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We constructed infectious but replication-deficient Semliki Forest virus (SFV) particles carrying recombi-
nant RNA encoding Brucella abortus Cu,Zn superoxide dismutase (SOD). The recombinant SFV particles (SFV-
SOD particles) were then evaluated for their ability to induce a T-cell immune response and to protect BALB/c
mice against a challenge with B. abortus 2308. Intraperitoneal injection of mice with recombinant SFV-SOD
particles did not lead to the induction of SOD-specific antibodies, at least until week 6 after immunization (the
end of the experiment). In vitro stimulation of splenocytes from the vaccinated mice with either recombinant
Cu,Zn SOD (rSOD) or crude Brucella protein resulted in a T-cell proliferative response and the induction of
gamma interferon secretion but not interleukin-4. In addition, the splenocytes exhibited significant levels of
cytotoxic T-lymphocyte activity against Brucella-infected cells. The SFV-SOD particles, but not the control virus
particles, induced a significant level of protection in BALB/c mice against challenge with B. abortus virulent
strain 2308. These findings indicated that an SFV-based vector carrying the SOD gene has potential for use as
a vaccine to induce resistance against B. abortus infections.

Brucella abortus is gram-negative, facultative intracellular
bacterial pathogen that causes brucellosis in humans and cat-
tle. In the infected host B. abortus multiplies within the phago-
somes of reticuloendothelial cells, avoiding the killing effect of
the macrophage cells by inhibiting phagosome-lysosome fusion
(22). Like resistance to other facultative intracellular bacterial
pathogens, resistance to B. abortus depends on acquired cell-
mediated immunity (CMI) (51). In this respect, the develop-
ment of the Th1 subset of CD4� lymphocytes that secrete
gamma interferon (IFN-�), a crucial cytokine that up-regulates
the macrophage anti-Brucella activity, and the development of
CD8� T lymphocytes that are able to lyse Brucella-infected
cells (33, 34) are the two main components of the protective
response. Live, attenuated vaccines, such as B. abortus strains
S19 and RB51, that can stimulate a strong CMI response are
usually very effective against brucellosis and have been used to
control brucellosis in domestic animals. However, these vac-
cine preparations are far from ideal, since they have disadvan-
tages; e.g., they are considered virulent or unsafe for human
use, and they induce abortion in pregnant cattle (43). In the
search for methods that can provide immunity against brucel-
losis, DNA-based vaccines have been shown to be effective for
the delivery of antigenic proteins (3, 22) and to generate a
strong cellular response (28). In previous reports, we showed
that a DNA vaccine encoding the Cu,Zn superoxide dismutase
(SOD) protein of B. abortus is able to induce cytotoxic T-
lymphocyte (CTL) activity, high levels of IFN-� production,
and a significant level of protection against challenge with B.

abortus virulent strain 2308 in BALB/c mice (30, 37). However,
repeated doses and high concentrations of the plasmid con-
taining the Cu,Zn SOD Brucella gene are needed to generate
a strong response, probably because of the low in vivo trans-
fection efficiency for this type of plasmid vector (15, 27, 50).
Therefore, our recent efforts have been focused on improving
the efficiency of the delivery of the SOD gene-based vaccine.

In this connection, self-replicating alphavirus-based expres-
sion systems have emerged as potent tools for delivering ge-
netic vaccines, mainly because of their ability to infect cells,
resulting in transfection efficiencies that are greater than those
of conventional DNA vaccines (24, 39, 46, 51). Such vaccines
are based on self-replicating genomes of single-stranded RNA
viruses which can induce high levels of transient expression of
the cloned genes in transfected cells (14). One such expression
system based on Semliki Forest virus (SFV) has been found to
be an excellent delivery vector for a wide range of eukaryotic
cells and for inducing specific immune responses (8, 10, 23, 25,
29, 38). In the SFV vector system, the structural protein genes
are replaced by a foreign gene that is expressed in vivo in a
manner similar to viral structural protein genes (24). Thus, the
RNA replicon contains the replicase gene and the subgenomic
promoter, followed by the heterologous gene and the 5� and 3�
sequences of the genome that are required for replication. Two
approaches to immunize animals with the SFV vector can be
used. In the first strategy, the naked RNA replicon that is
produced through in vitro transcription can be employed di-
rectly for immunization (11). However, the main disadvantage
of this approach is the short intracellular half-life of RNA
because of its degradation by ubiquitous RNases (4, 49). In the
second method, the RNA replicons are packaged into infec-
tious vector particles by cotransfection of cultured cells (38).

* Corresponding author. Mailing address: Department of Microbi-
ology, Faculty of Biological Sciences, Universidad de Concepción, P.O.
Box 152-C, Concepción, Chile. Phone: (056)-41-204118. Fax: (056)-41-
245975. E-mail: aonate@udec.cl.

3294



The advantage of employing this strategy is that SFV particles
are generated in vitro from self-sufficient RNAs. The structural
proteins required for the packaging of viral particles expressing
the foreign protein are supplied in trans by a helper system
consisting of two independent RNAs (42). The first RNA in-
cludes the capsid protein gene (pSFV-helper C), and a second
vector encodes spike protein (pSFV-helper S). The viral rep-
licase encoded by the recombinant vector amplifies all RNA
species; however, only the replicon containing the replicase
gene and the heterologous gene is packaged into viral particles
(23). In this way, suicide particles undergo one round of infec-
tion without giving rise to production of new virus progeny
because they contain a defective genome that is able to repli-
cate but cannot result in a productive infection (42). After
infection by viral particles, RNA replication allows expression
of the foreign gene in infected cells, resulting in the induction
of strong humoral and cell-mediated immunity in several dis-
ease models (6, 7, 12, 13, 32, 52). Moreover, SFV infection by
itself induces production of IFN-�, and infected cells undergo
apoptotic death within a few days, which may be important in
the molecular mechanisms involving cross-priming of profes-
sional antigen-presenting cells and generation of a CTL re-
sponse (1, 2, 9, 18, 45, 52). Therefore, the objective of the
present study was to evaluate the immune response and pro-
tective capacity elicited by immunization with SFV particles
carrying the Brucella Cu,Zn SOD gene (SFV-SOD particles).

MATERIALS AND METHODS

Animals. Seven- to eight-week-old female BALB/c mice (obtained from In-
stituto de Salud Publica, Santiago, Chile) were acclimated and randomly distrib-
uted into experimental groups. The mice were kept in conventional animal
facilities and received water and food ad libitum.

Bacterial strains and cell line. The virulent B. abortus strain 2308, the atten-
uated strain RB51 (41), and RB51-SOD, a strain that overexpresses SOD, were
obtained from our culture collection; strains RB51 (41) and RB51-SOD (48)
were originally obtained from the Virginia-Maryland Regional College of Vet-
erinary Medicine (Virginia Polytechnic Institute and State University. Blacks-
burg). The bacterial cells were grown under aerobic conditions in tryptose soy
broth (Difco Laboratories, Detroit, Mich.) for 72 h at 37°C. For inoculation, the
bacterial suspensions were adjusted spectrophotometrically to an optical density
at 600 nm corresponding to 1 � 104 CFU of B. abortus strain 2308. All experi-
ments with live brucellae were performed in biosafety level 2 facilities. Esche-
richia coli strain DH5� (Life Technologies, Gaithersburg, Md.) was used for
producing the necessary plasmid constructs. The E. coli bacteria were routinely
grown at 37°C in Luria-Bertani broth or in agar supplemented, when required,
with 100 �g of ampicillin per ml. The murine macrophage cell line J774.A1
(H-2d; ATCC TIB 67) was purchased from the American Type Culture Collec-
tion (Manassas, Va.). The cells were cultured in complete tissue culture medium
(c-RPMI) consisting of RPMI 1640 supplemented with 10% heat-inactivated
fetal bovine serum (GIBCO BRL), 2 mM L-glutamine, 100 �g of streptomycin/
ml, and 100 IU of penicillin/ml. The COS-7 line (CRL 1651; American Type
Culture Collection, Manassas, Va.) was grown in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 5% heat-inactivated fetal bovine serum.

Plasmid preparation. The vectors pSFV4.2, pSFV helper-S (pSFVhS), and
pSFV helper-CS219A (pSFVhC) were provided by Peter Liljeström (Karolinska
Institute, Stockholm, Sweden). Recombinant plasmid pBAII-3, containing the
gene for B. abortus Cu,Zn SOD (sodC) along with its promoter, was initially
obtained from a pUC9 genomic library of B. abortus strain 2308 and cloned into
pBluescript SK(�) (Stratagene, La Jolla, CA); the resulting plasmid is referred
to below as pBSSOD (35). A 514-bp fragment containing only the sodC gene was
PCR amplified from pBSSOD by using a primer pair designed based on the
nucleotide sequence. (The forward primer was 5�-GGCCTTACGGATCCTCT
GGAA-3�, and the reverse primer was 5�-TTATTCGCTCGAGCCGCAGGC-
3�.) A restriction site was engineered into each primer by point mutation. The
amplified gene fragment was digested with an appropriate restriction enzyme
(BamHI/XhoI) and cloned into pSFV4.2 downstream of the viral replicase gene

and under the control of the SP6 RNA polymerase promoter (24). The resulting
plasmid was designated pSFV-SOD. The recombinant plasmid was electropo-
rated into E. coli DH5�, and a single recombinant colony was selected. Isolation
of plasmid DNA was performed using a Wizard Plus SV Minipreps kit (Promega,
Madison, Wis.) according to the manufacturer’s instructions. The pSFV-SOD
plasmid construct was verified by restriction digestion and by sequencing of the
complete insert at the Universidad de Concepción sequencing facility.

In vitro transcription and packaging of SFV particles. Plasmids pSFV-SOD,
pSFVhS, and pSFVhC were linearized by SpeI restriction enzyme digestion for
1 h at 37°C. In vitro transcription was performed using 45 U of SP6 RNA
polymerase (Promega) per reaction mixture (50 �l). The DNA template was
removed by digestion with RQ1 RNase-free DNase (Promega). The pSFV tran-
scripts were capped during transcription using 5 mM Cap analogue (Promega).
The RNA replicon was obtained by phenol-chloroform extraction, divided into
aliquots, and stored at �80°C. Packaging of the recombinant RNA encoding the
SOD protein into SFV particles was done using the two-helper RNA method
(42). Briefly, COS-7 cells grown to 80% confluence in DMEM were cotrans-
fected with the recombinant RNA replicon and two helper RNAs. After 24 h of
incubation at 37°C with 5% CO2, the medium containing recombinant virus
stocks was harvested, and viral particles were purified by ultracentrifugation
through a sucrose gradient. The resulting particles were designated SFV-SOD.
The control particles were made using plasmid pSFV3 containing the E. coli
�-galactosidase sequence purchased from GIBCO BRL (pSFV-lacZ). The viral
stock titer was maintained as described by Salminen et al. (40). Briefly, COS-7
cells grown on coverslips were infected with serial dilutions of the virus that was
generated, and expression of the SOD protein was visualized by indirect immu-
nofluorescence with a mouse anti-Brucella SOD monoclonal antibody prepared
in our laboratory or mouse anti-E. coli �-galactosidase monoclonal antibody
(Promega).

Analysis of Cu,Zn SOD protein expression from SFV particles. COS-7 cells
grown on coverslips to 80% confluence were infected with SFV-SOD particles or
SFV-LacZ particles at a ratio of 5 infectious units/cell. Cells were cooled on ice
and washed twice with ice-cold phosphate-buffered saline (PBS). Recombinant
Semliki Forest virus diluted in DMEM was incubated with the cells for 2 h at
37°C to allow virus entry, followed by transfer to complete DMEM (supple-
mented with 0.5% fetal calf serum). For fluorescence microscopy, cells were
cultivated for 24 h. After the medium was removed, the coverslips with the cells
were gently rinsed with PBS and fixed for 30 min at room temperature with 0.4%
freshly prepared paraformaldehyde in 250 mM HEPES, pH 7.4, 0.1 mM CaCl2,
and 0.1 mM MgCl2 buffer. The cells were permeabilized for 30 min with PBS–
0.05% Triton X-100 at room temperature and washed four times. Mouse anti-
SOD monoclonal antibody was added for 2 h at 37°C (dilution, 1:200). After
three washes with PBS–1% bovine serum albumin, the cells were incubated for
30 min with a 1:100 dilution of goat anti-mouse antiserum conjugated with
fluorescein isothiocyanate in PBS–1% bovine serum albumin. The cells were
washed extensively and embedded in Moviol solution (BBL, Cockeysville, MD).
Microscopy and photography of the cells were performed with an AxioPlan2
Zeiss fluorescence microscope.

Immunization. Mice were injected by the intraperitoneal route with 106 in-
fectious units of recombinant SFV-SOD particles in 200 �l of PBS at zero time
and week 3. As negative control, groups of mice were immunized with 106

SFV-LacZ particles or PBS alone. In protection experiments, a positive control
group of mice was vaccinated intraperitoneally with 2 � 108 CFU of B. abortus
strain RB51 in 0.2 ml of PBS.

Splenocyte cultures and lymphocyte proliferation. Three weeks after the last
immunization, five mice from each group were sacrificed, and their spleens were
removed under aseptic conditions. Single-cell suspensions were prepared from
the spleens according to a standard procedure (37), and erythrocytes were elim-
inated with ACK lysis solution (150 mM NH4Cl, 1 mM KHCO3, 0.1 mM
Na2EDTA [pH 7.3]). Splenocytes from all five mice of each group were first
pooled and then cultured at 37°C with 5% CO2 in a 96-well flat-bottom plate at
a concentration of 4 � 105 viable cells/well in the presence of no additives
(unstimulated control) or one of the following different stimulants: 0.4 �g of
crude B. abortus RB51 proteins (CBPs), an extract obtained from bacteria sub-
jected to treatment with a hypertonic salt solution and sonication as described
previously (36); 0.04 �g of purified rSOD, obtained by a chromatography affinity
procedure (35); or 0.25 �g of concanavalin A (ConA). Splenocytes were cultured
in c-RPMI for 3 days and pulsed for 8 h with 0.35 �Ci of thymidine (50 Ci/mmol;
Amersham, London, United Kingdom) per well. After this, the radioactivity
incorporated into the DNA was measured with a liquid scintillation counter. Cell
proliferation was expressed as mean counts per minute obtained from triplicate
cultures prepared from a cell pool of each experimental or control group com-
posed of five mice.
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Cytokine ELISA. For detection of cytokines, supernatants of the pooled spleen
cell cultures described above were collected after 48 h of antigen stimulation and
tested for the presence of cytokines by an antigen capture enzyme-linked immu-
nosorbent assay (ELISA) using OptEIA set mouse IFN-� and interleukin 4
(IL-4) (BD Biosciences, San Diego, CA). All assays were performed in duplicate.
The concentrations of IFN-� and IL-4 in the culture supernatants were calcu-
lated by using a liner regression equation obtained from the absorbance values
of the standards.

Cytotoxicity assay. The cytotoxicity assay was carried out as described by He
et al. (16). Briefly, stimulator cells were prepared by infecting J774.A1 macro-
phages at confluent growth with live B. abortus strain RB51-SOD at a ratio of
1:100 for 5 h. Extracellular bacteria were rinsed away with c-RPMI containing 50
�g of gentamicin per ml. Macrophages were scraped off with a sterile rubber
policeman and centrifuged at 200 � g for 5 min. The pulsed macrophages were
suspended in 5 ml of c-RPMI with 35 �g of mitomycin C per ml in a 37°C water
bath for 45 min and then washed by centrifugation with RPMI supplemented
with 5% heat-inactivated fetal bovine serum.

The immunized mice were killed by cervical dislocation 4 weeks after viral
inoculation. The spleens were removed, and the erythrocytes were eliminated
with the ACK lysis solution. Spleen cells from all five mice of each group were
pooled and used for the effector cell preparation. Adherent cells were removed
by incubation on a plastic dish, and then the enriched T-cell populations were
distributed in 24-well cell culture plates (Corning, Corning, N.Y.) at a concen-
tration of 4 � 106 viable cells/well. Stimulator cells were also added to the wells
at a concentration of 0.4 � 106 cells/well. Then the mixture of enriched T cells
and stimulator cells was incubated at 37°C with 5% CO2. After 5 days of
incubation, the live effector cells were obtained by removing the dead cells with
Histopaque-1083. Effector cells and target cells (B. abortus RB51-infected
J774.A1 macrophages which were not treated with mitomycin C) were mixed at
different ratios and incubated for 16 h at 37°C; 200 �l of a 0.036% neutral red
solution in PBS was added to stain unlysed target cells. After 30 min, the cells
were washed and then lysed with 0.22 ml of a 0.05 M acetic acid–0.05% sodium

dodecyl sulfate solution. The amount of dye released was measured by obtaining
readings for optical density at 570 nm. As a control for nonlysis and maximal
uptake of the neutral red stain, target cells were cultured alone without effector
cells. The percentage of specific lysis was established by using the following
formula for specific lysis: percentage of specific lysis 	 (optical density of control
� optical density of experimental group)/optical density of control � 100.

Protection experiments. The protection experiments were performed as de-
scribed previously (35). Briefly, 6 weeks after vaccination, six mice from each
group were challenged by intraperitoneal injection of 104 CFU of B. abortus
2308. Two weeks later, the infected mice were sacrificed, their spleens were
homogenized, and dilutions were plated to determine the number of Brucella
CFU per spleen. Log10 units of protection were obtained by subtracting the mean
log10 CFU for the experimental group from the mean log10 CFU for the corre-
sponding control group.

Statistical analysis. The data for the lymphocyte proliferation, detection of
cytokine, and protection experiments were analyzed with Student’s paired t test.
The data for CTL lysis were subjected to an analysis of variance, and the means
were compared by using Tukey’s honestly significant difference procedure (SAS
System for mixed models; SAS Institute Inc., Cary, N.C.).

RESULTS

Expression of the Brucella Cu,Zn SOD protein by SFV-SOD.
Expression of the Cu,Zn SOD protein was monitored in
COS-7 cells infected with the recombinant Semliki Forest virus
particles. As shown in Fig. 1, cytoplasm in cells infected with
SFV-SOD particles showed a strong reaction with the mono-
clonal anti-SOD antibody, indicating high levels of expression
of the Cu,Zn SOD protein. In contrast, cells infected with

FIG. 1. Detection of SOD Brucella protein in COS-7 cells by immunofluorescence. COS-7 cells were infected with SFV-SOD recombinant
particles and then cultured for 24 h. Subsequently, the cells were fixed and probed with anti-SOD monoclonal antibody. (A) Original magnification,
�400; (B) Original magnification, �1,000.
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SFV-LacZ particles did not show any positive reaction with
monoclonal anti-SOD antibody (data not shown).

Immune response of mice vaccinated with SFV-SOD. We
have reported previously that SOD protein delivery from a
DNA-based vaccine is able to induce proliferative capacity in T
cells when they are confronted in vitro with SOD antigen (37).
In order to evaluate the cell-mediated immunity to Brucella
rSOD and CBPs, the proliferative responses and cytokine pro-
files of spleen cells from mice immunized with SFV-SOD and
SFV-LacZ were determined. As shown in Fig. 2, 6 weeks after
immunization, splenocytes from mice immunized with SFV-
SOD exhibited a significant proliferative response to rSOD
and CBPs (P 
 0.003 for a comparison with mice immunized
with saline alone). Only low levels of spontaneous proliferation
occurred in cultures with no antigen stimulation (medium con-
trol). The splenocytes from mice in both groups had similar
very high levels of proliferative responses to the mitogen ConA
throughout the study (data not shown). With respect to the
cytokine profile, at 6 weeks after immunization, the superna-
tants from cultures of spleen cells from SFV-SOD-vaccinated
mice stimulated with rSOD or CBPs showed significantly
higher levels of IFN-� (P 
 0.0002 and P 
 0.01, respectively)
than the supernatants from cultures of spleen cells from SFV-
LacZ-vaccinated mice (Fig. 3). In addition, no IL-4 was de-
tected in any of the culture supernatants of splenocytes stim-
ulated with specific antigen of B. abortus (data not shown).
Splenocytes from all groups of mice exhibited similar levels of
IFN-� and IL-4 production upon stimulation with ConA (data
not shown). Specific anti-SOD antibody was not detected by
ELISA in sera from mice immunized with SFV-SOD or SFV-
LacZ (data not shown).

Inoculation with SFV-SOD particles induces a cytotoxic T-
lymphocyte response in BALB/c mice. In order to evaluate if
recombinant SFV-SOD particles were able to induce antigen-
specific CTL, we quantified the ability of T cells from vacci-
nated or nonvaccinated control mice to specifically lyse target
cells expressing endogenous Brucella antigen. To do this, ef-
fector T cells derived from mice inoculated with SFV-SOD
particles were confronted with J774.A1 macrophages infected
with B. abortus strain RB51-SOD or with SFV expressing E.

coli �-galactosidase (SFV-LacZ) as a control. As shown in Fig.
4, purified T cells derived from mice inoculated with SFV-SOD
specifically lysed strain RB51-SOD-infected J774.A1 macro-
phages. The lysis level was approximately 63% when the effec-
tor/target ratio was 10:1. The effector T cells derived from
SFV-LacZ-inoculated mice produced low levels (�20%) of
lysis. When the same effector T cells were confronted with
uninfected macrophages, the levels of lysis were approximately
15%. These results indicate that SFV-SOD particles are able
to induce significant levels of specific cytotoxic T-cell activity.

SFV-SOD particles induce significant protection against
virulent Brucella infection. Protection experiments were car-
ried out by challenging vaccinated and control mice by intra-
peritoneal injection of virulent B. abortus 2308, and the level of

FIG. 2. Lymphocyte proliferation assay. BALB/c mice were immu-
nized with recombinant SFV-SOD particles or control recombinant
SFV-LacZ particles. The T-cell proliferative response was measured 3
weeks after the last immunization. Splenocytes (4 � 105 cells per well)
from five mice of each group were pooled and stimulated in vitro with
CBPs (4 �g/ml) and purified rSOD (0.4 �g/ml) as the antigen. The
data are representative of data from two separate experiments. Each
bar indicates the average number of counts per minute for triplicate
cultures of cells; the error bars indicate standard deviations. An aster-
isk indicates that the P value is 
0.003 compared with the value for
SFV-LacZ-immunized control mice.

FIG. 3. Quantitative ELISA analysis of IFN-� secreted by lympho-
cytes upon stimulation with different antigens. Splenocytes (4 � 105

cells per well) from five mice of each group were pooled and stimu-
lated in vitro with CBPs (4 �g/ml), rSOD (0.4 �g/ml), or RPMI 1640
(negative control) for 48 h. The data are representative of the data
from two separate experiments. Each bar indicates the geometric mean
of the response, and the error bars indicate standard deviations. The
asterisk and the pound sign indicate statistically significant differences
compared to RPMI 1640 (P 
 0.01 and P 
 0.0002, respectively).

FIG. 4. Specific cytotoxic activity of total T cells. Six weeks after
immunization, splenocytes from five mice immunized with SFV-SOD
particles or the control SFV-LacZ particles were pooled and stimu-
lated for 5 days with J774.A1 macrophages (M�) infected with B. abor-
tus RB51-SOD at a ratio of cells to RB51-SOD of 1:100. These effector
cells were incubated with J774.A1 cells alone or with J774.A1 cells
infected with RB51-SOD. A neutral red uptake assay was used to
measure target lysis. The data are representative of the data from two
separate experiments and are means for triplicate estimates; the stan-
dard deviations did not exceed 20% of the means. E, effector cells;
T, target cells.
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infection was evaluated by determining the numbers of CFU in
their spleens. The results indicate that immunization with
SFV-SOD resulted in a significant degree of protection (1.52-
log increase in protection) compared to the degree of infection
in saline-inoculated controls (P 
 0.01). In comparison, vacci-
nation with live B. abortus strain RB51 induced 1.9-log protec-
tion. No significant difference in the number of CFU was seen
between groups injected with SFV-LacZ and groups injected
with PBS (Table 1). These results indicate that the SFV-SOD
vaccine induced a significant degree of protection against Bru-
cella infection.

DISCUSSION

The Semliki Forest virus-based expression system has been
shown to be a potent tool for production of genetic vaccines.
The main advantage of this system is its greater transfection
efficiency, which results in the delivery of the foreign proteins
into a wide range of eukaryotic cells. Packaging of alphavirus
replicons that contain exogenous genes into recombinant par-
ticles can be achieved very efficiently in culture systems (24).
Entry and replication of recombinant SFV particles in cells
result in shutting off host protein synthesis and in redirecting
the cell’s metabolism to express virus-encoded proteins. Previ-
ous studies have shown that an SFV vector can be used effi-
ciently to induce cellular and humoral responses in a variety of
animal models (14, 25, 39, 51). The recombinant SFV particles
can be easily generated by cotransfection with independent
RNAs. The virus particles produced are safer to use as vac-
cines than the DNA immunization procedure since they are
not capable of causing a productive infection because of their
defective genome (42). In vivo, the antigen expressed in the
host cell must be processed and presented in a highly efficient
way in order to generate the high levels of CTL activity and
antibody response (53). For the induction of a cellular im-
mune response, lymphoid cells must respond either to the cells
that primarily contain the foreign protein or to antigen-pre-
senting cells that have taken up and processed material from
such cells (17).

In this study, we showed that injection of recombinant SFV
particles containing the Cu,Zn superoxide dismutase gene
from the bacterium B. abortus was able to generate a protective
immune response in BALB/c mice. It is well documented that
the cellular immune response plays a major role in the estab-
lishment of a protective response against Brucella (19, 20, 44,
51), and for this reason the design of a preventive vaccine

against brucellosis must be based on its capacity to generate a
strong CMI response. Our group has previously demonstrated
that SOD protein delivered by different means is able to gen-
erate high levels of a protective immune response in BALB/c
mice against challenge with B. abortus virulent strain 2308. The
protective immune response always consisted of IFN-�-secret-
ing T cells and CD8� T cells with cytotoxic activity against
infected cells of the same haplotype (35, 37). A DNA vaccine
carrying the sodC gene induces a strong T-cell cytotoxic activity
and protection against B. abortus 2308 challenge (30). However,
some unresolved difficulties related to integration of DNA plas-
mid into the host chromosome causing cell transformation (26,
31), tolerance to DNA vector (28), or generation of autoim-
mune disease (5, 47) and low efficiency in DNA transfection
(15, 50) have limited the progress of DNA vaccines in clinical
trials.

Induction of a T-cell immune response by immunization with
SFV-SOD particles was evaluated by measuring the splenocyte
proliferative response and the cytokine produced after in vitro
stimulation of spleen cells with purified recombinant SOD or
CBPs. Immunizations with SFV-SOD resulted in a strong Th1-
type response with a high T-cell proliferative response, a high
level IFN-�, and no IL-4 detected in T-cell cultures from vac-
cinated mice. Moreover, the SFV-SOD vaccine also induced
T cells with cytotoxic activity, whereas lymphocytes obtained
from the immunized mice were able to lyse B. abortus RB51-
SOD-infected macrophages. Cytotoxic T cells are probably
necessary for elimination of an intracellular pathogen such as
Brucella because of the bacterium’s ability to proliferate in the
host phagocytic cells and avoid the extracellular defense mech-
anisms (21). We failed to detect SOD-specific antibodies in the
serum from mice vaccinated with SFV-SOD. This finding is
similar to our previous results obtained with a DNA vaccine,
which showed that mice vaccinated with plasmid DNA carrying
the SOD gene (pcDNA-SOD) was able to exhibit a cellular
immune response and a protective immune response in the
absence of detectable levels of SOD-specific antibodies in the
serum (30). These findings suggest that CMI, but not antibod-
ies, to SOD is important in protective immunity against bru-
cellosis.

Our protection studies demonstrated that immunization
with SFV-SOD resulted in the generation of a high-level pro-
tective response whose level is similar to that conferred by im-
munization with live RB51 vaccine. Further studies are required
to delineate the role of different T-cell types in the protection
induced by vaccination with SFV-SOD particles and to exam-
ine its usefulness for veterinary and human applications.
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