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Abstract

Cellular immune responses are a critical part of the host�s defense
against intracellular bacterial infections. Immunity to Brucella abor-
tus crucially depends on antigen-specific T cell-mediated activation of
macrophages, which are the major effectors of cell-mediated killing of
this organism. T lymphocytes that proliferate in response to B.  abortus
were characterized for phenotype and cytokine activity. Human, mu-
rine, and bovine T lymphocytes exhibited a type 1 cytokine profile,
suggesting an analogous immune response in these different hosts. In
vivo protection afforded by a particular cell type is dependent on the
antigen presented and the mechanism of antigen presentation. Studies
using MHC class I and class II knockout mice infected with B. abortus
have demonstrated that protective immunity to brucellosis is espe-
cially dependent on CD8+ T cells. To target MHC class I presentation
we transfected ex vivo a murine macrophage cell line with B. abortus
genes and adoptively transferred them to BALB/c mice. These trans-
genic macrophage clones induced partial protection in mice against
experimental brucellosis. Knowing the cells required for protection,
vaccines can be designed to activate the protective T cell subset.
Lastly, as a new strategy for priming a specific class I-restricted T cell
response in vivo, we used genetic immunization by particle bombard-
ment-mediated gene transfer.
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Introduction

Intracellular bacteria are microbial patho-
gens which share several common features
and include a variety of organisms such as
Listeria monocytogenes, Salmonella typhi-
murium, Mycobacterium tuberculosis and
Brucella abortus. Optimal protective immu-
nity to intracellular bacteria usually requires
the combination of different elements of the
immune system to orchestrate cellular re-
sponses leading to protection. To be more

precise, resistance to facultative intracellular
bacterial pathogens depends on acquired cell-
mediated immunity and activation of macro-
phages by T lymphocytes. A critical cell-
mediated mechanism responsible for protec-
tion is gamma-interferon (IFN-γ) up-regula-
tion of macrophage antimicrobial activity.
Therefore, effective protective immunity
against intracellular infectious agents is con-
tingent on the activation of the appropriate
cytokine-producing T lymphocytes.

The T cell system can be separated into
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stable subsets according to their use of T cell
receptors, accessory molecules that interact
with the MHC gene products on target cells,
and cytokine profile. In the present review we
stress the role of CD4+ and CD8+ αßT cells in
the regulation of infection. Immunity to intra-
cellular bacteria was considered to be exclu-
sively mediated by CD4+ T cells (1). Re-
cently, optimal protection against intracellular
bacteria is regarded as a coordinated interac-
tion between different T cell subsets (2). Addi-
tional studies have evoked a central role for
CD8+ T lymphocytes against intracellular
pathogens (3,4). However, the principal mech-
anism by which CD8+ T cells coordinate anti-
microbial resistance remains to be determined.
Here, we propose that the combination of
different functions of CD8+ T cells such as
IFN-γ production, cytotoxic activity, and
down-regulation of type 2 cytokines is piv-
otal to control intracellular infection.

This review describes experiments per-
formed with Brucella abortus, a facultative
intracellular bacterium, to illustrate i) that
Brucella abortus induces a type 1 cytokine
profile in murine, bovine, and human T lym-
phocytes, ii) the role of CD4+ and CD8+ T
lymphocytes in controlling infection, iii) that
a transfected macrophage cell line presents
Brucella peptides in the context of MHC
class I molecules, and iv) genetic immuniza-
tion as a new strategy to induce CD8+ T cell-
mediated protection.

Brucella abortus is a Gram-negative fac-
ultative intracellular bacterium that infects
humans and domestic animals. The patho-
logical manifestations of brucellosis are di-
verse and include arthritis, endocarditis, un-
dulant fever and meningitis in humans, while
bovine brucellosis is characterized by spon-
taneous abortion (5). Brucella replicates in
host mononuclear phagocytes, and survival
in phagocytic cells allows the bacterium to
escape the extracellular mechanisms of host
response such as complement and antibod-
ies. Therefore, T lymphocyte activation upon
vaccination with bacterial proteins appears
to be a decisive cell-mediated mechanism to

provide resistance to B. abortus infection.
Pathogenesis induced by intracellular or-

ganisms is the product of a complex series of
interactions between the pathogen, the in-
fected host cell, and different elements of the
immune system. Thus, research on the inter-
play between the immune response and per-
sistent microbial pathogens as well as the
characterization of the relevant antigens will
help us to understand how the immune sys-
tem functions against different diseases.

Brucella abortus induces a type 1
cytokine profile in murine, bovine,
and human T lymphocytes

Cytokines are key molecules that play a
major role in determining a protective or a
noncurative immune response. Initially,
CD4+ T cells were divided into at least two
subsets upon antigen stimulation and cy-
tokine production (6). The ability of specific
antigens to induce preferentially a Th1 or
Th2 (T-helper) subset response is an impor-
tant aspect for the development of vaccines
against intracellular pathogens (7). These
distinct T cell subsets often influence the
outcome of infection through the production
of specific cytokines. Currently, the type 1 or
type 2 cytokine concept has been extended
to other cell types such as CD8+ αß T cells
and γδ T lymphocytes (8). The objective of
this section is to compare the cytokine pro-
files induced by B. abortus infection in dif-
ferent hosts. The pattern of cytokines re-
ported here was detected using quantitative
RT-PCR for transcription profiles or ELISA
for secreted products.

Understanding the influence of cytokines
produced by the innate immune system on
the acquisition of adequate T cell responses
to an infectious agent is critical to define the
pathway of Th or Tc (T cytotoxic) cell devel-
opment. It is now becoming clear that the
divergence into Th1 and Th2 cells is regu-
lated to some extent by the innate immune
response at the onset of infection. IL-12 and
IL-4 have been identified as early inducers
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of Th1 or Th2 cell responses, respectively
(9). Recently, investigators have demon-
strated that human monocytes expressed
mRNA transcripts for IL-12 p40 at 4 h and
secreted IL-12 p40 protein at 24 h after in
vitro stimulation with B. abortus (10). We
also demonstrated that adherent murine
spleen cells showed an elevated IL-12 p40
gene expression level at 12 to 24 h after
stimulation with γ-irradiated B. abortus, re-
turning to normal expression levels after 48
h (Oliveira SC and Splitter GA, unpublished
results). This early production of IL-12 dur-
ing B. abortus infection is pivotal to activate
the pathway of IFN-γ-producing Th1 cells.

In the bovine model, Brucella-primed pe-
ripheral blood mononuclear cells (PBMC)
showed an elevation of transcripts for IFN-γ
but not for IL-2 or IL-4 when compared to
PBMC from naive animals (Covert J and Split-
ter GA, unpublished results). An identical pro-
file is exhibited by mouse splenocytes and
purified CD4+ and CD8+ T lymphocytes from
B. abortus-infected animals (11,12). In the
murine system, the type 1 cytokine profile was
confirmed by detection of IFN-γ but not IL-2
or IL-4 in the cell supernatants. A strong corre-
lation between the level of cytokine mRNA
transcripts and the cytokine pattern secreted
by T lymphocytes has been established. Addi-
tionally, B. abortus is a T cell-independent
antigen which has been used as a carrier for
different human vaccines, such as HIV and
malaria (13). In concordance with our studies,
others have demonstrated that B. abortus in-
duced IFN-γ secretion by purified human CD4+
and CD8+ T cells, indicating the ability of this
bacterium to promote a Th1 pattern of T cell
differentiation (14). The cytokine transcrip-
tion profile as well as secreted products are
closely similar among murine, bovine, and
human T cells upon B. abortus stimulation
(15). Identical immune responses mounted by
these different species against the same patho-
gen reinforce the use of animal models to
study human diseases and the applicability of
immunological information to these species.

The role of CD4+ and CD8+ T cells
in controlling infection

Earlier murine brucellosis studies indi-
cated the importance of T cell subsets in the
resolution of infection but produced con-
flicting data, suggesting that CD4+ and/or
CD8+ T cells were responsible for protec-
tion (16). The paradigm of disease resolu-
tion was based on adoptive T cell transfer or
in vivo subpopulation depletion using mono-
clonal antibodies, both with potential pit-
falls. To clarify the controversy about the T
cell subsets responsible for B. abortus dis-
ease resolution, we have used gene knockout
(KO) mice. Research into anti-infectious
immunity has enormously benefited from
the creation of KO mice by homologous
recombination which has not only clarified
the essential role of distinct immune compo-
nents, but also unraveled an extraordinary
compensatory capacity of the system. Mice
in which the ß2-microglobulin gene (MHC
class I KO) was disrupted or the MHC class
II αß chain (MHC class II KO) is nonfunc-
tional are devoid of functional CD8+ or
CD4+ T cells, respectively. Using MHC class
I and class II KO mice and C57BL/6 as
controls, CD8+ T cells were found to be
critical in resolving B. abortus infection.
Moreover, our findings provide insights into
both effector and regulatory mechanisms
used by CD8+ T cells to control intracellular
bacterial infection.

To determine the contribution of CD4+
or CD8+ T cells to the control of brucellosis,
bacterial numbers were monitored in spleens
of MHC class I KO, MHC class II KO, and
C57BL/6 mice for four weeks following in-
fection. The animals were sacrificed weekly
and B. abortus colony-forming units (CFU)
were counted. Interestingly, murine brucel-
losis was markedly exacerbated in animals
lacking functional CD8+ T cells (MHC class
I KO) compared to MHC class II KO or
C57BL/6 control mice. After the first week
post-infection, B. abortus CFU increased in
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the spleens of MHC class I KO mice whereas
MHC class II KO mice displayed a constant
decline in bacterial numbers throughout the
course of infection. Additionally, the num-
ber of B. abortus CFU in MHC class I KO
mouse spleens was at least two logs higher
than that observed in spleens of MHC class
II-deficient mice during the four weeks post-
infection. This result clearly demonstrates
the impact of CD8+ T cells on cell-mediated
immunity in murine brucellosis (12). Al-
though MHC class I deficiency had much
more dramatic consequences for B. abortus
replication than the lack of MHC class II
molecules, CD4+ T cells are likely to play a
helpful but not essential role in the protec-
tion against B. abortus infection.

The cytokine transcription profile and
the secreted products were assayed to deter-
mine which of these important regulatory
molecules are involved in orchestrating the
cellular immune response in brucellosis. The
results indicated that Brucella-primed sple-
nocytes from all three mouse strains exhib-
ited a type 1 cytokine profile (12). Up-regu-
lation of mRNA transcripts for IFN-γ, but
not for IL-2 or IL-4, was detected. C57BL/6
and MHC class I KO mouse splenocytes
displayed a ten-fold increase in the level of
IFN-γ mRNA expression compared to sple-
nocytes from naive animals. Interestingly,
MHC class II KO mouse splenocytes showed
only a two-fold elevation of IFN-γ transcripts
within the first two weeks after B. abortus
infection. However, IFN-γ transcription in

MHC class II KO mouse splenocytes reached
levels similar to those of the other strains
after two weeks post-infection. To confirm
that the transcriptionally active cytokines
were also secreted by antigen-activated
spleen cells, IL-2, IL-4, and IFN-γ were de-
termined by ELISA. IFN-γ was secreted by
spleen cells from all mouse strains when the
cells were cultured with γ-irradiated B. abor-
tus. To elucidate the cytokine network in-
volved in murine brucellosis and its possible
role in enhancing resistance or susceptibility
to B. abortus, we measured IL-10 and TGF-
ß1 in splenocyte culture supernatants by
ELISA. IL-10 and TGF-ß1 are cytokines
known to be involved in down-regulating
protective immune responses by inhibiting
Th1 cell differentiation or by blocking cy-
tokine-induced macrophage activation (17).
We did not detect production of TGF-ß1 by
splenocytes from any of the three mouse
strains studied following B. abortus infec-
tion. In contrast, substantial amounts of IL-
10 were detected in splenic culture superna-
tants from all three mouse strains. Surpris-
ingly, spleen cells from MHC class I KO
mice lacking functional CD8+ T cells pro-
duced two-fold higher levels of IL-10 than
splenocytes from MHC class II KO or
C57BL/6 mice. We correlated the enhanced
susceptibility of MHC class I KO mice to
brucellosis with the ability of MHC class I
KO spleen cells to produce higher levels of
IL-10. According to our data and recent
findings reported by others, we hypothesize
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Figure 1 - Analysis of cytokine gene
expression in B. abortus-primed and
naive CD8+ T cells using a competi-
tive RT-PCR-based assay. Spleen
cells were separated from MHC
class II KO and C57BL/6 naive mice
before and one week after infection
by cell sorting. We obtained 97%
pure CD8+ T cells and extracted
their RNA. The RT-PCR products
were quantified in comparison to
competitive internal standards for
IL-2, IL-4 and IFN-γ using a gel video
system (NIH image 1.54) to scan
and quantify ethidium bromide-
stained gel bands. The results are
reported as attomoles.
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that CD8+ T cells may inhibit IL-10 produc-
tion and, as a consequence, murine brucello-
sis was exacerbated in MHC class I KO mice
(18). IL-10 production by Brucella-activated
macrophages may be associated with a high
concentration of suppressor macrophages
found in mouse spleens two to three weeks
after infection.

To better define the mechanisms used by
CD8+ T cells to control B. abortus infection,
a cytokine transcription profile of this puri-
fied T cell subpopulation was determined.
CD8+ T cells from B. abortus-infected MHC
class II KO or C57BL/6 mice demonstrated
no increase in mRNA expression for IL-2 or
IL-4 when compared to CD8+ T cells from
untreated mice. However, IFN-γ mRNA was
markedly elevated in CD8+ T cells from
both B. abortus-infected mouse strains when
compared to naive groups (Figure 1). The
higher levels of IFN-γ expression observed
in MHC class II KO CD8+ T cells compared
to MHC class I KO CD8+ T lymphocytes
might serve as a compensatory mechanism
for the lack of CD4+ T cells. Thus, Brucella-
primed CD8+ T cells from MHC class II KO
or C57BL/6 mice exhibited a type 1 cytokine
profile identical to the pattern displayed by
unseparated spleen cells from infected ani-
mals. IFN-γ plays a central role in acquired
resistance of mice against intracellular bac-
teria. This cytokine is known to up-regulate
macrophage microbial killing activity and to
induce the development of Th1 cells. There-

fore, the production of IFN-γ by CD8+ T
cells seems to be one of the important mecha-
nisms by which this T cell subpopulation
helps the immune system to control infec-
tion. CD8+ T cells can be activated early in
the immune response and they are in an ideal
position to regulate CD4+ T cell develop-
ment by producing IFN-γ or other regulatory
cytokines. Regarding effector function, B.
abortus CD8+ T cells from MHC class II KO
or C57BL/6 mice specifically lysed MHC
class II KO- or C57BL/6-infected splenic
macrophages, respectively (12).

Our studies provide unequivocal data
demonstrating the central role played by
CD8+ T cells in controlling an intracellular
bacterial infection. In Figure 2 we propose a
model of the way CD8+ T cells function in
disease resolution. We suggest that a combi-
nation of mechanisms underlie the acquisi-
tion of protective immunity against this in-
tracellular bacterium. First, CD8+ T cells
exhibited a type 1 cytokine profile, marked
by IFN-γ production, a critical cytokine in-
volved in macrophage activation and Th1
cell development. Second, mice lacking
CD8+ T cells produced two-fold higher levels
of IL-10, an immunosuppressive cytokine,
than the other mouse strains evaluated. These
data corroborate recent findings reported by
other investigators showing that CD8+ T
cells down-regulate expression of Th2 cyto-
kines such as IL-10 (18). Third, primed CD8+
T cells were able to lyse Brucella-infected

Figure 2 - Schematic represen-
tation of the role of CD8+ T lym-
phocytes in controlling B. abor-
tus infection. The roles are i)
production of IFN-γ, ii) lysis of
Brucella-infected macrophages,
iii) down-regulation of Th2 cyto-
kines such as IL-10, and iv) pro-
duction of a new cytokine-like
CD8+ T cell antiviral factor
(CAF).
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macrophages, and finally, CD8+ T cells may
produce other soluble factors or cytokines
such as CD8+ T cell antiviral factor in the
HIV model which are important to regulate
infection (19).

A transfected macrophage cell line
presents Brucella peptide in the
context of MHC class I molecules

Our results have emphasized a major role
of MHC class I-restricted CD8+ T cells in
the protection against intracellular bacteria.
MHC class I molecules primarily present
endogenous antigens that are synthesized by
antigen-presenting cells and processed within
the cytosol. After cytosolic delivery, proteo-
somes are proposed to cleave antigens into
peptides, which are then transported into the
lumen of the endoplasmic reticulum (ER)
via a transporter for antigen presentation. In
the ER, peptides bind to nascent MHC class
I molecules which can then be transported to
the cell surface. Therefore, translocation of
Brucella antigens from the endosome into
the cytosol is required for the stimulation of
Brucella-specific MHC class I restricted
CD8+ T cells. Interestingly, B. abortus strain
2308 inhibits phagosome-lysosome fusion
and can be found in the ER of infected
nonphagocytic cells, which would be an op-
timal localization for presentation through
the MHC class I pathway.

We have identified different B. abortus
genes and produced their respective immu-
nodominant products that activate Brucella-
primed CD4+ T lymphocytes in vitro (20).
In an attempt to shift the peptide presenta-
tion pathway from an endocytic to a cytoso-
lic one and to induce antigen-specific CD8+
T cell activation, we transfected Brucella
genes into a murine macrophage-like tumor
cell line (Raw 264.7). First, we subcloned B.
abortus GroES, GroEL, uvrA, and L7/L12
genes known to encode immunodominant
products into a mammalian expression vec-
tor (pCDNA3). These constructs were then
stably transfected into Raw 264.7 cells. To

confirm gene expression, macrophage clones
expressing Brucella genes were screened by
Northern blot using the respective probes.
Macrophage clones transfected with Bru-
cella genes were then cultured in the pres-
ence of enriched murine Brucella-primed T
lymphocytes to measure T cell proliferative
responses. Additionally, medium alone or
monoclonal antibodies (mAbs) to an irrel-
evant antigen, anti-KDd (MHC class I), anti-
CD4 or anti-CD8 molecules, were added to
the culture system. When medium alone or
mAb to an irrelevant antigen or anti-CD4
mAb was added, primed T lymphocytes pro-
liferated to macrophages transfected with
GroEL or L7/L12 genes. However, when
anti-CD8 or anti-KDd mAb was included,
the proliferation was abrogated to background
levels. Using this methodology we showed
that antigen-specific recognition of Brucella
GroEL and L7/L12 peptides was restricted
to MHC class I molecules and dependent
upon CD8+ T cells. Therefore, using this
system we can target MHC class I presenta-
tion of specific Brucella peptides.

To investigate if these transgenic macro-
phage clones indeed induce protective im-
munity in mice, the transfected Raw 264.7
cells were γ-irradiated and adoptively trans-
ferred to syngeneic BALB/c mice weekly at
a concentration of 1 x 106 cells. Surprisingly,
Raw 264.7 cells transfected with the Bru-
cella GroEL or L7/L12 gene induced partial
protective immunity of BALB/c mice against
B. abortus infection (Oliveira SC, Harms JS
and Splitter GA, unpublished results). These
findings are consistent with the importance
of engaging the endogenous antigen-present-
ing pathway to bias the immune response
towards a CD8+ T lymphocyte activation
during an intracellular bacterial infection.

Genetic immunization as a new
strategy to induce CD8+
T cell-mediated protection

Traditionally, classical vaccines have
been produced by the use of attenuated or
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inactivated pathogens and immunogenic pro-
tein subunits of microbes. A novel vaccine
approach, originally developed for gene
therapy, is based on immunization with DNA
or RNA molecules. Tang et al. (21), who
first described the induction of an immune
response upon inoculation of plasmid vec-
tors, referred to this approach as genetic
immunization, a nomenclature that will be
used throughout this review. Direct inocula-
tion of the gene(s) of a pathogen should
mimic attenuated vaccines since synthesis of
specific foreign proteins would be achieved
in the host and would be the target of im-
mune surveillance. The understanding of the
different pathways for antigen presentation
led to the consideration of direct transfection
of tissue cells in vivo as an alternative means
of obtaining appropriate antigen processing,
and thus as an alternative to immunization
with live virus, for example. Genetic immu-
nization is a simple and efficient technique
to sensitize T cells. It involves the injection
into animals of expression plasmid DNA
that encodes the antigen of interest. Tran-
sient expression of the DNA in an antigen-
presenting cell in the skin, muscle, endothe-
lium or vascular smooth muscle allows the
priming of immune responses. DNA immu-
nization has been reported to successfully
induce MHC class I-restricted cytotoxic T
lymphocyte activity against different patho-
gens in many different animal models (22).
In addition, strong and long-lasting humoral
and cellular immune responses are also ob-
tained (23). This novel vaccination approach
has been shown to confer protection against
influenza virus, rabies virus, hepatitis B vi-
rus, malaria, leishmaniasis, and tuberculo-
sis, among others (24).

There are basically two main DNA deliv-
ery methods: direct injection into skeletal
muscle using a syringe and a small gauge
needle and particle bombardment or biolistic
process using a gene gun device. Here, we
discuss our preliminary data showing induc-
tion of an immune response to ß-galactosi-
dase as a reporter protein using biolistic-

mediated gene transfer (25). Plasmid pCMVß
containing the human cytomegalovirus
(CMV) immediate early enhancer/promoter
fused to the Escherichia coli ß-galactosidase
gene was used in this experiment. Gold mi-
croparticles (1.5-3.0 µm) were coated with
plasmid DNA and introduced into the skin of
BALB/c mice using a hand-held high pres-
sure helium-driven device. The ear and peri-
toneal regions were the target for gene gun-
based DNA immunization in all animals. For
each bombardment we used 1 µg of DNA
and the boost was performed 15 days after
the first immunization. Figure 3 shows a
strong elevation of total IgG titers against ß-
galactosidase in mice vaccinated with
pCMVß after the boost compared to the
levels prior to immunization. Mice immu-
nized with ß-galactosidase alone were used
as a positive control in our vaccination pro-
tocol. We are currently in the process of
measuring cell-mediated immune responses
by T cell proliferation, cytokine profile anal-
ysis and cytotoxic activity to ß-galactosidase
after DNA immunization. The ß-galactosi-
dase gene was used to evaluate the physical
parameters to introduce and express exog-
enous DNA. Now, we are in the position to
test the ability of Brucella-specific genes
such as GroEL and L7/L12 in conferring
protective immunity by the biolistic process.
Using this methodology, we intend to better
activate specific CD8+ T cells targeting the
MHC class I presentation pathway. This novel
approach is a potent strategy for priming

Figure 3 - Total IgG anti-ß-galac-
tosidase titers were determined
by ELISA in sera from three
groups of BALB/c mice which
were immunized by biolistic-me-
diated gene transfer using DNA or
protein. The first group of five
mice was vaccinated with the
pCMVß construct (squares), the
second group received the same
treatment with a boost 15 days
after the first immunization
(circles), and the third group was
immunized with 10 µg of the pro-
tein ß-galactosidase (triangles).
Microtiter plates were coated
overnight with 10 µg/ml ß-galac-
tosidase and serum samples from
mice (1:200) were incubated for 2
h at room temperature. After
washing, the plates were incu-
bated with goat anti-mouse IgG
peroxidase conjugate for 2 h. The
reaction was developed and ab-
sorbance was read at 490 nm.
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