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Gustavo Moraga-Cid,1 Hugo Folch,2 Sandra Céspedes,1 and Angel A. Oñate1*
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In the development of vaccines capable of providing immunity against brucellosis, Cu-Zn superoxide
dismutase (SOD) has been demonstrated to be one of the protective immunogens of Brucella abortus. In an
earlier study, we provided strong evidence that intramuscular injection with a plasmid DNA carrying the SOD
gene (pcDNA-SOD) was able to induce a protective immune response. The present study was designed to
characterize T-cell immune responses after an intraspleen (i.s.) vaccination of BALB/c mice with pcDNA-SOD.
Animals vaccinated with pcDNA-SOD did not develop SOD-specific antibodies, at least until week 4 after
immunization (the end of the experiment), and in vitro stimulation of their splenocytes with either recombinant
Cu-Zn SOD or crude Brucella protein induced the secretion of gamma interferon (IFN-�), but not interleu-
kin-4, and elicited the induction of cytotoxic-T-lymphocyte activity. Upon analyzing the SOD-specific T-cell
responses, the pcDNA-SOD vaccination was found to be stimulating both CD4�- and CD8�-T-cell populations.
However, only the CD4� population was able to produce IFN-� and only the CD8� population was able to
induce cytotoxic activity. Nevertheless, although i.s. route vaccination induces a significant level of protection
in BALB/c mice against challenge with the virulent B. abortus strain 2308, vaccination by the intramuscular
route with a similar amount of plasmid DNA does not protect. Based on these results, we conclude that i.s.
immunization with pcDNA-SOD vaccine efficiently induced a Th1 type of immune response and a protective
response that could be related to IFN-� production and cytotoxic activity against infected cells by SOD-specific
CD4� and CD8� T cells, respectively.

Brucellosis is a zoonotic disease that is endemic in some
regions of the world. In human populations, the major cause of
the disease is Brucella melitensis, but several cases have also
been attributed to Brucella abortus, which otherwise primarily
affects bovines. Because of the economic losses to the cattle
industry caused by B. abortus, as well as because of the zoo-
notic infections by these bacterial species (8), great efforts are
being made to eradicate bovine brucellosis all over the world.
In order to achieve this objective, vaccine strains of B. abortus
S-19 and RB51 (19, 32) have been used with relatively good
results. However, even these vaccine strains are far from ideal,
since they present some disadvantages, e.g., causing reactions
in humans, inducing abortion in pregnant cattle, and showing
a likelihood of changing to a virulent form (33).

Brucella is an intracellular pathogen; therefore, cellular im-
mune response is critical in generating protection against in-
fection (42). It is well documented that gamma interferon
(IFN-�) production by CD4� T cells is essential to the protec-
tive response; IFN-� activates macrophages by enhancing their
ability to kill bacteria (18, 20, 34, 43). It is still unknown if there
is a correlation between the degree of in vitro cytotoxic-T-
lymphocyte (CTL) activity and in vivo levels of protection
against brucellosis. However, is expected that vaccination

against Brucella should elicit a CTL response, since it is related
to the development of a Th1-type immune response (16).

Several studies of murine models have been carried out to
test the abilities of different proteins of B. abortus to induce a
protective immune response. Bacterioferritine and the P39
protein have been reported to be T-cell immunodominant Bru-
cella antigens (10) that induce a Th1-type immune response
(2). Among the other recombinant antigens that have been
tested so far, HtrA (31), GroEL, GroES, UvrA (25), and YajC
(38) induced cellular and humoral immune responses in mice,
but only the L7/L12 (23, 24) and Cu-Zn superoxide dismutase
(SOD) proteins (27, 35, 39) elicited some level of protection.
On the other hand, DNA vaccination is a relatively novel and
powerful method of immunization that induces both humoral
and cellular immune responses to a wide range of pathogens in
many animal models for different diseases (12). Based on the
results obtained with DNA vaccines against other pathogenic
intracellular bacteria, many studies are being developed using
immunizations with DNA vectors that code for proteins with
immunogenic properties for brucellosis. The results of these
experiments show that these vaccines induce an immune re-
sponse and some level of protection against challenge with a
pathogenic strain of B. abortus (3, 28). Previous reports have
demonstrated that intramuscular (i.m.) inoculation with a
DNA vaccine that codes for SOD elicits a strong protective
response (28).

The effectiveness of DNA vaccination depends on the
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method and site of vaccine application. Different methods of
DNA delivery have been used, from simple plasmid inocula-
tion to gene gun technology (29) or in vivo electroporation
(40). The route of immunization most commonly used is i.m.
injection (13, 36), but intradermal immunization (30) and oral
administration (7) have also been tested with good results.
Intraspleen (i.s.) inoculation with DNA vaccines has been re-
ported to be capable of eliciting a strong proliferative response
and providing a protective cellular immune response. When
similar doses of DNA vaccine were injected by the i.m. and i.s.
routes, the results showed that the magnitude of the response
and the level of protection obtained by i.s. inoculation were far
better than those induced by the i.m. route (4, 22). Based on
these results, we decided to study the effects of i.s. inoculation
of pcDNA-SOD on T-cell populations and to determine
whether this pathway of DNA vaccination is capable of elicit-
ing T-cell responses and providing a protective response to
Brucella.

MATERIALS AND METHODS

Animals. Seven- to 8-week-old female BALB/c mice (obtained from the 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, and RB51-SOD, a strain that overexpresses SOD, were
obtained from our own culture collection; strains RB51 (32) and RB51-SOD (39)
were originally obtained from the Virginia-Maryland Regional College of Vet-
erinary Medicine (Virginia Polytechnic Institute and State University, Blacks-
burg, Va.). 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 (OD600) corresponding to 104 CFU of B. abortus strain 2308.
All experiments with live brucellae were performed in a biosafety level 2 facility.
Escherichia coli strain DH5� (Life Technology, 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. Strain RB51-SOD was cultured in the presence
of 30 �g of chloramphenicol/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.

Construction of Cu-Zn SOD DNA vaccine. The recombinant plasmid pBAII-3,
containing the gene for B. abortus Cu-Zn SOD (sodC), along with its own
promoter, was initially obtained from a pUC9 genomic library of B. abortus strain
2308 (27). A 1.1-kb fragment containing the sodC gene and its promoter se-
quences was excised from the insert of pBAII-3 by EcoRI and XhoI restriction
enzyme digestion and ligated into the expression vector pcDNA3 downstream of
the cytomegalovirus promoter (Invitrogen, San Diego, Calif.). The resulting
plasmid was designated pcDNA-SOD. A colony of E. coli containing pcDNA-
SOD was cultured in Luria-Bertani broth containing 100 �g of ampicillin/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 mg/ml. The DNA concentration and purity were determined
by the OD, and the A260/A280 ratio was typically �1.8. The pcDNA-SOD plasmid
construct was verified by restriction digestion and by sequencing of the complete
insert at the Universidad de Concepción Sequencing Facility.

Immunization. Mice premedicated with atropine (16 �g/mouse; Biosano, San-
tiago, Chile) were anesthetized with ketamine (2 �g/mouse; Rhodia Merieux,
Santiago, Chile), and their abdominal regions were shaved. After a 3-mm-long
incision was made through the skin, the mice were injected in the spleen with 10
�g of plasmid DNA in 30 �l of PBS by using an insulin syringe with a 28-gauge
needle. For i.m. immunization, mice were injected in the right tibialis anterior
muscle with 10 �g of plasmid DNA diluted in 50 �l of PBS (28). The mice were
vaccinated once with pcDNA-SOD construct or with pcDNA3 alone as a nega-

tive control. For protection assays, an additional group was inoculated with PBS
as a negative control.

Splenocyte cultures and lymphocyte proliferation. Four weeks after immuni-
zation, the mice were sacrificed and their spleens were removed under aseptic
conditions. Single-cell suspensions were prepared from the spleens according to
a standard procedure (27), and erythrocytes were eliminated with ACK lysis
solution (150 mM NH4Cl, 1 mM KHCO3, 0.1 mM Na2EDTA [pH 7.3]). Spleno-
cytes were cultured at 37°C with 5% CO2 in a 96-well flat-bottom plate at a
concentration of 4 � 105 viable cells/well for total T-cell populations and at a
concentration of 5 � 104 cells/well for T-cell populations separated by flow
cytometry in the presence of 0.4 �g of crude B. abortus RB51 proteins (CBPs)
per well, an extract obtained from bacteria submitted to hypertonic salt solution
(1 M NaCl with 0.1 M sodium citrate) and sonication (26); 0.04 �g of purified
recombinant Cu-Zn SOD (rSOD) per well, obtained by a chromatography af-
finity procedure (26); 0.25 �g of concanavalin A (ConA) per well; or no additives
(unstimulated control). Separated T cells were also cultivated in the presence of
mitomycin C-treated (50 �g/ml) splenocytes from syngeneic mice as feeder cells.
Splenocytes and separated T cells were cultured in c-RPMI medium for 3 days
and pulsed for 8 h with 0.4 �Ci of thymidine (40 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 from triplicate cultures obtained from a cell pool of each
experimental group (five mice per group).

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 (cells to RB51-SOD) 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 DNA
inoculation. The spleens were removed, and erythrocytes were eliminated with
ACK lysis solution. Adherent cells were removed by adherence to plastic, and
then the enriched T cells were distributed to wells of 24-well cell culture plates
(Corning, Corning, N.Y.) at a concentration of 4 � 106 viable cells/well. Stim-
ulator cells were also added to the wells at a concentration of 0.4 � 106/well, and
the mix of enriched T cells and stimulator cells was then incubated for 5 days at
37°C with 5% CO2. After 5 days of incubation, the live effector cells were
obtained by removing dead cells with Histopaque (density, 1.083 g/ml). Effectors
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 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
0.05 M acetic acid– 0.05% sodium dodecyl sulfate solution. The amount of dye
released was measured by taking OD readings at 570 nm. As a control for
nonlysis and maximal uptake of neutral red stain, target cells were cultured alone
without effector cells. The percentage of specific lysis was established by applying
the following formula: specific lysis � (OD of control � OD of experimental
group)/OD of control � 100.

Cell sorting. Splenocytes derived from pcDNA-SOD- or pcDNA3-inoculated
mice were sorted by flow cytometry or by immunomagnetic methods to separate
the CD4�- and CD8�-T-cell populations. For lymphocyte proliferation assays,
107 spleen cells treated as described above were stained with 1 �g of fluorescein
isothiocyanate-conjugated anti-CD4 (clone RM4-5; isotype, rat immunoglobulin
G2a [IgG2a], 	) or phycoerythrin-conjugated anti-CD8 (clone 53-6.7; isotype, rat
IgG2a, 	) monoclonal antibody (BD Biosciences) per 106 cells on ice in the dark
for 30 min. The cells were separated by a Becton Dickinson flow cytometer
(Hospital del Trabajador, Concepción, Chile) with Cell Quest version 3.3 soft-
ware (Becton Dickinson). The positive CD4� or CD8� T cells were used for
lymphocyte proliferation assays. The purities of the selected CD4�- or CD8�-
T-cell populations were �92% as determined by flow cytometry.

To obtain pure T-cell populations for cytotoxic assays and detection of cyto-
kines in cultures, T cells were purified by immunomagnetic methods. Single-cell
suspensions from spleens of inoculated mice, obtained as described above, were
cocultivated with J744.A1 macrophages infected with B. abortus strain RB51-
SOD. After 5 days of culture, the cells were removed from the plates and live T
cells were recovered by Histopaque (1083) column purification. The T cells were
stained with monoclonal antibodies against the CD4 (clone GK1.5; isotype, rat
IgG2b) or CD8 (clone 53-6.7; isotype, rat IgG2a) molecule coupled with mi-
crobeads (Miltenyi Biotec, Auburn, Calif.) at a concentration of 10 �l of mi-
crobeads per 107 total cells for 15 min at 4°C. The cells were then washed with
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PBS supplemented with 0.5% bovine serum albumin. Following passage of the
cells through an MS column in a magnetic field (VarioMACS separator system;
Miltenyi Biotec), the selected CD4� or CD8� T cells were eluted out. The
purities of the selected CD4�- or CD8�-T-cell populations were �90% as
determined by flow cytometry or staining with 1 �g of fluorescein isothiocyanate-
conjugated anti-CD3 (clone 145-2C11; isotype, Armenian hamster IgG, 	) per
106 cells and 1 �g of phycoerythrin-conjugated anti-CD4 (clone GK1.5; isotype,
rat IgG2b, 	) or anti-CD8 (clone 53-6.7; isotype, rat IgG2a, 	) monoclonal
antibody (BD Biosciences) per 106 cells on ice in the dark for 30 min.

Detection of cytokines. Cytokines were quantified by antigen capture enzyme-
linked immunosorbent assay (ELISA) using OptEIA set mouse IFN-� and in-
terleukin 4 (IL-4) (BD Biosciences) from 48-h T-cell culture supernatants or
from culture supernatants of stimulated T-cell populations cocultured with in-
fected J744.A1 macrophages. All assays were performed in triplicate. The con-
centrations of IFN-� and IL-4 in the culture supernatants were calculated by
using a linear regression equation obtained from the absorbance values of the
standards.

Protection experiments. Protection experiments were performed as described
previously (26). Briefly, 4 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 of the corresponding control
group.

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

RESULTS

Immune response of mice vaccinated i.s. with pcDNA-SOD.
To examine the cell-mediated immunity response to Brucella
rSOD protein and CBPs, the proliferative response and cyto-
kine profile of spleen cells from mice immunized i.s. with
pcDNA-SOD and pcDNA3 were determined. As demon-
strated in Fig. 1, splenocytes from mice immunized with
pcDNA-SOD had an increased and significant proliferative
response to rSOD and CBPs (P 
 0.005) 4 weeks after immu-

nization. Only low levels of spontaneous proliferation occurred
in cultures without antigen (medium control). The splenocytes
from the two experimental groups had very similar prolifera-
tive responses to the mitogen ConA throughout the study (data
not shown). With respect to cytokine profiles, at week 4 after
immunization, the supernatants from cultures of spleen cells
from pcDNA-SOD-vaccinated mice stimulated with rSOD
protein or CBPs contained a significantly greater quantity of
IFN-� (P 
 0.07 in both groups) than those from
pcDNA3-vaccinated mice (Fig. 2). In addition, no IL-4 was
detected in any of the culture supernatants of splenocytes
stimulated with specific antigens (data not shown). Splenocytes
from all groups of mice produced similar levels of IFN-� and
IL-4 upon stimulation with ConA (data not shown). Specific
anti-SOD antibody was not detected by ELISA in sera from
mice immunized with pcDNA-SOD or pcDNA3 (data not
shown). Taken together, our results indicate that i.s. immuni-
zation with pcDNA-SOD induces a specific Th1-type immune
response in mice.

CTL response in mice vaccinated i.s. with pcDNA-SOD.
Antigen-specific CTLs can be evaluated by quantifying their
capacity to lyse Brucella-infected macrophages. As depicted in
Fig. 3, purified T cells derived from mice inoculated i.s. with
pcDNA-SOD specifically lysed strain RB51-SOD-infected
J774.A1 macrophages. The lysis level reached �60% when the
effector/target ratio was 10:1, 4 weeks after immunization. The
effector T cells derived from pcDNA3-injected mice produce
very low lysis levels (�10%), suggesting that the cytotoxic-T-
cell activity was specific and was induced by pcDNA-SOD
vaccination of the mice.

Protection efficacy of i.s. SOD gene immunization. To eval-
uate the protective capacity of i.s. and i.m. DNA vaccination, 4
weeks after vaccination, mice were challenged by intraperito-
neal injection of virulent B. abortus 2308 and were sacrificed 14
days later to determine the number of CFU in their spleens.
The results indicated that i.s. immunization with pcDNA-SOD
induced a significant degree of protection (a 1.52-log-unit in-
crease in protection) compared to the control group (P 


FIG. 2. Quantitative ELISA analysis of IFN-� secreted by lympho-
cytes upon stimulation with different antigens. Spleen cells (4 � 106/
ml) from mice inoculated with pcDNA3 or pcDNA-SOD were stimu-
lated with CBPs (4 �g/ml), rSOD (0.4 �g/ml), or RPMI 1640 (negative
control) for 48 h. Each bar represents the geometric mean � standard
deviation (error bars) of the responses in spleen cells from five indi-
vidual mice. *, statistically significant differences compared to RPMI
1640 (P � 0.07).

FIG. 1. Lymphocyte proliferation assay. BALB/c mice were immu-
nized with pcDNA-SOD and the parental plasmid pcDNA3. The T-
cell proliferative response was measured at week 4 after immunization.
Splenocytes from each group (4 � 105 per well) were prepared and
stimulated in vitro with CBPs (4 �g/ml) and purified rSOD (0.4 �g/ml)
as antigens. Each value is the average number of counts per minute of
triplicate cultures of cells (� standard deviation) obtained from a pool
of five mice in each group. *, P 
 0.005 compared with the value for
pcDNA3-immunized control mice.
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0.008). The mice that were i.m. immunized with pcDNA-SOD
showed protection, but it was not significant (P 
 0.2) (Table
1). No significant difference was seen between the numbers of
CFU in groups injected with pcDNA3 (control group) and PBS
(data not shown). These results indicate that pcDNA-SOD i.s.
vaccination provided a significant degree of protection against
Brucella infection.

CD4�- and CD8�-T-cell immune responses to i.s. DNA vac-
cination. From the results reported above, we observed that i.s.
pcDNA-SOD vaccination was able to induce T-cell-prolifera-
tive response, IFN-� secretion by spleen cells, cytolytic-T-cell
activity, and protection. To evaluate the roles of the CD4� and
CD8� lymphocytes in this specific response, 4 weeks after
DNA immunization, single-cell suspensions were obtained
from spleens of vaccinated mice and the cells were sorted by
flow cytometry. To detect a proliferative response, the sepa-
rated CD4� and CD8� populations were challenged with ei-
ther CBPs or rSOD for 3 days in cRPMI. As shown in Fig. 4,

there was a significant proliferative response against rSOD
protein by both cell subsets (P 
 0.02 and P 
 0.05, respec-
tively), but no significant proliferation was observed when the
cells were stimulated with CBP (Fig. 4). Low levels of sponta-
neous proliferation occurred in cultures without antigen (me-
dium control). The T-cell subsets from both groups had very
similar proliferative responses to the mitogen ConA through-
out the study (data not shown). With respect to the cytokine
profile, IFN-� and IL-4 were measured in supernatants after
48 h of coculture of T-cell subsets with target cells. As shown
in Fig. 5, significant IFN-� production was detected only in
CD4� T cells (P 
 0.005); meanwhile, no significant differ-
ences were found between CD8� T cells derived from exper-
imental and control mice. No IL-4 was detected in any of the
culture supernatants of T-cell populations costimulated with
target cells (data not shown). In order to determine the con-
tributions of specific T-cell populations to the observed CTL

FIG. 3. Specific cytotoxic activity of total T cells. Four weeks after
immunization, splenocytes from mice immunized with pcDNA-SOD
or the parental plasmid pcDNA3 were stimulated for 5 days with
J774.A1 macrophages (M) infected with B. abortus RB51-SOD at a
ratio of 1:100 (cells to RB51-SOD). These effector cells were incubated
with J774.A1 cells alone or J744.A1 cells infected with RB51-SOD. A
neutral red uptake assay was used to measure target lysis. The data are
means for triplicate estimations, and standard deviations did not ex-
ceed 20% of the means. E, effector; T, target.

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

Vaccine
injection

route

Vaccine
(dose [�g])

Log10 CFU
of B. abortus

2308 in spleen
(mean � SD)

Log10 units of
protection

I.s. pcDNA-SOD (10) 4.57 � 0.94b 1.52
I.s. pcDNA3 (10) 6.09 � 0.04

I.m. pcDNA-SOD (10) 4.91 � 1.50c 1.15
I.m. pcDNA3 (10) 6.06 � 0.26

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

b P 
 0.008 (significant) compared with value for control pcDNA3-treated
mice.

c P 
 0.2 compared to the control group.

FIG. 4. Lymphocyte proliferation assay for T-cell populations.
BALB/c mice were immunized with pcDNA-SOD (solid bars) or the
parental plasmid pcDNA3 (open bars). At week 4 after immunization,
splenocytes from each mouse were separated by flow cytometry into
CD4� (A) and CD8� (B) T cells and stimulated in vitro with CBPs (4
�g/ml) and purified rSOD (0.4 �g/ml) as antigens. Each value is the
average number of counts per minute of triplicate cultures of cells plus
standard deviation (error bars) obtained from a pool of five mice in
each group. *, P � 0.05 compared with the value for c-RPMI medium.

FIG. 5. IFN-� release in CD4�- and CD8�-T-cell cultures exposed
to target cells. Four weeks after immunization, splenocytes from im-
munized mice were collected and cocultivated with stimulator cells for
5 days as described in Material and Methods. T cells were recovered
and sorted into CD4� and CD8� T cells. The separated cells were
cultivated with J744.A1 cells infected with RB51-SOD (target cells),
and IFN-� release was measured in the supernatants after 48 h. The
solid bars represent pcDNA-SOD-immunized mice, and the open bars
represent pcDNA3-immunized mice. *, statistically significant differ-
ence compared to CD4� T cells obtained from mice immunized with
pcDNA3 (P 
 0.005). The error bars indicate standard deviations.
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activity, T-cell populations were sorted after 5 days of cocul-
ture of enriched T cells from spleens with B. abortus-infected
J774A.1 macrophages by immunomagnetic methods. The sep-
arated CD4�- or CD8�-T-cell populations were cocultivated
with target cells for 16 h, and the cytotoxic activity over target
cells was measured by neutral red cytotoxic assay. The CD8� T
cells sorted from mice immunized with pcDNA-SOD achieved
high specific levels of lytic ability against strain RB51-SOD-
pulsed macrophages compared to the pcDNA3-immunized
control group. On the other hand, when the CD4� T cells from
mice immunized with pcDNA-SOD were cocultured with
strain RB51-SOD-pulsed target cells, they showed lytic activity,
but it was not significantly different from that of the control
group (Fig. 6).

DISCUSSION

DNA vaccines have become one of the most successful
methods of vaccination since the discovery that direct in vitro
or in vivo gene transfer of recombinant DNA by a variety of
techniques resulted in the expression of protein in mammalian
cells (12, 41) and that antigen production by these means
resulted in an enhanced immune response capable of providing
protection against challenge from a variety of infections (12,
36). It is well documented that different methods of DNA or
antigen inoculation influence immune response development.
The i.m. pathway is the most common route of DNA admin-
istration. In DNA vaccination against brucellosis, injection of
vector encoding either P39 (3) or SOD (28) by this route elicits
protection against pathogen infection. Recently, it has been
reported for other pathogen models that direct administration
of DNA into secondary lymphoid organs, such as the spleen or
lymph nodes, induces a higher protective immune response

than the usual i.m. or intradermal DNA inoculation pathway
(22). In this study, we showed that i.s. injection of a DNA
vector containing the DNA insert of Brucella SOD (28) was
able to generate a protective immune response. I.m. adminis-
tration of this vector in the same doses and under the same
conditions as the i.s. inoculation did not lead to a significant
protective immune response (28). Therefore, this difference in
protection might be attributed to the amount of vector and/or
the number of doses. These results demonstrated a higher ef-
ficacy of the i.s. route of administration, and they are in agree-
ment with the results obtained by Cano et al. (4) and Maloy et
al. (22), who reported that the use of direct administration to
secondary lymphoid organs enhances the immune response.

The mechanism by which an immune response is induced
after DNA vaccination has been widely discussed (15). Re-
cently, it has been proposed that dendritic cells, professional
antigen-presenting cells, play a major role in the initiation of
an immune response in DNA vaccination by efficiently priming
T cells with exogenous or endogenous antigens (1, 6, 9, 11, 17,
29). It seems that the higher percentage of transfected den-
dritic cells in direct immunization of secondary lymphoid or-
gans is related to the higher efficiency of the i.s. pathway of
inoculation.

After concluding that i.s. inoculation with DNA is able to
provide protection against challenge, we wanted to investigate
the effect of this inoculation on the behavior of T-cell subpopu-
lations. It is well documented that cellular immune response
plays a major role in the establishment of a protective response
against Brucella (18, 20, 34, 43), and for that reason the design
of a preventive vaccine against brucellosis must be based on its
capacity to generate a strong Th1-type immune response, with
high levels of IFN-� and T-cytotoxic activity involved in the
immune process. Previous reports of i.m. pcDNA-SOD admin-
istration have demonstrated that inoculation with this vector
elicits cellular immune response, as characterized by high lev-
els of IFN-� production by T cells and high production of
IgG2a in immunized animals (28). Our present results indicate
that in our i.s. inoculation model pcDNA-SOD inoculation was
also able to induce a strong TH-1-type response, with high
levels of IFN-� and no detected levels of IL-4 in T-cell cultures
from vaccinated mice. After separating the T cells into CD4�

and CD8� T cells, we noticed that IFN-� secretion was ob-
served only in CD4�-T-cell cultures and not in CD8�-T-cell
cultures. This finding is rather surprising, since there is general
agreement that in other experimental situations CD8� T cells
produce a significant amount of IFN-�; moreover, the great
majority of cytolitic-CD8�-T-cell clones produce this cytokine
(14, 21). However, a similar finding was reported by He et al.
(16) using a different experimental model. The fact that no
CD8 production was shown in our case might be explained by
the work of Van Pinxteren et al. (37) and Caruso et al. (5), in
which the authors demonstrated that CD4� T cells readily
produced IFN-� after infection with Mycobacterium tuberculo-
sis while CD8� T cells secreted the cytokine later in the re-
sponse. It is possible that in our model system also, CD8� T
cells may secrete IFN-� when tested at a later time. However,
our results demonstrate that 4 weeks after vaccination, CD8�

T cells possessed significant levels of specific lytic activity
against Brucella-infected cells. This cytotoxic response was not
previously studied for i.m. inoculation of this vector expressing

FIG. 6. Specific cytotoxic activity of CD4� or CD8� T cells. Four
weeks after immunization, splenocytes from mice immunized with
pcDNA-SOD or the parental plasmid pcDNA3 were stimulated for 5
days with J774.A1 macrophages infected with B. abortus RB51-SOD.
These effector cells were recovered and sorted into CD4� and CD8�

T cells. The separated T-cell subsets were incubated with target cells
(J774.A1 cells infected with RB51-SOD), and cytotoxic activity was
measured 16 h later by neutral red assay. The data are means for
triplicate estimations, and standard deviations did not exceed 20% of
the means.
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SOD. Probably, the types of response generated by spleen and
muscle inoculations do not differ, since our previous results
with i.m. injection also showed a type of immunity similar to
the results obtained in this experiment. The protective re-
sponse elicited by pcDNA-SOD inoculation could be related to
IFN-� production by CD4� T cells and to the cytolytic activity
of CD8� T cells, but further studies are needed to asses these
issues. Our failure to detect any antibody in serum suggests
that antibody to SOD does not play a significant role in pro-
tective immunity against brucellosis.

In conclusion, the present study has shown that i.s. inocula-
tion with pcDNA-SOD elicits a strong cellular protective im-
mune response, stimulating both Th cells and CTLs. Th cells
from immunized mice produced high levels of IFN-�, which
have been reported to be essential for protective immunity
against Brucella, and CD8� T cells exhibited a strong specific
cytotoxic activity. Although the i.s. route per se is unattractive
for human and veterinary clinical use, it represents another
possibility in the exploration of alternative techniques to de-
liver plasmid DNA to antigen-presenting cells of the spleen.
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