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Immunization of BALB/c mice with an expression genomic library of Toxoplasma gondii induces a Thl-type
immune response, with recognition of several 7. gondii proteins (21 to 117 kDa) and long-term protective
immunity against a lethal challenge. These results support further investigations to achieve a multicomponent

anti-T. gondii DNA vaccine.

Toxoplasma gondii is a ubiquitous protozoan parasite that
induces lethal encephalitis in immunosuppressed individuals
and severe congenital birth defects (8, 22, 33). Several efforts
have been concentrated on developing an anti-7. gondii vac-
cine, the feasibility of which is supported by the long-term
immunity induced by the primary infection (7). Furthermore,
during chronic infection parasite cysts are well controlled by
the host immune response, mainly due to CD8™ effector lym-
phocytes (4) and T. gondii antigen-elicited production of
gamma interferon (IFN-y) (9). In addition, the immunization
of mice with parasite antigens induces a partial protective
Thl-type immunity (3, 35). Hence, a vaccine eliciting a Thl
immune response against 7. gondii will be a promising tool to
confer protective immunity. Presently the most effective vac-
cine developed is a live attenuated one that requires boosters
to sustain resistance (5). Recently, a single injection of T.
gondii mutants lacking an enzyme of the de novo pyrimidine
biosynthesis pathway has been shown to induce long-term pro-
tective immunity to toxoplasmosis (15), opening a new path to
vaccine development.

The ability of a DNA vaccine to elicit a Thl immune re-
sponse (24) makes it an attractive immunization approach to
use against 7. gondii. In fact, partial protective immunity was
achieved by cloning SAG1/P30, ROP2, GRA1, GRA7, and
GRAA4 into plasmid vectors (1, 10, 13, 21, 26, 34). In addition,
immunization with a DNA cocktail containing plasmids encod-
ing SAG1/P30 and the amino acid 196 to 561 terminal se-
quence of ROP2 genes elicited a long-lasting protective Thl
immunity (14), supporting further investigations to achieve a
multigene anti-7. gondii DNA vaccine.
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Taking in account that the majority of the antigens of a
pathogen are encoded by its DNA, an expression library of
pathogen DNA could be used to immunize a host without the
risk of infection. In fact, the immunization of mice with ex-
pression libraries resulted in protection after challenge with
Leishmania (23, 27), Plasmodium (31), and Mycoplasma (25).
Thus, the purpose of the present study was to describe the
cloning of a genomic library of 7. gondii tachyzoites and to
analyze the efficacy of vaccination with this library to promote
protective immunity.

Genomic library construction, screening, and purification.
Tachyzoites of the RH strain of 7. gondii (28) for chromosomal
DNA isolation and subsequent library construction and anti-
gen preparation were produced as described elsewhere (14).
For DNA isolation, 5 X 10° tachyzoites growing in vitro were
resuspended in 1 ml of lysis buffer (100 mM Tris-HCI [pH 8],
100 mM EDTA [pH 8], 2% sodium dodecyl sulfate, 150 mM
NaCl, 200 pg of proteinase K/ml, and 20 pg of RNase/ml) and
were incubated for 2 h at 56°C. After phenol-chloroform ex-
traction, the DNA was precipitated with absolute ethanol and
then was resuspended in a buffer containing 10 mM Tris and 1
mM EDTA (pH 8). The DNA integrity was evaluated by gel
electrophoresis (29), and DNA concentration was estimated
with the GeneQuant Apparatus (Pharmacia Biotech). DNA of
the eukaryotic expression vector pcDNA3 (Invitrogen) was
digested with BamHI (Amersham) and was purified from the
gel by using a Master kit (Bio-Rad Laboratories). The genomic
DNA was partially digested with Sau3A1l and was size frac-
tionated on an agarose gel to isolate 0.5- to 1.5-kb DNA frag-
ments (1 pg) that were fused to digested vector (2 pg). The
ligated plasmids were used to transform competent Escherichia
coli XL1-Blue supE44 hshR17recA" endA" gyrA46 thi relA" lac™
F' (proAB™ lacl® lacZAM15Tni0 [Tet']) (Stratagene). The
stock library was resuspended into 2 ml of Luria-Bertani (LB)
medium containing 15% glycerol and was stored at —70°C in
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FIG. 1. Several T. gondii antigens are specifically detected by sera
of pcDNA3-GL-immunized mice. Shown is Western blotting analysis
of native 7. gondii antigens in the presence of a pool of sera of mice
immunized with total native 7. gondii antigens in complete Freund’s
adjuvant as positive control (lane 1), a pool of sera of saline-injected
mice (lane 2), a pool of sera of pcDNA3 plasmid-immunized mice
(lane 3), and individual serum of pcDNA3-GL-immunized mice (lanes
4 to 8). The pattern of antigen recognition of the following animals are
shown: lane 4, mouse 3 (three doses); lane 5, mouse 6 (two doses); lane
6, mouse 6 (three doses); lane 7, mouse 7 (two doses); lane 8, mouse
7 (three doses). These are representative data of 10 analyzed mice.

separated stocks. A library aliquot was plated onto 2AMP-LB
plates, each harboring 2 X 10* clones. After the restriction
analysis, the presence of genomic library DNA inserts was
demonstrated in 70% of the analyzed plasmids, showing that a
large proportion of the plasmids carry 7. gondii genetic mate-
rial. Plasmid DNA for vaccination was prepared by expanding
transfected bacteria in LB broth and by using a Qiagen Plasmid
Mega kit according to the manufacturer’s instructions. Plasmid
DNA was dissolved in double-distilled pyrogen-free sterile
H,O and was stored at —70°C.

Expression of a variety of 7. gondii antigens and induction of
Thl-type immune response by genomic library DNA vaccina-
tion. Groups of 6- to 8-week-old male BALB/c mice (Oswaldo
Cruz Foundation, Rio de Janeiro, Brazil) were immunized in
the tibialis anterior muscles with one, two, or three doses of
100 pg of genomic library DNA (pcDNA3-GL) or pcDNA3 at
intervals of 21 days. Controls were injected with saline. In a
Western blotting analysis of total native 7. gondii antigens after
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
with a 12% polyacrylamide gel (Pharmacia PHAST System),
individual sera from mice immunized with pcDNA3-GL re-
acted with protein bands ranging from 21 to 117 kDa, whereas
no 7. gondii antigen was recognized by sera of saline-injected
or pcDNA3-immunized mice (Fig. 1). Thus, our genomic li-
brary contains DNA sequences coding distinct 7. gondii pro-
tein epitopes that were expressed and that triggered a signifi-
cant humoral immune response.
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FIG. 2. Specific anti-T. gondii Th-1-type immune response elicited
by pcDNA3-GL vaccination. (A) The levels of anti-7. gondii IgG1 ()
and IgG2a (m) isotype antibodies in sera of mice injected with two or
three doses of pcDNA3 plasmid or pcDNA3-GL 15 weeks after the
last immunization. Each experimental group was composed of 10 an-
imals. (B) The lymphoproliferative response of splenocytes from mice
immunized with one, two, or three doses of pcDNA3 vector or
pcDNA3-GL after stimulation with medium alone (CJ) or total native
T. gondii antigens (m) 17 weeks after the last immunization. (C) IFN-y
production by 7. gondii antigen-stimulated splenocytes from mice im-
munized with two () or three (m) doses of pcDNA3 vector or
pcDNA3-GL 17 weeks after the last injection. Each experimental
group was composed of five animals. This study was performed three
times with similar results. *, P < 0.05 by the Student’s ¢ test (STAT-
SYST; Microsoft). OD 405 nm, optical density at 405 nm. CPM, counts
per minute.

To determine whether a Th1 and/or Th2 response was elic-
ited, antibodies induced by pcDNA3-GL vaccination were ini-
tially isotyped by enzyme-linked immunosorbent assay (14).
Figure 2A shows that a predominance of immunoglobulin G2a
(IgG2a) over IgG1 antibodies against total native 7. gondii
antigens was observed when BALB/c mice were immunized
with two and three doses of pcDNA3-GL, implying that vac-
cination with the DNA genomic library elicits a humoral Thl
response. Although less intense, IgG2a predominance was also
observed in mice immunized with one dose of pcDNA3-GL
(data not shown).

To determine the ability of pcDNA3-GL to induce a cellular
immune response, splenocytes from immunized mice were
plated at a density of 5 X 10° cells/well (on a flat-bottomed
96-well plate) in RPMI 1640 medium supplemented with 1%
normal mouse serum (Sigma), 2 mM glutamine, 0.05 mM
2-mercaptoethanol, 0.05 mM sodium pyruvate, 0.05 mM min-
imal essential medium nonessential amino acid solution, and
penicillin-streptomycin (100 U/ml and 100 pg/ml, respective-
ly), stimulated for 4 days with native 7. gondii antigens (10
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FIG. 3. Activation of CD4" and CD8" splenocytes from pcDNA3-
GL-immunized mice by in vitro stimulation with 7. gondii antigens.
Twenty-four weeks after the last immunization, splenocytes from mice
vaccinated with three doses of pcDNA3 (gray line) or pcDNA3-GL
(black line) were stimulated in vitro for 4 days with native 7. gondii
antigens. VLA-4 expression on CD4" and CD8" T cells was deter-
mined by using flow cytofluorimetry. These are representative data of
triplicate cultures of three animals analyzed per group.

pg/ml). [*H]thymidine (Amersham) was added at 1 p.Ci/well
during the last 18 h. The cells were harvested onto a glass fiber
filter, and the radioactivity (in counts per minute) was mea-
sured by liquid scintillation. Figure 2B shows that splenocytes
from pcDNA3-GL-vaccinated mice specifically proliferate in a
dose-dependent manner when stimulated with native 7. gondii
antigens, while no significant proliferation was observed in
pcDNA3-immunized mice. Splenocytes from immunized and
control groups proliferated to comparable levels in response to
the mitogen concanavalin A (data not shown). Further, super-
natants of splenocytes stimulated with 7. gondii antigens were
collected after 24 and 72 h and were assayed by ELISA for
interleukin-4 (IL-4) and IFN-vy, respectively, as previously
described (14). Compared to pcDNA3, vaccination with
pcDNA3-GL induced, in a dose-dependent manner, significant
levels of IFN-vy (Fig. 2C), whereas IL-4 was undetectable (data
not shown). Altogether, these results suggest that the spe-
cific cellular immunity was also oriented to a Thl profile in
pcDNA3-GL-vaccinated mice.

DNA-based immunization elicits both humoral and cellular
immune responses, particularly inducing cytotoxic T lympho-
cytes (CTL) (11), likely via systemic IL-12- and IFN-y-depen-
dent mechanisms (20, 32). As IFN-y-producing CD8" CTL
have been shown to have a prominent role in controlling 7.
gondii infection (16, 17), it is possible that at least part of the
detected IFN-y is produced by activated CD8" T cells. Al-
though CD4 " T cells have been demonstrated to be crucial for
induction of protective immunity for T. gondii (16), a recent
study showed that CD4™ T cells are not required for IFN-y
production or CD8" effector cell activation; however, they are
essential for anti-T. gondii long-term memory generation (6).
In a first attempt to elucidate whether pcDNA3-GL was able to
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FIG. 4. Genomic library vaccination induces long-term protective
immunity against 7. gondii infection. Survival curves of BALB/c mice
injected with pcDNA3-GL (#), vector pcDNA3 plasmid (m), or saline
(X) and challenged intraperitoneally with 10° tachyzoite forms of T.
gondii strain RH 15 (A) or 24 (B) weeks after the last immunization.
Kaplan-Meier plotting was used (STATSYST; Microsoft). Each group
was composed of 10 mice. Similar results were obtained in three (A) or
two (B) independent experiments.

activate both CD4" and CD8" T cells, the expression of very
late antigen-4 (VLA-4), a marker of T-cell activation (2, 12),
was assessed by flow cytofluorimetry (12) on splenocytes from
mice vaccinated three times with pcDNA3-GL 24 weeks after
the last injection. Figure 3 shows that CD4" and, mainly,
CD8" splenocytes isolated from pcDNA3-GL-vaccinated mice
(but not from pcDNA3-immunized animals) are responsive to
in vitro stimulation with native 7. gondii antigens, supporting
the idea that our genomic library triggers a long-term 7. gondii-
specific CD4- and CD8-mediated immune response.
Protective immunity induced by pcDNA3-GL immunization.
In view of the significant humoral and cellular immunity elic-
ited by pcDNA3-GL immunization, we next tested whether
this vaccination protocol could afford protection against infec-
tion with the highly virulent 7. gondii RH strain. BALB/c mice
were immunized with one, two, or three doses of vector or
pcDNA3-GL as described above and were challenged with 10°
RH strain tachyzoites. Fifteen weeks after the last inoculation,
one (3.6 = 2 days; P < 0.01), two (3.6 = 0.2 days; P < 0.01),
or three (3.4 + 0.2 days; P < 0.01) doses of vector did not
protect mice from lethal challenge any more than saline-inoc-
ulated mice were protected (Fig. 4A). Importantly, protective
immunity was achieved in animals that received one (8.3 * 0.3
days; P < 0.01), two (10.1 = 0.6 days; P < 0.01), or three (16.9
+ 0.9 days; P < 0.01) doses of pcDNA3-GL. Although we were
unable to detect significant humoral and cellular immune re-
sponses in mice that received one dose of genomic library,
these animals also showed protection when lethally challenged.
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Moreover, significant survival rates were obtained when
pcDNA3-GL-immunized mice were challenged 24 weeks after
the last immunization (Fig. 4B). This long-term (>6 months)
protective immunity was observed in mice that received one
(5.1 £ 0.3 days; P < 0.01), two (6.7 = 0.4 days; P < 0.01), or
three (10.7 = 0.5; days P < 0.01) doses of pcDNA3-GL but not
in mice that were immunized with one (3.3 = 0.4 days), two
(3.1 = 0.3 days), or three (3.4 = 0.3 days) doses of pcDNA3 or
that were injected with saline, demonstrating that although
protection decreases slowly over time, significant survival rates
were still detected. Nevertheless, one should keep in mind that
the readout of our experiments is very stringent where the
highly virulent RH T. gondii strain was used, and thus our
results showing long-term protective immunity are extremely
significant (1, 14).

Studies performed with different animal models showed that
antibody response plays a partial protective role against 7.
gondii infection (18, 30). Further, cellular immunity, mainly
due to CD8" T cell action and IFN-y production, is required
for parasite control (4, 9). Thus, it is likely that the predomi-
nantly Thl-driven anti-T. gondii-specific IgG2a antibodies and
IFN-y production elicited by pcDNA3-GL immunization con-
tributes to the elimination of systemic spreading of 7. gondii,
resulting in increased survival rates. Importantly, considering
that CD4™ T cells are required for the generation of long-term
memory during 7. gondii infection (6), our results showing that
CD4" and CD8" splenocytes are responsive to stimulation
with 7. gondii antigens 24 weeks after the last immunization
with pcDNA3-GL point to the possibility that both CD4" and
CD8™" T-cell subsets are involved in genomic library-elicited
protective immunity.

The possibility of successful vaccine development in toxo-
plasmosis had been strengthened by recent advances in our
understanding of the nature of protective immunity to 7. gondii
and pathogenesis of diseases (7, 9, 17, 19). Therefore, the
results presented here demonstrated that genomic library im-
munization might be an important approach to achieve a mul-
ticomponent vaccine against 7. gondii, particularly with respect
to generating an efficient long-term protective immunity.
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