Simparica provides effective, reliable 
control of D. reticulatus, reducing the risk of transmission of B. canis.

Comparative Speed of  Kill of  Sarolaner, Afoxolaner, and  Fluralaner Against Induced 
Infestations of A. americanum The lone star tick, A. americanum, infests dogs and 
cats in North America transmitting Ehrlichia chaffeensis and Ehrlichia ewingii, 
which cause monocytic and granulocytic ehrlichiosis in dogs and humans, and 
Cytauxzoon felis which causes cytauxzoonosis in cats. A. americanum was shown 
to be one of the dose‐limiting parasites for Simparica [6].

Two studies were run to evaluate the speed of kill of sarolaner, compared 
to  afoxolaner and fluralaner, against induced infestations of A. americanum 
[35, 36]. In the first study, dogs were treated with sarolaner (2–4 mg/kg), afox-
olaner (2.5–6.8 mg/kg), or a placebo and live ticks counted at 8, 12, and 24 h post-
treatment and following re‐infestations on days 7, 14, 21, 28, and 35. A single oral 
dose of sarolaner delivered 100% efficacy within 24 h of treatment, and consist-
ently provided >90% efficacy against successive weekly re‐infestations with ticks 
to day 28. Significantly more live ticks were recovered from afoxolaner‐treated 
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dogs than from sarolaner‐treated dogs at 24 h after infestation from day 7 
through day 35 (P ≤ 0.0247). At 24 h, efficacy of afoxolaner dropped to <90% from 
day 14 to the end of the study. No sarolaner‐related adverse reactions were 
observed during the study.

In the second study, dogs were treated with placebo or sarolaner at the label 
rate (2–4 mg/kg) on days 0, 30, and 60 or with fluralaner (25–56 mg/kg) once 
according to label instructions on day 0. Live ticks were counted at 8, 12, and 24 h 
posttreatment and following re‐infestations on days 14, 28, 42, 58, 76, and 90. No 
sarolaner‐related adverse reactions were observed during the study. Monthly oral 
dosing of sarolaner delivered >95% efficacy within 24 h of treatment, with consist-
ent >70% efficacy against subsequent re‐infestations with ticks within 24 h over 
the whole treatment period. Significantly more live ticks were recovered from 
fluralaner‐treated dogs than from sarolaner‐treated dogs at 24 h after re‐infesta-
tion from day 42 onwards. At 24 h, efficacy of fluralaner had declined to ≤20% 
from day 42 through to the end of the study on day 90.

These studies demonstrated that sarolaner had a faster speed of kill than both 
afoxalaner and fluralaner, highlighting that a single oral dose of Simparica pro-
vides effective, reliable control of A. americanum, and reducing the risk of trans-
mission of tick‐borne diseases.

Comparative Speed of  Kill of  Sarolaner, Afoxolaner, and  Fluralaner Against Induced 
Infestations of R. sanguineus The brown dog tick, R. sanguineus sensu lato, infests 
dogs globally and is the major vector of E. canis, which causes canine monocytic 
ehrlichiosis; and Babesia vogeli, the causative agent of canine babesiosis, and a 
number of other important pathogens.

Two studies were run to evaluate the speed of kill of sarolaner, compared to 
afoxolaner and fluralaner, against induced infestations of R. sanguineus [37, 38]. 
The study design was identical to the A. americanum study described, apart from 
infestation with R. sanguineus. There were no treatment‐related adverse reac-
tions observed during the studies.

In the first study, sarolaner provided, by geometric means, >94% efficacy within 
8 h of treatment, and >99% after 12 and 24 h. With subsequent weekly re‐infesta-
tions of ticks, sarolaner achieved ≥91.7% efficacy to day 35 at 24 h. Sarolaner also 
significantly reduced tick counts versus placebo on days 0 and 28 at 8 h (P ≤ 0.0390), 
on days 0 to 14 and 28 at 12 h (P ≤ 0.0142), and on all days at 24 h (P < 0.0001). 
By comparison, tick counts for afoxolaner were significantly lower than placebo 
at 8 h on days 0 and 28 (P ≤ 0.0117), at 12 h on day 0 (P < 0.0001), and on all days at 
24 h (P ≤ 0.0078). Significantly more live ticks were recovered from afoxolaner‐
treated dogs than from sarolaner‐treated dogs 8 and 12 h posttreatment 
(P ≤ 0.0286), at 12 h after re‐infestation on days 7 and 28 (P ≤ 0.04630), and at 24 h 
post‐re‐infestations from day 7 to day 35 (P ≤ 0.0119). At 24 h, afoxolaner efficacy 
was <90% from day 7 onwards, and declined to <45% by day 35, while efficacy for 
sarolaner was >90% for 35 days.

In the second study, both sarolaner and fluralaner significantly reduced live 
ticks within 8 h posttreatment against an existing infestation with R. sanguineus, 
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and killed all ticks within 24 h. After re‐infestation, however, sarolaner provided 
≥98.5% reduction within 24 h on all days except days 74 and 95 (P < 0.0001), com-
pared to fluralaner which provided ≥95.5% reduction only until day 44. Geometric 
mean live tick counts for sarolaner were significantly lower (P ≤ 0.0415) at 24 h 
posttreatment and after re‐infestation than those for fluralaner on all days, except 
on days 0, 14, and 28 (P ≥ 0.0678).

These studies demonstrated that sarolaner had a significantly faster speed of kill 
than both afoxalaner and fluralaner against the brown dog tick, R. sanguineus.

Summary of Comparative Studies These comprehensive comparative studies reflect 
the success of the Zoetis strategy to design and develop the novel isoxazoline, 
sarolaner (Simparica), with properties expressly optimized for use in companion 
animals.

 Commercialization of Sarolaner

Sarolaner was discovered and developed by Zoetis, with approvals being achieved 
in the European Union and New Zealand in late 2015 and Australia, Brazil, 
Canada, Ecuador, Nicaragua, and the United States by the end of 2016. Further 
submissions are in review.
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 Introduction

Origins
Although so far only commercialized for flea and tick control on dogs and cats, 
the isoxazoline chemical class was first identified in the agrochemical sector; 
primarily by efforts that grew out of the diamide insecticidal programs at 
Nihon Nohyaku, Nissan, and DuPont [1]. Scheme 16.1 illustrates how a single 
starting point (1) provided both of the commercial phthalic and anthranilic 
diamide insecticides flubendiamide (2) and chloranthraniliprole (3), as well as 
the orally active flea and tick control isoxazoline molecules fluralaner (4) and 
afoxolaner (5).

With respect to the creation of the isoxazoline parasiticidal chemical series, 
perhaps the most significant finding came from Nissan, who showed that the 
critical heptafluoro isopropyl substituent found in the insecticidal diamides 
(such as flubendiamide, 2) could be replaced with heterocycles or other linking 

Isoxazolines: Preeminent Ectoparasiticides of the Early 
Twenty‐first Century
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Abstract

The isoxazoline chemical series represents the largest and arguably the most 
exciting new class of insecticidal and acaricidal molecules introduced for animal 
health uses in the twenty‐first century. This chapter details the origins of the 
chemical class as described by the patent literature through the end of 2016, 
including commentary on their use against particular pest species and descrip-
tions of the syntheses and purifications utilized to create the various analogs. An 
account is made regarding the number of analogs synthesized and studied, along 
with a representative measure of the constitutive properties. Finally, the molecu-
lar structure of a typical isoxazoline is deconstructed into pieces to demonstrate 
what changes have been made and how those changes have initiated new and 
related chemical series.
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functional groups [2]. A key example is shown in compound 6, and a subsequent 
reorientation of the isoxazoline moiety provided a new chemical series, albeit 
one no longer exerting its effects by agonizing the ryanodine receptor as the 
diamides do [1].

Mode of Action
Similar to fipronil, the isoxazoline compounds appear to operate via the inhibition 
of GABA (gamma‐aminobutyric acid)‐ and glutamate‐gated chloride channels 
[3]. The spectrum of biological potency is broad and includes arthropods, either 
insects or acarians, of many orders including Leptidoptera, Diptera, Hemiptera, 
Blattaria, Coleoptera, Trombidifomes, Thysanoptera, Parasitiformes, Ixodida, 
and Siphonaptera. As is the case for fipronil, it is hypothesized that the high level 
of safety observed for the isoxazolines can be at least partially attributed to their 
lack of effect on GABA‐gated chloride channels in mammals [4].
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Companion Animal Applications
To date, four isoxazolines have been commercialized. Afoxolaner (5) was created 
by DuPont [5] and subsequently developed by Merial into the first isoxazoline 
sold for flea and tick control on dogs. Afoxolaner (5) was brought to market in 
2013, as a prescription product under the tradename of NexGard® in a 2.5 mg/kg 
minimum dose in a soft chewable form designed for monthly administration. 
(See Chapters 13 and 14 for an accounting of the discovery and development of 
Afoxolaner.) Fluralaner (4), discovered by Nissan [6] and developed by Intervet/
Merck, came to the market soon after in 2014 in a 25 mg/kg tablet form (~10× the 
minimum monthly dosage) designed for administration every 3 months under 
the name Bravecto®. In 2016, fluralaner was also registered as a topical formula-
tion for use in dogs and cats at the doses of 25–56 and 40–94 mg/kg, respectively 
(Bravecto® spot‐on). Zoetis, the third company to market an isoxazoline for flea 
and tick control on dogs, introduced in 2015 sarolaner (7) (created by Pfizer [7]) 
in a 2 mg/kg tablet form for monthly treatments under the name Simparica®. In 
addition to these three isoxazolines, Elanco received a registration of Credelio® in 
Australia and Europe in 2017, using Lotilaner (8) (discovered by Novartis [8]) as 
the active ingredient in a 15 mg/kg tablet form presumably meant for monthly 
administration. It is important to observe that while the first two isoxazolines 
were brought to market as racemic mixtures, the subsequent entries were devel-
oped and marketed as the single enantiomers (Figure 16.1).

Agrochemical Applications
Although the parasiticidal isoxazoline chemical class originated from research in 
companies having efforts focused on the agrichemical industry, to date no exam-
ples have been commercialized for crop protection. Perhaps this is due to the 
longer timelines associated with getting a new API (active pharmaceutical ingre-
dient) developed and registered for use in food crops relative to use in companion 
animals, with 8–12 years being the new norm [9]. By using the patent application 
publication date as a (somewhat artificial and possibly misleading) means to 
delineate the times marking the end of the discovery phase and the beginning of 
development and registration work, one can estimate that the flea and tick prod-
ucts were brought to market on the order of 5 years following discovery, and it has 
now been >11 years since the seminal Nissan patent application [6] was published. 
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Figure 16.2 Potential first commercial isoxazoline for crop protection.

With that in mind, fluxametamide (9) is the ISO name approved in April 2015 for, 
potentially, the first isoxazoline for use in food crop protection. This compound 
first appeared in an international patent application by Nissan (Figure 16.2) in 
2007 [10]. Fluxametamide (9) has been reported to be active against the cabbage 
moth, common cutworm, beet armyworm, oriental tea tortix, corn earworm, 
western flower thrip, melon thrip, Lewis spined bug (shield/stink bug), brown 
rice planthopper, silver leaf whitefly, green peach aphid, Japanese mealy bug, 
cucurbit leaf beetle, serpentine leaf miner, two‐spotted spider mite, and the pink 
citrus rust mite. As one might expect, fluxametamide (9) has also been reported 
to have activity against the cat flea and the American dog tick.

Production Animal Applications
Based on the patent literature, there appears to be only one application describ-
ing the use of isoxazolines in cattle. Researchers at Merial demonstrated efficacy 
against the cattle tick (Rhipicephalus microplus) following treatment with a 
long‐acting injectable formulation of afoxolaner (5) [11]. Similarly, a single 
patent application exists demonstrating efficacy in a poultry study. Intervet 
describes the administration of fluralaner (4) in drinking water to control the 
northern fowl (Ornithonyssus sylviarum) and red (Dermanyssus gallinae) mites 
in chickens [12].

In addition to activity against a range of terrestrial organisms, it is reasonable to 
expect potency against an expanded set of aquatic parasites for the isoxazoline 
chemical class in the future. Efficacy against one economically important sea 
louse, Lepeophtheirus salmonis, was first demonstrated for existing members of 
the chemical class by Novartis [13]. It not only showed potency against the cope-
podid stage using in vitro screens but also demonstrated efficacy against pre‐
adult and adult lice on salmon using injection, bath, and in‐feed experiments. In 
2016, a close, and racemic, analog of lotilaner (8) was shown to be active against 
the copepodid life stage at the sub‐ppb level in vitro, while racemic lotilaner (8) 
itself was inactive at the tested dose [14].

During the same time period, scientists at Pfizer also demonstrated potency 
against the copepod life stage of L. salmonis using their azetidinyl‐substituted 
phenyl isoxazolines [15]. Later Zoetis (formerly Pfizer Animal Health) was able to 
show superior potency in vitro against the pre‐adult and adult stages for its spiro-
cyclic molecule sarolaner (7) when compared to emamectin [16].
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Synthesis
The large‐scale production of a parasiticide, pesticide, agrochemical, APIs, or 
any drug for that matter, has several important requirements. First, the overall 
process must be robust, meaning that all of the chemical reactions, isolations, 
purifications, and material transfers used must perform in a reliable and consist-
ent manner. Second, the reagents, solvents, and intermediates used must be 
inexpensive and readily available from multiple suppliers. Third, the chemistry 
reactions and associated equipment must be safe, and this includes the methods 
employed to dispose of waste generated during the process. Only when these 
factors are all put into place can the process chemists deliver the parasiticide 
compound (to the respective formulation production group) on a commercial 
development scale.

The vast majority of isoxazoline molecules have been synthesized by one of two 
general routes (Scheme 16.2). In the aldol condensation/cyclization method, an 
addition‐dehydration reaction between an aromatic ketone and (typically) a trif-
luoromethyl aromatic ketone affords an α,β‐unsaturated ketone with the poten-
tial for having differentially substituted aromatic rings. This linear intermediate is 
then cyclized in a process that presumably involves the in situ formation of an 
amino‐ether followed by a base‐mediated cyclization to afford the desired 3,5‐bis‐
aryl‐5‐trfiluoromethyl isoxazoline; a mechanistic study by researchers at the 
Nagoya Institute of Technology suggested the alternative oxime is not a viable 
reaction intermediate [17]. The second general protocol for the preparation of 
parasiticidal isoxazolines begins with the reaction of an aromatic aldehyde with 
hydroxylamine. The resulting oxime is then oxidized to the nitrile oxide, most 
typically done in an in situ process involving N‐chlorosuccinimide wherein the 
imidoyl chloride is not isolated. In the presence of the requisite alkenyl (styrenyl) 
partner, the nitrile oxide undergoes a facile [3 + 2] cycloaddition to yield the 
corresponding isoxazoline.

In principle, both of the aforementioned synthetic processes can be performed 
in a stereoselective manner. In practice, it appears that only the aldol condensation/ 
cyclization method has realized enantiomerically enriched isoxazoline products of 
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value to the animal health and agrochemical businesses. Publications from Nagoya 
Institute of Technology [17], Nissan [18], Syngenta [19] and Zoetis [20] describe 
the use of cinchona alkaloid‐derived catalysts to achieve asymmetric syntheses of 
parasiticidal isoxazolines. The elegance of the chiral catalysis method lies in the 
overall efficiency: essentially only the desired enantiomer is produced which, in 
turn, minimizes wasted material and simplifies purification of the desired product. 
Sumitomo has also described an asymmetric synthesis of parasiticidal isoxazo-
lines, but uses optically active thioureas as the chiral catalysts as opposed to the 
quinine‐based variants [21]. Companies including BASF [22], Syngenta [23], and 
Anacor and Eli Lilly [24] have utilized chiral separation via chromatography to 
provide optically active isoxazolines. In principle, chiral chromatography could be 
used to purify a parasiticide for the animal health or agrochemical industries. 
However, in practice this can be cost‐prohibitive and is used primarily to provide 
resolved material for research purposes. In Scheme 16.3 is shown a chiral resolu-
tion process developed by Novartis [25], which uses a fractional crystallization to 
isolate the desired enantiomer of the requisite carboxylic acid intermediate used to 
synthesize lotilaner (8). A significant aspect of the Novartis process is the recovery 
and recycling of the undesired enantiomer.

The Hoveyda chemistry group from Boston College has very recently 
 disclosed a formal synthesis of fluralaner (4) in enantiomerically pure form, 
which utilizes an alternative route (Scheme 16.4). In their treatise, the research-
ers illustrate the careful design of a chiral catalyst to affect the addition of an 
allyl group into the requisite trifluoromethyl ketone 10 to afford tertiary 
 alcohol 11 in high yield and good enantiomeric purity [26]. Routine chemical 
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manipulations provided ketone 12, which was subsequently converted to the 
key isoxazoline intermediate 13 using a three‐step ring closure based on a pro-
cedure developed by the Shibata group at the Nagoya Institute of Technology 
[27]. Standard chemistry reactions can then be used to convert the methyl 
ester into a desired final amide such as 14 (active enantiomer of fluralaner). 
Overall, the Hoveyda group’s process is high yielding, but so far has only been 
described on a laboratory (small) scale.

Physicochemical Properties
The physicochemical properties of a compound or series are important as they 
can help researchers to make predictions and define studies (e.g. stability, dosing 
levels, and regimen) and interpret in vivo results such as potency, bioavailability, 
and persistency. Relative to small molecules used as human health pharmaceuti-
cals, such as the majority of antibacterials, for instance [28], the parasiticidal 
isoxazolines highlighted in this chapter are larger and more lipophilic com-
pounds, with halogenation designed to provide both improved potency and sta-
bility towards metabolic enzymes present in both the host and the target parasites. 
As a result of the said halogenation, both a broadened spectrum of biological 
activity and a predictable pharmacokinetic profile can be effected, in turn leading 
to efficacious products with the desired duration of activity or environmental 
persistency.

Figures 16.3–16.5 illustrate select constitutive physicochemical properties for 
parasiticidal isoxazolines and highly related analogs taken from the patent litera-
ture. The examples were retrieved from international patent applications 
describing new chemical series (vs methods‐of‐use or process chemistry filings), 
and efforts were made to select a single, representative analog from each appli-
cation that was listed as biologically active in the assays mentioned therein. This 
amounted to 134 examples meant to represent what could total approximately 
50 000–100 000 molecules made in the efforts to find parasiticidal isoxazolines 
and/or close derivatives. To provide the reader with additional context, also 
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included in the plots are the commercial insecticides flubendiamide (1), chlor-
antraniliprole (3), imidacloprid, flumethrin, and fipronil.

Approximately two‐thirds of the examples presented have molecular weights 
(MWs) in excess of 500 Da and the very large majority of the remaining analogs 
have masses of >450 g/mol, meaning that the series as a whole contains members 
that are larger than most small‐molecule human health drugs designed for oral 
absorption [29]. In a similar vein, calculations1 on this set of examples show the 
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1 StarDrop® software (by Optibrium, version 6.1) was used to calculate log D, log S, molecular 
weight, total polar surface area, and the number of hydrogen bond acceptors and donors.
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analogs to possess poor aqueous solubility and to have an average log D of ~4.8, 
and a lipophilicity or “greasiness” that is also at the high end of what is desired 
for a small molecule intended for oral absorption. While the number of hydro-
gen bond acceptors (many instances of N, O, or S) ranges from 2 to 9, the num-
ber of hydrogen bond donors (mostly amide N–H bonds for this set) is relatively 
fixed and only spans 0–2 for the vast majority of the members considered. 
However, when viewed in the context of commercial parasiticides for both crop 
protection and domesticated animal protection, the isoxazolines and related 
structural analogs appear constitutively similar to other classes with the obvious 
exception of the smaller and highly polar neonicotinoids (imidacloprid as a typi-
cal example).

 Patent Literature

A very large number of isoxazoline‐containing compounds exist in the literature, 
with over 32 000 being reported in more than 300 patents and patent applications, 
the very large majority of which are focused on insectidal and/or acaricidal activ-
ity. This number includes only those analogs that, in fact, contain an isoxazoline 
decorated with a trifluoromethyl group and are flanked by two cyclic groups as is 
shown in Figure 16.6; between 17 000 and 18 000 were actually made and/or 
tested, with the remainder disclosed as prophetic examples2. Due to the high level 
of interest in this series from both the animal health and agrochemical sectors, at 
least 18 different companies have submitted patent applications, and there are at 
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2 SciFinder® software (by Chemical Abstracts Services) sub‐structure search performed on the 
general structure shown in Figure 16.6.
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least five cases wherein multiple companies disclosed the same, new, compound 
within 6 months of each other. The reader will note, however, that approximately 
half of the patent literature mentioned describes methods of use, such as combi-
nations or formulations of isoxazolines, is instead process chemistry related, or 
even simply includes isoxazoline analogs mentioned in a long listing of named 
parasiticides. In Figure 16.7 is shown a graphical representation of the number of 
parasiticidal‐isoxazoline‐related patents per year, differentiating between those 
describing new molecules/series and those describing usage of existing APIs. 
With that in mind, the actual number of patent applications describing new 
chemical entities for the isoxazoline series and their highly structurally related 
parasiticidal analogs, is approximately 1453 as of late 2016.

3 The actual number of patent applications filed regarding new chemical series for isoxazoline or 
isoxazoline‐related compounds may be closer to 150, as a small number may have been missed due to 
filings outside of the PCT system or language/keyword/structure issues.
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A review of the biological data reported in the patent literature reveals that the 
isoxazoline group itself is not critical (speculation) for activity; examples are 
illustrated in the following section on structural variations. It is this author’s 
hypothesis that the isoxazoline functional group serves as a preferential linking 
group between the critical halogenated aryl group with the requisite geminal 
trifluoromethyl group and the other aryl group substituted with a preferred 
amide group. While more difficult to quantify and somewhat subjective, the 
number of structurally related derivatives (as compared to isoxazolines) with 
activity against arthropods appears to approximate the number of described 
isoxazolines. Several examples are given in the following section covering the 
structural variations.

 Structural Variations

A Geminal Relationship
A point of consistency across the very large number of analogs synthesized and 
tested is that the geminal trifluoromethyl and phenyl groups on the 5‐position 
of  the isoxazoline are present in the large majority of analogs published (see 
Figure 16.8). In fact, ~99% of the compounds retrieved using the “core” structure 
in Figure 16.6 contain a (substituted) phenyl group at the 5‐position, with the 
remaining 1% largely comprised of (substituted) pyridyl groups. The other half 
of the germinal relationship, the trifluoromethyl group, is likewise present in 
~99% of the published analogs. Approximately half of the companies working in 
this area have explored other substitutions such as ‐CF2H, ‐CFH2, ‐CF2CF3, 
‐CF2CF2CF3, ‐CF2Cl, ‐CCl3, or ‐CH3, but based on the number of analogs made, 
none appear to have seriously pursued these analogs. Presumably this is for a 
lack of potency, but is possibly due to other considerations such as cost and per-
haps unfavorable biological exposures. Beyond how it is presented in the “core” 
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structure in Figure 16.6, the geminal trifluoromethyl‐phenyl substitution pattern 
is maintained across nearly all of the analogs that follow in this section.

An Aromatic Backbone
Switching to the other side of the isoxazoline, the 3‐position, again, a substituted 
phenyl ring appears to be the most commonly chosen group to tether the termi-
nal amide (or other group) to the isoxazoline. While the largest number of ana-
logs were made with R = hydrogen as shown in Figure 16.8, other substitutions 
meta to the isoxazoline have been found to be favorable. For instance, the methyl 
group present in fluralaner (4) also appears in another nearly 3000 exemplified 
compounds including the analogous commercial compound lotilaner (8). It may 
be more appropriate to say this substitution pattern is ortho to the carboxyl group 
(typically an amide); molecular modeling shows the methyl group to impart an 
approximate 40–50° twist from planarity4 to the adjacent amide group. Regardless 
of whether this structural twist is involved in the binding of the compounds to the 
molecular target, the ortho methyl substitution is a highly preferred moiety pre-
sumably for reasons of efficacy/potency.

In addition to the methyl group situated ortho to the carboxyl (or other) func-
tional group, a large number of analogs were made and tested which contain 
either the chloro (~2000 compounds) or the cyano (>600 compounds) group at 
the same position. The trifluoromethyl group was also introduced at this posi-
tion, but to a much lesser extent with only about 100 analogs appearing in the 
patent literature.

As was shown in Figure 16.1, a phenyl ring at the 3‐position of the isoxazoline 
ring is not the only option for achieving potent molecules. For example, afox-
olaner (5) has a naphthalene ring in lieu of the phenyl and lotilaner (8) takes 
advantage of a thiophene as a phenyl bioisostere [30]. The “extra” ring (specifi-
cally the “ortho”‐methine) in the naphthalene ring system imparts a similar con-
formational effect to the ortho‐methyl substitution found in fluralaner (4) and 
related analogs mentioned. Novartis has also described derivatives with in vivo 
activity wherein the ortho‐methyl thiophenyl “core” is replaced by the analogous 
furanyl unit [30]; a similar level of conformational strain is presumed to operate 
in these non‐phenyl analogs also.

Besides the naphthyl, thiophenyl, and furan replacements for the phenyl 
group, at least 10 companies [6, 10, 15, 31–40] have engaged in the synthesis and 
testing of analogs using heterocycles affixed to the 3‐position of the isoxazoline. 
Included in this group of core linkers are pyridines, pyrimidines, and various 
orientations of quinolines and isoquinolines as shown in Figure 16.9. DuPont 
systematically addressed all of the positional isomers for the potential quino-
lines/isoquinolines and arrived at a compound with potency against multiple 
crop pests that was demonstrated to be superior to the commercial product 
indoxacarb (Activyl®) [41].

4 Maestro® software (by Schrödinger Inc., version 10.5) was used to measure the dihedral angle after 
performing a series structural minimizations.
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As one might guess, the number of potential replacements for the central, 
linking phenyl group is large. Beyond the linear (para‐substituted) pyridines and 
quinolines present in a number of other applications, researchers at BASF evalu-
ated the nonlinear heterocyclic linkers such as the pyridyl and quinolinyl cores 
shown in Figure 16.10 [42]. Norbrook disclosed and claimed activity against 
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ectoparasites for compounds containing anthracenyl cores decorated with 
the  amide and aryl moieties found in fluralaner (4) and afoxolaner (5) [43]. 
Merial published examples with animal health activity for analogs containing the 
indolizine core in lieu of a phenyl [35]. Syngenta revealed a set of substituted 
benzothiadiazoles in 2010 [32g, 44b]. Finally, BASF has patented several related 
series of analogs incorporating indanyl, dihydrobenzofuranyl, tetrahydronaph-
thalenyl, and dihydrobenzopyran linkers [22, 45].

Biologically Active Amides
Under the current focus, a variety of structural searches revealed that over 
half of the analogs presented in published patent applications describe com-
pounds wherein an amide substitution is located opposite the isoxazoline 
(across the phenyl ring). The percentage of amide‐containing analogs appears 
much lower, however, when the isoxazoline moiety is replaced with other 
groups such as dihydropyrrole or pyrrolidine. This could be attributed to a 
number of factors including a loss of potency or spectrum, or may be reflec-
tive of desires of the animal health and agrochemical companies’ need to find, 
define, and defend new intellectual property space. Whatever is the case, the 
fact remains that all of the commercial pesticides (animal health and poten-
tially crop pest) contain an amide group directly across the aromatic ring from 
the (para to) isoxazoline.

The relative synthetic ease of introducing an amide group into a molecule 
translates to a very large number of possible analogs, too many to cover in this 
review. However, shown below in Figure 16.11 are several examples which feature 
prominently, either in the commercial molecules and/or in a number of published 
patent applications. In general, it appears that the amides chosen for flea and tick 
applications for pets have a lower polarity than those intended for crop protec-
tion. This is likely due to a number of factors which primarily include the safety 
profile in mammals, water miscibility, and reduced environmental persistency for 
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crop pest applications, as well as structure–activity relationship considerations 
for potency against the differing pest species.

The amides as depicted in Figure 16.11 are not the only biologically active 
moieties found in this broad set of molecules. Following the success of the initial 
isoxazolines, “reversed” amides, or one wherein the central aryl group is bound 
to the amide nitrogen versus to the carboxyl carbon, were demonstrated to also 
have potency against a variety of crop pests. Chemists from Nissan were the 
first in 2007 to publish the reversed amides [38b]; and within months, Japanese 
teams from Nihon Nohyaku [39] and Bayer [37b] also disclosed highly similar 
molecules. The somewhat more sophisticated examples of the reversed amide 
such as the ones illustrated by the 2009 series by the Nippon Soda company [46] 
(Figure 16.12), may have served as inspiration for the later design of the potent 
flea and tick molecule sarolaner (7). Also shown below in Figure 16.12, are other 
examples of amido‐related functional groups found in insecticidally active isox-
azolines, such as the hydrazide [47], the semicarbazide [48], and the amidoxime 
[49] substitution patterns. Similar to the oxime found in fluxametamide (9) 
which presumably helps avoid long‐term environmental persistence, BASF has 
put forth examples of the semicarbazone [50] and amino‐carbamate [51] moie-
ties as linkers between the phenyl isoxazoline “cores” and the active groups 
(such as trifluoromethyl) at the termini.

Other Active Substitutions
Beyond amides, reversed amides, hydrazides, and the like, there have been 
approximately 2000 examples put forth which incorporate a heterocyclic group in 
lieu of the amido‐substitution. The earliest examples were the “azoles” (pyrroles, 
pyrazoles, imidazoles, triazoles, and tetrazoles) coming in 2007 from Nissan for 
crop protection [38c] and DuPont for crop pest/flea control [40a] and then later 
in 2008 from Bayer [37b]. In 2010, Novartis utilized a wide variety of heterocy-
cles, each plausibly meant to serve as a linking group between the central aryl and 
the terminus of the known, active amide substitution pattern. The example given 
in Figure 16.13 was progressed to a gerbil model of tick (Rhipicephalus  sanguineus) 
efficacy and shown to have a 96% efficacy using a topical dose of 100 mg/kg body-
weight [52]. A somewhat larger departure from the azoles, Anacor developed a 
set of benzoxaboroles and together with Elanco, demonstrated 1 month’s efficacy 
in dogs for the (S)‐enantiomer (15) against the American (Dermacentor variablis) 
and brown (R. sanguineus) dog ticks and the cat flea (Ctenocephalides felis) 
 following oral administration at 50 mg/kg [53]. The lead AN8030 (15) was 
 progressed toward a development candidate (16) which showed a similarly high 
level of efficacy in dogs for 1 month post oral administration at only one‐half the 
dose (25 mg/kg bodyweight) [54].

Other functional groups have been investigated as replacements for the amide 
moiety para to the isoxazoline substituent. One such example is the thio group, 
whether in the thiol, sulfide, sulfoxide, sulfone, or sulfoximine oxidative states. 
Excluding any examples that still belong to the ryanodine receptor agonist pre-
cursors, approximately 1100 isoxazoline compounds are described in 21 patent 
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applications from 2007 to 20155. Shown in Figure 16.14 are examples from Nissan 
[55a], DuPont [40a, 55b], Nihon Nohyaku [39], Dow [55c], and Syngenta [32e]. 
An example from Bayer [55d] describes fused heterocycles with alternative oxi-
dative states for the sulfur.

Ketones are another alternative functional group explored para to the isoxazo-
line substitution on the phenyl ring (Figure 16.15). While present in a number of 
human health pharmaceuticals and a few anthelmintics, outside of rotenone, the 
ketone functional group appears to be largely absent from use in ecto parasite 
control agents. As less than 100 total isoxazoline‐related compounds appear in 
only 6 patent applications (see Footnote 5), the supposition is that relative to 
the amide moiety, this substitution pattern is poorly active against crop and/or 
animal health pests or there are toxicity or stability issues stemming from the 
carbonyl functional group. Although several examples of ketonic‐isoxazolines 
can be found in applications submitted by Bayer [55d], BASF [50, 51], Nippon 
Soda [56], and Syngenta [57], most of these appear to be single compounds 
and/or synthetic intermediates of other analogs. It would appear that only BASF 
[58] has systematically explored the use of ketones in the isoxazoline series.

5 Sub‐structure searches performed in Scifinder and refined for document type = patent.
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Isoxazolines as a Preferred Core
As noted in the introduction, all of the commercial compounds in this chemical 
class do, in fact, contain an isoxazoline ring as the central portion of the molecule. 
However, an industry‐wide endeavor has sought to find suitable replacement 
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groups for the isoxazoline: approximately one‐third of the total number of patent 
applications regarding the isoxazoline class is focused on molecules containing 
other functional/linker groups as the central core. Loosely termed “scaffold‐ 
hopping,” the intent is to find analogs of similar or equal potency and/or physico-
chemical properties, while using molecules whose chemical structures exist 
outside the previously defined intellectual property space. This body of work has 
produced a number of analogs nearly equal to those for the isoxazolines them-
selves; these analogs can be placed into three generalized classes: five‐membered 
ring groups, fused ring analogs, and acyclic derivatives.

A seemingly straightforward path to finding new, but related active compounds 
involved placing additional substitutions onto the five‐membered isoxazoline 
ring. Alkylations, specifically methylations, or halogenations, specifically bromi-
nations and chlorinations, at the 4‐position on the isoxazoline ring were first 
introduced by Nissan [59], with later examples to include the more challenging 
fluorinations by Syngenta [44] and BASF [22]. Sumitomo [60] demonstrated 
chemical routes generating analogs with nitro substitution at C‐4. Also shown in 
Figure 16.16 is a more highly elaborated example by the Nagoya Institute of 
Technology [61] which includes a germinal fluorine and trifluoromethylsulfonyl 
substitution presumably meant to define and illustrate the synthetic route to the 
said analogs.

By its very nature, the 3,5,5‐trisubstituted isoxazoline core leaves only the C‐4 
and N‐2 positions available for direct alkylations. Syngenta appears to be the sole 
company to have published on N‐2 alkylated isoxazoline derivatives, both in the 
saturated [44b, 62a] and the unsaturated [62b] variants (Figure 16.16). The isoxa-
zoline core is also subject to oxidations, again at the C‐4 and N‐2 positions. 
Syngenta [63] has investigated the biological activity of N‐2 oxidized analogs and 
again, researchers from the Nagoya Institute of Technology [27b] have demon-
strated a manner of synthesis for these dipolar analogs. Syngenta [44c] has also 
disclosed products from a net oxidation at the C‐4 position, namely, the ketone 
and subsequent oxime(s), also shown in Figure 16.16.

In a similar vein, a single atom replacement can lead to a variety of possibilities, 
as shown in Figure 16.17. A substitution of the isoxazoline oxygen atom for a 
methylene to provide dihydropyrroles (1‐pyrrolines) was first disclosed by Nissan 
[64a] in 2007. Apparently a highly suitable bioisostere for the isoxazoline, the dihy-
dropyrrole moiety is present in nearly 11 000 related compounds, described or 
mentioned, in approximately 30 patent applications coming from Nissan [64a–d], 
Nippon Soda [31c, 65], Bayer [55d, 66], Syngenta [32a–e, 44b, 67a–j], Zoetis [68], 
BASF [22, 69], and Sumitomo [33]. It is of interest to note that a synthetic route to 
access enantiomerically enriched dihydropyrroles was described by Bayer [66f]. 
The Bayer method differed considerably from the methods used to enrich the 
isoxazolines and involves a metal‐catalyzed cycloaddition wherein one of the reac-
tion partners contained a chiral ester auxiliary to facilitate, in principle, both a 
diastereomerically enriched set of cycloadducts and the separation of the said 
adducts. This method required a base-catalyzed isomerization and a decarboxylation 
to remove the chiral auxiliary and afforded the dihydropyrrole products which were 
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then subjected to chiral HPLC (high‐performance liquid chromatography) to 
obtain the enantiomerically pure final products.

Replacement of the isoxazoline nitrogen with a carbon to provide dihydro-
furans (Figure 16.17) was first disclosed by Syngenta [32a, c, d, 70] in 2011, with 
additional entries coming later from Zoetis [68b, 71] and BASF [72]. Note that in 
several of these applications, derivatives wherein the alkenyl bond migrated to the 
3,4‐position were also synthesized and tested. Relative to the aforementioned 
dihydropyrroles, a far lesser number of the dihydrofurans were published, and 
this could be due to reduced potency or biological spectrum, chemical or meta-
bolic stability, or a combination of factors.

Switching the carbon at the 4‐position to an oxygen in order to yield a dioxazole 
(Figure 16.17) was first demonstrated by Nissan in the context of the ryanodine 
receptor agonists [73]. As a substitution pattern more directly applicable to the 
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isoxazoline series, Syngenta [44b] was the first to utilize the attractive chemistry 
to access the dioxazole cores; two applications by Zoetis [68a, b] which focused 
on dihydropyrroles also disclosed the dioxazole compounds.

Migrating the oxygen from the 1‐position in the isoxazoline to the “4”‐position 
affords a dihydrooxazole (Figure 16.17). As was the case for the dioxazoles, these 
compounds first appeared in the synthetic programs at Nissan to find diamide 
ryanodine receptor agonists with insecticidal activity [73a, b, 74]. Nissan [64a] 
was also the first to use this moiety with the para‐amidoaryl linkers similar to the 
general patterns observed in fluralaner (4), afoxolaner (5), and so on. Presumably 
due to the relative synthetic ease of accessing the dihydrooxazoles, approximately 
5000 compounds have been disclosed in applications from Nissan [64a, 73a, b, 
74], Sumitomo [33], and Zoetis [68a, b].

Replacing the isoxazoline oxygen at the 1‐position with a carbon and then 
oxidizing the nitrogen at the 2‐position yields a nitrone (Figure 16.17); overall 
this is equivalent to the N‐oxidation of a dihydropyrrole. As a 1,3‐dipole, the 
formal negative charge on the oxygen can also be depicted on the carbon at 
the 2‐position (benzylic carbon in this case). This ability to delocalize the charge 
has implications for chemical reactivity and the physical chemical properties; 
the dipolar nitrone analogs are not as polar as molecules with a fixed charge 
separation (as the canonical structure would imply). In addition to the approxi-
mately 1300 analogs which have been described in patent applications from 
Nissan [64b], Syngenta [32a, 67a], and Bayer [75], researchers from the Nagoya 
Institute of Technology [76] have published a method for the asymmetric syn-
thesis of the dihydropyrroles which lead to the nitrone following oxidation. The 
relative lack of nitrone analogs described is suggestive that this substitution 
pattern is lacking in the potency or the physicochemical properties needed for 
biological efficacy.

A direct bioisostere of the isoxazoline can also be obtained by exchanging the 
ring oxygen for a sulfur to afford a thioisoxazoline or isothiazoline (Figure 16.17). 
Chemists at Bayer [55d] were the first to publish a handful of these analogs 
in 2009; and several years later, scientists at Syngenta [77] and BASF [45c, 78] 
disclosed an additional approximately 1000 compounds. Finally, in 2016, Avista 
Pharma [79] published the thioisoxazoline version of sarolaner (7) and other 
related derivatives.
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A number of additional five‐membered ring variants have been investigated 
and representative structures are shown in Figure 16.18. A migration of the isoxa-
zoline nitrogen into a direct bond with the aryl linker, along with a carbonyl 
bridging to the ring oxygen yields a 3‐aryl oxazolidinone. Straightforward to 
access via synthesis from the requisite anilino‐alcohol and an activated carbonyl 
source (e.g. carbonyl diimidazole), approximately 5K molecules have been 
described in the relevant patent literature. The first examples came from DuPont 
[80], with subsequent applications coming from Nippon Soda [81], Syngenta 
[44b], Sumitomo [33], Bayer [82], and BASF [83].

In practice, the oxazolidines (Figure 16.18) are often obtained from the chemi-
cal manipulation of the oxazolidinones via a ring opening to afford the anilino‐
alcohol and then reaction with formaldehyde or its equivalent. A far lesser 
number of these (formally reduced) analogs have been described relative to the 
oxazolidinone derivatives. The first examples of the oxazolidine‐containing ana-
logs appeared in 2008 from the Nippon Soda company [31c, 81]. In 2012, Bayer 
[82c, d] also published a set of analogs found active against mites, beetles, and 
cutworms.

Another group of N‐aryl analogs meant to mimic the isoxazolines is the pyr-
rolidines (Figure 16.18). A large amount of effort has been expended on these 
compounds; over 8000 analogs were described and tested in 24 different patent 
applications published from 2008 to late 2016. The earliest examples came from 
Nippon Soda in 2008 [81], followed soon thereafter by 7 applications from 
Bayer [84] and 11 from Syngenta [32a, c, e, 67b–d, 85]. Zoetis [68a, b] and BASF 
[83] also contributed examples of pyrrolidine‐linked pesticidal isoxazoline 
mimics.

Devoid of any polar atoms in/on the ring, the cyclopentenes and cyclopenta-
dienes put forth by BASF [86] represent a large departure from the bioisosteres 
disclosed in that the central ring is now incapable of forming any hydrogen bond-
ing interactions (Figure 16.18). Along with the additional bioisosteres shown, the 
large number of biologically active examples in the BASF application suggests the 
potency of the “isoxazoline class” may have less to do with the molecular target 
binding to/with the isoxazoline ring and more to do with the isoxazoline’s use as 
a preferred linking group to provide molecules with an optimal combination of 
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size, shape, and physicochemical properties for in vivo potency, as well as pos-
sessing attractive chemical syntheses.

A Coming Together of Groups
Several companies have explored an alternate means of combining the isoxazo-
line ring with the phenyl linking group; in one such arrangement, conceptually 
excising two atoms and then fusing the two groups together leads to the dihyd-
robenzofuran moiety containing the germinal trifluoromethyl and aryl groups 
(Figure 16.19). Process chemists at Merck [87] were the first to publish the syn-
thesis of this chemotype in 2005, albeit in a different context and years before 
any connection to the isoxazoline parasiticidal class could be made. Syngenta 
was the first to realize the potential with respect to insecticidal usage [88]. 
Interestingly enough, the derivatives from Syngenta contained what could be 
considered an extra phenyl or extended alkenyl linking group, possibly sugges-
tive that derivatives similar to the (simply contracted) Merck example have the 
incorrect length/shape for parasiticidal potency. Entries from Nippon Soda 
came later the next year, with two patent applications linking the dihydrobenzo-
furanyl moiety to their pyridinyl warheads via differing oximyl arrangements 
[31, 89]; due to the nature of the aryl group, it is the author’s hypothesis that 
these particular analogs from Nippon Soda are likely parasiticidal due to an 
alternate mode of action relative to the dihydrobenzofuranyl compounds put 
forth by Syngenta.
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An Open Future for Analogs
A somewhat opposite approach to the contraction of groups to provide fused‐
ring derivatives is to open up or displace the isoxazoline in search of new active 
analogs. In this vein, several distinctly different and clever angles have been 
pursued. The first general examples of the isoxazoline ring‐opening approach 
(Figure 16.20) came from Bayer in 2011 and provided a set of acrylamide deriva-
tives wherein the geminal trifluoromethyl/aryl substitution was maintained [90]. 
BASF also produced a set of acrylamides, varying the nature of the amide or 
related side chain bound to the central phenyl ring [91]. Novartis was the third 
company to publish a set of acrylamides based on the isoxazoline series, including 
the naphthyl, thiophenyl, and benzofuranyl linkers in lieu of the central phenyl 
ring [92].

The second ring‐opening approach was one wherein chemists from Dow 
merely “removed” the nitrogen and oxygen to arrive at a propenyl linker in lieu of 
the isoxazoline (Figure 16.21). Their first publication in 2012 provided examples 
including triazole‐substituted phenyl groups containing the ortho‐cyano group 
and a racemic propenyl linker [93a]. Subsequent publications showed examples 
with the desired stereochemistry at the germinal trifluoromethyl‐aryl center and 
further elaborations of the amide side chain [93b–h]. It should be noted that these 
examples represent another set of analogs devoid of the hydrogen bonding capa-
bility of the parent isoxazolines.

The third and final example of “opening up” the phenyl isoxazoline moiety pre-
sented herein is the set of vinylogous phenyl isoxazolines recently published by 
Syngenta [94]. Insertion of an alkenyl linker between the isoxazoline and the cen-
tral phenyl ring afforded analogs with a slightly longer and more flexible structure 
(Figure 16.22). Of particular note is that the majority of the analogs disclosed in a 
2016 application contain a meta arrangement between the phenyl ring and the 
inverse amide. One can surmise that the altered structure, relative to the parent 
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phenyl isoxazoline, confers a differing target‐site requirement for the terminal 
amide side chains simply due to size and shape. It remains to be seen whether any 
of these “open‐ring” or extended analogs possess the requisite binding affinities 
needed to achieve potency while maintaining efficacy in the in vivo applications.

Aryl

Excise

R

F3C O

O

N

H
N

Aryl

CF3

CN

Het

DOW 2012 DOW 2014

R
O

H
N

Aryl

CF3

DOW 2014

R

O

OH
N

N
H

N
H

Aryl

CF3

DOW 2014/2015

R

O

OH
N

N
H

Aryl

CF3

Figure 16.21 “Open ring” isoxazoline replacements from Dow Agrosciences.

Aryl

Insert
R

F3C O

O

N

H
N

Syngenta

and/or

Syngenta

R
H
N

Aryl

R

F3C O

O

Br

N

H
N

Aryl

CN

F3C O

O

N

Figure 16.22 Vinyl‐extended phenyl isoxazolines from Syngenta.



16 Isoxazolines: Preeminent Ectoparasiticides of the Early Twenty‐first Century344

 Conclusion

This chapter began by illustrating the origins of the parasiticidal isoxazoline 
chemical class, apparently arising from systematic changes made to the diamide 
and anthranilimide compounds being developed at the turn of the century. Those 
early isoxazoline examples were then quickly developed into and commercialized 
as flea and tick control products for pets; a monumental accomplishment as they 
comprise the first new class of purely synthetic, orally active ectoparasiticides 
since the neonicotinoids and are also the first series to control ticks following oral 
administration. A brief discussion of the synthetic routes was provided, along 
with examples of the methods used to access the single enantiomers as the most 
recent commercial entries are presented in their optically active forms. A repre-
sentative view of select physicochemical properties for the isoxazolines was given, 
along with commercial parasiticides from other chemotypes in order to provide 
context. The patents and patent applications for this burgeoning chemical class 
number in the hundreds, and an attempt was made to illustrate all of the compa-
nies and timelines associated with the significant discovery efforts to identify and 
develop compounds in the class with a variety of attributes and potential applica-
tions. Finally, a deconstructive method was used to examine the isoxazoline mol-
ecules and the many related analogs the class has spawned. With the tremendous 
body of work done to date, it will be interesting indeed to see what isoxazoline‐
inspired molecules and their applications may be described in the near future.

 Disclaimer

This document is provided for scientific purposes only. Any reference to a brand 
or a trademark herein is for informational purposes only and is not intended for 
any commercial purposes or to dilute the rights of the respective owners of the 
brand(s) or trademark(s).
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