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ABSTRACT

Brucella abortus is capable of resisting the microbicidal mechanisms of phagocytic cells
and growing within phagocytic cells, usually macrophages. B. abortus, like several other
intracellular bacteria responds to the hostile environment in macrophages by producing heat
shock proteins (HSPs) which are induced by environmental stresses. Bacterial HSPs are very
immunogenic, eliciting both cellular and humoral immune responses in the infected host. The
significance of host cellular and protective immune responses directed against these proteins is
currently unresolved. Baculovirus recombinants were generated in Sf9 insect cells for B. abortus
HSPs and the protein expression was optimized. Humoral (Western blot), cell mediated (CMI,

IFN-g- release by splenocytes, and CD3*CD4", CD3*CD8" T cell/ total splenocytes ratios) and

protective immune responses of BALB/c mice (challenge with virulent B. abortus 2308) against



these recombinants, against B. abortus superoxide dismutase (SOD) and ribosomal L7/L12
proteins, inoculated alone or in various combinations with complete Freund’s, Ribi and
recombinant IL-12 as adjuvants, were analyzed. Vaccinia virus-GroEL recombinant as priming
immunogen, followed by baculovirus-GroEL-Ribi booster, was explored. Androstenediol, an
immune up-regulator, was tested for its ability to induce resistance against challenge.

None of the mice inoculated with individual, divalent or trivalent HSP-expressing Sf9 cells
combined with Freund's were protected against challenge and the Sf9 cell-induced response
masked the recombinant protein-specific CMI responses. Recombinant HSPs were purified and

combined with Ribi. Although significant IFN-grelease was induced by immunization with the

HtrA-Ribi combination, no mice were protected against challenge. Priming with vaccinia virus-
GroEl recombinant and boosting with purified baculovirus-GroEL protein-Ribi combination did
not induce protection. Androstenediol did not enhance in vivo resistance to challenge. 1L-12 alone

did not activate splenocytes but induced significant IFN-grelease in mice when combined with

killed B. abortus RB51 vaccine, purified recombinant HtrA or purified SOD proteins, or L7/L12
expressing Escherichia coli cells. Significant protection was induced by SOD combined with IL-

12. No correlation was seen between IFN-g release by splenocytes and protection against

challenge in the SOD/IL-12-immunized mice.

The results suggest that B. abortus HSPs are not highly immunogenic in mice and though
various immune responses may be induced by one or another HSPs, protective immune response,
unfortunately, is not among them. The results of this study reflect the difficulties in

experimenting with immune responses against single or a limited number of recombinant B.



abortus proteins. This is particularly true when the task includes induction of a protective
immune response and finding significant correlation between different types of immune response

assays.
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CHAPTER 1.

LITERATURE REVIEW

I. Historical Aspects of Brucellosis.

According to Hughes (1897), Brucellosis was first described by Hippocrates (BC
460). An accurate description of the disease was made in 1861 by Marston, who was an
assistant surgeon in the British Army stationed in Malta, and named it Malta fever. In
1897, Bernard Laurits Fredrick Bang, a Danish veterinarian from Copenhagen, identified
an intracellular microorganism described as ‘Bacillus abortus’ as the cause of abortion in
cattle. The disease was named for him, ‘Bang’s Disease’ (Bang, 1897). Bang’s discovery
was of interest only to veterinarians, dairy farmers and meat producers. It did not impact
physicians at that time and no correlation was made between Bang’s Disease and Malta
Fever. As the organism in Malta Fever was described as ‘Micrococcus’ and in Bang’s
Disease it was described as ‘Bacillus’, the two diseases were not thought to be related.
Twenty-one years later, an American microbiologist, Alice Evans, reported in 1918 the
close relationship of Bacillus abortus to Micrococcus melitensis. Micrococcus melitensis
was confirmed to be a bacillus and not, as originally described a micrococcus (Evans, A.
C., 1918). She suggested a new name for Malta Fever and called it ‘Brucellosis’ for the
discovery of the causative agent of the disease, David Bruce (Bruce, D., 1889). Two

years later Meyer and Shaw (1920) suggested the genus Brucella rather than Bacteraceae.



In 1914, J. R. Mohler from the USA cultured an organism from the liver, kidneys
and stomach of a premature pig. He identified the organism as similar to that of B.
abortus with the exception that it grew readily on atmospheric air. The disease caused
abortion in pigs. In 1927, Alice Evans identified one cause of brucellosis diagnosed
initially as due to B. abortus but later confirmed to be B. suis. Other authors reported
similar cases of B. suis (Blake and Oard, 1928, 1929). Other Brucella species were not
discovered until 1953 when Buddle and Boyes reported B. ovis, an organism causing
sterility in rams. Another, new Brucella organism was made by Stoenner and Lackman in
1957. They isolated B. neotomae from wood rats (Neotoma lepida). In 1966 Carmichael,
an American veterinarian from Cornell University, was the first to report on abortions in
beagles. The first report on B. canis in humans was in 1968 by the National
Communicable Disease Center of the United States Public Health Service, in a laboratory
technician who handled viable organisms (Madkour, 1989).

The urge to control and eradicate brucellosis in different parts of the world was
not as intense as that experienced by the British Army in Malta. The motive behind the
eradication programs was purely economical rather than prevention of human morbidity.
In Sweden, Bjorkman and Bengtson (1962) noted: “The bovine brucellosis in Sweden was
serious in the early 1930s. Economic losses were heavy. At that time the annual losses
due to the disease were estimated at 30-40 million Crowns’. It took Sweden 13 years
(1944-1957) to achieve the eradication at a cost of 22 million Crowns, far less than the
losses in one year in the 1930s. Eradication was first accomplished in 1952 by Norway

(Madkour, 1989).



I1. Pathogenesis of Brucellosis.

The term brucellosis is applied to a group of closely related infectious diseases, all caused
by Gram-negative bacterial pathogens in the genus Brucella. Manifestation of the disease
may range from abortion in the cow and to orchitis or epididymitis in the bull.
Characteristically, all Brucella species establish persistent infection in the
reticuloendothelial system of the natural host species. The most frequent symptoms of
human brucellosis are fever, chills or shaking rigors, malaise, generalized aches and pains
all over the body, joint and low back pain, headaches, anorexia, easy tiredness and general
weakness (Marston, J. A., 1861; Bruce, D., 1889; Madkour, M. M., 1989). Man almost
always receives the infection from infected animals, transmission from man to man rarely
occurs (Thimm, 1982). Therefore, the research is focused at the control and eradication of
the disease in the animal host. Brucella abortus causes bovine brucellosis, which is
characterized principally by abortion and chronic infection within lymph nodes and in the
mammary gland (Montaraz and Winter, 1977). In addition to cattle, B. abortus also
causes infections in swine, goats, elk and bison populations (Nicoletti, P., 1990).

The Brucellae are facultative intracellular parasites. They usually enter the body
through cuts and abrasions in the oral mucosa, nasopharynx, conjunctivae, or genitalia and
even unbroken skin. After gaining entry to the body, the organisms have been found to
survive within the cells of the reticuloendothelial system, particularly within
macrophages/monocytes of the immune system. They can survive within cells derived

from either ectodermal or mesodermal origin, but do not invade tissue of endodermal



origin. They can evade the bactericidal activity of phagocytic cells and replicate within
them (Pomales-Leborn and Stinebring, 1957). They are transported to the lymph nodes,
where macrophages and polymorphonuclear phagocytic cells (PMNs) die, releasing more
bacteria. In animals where the acute infection is not controlled, the bacteria become
disseminated and eventually localize in the spleen and liver (Cheers, C., 1984). The
disease manifests itself differently for different hosts. For example, in ungulates, the
organisms show a marked tropism for the placenta of pregnant animals probably due to
the presence of the compound erythritol (Smith et al., 1961; Pearce et al., 1962; Keppie et
al., 1965). Erythritol enhances the growth of the bacteria and in many cases, fetuses will
abort because of endotoxic shock and/or fetal death caused by increased numbers of
bacteria and increased concentrations of endotoxin. In humans, the disease is primarily
one of the reticuloendothelial system, and very few cases of spontaneous abortions from
infection with Brucella have been described. Reports of abortion after infection with B.
melitensis, are not well documented (Sarram et al., 1974).

The acute disease, when properly diagnosed, can be cured by treatment with
tetracycline and/or streptomycin. If untreated, it can cause serious sequelae such as
arthritis and neurological disorders. Like many other intracellular organisms, the Brucellae
are more sensitive to cell-mediated immunity rather than humoral immunity (Mackness,
M. B., 1964; Splitter and Everlith, 1986), although Limet et al (1987) noted that some
transient resistance to the disease can be transferred passively in serum to mice.

To date, little is known about how the organisms survive intracellularly. Even

though the organisms have been found within phagocytic cells, they survive both in



phagocytic cells and nonphagocytic cells, such as epithelial cells. Survival within
phagocytic, cells involves inhibition of phagosome fusion with primary and secondary
granules (Kreutzer et al., 1979; Riley and Robertson, 1984) while survival within cells
lacking phagocytic capability require a bacterial invasion mechanism.

Young et al. (1985) examined effects of phagocytosis by human PMN leukocytes
on B. abortus and B. melitensis. They had earlier demonstrated that B. abortus induced
the formation of granulomas and that B. melitensis induced formation of microabscesses
(Young, E. J., 1979; Young et al., 1979). In studies using virulent and attenuated strains
of B. abortus and B. melitensis, they demonstrated several things. First, both virulent and
attenuated strains were rapidly phagocytosed only if they were opsonized with normal
human serum. Second, they showed that normal human serum without anti-Brucella
antibodies was bactericidal for B. abortus and not for B. melitensis, indicating that
differences in membrane structure between the two types may be one reason why B.
melitensis is a more virulent human pathogen. Apparently, this effect was not due to
complement, since heating the serum inactivated this activity and addition of guinea pig
complement did not restore it. Lastly, intracellular killing by human PMNs was
demonstrated for virulent B. abortus, but not for B. melitensis. Attenuated strains of B.
abortus and B. melitensis were killed to the same extent. This last fact may, in part,
explain why B. melitensis is more virulent for humans than B. abortus (Spink, W. W.,

1956).



I11. Characteristics of Brucella.

The Brucellae are a family of small, nonmotile, Gram-negative coccobacilli, and
facultatively intracellular bacteria that cause disease in a broad range of animal hosts. The
genus Brucella consists of a small coherent group of very closely related bacteria. The

organisms are coccobacilli 0.5-0.7 nm wide by 0.5-1.5 mm in length. They can occur as

single cells, in pairs or in short chains. In vivo they often occur within the cytoplasm of
cells in close-packed clusters. They do not form spores or true capsules and are
invariably non-motile and aflagellate (Corbel and Brinley-Morgan, 1984). They are
aerobic and do not grow under strictly anaerobic conditions but many strains, especially
of the species B. abortus and B. ovis, are carboxyphilic and require supplementary CO,
for growth. Metabolism is oxidative and energy is produced by utilization of various
amino acids and carbohydrate substrates. For many strains i-erythritol is a preferred
energy source. Most strains require complex media containing multiple amino acids,
thiamine, biotin, nicotinamide and pantothenic acid for growth, especially on primary
isolation (Corbel and Brinley-Morgan, 1984). The production of H,S from sulfur-
containing amino acids varies between species and biovars and is of value in differentiating
these. Proteolytic activity is slight; urease activity is consistently high in B. suis and B.
canis but variable in other species, being weak or absent in the case of B. ovis. Citrate
cannot serve as the sole carbon source. Acid is not produced from glucose and o-

nitrophenol-b-D-galactoside is not usually hydrolyzed. Litmus milk either remains

unchanged or is rendered alkaline. Growth occurs in the range 20-40° C, but the optimum



temperature is 37°C. The optimum pH for growth is between pH 6.6 and 7.4; growth
usually results in alkalization of the medium (Swann et al., 1981). Brucella strains are
fairly resistant to drying and can survive in biological material for long periods, especially
at low temperature. They are sensitive to a wide variety of disinfectants including
formaldehyde, hypochlorite, iodophors and phenols provided that excess organic matter
is not present. The organisms are killed by heat under pasteurization conditions.
Sensitivity to antibiotics is variable but most strains are sensitive to chloramphenicol,
gentamycin, tetracyclines and ansamycins in vitro. Differences between the protein
components of the species and even individual strains can be shown by high performance
liquid chromatography of extracts of live cells. The antigenic composition of the various
species and biovars is very similar (Shibata et al., 1962).

All strains show a very similar DNA composition, with ranges between 55 and 59
mole % guanine plus cytosine, very similar to that observed for Escherichia coli (50 %)
(Hoyer and McCullough, 1968 (a)), and share >94% homology between species (Hoyer
and McCullough, 1968 (a), (b)). The size of the Brucella genome is about 2.5 X 10° base
pairs, which is less than that of E. coli (4 X 10°), based on the results of pulsed field
electrophoresis (Allardet-Servent, 1988). Although DNA-DNA hybridization has failed
to differentiate between the species of Brucella, electrophoretic analysis of restriction
enzyme digests has disclosed species differences (Verger et al., 1985).

Unlike certain organisms of these genera, for example, Agrobacterium spp., the
pathogenicity of Brucella is not regulated by plasmids. Indeed repeated attempts in

many laboratories have failed to detect extrachromosomal DNA in Brucella. B. abortus,



has however, been infected under experimental conditions with a plasmid derived from E.
coli and resistance to antibiotics has been transferred by this means. Nevertheless, this
process has not been observed under natural conditions (Corbel and Thomas, 1983).

Lytic Brucella-phages have been described in detail, and are used mostly for
identification and taxonomy (Smith and Ficht, 1990). All of the Brucella-phages appear
to belong to the same phage family. Presently six phage groups have been identified. It is
unknown if lysogenic phages exist in the Brucellae. Currently, there is no evidence that
all phages except Bk2 are lytic for the Brucellae.

Attempts to use transformation procedures effective for E. coli have not been
promising. The Brucellae have an extremely waxy cell wall. This may be refractory to
the effects of compounds typically used in transformation protocols, such as calcium
chloride and rubidium chloride. The Brucellae are also inherently resistant to many of the
antibiotics generally used for selection of plasmids in the laboratory. In addition, there
are several antibiotics that cannot be used, such as tetracycline and streptomycin, since

they are antibiotics of choice to treat the disease (Smith and Ficht, 1990).

IVV. Classification of Brucella.

Largely on the basis of preferred natural host, which shows a fairly close
correlation with phage sensitivity, colony morphology, CO, requirement and ability to
oxidize certain substrates, the genus has been divided into six species, three of which have

been subdivided into biovars. These six species are recognized and differentiated



according to antigenic variation and primary hosts: B. abortus (cattle), B. melitensis
(goats), B. suis (hogs), B. ovis (sheep), B. neotomae (wood rat), and B. canis (dogs)
(Corbel and Brinley-Morgan, 1984). Of these, B. melitensis, B. suis, and B. abortus are
apparently the most virulent and cause the majority of human disease. B. canis has
occasionally caused disease in humans, but is much more prevalent in the primary host,
the beagle (Meyer, M., 1990). B. canis is a rough lipopolysaccharide (LPS) isolate that
retained virulence. B. ovis has the distinction of being a rough isolate, incapable of using
erythritol, but still retaining full virulence for its primary host.

The organisms of the genus Brucella maintain a close taxonomic relationship and
can only be distinguished by rigorous metabolic, immunologic, and biochemical analyses.
The similarities among the Brucella species extend to the genetic level at which all species
share greater than 90 % DNA homology (Hoyer and McCullough, 1968 (a), (b)). This
has led some researchers to describe the Brucellae as a monospecific genus (Verger et al.,
1985). An alternative school of thought maintains that any differences among the
organisms within this genus, no matter how small, can and should be used to obtain a
distinct taxonomic relationship. This is supported by genomic DNA analysis, which can
distinguish between species based on restriction enzyme analysis, and by analysis of
restriction polymorphisms within specific genes via Southern blotting and hybridization
(Allardet-Servent et al., 1988; Ficht et al., 1988).

The genus was formerly classified together with morphologically similar bacteria
of the Bordetella, Haemophilus and Pasteurella genera. Subsequent studies have failed to

establish any genetic relationship between these groups and this classification is now



untenable. Observations using ribosomal RNA-DNA hybridization have disclosed a
genetic relationship between the genus Brucella and Agrobacterium, Mycoplasma,
Phyllobacterium, Rhizobium and the unclassified Centers of Disease Control group Vd
(De Ley et al., 1983). The ecology of the non-parasitic genera implies that the group has
probably evolved from soil bacteria.

Most available mutants of the Brucellae arose spontaneously and involve
membrane constituents, as described by smooth to rough changes or inability to be lysed
by Brucella-phages, CO, utilization, erythritol catabolism, or H,S production. The
species can be differentiated on the basis of oxidative metabolism tests with selected
carbohydrate and amino acid substrates. Thus, strains of B. abortus and B. neotomae
oxidize a range of carbohydrates and amino acids, but few carbohydrates other than D-
glucose and i-erythritol. B. ovis will oxidize only a few amino acids, whereas B. canis and
B. suis will oxidize a complete range of substrates, including carbohydrates, amino acids
and urea cycle intermediates. Oxidative metabolism patterns show a fairly close
correlation with phage lysis patterns and both procedures are useful for identification of
the species (Corbel and Brinley-Morgan, 1984).

Biovars within B. abortus, B. melitensis and B. suis can be differentiated by a
range of properties including CO, requirement, H,S production, serological properties and
ability to grow in the presence of dyes. Within the biovars, strains used as vaccines

occasionally can be differentiated by additional tests.
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V. Virulence Factors of Brucella.

As is the case for other bacterial pathogens, several cellular components contribute
to the survival and virulence of the Brucella. However, the identity of most of these
components has not been elucidated. Research concerning the virulence factors expressed
by the Brucellae has focused primarily on the structural components of the outer
membrane. Components are included as virulence factors on the basis of the following
classification (Lory and Tai, 1984): (1) components that when inactivated by mutation
markedly decrease virulence, (2) components that mimic pathological effects when
administered in purified form, and (3) components that elicit a partially protective
immune response. In contrast to other Gram-negative pathogens, the outer surface of the
Brucellae does not have complex structures, such as pili or fimbriae, nor does it have
capsular material. The outer membrane contains only two components that have been
identified as virulence factors: the lipopolysaccharide (LPS) and the outer membrane

proteins (OMPs) (Lory and Tai, 1984).

1. Lipopolysaccharide (LPS).

The LPS has been classified as a virulence factor according to each of the
categories described above. Of the potential virulence factors expressed by the Brucellae,
the LPS is the best defined (Moreno et al., 1979). The availability of natural isolates
lacking LPS and exhibiting reduced virulence, the toxic effect of purified LPS, and the

protective immunity stimulated by this fraction suggest that LPS is a primary virulence
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determinant of the Brucellae. Virulence is associated with the smooth colony
morphotype, designated S, which we now know contains the full complement of Brucella
LPS. The rough colony morphotype, designated R, arises by dissociation from the
smooth form and its accumulation is typically observed in vitro. Dissociation is
stimulated by changes in environmental conditions, including different nitrogen sources or
exposure to D-alanine (Braun, W., 1947; Goodlow et al., 1952). The R morphotypes are
characterized by their opaque appearance, and lusterless colony morphology (Henry, B.
S.,1933). In general, for most Brucella species, smooth strains are virulent and rough and
mucoid strains are not.

The LPS of smooth strains consists of lipid A, a core region containing flucose,
mannose, quinovosamine and 2-keto-3-deoxyoctulosonic acid (KDO) and an O chain
composed of a homopolymer of about 100 residues of N-formylated perosamine (Caroff
et al.,, 1984). Two distinct epitopes occur on the O chain depending upon the
species/biovar of the strain. In those typified by B. abortus biovar 1, the A epitope is
present and probably represents terminal N-formylated perosamine residues which are
linked by the 1 and 2 carbon atoms throughout the chain. In strains typified by B.
melitensis biovar 1, the M epitope is present. In this case, the O chain consists of
repeating units of four 1,2-linked N-formylated perosamine residues and one 1,3-linked
residue (Perry et al., 1986). The A, and M epitopes can be detected by cross-absorbed
polyclonal antisera. Other antigens present on or near the surface include the outer
membrane proteins. These, like the smooth LPS complex, are involved in the protective

immune response to Brucella. Intracellular antigens include a variety of proteins,
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glycoproteins and polysaccharides. The latter may include the polysaccharide B and
native hapten present in some strains, which have been employed in the radial diffusion
test. The lower molecular weight polypeptide fraction of the intracellular antigens plays
an important role in eliciting delayed hypersensitivity reactions in the intradermal test
(Bundle et al., 1987).

The toxic effects of the Brucella LPS are attributable to the lipid A portion
(Galanos et al., 1972). Increased survival of smooth organisms compared with rough
avirulent organisms in macrophages suggests that the LPS plays a role in uptake and
survival (Riley and Robertson, 1984; Braun et al., 1958; Kreutzer and Robertson, 1979).
Differences in uptake of smooth and rough organisms have been demonstrated in
experiments using guinea pig and bovine monocytes. LPS plays a role in enhancing
intracellular survival. Experiments performed by Frost et al. (1972) indicate that in vivo-
grown, smooth organisms may have an additional membrane component that increases
survival and virulence. The mouse model system has been investigated extensively with
respect to the protective immunity induced by antibodies directed against LPS. The
protective immunity elicited by LPS in the cow has not been clearly established. Winter
et al. (1988) have demonstrated effective protection in the mouse model using a
combination of O-polysaccharide covalently linked to Brucella porin. Under identical
conditions, porin linked to R-LPS did not stimulate a significant level of protection.
Montaraz et al. (1986) were able to demonstrate effective immunization by passive

transfer of monoclonal antibodies directed against the O-antigen, while monoclonal

13



antibodies directed against a number of outer membrane proteins induced no significant

protection.

2. Outer Membrane Proteins (OMPs).

The OMPs have been classified as virulence factors according to category 3 of
Lory and Tai (1984). Characterization of the OMPs as virulence factors has been
hampered by the inability to identify variants lacking expression or exhibiting altered
profiles on SDS-PAGE gels. Furthermore, careful examination of these profiles is
hampered by the presence of the LPS, which interferes with the migration of the OMPs.
Thus, the role of these proteins in the survival and virulence can only be hypothesized.
Protective immunity stimulated by OMPs has been demonstrated following vaccination
with rough or mucoid organisms or cell envelope fractions that lack LPS. Verstreate et al.
(1982), Santos et al. (1984), and Douglas et al. (1984) have identified three major groups
of proteins present in the outer membrane of the Brucellae. These were designated as
group 1 (88 to 94 kDa), group 2 (35 to 40 kDa), and group 3 (25 to 30 kDa). Little
variation among species has been observed in the OMP profiles (Santos et al., 1984). All
three groups of proteins appear to be recognized by the bovine immune system during the
course of infection. Protective immunity stimulated by OMPs has been documented for
several Gram-negative organisms (Isibasi et al., 1988; Wang and Frash, 1984). Protection
stimulated by Brucella OMPs is still a matter of debate, and despite considerable
experimental effort, is far from resolved. The doses employed have either been

insufficient to produce an immune response or presentation of the antigen in the killed
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vaccines does not mimic the situation obtained with a living vaccine strain. Also, the
reliability of the mouse as a model for bovine brucellosis, despite their experimental
practicality, is questionable. Vaccines tested with good success in the mouse have been
subsequently tested without success in cattle. The development of an improved
laboratory animal model for bovine brucellosis would be a major step in the resolution of
this problem. Recent vaccine trials performed in cattle suggest that under the appropriate
conditions, protective immunity can be stimulated by rough cell envelopes, implying that

an immune response directed against the OMPs is protective (Adams et al., 1987).

3. Toxins and Other Factors.

To date, no concrete evidence exists that toxins similar to those produced by other
organisms (i.e., Vibrio chloera, Corynebacterium diphtheriae, E. coli, Shigella dysenteriae,
Clostridium botulinum, C. tetani) are produced by the Brucellae. A toxin has been
postulated to exist due to the severe effects of the disease on the central and autonomic
nervous systems. Endotoxin, consisting of LPS, has been suggested as the causative
factor.

The Brucellae also produce catalase. Huddleson and Stahl (1943) determined, that
catalase activities decreases with changes from smooth to rough morphology. Although
the biochemical advantage of expressing catalase in Brucella has not been identified

definitively, it may not only protect the organisms from peroxide, but could also be

15



important in maintaining oxygen tension required for survival of the organism

(McCullough, N. B., 1970).

V1. Immunology of and Protection against Brucella.

Brucellosis is an infectious disease caused by a bacterium that affects animals and
man; it frequently progresses towards a chronic state involving different organs. Once the
organism has transgressed the mucous membranes or the skin, it tends to localize in the
local lymph nodes and then a systemic dissemination occurs affecting organs of the
mononuclear phagocytic system such as spleen and liver (Ruiz-Castaneda M., 1954).
Classic experiments by Mackaness (1964) and Mackaness and Blanden (1967) showed
the role of cellular immunity and the fundamental part played by activated macrophages
in resistance to, and in protection against, intracellular pathogens such as Mycobacterium
sp., Salmonellasp., Listeria monocytogenes and Brucella sp.

1. Humoral Immune Responses.

A number of the constituents of Brucella cells are capable of inducing specific
antibodies in their hosts (Freeman et al., 1970; Moreno et al., 1981; Tabatabai and Deyoe,
1984; Verstreate and Winter, 1984). The classic reports include studies of agglutinins,
precipitins, complement fixing and blocking antibodies (Glenchur et al., 1963; Wilkinson,
P. C., 1966; Diaz et al., 1968; Schurig et al., 1978). Previous studies in naturally acquired
and experimental brucellosis have shown that there is an early marked elevation in the

serum concentration of agglutinating antibodies. This IgM antibody may be detected one
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week after entry of the bacteria and reaches a peak level four weeks later, at the same time
that 1gG antibody peaks. 1gG agglutinating globulin has a delayed appearance and,
although it is found mixed with IgM, within four weeks following the initial antigenic
stimulus the IgM agglutinin level always exceeds the IgG agglutinin level. A third
category of agglutinating globulin, IgA appears later in a significant concentration in the
serum (White R. G., 1978). 1gG agglutinating antibody usually arises a few days after
IgM antibody and decreases more rapidly. IgM antibodies may persist several years after
therapy and recovery, whereas IgG is likely to be present in much lower titers one year
after the beginning of adequate treatment (Buchanan et al., 1974). IgE levels of antibody
to Brucella have not been studied extensively, but the work of Escande and Serre (1982)
indicates that IgE levels may be significantly high in brucellosis patients and vaccinated
subjects.  According to available evidence, the IgE anti-Brucella antibodies appear
somewhat after the IgM antibodies and a little earlier than 1gG.

Multiple precipitating antibodies have been reported to be usually detectable
within 3-4 months of severe or prolonged active Brucella infection (Glenchur et al., 1962;
Schurig et al., 1978). These antibodies belong mostly to the 1gG globulin fraction and
they are not as long lasting as the agglutinins (Glenchur et al., 1962). The anti-Brucella
complement fixing activity present in sera has been mainly related to IgG, somewhat less
to IgM and not at all to IgA (Heremans et al., 1963).

Blocking antibodies have been studied and reported in cases of human brucellosis
(Griffiths, 1947). They appear later in the course of the disease than agglutinating

antibodies (Zinneman et al., 1959). Blocking antibodies are thermostable, divalent and
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occur in the 1gG and IgA fractions (Heremans et al., 1963). Interestingly, both I1gG and
IgA have been reported to act as agglutinating or blocking antibodies. Moreover, both IgG
and IgA blocking antibody responses are prolonged and sustained. However, a
quantitative assessment of the relative amounts contributed by each globulin to the
blocking effect cannot be made (Wilkinson, P. C., 1966). For all those characteristics, the
blocking antibodies have always been related to a long-lasting or chronic brucellosis
(Glenchur et al., 1961; Kerr et al., 1967; Coombs et al., 1978).

In spite of all the advances in the study of immunoglobulins, including structure,
sequential production and persistence after antigenic stimulation, this knowledge has been
applied only to the diagnosis of brucellosis. As a consequence, it has been the basis for
the development of supplemental serological tests and for research on the identification of
cell fractions and the antibody classes reactive with them. Nevertheless, very little has
been done in this field or in understanding the biological role of this especially complex

antibody response.

2. Cell-Mediated Immune Responses.

Antibodies play an important role in eliminating Brucella organisms but the
development of a solid cell-mediated immune response is fundamental for the
establishment of a protective state as observed in other infectious diseases caused by
intracellular pathogens including Brucella sp., Mycobacterium sp. and Salmonella sp.

The discovery and definition of several T lymphocyte sub-populations (Cantor

and Boyse, 1975; Moretta et al., 1979) has permitted the study of the individual response
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towards the different Brucella antigens. Many attempts have been made to identify the
antigen(s) responsible for the protective immunity as well as the one responsible for the
chronic state. In that respect, two important sub-populations of T lymphocytes have
been identified by cellular surface markers and by functional criteria: helper/effector cells
and suppressor/cytotoxic cells. Studies using cell transfer assays have established that T
helper cells are responsible for the response that confers protection (Kauffmann et al.,
1979; Cheers C., 1984). The main function of these helper cells is the activation of
macrophages which leads to an increase of the bactericidal capacity through the

production of soluble factors, e. g. IFN-g The T helper cell population activity is

controlled by several factors: suppression mediated by soluble factors produced by
suppressor macrophages (Schultz R. M., 1980) and by T suppressor cells. Bacterial
antigens may stimulate the level of activity by T suppressor cells. In fact, this has been
observed in other intracellular infections such as leprosy in which the antigenic fractions
that specifically activate T suppressor lymphocytes have been identified (Mehra et al.,
1984).

All the available experimental evidence points towards the role that the cell-
mediated immune response plays during the procedures of the Brucella infection. Success
in elimination of Brucella depends basically on the adequate macrophage activation
induced by the T lymphocyte response, stimulated by the bacterial antigens. Yet, the
detailed nature of the mechanism involved in the interaction of all the cellular populations

involved in this protective response is still largely unknown.
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3. Phagocytosis.
3.1 Polymorphonuclear leucocytes (PMN)

Ingestion and killing by phagocytic cells is one of the early non-specific defense
mechanisms against many microorganisms, Brucella included. This activity is carried out
by polymorphonuclear leukocytes (PMN) which are attracted to the infection site by
chemical stimuli originated by or derived from the microorganism (Wilkinson P. C., 1980;
Birmingham et al., 1982). Once the phagocytic cells arrive at the infection site, the
ingestion of the bacterium occurs and a series of events takes place. These events include
an increased consumption of oxygen that leads to the appearance of hydrogen peroxide,
superoxide radical and other oxygen-derived radicals, together with activation of
myeloperoxidase. Lysosomes fuse with the Brucella-containing phagosomes and release
their acid hydrolases, glycosidases, proteases and lipases.

B. abortus and B. melitensis are equally susceptible to phagocytic ingestion by
PMN, even more so if the bacteria are opsonized with serum factors such as antibodies,
complement components and a third group of substances defined as thermolabile natural
antibodies (Young et al., 1985).

The ingested bacteria may survive the destructive mechanisms of the phagocyte, a
phenomenon apparently related to virulence (Smith and Fritzgeorge, 1964). Events
occurring after phagocytosis have taken place do not seem to be influenced by opsonins
(Elsbach P., 1980), so that resistance or susceptibility of the bacterium seems to be an
extrinsic phenomenon. Both attenuated and virulent strains of B. abortus and attenuated

B. melitensis are eliminated by PMN, while virulent B. melitensis is more resistant to
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intracellular death, a property which probably relates to its higher virulence to both man
and animals (Young et al., 1985). However, some virulent strains of B. abortus survive
within the PMN. Selective resistance of smooth versus rough strains of B. abortus
suggests involvement of a surface component in the inhibition of the fusion of phagosome
and lysosome (Riley and Robertson, 1984). Low molecular weight substances from B.
abortus also specifically inhibit the bactericidal system of myeloperoxidase-H,0,- halide
(Canning et al., 1985). Moreover, strains of B. abortus appear not to trigger the burst of
oxidative metabolism so that no H,O, is generated for the myeloperoxidase system
(Kreutzer and Robertson, 1979). Although PMNs are the primary cells involved in the
elimination of foreign pathogens, they are generally considered of low efficiency against
Brucella so that these bacteria are able to survive and grow within the PMN. Brucella
cells are also transported to organs of the mononuclear system and this is considered the
reason for the persistence of the infection.
3.2 Macrophages

Polymorphonuclear leukocytes rarely serve as hosts for Brucella, but the bacteria
thrive within macrophages. To carry out its bactericidal activity the macrophage produces
most of the oxygen-derived radicals mentioned above. Substances derived from T
lymphocytes stimulated by bacterial components promote macrophage activity in three
main ways:

(1) By increasing the bactericidal capacity of the macrophage.
(2) By attracting circulating monocytes which mature in the tissues into macrophages.

(3) By inducing the local proliferation of macrophages.
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Although the importance of antibodies in protection against Brucella has been
clearly established (Plommet and Plommet, 1983), the exact mechanism has not been
elucidated. Armstrong and Hart (1975) observed that antibody covering bacilli facilitate
the fusion of phagosomes with lysosomes in infections by M. tuberculosis. This also
seems to be the case of Brucella since antibodies help to reduce dissemination (Plommet
and Plommet, 1983).

In experimental brucellosis the macrophage activation occurs early in the infection,
therefore it is easy to demonstrate the development of a specific cellular response from
the third day after infection. This early activation seems to be due to contact with
bacterial components such as B. abortus lipopolysaccharide (LPS) (Birmingham and
Jeska, 1981). This activation is notably increased as a result of the establishment of the
cell-mediated immunity and reaches maximal bactericidal ability at the 14™ day. During
this activation stage the macrophage undergoes a succession of important metabolic and
functional changes that allow it to eliminate the ingested germ. Thus, an increase in
production and liberation of lysosomal enzymes occurs, as well as in Fc and complement
receptors that facilitate the adhesion and ingestion of the bacteria. Also an increased
production of superoxide and peroxides, and an increase in the chemotactic response
which produces a greater mobilization of the macrophage occurs to the infection site
(Birmingham and Jeska, 1981).

Brucella plays an active role in securing its survival within the phagocytic cell.
One of the fundamental processes used by the bacteria is to prevent the fusion of the

phagosome with the lysosome. This effect seems to be mediated by surface antigens not
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related to LPS. These surface components have been found in smooth virulent strains but
not in smooth attenuated strains (Frenchick et al., 1985). The mechanisms how these
Brucella components act has not been elucidated yet.
Other intracellular parasites such as Toxoplasma gondii (Jones and Hirsch, 1972),
M. tuberculosis (Armstrong and Hart, 1971) and M. microti (Lowrie et al., 1975; Lowrie
et al., 1979) also avoid phagosome-lysosome fusion. Apparently in these cases parasite
products interact with lysosomal membranes and render them unable to fuse. These
products include the mycobacterial sulphatides and polyanionic trehalose glycolipids
(Goren et al., 1974).
There are two alternative or complementary mechanisms that help B. abortus to
survive within the macrophage (Corbel and Brewer, 1980):
(1) Some B. abortus strains avoid the respiratory burst inside the phago-lysosome,
avoiding the consequences of oxygen-derived radical formation.
(2) B. abortus is able to release cellular products, including RNA that might inhibit

lysosomal enzymes.

4. Protection against Brucella.

Resistance to B. abortus, which is one of the facultative intracellular bacterial
pathogens, predominantly depends on acquired cell-mediated immunity, characterized by
the activation of T lymphocytes and subsequent activation of macrophages for increased

killing of such organisms (Zhan et al., 1996). An important cell-mediated immune
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mechanism responsible for protection against Brucella is the interferon gamma (IFN-g)

up-regulation of macrophages, the main host cellular reservoir for the bacterium (Baldwin
etal., 1993). Thus, many investigators have considered that Thl CD4+ T cells are
responsible for macrophage activation and attraction of inflammatory effector cells and
therefore they have been suggested to play a major role in acquired cellular resistance

(Golding et al., 1994).

VIIl. Rationale for This Dissertation.

The most commonly used vaccines against brucellosis are the live attenuated B.
abortus strain 19 and B. melitensis strain Rev.1 vaccines; recently B. abortus strain RB51
has replaced strain 19 as the preferred bovine vaccine in the USA. Strain RB51 as a
bovine brucellosis vaccine has overcome several limitations of strain 19. A distinct
advantage of strain RB51-vaccinated animals is that they do not produce anti-O-side
chain antibodies (Buhrman, D. L., 1989); thus they avoid the problem with strain 19,
which induces anti-O-side chain antibodies, indistinguishable serologically from the
naturally-infected animal. However, there still are controversies using these live
attenuated vaccines in terms of safety (Kahler S. C., 1998; Palmer et al., 1996).

One potential alternative to live vaccines is that offered by subunit vaccines.
Subunit vaccines represent further reduction of the inactivated products, such as viral
particles or bacterial cells, since only a few components from the appropriate pathogen

are formulated into the vaccine. Subunit vaccines are considered to be much safer than
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their live attenuated counterparts because they contain no infectious agents. The safety
of subunit vaccines over the inactivated whole cell vaccines is further enhanced because of
their defined physical and chemical characteristics.

The identification of Brucella spp. antigens capable of eliciting protective
immunity constitutes an aspect of great interest for the development of efficient subunit
vaccines. The ability of a specific antigen (Ag) to induce preferentially a Thl or Th2
subset response is important for the development of vaccines against pathogens
(Mosmann et al., 1989). Therefore, identification and characterization of dominant T-cell
stimulating Ag from B. abortus is an important strategy in the search for protective
subunit vaccines. Few B. abortus genes have been cloned, and the proteins that they
encode have not been characterized as T cell stimulating Ags (Ficht et al., 1988; Roop et
al., 1994; Wergifosse et al., 1995). In addition, the potential for these proteins to elicit a
protective cellular response against B. abortus infection has not been investigated
(Oliveira et al., 1996). Therefore, the identity of the B. abortus Ag, which induces the
formation of protective T cells, is unknown. However, recently, some levels of
protection have been induced with the purified L7/L12 Brucella recombinant protein,
indicating that, if the appropriate antigen is selected, subunit wvaccine could be
successfully developed (Oliveira et al., 1996).

We directed our attention toward heat shock proteins (HSPs) as candidates for
protective antigens; we investigated the possibilities of inducing protective immune
response against B. abortus infection by using HSPs in a mice model. HSPs are also

stress proteins, and have important biological functions in protein biogenesis.
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Circumstantial evidence suggests that the function of heat shock proteins in prokaryotic
and eukaryotic cells is to protect cells from the ill effects of stress stimuli such as
increased temperature, exposure to toxic oxygen radicals, and nutritional deficiencies,
allowing the cells to recover and survive (Young and Elliott, 1989). HSPs from bacterial
and fungal pathogens are among the major targets of the immune response to infection and
are capable of inducing protective immunity in experimental animal models (Abu Kwaik
et al., 1993). Bacterial stress proteins may also play important roles in allowing
facultative intracellular pathogens to successfully adapt to the harsh environment of the
host phagosome (Abu Kwaik et al., 1993; Buchmeier and Heffron, 1990).

At least three factors suggest that heat shock proteins are the major targets of the
immune response in a broad spectrum of infections. First, the abundance of these
proteins under conditions of stress could well play a role. Second, some heat shock
proteins may be intrinsically antigenic. For example, they may be particularly amenable
to processing and presentation to the immune system by antigen presenting cells.
Finally, it is possible that immunological memory for cross-reactive determinants of this
conserved protein is generated early in life and periodically restimulated by subsequent
infections (Young and Elliott, 1989).

However, there is controversy about their significance as vaccines; HSP-specific
immune responses may induce autoimmune diseases by generating immune responses
against shared epitopes in the conserved HSP sequences and hence cross-reactions
between foreign and self HSP (Georgopoulus and McFarland, 1993; Kaufmann et al.,

1990). Such a risk may exist, but recent evidence suggests that the benefits of an anti-self,
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stress protein immune response may be much greater than the risk of autoimmune disease
(Young and Elliott, 1989). HSP65, (which belongs to the HSP60 family), is a major
antigen, that induces humoral and cell-mediated immune responses against a variety of
bacterial pathogens, including Mycobacteria leprae (leprosy), M. tuberculosis
(tuberculosis), Coxiella burneti (Q-fever), Treponema pallidum (syphilis), Legionella
pneumophila (Legionnaires’ disease), Borrelia burgdorferi (Lyme disease) and Chlamydia
trachomatis (ocular trachoma) (Kaufmann S.H.E., 1990). This antigen is a homologue of
the ubiquitous common antigen of Pseudomonas aeruginosa and other Gram-negative
bacteria and of the groEL HSP of E. coli (Young et al., 1987; Shinnick T. M., 1987; Thole
et al., 1988). In this regard, we considered that the B. abortus HSPs could be good
candidates as protective antigens for an understanding of the development of possible
subunit vaccines in this current research.

A major difficulty encountered during development of some subunit vaccines is
their weak immunogenicity. This problem has been overcome by the use of appropriate
adjuvants (Rook and Stanford, 1995). In many studies, numerous potential advantages
were gained by using novel vaccine adjuvants (Daynes et al., 1991; Manetti et al., 1993;
Rook G. A. W., 1988). These include enhancement of the immunogenicity of weaker
immunogens; reduction in the amount of antigen or in the frequency of booster
immunizations needed to provide adequate protection; and improvement of the efficacy
of vaccines used in newborns, the aged, and immunocompromised individuals. Adjuvants

also can promote T cell proliferation and cell-mediated immunity.
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We based the current study on the hypothesis that high levels of cell mediated
immune responses can be induced by B. abortus-HSPs as protective antigens in
combination with the appropriate adjuvant, resulting in protective immunity against B.
abortus infection. In addition to the appropriate adjuvant(s) and protective antigen(s),
the doses of HSP antigens and the delivery mechanism of the antigens were investigated
as factors leading to proper antigen presentation and processing to induce a protective

immune response.
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