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Infection with the protozoan parasite Toxoplasma gondii is transmitted to humans from infected animals by
tissue cysts and oocysts excreted by cats. Immunization with inactivated parasites or recombinant proteins has
at best shown partial protection. We constructed a plasmid expressing the SAG1 surface antigen of 7. gondii,
p1tPASAGI1, and showed that animals immunized with the plasmid produce anti-SAG1 antibodies which
recognize the native SAG1. Mice immunized with p1tPASAG1 showed 80 to 100% protection against challenge
with the non-cyst-producing, virulent RH isolate, compared to an 80% mortality in mice immunized with empty
plasmid, which is the greatest efficacy of any vaccine against 7. gondii produced so far. The SAG1 molecule was
analyzed for potential cytotoxic T-lymphocyte (CTL) epitopes, and four peptides with the best fit were
synthesized. The ability of the peptides to stimulate gamma interferon production by CD8* T cells from
p1tPASAG1-immunized mice was tested in an ELISPOT assay, and one new CTL epitope was identified.
Adoptive transfer of CD8* T cells from p1tPASAG1-immunized to naive mice showed partial protection. In
conclusion, DNA vaccination with p1tPASAG]1 gave effective protection in mice against 7. gondii infection and

the protection could be adoptively transferred by purified CD8™ T cells.

Infection with Toxoplasma gondii occurs worldwide, and the
organism may cause congenital infection in humans. 7. gondii
is an important food-borne parasite, and the main routes of
transmission from animals to humans are through meat,
mainly from pigs and lambs, and oocysts shed by cats into the
environment. Infection is in theory preventable, but health
education alone has so far not proven effective.

Immunization against 7. gondii is not yet an option for con-
trol of infection in humans, but an effective vaccine preventing
infection in animals used for food would stop the main trans-
mission route to humans.

A live, attenuated vaccine has been available for veterinary
use for several years (7), although it is expensive, causes side
effects, has a short shelf life, and provides protection for no
more than 3 years. Previous work with inactivated vaccines
using whole 7. gondii and subunit vaccines found only moder-
ate protective efficacy against infection with the lethal RH T.
gondii isolate (6, 16, 21, 24, 30).

Protective immunity against 7. gondii rests mainly on CD8"
T lymphocytes and is mediated by production of gamma inter-
feron (IFN-v) (10, 11, 19). The use of DNA vaccines is a novel
concept, involving the injection of the naked DNA plasmid
into the host, whose cells express the encoded protein. DNA
vaccination is in theory particularly well suited to stimulate
effector mechanisms depending on antigen presentation in
conjunction with major histocompatibility complex class I
(MHC-T) molecules, which stimulate CD8" cytotoxic T cells
(3, 25).

We have previously shown that a vaccine based on the re-
combinant SAG1 protein expressed in Escherichia coli, with
alum as the adjuvant, was able to significantly prolong the
survival of mice infected with the RH isolate (21). The present
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work shows that a DNA vaccine based on part of the SAG1
gene induces protection superior to that of the recombinant
protein vaccine and shows that protection is at least partly
mediated by T. gondii-specific CD8" T lymphocytes induced by
the DNA vaccine.

MATERIALS AND METHODS

Plasmid construction. The SAG1 gene sequence was amplified by PCR from
the plasmid successfully expressing the recombinant SAG1 protein in E. coli (14),
with oligonucleotide primers introducing the Nhel and the BamHI restriction
sites for ligation into an Nhel- and BamHI-cut expression vector (WRG 7079;
kindly provided by Jim Fuller, PowderJect Inc.). The plasmid named
pItPASAG1 was purified from DH5a-transformed cells with an endotoxin-free
DNA purification kit (Qiagen, Hilden, Germany) and sequenced.

Mice. Seven- to eight-week-old female C3H (H-2) and BALB/c (H-2P) mice
were purchased from Bomholdtgaard, Ry, Denmark. Their microbiological sta-
tus was conventional, and they were maintained in groups of five per cage with
food and water ad libitum and artificial light for 12 h per day. The acclimatization
period was 7 days.

Immunization. Purified plasmid in endotoxin-tested phosphate-buffered saline
(Sigma; 50 pl at 1 mg/ml) was administered intramuscularly (i.m.) in each tibia
anterior muscle at week 0 and week 3, and challenge or removal of spleens took
place at week 5 unless otherwise stated.

In vitro transfection of COS cells and Western blotting. The transfections
were performed with a transfection kit (Effectene; Qiagen) according to the
manufacturer’s instructions. Pellets and supernatant of transfected COS cells
and mock-transfected control cells were immunoblotted by standard techniques
(14). In brief, samples were added to a sodium dodecyl sulfate-polyacrylamide
gel and blotted onto a nitrocellulose membrane, incubated with toxoplasma
antibody-positive human sera (high titers were found by dye test), and incubated
with enzyme-conjugated anti-human immunoglobulin G (IgG) antibody (catalog
no. D336; DAKO Glostrup, Denmark).

Culture of T. gondii strains. The RH strain has been maintained in our
laboratory for several decades. The tachyzoites used for challenge were cultured
in vitro in Vero cells.

Enzyme immunoassay and Western blotting. The enzyme-linked immunosor-
bent assay was performed as previously described (14). In brief, the tachyzoite
antigens were prepared from frozen parasites; after centrifugation at 18,000 X g
the supernatant was collected and the pellet was sonicated. The supernatant and
the soluble fraction were mixed after sonication and used to coat microtiter
plates overnight at 4°C. Sera were diluted 1:100 for total IgG and 1:50 for IgG
subclasses.

The Western blotting was performed with 107 tachyzoites loaded per well on
a mini-sodium dodecyl sulfate-polyacrylamide gel blotted onto a nitrocellulose
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FIG. 1. Western blot showing human T. gondii-positive sera recognizing
SAGI from in vitro-transfected COS cells. Results for a pellet (lane 1) and
supernatant (lane 2) from pltPASAGI-transfected COS cells and for a pellet
(lane 3) and supernatant (lane 4) from control COS cells transfected with empty
plasmid are shown.
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membrane, cut in strips, and incubated with sera, diluted 1:50, from individual
p1tPASAG1-immunized mice.

Challenge. Immunized mice and control mice were infected by the intraperi-
toneal (i.p.) route with 10° T. gondii tachyzoites, RH isolate, from continuous
culture, and the time until death was observed.

Adoptive transfer of CD8" and CD4* T lymphocytes. Spleens were aseptically
removed at week 6 from mice immunized with either empty vector or
pItPASAG1 at weeks 0 and 3; there were six mice in each group. Spleens were
pooled and gently homogenized to obtain single-cell suspensions. A positive
selection of either CD8" or CD4" splenocytes from each group of mice was
performed with a MACS LS* separation column (Mitenyi Biotec, Bergisch
Gladbach, Germany; catalog no. 424-01) according to the manufacturer’s in-
structions. The purity of the two subpopulations was evaluated by flow cytometric
analysis (Becton Dickinson; FACScan cytometer) with the CellQuest software
and the monoclonal antibodies anti-CD4 (L3T4) and anti-CD8a (LY2) (Pharm-
ingen), respectively. The purity in each case was above 80%. After three washes
the cells were given intravenously (i.v.) in phosphate-buffered saline to four
groups of naive recipients, each mouse receiving 2 X 107 cells in 0.2 ml. Twenty
hours after i.v. injection the mice were challenged with 10° RH tachyzoites i.p.

Prediction of cytotoxic T-lymphocyte (CTL) epitopes. Briefly, a complete ma-
trix representing the frequencies of amino acids found in the various positions of
the bound peptides has been previously established by using peptide libraries.
For any individual peptide, the product of the relevant frequencies represents the
prediction of binding. In this case, the SAG1 sequence used was scanned for
predicted K* binding peptides (27). The four peptides predicted to produce the
highest level of binding were synthesized and tested for binding.

MHC-I binding assays. The biochemical peptide MHC-I binding assay used
affinity-purified K* molecules and was conducted as previously described (5).
Briefly, affinity-purified K* molecules in detergent solution were incubated with
125L]abelled influenza nucleoprotein (NP) peptide 50-57 and increasing concen-
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FIG. 2. T. gondii tachyzoites from an in vitro culture blotted with sera from individual mice immunized with pItPASAG1 twice at weeks 0 and 3 (A), once at week
0 (B), and not immunized (C). Sera were tested at week 5 and show recognition of native SAG1. Serum from a mouse infected with 7. gondii and the monoclonal

antibody S13 recognizing SAG1 were used as positive controls.
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trations of unlabelled SAG1 peptides. After equilibrium had been reached (48 h;
18°C), the free and bound labelled peptides were separated by spun-column gel
filtration. The concentration of PECSP needed to inhibit NP 50-57 binding by
50% was determined and was related to the concentration of unlabelled NP
50-57 needed to block labelled-peptide binding by 50%. The latter value, the
50% inhibitory concentration (ICsy) of NP 50-57, was routinely around 10 nM.

ELISPOT assay. Spleen cells from mice immunized with pItPASAGI (n = 5),
with or without subsequent challenge, and from nonimmunized mice were used.
Two groups were immunized at weeks 0 and 3, and one group was further
challenged with 5 X 10* tachyzoites at week 6. Spleen cells from each group were
stimulated with the four peptides for 16 h. Nitrocellulose microtiter plates
(MAHA $45 10; Millipore) were coated overnight at 4°C with 50 pl of IFN-y-
specific monoclonal antibodies (18181D; Pharmingen)/well. After being washed
spleen cells were added at 5 X 10° cells/well together with, per well, 5 x 10*
mitomycin C-treated RDM4 stimulator cells, preloaded with 10 pg of peptide/
ml, plus an additional 1 pg of peptide. The plates were incubated for 16 h. After
10 washings, 5 pg of detection antibodies (18112D; Pharmingen)/ml was added
and the plates were incubated for 2 h at room temperature. After additional
washings the plates were incubated for 2 h at room temperature with 50 pl of
alkaline phosphatase-conjugated avidin (D 0396; Pharmingen)/well diluted
1:1,000. Color was developed by adding 50 pl of freshly made BCIP (5-bromo-
4-chloro-3-indolylphosphate)-nitroblue tetrazolium solution/well, and spots were
counted by stereo microscopy.

RESULTS

Construction of DNA vaccine. The SAG1 gene was cloned in
frame with a sequence encoding a synthetic mimic of the tPA
signal by using the restriction enzymes Nhel and BamHI. The
transcription was driven by the cytomegalovirus immediate-
early promoter. Thus the synthetic tPA signal replaced the
natural signal sequence of SAG1 (4). The resulting vector
consisted of 824 bases (positions 456 to 1280 according to
GenBank) from the SAG1 gene, encoding 275 amino acids,
fused in frame at the 3’ terminus with 18 bases, followed by a
stop codon.

SAG1 expressed in vitro by transfected COS cells is recog-
nized by human 7. gondii-positive sera. The supernatant and
pellet from transfected COS cells showed specific expression of
the SAG1 antigen (Fig. 1). Lane 1 shows four specific bands,
most likely truncated forms of the mature protein. Two specific
bands were seen in the supernatant (lane 2); the upper band
showed migration corresponding to glycosylation of the two
described N-glycosylation sites (4) which have been found pre-
viously when the SAGI1 gene containing the natural signal
peptide of the mature protein was used to transfect CHO cells
(15). In contrast, SAGLI is not glycosylated in 7. gondii. Thus
the functionality of the vector, in terms of in vitro production
of the SAGI protein, was confirmed. The two potential glyco-
sylation sites of the protein should also be present in vivo in
immunized mice and might shield important conformational
epitopes from antibody recognition.

Sera from DNA-immunized mice recognize native 7. gon-
dii antigen. Pooled sera from 10 mice immunized with
pItPASAGI and bled at week 5 postinfection recognized na-
tive toxoplasma parasites in Western blots (Fig. 2). The SAG1
band is clearly visible in blots from four of five mice even in the
group only receiving one immunization with pItPASAGI1 (Fig.
2). Serum from a toxoplasma-infected mouse and the mono-
clonal antibody S13 recognizing SAG1 were used as positive
controls (Fig. 2). The results indicate that the glycosylation of
the expressed SAGI has little influence on the immunoreac-
tivity of the molecule.

DNA immunization induces Thl response. The toxoplas-
ma-specific IgG subclass response to immunization with
pItPASAGTI is shown in Fig. 3. Contrary to the antibody re-
sponse to the recombinant SAG1 protein, which was exclu-
sively an IgG1 response (21), both IgG1 and IgG2a were found
after immunizing mice with p1tPASAGI, and this could indi-
cate a shift towards a more Thl-like immune response after
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FIG. 3. Immunization with pItPASAGI1 showed balanced IgG1 and IgG2a
responses to the i.m. route (mean of five mice in each experiment). The coating
antigens were recombinant SAGI protein for the analysis of total IgG and a
tachyzoite preparation for the analysis of the IgG subclasses. OD, optical density.

DNA immunization. This type of response is equivalent to the
Th1 type of response, which is the natural outcome of infection
with live parasites.

Protection against lethal challenge. Mice immunized twice
with pItPASAG1 and challenged i.p. with 10° RH tachyzoites
14 days after the last immunization showed 80 to 100% pro-
tection compared to control mice immunized with empty plas-
mid (Fig. 4). Mice alive at week 20 stayed alive for at least 6
months, when the experiment was terminated. Interestingly, if
challenge was performed only 7 days after the last immuniza-
tion, mice immunized with empty vector showed some im-
proved survival compared to nonvaccinated mice (data not
shown); this is probably a non-specific-adjuvant effect of the
DNA in the vector previously described (29).

Specific CD8* T lymphocytes are involved in protection.
Spleen cells from mice vaccinated with SAGI or empty vector
were enriched for CD4" and CD8" T lymphocytes. The en-
riched subpopulations were transferred i.v. to naive mice, fol-
lowed by i.p. challenge after 20 h with a lethal dose of the RH
strain (Fig. 5). Only the group of mice receiving CD8" T
lymphocytes from p1tPASAG1-immunized mice prior to chal-
lenge showed significantly prolonged survival time compared
to the other groups (P = 0.02; Wilcoxon rank sum test). These
results demonstrate that specific CD8" T lymphocytes provide
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FIG. 4. (A) C3H mice immunized i.m. with pItPASAG1 twice at weeks 0 and
3 and challenged at week 5 with 10° RH tachyzoites i.p. were 100% protected
compared to mice immunized with empty plasmid. (B) Protection of three
groups of BALB/c mice immunized with pItPASAG1 twice at weeks 0 and 3
challenged at week 11.

protection, although the level was not comparable to the level
of protection seen in pItPASAG1-immunized mice (Fig. 4).

New CTL epitopes in SAG1. Four new CTL epitopes were
predicted, and the corresponding peptides were synthesized
(Table 1). The prediction of peptide-MHC interaction was
performed as previously described (27). An ELISPOT assay
was used to detect specific CD8" T lymphocytes secreting
IFN-vy, and only peptide T1 showed a specific response in the
ELISPOT assay (Table 1). The relative frequency of IFN-vy-
secreting CD8™ cells per 10° splenocytes was 1.7 after immu-
nization and 2.4 after immunization followed by challenge.
These results show that specific priming of CD8" T lympho-
cytes did occur after genetic vaccination with the p1tPASAG1
construct.

DISCUSSION

DNA vaccines have been shown to be effective against sev-
eral intracellular pathogens causing parasitic infections, in-
cluding Leishmania spp. (13) and the liver stage of Plasmodium
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FIG. 5. Adoptive-transfer experiment with CD8* T lymphocytes from
pItPASAG1-immunized mice shows partial protection against challenge with
RH tachyzoites. CD8" and CD4" T lymphocytes were enriched from mice
immunized with p1tPASAG1 or mice immunized with empty vector and injected
i.v. into four groups of naive mice (n = 5). Challenge was performed after 20 h,
and survival was monitored.

falciparum (25), as well as viral infections such as hepatitis B
(31).

The DNA vaccine vector was based on the SAG1 gene from
the RH isolate in a truncated version with the signal sequence
deleted and replaced by the sequence encoding the strong tPA
signal peptide, for better export of the protein to the cell
surface. The results from the p1tPASAGI1-transfected COS
cells showed that the plasmid is expressed, that the recombi-
nant SAG1 is secreted into the supernatant in an immunolog-
ically active form which can be recognized by human antibod-
ies from an individual with natural 7. gondii infection (Fig. 1)
and, furthermore, that sera from mice immunized with
p1tPASAGTI recognized the native SAG1 (Fig. 2).

We have previously shown that recombinant SAG1 protein
formulated in alum was unable to induce a Thl-like response
seen by an IgG2a antibody after immunization (21). In contrast
i.m. immunization with the DNA plasmid has been reported to
induce a more Thl-biased response (20). The antibody re-
sponse found here after immunization with pItPASAG1 was of
the same magnitude in mice receiving two immunizations 3
weeks apart as in mice immunized only once, and the levels of
the IgG1 and IgG2a responses were of the same magnitude
(Fig. 3). This indicates that pItPASAG1 was able to influence
the immune response toward a Thl response by inducing a
dual-IgG subclass response, unlike recombinant SAG1 protein
immunization.

To elicit protective immunity against an otherwise lethal
dose of T. gondii, the appropriate cellular immune response
has to be initiated, which could include both CD8* and CD4*
T lymphocytes (18, 23). This seems to occur after infection with
the sublethal strain 7. gondii ts-4, which provides protection
against challenge with the lethal strain (7), and mice infected
with the cyst-forming strain SSI119 are protected against chal-
lenge with the lethal RH isolate. pItPASAGI1 gave complete
protection against challenge in CH3 mice and 80% protection
in BALB/c mice, whereas immunization with the recombinant
SAG1 protein prolonged survival, but eventually almost all
animals succumbed (21).

The major cellular T-cell subtype involved in the acquired
immune protection against 7. gondii is presumably CD8" T
lymphocytes (1, 19, 26, 28). The high efficacy is therefore pos-
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TABLE 1. Binding of predicted epitopes and frequencies of specific CD8" T lymphocytes obtained by ELISPOT assay

Binding (nM)

Predicted epitope

Frequency of responding CD8" T lymphocytes” in indicated mouse group

. Control (not p1tPASAG1 pltPASAG1 immunized
Predicted Observed® immunized) immunized and RH challenged
AESKSVII (T1) 110 225 0 1.7 0.9 24x22
QTFVVGCI (T2) 219 160 0 0 0
NEKSFKDI (T3) 352 123 0 0 0.13 0.2
VTGLIGSI (T4) 402 >100,000 0 0 0

“ Numbers of responders per 10° spleen cells. Values are means * standard deviations (five mice per group).
b Affinity-purified Kk was incubated with radiolabelled influenza NP 50-57 as the indicator peptide and increasing concentrations of SAG1 peptide. Binding was
determined by gel filtration and expressed as log [ICs, (NP 50-57)/ICs, (PfCSP peptide)]. ICs, of the NP 50-57 peptide was 10 nM.

sibly the result of a more efficient presentation of the antigen
to CD8™" effector cells by DNA immunization than by immu-
nization with a protein antigen. In a previous study, strong
protection was found after immunization with purified, native
SAG]1 with liposomes (2), and liposomes are known to be a
particularly effective stimulator of CD8"* T lymphocytes via
MHC-I presentation of appropriated epitopes (22).

The adoptive-transfer experiment, where CD8™" T cells were
transferred from DNA-immunized mice to naive mice, showed
that the CD8" cell fraction contributed to the protective im-
munity, which is in agreement with previous studies showing
that DNA vaccines induce a strong CTL response (8, 9, 29).
The transferred cells did not confer the same degree of pro-
tection as pltPASAG1 immunization but produced signifi-
cantly better survival than CD8" T cells from mice immunized
with empty plasmid or CD4" T cells from immunized mice.
The lower level of protection in the adoptive-transfer experi-
ment may have several explanations, one of which could be the
lack of help from memory CD4* T cells (12).

One of the main mechanisms of protection against 7. gondii
provided by CD8" T lymphocytes is the secretion of IFN-y
upon specific recognition of the epitope presented by MHC-I
on the surfaces of infected cells (19, 26). The adoptive transfer
does not provide information on whether the effector mecha-
nism is direct cytotoxic cell lysis or is mediated by IFN-vy
secretion by the CD8™ cells. In the ELISPOT assay we show
that generation of IFN-y-secreting, antigen-specific CD8" T
lymphocytes has taken place. Whether or not the numbers of
antigen-specific CD8" T lymphocytes are sufficient to provide
the observed protection by themselves will require further
studies to clarify, but it has been suggested that a frequency of
CTLs of at least 1 per 10* lymphocytes is required to provide
protection against virus (17).

In conclusion, the study shows for the first time that the
design of vaccines against 7. gondii based on the DNA ap-
proach is feasible and effective.
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