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Abstract

Brucella species are the causative agents of brucellosis, which is regarded as the world's most
prevalent zoonotic disease. Brucellosis is endemic to the Middle East, Mexico, Asia, South
America and the Mediterranean and causes significant economic losses in livestock in these
areas of the world, as well as being a reservoir for human brucellosis. Although there are live
attenuated vaccines available for brucellosis, they have many drawbacks when used in animals,

and are still infectious to humans. 1t is clear from this that there is a need for a new effective

vaccine for brucellosis for both animal and human use.

There are increasing instances of ATP-binding cassette (ABC) systems being identified as
virulence factors or potential vaccine candidates. In this study inventories of all the ABC
systems encoded by five sequenced Brucella strains were compiled. These inventories were
compared and differences have been found that could aid in the identification of virulence
factors of Brucella. This study also explores the potential of ATP-binding cassette transporters
as sub-unit vaccines against Brucella melitensis 16M. Eight ABC transporter proteins (PotD,
PotF, Cgt, CydD, LolE, FbpA, OppA and ZnuA) have been produced using recombinant protein
technologies, and their protective efficacy was evaluated in a number of studies using the
murine model of B. melitensis infection. Of the eight vaccine candidates selected two have
shown potential as novel vaccines against brucellosis. PotD and PotF are putative polyamine
binding proteins of Brucella and show protection against experimental challenge of
approximately 1x10* CFU of B. melitensis 16M when expressed by DNA vaccines or used in a
PotD/PotF combination vaccine. Through this work a duel adjuvant system (ISCOMs and CpG)

has been identified as a more effective adjuvant for Brucella vaccines than others previously

used.
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Chapter 1 — Introduction



1.1 Brucella

The first official isolation of Brucella was achieved by David Bruce in 1887 [34]). Earlier reports
describe outbreaks of animal abortions of epidemic proportions that could have been attributed
to Brucella infections [127]. There is evidence of Brucella being discovered in two thousand year
old cheese [43] and there are suggestions that Florence Nightingale died from brucellosis
[84,21,367]. In both animals and humans Brucella species are the causative agents of
brucellosis, also known as Maita fever or undulant fever [67). The bacteria are small (0.5-0.7 ym
diameter, 0.6-1.5 um length) non-motile, gram-negative, non-spore forming coccobacilli that are
part of the sub-phylum a2-proteobacteria, which also includes nitrogen-fixing bacteria of the
genus Nitrobacter, Rhizobium, Agrobacterium and Rickettsia [249). Brucella species are
described as facultative intracellular pathogens. There are currently nine (B. melitensis, B. suis,
B. abortus, B. canis, B. ovis, B. neotomae, B. pinnipedialis, B. ceti and B. microti) recognised

species of Brucella and their differences are determined by their host preferences (see section

1.1.1).

Growth of Brucella species can be achieved on many different types of media, such as serum
dextrose agar (SDA), glycerol dextrose agar (GDA), Farrell's antibiotic medium or commercially
available media such as chocolate agar (Becton Dickinson). Although Brucella species will
growth at a range of temperatures between 20 and 40 °C their optimal growth occurs at 37°C.
Only two Brucella species (B. abortus and B. ovis) require supplementary CO, for optimal
growth. Different biovars of Brucella species can be distinguished experimentally by identifying

different growth properties including: CO, requirement, Hydrogen Sulphide production and by

looking at their serological properties [204).

1.1.1 Animal brucellosis

In animals brucellosis is a non-lethal infection that predominantly causes infectious abortions in
females and orchitis in males. The route of animal infection is via the mouth, eyes, nose and
skin if open. Once inside the animal host, the Brucella are phagocytosed by macrophages and
trafficked through the regional lymph nodes to placental trophoblasts in the females and the

testis in males [237]). Brucella’s ability to preferentially utilise erythritol rather than other carbon



sources was once thought to be the reason for its quick colonisation of the female reproductive
tract in ruminants as they have high levels of erythritol in this area [96). However, Brucella also

colonises the reproductive tracts of rodents, which only have trace amounts of erythritol in their

tissues [96].

The control of animal brucellosis is paramount in reducing the incidence of human brucellosis.
Many areas of the world that are brucellosis-free have strict control programs and mandatory
pasteurisation of all milk products. Successful eradication of brucellosis depends upon strong

regulation and diagnostic testing of live stock to prevent spread and to control the disease [245].

1.1.1.1 Brucella melitensis

The natural hosts of Brucella melitensis are goats and sheep, in which it causes infectious
abortions. B. melitensis is considered the least host-specific of the Brucella species and can
sometimes infect other animals including dogs and camels [369]. It is highly pathogenic to
humans and is thought to be one of the world's most prevalent zoonotic diseases. B. melitensis
was the first of the Brucella species to be isolated by David Bruce in 1887, isolated from a
patient’s splenic tissue and originally called Micrococcus melitensis [67). In 1917 the name was
changed to Brucella in honour of Bruce. According to the International Committee on
Systematics of Prokaryotes — Subcommittee on the taxonomy of Brucella (ICSP) there are three
recognhised biovars of B. melitensis, B. melitensis 16M, B. melitensis 63/9 and B. melitensis

Ether.

1.1.1.2 Brucella suis

There are five different biovars of Brucella suis, which are categorised according to their
microbiological phenotypic characteristics. Brucella suis strains 1330, Thomsen, and 686 can
cause infections in wild and domesticated swine, whereas B. suis strains 40 and 513 infect
reindeer and murine species, respectively. In female swine B. suis causes miliary brucellosis of
the uterus leading to infectious abortions, and spreads rapidly between animals [237]. All of the
B. suis strains, with the exception of Thomsen, have been found to cause disease in humans,

although to a lesser degree than B. melitensis. The first description of brucellosis in swine was

by Traum in 1914, but it was not named as a separate species until 1931 by Huddleson [140].

Infection of pigs with B. suis results in an acute disease characterised by abortions, infertility,

3



orchitis, epididymitis and arthritis. B. suis also causes frequent abscesses in infected organs

and tissues along with the onset of spondylitis [6].

1.1.1.3 Brucella abortus

The natural host of Brucella abortus is cattle. In 1897 Bernhard Bang, a Danish veterinarian
Isolated Brucella aborfus as the agent that caused brucellosis in cattle, bison, water buffalo and
African buffalo. Although B abortus host preference is cattle, there have been reports of B.
abortus infections in camels [5]. Infection with B. abortus occurs through exposure to infectious
abortions during calving or when an abortion occurs. B. abortus is also able to infect and cause
disease in humans although the disease caused is considered less severe than that of B.
melitensis [237]. The geographical distribution of B. abortus is still widespread however, there
are countries that have effectively eradicated bovine brucellosis (defined as the absence of any
reported cased in the last five years). These countries include, Australia, Canada, Cyprus,
Denmark, Finland, The Netherlands, New Zealand, Norway, Sweden and the United Kingdom
[293]. It is difficult to assess the natural incubation time of B. abortus in infected cattle as it is
not possible to determine the exact moment of infection. In female cattle the predominant

symptom Is abortion, whereas in bulls Brucella localise in the testicles causing enlargement [6].

1.1.1.4 Brucella canis

The natural host species for Brucella canis is the dog. B. canis was first isolated from aborted
pups in pregnant beagles by Carmichael in 1966 [44]. Most canine Brucella infections are
acquired though the consumption of infected milk, or contact with infectious vaginal secretions
and male urine or semen [346,237]. Routes of entry into the body include the genitals, the nose
or the eyes. Infection with Brucella often results in the end of the dog's breeding career. Dogs
infected with B. canis present with a range of symptoms including infectious abortions,
bacteraemia, prostatitis, epididymitis, scrotal dermatitis, lymphadenitis and splenitis [6].
Although primarily a pathogen of the dog, B. canis can occasionally infection humans with mild

symptoms [344,197,198].

1.1.1.5 Brucella ovis

The sheep is the natural host of Brucella ovis. It predominately causes testicular complications

such as genital lesions leading to low fertility in rams, whereas ewes appear relatively resistant,



although they do suffer from occasional abortions. Rams often shed Brucella in their semen
during early infection but over time the numbers decrease [6] B. ovis was first isolated from
sheep in New Zealand by MacFarlane et al. in 1950 [215], and was given its name by Buddle in

1955 [37,36]. There are no documented cases of B. ovis infections in humans.

1.1.1.6 Brucella neotomae

The natural host of Brucella neotomae is the wood rat. B. neotomae was first identified by

Stoenner and Lackman in 1957 [308), and has only ever been isolated from wood rats.

11.1.7 Brucella pinnipedialis and Brucella ceti

Brucella pinnipedialis and Brucella ceti are relatively new species in the Brucella field. B.
pinnipedialis was isolated by Ewalt et al. in 1994 from a bottlenose dolphin [97]. Its primary
hosts are seals, sea lions, and walruses. Brucella ceti was isolated from North sea seals and
cetacean populations in 1996 by Ross et al. [280]. There have been three reported cases of
human infection from marine mammal Brucella species; one report was a laboratory worker with
clinical signs of brucellosis [32], the second was two patients from Peru diagnosed with
neurobrucellosis caused by marine mammal strains [301] and the third was from a patient in

New Zealand infected with a Brucella strain originating from the United States of America [212].

1.1.1.8 Brucella microti

Brucella microti is the most recently identified Brucella species. Originally isolated from the
common vole Microtus arvalis [289], it has also been identified in soil samples [288] and in wild

red foxes located in lower Austria [287].

1.1.2 Brucella genome comparisons

Of all the Brucella species/strains there are currently nine sequenced strains (available at
http://patric.vbi.vt.edu/) : B. melitensis 16M [78], B. abortus 9-941 [128], B. suis 1330 [258], B.
ovis 63/290 [323], B. canis RM6/66, B. abortus 2308, B. suis Thomsen (biovar 2), B. melitensis
63/9, B. abortus S19. The characteristics of the Brucella genomes are very similar, with the
exceptions of B. suis biovars 2, 3 and 4 whose genomes are slightly smaller they all have
approximately 3.3 Mbp genomes comprising two chromosomes, one of 2.10 Mbp (Chr 1) and a

smaller chromosome approximately 1.2 Mbp (Chr ll) in length [155]. Both chromosomes have a



G-C content of around 57% [128,258,78) and comparisons between the genomes of Brucella
species have shown that they are very similar with an almost identical selection of genes and
gene organisation [128]. There is a clear functional difference between the two chromosomes,
Chr | encodes the vast majority of core metabolic process, such as transcription, translation and
protein synthesis. Whereas, Chr |l encodes a large amount of genes involved in membrane
transport, energy metabolism and regulation [128,258,78]. The first direct genome comparison
between B. melitensis 16M and B. suis 1330 has shown that the sequence identity for the
majority of open reading frames (ORFs) is 2 99% [258]. However, despite the high degrees of
similarity between B. melitensis 16M and B. suis 1330 there have been differences observed. B.
suis 1330 contains 42 unique genes located in 22 genetic islands, whereas B. melifensis 16M
contains 32 unique genes on 11 genetic islands, these differences seem to mainly effect genes
with either unknown function such as hypothetical proteins or probable surface-exposed genes

like outer membrane proteins (Omps) and membrane transporter genes [258,322]. The

sequence of B. abortus 9-941 was released later than B. melitensis 16M and B. suis 1330, and

comparisons between these three species have highlighted the high sequences homologies

between these three strains even further [128). Many of the genomic differences between B.

melitensis 16M, B. abortus 9-941 and B. suis 1330 relate to small ORFs, where functional

assays such as microarrays or proteomics studies are needed to help assess their function

1128].

Perhaps the more interesting comparisons in Brucella genomics are between Brucella species

and other members of the a2-proteobacteria such as Agrobacterium tumefaciens,

Sinorhizobium meliloti and Mesorhizobium loti. The genomes of A. tumefaciens (5.67 Mbp,
[357]), S. meliloti (6.7 Mbp, [109]) and M. loti (7.60 Mbp, [159]) are considerably larger than that
of Brucella. However, despite this, comparisons between these organisms and B. suis have
shown that 1,902 (of 3388) B. suis ORFs were conserved in A. tumefaciens, S. meliloti and M.
loti genomes [258]. Further analysis by Paulsen et al. has shown that B. suis Chr | shares large

regions of gene order with M. /loti [258]. Indicating that these bacteria are very closely related.



1.1.3 Human brucellosis

Human brucellosis is a non-lethal debilitating disease known to be caused by six of the nine
species of Brucella (B. melitensis, B. abortus, B. suis, B. canis, B. pinnipedialis and B. ceti). Of
these six, it is B. melitensis that causes the most severe infection and B. abortus, B. suis, B.
canis, B. pinnipedialis and B. ceti causing milder forms of the disease in descending order of
severity. As brucellosis is endemic in animals in many parts of the world these animals act as a
reservoir for human infection [251). The route of transmission from animal to human takes place
via three recognised channels: 1. the consumption of infected animal produce (e.g.
unpasteurised milk and cheese products or undercooked animal meat); 2. direct contact with
infected animal birth products; 3. the inhalation of aerosolised Brucella. Brucellosis is a common
occupational hazard for shepherds, abattoir workers, veterinarians, industrial dairy workers and

laboratory personnel [249].

Once inside the human body Brucella infect professional and non-professional macrophages
and they are then disseminated throughout the body via regional lymph nodes and
subsequently into the circulation. After they enter the circulation the Brucella can be distributed
to multiple organ systems high in reticuloendothelial tissue such as the spleen, liver, and
haematopoietic system [249,283]. Infection usually takes one to eight weeks to incubate,
dependant on inoculum size, Brucella species/strain and individual host resistance. After
dissemination throughout the body brucellosis usually takes the form of either an acute disease

or a chronic disease.

The acute form of the disease usually presents itself within two to four weeks of infection.
Brucellosis presents itself with a variety of flu-like symptoms including fever, sweats, chills,
malaise and nausea coupled with anorexia, headaches, myalgias and back pain [285]). The
clinical manifestations of brucellosis include a wide variety of non-specific symptoms including
anaemia, enlargement and inflammation of the liver, spleen, uvea and vertebra, a decrease Iin

blood platelets and meningitis [368,285].

Chronic brucellosis is described as symptoms that persist for more than a year after diagnosis

[101]. Symptoms for chronic brucellosis include chronic fatigue, depression, weight loss and
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arthritis. Brucella can also invade the central nervous system and cause neurobrucellosis,
occurring in about 5% of cases in non-endemic areas rising to approximately 18% in endemic
areas [253]. Neurobrucellosis presents itself as acute or chronic meningitis, with other clinical

symptoms including encephalitis, intracerebral abscess, demyelination and radiculoneuritis

[253].

If left untreated brucellosis symptoms can worsen and patients might eventually die. Treatment
for brucellosis is complex, often consisting of a cocktail of two or more antibiotics over a six
week period. The current recommended treatment for brucellosis is a combination of either
doxycycline and rifampicin for six weeks, or doxycycline for six weeks and streptomycin for two
or three weeks [253]. In uncomplicated cases of brucellosis, these treatments are usually
effective in 90% of cases and relapses can often be treated with the same regimens [303,252}.
Where rare complications occur, the most common being spondylitis, there ts no consensus on
the optimal antibiotic regimen [252). Where neurobrucellosis occurs, regimens often take the
form of triple or quadruple antibiotic cocktails for prolonged periods of time. Endocarditis is also
a major complication of brucellosis and considered a medical emergency, surgery to remove the
infected heart valve is usually required and antibiotic treatment is also used for patients to make

a full recovery. However, endocarditis is still responsible for the bulk of mortality caused by

brucellosis [252].

1.1.4 Brucella as a biological warfare agent

Brucella species have traditionally been cited as potential agent of bioterrorism by the US
Centers for Disease Control and Prevention (CDC) [1]). The reasoning behind this is that
Brucella species are infective by the aerosol route and can cause a chronic debilitating disease

that can be difficult to diagnose, which would cause wide spread panic and chaos after a

deliberate release. The United States of America (USA) started developing B. suis as a
biological weapon in 1942, testing it in animal field trials in 1944 and 1945, before stopping the
offensive Brucella program in 1969 [267]. The USA is not the only country to experiment with
Brucella as a biological weapon. In the former Soviet Union Brucella was developed as a
biological warfare agent as part of the Soviet biological weapon program [250]. Reports have

stated that both dry and liquid forms of Brucella were developed as biological weapons and that



they were tested on the island of Vozroshdeniye during the height of the Soviet biological
weapon program [250]. Although Brucella species have not been directly used as a biological
weapon they still pose a threat to armed forces personnel deployed to endemic areas of the
world. A case of diagnosed brucellosis in a soldier six weeks after returning from active duty in

Iraq was later revealed to be caused by the consumption of unpasteurised goat's cheese [235].

1.1.5 Diagnosis of brucellosis

Diagnosis of brucellosis is difficult and the best way to confirm an infection is to isolate the
organism from the host’'s blood or other tissue. Cultures from bone marrow are considered the
absolute diagnosis due to the high numbers of Brucella in the reticuloendothelial system,
although this is an invasive and painful technique [249]. There are also a number of serological
tests available for the diagnosis of brucellosis.

The Rose Bengal Plate Test (RBPT) is an antigen agglutination test that consists of Brucella
cells stained with Rose Bengal and mixed with a buffer at pH 3.65. The test involves mixing the
antigen with 30 pl of serum on a glass slide or enamel strip. After a brief incubation the slide is
then examined for the presence of agglutination. Samples are usually confirmed positive if there
is any agglutination present, although results can be graded depending on the speed of the
agglutination [237,105]. However, to use the RBPT for B. canis diagnosis, specific B. canis
antigens must be used due to the difference in lipopolysaccharide structure [283] and its cross
reactivity with other bacterial species such as Escherichia coli 0116 and 0157, Francisella
tularensis and Yersinia enterocolitica [249)]. Indirect enzyme-linked immunosorbent assays
(ELISAs) can be used as a diagnostic tool and routinely use purified O chain antigens. ELISAs

overcome some of the problems associated with the RBPT and show a higher sensitivity and

specificity [11].

Another serological test for brucellosis is the Complement Fixation Test (CFT). The CFT utilises
anti-sheep red blood cell (SRBC) antibodies, whole SRBC, complement and antigen. Serum
samples are mixed with Brucella antigen (usually whole Brucella cells) leading to the formation
of antigen-antibody complexes. With the addition of anti-SRBC and whole SRBC, complexes
form between the two. When the complement is added, and if there are no Brucella antibodies

present the complement is utilised by the anti-SRBC and SRBC complexes causing SRBC lysis.



If there are Brucella antibodies present then the complement binds the anti-Brucella - Brucella

antigen complexes and minimal SRBC lysis occurs. In sheep and goats the CFT is considered

the most specific and sensitive method of serological diagnosis of B. melitensis infection [203].

In more recent years, the development of polymerase chain reaction (PCR) techniques have
helped in both the typing and diagnosis of brucellosis. Positive PCR results can sometimes be
obtained from tissue samples taken as little as 10 days after infection. The major genes used in
the development of PCR diagnostic techniques are the 16S ribosomal RNA genes [239].
However, approaches originally used to evaluate the taxonomy and evolution of Brucella
species could have applications as diagnostic tools. For example, multi-locus sequence typing
(MLST), based on PCR analysis of DNA sequences of internal fragments of specific
housekeeping genes, enables the characterisation of Brucella by their unique sequences
[325,289]. Similarly, multiple locus variable number tandem repeats (VNTR) analysis (MLVA)
takes advantage of polymorphisms in tandemly repeated DNA sequences for analytical
purposes. MLVA technology for evaluation of Brucella species is a new technology and, In
2006, two publications described MVLA markers that may be used for identification of Brucella
species and, in some cases, specific Brucella strains [350,181]. These MVLA panels have been
used to type strains of Brucella isolated from humans in Peru [300]. MVLA technology has been
compared to other PCR-based typing methods, providing evidence that it is a comparable or, in

some cases, a more useful diagnostic tool [110].

1.1.6 The intracellular trafficking of Brucella

Brucella are characterised as facultative intracellular bacteria since they spend most of their life
within host cells. They can infect either non-professional phagocytic cells like epithelial cells and
fibroblasts, or professional phagocytic cells including murine peritoneal macrophages and
human monocytes, neutrophils and bovine mammary gland macrophages [224]. The trafficking
of Brucella through each type of cell differs between non-professional and professional

phagocytic cells.

1.1.6.1 Brucella trafficking through non-professional phagocytic cells

The entry of Brucella into epithelial cells occurs via the use of unknown cell receptor molecules,

and through phagocytosis using actin filaments and activation of GTPases (figure 1.1 A). During
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early infection Brucella are routed to the early phagocytic compartments of the cells (figure
1.1B) and at this stage, the host cell has developed its late endosome which will develop into
the lysosome and then the phagolysosome (figure 1.1 C). The majority of Brucella that are
ingested into non-professional phagocytic cells are routed to the endoplasmic reticulum (ER) via
the autophagocytic pathway. Here they join and fuse with the ER, using type 1 transmembrane
glycoproteins called lysosome-associated membrane protein 1 (LAMP-1 depicted bye, figure 1.1
D & E). Brucella do not travel through the late endosome or golgi apparatus throughout
intracellular trafficking. Once inside the ER, Brucella replicate without interfering with cellular
function [224]. During this trafficking Brucella avoid phagosome contact and are therefore not in

danger of being digested in the phagolysosome.

1.1.6.2 Brucella trafficking through professional phagocytic cells

Brucella enters professional phagocytic cells via binding to cell receptors such as FcR, C3bR,
mannose receptor and the fibronectin receptor [347] (figure 1.2). Once bound, Brucella enters
via lipid rafts (membrane areas rich in cholesterol, glycosylphosphatidylinostiol (GPI) and
glycosphingolipids). Specifically, Brucella use cholesterol and GPIl-anchored proteins as their
lipid rafts [347,224). Opsonised Brucella gain entry via the cell's Fc receptors [224] (figure 1.2 A)
and, once Brucella have gained entry into the cell, development of the early Brucella-containing
vacuole (BCV) occurs (figure 1.2 B). During the development of the BCV, the host cell starts to
develop the early endosome, which will become the late endosome, then subsequently the
lysosome and the phagolysosome (figure 1.2 C). The intermediate BCV forms by the acquisition
of lysosomal-associated membrane proteins (LAMP) (figure 1.2 D) and fusion with the cells ER
occurs within the first few hours of infection (figure 1.2 E). The Brucella enter the final stages of
cell infection by formation of the replicative BCV which occurs without the need for LAMP-1, but
with the recruitment of other ER markers including calnexin and calreticulin (depicted by e ).
before replicating in the cisternae compartment of the ER [51] (figure 1.2 F & H). Brucella do not

travel through the
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late endosome (figure 1.2 C) or golgi apparatus during intracellular trafficking. Once inside the ER
Brucella inhibit apoptosis and start to replicate [224]. Again, during intracellular trafficking the

Brucella do not come into contact with the cells phagosome and so are not in danger of breakdown

In the phagolysosome.

1.1.7 Brucella virulence

Brucella species are different from most pathogens as they have no classical virulence factors.
They produce no known exotoxins, cytolysins, capsules, fimbria or flagella. Thus the virulence of
Brucella stems from its ability to infect and replicate within a host and its ability to resist the host
immune response. Brucella species are well adapted to their intracellular lifestyle and, although

they have no classical virulence factors, there are a number of virulence factors that have been

identified that could help explain Brucella pathogenicity (figure 1.3).

1.1.7.1 Lipopolysaccharide (LPS)

Lipopolysaccharide is an important constituent of the Gram-negative bacterial outer membrane.
There are two types of Brucella LPS: smooth LPS which comprises lipid A, a core polysaccharide
and an O-antigen side chain, and rough LPS where the O-antigen side chain is not exported to the
cell surface. Although LPS could be considered a classical virulence factor, Brucella LPS is different
from that of most other Gram-negative bacterial LPS. It is many times less toxic than the LPS of E.
coli [119] and is highly resistant to macrophage degradation [103], offering some protection against
the host immune response. Studies on B. melitensis LPS have characterised the reduced toxicity of
Brucella LPS further [324]. The difference between the LPS of rough and smooth species of
Brucella is thought to alter the way in which different species of Brucella enter cells [324]. Smooth
Brucella species are thought to interact with lipid rafts on the cell surfaces, whereas rough Brucella
species (B. canis and B. ovis) seem not to interact with lipid rafts and more frequently fuse with

lysosomes [178].

1.1.7.2 Type IV secretion system VirB

Type IV secretion systems are a group of multi-protein complexes that enable bacteria to secrete

molecules and proteins across the cell envelope [30]. For example, Bordetella pertussis secretes
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the pertussis toxin through the Ptl system [65) and Legionella pneumophila export proteins through
the Dot/lcm system [22]. The Brucella VirB system is an analogue of VirB in Agrobacterium
tumefaciens [240] and Is encoded by the virB operon which includes 12 proteins. The composition

of the VirB system and the proteins that it secretes are still largely unknown, although progress is

being made in discovering what the VirB system secretes [73].

Recent research has identified two proteins called VceA and VceC that are translocated into
macrophages via the VirB secretion system, although the function of these proteins is yet to be
determined [73]). Experimental evidence has shown that the genes encoding VirB are not needed by
Brucella for the penetration and inhibition of phagolysosomal fusion in non-professional phagocytes.
However, the same genes are needed for the Brucella to reach and reside in their replicative niche
[77]). Brucella with deficiencies in the virB genes are unable to fuse with the ER and are instead

directed to the lysosome and subsequently destroyed [224)]. There is also evidence to show that the

VirB system is not needed for dendritic cell maturation or the establishment of a type 1 adaptive

immune response [28].

1.14.7.3 Two component regulatory system (BvrS/BvrR)

The two-component regulatory system (TCRS) in Brucella is a homologue of the Chvl/ChvG system
of Rhizobium meliloti and A. tumefaciens [124,193] which is needed for endosymbiosis and
pathogenicity in Bryophyllum diagremontiana and Medicago sativa plants, respectively [55,56). The
TCRS consists of a regulatory protein, BvrR, and a sensory protein, BvrS. This regulatory system
has been located in the genomes of B. melitensis, B. suis and B. abortus and the homology
between each species differs only by several amino acids [302]. It is thought that the TCRS is
responsible for sensing whether the bacteria are residing in an intracellular or extracellular
environment, and for turning off unnecessary genes and turning on essential genes [302].
Sequencing of the Brucella genomes has found approximately 21 predicted TCRS [78,258,128], the
best characterised being the BvrS/BvrR system. Mutations in the BvrS/BvrR cause problems in the
production of outer membrane proteins 22 and 25 (Omp22 and Omp25) which, in turn, leads to

reduced virulence in mice [302,124]. The Omp25 protein, which is regulated by the BvrS/BvrR
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system may be involved in virulence through a mechanism that inhibits TNF-a release in human
macrophages [89,151). B. melitensis and B. ovis Omp25 mutants are attenuated in mice [88] and
although B. abortus Omp25 mutants display different phenotypes to their wild-type strains, they are
still virulent in mice, whereas BvrS/BvrR mutants are attenuated in mice [87,207], indicating that

BvrS/BviR influences other genes in Brucella that could be involved in virulence [207].

1.1.7.4 Brucella virulence factor A (BvfA)

The Brucella virulence factor A (BvfA) is an 11 kDa periplasmic protein that is unique to Brucella
with no homologues currently in GenBank [180]. B. suis BvfA mutants are highly attenuated both in
vitro and in vivo, and the expression of BvfA is induced when B. suis is within macrophages during
phagosome acidification, suggesting that BvfA could be involved in the establishment of the

intracellular niche [180].

1.1.7.5 Sugar metabolism

The ability to metabolise different sugars for energy is important in bacterial survival. Brucella
preferentially utilise an uncommon sugar called erythritol which provides them with a major
advantage over competing bacteria [96]. There are only a few genes that have been shown to be
important in the intracellular survival of Brucella that relate to sugar metabolism [168]. Erythritol
metabolism is one example with the identification of two genes, eryD and eryC that are thought to
be important for Brucella intracellular growth since mutants in eryD and eryC exhibit slower
intracellular growth than their wild-type counterparts [39). It is known that genes involved in the

glycolysis pathway (glucose degradation) are absent in Brucella [78).

1.1.7.6 Nitrogen metabolism

As nitrogen constitutes a large part of many different components of bacteria including proteins,
nucleic acids and enzymes, the ability to metabolise nitrogen is extremely important in bacterial
survival. There have been three genes identified in Brucella that encode for nitrogen metabolism.

They are ginA, ginD and gInL and are genes involved in NH," utilisation [168). A homologue of GInA

in Salmonella typhimurium has been shown to be important in its virulence [166}.
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1.1.7.7 Amino acid and nucleic acid synthesis

Due to the low nutrient nature of the intracellular environment, it may not be possible to gain all

nutrients required for bacterial survival and growth from the environment. Therefore bacteria may

have to synthesise their own amino acids and nucleic acids. Genes have been identified in B. suis
that demonstrate its ability to make amino acids and nucleic acids (purD, purE, purfF (purine
synthesis) and carAB, pyrB and pyrD (pyrimidine synthesis)) [168]. Previous studies have shown
that purE mutants of B. melitensis are attenuated in both mice and human monocyte-derived
macrophages [66,85], highlighting that, whilst residing inside host cells, Brucella species may need

to synthesise nucleotides. Similarly, a B. suis mutant of the aroC gene (involved in the synthesis of

aromatic amino acids) was attenuated both in vitro and in vivo [104).

1.1.7.8 Oxidoreduction

Brucella species contain the cydDCAB operon which encodes for cytochromes that are important in
respiration. Within the operon is the cydD gene which is important in the intracellular survival of B.
suis [168], a finding that has been strengthened by the discovery that a B. abortus cydB mutant was

attenuated in the mouse model of infection [93].

1.1.7.9 Stress proteins

Three genes have been identified that could be required for adaptation to the intracellular
environment. These are hfg encoding host factor 1, htrA encoding a protease and /on also encoding
a protease [168]. B. abortus strains containing mutations in the hfg gene are more sensitive than
wild type bacteria to hydrogen peroxide and low pH and they also fail to replicate in host

macrophages [273]. Similarly, B. abortus lon mutants show increased sensitivity to hydrogen

peroxide and to certain antibiotics, and are attenuated in vitro and in vivo [272]. Mutants of the hirA
gene show attenuation in vitro but are fully virulent in vivo, indicating that the gene may not be

needed for full virulence in natural infections [263].

1.1.8 Animal models of brucellosis

As brucellosis is a disease associated with a range of large animal species it is difficult to identify a

suitable small animal model that accurately reflects brucellosis in nature.
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1.1.8.1 Mouse model of brucellosis

The most widely used and well characterised animal model of brucellosis is the mouse model.

There are two strains of mice that are commonly used for studying brucellosis. These are the
Brucella-resistant C57BL/6 strain and the more susceptible Balb/C strain [20]. Mice are used
because they are bred, housed, and handled for animal studies. Furthermore, the mouse immune

response, although complex, is also well characterised, aiding the understanding of the immune

response to Brucella species.

The growth of Brucella species in mice varies depending on which mouse strain is used. Early
studies into Brucella growth have evaluated its growth in four different strains; Balb/C, CBA/H,
C57B1/10 and B10Br. When mice were dosed intravenously with 5x10° Colony Forming Units (CFU)
B. abortus, the splenic bacterial burden peaked at two weeks post infection, in all strains. In the
Balb/C, C57BlI/10 and B10Br strains the bacterial loads decrease steadily until around seven weeks
post infection. However, in CBA/H mice bacterial loads decreased at three weeks post infection
before persisting in the spleen at a constant level for seven weeks post infection, indicating that in
this strain Brucella infection presents itself as a chronic infection [135]. In all these strains clearance
of Brucella from the liver was relatively efficient [135]). Longer experiments have shown than in
Balb/C mice growth of B. abortus reaches a plateau phase approximately eight weeks post infection
before gradually declining up until 24 weeks post infection. In C57BI/10 mice the plateau phase is

shorter with bacterial loads lower after eight week of infection. After 16 weeks Brucella recovery can

be difficult in C57B1/10 mice [222].

Mice infected with Brucella do not produce any outward clinical signs of disease, so protection is
measured by comparing the number of recoverable Brucella CFU from naive non-immunised mice
with mice inoculated with a novel vaccine candidate or other treatment. Typically, mice immunised
with a current animal vaccine are also included in the studies as positive controls. The majority of
protection studies completed using the mouse model of brucellosis involve infection via the

intraperitoneal (i.p.) route with approximately 1x10* CFU of B. melitensis and, although this is an

effective experimental technique, it does not truly represent a natural route of infection. Recently
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there have been two studies published which specifically evaluate exposure of mice to Brucella via
the aerosol route [246,156]. Kahl-McDonagh et al. demonstrated that inhalational infection with B.
abortus causes a chronic infection in the lungs and peripheral organs at lower doses than
inhalational infection with B. melitensis [156]. Olsen et al. used a jet nebuliser to dose mice with B.
melitensis or B. abortus, reporting consistent Brucella growth in the liver, lungs and spleen between

the two species, although they were unable to demonstrate protection from a 1x10" CFU dose of B.

abortus vaccine strain RB51 against aerosol challenge [246)].

Immunocompromised mice have also been used to study Brucella virulence and the Brucella
specific immune response. Mice deficient in interferon requlatory factor-1 (IRF-1"'; deficient in 1L-12,
functionally impaired natural killer (NK) cells and cytotoxic CD8" T cells) and mice lacking

recombination-activating gene 1 (Rag1™: deficient in mature T and B cells) have both been studied

[167,148]. IRF-1" mice stil have some control over a Brucella infection at low bacterial
concentrations as challenge with 5x10° CFU of B. abortus are needed to cause death [167). More
recently IRF-1" mice were reported to succumb to infection after 9 days when given 1x10" CFU of
B. melitensis [269]. Studies using Rag?” mice have indicated that a T- and B-cell independent
immune response can control a Brucella infection at a high level in the murine spleen, but not the

liver. However, the presence of T and B cells is required for full clearance of the infection [148].

1.1.8.2 Other animal models of brucellosis

Although the mouse model of infection is the best characterised experimental model for brucellosis,
there are other animal models reported in the literature. These include infections in goats {217,92],
beagles [248] and monkeys [260]. Research using these different models is pathologically more
realistic and therefore important in furthering our knowledge of brucellosis. However, the mouse

model is immunologically better characterised, cheaper, and easier to work with and so is more

oftern the model of choice for Brucella research.
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1.2 The immune response

The immune response is a complex interaction of many different chemical signals, molecular
pathways and cellular networks, the function of which is to defend the body against infection from
pathogenic organisms. Although there is significant cross-over between different branches of the
immune response it can be broadly split into two main categories: the innate immune response and

the adaptive immune response.

1.2.1 The innate immune response

The innate immune response is the body’s first line of defence against pathogens, consisting of
various non-specific defence mechanisms, including physical barriers, phagocytosis, natural killer

cell activation and initiation of the alternate complement cascade.

1.2.1.1 Physical and chemical barriers

The first major line of defence against pathogens is the skin and epithelium. The constant
regeneration of the epithelium helps remove bacteria that have adhered to it. Flushing mechanisms
such as tears and saliva aid in the prevention of bacterial colonisation of the mouth and eyes. The
gastrointestinal and respiratory tracts are lined with mucus that assist in trapping bacteria which
prevents infection of the lungs and digestive systems [200]. The enzyme lysozyme breaks down the
bacterial cell wall, which reduces bacterial growth. Lysozyme can be found in bodily secretions such

as sweat, tears and saliva. The general low pH of sweat and gastrointestinal fluids also aids in the

prevention of infection [23].

1.2.1.2 Complement cascade

The complement cascade ultimately leads to cell lysis via the creation of a pore in the cell
membrane known as the membrane attack complex (MAC). There are three pathways of
complement activation: the classical pathway, the lectin pathway and the alternative pathway. Only
the alternative pathway is part of the innate immune system as it does not require any antigen
specific cell signals for activation. This pathway is activated by the pathogen cell surface creating an

environment favourable for complement binding and activation. Once activated, the complement
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cascade leads to the generation of a C5 convertase whose function is to catalyse the first steps in

the production of the MAC. The alternative complement cascade starts with the continuous low level

breakdown of complement molecule C3 into C3b, a very reactive molecule with the ability to bind
many different cell surface markers. When C3b binds to a bacterial cell surface then a molecule
called Factor B is activated and cleaved into Bb which binds on to C3b on the microbe. C3bBb
complex (C3 convertase) is an enzyme that increases the cleavage of C3 to C3b, creating a
positive feedback for increasing the activation of complement [200]. C3bBb then further binds more
C3b creating C3bBb3b complex or C5 convertase. C5 convertase cleaves C5 into C5a and CSb
and, from this point on, the generation of the MAC is a non-enzymatic process. Cba is a strong
immune modulator molecule which causes neutrophil activation, adhesion, migration and
chemotaxis, and monocyte activation causing the release of cytokines such as IL-1 and IL-6, and it
can cause mast cell degranulation. C5b is crucial for the formation of the MAC as it binds C6 and
C7 forming C5b67, which then binds C8 and anchors itself in the bacterial membrane. C5b678

causes the insertion and polymerisation of many C9 molecules causing the formation of the MAC.

The MAC causes bacterial cell lysis and eventually cell death [276].

1.2.1.3 Innate pathogen recognition and activation

The cells of the innate immune response include dendritic cells, macrophages, natural killer (NK)
cells and neutrophils, all of which have important roles in the initiation of the immune response.
Neutrophils are a major class of phagocytic cells that are abundant in the blood stream. Upon early
infection neutrophils migrate to the site of infection where they play essential roles in the
phagocytosis of the invading pathogen. Macrophages and dendritic cells have the ability to
recognise general markers on pathogens called microbe-associated molecular patterns (MAMPS).
These are recognised by a group of receptors called the Toll-like receptors (TLRs), which recognise
a range of different MAMPs, both extracellular and intracellular. For example, TLR4 recognises
lipopolysaccharide, and TLR9 recognises short methylated lengths of DNA called CpGs. Other
TLRs include TLR5 (recognises flagellin), TLRs 6 and 2 (a TLR dimer that recognise

diacyllipopeptides), TLRs 1 and 2 (another TLR dimer that recognise triayllipopeptides) [276].

Activation of TLRs leads to the increased phagocytosis by macrophages and release of pro-
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inflammatory cytokines such as tumour necrosis factor-a (TNF-a), interleukin-12 (IL-12), and IFN-y.
Activation via TLRs also causes the maturation of dendritic cells, leading to their migration to
regional lymph nodes and the initiation of the adaptive immune response. Pro-inflammatory
cytokines assist in the recruitment of further phagocytic cells such as neutrophils and NK cells [200].
NK cells develop in the bone marrow once fully developed, they circulate in the blood stream and
are activated by macrophage derived cytokines. Upon activation NK cells kill infected cells via the
release of cytotoxic granules and perforin. NK cells are also a major producer of IFN-y generated
during an innate immune response. Production of cytokines such as IL-12 in conjunction with
tumour necrosis factor — alpha (TNF-a) by macrophages can also stimulate release of IFN-y by NK

cells. Many of the cytokines produced by the innate immune response also play important roles in

shaping the adaptive immune response.

Both macrophages and dendritic cells also play major roles as antigen presenting cells (APCs).
After a pathogen has been phagocytosed antigens are displayed on the surface of the cell in
conjunction with major histocompatibility complexes (MHC) Il. These are recognised by cells of the

adaptive immune response which helps in the development of the immune response.

1.2.2 The adaptive immune response

The adaptive immune response is another branch of the immune response that takes longer to

establish itself during an infection than the innate response. However, once established, it is
specific to particular pathogens and it is responsible for the clearance of an invading pathogen. The
adaptive immune response is also responsible for the generation of immunological memory which
makes vaccination possible. There is significant cross-over in elements of the adaptive immune

response, but it can be broadly split into two categories: the humoral immune response and the

cellular immune response.

1.2.2.1 T cell maturation and differentiation

T cells are all derived from the same progeny of lymphoid cells produced in the bone marrow, only

reaching full maturity in the thymus. During their early development T cells express both CD4 and
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CD8 molecules, and it is only when T cells are simulated to recognise either MHC | or |l that they
become designated as CD4™ T cells or CD8" T cells. T celis that are able to recognise MHC |
molecules develop into CD8" T cells and those that recognise MHC Il molecules become CD4" T

cells. At this point both populations of T cells are referred to as naive CD4" T cells or naive CD8' T

cells.

Once naive CD4" T cells are activated by MHC 1l complexes the differentiation into Th1 or Th2 cells
begins. The CD4™ T cells first differentiate into an intermediate cell type known a ThO cell, and the
production of IL-2 by ThO cells stimulates it to proliferate further. ThO cells have the ability to
differentiate into either Th1 or Th2 cells, largely determined by the type of invading pathogen and by
cytokine signalling. Intracellular pathogens generally cause CD4" T cells to differentiate into Th1
cells, whereas extracellular pathogens generally give rise to Th2 cell populations. Cytokine
signalling also affects the differentiation of Th0 cells into Th1 or Th2 cells; cytokines such as |L-12
(produced from macrophages), IL-23 (dendritic cells) and IL-18 (macrophages) lead to the rise of
Th1 cells, whereas IL-4 (mast cells/T cells) and IL-13 (T cells) lead to the rise of Th2 cells. Th1 and
Th2 cells are the co-ordinators of the immune response modulating the function of other cells via
direct contact or secretion of different cytokines that direct the most appropriate response to a
pathogen. The differentiation of naive CD4™ T cells into either Th1 or Th2 cells determines which

type of immune response will be produced, either a cellular (Th1) or humoral (Th2) immune

response.

The activation of naive CD8" T cells is a simpler process as they are pre-designated to become
cytotoxic T lymphocytes (CTLs). The differentiation of naive CD8" T cells into CTLs takes place via
activation from mature dendritic cells although in some cases the differentiation requires additional
signalling from CD4" T cells. The result of activation from both sources is the production of IL-2 by
the naive CD8" T cells which drives their proliferation and differentiation into CTLs. Once T cells
have matured and differentiated into Th1 cells, Th2 cells or CTLs, their functions in the immune

response have different effects upon different cell populations.
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1.2.2.2 The cellularimmune response

The main effector cells of the cellular immune response are the Th1 cells and CTL populations. The
array of cytokines produced by Th1 cells defines their function within the immune response. Th1
cells produce cytokines such as IFN-y (increasing activation of NK cells, macrophages and dendritic
cells), TNF-a (increases nitric oxide production from macrophages), and granulocyte macrophage -
colony-stimulating factor (GM-CSF, increases the production of macrophages and dendritic cells).
The function of CTLs is to kill infected cells expressing foreign peptide presented in conjunction with
MHC | via the release of cytotoxic granules and perforin similar to that of NK cells. Upon recognition
of the antigen there is a clonal expansion of CTLs, which gives rise to two populations of CD8" T
cells, specifically CTLs or memory T cells. Activated CTLs secrete further cytokines such as IFN-y
and IL-2. IFN-y stimulates macrophage activation and increases antigen presentation via MHC

class | and I, which starts the cycle over again, acting as a positive feedback loop driving the

cellular immune response [42].

1.2.2.3 The humoral immune response

The humoral immune response is generated by a subset of cells known as B cells, which are
generated in the bone marrow from common lymphoid progenitor cells. B cell antigen specificity
arises from the B cell receptor (BCR) a membrane bound immunoglobulin coupled with two
transmembrane signalling molecules Iga and IgB. The BCR is capable of recognising free antigen,
however, when antigen binds to the BCR it is the two signalling molecules (Iga and IgB) that cause
the signalling cascade that activates the B cells. B cell activation, leads to clonal expansion of the
activated B cell population [276]. B cells then differentiate into plasma cells that produce pathogen-
specific antibodies of the same specificity as the BCR on their cell surface. Antibodies themselves
function in @a number of different ways including neutralisation of toxins by binding active sites,
binding directly to pathogens (opsonisation) thereby increasing phagocytosis of the pathogens, and
activation of complement via the classical pathway [200]. Cytokines such as IL-4 and IL-5 produced

by CD4” Th2 cells also act upon B cells aiding in their maturation and differentiation.
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1.2.2.4 Cross-talk and negative regulation of the immune system

There is significant cross-talk between both the humoral and cellular immune responses. For
example, secretion of IFN-y by CTLs causes plasma cells to switch antibody isotype from 1gG1 to
IgG2, which are better at opsonising bacteria and so causing increased phagocytosis by
macrophages. Similarly, there are negative regulators of the immune response. For example, the
secretion of IL-10 by Th2 cells acts to stop the production of cytokines by Th1 cells and
macrophages and increase MHC class Il expression thus depressing the cellular immune response

[276]. In some cases IL-10 can be produced by some Th1 cells during a self-limiting cellular

immune response.

1.2.2.5 Immunological memory

One of the key functions of the adaptive immune response is the generation of immunological
memory. Immunological memory is the capacity of the immune system to rapidly recognise and
react to a second exposure of a previously encountered pathogen with an aggressive immune
response quicker than the first encounter. The mechanisms behind immunological memory are
complex, but it is known that immunological memory is maintained by a small population of
specialised memory cells. The generation of antigen specific memory cells occurs following the first
exposure of an antigen to the immune system, during the clonal expansion of B and T cell
populations. Upon activation from presented antigens the clonal expansion of T or B cells leads to a

small population of either cell type becoming memory T or B cells.

The memory T cell population can be further split into memory CD4" T cells or CD8" T cells. Most of
these cells are dormant until a second exposure to a pathogen. However, there is a small
population of memory cells that are dividing at any one time. It is thought that this division is
induced by cytokines. For example, IL-7 is responsible for maintenance of CD4" memory T cells
and IL-15 contributes to maintenance of CD8" memory T cells [282). Memory CD8" T cells also
express the anti-apoptotic marker called Bcl-2 which promotes cell survival and is thought to be one

reason for the long-term survival of this cell type. CD4" and CD8" T cells can become one of two

types of memory cell, either effector memory cells or central memory cells. Effector memory cells
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quickly migrate to inflamed peripheral tissues where they rapidly mature into effector T cells and
secrete large quantities of cytokine more quickly than naive T cells, and also display receptors for
inflammatory cytokines for quick re-stimulation. In comparison, central memory cells have little or no
effector function and reside in the peripheral lymphoid tissues (such as lymph nodes and the

spleen) where, upon activation, they readily proliferate and differentiate into effector cells [282].

The immunological memory of B cells starts during clonal expansion and differentiation of activated
antigen-specific B cells into either plasma cells or memory B cells. Upon activation memory B cells
division is much quicker than naive B cells, and production of antibody is also quicker. Not only is
the antibody produced by memory B cells released quicker, it is also of a different isotype than that
produced by naive B cells. On first exposure to a pathogen the initial antibody to be produced is
IgM (which has low affinity binding). It is only later during infection that IgG (which has high affinity

binding) Is produced. Upon activation memory B cells produce IgG, a better antibody for bacterial

opsonisation and anti-toxin responses.

Immunological memory is what makes vaccination possible. The process of vaccination exposes
the body to the first encounter with material from a pathogen. Upon a second natural exposure to
the same pathogen it is the immune system’s memory cells that create the quicker immune

response required to clear the infection before it establishes itself.

1.2.3 The immune response to Brucella

Defining an immune response to a pathogen can aid in the development of effective vaccines. The

complete immune response to Brucella is not yet fully understood. Most of the research into the
immune response generated to Brucella has been evaluated in the mouse model of infection. The
Brucella-specific immune response can be broadly split into two categories: the innate immune

response and the adaptive immune response.
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1.2.3.1 The innate immune response to Brucella

1.2.3.1.1 The roles of antigen presenting cells (APCs) during brucellosis

APCs make up an important aspect of the immune response. APCs consist of macrophages and
dendritic cells, and are one of the earliest lines of defence of the innate immune response. Early
studies have shown that macrophages from infected animals such as guinea pigs [216,265] and
cattle {102] have an increased rate of killing when compared to macrophages from uninfected mice,
showing that following Brucella infection macrophages do become activated. Stimulation of human
monocytes with heat killed B. abortus leads to the secretion of the proinflammatory cytokines TNF-a
(increases macrophage activation and local inflammatory response), IL-1B (increases macrophage
activation and induces T cell activation) and IL-6 (T and B cell growth and differentiation) [139], all
important cytokines for inducing and shaping the immune response. Interestingly, during in vitro B.
suis infection studies the production of TNF-a is inhibited by Outer membrane protein 25 (Omp25)
[1561], which is highly conserved between Brucella species [58] leading to the theory that all Brucella
can inhibit TNF-a production. Inhibiting the production of a major cytokine like TNF-a means the
immune response Is lacking in a key cytokine. The inhibition of TNF-a could lead to decreased
macrophage activation and a decrease in the inflammatory response which, in turn, leads to less
cell recruitment and so a decrease in phagocytosis, a key component of the immune response
against brucellosis. Dendritic cells have also been shown to produce cytokines upon infection with
Brucella species. Infected human DCs not only increase the expression of certain cell surface

receptors and MHC class | and |l, but also produce a range of pro-inflammatory cytokines such as

TNF-a, IL-6, IL-10 and IL-12. [375].

In the mouse the innate immune response differs from the human response in that there is no
inhibition of TNF-a production. In vitro studies using murine macrophages infected with Brucella
have shown that a similar array of cytokines is produced such as IL-1, IL-6 and TNF-a [83], with
TNF-a being the first cytokine produced and production peaking at six to seven hours post infection.
In the mouse TNF-a is needed for full Brucella clearance as mice deficient in the TNF-a receptor

genes have exacerbated Brucella infections [371,372].
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1.2.3.1.2 The importance of IFN-y during murine brucellosis

IFN-y is crucial for survival during a murine Brucella infection since, in the absence of IFN-y, Balb/C
and C57BL/6 mice die of brucellosis {229]. However, in Balb/C IFN-y deficient mice the bacterial
burdens at 1 week post-infection are equivalent to that in wild-type mice. Balb/C IFN-y deficient
mice die at 10.5 weeks post-infection, whereas wild-type mice start clearing Brucella infections
around this time [229]. IFN-y patterns differ in C57BL/6 mice as they produce IFN-y throughout the
infection and, in its absence, have increased bacterial loads -until they succumb to infection after 6
weeks post infection [229]. Balb/C mice stop producing IFN-y during the first week of infection and
this cessation of IFN-y production continues until the end of the infection. Yet Balb/C mice are able
to control and clear the Brucella infection. Murphy et al. have shown that during this IFN-y deficient
period, removing TNF-a and CD8" T cells results in an increase in Brucella CFU recovered [228],
suggesting that it is TNF-a and CD8" T cells that are providing the control during IFN-y deficient
periods [228]. Baldwin et al. have reported that macrophages from both resistant (natural
resistance macrophage protein 1 (Nramp1) positive) and susceptible (Nramp negative) mice can
control a Brucella infection ex vivo, showing that control of Brucella infection is not related to
inherent differences in the macrophage ability of each strain [20). Furthermore, it has been
demonstrated ex-vivo that the decrease in IFN-y production could be attributed to a decrease in
expression of the IL-12 receptor, IL-12RB2 [284). If susceptible Balb/C mice are treated with
recombinant IL-12, the production of IFN-y increases, leading to a 1000-fold reduction of Brucella

CFU during primary infection and increased survival during secondary infection [284].

1.2.3.1.3 The role of natural killer cells during brucellosis

On first contact with Brucella, APCs phagocytose the Brucella, causing cell activation and release of
cytokines such as IL-12 and IL-2. IL-12 activates NK cells, causing them to initiate killing of infected
cells and production of their own cytokines such as IFN-y, which then causes macrophage
stimulation, increasing proliferation and MHC class | and Il expression [276]. It has been shown that
NK cells are not of paramount importance in the early stages of a Brucella infection, as removal of

NK cells in vivo does not alter the ability of mice to clear a Brucella infection [99]. Although this does

not mean that NK cells don't play an important role in the immune response against Brucella, it
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does demonstrate that in mice there is still a sufficient immune response for Brucella clearance

without NK cells [99].

1.2.3.2 The adaptive immune response to Brucella

The different arms of the adaptive immune response appear to have different roles in the clearance

of a Brucella infection.

1.2.3.2.1 The humoral immune response to Brucella
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