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This study was conducted to evaluate the immunogenicity and protective efficacy of a DNA vaccine encoding
Brucella abortus Cu,Zn superoxide dismutase (SOD). Intramuscular injection of plasmid DNA carrying the
SOD gene (pcDNA-SOD) into BALB/c mice elicited both humoral and cellular immune responses. Animals
injected with pcDNA-SOD developed SOD-specific antibodies which exhibited a dominance of immunoglobulin
G2a (IgG2a) over IgG1. In addition, the DNA vaccine elicited a T-cell-proliferative response and also induced
the production of gamma interferon, but not interleukin-10 (IL-10) or IL-4, upon restimulation with either
recombinant SOD or crude Brucella protein, suggesting the induction of a typical T-helper-1-dominated
immune response in mice. The pcDNA-SOD (but not the control vector) induced a strong, significant level of
protection in BALB/c mice against challenge with B. abortus virulent strain 2308; the level of protection was
similar to the one induced by B. abortus vaccine strain RB51. Altogether, these data suggest that pcDNA-SOD
is a good candidate for use in future studies of vaccination against brucellosis.

Brucella abortus, a facultative intracellular pathogen, is the
etiological agent of brucellosis, a disease that affects humans
and several other animal species (7). Like other facultative
intracellular bacterial pathogens, resistance to B. abortus de-
pends on acquired cell-mediated immunity (CMI) (33). The
development of Th1 subset 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 (20, 22) are the two main components of the protective
response. Live, attenuated vaccines that can stimulate strong
CMI responses are usually very effective against brucellosis.
Attenuated strains such as Brucella melitensis Rev1 and B.
abortus S19 and RB51 are being used to control brucellosis in
domestic animals. However, there is no safe, effective vaccine
available for human use; the vaccine strains used for animals
are considered too virulent or unsafe for humans. A vaccine
that will be noninfectious to humans but effective in stimulat-
ing a broad protective immune response is needed to control
brucellosis. To develop the next generation of Brucella vac-
cines, several research groups are pursuing different strategies,
including development of subunit vaccines (21), utilization of
bacterial vectors (25), and overexpression of protective homol-
ogous antigen (32).

Another new strategy for developing safe and efficacious
vaccines is immunization with plasmid DNA encoding the pro-
tective antigen. The DNA vaccines (also referred to as gene
vaccines) seem to offer the best approach to activate both
cellular components of the immune response. Furthermore,
gene vaccine shows many advantages over the standard immu-

nization procedure, such as no risk of infection, induction of a
long-lived immune response, better stability than live attenu-
ated vaccines, easy preparation, and low cost. The smallest
vector unit comprises the antigen’s gene sequence and eukary-
otic regulatory elements such as a promoter and a polyadenyl-
ation signal that are functional in mammalian cells (3).

Plasmid DNA vaccination can protect against many viral,
fungal, and parasitic diseases in different animal models (4, 11,
13, 30). Because of the ability of DNA vaccines to induce
strong CMI responses, they can be very effective vaccines
against intracellular bacteria. Most of the research conducted
to date regarding DNA vaccines against bacterial diseases is
focused on inducing protection against Mycobacterium tuber-
culosis (12, 17, 18, 19). DNA vaccines comprising the Brucella
ribosomal L7/L12 gene (14) or lumazine synthase gene (31)
have been demonstrated to induce significant levels of protec-
tion in the mouse model of brucellosis.

We have previously demonstrated that an 18.5-kDa periplas-
mic protein of B. abortus, which was later identified to be
Cu,Zn superoxide dismutase (SOD), can induce a cellular im-
mune response (23). SOD can induce protection in mice after
immunization with a recombinant Escherichia coli strain ex-
pressing this antigen (25). In addition, mice immunized with
purified SOD (2) or SOD synthetic peptides (29) developed a
significant degree of protection against infection with the vir-
ulent strain 2308. Our objective in this study was to evaluate
the protective capacity of immunization with plasmid DNA
carrying the Brucella Cu,Zn SOD gene (pcDNA-SOD).

MATERIALS AND METHODS

Animals. Female BALB/c mice (7 to 8 weeks old; obtained from Instituto de
Salud Publica, Santiago, Chile) were acclimated and randomly distributed into
experimental groups. The mice were kept in conventional animal facilities and
received water and food ad libitum.

Bacterial strains and growth conditions. B. abortus virulent strain 2308 and
attenuated strain RB51 were from our own culture collection; strain RB51 was
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originally obtained from the Virginia-Maryland Regional College of Veterinary
Medicine (Virginia Polytechnic Institute and State University, Blacksburg) (27).
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 OD600 corre-
sponding to 104 CFU of B. abortus strain 2308 and 2 � 108 CFU of B. abortus
RB51. All experiments with live brucellae were performed in biosafety level 2
facilities. E. coli strain DH5� (Life technology, Gaithersburg, Md.) was used for
producing the necessary plasmid constructs. The E. coli cultures were routinely
grown at 37°C in Luria-Bertani broth or agar supplemented, when required, with
100 �g of ampicillin per ml.

Construction of Cu,Zn SOD DNA vaccine. Recombinant plasmid pBAII-3,
containing the gene for B. abortus Cu,Zn SOD (sodC) along with its own pro-
moter, was initially obtained from a pUC9 genomic library of B. abortus strain
2308 (25). A 1.1-kb fragment containing the sodC gene and its promoter se-
quences were excised from the insert of pBAII-3 with EcoRI and XhoI restriction
enzyme digestion and ligated into expression vector pcDNA3 downstream to the
CMV promoter (Invitrogen, San Diego, Calif.). The resulting plasmid was des-
ignated pcDNA-SOD. A colony of E. coli containing pcDNA-SOD was cultured
in Luria-Bertani broth containing ampicillin (100 �g/ml). Large-scale plasmid
DNA isolation was performed using an EndoFree Plasmid Giga Kit (Qiagen,
Valencia, Calif.), according to the manufacturer’s directions. The DNA was
finally resuspended in phosphate-buffered saline (PBS) at a concentration of
1,000 �g/ml. DNA concentration and purity were determined by optical density,
and the A260/A280 ratio was typically greater than 1.8. The pcDNA-SOD plasmid
construct was verified by restriction digestion and by sequencing the complete
insert at the Universidad de Concepción Sequencing Facility.

Purification of Cu,Zn SOD. Expression of the Brucella Cu,Zn SOD protein by
E. coli DH5� (pBSSOD) has been previously described (25). A previously de-
scribed method was used to extract Cu,Zn SOD from E. coli cells using 10 mM
phosphate buffer (pH 7.6) containing 0.1% Triton X-100 (6). The Cu,Zn SOD
was purified by applying the extract on an equilibrated anion-exchange column
(HiTrapQ; Pharmacia Biotech). All of the protein except Cu,Zn SOD bound to
the resin. Cu,Zn SOD present in the flowthrough was collected, absorbed with
polymyxin B beads (Affi-Prep polymyxin support; Bio-Rad Laboratories, Her-
cules, Calif.) to remove the lipopolysaccharide, and dialyzed extensively against
PBS. After determining the protein concentration by the Bradford method (5),
aliquots of the purified Cu,Zn SOD were stored at �70° until used for enzyme-
linked immunosorbent assay (ELISA) or for in vitro stimulation of splenocytes.

Immunization. Mice were anesthetized with inhaled halothane and injected
with 50 �g of plasmid DNA in 50 �l of PBS in each tibialis anterior muscle (100
�g of DNA/mouse) by using an insulin syringe with a 28-gauge needle. Mice were
vaccinated at weeks 0, 2, and 4 with pcDNA-SOD. As negative controls, groups
of mice were immunized with pcDNA3, with plasmid without SOD insert, or with
PBS only. In protection experiments, mice in the positive control group were
vaccinated intraperitoneally with 2 � 108 CFU of B. abortus strain RB51 in 0.2
ml of PBS.

ELISA. The presence of serum immunoglobulin G (IgG), IgG1, and IgG2a
isotypes with specificity to Cu,Zn SOD was determined by indirect ELISA. The
purified recombinant Cu,Zn SOD was diluted to 3 �g/ml in carbonate buffer (pH
9.6) and used to coat the wells of a polystyrene plate (100 �l/well; Nunc-Immuno
plate with MaxiSorp surface). After overnight incubation at 4°C, plates were
washed four times in wash buffer (Tris-buffered saline [pH 7.4] with 0.05%
Tween 20) and blocked with 5% gelatin in Tris-buffered saline for 2 h at 37°C and
then incubated with serial dilution of the sera for 3 h at room temperature and
washed four times. Isotype-specific rabbit anti-mouse horseradish peroxidase
conjugates (ICN Biomedicals, Inc., Aurora, Ohio) were added (50 �l/well) at an
appropriate dilution. After 30 min of incubation at room temperature, plates
were washed four times, and 100 �l of substrate solution (200 �mol of o-
phenylenediamine and .04% H2O2) was added to each well. After 20 min of
incubation at room temperature, the enzyme reaction was stopped by addition of
100 �l of 0.18 M sulfuric acid/well, and the absorbance of the developed color
was measured at 492 nm. The cutoff value for the assay was calculated as the
mean specific optical density plus standard deviation (SD) for 10 sera from
nonimmunized mice assayed at a dilution of 1:40 (31). The titer of each serum
was calculated as the reciprocal of the highest serum dilution yielding a specific
optical density higher than the cutoff value.

Splenocyte cultures and lymphocyte proliferation. Mice were sacrificed, and
their spleens were removed under aseptic conditions. Single-cell suspensions
were prepared from the spleens according to the standard procedure (25), and
the red blood cells were lysed with ACK solution (150 mM NH4Cl, 1 mM
KHCO3, 0.1 mM N2 EDTA [pH 7.3]). Splenocytes were 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 0.4 �g of crude B. abortus RB51 proteins, an extract
obtained from bacteria subjected to hypertonic salt solution (1 M NaCl with 0.1
M sodium citrate) and sonication (24), 0.08 �g of purified SOD, 0.25 �g of
concanavalin A per well, or no additives (unstimulated control). RPMI 1640
medium (Sigma) supplemented with 2 mM L-glutamine, 10% heat-inactivated
fetal calf serum (GIBCO BRL), and 50 �l of penicillin-streptomycin was used for
culturing the splenocytes. The cells were cultured for 3 days and pulsed for 8 h
with 0.4 �Ci of thymidine (50 Ci/mmol; Amersham, London, United Kingdom)
per well, and the radioactivity incorporated in the DNA was measured in a liquid
scintillation counter. Cell proliferation was expressed as mean counts per minute
obtained from triplicate cultures obtained from a cell pool of each group. In
addition, a stimulation index was calculated for each experimental group by
dividing the counts per minute of cells with antigen by the counts per minute of
cells without antigen.

Cytokine ELISAs. For detection of cytokines, culture supernatants of spleen
cells were collected after 48 h of antigen stimulation and tested for the presence
of the cytokines by antigen-capture ELISA using OptEIA Set Mouse IFN-�,
IL-4, and IL-10 (BD Biosciences, San Diego, Calif.). All assays were performed
in triplicate. The concentration of IFN-�, IL-4, and IL-10 in the culture super-
natants was calculated by using a linear-regression equation obtained from the
absorbance values of the standards.

Protection experiments. The protection experiments were performed as de-
scribed previously (25). Briefly, 5 weeks after vaccination (day 60), 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
macerated, and dilutions were plated to determine the number of Brucella CFU
per spleen. This experiment was repeated three times, and results from the
pooled data are shown. Statistical analyses were performed with Student’s paired
t test. Log10 units of protection were obtained by subtracting the mean log10 CFU
for the experimental group from the mean log10 CFU of the corresponding
control group.

RESULTS

Immune response of mice vaccinated with pcDNA-SOD. Ti-
ters of anti-SOD antibodies were measured by ELISA in serum
from mice immunized with pcDNA-SOD, with the expression
vector alone (pcDNA3), or control PBS. Mice immunized with
pcDNA-SOD gave a rapid IgG response by week 2 following
vaccination (titers ranged from 80 to 160) and the peak titers
(range, 2,560 to 5,120) were detected at day 60 postvaccination
(end of experiment). None of the animals inoculated with
pcDNA3 showed specific anti-SOD antibodies (data not
shown). Subisotype analysis of these antibodies (IgG1 and
IgG2a) indicated that the anti-SOD antibodies detected in
pcDNA-SOD-immunized mice were predominantly IgG2a at
day 60 postvaccination. The specific IgG2a titers (range, 640 to
1,280) were higher than the specific IgG1 titers (range, 80 to
160) (IgG2a/IgG1 ratio � 9.1) (Fig. 1). To examine the CMI
response to Brucella recombinant SOD (rSOD) protein and
crude B. abortus proteins, the proliferation response and cyto-
kine profile of spleen cells from mice immunized with pcDNA-
SOD, pcDNA3, and PBS were determined. As demonstrated
in Fig. 2A, lymphocytes from mice immunized with pcDNA-
SOD had a significant T-cell proliferation response to rSOD
protein (P � 0.01) with a stimulation index of 14.95. On the
other hand (Fig. 2B), when splenocytes from mice immunized
with pcDNA-SOD were stimulated in vitro with crude Brucella
proteins they showed proliferation, but it was not statistically
significant from control groups (P 	 0.1). With respect to
cytokine profile, supernatants of spleen cell cultures from
pcDNA-SOD-immunized animals contained high levels of
IFN-� compared to the negative control groups. The rSOD
protein and crude Brucella proteins significantly induced the
production of IFN-� in cells from pcDNA-SOD-immunized
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mice (P � 0.05 in both groups) (Fig. 3A), and only a low level
of IL-10 was detected in all groups (Fig. 3B). In addition, no
IL-4 was detected in any of the culture supernatants of spleno-
cytes stimulated with specific antigens (data not shown).
Splenocytes from all groups of mice, including the saline-inoc-
ulated group, produced a similar level of IFN-�, IL-4, and
IL-10 upon stimulation with concanavalin A (data not shown).
Taken together, our results indicate that immunization with
pcDNA-SOD induces a specific Th1-type immune response in
mice.

Efficacy of pcDNA-SOD immunization in generating protec-
tive immunity against B. abortus 2308. Protection experiments
were carried out by challenging vaccinated and control mice by

intraperitoneal injection of virulent B. abortus 2308, and the
level of infection was evaluated by determining the CFU in
their spleens. The results indicate that immunization with
pcDNA-SOD resulted in a significantly higher degree of pro-
tection (2.16 log increase in protection) compared to the un-
immunized control groups (P � 0.0005). To compare the ex-
tent to which mice could be protected, vaccination with live B.
abortus strain RB51 induced 2.22 log protection. No significant
difference in the number of CFU was seen between groups
injected with pcDNA3 and PBS (Table 1). These results indi-
cate that pcDNA-SOD vaccine afforded a significant degree of
protection against Brucella infection.

DISCUSSION

Vaccination continues to be the most successful procedure
for preventing infectious diseases in animals and humans. The
development of new-generation vaccine systems to prevent
brucellosis is needed to overcome the disadvantages of the
currently used live vaccines. It is well-established that protec-
tion against infection by an intracellular pathogen, including
Brucella, requires the generation of a Th1-type immune re-
sponse over time (10, 20).

The improvement of the methods for cloning and purifying
proteins has led to the use of purified recombinant proteins as
acellular vaccines in experimental trials. These preparations, as
well as synthetic peptides, are more convenient to use than
attenuated vaccines but are not able to confer a high degree of
protection or induce a strong CMI response (21, 29). The reduced
effectiveness of the acellular vaccines might be related to in-
adequate processing and presentation of the antigen. Immu-
nization with plasmid DNA coding for the antigen of interest
represents a novel and promising method in vaccine research
and development. A number of studies have demonstrated that
after naked DNA immunization, the antigen is naturally pro-
cessed and presented on major histocompatibility complex
class I and class II molecules, inducing a broad range of im-

FIG. 1. Antibody isotype profile of mice inoculated with pcDNA-
SOD or pcDNA3. Mice (five per group) were inoculated intramuscu-
larly with 100 �g of pcDNA-SOD or pcDNA3. Sixty days after immu-
nization, serum was collected and antibody titers (shown on the y axis)
were evaluated by ELISA. Data are representative of two separate
experiments. Each bar represents the mean titer 
 SD (error bars) of
antibodies in five animals. *, significantly different from titer of IgG1 in
mice immunized with pcDNA-SOD (P � 0.003).

FIG. 2. Lymphocyte proliferation assay. BALB/c mice were immunized with saline, pcDNA3, or pcDNA-SOD. T-cell proliferation response
was measured at 60 days after the immunization. Splenocytes from each group (4 � 105 cells per well) were prepared and stimulated in vitro with
purified recombinant SOD (0.8 �g/ml) (A) and CBP (4 �g/ml) as antigens. Each value is the average counts per minute of triplicate cultures of
cells 
 SD (error bars) obtained from a pool of five mice in each group. Symbols: *, P � 0.01 compared with value for saline control mice; £, P
� 0.1 compared with value for saline control mice.
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mune responses including antibody production, CD8� cyto-
toxic T cells (CTLs), and CD4� T helper cell activation (8, 9,
26, 30).

There is sufficient evidence that the complete protein or
certain epitopes of Brucella Cu,Zn SOD can induce protective
immunity in mice (25, 29). In this study, we evaluated the
capacity of Cu,Zn SOD DNA vaccine to elicit an immune
response and protective immunity in BALB/c mice.

Injection of plasmid DNA containing the Cu,Zn SOD gene
sequence elicited specific humoral and cellular immune re-
sponses in BALB/c mice. Two weeks after the first immuniza-
tion, we found a weak titer of specific IgG in mice immunized
with the plasmid pcDNA-SOD. By the end of the experiment
this response was five times higher. Several previously de-
scribed DNA vaccines to Brucella induced antibody titers
higher than the pcDNA-SOD employed in this work (1, 16,
31). This difference may be attributed to several factors, in-
cluding the amount of SOD protein expressed, development of
a preferential CMI (32) or the structure of the SOD protein.

Velikovsky et al. (31) concluded that the polymeric structure of
the Brucella lumazine synthase protein induces a humoral re-
sponse higher than that detected in the case of SOD. In gen-
eral, SOD-specific antibodies are not detected in mice (15) or
cattle vaccinated with strain RB51 (28). However, mice do
develop specific antibodies when immunized with RB51 over-
expressing SOD (32).

The induction of a T-cell immune response after DNA im-
munization was evaluated by measuring lymphocyte prolifera-
tion and cytokine production after in vitro stimulation of
splenic cells with purified recombinant SOD or crude Brucella
protein (CBP). Both SOD and CBP induced a high T-cell-
proliferative response (Fig. 2) and high levels of IFN-� (Fig.
3A). Low levels of IL-10 and no detectable level of IL-4 (data
not shown) were present in the supernatants. These results
indicate that immunization with the pcDNA-SOD plasmid in-
duces a Th1 cellular response. The predominance of IgG2a
over IgG1 also supported this conclusion.

On the basis of these data we have started to analyze the
protective efficacy of the pcDNA-SOD vaccine against a B.
abortus challenge. A significant finding of this study was that
the protection achieved with pcDNA-SOD was comparable to
the protection conferred by the live RB51 vaccine. Animals
vaccinated with pcDNA-SOD showed a log protection of 2.16.
This is a quite promising result and is in agreement with some
previously reported efficacies of Brucella DNA vaccines encod-
ing the L7-L12 ribosomal and lumazine synthase proteins (14,
31). One of the subpopulations of T cells stimulated by DNA
vaccines is CD8� CTLs, which were slightly enhanced in the
pcCNA-SOD-vaccinated mice when compared to the levels of
CD4� T cells (data not shown). The pcDNA-SOD vaccination
also stimulated CD8� T cells to produce more IFN-� com-
pared to that of CD4� cells (data not shown). This finding is

FIG. 3. Quantitative ELISA analysis of IFN-� (A) and IL-10 (B) secreted by lymphocytes upon in vitro stimulation with different antigens.
Spleen cells (4 � 106/ml) from mice inoculated with pcDNA3 or pcDNA-SOD were stimulated with RPMI 1640, rSOD (0.8 �g/ml), or CBPs (4
�g/ml) for 48 h. Each bar represents the geometric mean 
 SD (error bars) of the responses in spleen cells from five individual mice. *, statistically
significant differences compared to RPMI 1640 (P � 0.005).

TABLE 1. Protection of mice against challenge with B. abortus
2308 after immunization with DNA vaccine coding for Cu,Zn SODa

Vaccine (dose)
Log10 CFU of

B. abortus 2308 in spleen
(mean 
 SD)

Log10 units of
protection

Saline control 5.99 
 0.24 0
RB51 live (2 � 108 CFU) 3.77 
 0.42b 2.22
pcDNA-SOD (100 �g) 3.83 
 0.29c 2.16
pcDNA3 (100 �g) 6.01 
 0.65 0

a Mice were challenged i.p. with 104 CFU of strain 2308 2 weeks prior to
sacrifice.

b P � 0.005 compared to the control groups.
c P � 0.0005 compared to the control groups.
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highly relevant to the protection observed in this study since
previous studies have demonstrated that CTLs are critical for
protection against B. abortus (20).

In conclusion, we have shown that inoculation of plasmid
DNA containing the Cu,Zn SOD gene leads to the elicitation
of both antibody and CMI responses of Th-1 type, and confers
protection against B. abortus challenge. Further studies are
required to delineate the role of different T-cell types in the
protection induced by vaccination with pcDNA-SOD.
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