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Abstract
The ideal vaccine to protect against toxoplasmosis in humans would include antigens that elicit a
protective T helper cell type 1 immune response, and generate long-lived IFN-γ-producing CD8+

T cells. Herein, we utilized a predictive algorithm to identify candidate HLA-A02 supertype
epitopes from T. gondii proteins. Thirteen peptides elicited production of IFN-γ from PBMC of
HLA-A02 supertype persons seropositive for T. gondii infection but not from seronegative
controls. These peptides displayed high-affinity binding to HLA-A02 proteins. Immunization of
HLA-A*0201 transgenic mice with these pooled peptides, with a universal CD4+ epitope peptide
called PADRE, formulated with adjuvant GLA-SE, induced CD8+ T cell IFN-γ production and
protected against parasite challenge. Peptides identified in this study provide candidates for
inclusion in immunosense epitope-based vaccines.
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1. Introduction
Toxoplasmosis refers to a disease caused by the parasite Toxoplasma gondii (T. gondii). The
active infection destroys tissues, especially brain and eye in the fetus, newborn infant,
immune compromised persons and those with retinal disease. In the presence of a normal
immune response, the parasite remains as a chronic cryptic, latent brain infection, that can
recrudesce and thus cause eye damage throughout the life of the host[1–3]. About four
thousand cases of newly active retinal disease are diagnosed in the U.S. each year[4].
Importantly, this parasite chronically infects 30–50% of human population worldwide, with
unknown consequences of this chronic infection of the brain in 2–3 billion persons
throughout the world[5]. There is speculation concerning, and limited evidence of
association of seropositivity with certain neurologic disease. This work suggests that T.
gondii infection might contribute to certain motor, cognitive, and behavioral
abnormalities[6]. Currently, additional medicines for the active infection without associated
hypersensitivity and toxicity, curative medicines for the currently untreatable latent
bradyzoite form of the parasite, and a vaccine to prevent infection with this parasite are
being sought[7–11]. There have been previous studies, which indicated that peptide
formulations are effective at inducing immune responses to this and other infectious agents
in murine and human hosts[12–16]. Thus, we considered that it might be feasible to create
an immunosense vaccine consisting of peptides created from immunogenic parasite proteins
using HLA supermotif, immunosense approaches.

Human cells have a major histocompatibility complex (MHC) Class I processing pathway in
which the proteasome in the cytosol degrades proteins from T. gondii into chains of eight to
ten amino acids. These peptides associated with MHC Class I molecules then travel through
the endoplasmic reticulum, and are presented at the surface of all cells so that the T cell
receptors of cytotoxic T cells (CTLs) and IFN-γ producing CD8+ T cells can recognize the
MHC molecule and bound peptide[17]. Thus, IFN-γ producing CD8+ T cells are able to
identify the peptides as self or non-self. Cells that present non-self peptides are killed and/or
elicit IFN-γ[18]. In this manner, CD8+ T lymphocytes play a major role in protection against
T. gondii by secreting IFN-γ which activates macrophages to inhibit replication, kill the
parasite, and induce lysis of infected cells. Thus, this obligate intracellular parasite loses its
intracellular niche[19].

Since CD8+ T cells recognize target cells by peptide epitopes presented in the context of
MHC Class I molecules, it is of great interest to identify MHC Class I restricted peptide
epitopes from specific T. gondii antigens to facilitate creating vaccines that stimulate cell-
mediated immune responses. The identification of CD8+ T cell responses would also
provide peptide antigens that could be used for directly monitoring CD8+ T cell responses
resulting from vaccination[20]. To date, no T. gondii specific HLA-A02 restricted peptides
have been proven to function in protection against T. gondii.

The goals of the present study were to: (1) to identify HLA-A02 restricted epitopes from T.
gondii; (2) to evaluate some of them as components in a candidate vaccine by immunizing
HLA-A*0201 transgenic mice to determine whether they could provide protection against T.
gondii challenge, and (3) to evaluate the effect of adjuvants in poly-epitope immunizations
as a proof of principle for this supermotif immunosense vaccine. Accordingly, we screened
GRA10, GRA15, SAG2C, SAG2D, SAG2X, SAG3, SRS9, BSR4, SPA, and MIC proteins
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from T. gondii for CD8+ T cell epitopes by using an HLA motif algorithm in the
immunoepitope database (IEDB). This was intended to predict potential epitopes that would
bind to the HLA-A02 supertype family, which is present in 50% of the population
worldwide, irrespective of ethnicity[21]. Ten nonamer T.gondii derived peptides derived
from the amino acid sequence of SAG2C38–46, SAG2D180–189, SAG2X44–52,
SAG2X351–359, SAG3136–144, SAG3375–383, SPA12–20, SPA82–90, MIC19–17, and
MICA2P11–19 were identified via bioinformatic and affinity binding assays and tested in
ELISpot assays with peripheral blood mononuclear cells from HLA-A*0201 T. gondii-
seropositive individuals herein. In an earlier study SAG1, SUSA1, GRA2, GRA3, GRA6,
GRA7, ROP2, ROP16, and ROP18 were screened and GRA624–32 (VVFVVFMGV),
GRA629–37 (FMGVLVNSL), and GRA325–33 (FLVPFVVFL) also had been found to elicit
IFN-γ from PBMC from seropositive but not seronegative persons[22]. HLA-A*0201
transgenic mice immunized with the newly identified peptides, and the three HLA-A02
peptides identified previously[22] which were all pooled. They were administered with the
CD4+ helper T cell peptide PADRE and the adjuvant, GLA-SE, which induced high levels
of IFN-γ production and protected mice against challenge from type II parasites.

2. Methods
2.1. Bioinformatic prediction of CD8+ T cell epitopes

ARB, SMM, and ANN algorithms from immunoepitope database (IEDB)
http://www.iedb.org/ were used to predict binding affinity to HLA-A*0201[23–25] of T.
gondii specific peptides. Protein sequences from GRA10, GRA15, SAG2C, SAG2D,
SAG2X, SAG3, SRS9, BSR4, SPA, and MIC were screened for nonamer or decamer CD8+

T cell epitopes based on their predicted binding affinity to HLA-A*02 supertype molecules.
A total of 29 unique peptides that had IC50 <50nM using the bioinformatic algorithm were
selected. Protein sequences were from ToxoDB 5.1. Population coverages of peptides were
predicted[26].

2.2. Peptides and GLA-SE
All peptides were synthesized by Synthetic Biomolecules (San Diego, CA) and were >90%
pure. Peptides were first dissolved in DMSO and then diluted in PBS or media. GLA-SE
was synthesized by Infectious Diseases Research Institute (IDRI, Seattle, WA).

2.3. MHC-peptide binding assays
Quantitative assays to measure binding of peptides to HLA Class I molecules are based on
inhibition of binding of a radiolabeled standard peptide. Assays were performed as
described[25,27]. Briefly, 1-10nM of radiolabeled peptides were co-incubated with 1M-1nM
purified MHC and 1–3µM human β2-microglobulin. After 2 days, binding of radiolabeled
peptide to corresponding MHC Class I molecule was determined by capturing MHC-peptide
complexes on Greiner Lumitrac 600 microplates coated with W6/32 antibody and measuring
bound counts per minutes using a Topcount microscintillation counter. Concentration of
peptide yielding 50% inhibition of binding of radiolabeled probe peptide (IC50) then was
calculated. Under conditions used, where [radiolabeled probe] < [MHC] and IC50 ≥ [MHC],
measured IC50 values are reasonable approximations of true Kd values.

2.4. Mice
HLA-A*0201 Kd transgenic mice were produced at Pharmexa-Epimmune (San Diego, CA)
and bred at the University of Chicago. All studies were conducted with Institutional Animal
Care and Use Committee at the University of Chicago approval.
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2.5. Enzyme-linked immunospot (ELISpot) assay
Cryopreserved peripheral blood mononuclear cells (PBMC), obtained in accordance with
institutional and NIH guidelines, from both T. gondii-seropositive and seronegative
individuals were used in ELISpot assays to study human PBMCs. PBMCs were isolated
from heparinized blood samples by density gradient centrifugation using Histopaque
(Sigma-Aldrich), then washed twice with PBS, and cryopreserved in AIM-V medium
(Gibco) containing 20% FCS and 10% DMSO.

2×105 PBMCs per well were incubated at 37°C, 5% CO2 in AIM-V medium, pulsed by
peptide or peptide pools at 10µg/ml in MSIPS4W10 Multiscreen HTS-IP 96-well plates
(Millipore, Bedford, MA) previously coated with 50µl of 15µg/ml anti-human IFN-γ (1-
D1K) monoclonal antibody (mAb) in sterile PBS overnight, and then processed as
described[22]. After washing with sterile PBS and blocking with RPMI-1640 medium
containing 10% FCS at room temperature for 2–3 hr, plates were successively incubated
with 100µl of 1ng/ml biotinylated anti-human IFN-γ mAb (7B6-1) for 2 hr and streptavidin-
conjugated alkaline phosphatase at a 1:1000 dilution for 1 hr at room temperature. Wells
were washed with PBS between incubation stages. Spots were developed using 5-bromo-4-
chloro-3-indolyl-phosphate/p-nitro blue tetrazolium chloride (BCIP/NBT) and quenched by
extensive washing with distilled water. After drying, plates were counted using an
automated ELISpot reader (CTL ImmunoSpot). Media containing an equivalent
concentration of DMSO was used to measure background response levels, and 5µg/ml of T.
gondii lysate antigen (TLA) was used as a positive control.

ELISpot assays for production of IFN-γ by murine splenocytes were performed similarly,
except that anti-mouse IFN-γ mAb (AN18) and biotinylated α-mouse IFN-γ mAb (R4-6A2)
were used as cytokine-specific capture and detection antibodies instead. 5 × 105 splenocytes
were plated per well as described[22]. All antibodies and reagents used for ELISpot assays
were obtained from Mabtech (Cincinnati, OH). Cells were plated in at least 3 replicate wells
for each condition. Results were expressed as number of spot forming cells (SFCs) per 106

PBMCs or per 106 murine splenocytes.

2.6. Immunizations and challenge
Age-matched female HLA-A*0201 mice were inoculated subcutaneously (s.c.) at the base
of the tail using a 30-gauge needle with pooled CD8+ T cell peptides as shown in Table 2B,
with pan DR epitope (PADRE), a universal helper T lymphocyte epitope emulsified in 3-
deacylated monophosphoryl lipid A (GLA-SE). Controls were injected with PBS. Mice were
boosted once at a 2-week interval. Mice were challenged intraperitoneally with 10,000 Pru-
FLUC tachyzoites 10–14 days after the last immunization.

2.7. Ex vivo preparation of murine splenocytes
Three to five mice from each group were euthanized 7 to 14 days after the last
immunization. Spleens were harvested, pressed through a 70µm screen to form a single-cell
suspension, and depleted of erythrocytes with ASK lysis buffer (160mM NH4Cl, 10mM
KHCO3, 100µM EDTA). Remaining splenocytes were washed twice with Hank’s Balanced
Salt Solution (HBSS) and resuspended in complete RPMI medium (RPMI-1640
supplemented with 2mM L-GlutaMax [Invitrogen], 100U/ml penicillin, 100µg/ml
streptomycin, 1mM sodium pyruvate, 50µM β-mercaptoethanol, and 10% FCS) before use
in subsequent in vitro assays.

2.8. In vivo bioluminescence imaging
Mice infected with Pru-FLUC tachyzoites were imaged at day 7 post-challenge using the in
vivo imaging system (IVIS; Xenogen, Alameda, CA) as previously described[22]. Briefly,
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mice were injected i.p. with 200µl of D-luciferin and immediately anesthetized in an O2-rich
induction chamber with 2% isoflurane. After 12 min, mice were imaged in ventral positions
and photonic emissions were assessed using Living image® 2.20.1 software (Xenogen).
Data were presented as pseudocolor representations of light intensity and mean photons/s/
region of interest (ROI).

2.9. Statistical analyses
Statistical analyses for all in vitro assays were performed using a 2-tailed student’s T test.
Peptides were considered immunogenic in mice if they induced IFN-γ spot formation from
immunized mice that was significant (P<0.05) relative to spot formation from control mice.
Peptides and peptide pools were considered immunogenic in humans if they induced IFN-γ
spot formation from PBMCs that was significant (P<0.05) relative to spot formation from
the same cells incubated with media containing an equivalent concentration of DMSO. Each
ELISpot experiment was replicated a minimum of twice. P values of ≤ 0.05 were considered
significant.

3. Results
3.1. Identification of candidate HLA-A*0201-restricted CD8+ T cell epitopes that elicit IFN-γ
from seropositive persons

To identify candidate epitopes from Toxoplasma gondii that elicit IFN-γ from CD8+ T cells,
the peptides derived from GRA10, GRA15, SAG2C, SAG2D, SAG2X, SAG3, SRS9,
BSR4, SPA, and MIC were screened for potential supertype epitopes using the ARB, SMM,
and ANN algorithms from immunoepitope database (IEDB) on the basis of their predicted
binding affinity to HLA-A02 molecules. A total of 29 unique peptides IC50 <50nM of all
ranked nonameric or decameric peptides were selected (Table 1).

To determine which of these peptides would be recognized in the context of a Toxoplasma
infection, peripheral blood mononuclear cells from T. gondii-seropositive HLA-A*0201
individuals were tested for response to these peptides in pools or individually by using an
IFN-γ ELISpot assay. Candidate peptides were considered immunogenic if they induced
IFN-γ spot formation that was significant compared to an irrelevant HLA-A*0201-restricted
peptide. As shown in Figure 1A, there were three peptide pools which stimulated significant
response by human peripheral blood mononuclear cells (PBMC) derived from HLA-A02
seropositive individuals. Then the ability of individual peptides in each of these peptide
pools was tested to identify those that could stimulate significant T cell response by PBMC
in HLA-A02 seropositive humans. Using this approach, we identified 10 peptides
recognized by HLA-A02 PBMC from seropositive humans herein (Fig. 1). These were: one
from SAG2C38–46 (FLSLSLLVI); one from SAG2D180–189 (FMIAFISCFA); two from
SAG2X (SAG2X44–52, FVIFACNFV; SAG2X351–359 FMIVSISLV); two from SAG3
(SAG3375–383, FLLGLLVHV; SAG3136–144, FLTDYIPGA); two from sporozoite antigen
SPA (SPA12–20, ITMGSLFFV; SPA82–90, GLAAAVVAV; one from MIC19–17
(VLLPVLFGV); and one from MICA2P11–19 (FAAAFFPAV). All these identified peptides
stimulated significant IFN-γ production by peripheral blood cells from 4 HLA-A*0201
persons infected with T. gondii, but not from 4 seronegative controls as shown in Figure 2.

3.2. MHC binding assay demonstrates A2-supertype binding capacity of peptides
recognized by HLA A2 positive PBMCs

The binding affinity of these identified peptides for MHC A2 molecules was proven
empirically with a MHC binding assay. All of the peptides identified herein were bound
with high affinity to the HLA-A02, all binding 4 or more alleles within the respective
supertype except one binding 2 alleles (Table 2A). There are nine out of ten peptides that
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have HLA-A*0201 binding affinity that bound with a Kd of less than 50nM. Specifically,
SAG2X44–52, SAG2X351–359, SPA112–20, and MICA2P11–19, bound with a Kd of 50nM or
less for all five tested HLA-A02 alleles. SAG3375–383, SAG3136–144, SPA12–20, and
MIC19–17 bound 4 HLA-A02 alleles with affinities under 50nM. SAG2C38–46 bound HLA-
A*0201 with > 50nM affinity, but bound HLA-A*0202 and HLA-A*0203 allele in the 50 to
500nM range (intermediate binding). The data shows that all these identified peptides bound
proteins of the HLA-A02 supertype as predicted, which would be predictive of candidates
for eliciting IFN-γ from CD8+ T cells.

3.3. CD8+ T cell responses against peptides after immunization in HLA transgenic mice
To determine whether the peptides identified were immunogenic in vivo, HLA-A*0201
transgenic mice were immunized with pools of peptides that included peptides identified
above as well as three other previously identified CD8+ T-cell epitopes, VVFVVFMGV
(GRA624–32), FMGVLVNSL (GRA629–37), and FLVPFVVFL (GRA325–33) [22]. A
summary of peptide binding and immunogenicity activity is provided in Table 2B. HLA-
A*0201 transgenic mice were immunized with; (1) CD8+ epitope peptide pools, (2) CD8+

epitope peptide pools plus PADRE, and (3) CD8+ epitope peptides pool plus PADRE
emulsified with GLA-SE. Eleven to fourteen days post immuniztion, spleen cells were
isolated and exposed to each individual peptide. A peptide was considered immunogenic if it
induced IFN-γ spot formation that was significantly higher in the immunization group when
compared with the group immunization with PBS. Figure 3A shows representative data for
IFN-γ spot formation from four immunization groups which were stimulated by individual
peptides. After the immunizations with the two pooled peptides, SAG2C38–46 (FLSLSLLVI)
and SAG2D180–189 (FMIAFISCFA) stimulated T cells from immunized HLA-A*0201
transgenic mice to produce significant IFN-γ production in vitro. However, when PADRE, a
universal CD4+ epitope peptide, was added to the immunizing peptides, five peptides
(SAG2C38–46 FLSLSLLVI; SAG2D180–189 FMIAFISCFA; SAG2X44–52 FVIFACNFV;
SAG2X351–359 FMIVSISLV; SAG3375–383 FLLGLLVHV) induced significant IFN-γ
production from T cells of immunized mice. More strikingly, all peptides except GRA624–32
(VVFVVFMGV) and MICA2P11–19 (FAAAFFPAV) were found to be immunogenic when
MLA also was used as an adjuvant to immunize HLA-A*0201 mice (Fig. 3). To assess
relative contributions of CD8+ T cells to overal IFN-γ response, the activity of splenic CD8+

T cells was blocked using antibody specific to the CD8+ T cell receptor (Fig. 3B). IFN-γ
spot formation was significantly reduced in the presence of antibody to CD8 incubated with
the spleen cells from mice immunized with the pooled peptides plus PADRE and MLA
when the cells were stimulated by all of the peptides except GRA624–32 and MICA2P11–19.

3.4. Peptide immunizations are protective against Toxoplasma challenge in HLA-A*0201
transgenic mice

We next addressed whether the epitopes that were identified could confer protection against
parasite challenge in HLA-A*0201 mice. Groups of HLA-A*0201 mice (n=5–9 mice per
group) were immunized with peptide pools with PADRE emulsified in MLA. Mice injected
with PBS served as controls. Ten days after the second immunization, mice were challenged
with 10,000 type II Prugniaud (Pru) strain that expresses the Firefly luciferase (FLUC) gene
and imaged at 7 days post-challenge using the in vivo imaging system (IVIS; Xenogen,
Alameda, CA) as previously described. Mice were imaged in ventral positions and photonic
emissions were assessed using Living image® 2.20.1 software (Xenogen) (Fig. 4). Data
were presented as pseudocolor representations of light intensity and mean photons/s/region
of interest (ROI). As shown in Figure 4A, the number of luciferase expressing parasites in
the immunized HLA-A* 0201 mice was significantly reduced compared to the unimmunized
mice. As shown in Figure 4B, a majority, 4 of 5 (80%) mice immunized with the peptides
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plus PADRE emulsified in MLA adjuvant survived parasite challenge. In contrast, only 1 of
5 (20%) unimmunized mice survived parasite challenge.

3.5. Population coverage prediction
An algorithm[26] was developed to calculate projected population coverage of a T cell
epitope-based vaccine using MHC binding or T cell restriction data and HLA gene
frequencies. We used this web based tool found at http://www.iedb.org/ to predict
population coverage of these HLA-A02 epitope peptides based vaccine. The population
coverage calculation results in Table 3 showed that the population coverage is varied in
different regions: these peptides covered 23.82% population in Australia; 47.01% in Europe;
26.87% in North America; 39.29% in South America; 21.40% in North-East Asia; 12.35%
in South-East Asia; 26.78% in Oceania; and 18.27% in Sub-Saharan Africa; and 40.36% for
others. The average population coverage is 25.61% ± 13.31%.

4. Discussion
In this study, we screened eleven T. gondii protein amino acid sequences for CD8+ T cell
epitopes by using an HLA motif algorithm to predict potential epitopes corresponding to the
HLA-A02 supertype family, which is represented in 47% of the Europeans and 25% of the
world population. We screened peptides from tachyzoite, bradyzoite or sporozoite proteins
which were either seen to elicit immune response or were known to be secreted and present
in the cytoplasm and thus able to access the MHC Class I pathway[28–30]. These proteins
included GRA10, GRA15, SAG2C, SAG2D, SAG2X, SAG3, SRS9, BSR4, SPA, MIC1 or
MICA2P of the type II T. gondii strain, ME49, whose sequences came from the ToxoDB
website http://toxodb.org/toxo/. These peptides were further selected based on a high MHC
allele binding score in a bioinformatic analysis (IC50 < 50nM). Ten nonamer or decamer
peptides derived from the amino acid sequence of SAG2C, SAG2D, SAG2X, SAG3, SPA,
MIC1, and MICA2P were identified via ELISpot assays with peripheral blood mononuclear
cells from HLA-A* 0201 T. gondii-seropositive individuals. In addition, we included three
peptides for analysis that had earlier been identified from VVFVVFMGV (GRA624–32),
FMGVLVNSL (GRA629–37), FLVPFVVFL (GRA325–33)[22]. HLA-A*0201 transgenic
mice immunized with these peptide pools plus adjuvant could induce peptide-specific high
IFN-γ production and protect mice against challenge from type II parasites.

The peptide epitopes reported here to elicit IFN-γ are primarily derived from SAG2, SPA
and MIC proteins of type II T. gondii. Sequence analysis demonstrated that the SAG1
related sequence (SRS) protein family that is expressed in a stage-specific manner is divided
into two major branches, the SAG1-like sequence family and SAG2-like sequence
family[31]. The tachyzoite surface is dominated by SAG2A, SAG3, SRS1, SRS2, and
SRS3. Some of these proteins have been shown to be involved in invasion and
attachment[32]. SAG3 was considered as one member of the redundant system of T. gondii
receptors that act as ligands mediating host cell recognition and attachment[33]. Two
peptides, FLLGLLVHV and FLTDYIPGA, derived from SAG3375–383 and SAG3136–144
were identified as epitopes that elicit IFN-γ from CD8+ T cells. HLA-binding assay
demonstrates that these two peptides have good binding affinity for the HLA-A*0201
supertype. Not only do they have a high binding affinity for HLA-A*0201 allele, but they
also bound well to three or four other HLA-A02 alleles.

SAG2C, -D, -X, -Y, encoding bradyzoite surface molecules belonging to the SAG2 family
are important for persistence of cysts in the brain. A significantly lower cyst number was
seen in mice infected with Pru ΔSAG2CDXY parasites[34]. In our study, there was one
peptide derived from SAG2C38–46, one peptide derived from SAG2D180–189, and two
peptides derived from SAG2X44–52 and SAG2X351–359 that elicited IFN-γ production from
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CD8+ T cells from seropositive HLA-A02 individuals, but not seronegative HLA-A02
persons. HLA-binding assay demonstrated that these peptides have good binding affinity for
five HLA-A02 alleles, except SAG2C38–46 which only bound two alleles with affinity ≤
50nM.

The complete life cycle of T. gondii encompasses both the sexual stage (sporozoite) and
asexual stage (tachyzoite and bradyzoite). Of the three, the infective stage of T. gondii,
sporozoites in oocysts are resistant and persist in the environment after excretion by cats.
Sporulation creates highly infectious oocysts that have been linked to large scale outbreaks
of toxoplasmosis. Sporozoite surface antigen (SPA)[35] is the dominant surface coat protein
expressed on the surface of sporozoites. In our study, two peptides derived from this protein,
SPA12–20 and SPA82–90, were found to have the ability to stimulate human CD8+ T cells to
produce IFN-γ and bound with high affinity all the tested HLA-A02 supertype allele
peptides. MIC1-3 knockout T. gondii was considered as a good candidate for a vaccine
against T. gondii-induced abortion in sheep [36] and although MIC knockout parasites could
be a vaccine, MICs have been found to be immunogenic in mice. Herein, two peptides
MIC19–17 and MICA2P11–19 which have high binding affinity for HLA-A02 supertype were
identified as CD8+ T cell epitopes that could elicit IFN-γ from T. gondii seropositive HLA-
A02 persons. However, MICA2P11–19 was not found to be immunogenic in HLA-A*0201
transgenic mice even when GLA-SE was used as an adjuvant.

The relationship between A2 binding affinity and the immunogenicity of a series of A2
motif-containing peptides was examined previously [37–39]. MHC affinity plays an
important role in determining immune responsiveness. Only peptides with a relatively high
binding affinity for MHC of 500nM or less usually are immunogenic [39]. In our study, all
the identified peptides have binding affinities lower than 500nM with 11 out of 13 peptides
exhibiting very high A2 binding affinities.

Furthermore, epitopes selected from many gene products would increase the breadth of the
immune response. The combination of more epitopes from different proteins has the
potential to make immunization more robust and broaden its coverage. Inclusion of epitopes
derived from bradyzoites and sporozoites have the potential to contribute to control against
bradyzoites from cysts or against sporozoites from oocysts early during acquisition of
infection. T cells effective against bradyzoite epitopes could reduce number of bradyzoites
immediately upon cyst rupture. Thus, these may enhance the biologically relevant efficacy
in humans as well as reach higher population coverage.

These peptides were proven to be immunogenic when these peptides were formulated with a
universal CD4+ peptide, PADRE [40,41] and adjuvants[42] for immunization of HLA-
A*0201 transgenic mice. PADRE, a synthetic nonnatural Pan HLA DR binding epitope
peptide that binds promiscuously to variants of the human MHC Class II molecule DR and
murine Class II, and is effective in human and HLA transgenic mice, can augment CD8+ T
cell effector functions by inducing CD4+ T helper cells. Our results demonstrate that the
spleen cells from mice immunized with peptides alone cannot activate T cells to secrete
IFN-γ, but when the CD4+ T helper cell epitope PADRE was added in the immunogen, the
secretion of peptide-specific IFN-γ was elicited. This indicated that the PADRE epitope
delivers help for a MHC Class I restricted peptide-specific CTL response to T. gondii. Our
results suggest that in a vaccine to prevent T.gondii infection, both CD4+ and CD8+ epitopes
should be targeted in order to drive a protective immune response.

However, low-molecular-weight synthetic peptide antigens are not highly immunogenic by
themselves. 3-deacylated monophosphoryl lipid A (GLA-SE) is a detoxified derivative of
the lipopolysaccharide (LPS) from Salmonella minesota R595, which is a Toll-like receptor
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4 (TLR4) agonist as formulated is a potent activator of Th1 responses [43]. In our study, a
robust response was observed when GLA-SE was included in this preparation used for
immunize mice. High amounts of IFN-γ production were elicited from mice immunized with
pooled peptides plus PADRE and GLA-SE when the spleen cells were stimulated by the
individual peptides, and the immunized mice were subsequently protected against high
parasite burden with type II parasite challenge and had a significantly enhanced survival
rate.

Our studies herein provide a conceptual foundation, reagents and proof of principle for an
immunosense approach to protection that will facilitate answering many questions in the
future. Experiments of interest include determining: whether such preparations are also
protective against sporozoite/oocyst and bradyzoite/cyst challenge; duration of protection;
whether additional booster immunizations using adjuvanted peptides or other adjuvants, or
adding additional peptides, or prime boosts with either this method and delivery as DNA can
make protection even more robust; efficacy of peptides recognized by other supermotifs;
whether the peptides can be presented linked into polypeptides which can be more easily
manufactured and easily used in vaccine preparations; whether such polypeptides delivered
and/or formulated differently might be as or more robust in relationship to full length
proteins from which they are derived; whether there is protection not only measured as
survival and reduction of parasite burden, but also as protection against congenital and
ocular infections; whether similar protective immune responses will be produced in humans.

These studies also provide reagents to define whether persons infected with genetically
different parasites throughout the world who have the HLA A2 supermotif (~50% of people)
will recognize these epitopes. In addition, our data suggest that these peptides could form
part of the basis for diagnostic reagents measuring T cell function. This work provides a
murine model to study mechanisms of immune responses that are directed toward eptiopes
recognized by humans in HLA transgenic mice. This work also demonstrates that the
paradigm we developed for epitope discovery and proof of principle studies for vaccines
potentially could be utilized for discovery of vaccine constituents that might prevent disease
due to other pathogens. This work also demonstrates efficacy and safety of a robust and
promising new adjuvant [43] to elicit CD8 T cells. A number of these studies of potential
interest mentioned above have been initiated.

Above all, this study was focused on the identification of HLA-A02-specific epitopes by
selecting and testing peptides based on HLA-A*0201 binding motif. Thirteen peptides were
identified via ELISpot assays with peripheral blood mononuclear cells from HLA-A02
seropositive persons. Eleven peptides with the help of CD4+ T cell epitopes and adjuvancy
of GLA-SE were proven to be immunogenic in transgenic mice using an assay measuring
ability to elicit IFN-γ and protect the mice against parasite challenge. The peptides that elicit
immune responses in HLA-A02 persons and protect HLA-A02 transgenic mice against T.
gondii are candidates for use in vaccines to protect humans against T. gondii infection.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. IFN-γ ELISpot assay with pools of peptides that are predicted to bind avidly to HLA
A02
(A) Twenty-nine HLA-A*02-restricted peptides were divided in 5 pools with 8 to 9 peptides
per pool and tested for reactivity in PBMCs isolated from HLA-matched T. gondii-
seropositive individuals in an ex vivo ELISpot assay. A2P1 to A2P5: peptide pools as
described in Table 1. IFN-γ ELISpot assay with individual peptides in pool 1 and pool 2 (B),
pool 3 and pool 4 (C), pool 5 (D), These graphs show the spot count of each peptide that
bound to HLA supertype HLA-A02 tested for reactivity with PBMCs isolated from HLA-
A02 T. gondii-seropositive individuals. The peptides are listed by their sequence and
antigen. * P<0.05; ** P<0.01; *** P<0.001.
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Figure 2. A02 peptide pool was tested in HLA-A02 restricted human cells
PBMC cells from four T. gondii-seropositive HLA-A02+ (1–4) and four seronegative (5–8)
persons were stimulated with a peptide pool that contain the peptides in table 2B and
Toxoplasma lysate antigen (TLA); Frequency of SFCs was measured using an ELISpot
assay. All differences between unstimulated and peptide or TLA stimulated PBMCs were
significant (p<0.05) for seropositive (1 and 3: p<0.001; 2 and 4: p<0.05) but not
seronegative persons (p>0.05).
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Figure 3. CD8+ T cell responses against peptides in HLA-A*0201 mice following peptide pool
immunization
(A) HLA-A*0201 mice were immunized with PBS, peptide pool, peptide pool with PADRE,
peptide pool with PADRE in GLA-SE. Splenic T cells were isolated 10–14 days post
immunization and exposed to each peptide in an ex vivo IFN-γ ELISpot assay. (B) CD8
blocking assay was performed in peptide pool plus PADRE and GLA-SE group. Frequency
of SFCs was measured in the presence or absence of CD8+ antibody. *, p<0.05. Exact p-
values are shown in Table S1.
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Figure 4. Replication of T. gondii luciferase expressing parasites was significantly reduced in
HLA-A*0201 mice immunized with peptide pool with adjuvant 7 days after challenge
These experiments were performed twice. The results were similar in each experiment. (A)
HLA-A02 transgenic mice immunized with peptide pool and adjuvant were protected
compared with control mice inoculated with PBS when they were challenged with 10,000
Pru(Fluc)-T. gondii luciferase expressing parasites. There were two replicate experiments.
The first experiment is shown. (B) HLA-A02 transgenic mice survival curve after challenge
with Type II parasites. Two weeks after last immunization, the transgenic mice immunized
with peptide pool and adjuvant or injected with PBS were infected with 10,000 Pru(Fluc)
parasites. The survival rates of the two groups were recorded. Differences in survival were
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significant (p<0.05). This figure shows data from mice in both of the replicate experiments
combined (N=9 control and 9 immunized mice).
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Table 3

Prediction of population coverage.

Population/Area

Class I

Coverage1 (%) Average Hit2 PC903

Australia 23.82 3.10 1.71

Europe 47.01 6.11 2.45

North Africa 0.00 0.00 0.00

North America 26.87 3.49 1.78

North-East Asia 21.40 2.78 1.65

Oceania 26.78 3.48 1.78

Other 40.36 5.25 2.18

South America 39.29 5.11 2.14

South-East Asia 12.35 1.61 1.48

Sub-Saharan Africa 18.27 2.37 1.59

Average 25.61 3.33 1.68

(Standard deviation) (13.31) (1.73) (0.63)

1
Projected population coverage (IEDB[www.iedb.org])

2
Average number of epitope hits/HLA combinations recognized by the population

3
Minimum number of epitope hits/HLA combinations recognized by 90% of the population
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