N

ates on Brucellos

Upd

Edited by




Updates on Brucellosis

Edited by Manal Mohammad Baddour



Updates on Brucellosis

Edited by Manal Mohammad Baddour

Published by AVE4EVA
Copyright © 2015

All chapters are Open Access distributed under the Creative Commons Attribution 3.0
license, which allows users to download, copy and build upon published articles even for
commercial purposes, as long as the author and publisher are properly credited, which
ensures maximum dissemination and a wider impact of our publications. After this work
has been published, authors have the right to republish it, in whole or part, in
any publication of which they are the author, and to make other personal use of the
work. Any republication, referencing or personal use of the work must explicitly identify
the original source.

As for readers, this license allows users to download, copy and build upon published
chapters even for commercial purposes, as long as the author and publisher are properly
credited, which ensures maximum dissemination and a wider impact of our publications.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors
and not necessarily those of the editors or publisher. No responsibility is accepted for the
accuracy of information contained in the published chapters. The publisher assumes no
responsibility for any damage or injury to persons or property arising out of the use of any
materials, instructions, methods or ideas contained in the book.

Publishing Process Manager

Technical Editor AVE4EVA MuViMix Records
Cover Designer

Published: 22 November, 2015

ISBN-10: 953-51-2211-8
ISBN-13: 978-953-51-2211-1



Downloaded ofcom Vt-g Books.com



Contents

Preface

Chapter 1 Risk Factors for Brucella spp. in Domestic and Wild Animals
by Ana Claudia Coelho, Juan Garcia Diez and Adosinda Maria
Coelho

Chapter 2 Brucellosis at the Wildlife/Livestock/Human Interface
by Calvin Gomo

Chapter 3 The Interaction Between Brucella and the Host Cell in
Phagocytosis
by Suk Kim

Chapter 4 Brucella-induced Thrombocytopenia and Bleeding
by Ali Akbar Heydari

Chapter 5 Ocular Manifestations of Brucellosis
by Ozlem Sahin

Chapter 6 Neurobrucellosis
by Farhad Abbasi and Soolmaz Korooni

Chapter 7 Brucellosis — Granulomatous Spine Infection
by Ana M. Cervan, Miguel Hirschfeld, Miguel Rodriguez and
Enrique Guerado

Chapter 8 Blood Cultures for the Diagnosis of Human Brucellosis
by Pablo Yagupsky

Chapter 9 Antibiotic Susceptibility Testing of Brucella Species - Old and
New Drugs
by Max Maurin



VI Contents

Chapter 10 Recombinant Proteins as Antigens in Serological Diagnosis
of Brucellosis

by Magda Celina Navarro-Soto, Alberto Morales-Loredo,
Genoveva Alvarez-Ojeda, Carlos Ramirez-Pfeiffer, Patricia Tamez-
Guerra and Ricardo Gomez-Flores

Chapter 11 Treatment of Brucellosis
by Mitra Ranjbar

Chapter 12 Treatment of Human Brucellosis — Review of Evidence
from Clinical Trials
by Julian Solis Garcia del Pozo and Javier Solera

Chapter 13 Control of Animal Brucellosis — The Most Effective Tool to
Prevent Human Brucellosis

by Marta Pérez-Sancho, Teresa Garcia-Seco, Lucas
Dominguez and Julio Alvarez



Downloaded ofcom Vt-g Books.com



Preface

Brucellosis is a major zoonotic disease that may cause a serious
illness in humans and animals. Global prevalence of human
brucellosis remains significant.

More than half a million new brucellosis cases from 100 countries are
reported annually to the World Health Organization (WHO). The
majority of these cases are reported in developing countries.In
humans, brucellosis (undulant fever, Malta fever) is characterized by
an acute bacteremic phase followed by a chronic stage that may
extend over many years and may involve many tissues. It is a
systemic disease, and many organ systems (nervous system, heart,
skeletal system, bone marrow, etc.) may become involved following
hematogenous dissemination. Although eradicated in some countries,
it remains one of the most economically important zoonosis worldwide
as it is responsible for huge economic losses as well as significant
human morbidity in endemic areas. Because of the nonspecific clinical
manifestations of human brucellosis and the need for prolonged
combination therapy with antibiotics that are not routinely prescribed
for other infectious diseases, laboratory confirmation of the diagnosis
is of paramount impornce for adequate patient management.

In addition, evidence of brucellosis has serious public health
implications because it discloses exposure to a contaminated source
(infected animals or their products, unsafe laboratory practices, or a
potential biological warfare attack).

This book addresses human brucellosis with stress on symptoms
including those related to the less recognized disease localizations,
risk of exposure, treatment, and prevention.

Light is shed on animal brucellosis as it pertains to human exposure.

The book also emphasizes on laboratory procedures in culturing and
serologic techniques.

Epidemiologic surveillance is among this books subjects as well as
veterinary control measures.
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Chapter 1

Risk Factors for Brucella spp.
in Domestic and Wild Animals

Ana Claudia Coelho, Juan Garcia Diez and Adosinda Maria Coelho

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/61325

Abstract

Brucella spp. is the aetiological agent of brucellosis, a serious contagious disease that
results in reproductive failure and that has profound public health significance be-
cause of its zoonotic characteristics. This disease also is responsible for a high eco-
nomic impact associated with the application of prevention, surveillance and test-and-
slaughter programmes in animals by national authorities. Brucella spp. infects a large
variety of animals and their prevalence is variable worldwide, mainly associated with
the presence or absence of control programmes and also with the vaccination of ani-
mals against brucellosis. To achieve the control and eradication of brucellosis, the
identification of the risk factors of brucellosis that maintain the infection in animals
and/or the environment is fundamental. Although several risks have been identified,
the most important have been associated with the biology of the bacteria, animal man-
agement (age, sex, species or breed), herd management (herd/flock size, number of
species, contact with wild animals or type of animal production), farm management
(facilities, cleaning and disinfection or veterinary support) and farmers’ knowledge
about the disease. Thus, to benefit from proper risk identification of brucellosis, it is
essential to put a cost-effective and efficient brucellosis control programme into place.

Keywords: Brucellosis, risk factors, animals, prevalence

1. Introduction

Brucellosis is a serious contagious disease that results in reproductive failure and has profound
public health significance because of its zoonotic characteristics [1]. In animals, brucellosis can
be considered as one of the most economically important zoonosis worldwide, resulting in
clinical disease, abortion, neonatal losses, increased calving intervals, reduced fertility,
decreased milk production, increased culling rates because of metritis and the emergency
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slaughtering of infected animals and also an impediment to free animal movement and trade
[2-4]. However, a high economic impact is associated with the human disease and also by the
application of prevention, surveillance and test-and-slaughter programmes in animals by
national authorities [4,5].

Brucella spp. infects a large variety of animals as described in Table 1. Classically, the genus
Brucella includes six recognized species based on antigenic/biochemical characteristics and
primary host species [6]. Brucella abortus (cattle), Brucella melitensis (sheep and goats), Brucella
suis (swine, cattle, rodents, wild ungulates), Brucella ovis (sheep), Brucella canis (dogs) and
Brucella neotomae (rodents). More recently, other species have been recognized such as B. ceti
(cetaceans), Brucella pinnipedialis (seals), Brucella microti (voles) and Brucella inopinata. The last
was isolated from a breast implant in a human with clinical signs of brucellosis [7].

Animals Brucella spp. Hosts Reference
Alpacas, Cattle, Dogs, Goats, Horses, Llamas, Pigs,

Domestic/Farm animals [8,9,10-14]

Sheep
Bears, Bison, Buffalo, Camelids, Caribou, Deer, Elk,
Wild animals [15,16,17-22]
Ferrets, Foxes, Rabbits, Rodents, Wolves
Birds Partridges, Quails [23,24]
Marine mammals Dolphins, Dugongs, Manatees, Otters, Sea porpoise [15,23-29]

Table 1. Hosts of Brucella spp. among the literature

The epidemiology of brucellosis is variable worldwide. In developed countries, brucellosis has
been eradicated or presents low individual prevalence due to control programmes and
vaccination of animals [30,31]. Currently, the brucellosis status of a country is based on the
epidemiology in domestic animals. However, to consider a country free of brucellosis, it may
also include epidemiological data regarding brucellosis in both wild animals and in marine
animals [15,25].

According to the data available at the World Organisation for Animal Health (OIE) (2009),
brucellosis (including B. abortus and B. melitensis) was not reported in several countries such
as the USA, Australia and several European countries. Among the latter, Mediterranean
countries such as Spain, Portugal, Italy and Greece are not brucellosis free today [32-35]. On
the other hand, the picture of the prevalence of brucellosis has changed in South America,
Africa, Middle East and Asia, where brucellosis is endemic because control programmes are
insufficient or they basically do not have a great impact in animal and human health [5,26].
Since official data about prevalence of brucellosis in these countries is scarce, reports carried
out in these areas show a large variability in the prevalence (Table 2).

The aim of brucellosis control is both to decrease the impact on human health and avoid
economic consequences through reducing exposure to Brucella spp. and increase resistance to
the infection among animal populations. To achieve this objective, several measures such as
test-and-slaughter programmes and/or biosecurity measures (hygiene, control of animal
movements, vaccination or reproductive management, etc.) should be performed [30].
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However, to achieve success against brucellosis, the elaboration of control and eradication
programmes must first identify all the potential risks that maintain the infection in animals
and/or the environment.

Species Country Individual Lab method Reference
prevalence
Brazil 2.9% RBT+2ME [43]
Libya 42% RBT [44]
Bangladesh 2.66% RBT +I-ELISA [45]
Cattle Nigeria 24.0% RBT+ELISA [46]
India 5,00% RBT + ELISA [47]
Uganda 14% RBT [48]
Uganda 5% ELISA [49]
Libya 24% RBT [44]
Bangladesh 2.31% RBT +I-ELISA [45]
Sheep o
Nigeria 14.5% RBT +SAT [49]
Kyrgyzstan 8.9% RBT [50]
Libya 31% RBT [44]
Bangladesh 3.15% RBT + I-ELISA [45]
Goat Uganda 17% RBT [48]
Nigeria 16.1% RBT+SAT [49]
Kyrgyzstan 2.5% RBT [50]
Iran 2.5% RBT [51]
Horses Nigeria 14.7% RBT [52]
Pakistan 20.7% RBT [53]
Iran 4.90% IA [54]
Argentina 14.7% RBT [55]
Dog Nigeria 5.46% RBT [56]
Nigeria 28.6% RBT [57]
Iran 10.62% IA [58]
Swine Croatia 1% RBT [11]
Coyote USA 18% Card test [59]
Camels Egypt 5.7% RBT [18]
Switzerland 1.5% RBT [60]
Wild boars
USA 23.4% CT+STT+RT+CFT [61]
Marine mammals USA 0.03% C-ELISA [62]
USA 38% RBT+CFT+ELISA [63]

TA: Immunochromatography assay; RT: rivanol test; C-ELISA: competitive ELISA; CT: card test; STT: standard tube test;
LAB method: laboratory method for brucellosis diagnostic; ELISA: Enzyme-Linked Immunosorbent Assay; RBT: Rose
Bengal Test; 2ME: 2-mercaptoetanol test; CFT: Complement Fixation Test; I-ELISA: indirect ELISA; SAT: serum
agglutination test

Table 2. Seroprevalence of brucellosis among the different species
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Identification of risk factors of brucellosis has been reported in epidemiological studies [36-41].
Although several risks have been identified, the most important are related to farm manage-
ment, animal management and knowledge about the disease [42]. Thus, to benefit from proper
risk identification of brucellosis, it is essential to put a cost-effective and efficient brucellosis
control programme into place.

2. Risk factors of brucellosis in animals

The risk factors can be categorized into those associated with characteristics of animal
populations, management and the parasite biology.

2.1. Risk factors associated with the biology of Brucella spp.

Brucella abortus is the aetiological agent of bovine brucellosis and responsible for an econom-
ically important cause of abortions in cattle [31]. B. abortus also affects other species such as
bison, buffalo or elks representing an important risk for the maintenance of the agent in the
animal population with special importance in areas where wildlife and cattle rearing occur
together [15]. Moreover, infections in wildlife can hinder eradication efforts in cattle. B.
abortus is still a human pathogen and outbreaks associated from infected cattle and also from
ingesting contaminated dairy products represent an important risk of infection [4].

Brucella melitensis can affect most domestic animals, but dairy sheep and goats are especially
susceptible. Sheep have different receptivity according to breed, while in goats this association
has not been reported [64]. B. melitensis is the main etiological agent of brucellosis in small
ruminants, although sheep can be also infected by B. ovis. Sporadic cases of brucellosis have
been described in sheep and goats as B. abortus and B. suis [65,66]. The dogs that guard the
herds and flocks can also be infected [67].

Dogs, cats and other wild carnivores such as foxes or wolves present an important role in the
epidemiology of brucellosis, because they act as mechanical disseminators due to the trans-
portation of infected foetuses or placentas from abortions in infected herds and flocks. Since
pigs are susceptible to infection by B. melitensis, pig farms present some epidemiological
importance where both species are reared [68]. In addition, wild ruminants with potential
contact with infected sheep and/or goats could be infected with B. melitensis, maintaining the
infection in natural environment [15].

Porcine brucellosis is caused by Brucella suis biovars 1, 2 or 3. The disease caused by biovars 1
and 3 is similar, while that caused by biovar 2 differs from 1 and 3 in its host range, its limited
geographical distribution and its pathology [66]. In domestic pigs, risk factors associated with
infection are ingestion of aborted foetuses, foetal membranes, abortion products and uterine
discharges, or contaminated foodstuffs. Transmission during copulation is very common [66,
69,70]. Artificial insemination with contaminated semen or conjunctival mucosal should also
be considered a risk [66,71].
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The infection of a pig herd by brucellosis could be associated with the purchase/entrance of
infected animals, contact with wildlife reservoirs, use of contaminated semen or feed [72] or
the use of a lend boar. Other risk factors could be attributed to transmission of the disease by
mechanical vectors due to contamination of vehicles, holding equipment or utensils and also
to the introduction of infected offal (e.g. placenta and afterbirths) [70]. Serological screening
and purchase from brucellosis-free herds should reduce this risk [70].

The likelihood of the introduction of the infection from potentially infected wild boar, free-
range pigs or hares and its establishment in outdoor and backyard pig populations depends
on housing management such as the type of housing (outdoor vs indoor), low levels of
biosecurity, direct or indirect contact with infected wild boar, free-ranging pigs or hares,
feeding practices (i.e. home prepared food vs commercial food), purchasing animals or semen
without testing, no testing of live pigs, husbandry systems, lack of detection of unapparent
infections, contamination of semen collection centres and equipment, contamination of
transport vehicles, transport of pigs from different holdings or mixing of pigs [70].

2.2. Risk factors associated with the host

2.2.1. Age

Age has been referred to as one of the intrinsic factors associated with brucellosis. Higher
seroprevalence of brucellosis has been observed in older animals, both in cattle and small
ruminants with a prevalence odds ratio (POR) of about 2.0 in cattle over 5 years old and a POR
of about 1.7 in small ruminants over 2 years old [43,73-77]. Similar results have been observed
in wild boars and camels [78,79]. Brucellosis has traditionally been considered a disease of
adult animals since susceptibility increases after sexual maturity and pregnancy [80]. How-
ever, variations in the age of sexual maturity among breeds could present differences between
age and brucellosis positivity [81]. Brucella spp. presented a tropism to the reproductive tract
due to the production of erythritol, a 4-carbon sugar produced in the foetal tissues of ruminants
that stimulates the growth of Brucella [82]. Thus, it may also explain the higher prevalence in
adult animals than in young [83]. On the other hand, a higher prevalence of brucellosis in
adults has also been associated with longer contact with infected animals or with the envi-
ronment. This potential risk may be significant in those herds without culling of positive
animals [84]. It must be kept in mind though that this low prevalence might be faulty because
young animals can be infected without clinical symptoms presenting serologic response for
only one week [83,84].

2.2.2. Sex

The influence of sex in the prevalence of brucellosis has been studied in cattle, small ruminants
and wild animals [74,77,79,80,84]. Female ruminants presented a higher odds of brucellosis
infection, the same has been observed in female dogs compared to male dogs [85]. Although
this is difficult to explain, it could be associated with the intrinsic biology of the microorgan-
isms and its tropism to the foetal tissues as previously described. Since brucellosis infection in
males presented clinical signs such as epididymitis and orchitis, the prevalence in males could
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be lower than females because they may be culled faster [86]. On the other hand, the absence
of clinical signs such as abortion or metritis in non-pregnant infected females or the absence
of farmers’ observation/identification of abortions in extensive herds may also explain the
higher prevalence in females. In addition, in non-pregnant females, brucellosis becomes
chronic. This fact has important epidemiological implications since, after an initial immune
response, animals may be asymptomatic carriers, the antibodies disappear from circulation
and are difficult to detect with traditional serological techniques [87]. Since brucellosis in pigs
may affect both males and females equally, sex susceptibility has not been fully demonstrated
[72]. Regarding wild boars, the behavior of females living in matriarchal groups could explain
the higher prevalence [79].

2.2.3. Species and breed

The prevalence of brucellosis is variable among species and region as described in Table 2.
However, prevalence in farm animals seems to be lower in small ruminants than large
ruminants [44,84] and lower in sheep than in goats [45,88,89]. Transmission of brucellosis
occurs in ruminants through the excretion of contaminated materials from the female genital
tract, which constitutes the main form of transmission to other animals and humans. In most
of the circumstances, the main route of spread is the placenta, foetal fluids and vaginal
discharges expelled after delivery or abortion. At that time, large numbers of Brucella are
released [90]. The vaginal excretion of Brucella spp. in goats is greater and more prolonged
than sheep, lasting for 2-3 months. In sheep, it is generally lower and normally ceases within
3 weeks after birth or abortion. It is also common that excretion occurs through milk or semen
[91]. The excretion of Brucella in milk is generally intermittent and usually only appears 6 to
12 days after the abortion. In goats, the excretion is more abundant and more prolonged, so
there is an increased risk of infection via the consumption of milk from this species [92,93].

The phenomenon of latent brucellosis in sheep was observed in lambs born from infected
mothers that breast-feed with milk contaminated with Brucella. These lambs are seronegative
to adulthood, while in females, the latency of brucellosis is maintained until the first preg-
nancy, a period in which the disease process develops [94].

Infected females thus present a high number of abortions with special importance in primi-
parous females [87].

In game animals, seroprevalence in wild boars seems to be higher than wild ruminants
[8,95-98]. To the best of our knowledge, there is no evidence of higher susceptibility to
brucellosis within specific species. In the case of horses, they have usually been considered
more resistant to brucellosis than ruminants [51], but the variation of prevalence reported in
endemic areas of brucellosis [99,100] seems to be discussible. The information available about
differences of brucellosis infection by species is scarce. In sheep, pregnant dams do not present
Brucella spp. in vaginal discharges, contrary to that observed in goats [101], where excretion
may extend over two or three months [102]. Thus, the higher prevalence in specific species
could be achievable through the intrinsic characteristics of the etiological agent [103].
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Regarding the breed, a higher prevalence of brucellosis has been reported [104] in cross-breed
cattle than local breeds, although other reports indicated no statistical differences among cattle
breeds [46,105]. In small ruminants, Maltese and South American sheep breeds seem to present
a greater resistance to brucellosis compared to the sheep breeds of Southwest Asia and the
Mediterranean, such as the Awassi breed [13,106,107]. Although Husky and Chihuahua dog
breeds appeared to be more prone to Brucella infection than other breeds, their infection seems
most likely influenced by other factors such as the local dog population or owners than by dog
breed [107]. In swine, some breeds such as Duroc and Jersey Red crosses may be less susceptible
to experimental challenge with B. suis, suggesting some genetic resistance [108]. Previous
studies showed that stray dogs demonstrated a greater than three-fold rate of infection versus
non-stray dogs [109].

Keypoint: Risk factors associated with Brucella spp. and the host

Brucella abortus is the aetiological agent of bovine brucellosis in cattle although also infects
other species such as bison, buffalo or elks. It represents an important risk to the maintenance
of the agent in the animal population with special importance in areas where wildlife and cattle
commingled. B. melitensis is the main etiological agent of brucellosis in small ruminants,
although sheep can be also infected by B. ovis. Sporadic cases of brucellosis have been described
in sheep and goats as B. abortus and B. suis. Porcine brucellosis is caused by Brucella suis biovars
1,2 or 3. The disease caused by biovars 1 and 3 is similar, while that caused by biovar 2 differs
from 1 and 3 in its host range, its limited geographical distribution and its pathology.

Several risk factors of brucellosis have been associated with the host such as age, sex, species
or breed. Regarding age, higher seroprevalence of brucellosis is observed in older animals
since susceptibility increases after sexual maturity and pregnancy. It could be associated with
the tropism of Brucella spp. to erythritol, a 4-carbon sugar produced in the foetal tissues of
ruminants that stimulates the growth of Brucella. This fact may explain the higher prevalence
in adult animals than in young ones. With regard to sex, the odds of infection by brucellosis
in ruminants are higher in female than male probably associated with the tropism to the foetal
tissues as previously described. Species and breed have also been described as risk factors. In
farm animals, the prevalence seems to be lower in small ruminants than large ruminants and
lower in sheep than in goats. In this last case, the vaginal excretion of Brucella spp. in goats is
greater and more prolonged than sheep, lasting for 2-3 months whereas excretion in sheep is
generally lower and normally ceases within 3 weeks after birth or abortion. Regarding the
breed, there is not consensus among the studies. Thus, some of them reported higher preva-
lence of brucellosis in cross-breed cattle than local breeds. In small ruminant, Maltese and
South American sheep breeds seem to present a greater resistance to brucellosis compared to
the sheep breeds of Southwest Asia and the Mediterranean, such as the Awassi breed.

2.3. Risk factors associated with herds

2.3.1. Herd/flock size

An important risk factor for brucellosis seropositivity is herd size, being higher in large herds
and/or flocks. An increased odds ratio for seropositivity has been largely reported in cattle

7



8 Updates on Brucellosis

[82,84,104,110] as well as in small ruminants [77,86,111]. In contrast, no statistical differences
among goat flocks were observed in the literature [112,113].

The higher prevalence of brucellosis in large herds and/or flocks has been associated with
several factors, such as a higher number of animals tested in larger herds means the probability
of detecting at least one seropositive animal is greater [77] or the higher number of animals
increases the likelihood of transmission of the disease by contact among them [114]. The low
prevalence of brucellosis in small-sized herds could also be associated with the herd and/or
farm management [86]. Thus, small-sized flocks usually graze at pastures near or contiguous
to the farm, avoiding contact with other flocks or utilization of common paths and/or roads.
Because premises for small herds or flocks are smaller, cleaning, disinfection and manure
removal procedures are easier and less time consuming to the farmer. Disinfection is also
facilitated by the low resistance of Brucella spp. to most disinfectant agents [115] and by the
low cost of this operation. Farmers of small-sized herds may easily control the partum period
and usually keep dams away from the flock during parturition. This measure is very important
in case of abortions, to avoid pasture contamination. In these small sized herds, replacement
is usually made by reposition and economic trade is not frequent. Thus, the absence of an
elevated rate of animal movement decreases the likelihood of infection.

The health status of a flock may influence the predisposition to brucellosis infection. Thus, in
small-sized herds, farmers can easily identify sick animals and veterinary and preventive
treatments are usually carried out at low financial cost. Regarding the official control of
brucellosis by the official veterinary authority, small-sized flocks are easily controlled and in
the case of a positive finding, most farmers agree to cull the whole flock to maintain the
brucellosis-free status and also to avoid a zoonotic infection [116,117]. In addition, the
vaccination coverage of young animals with RB-51 or Rev-1 is more easily achievable in these
herds.

On the other hand, the higher prevalence of brucellosis observed in large flocks may be also
associated with the utilization of communal pasture areas, utilization of common paths
and/or roads and due to contact with others flocks [114]. Cleaning and disinfection procedures
of premises and manure removal in large-sized flocks is more difficult than in medium or small
flocks because it requires the availability of mechanical equipment and consequently a higher
financial cost. An increased prevalence of brucellosis associated with decreased of proper
manure removal, cleaning and disinfection procedures has been described [118]. The control
of reproductive management is difficult in large flocks, where parturitions on grazing areas
are frequent and abortions are a source of pasture contamination. In addition, animal move-
ment in large herds is frequent, both for replacement and/or trade, thereby increasing the risk
of infection by brucellosis. Due to the higher cost of veterinary treatments and/or application
of preventive programmes, animals in large flocks may be more susceptible to brucellosis
infection. Moreover, associated with high numbers of animals unvaccinated and/or non-blood
sampled animals may occur and remained unprotected and susceptible in case of infection. In
addition, these animals act as a source of brucellosis contamination to the rest of the herds
[74,118] and in the case of positive animals, farmers hesitate to slaughter the entire flock.
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In dogs, the risk of transmission increases in kennel environments due to the high interaction
among the animals and reduced space, which infected dogs share with other healthy ones to
play, defecate or urinate [119]. Kennels with a history of abortion are 13 times more likely to
be seropositive than kennels without this record [120].

Transmission studies have demonstrated that the exposure of healthy dogs to abortion
products is an easy way for B. canis transmission [119]. The aborting bitch presents a high risk
for the spread of infection to healthy dogs. B. canis is also found in the milk of infected lactating
bitches, which might lead to the potential infection of nursing pups [121]. The high POR of
seropositivity in kennels with a history of abortions could be associated with the presence of
Brucella over long periods of time, caused by the absence of good reproductive practices and
exposure to body fluids in the environment [120].

2.3.2. Number of species

Farming several species in the same herd has been described as a risk factor [78,80,84], although
there is no evidence of higher susceptibility of brucellosis in specific species. Thus, an increase
in prevalence where several species intermingle is difficult to explain but could be associated
with higher chances of being Brucella seropositive because of multiple sources of infection.

It has been suggested that brucellosis is transmitted only rarely from sheep and goats to cattle,
or among cattle [88]. However, the higher risk for cattle on farms which also had sheep or goats
suggests that some of the cattle infections may have originated from small ruminants since B.
melitensis biovar 3 was isolated from cow’s milk.

Because B. melitensis is considered the most virulent of Brucella, it may explain the increased
POR in cattle rearing with small ruminants [103]. In addition, the susceptibility of all ruminants
to infection by B. abortus may explain the higher prevalence of brucellosis in cattle herds in
contact with buffaloes or wild ruminants [37,122]. Horses seem to be resistant to brucellosis,
although the risk of infection increases when they intermingle with cattle [46].

Inregions where B. melitensis has been confirmed in sheep and goats, cattle can become infected
with this bacterium [74]. It has not yet been determined whether B. melitensis can be kept alone
in a population of cattle in the absence of small ruminants. B. melitensis causes abortion in cattle
similarly to B. abortus.

As previously described, horses present a certain resistance against brucellosis, however,
seropositivity has been associated with horses in areas without brucellosis control pro-
grammes for large and small ruminants. In addition, B. suis infection in horses has been
reported in those commingling with swine [123].

The presence of swine could be a risk for brucellosis transmission to cattle [123] and is a
public health concern. However, recent studies showed that cattle intermingling with pigs
in the same area do not seem to be infected by Brucella spp. and do not contribute to its
maintenance [125]. In contrast, the risk of cattle infection by B. suis from wild boar has been
recently described [126].
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The practice of mixing cattle, either through grazing or sharing watering points, is a significant
risk factor for brucellosis [104,127,128]. Community pastures should be treated as livestock
unit and control measures must be applied to all animals [129].

Other researchers [84] found that the disease is easily transmitted in areas where extensive
production systems predominate, based on grazing and the high mobility of herds, the mixture
of species in the same herd and where sharing pastures, roads and water sources occurs.
Mobility increases the likelihood of contact with other potentially infected herds or wild
animals that are reservoirs of disease.

The presence of dogs has been described as a risk for brucellosis infection in farm animals [125]
and represents a potential epidemiological threat in endemic and/or brucellosis areas without
brucellosis control programmes. However, dogs are a potential risk in the diffusion of
brucellosis, acting as mechanical disseminators by feeding on aborted foetuses, dragging them
along and spreading the bacteria [107].

Canine brucellosis is usually caused by B. canis, although infection by B. abortus, B. suis and B.
melitensis have been reported [129]. Previous studies showed that dogs have been identified
as a link in the brucellosis transmission chain. B. abortus and B. melitensis can be transmitted
from cattle to farm dogs playing the role as vector. Brucella can produce disease in dogs via
ingestion of infected reproductive tissues [9]. Infected dogs with B. abortus can spread
organisms into the environment through urine, vaginal secretions, aborted foetuses or faeces.
If a pregnant dog is infected with B. abortus, it may abort, and the tissues and vaginal discharges
have a great potential for transmitting Brucella to susceptible cattle [9,129]. Dogs can also be
infected with B. suis via ingesting aborted swine foetuses [71]. Thus, the elimination of infected
cattle may not necessarily eradicate the disease [9].

2.4. Risk factors associated with farm management and environment

Several risk factors of brucellosis associated with farm management and environment have
been referred to in the literature as presented in Table 3.

Regarding the main seroprevalence, dairy animals have a much greater chance of not only
contracting brucellosis but also of spreading it faster than beef animals. The reason is not a
genetic or physiological factor but due to husbandry. Animals that live in concentrated smaller
areas come into close contact when they are grazing and when they are milked [129]. The
zoonotic transmission of brucellosis by improper milking procedures was observed [128]
associated with skin lesions in hands. Thus, transmission through skin lesions of the udder is
not a neglectable source of infection. In addition, it is considered that dairy animals are
subjected to more stress conditions on farms, leading to a higher susceptibility to brucellosis
infection [135]. The persistence of the infection of the udder and supramammary lymph nodes
leads to a constant or intermittent excretion in milk in successive lactations. This fact constitutes
an important source of infection for humans and for the young animals [136].

Animal purchase has been considered as a risk for brucellosis. Purchasing in larger herds has
usually been associated with more animal movements on and off the farm, and this practice
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Factors described Reference
Absence of calving paddock [14,43]
Age [75,77]
Breed [39,77]
Cleaning and disinfection [40,112,114,130]
Climatology [791
Commingling with other animals [14,88,114,131]
Communal pastures [36,43,112,130]
Contact with wildlife [36,74,104]
Education [40,42,80]
Handling of aborted material [43,80]
Intensive management [104,132,133]
Herd size [36,40,75,77,88]
Lending males [112]
Main animal production (beef /dairy) [76]
Milking procedures [80]
Purchase/entrance of new animals [39,112]
Sex [77]
Specie [114]
Stocking rate [14,77,125]
Transhumance [104]

Veterinary services

[43,104,112,117,131]

Water sources

[40,125,130]

Handling of aborted material

[43,80,134]

Table 3. Risk factors of brucellosis infection in animals

increases the risk of introducing an infected animal into a herd [81]. Introduction of animals

from market fairs also presents a higher risk of infection. The majority of infections or rein-

fection in disease-free herds starts through buying infected animals of unknown status [128].

This has a higher importance in those endemic areas or countries where there is an absence of

control programmes. However, in countries with test-and-slaughter control programmes, the

movement of cattle are subjected to a compulsory pre-movement test that consists in the

serological brucellosis diagnostics before an animal leaves the farm [42]. Moreover, animal

movement restriction measures are applied in brucellosis positive herds to avoid spreading

the disease [34].
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The proximity to other infected herds or flocks has also been described an infection risk,
although, small ruminant contact with other flocks was reported to have no impact on Brucella
seropositivity in Spain [137].

The influence of the agro-ecological zone has been also referred to as a brucellosis risk factor,
having a higher prevalence in dry zones [132]. Since pasture areas are scarce in dry zones,
animals must seek pastures over large areas implying an unrestricted animal-to-animal contact
with potential transmission as previously described. In addition, transmission due to aerosol
inhalation of contaminated dust from foetal discharges or abortions is possible [138]. In
contrast, a lower prevalence of brucellosis in these areas has been proposed by other authors
[139] due to lower survival of Brucella spp. in aborted material in dry-zones.

Larger herds might be expected to be associated with intensive management practices that are
typically more difficult to control and allow for closer contact between animals and their
environment, which increases the potential for exposure to infectious excretions [130]. In
addition, the stressful conditions of animals subjected to intensive production may make them
more susceptible to the infection, as previously described. On the other hand, extensive
management may also imply a risk of brucellosis and higher prevalence has been reported in
small ruminants. Although difficult to explain, it could be associated with controlling abor-
tions, observation of sick animals or contact with animals, among others [86]. Since extensive
management implies rearing a large number of animals in large areas and/or sharing com-
munal pastures, the contamination of pastures with placentas or abortions is a source of
infection to other animals in the herds, as we described previously in the risk factors of
brucellosis by the herd size.

Animal handling and environmental conditions are risk factors which influence the transmis-
sion of infection, such as births and breeding in semi-dark settings, confinement in closed
spaces and high animal densities [130]. Another risk of intensive systems could be associated
with airborne dust transmission indoors [138].

The season also has an impact on herd management and animal nutrition, mainly in production
systems involving transhumance or nomadic practices [114]. Rainfall affects the development
and the nutritional state of the pasture. These factors influence the reproduction of animals
kept in extensive systems and thus the time of delivery/miscarriages. In intensive systems,
isolation of post-parturient animals in maternity facilities reduces the spread of infection to
the rest of the herd or flock [128].

Cleaning and disinfection of farm facilities and proper manure removal have been described
as a protective factor against brucellosis infection [114,118,130]. This fact is associated with the
low resistance of Brucella spp. to most disinfectant agents [115] although their effectiveness is
based on the previous elimination of organic material since it decreases the bactericidal effect
of the disinfectant [140]. A similar risk of brucellosis was reported in kennels [119,120]. Kennels
with improper management of excrement and built with materials such as tile, wood and
earthern floors were considered to have a higher risk for infection since they maintain exposure
to urine, faeces, or reproductive secretions [120].
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Insect rodents on dogs could act as a mechanical vector of brucellosis. Blood-sucking insects
have been reported as disseminators of brucellosis. Brucella was isolated from the stomach
contents of Stomoxys calcitrans, Ornithodoros and Musca autumnalis (stable fly). The stable fly is
dipterous in contact with ruminants. The female lays eggs in the faeces of these animals and
feeds on their blood, tears and placental secretions. It is thought that these insects and ticks
contribute to disease transmission [92,138]. As mentioned earlier, dogs intermingling with
large and small ruminants in farms have presented an important role in the epidemiology of
brucellosis. However, stray dogs which remain free on the streets and travel long distances
also act as disseminators of the agent and provide chances for infection of other animals and
humans through environmental contamination [141].

Environmental factors that affect the ability of Brucella to survive outside mammalian hosts
need to be considered in the epidemiology of brucellosis. High humidity, low tempera-
tures and absence of direct sun light may favour the survival of Brucella for several months
in water, aborted foetuses, placental membranes, liquid manure, hay, buildings, equip-
ment and clothes [129].

The survival of Brucella outside a mammalian host is relatively persistent compared to other
non-sporulating pathogenic bacteria in similar circumstances [142]. Favourable conditions are
pH>4, low temperatures, absence of direct sunlight and high humidity. Brucella can persist for
several months in water, aborted placentas, faeces, manure, wool, facilities, equipment and
clothes [143]. Brucella can survive for 40 days in dry soil and 60 days in moist soils, 144 days
at 20 °C and 40% relative humidity, for several months in drinking water at 4 °C to 8 °C and
two and a half years at 0 °C, 30 days in urine, 75 days in aborted foetuses, more than 200 days
in uterine secretions and several years in frozen tissues or culture media. Brucella resistance to
different environmental conditions increases in the presence of abundant organic matter. The
spread of the disease via waterways is not frequent and can only be effective over short
distances [129].

2.5. Other factors associated with brucellosis

The role of farmers’ knowledge about brucellosis has been discussed in the literature. It
was noted that knowledge ages equal to or older than 55 years was a protective factor for
brucellosis prevention [40,42]. This observation is difficult to explain and may be due to
younger farmers’ lack of experience. Older farmers have more familiarity with recogniz-
ing the clinical signs of the disease or the main route of transmission and can be more
aware of the importance of preventive measures [67,144,145]. Farmers who had previous-
ly experienced brucellosis in their herds had a higher probability of having greater
knowledge of bovine brucellosis, which is consistent with having experience with the
disease. Producer’s associations, education and veterinary support have been recognized as
protective factors [42,118]. Farmer’s lack of awareness about brucellosis, improper han-
dling of aborted materials and the habit of consuming raw milk, among other factors, might
contribute to further spread of brucellosis in their livestock and expose the community to
a public health hazard [80].

13
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Keypoint - Risk factors associated with farm management and environment

The risk factors of brucellosis associated with the herd are size and the number of animal
species. The higher prevalence of brucellosis in large herds could be explained by the higher
odds of detecting atleast one seropositive animal, the increase of the transmission of the disease
by contact among them, utilization of communal pasture areas or improper cleaning and
disinfection procedures in large farms. Farming several species in the same herd has been
described as a risk of infection due to multiple sources of infection. Thus, presence of dogs in
large herds may spread Brucella spp. by both mechanical carriers or by the spread of the
organisms into the environment through urine, vaginal secretions, aborted foetuses or faeces.

Dairy animals have a much greater chance of not only contracting brucellosis but also of
spreading it faster than beef animals. Because animals that live in concentrated smaller areas
come into close contact when they are grazing and when they are milked. In addition, it is
considered that dairy animals (intensive production) are subjected to more stress conditions
on farms, leading to a higher susceptibility to brucellosis infection. Purchasing in larger herds
has usually been associated with more animal movements on and off the farm, and this practice
increases the risk of introducing an infected animal of unknown status with special importance
in areas with absence of control programmes.

Also the influence of the agro-ecological zone has been also referred as a brucellosis risk factor.
High humidity, low temperatures and absence of direct sun light may favour the survival of
Brucella for several months in the environment. In addition, cleaning and disinfection of farm
facilities and proper manure removal have been described as a protective factor against
brucellosis infection. This fact could be explained to the low resistance of Brucella spp. to the
disinfectant agents.

2.6. Brucellosis in wild animals — A threat to farm animals

Brucella abortus and B. suis have been isolated worldwide from a great variety of wildlife species
[15]. Some general risk factors, which can be identified in most of the wildlife diseases are
wildlife overabundance, movements of wild and domestic animals and fomites [146]. Artificial
management of wild species, including fencing, feeding and translocation, can also increase
the risk of transmission of infectious brucellosis. [147] The risk of infection increases dramat-
ically with increasing wildlife density and their exposure to Bucella abortus around feeding
grounds [148]. Wild ruminants have been suggested as brucellosis carriers, but they are
probably not true reservoirs [146,148]. Other works showed that wild ruminants do not play
a relevant role in the maintenance of B. abortus and B. melitensis infections since limited cases
of brucellosis have been reported in wild ruminants [79,149,150]. Only weak evidence for a
direct relationship between brucellosis and size/density of the population of wild animals has
been reported [151]. However, a potential risk for brucellosis infection of livestock by wild
animals could be associated when artificial management such as winter feeding increases
aggregation [146,151]. Thus, wild animals are often at risk as a consequence of contact with
infected livestock, particularly in extensive breeding systems [79].

With regards to elk and bison, artificial feeding management during winter results in signifi-
cant congregations in the feeding grounds and increases the risk of elk being exposed to B.
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abortus [15]. A possible risk factor for bison in the USA is environmental contamination by the
RB51 vaccine strain, which is a rifampicin resistant strain released in the environment [15].

Rangiferine brucellosis (brucellosis in reindeer and caribou) is caused by B. suis biovar 4 in the
Arctic regions of Siberia, Canada and Alaska, constituting a serious zoonosis. B. suis may also
infect moose (Alces alces) and occasionally various carnivores [15]. In European wild boar B.
suis biovar 2 was observed in all age categories [152,153].

2.7. Brucellosis in marine mammals — New threat?

Brucella was detected in free-ranging pinnipeds and cetaceans from America, Europe, Japan,
New Zealand, the Solomon Islands and the Antarctic, as well as in captive bottlenose dolphin
(Tursiops truncates) [154-157].

Brucella ceti and B. pinnipedialis prefer cetaceans and seal hosts respectively [157, 158]. Epide-
miological studies of risk factors for Brucella infection in cetaceans and pinnipeds have not yet
been performed, and the role of environmental factors in the emergence of marine mammal
brucellosis is still unknown [157]. It seems unlikely that B. ceti could survive for long periods
outside marine mammals.

The transmission of brucellosis in marine mammals is not totally understood [158]. The
dilution of the agent in sea water may make transmission difficult due to a low infecting dose.
It is likely that the mode of transmission is through close contact between hosts, such as sexual
intercourse or maternal feeding, contact with aborted foetuses and placental tissues or through
fish or helminth reservoirs [159]. A second alternative corresponds to vertical transmission
from mother to foetus, which is feasible since foetuses and placenta from infected animals have
been found to contain large quantities of Brucella [156]. In addition, the behaviour of assisting
the births observed in several cetaceans could be a risk due to the close contact with foetal
tissues and discharges [27]. This hypothesis should be considered since B. ceti have been found
in aborted foetuses and the reproductive organs of captive bottlenose dolphins [156] and in
the uterus of a stranded striped dolphin with placentitis [160]. B. ceti has been also associated
with mastitis and endometritis in cetaceans [161]. Both B. ceti and B. pinnipedialis have also
been isolated from the testes, uterus and mammary glands of cetaceans and pinnipeds without
any apparent pathology [162-164]. A potential risk factor could be the infection through
ingestion of Brucella contaminated fish or helminth vectors [165]. B. ceti and B. pinnipedialis
have been isolated from lungworms (Pseudalius inflexus) in the lungs of cetaceans and pinni-
peds and these parasites can be a reservoir and vector for Brucella in these animals [165].

2.8. Animal brucellosis and zoonotic risk

In endemic regions without brucellosis eradication programmes, zoonotic risk still represents
an important public health threat [166]. Infection happens due to contact with infected animals
or consumption of their products, mostly unpasteurized milk and milk products of sheep and
goats [167]. It presents special importance in those regions where trading of raw milk and raw
milk products is a common practice among farmers [168]. The survival of Brucella in milk and
dairy products is related with curing methods, humidity, temperature and/or changes in pH.
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For milk, Brucella survival is inversely proportional to the pH [169]. Brucella can be responsi-
ble for milk-borne diseases, particularly since the appearance and taste of the milk are rarely
affected by the presence of the bacteria [170]. Boiling or heating of milk at 80-85 °C [176-185 °F]
for several minutes [approximately 10 minutes] will destroy the bacteria [30]. Bacteria cannot
surviveif the cheeseis cured longer than 3 months [171]. In acidified soft cheeses and dry cheese,
their survival is greater. Thus, European legislation requires that all cheeses made from raw
milk be submitted to a cure period of not less than 60 days [172]. Survival time in meat is lower,
except in frozen meat where the microorganism can survive for several years [173].

Although zoonotic brucellosis is mainly associated with farmers in high prevalence areas, even
in low prevalence countries brucellosis represents an important threat as a work-acquired
infection among dairy farmers, butchers, veterinary practitioners, meat inspectors, slaughter-
house personnel or artificial inseminators who do not take adequate biosafety precautions
while performing their jobs [174-176]. In addition, brucellosis vaccines such as Rev-1 and RB51
are live dried living vaccines. Thus, needlestick accidents during their preparation or admin-
istration could also be a risk factor for human infection. Close contact with animals may occur
when farmers or veterinarians assist animals during parturition or abortion or handling of
stillbirth. In some parts of the world it is also common practice for farmers to separate the
placenta manually, thereby increasing their exposition to tissues infected with Brucella [168].

Dairy farmers who milk with bare hands have a greater chance of becoming infected from
Brucella infected animals [177] as do farmers or slaughterhouse workers who have skin lesions
which provide an entry point for the bacteria [128]. Also, inhalation of Brucella has been
previously reported in slaughterhouse workers where the concentration of Brucella can be high
due to aerosol generation [129].

Zoonotic brucellosis from marine mammal includes individuals in traditional communities
where products from whales and seals are still an important part of their diet [16]. In addition,
occupational acquired infection in people handling stranded marine mammals, whale and seal
hunters, marine researchers and other people handling raw products from the ocean could be
exposed [25,178]. Also, itis suggested that marine avian species may harbour Brucella by eating
infected fish and thus become vectors of zoonotic infections [158]. Tourists who swim and
interact closely with captive dolphins can be at risk when Brucella spp. could be circulating in
these colonies [163].

Keypoint: Emerging risk factors for brucellosis

Wild animals have been referred as reservoir of brucellosis and represent an important risk of
infection to farm animals, particularly in extensive breeding systems.

The prevalence of brucellosis in wildlife varies worldwide and several species such as bison,
reindeer, caribou or wild boar have been described as potential source of infection of livestock.
However, their role as risk factors of infection is still discussed since the microbiological
isolation of Brucella spp. has been reported in wild ruminants. The zoonotical potential of
Brucella spp. still represents an important public health threat not only in areas without
eradication control programmes but as a work-acquired infection among dairy farmers,
veterinarians or meat inspectors among others while performing their jobs. The discovery of
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brucellosis in marine mammals also represents a public health threat with special interest in
occupational acquired infection in people handling stranded marine mammals.

Foodborne brucellosis is an important biological hazard associated with dairy products.
However, the presence of Brucella spp. in marine animals indicates that fish-borne brucellosis
could be a future hazard to be considered.

3. Conclusions

Brucella spp. is responsible for a contagious disease that results in reproductive failure and has
an important economic impact, not only in animal health but also in public health because of
its zoonotic characteristics. To achieve the control and eradication of brucellosis, the identifi-
cation of all potential risks is necessary. Given the important role of domestic and wild animals
as potential sources of Brucella infection, further risk assessment will require more complete
and reliable data on the infection prevalence. Several risk factors have been described for
brucellosis infection, although the herd or flock size, species and age have been cited as the
most important. Brucellosis has traditionally been associated with farm animals, however,
risks of brucellosis associated with wildlife and marine mammals could be a new threat and
further epidemiological studies are necessary. In addition to animal sanitary measures,
complementary measures such as good farm practices, biosecurity, training and education are
necessary to control this old disease that is still of concern today.
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Brucellosis at the Wildlife/Livestock/Human Interface
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http://dx.doi.org/10.5772/61212

Abstract

There are a number of bacterial, viral, and parasitic diseases present at the Wildlife/
livestock/human interface. Brucellosis is a zoonotic disease of importance and highly
prevalent in sub-Saharan Africa. The important Brucella species at the wildlife/live-
stock/human interface are Brucella arbortus, Brucella suis, and Brucella melitensis. These
species have been isolated from humans, livestock (cattle and goats), and wildlife (Af-
rican buffalo and giraffe). A lot of studies indicated that density, herd size, age of cow,
reduced veterinary services like vaccination programs, and geographical area are as-
sociated with Brucella prevalence. Studies in developing countries have indicated that
the disease is more prominent in the both commercial and communal farming sectors.
Access and consumption of contaminated foods and/or occupational exposure remain
the significant source of infection to humans. The pathogen transmission of brucello-
sis is bidirectional in nature; hence, for control efforts to be successful, cooperation is
required between livestock owners, animal health officials, and wildlife managers.
Globally, trend is moving toward focusing on “one health,” which recognizes that hu-
man, animal (both domestic and wild), and ecosystems are tightly linked. The suc-
cessful management of disease requires an integrated approach where efforts are
focused in concert across these domains. Climate change, increased human popula-
tions, and increased interaction at wildlife/livestock/human interface have resulted in
the change of brucellosis dynamics.

Keywords: Brucellosis, wildlife/livestock/human interface, emerging diseases, zoonot-
ic diseases, surveillance, disease management

1. Introduction

Interest in the epidemiology of emerging diseases of humans and livestock as they relate to
wildlife has increased greatly over the past several decades [1]. The importance of wildlife in
the emergence of livestock and human brucellosis is due to multiple changes occurring within
wildlife, livestock, and human populations [1]. The epidemiology of infections and diseases
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is highly dependent on several factors within, or in the interfaces between, human, livestock,
or wildlife populations. Land use changes being speared by humans, which include encroach-
ment into wildlife habitat, continue to increase, along with more intensified livestock produc-
tion practices. This scenario is favorable to the spread of brucellosis. The alteration of wildlife
population demographics bring in a new dimension in the epidemiology of brucellosis, e.g.,
increasing African buffalo population in Southern Africa, which in turn increases the chances
of potential for contact and Brucella species transmission at the wildlife/livestock interface.

Figure 1. Map of proposed TFCAs in Africa.

Human and animal health populations are pivotal and important for economic development,
prosperity, and stability. Infectious diseases like brucellosis affect health and reproductivity
of livestock, thereby greatly reducing its value and opportunities for trade. Brucellosis is a
zoonosis and a disease of veterinary and public health significance worldwide. It is a disease
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that infects multiple species even in marine ecosystem, and it is also found in many continents.
The incidences and prevalence of the disease vary widely from country to country. Brucellosis
prevalence is relatively high in Africa, Latin American, and Asian countries. It is the disease
of sexually matured animals with predilection for placentas, fetal fluids, and testes of male
animals (OIE 2014). It is caused by bacteria of the genus Brucella. In sub-Saharan Africa, the
bacterium Brucella abortus has been identified in several free-ranging wildlife species. Brucel-
la antibodies have been detected in various wildlife species, including waterbuck (Kobus
ellipsiprymnus), African buffalo (Syncerus caffer), eland (Taurotragus oryx), giraffe (Giraffa
camelopardalis), and impala (Aepyceros melampus) in Zimbabwe and South Africa. The impor-
tance of brucellosis is reflected by its widespread distribution and impact on multiple animal
species, including cattle, sheep, goats, and pigs [2]. The livestock sector is dominated by
ruminants, and they are prone to brucellosis. This makes the disease economically important.

Interface spaces allow people, livestock, and wildlife to share space and resources in semi-arid
landscapes, especially transfrontier conservation areas (TFCAs) in Africa (see Figure 1). The
coexistence of domestic herbivores and wild animals has its advantages and disadvantages,
for example, ecotourism, but one of the major consequences is the risk of pathogen transmis-
sion. The risk at the interface threatens local livelihoods depending on animal production,
ecotourism, public health in the case of brucellosis, national economies in the context of
transboundary animal diseases, and the success of integrated conservation and development
initiatives [3]. Globally, the role of wildlife in livestock diseases is expected to increase [4] in
conjunction with human population growth, which is expected to reach 9 billion by 2030.
Increased demand for animal protein will further increase potentially infectious contacts
between livestock and wildlife, leading to an increased potential for zoonotic diseases
(brucellosis) to emerge. The changes in the dynamics will result in challenges that will require
an improved understanding of the ecology of pathogens at the wildlife/livestock/human
interface along with the development of tools and mitigations to manage these pathogens.

2. Brucella species associated with the interface

The members of the genus Brucella are aerobic bacteria that multiply within macrophages and
cause infections in animals and humans [5]. The most relevant species from an economical and
public health perspective are B. abortus, B. suis, and B. melitensis. The three Brucella species are
the ones prevalent at the interfaces. The major cause of bovine brucellosis is B. abortus; however,
B. suis or B. melitensis have been occasionally implicated in some cattle herds. The following
species have been currently recognized: B. abortus (8 biovars), B. melitensis (3 biovars), B. suis
(5 biovars), B. ovis, B. canis, B. neotomae [6], B. pinnipedialis [7], B. ceti [7], B. microti [8], and B.
inopinata (wound fluid from human) [9, 10]. Little research has been done with regard to B.
canis and B. ovis as far as their dynamics and importance at the wildlife/livestock/human
interface. The traditional and current classification of Brucella species is largely based on its
preferred host, pathogenicity, and phenotypic laboratory tests (biotyping) [11]. Bovine
brucellosis is caused by B. abortus (8 biovars), which principally affects cattle and other
Bovidae, e.g., African buffalo and grater kudu. B. abortus biovar (bv.) 1 is the most frequently
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isolated biotype worldwide and the major cause of brucellosis in cattle. Mainly B. abortus bv
1 has been isolated from aborted fetuses and milk from cattle [12] and to a lesser extent B.
abortus bv 2 in commercial and communal farms in Zimbabwe [12].

B. melitensis (3 biovars) affects goats but can also infect sheep and cattle. B. melitensis has a
global distribution but does not occur in North America, Australia, and New Zealand. Apart
from affecting goats and sheep, it also affects camels (Camelus dromedarius), alpacas (Vicugna
pacos), and llamas (Lama glama) [13]. B. melitensis is rarely reported in wildlife with a few cases
reported in Europe in chamois and ibex in the Alps [13]. Thisis an area that needs more research
since very few studies have been done on the seroprevalence of brucellosis in wild ungulates,
which share interface with domestic animals.

The causative agent of brucellosis in swine, hares (Lepus), reindeer (Rangifer tarandus), and
other no primary hosts like dogs, horses, humans, and cattle is B. suis [6]. B. suis is currently
divided into 5 biovars. Biovars 1-3 infect Suidae of which bv. 1 and 3 may cause severe disease
in humans and require high biosafety laboratory precautions. B. suis bv. 4 infects reindeers
and caribous (R. farandus) throughout the Arctic region and can be transmitted to cattle,
Canidae, and occasionally to humans [13], whereas B. suis bv. 5 hasbeen reported from rodents.
B. abortus and B. suis have also been isolated worldwide from variety of wildlife species,
namely, African buffalo, eland, wild boar (Sus scrofa), and water buck [13]. In South American
countries, B suis biovar 1 has become established in cattle, and in some areas, cattle are now
more important than pigs as source of human infections. In sub-Saharan TFCAs, little work
has been done on brucellosis in wild pigs and warthogs. Information is not available on the
dynamics of the epidemiology of brucellosis in a scenario where wild pigs and warthogs are
infected with B. suis and interact with other wildlife especially other bovines.

3. Epidemiology of brucellosis at the interface

Areas with high population density result in increased infections in humans, while transmis-
sion from livestock to humans is more likely in areas with high human and herd/farm density,
especially where humans and livestock live in close proximity, as is often the case in developing
countries [1]. The discovery of strains in marine animals has increased the complexity of
interactions between humans and other animals due to the fact that each type of species
discovered has distinctive epidemiological features. This overall affects the epidemiology of
brucellosis. The epidemiology of brucellosis is influenced by several factors, such as livestock
production type, herd size, interaction with wildlife, ecological, and socioeconomic factors
[14]. A lot of work done indicated that density, herd size, age of cow, reduced veterinary
services like vaccination programs, and geographical area are associated with high Brucella
prevalence. Seroprevalence studies in developing countries indicated that the disease is more
prominent in the commercial than communal farming sector. In cases where commercial farms
share an interface with wildlife, there is usually physical barrier to separate cattle and wildlife.
In cases of communal farms, there is usually no physical barrier and animals share grazing
space, thereby facilitating the transmission of Brucella pathogens. The dissemination of Brucella
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can be by direct or indirect contact with infectious animals. The major source of exposure to
B. abortus is the infected cattle. Sheep and goats are mainly infected by B. melitensis through
aborted fetuses, placenta, and post abortion uterine fluid. Brucella infection is principally
transmitted through contact with fetal membranes, lochia, post parturient discharges, and milk
[15]. Milk and vaginal secretions represent important potential routes of animal-to-animal
transmission following close contact. Venereal transmissions of brucellosis are common in
swine, ovine, and canines (dogs). Most of the Brucella organisms are shed by animals in their
blood at the early stages of the infection.

Access and consumption of contaminated foods and/or occupational exposure remains the
significant source of infection to humans. Infection occurs through the skin (intact or abraded),
inhalation, or conjunctiva. The main source of infection for the public is through the ingestion
of contaminated dairy product, especially raw milk, in developing countries. The bacteria can
also be transmitted in raw or undercooked meat from infected animals. This factor poses a
greater threat at TFCAs since communities have access to game meat through illegal means,
e.g., poaching. Abortion and infertility are the predominant clinical signs in ruminants [16]

B. suis typically causes chronic inflammatory lesions in the reproductive organs of susceptible
animals that may extend tojoints and other organs. The most prominent clinical sign is abortion
at any stage of gestation [17]. B. suis biovar 1 infections have been reported in cattle but have
partial induced pathology and no induction of abortion despite the excretion of organisms in
the milk [13]. Evidence indicates the transmission of B. suis biovar 1 to cattle by feral swine in
USA [18]. B. suis infection in wild boars is of widespread occurrence but with a generally low
prevalence, while in domestic pigs, it is considered as a reemerging disease in some countries
as a consequence of spillover from wild boars to outdoor-reared pigs.

Studies in the mid-1990s found Brucella antibodies in sera of Zimbabwean wildlife in national
parks, hunting areas, and game ranches collected in 2009-2011. In most of the wildlife studies,
African buffalo is found to have the highest seroprevalence, followed by eland, and impala
had the lowest seroprevalence. Studies by Gomo et al. (2011) established low prevalence in
giraffe. Studies in the United States of America found out that of the 86 avian, ruminant, swine,
poultry, and lagomorph diseases that are reportable to the World Organization for Animal
Health (OIE), 53 are present in the United States; 42 (79%) of these have a putative wildlife
component associated with the transmission, maintenance, or life cycle of the pathogen; and
21 (40%) are known to be zoonotic [1]. Brucellosis has a wildlife reservoir that is a recognized
impediment to eradication in domestic populations [1]. A recent example of effects of changes
of the ecology at the interface is the transmission and introduction of bovine brucellosis from
livestock to native wood bison (Bison bison athabascae) populations in Canada, which has
created a conservation challenge for the species. Another well-publicized example is the
introduction of brucellosis into native bison and elk populations of the Yellowstone ecosystem
in 1917 [19]. This resulted in a wildlife management challenge due to conflicts between
livestock and bison. Spillover events from livestock into wildlife impact conservation of species
of concern. Transmission between livestock and wildlife is more likely to occur if the animal
population density is high and if livestock and wildlife are allowed to come into contact, as in
free-range systems. Characterization of the environmental conditions associated with disease
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and disease outbreaks is an important part to the understanding for the epidemiology of
brucellosis in wildlife. A very good example will be that of bison. They calve with other herd
members in close proximity, and calving events attract the attention of other cows and calves,
with licking and sniffing of the fetal membranes and neonate around parturition. This behavior
is especially marked early in the calving season and diminishes later after most animals have
calved. This behavior has contributed significantly in the spread of brucellosis in bison
populations and explains the maintenance host role of bison. In the elk, it is a different scenario
because they usually calve in seclusion, consume the placenta, and clean the calves soon after
birth. Elks keep the calf isolated from the herd for several days or weeks following parturition.
This behavior explains the absence of brucellosis in most elk populations in North America [1].

4. Brucellosis in human at the interface

About 58% of the infectious diseases of humans are estimated to be zoonoses, and they
comprise almost three-quarters of emerging infectious diseases [1]. Brucellosis is directly
and indirectly transmitted from animals to humans. Human-to-human transmissions are
rare, and small ruminants are the main reservoir for human cases. Humans can be infected
directly by contact with the conjunctival or oronasal mucosae of infected animals, or
indirectly by the ingestion of contaminated animal products (mainly dairy products) [16].
Naturally acquired brucellosis in humans almost always comes from the animal reser-
voirs, although very few cases of human to human transmission have been reported [11].
Brucellosis is considered an occupational disease of adults, but there are now several reports
of childhood brucellosis in literature [20]. Human brucellosis is predominantly an occupa-
tional disease; professions in direct contact with livestock (farmers, butchers, veterinari-
ans, laboratory personnel, etc.) are those at higher risk. In humans, both acute and chronic
forms of the disease with variable clinical manifestations were found. Disease can occur at
any age and affect any organ system [21].

Low reporting figures and lack of resources have resulted in the global incidence of human
brucellosis not being accurately recorded. Hence, great variations exist between different
geographic areas even within the same country. Although the reported incidence in most
developed countries where infection is present is generally smaller than 1 case per 100,000
inhabitants, in endemic areas, such as some Arab countries, reports reach up to 200 cases per
100,000 inhabitants. However, because of the deficiencies in health services of many countries
where brucellosis is endemic, there are no reliable data on the global status of the human
disease [16].This is one of the reasons why exact impact of human brucellosis at the interface
is not known. At present, there is no fully reliable method of preventing human brucellosis.
To safeguard people, attention has been directed toward effectively controlling the disease in
animals especially at wildlife/livestock/human interface. Sheep and goats are the main
reservoirs of infection for humans; in some countries, bovines, buffalos, yaks (Bos grunniens),
and camels can also be implicated. Unfortunately, there is a lack of knowledge on the alter-
natives for controlling B melitensis infection in these species. Globally, there is growing
recognition that more integrated determinants of health approach will be required to make
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further gains in managing wildlife diseases like brucellosis, especially those at the wildlife,
human, and domestic animal interface [22]. Brucella has been isolated from milk and blood
(indicating that some animals are bacteremic). It is crucial that public awareness should be
strengthened to reduce the risk of human exposure to Brucella infection.

5. Preventions and control of brucellosis at the interface

The control of brucellosis shared with wildlife requires the development of strategies that will
reduce pathogen transmission between wildlife, both domestic animals and human beings. B.
abortus is adapted to cattle as its primary host, and control strategies have focused on elimi-
nation of the disease from cattle populations. Best available methods to control brucellosis
include comprehensive surveillance before and after import testing [23]. The control of
brucellosis is usually based on vaccination, serology testing, and culling. These methods are
not very successful at the interface due to the complexity of interactions and cost involved.
Most framers in developing countries cannot afford the test and slaughter policy in cattle, and
the situation will be far worse if it involves wildlife. The eradication of brucellosis in livestock
is an expensive and a labor- and diagnostic-intensive process. One of the reasons why many
countries have failed to successively eradicate brucellosis is poor animal health management
conditions/programs. Brucellosis control strategies in developed and developing countries are
based on calf hood vaccination with the S19 vaccine, test, and slaughter techniques. In countries
like Zimbabwe, vaccination with S19 was compulsory for commercial herds and optional in
the communal areas since the 1980s [14], and this strategy managed to reduce prevalence of
brucellosis in cattle. Bovine brucellosis has been successfully eradicated in many developed
countries after significant investment and many years of vaccinating and culling. A figure of
500,000 new cases per year is usually accepted as a global estimate [16]. There is a substantial
economic burden of brucellosis reflected by the costs of attaining and maintaining disease free
status, or the cost of disease in terms of loss of productivity and control costs [24]

In order to improve and succeed, governments need to improve on the quality of the national
veterinary services and administrative organizations involved. The prevention and control of
brucellosis in sub-Saharan Africa is hampered by low veterinary coverage and use of outdated
diagnostic techniques [25]. Furthermore, clinical diagnosis is complicated by variable incuba-
tion periods. Testing of livestock is cumbersome when dealing with farms located in remote
areas or with animals from nomadic populations and migratory farmers. The identification of
genus, species of field isolates, and molecular epidemiology of strains will benefit brucellosis
eradication programs [18] since correct vaccination and control management will be possible.
Many countries have implemented eradication programs resulting in the reduction or
elimination of the disease, but the disease remains enzootic in many regions of the world. In
those countries where the disease has been eradicated or strictly controlled, continued
surveillance is essential to preventing the reemergence of the disease. Microbial genome typing
or DNA fingerprinting is important for the delineation of outbreaks of infectious diseases and
for the universal tracing of virulent or multi resistant pathogens [26]. It is now of paramount
importance to determine by epidemiological trace-back analysis where the infection originat-
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ed, how it was spread, and what measures are needed to prevent additional spread of the
disease from this primary source. The information will be vital at the interface since it will
confirm the source of pathogen; hence, control and prevention efforts will be targeted at source.
Knowledge of the spread and prevalence of the infection is essential when planning control
measures.

It is generally recognized that the prevention of human brucellosis is best achieved by the
control or eradication of the disease in animals, but this strategy is not relevant for protection
against a bioterrorist attack on military or civilian populations. A human vaccine could
possibly be an effective countermeasure for prevention of naturally occurring or deliberately
induced human infections [23]. Currently, three vaccine strains (B. abortus S19 and RB51 and
B. melitensis Rev1) are recommended by the World Organization for Animal Health (Office
International des Epizooties [OIE]) for use in the control of brucellosis in livestock [27]. It is
generally acknowledged that all of the available brucellosis vaccines are only effective in
specific hosts, and cross-protection is not readily achieved [23]. At present, no effective vaccine
is available for the protection of swine from brucellosis [28]. The vaccination of sheep is by
smooth B. melitensis Revl vaccine, but it does not provide 100% protection, and it interferes
with common serological test use in sheep (rose bengal test (RBT) and complement fixation
test (CFT). B. melitensis Rev1 is one of the most commonly used attenuated live vaccines against
caprine brucellosis and induces high level of protection in goat. Rev1 vaccine has suffered from
a lack of coordinated standardization in production methods, leading to considerable varia-
bility in efficiency of different preparations [29], and carries resistance to streptomycin, an
antibiotic that is therapeutically useful in man. Despite the availability of two smooth live
vaccine strains, B. abortus S19 for cattle and B. melitensis Rev1 for small ruminants, and a further
rough attenuated strain, B. abortus RB51 for cattle, the search for improved vaccines and vaccine
for human continues. Vaccination now has only a small role in the prevention of human
disease. B. abortus strain 19 still appears to be as effective as the method of prevention of B.
abortus infection in cattle. The RB51 strain of B. abortus, an R mutant used as a live vaccine, has
been licensed in some countries, for example, the United States of America. RB51 does not
interfere with diagnostic serologic tests, and during laboratory trials, efficacy appeared well
compared with that of strain 19 [68]. Currently, rfb mutants of B. melitensis and B. suis are under
development for the prevention of ovine/caprine and porcine brucellosis. The current vaccine
strains can cause abortion when administered to pregnant animals, and they are virulent.
Currently, they are no vaccines for pigs and wildlife and no satisfactory vaccines against
human brucellosis.

The control of brucellosis at wildlife/livestock/human interface requires improved collabora-
tion between public health and veterinary services; this can be enhanced through the rein-
forcement or the establishment of national zoonoses committees, in which the relevant
producer and consumer organizations should be also represented. As long as the national
veterinary service organization is adequate, the prevalence of disease and economic resources
will dictate the approach. Test- and slaughter-based programs are often unfeasible in devel-
oping countries because of the economic cost. In addition, countries that have successfully
eradicated B melitensis offer monetary compensation to affected shepherds, which are not
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possible in poor resource developing countries. When veterinary service organizations,
farmers’ involvement, and economic resources are adequate, the final technical elements to
select a proper strategy should be the prevalence of disease and the definition of the minimal
epidemiologic unit(s) of intervention. A survey should identify the percentage of infected
flocks/herds, understanding that differences in prevalence would be expected between
different regions placed in the same epidemiologic unit of intervention. Calculating mean
prevalence figures for the whole country or particular region considered is a frequent error of
decision makers, as those figures may not reflect local conditions. Taking generalist sanitary
measures will result in failure of brucellosis control and eradication, but decision makers
should apply different strategies adequate to each of the different epidemiologic situations
identified. The minimal epidemiologic unit of intervention should be a given territorial
extension with similar epidemiologic situation. In some cases, this can be a couple of isolated
flocks/herds in a village and in others, the whole flocks/herds of a given county, but frequently,
all flocks/herds in a region or country. The implementation of any brucellosis sanitary
strategies requires considerable technical training and an awareness campaign aimed at the
farmers and general population. Once all these elements have been properly defined, two
possible alternatives exist to fight B melitensis infection in small ruminants: [1] control based
on mass (whole flock/herd) vaccination or [2] eradication based on test and slaughter with or
without vaccination. In both cases, the use of adequate vaccination procedures and diagnostic
tests is of paramount importance.

Successful disease control may be dependent on accurate detection in wildlife reservoirs,
including African buffalo (S. caffer). Nishi et al. (2006) stated that it was important to under-
stand the ecologic, socioeconomic, and political factors that affect the wildlife-human-
agriculture interface. It is equally important to having technically sound information when
developing management plans for disease control. For the sake of public, livestock, and
wildlife health, a holistic approach beyond conventional human and veterinary medicine must
be taken. This approach must include ecosystem health as well as social/cultural aspects. The
success of disease control in wildlife depends on many factors, including disease ecology,
natural history, and the characteristics of the pathogen, the availability of suitable diagnostic
tools, the characteristics of the domestic and wildlife host(s) and vectors, the geographical
spread of the problem, the scale of the control effort, and the attitude of stakeholders. The
successful management or eradication of these diseases will require the development of cross-
discipline and institutional collaborations. The complex nature of these systems highlights the
need to understand the role of wildlife in the epidemiology, transmission, and maintenance
of infectious diseases of livestock [1]. Despite social and policy challenges, there remain
opportunities to develop new collaborations and new technologies to mitigate the risks posed
at the wildlife/livestock interface.[1]. The need to develop comprehensive surveillance systems
that integrate livestock, wildlife, and human components has been suggested. Robust surveil-
lance systems in wildlife and at the livestock-wildlife interface to provide early detection of
brucellosis or spill over and spillback of pathogens between livestock and wildlife is essential.
Diseases that arise from the wildlife/livestock interface are of paramount importance and must
be an area of focus for animal health authorities [4].There are many barriers in preventing,
detecting, monitoring, and managing brucellosis. These may include political and legal
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hurdles, lack of knowledge about brucellosis of wildlife, absence of basic data on wildlife
populations, difficulties with surveillance, and logistical constraints. Once a pathogen is
identified at the wildlife/livestock interface, active management and control of the disease
agent is often the only method for reducing impacts to human health, agriculture, and
recreational hunting industries [30].
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Abstract

Brucella spp. are facultative intracellular parasitic pathogens that can survive and
multiply in professional and nonprofessional phagocytes. These pathogens are
responsible for brucellosis, which can cause abortion in domestic animals and
undulant fever in humans. Brucella spp. can survive in a variety of cells and their
virulence and chronic infections are thought to be due to their ability to evade the
killing mechanisms within host cells, one of which is the inhibition of phagosome-
lysosome fusion. Lipid raft-associated molecules, such as GPI-anchored proteins,
GM1 ganglioside, and cholesterol, are selectively integrated into Brucella-containing
macropinosomes following the internalization of Brucella into macrophages, contin-
uously sustaining a dynamic state of the phagosomal membrane. Toll-like receptors
(TLRs) are important systems that detect microbial invasion via recognition of
microbial components that triggers signaling pathways to promote the expression of
genes and regulate innate immune responses. Recent several studies have revealed
the importance between TLRs-Brucella interactions to control Brucella infection. Here,
we reviewed selected aspects of lipid raft-associated molecules and TLRs-Brucella
interaction, which may help to understand the mechanism of Brucella pathogenesis.

Keywords: Brucella, phagocytes, lipid-rafts associated molecules, TLRs, intracellular sur-
vival

1. Introduction

Brucellosis is a major zoonotic disease worldwide that causes a serious debilitating disorder
in humans known as undulant fever, and abortion and sterility in domestic animals.
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Brucella spp. are gram-negative and facultative intracellular bacteria that can survive and
replicate within professional and nonprofessional phagocytes [1, 2]. Six well-recognized
species of Brucella are known according to host preference: B. melitensis (sheep and goats), B.
abortus (cattle), B. suis (hogs), B. ovis (sheep), B. canis (dogs), and B. neotomae (wood rats) [3]. In
the past few years, Brucella has been recovered from several marine mammals, including
cetaceans and pinnipeds, that belong to two potential new species, B. pinnipedialis and B. ceti
[4]. Recently, a new species of Brucella, B. microti, was isolated from wild common voles
suffering from a systemic disease [5, 6]. B. melitensis, B. abortus, and B. suis strains cause abortion
and infertility in their natural hosts, goats and sheep, cattle and swine, respectively. Humans
can also acquire Brucellosis in a form of a severe, debilitating febrile illness as a result of contact
with infected animals or their products [7]. B. ovis is a natural pathogen of sheep where it
primarily causes epididymitis and infertility in rams [8].

B. canis infection causes abortion and infertility in dogs [9]. Although B. ovis and B. canis are
important in animals, human infection with B. canis is rare [10], and human infection with B.
ovis has not been reported. B. neotomae, which infects only desert wood rats, is not known to
be associated with clinical disease in any host species.

Brucella species, in contrast to other intracellular pathogens, do not produce exotoxins,
antiphagocytic capsules or thick cell walls, resistance forms, or fimbriae and do not show
antigenic variation [11]. The key aspect of the virulence of Brucella is thought to be due to their
ability to avoid the killing mechanisms within macrophages [12, 13].

The most common points of entry of Brucella are the respiratory, digestive, and genital tracts
of both animals and humans. Brucella enters the phagocytic cells in an unknown cellular site
and spreads throughout the body by the regional lymph nodes. Brucella shows high tropism
in macrophages, especially monocytes in the liver, spleen, mammary glands, and reproductive
tracts. Chronic brucellosis mainly leads to bacterial resistance to host immune response and
host debilitated health status [14].

A tenth of the total Brucella will survive to avoid phagocytosis and penetrate cell membrane
for intracellular growth; macrophages are the mostimportant for a successful infection. During
the infection, Brucella can interfere with the macrophage function, particularly the inhibition
of IFN-y [15] and TNF-a expression [16], and the reduction of antigen presentation and
subsequent T cell activation [17]. Brucella inside dendritic cells (DC) contributes to the chronic
infection and induced low levels of pro-inflammatory cytokines and increased MHC II
expression [18]. Placental trophoblasts produce erythritol during the last trimester and
increases carbon source for Brucella and this pathogen caused abortion or stillbirth of the
infected fetus by inducing placental damage [19] and targeting giant trophoblasts [20]. Brucella
has also been reported in other cell types and are studied with cell models and lines such as
human pulmonary epithelial cells, caprine uterine epithelial cells, human osteoblastic cell
lines, murine neurons, bovine and human polymorphonuclear, and many other cells lines.
Surprisingly, extracellular brucellae were observed on the 21st day post infection [21-26].

Phagocytosis is a critical step for a successful immune reaction against microbial pathogens
that provokes both degradation of pathogens and the subsequent presentation of pathogen
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peptide antigens. Ligation of various phagocytic receptors, including Fc gamma receptors and
complement receptor 3, activates a series of intracellular signal transductions that induce
dynamic and rapid rearrangement of the actin cytoskeleton essential for phagocytic uptake
[27]. Several host cells such as M cells, macrophages, and neutrophils ingest Brucella by zipper-
like phagocytosis [28]. In addition, Brucella invades macrophages through lipid raft microdo-
mains [29]. Phagocytosis of Brucella in both epithelial cells and macrophages requires F-actin
polymerization [30, 31].

Toll-like receptors (TLRs) are the best characterized pattern recognition receptors (PRRs) of
host cells. Receptor-ligand interaction via TLRs leads to the production of antimicrobial
peptides and proinflammatory cytokines through NF-kB, mitogen-activated protein kinase
(MAPK), and other various signaling pathways [32]. As a result, TLR signaling is crucial to
develop host innate immune response, including recruitment of DCs and T effector cells,
upregulation of MHC I and II on antigen presenting cells (APCs), and extension of adaptive
immunity against infection. In Brucellosis, many studies have reported that TLRs play
important roles in controlling Brucella infection. When unopsonized B. melitensis, B. abortus,
and B. suis strains internalize into macrophages and epithelial cells, the Brucella-containing
vacuoles (BCVs) enter into an intracellular trafficking pathway that results in the development
of specialized membrane-bound compartments [33-38] known as replicative phagosomes or
brucellosomes [39]. Interactions between the O-chain of Brucella smooth LPS and the lipid rafts
on the surface of macrophages have been shown to be important for mediating entry into host
cells in a manner thatleads to the development of replicative phagosome [40]. During the initial
stages of intracellular trafficking of the BCVs, these compartments suffer temporary interac-
tions with lysosomes [41] which results in their acidification [34, 42] and initiate extensive
interaction with the endoplasmic reticulum [33]. Eventually, intracellular pH rises to a level
that allows intracellular replication of the Brucella. In epithelial cells, the BCVs during devel-
opment of the replicative phagosome acquire properties resembling autophagosomes [37],
which does not appear to be the case in macrophages [33]. Studies employing the human
monocytic cell line THP-1 and B. abortus strains opsonized with hyperimmune IgG have also
shown that when the Brucella internalizes host macrophages in this manner, the resulting BCVs
also undergo temporary association with the lysosomal compartment and become acidified
but do not interact extensively with the ER [43]. This altered intracellular trafficking limits the
fusion of the BCVs with lysosomes, which minimizes the exposure of these bacteria to the
bactericidal proteins that reside in these intracellular compartments [43].

In this section, we will discuss the key roles of several receptors for Brucella including immune
response, signal transduction cascade, and phagocytic pathway for Brucella infection within
host cells.

2. The roles of lipid rafts on Brucella infection

Brucella proliferates within professional and nonprofessional phagocytic host cells including
macrophages, epitheloid HeLa cells, fibroblasts NIH3T3, Vero cells, MDBK cells, etc., and
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successfully bypasses the bactericidal effects of phagocytes [13]. The macrophage response to
infection has important consequences for both the survival of phagocytized bacteria and the
further development of host immunity. For many bacterial pathogens, adherence to the host
tissue is believed to be essential for virulence, and the microbial characteristics that promote
adherence to receptors on a host cell surface are considered to be attributes of virulence [44].
For intracellular pathogens, including Brucella, the nature of the interaction with the host cell
will have important consequences for pathogen survival, proliferation, and dissemination, as
well as the development of specific immunity [45]. Lipid rafts are specialized membrane
microdomains rich in cholesterol, glycosylphosphatidylinositol (GPI)-anchored proteins, and
GM1 gangliosides [46]. Evidence regarding the potential role of lipid rafts in host-pathogen
interactions has been continuously accumulated, and lipid rafts have been implicated as
portals of entry for intracellular pathogens [47]. Several studies have implicated the involve-
ment of lipid rafts in the entry and endocytic pathway of B. abortus in host cells. These studies
indicated that lipid raft-associated molecules, such as GPI-anchored proteins, GM1 ganglio-
side, and cholesterol, are selectively integrated into Brucella-containing macropinosomes
following the internalization of Brucella into macrophages, continuously sustaining a dynamic
state of the phagosomal membrane [48]. Moreover, the internalization route of Brucella into
phagocytic cells determines the intracellular fate of these bacteria, and this event is modulated
by lipid rafts [48].

2.1. Roles of lipid rafts-associated molecules in Brucella infection

Time-lapse videomicroscopy has been used to follow the internalization of B. abortus strains
by mouse bone marrow-derived macrophages [35]. After contact of macrophages with wild-
type B. abortus, the bacteria move around from the site of initial contact and swim on the
macrophage surface, which often lasts up to several minutes; ruffling of the generalized plasma
membrane occurs before the eventual enclosure in large vacuoles. In contrast, contact of the
virB4 mutant of B. abortus with the target macrophage results in a much smaller ruffling
restricted to the area near the bacteria and uptake is more rapid than for the wild-type strain.
If the bacteria are deposited onto macrophages by centrifugation, generalized actin polymer-
ization around the site of bacterial binding was observed in the wild-type strain when stained
with phalloidin to detect actin filament formation by using fluorescence microscopy, which
can also be observed by phase-contrast microscopy and the virB4 mutant shows primarily
small regions of phalloidin staining at the sites of binding. Therefore, B. abortus appears to
promote events on the macrophage cell surface that are dependent on the presence of the VirB
system. In case of B. abortus, macropinocytosis occurs within minutes of attachment to bacteria
on the surface of the macrophage. During bacterial contact, effector molecule(s) are translo-
cated by the VirB system to the target cell, which initiates the process that leads to formation
of the macropinosome [29, 35]. These macropinosomes are induced transiently and shrink
rapidly, with the majority of vacuoles appearing tightly apposed against the bacterial surface
within 20 minutes after their initial appearance. In addition, macropinosomes are probed with
other components associated with lipid raft-associated molecules, such as GM1 gangliosides
and cholesterol, by incubating B. abortus and biotin-labeled cholera toxin B subunit (CTB),
which binds GM1-gangliosides, simultaneously with macrophages. CTB localizes around the
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internalized wild-type strain with kinetics of association similar to those for aerolysin-labeled
GPI-anchored proteins. In contrast, colocalization of CTB with the virB4 mutant was much less
pronounced, suggesting that the formation of the VirB-dependent macropinosome includes a
sorting process that allows transient association of lipid raft-associated components with
macropinosomes containing B. abortus.

2.2. Roles of cellular prion protein in Brucella infection

In addition to membrane sorting for brucella infection, key roles have been made in describing
bacterial entry where it has been shown that these bacteria penetrate into the macrophage
through a particular structure found in eukaryotic cells, lipid rafts, or lipid microdomains [48].
In order to interact with lipid rafts, Brucella requires smooth LPS to avoid the bactericidal
arsenal of macrophages that strains with rough LPS (without an O-side chain) encounter [40].
Moreover, a report has proposed that Brucella interacts with the cellular prion protein of
macrophages (Prp°), a protein anchored by a GPI-link in lipid rafts. This interaction was found
to be mediated by the membrane expression of Brucella HSP60 [49].

2.3. Roles of clathrin in Brucella infection

Lipid raft-associated clathrin is essential for host-pathogen interactions in infectious processes.
The focus of a recent study was to elucidate the clathrin-mediated phagocytic mechanisms of
Brucella [50]. From that study, the clathrin dependency of Brucella infection in HeLa cells was
investigated with an infection assay and immunofluorescence microscopy. The redistribution
of clathrin in the membrane and phagosomes was detected through sucrose gradient fractions
of lipid rafts and the isolation of Brucella-containing vacuoles (BCVs), respectively (Fig. 1).
Clathrin and dynamin were concentrated into lipid rafts upon Brucella infection, and the entry
and intracellular survival of Brucella were abrogated by clathrin inhibition in HeLa cells.
Clathrin disruption decreased actin polymerization and the colocalization of BCVs with
clathrin and Rab5 but not LAMP-1. Consequently, our data verified that clathrin plays a
fundamental role in the entry and intracellular survival of Brucella via the interaction with lipid
rafts and actin rearrangement, which determines the early intracellular trafficking of Brucella
to its advantage.

3. General aspects of toll-like receptors

Toll-like receptors (TLRs) are single-pass type I transmembrane-spanning proteins with a
single intracellular Toll/interleukin-1 (IL-1) receptor (TIR) domain and multiple extracellular
leucine-rich repeats (LRRs) responsible for binding to ligands that recognize and are activated
by a small collection of microbe-derived molecules [51]. Through studies of targeted mutants
among 13 paralogous TLRs, 10 in humans and 12 in mice, the diverse mode of ligands
recognition of individual TLRs were determined, except for TLR8, TLR10 (only present in
humans), and TLR11-13 (only present in mice). TLR2 is activated by lipopeptides and other
gram-positive bacterial components in conjunction with either TLR1 or TLR6; TLR4 detects
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LPS, which requires accessory protein MD-2; TLR5 detects flagellin; TLR3 detects poly I:C, a
double-stranded RNA (dsRNA) analog; TLRY detects unmethylated DNA and CpG-oligo-
deoxynucleotides (CpG-DNA) proposed to be delivered by Granulin and high mobility group
(HMG) B proteins through an ability to bind simultaneously to both CpG-DNA and TLRY; and
TLRY is activated by single-stranded RNA and its synthetic analogs such as resiquimod,
imiquimod, and loxoribine. All known TLR dimer structures display the same arrangement
with the two carboxy-terminal tails closely juxtaposed and the amino termini at opposite ends
but each varies in modes of ligand recognition [51-54]. This conformation may be required to
bring the intracellular TIR domains into close proximity to initiate signaling. TLR activation
can induce cell-intrinsic antimicrobial activity such as activation of TLR2 and TLR4 can recruit
NADPH oxidase assembly and mitochondria to bacteria-containing phagosome, which lead
to a burst of reactive oxygen and nitrogen species within this compartment [55-57]. Evidence
suggests that possibly through recruitment of vacuolar-ATPase subunits to the phagosomal
membrane, TLR signaling can cause a rapid acidification of the phagosome in which TLR
signaling has occurred [53, 54, 58, 59]. These activities increase the antimicrobial capacity of
the phagosome, although some bacteria have actually cooped these signals to regulate their
virulence programs. Expression and secretion of antimicrobial peptides (AMPs) such as (-
defensins and cathelicidin can also be induced by TLRs upon detection of microbial ligands,
which further supports the role of TLR-mediated detection in cell-intrinsic antimicrobial
activity [60-62]. However, pathogens have evolved a variety of strategies to avoid TLR
signaling such as altering their surface structures, interfering with TLR signaling pathways,
and inhibiting, escaping, or subverting phagocytosis [52]. Brucella spp. are recognized by TLR2,
TLR4, and TLRY, which identifies lipopolysaccharide (LPS), lipoproteins, and bacterial DNA,
respectively [63].

3.1. TLRs and Brucella infection

The involvement of TLR2 and TLR4 in recognizing Brucella was reported in several studies.
TLR2 was proposed to induce secretion of TNF-a, IL-6, IL-12, and IL-10 in peritoneal macro-
phages stimulated by B. abortus lipoproteins, such as Omp16 and Omp19 [64], responsible for
pro-inflammatory response, but no role was observed in controlling the pathogen in vivo [63].
TLR4, in cooperation with TLR9, was demonstrated in B. melitensis resistance [65]. The
interaction of TLR4 with non-canonical Brucella LPS induces activation of NF-kB, and its
interaction with Brucella spp. lumazine synthase stimulates maturation of dendritic cells [66]
followed by increased expression of co-stimulatory molecules and major histocompatibility
class II, as well as the production of IL-6, TNF-a, and IL-12p70 [63].

Maturation of dendritic cells and production of IL-12 and TNF-a in macrophages and dentritic
cells are impaired [67], and levels of inflammatory chemokines RANTES (CCL5), MCP-1
(CCL2) and MIP-1a (CCL) are reduced in the absence of MyD88 protein during Brucella
infection [65]. MyD88 molecule is required for the development of IFN-y producing T cells
and control of brucellosis [65], suggesting that induction of Th1 response during the infection
is regulated by a MyD88-dependent pathway [63]. Furthermore, this molecule is used by other
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inflammatory signaling pathways that include IL-1 and IL-18 [58]. However, IL-18 was
observed to have no role in controlling murine brucellosis [63].

Brucella appears to interfere in TLR signaling by producing inhibitory homologues of Toll/
interleukin-1 receptor (TIR) domain, such as B. abortus Btpl, which targets TLR2 signaling
down-modulating maturation of infected dendritic cells and secretion of pro-inflammatory
cytokines [18], and B. melitensis TcpB that interacts with MyD88 in vitro impeding TLR2 and
TLR4 activation pathway and secretion of pro-inflammatory cytokines [68].

3.2. Roles of individual TLRs in Brucella infection

3.2.1. TLR2

The role of TLR2 in Brucella infection remains controversial. Some studies suggest that TLR2
is not required to control Brucella infection in the mouse [67, 69, 70]. However, other studies
indicate that TLR2 is important for clearance of Brucella from the lung following aerosol
exposure [71], cytokine production such as TNFa and IL-12 [64, 65, 67, 72, 73], MHC-II
expression [74], and down regulation of the type I receptor for the Fc portion of IgG (FcyRlI,
CD64) [15].

3.2.2. TLR4

The role of TLR4 in Brucella infection also remains disputed. Some studies suggest that TLR4
is required to control Brucella replication in the mouse [65, 69, 70], others reveal that TLR4 is
not involved [67, 75]. Lee et al. [76] reported that TLR4-associated Janus kinase 2 (JAK2)
activation in the early cellular signaling events plays an essential role in B. abortus-induced
phagocytosis by macrophages (Fig. 2), implying the significance of JAK2 in pathogenesis of
Brucella [65]. TLR2, TLR4, and MyD88 play diverse roles in Brucella antigen specific antibody
production and antibody class switching [71].

3.3. TLR6

TLR6 is an important component that triggers an innate immune response against B. abortus.
TLR6 is recruited to the macrophage phagosome and recognizes bacterial peptidoglycan and
lipoproteins [77]. TLR6 also plays a role in bacterial diacylated lipopeptides recognition such
as MALP2, but is not essential for cytokine production in response to triacylated lipopeptides.
TLR6, in cooperation with TLR2, recognizes Brucella and further activates NF-kB signaling in
vitro and is required for the efficient control of B. abortus infection in vivo [78].

3.4. TLR9

TLR9 plays a role in controlling B. abortus infection in mice [65, 67]. Furthermore, TLR9 partially
mediates the expression of IL-12 by dendritic cells in response to heat-killed B. abortus [79].
TLRY plays a significant role in preventing B. ovis replication in vivo, but only MyD88 is
required for wild type levels of inflammation [80].
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Figure 1. The role of clathrin in the entry and intracellular survival of B. abortus in non-professional phagocytes. A and
B: HeLa cells were pretreated with 12.5 uM CPZ, a clathrin inhibitor, for 45 minutes prior to infection with B. abortus at
an MOI of 10 for the indicated times. C-E: HeLa cells were transiently transfected with control or clathrin siRNA,
whose optimal conditions were evaluated by Western blotting (C), and subsequently infected according to the proce-
dure described above (D and E). Bacterial internalization and intracellular survival efficiency were determined by eval-
uating the protection of internalized bacteria from gentamicin killing and calculating the log10 CFU, respectively. The
data represent the mean + S.D. of triplicate trials from three independent experiments. Differences that were statistical-
ly significant compared with untreated samples are indicated. *, p < 0.05; **, p <0.01; ***, p <0.001 [50].
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Figure 2. Diagram illustrating the phagocytic signaling pathway initiated by TLR4-linked JAK2 activation during the
internalization of B. abortus into macrophage. The interaction of B. abortus with TLR4 induces the activation of Cdc42
GTPase and JAK2, and the subsequent activation of PI3K and MAPKs promotes actin polymerization. This event con-

tributes to the phagocytosis of B. abortus by macrophage. Lines with arrows denote an activating reaction and dotted
lines denote uncertainty of the reaction [76].
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4. Conclusion

Throughout this chapter, we described the interaction between Brucella and lipid rafts-
associated molecules and TLRs, including interacting specific molecules (ligands), immune
response, signal cascade, and controlling strategies. This review may help to understand the
pathogenic and defense mechanisms of Brucellosis. Furthermore, the understanding of lipid
rafts-associated molecules and TLRs-mediated controlling of intracellular parasitic bacterial
infection would be helpful to eradicate these diseases.

Abbreviation

IFN-y Interferon gamma

TNF-a Tumor necrosis factor alpha

DC Dendritic cell

MHCIT Major histocompatibility complex

TLR Toll-like receptor

PRRs Pattern recognition receptors

NF-«B Nuclear factor kappa-light-chain-enhancer of activated B
cells

MAPK Mitogen-activated protein kinase

APCs Antigen-presenting cells

BCVs Brucella-containing vacuoles

LPS Lipopolysaccharide

IgG Immunoglobulin

ER Endoplasmic reticulum

GPI Glycosylphosphatidylinositol

GM1 Monosialotetrahexosylganglioside

CTB Cholera toxin B

Prp© Cellular prion protein

HSP60 Heat shock protein 60

LAMP-1 Lysosomal-associated membrane protein 1

IL Intracellular Toll/interleukin

TIR Intracellular Toll/interleukin receptor

LRRs Leucine-rich repeats
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HMG High mobility group

NADPH Nicotinamide adenine dinucleotide phosphate

AMPs Antimicrobial peptides

Omp Outer membrane protein

RANTES Regulated on activation, normal T cell expressed and
secreted

MCP-1 Monocyte chemotactic protein 1

MIP-1a Macrophage inflammatory protein 1 alpha

Th T helper

JAK2 Janus kinase 2

MALP-2 Macrophage-activating lipopeptide-2
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Abstract

Mild anemia and leukopenia are the most common hematologic problems of acute
brucellosis. Mild thrombocytopenia also occurs, but severe cases are uncommon.
Thrombocytopenia occurs because of bone marrow suppression, hypersplenisem,
hemophagocytosis, and immunologic destruction of the cells or disseminated
intravascular coagulation. In endemic areas, hemorrhagic fevers, hematologic
malignancies, as well as idiopathic thrombocytopenic purpura should be considered
as differential diagnoses for complicated brucellosis. Thrombocytopenia and bleeding
can be improved with antibiotic and hematologic supportive therapy whereas in
severe cases corticosteroid therapy or splenectomy might be necessary.

Keywords: Brucella, thrombocytopenia, fever, hemorrhage

1. Introduction

Although brucellosis is a treatable and non-severe disease, 5-10% of patients experience some
complications [1]. Brucella plays an important role in infectious diseases, and can mimic many
other infectious and non-infectious diseases. This mimicry can result in delayed diagnosis and
increased mortality and morbidity. Almost all body systems can be affected by brucellosis,
including the hematological system.

The most common hematological finding in brucellosis is an unchanged hemogram, including
normal counts of platelets, white blood cells, and hemoglobin [2]. Hematological problems
may occur and are most common in children with brucella infection, but sometimes occur in
adults as well. Several blood disorders have been reported in brucellosis, including hemolytic
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anemia [3], thrombocytopenia, leukopenia [4], leukocytosis [5], thrombocytosis [6], and
pancytopenia [7]. Mild anemia and leukopenia are the most common complications of acute
infection. Mild thrombocytopenia also occurs in about 1-26% of the patients, while severe cases
are uncommon [4].

Isolated thrombocytopenia or pancytopenia has been rarely reported. Severe thrombocytope-
nia with pancytopenia imitates hematologic diseases (Figure 1). Thrombocytopenia occurs less
than leukopenia in brucellosis. We and others have several published [8-10] and unpublished
papers regarding confirmed brucellosis cases presenting with severe hemorrhagic fever
mimicking Crimean-Congo Hemorrhagic Fever (CCHF). These patients are usually isolated
before an established diagnosis is reached.

Mild thrombocytopenia is more common than the severe form and the incidence of spleno-
megaly in thrombocytopenic cases is higher than that reported for uncomplicated brucellosis
[11]. Thrombocytopenic purpura and microangiopathy may also occur in brucellosis [12, 13].
The latter event may be associated with thrombocytopenia, bleeding, hemolytic anemia, and
impaired consciousness. Disseminated intravascular coagulation (DIC) is rarely seen [14]. DIC
may occur in the patients suffering from gram-negative sepsis. Bacterial endotoxins activate
the coagulation cascade. Microrhrombi are deposited in the wall of the vasculature, resulting
in thrombiosis, bleeding, and Microangiopatic Hemolytic Anemia (MAHA). DIC and/or
MAHA are rarely reported in association with brucellar endocarditis with the clinical presen-
tation of mild disease to severe bleeding, thrombosis, and death [2].

Hence, brucellosis mustbe considered in the differential diagnosis of all those conditionsleading
to diverse hematologic disorders including pancytopenia, hemolytic anemia, leukopenia,
thrombocytopenia, and disseminated intravascular coagulation in endemic areas [15, 16].

Figure 1. Ecchymosis of the lower limbs in a patient with brucella-induced hemophagocytosis.
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The key point in the evaluation of thrombocytopenia is to prepare a peripheral blood smear
to assess the morphology of the blood cells and to exclude pseudo-thrombocytopenia,
especially in patients with an unexplained low platelet count. The latter condition is attributed
to the use of certain anti-coagulants (such as ethylenediamine tetra-acetic) and subsequent
platelet agglutination [17].

Although bone marrow smear and culture plays an important role in detecting infectious
causes of thrombocytopenia, it is possible to find the etiology of thrombocytopenia with less
invasive procedures such as blood smear and culture. In many cases, thrombocytopenia will
disappear after antibiotic therapy within a few days. Therefore, in suspected infectious
induced thrombocytopenia, there is often no need for bone marrow examination for confirmed
diagnosis. It is a well-known fact that thrombocytosis may be a marker of inflammation, but
low platelet count can be a significant alarming sign for severe infection and infection-induced
immunosuppression [18]. Microbial endotoxin can cause endothelial damage, platelet
adhesion and/or its removal from the bloodstream [19].

Thrombocytopenia may occur due to platelet destruction by the immune system. A positive
Coombs test in most patients with brucella, response to corticosteroid, and detection of anti-
platelet antibodies are the evidence of such mechanism [20].

In general, low platelet count may be due to the production failure in the bone marrow, being
trapped in an enlarged spleen, or damaged in the peripheral circulation. Thrombocytopenia
due to infectious diseases occurs because of bone marrow suppression, hypersplenism,
hemophagocytosis, immunologic destruction of the cells, and DIC [21, 10].

Granuloma formation in the bone marrow is added to the etiologies of thrombocytopenia in
brucellosis [22]. In one study [23], bone marrow biopsy revealed hypercellular marrow in 75%
and granuloma formation in 41% of the samples. Seventy-five percent of the patients with both
thrombocytopenia and hypercellular marrow had splenomegaly, as well. In hemophagocyto-
sis phenomena, active histiocytes play an important role in erythrophagocytosis, leukopha-
gocytosis, and platelet phagocytosis. Hemophagocytosis occurs not only during the course of
brucellosis, but also in many infectious and noninfectious diseases including viral, fungal,
bacterial, parasitic, malignant, and reumatological diseases [24].

Despite the existence of thrombocytopenia, the bone marrow may be hypercellular with
sufficient megakaryocytes or hypocellular [25, 23]. Therefore, bone marrow suppression is not
a good explanation for thrombocytopenia. Hence, other etiologies should be considered for
this cytopenia. One of the significant causes of thrombocytopenia is stimulated autoimmune
phenomena induced by brucella bacteria that may lead to bleeding, purpura, and hemolytic
anemia [26]. Moreover, monoclonal hypergammaglobulinemia and cryoglobulinemia are rare
complications of brucellosis [27].

Hemorrhagic fevers in endemic areas, hematologic malignancies, as well as idiopathic
thrombocytopenic purpura (ITP) should be considered as the differential diagnosis of brucel-
losis, even if the patient is afebrile at the time of admission [28]. Brucellosis and CCHF are both
common in rural areas of endemic regions. They affect farmers and shepherds. Both of these
diseases cause fever, rigors, thrombocytopenia, and bleeding, sometimes without other signs
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and symptoms. However, the main difference is a significant reduction in incidence of
Crimean-Congo in the winter due to inactivity of the carrier ticks [29] while brucellosis
continues to occur. Severe thrombocytopenia and/or hemorrhage are characteristic clinical
features of severe CCHF but they rarely occur in brucellosis. Finally, serologic tests, viral
polymerase chain reaction, and obvious contact of CCHF patients with blood and tissues of
sick animals or other affected patients, as well as history of tick bite will confirm the diagnosis
of CCHF.

In case of brucella induced thrombocytopenia, severe thrombocytopenia and bleeding of the
urinary tract, skin, gastrointestinal tract, as well as hemoptysis and hematemesis rarely occur
[30]. As mentioned above, hematological changes are mild and subside with anti-brucella
treatment, but even severe bleeding can be improved with antibiotic and hematologic
supportive therapy [31]. In emergent cases with severe thrombocytopenia and bleeding, a short
trial of intravenous immunoglobulin (IVIG) has been recommended to increase platelet count
and to control bleeding. In the patients with platelets count of less than 10.000 mm?, cortico-
steroid therapy would be effective [4, 32]. However, in rare cases of severe and refractory
thrombocytopenia, splenectomy may be helpful [33]. In one study [34], among 19 patients with
severe thrombocytopenia, 10 received corticosteroids for less than two months and responded
well to the treatment. Seven patients received corticosteroid for more than two months, 4 of
them recovered and 3 underwent splenectomy and finally recovered. Two out of 19 patients
died.

2. Summary

Brucella induced severe thrombocytopenia and pancytopenia imitates several hematological
diseases. Not only infectious disease specialists, but also other experts in other fields such as
gynecology, gastroenterology, hematology, ENT, dermatology, and urology should be
familiar with brucellosis and its uncommon clinical pictures including bleeding and throm-
bocytopenia. All physicians should be aware of infectious diseases such as brucellosis and
CCHF, which may be presented with severe thrombocytopenia and have to include them in
the differential diagnosis of any disorder with thrombocytopenia and bleeding, even in afebrile
patients. In these conditions, the patient's occupation and/or a minor fever may provide
important clues to the diagnosis of infectious diseases such as brucellosis.
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Abstract

Brucellosis is considered a zoonotic disease which is still an important health problem in
endemic areas such as the Middle East, the Mediterranean, and Asia. Brucellosis is a sys-
temic infection that might affect any organ or system in the body. Ocular involvement
has been reported in 21% of brucellosis patients. The most common ocular manifestations
of brucellosis were considered as anterior uveitis and choroiditis. The patients with ante-
rior uveitis were reported to be usually in the acute stage and the patients with choroidi-
tis, papilledema, and posterior uveitis were reported to be usually in the chronic stage of
the disease. Ocular manifestations of brucellosis might also involve dacryoadenitis, con-
junctivitis, episcleritis, scleritis, nummular keratitis, cataract, glaucoma, exudative retinal
detachment, maculopathy, and neuro-ophthalmic defects including papilledema, papilli-
tis, and cranial nerve paresis. Optic nerve involvement in brucellosis is considered secon-
dary to meningeal inflammation, and it usually involves both optic nerves. Premacular
hemorrhage related to Brucella endocarditis was reported as a rare ocular manifestation.
Since ocular brucellosis has a wide spectrum of clinical manifestations, the diagnosis is
considered to be mainly dependent on positive bacteriological and serological tests. Ag-
glutinations and/or culture has been widely used for diagnosis of brucellosis. Brucella ag-
glutination test over 1/160 titer and positive blood culture are considered as diagnostic
factors for brucellosis. Early diagnosis and prompt treatment are considered to be effec-
tive for preventing blindness from severe ocular damage. Systemic antibiotics including
streptomycine, rifampicin, doxycycline along with topical or systemic corticosteroid
treatment have been recommended for at least 2 months. The purpose of this chapter is to
describe the ocular manifestations of brucellosis, early diagnostic procedures, and treat-
ment with reviewing the literature.

Keywords: brucella, uveitis, optic neuritis, preretinal hemorrhage

1. Introduction

Brucellosis is considered a common zoonotic disease that has been reported to cause more than
500,000 new human cases worldwide annually [1,2]. It is still more prevalent in some parts of
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the world, especially Middle East countries including Iran, Saudi Arabia, Kuwait, Turkey, the
Mediterranean, Mexico, and Central and South America [3-6]. Brucella melitensis has been
reported as the most common and virulent species in endemic countries [7]. B. abortus has been
seen mostly in Europe and North America [7]. B. canis causes canine brucellosis with intraoc-
ular inflammation, and B. suis infects domestic pigs [7].

2. Ocular manifestations

Brucellosis has unusual clinical manifestations, and the clinical presentation might vary
from asymptomatic infection to a full-blown clinical picture of fever, night sweats, and joint
manifestations; rarely, there is hepatic, cardiac, ocular, or central nervous system involve-
ment [8]. Since there is no pathognomonic sign of ocular involvement caused by brucello-
sis, it remains poorly recognized in areas where brucellosis is endemic [9]. In a large series
including 1551 patients with brucellosis from Peru during a period of 26 years, 52 (3.3%)
patients have been diagnosed with ocular brucellosis [10]. Both acute and chronic brucello-
sis have been reported to cause ocular involvement [10]. All the ocular structures might be
affected by brucellosis [9,11]. However, the most frequent ocular presentation has been
reported as uveitis [12,13]. Uveitis has been reported between 21 and 67% of patients with
ocular brucellosis in the previous studies [12-14]. The following presentations of uveitis
might be identified: anterior uveitis, including iritis, and iridocyclitis; intermediate uveitis,
including pars planitis and vitritis; posterior uveitis, including choroiditis, chorioretinitis,
retinitis, and neuroretinitis; and panuveitis, including inflammation of all 3 components of
the uveal tract [11-15]. The most frequent presentation of uveitis in ocular brucellosis has
been considered as posterior uveitis [16]. Patients with panuveitis had the worst visual
prognosis [16,17]. In a case series, 8 of 9 patients with panuveitis were legally blind,
including 5 patients with no light perception [17]. In a cohort study from Turkey includ-
ing 132 patients with brucellosis, anterior uveitis was the most frequent manifestation with
a frequency of 41%, followed by choroiditis (32%), panuveitis (9%), papilledema (9%), and
retinal hemorrhages (9%) [12]. 41% of the patients with ocular involvement were found in
the acute stage and 59% were in the chronic stage of brucellosis [12]. In this study, all the
patients with anterior uveitis were reported to be in the acute stage, and all the other
patients with choroiditis, papilledema, and retinal hemorrhages were reported to be in the
chronic stage of the disease. [12] In another cohort study from Turkey including 147 patients
with the diagnosis of brucellosis, 38 patients (26.0%) had ocular manifestations including
conjunctivitis in 26 (17.7%), anterior uveitis in 6 (4.1%), posterior uveitis in 1 (0.7%),
dacryoadenitis in 2 (1.4%), and episcleritis in 3 (2.1%) of patients [18]. Brucellosis might
have unusual ocular manifestations [17,19,20] such as: recurrent episcleritis associated with
brucellosis has been reported as a rare occurrence from Turkey and France [19,20]. A rare
presentation of brucellosis has also been reported as bilateral optic nerve, right abducent
nerve involvement, and endocarditis complicated by right premacular hemorrhage in a 28-
year-old white female from Turkey [21]. Bilateral multifocal choroiditis with serous retinal
detachment in a patient with Brucella infection has been reported from USA considering
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Vogt-Koyanagi-Harada (VKH) syndrome, which is characterized by bilateral panuveitis
associated with bilateral retinal detachments spontaneously resolving, as differential
diagnosis [17].

3. Pathogenesis and diagnosis

The infection was rapidly controlled at the site of inoculation but resulted in a local and
systemic dissemination of Brucella mainly in the pharyngeal tonsil, local and peripheral lymph
nodes, and the spleen [24]. The control of the infection is considered to be associated with the
induction of a specificimmune response characterized by an increase in IgG producing B-cells,
the production of IFN- gamma, and IL-10 by cells from draining parotid, retropharyngeal, and
submaxillary lymph nodes, but also from more distant peripheral lymph nodes.[24] IFN-
gamma is produced by CD4+, CD8+, and CD4(-)CD8(-) gamma delta(-) cells, and probably
contributed to the control of both local and systemic infection [25]. Human brucellosis is
diagnosed by clinical criteria, isolation of the causative agent from blood or tissue cultures
with a positivity rate of 40-70%, or by using serologic techniques as complementary tools. Rose
Bengal Plate Test (RBPT) and serum agglutination test (SAT) are the most widely used
serologic tests [26]. The sensitivity of RBPT is considered high, but its specificity is low for
testing individuals residing in an endemic area [26]. SAT is used to confirm RBPT results. It
has limitations of lack of sensitivity as well as specificity [27-29]. Recently, molecular biology
diagnostic techniques have been developed, intending to optimize the etiological confirmation
[30]. Polymerase chain reaction (PCR) amplification-based methods are being used effectively
in the detection of brucellosis [31]. They are considered safer than culture-based methods for
the staff [31]. Intraocular serological tests are used to support the diagnosis of ocular brucellosis
[14,32]. The Goldmann-Witmer coefficient, which is the ratio of intraocular to serum IgG
production against the Brucella organism, is usually determined by analyzing the serum and
intraocular fluid agglutinations for Brucella [14,33,34]. The diagnosis is usually confirmed with
a high Brucella agglutination titer in the vitreous specimen [33]. The sensitivity of the Gold-
mann-Witmer analysis has been reported as 66.7% and the specificity was 100% [14].

4. Differential diagnosis

Ocular involvement of brucellosis should be differentially diagnosed from tuberculosis,
syphilis, toxoplasmosis, toxocariasis, sarcoidosis, behcet’s disease, Vogt-Koyanagi-Harada
syndrome, and multifocal choroiditis [16,17,32]. No pathognomonic sign of ocular involve-
ment of brucellosis has been reported. However, acute form of brucellosis is usually presented
as fever, headache, sweating, lower back pain, and organomegaly [9]. Ocular involvement in
acute form hasbeen reported usually in the form of bilateral acute anterior uveitis, which might
be associated with episcleritis and scleritis [10]. Posterior uveitis followed by panuveitis
associated with papillitis and retinal hemorrhages were considered the most common ocular
manifestations of chronic brucellosis [10]. Neuro-ophthalmologic signs, including the cranial
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nerves involved in ocular movements, were also reported to be more common in chronic
brucellosis [34].

5. Complications

Ocular brucellosis might lead to blindness from severe ocular damage in patients having late
diagnosis and improper treatment. The following complications have been reported: cataracts,
glaucoma, maculopathy, vitreal alterations, phthisis bulbi, optic atrophy, neovascular retinal
membrane, and tractional retinal detachment [18,32].

6. Treatment

Ophthalmic manifestations of brucellosis are usually treated with both antibiotics and steroids
[35]. Cavallarro et al. reported a patient with papilledema due to brucellosis that was treated
with sole anti-brucellosis treatment without steroid administration [36]. Abd Elrazak reported
a case of bilateral optic neuritis caused by brucellosis that resolved following anti-brucellosis
and steroid administration [37]. Sahin et al. reported the resolution of unilatreral papillitis and
premacular hemorrhage with antibiotics and intravenous high-dose steroid followed by oral
steroid administration for 3 months [21]. The tetracyclines remain the most active and clinically
effective antibiotics for the treatment of brucellosis [38]. Doxycycline is now the preferred
tetracycline analogue for treating human brucellosis [38]. The use of tetracyclines as mono-
therapy for human brucellosis is complicated by a relapse rate between 8 and 39% [38]. The
high relapse rates are dramatically reduced when doxycycline is combined with other drugs,
such as streptomycin (relapse rate 4.5%) or rifampicin (relapse rate 8.4%) [38]. Streptomycin
in combination with tetracycline or doxycycline has been the "gold standard" for comparison
of other antibiotic regimens for the treatment of human brucellosis [38]. A major drawback to
the use of tetracyclines is the permanent staining of teeth in young children [39]. Consequently,
tetracyclines are contraindicated for brucellosis in pregnant women and children under 8 years
of age [39,40]. In this regard, doxycycline binds less to calcium than do other tetracyclines and
may cause dental complications less frequently [41]. Cotrimoxazole is a useful alternative in
the treatment of brucellosis when the use of tetracyclines is contraindicated [42,43]. Although,
rifampin has been used as monotherapy in brucellosis relapses, and the emergence of rifampin-
resistant strains have led to its use primarily in combination with other drugs [38]. Results
have been generally disappointing in monotherapy with quinolones, which were used to treat
human brucellosis [38]. In a study from Turkey, 21 patients received ofloxacin (200 mg twice
daily) for varying periods of time; the relapse rate was 16% [44]. In contrast, a group of patients
in Israel treated with ciprofloxacin (750 or 1000 mg twice daily) for 6 weeks had a relapse rate
of 66% [45]. Similarly, another study from Turkey reported 12 patients treated with ciproflox-
acin (500 mg thrice daily) for 3 to 6 weeks, with a relapse rate of 21% [46]. Consequently,
monotherapy of brucellosis with quinolones is not recommended, and they should be used in
combination with other antimicrobials [38, 47]. The combination of doxycycline for 6 weeks
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plus streptomyecin for 2 to 3 weeks remains the most frequently used and most effective
treatment for human brucellosis [47]. Most authorities consider that gentamicin (5 mg/kg/day)
intravenously or intramuscularly as a single injection can be used in place of streptomycin;
however, the duration of gentamicin administration is unclear [48]. Although 5- and 7- day
regimens of gentamicin have been used, we advise no fewer than 10 days [48]. In summary,
many clinicians prefer to administer rifampin (600-900 mg/day orally) for the remainder of the
6 weeks after discontinuing gentamicin, but this regimen has not been studied in comparative
trials. The second-choice regimen consists of doxycycline (200 mg/day orally) plus rifampin
(600-900 mg/day orally), with both drugs administered for 45 days.

7. Conclusions

Ocular involvement in acute or chronic brucellosis is still prevalent in endemic countries. A
wide range of ocular manifestations have been described for brucellosis. However, uveitis and
neuro-ophthalmic manifestations are the most common presentations. Diagnosis of ocular
brucellosis mainly depends on culture and serology of blood and intraocular fluids. Early
diagnosis and prompt treatment might restore the vision in ocular involvement.
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Abstract

Brucellosis is a multi-system infectious disease that presents with various clinical man-
ifestations and complications. Neurobrucellosis is an uncommon but serious presenta-
tion of brucellosis that can be seen in all stages of the disease. Neurobrucellosis is a
focal complication of brucellosis affecting both central and peripheral nervous system
presenting varieties of signs and symptoms. The most reported manifestations are
meningitis and meningoencephalitis. It is a rare presentation of brucellosis. The esti-
mated mean incidence of neurobrucellosis is 1.7%-10%. The incidence is equal in
males and females. Initial clinical manifestations consisted of meningoencephalitis,
acute and subacute meningitis, intracranial hypertension, polyradiculoneuritis, cerebral
and subarachnoid hemorrhage, transverse myelitis, lumbar epidural abscess with root
involvement, and cranial nerve involvement. Other rare manifestation includes pseu-
dotumor cerebri, intracranial granuloma, sagittal sinus thrombosis, spinal arachnoidi-
tis, and intracranial vasculitis. High index of suspicion, especially in endemic areas is
essential to prevent morbidity from this disease. Clinical suspicion and accurate evalu-
ation of a patient's history is the most important clue in diagnosis and treatment. Neu-
robrucellosis can be diagnosed by isolation of microorganism from the CSF or
detection of antibodies in the CSF. The CSF pattern in neurobrucellosis can be helpful
for diagnosis; lymphocytic pleocytosis, increased protein, and decreased glucose levels
in the CSF are in favor of neurobrucellosis. Imaging modalities, including CT scan or
magnetic resonance imaging, may reveal information for diagnosis. Many laboratory
procedures are usually employed in the diagnosis of neurobrucellosis. Even though
the culture method is the gold standard, growth rate is low and time consuming.
Coombs' test should be performed in both the CSF and serum. Different regimens are
usually used based on ceftriaxone, doxycycline, cotrimoxasole, streptomycin, and ri-
fampicin. Treatment with intravenous ceftriaxone and oral rifampicin, doxycycline,
and trimethoprim-sulfamethoxazole resulted in a good clinical response. Patients with
severe and persistent headache and other neurologic symptoms and signs should be
considered for neurobrucellosis in endemic regions. Early diagnosis and treatment of
neurobrucellosis will be helpful in decreasing the sequelae of this complication.

Keywords: Neurobrucellosis, clinical manifestation, diagnosis, treatment
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1. Introduction

Brucellosis is a common zoonotic infection worldwide and is caused by Brucella species.
Central nervous system (CNS) involvement is a serious complication of brucellosis with
different clinical presentation [1]. Neurobrucellosis is a focal complication of brucellosis
affecting both central and peripheral nervous system (PNS) presenting with a variety of signs
and symptoms [2]. Neurologic involvement due to brucellosis was reported in 1.7%-10% of
the patients with brucellosis [3, 4, 5]. Neurological complications of brucellosis are divided
into two groups. The first are those that have a direct effect of microorganism on the CNS and
PNS, and the second are those that have indirect effect of brucellosis on the CNS or PNS, e.g.,
toxic-febrile neurobrucellosis [6].

2. Clinical manifestations

Neurobrucellosis can affect any part of the nervous system and can mimic any neurological
disease [7]. The most reported manifestations of neurobrucellosis are meningitis and menin-
goencephalitis [2]. Neurobrucellosis may also present as myelitis, myelopathy, stroke,
paraplegia, radiculoneuritis, intracerebral abscess, epidural abscess, intradural abscess,
demyelination, Guillain-Barré syndrome, polyneuritis, and cranial nerve involvement or any
combination of these manifestations [3, 8, 9, 10]. Neurobrucellosis affects the second, third,
sixth, seventh, and eighth cranial nerves. Involvement of the oculomotor nerves is a very rare
complication in neurobrucellosis [11]. Optic neuritis due to neurobrucellosis has been reported
[12]. Neurobrucellosis can cause hearing loss. It may affect the auditory pathway. Sensorineu-
ral hearing loss can be seen due to brucellosis. Cochlear implantation may be successful for
treatment of patients with sensorineural hearing loss [13]. Neurobrucellosis may present rarely
with communicating hydrocephalus with symptoms of headaches, nausea, vomiting, gait
disturbance and signs of dysmmetry, ataxia, and sensorineural hearing loss [14]. Spastic
paraparesis and the sensorineural involvement are rare manifestations [8]. Solitary intracranial
mass lesions mimicking cerebral tumor are extremely rare presentations of neurobrucellosis
[15]. It may also present as leukoencephalopathy [16]. Cerebral venous sinus thrombosis due
to brucellosis is a rare form of stroke caused by thrombosis in venous sinuses of the brain [17].
Sagittal sinus thrombosis is one of the manifestations [18]. Neurobrucellosis is associated rarely
with demyelination. It may involve the corpus callosum [19]. Spinal epidural abscess due to
the Brucella species is usually associated with spondylodiscitis. Urgent surgical decompres-
sion should be performed in cases with moderate to severe neurological deficits particularly
if progressive [20]. Quadriplegia and multiple brain abscesses have been reported as mani-
festations of neurobrucellosis [21]. There are reports of intramedullary brucellar granuloma as
rare cases of neurobrucellosis. Nas et al. reported a patient presented with loss of strength of
four extremities. An intramedullary mass lesion was detected in the cervical level and brucellar
granuloma of the cervical spine was diagnosed finally [22]. In Asadipouya's study on neuro-
brucellosis, headache, fever, neck rigidity, fatigue, altered mental status, speech disturbances,
nausea, and vomiting were the most common symptoms. Hearing loss, paraplegia, cerebellar
ataxia, diplopia, photophobia, blurred vision, abnormal behavior, hypoesthesia, low back
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pain, and right side weakness are categorized as less common clinical features [6]. An analytical
study on several publications on neurobrucellosis demonstrated that the most frequent
symptoms of neurobrucellosis are fever, headache, weight loss, sweating, and back pain; and
the most frequent signs of neurobrucellosis are meningeal irritation, confusion, hypoesthesia,
hepatomegaly, and splenomegaly. Crainial nerve involvement, polyneuropathy, polyradicul-
opathy, paraplegia, and abscess formation may occur during neurobrucellosis. Symptom
duration may vary between one week and six months [23, 24]. Patients with neurobrucellosis
may present with neuropsychiatric signs and symptoms including aphasia, diplopia, hemi-
paresis, facial paralysis, tremor, ataxia, depression, personality disorder, hallucinations,
agitation, behavioral disorders, muscle weakness, and disorientation [25, 26]. Shehata's study
demonstrated that CNS involvement (vascular stroke, meningeoencephalitis, and dementia)
was seen in 33% of patients and PNS involvement (polyneuropathy, radiculoapathy, and
polyradiculoneuropathy) was seen in 22% of patients. Depression was recorded in 29% of
patients. Patients with neurobrucellosis reported highly significant impairment in some
cognitive function measures (mental control, logical memory, visual reproduction) and higher
scores on depressive symptoms compared with controls [27]. Brucellosis may infect ventriculo-
peritoneal shunt [28]. The mean duration of symptoms before admission is 8 weeks (range: 1
week—4 months) [6]. In neurobrucellosis, CNS invasion by bacteria results in an inflammatory
disorder. During neurobrucellosis, migroglia and astrocytes may be involved. The results of
these involvements are production of pro-inflammatory cytokines that are harmful for CNS.
Matrix metalloproteinases (MMP) has been found in the inflammatory process of CNS. Pro-
inflammatory cytokines cause increased production of MMP. During neurobrucellosis,
astrogliosis occurs [29]. Inflammatory response elicited by Brucella in astrocytes would lead
to the production of MMP-9 and that mitogen-activated protein kinases may play a role in this
phenomenon. Mitogen-activated protein kinases inhibition may thus be considered as a
strategy to control inflammation and CNS damage in neurobrucellosis [30]. Brucella lipopro-
teins could be key virulence factors in neurobrucellosis and that astrogliosis might contribute
to neurobrucellosis pathogenesis [31].

3. Complications

Recovery of neurobrucellosis may accompany with sequela. Paraparesis, dementia, sphincter
dysfunction, peripheral facial paralysis, and sensorineural hearing loss may occur [10, 25].

Communicating hydrocephalus has been reported as a complication of neurobrucellosis that
may need external ventricular drainage [32]. Mild sequelae, including aphasia, hearing loss,
and hemiparesis, may remain after successful treatment [33]. The mortality of neurobrucellosis
can be up to 0.5% with suitable antibiotics [24].

4. Diagnosis

Clinical suspicion and accurate evaluation of a patient's history is the most important clue in
the diagnosis and treatment of brucellosis [17]. Early detection and treatment is an important
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predictor of favorable outcome of neurobrucellosis [7]. Diagnosis requires a high index of
suspicion in patients from endemic areas. Diagnosis is often based on neurological symptoms,
serology, and suggestive brain imaging [34]. In patients with laboratory-confirmed brucellosis,
the neurobrucellosis may be diagnosed with one of these criteria: first, signs and symptoms of
neurobrucellosis include fever, headache, and cranial nerve palsies; second, CSF abnormality
compatible with brucellosis including CSF lymphocytic pleocytosis, low glucose, and high
protein levels of CSF detection of anti-Brucella antibodies in the CSF or isolation of Brucella
from the CSF; third, imaging abnormality compatible with brucellosis especially in CT scan
and MRI [25].

In a study on patients with neurobrucellosis, criteria for diagnosis was defined as: 1) neuro-
brucellosis clinical manifestation; 2) CSF abnormality (lymphocytosis, decreased glucose,
increased protein); 3) positive anti-brucella antibody in the CSF or serum; 4) clinical response
to empirical therapy; and 5) no other diagnosis compatible with signs and symptoms [6]. The
sensitivity of tube agglutination in the CSF is 0.94, specificity 0.96, positive predictive value
0.94, and negative predictive value 0.96 [25].

In Erdem's study on 177 patients with neurobrucellosis mean values of the CSF, biochemical
test results were as follows: CSF leucocyte count=215, CSF protein=330 mg/dL, CSF/blood-
glucose ratio=0.35. The sensitivity of serum standard tube agglutination was 94%; CSF
standard tube agglutination was 78%. Blood culture was positive for brucellosis in 37% by
automated method and CSF culture was positive in 25% and 9% by automated and conven-
tional CSF culture, respectively [35]. Another study showed the CSF WBC count to be between
6 cells/dl and 3600 cells/d]l with mean count of 403 cells/dl. Most of the patients had CSF
lymphocyte predominance and some had CSF polymorphonuclear predominance. Elevated
CSF protein (>45 mg/dl) was detected in about 90% of the patients. CSF low glucose level (<40
mg/dl or CSF/Serum glucose ratio of <0.4) was seen in about half of the patients [6]. Yetkin's
study demonstrated that the mean count of CSF WBC was 244 with high CSF protein level in
all patients and low CSF glucose level in half of the patients [23]. Brucella bacteria may be
isolated from CSF in only 15% of the patients. Brucella tube agglutination with Coombs test
in the CSF is sensitive and specific [25]. Serum agglutination test is often used for screening
and as a complement fixation test for confirmatory tests. Enzyme-linked immunosorbant assay
(ELISA) for brucella is more sensitive and specific than other serological tests and it may
replace other serological tests. ELISA may detect antibodies against brucella in the serum and
CSF. A patient with neurobrucellosis may have negative serological markers of brucellosis in
the CSF and serum. Serum anti-brucella immunoglobulin G (IgG) and immunoglobulin M
(IgM) antibody may be checked using the ELISA method for patients who had negative
Coomb's Wright agglutination tests results [6]. Adenosine deaminase (ADA) activity in the
CSF of patients with brucella meningitis can be used for diagnosis. CSF ADA activity with cut-
off value of 12.5 IU/L has a sensitivity of 92% and specificity of 88% for diagnosis of brucella
meningitis [36]. When cerebrospinal fluid culture is negative, PCR may be an optimal alter-
native tool for an immediate and accurate diagnosis [37]. Imaging findings of neurobrucellosis
is divided into four categories: (1) normal, (2) inflammation (recognized by granulomas,
abnormal enhancement of the meninges, perivascular space, or lumbar nerve roots), (3) white
matter changes, and (4) vascular changes [38]. Infarct in the anterior limb of the left internal
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capsule and putamenal infarctions has been reported due to brucellosis. The diagnosis of
neurobrucellosis can be considered despite negative CSF culture and serology based on clinical
response and resolution of CSF abnormality with anti-brucella treatment [6]. Tekin-Koruk
reported a seronegative neurobrucellosis case with depression and diplopia. Results of
agglutination tests for Brucella both in the serum and CSF were negative. Diagnosis was made
only by positive culture of Brucella mellitensis with inoculation of the patient's cerebrospinal
fluid in a BACTEC 9050 System [39].

5. Treatment

Neurobrucellosis is a treatable disease with a favorable outcome. Doxycycline, rifampicin,
ceftriaxone, trimethoprim sulfamethoxazole, ciprofloxacin, and streptomycin have been found
effective in neurobrucellosis [6]. An important challenge in treatment of brucellar meningitis
or meningoencephalitis is that patients should be treated with oral antibiotics or whether an
intravenous extended-spectrum cephalosporin, such as ceftriaxone, which does not accumu-
late in phagocytes, should be added to the regimen. Several different protocols have been used
for treatment. Ceftriaxone, rifampin, and doxycycline or trimethoprim-sulfamethoxazole,
rifampin, and doxycycline have been used for treatment. Ceftriaxone-based regimens are more
successful and require shorter therapy than the oral treatment protocol [40]. Treatment
protocol in Karsen's study consisted of ceftriaxone, rifampicin, and doxycyline for a period of
four weeks, followed by rifampicin and doxycyline for an additional four weeks [26]. Duration
of treatment will depend on the patient's condition. If rapid improvement occurs, we may
shorten the duration of antibiotic therapy to 12 weeks and continue their treatment by clinical
assessment. In the study by Bodur, all patients received antibiotic therapy with ceftriaxone,
rifampicin, and doxycycline initially and after one month they were continued with rifampicin
and doxycycline up to four months. Oral Doxycycline and rifampin with intravenously
ceftriaxone are the most common antibiotics in the treatment of neurobrucellosis [6]. Gul's
study demonstrated that parenteral ceftriaxone should be used as an initial alternative in the
management of neurobrucellosis [41]. Duration of treatment varies in different studies ranging
from several weeks to several months. In Ceran's study, duration of treatment varied between
3 and 12 months according to the CSF response [33]. According to Gul's study, it is recom-
mended that the duration of therapy should be a minimum of six months with suitable
antibiotics, although the therapy should be individualized [41]. In contrast, in Asasipouya's
study in Iran, duration of treatment was as short as eight weeks in about half of the patients.
Short course treatment in neurobrucellosis is possible in patients with meningoencephalitis
who do not have any focal neurologic deficit or have minimal deficit. Other patients need
treatment for a long duration according to neurologic manifestations [6].

6. Conclusion

Patients with severe and persistent headache and other neurologic symptoms and signs should
be considered for neurobrucellosis in endemic regions [25]. It should be included in differential
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diagnosis for any patient presenting with central or peripheral neurological manifestations
especially in endemic areas [7]. With early diagnosis and treatment, neurobrucellosis has a
good outcome with no or minimal neurologic complications. The duration of disease and the
time between starting symptoms and starting antibiotic influences the prognosis [6].
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Abstract

Brucellosis mainly affects the musculoskeletal system, with the spine as the most com-
mon location. Diagnosis is based on clinical symptoms, but in some cases, they may
be lacking. Laboratory diagnosis is mainly made on the combination of high erythro-
cyte sedimentation rate (ESR) together with high levels of C-reactive protein (CRP)
and leukocytosis. Blood culture is a very cost-effective investigation; plain radio-
graphs may be useful, but magnetic resonance images (MRI) with gadolinium en-
hancement is the choice for diagnosing osteoarticular and spinal complications of
human brucellosis. MRI diffusion-weighted imaging fast sequence is the most sensi-
tive for differentiating acute and chronic forms of spondylodiscitis. The basis for treat-
ment is usually the medical management. The indications for surgical treatment
(endoscopy or open) are when: no microorganism has been isolated, spinal cord or
dural compression is seen in MRI, or there's spinal instability or severe deformity.
Open surgery is the standard: the anterior approach allows for anterior disc and bone
debridement. If there is an epidural abscess or posterior elements are involved it's in-
dicated as a posterior approach. To prevent relapses and reduce the rate of sequelae,
it's necessary to have an appropriate duration of antimicrobial therapy and a timely
indication to perform surgery.

Keywords: Brucellosis, spine brucellosis, spondylodiscitis, granulomatous infection,
surgical treatment

1. Introduction

Spondylodiscitis refers to an infection affecting the intervertebral disk, the vertebral body, or
the posterior arch of the vertebra. Aetiologically, spinal infection can be classified as pyogenic,
granulomatous (tuberculosis, brucellosis, or fungal infection), or parasitic. Brucellosis mainly
affects the musculoskeletal system, with the spine as the most common location.
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Epidemiology. Brucella, one of the world’s major zoonotic pathogens, is responsible for huge
economic losses, as well as significant human morbidity in endemic areas [1]. It is caused by
an aerobic, Gram-negative rods of the genus Brucella, discovered by David Bruce in 1887 [2].
In humans, this disease is also called Maltese fever, Bang’s disease, undulant fever, or
Mediterranean fever [3]. Human brucellosis involves an important public health problem in
most developing countries including those of the Mediterranean, Balkans, the Middle East,
Central Asia, and Central and South America. New foci of human brucellosis have emerged,
particularly in Central Asia [4].

Pathogenic. Brucellosis is a systemic disease and many organ systems (nervous system, heart,
skeletal system, bone marrow, etc.) may become involved following hematogenous dissemi-
nation. However, osteoarticular involvement is the most common complication of brucellosis,
being reported in 10%-85% in most series [5]. The sacroiliac joint and arthritis are generally
affected in the acute form. However the spine is usually affected in the subacute and chronic
forms of this disease. The sacroiliac joint involvement and arthritis occur in patients under 30
years old, whereas the spine affectation is characteristic of older patients [6]. In the musculos-
keletal system the spine is the most often affected location [7, 8]. The incidence of spinal
involvement can be quite different, from 2%-54%, it depends on the type of population you
study [9]. The radiographic changes will appear between the third to the twelfth week of the
start of clinical symptoms [10]. The L4-L5 and L5-51 junctions are the most frequent locations
affected [11].

Clinical syndrome. Brucellosis is an acute (25%—77%), subacute (12.5%-59%), or chronic (5%-—
27.5%) illness that presents with a spectrum of nonspecific signs and symptoms. The disease
is severely disabling with fever, sweating, fatigue, weight loss, headache, and joint pain that
can persist for weeks to months. Spinal manifestations tend to occur during chronic infections
[12, 13]. Clinical presentation varies widely [14] and approximately one-third of the patients
have a more fulminant illness with acute onset of systemic toxicity [15]. The earliest sign of
spondylitis is localized spine pain [16], since some degree of neurologic compromise may occur
between 10%—43% of those with spondylitis [17], and in 10%-20% a paraspinal abscess
develops. In a multicenter prospective study of 593 patients with brucellosis [18], 9.7% had
spondylitis; neurologic deficits occurred in five (71%) of the patients with cervical spondylitis,
two (11%) of the patients presented thoracic involvement, and nine (21%) developed lumbar
disease. Paraspinal and epidural abscesses were more frequent in patients with cervical and
thoracic disease; the worst prognosis was for those having cervical spine involvement.
Complications of spinal brucellosis, with affectation of neighboring vertebrae with paraspinal,
psoas, or epidural abscesses, with or without neurological affectation is uncommon; however,
several series have published cases of complicated spinal brucellosis [19-22], although possible
multilevel involvement may occur [23].

Diagnosis. It is not always easy. Suspected diagnosis of spondylodiscitis is based on clinical
symptoms (pain, fever, and deformity), although, in some cases, they may be lacking. Patients
complaining of back pain, particularly in endemic areas, should be accurately investigated.
Laboratory diagnosis is mainly made in the presence of combination of high erythrocyte
sedimentation rate (ESR) together with high levels of C-reactive protein (CRP) and, less useful,
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leukocytosis. Blood cultures are positive in less than half the cases overall but indeed in 70%
of patients with acute B. melitensis infection. An agglutination reaction with a Brucella
antibody titer of 1: 160 or greater is presumptive evidence of infection, but an increasing titer
is a more helpful sign of active infection [16, 17].

The diagnostic confirmation of spinal spondylitic granulomatous can be done by the poly-
merase chain reaction (PCR). If we have a case of prior antibiotic used or the presence of
fastidious microorganisms, the molecular diagnostic can be done using broad-range 165 tDNA
PCR [24]. By amplification of the mec A gene, doing species-specific PCR, especially targeting
the Staphylococcus aureus, the sensitivity can increase, providing methicillin susceptibility
[25]. But these methods are not completely unerring by themselves; in fact, nowadays, they
are considered as an important complementary to standard cultures particularly those
harvested through image-guided surgery [25]. Blood culture is a very cost-effective investi-
gation. Plain radiographs may be useful; however, even large destructive spondylodiscitis may
go undetected on X-rays as changes take several months to appear. Furthermore, usually in
more aged patients, it may be difficult to distinguish between infection destruction and
degenerative changes. The first radiological sign that we will find is osteoporosis of the affected
vertebral body and erosion of the anterior-superior endplate, so-called Pons' sign, also a
vacuum phenomenon may be observed in the anterior part of the disc (accumulation of gas
with the crevices of the intervertebral or adjacent discs). The appearance of destructive changes
on plain radiographs appears from the third month of the disease.

Radionuclide tests are currently less used. If magnetic resonance images (MRI) cannot
distinguish among degenerative changes and infection, the fluorine-18 fluorodeoxyglucose
positron emission tomography (FDG-PET) can be useful [26].The most useful image test, with
the higher sensitivity and specificity for the diagnosis of spondylodiscitis, is MRI with
gadolinium enhancement, which also provides information on anatomy [27]. CT-scan is useful
in assessing the bone destruction and also for surgical planning, as well as contributes greatly
in the CT-guided needle percutaneous biopsy [28]. MRI is the method of choice for diagnosing
osteoarticular and spinal human brucellosis and its complications, especially during the early
phase [29, 30]. It has been published [31] that diffusion-weighted imaging fast sequence is the
most sensitive diagnosis tool for differentiating between acute and chronic forms of spondy-
lodiscitis.

Sometimes diagnosis of brucellar spondylodiscitis becomes a major task as clinical findings
are usually nonspecific and radiological features may mimic those of other bacterial, fungical,
inflammatory, and neoplastic diseases. Likewise, it is very common to confuse spinal brucel-
losis with tuberculosis.

Differential diagnosis must be performed with tuberculous spondylitis, salmonella spondyli-
tis, pyogenic spondylitis, disc herniation, and metastatic lesions [32-34]. The radiologic
findings for tuberculous and brucellar spondylodiscitis are similar, so serologic testing for
brucellosis is necessary in such cases [11]; and also the MRI findings are different as tubercu-
losis produces more severe changes with more deformity and abscess formation [35]. There
are also differences regarding the involvement of the intervertebral disc spaces, whereas in
brucellar spondylodiscitis intervertebral discs are narrowed, in metastatic diseases or in
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tuberculous spondylitis intervertebral discs are rarely affected. However, in brucellar spon-
dylodiscitis the affectation of the posterior elements is very uncommon, while it may be
frequently encountered in metastatic disease and tuberculosis spondylodiscitis. Paravertebral
and epidural abscess formation and spinal cord and root compression are considered very rare
findings in brucellar spondylodiscitis and are generally considered to be findings for tuber-
culosis and pyogenic spondylodiscitis.

Findings characteristic of MRI for brucellar spondylitis [36] are: vertebral body signal changes
without morphologic changes, marked signal increase in the intervertebral disc on T2-
weighted and contrast-enhanced sequences, vertebral endplate defects mimicking Schmorl's
nodules, obliteration of muscle fat borders, moderate amount of paraspinal granulation tissue,
and gas accumulation in the disc space and facet joint involvement. Nevertheless, some of
these signs, such as the presence of gas, can also be present in pyogenic infections. In any case,
the most useful method for detecting the presence and extension of brucellar spondylitis is the
MRI, particularly using the fat-suppression technique with contrast. Even in extensive cases,
vertebral collapse and gibbus deformity are rare findings, and the vertebral body is usually
morphologically intact (Figures 1, 2, 3).

Biopsy is necessary to confirm the diagnosis in only 5% of the cases, in contrast to pyogenic
and tuberculosis spondylitis [37].

Figure 1. Sagittal magnetic resonance images from a 62-year-old man with brucellar spondylodiscitis. a. T1-weighted
image showing irregularity and destruction of vertebral endplates and hypointensity at T11 to L2. b. T2-weighted im-
age showing increase signal intensity of the disc and loss of intervertebral disc height. c. Sagittal STIR image showing
hyperintense lesions vertebral contiguous. d. Contrast-enhanced, T1-weighted sagittal image shows involvement of in-
tervertebral disc space between T11-L2 vertebral levels, vertebral bodies, and vertebral endplate.
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Figure 2. a. Axial T2-weighted image reveals a paravertebral abscess. b. Contrast enhanced T1-weighted axial image
shows enhancement in affected vertebra and paravertebral soft tissue.

2. Treatment

The treatment of spinal brucellosis is mainly medical. The surgical intervention is reserved for
biopsy, severe neurological impairment, and rarely for spinal stabilization.

The combination of tetracycline (tetracycline, 500 mg every 6 hours given orally or doxycycline,
100 mg every 12 hours) for 6 weeks together with an aminoglycoside (preferably, streptomycin,
1 g/day intramuscularly for 2-3 weeks or gentamicin 5 mg/kg/day intravenously or intra-
muscularly for 7-10 days) is the current first line therapy for brucellosis as recommended by
the World Health Organization. The combination of rifampicine (600-900 mg/day orally
administrated) and doxycycline (100 mg every 12 hours orally administrated) for 6 weeks is
suggested as the principal alternative therapy. In spinal brucellosis, it is noted that the same
regimens can be given, but the duration of therapy should be longer. A combination of
doxycycline (200 mg/day, for at least 12 weeks) with streptomycin (1 g/day, for 2 or 3 weeks)
is still the first-line antimicrobial regimen in spinal brucellosis. For a long time Doxycycline +
rifampin or co-trimoxazole + rifampin or ciprofloxacin + rifampin or ciprofloxacin + strepto-
mycin could be used as an alternative when adverse reactions or contraindications (ototoxicity,
nephrotoxicity, pregnancy, lactation, etc.) are present [38]. The combination of doxycycline
and streptomycin has been used for a long time for complications and severe disease [39].
However, therapeutic failure and relapse are still reported with this regimen [40]. Response
to treatment is monitored with repeated agglutination tests. Lifeso and colleagues [17]
recommend continuing antibiotic therapy until the agglutination test titer is equal or less than
1:160 and there is clinical and radiographic evidence of disease resolution. Relapses seldom
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Figure 3. Sagittal magnetic resonance images from an 69-year-old woman with brucellar spondylodiscitis a. The T1-
weighted image reveals complete signal loss at the T12 and L1 vertebrae bodies. b. The T2-weighted image reveals
high signal intensity at T12-L1, medullar compression by the T12 pedicle. c. Sagittal STIR image shows hyperintense
lesions at T12-L1. d. Axial T2-weighted image shows paravertebral and muscle abscesses. A medullar compression by
T12 right pedicle is observed.

occur in patients who do not receive appropriate treatment and are often the result of focal
suppurative complications such as spondylitis.

Conservative treatment is indicate in patients without spine instability or neurological
deficits and with high surgical risk [41]. The doubt may arise in case of minor neurologi-
cal deficits, for that some authors [42] prefer conservative treatment if there is no spinal
instability as neurological symptoms will be improved with antibiotics. It is of para-
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mount importance to achieve proper immobilization of the affected spinal segment; orthoses
could be used for that purpose and in same instances, protected bed rest, although home
confinement now is being abandoned [43].

If after 4 to 6 weeks of conservative treatment there are signs of spine instability, progressive
deformity, or no clinical improvement, surgical treatment must be the choice.

On the other hand, early surgical treatment should be performed in the presence of sepsis or
neurological deficits. Patients with spinal epidural abscess have high rates of morbidity and
mortality, therefore, in these urgent surgical cases surgical treatment is essential [44].

Surgery is indicated in the presence of spinal instability, cord compression or radiculopathy
[45]. Whenever a root, spinal cord, or dura mater compression is seen on MRI (epidural abscess
with an anterior longitudinal ligament bulge), the patient must be taken to the theatre [46]. A
clear indication for surgical treatment is spinal instability due to a great deformity or due to
bone destruction. In case of an anterior abscess larger than 2.5 cm, a surgical evacuation must
be carried out. Also, if there is concomitant vertebral body destruction, bone debridement with
subsequent anterior body reconstruction must done, too. There are other indications for
surgery such as: unsuccessful medical treatment, negative biopsy or lingering pain [47]. The
main role for surgery is to perform a debridement and biopsy for culture, and also if there is
biomechanical instability a stabilizing surgery will be performed at this moment or at another
time [48].

Nowadays, there are two different surgical treatment options: less invasive or classic open
surgery.

Less invasive techniques can facilitate debridement [49] (e.g., endoscopy, CT-scan percutane-
ous-guided surgery) and reconstruction (posterior percutaneous instrumentation is already
regularly used in patients undergoing a double approach) [50] (Figure 4). Thoracoscopy has
very much changed the philosophy of the current surgical treatment for the spondylodiscitic
thoracic spine.

Open surgery can use any standard approach (anterior, posterior, or combined). The choice
will depend on the location of the infection, the degree of bone destruction, and the presence
of neurological deficits.

Thus, open surgery can be either anterior, posterior, or a combination of both, performed either
in one or two stages. Usually, open surgery consists of an anterior approach and a secondary
posterior approach. During the anterior approach, full disc and affected vertebral bone
sequestra must be performed, followed by inserting a tricortical bone graft piece in between
the above and below vertebral bodies for anterior vertebral bodies bridging. Ostheosynthesis
through the combined posterior approach (in epidural abscess, important kyphosis and/or
instability) with pedicular instrumentation is advisable to complement anterior debridement
and fusion.

The anterior approach is the standard for anterior vertebral body debridement and stabiliza-
tion. Most authors agree with the conclusion of the Medical Research Council that the Hong
Kong procedure [51] of anterior radical debridement and reconstruction of the large anterior
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Figure 4. Pedicular instrumentation can be accomplished by percutaneous instrumentation where the surgeons use x-
ray fluoroscopic imaging to guide the placement of special cannulated screws into the vertebrae. This is a minimally
invasive procedure, it does not split and retract the muscle off the spine through a much larger incision and has more
benefits that include less pain, less damage to the muscle, smaller scars, and prompt recovery.

Figure 5. a. Large debridement (disc and vertebrae bodies) was performed by an anterior approach. b. Autologous
graft insertion and a plate was carried out for anterior stabilization.

gap with strut graft is superior to any other procedure, and must be combined with posterior
stabilization. Some authors prefer to start with a posterior approach for mechanical stabiliza-
tion followed by radical anterior debridement; this has the advantage of having a very stable
spine for radical anterior debridement [52, 53] (Figure 5).

In many series, radical debridement and anterior insertion is followed by the insertion of a
titanium cage, filled with autogenous bone graft, together with a posterior less invasive
approach for pedicle screw fixation in order to eliminate posterior soft tissue injury, preserve
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blood supply, and reduce surgical time, blood loss, and surgical complications [54]. Interbody
cages have the function of providing an anterior support to compression forces, without the
morbidity of tricortical harvesting [55]. Though, if we do a literature review, it seems that
interbody cages have not completely resolved the complications and problems of interbody
spinal fusions [56, 57].

The posterior approach is the first choice in cases of epidural abscess at the lumbar level in
order to perform proper drainage, followed by pedicular instrumentation. If only one level is
approached, instrumentation can be avoided. Large multilevel laminectomies without
instrumentation are contraindicated, as it increases instability that already exists, provoked by
the destruction of the anterior spine; it therefore, may result in paraplegia. Thus, in cases of
substantial anterior destruction, collapse, spinal deformity, and when great debridement is
recommended, an anterior approach must be the choice [58, 59]. A two-stage (posterior and
anterior) surgical treatment for pyogenic or granulomatous spondylitis (first, the placement
of posterior instrumentation and then anterior debridement and bone graft) provided satis-
factory results; however, should kyphosis exists, changes in sagittal alignment may be difficult
to be corrected [60].

In smaller defects, autograft is usually harvested from the iliac crest and ribs, and for larger
bone deficits the choice is fibular graft [61]. In severe cases, only fibular grafts can allow a
buttressing support, with a tension band principle if a concurrent pedicular instrumentation
is also performed [62]. Louw [63] reported high fusion rates with vascularized rib grafts for
stabilization and also good results with fibular graft for large defects used with stabilization
by a posterior instrumentation. The use of BMPs combined with structural bone graft for spinal
fusion has been claimed to provide good results and improve posterior fusion rates in pyogenic
vertebral osteomyelitis after a 11-30 months follow up [64], though more studies are needed
with longer follow-up.

According to the level of infection, surgical planning will be different. To the cervical spine,
upper C1-C2 spine can be approached by a transpolar access; a posterior approach for occiput-
C2 fusion may be necessary whenever a major instability is observed. The C3-C7 segment can
be approached either anteriorly, posteriorly, or both, depending on abscess localization,
instability, and fusion technique for this segment. Usually an anterior approach is recom-
mended for debridement, decompression (eventual corpectomy), and fusion with bone graft
associated with anterior plate stabilization (Figure 6). If it is a multilevel intervention, this must
be complemented with pedicular instrumentation [65].

The thoracic spine can be approached either through an anterior transthoracic, posterior
costotransversectomy, or an extra pleural anterolateral approach. Transthoracic approach give
better results than lateral costotrasversectomy, for debridement, fusion rates, and mortality.
At this spine level, it is recommended to use autograft and pedicular instrumentation.

The lumbar spine retroperitoneal approach is very useful, but opening the peritoneum must
be avoided as intraperitoneal complications can occur. Debridement, abscesses drainage, and
anterior instrumentation are easily performed by this approach.
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Figure 6. An anterior approach is the technique of choice for disc and vertebrae debridement at the C3-C7 segment.

Despite a properly treatment, sequelae, such as back pain or residual neurological symptoms,
will persist due to degenerative changes secondary to destruction and instability caused by
the infectious process.

In order to prevent relapses and reduce the rate of sequelae, it is necessary that an appropriate
duration of antimicrobial therapy (antimicrobial treatment should be prolonged in complicat-
ed spinal forms of brucellosis [65]) and a timely indication to perform surgery, if necessary.
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Abstract

Brucellosis represents a serious health threat to human populations living in areas
endemic for the disease. The clinical manifestations of brucellosis are protean and non-
specific, and laboratory confirmation of the diagnosis is crucial for an adequate
management of the patient and implementation of infection control measures aimed
to control the disease in affected herds. Although brucellosis can be confirmed by
serologic tests and nucleic acid amplification assays, culture detection of circulating
Brucella organisms remains a diagnostic cornerstone. Traditionally, prolonged
incubation of media and performance of blind subcultures of negative blood culture
vials have been recommended to maximize isolation of the organism. In recent years,
modern automated blood culture systems have revolutionized the diagnosis of
human brucellosis by improving sensitivity and enabling detection of brucellae within
the routine one-week incubation protocol followed in most Clinical Microbiology
laboratories. Development of molecular techniques and mass-spectrometry technol-
ogy have also shortened the time needed to identify members of the genus, whereas
use of biological safety cabinets considerably reduce the risks of contagion to
laboratory personnel.

Keywords: Human brucellosis, blood cultures, diagnosis, identification, safety

1. Introduction

Because of the non-specific clinical manifestations of human brucellosis and the need for
prolonged combination therapy with antibiotics that are not routinely prescribed for other
infectious diseases, laboratory confirmation of the diagnosis is of paramount importance for
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the adequate patient management. In addition, evidence of brucellosis has serious public
health implications because it discloses exposure to a contaminated source (infected animals
or their products, unsafe laboratory practices, or a potential biological warfare attack).

The current laboratory diagnosis of human brucellosis is based on culture, serology, and
nucleic acid amplification assays. Although the culture strategy is hampered by the slow
growing features of Brucella species, safety problems, and the reduced sensitivity of the method
for detecting chronic cases, isolation of the organism remains a diagnostic cornerstone.
Recovery of the brucellae is an irrefutable evidence of the disease; it permits speciation and
typing of the recovered strain for epidemiological studies [1] and enables determination of
antibiotic susceptibility, when indicated. Blood cultures may also allow diagnosis of brucel-
losis in the acute period of the disease, when serological test results may still be negative or
exhibit borderline antibody titers [2]. An additional advantage of the culture approach is the
fact that it enables the diagnosis in cases in which brucellosis is not suspected. This is an
important consideration because the clinical presentation of human brucellosis is frequently
not specific, and patients may present with symptoms and signs suggestive of other diagnoses,
including a variety of infections, rheumatic, hematologic, or neurologic conditions, hepatitis,
etc. If the possibility of brucellosis is not considered, specific serologic tests or nucleic acid
amplification assays will not be ordered and, under these circumstances, the diagnosis of the
disease can be missed altogether, unless a positive blood culture was obtained. Isolation of
Brucella organisms can be, then, the first and only proof of the disease. For instance, in a study
conducted in a highly endemic area for B. melitensis in southern Israel, 27 blood cultures
obtained from 21 patients with suspected brucellosis grew the organism, as did 42 cultures
drawn from 27 patients in whom possibility of the disease was not entertained [3].

The current prevalence of brucellosis in most Western countries is low and, therefore, micro-
biology laboratories are frequently unfamiliar with the tools available for isolating the
organism. The purpose of this review is to summarize published information on the perform-
ance of the different blood culture techniques for the detection of brucellae. Because anaerobic
conditions do not support growth of the strictly aerobic members of the genus, only data on
the performance of aerobic media will be included in the chapter.

1.1. Role of blood cultures in the diagnosis of human brucellosis

Brucellosis is a systemic infection in which the bacterium initially localizes in the regional
lymph nodes and then disseminates by the hematogenous route to macrophages-rich tissues
where it adopts an intracellular lifestyle [4]. In the early stages of the disease, patients experi-
ence continuous brucellemia, facilitating the culture diagnosis of the disease. As the infection
progresses, bacteremia tends to wane, making the recovery of the organism increasingly
difficult [5]. However, Brucella organisms may reappear in the bloodstream intermittently [5],
and their isolation is associated with an increased risk of relapse, probably because a demon-
strable bacteremia implies a high bacterial burden [6, 7]. Even in localized infections, the
pathogenesis of brucellosis in the human host always implies a bacteremic phase and,
therefore, blood cultures may represent an adequate tool for establishing the diagnosis,
although their sensitivity varies widely (between 10% and 90%) in different series [5].
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2. Blood culture methods

The sensitivity of blood cultures for detecting circulating brucellae may be negatively influ-
enced by a variety of factors such as patient’s age [8], prolonged or chronic clinical course [9-
12], or previous exposure to antibiotics [12, 13], as well as technical aspects including blood
sample volume, incubation time, frequency of growth monitoring, or the performance of blood
culture media and detection systems. Despite these drawbacks, blood culture techniques have
also been adopted for the isolation of Brucella spp. from normally sterile specimens other than
blood [14], such as bone marrow [12, 15, 16], synovial fluid aspirates [17], pancreatic exudate
[18], or cerebrospinal fluid [19], and have been shown to be comparable or more sensitive than
conventional culture methods on solid media.

2.1. Manual monophasic methods

Although Brucella organisms may be recovered by routine bacteriological culture methods,
detection of the organism in clinical specimens is frequently hindered by its slow growth.
Because seemingly negative blood culture vials are routinely discarded after a one-week
incubation period, unless physicians and laboratory personnel are aware of the possibility of
brucellosis, the diagnosis may be missed altogether. To maximize the detection of fastidious
members of the genus, incubation of blood cultures for 30 days and performance of blind
subcultures have been advised [20, 21]. This approach has obvious drawbacks: it is labor
intensive, prolonged incubation of blood culture vials requires large laboratory space and
costly equipment, and diagnosis of the disease is substantially delayed.

2.2. Biphasic methods

To circumvent the necessity of making repeat subcultures, an ingenious biphasic flask,
containing solid agar and a liquid phase, was developed by Ruiz-Castafieda in the late 1940s
[11, 14, 21, 22]. After inoculation, the flask is supplemented with 10% CO, and tilted so that
the liquid covers the solid medium and incubated in the upright position. Flasks are examined
every 3 days for the presence of colonies [14, 21, 22]. If no growth is observed, flasks are tilted
again and re-incubated, and the cycle is repeated for at least 35 days [14, 21, 22].

Gotuzzo et al. reported their experience with the Castaneda method in Peru and observed that
brucellae colonies developed within one week, with a mean time-to-detection of 4.3 days when
seeded with bone marrow specimens, and 6.7 days when inoculated with peripheral blood,
and all positive results were obtained within 15 days of incubation [10]. In a Spanish study,
however, the time-to-detection was more prolonged, and the majority of flasks required
between one and three weeks of incubation [23]. Differences in the patients” population, the
biological characteristics of the Brucella strains, or the composition and quality of homemade
media may explain the observed discrepancies in the performance of the method.

The capability of a commercial biphasic blood culture flask (Hémoline biphasic medium,
bioMérieux, Marcy 'Etoile, France) to recover Brucella melitensis was prospectively assessed
by Ruiz et al. [24]. Flasks were inoculated with 10 ml of blood obtained from patients with
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suspected brucellosis, incubated for three weeks, and subjected to blind subcultures on day
21. Although the median time-to-positivity was 5 days only, four out of 19 (21.1%) positive
cultures were detected after 7 to 9 incubation days [24].

2.3. Lysis centrifugation: In-house and commercial methods

Braun and Kelsh developed a membrane filter technique for isolating Brucella spp. and
evaluated its performance in a rabbit animal model [25]. A heparinized blood specimen
obtained from animals experimentally inoculated with Brucella organisms was subjected to
osmoticlysis and filtered through a sterile Millipore filter under negative pressure. Filters were
placed on the surface of solid media and incubated, and organisms trapped in the membrane
developed as colonies on the agar. The technique was abandoned because it was too cumber-
some, time and labor intensive, and filters became easily plugged with cellular components of
the blood.

A new and original method was subsequently developed in which blood cells were osmotically
lysed, and this step was followed by centrifugation and spread of the lysate on the surface of
solid culture media [26, 27]. In 1984, Etemadi et al. evaluated this lysis centrifugation procedure
—also known as lysis concentration—and compared its performance with that of the Casta-
fieda flask for the detection of B. melitensis from blood and other normally sterile body fluids
[26]. All cultures, including 14 peripheral blood samples, two bone marrow, and two cerebro-
spinal fluid specimens, were positive by the lysis centrifugation method within 48 hours,
whereas all 18 Castafieda flasks remained negative after 21 days of incubation [26].

A similar lysis centrifugation method was used by Mantur and Mangalgi who compared it
with the biphasic Castafieda vial in patients with acute and chronic brucellosis confirmed by
a standard agglutination test (SAT) titer 2160 [28]. Of 121 patients with acute brucellosis, the
Castafieda method identified 87 (71.8%), whereas the lysis centrifugation was positive in 110
(90.9%) patients (P=0.001), and the time-to-detection was 6.7+2.2 and 2.4+0.9 days, respectively
(P<0.001). Of the 27 patients with chronic disease, the detection rates were 3.3% (n=9) for the
Castaneda flask and 74.1% (n=20) for the lysis centrifugation method (P=0.087), and the time-
to-detection was 7.2+2.6 and 2.7+1.4 days, respectively (P=0.001). In a more recent study, the
lysis centrifugation recovered B. melitensis in 73 (43.1%) of 169 serologically-confirmed human
cases, compared to 42 (24.8%) detected by the blood clot culture and 59 (34.9%) by the
Castafneda technique, and the detection time was significantly shorter [29].

Encouraging results were also obtained in Peru by Espinosa et al. who compared the per-
formance of the traditional Castafieda method with that of Etemadi’s lysis centrifugation
technique in 88 patients in which the disease was suspected on the bases of compatible clinical
symptoms and a SAT titer >1:25 [9]. The two methods were similar in terms of sensitivity: the
lysis centrifugation procedure detected Brucella organisms in 38 (43.2%) patients while the
Castafieda flask succeeded in 31 (35.2%) patients (P>0.05). However, the detection times
differed significantly and were 3.8+0.8 days for the lysis centrifugation and 13.6+6.5 days for
the Castafieda method (P<0.001). In a prospective study, Kolman et al. obtained blood cultures
from Israeli patients with serologically proven brucellosis [27]. Blood sample aliquots were
subjected to an in-house lysis centrifugation procedure and inoculated into an aerobic
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radiometric BACTEC system (Becton Dickinson Diagnostic Instrument Systems, Towson, Md.,
USA) vial [27]. The lysis centrifugation detected B. melitensis in only 15 (27.8%) out of 54
patients, whereas the comparator succeeded in 19 (35.2%) patients. The lysis centrifugation
method, however, detected brucellae after an average of 3.5 days (range 2—4 days) vs.14 days
(range 7-30 days) by the automated system.

The traditional in-house lysis concentration methods have been replaced in recent decades by
a commercial blood culture system (the Isolator Microbial Tube, Wampole Laboratories,
Cranbury, NJ, USA). Collected blood samples are inoculated into a vial containing a mixture
of the anticoagulant sodium polyethol sulfonate (SPS) and detergent. The detergent lyses the
blood cells releasing already phagocytized but still viable organisms, and the lysate is then
seeded onto appropriate solid media and incubated. The system has two versions: a small tube
for use in pediatric patients that accommodate up to 1.5 ml of blood and, therefore, is plated
directly; and a larger 10 ml-containing tube for use in adult patients that require a preliminary
centrifugation step to concentrate the lysate before plating.

In a prospective study, Navas et al. inoculated 10 ml of blood obtained from patients with
presumptive brucellosis into an Isolator Microbial Tube, and two 5 ml-aliquots were inoculated
into one aerobic (NR6A) and one anaerobic (NR7A) BACTEC NR660 vials [30]. The two
methods were comparable in terms of sensitivity, the Isolator Microbial Tube detected 7
positive cultures system vs. 6 identified by the automated system. [30]. The lysis concentration
technique reduced the time-to-detection to 2-5 days vs.17 to 29 days with a mean of 20.6 days
for the BACTEC blood culture system. It should be noted, however, that because anaerobic
bottles do not support the growth of strictly aerobic Brucella organisms, the effective blood
volume inoculated into the BACTEC system was, in fact, only half of that seeded onto the
Isolator Microbial Tube plates [30].

A study conducted in a region endemic for B. melitensis in Israel confirmed the capability of
the Isolator Microbial Tube system to accelerate the detection of the organism as compared to
traditional methods, and 15 out of 22 (68.2%) blood cultures were already positive after 72
hours [31]. When compared with the automated BACTEC 9240 system, however, the Isolator
Microbial Tube was inferior in terms of both time-to-detection and sensitivity (see “Compa-
rative studies involving fully automated blood culture systems” section).

2.4. Automated blood culture systems

In the past, detection of positive blood culture vials relied on periodic examination of inocu-
lated vials for the presence of turbidity as an indication that microorganisms have multiplied
in the broth and reached a high concentration. Over the last few decades, the diagnosis of
bacteremic infections has been revolutionized by the development of automated blood culture
systems. The novel technologies are based on detections of increasing concentrations of CO,
released by the metabolic activity of a growing mass of organisms, or consumption of the
available oxygen. Significant changes in the gas content of the blood culture vials can be
detected before cloudiness becomes visible, resulting in the gain of precious time and allowing
early diagnosis of bacteremia. The detecting technology evolved over the years; the pioneer
semi-automated BACTEC 460 detected release of radioactive CO, generated by the metabolism
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of “C-containing substrates by penetrating the vial top and aspirating the headspace above
the fluid level. The subsequent generations consisted of fully-automated instruments that
employed either detection of CO, levels by invasive infrared reading (BACTEC NR), non-
invasive measurement of increasing fluorescence as the concentration of CO, increases or the
O, content decreases (the BACTEC 9000 and FX series of instruments), colorimetric CO,
measurement (BacT/ALERT, bioMérieux, Marcy 1'Etoile, France), or quenching of fluorescence
by CO, production and acidification or reduction of the culture broth (VITAL, bioMérieux,
Marcy 1'Etoile, France). Overall, published studies indicate that technical advances in the
detection technologies and improvements in the composition of broth culture media have
resulted in gradual increase in sensitivity, shortened time-to-detection of Brucella organisms,
enabling labor saving by continuous hands-off monitoring of a large number of blood culture
vials and decrease in culture contamination rates.

Experience with the isolation of Brucella spp. by automated blood culture systems has been
accumulating at a slow pace. Although the disease is still prevalent in many developing
countries, use of modern bacteriologic techniques in endemic areas is limited because of their
high cost, whereas in the more affluent Western world, where use of modern automated
systems is widespread, brucellosis has been successfully controlled or eradicated altogether.

2.5. Factors influencing detection of brucellae by automated systems

In general terms, detection of CO, production in blood culture broths depends on the initial
number of bacteria inoculated (which reflects the concentration of circulating organisms and
the volume of the blood sample drawn), duplication time of the species, its intrinsic metabolic
activity, composition of the media, presence of growth promoters or inhibitory factors,
frequency of readings, sensitivity of the sensor, and threshold levels.

Obviously, obtaining a large blood specimen should improve the sensitivity of the blood
culture tool for detecting bacteremia. In practice, the volume of blood inoculated in the bottle
varies little (usually between 1 to 3 ml per bottle in children and 3 to 5 ml in adults) because
of the requirement to keep at least a 1:5 to 1:10 blood-to-broth ratio to reduce the concentration
of detrimental factors such as complement, antibodies, or antibiotics contained in the clinical
specimen.

The magnitude of Brucella bacteremia is frequently low with a median of 88 CFU/ml [31, 32]
and a range of 1.3 CFU/ml to >1,000 CFU/ml in children [31]. As it should be expected, the
time-to-positivity of automated blood culture systems correlates inversely with the concen-
tration of circulating organisms, validating the results of experimental studies with simulated
blood cultures [33, 34]. In addition, Brucella organisms have a relatively long (2.5 to 3.5 hours)
doubling time compared to other pathogenic bacteria [32]. This feature, coupled with the low
CO, production by members of the genus, results in delayed detection of brucellae by some
automated blood culture systems. In a series of in vitro studies using the BacT/ALERT system,
a slow release of CO, by B. melitensis compared with other human pathogens was observed,
and the peak concentrations of the gas were inferior [33]. In a series of experiments with
BACTEC NR730 vials inoculated with brucellae, Gamazo et al. reported that noticeable
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turbidity was noted in the vial on average 24 hours earlier than detection by the automated
instrument [32].

With the purpose of improving CO, production by Brucella organisms, the effect of adding a
variety of supplements (pyruvate, alanine, glutarate, urea, glucose, and erythritol), as well as
changing the pH of the culture broth was investigated [32]. Only alanine and pyruvate resulted
in a mild increase in the CO, production, while lowering the pH of the medium from 7.2 to 6.2
coupled with pyruvate supplementation, induced a more pronounced increment. Although
these experimental results suggest that modifications in the formulation of blood culture media
may reduce the time-to-detection of Brucellabacteremia, changes in the broth composition may
not necessarily sustain growth of other bacterial species. In the same study, a harmful effect
of the anticoagulant SPS contained in the blood culture vials was demonstrated. Unfortunately,
blood culture systems cannot dispense with the use of SPS because there are no good alterna-
tives to the antiphagocytic, anticomplementary, and aminoglycoside-neutralizing effects of
this compound. In the vials of the 9000 series of BACTEC instruments, the concentration of
SPS has been reduced to 0.025% compared with 0.035% in the NR660 and BacT/ALERT media
and the total volume of broth has been increased from 30 ml in the NR660 system to 40 ml in
the BACTEC 9000 instruments vials, improvements that may explain the better performance
of the latter systems for detecting fastidious Brucella organisms [35].

2.6. Radiometric detection of brucellae

The BACTEC 460, developed in the early 1970s was the first in a series of modern blood culture
systems. Published experience with the use of this method for the recovery of brucellae from
blood is limited and obtained results were suboptimal [27, 36-38]. In 1984, Arnow et al.
investigated a cluster of foodborne B. melitensis infections among travelers to endemic Spain
[36]. Overall, 15 out of 19 (78.9%) blood cultures derived from 6 patients were detected by the
automated instrument between 4 and 8 days of incubation. In another report, brucellae were
only recovered from a blind subculture performed in a three-day-old vial that remained
radiometrically negative despite having been incubated for 6 additional days [37].

In a comparative study, Serrano et al. obtained 83 blood culture sets from 42 patients with
positive Brucella agglutinin titers [38]. Five ml of blood were inoculated into an aerobic
BACTEC 460 vial and an identical volume was inoculated into a Castaneda flask, incubated
for 10 days, and subjected to blind subcultures on days 5 and 10. By day 5, 14 cultures were
positive. The Castafieda method detected 12 positive cultures (85.7%) and the BACTEC bottle
10 (71.4%), of which only 2 were detected radiometrically and the remaining by subculture
only. On day 10, 49 cultures were already positive by the biphasic flask and 56 by the radio-
metric medium (P>0.05), of which only 27 reached the radiometric positivity threshold [38].

2.7. Infrared detection system

Data on the use of infrared detection technology (BACTEC NR instruments) for the detection
of Brucella spp. are also scarce [3, 27, 30, 34, 39, 40]. Zimmerman et al. recovered B. abortus by
subculture of two five-day-old blood cultures and from a seven-day-old bone marrow culture
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inoculated into aerobic BACTEC NR vials [34]. Once the diagnosis was made, additional blood
cultures were obtained and 15 vials, including aerobic, osmotically stabilized (aerobic hyper-
tonic), and anaerobic media were inoculated and monitored by the automated instrument. All
five aerobic and four osmotically stabilized vials became positive between 7 and 20 days,
whereas, as expected, all five anaerobic bottles remained negative.

In a Spanish study, inoculated BACTEC NR vials and biphasic Hémoline flasks were moni-
tored for three weeks, and negative media were blindly subcultured on day 21. The biphasic
system detected 28 positive cultures, obtained from 18 patients, after an average of 7 days. The
BACTEC NR system detected only 12 positive bottles, missed 10 patients, and the mean time-
to-positivity was substantially longer (19.6 days) [39]. Furthermore, 11 of these 12 BACTEC
NR positive vials gave negative infrared readings during the three-week incubation period,
and the organism was detected by subculture only [39].

In the aforementioned study by Navas et al., the BACTEC NR instrument detected only 12 out
of 16 (75.0%) blood culture sets obtained from 7 patients and missed the diagnosis in 1 patient,
whereas the Isolator Microbial Tube detected all 7 patients, and the time-to-positivity was
significantly shorter [30]. Employing the BACTEC NR system, Gedikoglu isolated brucellae
in 22 patients with a median detection time of 72 hours [40]. Because vials were only kept for
7 days and no blind subcultures of negative bottles were performed, the study does not allow
assessment of the sensitivity of the system for detecting brucellae within the routine one-week
incubation protocol.

To assess the capability of the BACTEC NR blood culture system to detect B. melitensis within
the conventional one-week incubation schedule, we conducted a prospective study in southern
Israel [3]. Blood culture vials were monitored by the automated instrument and subcultured
once a week for four weeks, and the proportion of positive cultures detected by the instrument
within the first week was determined. During the two-year study period, 27 of 373 (7.2%) blood
cultures, drawn from 21 patients, were positive for brucellae. Twenty-one (78.8%) of these
cultures were detected by the BACTEC NR instrument within 7 days, and 6 positive cultures
(22.2%) were detected by subculture after two or three weeks, corroborating that prolonged
incubation and periodic performance of subcultures of negative bottles were still required to
optimize the detection of B. melitensis by the non-radiometric BACTEC technology.

2.8. Continuous monitoring systems

BacT/ALERT system. The published experience with the use of the BacT/ALERT system for the
recovery of circulating brucellae remains limited [18, 33, 41]. In 1992, Solomon and Jackson
isolated B. melitensis in a traveler to the Middle East after only 2.8 days [33]. Two years later,
Casas et al. drew blood cultures from 6 patients with serologically-confirmed infection [41].
Inoculated bottles were monitored by the BacT/ALERT instrument for 10 consecutive days and
were then transferred to a regular incubator for 10 additional days, and blind subcultures on
solid media were performed on days 10 and 20. Only 1 of 9 positive bottles was detected by
the automated instrument after 2.9 days, while the remaining bottles were detected by
subculture only: 7 on day 10, and 1 on day 20 [41]. A different experience was reported by Roiz
etal. who found that all 9 blood cultures, obtained from 5 patients, yielded the organism within
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3.7 days, and a blood culture vial, inoculated with pancreatic fluid, was detected positive after
13.3 hours only [18].

BACTEC 9000 instruments. In 1996, Gedikoglu et al. summarized the experience accumulated
in a Turkish hospital with the use of the BACTEC 9120 system with a one-week monitoring
protocol [40]. Thirty blood cultures, drawn from 15 patients grew B. melitensis within 84 hours
of incubation. Akcam et al. compared the BACTEC 9120 blood culture system and conventional
cultures for culturing normally-sterile body fluids other than blood employing the aerobic
pediatric vial and a 7-day incubation protocol, and reported that the five clinical specimens
containing B. melitensis were only detected by the automated instrument [14].

Kurtoglu et al. summarized the experience accumulated with the BACTEC small 9050
instrument and the medium-size 9120 model for culturing blood in an endemic area for
brucellosis in Turkey. The study employed a routine 5-day protocol but extended the incuba-
tion period to 14 days when brucellosis was suspected [42]. All brucellae were recovered within
10 days but no precise information on the time-to-positivity was reported, and the fraction of
organisms detected within the routine protocol’s timetable was not stated. Using the BACTEC
9240, a larger version of the system, and a similar incubation protocol, we detected 59 of 77
(76.6%) positive Brucella cultures within 4 days (unpublished data).

Despite these encouraging results, limiting incubation of blood culture vials to the traditional
one-week period instituted in most clinical laboratories cannot be adopted in regions endemic
for brucellosis, unless it is convincingly demonstrated that no significant number of positive
cultures are missed by a short incubation schedule. Adequate assessment of the capability of
any blood culture system to detect brucellae within the routine one-week incubation protocol
requires keeping of inoculated vials for a longer period and performance of blind subculture
of negative vials to assure that no positive cultures are overlooked.

The capability of the BACTEC blood culture system to detect brucellae within 7 days was
prospectively investigated among febrile children in southern Israel [43]. Following the
traditional recommendations by the World Health Organization [20] and the American Society
for Microbiology [21], inoculated aerobic pediatric blood culture vials were monitored by the
BACTEC 9240 instrument for four consecutive weeks, and blind subcultures of negative vials
were performed once a week [43]. Of a total of 2,579 blood cultures drawn, 42 (1.6%) were
positive for B. melitensis, of which 41 (97.6%) were detected by the automated instrument within
2 to 6 days, and the remaining positive vial was missed by the instrument and detected by
blind subculture performed on day 7. Cumulative positivity rates by the automated detection
were 0.0%, 23.6%, 78.9%, 86.8%, 92.1%, 97.6%, and 97.6% for days 1 through 7, respectively.

Similar results were obtained in a study conducted in Saudi Arabia in a mixed population of
children and adult patients [35]. BACTEC 9240 aerobic/F (for adults) and Peds Plus vials (used
for pediatric patients) were kept for up to 21 days, but no blind subcultures of negative vials
were performed, precluding an adequate assessment of the sensitivity of the method. Overall,
the BACTEC instrument detected 90 out of 97 (92.7%) positive cultures, of which 85 yielded
B. melitensis and 12 B. abortus isolates within 5 days of incubation, and only 3 cultures (3.1%)
became positive after the seventh day (2 on day 8 and 1 on day 9) [35].
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Durmaz et al. reviewed their five-year experience with the BACTEC 9120 system in a Turkish
hospital [44]. Vials were monitored by the automated instrument for 7 days and vials negative
at the end of period were Gram-stained and subcultured. Overall, 20 vials yielded B. meliten-
sis after a median 69.9 hours (mean: 30.0 hours, range: 31.2-117.5 hours), and no false negative
automated readings were recorded.

However, in another Turkish study, 8 of 136 cultures obtained from 60 patients, remained
undetected by the instrument and were recovered on blind subcultures performed after 30
days of incubation [45]. A similar experience was recorded in the investigation of an outbreak
of B. melitensis infections involving 16 adult Spanish patients [46]. The researchers employed
the BACTEC 9050 that differs from the other instruments of the BACTEC 9000 series in that
agitation of the bottles is continuous, a factor that may accelerate bacterial growth, whereas in
the other models is intermittent. Inoculated bottles were incubated for 21 days, and negative
vials were subcultured blindly at the end of the study period [46]. Overall, 13 patients had
demonstrable Brucella bacteremia. Growth of the organism was detected by the instrument
within one week in only 9 (69.2%) bacteremic individuals, in 2 additional patients on the 8"
and 11" day, and in the remaining 2 patients, brucellae were entirely missed by the instrument
and detected by the final subculture.

Although the reasons for these discrepancies are not obvious, the superior performance of the
automated BACTEC system in the aforementioned communication by Yagupsky et al. [43]
could be explained by the fact that their study population consisted entirely of children
presenting to the Pediatric Emergency Department with an acute febrile disease, probably
characterized by continuous high-magnitude bacteremia, whereas other investigations
enrolled mostly adult patients with a more prolonged disease and, therefore, a lower bacterial
load.

The BACTEC MYCO/F LYTIC medium has been recently developed to improve the recovery
of intracellular pathogens such as fungi and mycobacteria by lysing leucocytes with saponin
[47]. Because brucellae are facultative intracellular bacteria, it was assumed that use of the
automated blood culture system coupled with this novel medium would improve both
sensitivity and time-to-detection of circulating organisms. However, in a prospective study in
which the performance of the traditional pediatric (Peds Plus /F) and adult (PlusAerobic/F)
aerobic vials were compared with that of the MYCO/F LYTIC vial, the sensitivity was com-
parable but the time-to-positivity was significantly longer in the latter (101.4+46.7 hours) vs.
65.5+18.9 hours for the traditional media combined (P=0.004), and after 72 hours of incubation,
only 5 out of the 16 (31.2%) MYCO/F LYTIC vials were already positive, compared to 16 out
of 19 (84.2%) aerobic adult and pediatric vials (P=0.005).

2.9. Comparative studies involving fully automated blood culture systems

In a prospective study in which blood aliquots drawn from children with suspected brucellosis
were inoculated into a BACTEC 9240 aerobic vial and into an Isolator Microbial Tube, the
sensitivity and time-to-positivity of the two methods were compared [31]. Overall, 122 pairs
of blood cultures were obtained and 28 (22.8%) were positive by at least one method. The
BACTEC system detected all 28 positive cultures and the Isolator Microbial Tube detected 22
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positive cultures (sensitivity: 78.6%, P<0.023). Among those 22 cultures positive by both
methods, 21 (95.5%) and 15 (68.2%) were found to be positive within 3 days by the BACTEC
and by the lysis centrifugation systems, respectively. Eight cultures (36.4%) were detected at
least 1 day earlier by the BACTEC instrument, and the remaining 14 were detected by the two
systems on the same day (P<0.05). In summary, the automated BACTEC system was signifi-
cantly superior than the compactor in terms of sensitivity and also reduced the time-to-
positivity.

The performance of the two most popular automated blood culture systems for the detection
of brucellae was compared in a single study [48]. BacT/ALERT and BACTEC 9,240 vials were
inoculated with 10 ml of adult patients” blood and monitored for 7 days. Overall, the BACTEC
system detected 9 out of 17 (52.9%) positive cultures whereas the BacT/ALERT detected 14
(82.3%) (P=0.067), and the time-to-detection of the positive vials were similar (2.8 vs. 2.5 days,
respectively). Apparently, no blind subcultures of negative vials were performed, and it is
unknown whether a more prolonged incubation would have improved the recovery rate.

The performance of three blood culture systems [the automated BACTEC 9120 and VITAL
(bioMérieux) systems, and the Hémoline biphasic flask] was compared in a prospective study
involving 19 positive blood cultures drawn from Spanish patients with brucellosis [24]. The
Hémoline medium detected all 19 positive cultures, whereas the BACTEC and the VITAL
systems missed one positive culture each (sensitivity: 94.7%). By using a 5-day incubation
protocol, 47.4%, 78.9%, and 10.5% cultures were detected by the three blood culture systems,
respectively. When the incubation was extended to 7 days, the results were 73.7%, 94.7%, and
47.4%, respectively, indicating that the BACTEC system was significantly faster than the
comparators (P<0.05). The delayed detection of brucellae by the VITAL system was confirmed
in two later studies in which the time-to-positivity for members of the genus was 119.7 and
211.7 hours [49, 50].

2.10. Bone marrow vs. blood cultures

Because of the suboptimal recovery rate of brucellae from blood, it has been suggested that
cultures of bone marrow [14, 10, 11, 51, 52], liver tissue [53, 54], or lymph nodes [55] may
improve the recovery of the organism. The rationale for these alternative approaches is that
Brucella organisms survive the intracellular killing by phagocytes and polymorphonuclear
leukocytes and localize in the reticuloendothelial system [10, 52].

Ganado and Bannister demonstrated that in one-fifth of patients in whom bone marrow
cultures were positive for brucellae, the organism could not be isolated from the blood [39].
Gotuzzo et al. reported that among 50 patients with proven brucellosis detected by cultures
of blood, bone marrow, or both, bone marrow cultures were positive in 46 (92.0%) patients
whereas blood cultures were positive in only 35 (70.0%) [10]. Despite the small volume of bone
marrow cultured (usually less than 1 ml) compared to the much larger blood volumes (between
5 and 10 ml), brucellae grew more rapidly from bone marrow samples, suggesting that higher
bacterial concentrations may be present in this macrophages-rich specimen type. In a pro-
spective study by Mantur et al., blood samples and bone marrow aspirates obtained from 103
Indian patients with serologically confirmed brucellosis were inoculated into Castafieda flasks
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[15]. The sensitivity of bone marrow cultures was significantly superior and recovered Brucella
organisms in 85 (82.5%) patients vs. 47 (45.6%) detected by blood cultures (P<0.001), and the
time-to-recovery was significantly shorter (2.8+0.7 and 7.2+2.4 days, respectively, P=0.001) [15].
It is noticeable that the superior performance of the bone marrow culture was observed in
acute, as well as in chronic cases.

Ozkurt et al. obtained blood and bone marrow samples from 50 Turkish patients with
suspected brucellosis, of which 48 exhibited SAT titers >1:160 [12]. Specimens were inoculated
into BacT/ALERT vials and into a homemade Brucella broth medium. Seeded BacT/ALERT
vials were incubated for 7 days. Negative vials at day 7 were incubated for two additional
weeks and subcultured on solid media every 2 days. The non-commercial Brucella broth media
were incubated for four weeks and subcultured blindly every 2 days. The bone marrow
specimens proved to be more sensitive for the detection of B. melitensis and, overall, 35 of 50
(70.0%) bone marrow cultures, but only 24 of 50 (48.0%) blood cultures grew the organism
(P<0.05).

On the other hand, Magill and Killough found that in their experience, blood cultures were
more reliable (sensitivity: 90%) than bone marrow cultures (sensitivity: 40%) [56]. Similarly,
Shehabi et al. reported a sensitivity of 44.4% for blood cultures compared to 27.7% for bone
marrow cultures [57]; and Iseri et al., employing the BACTEC 9050 instrument, also found
peripheral blood cultures to be more sensitive than bone marrow aspirates [detection rates 39
out of 102 (48.0%) and 35 out of 102 (34.3%), respectively (P<0.05)] [16].

Although current evidence regarding the relative merits of bone marrow vs. peripheral blood
cultures remains controversial, most experts considered the former as the gold standard
specimen for diagnosis [4]. However, it should be pointed out that blood cultures have the
clear advantage of being easy to obtain and repeat, and the fact that they can serendipitously
identify cases in which the diagnosis was not entertained; whereas aspiration of bone marrow
samples for detecting brucellae requires, a priori, a high index of suspicion.

2.11. Blood clot cultures

Because the serum of patients with brucellosis may have antibacterial activity, culture of the
blood clot, where organisms phagocytized by leukocytes may be trapped, appears as a rational
strategy. The method consists of collecting a blood sample in a sterile tube and allowing it to
cloth. The tube is then centrifuged and the serum is separated aseptically and used for
serological assays, whereas the clot is disrupted by shaking the tube and seeded into appro-
priate media [29]. Available data on the advantages of this technique, however, are limited
and contentious. Escamilla et al. employed two types of clot cultures, one with added tauro-
cholate-streptokinase and the other with bile, and compared their yield with that of conven-
tional cultures of whole blood in an area endemic for brucellosis in Peru and found the clot
cultures were far less sensitive and more labor-intensive than the comparator method [58].
Whereas the conventional cultures detected 28 of 30 (93.3%) positive cultures, the taurocholate-
streptokinase was positive in 21 (70.0%) and the bile-clot recovered the organism in a single
culture (3.3%). It is unclear whether culturing of the clot without the additives could have
provided better results.
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In a comparative study of 169 serologically confirmed patients, Mangalgi and Sajjan reported
a detection rate of 34.9% for the clot culture, 24.8% for the Castafieda flask, and 43.1% for the
lysis concentration method; the mean+SD recovery times were 5.8+1.4, 9.6+1.7, and 4.1+0.9
days, respectively [29]. In a second study by the same research group, blood clot cultures were
clearly superior to conventional broth cultures of whole blood for isolating brucellae, increas-
ing the yield by >20% and shortening the time-to-positivity from an average of 8.2 days to 3.1
days [59]. If these favorable results are confirmed by additional research, this simple and
inexpensive method could represent a real contribution to the diagnosis of brucellosis in
developing countries where more advanced and expensive laboratory technologies are not
available.

3. From detection to identification

3.1. Conventional identification of blood culture isolates

Once bacterial growth is detected in a blood culture vial, prompt and precise identification of
the isolate is of paramount importance for adequate patient management and avoidance of
exposure of laboratory technicians to infective Brucella organisms. Traditionally, a Gram stain
of the positive broth is performed and, unless the biphasic Castafieda method is employed, it
is subcultured onto solid media. Identification of members of the genus Brucella is based of the
presence of typical small Gram-negative coccobacilli (see Figure 1); positive oxidase, catalase,
and urease tests; no fermentation of sugars; CO, requirement; lack of motility; and confirmed
by a positive agglutination reaction with specific antiserum [14] or, alternatively, the iso-
late’sbiochemical profile is determined by a commercial system. The main drawbacks of this
traditional approach is the slow turnaround time (2 to 3 days) and the possible misidentifica-
tion of brucellae as Ochrobactrum anthropi [60], Ochrobactrum intermedium [61], Bergeyella
zoohelcum [62], or Moraxella phenylpyruvica by commercial kits; a serious mistake that has
already lead to an outbreak of laboratory-acquired infection [63].

Figure 1. Gram stain of a positive aerobic BACTEC blood culture vial showing Brucella melitensis microcolonies (white
arrows).
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3.2. Rapid phenotypic identification methods

A simple and rapid method was proposed by Rich and co-investigators in Saudi Arabia for
the presumptive identification of brucellae from signal-positive BACTEC 9240 blood culture
vials [64]. Thirty-three positive BACTEC broths containing Gram-negative coccobacilli and 32
with no visible organisms were subcultured on urea slants and incubated in a CO,-enriched
atmosphere. Of the 44 Brucella isolates eventually recovered, 37 gave a positive urease reaction
within 4 hours and the remaining were positive after overnight incubation. The urease test
showed good specificity and only 2 isolates other than brucellae (both Haemophilus influenzae)
gave a delayed positive urease reaction. Favorable results were also reported by Maleknejad
et al. in an endemic area of Iran using a slight modification of the procedure [65]. The inves-
tigators combined the routine Gram staining procedure of positive vials with the high
sensitivity of the acridine orange staining, and inoculated positive media onto urea slants. The
procedure correctly identified the 41 blood cultures positive for brucellae within 4 hours and
was negative in 61 slants seeded with blood culture broths that grew other bacterial species.

In recent years, introduction of matrix-assisted laser desorption ionization-time of flight mass
spectrometry (MALDI-TOF) technology in the Clinical Microbiology laboratory has revolu-
tionized the field of bacterial speciation, enabling precise, reproducible, and cost-effective
identification of isolates within minutes. The method obviates the need for biochemical testing
and, thus, is suitable for high-throughput by less skilled laboratory personnel [66, 67]. This
novel approach can be employed on bacterial colonies growing on agar plates, as well as from
positive culture broths and, therefore, it enables direct identification of organisms from blood
culture vials [68]. Available data with type strains and simulated blood cultures indicate that
the MALDI-TOF procedure reliably identifies isolates as members of the genus Brucella. It
should be pointed out that because of the high transmissibility of Brucella organisms, an initial
bacterial inactivation step with absolute ethanol was added as a measure of caution, to be
followed by extraction with formic acid and acetonitrile [69, 70]. Although in some studies,
the method also enabled discrimination at the species level and even at the biovar level for B.
suis [66, 67], other investigators reported unreliable discrimination between the different
Brucella species [68].

In summary, major advancements in spectrometry technology over the last decade have
opened the possibility of accurate and rapid identification of brucellae directly from blood
culture vials. Data on the use of MALDI-TOF method for this purpose, however, are still
limited because, although the cost for specimen processing is low, MALDI-TOF instruments
are expensive and, thus, unavailable in most resources-poor rural areas endemic for brucel-
losis. Although experimental results are promising, this encouraging experience awaits
confirmation with real cultures derived from actual patients.

3.3. Identification of brucellae by DNA technology

A variety of molecular approaches have also been proposed to shorten the identification
process and enable correct identification of Brucella isolates. A fluorescence in-situ hybridiza-
tion (FISH) assay targeting a part of the 765 rRN A gene and containing an unlabeled competitor
differing from the probe at one base with the purpose of preventing cross-binding, has been
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developed and evaluated with actual blood cultures [71]. The test was employed directly in
positive blood culture broths and enabled rapid and correct identification of B. melitensis at a
low cost, and was negative in cultures that grew a variety of other bacterial species.

Sequencing of the 165 rRNA gene, which is in widespread use for bacterial identification, can
be misleading and Brucella organisms cannot be accurately distinguished from the closely
related a-protobacterial Ochrobacterium species [72]. A novel recA gene-based, multi-primer,
single-target PCR assay has been recently developed and succeeded in differentiating between
brucellae and Ochrobacterium anthropi and O. intermedium [73], although the test has a more
prolonged turnaround time and is more expensive than the FISH test.

4. Blood cultures for brucellae and laboratory safety

Brucellosis remains among the most commonly recognized causes of laboratory-transmitted
infections, and 2% of all brucellosis cases are laboratory-acquired [74]. Several biological
characteristics make brucellae easily transmissible within the close confinement of the Clinical
Microbiology laboratory: the infecting dose for humans is very low (10 to 100 bacteria); the
organism may enter the body in many ways relevant to laboratory practices, including through
the respiratory mucosa, conjunctivae, gastrointestinal tract, or abraded skin [74]; and the long-
term persistence of viable microorganisms on inanimate surfaces [13, 75].

Because of the protean manifestations of brucellosis in humans, a wide array of clinical samples
submitted to the Clinical Microbiology laboratory for culture, including normally sterile body
fluids, exudates, and tissues, may contain viable bacteria, although blood cultures represent
the largest number of specimens. The concentration of circulating brucellae in the patients’
blood is frequently low [31], and unless a serious breach of safety practices has occurred, blood
specimens do not pose a tangible threat of contagion to laboratory personnel. In addition,
current automated blood culture instruments monitor CO, production without penetrating
the blood culture vial and, thus, avoid creation of risky aerosols. However, the danger of
significant exposure increases exponentially after incubation, and routine bacteriologic
procedures such as preparing, centrifuging, and vortexing of bacterial suspensions, perform-
ing subcultures and biochemical testing, particularly the catalase test, entail a substantial
potential for nebulization of bacteria, accidental spillage, and contamination of the laboratory
environment [76].

In regions endemic for brucellosis, the number of positive cultures for the organism and,
consequently, the risk for transmission to laboratory personnel can be extremely high. In a
Clinical Microbiology laboratory in Ankara, Turkey, an annual average of 400 cultures were
positive for Brucella spp. and the disease was diagnosed in 10 (18%) of 55 laboratory workers,
representing a calculated hazard of 8% per employee-year [77]. In a study conducted in 1997
at the Soroka University Medical Center (SUMC) that serves an endemic area for the disease
in southern Israel, 127 of 3,974 (3.2%) aerobic blood culture vials detected as positive by the
automated BACTEC instrument, as well as 11 of 126 (8.7%) Isolator Microbial Tube cultures,
grew B. melitensis [78]. From 2002-2009, the organism was isolated from 514 of 20,620 (2.5%)
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positive blood culture vials and, as expected, the detection rate showed a significant seasonal
pattern and was higher between April and September (3.3%) compared with the October-
March period (0.9%, P<0.001) [79].

To increase laboratory safety, the Centers for Disease Control (CDC) has strongly recom-
mended that all manipulations with live Brucella cultures should be confined to a Class II
biologic safety cabinet [80]. However, by the time bacterial isolates are identified as brucellae,
extensive manipulation of culture media has usually been performed and inadvertent
exposure of laboratory personnel may have already occurred. Following a large outbreak of
laboratory-acquired brucellosis at the SUMC in 1997 [78], all positive blood cultures are
initially processed in safety cabinets until the presence of the organism is ruled-out, and
performance of unnecessary antibiotic susceptibility testing of Brucella isolates and aerosol-
generating procedures has been discontinued, and no further cases of the disease have been
detected ever since. It seems, then, prudent to recommend that all positive blood culture vials
in endemic areas should be processed in a safety cabinet, when available, pending final
identification of the isolate.

5. Conclusions

Although the diagnosis of human brucellosis can be established by serologic and nucleic acid
amplification assays, culture confirmation of the disease has not lost its traditional clinical and
epidemiological importance. In the past, isolation of brucellae was hindered by the slow
growth of the organism and the lack of a suitable commercial blood culture system. To improve
recovery of this fastidious bacterium, use of biphasic media, prolonged incubation of vials,
and periodic performance of blind subcultures have been traditionally recommended.
Development of automated blood culture systems in recent decades has resulted in the gradual
increase in sensitivity and shortening of detection time of Brucella species. Nowadays, use of
modern blood culture systems makes possible the diagnosis of more than 95% of positive
cultures within the routine 7-day incubation protocol, and performance of subcultures of
negative media is no longer necessary. Additional advances, especially the development of
MALDI-TOF technology and nucleic acid amplification and hybridization assays, in recent
years, enable a rapid and precise identification of the genus.
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Abstract

Brucella species cause brucellosis in humans and animals, a zoonosis that can manifest not
only as acute or chronic diseases but also as silent infections persisting throughout life
with recurrences potentially occurring after several decades. In vitro and in vivo methods
have been developed to evaluate the bacteriostatic and bactericidal activity of antibiotics
against Brucella sp. Especially eukaryotic cells and animal models have been used to eval-
uate the ability of antibiotics, alone or in combination, to eradicate these bacteria from
their intracellular reservoir. Although treatment recommendations have been established
for common clinical forms of brucellosis, optimized therapeutic alternatives are still need-
ed for severe forms of the disease, and for infections occurring in young children and
pregnant women. Moreover, acquired resistance to first-line treatments of brucellosis is a
current concern. This chapter will summarize current knowledge on in vitro and in vivo
interactions between Brucella species and antibiotics and new therapeutic strategies that
have been evaluated.

Keywords: Brucella, brucellosis, antibiotic susceptibility testing, antibiotic resistance,
treatment

1. Introduction

Most Brucella species are highly infectious in humans and thus are considered class 3 biological
agents [1-3] and potential biological threat agents by the CDC (class B) [4,5]. Because of a high
risk of human infections, especially through inhalation of infectious aerosols, the Brucella
cultures should be handled in a biosafety level 3 laboratory. Also, in many countries, detention
of these pathogens is now subject to strict regulations. The clinical symptoms of brucellosis
are often unspecific. Therefore, the diagnosis may be delayed, especially in geographic areas
where the disease is rare and thus often not evoked by physicians in febrile patients. A definite
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diagnosis of brucellosis relies on isolation of Brucella sp. from infected patients, mainly from
blood samples during the first few weeks following the onset of symptoms. Serological
methods lack specificity, and only represent a stopgap for brucellosis diagnosis. PCR-based
techniques are useful to detect Brucella DNA in clinical samples, especially in patients with
suppurated secondary locations. A specific antibiotic therapy should be started as soon as
possible to avoid severe complications (including neurological and cardiac involvement), and
evolution to a chronic debilitating disease. However, current treatment alternatives are still
scarce in adult patients, and even more limited in young children and pregnant women.
Although rarely fatal, brucellosis remains a major public health problem worldwide, and a
significant economic burden in livestock because of its abortive nature. This chapter will
summarize current knowledge on antibiotic susceptibilities of Brucella species and treatment
alternatives for human brucellosis. In the first part of this chapter, experimental models
currently used for the evaluation of the activity of antibiotics against Brucella species will be
presented, including in vitro models with or without eukaryotic cells, and animal models. The
results obtained in these experimental models will be summarized and tentatively correlated
with each other and with current knowledge on the clinical efficacy of antibiotics in brucellosis
patients. The available data on antibiotic resistances in Brucella species will be presented, with
their potential impact in clinical situations. The second part of this chapter will present current
strategies for the development of new therapeutic alternatives for human brucellosis. These
may include the development of new drugs inhibiting the intracellular growth of Brucella sp.,
reducing the virulence of this pathogen or enhancing the host response to Brucella infection.

2. Experimental models for evaluation of the activity of antibiotics against
Brucella spp.

Routine antibiotic susceptibility testing (AST) of Brucella sp. isnot currently advocated because
of lack of acquired resistances to clinically useful antibiotics and a high risk of laboratory-
acquired brucellosis [6,7]. Three types of experimental models have been used to assess the
activities of antibiotics against Brucella sp.: AST in cell-free liquid or solid media (minimum
inhibitory concentration (MICs)), AST in Brucella-infected eukaryotic cell models, and
Brucella-infected animal models. We will summarize data obtained in these three models and
their respective predictive value of the clinical efficacy of antibiotics in brucellosis patients.

2.1. AST in axenic media

2.1.1. Bacteriostatic activity by class of antibiotics

Current reference methods for the in vitro determination of the minimum inhibitory concen-
tration (MIC) of antibiotics against bacteria in axenic media do not apply to the fastidious and
slow growth of Brucella species. The method recommended by the Clinical and Laboratory
Standards Institute (CLSI) includes the use of Brucella medium (pH 7.1), inoculated with a 0.5
McFarland standard inoculum, and an incubation at 35 + 2°C in aerobic atmosphere for 48 h
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before reading MICs [8]. An incubation in 5% CO,-enriched atmosphere may be required for
some Brucella strains, but this usually increases MIC levels [9-11]. Using this method, sus-
ceptibility breakpoints for Brucella are < 8 mg/L for streptomycin; <4 mg/L for gentamicin; < 1
mg/L for tetracycline, doxycycline, and rifampicin; and < 2/38 mg/L for the combination of
trimethoprim (TMP) plus sulfamethoxazole (SMX) (i.e., cotrimoxazole).

In the literature, however, the multiplicity of methods used for MIC determination for Brucella
strains shows a lack of standardization (Tables 1 and 2). MICs were determined using either
the Kirby-Bauer agar disk diffusion method, the E-test strip method, a broth dilution or
microdilution method, or the agar dilution method. Culture media have included Brucella
broth, Mueller Hinton agar with or without 5% sheep blood, Mueller Hinton broth supple-
mented with 1% polyvitex with or without 1% hemoglobin, Trypticase soy broth, and Iso-
Sensitest® Agar (Oxoid, CM47L). The tested bacterial inoculum was expressed in McFarland
standard, cfu/mL, or cfu per spot, often without any correspondence between units, and it
varied between studies (e.g., 10°-10° cfu/mL, 0.5-1 McFarland). The incubation atmosphere
varied from 35°C to 37°C, with 0%—-10% CO,. The incubation time before reading MICs varied
from 24 h to 48 h. Obviously, all these parameters may change MIC levels. Several studies have
shown that a high bacterial load and a low pH of the culture medium increase MICs by two
to four times or even more [9,11-15].

A first interesting finding is the variability in susceptibility to beta-lactams among Brucella
strains (Table 2). In cell-free media, MICs to ampicillin varied from 0.02 mg/L to 8 mg/L, with
MIC90 of 2—4 mg/L [9,16-19]. For ceftriaxone, a third-generation cephalosporin, MICs varied
from 0.064 mg/L to 4 mg/L, with MIC90 of 0.5-1 mg/L [20-23]. For thienamycin, a carbapenem
compound, MICs varied from 0.1 mg/L to 2 mg/L, with an MIC90 of 2 mg/L [24]. These
variations were also observed for other beta-lactams tested, although Brucella species were less
susceptible to aztreonam [20]. Because heterogeneity in MICs was observed whatever the
methodology used, they may represent true variations in genetic backgrounds among Brucella
strains. However, beta-lactamases have never been characterized in these species, neither
variations in penicillin-binding proteins (PBP).

The tetracyclines display the lowest MICs against Brucella spp. in cell-free media (Table 1).
However, these MICs greatly vary according to the methodology used. Doxycycline, which is
currently recommended as first-line treatment of brucellosis, displayed MICs ranging from
0.6 to 0.25 mg/L (MIC90 of 0.12-0.25 mg/L), when using the agar dilution method with either
the CM47L medium or Mueller Hinton agar, supplemented with hemoglobin and polyvitex
(1% each) [23,25]. The broth microdilution method gave MICs ranging from 0.01 to 0.5 mg/L
(MIC90 of 0.06-0.3 mg/L), using various media and incubation conditions [9,10,19]. However,
MICs up to 8 mg/L were reported in a Turkish study of 43 human strains of B. melitensis [11].
The only significant difference in the methodology might have been the use of a high bacterial
inoculum (i.e., 10-10° cfu per well). The E-test method, using sheep blood-supplemented
Mueller Hinton agar and a 0.5 McFarland standard inoculum, gave MICs ranging from 0.023
to 0.5 mg/L (MIC90 of 0.064-0.38 mg/L) [21,22,26-28]. Using the E-test method, much higher
MICs ranging from 8 to 32 mg/L were recently reported for 19 Chinese strains of B. melitensis,
although the incubation time before the MIC reading was only 24 h [17]. Tigecycline was no
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more effective than doxycycline, with MICs ranging from 0.019 to 0.5 mg/L using the E-test
method [26,27,29].

Collected Method® (medium, inoculum,

Country isolates: %CO, MIC,, MIC ranges
Antibiotics Reference
/host species, n, temperature and hours of (mg/L) (mg/L)
period* incubation)
Aminoglycosides
Bru, 27, Broth microdilution (BB, NA,
Streptomycin US/HA 2.5 0.15->100 [9]

(1970) 10%, 37°C, 48 h)
Bru, 31, Agar dilution (CM47L, 10%/mL,

Israel/H 2 0.125-4 [12]
1978-82 10%, 37°C, 48 h)
Bru, 31, Agar dilution (CM47L, 10°/mL,

8 0.06-8 [12]
1978-82 10%, 37°C, 48 h)
Bru, 31, Agar dilution (CM47L, 10°/mL,
8 0.25-8 [12]

1978-82 10%, 37°C, 48 h)
Bm, 95, Agar dilution (CM47L, 10°cfu/

Spain/H 05 0.12-1 [23]
1980-84 spot, 0%, 37°C, 48 h)

Us- Bru, 15, Broth microdilution (TSB,5 x 14 (18]

Mexico/HA  (1986) 10°cfu/mL,6%,35°C,48 h)
Bm, 47, Broth dilution (BB,5 x

Saudi Arabia 2.5 0.15-5 [13]
(1989) 10°cfu/mL, 0%, 35°C, 48 h)
Bm, 86, Broth microdilution (BB, 5 x

Israel/H 3.1 NA [33]
(1991) 10°cfu/mL,5%,37°C,48 h)
Bm, 43, Broth microdilution (MH-P/

Turkey/H 2 0.25-8 [11]
1991-94 7,10%%cfu,0%,35°C,48 h)
Bm, 43, Broth microdilution (MH-P/

Turkey/H 128 8-256 [11]
1991-94 5,10%°cfu,0%,35°C,48 h)
Bru, 62, Agar dilution (MH-HP,10%cfu/

Spain/HA 4 0.1-4 [30]
(1993) spot,10%,35°C,48 h)
Bm, 160, Agar dilution (MH-HP,10%cfu/

Spain/H 8 4-16 [25]
1997 spot,10%,35°C,48 h)
Bab, 85, Broth microdilution (TSB, 0.5

Korea/C 2 0.5-2 [19]

1998-2006  McFd, 5%, 37°C, 48 h)

Bru, 74, E-test (SB-MH, 0.5 McFd, 5%,
Greece/HA 2 0.125-4 [16]
1999-2005 35°C, 48 h)

Bm, 355  E-test(SB-MH, 0.5 McFd, 5%,
Egypt/H 2 0.125-3 [22]
1999-2007 NA, 48 h)
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Collected Method® (medium, inoculum,
Antibiofi Country isolates: %CO, MIC,, MIC ranges Ref
ntibiotics eference
/host species, n, temperature and hours of (mg/L) (mg/L)
period* incubation)
Bm, 100, Broth microdilution (BB/7, 5 x
Syria >128 64->128 [15]
2004-07 10° cfu/mL,37°C, 48 h)
. Bm, 100, Broth microdilution (BB/5, 5 x
Syria >128 >128 [15]
2004-07 10° cfu/mL,37°C, 48 h)
Bru, 56, E-test (SB-MH, 0.5 McFd, 0%,
Turkey/H 1 0.064-1.5 [27]
2008-09 35°C, 48 h)
Bm, 73, E-test (SB-MH, 0.5 McFd, NA,
Turkey/H 1 0.5-1.5 [26]
2009-11 37°C, 48 h)
Bm, 76, E-test (SB-MH, 1 McFd, 0%,
Turkey/H . 1 0.064-1.5 [29]
2001-06 35°C,48 h)
US/H Bru, 39, Broth microdilution (BB, NA, ) 18 [10]
(2010) 0%, 35°C, 48 h)
Bru, 39, Broth microdilution (BB, NA, s 16 (0]
(2010) 5%, 35°C, 48 h)
. Bru, 27, Broth microdilution (BB, NA,
Gentamicin US/HA 0.3 0.02-2.5 [9]
(1970) 10%, 37°C, 48 h)
Bru, 31, Agar dilution (CM47L, 10*/mL,
Israel/H 0.25 0.03-0.25 [12]
1978-82 10%, 37°C, 48 h)
Bru, 31, Agar dilution (CM47L, 10°/mL,
1 0.03-1 [12]
1978-82 10%, 37°C, 48 h)
Bru, 31, Agar dilution (CM47L, 10°/mL,
2 0.03-2 [12]
1978-82 10%, 37°C, 48 h)
Us- Bru, 15, Broth microdilution (TSB,5 x 0252 (18]
Mexico/HA  (1986) 10°cfu/mL,6%,35°C,48 h) ’
Bm, 116, Broth dilution (MH,10%°cfu/mL,
Saudi Arabia 0.5 <0.25-0.5 [31]
(1995) 5%, 35°C, 48 h)
K e Bab, 85, Broth microdilution (TSB, 0.5 052 [19]
orea, 5-
1998-2006 McFd, 5%, 37°C, 48 h)
G JHA Bru, 74, E-test (SB-MH, 0.5 McFd, 5%, 0.03-15 [16]
reece, .03-1.
1999-2005 35°C, 48 h)
Beypt/EL Bm, 355, E-test (SB-MH, 0.5 McFd, 5%, 00943 2]
&vp 1999-2007 NA, 48 h) ’
Bm, 48, E-test (SB-MH, 0.5 McFd, NA,
Peru/H 0.25 0.032-0.25 [28]
2000-06 NA, 48 h)
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Collected Method® (medium, inoculum,

Country isolates: %CO, MIC,, MIC ranges
Antibiotics Reference
/host species, n, temperature and hours of (mg/L) (mg/L)
period* incubation)
Bm, 76, E-test (SB-MH, 1 McFd, 0%,
Turkey/H 0.5 0.064-0.75 [29]

2001-06 35°C,48 h)

Bru, 39, Broth microdilution (BB, ND,

US/H 2 0.5-2 [10]
(2010) 0%, 35°C, 48 h)
Bru, 39, Broth microdilution (BB, ND,
4 0.5-8 [10]
(2010) 5%, 35°C, 48 h)
Bm, 19, E-test (BA-MH, 0.5 McFd, 5%,
China/H 0.75 0.5-0.75 [17]
2010-12 35°C, 24 h)
Us- Bru, 15, Broth microdilution (TSB,5 x
Tobramycin 2 0.5-4 [18]
Mexico/HA  (1986) 10°cfu/mL,6%,35°C,48 h)
Bru, 27, Broth microdilution (BB, NA,
Kanamycin US/HA 2.5 0.02-5 9]
(1970) 10%, 37°C, 48 h)
Us- Bru, 15, Broth microdilution (TSB,5 x
Amikacin 4 1-4 [18]
Mexico/HA  (1986) 10°cfu/mL,6%,35°C,48 h)
Bm, 19, E-test (BA-MH, 0.5 McFd, 5%,
China/H 12 4-12 [17]
2010-12 35°C, 24 h)
Tetracyclines
Bru, 27, Broth microdilution (BB, NA,
Tetracycline US/HA 0.04 0.001-0.15 9]
(1970) 10%, 37°C, 48 h)
Bru, 31, Agar dilution (CM47L, 10%/mL,
Israel/H 0.25 <0.06-0.5 [12]
1978-82 10%, 37°C, 48 h)
Bru, 31, Agar dilution (CM47L, 10°/mL,
0.5 <0.06-0.5 [12]
1978-82 10%, 37°C, 48 h)
Bru, 31, Agar dilution (CM47L, 10°/mL,
1 <0.06-2 [12]
1978-82 10%, 37°C, 48 h)
Bm, 95, Agar dilution (CM47L, 10°cfu/
Spain/H 0.25 0.6-0.25 [23]
1980-84 spot, 0%, 37°C, 48 h)
Bm, 98, Agar dilution (CM47L, 10°cfu/
Spain/H 0.39 0.1-0.5 [24]
(1982) spot, 0%, 37°C, 48 h)
Us- Bru, 15, Broth microdilution (TSB,5 x
) 0.25 <0.13-0.25 [18]
Mexico/HA  (1986) 10°cfu/mL,6%,35°C,48 h)

Bm, 358, Agar dilution (CM471, 10°cfu/
Spain/H 0.25 0.06-0.5 [32]
1987-89 spot, 0%, 37°C, 48 h)
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Collected Method® (medium, inoculum,

Country isolates: %CO, MIC,, MIC ranges
Antibiotics Reference
/host species, n, temperature and hours of (mg/L) (mg/L)
period* incubation)
Bm, 47, Broth dilution (BB,5 x
Saudi Arabia 0.04 0.001-0.6 [13]
(1989) 105cfu/mL, 0%, 35°C, 48 h)
Bru, 62, Agar dilution (MH-HP, 10*cfu/
Spain/HA 0.2 0.01-0.2 [30]
(1993) spot, 10%, 35°C, 48 h)
Bm, 116, Broth dilution (MH, 10>¢cfu/mL,
Saudi Arabia 0.5 <0.25-0.5 [31]
(1995) 5%, 35°C, 48 h)
Bru, 74, E-test (SB-MH, 0.5 McFd, 5%,
Greece/HA 0.5 0.03-1.5 [16]
1999-2005 35°C, 48 h)
Bab, 85, Broth microdilution (TSB, 0.5
Korea/C 0.25 0.125-0.5 [19]
1998-2006 McFd, 5%, 37°C, 48 h)
Bm, 355, E-test (SB-MH, 0.5 McFd, 5%,
Egypt/H 0.19 0.023-0.75 [22]
1999-2007 NA, 48 h)
Bm, 100, Broth microdilution (BB/7, 5 x
Syria 16 0.25-16 [15]
2004-07 10° cfu/mL, 37°C, 48 h)
Bm, 100, Broth microdilution (BB/5, 5 x
Syria 16 0.25-16 [15]
2004-07 10° cfu/mL, 37°C, 48 h)
Bru, 39, Broth microdilution (BB, ND,
US/H 0.25 0.06-0.5 [10]
(2010) 0%, 35°C, 48 h)
Bru, 39, Broth microdilution (BB, ND,
0.25 0.03-0.5 [10]
(2010) 5%, 35°C, 48 h)
Bru, 27, Broth microdilution (BB, NA,
Doxycycline US/HA 0.3 0.01-0.3 [9]
(1970) 10%, 37°C, 48 h)
Bm, 95, Agar dilution (CM47L, 10°cfu/
Spain/H 0.12 0.6-0.25 [23]
1980-84 spot, 0%, 37°C, 48 h)
Bm, 43, Broth microdilution (MH-P/
Turkey/H <0.125 <0.125-8 [11]
1991-94 7,10%%cfu,0%, 35°C,48 h)
Bm, 43, Broth microdilution (MH-P/
Turkey/H <0.125-8 [11]
1991-94 5,10%cfu,0%, 35°C,48 h)
Bm, 160, Agar dilution (MH-HP, 10*cfu/
Spain/H 0.25 0.12-0.25 [25]
1997 spot, 10%, 35°C,48 h)
Bab, 85, Broth microdilution (TSB, 0.5
Korea/C 0.25 0.063-0.5 [19]
1998-2006  McFd, 5%, 37°C, 48 h)
Bm, 355, E-test (SB-MH, 0.5 McFd, 5%,
Egypt/H 0.25 0.016-0.5 [22]
1999-2007 NA, 48 h)
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Collected Method® (medium, inoculum,
Country isolates: %CO, MIC,, MIC ranges
Antibiotics Reference
/host species, n, temperature and hours of (mg/L) (mg/L)
period* incubation)
Bm, 48, E-test (SB-MH, 0.5 McFd, NA,
Peru/H 0.38 0.032-0.5 [28]
2000-06 NA, 48 h)
Bm, 76, E-test (SB-MH, 1 McFd, 0%,
Turkey/H 0.125 0.016-0.19 [29]
2001-06 35°C,48 h)
Bm, 100, Broth microdilution (BB/7, 5 x
Syria 16 0.5-16 [15]
2004-07 10° cfu/mL, 37°C, 48 h)
Bm, 100, Broth microdilution (BB/5, 5 x
Syria 8 0.5-8 [15]
2004-07 10° cfu/mL, 37°C, 48 h)
Bru, 20, E-test (SB-MH, 0.5 McFd, 5%,
Ttaly/H ND 0.06-0.125 [21]
2005-06 37°C, 48 h)
Bru, 56, E-test (SB-MH, 0.5 McFd, 0%,
Turkey/H 0.064 0.023-0.125 [27]
2008-09 35°C, 48 h)
Bm, 73, E-test (SB-MH, 0.5 McFd, NA,
Turkey/H 0094  0.023-0.19  [26]
2009-11 37°C, 48 h)
Bru, 39, Broth microdilution (BB, ND,
US/H 0.25 0.06-0.5 [10]
(2010) 0%, 35°C, 48 h)
Bru, 39, Broth microdilution (BB, ND,
05 0.03-1 [10]
(2010) 5%, 35°C, 48 h)
Bm, 19,  E-test(BA-MH, 0.5 McFd, 5%,
China/H 32 8-32 [17]
2010-12 35°C, 24 h)
Bru, 27, Broth microdilution (BB, NA,
Minocycline US/HA 0.3 0.01-1.25 9]
(1970) 10%, 37°C, 48 h)
Bm, 86, Broth microdilution (BB, 5 x
Israel/H 0.4 NA [33]
(1991) 10°cfu/mL, 5%, 37°C, 48 h)
Bab, 85, Broth microdilution (TSB, 0.5
Korea/C 0.125 0.063-0.25 [19]
1998-2006 McFd, 5%, 37°C, 48 h)
) ) Bru, 56, E-test (SB-MH, 0.5 McFd, 0%,
Tigecycline Turkey/H 0.094 0.019-0.25 [27]
2008-09 35°C, 48 h)
Bm, 73, E-test (SB-MH, 0.5 McFd, NA,
Turkey/H 0.125 0.047-0.19 [26]
2009-11 37°C, 48 h)
Bm, 76, E-test (SB-MH, 1 McFd, 0%,
Turkey/H 0.094 0.023-0.5 [29]
2001-06 35°C, 48 h)
Bm, 38,
Turkey/H E-test (SB, NA, NA, 35°C, 48 h) 0.5 0.032-0.5 [76]

(2010)
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Collected Method® (medium, inoculum,

Country isolates: %CO, MIC,, MIC ranges
Antibiotics Reference
/host species, n, temperature and hours of (mg/L) (mg/L)
period* incubation)

Bm, 38,

Turkey/H E-test (BA, NA, NA, 35°C, 48 h) 1 0.0125-1 [76]
(2010)
Bru, 27, Broth microdilution (BB, NA,

Rifampin US/HA 1.25 0.02-12.5 [9]

(1970) 10%, 37°C, 48 h)
Bm, 98, Agar dilution (CM47L, 10°cfu/

Spain/H 0.5 0.06-1 [24]
(1982) spot, 0%, 37°C, 48 h)

Bm, 95, Agar dilution (CM47L, 10°cfu/
Spain/H 2 0.12-4 [23]
1980-84 spot, 0%, 37°C, 48 h)

Us- Bru, 15, Broth microdilution (TSB, 5 x 0.06.1 (18]
Mexico/HA  (1986) 10°cfu/mL, 6%, 35°C, 48 h) '
Bm, 47, Broth dilution (BB, 5 x
Saudi Arabia 1.25 0.02-2.5 [13]
(1989) 10°cfu/mL, 0%, 35°C, 48 h)
Bm, 86, Broth microdilution (BB, 5 x
Israel/H 4 NA [33]

(1991) 10°cfu/mL, 5%, 37°C, 48 h)

Bm, 43, Broth microdilution (MH-P/
Turkey/H 2 1-32 [11]
1991-94 7,10%%cfu, 0%, 35°C, 48 h)

Bm, 43, Broth microdilution (MH-P/
Turkey/H 1 <0.125-1 [11]
1991-94 5,10%°cfu, 0%, 35°C, 48 h)

Bru, 62, Agar dilution (MH-HP, 10*cfu/

Spain/HA 1 0.1-4 [30]
(1993) spot, 10%, 35°C, 48 h)
Bm, 116, Broth dilution (MH, 10>°cfu/mL,

Saudi Arabia 1 0.25-1 [31]
(1995) 5%, 35°C, 48 h)
Bm, 160, Agar dilution (MH-HP, 10%cfu/

Spain/H 1 05-1 [25]
1997 spot, 10%, 35°C, 48 h)

Bab, 85, Broth microdilution (TSB, 0.5
Korea/C 2 0.5-4 [19]
1998-2006  McFd, 5%, 37°C, 48 h)

Bru, 74, E-test (SB-MH, 0.5 McFd, 5%,
Greece/HA 1 0.09-1.5 [16]
1999-2005  35°C, 48 h)

Bm, 355,  E-test(SB-MH, 0.5 McFd, 5%,
Egypt/H 4 0.25-6 [22]
1999-2007 NA, 48 h)

Bm, 48, E-test (SB-MH, 0.5 McFd, NA,
Peru/H 0.75 0.19-1 [28]
2000-06 NA, 48 h)

Bm, 76, E-test (SB-MH, 1 McFd, 0%,
Turkey/H 1.5 0.064-3 [29]
2001-06 35°C,48 h)




134 Updates on Brucellosis

Collected Method® (medium, inoculum,

Country isolates: %CO, MIC,, MIC ranges
Antibiotics Reference
/host species, n, temperature and hours of (mg/L) (mg/L)
period* incubation)

Bm, 100, Broth microdilution (BB/7, 5 x
Syria 64 2-64 [15]
2004-07 10° cfu/mL,37°C, 48 h)

Bm, 100, Broth microdilution (BB/5, 5 x
Syria 64 2-64 [15]
2004-07 10° cfu/mL,37°C, 48 h)

Bru,20,  E-test(SB-MH, 0.5 McFd, 5%,
Ttaly/H ND 0.75-2 [21]
2005-06  37°C, 48 h)

Bru,56,  E-test (SB-MH, 0.5 McFd, 0%,
Turkey/H 2 052 [27]
2008-09  35°C, 48 h)

Bm, 73, E-test (SB-MH, 0.5 McFd, NA,
Turkey/H 2 0.38-3 [26]
2009-11  37°C, 48 h)

Bru, 39, Broth microdilution (BB, ND,

US/H 2 0.25-2 [10]
(2010) 0%, 35°C, 48 h)
Bru, 39, Broth microdilution (BB, ND,
2 0.25->8 [10]
(2010) 5%, 35°C, 48 h)
Bm, 19, E-test (BA-MH, 0.5 McFd, 5%,
China/H 2 0.06-2 [17]
2010-12 35°C, 24 h)
Bru, 62, Agar dilution (MH-HP, 10*cfu/
Rifapentine Spain/HA 1 0.2-4 [30]

(1993) spot, 10%, 35°C, 48 h)

NA, data not available; Bm, B. melitensis; Bab, B. abortus; Bru, Brucella sp.

Studies have been classified according to the period of isolation of the studied Brucella strains (e.g., 2010-12) and the date
of the corresponding publication (e.g., (1993)) when the latter was unavailable.

$Method: Kirby-Bauer disk diffusion method (Kirby-Bauer); E-test strip method (E-test);

Medium: Mueller Hinton agar with 5% sheep blood (SB-MH) or unspecified percentage and type of blood (BA-MH); 5%
sheep blood agar (SB); Brucella broth (BB); Brucella agar (BA); Trypticase soy broth (TSB); Iso-Sensitest® Agar CM47L
(CM47L); Mueller Hinton broth supplemented with 1% polyvitex with (HP) or without (P) 1% hemoglobin, at pH 7 (/7)
or pH 5 (/5); The bacterial inoculum used for antibiotic susceptibility testing is specified in cfu/mL or according to
McFarland standards (McFd). Host: human (H), cattle (C), unspecified or various animals (A).

Table 1. Antibiotic susceptibilities of Brucella sp. to aminoglycosides, tetracyclines, and rifampin, as determined in cell-
free media.

Rifampicin is the second most active compound against Brucella sp. in cell-free medium (Table
1). MICs ranged from 0.06 to 4 mg/L with the agar dilution method [23-25,30], 0.06 to 4 mg/L
with the broth dilution method [10,11,13,18,19,31], and 0.06 to 6 mg/L with the E-test method
[16,17,21,22,26-29]. Higher MICs (up to 12.5 mg/L) were reported in one study using Brucella
broth and a 10% CO, atmosphere incubation [9]. Rifampicin MICs were lower at acidic pH [11],
but higher at increasing concentrations of CO, [10,11].
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The aminoglycosides are also highly active in vitro against Brucella sp. (Table 1). Streptomy-
cin has long been used as first-line treatment of brucellosis, whereas gentamicin is now
used in most countries because the former antibiotic is no longer available. MICs to
streptomycin varied from 0.12 to 4 mg/L with the agar dilution method [23,30], although
a more recent study from Spain reported higher MIC levels (4-16 mg/L) for 160 human
strains of B. melitensis [25]. MICs varied from 0.1 to 16 mg/L with the broth dilution method
[10,11,13,18,19,25]. An acidic pH of the broth medium and/or an incubation in 5%-10%
CO,-enriched atmosphere were associated with higher MICs [9-11]. Higher MIC levels (>256
mg/L) were, however, occasionally reported with this technique [9,11]. MICs ranged from
0.06 to 4 mg/L with the E-test method [16,22,27,29]. Gentamicin displayed lower MICs,
ranging from 0.02 to 2.5 mg/L [9,10,18,31] with the broth dilution method, and 0.03 to 3
mg/L with the E-test method [16,17,22,28,29].

The combination of trimethoprim (TMP) and sulfamethoxazole (SMX) was usually tested at a
ratio of 1:19, and only TMP MICs were reported (Table 2). These varied from 0.06 to 4 mg/L
with the agar dilution method [23,30], 0.006 to 4 mg/L with the broth microdilution method
[10,18,31], and 0.06 to 1.5 mg/L with the E-test method [16,21,22,26-29]. Similar MIC ranges
(0.8-3.2 mg/L) were obtained when using TMP/SMX at a ratio of 1:5 [17]. In contrast, higher
MICs (5-25 mg/L of TMP) were reported in a study from Saudi Arabia [13], using a broth
dilution method with high-volume (5 mL) medium culture and a high bacterial inoculum (2.5
x 10° cfu per test).

Collected Method® (medium, inoculum,

Country isolates: %CO, MIC,, MIC ranges
Antibiotics Reference
/host species,n,  temperature and hours of (mg/L) (mg/L)
period*® incubation)
B-lactams
Bru, 27, Broth microdilution (BB, NA,
Penicillin G US/HA 25 0.3->100 [9]
(1970) 10%, 37°C, 48 h)
Us- Bru, 15, Broth microdilution (TSB,5 x
i} 4 0.25-8 [18]
Mexico/HA  (1986) 10°cfu/mL,6%,35°C,48 h)
Bru, 27, Broth microdilution (BB, NA,
Ampicillin US/HA 2.5 0.02-5 [9]
(1970) 10%, 37°C, 48 h)
Us- Bru, 15, Broth microdilution (TSB,5 x
) 4 0.25-8 [18]
Mexico/HA  (1986) 10°cfu/mL,6%,35°C,48 h)

Bru, 74, E-test (SB-MH, 0.5 McFd, 5%,
Greece/HA 2 0.09-3 [16]
1999-2005 35°C, 48 h)

Bab, 85, Broth microdilution (TSB, 0.5
Korea/C 4 0.125-4 [19]
1998-2006 McFd, 5%, 37°C, 48 h)

Bm,19,  E-test (BA-MH, 0.5 McFd, 5%,
China/H 2 152 [17]
2010-12  35°C, 24 h)
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Collected Method® (medium, inoculum,

Country isolates: %CO, MIC,, MIC ranges
Antibiotics Reference
/host species, n, temperature and hours of (mg/L) (mg/L)
period* incubation)
Bru, 27, Broth microdilution (BB, NA,
Carbenicillin US/HA 0.6->100 [9]
(1970) 10%, 37°C, 48 h)
Bru, 27, Broth microdilution (BB, NA,
Cephalothin US/HA 100 0.3->100 [9]
(1970) 10%, 37°C, 48 h)
Us- Bru, 15, Broth microdilution (TSB,5 x
] 32 1-64 [18]
Mexico/HA  (1986) 10°cfu/mL,6%,35°C,48 h)
Bm, 98, Agar dilution (CM47L, 10° cfu/
Cefoxitine Spain/H 64 8-128 [24]
(1982) spot, 0%, 37°C, 48 h)
Us- Bru, 15, Broth microdilution (TSB,5 x
] 16 2-16 [18]
Mexico/HA  (1986) 10°cfu/mL,6%,35°C,48 h)
Bm, 83, Agar dilution (CM47L, 10° cfu/
Cefuroxime Spain/H 32 8-64 [20]
(1986) spot, 0%, 37°C, 48 h)
Bm, 83, Agar dilution (CM47L, 10° cfu/
Ceftizoxime Spain/H 1 0.5-1 [20]
(1986) spot, 0%, 37°C, 48 h)
US- Bru, 15, Broth microdilution (TSB,5 x
Cefoperazone } 16 <1-16 [18]
Mexico/HA  (1986) 10°cfu/mL,6%,35°C,48 h)
Bm, 83, Agar dilution (CM47L, 10° cfu/
Spain/H 32 4-64 [20]
(1986) spot, 0%, 37°C, 48 h)
Us- Bru, 15, Broth microdilution (TSB,5 x
Cefotaxime } 2 <0.5-4 [18]
Mexico/HA  (1986) 10°cfu/mL, 6%,35°C,48 h)
Bm, 83, Agar dilution (CM47L, 10° cfu/
Spain/H 2 <052 [20]
(1986) spot, 0%, 37°C, 48 h)
Bm, 95, Agar dilution (CM47L, 10°cfu/
Ceftriaxone Spain/H 0.5 0.12-1 [23]
1980-84 spot, 0%, 37°C, 48 h)
Bm, 83, Agar dilution (CM47L, 10° cfu/
Spain/H 1 <0.25-1 [20]
(1986) spot, 0%, 37°C, 48 h)
Bm, 355,  E-test (SB-MH, 0.5 McFd, 5%,
Egypt/H 0.064-4 [22]
1999-2007 NA, 48 h)
Bru,20,  E-test (SB-MH, 0.5 McFd, 5%,
Italy/H NA 0.064-0.38 [21]
2005-06 37°C, 48 h)
Bm, 19, E-test (BA-MH, 0.5 McFd, 5%,
Ceftazidime China/H 2-8 [17]
2010-12 35°C, 24 h)
Us- Bru, 15, Broth microdilution (TSB,5 x
Moxalactam } 16 1-16 [18]
Mexico/HA  (1986) 10°cfu/mL, 6%,35°C,48 h)
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Collected Method® (medium, inoculum,
Country isolates: %CO, MIC,, MIC ranges
Antibiotics Reference
/host species, n, temperature and hours of (mg/L) (mg/L)
period* incubation)
Bm, 83, Agar dilution (CM47L, 10°cfu/
Spain/H 16 4-16 [20]
(1986) spot, 0%, 37°C, 48 h)
Bm, 83, Agar dilution (CM47L, 10°cfu/
Aztreonam Spain/H >256 64->256 [20]
(1986) spot, 0%, 37°C, 48 h)
. . . Bm, 98, Agar dilution (CM47L, 10°cfu/
Thienamycin Spain/H 2 0.1-2 [24]
(1982) spot, 0%, 37°C, 48 h)
Bm, 98, Agar dilution (CM47L, 10°cfu/
TMP/SMX* Spain/H 6.25 0.39-6.25 [24]*
(1982) spot, 0%, 37°C, 48 h)
Bm, 95, Agar dilution (CM47L, 10°cfu/
Spain/H 0.25 0.06-0.5 [23]
1980-84 spot, 0%, 37°C, 48 h)
Us- Bru, 15, Broth microdilution (TSB,5 x
) <0.25-1 [18]
Mexico/HA  (1986) 10°cfu/mL,6%,35°C,48 h)
Bm, 47, Broth dilution (BB,5 x 10°cfu/mL,
Saudi Arabia 5 5-25 [13]
(1989) 0%, 35°C, 48 h)
Bru, 62, Agar dilution (MH-HP,10*cfu/
Spain/HA 0.1-4 [30]
(1993) spot,10%,35°C,48 h)
Bm, 116, Broth dilution (MH, 10>°cfu/mL,
Saudi Arabia 1 <0.25-1 [31]
(1995) 5%, 35°C, 48 h)
Bru, 74, E-test (SB-MH, 0.5 McFd, 5%,
Greece/HA 0.75 0.032-1.5 [16]
1999-2005 35°C, 48 h)
Bm, 355, E-test (SB-MH, 0.5 McFd, 5%,
Egypt/H 0.19 0.006-0.75  [22]
1999-2007 NA, 48 h)
Bm, 48, E-test (SB-MH, 0.5 McFd, NA,
Peru/H 0.15 0.012-0.64 [28]
2000-06 NA, 48 h)
Bm, 76, E-test (SB-MH, 1 McFd, 0%,
Turkey/H 0.094 0.016-0.125 [29]
2001-06 35°C,48 h)
Bru, 20, E-test (SB-MH, 0.5 McFd, 5%,
Ttaly/H ND 0.012/0.064 [21]
2005-06 37°C, 48 h)
Bru, 56, E-test (SB-MH, 0.5 McFd, 0%,
Turkey/H 0.125 0.064-0.25 [27]
2008-09 35°C, 48 h)
Bm, 73, E-test (SB-MH, 0.5 McFd, NA,
Turkey/H 0.19 0.016-0.5 [26]
2009-11 37°C, 48 h)
Bm, 19, E-test (BA-MH, 0.5 McFd, 5%,
China/H 3.2 0.8-3.2 [17]*
2010-12 35°C, 24 h)
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Collected Method® (medium, inoculum,

Country isolates: %CO, MIC,, MIC ranges
Antibiotics Reference
/host species, n, temperature and hours of (mg/L) (mg/L)
period* incubation)
Bru, 39, Broth microdilution (BB, ND,
US/H 2 0.25-2 [10]
(2010) 0%, 35°C, 48 h)
Bru, 39, Broth microdilution (BB, ND,
2 0.25-4 [10]
(2010) 5%, 35°C, 48 h)
Bru, 27, Broth microdilution (BB, NA,
Chloramphenicol US/HA 0.3->100 [9]
(1970) 10%, 37°C, 48 h)
Bru, 31, Agar dilution (CM47L, 10*/mL,
Israel/H 0.125-4 [12]
1978-82 10%, 37°C, 48 h)
Bru, 31, Agar dilution (CM47L, 10°/mL,
4 0.06-4 [12]
1978-82 10%, 37°C, 48 h)
Bru, 31, Agar dilution (CM47L, 10¢/mL,
0.06-8 [12]
1978-82 10%, 37°C, 48 h)
Us- Bru, 15, Broth microdilution (TSB,5 x
) 2 0.25-4 [18]
Mexico/HA  (1986) 10°cfu/mL,6%,35°C,48 h)
Bab, 85, Broth microdilution (TSB, 0.5
Korea/C 5 0.15-12.5 [19]
1998-2006 McFd, 5%, 37°C, 48 h)
Macrolides and
azalides
Bru, 27, Broth microdilution (BB, NA,
Erythromycin US/HA 0.6 0.02-2.5 [9]
(1970) 10%, 37°C, 48 h)
Us- Bru, 15, Broth microdilution (TSB,5 x
) 8 0.5-8 [18]
Mexico/HA  (1986) 10°cfu/mL,6%,35°C,48 h)
Bm, 43, Broth microdilution (MH-P/
Turkey/H 128 0.5-256 [11]
1991-94 7,10>%cfu,0%,35°C,48 h)
Bm, 43, Broth microdilution (MH-P/
Turkey/H >256 32->256 [11]
1991-94 5,10%°cfu,0%,35°C,48 h)
Bru, 62, Agar dilution (MH-HP,10*cfu/
Spain/HA 0.2-16 [30]
(1993) spot,10%,35°C,48 h)
Bru, 74, E-test (SB-MH, 0.5 McFd, 5%,
Greece/HA 0.5-8 [16]
1999-2005 35°C, 48 h)
Bab, 85, Broth microdilution (TSB, 0.5
Korea/C 1-4 [19]
1998-2006 McFd, 5%, 37°C, 48 h)
Bru, 62, Agar dilution (MH-HP,10%cfu/
Roxithromycin Spain/HA 0.1-32 [30]
(1993) spot,10%,35°C,48 h)
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Collected Method® (medium, inoculum,

Country isolates: %CO, MIC,, MIC ranges
Antibiotics Reference
/host species, n, temperature and hours of (mg/L) (mg/L)
period* incubation)

Bru, 62, Agar dilution (MH-HP,10%cfu/

Dirithromycin Spain/HA 16 0.5-16 [30]
(1993) spot,10%,35°C,48 h)
Bru, 62, Agar dilution (MH-HP,10*cfu/

Clarithromycin Spain/HA 8 0.06-8 [30]
(1993) spot,10%,35°C,48 h)

Bm, 358, Agar dilution (CM471, 10°cfu/
Azithromycin Spain/H 1 0.03-2 [32]
1987-89 spot, 0%, 37°C, 48 h)

Bm, 43, Broth microdilution (MH-P/
Turkey/H 1 <0.125-4 [11]
1991-94 7,10%°cfu,0%,35°C,48 h)

Bm, 43, Broth microdilution (MH-P/
Turkey/H >256 16->256 [11]
1991-94 5,10>°cfu,0%,35°C,48 h)

Bru, 62, Agar dilution (MH-HP, 10%*cfu/
Spain/HA 2 0.1-4 [30]
(1993) spot, 10%,35°C, 48 h)

Bm, 116, Broth dilution (MH,10%%cfu/mL, 05
(1995) 5%, 35°C, 48 h) '

Saudi Arabia <0.25-2 [31]

Bm, 48, E-test (SB-MH, 0.5 McFd, NA,
Peru/H 0.5 0.064-0.5 [28]
2000-06 NA, 48 h)

Bm,73,  E-test (SB-MH, 0.5 McFd, NA,
Turkey/H 8 0.75-16 [26]
2009-11  37°C, 48 h)

Fluoroquinolones

Bru, 74, E-test (SB-MH, 0.5 McFd, 5%,
Norfloxacin Greece/HA 3 0.125-4 [16]
1999-2005 35°C, 48 h)

Bab, 85, Broth microdilution (TSB, 0.5
Korea/C 8 4-16 [19]
1998-2006 McFd, 5%, 37°C, 48 h)

Bm, 47, Broth dilution (BB,5 x 10°cfu/mL,

Ofloxacin Saudi Arabia 0.02 0.02-0.3 [13]
(1989) 0%, 35°C, 48 h)

Bm, 86, Broth microdilution (BB, 5 x
Israel/H R 2.5 ND [33]
(1991) 10°cfu/mL,5%,37°C,48 h)

Bm, 43, Broth microdilution (MH-P/
Turkey/H 1 <0.125-4 [11]
1991-94 7,10%%cfu,0%,35°C,48 h)

Bm, 43, Broth microdilution (MH-P/
Turkey/H >16 4->16 [11]
1991-94 5,10%%cfu,0%,35°C,48 h)

Bm, 160, Agar dilution (MH-HP,10%cfu/
Spain/H 2 12 [25]
1997 spot,10%,35°C 48 h)
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Collected Method® (medium, inoculum,
Country isolates: %CO, MIC,, MIC ranges
Antibiotics . Reference
/host species, n, temperature and hours of (mg/L) (mg/L)
period* incubation)
Bab, 85, Broth microdilution (TSB, 0.5
Korea/C 0.5-2 [19]
1998-2006 McFd, 5%, 37°C, 48 h)
Bm, 160, Agar dilution (MH-HP,10*cfu/
Levofloxacin Spain/H 0.5 0.5 [25]
1997 spot,10%,35°C,48 h)
Bru, 74, E-test (SB-MH, 0.5 McFd, 5%,
Greece/HA 0.5 0.06-0.75 [16]
1999-2005 35°C, 48 h)
Bm, 19, E-test (BA-MH, 0.5 McFd, 5%,
China/H 2-8 [17]
2010-12 35°C, 24 h)
Bm, 95, Agar dilution (CM47L, 10°cfu/
Ciprofloxacin Spain/H 0.12-0.5 [23]
1980-84 spot, 0%, 37°C, 48 h)
Bm, 47, Broth dilution (BB,5 x 10°cfu/mL,
Saudi Arabia 1.25 1.25-2.5 [13]
(1989) 0%, 35°C, 48 h)
Bm, 86, Broth microdilution (BB,5 x
Israel/H ] NA [33]
(1991) 10°cfu/mL,5%,37°C,48 h)
Bm, 34, Agar dilution (MH-HP/7,10°cfu/
Spain/H 05 0.25-0.5 [14]
(1991) spot,10%,35°C,48 h)
Bm, 34, Agar dilution (MH-HP/5,10°cfu/
Spain/H 1 05-1 [14]
(1991) spot,10%,35°C,48 h)
Bm, 34, Agar dilution (MH-HP/7,10%cfu/
Spain/H 05 0.25-0.5 [14]
(1991) spot,10%,35°C,48 h)
Bm, 34, Agar dilution (MH-HP/5,10%cfu/
Spain/H 1 05-1 [14]
(1991) spot,10%,35°C,48 h)
Bm, 34, Agar dilution (MH-HP/7,10°cfu/
Spain/H 1 0.5-1 [14]
(1991) spot,10%,35°C,48 h)
Bm, 34, Agar dilution (MH-HP/5,10°cfu/
Spain/H 2 12 [14]
(1991) spot,10%,35°C,48 h)
Bm, 43, Broth microdilution (MH-P/
Turkey/H <0.125-8 [11]
1991-94 7,10%%cfu,0%,35°C,48 h)
Bm, 43, Broth microdilution (MH-P/
Turkey/H 2->16 [11]
1991-94 5,10%°cfu,0%,35°C,48 h)
Bm, 160, Agar dilution (MH-HP,10*cfu/
Spain/H 0.25-1 [25]
1997 spot,10%,35°C 48 h)
Bab, 85, Broth microdilution (TSB, 0.5
Korea/C 0.25-4 [19]
1998-2006 McFd, 5%, 37°C, 48 h)
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Collected Method® (medium, inoculum,

Country isolates: %CO, MIC,, MIC ranges
Antibiotics Reference
/host species, n, temperature and hours of (mg/L) (mg/L)
period* incubation)

Bru, 74, E-test (SB-MH, 0.5 McFd, 5%,
Greece/HA 0.5 0.016-0.75 [16]
1999-2005 35°C, 48 h)

Bm, 355,  E-test (SB-MH, 0.5 McFd, 5%,
Egypt/H 038  0125-075  [22]
1999-2007 NA, 48 h)

Bm, 48, E-test (SB-MH, 0.5 McFd, NA,
Peru/H 0.25 0.064-0.25 [28]
2000-06 NA, 48 h)

Bm, 76, E-test (SB-MH, 1 McFd, 0%,
Turkey/H 0.38 0.064-0.5 [29]
2001-06 35°C,48 h)

Bm, 100, Broth microdilution (BB/7, 5 x
Syria 4 0.125-8 [15]
2004-07 10° cfu/mL,37°C, 48 h)

Bm, 100, Broth microdilution (BB/5, 5 x
Syria 8 0.125-8 [15]
2004-07 10° cfu/mL,37°C, 48 h)

Bru, 20,  E-test (SB-MH, 0.5 McFd, 5%,
Ttaly/H ND 0.094-0.5 [21]
2005-06  37°C, 48 h)

Bm, 73, E-test (SB-MH, 0.5 McFd, NA,
Turkey/H 0.19 0.125-1 [26]
2009-11 37°C, 48 h)

Bm, 86, Broth microdilution (BB, 5 x

Sparfloxacin Israel/H ] 1.5 NA [33]
(1991) 10°cfu/mL,5%,37°C,48 h)
Bm, 160, Agar dilution (MH-HP,10*cfu/

Moxifloxacin Spain/H 1 1 [25]
1997 spot,10%,35°C,48 h)

Bm, 76, E-test (SB-MH, 1 McFd, 0%,
Turkey/H 0.25 0.032-0.25 [29]
2001-06 35°C,48 h)

NA, data not available; Bm, B. melitensis; Bab, B. abortus; Bru, Brucella sp.

Studies have been classified according to the period of isolation of the studied Brucella strains (e.g., 2010-12) and the date
of the corresponding publication (e.g., 1993) when the latter was unavailable.

*TMP/SMX: cotrimoxazole, trimethoprim plus sulfamethoxazole combination at 1/19 ratio, or 1/20 for reference [19] and
1/5 for reference [17].

SMethod: Kirby-Bauer disk diffusion method (Kirby-Bauer); E-test strip method (E-test);

Medium: Mueller Hinton agar with 5% sheep blood (SB-MH) or unspecified percentage and type of blood (BA-MH); 5%
sheep blood agar (SB); Brucella broth (BB); Brucella agar (BA); Trypticase soy broth (TSB); Iso-Sensitest® Agar CM47L
(CM47L); Mueller Hinton broth supplemented with 1% polyvitex with (HP) or without (P) 1% hemoglobin, at pH 7 (/7)
or pH 5 (/5); The bacterial inoculum used for antibiotic susceptibility testing is specified in cfu/mL or according to
McFarland standards (McFd). Host: human (H), cattle (C), unspecified or various animals (A).

Table 2. Antibiotic susceptibilities of Brucella sp. to -lactams, cotrimoxazole, chloramphenicol, macrolides, and
fluoroquinolones, as determined in cell-free media.
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MICs determined for chloramphenicol were not consistent from one study to the other (Table
2): MICs ranged from 0.3 to higher than 100 [9], 0.25 to 4 mg/L [18], and 0.15 to 12.5 mg/L [19].
However, this antibiotic was globally considered poorly effective in vitro against Brucella spp.

The macrolides also display poor in vitro activity against these bacteria (Table 2). MICs to
erythromycin ranged from 0.2 to 16 mg/L using the agar dilution method [30], 0.5 to 8 mg/L
using the E-test method [16], and 0.02 to 256 mg/L using various broth microdilution methods
[9,11,18,19]. However, the very high MICs found in some studies could be related to the use
of a high bacterial inoculum, especially at acidic pH [11]. Azithromycin displayed similar MIC
ranges: 0.03—4 mg/L with the agar dilution method [30,32], 0.06-16 mg/L with the E-test method
[26,28], and <0.12—4 mg/L with the broth microdilution method [11,31], with a deleterious effect
of acidic pH [11].

In recent years, the fluoroquinolones proved to be very active against Brucella spp. in vitro
(Table 2). Ciprofloxacin remains the most effective compound. MICs ranged from 0.12 to 1 mg/
L using the agar dilution method [23,25], 0.016 to 1 mg/L with the E-test method [16,21,22,26,
28,29], and <0.12 to 8 mg/L with the broth dilution method [11,13,19,33]. However, Garcia-
Rodriguez et al. [14] demonstrated that MICs of several fluoroquinolone compounds (includ-
ing ciprofloxacin), against B. melitensis and B. abortus strains, could be increased up to fourfold
at acidic pH and/or in the presence of high bacterial loads. These authors also showed higher
susceptibility to fluoroquinolones of B. melitensis compared to B. abortus [14].

2.1.2. Bactericidal activity by class of antibiotics

The bactericidal activity of antibiotics against Brucella species has been evaluated by determi-
nation of the minimal bactericidal concentrations (MBCs) and by kill-time experiments (Table
3). However, various methodologies and definitions for bactericidal activity were used in
different studies. Results greatly varied according to experimental conditions, including the
tested bacterial inoculum and pH of the culture medium [14]. De Rycke et al. [34] reported
higher bactericidal activity of rifampicin compared to tetracycline against B. suis. Assuming
that a bactericidal effect is at least 3-log reduction of the initial bacterial inoculum within 24—
48 h incubation for Brucella sp., a bactericidal activity was reported by Mateu-de-Antonio et
al. [35] at concentrations ranging from two to four times the MIC for the aminoglycosides
(streptomycin and gentamicin), rifampicin, and the fluoroquinolone (enrofloxacin), but not for
the tetracyclines (doxycycline) and the macrolides (erythromyecin, clarithromycin, and
roxithromycin). Only the aminoglycosides displayed early bactericidal activity (i.e., within 24
h of incubation) against Brucella sp. [33]. Garcia-Rodriguez et al. [14] reported lack of bacteri-
cidal activity of fluoroquinolones against 21 strains of B. melitensis, with ciprofloxacin MBCs
ranging from 2 to > 8 mg/L at neutral pH, but higher than 8 mg/L at pH 5.

2.1.3. Antibiotic combinations

The checkerboard method is considered the most accurate technique for in vitro evaluation of
the activity of antibiotic combinations against bacteria. Results are usually expressed as the
sum of fractional inhibitory concentrations (XFIC), which is the sum of the ratio of MIC of each
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Antibiotic Species Number of MBC ranges (mg/L) Reference
strains
Doxycycline B. melitensis, B. canis 6 4->16 [35]
Minocycline B. melitensis, B. canis 6 1->16 [35]
Gentamicin B. melitensis, B. canis 6 0.25-1 [35]
Streptomycin B. melitensis, B. canis 6 0.25-8 [35]
Ciprofloxacin B. melitensis, B. canis 6 0.5-2 [35]
B. melitensis 21 228 [14]
Ofloxacin B. melitensis 21 >8 [14]
Sparfloxacin B. melitensis 21 2->8 [14]
Temafloxacin B. melitensis 21 2->8 [14]
Lomefloxacin B. melitensis 21 >8 [14]
Fleroxacin B. melitensis 21 >8 [14]
Enrofloxacin B. melitensis, B. canis 6 0.25-2 [35]
Rifampin B. melitensis, B. canis 6 0.25-16 [35]
Erythromycin B. melitensis, B. canis 6 2->16 [35]
Spiramycin B. melitensis, B. canis 6 4->16 [35]
Clarithromycin B. melitensis, B. canis 6 8—>16 [35]
Roxithromycin B. melitensis, B. canis 6 16—>16 [35]

Table 3. Minimal bactericidal concentrations (MBCs) of several antibiotics against Brucella strains, as determined in
broth culture, at pH 7.

antibiotic used in combination (MICA«™ or MICPem) divided by MIC of each antibiotic
(MIC* or MICB, for antibiotics A and B, respectively): ZFIC = MICA<mb/MICA + MICBemt/MICE.
The antibiotic interactions are considered either synergistic (ZFIC < 0.5, or XFIC < 0.75),
additive (ZFIC > 0.5 but <1, or 2FIC > 0.75 but <1), indifferent (ZFIC > 1 but <2), or antagonistic
(ZFIC > 2).

Using this method, Mortensen et al. [18] reported a synergistic effect of the combination of
tetracycline with rifampicin, but indifference or antagonism with the combinations of tetra-
cycline plus either streptomycin or gentamicin. Doxycycline plus rifampicin was reported to
be synergistic in several studies [11,15,35,36]. A synergistic effect was also found for most
Brucella strains tested for the combinations of doxycycline with either streptomycin or
gentamicin [11,35,36]. The rifampicin and streptomycin combination was mainly indifferent
[15]. The combinations of a fluoroquinolone (ofloxacin, ciprofloxacin, or sparfloxacin) with
tetracycline, doxycycline, rifampicin, or streptomycin were mainly indifferent [11,15]. The
rifampicin-azithromycin combination was also mainly indifferent [11], while ciprofloxacin
plus azithromycin combination displayed variable activity (synergistic to antagonistic)
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according to the strains tested [36]. Interestingly, only the combination of doxycycline with
rifampicin retained its synergistic activity at pH 5 [11,15]. It is to be noted also that Rubinstein
et al. [33] did not find any synergistic effect of either of the previously mentioned antibiotic
combinations.

The E-test method has also been used for the evaluation of the activity of antibiotic combina-
tions [29,37]. Mueller Hinton agar plates supplemented with 5% sheep blood were inoculated
with a 0.5-1 McFarland turbidity standard suspension of Brucella sp. The E-test strips were
then successively applied to the inoculated surface so as MICs overlap at the same position.
The first strip was removed after 1-h incubation, while the second was left on the agar for the
48-h incubation at 35°C. The ZFIC index was used to interpret results: synergism (ZFIC < 0.5),
additive (XFIC > 0.5 but <1), indifference (XFIC > 1 but <4), and antagonism (ZFIC > 4).
Sometimes, the additive and indifference categories were combined as indifference. However,
results were not consistent between studies. Ozhak-Baysan et al. [29] reported that, among the
28 Brucella sp. strains tested, the combination of doxycycline with rifampicin was antagonistic
for 25 (89.3%) and indifferent for the remaining three strains. The combination of streptomycin
with rifampicin was synergistic, but only one Brucella strain was tested. Orhan et al. [36] and
Kilic et al. [37] reported two different studies from Turkey, each evaluating antibiotic combi-
nations against 16 human strains of B. melitensis. A synergistic effect was reported for the
combination of doxycycline with rifampicin for 15/16 (93.7%) strains [36], and for tetracycline
with rifampicin for 16/16 (100%) strains [37]. The combination of doxycycline plus streptomy-
cin was synergistic for 11/16 (68.7%) strains [36], while doxycycline plus cotrimoxazole was
synergistic for 6/16 (37.5%) strains but antagonistic for the same number of strains [36]. A
synergistic effect was found for the combination of cotrimoxazole with rifampicin for 6/16
(37.5%) strains [36] to 14/16 (87.5%) strains [37]. Ciprofloxacin displayed a synergistic effect
when combined with cotrimoxazole for 7/16 (43.7%) strains [37], or with azithromycin for 12/16
strains (75%) [36]. Tetracycline plus moxifloxacin combination gave a synergistic effect for only
4/16 (25%) strains [37]. The combination of ciprofloxacin with streptomycin was mainly
indifferent [37]. It is to be stressed that Orhan et al. [36] found different results with the same
B. melitensis strains when using the checkerboard technique. The E-test overevaluated the
synergistic effect of most antibiotic combinations compared to the checkerboard technique.

Using kill-time experiments, earlier bactericidal activity was demonstrated with the combi-
nation of streptomycin with either a tetracycline (tetracycline or doxycycline), rifampicin, or
a fluoroquinolone (including ciprofloxacin) [33,35]. The same was true for the combination of
rifampicin with either a fluoroquinolone (especially ciprofloxacin) or a tetracycline [33]. In
some studies, the combination of rifampicin with a tetracycline was no more effective than the
former antibiotic alone [34]. In contrast, the combination of ciprofloxacin and minocycline was
antagonistic [33].

2.2. AST in eukaryotic cell models

Brucella spp. are facultative intracellular bacteria that infect a number of eukaryotic cells,
including macrophages, dendritic cells, and trophoblasts of the placenta [38]. These bacteria
replicate in acidic endoplasmic reticulum-derived vacuoles. Therefore, in vivo efficacy of
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antibiotics in Brucella-infected hosts is likely dependent on their activity against the intracel-
lular and extracellular forms of this pathogen. Whereas MICs determined in cell-free media
would allow detection of acquired resistances in specific Brucella strains, they cannot predict
in vivo efficacy of antibiotics on their own. Eukaryotic cell models have been developed to test
the activity of antibiotics against intracellular bacteria, including Brucella species. Mouse
peritoneal macrophages and macrophage cell lines, and human monocyte-derived macro-
phages and macrophage cell lines (Mono Mac 6), have been most often used. These experi-
mental models are based on in vitro infection of eukaryotic cells with a specific strain of Brucella
sp., then exposure of infected cell monolayers to an antibiotic, and evaluation of residual
intracellular viable bacteria to assess the antibiotic activity. The latter is usually determined
by colony-forming unit (CFU) counting methodology, but quantitative real-time PCR has been
used as a less fastidious alternative, although it does not differentiate viable from nonviable
bacteria. Major limitations of these models include difficulties in eliminating nonphagocytized
bacteria to ensure proper evaluation of intracellular antibiotic activity, lysis of eukaryotic cells
before CFU determination without altering bacterial viability, and defining the most appro-
priate experimental conditions (especially the time of antibiotic exposure). Also, these models
do not evaluate the influence of host-pathogen interactions (especially the host immune
response) on intracellular activity of antibiotics.

Richardson et al. [39] first reported that streptomycin (at concentrations up to 50 mg/L) was
not bacteriostatic against B. abortus grown in bovine cell cultures, while this antibiotic was
strongly bactericidal in cell-free media. In contrast, tetracycline displayed the same activity
against intracellular and extracellular bacteria. Streptomycin was no more effective when
using guinea pig monocytes [40]. Filice et al. [41] demonstrated that rifampicin could induce
ultrastructural damages to B. melitensis within mouse peritoneal macrophages. In amore recent
study, using B. abortus strain 2308 and two cell lines (human Mono Mac 6 and J774 murine
macrophages), Valderas et al. [42] demonstrated an intracellular bacteriostatic activity for
tetracycline and doxycycline (at 1xMIC and 4xMIC in Mono Mac 6 and ]774 cells, respectively),
for rifampicin (at 0.25xMIC and 1xMIC, respectively), and for ciprofloxacin (at 1xMIC and
4xMIC, respectively). Streptomycin and gentamicin displayed no bacteriostatic activity after
24 h in these cell systems. However, these antibiotics slowly penetrate within eukaryotic cells
and reach significant intracellular concentrations only after 3 days of antibiotic—cell contact
[43]. A weak intracellular bactericidal activity (< 1-log reduction of bacterial titers) was found
for rifampicin and ciprofloxacin at 4x and 8x MICs, but not for tetracycline and doxycycline
[42]. Akova et al. [11] previously demonstrated the deleterious effect of acidic pH on activity
of antibiotics against Brucella sp. It may be speculated that most antibiotics lose their bacter-
iostatic and/or bactericidal activity against intracellular Brucella sp. because these bacteria
multiply in acidic cell compartments.

2.3. Animal models

Several animal models have been developed to study in vivo replication of Brucella sp.,
including mice, rats, guinea pigs, rabbits, and nonhuman primates [44]. The in vivo activity of
antibiotics against this pathogen has been mainly evaluated in mice, rats, and guinea pigs.
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These animals develop persistent bacteremia and a disseminated infection (especially in liver,
spleen, and lungs). However, guinea pigs are the most susceptible animals, while rats usually
donotdevelop clinical symptoms. The evaluation of in vivo efficacy of antibiotics was primarily
based on their ability to eradicate Brucella from the spleen of treated animals compared to
untreated controls, as determined by numeration of viable bacteria (CFU counts) in spleen
tissue collected at the time of sacrifice of infected animals.

Early studies in guinea pigs demonstrated the i1 vivo activity of sulfanilamide in pigs infected
with B. melitensis [45]. In OF1 mice and Hartley guinea pigs infected with B. melitensis or B.
suis, rifampicin was able to eradicate bacteria from the spleen of most animals, while only
partial decrease in spleen bacterial loads were observed with tetracycline [34,46]. In a more
recent study, ICR mice were infected with B. melitensis 16M and received various antibiotic
treatments (21 days orally or 14 days intraperitoneally) 7-14 days postinfection [47]. Rifampin
(25 mg/kg/d, ip) and doxycycline (40 mg/kg/d ip) were highly effective to eradicate bacteria
from the spleen, while streptomycin (75 mg/kg/d, ip), cotrimoxazole (15 mg/kg/d of TMP, ip),
and ciprofloxacin (20 mg/kg/d ip) were not. Doxycycline was less effective when administrated
orally at 6-80 mg/kg/d. The same authors later reported a much lower activity of rifampicin
at alower dosage (3 mg/kg/d), but a synergistic effect of the combination of streptomycin with
either doxycycline or rifampicin [48]. Spiramycin, a macrolide compound, was tested in
Sprague Dawley rats infected with B. melitensis [49]. Spiramycin (50 mg/kg/d, 21 days) alone
or combined with rifampicin (50 mg/kg/d, 21 days) was found as effective as the combination
of doxycycline (40 mg/kg/d, 21 days) with rifampicin. Dirithromycin, another macrolide
compound, was less effective (27.3% cure rate) in mice infected with B. abortus S544 strain, but
highly effective (81.8% cure rate) when combined with rifampicin [50]. In the same model, the
fluoroquinolone levofloxacin was poorly effective when used alone (36.4% cure rate), and no
more effective than rifampicin alone when combined with this antibiotic (72.7% cure rates in
both cases) [50]. In Wistar albino rats infected with B. abortus [51], moxifloxacin (21 days) was
less effective than rifampicin (cure rates in spleen of 50% and 80%, respectively). In mice
infected with B. melitensis [52-54], doxycycline was much more effective to prevent bacterial
multiplication than the fluoroquinolone compounds ciprofloxacin, moxifloxacin, gatifloxacin,
trovafloxacin, and grepafloxacin, when administrated before or within hours after the bacterial
challenge. Doxycycline was also effective to control B. melitensis infection when administrated
7-14 days following infection, whereas all the tested fluoroquinolones were ineffective. In the
same animal model [54], the azalide compound azithromycin was able to control B. meliten-
sis infection when administrated 2 h following the bacterial challenge. Altogether, the
Brucella-infected animal models confirmed in vivo activity of rifampicin (the most effective
antibiotic in all studies) and doxycycline, administrated alone or in combination. The combi-
nation of one of these two antibiotics with streptomycin was also effective. In contrast, the
fluoroquinolones, cotrimoxazole, and the macrolides were unable to eradicate Brucella in most
infected animals. A synergistic effect was found for the combination of a macrolide with
rifampicin, but not for that of a fluoroquinolone with rifampicin. It is to be stressed, however,
that these animal models greatly varied according to the animal species used, the Brucella
species tested, the route and inoculum of the bacterial challenge, the dosage and duration of
the tested antibiotic treatments, the time of administration of antibiotics compared to the
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bacterial challenge, and the time of antibiotic treatment evaluation. More standardization is
needed to allow comparison of results obtained in different research laboratories.

The in vivo efficacy of antibiotics to eradicate Brucella has also been evaluated in naturally
infected animals. Radwan et al. [55] reported the eradication of B. melitensis from 480 naturally
infected sheep and goats with the combination of oxytetracycline with streptomycin, as
evidenced by cessation of shedding B. melitensis from udder secretions and absence of this
bacterium in tissues at autopsy after antibiotic treatment.

3. Acquired resistances to antibiotics in Brucella species

In vitro selection of rifampicin-resistant mutants has been reported for B. melitensis, B. abor-
tus, and B. suis [12,34,56]. In B. suis, the spontaneous rate of mutations leading to rifampicin
resistance was evaluated at 2.5 x 10~ (for a concentration of 25 mg/L) [34]. Marianelli et al. [56]
characterized the genetic mechanisms involved in resistance to rifampicin in the vaccine strain
B. abortus RB51, and in laboratory mutants derived from two B. melitensis isolates. They found
missense mutations in two regions of the rpoB gene encoding subunit B of RNA polymerase,
the bacterial target of rifampicin. These mutations led to a number of amino acid changes:
Vall54Phe, Asp526Tyr, Asp526Gly, Asp526Asn, His536Leu, His536Tyr, Arg539Ser,
Ser541Leu, and Pro574Leu. A number of studies have reported wide ranges of rifampicin MICs
(up to 64 mg/L) in human and animal strains of Brucella sp., with MIC variations between
geographic regions and time periods considered [9,11,15,19,22,23,26,30,33,57,58]. In wvivo
selection of rifampicin-resistant mutants was also reported in a patient who relapsed after
treatment with doxycycline and rifampicin [59]. These results have suggested the possibility
of acquired resistance to rifampicin in Brucella species. However, there is currently no clear
characterization of rpoB mutations leading to rifampicin resistance in Brucella strains isolated
from humans or animals. Direct amplification and sequencing of the rpoB gene did not reveal
any rifampicin resistance mutation in two recent studies from Turkey [60] and Spain [61], in
21 and 62 human strains of B. melitensis, respectively.

Very few studies have reported high doxycycline MICs (up to 32 mg/L) in animal and human
strains of Brucella sp. [11,15,17,57]. In some studies, however, high-level MICs may have been
related to the use of a high bacterial inoculum rather than true acquired resistance to tetracy-
clines [15,17]. Acquired resistance mechanisms to tetracyclines in Brucella strains have never
been characterized in clinical situation, although the gene encoding the tetracycline resistance
protein TetB was found in the genome of B. abortus [62]. The same holds true for the amino-
glycoside streptomycin, with MICs > 64 mg/L in only two studies [9,15], while high MICs to
gentamicin have not been reported so far. High MICs to trimethoprim-sulfamethoxazole
combination have also been reported [10,13,17,57,58,63,64], but without characterization of the
involved mechanisms. The MICs of macrolides, especially erythromycin [11,16,18,30], are
highly variable among Brucella strains. For either of these antibiotics, no resistance mechanism
has been characterized.
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Fluoroquinolone resistance mechanisms have been characterized in in vitro selected resistant
mutants of B. melitensis and B. abortus [65-67]. The amino acid substitutions Ala87Val and
Asp91Tyr (corresponding to codon positions gyrA83 and gyrA87 in E. coli numbering system)
were reported. However, efflux pump overexpression was also probably involved in fluoro-
quinolone resistance in Brucella sp. [65,68]. High ciprofloxacin MICs (up to 8 mg/L) have been
reported for human and animal strains of Brucella sp. [11,15,19,30,57]. No gyrA mutation has
been reported so far in these strains [61]. However, overexpression of efflux pumps in Brucella
strains remains difficult to demonstrate, and could partly explain treatment failures observed
with fluoroquinolones in brucellosis patients [61]. RND-type efflux pumps have been charac-
terized in Brucella sp [69].

4. Correlation between laboratory data and clinical efficacy of antibiotics

In untreated patients, brucellosis may be controlled by the immune system, but relapses and
chronic evolution of the disease are frequently observed [1]. The combination of immune
defenses and an appropriate antibiotic therapy allows earlier amendment of clinical symptoms
and more effective control of infection. The clinical experience regarding the treatment of
brucellosis has established some basic principles that remain true today [70]. To reduce the
risk of recurrence, at least two antibiotics should be administrated for a minimum of 4-6 weeks.
The combination of doxycycline with either rifampicin or an aminoglycoside (streptomycin or
gentamicin) is the most effective in vitro and is considered the first alternative for the treatment
of brucellosis [71]. It is likely that the effectiveness of these antibiotic combinations depends
on their activity on both extracellular and intracellular Brucella, and their ability to reach the
infectious sites and remain active at local conditions (including an acidic pH in eukaryotic cell
compartments, but also in organ abscesses). AST in cell-free media is poorly predictive of the
in vivo activity of antibiotics against Brucella sp. However, these models have shown that the
aminoglycosides and rifampin display significant bactericidal activity against extracellular
Brucella [33,35]. Cell models have shown that rifampicin is the only antibiotic with a bacteri-
cidal activity against the intracellular form of Brucella, whereas the tetracyclines and the
fluoroquinolones are mainly bacteriostatic [39,42]. The aminoglycosides had no activity
against intracellular Brucella [39,42]. However, their activity was evaluated in Brucella-infected
cell models after 24 h of antibiotic exposure, while these antibiotics significantly penetrate and
concentrate in eukaryotic cells only after 3 days [43]. Thus, in patients treated with an amino-
glycoside, potential intracellular activity of these antibiotics cannot be ruled out. The animal
models confirmed a clear superiority of rifampicin and doxycycline for eradication of Brucella
sp. from the spleen [34,46,48], while the fluoroquinolones were much less active [50-54].
Altogether, the superiority of the combinations of doxycycline with either an aminoglycoside
or rifampicin in brucellosis patients could be related to the synergistic effect of an extracellular
bactericidal activity (especially using an aminoglycoside or rifampicin) with an intracellular
bactericidal activity (doxycycline or rifampicin, plus an appropriate cell immune response). A
prolonged antibiotic therapy is likely needed because of poor bactericidal activity of antibiotics
against intracellular Brucella and the need for progressive development of an efficient immune
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response. Hence, brucellosis is usually a more severe disease in immunocompromised
patients, often with a chronic evolution [72-74].

Nevertheless, relapse rates of 5%-15% are still reported in immunocompetent patients after
administration of appropriate antibiotic therapy, sometimes several decades following the
primary infection [73,75]. A first explanation could be the lack of eradication of Brucella by
antibiotics in these relapsing patients because of interindividual variability in the inflamma-
tory and immune responses to Brucella infection. It should be stressed that in animal models,
the eradication rates obtained after antibiotic treatment varied from one animal species to the
other, and between individuals of a same species [47,48,50-54]. Second, the infectious dose
and delay in antibiotic treatment after infection may also greatly influence antibiotic activity.
A typical example concerns the fluoroquinolones which were effective to control Brucella
infection in animal models when administrated before or immediately after the infectious
challenge, but not when administrated 1 or 2 weeks later [47,48,50-54]. Third, in vivo selection
of Brucella mutants, resistant to antibiotics in brucellosis patients under antibiotic therapy,
could also explain the therapeutic failures and relapses, especially for rifampicin and the
fluoroquinolones [59,65-67]. Although in vitro studies have suggested that Brucella sp. could
become resistant to first-line antibiotics used for brucellosis treatment, definite proofs of
selection of acquired resistances in the clinical situation are still lacking. Interestingly, similar
antibiotic susceptibilities were reported in B. melitensis strains isolated before and after
antibiotic therapy in brucellosis patients suffering from relapses [28,76], which indicated that
treatment failure was not related to development of acquired resistances to antibiotics in this
pathogen.

Improving our understanding of treatment failures and relapses in brucellosis patients will
necessitate not only a better standardization of assessment of the antibiotic activity using both
in vitro and in vivo approaches, but also the development of new diagnostic tools to explore
previous hypotheses directly in infected patients.

5. New therapeutic alternatives

5.1. Novel antibiotics

Tigecycline, a glycylcycline compound derived from minocycline, displays broad ranges of
MICs and higher MIC90 in vitro than doxycycline against Brucella sp. [26,27,29,77]. In contrast,
alower MIC90 was reported for tigecycline (0.125 mg/L) compared to tetracycline (0.25 mg/L)
for 60 strains of B. melitensis [78]. Using the checkerboard method, Aliskan et al. [79] reported
a synergistic effect of the combination of tigecycline with either levofloxacin (50% of the 16
strains tested), rifampicin (31.2%), or gentamicin (18.9%). No synergy was observed with
tigecycline in combination with streptomycin or cotrimoxazole. Dizbay et al. [80] reported a
higher synergistic effect of antibiotic combinations when tigecycline was used compared to
doxycycline. It has been proposed to replace doxycycline by tigecycline in current therapeutic
protocols of brucellosis [81-83]. Although tigecycline could be as effective as doxycycline in
antibiotic combination therapies, there are currently major limitations for its widespread use
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in brucellosis patients. At first, tigecycline is tens of times more expensive than doxycycline.
Second, it can only be administrated by the parenteral route and thus its use would be restricted
to the acute phase of brucellosis and/or in patients hospitalized because of a severe disease.
Third, the antibacterial spectrum of tigecycline is much broader than that of doxycycline,
including staphylococci (especially methicillin-resistant S. aureus), streptococci, enterococci,
some anaerobes, and most enterobacterial species (including those secreting extended
spectrum beta-lactamases), but not species of the Proteae tribe and Pseudomonas aeruginosa [83].
Thus, significant alterations of the skin and gut commensal flora would certainly occur in the
treated population, with an increased risk of opportunistic infections and development of
resistances to the glycylcyclines. Finally, it is not clear if the favorable pharmacokinetic
properties of tigecycline in tissues could lead to a significant reduction in duration of treatment
or relapse rates. Also, as for tetracyclines, tigecycline is contraindicated in pregnant women
and young children.

Among new fluoroquinolones, moxifloxacin did not display higher activity compared to
ciprofloxacin in vitro [25,29,37] or in animal models [51-54]. The use of a triple combination of
doxycycline, rifampicin, and a fluoroquinolone warrants further evaluation, at least for
treatment of severe brucellosis cases such as spondylodiscitis, endocarditis, and neurobrucel-
losis [84-86].

Among the new macrolide compounds, azithromycin displayed in vitro bacteriostatic activity
against Brucella sp. with MIC90 ranging from 0.5 to 8 mg/L [11,26,28,30-32]. A synergistic effect
was found when this antibiotic was combined with ciprofloxacin [36]. Azithromycin was also
able to control B. melitensis infection in the mouse model [54]. However, azithromycin was
much less effective than doxycycline to cure brucellosis in Swiss-Webster or BALB/c mice [87].
Although the macrolides are currently not considered suitable for treatment of brucellosis,
they could represent a safe alternative in young children and pregnant women. Further
evaluation of the in vitro and in vivo activity of macrolides combined with other antibiotic
classes against Brucella sp. is warranted.

Medicinal plants have been evaluated for their in vitro activity against B. melitensis. Using a
Mueller Hinton broth dilution method, Motamedi et al. [88] reported that ethanolic and
methanolic extracts of six plants displayed anti-Brucella activity: Oliveria decumbens, Salvia
sclarea, Ferulago abgulata, Vitex pseudo-negundo, Teucrium pollium, and Crocus sativus. O.
decumbens was the most effective with similar MICs and MBCs. Al-Mariri and Safi [89]
evaluated the activity of essential oils against 16 Brucella strains. They found a bacteriostatic
effect for essential oils from two medicinal plants: Thymus syriacus and Origanum syriacum.

5.2. Intracellular delivery of antibiotics

The aminoglycosides are able to penetrate eukaryotic cells, albeit very slowly, but concentrate
in the acidic lysosomal compartment because of their weak base nature [43]. At acidic pH,
these antibiotics are partially inactivated because of their protonation. Although intracellular
pharmacokinetic studies were mostly conducted using uninfected eukaryotic cells, it is
tempting to extrapolate these data to Brucella-infected cells. In vitro studies have been per-
formed to evaluate the influence of increased uptake of aminoglycosides within eukaryotic
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cells on their activity against intracellular Brucella. These antibiotics (especially streptomycin
and gentamicin) were either included in liposomes or attached to nanoparticles. Phagocytosis
of liposomal or nanoparticle formulations of aminoglycosides by Brucella-infected macro-
phages resulted in higher intracellular activity compared to free aminoglycosides against B.
melitensis, B. abortus, or B. canis [90-94]. These formulations of the aminoglycosides were also
significantly more effective in animal models [90,94,95]. The targeted delivery of aminogly-
cosides could be a promising therapeutic alternative, both increasing their intracellular activity
and reducing their side effects by reducing their concentration in kidneys and the cochleoves-
tibular system. However, there are currently technical limitations in the preparation of
liposomal or nanoparticle forms of antibiotics and safety concerns, especially for nanoparticles
that limit their use in humans [96].

5.3. Peptide nucleic acids

Peptide nucleic acids (PNAs) are artificially synthesized polymers similar to DNA or RNA
that can be used as antisense therapies. They show high specificity in binding to complemen-
tary DNAs, resistance to nucleases and proteases, and a high stability over a wide pH range.
They readily cross the bacterial cell membranes when coupled with a cell-penetrating peptide.
Rajasekaran et al. [97] reported growth inhibition of B. suis by PNAs, both in cell-free medium
and in murine macrophages. In tryptic soy broth, the inhibitory PNAs were those targeting
the genes kdtA (coding for a transferase affecting lipid A), tsf (elongation factor Ts), polA (DNA
polymerase I), and rpoB (subunit B of RNA polymerase). In contrast, in J774A.1 murine
macrophages, the inhibitory PNAs targeted the genes asd (coding for an aspartate-semialde-
hyde dehydrogenase involved in diaminopimelic acid synthesis), gyrA (subunit A of DNA
gyrase), dnaG (protein primase that initiates DNA replication), and polA. The PNAs were thus
able to penetrate the eukaryotic and bacterial membranes, and could represent new therapeutic
alternatives for intracellular pathogens such as Brucella sp.

5.4. Enhancement of the host response

Multiplication within phagocytic cells is a major virulence factor of Brucella species. The host
response to Brucella infection could be strengthened by restoring the ability of phagocytic cells
to control intracellular multiplication of these bacteria and eradicate them via the phagolyso-
somal pathway, especially using cytokines. Jiang and Baldwin [98] reported the in vitro
inhibition of B. abortus multiplication in BALB/c J774A.1 murine macrophages by gamma
interferon (IFN-v) or to a lesser extent interleukin-2 (IL-2, 100 U/mL). In contrast, IL-1a, IL-4,
IL-6, tumor necrosis factor alpha (TNF-a), and granulocyte macrophage—colony-stimulating
factor (GM-CSF) had no significant effect on intracellular growth of B. abortus. The protective
role of IFN-y was also emphasized by Murphy et al. [99], using IFN-y gene knockout mice
infected with B. abortus. When adsorbed to albumin nanoparticles, IFN-y was even more
effective to control B. abortus infection in RAW 264.7 macrophages and BALB/c mice [100].
Fahel et al. [101] recently reported in a mouse model of B. abortus infection that a higher host
resistance to infection was associated with an increased expression of interleukin-12 (IL-12),
gamma interferon (IFN-y), and inducible nitric oxide synthase (iNOS) during the course of
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infection. This protective Th1 immune response was negatively regulated by 5-Lipooxygenase
(5-LO), an enzyme required for the production of the lipid mediators leukotrienes and lipoxins.
The use of interferon-gamma has never been reported so far in brucellosis patients.

6. Conclusion

Brucellosis remains a prevalent disease in the world, a major concern in public health and an
economic burden in agriculture. Although effective vaccines are available for the livestock,
treatment of brucellosis remains challenging in both animals and humans. Recommendations
for treatment of common clinical forms of human brucellosis have been addressed, especially
by the WHO. However, treatment optimization is still needed for severe forms of the disease
and in young children and pregnant women. Moreover, current treatment recommendations
could be challenged by the emergence of acquired resistances to first-line drugs in Brucella
species, although this fear needs to be confirmed with certainty in the clinical situation.
Alternative therapeutic options are needed to reduce the human and economic costs associated
with this disease. This could be achieved through the development of new molecules but also
by an optimized use of currently available antibiotics. However, controlling Brucella infection
in the livestock remains a priority.
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Abstract

Brucellosis is considered the major zoonosis in developing countries. In susceptible ani-
mal species, diagnosis of brucellosis remains a challenge due to the variety of clinical
signs that it shares with a wide range of diseases. At present, isolation of Brucella is con-
sidered the gold standard for diagnosis of brucellosis; because of its low sensitivity and be-
coming potentially hazardous to laboratory technicians, serology is used for the detection
of specific antibodies induced by infection. However, since traditional methods common-
ly show drawbacks and do not differentiate between vaccinated and naturally infected
animals, it is necessary to search and test immunoreactive molecules for specific diagno-
sis of Brucella-infected cattle, thus significantly reducing the killing of suspected herds
mainly due to vaccination. Advances in biotechnology have allowed exploring the use of
recombinant proteins as antigens to avoid the risk involved in the use of viable Brucella
strains. The benefit of using recombinant proteins, such as outer membrane proteins
(OMP) and other non-lipopolysaccharide (non-LPS) molecules as antigens, for serological
diagnosis is promising, but there are still many concerns about their application. The aim
of the present work is to show advances in the use of recombinant antigens and discuss
their advantages and potential use as markers for the serological diagnosis in brucellosis.

Keywords: Serology, Brucella, diagnosis, recombinant protein, brucellosis

1. Introduction

1.1. Diagnosis of brucellosis

Brucellosis is a zoonosis caused by bacteria of the genus Brucella, which is characterized by
gram-negative coccobacilli, intracellular facultative, and slow-growing bacteria that do not
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have capsule or form spores [1]. Since clinical signs of brucellosis are not pathognomonic,
diagnosis is dependent upon demonstration of the presence of Brucella spp. by microbiology,
polymerase chain reaction (PCR), detection of its antigens, and demonstration of specific
antibody or cell-mediated immune responses [2, 3]. At present, isolation of Brucella is consid-
ered the gold standard, but it has low sensitivity and is hazardous to laboratory technicians,
therefore, serology is the most common method for the diagnosis of brucellosis.

Brucellosis serology is usually performed using antigens derived from B. abortus S19 strain,
because the Brucella immunodominant antigens associated to the smooth-lipopolysaccharide
(S-LPS) are to a large extent shared by all naturally occurring biovars of the so-called “smooth
species,” B. abortus, B. melitensis, B. suis, B. neotomae, B. ceti, and B. pinnipedialis [4]. Unfortu-
nately, because of the LPS sharing, conventional methods do not differentiate between the
smooth B.abortus S19 vaccinated and naturally infected animals; in addition, there could be
cross reaction with other gram negative bacteria, such as Escherichia coli O157:H7 and Yersinia
enterocolitica, because of their LPS similarity [7], thus affecting the specificity (Sp) of the test.
The rough RB 51 B. abortus vaccine lacks the OPS, which avoids false reactions.

Various tests are generally used to improve the final specificity, in which an initial screening
assay, such as the buffered Brucella antigen, the rose Bengal (RBT),the buffered plate aggluti-
nation (BPAT)or the indirect ELISA tests, which possess high sensitivity and relative specif-
icity, are used to select reactive samples, followed by a secondary confirmatory test,with higher
specificity than the screening test, such asthe complement fixation test (CFT), rivanol. Other
modern tests can also be used including the fluorescence polarization assay (FPA) [3, 5, 8].
ELISA and FPA may be used for diagnosis [20], because of their high performance.On the other
hand, since B. canis and B. ovis, known as “rough species” lack LPS, the CFT, agar gel immu-
nodiffusion (AGID) test, and indirect ELISA (I-ELISA) using soluble surface antigens obtained
from B. ovis, are preferred [6].

2. Immunodominant antigens

The following immunodominant antigens have been identified within the genus Brucella: (a)
S-LPS (smooth lipopolysaccharide), (b) R-LPS (rough lipopolysaccharide), (c) outer membrane
proteins (OMP), and (d) periplasmic and cytoplasmic proteins [9].

2.1. Brucella spp lipopolysaccharide

Lipopolysaccharide present in smooth species of Brucella comprises a glycolipid portion (lipid
A)inserted in the outer membrane and a polysaccharide directed outward. The latter is divided
into two sections: the core and the O-chain. Brucella ovis and B. canis naturally lack O-chain
(OPS), whereas B. melitensis, B. abortus, and B. suis might lose it by mutation. S-LPS is markedly
immunodominant on the serological response, therefore, most serological tests are focused on
detecting antibodies to S-LPS and the use of bacterial suspensions or antigens without OPS
leads to misdiagnosis [10].
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2.1.1. Brucella outer membrane proteins

Although Brucella species are genetically closely related, there are differences in pathogenic-
ity and host preference that may be favored, at least in part, by the outer membrane
structure [11], mainly composed by LPS and OMPs. Since LPS of rough Brucella species (B.
ovis, B. canis, and B. abortus RB51) lacks OPS, OMPs are more exposed on the surface and
their role in the virulence of the bacteria has become very important in the search for
antigens that can be used in the development of vaccines or diagnostic methods [12]. Brucella
OMPs were initially identified and classified according to their molecular weight [13]. Thus,
membrane proteins that are within group 1 have molecular weights between 88 and 94
kDa, group 2 (omp2a and omp2b) from 36 to 38 kDa, and group 3, comprising omp25 and
omp31, from 25 to 27 and 31 to 34 kDa, respectively [14]. In Brucella, major OMPs are
Omp25 and Omp31 (belonging to group 3), except in B. abortus where it has been demon-
strated by molecular techniques the missing omp31 gene encoding this protein [15]. One
study [16] reported that there is a good reactivity against Omp31 protein extracted from B.
ovis in sheep sera, experimentally infected with the bacteria and with specific monoclonal
anti-Omp31 antibodies, but little reactivity against Omp31 protein recombinant B. meliten-
sis. This feature is attributed to the existence of differences in nine nucleotides between
omp31 genes of both Brucella strains that strongly modify the antigenic properties of the
encoded proteins [5], suggesting that this protein may be useful as antigen for the
development of specific tests for the detection of infectious epididymitis caused by B. ovis
in rams. Moreover, Omp28, also known as CP28 or BP26, has been identified as an
immunodominant antigen in infected cattle, sheep, goats, and humans and could be useful
for the detection of anti-Brucella humoral responses of infected animals [17].

On the other hand, 8 immuno-reactive non-LPS proteins were identified [18] using
proteomics and then tested with Brucella-positive sera by ELISA and showed no cross-
reaction to Escherichia coli O157: H7, Yersinia enterocolitica, or negative serum to B. abortus.
Of these proteins, chaperonin GroES (21 kDa) and DnaK (71.2 kDa) showed high im-
mune reactivity and therefore the greatest potential as diagnostic antigens. In addition, 18
immunodominant insoluble proteins of Brucella abortus were separated by two-dimension-
al electrophoresis (2-DE) and their immune-reactivity was tested against the antisera of
cattle infected with B. abortus, or/and Yersinia enterocolitica, or the sera of non-infected cattle
using Western blotting. A wide variety of these insoluble proteins were identified by MS/MS
analysis as FOF1 ATP synthase subunit b, solute-binding family 5 protein, 28 kDa OMP,
Leu/lle/Val-binding family protein, histidinol dehydrogenase, hypothetical protein, twin-
arginine translocation pathway signal sequence domain-containing protein, serine pro-
tease family protein, b-hydroxyacyl-(acyl-carrier-protein) dehydratase FabA, short chain
dehydrogenase-/reductase carbonic anhydrase, ornithine carbamoyltransferase, leucyl
aminopeptidase, cold shock DNA-binding domain-containing protein, Cu/Zn superoxide
dismutase, and methionine aminopeptidase [19].

2.2. Recombinant antigens in serology of brucellosis

Advances in biotechnology have allowed exploring the use of recombinant proteins as
antigens to avoid the risk involved in the use of viable Brucella strains. An extremely useful
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application of proteomics to the diagnosis of infectious disease relies on the identification of
novel diagnostic antigens by screening serum from infected and uninfected individuals against
immunoblotted, 2-DE mapped proteomes of infectious agents [20]. Once those antigens are
identified, due to easy production of recombinant proteins in prokaryotic systems, a wide
variety of non-LPS molecules are cloned and expressed in the Escherichia coli system to obtain
recombinant immune-reactive proteins. The most studied OMPs belong to group 3 (Omp25
and Omp31); recombinant Omp31 protein (rOmp31) obtained from Brucella melitensis
expressed in the Escherichia coli system showed reactivity in Brucella positive sera, but not in
Brucella negative sera, in a variety of animal species by iELISA. However, the sensitivity and
specificity of each affected species showed significant difference [14]. iELISA performed with
rOmp31 showed lower sensitivity (85%) and higher specificity (100%), compared with
conventional rose Bengal plate test (RBPT), with 92% and 83%, respectively [21]. Other studies
found that recombinant B. melitensis rOMP28 was immunoreactive to Brucella infected cattle,
sheep, goat, and dog sera with a sensitivity of 88.7%, specificity of 93.8%, and accuracy of 92.9%
by iELISA, demonstrating that it could be used as an antigen for diagnosis of brucellosis in
domestic animals [22].

Furthermore, B. abortus Omp28 coding gene was cloned and expressed using the pMAL
system, and rOmp28 was evaluated for its potential use in the serodiagnosis of bovine
brucellosis by iELISA and the latex bead agglutination test (LAT). The sensitivity, specificity,
and accuracy were 96.7%, 95.4%, 96.2% in iELISA and 77%, 80.6%, and 78.5% in latex bead
agglutination test, respectively [23]. In addition, recombinant BP26 was produced in the E.
coli system and tested by iELISA, but it resulted less useful than iELISA using the B. ovis hot
saline (HS) extract as antigen [24, 25]. On the other hand, ribosome recycling factor protein
CP24 and Brucella lumazine synthase (BLS) showed antigen-antibody interaction by iELISA,
using brucellosis positive sera, and therefore it could be considered as a potential alternative
diagnostic [26].

Other studies focused in the type IV secretion system (T4SS) encoded by the virB locus, located
on chromosome II, including virB1 to virB12 [27], obtained recombinant VirB5 protein by a
prokaryotic expression system, which was used to detect anti-Brucella antibodies by ELISA, in
both standard brucellosis-positive serum and cattle sera samples; the results showed that
recombinant VirB5 protein had good immune-reactivity [27]. In addition, in order to investi-
gate the practical value of VirB5 in clinical applications, serum samples from cattle were
screened using the VirB5-ELISA; the sensitivity of the VirB5-ELISA was 88.2% and the
specificity was 97.8%. In all test samples, the accuracy reached 94.8%. Thus, these results
confirmed the importance of VirB5 as a suitable antigen and VirB5-ELISA as screening test for
the serological diagnosis of bovine brucellosis [27]. Another study was developed by Rolan et
al. in 2008 [28], evaluating recombinant VirB1, VirB5, VirB11, and VirB12 by antibodies in sera
from experimentally infected mice and goats by iELISA. Antibody responses to VirB12 but not
to VirB1, VirB5, or VirB11 were detected in mice experimentally inoculated with B. abortus and
goats experimentally infected with Brucella melitensis.
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3. Conclusion

At present, FAO-OIE-WHO work together in strategies to prevent a worldwide emergent, re-
emergent, and cross-border spread of human and animal infectious diseases [29]. Brucellosis
remains a major zoonotic disease in the world and its control and eradication will be possible
only with the complete collaboration of all sectors involved in health and animal production.
As a significant part of the strategy, One World-One Health (OWOH) [30] involves early
diagnosis of infected animals. Conventional serological tests have performance differences due
to a variety of factors, including sample condition, vaccinated status, wide spread, and others.
Therefore, it is necessary to search immune-reactive molecules that prevent faulty results that
could compromise campaigns of control and eradication of this disease. The aim of this work
is to bring together advances in the use of recombinant antigens, their problems, and perspec-
tives as potential markers for the serological diagnosis in brucellosis. It is known that a test
based on recombinant proteins would allow better standardization of the assay, compared
with more complex whole-cell antigen preparations currently in use, and hence overcome the
limitations associated with the use of LPS-based antigens, but finding results still not optimal
(Table 1). Many of the failures in performance found in the analyzed studies might originate
due to denaturing conditions in purification or Western blotting that could affect on the tertiary
structure of the recombinant protein, and hence to immune-dominant epitopes, or by a low
adherence to polystyrene plaque in the ELISA test. In addition, the expression of immune-
dominant proteins could be different between in vitro and in vivo culture conditions and then
results obtained would be distinct in sera from animals naturally infected with field strains
compared with experimentally infected animals. Therefore, the search of alternative purifica-
tion techniques to the ones currently used that retains the structural integrity of the protein is
essential. Furthermore, standardization of homogeneous diagnostic tests as FPA [31], which
minimize the subjective factor involved in the interpretation of results found in agglutination
tests, could be helpful in the control and eradication programs worldwide.

Test Sensitivity (%) Specificity (%) Animal specie
RBT® 21.0-98.3 68.8-100 Cattle
iELISA® 92.5-100 90.6-100 Cattle
CFT? 23.0-97.1 30.6-100 Cattle
FPA* 99.0-99.3 96.9-100 Cattle
FPAP 85.7% 99% Goat
rOmp31-iELISA® 85 100 Goat
B. melitensis rOMP28-iELISA 88.7 93.8 Cattle, sheep, goat, and dog
B. abortus rOmp28-iELISA® 96.7 95.4 Cattle
rVirB5-ELISAf 88.2 97.8 Cattle

a. [8]; b; [31]c. [21]; d. [22]; . [23]; . [27].

Table 1. Sensitivity and specificity of serological tests for brucellosis with conventional and recombinant antigens
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Abstract

The goal of brucellosis therapy is to control the illness and prevent complications,
relapses and sequelae. Important principles of brucellosis treatment include the use
of antibiotics with activity in the acidic intracellular environment (doxycycline,
rifampin), use of combination regimens and prolonged duration of treatment.

Keywords: Brucellosis, Treatment

1. Introduction

Human brucellosis is a major zoonosis caused by facultative intracellular Gram-negative
bacteria of the genus Brucella [1, 2]. Brucellosis is a systemic disease and although less lethal,
notoriously hard to eradicate, and relapses are being reported many years after the initial
infection. Since global eradication of brucellosis is due to socioeconomic and political factors,
it will not be feasible in the near future, and since the evolution of a satisfactory vaccine
for human currently seems a utopia, there exists a need for optimal antibiotic treatment
schedules [3, 4].

The optimal treatment for brucellosis remains an unsolved medical puzzle, owing to the
propensity of the infection for relapses, the universal failure of monotherapy and the absence
of multiethnic, randomised trials evaluating possible new regimens for the disease. Current
recommended treatment regimens for brucellosis involve the use of two or more antibiotics
in order to avoid relapses occurring and to prevent prolonged use of these drugs [4, 5]. The
choice of regimen and duration of antimicrobial therapy should be based on whether focal
disease is present (e.g. endocarditis, spondylitis, meningitis, paraspinous abscesses) or there
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are underlying conditions that contraindicate certain antibiotics (e.g. pregnant patients or
children under 8 years old) [6]. In this chapter, we will discuss the effects of various antibiotic
regimens, monotherapy or in combination with other antibiotics for treating human brucel-
losis.

1.1. General principles of therapy

Brucella spp. are facultative intracellular pathogens with a unique ability of escaping phago-
cytosis by human macrophages. Thus, the first major parameter of successful antimicrobial
treatment of brucellosis is the use of antibiotics that penetrate into macrophages and are thus
active against the pathogen. The second important parameter is the use of antibiotics that are
active in the acidic environment of the macrophages infected with Brucella spp. [4, 7].

The third major parameter in the successful treatment of brucellosis is the use of combination
regimens, as monotherapy has universally been related to unacceptable percentages of relapse.
The identity and number of antimicrobial agents used in each combination is the one major
subject of debate on the treatment of brucellosis [4, 7].

The fourth major parameter is the evaluation of the duration of treatment, when applied
to cases of uncomplicated brucellosis. The fifth major parameter that should be taken into
account is the need for a convenient regimen for countries with poor health resources, that
is, the need for a cheap, oral regimen, and this is exactly the philosophy that prompted the
guidelines modification by WHO in 1986. Finally, the sixth major parameter is the
inconcordance between in vitro studies on antimicrobial susceptibility of Brucella spp. and
in vivo efficacy or resistance [4, 7].

1.2. Therapeutic regimens

Antimicrobial therapy is useful for shortening the natural course of the disease, reducing
symptoms, decreasing the incidence of complications and preventing relapse. Appropri-
ate antibiotics should have high in vitro activity and good intracellular penetration. Thus,
the use of appropriate antibiotic combinations is required for the successful treatment of
brucellosis [1, 8].

2. Specific compounds

Historically, single-agent therapy due to the relapses after treatment has proved inadequate
for brucellosis. This is because of the primarily bacteriostatic effect exhibited by most of these
agents (predominantly tetracyclines) and to a lesser extent (or not at all) the emergence of
resistance [3].

The use of single-agent therapy with rifampin, oxytetracycline or doxycycline showed high
relapse rates of 9-25 %. The duration of therapy (either 3, 5 or 8 weeks) showed no statistically
significant difference. In addition, the use of monotherapy with trimethoprim-sulfamethoxa-
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zole (TMP-SMX) or ciprofloxacin has led to an unacceptable relapse rate of 30 % and up to 83
%, respectively. Thus, monotherapy is not accepted as a treatment strategy for brucellosis [9].

2.1. Tetracyclines

Tetracyclines are the cornerstone of successful antibiotic regimens for the treatment of
brucellosis. The two regimens suggested by WHO both include a tetracycline, and most of
the subsequently proposed regimens also include a member of this antibiotic class.
Tetracyclines are inexpensive antimicrobial agents, easy to obtain and easy to adhere to;
side effects are unusual and of mild severity; and dosage, in the form of doxycycline
administered twice daily — the tetracycline currently employed in almost all regimens — is
convenient. There is strong evidence that the tetracyclines (especially doxycycline and
minocycline) are the most effective drugs for brucellosis treatment. The rate of treatment
failure in tetracyclines is 1-5 %, the relapse rate is 5-10 % and the cure rate exceeds 80 %
when an appropriate duration is used [4, 6].

Doxycycline exhibits excellent activity in the acidic phagolysosomal environment where the
compound interfaces with Brucellae, and its bactericidal activity has been repeatedly proven.
Doxycycline has also been used as adjunctive monotherapy in cases of residual focal
brucellosis for a protracted period, although there are no official data supporting its
effectiveness when used as a single agent after an initial combination with another
compound. The suggested adult dose of doxycycline employed in the various therapeutic
combinations is 100 mg b.i.d. [4, 6].

Of the other tetracyclines, minocycline has also been favoured as the tetracycline of choice in
several trials. Moreover, tigecycline is a glycylcycline antibiotic, related to tetracyclines, that
exhibits a similar but fivefold enhanced mode of action compared with tetracyclines while also
avoiding the emergence of antimicrobial resistance. The enhanced effectiveness of tigecycline
may allow for its use as a single agent in brucellosis, even with decrease in treatment duration.
Studies have shown that tigecycline can be a therapeutic alternative option for the treatment
of brucellosis [3].

2.2. Streptomycin and other aminoglycosides

Streptomycin has been the second cornerstone in the treatment of brucellosis for the last 50
years and remains a popular antibiotic choice, especially by senior specialists. The need for
parenteral administration, the significant percentage of toxicity (mainly ototoxicity) and
difficulty in obtaining the drug in certain countries are parameters responsible for a lack of
interest in the use of streptomycin in the last 25 years, especially as an acceptable all-oral
regimen had been applied in clinical practice [4, 9].

Streptomycin is an example of the discrepancy between in vitro studies and in vivo effective-
ness, as it has been proven that the drug does not survive in the acidic phagolysosomic
environment, but it has also been proven that it is the only compound exhibiting bactericidal
activity in the first 24 h after administration. Streptomycin is usually administered at a dose
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of 15 mg/kg body weight/day for 2 or 3 weeks. Further administration would significantly
increase the rate of unwanted effects [4, 6].

The need of combining an equally effective, but less toxic, compound with doxycycline
switched interest to other members of the antibiotic class of aminoglycosides. Of these,
gentamicin is the most extensively studied compound, and various studies have proven that
its combination with doxycycline is an excellent regimen. The suggested dose is gentamicin 5
mg/kg/day, administered intravenously or intramuscularly, and the usual period of adminis-
tration does not exceed 1 week. Netilmicin has also been employed in various combination
regimens, but it is less well studied than gentamicin [2, 4, 6].

2.3. Rifampicin

In the early 1970s, it was determined that rifampicin in combined treatment regimens is
effective for brucellosis, and by the early 1980s, this compound gradually replaced strepto-
mycin as the complementary agent of choice to doxycycline in the treatment of the disease,
culminating in the 1986 WHO guidelines, which advocated its use in the optimal treatment of
the disease. Moreover, various therapeutic combinations have recently preferred the use of
rifampicin over doxycycline, making rifampicin the cornerstone of modern antibiotic treat-
ment [4, 6].

Rifampicin survives in the acidic environment of the infected macrophages and exhibits
bactericidal activity 48 h after administration. One potential problem that could arise with
the use of rifampicin-containing regimens for the treatment of brucellosis involves the
concurrent high incidence of tuberculosis in areas endemic for brucellosis, due to the
pertaining socioeconomic status. Fear that extended use of rifampicin would increase
population resistance to the compound in the treatment of tuberculosis exists but has not
been validated in clinical practice. The suggested dose for rifampicin in the treatment of
brucellosis is 600-1200 mg/day [4, 6].

2.4. Macrolides

Ideally, macrolides should exhibit excellent efficacy against a facultative intracellular patho-
gen, as in various other zoonotic infections and various atypical respiratory pathogens. Thus,
the newer macrolides and azithromycin, a relative compound of the class of azalides, were
considered ideal candidates for the treatment of brucellosis, in certain combination regimens.
Erythromycin was used instead of tetracycline in combination with streptomycin as early as
1961; however, the high doses necessary for achieving a clinical response similar to that of the
combination of tetracycline and streptomycin were accompanied by unacceptable high rates
of adverse reactions [4, 10].

The use of azithromycin in combination with gentamicin was also evaluated in a small clinical
trial but resulted in a disappointingly high percentage of treatment failure (either relapse, frank
failure or withdrawal due to side effects). Although the planned treatment duration was only
21 days, the cases of frank failure preclude the favourable approach to the use of azithromycin
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in brucellosis. Azithromycin does not survive in the acidic environment of the infected
macrophages [4, 10].

2.5. Quinolones

The evolution of fluoroquinolones and the successful use of these compounds in various
infections, including certain zoonotic diseases and numerous intracellular pathogens, led to
the development of what amounted to a scientific obsession in proving their efficacy in the
treatment of brucellosis [4, 11].

Laboratory and clinical studies regarding using quinolone in the treatment of human brucel-
losis suggest that there is a lack of evidence supporting the use of quinolones in the initial
therapeutic regimen. In vitro studies show that activity of quinolones decreased at pH 5
compared to pH 7 and there is lack of synergistic activity with the older antibiotics against
brucellosis. Trials with ciprofloxacin as a single agent for the treatment of brucellosis have
yielded disappointingly high percentages of treatment failure. However, recent studies with
the combination of ofloxacin and rifampicin have yielded promising results [4, 11, 12].

Newer quinolones have also been interesting candidates. A trial of moxifloxacin monotherapy
is underway in our institution. Their use in various combination regimens is promising and
should be evaluated but will eventually be hampered, as with ofloxacin and ciprofloxacin, by
cost restrictions, in the presence of a significantly more cost-effective combination regimen
such as the one advocated by WHO [1, 11].

2.6. Trimethoprim—-sulfamethoxazole

Trimethoprim—sulfamethoxazole has long been a popular agent in the treatment of brucellosis
and remains the most popular choice for monotherapy trials. It has been extensively studied
in the paediatric population, and its clinical efficacy, when compared to in vitro studies of
Brucellae susceptibility, underlines the inconcordance between in vitro studies and clinical
reality. However, trimethoprim—sulfamethoxazole cannot be viewed at present as more than
a convenient third drug in a complex therapeutic regimen for focal brucellosis [4, 6].

2.7. p-Lactams

[-Lactams are active in vitro, and ampicillin was a popular therapeutic choice in the early
1950s. The in vitro susceptibility, however, does not translate to in vivo efficacy, due to the
specific in vivo environmental conditions [4, 6].

The efficacy of ceftriaxone in the treatment of a variety of infectious diseases led certain
investigators to study its possible use as a monotherapy in the treatment of brucellosis. The
results of some studies indicate failure of ceftriaxone in the treatment of acute brucellosis. There
are reports of excellent in vitro activity of cefotaxime and meropenem for treatment of
brucellosis, but these agents have not been tested clinically [4, 13].
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3. Combined regimens

Treatment of brucellosis is still far from ideal, the major problem being identification of the
most practical and affordable double or triple antimicrobial combination to prevent relapse
which is very common after treatment with single agents [13].

In 1971, the World Health Organization (WHO) suggested a 21-day regimen of tetracycline
plus streptomycin as the treatment of choice for treatment of human brucellosis. Although this
regimen was successful in reducing the early symptoms, it failed to treat the disease com-
pletely, and immediate relapse was seen in some patients. Accordingly, in 1986, the joint Food
and Agriculture Organization of the United Nations (FAO)/WHO Expert Committee on
Brucellosis suggested two new regimens: rifampicin (600 to 900 mg/day orally) plus doxycy-
cline (200 mg/day orally) for 6 weeks and doxycycline (200 mg/day orally) for 45 days plus
streptomycin (1 g/day intramuscularly) for 2 to 3 weeks. However, later studies showed a
treatable but high rate of relapse for the mentioned regimens [3, 5].

The rifampicin plus doxycycline regimen is the most popular treatment for brucellosis and
favourable to the more effective regimen of streptomycin plus doxycycline, possibly due to its
lower price and ease of administration. Streptomycin requires parenteral administration in a
hospital setting or in an appropriately set up primary care network. The plasma levels of
doxycycline in patients treated with rifampin were significantly lower than those in the plasma
of patients treated with doxycycline and streptomycin. Furthermore, bacterial clearance in
patients treated with rifampin was significantly higher than that in patients treated with
doxycycline and streptomycin [4, 5].

According to the suggestions of WHO, only the combination of doxycycline with gentamicin
can be considered an acceptable (albeit not ideal) novel regimen for brucellosis [3]. Giving
doxycycline plus gentamicin to people with brucellosis may reduce the incidence of total
treatment failure compared to administration of doxycycline plus streptomycin. Thus, the
combination of oral doxycycline plus gentamicin appears to be as effective as the traditional
therapy of streptomycin plus doxycycline [2, 5, 14].

A longer duration of gentamicin plus doxycycline or netilmicin plus doxycycline for at least
14 days followed by doxycycline alone for a further 30-60 days is associated with less thera-
peutic failure and a lower relapse rate than a regimen containing aminoglycoside for only 7
days [15].

Significant geographical variations in clinical practice, even among different areas of the same
country, exist, and in general, the treatment regimen of choice reflects the traditional approach
by each institution and the clinical experience of each specialist. The combination of doxycy-
cline for 45 days with gentamicin for the first 5-7 days is gaining acceptance as a first-line
treatment regimen, whereas multiple regimens are also applied in various countries. This is
particularly important in endemic areas, where many patients exhibit a mild form of the
disease and diagnosis and prescription can be readily made at the emergency department.
Thus, the all-oral regimen of doxycycline and rifampicin for a period of 45 days still seems a
reasonable, inexpensive and convenient first-line treatment for most endemic areas [4, 9].
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Alternative treatments for brucellosis include other antibiotics, such as fluoroquinolones and
co-trimoxazole and their combinations with rifampicin. Combinations of streptomycin with
trimethoprim—sulfamethoxazole, or rifampicin with trimethoprim—sulfamethoxazole, are
variably reported in some series [4, 16]. Some studies have suggested that fluoroquinolones in
combination with rifampin or doxycycline can be used for the treatment of acute uncompli-
cated brucellosis as an alternative to the doxycycline plus rifampin combination [12, 13].

The use of ofloxacin plus rifampicin for the treatment of human brucellosis is as effective
as the standard doxycycline plus rifampicin regimen. Although ofloxacin in combination
with rifampicin decreased the duration of the therapy and provided shorter course of fever,
these superiorities are not sufficient for declaring this treatment as treatment of choice. The
cost of ofloxacin plus rifampicin treatment is higher than doxycycline plus rifampicin
treatment [12, 17].

The use of triple antimicrobial therapy is not widely implemented except in selected situations
and in patients with focal disease. However, triple combinations, utilising trimethoprim-
sulfamethoxazole or both streptomycin and rifampicin in addition to a tetracycline, remain
popular in certain endemic regions [3, 14].

Amikacin plus doxycycline and rifampicin regimen for the treatment of human brucellosis
had a higher efficacy and more rapid action in terms of relief of symptoms compared to the
doxycycline in combination with rifampicin regimen, and no significant difference in drug
side effects and disease relapse existed in the patients of either group; adding amikacin to the
doxycycline plus rifampicin standard treatment regimen seems beneficial [18].

Nevertheless, there are still a number of obstacles to overcome, such as the need for parenteral
administration of aminoglycosides, the danger of inducing emergence of resistance to
rifampicin in countries where tuberculosis poses a problem, the treatment compliance in a
disease in which symptoms disappear a few days after initiating treatment, the difficulty of
patient follow-up in underdeveloped rural areas and the relapses, which are observed
approximately in 10 % of the patients [19].

4, Duration of treatment

Various efforts have been made to evaluate the ideal treatment duration for brucellosis; studies
with doxycycline plus an adjunct for a total duration of 30 days have yielded a higher
percentage of relapses, and the addition of gentamicin or newer quinolones, or application of
triple regimens, has not consistently exhibited an advantage or equality in the efficacy of
shorter periods of treatment. In the treatment of brucellosis, the rule is that a longer treatment
duration causes fewer relapses, and many cases with residual complaints after regimen
completion can be effectively treated with a protracted course of doxycycline alone. Many
specialists treat patients for a shorter period, but the lack of data on the geographical distri-
bution of biotypes of Brucella melitensis and the virulence of both B. melitensis and B. abortus
and inadequate data on diagnosis and follow-up preclude any permanent conclusions. A total
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of 45 days of treatment seems to be the golden equilibrium of acceptable success, compliance
and lack of significant side effects [4, 14].

5. Special issues

Treatment protocols for brucellosis may differ in children aged less than 8 years and pregnant
women, because of adverse reactions of some medications, including inhibition of bone growth
due to tetracycline treatment in children and teratogenic potential of some drugs, such as
streptomycin [5].

Patients with localisations such as spondylitis, endocarditis, neurobrucellosis and abscess
formations in body organs may require hospitalisation for possible surgery, and triple
antibiotics (doxycycline, aminoglycoside and rifampicin) should be used for a longer period
of up to 6 months. Urgent valve replacement or drainage of abscesses may also be required
with antibiotics (Table 1) [15, 20, 21].

5.1. Paediatric population

Children often have fewer or milder symptoms than adult patients. Doxycycline and tetracy-
cline are not recommended for children younger than 8 years of age because of irreversible
staining of permanent teeth. Thus, the use of tetracyclines in children is prohibited, and the
suggested combinations for children include rifampicin plus trimethoprim-sulfamethoxazole
or rifampicin plus streptomycin or another aminoglycoside. The preferred treatment regimen
for brucellosis in children is rifampicin plus TMP-SMZ for 6-8 weeks. An alternative regimen
is rifampicin or TMP-SMZ for 8 weeks plus gentamicin 5 mg/kg/day for the first 5 days.
Treatment over prolonged periods (>6 months) with TMP-SMZ has produced favourable
results in some cases [4, 6, 22].

5.2. Pregnancy

Among pregnant women with clinical evidence of brucellosis, high rates of spontaneous
abortion, premature delivery and intrauterine infection with foetal death have been described.
Women who received early diagnosis and adequate treatment had successful maternal and
foetal outcomes. The use of tetracyclines and streptomycin should be avoided for treatment of
human brucellosis during pregnancy. Rifampicin is the mainstay of treatment in pregnancy.
Recent reports suggest that, among antibiotic use permitted during pregnancy, there is no
superior combination with rifampicin in treatment outcome [4, 6]. TMP-SMZ should not be
used in pregnancy, either before 13 weeks because of the risk of teratogenic effects or after 36
weeks because of the risk of kernicterus [6, 23]. Furthermore, some studies indicated that
ceftriaxone/rifampicin treatment can be the most effective treatment for pregnant women with
brucellosis [24].
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5.3. Treatment of focal diseases

Focal disease in brucellosis includes endocarditis, myocarditis, pericarditis, aortic root abscess
and vertebral infection. A prolonged course of 6-52 weeks was traditionally recommended for
focal disease such as endocarditis, spondylitis or neurobrucellosis. The occurrence of focal
disease in brucellosis was reported to be epididymo-orchitis (7.5 %), meningitis (3.6 %),
endocarditis (1.5 %), bone and joint symptoms (55 %) and septic arthritis (5-10 %) [9, 25, 26].

5.3.1. Osteoarticular brucellosis and spondylitis

Osteoarticular complications of brucellosis are the most common and in cases of spondylitis,
often the most troublesome. Whereas sacroiliitis and peripheral arthritis rapidly resolve with
the administration of antibiotic regimens employed in the treatment of uncomplicated
brucellosis, spondylitis often requires protracted antibiotic administration or combined
medical and surgical treatment. Patients with focal spinal disease may have higher rates of
treatment failure if they are treated with doxycycline plus rifampicin for 6 weeks. Thus, such
patients may require a longer course of therapy for more than 5 months [4, 14, 27].

Many patients with spondylitis experience residual complaints and some have been treated
with various regimens for protracted periods, sometimes exceeding 12 months. Limited data
support the inclusion of an aminoglycoside in the treatment regimen of spondylitis patients.
Spondylitis may be the one aspect of brucellosis where quinolones may prove cost-effective;
their ability to penetrate and achieve significant concentrations in bone and soft tissues allows
their use in brucellar spondylitis for maximising response. An initial report of a combination
of doxycycline and ciprofloxacin for a period of 3 months has been encouraging [4, 14, 28].

5.3.2. Brucella endocarditis

Brucella endocarditis is another ominous, but fortunately extremely rare, complication (2-5
%). As a rule, brucellar endocarditis is treated surgically, and the duration of postsurgical
antibiotic treatment ranges 3-15 months, usually utilising at least three of the active com-
pounds against brucellosis [4, 14].

Cases of isolated conservative treatment of brucellar endocarditis exist, and conservative
treatment can be considered an option in the absence of prosthetic valves, the absence of
congestive heart failure and the presence of only mild extravalvular heart involvement and
assuming that antibiotic administration starts immediately after diagnosis [4, 14]. Most
patients with brucellar endocarditis are usually treated with the use of a combination of
tetracycline and doxycycline, rifampin and an aminoglycoside or TMP-SMX for a mean
duration of 3 months. Surgical interventions are more likely to be required for treatment of
patients with heart failure, valvular destruction and abscesses [9, 14].

5.4. Chronic brucellosis

There is no consensus on the definition of chronic brucellosis, and thus, there is no background
for establishing guidelines for treatment. Protracted courses of the usual regimens should be
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advocated, but treatment options are largely subject to specialist preferences and individual-
ised patient parameters. One important aspect of the so-called chronic brucellosis is the
possibility of an underlying immune-mediated mechanism in its pathogenesis: numerous
anecdotal reports of the use of corticosteroids in patients with ‘chronic’ brucellosis exist but
cannot be substantiated. Others suggest that the clinical entity that is characterised as chronic
brucellosis is in fact a result of impaired cellular immunity; thus, the use of interferon has been
advocated, but this approach cannot be substantiated either [4, 6].

Patient group Recommended therapy Alternative therapy

Acute brucellosis (adultsand ~ Doxycycline 100 mg PO twice daily for 45  Rifampicin 600 mg PO daily for 42 days
children "/>8 years old) days plus either streptomycin 15 mg/kg IM  plus quinolone (ofloxacin 400 mg PO
daily for 14-21 days, gentamicin 3-5 mg/kg twice daily or ciprofloxacin 750 mg PO
IV or IM daily for 7-14 days or doxycycline twice daily) for 42 days or doxycycline
100 mg PO twice daily for 45 days plus 100 mg PO twice daily plus TMP-SMZ
rifampicin 600-900 mg PO daily for 45 days one double-strength tablet twice daily
for 2 months or monotherapy with
doxycycline or minocycline PO daily

for 6-8 weeks

Children <8 years old TMP-SMZ 5 mg/kg (of trimethoprim
component) PO twice daily for 45 days plus
gentamicin 5-6 mg/kg IV daily for 7 days or
rifampicin 15 mg/kg PO daily for 45 days
plus gentamicin 5-6 mg/kg IV or IM daily for
7 days

Brucellosis during pregnancy ~ Rifampicin 600-900 mg PO daily for 45 days Rifampicin 600 mg PO daily for 45 days
plus TMP-SMZ one double- strength
tablet twice daily for 45 days

Focal infections (endocarditis, ~ Doxycycline 100 mg PO twice daily and Consider TMP-SMZ, ciprofloxacin 750
spondylitis, meningitis, rifampicin 600 mg PO daily for 6-52 weeks mg PO twice daily or ofloxacin
paraspinous abscesses)® plus either streptomycin 1 g IM daily or 400 mg PO twice daily as a substitute
gentamicin 3-5 mg/kg IV or IM daily for 14— for doxycycline or rifampicin
21 days

IM, intramuscularly; IV intravenously; PO, orally; TMP-SMZ, trimethoprim-sulfamethoxazole

*The choice of regimen/duration should be based on the presence of focal disease and whether there are underlying
conditions that may contraindicate certain antibiotic therapy. Aminoglycoside and quinolone dosage should be adjusted
in patients with poor renal function.

Patients with focal disease, such as spondylitis or endocarditis, may require long courses of therapy depending on the
clinical evolution. Surgery should be considered for patients with endocarditis, cerebral or epidural abscess, spleen or
hepatic abscess or other abscesses that are antibiotic resistant.

Table 1. Recommended treatment for brucellosis according to patient group®
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6. Future targets

6.1. Re-evaluating current alternatives

Because the current officially endorsed regimens are not ideal, other approaches using
currently existing antibiotics should be further validated. Gentamicin has been recently
validated in a large sample with excellent results, yet its parenteral administration does not
service the requested convenience, and the agent should be further evaluated only for seriously
complicated, hospitalisation-requiring cases. On the other hand, co-trimoxazole-containing
regimens can be considered as convenient (all-oral) regimens that may be of significantly lower
cost than traditional combinations in certain developing countries. The emergence of com-
munity-acquired resistance should be studied for rifampicin; its potential overuse/abuse may
reflect on increasing rifampicin resistance in Mycobacterium tuberculosis because both brucel-
losis and tuberculosis can simultaneously be endemic/exist in the same countries in many parts
of the world [4, 7].

6.2. Optimising antibiotic delivery

An interesting new approach, still in preclinical evaluation, is the optimisation of antibiotic
delivery in the macrophages by using antibiotic-containing microparticles. The development
of gentamicin-loaded poly-(D,L-lactide-co-glycolide) (PLGA) microspheres and studies of
their release patterns are promising in this field because optimisation of encapsulation
efficiency and gentamicin loading may lead to prolonged antibiotic release. Gentamicin-
containing PLGA microspheres can be successfully phagocytosed by infected THP-1 human
monocytes, and the antibiotic reaches Brucella-specific compartments and reduces the intra-
cellular Brucella infection [7, 14].

6.3. Novel compounds

Following development, many agents have generated hope as a possible monotherapeutic
treatment of human brucellosis with most of these hopes proving to be futile in clinical practice.
Most of these new agents are costly, intravenously administered antibiotics that would be
neither practical nor cost-effective for the disease. There is one new agent that is unique enough
to generate theoretical interest of its possible future role in brucellosis treatment. Tigecycline
is anovel glycylcycline antibiotic, a 9-t-butylglycylamido minocycline, which inhibits bacterial
protein synthesis with 3- and 20-fold greater potency than that of minocycline and tetracycline,
respectively, partly attributed to its binding to additional ribosomal subunit targets. Tetracy-
clines are the mainstay of most antibiotic regimens for brucellosis, and replacing doxycycline
with a more potent analogue might not only increase efficacy but might offer further advan-
tages by possibly reducing treatment duration [7, 14].

7. Conclusion

Brucellosis, the most common bacterial zoonosis in the world, is still endemic in many
developing countries. The optimal duration of antibiotic treatment in patients with brucellosis
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is unclear, even for the most common clinical presentation of acute, uncomplicated brucellosis
without focal disease [4, 6].

Most cases with uncomplicated brucellosis in adults can be readily treated with the combina-
tion of doxycycline and rifampicin (in a dose adjusted to body weight) for 45 days. The use of
doxycycline for 45 days in combination with streptomycin for 14 days (or gentamicin for 5-7
days) is a reasonable alternative approach. For patients with treatment failure or repeated
relapses, an array of second-line agents, such as quinolones, or trimethoprim-sulfamethoxa-
zole can be utilised [4, 14].

For patients with complicated disease, therapeutic intervention demands a careful evaluation
of the patient and a thorough therapeutic plan. Patients with spondylitis should possibly
receive a quinolone in the initial regimen, for a protracted period [4, 14].

Attempts at monotherapy should be reserved for therapeutic trials or cases where traditional
therapeutic regimens have failed. Chronic brucellosis should be ideally classified as a clinical
entity and treated for a protracted period with one of the accepted regimens [4, 6].
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Abstract

Unresolved issues remain surrounding the treatment of human brucellosis. The
present work aims to provide useful information to help clinicians make decisions
when treating brucellosis patients. Information based on scientific evidence from clin-
ical trials published over the past 30 years has been compiled and presented in an up-
dated form, covering both focal and non-focal, or uncomplicated, human brucellosis.
This chapter shows that, despite the studies published in recent years, areas such as
the role of monotherapy or treatment in cases of focal disease, have not been ade-
quately addressed in clinical trials, and demonstrates the need for further research.

Keywords: Human brucellosis, antimicrobial therapy, clinical trials, review

1. Introduction

Infection caused by Brucella spp. affects humans and different animal species. The infection of
animals is particularly significant in rural areas of developing countries because in addition
to the implications for human health, there are also serious economic implications [1]. Human
brucellosis remains a major human health problem in countries of the Middle East, North
Africa, and the Balkan Peninsula [2, 3]. Many of these countries lack adequate health care
coverage that can ensure a correct management of all detected cases.

Furthermore, the treatment of human brucellosis continues to present complications such as
the need for parenteral administration of aminoglycosides, the risk of inducing rifampicin
resistance in countries where tuberculosis poses a problem, and treatment compliance in a
disease in which symptoms disappear a few days after initiating therapy. Additionally, patient
follow-up in underdeveloped rural areas is difficult and approximately 10% of patients relapse
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[4]. Moreover, there is insufficient scientific evidence on the management of special patient
groups such as pregnant women or patients with focal infection.

In order to properly understand the current state of knowledge on antimicrobial treatment for
human brucellosis, it is important to be familiar with the clinical trials conducted on the
treatment of this infection, including those dealing with special populations (children,
pregnant women) or with focal complications (spondylitis, endocarditis, or neurobrucellosis).

In the last four years, several systematic reviews [4-6] and some new clinical trials [7-9] have
been published. Most of these studies have focused on patients with uncomplicated human
brucellosis. The present work aims to provide useful information extracted from published
clinical trials on human brucellosis in the past 30 years, such as establishing the most effective
evidence-based treatment regimens and identifying those treatment issues that remain unclear
or insufficiently addressed. This is an important step toward achieving the goal of aiding
clinicians in decision-making processes when treating brucellosis patients.

2. Which treatment regimens were most widely tested in clinical trials?

A search for clinical trials in patients with acute brucellosis published in the last 30 years was
conducted in MEDLINE, using the terms "Brucella (or human brucellosis) and therapy (or
treatment) and clinical trial." A total of 33 comparative clinical trials were found. The search
was completed by the literature cited in these clinical studies.

Interest in this topic is also reflected by the fact that in the last 20 years, there have been at least
five systematic reviews on the treatment of uncomplicated human brucellosis [4-6, 10, 11].
These reviews help us to summarize the evidence available to date. Table 1 shows the
comparative clinical trials conducted on patients with uncomplicated brucellosis. [COMP:
insert Table 1]

Author [Ref]  Year Country Therapeutic regimen and duration (days) Follow-up Type of
duration study
(months)

Ariza [12] 1985  Spain TETR 6 DX (30) + STP (21) vs DX (30) + RF (30) 6-24 R

Ariza [34] 1985  Spain TETR (21) + STP (14) vs TMP/SMX (45) 6-36 R

Colmenero [13] 1989  Spain DX (30) + STP (21) vs DX (45) + RF (45) 6 R

Acocella [14] 1989  Multinational TETR (21) + STP (14) vs DX (45) + STP (14) vs 12 R

DX (45) + RF (45)

Lang [15] 1990  Israel CPX (42) vs DX (42) + RF (42) 12 R

Solera [16] 1991  Spain DX (45) + STP (14) vs DX (45) + RF (45) 12 R

Lang [31] 1992 Israel Ceftriaxone (214) vs DX (28) + STP (14) 6 R

Ariza [17] 1992 Spain DX (45) + STP (15) vs DX (45) + RF (45) 15.7 R, DB
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Author [Ref]  Year Country Therapeutic regimen and duration (days) Follow-up Type of
duration study
(months)
Montejo [18] 1993 Spain DX (42) + STP (14) vs DX (42) + STP (21) vs DX 12 R
(28) + RF (28) vs DX (42) + RF (42) vs DX (42) vs
TMP/SMX (180)
Akova [19] 1993  Turkey DX (42) + RF (42) vs OFX (42) + RF (42) 14.6 R
Colmenero [20] 1994  Spain DX (42) + STP (21) vs DX (42) + RF (42) 6 R
Solera [21] 1995  Spain DX (45) + STP (14) vs DX (45) + RF (45) 12 R
Kalo [22] 1996  Albania DX (42) + RF (42) vs DX (42) + CPX (42) 6 R
Solera [42] 1997  Spain DX (30) + G (7) vs DX (45) + G (7) 12 NR
Agalar [23] 1999  Turkey DX (45) + RF (45) vs CPX (30) + RF (30) 12 R
Saltoglu [24] 2002  Turkey DX (45) + RF(45) vs OFX (45) + RF (45) 6 R
Karabay [25] 2004  Turkey DX (45) + RF (45) vs OFX (30) + RF (30) ~5 R
Hasanjani 2004 Iran TMP/SMX (60) + RF (60) vs DX (60) + TMP/SMX 12 R
Roushan [43] (60)
Solera [44] 2004  Spain DX (30) + G (7) vs DX (45) + G (7) 8.7 R, DB
Ersoy [26] 2005  Turkey DX (42) + STP (21) vs DX (42) + RF (42) vs OFX 6-18 R
(42) + RF (42)
Hasanjani 2006  Iran DX (45) + STP (14) vs DX (45) + G (7) 12 R
Roushan [32]
Ranjbar [27] 2007  Iran DX (56-84) + RF (56-84) + AMK (7) vs DX (56) + 6 R
RF (56)
Alavi [28] 2007  Iran DX (56) + RF (56) vs DX (56) + TMP/SMX (56) 6
Keramat [29] 2009  Iran DX (56-84) + RF (56-84) vs DX (56-84) + CPX 6
(56-84) vs CPX (56-84) + RF (56-84)
Hasanjani 2010  Iran DX (45) + STP (14) vs DX (56) + G (5) 12 R
Roushan [33]
Mile [7] 2012  Macedonia DX (45) + RF (45) vs DX (45) + RF (45) + G (7-10) 26 NR
Hashemi [30] 2012  Iran OFX (42) + RF (42) vs DX (42) + STP (21) vs DX 6 R
(42) + RF (42)
Sofian [9] 2014  Iran DX (42) + RF (42) + STP (7) vs DX (56) +RF (56) +24 R

STP (7)

Abbreviations: DX = doxycycline; RF = rifampicin; TETR = tetracycline; STP = streptomycin; TMP/SMX = cotrimoxazole;
CPX = ciprofloxacin; OFX = ofloxacin; G = gentamicin; AMK = amikacin; R = randomized; NR = non-randomized; DB =

double-blind.

Table 1. Comparative clinical trials in uncomplicated human brucellosis
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The therapeutic regimens most tested were those including two drugs. In uncomplicated
human brucellosis, the combination most often used in two-drug trials was that of doxycycline
and rifampicin, included in 20 clinical trials [7, 12-30], followed by the regimen including
doxycycline and streptomycin, in 13 clinical trials [12-14, 16-18, 20, 21, 26, 30-33]. In 12 of these
13 trials, the combination of doxycycline and streptomycin was compared to the combination
of doxycycline and rifampicin. In another nine clinical trials, an antimicrobial regimen
including quinolones was tested [15, 19, 22-26, 29, 30]. In one of them, quinolone was evaluated
as monotherapy [15] and in the other eight, quinolone in combination with another antimi-
crobial agent, usually rifampicin. In all cases in which quinolones were used, they were
compared with doxycycline and rifampicin.

There were only three trials including triple-drug therapy [7, 9, 27], which in all cases consisted
of a combination of doxycycline, rifampicin, and an aminoglycoside. In two of these studies,
triple-drug therapy was compared with doxycycline and rifampicin. In the remaining study,
two different durations of the same triple-drug therapy were compared.

Four studies included trials with only a single antimicrobial agent. One trial was performed
using ceftriaxone [31] and another one using ciprofloxacin [15]. In another two, the antimi-
crobial agent evaluated was cotrimoxazole [18, 34]. Only one clinical trial utilizing monother-
apy with doxycycline has been conducted over the last 30 years [18]. The last study involving
monotherapy was published by Montejo et al. in 1993 [18]. Since then, there have been no
clinical trials conducted on human brucellosis assessing treatment with single antimicrobial
agents.

3. Which therapeutic regimens based on a combination of two
antimicrobial agents produced the highest cure rates?

The percentage of relapses and treatment failures obtained in clinical trials assessing the most
commonly used regimens, are shown in Table 2. The data in Table 2 support the conclusion
that the combination of doxycycline and streptomycin produces the highest cure rates and
therefore the lowest rates of treatment failures and relapses. [COMP: insert Table 2]

Reference N Relapses Therapeutic Comments

failures

DOXYCYCLINE + STREPTOMYCIN

12 28 2 0 Some patients were treated with tetracycline. Treatment
duration was 30 days for doxycycline and 21 days for

streptomycin.

14 53 0 2

13 59 3 2 Treatment duration was 30 days for doxycycline and 21

days for streptomycin.
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Reference N Relapses Therapeutic Comments
failures
16 38 2 1
31 10 0 0 Treatment duration was 28 days for doxycycline and 14
days for streptomycin..
17 51 3 2
18 84 4 0 40 patients with 14 days of streptomycin and another 44
patients with 21 days of streptomycin were included.
20 10 0 0
21 94 5 2
26 32 3 1 Treatment with streptomycin was maintained for 21 days.
32 94 3 4
33 82 5 4
30 65 3 3 Treatment with streptomycin was maintained for 21 days.
Total 839 37 (4.4%) 26 (3.1%)
DOXYCYCLINE + RIFAMPICIN
12 18 7 0 The treatment duration was 30 days.
13 52 7 0
14 63 3 0
15 4 0 0
16 38 9 3
17 44 6 2
18 11 19 2 65 of these patients received treatment for 4 weeks and the
remaining patients for 6 weeks.
19 30 1 0
20 10 1 1
21 100 16 8
22 12 1 0
23 20 2 0
24 30 2 NR
25 14 2 0
26 45 6 1
27 110 9 13 Treatment was maintained for 8 weeks.
28 51 6 5 Treatment was maintained for 8 weeks.
29 61 2 2
7 94 13 5
30 62 9 10
Total 969 121 (21.8%) 52 (5.4%)
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Reference N Relapses Therapeutic Comments

failures

QUINOLONE + RIFAMPICIN OR DOXYCYCLINE

19 31 1 1 Quinolone + rifampicin

22 12 1 0 Quinolone + doxycycline

23 20 3 0 Quinolone + rifampicin. Treatment duration was 30 days.
24 27 2 NR Quinolone + rifampicin

25 15 2 0 Quinolone + rifampicin. Treatment duration was 30 days.
26 41 5 1 Quinolone + rifampicin

29 117 10 10 In 55 patients, ciprofloxacin plus doxycycline regimen was

used. In another 62 patients, ciprofloxacin plus rifampicin
regimen was used. The treatment duration ranged from 56

to 84 days.

30 64 5 4 Quinolone + rifampicin

Total 327 29 (8.9%) 16 (4.9%)

Table 2. Relapses and treatment failures in different therapeutic regimens used in clinical trials

4. Is triple-drug antimicrobial therapy better than the combination of two
antimicrobial agents for the treatment of uncomplicated brucellosis?

Only three clinical trials using a triple-drug antimicrobial therapy for the treatment of
uncomplicated human brucellosis have been published (Table 3). All these trials used a
combination of doxycycline, rifampicin, and an aminoglycoside during the initial days of
treatment. [COMP: insert Table 3]

The first of these trials was published by Ranjbar et al. in 2007 [27]. In this trial, a treatment
regimen with doxycycline and rifampicin was used for a period ranging from 8 to 12 weeks,
with amikacin for the first seven days. This regimen was compared to a combination of
doxycycline and rifampicin, also lasting for 8-12 weeks. The authors suggested that triple-drug
therapy was beneficial with respect to the dual-drug therapy, based on greater efficiency in
terms of relief of symptoms, with borderline significance (p = 0.04; 95% Confidence Interval =
0.008 to 0.15). In terms of relapse, no significant differences between the two treatment groups
(p =0.4) were obtained.

The second trial was conducted by Mile et al. [7]. It was a non-randomized study comparing
the efficacy and tolerance of a doxycycline-rifampicin regimen administered for 45 days (94
patients), versus doxycycline-rifampicin regimen given for 45 days plus gentamicin for the
first 7-10 days (87 patients). The doxycycline-rifampicin-gentamicin regimen demonstrated a
significantly lower relapse rate in comparison to the doxycycline-rifampicin combination (p =
0.034). Interestingly, in this second study, treatment failure rates were similar in both groups
and no significant differences were found in overall cure rate (p = 0.097).



Treatment of Human Brucellosis — Review of Evidence from Clinical Trials
http://dx.doi.org/10.5772/61223

Reference N Relapses  Treatment failures Comments
DOXYCYCLINE + RIFAMPICIN + AMINOGLYCOSIDE
27 110 6 4 The duration of treatment ranged from 8 to 12 weeks. The

aminoglycoside amikacin was used for 7 days.

7 87 4 5 The treatment duration was 45 days. The aminoglycoside

gentamicin was used for the first 7-10 days.

9 72 10 0 The treatment duration was 6 weeks. The aminoglycoside

streptomycin was used for the first 7 days.

9 72 7 0 The treatment duration was 8 weeks. The aminoglycoside

streptomycin was used for the first 7 days.

Total 341 27(7.9%) 9 (2.6%)

Table 3. Relapses and treatment failures with triple-drug therapy in clinical trials on human brucellosis

The third study was published in 2014 by Sofian et al. [9]. It was a randomized, controlled trial
to compare the triple-drug regimen of doxycycline and rifampicin for six weeks plus strepto-
mycin for the first seven days, versus doxycycline and rifampicin for eight weeks plus
streptomycin for seven days. This trial found no significant difference between six weeks and
eight weeks of treatment (p = 0.42).

On the basis of these trials, it cannot be concluded that treatment with three drugs is currently
a better therapeutic regimen than treatment with two drugs. There are several arguments to
support this conclusion. Firstly, only two of these trials compared triple-drug therapy with
dual-drug therapy, and the results between these two trials were contradictory. Whereas in
the first trial, triple-drug therapy was better in terms of relief of symptoms but not in terms of
relapse rates, in the second trial, the contrary occurs, with triple-drug therapy more effective
in preventing relapses but not in short-term treatment success. Moreover, failure and relapse
rates obtained in these trials with triple-drug therapy were no lower than those obtained in
other dual-drug therapy trials using doxycycline and streptomycin (Tables 2 and 3). Further-
more, triple-drug therapy renders treatment more complicated, with increased costs. In
addition, the effects resulting from the difficulty of administering this treatment in developing
countries should also be considered [4]. Therefore, until more data are available, we cannot
conclude that triple-drug therapy is better than two-drug treatment.

5. Is monotherapy a valid alternative?

Human brucellosis is a disease with low mortality rates and good response to different
therapeutic regimens. Most cases occur in developing countries with limited resources. This
fact has led some authors to consider the use of more simple and inexpensive therapeutic
regimens based on monotherapy.

Only four of the studies included in Table 1 tested therapeutic regimens based on monotherapy
in uncomplicated adult human brucellosis. Monotherapy with cotrimoxazole for 45 days was
evaluated by Ariza et al., and they obtained a high relapse rate (46.6%) [34]. Montejo et al. were
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able to reduce the recurrence rate with cotrimoxazole to 3.1%, but at the cost of prolonging the
treatment for 6 months [18], which also increases the probability of side effects or of the
patient’s abandonment of treatment.

Lang et al. performed two monotherapy trials with a small number of patients. In the first of
these trials, six patients treated with a six-week regimen of oral ciprofloxacin were included
[15]. Of these patients, five relapsed. In the second clinical trial, eight patients were treated
with intramuscular ceftriaxone for at least two weeks [31]. Only two patients in this group
responded to treatment.

However, unlike in the previously described trials, in the study conducted by Montejo et al.
[18], the results obtained with doxycycline monotherapy were better, showing a relapse rate
of 14.1%, which was only slightly higher than that obtained in the same study with the
combination of doxycycline and rifampicin for 45 days (11%). These results were also better
than those obtained with rifampicin and doxycycline for 30 days (21.5% relapse rate). Doxy-
cycline monotherapy appears to yield similar outcomes to those obtained by some of the trials
using both doxycycline and rifampicin that are reflected in Table 2.

Therefore, it has been postulated that monotherapy with doxycycline can be a cost-effective
treatment in patients without focal disease and with low risk of relapse. Solera et al. [35]
identified as predictors of relapse a baseline temperature more than 38.3°C, duration of
symptoms to be less than 10 days before starting the treatment, and baseline positive blood
cultures. In patients with none or one of these factors, the risk of recurrence is low, and
doxycycline monotherapy might be an appropriate treatment. Further clinical trials are needed
to confirm this hypothesis.

6. Which treatment regimens were used in clinical trials on brucellosis in
children?

There were three trials conducted in children with brucellosis. Firstly, the trial by Lubani et al.
[36] was performed using a variety of therapeutic regimens. Excluding cotrimoxazole mono-
therapy, which showed a high rate of relapse (30%), the rest of the treatment regimens in the
study (including monotherapy regimens) demonstrated good results with low relapse and
treatment failure rates. The authors of this trial recommend cotrimoxazole and gentamicin-
containing regimens for patients aged 8 years or younger, for whom tetracyclines are contra-
indicated.

Khuri-Bulos et al. [37] conducted a study in which 113 children were treated with a six-week
combination of trimethoprim-sulfamethoxazole (10 to 12 mg/kg trimethoprim, 50 to 60 mg/kg
sulfamethoxazole) and rifampicin (15 to 20 mg/kg in two divided doses). The treatment was
well-tolerated, and only four children relapsed during the six-month follow-up.

Hasanjani Roushan et al. [38] published a study on two different durations for a regimen
including cotrimoxazole and rifampicin (42 versus 56 days of treatment). After a year of follow-
up, the authors observed a similar cure rate in the two treatment groups (89.1% and 95.5% cure
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rate for 42 and 56 days, respectively; p = 0.204). The authors reached the conclusion that a six-
week treatment duration was sufficient to treat brucellosis.

Considering these data, it can be stated that childhood brucellosis responds to treatment
regimens that include cotrimoxazole, gentamicin, and rifampicin, with a low failure rate and
relapse. Although recommended regimens are those including cotrimoxazole or rifampicin
for 45 days plus gentamicin in the first seven days [1], clinical trials also showed a good
treatment response rate to cotrimoxazole plus rifampicin for six weeks.

7. Which treatment regimens were used in clinical trials for the treatment
of brucella spondylitis?

There were two clinical trials on patients with brucellar spondylitis. The first was performed
by Bayindir et al. [39]. In this study, 102 patients suffering from a lumbar brucellar spondylitis
were randomized to receive five different regimens of antibiotic therapy: streptomycin (15
days) plus tetracycline (45 days), doxycycline (45 days) plus streptomycin (15 days), doxycy-
cline plus rifampicin (45 days), ofloxacin plus rifampicin (45 days), and finally doxycycline
plus rifampicin (45 days) plus streptomycin (15 days). The only group in which there were no
relapses or treatment failures was the one that received triple-drug therapy with doxycycline,
rifampicin, and streptomycin. Thus, this treatment was recommended by the study authors
according to their results.

The other trial, conducted by Alp et al. [40], included 31 patients with spinal brucellosis who
were consecutively assigned to one of two treatment regimens tested. These treatments were
either a combination of doxycycline and streptomycin, or a combination of ciprofloxacin with
rifampicin. Treatment was continued for an average of 12 weeks. The authors concluded that
the success rate with each combination was the same, but based on the lower cost of treatment,
the authors recommended the combination of streptomycin and doxycycline.

According to these two trials, it may be concluded that triple-drug therapy successfully treats
brucellar spondylitis with a short course of just 45 days of antibiotics versus dual-drug therapy.
However, despite the greater methodological difficulties of the second trial described here,
therapy with doxycycline and streptomycin could be an alternative if treatment time is
prolonged.

8. Which treatment regimens were used in clinical trials on brucellosis in
pregnancy?

No clinical trials on the treatment of brucellosis during pregnancy were found. Therefore, the
therapy in this group of patients is mainly based on expert recommendations and observatio-
nal studies. Tetracycline and streptomycin should be avoided during pregnancy. The regimen
of choice includes rifampicin 900 mg daily for six weeks. Trimethoprim-sulfamethoxazole
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could be combined with rifampicin, but should not be used before 13 weeks of pregnancy
because of teratogenic risk nor after 36 weeks due to risk of kernicterus [1, 3].

9. Which treatment regimens were used in clinical trials for the treatment
of Brucella endocarditis?

Likewise, no clinical studies were found on patients suffering from Brucella endocarditis and,
as with brucellosis during pregnancy, the therapy in this group of patients is mainly based on
expert recommendations and observational studies. Antibiotics used in these cases include
doxycycline, rifampicin, and aminoglycosides in triple-drug therapy and sometimes cotri-
moxazole [1, 3]. Brucella endocarditis requires prolonged treatment for 2 to 10 months and
must be maintained on the basis of clinical, laboratory, and echocardiographic data. In cases
of persistent infection, prosthetic valve infection, heart failure, abscesses or periannular
extension of infection, surgery is indicated [3].

10. Which treatment regimens were used in clinical trials for the treatment
of neurobrucellosis?

Involvement of the nervous system in Brucella infection may have different manifestations
such as meningoencephalitis, myelitis, radiculitis, peripheral neuropathies, subarachnoid
hemorrhage, or psychiatric manifestations [41]. There is no consensus on antibiotic therapy
for neurobrucellosis. No clinical trials on patients suffering from neurobrucellosis have been
found. Dual- or triple-combination therapy with doxycycline, rifampicin, trimethoprim-
sulfamethoxazole, and aminoglycosides has been recommended [3, 41]. Neurobrucellosis may
require prolonged courses of treatment over several months.

11. What systematic reviews have been conducted on the treatment of
human brucellosis?

Until now, five systematic reviews on the treatment of human brucellosis have been conducted
[4-6, 10, 11] (Table 4). The first was published in 1997 and was performed with the aim of
comparing a doxycycline plus streptomycin regimen with a doxycycline plus rifampicin
regimen [10]. The authors concluded that the doxycycline-rifampicin treatment presented a
greater number of relapses and a lower number of cures than streptomycin-doxycycline
treatment.

The next published systematic review was performed by Skalski et al. [11], which recom-
mended triple-drug therapy as one of the most appropriate regimens. However, as indicated
by Yousefi-Nooraie et al. [5], the review had some methodological limitations, such as
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combining trials based on different drug classes (e.g., comparing quinolone with non-
quinolone-based regimens) or comparing studies on brucellar spondylitis with studies on non-
complicated brucellosis, despite differences in the treatment duration of these studies.

Since then, three other systematic reviews have been published [4-6]. Despite some differences
in the methodology used among the three, the conclusion they all reached was that the
combination of doxycycline-aminoglycoside [especially doxycycline (six weeks) plus strepto-
mycin (two or three weeks)] in uncomplicated adult brucellosis was more effective than a
doxycycline plus rifampicin (six-week) regimen.

Author [Ref] Year Conclusions

Solera [10] 1994 “In human brucellosis, treatment with rifampicin and doxycycline
presents a greater number of recurrences and a lower number of cures

than the classical treatment with streptomycin and tetracycline drugs.”

Skalsky [11] 2008 “There are significant differences in effectiveness between currently
recommended treatment regimens for brucellosis. The preferred
treatment should be with dual or triple regimens including an

aminoglycoside.”

Solis Garcia del Pozo [4] 2012 “Although the preferred treatment in uncomplicated human brucellosis
is a doxycycline-aminoglycoside combination, other treatments based on
oral regimens or monotherapy should not be rejected until they are
better studied. Triple therapy should not be considered the current

treatment of choice.”

Yousefi-Nooraie [5] 2012 “A doxycycline (six weeks) plus streptomycin (two or three weeks)
regimen is more effective than a doxycycline plus rifampicin (six weeks)
regimen. Quinolone plus rifampicin (six weeks) is slightly better
tolerated than doxycycline plus rifampicin, and low quality evidence did

not show any difference in overall effectiveness.”

Alavi [6] 2013 “In uncomplicated brucellosis in adult patients, a doxycycline-
aminoglycoside combination is the first choice, with doxycycline-
rifampin and doxycycline-cotrimoxazole as alternative regimens. The
other oral regimens including quinolones may be considered as
alternatives. Cotrimoxazole plus rifampin for six weeks may be the
regimen of choice for the treatment of patients younger than 8 years old.
Gentamicin for 5 days plus cotrimoxazole for six weeks may be a

suitable alternative regimen.”

Table 4. Main conclusions of the systematic reviews published on treatment of human brucellosis

12. Conclusions

Over the past few years, several trials and systematic reviews on the treatment of human
brucellosis have been published. However, unresolved issues remain surrounding the
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treatment of this disease that may be important for patient management, such as the role of
monotherapy in low risk patients, or treatment for special groups such as those with focal
disease. These unresolved issues have not been adequately addressed in clinical trials. Further
research on the treatment of this zoonosis is necessary to provide the clinician with the best
scientific evidence upon which to base clinical decisions.
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Abstract

The World Health Organization classifies brucellosis as one of the seven neglected en-
demic zoonosis which contribute to the perpetuation of poverty in developing coun-
tries. Although most of the developed countries are free from this important zoonosis,
brucellosis has still a widespread distribution in the Mediterranean region, the Middle
East, Central Asia, and parts of Latin America, making it a global problem. Nearly
half a million of new cases of human brucellosis are reported each year around the
world, in which animals (or products of animal origin) are the most likely source of
infection. Brucella melitensis, the main etiologic agent of small ruminant brucellosis, is
the most prevalent specie involved in cases of human disease in most parts of the
world. Additionally, Brucella abortus (main responsible of bovine brucellosis) and Bru-
cella suis (the most common etiological agent of porcine brucellosis) are often associat-
ed with human brucellosis. In animal production, brucellosis has a strong economic
impact due not only to its direct consequences (e.g., reproductive failures) but also to
indirect loses (e.g., trade restrictions). The problem of brucellosis could be considered
a clear example of the need for a “One World, One Health” strategy, given that the
only approach to achieve its control and subsequent eradication is the cooperation be-
tween public and animal health authorities. The prevention of human brucellosis can-
not be achieved without the control of the disease in the animals, as exemplified by
the impact that the early measures adopted in the beginning of the 20th century for-
bidding the consumption of goat milk had on the prevalence of the disease in the Brit-
ish soldiers in Malta. When the prevalence of the disease in the animal population is
high or when eradication cannot be achieved due to other factors (e.g., lack of eco-
nomic resources), its control in livestock must be the first objective. When deciding
the optimal approach to tackle the disease, the prevalence of animal brucellosis is not
the only parameter to consider by the decision makers since other epidemiological
and economic aspects should be considered in order to implement the most adequate
control strategy in each region. Cooperation between all stakeholders involved is a
cornerstone in the success of any control strategy. Strict biosafety and management
measures, vaccination, and test-and-slaughter strategy are recognized as the most ef-
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fective strategies to control this pathology in livestock. The adequate combination of
these measures depends on several factors that will determine the success of the erad-
ication efforts. The present chapter will review the abovementioned measures for the
control and eradication of brucellosis in livestock, focusing on the advantages and
drawbacks of the diagnosis tools and immunization strategies currently available and
evaluating new approaches based on the advance on the knowledge of different as-
pects of this disease and its etiological agents.

1. Introduction

Animal brucellosis is one of the most important challenges faced by animal health authorities
and producers worldwide due to the large number of host species that can be affected,
limitations of the currently available diagnostic and prophylactic tools, and complex epidemi-
ology. Yet, control and eventual eradication of animal brucellosis is the only way to ultimately
win the battle against human brucellosis. Although the present chapter is focused on the
current approaches for the control of B. melitensis in small ruminants (small ruminant brucel-
losis, SRB), B. abortus in cattle (bovine brucellosis, BB), and B. suis (biovars 1, 2, and 3) in swine
(porcine brucellosis, PB), the complex and dynamic nature of the epidemiology of animal
brucellosis must be borne in mind when analyzing a given epidemiological setting since
sometimes certain Brucella species can be found in host species other than their preferred ones
(for example, B. abortus may be the etiological agent of brucellosis in sheep [1, 2]). A perfect
example of this complex situation is shown by the increasing importance of B. melitensis in
cattle in some Mediterranean countries, e.g., Saudi Arabia, Egypt, and Kuwait [3-5].

The need for a control of animal brucellosis has been a major concern since the first report
describing the implication of animals in the epidemiology of the disease in 1905 [6]. Although
brucellosis had been known for centuries as a chronic recurrent febrile disease mostly present
in the Mediterranean region, it was not until the end of the 19th century when it was recognized
as a dramatic disease wreaking havoc among the British army stationed in Malta. In 1887, Sir
David Bruce (a British surgeon whose surname would later give name to the genus) isolated
the etiological agent (firstly named as Micrococcus melitensis) of the infectious disease that was
affecting an increasing number of soldiers in the island [7]. In 1904, the great concern raised
by the impact of brucellosis in Malta contributed to the constitution of the “Mediterranean
Fever Commission (MFC),” with Sir Bruce as the president of the organization. One of the
main aims of the commission was to identify the sources of infection of the disease, an objective
that was finally achieved by serendipity [8]: Sir Themistocles Zammit, a Maltese doctor
member of MFC, included goats for experiments due to the temporary shortage of monkeys,
traditionally used for in vivo studies. Surprisingly, agglutinins and bacteria were detected in
the blood and milk of infected goats, thus suggesting these small ruminants were susceptible
to the disease and a potential source of infection [6]. The ban on the consumption of Maltese
goat milk among British soldiers was the first step for the control of this dramatic zoonosis in
the island [9], one of the first preventive measures to control the transmission of Brucella from
animals to humans.
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Brucellosis can be considered a paradigm of the need for a “One World, One Health” strategy
given that the only approach to achieve the control and subsequent eradication of this zoonotic
disease is the cooperation between the industry, producers, and public and animal health
authorities [10]. Human-to-human transmission, although possible and occasionally reported
due to transplantation, sexual contact, and lactation [11-14], has an insignificant impact on the
epidemiology of the disease since humans are traditionally considered dead-end hosts [15].
The major sources of infection for human are therefore infected animals, not only due to direct
contact but also - and most importantly - through the consumption of raw dairy products [3].
Traditionally, the main etiological agent of human brucellosis is B. melitensis, although a
relevant role of B. abortus and B. suis (mainly biovars 1 and 3) has also been described. Although
approximately 500,000 new human cases of brucellosis are reported every year around the
world [16, 17], underdiagnosis/underreporting of human brucellosis is a major issue in many
regions [18, 19]. The control of the disease in humans is impaired by the lack of available
vaccines [20], thus leaving the control of animal brucellosis as the most effective strategy to
prevent human infection [19, 21, 22]. In fact, surveillance systems for human brucellosis can
act as sentinel tools of the situation of the disease in animals since the occurrence of human
cases can be one of the first indicators of the presence of disease in the animal population [23],
and likewise, a decreasing trend in the number of human cases may suggest that brucellosis
control campaigns are effective [24, 25].

However, and despite its crucial importance from the public health perspective, the justifica-
tion for the control of animal brucellosis rests not only on its zoonotic nature but also in the
severe losses that its presence entails. Economic costs derived from the presence of Brucella
infection in animals are derived from the direct consequences of the disease (abortion,
infertility, reduction of milk production, orchitis, epididymitis, etc.) and the indirect losses
(replacement of reactors, costs associated to control/eradications programs, movement
restrictions, trade limitations, etc. [23, 26]). In addition, brucellosis has been recognized as a
neglected zoonotic disease that contributes to the perpetuation of the poverty in endemic
regions of low-income countries, compromising their economic development [27, 28]. More-
over, costs due to human brucellosis, as the investments on treatments, prevention of the
disease, and loss of productivity are other overheads attributable to animal brucellosis.

2. Control and eradication strategies for animal brucellosis

Despite the huge efforts invested on the control of animal brucellosis, results have not always
matched the expectations, particularly in the case of ovine and caprine brucellosis, in which
control has proven to be more challenging than that of bovine brucellosis due to B. abortus.
This situation may be the consequence of the combined effect of several factors, including those
inherent to the disease regardless of the etiological agent/infected host [existence of a pro-
longed latent period often associated with lack of serological responses [29] and limited
sensitivity of some diagnostic tests in certain epidemiological situations [30, 31] and also other
factors associated with the etiological agent (environmental resistance of B. melitensis and B.
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abortus [32]) and the host (traditional farming practices as communal pastures and transhu-
mance practices, typical of small ruminants [33, 34]).

Still, three major strategies have been demonstrated as effective tools to control brucellosis in
domestic animals when used in combination:

1.  Strict biosecurity at the farm level
2. Test and slaughter programs
3. Immunization of the susceptible population

The sole implementation of one of these measures is however much less effective since optimal
results are obtained when at least two of them are applied jointly. Still, the best strategy will
depend on the epidemiological situation in a given setting, the availability of resources, etc.
[26]. Moreover, in addition to these “classical” strategies, other complementary tools should
be considered to ensure the success of the program (animal identification, animal movement
control, economic compensations, etc.) [33].

The present chapter will review the tools currently available to achieve the control and
eradication of brucellosis in livestock (bovine, porcine, and small ruminant brucellosis),
focusing on the advantages and drawbacks of the diagnostic tools and the immunization
strategies the two main pillars in which control programs are based. New approaches based
on the advance in the knowledge of different aspects of the disease and of their etiological
agents will also be reviewed. Finally, the factors that should be considered when selecting the
most suitable strategy for control of small ruminant, bovine, and porcine brucellosis and that
often determine the success of the control/eradication efforts will be discussed.

2.1. Management and biosecurity

Management and hygienic measures against Brucella infection must be focused in diminishing
the possibility of contact with viable Brucella, including both infected animals and contami-
nated environments.

The most frequent routes of entry of Brucella in a free farm are the following;:

* Purchase of infected animals that can shed the bacteria to the environment, therefore
exposing susceptible individuals. In ruminants, up to 10'°-10'® CFU/g of tissue and mem-
branes of aborted fetus can be excreted during the clinical phase of the disease [35]. In swine,
infected boar may excrete 10*-10° CFU/ml of semen, thus turning venereal transmission one
of the most important routes of infection for B. suis, particularly in brucellosis-free settings
in which artificial insemination can constitute an important risk factor [32].

* Contact with infected material, pastures, etc., due to the high environmental resistance of
Brucella spp., which leads to its persistence outside the host for long periods, allowing a
variety of transmission routes of Brucella (conjunctival, oral, and respiratory).

Thus, the use of appropriate biosecurity measures is of critical importance to prevent the
entrance of the disease in a naive epidemiological unit. These strategies include the imple-
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mentation of quarantine before the introduction of new animals, the separation of animals with
an unknown/uncertain status, the control of animal movements, the adequate management of
replacement, the isolation of pregnant females before parturition (particularly primiparous
animals), and the strict quality/sanitary control of semen. In case of artificial insemination,
avoid or limit the contact between livestock and wildlife in environments where wild animals
have been seen to be a source of infection [23, 29, 36, 37].

In infected settings, in addition to the biosecurity recommendations cited above, hygienic
measures are essential to limit and control the bacterial load in the environment, decreasing
the possibility of contact with viable Brucella spp., and should be systematically implemented.
Removal of abortion products, full cleaning and disinfection of premises, elimination of
infected manure, and incineration of infected material are some examples of measures to attain
this objective.

Certain management/farming practices (traditionally used in small flocks from endemic region
of low-income countries), such as nomadism, mixing animals from different origins at grazing,
and use of shared pastures, may favor transmission of the bacteria, thus hindering the
effectiveness of control strategies [38, 39].

2.2. Test and slaughter programs

The main aim of this approach is the early detection and removal of possible sources of
infection (infectious animals), thus avoiding circulation of Brucella. Despite the effectiveness
of the diagnostic strategy used, there is always a certain risk of having infected animals that
may remain as silent carriers [40] maintaining the pathogen in the flock and, if there is a drop
in the immunity of the herd, may lead to an abortion storm. This strategy is most useful in low-
prevalence settings where economic resources and veterinary expertise are available for its
support [41]. Testand slaughter strategies may also be useful for the management of outbreaks,
particularly when numbers of animals make the implementation of stamping-out measures
unfeasible [42]. Although the tests used for the detection of infection can be classified according
to different criteria, this section is organized based on its ability to detect the pathogen (direct
tests) or the immune response induced in the infected host (indirect tests that can be further
subdivided on account of the immune response they target, humoral or cellular). In some cases,
the only measure that achieves complete elimination of the bacteria on the flock is the stamping
out followed by a thorough cleaning and disinfection and replacement with Brucella-free
animals [43].

2.2.1. Indirect diagnostic tests

Most of these techniques (especially those using inactivated whole-cell suspensions of Brucella
as antigens) were developed for the diagnosis of bovine brucellosis in the first place and were
further adapted later for its application in small ruminants and swine considering that the
principle of all techniques is the same regardless of the Brucella species/host: all the major tests
are based on the detection of antibodies against the smooth lipopolysaccharide (S-LPS; the
immunodominant antigen of smooth Brucella species: B. abortus, B. melitensis, and B. suis) [44].
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The outer-polysaccharide chain (O-PS), the main antigen moiety of smooth Brucella LPS, shows
a different proportion of a-1,2 and a-1,3 linkages dividing strains in two groups: A-strains or
M-strains, depending on the quantitative distribution of A and M antigens in the smooth
species. Thus, the suitability of Brucella antigens recovered from M-dominant strains (such as
B. abortus biovar 1, typically used for rose bengal test (RBT), complement fixation test (CFT),
and some ELISA techniques) for the diagnosis of brucellosis due A-dominant strains (e.g., B.
melitensis biovar 1) has been questioned [45]. In fact, some authors have shown that RB and
CFT may present an impaired diagnostic performance when used on small ruminants
(particularly in goats) compared with that observed in cattle [46]. However, other studies have
demonstrated that the use of B. abortus antigens for performing RB and other serological
techniques allows an appropriate sensitivity for its use in B. melitensis diagnosis in small
ruminants [47, 48]. A possible explanation for this finding would be the existence of common
epitopes (C-antigen) present in the LPS of A- and M-dominant Brucella strains [49].

The accuracy of the diagnostic tests in the control/eradication programs of brucellosis is an
essential component in the success of test and control strategies [50]. Although the diagnostic
performance of most of the currently available diagnostic techniques has been demonstrated
to be adequate, there are some epidemiological situations in which serological diagnosis may
have some limitations. For example, silent carriers of the disease (e.g., infants infected
congenitally in utero or by ingestion of contaminated colostrum/milk) may remain seronegative
until a reproductive failure occurs [51]. In addition, positive results may not always be
indicative of an active infection [52] since the occurrence of diagnostic interferences associated
with exposure to other Gram-negative bacteria has been extensively demonstrated [53]. These
microorganisms have LPS molecules similar to the Brucella-LPS in the outer membrane and
may induce the production of cross-reacting antibodies, thus leading to false-positive results
in the traditional serological techniques for brucellosis diagnosis. Different bacteria (including
Escherichia coli O:116, E. coli O:157, and Vibrio cholerae O:1) have been recognized as a potential
cause of this diagnostic interference, but Yersinia enterocolitica serotype O:9 is considered the
main agent compromising the diagnostic specificity of serological tests [54]. This is a major
challenge in the case of swine brucellosis [32, 55], especially when biovar 2 occurs, because its
LPS antigenic structure is more similar to Y. enterocolitica than to other biovars of B. suis [56].
Most of these cross-reacting antibodies belong to the M isotype, and therefore the implemen-
tation of serological techniques based on the predominant detection of IgG1 is potentially more
useful [53].

The diagnostic specificity of serological tests may also be compromised by the occurrence of
false-positive reactions caused by antibodies induced by vaccine strains (mainly the smooth
B. melitensis Rev. 1 and B. abortus S19, the most widely used strains for immunization against
small ruminants and bovine brucellosis, respectively).

There is not a single serological test that can detect 100% of the infected population, and even
used in combination may miss up to 30% of the infected animals using some serological tests
[45], although its sensitivity at the herd level is much higher. In fact, in the frame of control
and eradication programs, serological results are often interpreted at the herd level [46]; hence,
the presence of one reactor involves the possible exposure to Brucella spp. of all animals of the
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flock that are therefore considered suspected and put under restriction measures until the
infection is considered cleared in the herd/flock.

However, limitations in terms of the specificity of serological tests (such as those stated before)
lead to the need of confirming the infection using other tools (epidemiological evidences of
exposures and, preferably, isolation of the bacteria) at the herd level. Culture is considered the
gold standard technique for the confirmation of the infection due to its high specificity [57],
although this method is not free of drawbacks (see below).

The existence of international standards for diagnostic tests, vaccines requirements, reporting
data systems, etc., is a cornerstone in the implementation of adequate control/eradication
programs for animal brucellosis, making possible the harmonization of animal health systems
worldwide [58]. For animal brucellosis, the OIE is the main standard-setting body publishing.

Factors including cost, time between sampling and achievement of test results, resource
requirements, and ease of performance are other aspects that need to be considered in the
choice of the best serological methods for the diagnosis of animal brucellosis in a given
setting [50].

2.2.1.1. Indirect diagnostic tests based of humoral immune response against Brucella spp.

Rose bengal test (RBT)

RBT is a slide agglutination technique based on the use of cells of B. abortus S99 or S1119-3
stained with 1% rose bengal as the antigen [59]. It mainly detects IgM and IgG1 [30] mostly
produced against LPS from smooth Brucella [60]. The antigen is buffered at an acidic pH (3.65
+0.5) in order to limit the agglutination due to IgM increasing the specificity of the technique
[53]. The main advantage of this test is its high sensitivity, which makes it very suitable as a
first screening test for determining the presence/absence of infection at the herd level [59, 61,
62]. The sensitivity (Se) and specificity (Sp) of this test have been extensively evaluated in
different epidemiological scenarios in cattle (with Se estimates ranging from 53% to 100% and
Sp from 79% to 100% [63-70]), small ruminants [Se ranges between 75.8% and 100% and Sp
between 68.4% and 100% [66, 67, 71-73]), and pigs (Se estimates from 66% to 100% and Sp from
45.5% to 100% [32, 55, 74-76]). Its few technical requirements, speed for obtaining results, and
low cost coupled with its performance have made this diagnostic tool one of the most widely
used tests for the diagnosis of animal brucellosis. Its main disadvantages are related to its
limited specificity in certain conditions, often due to cross-reacting antibodies derived from
previous vaccination or exposure to other Gram-negative bacteria [77]. In many countries, the
RBT is used as a first screening tool so that positive reactions are subsequently confirmed with
an additional technique applied in series if no evidences of infection exist in the epidemiolog-
ical unit. Due to its reliability, the RBT is one of the techniques described for international trade
in cattle, small ruminants, and swine [59, 62].

Complement Fixation Test (CFT)
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This test is based on the ability of the complement (obtained from guinea pig serum) to lyse
erythrocytes (traditionally sheep erythrocytes sensitized with hemolysin) in the absence of an
antibody-antigen complex. When Brucella-specific antibodies are present in the serum being
analyzed, they bind to the Brucella antigens (whole cells) provided externally, forming antigen-
antibody complexes that then bind to the complement [78]. In this case, the amount of
complement in the reaction decreases, preventing its attachment to the hemolysin and the
subsequentlysis of the erythrocytes that are added in the final stage. Procedures for performing
this technique are described in the OIE Manual of Diagnostic Tests and Vaccines for Terrestrial
Animals [59, 61, 62]. Many studies have evaluated the sensitivity and specificity of this
technique, showing a slightly to moderately better overall performance in general compared
with the RBT (Se estimates vary from 80.6% to 98.79% in small ruminants [66, 67, 79] and from
53% to 100% in cattle [63, 68, 69], and Sp values range between 65.5% and 100% in small
ruminants [66, 67, 79] and between 80% and 100% in cattle [63, 68, 69]). Due to its high
performance, the CFT has been broadly used as a confirmatory technique in the programs of
eradication and control of brucellosis in cattle and small ruminants (for confirmation of RBT-
positive results) and is prescribed for international trade. However, under field conditions, the
CFT may show a lower sensitivity than RBT, which makes it a very reliable test at the herd
level but more limited at the individual level [35, 80]. The sensitivity of this test is also directly
related to the stage of infection of the animal being tested, with higher values for animals in
an acute phase than in chronically infected ruminants [81]. The disadvantages of this technique
are derived from the subjectivity of its interpretation (especially for low titers), the complexity
of its performance, and the unavoidable variability of reagents, procedures, etc., that makes
comparison of results difficult [82]. Moreover, false positives may also occur in animals
sensitized with Y. enterocolitica O:9 [83] and in those immunized with smooth vaccines (Rev.
1 in small ruminants or 519 in cattle [59, 80]) as in the case of RBT. The natural anticomple-
mentary activity of sheep serum must also be considered because it can lead to the occurrence
of false-positive reactions [23]. Furthermore, the swine complement interacts with the guinea
pig complement used in the test, resulting in a procomplementary activity that may reduce its
sensitivity in pigs [32, 84-86]. Nevertheless, the CFT is still contemplated by the OIE as a
diagnostic technique of election for swine [61], with a wide range of specificity estimates (from
40% to 100% depending on the study [32, 87, 88]).

Enzyme-Linked Immunosorbent Assay (ELISA)

Since the first ELISA-based technique in the diagnosis of brucellosis [89], many studies have
assessed its usefulness. ELISAs based on the use of LPS as the main antigen are considered the
most useful and are widely employed. This has led to the commercialization of many ELISA
kits (including indirect and competition ELISAs) for its use in domestic species. Based on
currently available information, the sensitivity of ELISA-based techniques is similar or greater
than that of RB and FC tests, although the actual values may vary depending on the study
(from 67% to 100% in small ruminants [71, 72, 90, 91], from 67.9% to 100% in cattle [63, 65, 68,
69], and from 68.5% to 100% in pigs [32, 55, 74, 75]). The specificity of these tests is also
considered very high (from 94.5% to 100% in small ruminants [71, 73, 91, 92], from 90.5% to
100% in cattle [63, 65, 68, 69], and from 76% to 100% in pigs [32, 55, 74, 75]). For these reasons,
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ELISAs are considered by the OIE adequate tests for the diagnosis of bovine, small ruminants,
and porcine brucellosis [59, 61, 62], with the advantages of the possible automation of the
technique, its reproducibility, and its objective interpretation (since a quantitative value is
obtained as the final result). However, ELISAs based on LPS may suffer from the same
diagnostic interference problems due to vaccine antibodies [53] and false-positive serological
reactors (FPRS) associated with the presence of antibodies against Y. enterocolitica O:9 or other
Gram-negative bacteria (mainly in swine [55] and cattle [70]) as those described for RBT and
FCT. Due to these diagnostic limitations, the use of other antigens (e.g., proteins of outer or
cytoplasmic membrane) has been evaluated for the development of new ELISA techniques for
brucellosis diagnosis. However, in general, the serological response induced by these non-LPS
antigens is considered to be heterogeneous and delayed compared with that observed using
LPS antigen, which may affect the performance of diagnostic tests in the context of a control
and eradication program. Still, extensive research has been carried out in this regard, with
numerous studies focusing on the development of ELISAs based on proteins that could help
to differentiate vaccinated from infected cattle, sheep, and goats (see section Development of
Diagnostic Techniques for the Differentiation of Infected and Vaccinated Animals (DIVA)).
Other studies have focused on protein targets that may allow the differentiation of Brucella-
infected animals from those exposed to other bacteria, usually Y. enterocolitica O:9, mainly in
pigs and cattle (BP26 protein, cytoplasmic protein extracts). However, these tests have
generally shown a lower sensitivity than the ELISAs based on the LPS [70, 76].

Other indirect diagnostic tests based on the humoral immune response against Brucella spp.

Besides the abovementioned serological techniques, other tests have been developed for the
diagnosis of Brucella spp. in animals. Among those, one of the most frequently used techniques
is the fluorescence polarization assay (FPA), considered by the OIE as a valid technique for
international trade in cattle, small ruminants, and pigs [59, 61, 62]. This test has similar or
superior diagnostic performance compared with conventional techniques (CFT/RBT), being
technically easier to perform [50, 75, 79, 93, 94]. Thus, in bovine, its use is recommended instead
the CFT [59]. Another technique that has been widely used in certain countries is the standard
agglutination test (SAT). This assay shows, however, a lower sensitivity and specificity than
others, such as RBT and FCT in small ruminants [46, 95-97]. Still, its usefulness in these animal
species has been demonstrated [98]. In cattle, SAT has been widely employed in brucellosis
eradication programs as a confirmatory test [63, 99]. However, the OIE does not recommend
nowadays the use of SAT for international trade in cattle [59] due to its lower specificity
compared to CFT [59]. Nevertheless, SAT (and also the FPA) has demonstrated a higher
sensitivity compared with the CFT for the detection of recently infected animals [100]. In swine,
SAT has also been widely used [101, 102], and it is currently referred as a confirmatory
technique in the EU international trade in pigs, although the OIE highlights that it may show
a limited specificity due to the presence of nonspecific IgM antibodies in swine serum [61].
Finally, the milk ring test (MRT) has demonstrated its usefulness to detect specific antibodies
against Brucella spp. in bovine milk samples used at herd level [59, 103], although its sensitivity
may be impaired when it is used in large herds, and its use in small flocks is not recommended
due to the expected low specificity [59, 62].
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2.2.1.2. Indirect diagnostic tests based on the cellular immune response against Brucella spp.
Brucellin Skin Test (BST)

This diagnostic test involves the intradermal injection of a mixture of cytosolic proteins
generally extracted from a B. melitensis rough strain (e.g., B. melitensis B115-Brucellin INRA)
[104] that will induce a delayed hypersensitivity reaction (Type IV) [35] if the animal has
previously contacted the bacteria. Recent studies have studied the usefulness of B. abortus
AmanBcore as an alternative source of antigens for the BST for swine brucellosis diagnosis [87,
105]. The inoculation is usually performed in the lower eyelid in small ruminants [62], in the
caudal fold, in the skin of the flank or the side of the neck in cattle [59], and in the base of the
ear or the side of the tail in pigs [61]. Free-LPS antigens are required to prevent the subsequent
induction of cross-reacting antibodies that may interfere with the traditional serological tests
[81]. The main characteristic of BST is its high specificity, which makes it a useful tool to
elucidate problems due to FPSR caused by Y. enterocolitica O:9 [106, 107], especially in brucel-
losis-free areas [25, 44], and as a complementary technique to serological tests [108]. However,
occasional false-positive reactions due to Ochrobactrum anthropi infection have also been
described [109]. In addition, its use is exclusively indicated in unvaccinated animals. This
technique may be of particular interest to detect animals in the early and chronic stages of
infection [23, 108], but its limited sensitivity makes its interpretation at the individual level
difficult. Still, it is considered a suitable tool for Brucella diagnosis at herd level. Herd history,
clinical signs, and serological or bacteriological results should be considered in the interpre-
tation of the BST results. In ruminants, BST is recognized as an alternative technique for
international trade [62]. In the case of swine brucellosis, itis not currently regarded as an official
test, although its usefulness is supported by the EFSA and the OIE as a complementary
diagnostic test [32, 61].

Interferon Gamma (IFN-vy) Detection

The interferon gamma is one of the most important cytokines involved in the cellular immune
response against Brucella [110-112]. The usefulness of the in vitro quantification of IFN-y
produced by cells from naturally infected animals for monitoring the cellular immune
response against this pathogen has been studied in cattle [113], porcine [107], and sheep [114,
115]. The levels of IFN-y measured in samples stimulated with a Brucella-specific antigen (and
that should be especially high in cases of previous contact with Brucella spp.) are typically
quantified using an ELISA. This technique has been suggested as a complementary test to the
serological techniques routinely used for the diagnosis of brucellosis in ruminants in the case
of false-positive reactors due to its specificity [113], although there is still some controversy
about its usefulness as a routine diagnostic technique for brucellosis.

2.2.2. Direct diagnostic tests

These techniques are based on the direct detection of the etiologic agent or its genetic material
in clinical samples from infected animals. Brucella isolation is the gold standard for confirma-
tion of infection [59, 61, 62, 116], and its use is recommended to improve the efficiency of
eradication plans [25]. The use of specific staining methods (e.g., Stamp’s method) in clinical
specimens may reveal the existence of Brucella in clinical samples, although the limited
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sensitivity and specificity (especially due to the potential presence of other abortifacient
pathogens such as Chlamydia abortus and Coxiella burnetii [62] that may lead to false-positive
results) of this diagnostic approach can compromise its usefulness for the routine laboratory
diagnosis of brucellosis.

2.2.2.1. Bacteriology

The World Health Organization classifies the Brucella genus bacteria as a risk agent III [62],
and therefore high laboratory and training requirements are needed to handle the pathogen
and potentially contaminated samples. The preferred samples for the direct detection of
Brucella spp. are as follows: (i) in live animals: vaginal swab, milk, placenta, and fetus aborted
samples (especially lung, spleen, and stomach contents) and (ii) postmortem: the reticuloen-
dothelial system, udder, uterus, testis, and epididymis [25, 59, 61, 62, 117]. The possible
contamination of clinical samples requires the use of selective media, frequently Thayer-
Martin and Farrel media, for the isolation of Brucella spp. [59, 61, 62]. However, the presence
of some components in the Farrel medium may have an inhibitory effect on some B. abortus
and B. melitensis strains as well as in the B. suis biovar 2 [118]. Thus, the combination of more
than one selective culture media and inoculation of at least two plates of each sample, including
also a nonselective media for the isolation of B. suis biovar 2, may help to increase the chance
of isolation of the pathogen [119]. The addition of serum or blood (usually from horse) to the
media promotes the growth of Brucella spp. [82] and is necessary in the case of B. abortus biovar
2 [59]. Moreover, some strains of B. abortus (biovars 1-4 and 9) need a 5-10% CO, atmosphere
[59]. Microbiological culture has a limited sensitivity in certain epidemiological situations,
such as chronically infected animals that have typically low bacterial load in their samples.
For this reason, negative culture result should not be considered as definitive evidence to rule
out Brucella infection in an animal/herd [29, 120]. In fact, the sensitivity of culture is highly
variable, depending on the stage of infection, the specimens analyzed, and the number of
samples cultured [100, 102, 118, 121-123].

2.2.2.2. Molecular detection

DNA-based techniques allow the detection of nonviable Brucella or highly contaminated
samples that may be challenging if handled using a traditionally culture-based diagnostic
approach. In addition, molecular techniques may be applied at large scale through the use of
automated equipment. PCR techniques are also routinely used for identification of Brucella-
compatible isolates cultured from clinical samples. A considerable number of molecular
techniques based on the PCR amplification of Brucella spp. DNA has been described, although
often these techniques have not been fully validated on field samples as direct detection tests,
hampering their implementation as routine techniques for Brucella detection [124]. Despite the
high homology of DNA among Brucella species, different PCR protocols to identify different
species/biovar and even vaccine/field strains have been described [125-133]. The efficiency in
the DNA extraction procedure (which depends on the nature of the sample [134]) determines
substantially the results of the PCR assays [135-137].
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2.3. Immunization

Since Eduard Jenner described the first vaccine against smallpox in 1796, the immunization
against infectious agents has become a cornerstone in the control of many of the mostimportant
infectious diseases. As general rule, vaccination efforts are often focused in the most suscep-
tible individuals in order to stimulate a protective immune response against the pathogen of
interest. However, in the case of animal brucellosis, vaccination campaigns target a less
susceptible population (nulliparous nonpregnant young sheep, goats, and cows), while
vaccination of the most susceptible subset is avoided due to the side effects of vaccination of
pregnant animals (abortion, bacteria excretion, environmental contamination, etc.) [26].

The characteristics of the “ideal vaccine against brucellosis” include the following: (i) to induce
a solid and long-lasting protection against the infection by different Brucella species without
the need of re-vaccinations, (ii) to be innocuous regardless of the reproductive stage of the
animal (so that there is no induction of abortion in pregnant animals, and mass vaccination
can be applied if needed), (iii) to have no or very residual virulence for human and be
susceptible to the antibiotics typically used to treat human brucellosis, (iv) to avoid the
induction of cross-reacting antibodies in the serological techniques traditionally used in
control/eradication programs, (v) to be affordable, and (vi) to possess stability at different
environmental temperatures [138, 139]. Unfortunately, this ideal vaccine is far from those
currently available for the control of animal brucellosis. For example, in the case of small
ruminant brucellosis, Rev. 1 has been recognized as the most effective vaccine currently
available considering its efficacy to prevent the abortion and transmission of B. melitensis, but
it cannot be applied in pregnant females and is pathogenic for humans, among other nonde-
sirable side effects [139]. The smooth S19 strain is the most widely employed vaccine in the
case of bovine brucellosis, and even though it is currently considered the reference strain, it
presents similar limitations as the Rev. 1 despite its demonstrated efficacy. For these reasons,
the rough strain RB51 is increasingly used in some regions of the world as an alternative for
vaccination against bovine brucellosis since its use does not induce the production of cross-
reacting antibodies, even though its efficacy is still under discussion in certain epidemiological
situations [140]. In general, the inability to vaccinate pregnant animals is a major disadvantage
in animal brucellosis vaccination since it complicates achieving a quick increase in the
proportion of the resistant subset of the population, which could lead to an average benefit-
cost ratio of 3.2 (2.27-4.37) by reducing (52%) the transmission between animals by means of
mass vaccination [21].

The success of the use of live vaccines for immunization against animal brucellosis is based on
a balance between an adequate colonization of the host, triggering a solid protection against
infection with other Brucella field strains, and a limited replication that minimizes the residual
virulence of these vaccine strains [141]. Although immunological mechanisms induced by
living vaccine have not been completely elucidated, live vaccines should stimulate the innate
immunity, activate CD8+ and CD4+ cells, and generate an adequate population of memory
cells, among other mechanisms, to induce a solid protection [139].

Most of the drawbacks associated with the use of live vaccines could be overcome with the use
of killed bacteria or subunit vaccines; however, the ability of these inactivated vaccines to
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provide a solid and long-lasting immune response against Brucella has been traditionally
considered lower than that triggered by live attenuated vaccines. New approaches are being
investigated to elude the main drawbacks of inactivated vaccines to induce protective
immunity in domestic livestock.

In the following section, the main drawbacks of currently available vaccines (Rev. 1 for SRB
and S19/RB51 for BB) are described, as well as some of the new approaches followed to solve
some of these shortcomings.

2.3.1. Residual virulence of attenuated live vaccines

The pathogenicity of Rev. 1 and S19, evident in its ability to induce abortion, has been a
limitation since they were first used. However, in the case of Rev. 1, some authors have
reported significant differences in its residual virulence. In a study performed to assess the
immunogenicity and residual virulence of Rev. 1 strains recovered from different geographic
origins, important differences between strains were identified [142], which may explain, at
least in part, the diversity of results sometimes reported using this strain. For this reason,
according to the OIE recommendations, strict quality controls must be maintained during the
Rev. 1 production process in order to confirm that all batches have the typical characteristic of
the original B. melitensis biovar 1 Rev. 1 strain. Residual virulence of Rev. 1 and 519 is reflected
in the following sections.

2.3.1.1. Abortifacient effect

The ability of Rev. 1 to induce abortions was reported in the first studies, around the middle
of the last century [143]. This adverse effect is especially significant when females are immu-
nized around midpregnancy [144]. The abortifacient effect of the S19 strain has been demon-
strated, although itis considered reduced and lower than that observed after Rev. 1 vaccination
in general [140]. The appearance of a small percentage of vaccinated animals that may remain
persistently infected with the S19 strain has also been described and may lead to abortions in
adulthood [145]. In addition, vaccination may involve the excretion of the vaccine strain in
milk and vaginal secretions [146, 147]. Even so, although the possible excretion of Rev. 1 during
the lactation has been demonstrated, there is some disagreement about the relevance of this
phenomenon [148].

Different strategies have been explored in order to avoid the abortifacient effect of Rev. 1 and
519, as described in the following sections.

Restriction of vaccination to replacement females (nulliparous, nonpregnant)

The protection induced by vaccination at full doses in 3-6-month-old animals using Rev. 1
[149, 150] and in 3-8-month-old animals using S19 [59, 151] is sufficient to induce a long-lasting
protection. However, this control strategy may be problematic in certain epidemiological
situations (e.g., high prevalence of brucellosis when mass vaccination is the only strategy to
control the disease [24]).
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Application of reduced doses of vaccine

Different studies have demonstrated the suitability of the immunization with reduced doses
as an alternative to full dosages of vaccines, assuming that the afforded immunity was
adequate and/or the abortion rate associated with the vaccination was significantly lower [59,
152-154]. However, field results obtained after the application of Rev. 1/S19 at reduced doses
has led to a divergence of opinions among different experts about its usefulness and implica-
tions: many authors have reported a significant number of reproductive failures/vaccine
excretion [155-157], advising against the use of this strategy in brucellosis control programs.
In addition, some authors have showed that this immunization strategy using Rev. 1/519
induces an inadequate protection against B. melitensis/B. abortus infection [156-159]. Addition-
ally, reduced doses may not avoid the induction of persistent antibody titters when Rev. 1 and
519 are applied in adult animals, leading to a diagnostic interference problem with traditional
serological techniques [59, 153, 156]. However, other experts have argued in favor of the
efficacy of this approach as part of some brucellosis control programs [160-163]. In the case of
519, some experiments have shown that the best protection was obtained by subcutaneous
vaccination of calves at full doses followed by conjunctival administration of a booster reduced
dose [164].

Modification of route of vaccination

Although the application of Rev. 1 by the conjunctival route has been demonstrated to reduce
the number of reproductive failures induced after subcutaneously immunization of pregnant
females, the safety of this immunization strategy is not enough to be used regardless of the
physiological stage of females [144, 146]. In bovine, S19 conjunctival vaccination does not avoid
completely abortions in pregnant females [155], although it is considered that the conjunctival
administration in reduced doses (5 x 10° microorganisms) is an alternative route in adult
vaccination due to the reduction of abortion rates [59].

2.3.1.2. Other side effects

In addition to the induction of reproductive failures, other adverse effects, as transient periods
of fever and anorexia or swelling at the vaccination site, have been reported after Rev. 1
vaccination [31]. Some studies have showed a risk of environmental contamination with the
vaccine strain after Rev. 1 vaccination of young females, suggesting these animals are shedding
the Rev. 1 strain and could therefore be a source of infection for other susceptible individuals
[165, 166]. However, other authors have reported that conjunctival vaccination of nonpregnant
animals immunized is safe for the environment [167, 168]. Some occasional contradictory
effects (as orchitis) in billy goat and ram have also been reported [169, 170]. Regarding to the
S19 vaccine, other side effects reported include the appearance of arthropathies associated with
type III hypersensitivity reactions [171], persistent orchitis in males [153], and significant
reduction in milk production and udder infections [140, 172].

2.3.2. Zoonotic potential and antibiotic resistance of attenuated living vaccines

A limited number of human brucellosis due to Rev. 1 [173, 174] and S19 [175-177] infection has
been reported. The risk of infection for human and environmental contamination is neverthe-
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less reduced if the adequate biosafety practices during handling these live vaccines are
followed. Rev. 1 and RB51 carry antibiotic resistance genes to streptomycin and rifampicin,
respectively, which are used in the treatment of human brucellosis. In the case of 519, resistance
to penicillin G (associated with an increased virulence in mice) has been evidenced [178].

2.3.3. Instability of vaccine strains

The possible instability of Rev. 1 is due to its tendency to dissociate into a rough phenotype,
reducing its effectiveness in the field [138]. Several strategies such as the addition of 5% of
serum (from horse, cattle, or rabbit) on the solid medium used for Rev. 1 production have been
demonstrated to be useful to prevent this dissociation [179]. Biological quality and efficacy of
519 may be affected by inadequate subculture or maintenance conditions [180]. In the field,
the main strategy to prevent this instability is the strict control of refrigeration temperatures
for storage during all the process until the moment of inoculation (what could be problematic
in certain circumstances, leading to the application of low-quality vaccines) [181]. In addition,
preliminary observations also suggest that a reversion to a more pathogenic phenotype of the
Rev. 1 strain is also possible [166], although the genetic stability and homogeneity of Rev. 1
strains is considered demonstrated [182].

2.3.4. Diagnostic interference in serological techniques

The smooth LPS antibodies induced after Rev. 1 and S19 vaccination are indistinguishable
from those triggered after infection with a smooth field Brucella strain. The Rev. 1-derived
antibodies may be detected even 4 years after vaccination depending on the age of the animal
at vaccination, the immunization doses, and the serological technique being used [183]. For
this reason, vaccination using smooth Rev. 1 and S19 creates a diagnostic interference problem
when test-and-slaughter (T&S) programs based on the use of traditional serological techniques
are in place, complicating the combination of these two strategies. The following sections
present three possible approaches to overcome this diagnostic interference problem.

2.3.4.1. Reduction of the serological response induced by Rev. 1 vaccination

* Application of reduced doses of vaccine (see section Application of Reduced Doses of
Vaccine)

* Restriction of vaccination to replacement females [nulliparous, nonpregnant; see section
"Restriction of Vaccination to Replacement Females (Nulliparous, Nonpregnant)].

* Modification of the route of vaccination

The subcutaneous route, traditionally used for the immunization with Rev. 1 and S19 in small
ruminants and cattle, respectively, triggers a solid and long-lasting serological response (at
least up to 20 months after vaccination in goats [184] and 22 months in cattle [185]). However,
in the last 30 years, the usefulness of the alternative use of the conjunctival route has been
demonstrated in cattle [164, 186] and small ruminants [187]. Vaccination of young animals
using Rev. 1 inoculated by the conjunctival route induces a limited serological response but is
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able to trigger an adequate protection for at least the two first pregnancies following vaccina-
tion) [188]. The serological response induced by conjunctival Rev. 1 vaccination is more long-
lasting in adults, therefore leading to the potential occurrence of diagnostic interference
problems [187], although these would be still more limited than those observed after its
application by the subcutaneous route [189].

In the case of the S19 vaccination, the OIE suggests an alternative immunization protocol based
on the application of 5 x 10° CFUs conjunctively in bovines regardless of the age of the animal
[59]. Thus, as mentioned above, the vaccination protocol based on subcutaneous application
of S19 during calfhood and conjunctival revaccination using reduced doses in adult animals
has been proved as a suitable strategy for the control of BB in endemic populations, which
avoids the need for slaughter of false-positive reactors [164]

2.3.4.2. Development of diagnostic techniques for the Differentiation of Infected and Vaccinated Animals
(DIVA)

Different studies have been carried out to identify immunogenic non-LPS components that
could allow the development of diagnostic techniques able to detect the serological response
induced by Brucella field strains only. Some studies have showed promising results, but
most of the authors also report limitations (such as less intense and more heterogeneous
antibody response, lack of information about diagnostic performance under field condi-
tions, etc.) that make their routine implementation on animal brucellosis control/eradica-
tion campaigns difficult. In the case of S19, the use of competition ELISAs coated with S-
LPS allows the removal of most false-positive responses due to vaccination-derived cross-
reacting antibodies [59, 93, 190, 191].

The use of several non-LPS Brucella components as the main antigen for DIVA serological
techniques has been described, including the following;:

* Proteins. The detection of immunogenic proteins involved in the humoral immune response
of the host in the outer membrane of Brucella was the first step in the development of
alternative serological methods for brucellosis diagnosis. In the case of B. melitensis, CP28
(also called BP26) was recognized as a good candidate to distinguish between Rev. 1
vaccinated and infected animals [192]. Several indirect [193, 194] and competitive [195]
ELISAs have been developed to assess the suitability of CP28 as a diagnostic target for small
ruminant brucellosis diagnosis, showing a lower diagnostic performance than that detected
using ELISAs based on the LPS antibodies response [196]. In the case of B. abortus, different
protein antigens (N-formylperosamine O-polysaccharide-protein conjugate [197], an extract
of cytoplasmic proteins of Brucella and an 18-kDa cytoplasmic protein [198]) have been
described as suitable candidates for the development of new immunological tests for
screening and infection confirmatory diagnosis. Additionally, Pajuaba et al. showed that the
AHRPO protein (protein A-horseradish peroxidase) is an adequate conjugate for the
development of an indirect ELISA (that uses B. abortus S-LPS as an antigen) to differentiate
S19 vaccinated and B. abortus-infected animals due to a preferential detection of the IgG2
isotype, a valuable marker of Brucella infection [199].



Control of Animal Brucellosis — The Most Effective Tool to Prevent Human Brucellosis
http://dx.doi.org/10.5772/61222

* Polysaccharides. The native hapten, one of the polysaccharides present in the surface of
smooth Brucella strains, has also been used as a potential antigen in an agar gel immuno-
diffusion (AGID) test to solve the potential diagnostic interference problem. When anti-
bodies against this polysaccharide are present (samples from B. abortus/B. melitensis-infected
ruminants), a ring of precipitations appears in the agar [200, 201]. If samples from vaccinated
(and uninfected) animals are analyzed several months after vaccination, no antibodies
against the polysaccharide would be detected. In adult cattle, subcutaneous vaccination
with reduced doses does not produce positive reactions (except for those animals that are
infected and excrete the bacteria in milk [202]). The AGID test has demonstrated its
usefulness to solve diagnostic interference problems in bovine and small ruminants [77, 203,
204], although some authors have also reported a sensitivity too limited for its wide-scale
application [53]. This technique has also been demonstrated to be suitable to elucidate cases
of FPSR due to Y. enterocolitica infection in cattle [70].

2.3.4.3. Use of rough vaccine strains (lack of O-PS or O-PS defective strains)

Rough Brucella strains are naturally devoid of the O-PS, which confers them a more granular
and dull surface compared with those carrying complete S-LPS (smooth strains). Due to the
lack of antigenic O-PS, these rough mutants may not induce anti-O-PS antibodies and,
therefore, do not cause diagnostic interferences in most serodiagnostic tests. The rough
phenotype can be observed by crystal violet staining (rough strains uptake the staining turning
to red/violet) or autoagglutination in acriflavine solution [140]. In 1997, a WHO Consultation
on the Development of New/Improved Brucellosis Vaccines encouraged the need of studies
on live attenuated rough vaccines as an alternative to smooth strains for immunization against
brucellosis [205]. Mutant rough Brucella strains are obtained by (i) natural dissociation of
smooth (S) to rough (R) phenotype and subsequent repeated in vivo or in vitro passages of R
mutants or (ii) genetic modification of the sequence of genes involved in the synthesis/
transportation of component(s) of the smooth LPS [140]. Despite the potential advantages
associated with the use of rough strains as vaccine candidates, some potential undesirable
traits may make their application in the field difficult:

¢ The attenuation of R mutants has been associated to modifications in the outer membrane
of Brucella and, therefore, possible changes in their interaction with components of the
immune system of the host [206]. If the attenuation is too high, the rapid clearance of the R
mutants in the host may lead to an insufficient protection [140]. However, natural rough
Brucella species (B. canis and B. ovis) are virulent for their preferred hosts, and in fact, the
role of LPS in the pathogenesis of Brucella is controversial: although the protection against
Brucella is mainly mediated by the cellular immune response (triggered primarily by
bacterial antigenic proteins), the humoral response (antibodies) may also have a role in the
resistance against Brucella, as demonstrated by passive immunity experiment with sera
against the LPS [207-209] and even with antibodies against the rough B. melitensis B115 strain
[210] (see section Control of Small Ruminant Brucellosis).

* Thediagnosticinterference associated to the smooth phenotype of Brucella may not be totally
avoided with the use of rough strains since animals vaccinated with R strains have showed
occasional reactions to the S-LPS ELISA [211].
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* The possible zoonotic potential of rough Brucella strains may limit their large-scale use. In
the case of human brucellosis due to rough Brucella strains, traditional serological techni-
ques, based on the detection of antibodies against S-LPS, may not detect the infection leading
to misdiagnosis [140]. A possible alternative in this case would be the use of specific
techniques for the detection of antibody response against rough Brucella, such as the CFT
developed for the detection of rough B115 B. melitensis infection in sheep [212].

In the case of bovine brucellosis, the suitability of several rough vaccines (45/20, pgm mutant,
RB51, Brucella abortus strain 82) for the control of the infection due to B. abortus has been
evaluated [213-216]. However, RB51 vaccine could be considered the main representative
example of the potential usefulness of rough Brucella vaccines in the battle against animal
brucellosis. RB51 (R: rough; B: Brucella; 51: identification number of the laboratory of origin)
is a stable rough rifampicin resistant B. abortus strain produced after repeated passages of B.
abortus strain 2308 on trypticase soy supplemented with 1.5% agar and varying concentrations
of rifampin or penicillin [215]. No O-PS antibodies were detected in rabbits, goats, and cattle
after immunization with this strain [215, 217, 218], although some authors have reported low
level of M-like O-chain in vaccinated species [219] and certain apparent anamnestic responses
have been reported [220]. The induction of none to very limited vaccine-mediated abortions
hasbeenreported in cattle [221, 222], although contradictory evidences have also been reported
[223]. In cattle, RB51 triggered an adequate protection against infection with virulent B.
abortus strains [151, 224, 225], but certain concerns have been raised regarding its suitability in
certain epidemiological situations in the field (see section Control of Bovine Brucellosis). RB51
has also been evaluated as a tool for the control of small ruminant and swine brucellosis. In
the case of B. suis, some authors have demonstrated its usefulness preventing abortion in swine
[226], although recent studies have demonstrated the inefficacy of parental RB51 vaccination
to induce humoral or cell-mediated immune responses or to protect against abortion in a
virulent challenge with B suis in domestic pigs [85]. Protection induced by RB51 vaccination
against B. melitensis was also insufficient to considerit as a potential candidate in the prevention
of ovine brucellosis [227], although the results regarding the suitability of this vaccine strain
for the immunization of goats are controversial [140, 228, 229].

Many attempts have been conducted to achieve a stable immunogenic rough vaccine against
B. melitensis using genetic engineering [VIRMI- rfbU mutant, rpoB mutant, wa**, and wzm
mutant, B115) [206, 211, 230-232]. In the case of swine brucellosis, a recent study of Stoffreger
et al. has demonstrated that a rough B. suis strain (353-1), isolated from urine of a feral boar
and prepared by propagation from the original isolation on Tryptose agar containing 5%
bovine serum (TSA) at 37°C and 5% CO,, can induce a significant immune response and confer
a partial level of protection from a challenge with a virulent B. suis [233]. However, no rough
vaccine candidate is currently recognized as a suitable alternative for immunization of sheep/
goats and swine in the framework of an animal brucellosis control program.

3. Control of bovine brucellosis

The OIE has established the following requirements for a country/zone to be considered as
free from this disease: (i) BB is declared notifiable; (ii) an official veterinary control is estab-
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lished in the entire bovine population, in which flock prevalence of disease is lower than 0.2%;
(iif) no vaccination has been performed in the last 3 years (at least); (iv) all herds are subjected
to periodical serological testing; (v) all reactors are culled; and (vi) new animals introduced in
the region belong to officially brucellosis-free (OBF) herds (or free of brucellosis with vacci-
nation). Some countries (France, Germany, Norway, Sweden, The Netherlands, Japan, Canada,
Australia, and New Zealand, among others [59]) are considered to be OBF, but the disease is
still present in many others despite the implementation of control/eradication programs. In
general, measures against BB are based on vaccination (when the prevalence is high, in the
initial steps of the control strategies) and test-and-slaughter programs (or herd depopulation
when the disease prevalence is already very low and economic and technical resources are
available) in the final stages of the eradication process prior to the achievement of the OBF
status. These measures (vaccination, test and slaughter programs, and herd depopulation)
alone cannot however be fully effective in eradicating the disease without the additional
implementation of other complementary prevention measures, such as control of animal
movements, use of surveillance systems, adequate laboratory support, etc.

Even though the role of wildlife reservoirs in the epidemiology of bovine brucellosis is
considered minimal in most countries in the world, several wild species in certain scenarios
can act as reservoirs of the disease for cattle, such as wild bison elk in the Greater Yellowstone
Area (USA) [234]. In these situations, wild populations should be considered in the design of
BB control programs.

In the case of BB, two vaccines are available for the control of B. abortus in cattle: the S19
(smooth) and the RB51 (rough) strains, which have demonstrated their effectiveness in the
reduction of the number of abortion, transmission, excretion, etc., in certain epidemiological
situations [235].

The S19 strain has been the main vaccine used against bovine brucellosis in many countries
for more than 50 years. Numerous studies have demonstrated the usefulness of S19 calfhood
vaccination with full doses (10" CFUs) to protect them against B. abortus infection during their
whole productive lifespan [236]. However, as mentioned before, its smooth nature may lead
to the induction of O-PS antibodies that may persist until the adulthood, causing a diagnostic
interference problem. Nevertheless, adult vaccination may be occasionally recommended in
certain scenarios (high prevalence settings in which a rapid impact on disease spread is needed,
large herds in which test-and-slaughter strategies are not feasible). Still, adult vaccination
remains an emergency measure since the induction of vaccine antibodies and the possible
abortifacient effect of S19 in pregnant cows are two very important side effects that would be
associated with it. The use of reduced doses of 519 vaccine (10° CFUs) in adults can partially
limit those side effects, but its full usefulness is debatable [214, 237]. Immunization with RB51
vaccine (rough strain with a minimal expression of O-PS) for the control of B. abortus infection
has emerged as an alternative to S19/stamping out in certain scenarios [238]. However, its true
usefulness and its ability to induce a degree of protection equivalent to that induced with the
519 vaccine are still under discussion. The safety and protection afforded by RB51 against
infection with B. abortus have been demonstrated in experimental conditions [224, 239, 240],
but some of these results are still considered controversial [140]. Field evidences suggest RB51
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could be considered a useful complementary tool for BB control [151, 238, 241], but the
impossibility of comparing the progress achieved by strategies with and without RB51
vaccination under the exact same conditions in most cases impairs the evaluation of the relative
contribution of RB51 vaccination to the overall success of an eradication program [242]. Recent
studies have showed a potential beneficial effect of an RB51 booster vaccination in adult cattle
after S19 calfhood vaccination to control B. abortus infection [243].

Even though B. abortus is undoubtedly the main concern when dealing with infection in cattle,
B. melitensis is also a potential etiologic agent of brucellosis in bovine. The control of B.
melitensis infection in cattle is hampered by the lack of information on important aspects of its
epidemiology [244]. Outbreaks due to B. melitensis in cattle are often attributed to the presence
of infected small ruminants in the surrounding area [245], suggesting that the key for the
control of this pathogen in bovine will be the control of the disease in ovine and caprine flocks,
as for human brucellosis.

4. Control of small ruminant brucellosis

Even though the most important factors that have to be considered for the control of SRB have
been well characterized, socioeconomic factors have influenced the choice of the most suitable
control measures in most of the endemic areas. For example, the existence of pastoral ecosys-
tems, a traditional management practice in low-income areas where B. melitensis is endemic,
has contributed to the perpetuation of the disease due to the difficulty of detecting the disease
in the early stages of infection and of implementing control measures [246]. In addition,
management practices favoring the mixing of animals with different origins (for example, the
existence of communal grazing pastures) modify the traditional concept of minimal epide-
miological unit of intervention (an essential key to consider by decision makers of animal
brucellosis control programs). The minimal epidemiological unit is defined as “any number
of animals that are held, kept or handled in such a manner that they share the same risk of
exposure to brucellosis” [247] and can therefore include the flock or supraflock levels.

Although extremely important, the prevalence of brucellosis is not the only issue to consider
for decision makers: the organization of the veterinary services, the availability of a suitable
animal identification system and of the economic and technical resources that these measures
require, the involvement of producers, veterinarians, and administrative authorities, etc., are
all key aspects that must be evaluated [24]. When the prevalence of brucellosis is high and/or
the socioeconomic resources are limited, the vaccination is the most suitable tool for the control
of the disease. Despite its drawbacks, Rev. 1 is the best currently available vaccine to immunize
sheep and goats against B. melitensis. In order to minimize the diagnostic interference problem
due to Rev. 1 cross-reacting antibodies, a restricted vaccination strategy has been implemented
in most of the regions where test and slaughter policy is applied as part of the SRB control
program. The vaccine is administered by the conjunctival route in young (<6 months) female
animals at doses of 0.5-2 x 10° CFU/animal (also controlling the impact of the abortifacient
effect of Rev. 1). Some authors [24, 31] have suggested that restricted vaccination may be
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insufficient in certain epidemiological situations (such as high prevalence regions or where
nomadism is practiced) and mass vaccination should be implemented instead. The immuni-
zation at full doses by the conjunctival route during the prebreeding period and late lambing
season would be the most suitable approach for whole flock vaccination because it may prevent
reproductive failures due to Rev. 1 vaccination [156]. Blasco et al. [24] have described two
methods to carry the whole flock vaccination in the case of sheep and goats: (i) mass vaccination
of males and females every two years avoiding lambing period (and considering 15-25%
annual replacement) and (ii) restricted vaccination of replacement animals (at least 8-10 years)
except the first year when all animals would be immunized regardless of their age. When the
prevalence has decreased, a restricted Rev. 1 strategy could be then implemented. In general,
a vaccination program against SRB should last atleast 8-10 years in order to assure an adequate
vaccine coverage [24]. The correct identification of vaccinated animals is an important factor
to achieve this vaccination coverage that will grant an adequate immunity at the flock level [33].

Despite the success achieved thanks to Rev. 1 vaccination in many regions of the world, the
drawbacks associated with its use have prompted the study of alternative vaccines against B.
melitensis: DNA vaccines, subunits vaccines, outer membrane vesicles, smooth B. melitensis
mutants (BP26, P39, Omp25, and ApurE201), nondividing but metabolically active gamma-
irradiated Brucella melitensis, and attenuated live rough vaccines [230, 231, 248-254]. Among
rough vaccines against SRB, the B115 strain has demonstrated to induce a solid protection not
only against B. melitensis but also against B. ovis and B. abortus in the murine model. An
abortifacient effect was demonstrated in sheep after subcutaneous vaccination with B115,
although the interference diagnostic problem was drastically reduced [255]. Still, the possible
occurrence of reversions of its phenotype (rough to smooth) in vivo could affect its attenuation,
thus highlighting the need of further studies to better determine the stability of B115 in sheep
before giving it further consideration as a possible candidate for SRB vaccination.

When certain epidemiological indicators (disease prevalence, number of cases of human
brucellosis, etc.) suggest the control of brucellosis has been achieved, the next step is to success
in the eradication of the disease [24]. A restricted Rev. 1 immunization strategy should be
implemented exclusively when the prevalence is already low after 6-12 years of whole-flock
vaccination, a strict control of animal movements and an accurate animal identification system
exist, and veterinary services and economic resources are available. The change from mass
vaccination to restricted vaccination is a critical step in the control/eradication programs since
it may suppose the culling of a high number of false seropositive adult vaccinated animals,
even if conjunctival vaccination is performed. Two different approaches have been proposed
to minimize this shortcoming [24]: (i) lack of testing for two years after the change from mass
to restricted vaccination (after which a strict test and slaughter policy would be implemented,
where all CFT-positive animals are culled and their flocks of origin retested until 100% of
animals are seronegative at least two consecutive tests) and (ii) the implementation of a
serological test capable of differentiate vaccinated from infected small ruminants as part of the
test-and-slaughter strategy as soon as the whole flock vaccination is stopped (such as the radial
immunodiffusion tests whose usefulness has been discussed before). The restricted vaccina-
tion should be maintained after the achievement of a close to zero brucellosis prevalence. After
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that, if the epidemiological situation is maintained and the risk of reintroduction of B. meli-
tensis has been minimized, the prohibition of vaccination and the implementation of an
eradication program based exclusively on test and slaughter policy could be proposed.
Vaccination coverage, the implementation of other complementary measures, and the
availability of an effective monitoring strategy should be considered by decision makers to
establish the moment of vaccination ban [34]. The availability of economic and technical
resources (economic compensation for farmers, strict animal movement control, etc.) is a
cornerstone to ensure the success of a test-and-slaughter strategy in regions with close to zero
disease prevalence.

5. Control of swine brucellosis

Porcine brucellosis is a notifiable OIE-listed disease [256]. However, in many countries, no
specific control and eradication programs are implemented, and there is no obligation to
conduct monitoring/surveillance strategies on the swine population for Brucella infection.
Therefore, the actual prevalence of porcine brucellosis in many areas is not exactly known and
probably is often underestimated. For example, in the case of EU Members States, the estimates
of the prevalence of swine brucellosis vary depending on the region, but the current situation
of B. suis in swine population is not totally recognized due to the lack of systematic epidemio-
logic data [32]. One of the main differences in the control and eradication of this pathology in
swine compared to ruminant brucellosis is the lack of availability of safe and effective vaccines
against B. suis as Rev. 1 for B. melitensis and S19/RB51 for B. abortus [32, 61]. Nowadays, the
only country where vaccination against swine brucellosis is applied is China, where a national
control program against this disease (mainly caused by B. suis biovar 1) was initiated due to
the high rate of human brucellosis cases and the economic losses in animal production. In
addition to animal vaccination, other strategies such as culling of all aborted females, separa-
tion and removal of infected animals, and quarantine policies were also implemented [257].
Since 1981, pigs have been immunized in China with a live attenuated B. suisS2 vaccine. In
some brucellosis-infected areas with low prevalence, vaccination was only applied to young
livestock so that test-and-slaughter programs could also be implemented. In other areas in
which this was not feasible, an intermittent vaccination policy was applied, and the vaccinated
animals were not tested to avoid the diagnostic interference problems caused by the use of this
vaccine. The S2 vaccine can be administered by parenteral route or per os, although it should
be applied at high doses (20 x 10'° FCU/animals) in two doses [257]. One of the side effects of
this vaccine is that it can cause abortions in pregnant sows, and despite its wide use in China
for decades, OIE does not recommend its use for the control of swine brucellosis, partly due
to the absence of trials demonstrating its efficacy and safety in controlled conditions [61].

In general terms, although in most countries there are no specific plans for the control and
eradication of porcine brucellosis, the most frequent approach for swine brucellosis control is
the test and slaughter strategy, similar to that used in ruminants. Thus, eradication requires
the identification of infected animals, the progressive elimination of reactors from the herd,
and their replacement with noninfected animals (testing all animals and applying a quarantine
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period) [32]. The application of whole-herd slaughter when reactors are detected should be
considered as one strategy that would reduce the risk of circulation within the drove and its
spread to other holdings due to undetected infected animals. However, this measure is often
not feasible because of the economic implications for farmers. On the other hand, whole-herd
depopulation and repopulation with noninfected animals must be implemented in countries
considered free of the disease [258]. An example of a country where this measure is used as
part of its control an eradication program is the USA, where B. suis has been eradicated from
commercial pigs [259], thanks to the great efforts invested in the last decades. In 1972, the U.S.
Department of Agriculture National Brucellosis Eradication Program implemented in
ruminants was expanded to cover swine herds, based on the serological testing and removal
of reactors. Depending on the epidemiological situation, three strategies were implemented
[260]: (i) whole-herd depopulation of infected herds and repopulation, recommended for
commercial herds and seed stock producers who wish to eliminate swine brucellosis from their
population rapidly, and often the solution in the final efforts at eradication; (ii) exceptionally,
in herds with only one or a few reactors (and no clinical signs of swine brucellosis), frequent
test and removal of reactors, although this option was not generally recommended; and (iii)
offspring segregation: this plan was recommended where valuable bloodlines had to be saved
and weaned pigs (usually negative when tested at weaning) were allowed to be moved to
separate, clean premises (animals had to be retested at least once prior to breeding to tested,
clean boars).

As part of a control program, certain conditions and testing are required to classify a herd as
swine brucellosis free. Thus, herds may be validated as swine brucellosis free by conducting
a complete herd test with negative results. Validation may be maintained by periodical testing
of the whole herd with negative results. Besides USA, some other countries in America (such
as Cuba and Panama) [261], where porcine brucellosis is present, have also implemented
control and eradication programs based on these same approaches. Some countries and
regions offer the farmers the option of implementing voluntary programs covered by the
authorities in order to certify the flocks as swine brucellosis-free herds. These voluntary
programs are based on the same principles as those used in the eradication and control
programs, consisting of periodic serological testing of all animals in the herd and removal of
reactors. This measure has been implemented in Argentina, being mandatory for local genetic
suppliers and breeding animals destined for sale, fairs, auctions, and exhibitions [262]. Another
example of voluntary program is in Australia, accepted by all states and nowadays imple-
mented in Queensland, where B. suis is an enzootic disease of feral pigs [263]. Farms included
in the Australian voluntary program should buy breeding stock only from herds registered in
this scheme. If infection is detected in the herd, then the accreditation is withdrawn until all
reactors are removed and the herd tested back to accreditation standards [264]. Another
fundamental key for the control of swine brucellosis is the control of artificial insemination
centers because they may be an important source of infection to many animals [265]. Therefore,
control measures implemented in these centers are especially restrictive and have specific
regulations for each country or region. These measures are based on serological testing and
quarantine of all introduced animals (that must come from accredited B. suis-free farms),

223



224 Updates on Brucellosis

continuous serological monitoring of the whole population of the center, and preparation of
semen doses following certain requirements [32].

Control of wildlife reservoirs is an important part of the swine brucellosis control and
eradication in regions where the disease is widespread in wildlife and may get in contact with
the commercial swine population. For example, in USA, where swine brucellosis remains
endemic in feral swine [266], the control of PB in this wild species is included in the current
program of control and eradication, with specific measures regarding the restriction of feral
swine movement between states, including test and slaughter and control contact with
domestic pigs. According to the OIE, treatment with antibiotics is not being implemented
anywhere as a control measure [256]. Despite its potential application to control an outbreak
at the farm level [267], antibiotic therapy is currently strongly discouraged because it does not
allow the total clearance of the infection and involves the use of high doses with a considerable
cost and poses some additional problems due to the limits of maximum residue in animals
destined to human consumption.
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