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The apicomplexan parasite Toxoplasma gondii can cause severe disease in immunocompromised individuals. Previous studies
in mice have focused largely on CD8� T cells, and the role of CD4 T cells is relatively unexplored. Here, we show that immuniza-
tion of the C57BL/6 strain of mice, in which the immunodominant CD8 T cell response to the parasite dense-granule protein
GRA6 cannot be generated, leads to a prominent CD4 T cell response. To identify the CD4 T cell-stimulating antigens, we gener-
ated a T. gondii-specific, lacZ-inducible, CD4 T cell hybridoma and used it as a probe to screen a T. gondii cDNA library. We
isolated a cDNA encoding a protein of unknown function that we call CD4Ag28m and identified the minimal peptide, AS15,
which was presented by major histocompatibility complex (MHC) class II molecules to the CD4 T cells. Immunization of mice
with the AS15 peptide provided significant protection against subsequent parasite challenge, resulting in a lower parasite burden
in the brain. Our findings identify the first CD4 T cell-stimulating peptide that can confer protection against toxoplasmosis and
provide an important tool for the study of CD4 T cell responses and the design of effective vaccines against the parasite.

The intracellular protozoan parasite Toxoplasma gondii infects a
wide range of warm-blooded hosts, including humans, lead-

ing to disease in immunocompromised individuals and congeni-
tal defects in developing fetuses. In immunocompetent hosts, a
robust T cell response controls parasite growth via the protective
cytokine gamma interferon (IFN-�) (7, 14, 19, 44, 55, 58), al-
though parasites can persist within cysts in the brain and muscle
for the lifetime of the infected host (5, 9, 15, 29). The crucial role of
T cells in controlling T. gondii infection is highlighted by the sus-
ceptibility of patients with T cell deficiencies to toxoplasmosis
(23, 36).

An important approach to understanding the T cell response to
infection is to define the peptide-major histocompatibility com-
plex (MHC) ligands recognized by the T cell receptor (TCR) at a
molecular level. This approach has been used to examine CD8 T
cell responses to T. gondii, leading to the identification of a num-
ber of endogenous CD8 antigens (4, 7, 16, 40, 62). Most strikingly,
mice possessing the MHC-I molecule Ld mount an immunodom-
inant response to the HF10 decapeptide derived from the T. gondii
protein GRA6 (4). This observation helps to explain the genetic
resistance of BALB/c (H-2d) mice compared to the susceptible
C57BL/6 (H-2b) strain (3, 6, 13, 56, 57, 61). However, the T cell
response in H-2b mice to the parasite remains poorly understood.

While CD8 T cells play an important role in resistance to T.
gondii, CD4 T cells also provide protection, especially when CD8 T
cells are absent (2, 17, 37, 59). Moreover, CD4 T cells play an
important immunoregulatory role during infection by producing
the immunosuppressive cytokine interleukin-10 (IL-10) and can
also contribute to immune-mediated pathology (24, 33, 43, 54).
To date, our understanding of CD4 T cell responses during T.
gondii infection has been based on analysis of polyclonal CD4 T
cell populations of poorly defined specificity. Some CD4 Th1
clones reactive to T. gondii, and the parasite proteins that they
respond to, have been described, although the identity of peptide
epitopes and the relative magnitude of responding T cells are not
known (47–49). In one recent study, CD4 T cells were raised using
a lysed parasite extract and were found to respond predominantly
to the parasite protein profilin. However, the contribution of this

response during infection was not characterized and the antigenic
peptide was not defined (65). Most importantly, whether the par-
asite-specific CD4 T cells identified so far can protect animals
from toxoplasmosis remains unresolved. In most of these studies,
protection was not examined (47–49, 65), and in one case, the
relevant Th1 cells failed to protect (48). Thus, the question of how
CD4 T cells detect and respond to Toxoplasma gondii remains
largely unknown.

To address these issues, we have begun to characterize the CD4
T cell response in C57BL/6 (H-2b) mice. Surprisingly, we find that
CD4 T cells, rather than CD8 cells, are the predominant IFN-�-
producing population observed in splenocytes isolated ex vivo
from mice immunized with T. gondii. We isolated T. gondii-spe-
cific CD4 T cells from immunized mice, generated a T cell hybrid-
oma, and showed that it recognizes a peptide derived from a pre-
viously unknown parasite protein, which we have named
CD4Ag28m, presented by the Ab MHC class II molecule. Finally,
we defined a 15-mer peptide from CD4Ag28m, AS15, and showed
that immunization with the peptide prior to infection leads to
lower parasite burden in the brain. The identification of a defined
protective CD4 T cell response to T. gondii provides an important
tool for further studies of T cell responses to the parasite and
should facilitate the design of more effective vaccines.
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MATERIALS AND METHODS
Mice and parasites. C57BL/6J (B6) and the MHC class II-deficient
B6.129S-H2dlAb1-Ea mice were obtained from the Jackson Laboratory. For
all immunization and infection experiments, sex- and age-matched mice
were used. Mice were used with the approval of the Animal Care and Use
Committee of the University of California. The parental Prugniaud strain
of T. gondii (Pru�hpt; hypoxanthine-xanthine-guanine phosphoribosyl-
transferase deficient) was a gift from J. Boothroyd (Stanford University).
Tachyzoites (Tz) were maintained by passage in confluent monolayers of
human foreskin fibroblasts grown in Dulbecco’s modified Eagle medium
(DMEM; Invitrogen) containing 10% fetal calf serum (FCS; HyClone)
and 1% penicillin-streptomycin glutamine (Invitrogen).

In vivo infection and immunization. Mice were immunized intra-
peritoneally (i.p.) with 1 � 106 to 5 � 106 tachyzoites that were irradiated
(14,000 rads) and resuspended in 100 �l phosphate-buffered saline (PBS).
For inducing protection, bone marrow-derived dendritic cells (BMDCs)
were activated with lipopolysaccharide (LPS) for 24 h (100 ng/ml; Sigma),
incubated for 90 min with 10 �M synthetic peptide, washed twice with
PBS, and used for footpad immunization. Mice were immunized with 5 �
106 peptide-loaded BMDCs for 7 days and then infected with live
tachyzoites (1 � 104) intraperitoneally.

Ex vivo analysis. Mice were euthanized 4 to 6 weeks postinfection.
Spleens and brains were collected and immediately processed or stored at
�80°C for DNA extraction and further analysis. Spleens were dissociated
into single-cell suspensions in complete RPMI medium (Invitrogen) sup-
plemented with 10% FCS (HyClone). Erythrocytes were removed from
the suspension using ammonium chloride potassium chloride lysis buffer
(10 �M EDTA, 160 mM NH4Cl, and 10 mM NaHCO3). Brains were
homogenized and digested for 1 h at 37°C with collagenase type IA (1
mg/ml; Sigma) and DNase I (100 �g/ml; Roche) in complete RPMI me-
dium. Brains were further dissociated and filtered through 70-�m cell
strainers and centrifuged for 20 min at 1,000 � g. Cells were resuspended
in 60% (vol/vol) Percoll (GE Healthcare) and were overlaid on 30% (vol/
vol) Percoll followed by centrifugation at 1,000 � g for 2 min. Infiltrating
mononuclear cells were collected from the gradient interface, and red
blood cells were removed via lysis with ammonium chloride potassium
chloride lysis buffer. Cells were washed twice in complete RPMI medium
before analysis. The proportion of T. gondii-specific or antigen-specific
cells was monitored by intracellular cytokine staining (ICCS) for IFN-�
on CD4� or CD8�� cells. Antigen-presenting cells (APCs) were either
infected the day before (as described below) or pulsed with antigenic
peptide on the same day and were used for the ex vivo IFN-� assay. Anti-
gen-specific CD4� cells were also detected via staining using MHC class II
tetramers loaded with T. gondii antigenic peptide (as described below).

Parasite load analysis. Genomic DNA was extracted from brain and
spleen using the Wizard genomic DNA purification kit (Promega). Para-
site burden in the spleen and brain was assessed by semiquantitative PCR
as described previously (30). The number of cysts in the brain was deter-
mined by labeling a portion of the brain with fluorescein-conjugated Doli-
chos biflorus agglutinin (FL-1031; Vector Laboratories). This lectin stains
the cyst wall, and the cysts were counted using an inverted fluorescence
microscope.

Generation of T. gondii-specific T cell hybridomas. C57BL/6 mice
were immunized with 1 � 106 irradiated Pru tachyzoites (14,000 rads)
intraperitoneally. Mice were euthanized 7 days postinfection, and spleens
were harvested. Spleens were dissociated into single-cell suspensions in com-
plete RPMI medium as described above. T. gondii-specific populations were
expanded in vitro by weekly restimulations with irradiated syngeneic spleno-
cytes (2,000 rads) that were infected with irradiated Pru tachyzoites the day
before. The proportion of T. gondii-specific T cells was measured weekly by
intracellular cytokine staining (ICCS) for IFN-�. APCs were infected the day
before (as described below). After 2 weeks of restimulation, responding T cells
were fused to the TCR��-negative lacZ-inducible BWZ.36.CD8� fusion
partner as described before (28, 38). The antigen specificity and MHC restric-
tion of the hybridomas were assessed by overnight incubation with infected or
uninfected splenocytes from wild-type (wt) C57BL/6 mice or MHC class II-
deficient, B6.129S-H2dlAb1-Ea mice. The hybridoma response was quantitated
by TCR-mediated induction of �-galactosidase upon the addition of chro-
mogenic substrate CPRG (chlorophenol red-�-D-galactopyranoside; Roche)
(52). The absorbance of the cleaved purple product was measured at 595 nm
with a reference at 695 nm. The hybridomas were further subcloned to obtain
monoclonal population of T cell hybridomas with a single TCR specificity.

Construction of cDNA library and recombinant constructs.
Poly(A)� mRNA was isolated from about 10 � 108 Pru tachyzoites
(which had been passed through a 3-�m filter) using the Oligotex Direct
mRNA Midi/Maxi kit (Qiagen). This mRNA was used to generate a cDNA
library using the Superscript cDNA synthesis kit and oligo(dT) primers
(Invitrogen). The cDNA fragments were inserted unidirectionally into the
prokaryotic expression vector pTRCHis between SalI and NotI and used
to transform TOP10 electrocompetent bacteria (Invitrogen) to yield 	109

CFU, with the range of the insert size being between 0.5 and 3 kbp. Vari-
ous C-terminal and N-terminal deletion constructs of the antigenic cDNA
(28.m00307) were generated via PCR using a high-fidelity Pfu Turbo
polymerase system (Stratagene). The 5= forward and 3= reverse PCR prim-
ers that were used are listed in Table 1. All forward primers included the
SalI site, and the reverse primers included NotI restriction sites. The PCR
products were purified by agarose gel electrophoresis, digested with re-
striction enzymes SalI and NotI, subcloned into pTRCHis vector, and
sequenced directly with gene-specific oligonucleotides.

Expression cloning. Bacterial transformants were grown and induced
to express the cDNA-encoded proteins according to the manufacturer’s
protocol (pTRCHis expression systems; Invitrogen). Briefly, transformed
recombinant bacteria (10 CFU/well) were plated in 96-well U-bottom
plates in a total volume of 180 �l and allowed to grow overnight at 37°C.
The next day, the transformant density was determined by optical density
at 600 nm (OD600) (an OD600 of 1.0 
 5 � 108 cells/ml), and approxi-
mately 2 � 107 to 3 � 107 transformants were plated into new 96-well
U-bottom plates in a total volume of 180 �l. The bacteria were grown for
2 h at 37°C to attain log-phase growth, after which they were induced with
the addition of 1 mM isopropyl-�-D-thiogalactopyranoside (IPTG) and
allowed further growth for 4 h at 37°C. The number of transformants was
again estimated by OD600, and 1 � 106 to 2 � 106 cells/well were trans-
ferred into new 96-well plates. The original master plates of bacteria were
stored at 4°C. BMDCs (5 � 104) from C57BL/6 mice resuspended in

TABLE 1 Oligonucleotide primers

Construct Forward (5=–3=) Reverse (5=–3=)
DN-B ACGGTAGTCGACGACGTTATGGTTGAGGCTTGGATG AATCTGTATCAGGCTGAAAATC
�N-D ACGGTAGTCGACGACGATGGTAGCTTTGCCGTCATC AATCTGTATCAGGCTGAAAATC
�C-E GAGGTATATATTAATGTATCG CTTTTCCTTTTGCGGCCGCGAGCTGTTCCTTCAGGAC
�C-G GAGGTATATATTAATGTATCG CTTTTCCTTTTGCGGCCGCCTCCGTCTTCATGATTTG
�N�C-J ACGGTAGTCGACGACGATGGTAGCTTTGCCGTCATC CTTTTCCTTTTGCGGCCGCGGCACGGTGTTCCCCCGC
�N�C-K TCGACGACCGAATGGCAGTCGAAATCCATCGTCCC

GTCCCTGGGACAGCTCCTCCCTCGTTCTCCAGTG
AGGATGTTGC

GGCCGCAACATCCTCACTGGAGAACGAGGGAGGAG
CTGTCCCAGGGACGGGACGATGGATTTCGACTGC
CATTCGGTCG
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serum- and antibiotic-free medium were added to the plates containing
the bacteria and incubated at 37°C for 1 h to allow phagocytosis. The
plates were centrifuged for 2 min at 800 � g, and the supernatant was
removed. BTg01Z hybridomas (1 � 105) were resuspended in complete
medium containing 50 �g/ml gentamicin (to eliminate residual bacteria),
added to the plates, and incubated overnight. T cell activation was mea-
sured as the lacZ response described above.

In vitro differentiation and infection. For all experiments, we used
bone marrow-derived dendritic cells (BMDCs) as the antigen-presenting
cells (APCs). Bone marrow cells were obtained from mouse femurs and
tibias. Bone marrow cells were plated in complete medium containing
granulocyte-macrophage colony-stimulating factor (GM-CSF) (10 ng/
ml; Peprotech) for 6 days to allow for differentiation into DCs. After 6
days, BMDCs were harvested and washed once to remove any GM-CSF.
The cells were then infected overnight with irradiated Pru tachyzoites
(14,000 rads) at a various multiplicities of infection. The next day, cells
were washed twice to remove any residual extracellular parasites and were
used in the assays described above.

Flow cytometry. Antibodies to mouse CD4 (RM4-5), anti-mouse
CD8� (53-6.7), and anti-mouse IFN-� (XMG1.2) were obtained from BD
Biosciences. Surface staining with anti-mouse CD4 and CD8� antibodies
was performed at 4°C for 30 min in flow buffer containing 3% (vol/vol)
FCS and 1 mM EDTA in PBS. Intracellular cytokine staining for IFN-�
was performed using the Cytofix/Cytoperm kit (BD Pharmingen). Fluo-
rescently labeled MHC class II tetramers bound to T. gondii antigenic
peptide were obtained from the NIH tetramer facility. The concentration
and time of staining of the tetramer were optimized, and cells were incu-
bated with the tetramer at 37°C for 30 min. The cells were then washed
and followed by surface staining at 4°C for 30 min with anti-mouse CD4
antibody. All flow cytometry data were acquired on an XL Analyzer or FC
500 (Coulter) and analyzed using FlowJo software (TreeStar).

Statistical analysis. Prism software (GraphPad) was used for statisti-
cal analysis. P values were calculated using a two-tailed Mann-Whitney
(nonparametric) test.

RESULTS
T. gondii-immunized C57BL/6 mice elicit a potent CD4 but
weak CD8 T cell response. To characterize the T cell response in
the C57BL/6 (B6, H-2b) mice, we immunized the animals with
irradiated tachyzoites from the type II T. gondii strain Prugniaud
(Pru). Irradiated parasites can invade host cells, but they do not
replicate, and intraperitoneal (i.p.) injection of irradiated para-
sites can induce robust T cell-mediated immunity that provides
protection against challenge with live parasites (10, 17, 59). One

week postimmunization, splenocytes harvested from immunized
B6 mice were examined for T. gondii-specific CD4 and CD8 T cell
responses ex vivo by measuring intracellular cytokine staining
(ICCS) for IFN-�. In contrast to the H-2d strain of mice, in which
the CD8 T cell response predominates over the CD4 T cell re-
sponse (4), B6 mice generated a robust CD4 T cell response but a
far weaker CD8 T cell response toward T. gondii (Fig. 1A to C).
This strong CD4 T cell response was observed ex vivo, as well as in
cultures after in vitro restimulations with infected syngeneic APCs
(Fig. 1A). Furthermore, during the in vitro restimulations, IFN-�-
producing CD4 T cells proliferated more vigorously than did their
CD8 counterparts and thus accumulated to larger numbers (Fig.
1B versus Fig. 1C).

Generation of T. gondii-specific CD4 T cell hybridomas. To
further characterize the CD4 T cell response at a clonal level, we
generated lacZ-inducible T cell hybridomas from the responding
CD4 T cells, as described previously (27, 52). After fusion, we
successfully generated 14 T. gondii-specific CD4 T cell hybrid-
omas and confirmed their specificity for T. gondii using unin-
fected versus infected B6 APCs. For example, the hybridoma
BTg01Z.A produced lacZ specifically in response to T. gondii-in-
fected wild-type cells but not in response to those lacking I-Ab

(Fig. 2A and B). The T cell hybridoma did not recognize T. gondii-
derived recombinant profilin (data not shown), earlier shown to
be recognized by some CD4 T cells in B6 mice (65).

FIG 1 T. gondii immunization of C57BL/6 mice elicits a potent CD4 but weak CD8 T cell response. C57BL/6 mice were immunized with irradiated T. gondii
tachyzoites. Splenocytes were harvested from mice 1 week postimmunization, and T. gondii-specific CD4 and CD8 T cell responses were measured by intracel-
lular cytokine staining for IFN-�. Antigen-presenting cells with or without T. gondii were used as stimulators for ex vivo and in vitro restimulations. Ex vivo and
in vitro restimulation results are shown as representative flow cytometry plots (A) and plots depicting the expansion of CD4 T cells (B) and CD8 T cells (C) over
the course of two in vitro restimulations. Data are representative of three experiments.

FIG 2 lacZ response of subcloned T. gondii-specific CD4 hybridoma
(BTg01Z.A). Wild-type APCs with or without T. gondii (A) or APCs lacking
I-Ab MHC molecules with or without T. gondii (B) were tested for their ability
to stimulate the BTg01Z.A hybridoma after an overnight culture. Data are
representative of at least two independent experiments.
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Identification of the cognate antigen recognized by
BTg01Z.A hybridoma by expression cloning. We have previ-
ously shown that recombinant Escherichia coli expressing a variety
of proteins can serve as an exogenous antigen source for MHC
class II presentation pathway in bone marrow-derived macro-
phages or DCs (BMDCs) and that detection of these antigens with
the appropriate T cell hybridoma can be used to identify the rele-
vant antigen (8, 50, 51). We used this approach to screen a T.
gondii cDNA library (see Materials and Methods for details). We
identified a positive pool, pTg778; further fractionated this pool
into individual colonies; and rescreened the colonies for their abil-
ity to stimulate the BTg01Z.A hybrid. Six of 10 colonies tested
scored positive (Fig. 3A). We further established that the T cell
response to the recombinant E. coli was I-Ab restricted because
BMDCs lacking I-Ab were unable to stimulate the BTg01Z.A hy-
brid (Fig. 3B). The E. coli colony pTg778.76 was selected for fur-
ther characterization (Fig. 3C).

We determined the nucleotide sequence of pTg778.76. BLAST
analysis with the T. gondii database (http://www.toxodb.org)
yielded a perfect match with TGMe49-012300 (28.m00307), a
gene located on chromosome X and encoding a hypothetical pro-
tein of 683 amino acids (Fig. 4). We call this protein CD4Ag28m to
indicate its function as an antigen for CD4 T cells presented by Ab

MHC class II molecules. This full-length protein sequence con-
tains a putative signal peptide at its N terminus and is therefore
likely to be secreted by T. gondii.

Identification of the minimal antigenic peptide within clone
778.76 recognized by BTg01Z.A hybridoma. Compared to the
28.m00307 sequence in the T. gondii database (toxodb.org), plas-
mid pTg778.76 was missing the sequences corresponding to the 5=
untranslated region (UTR) and the first 96 amino acids from the N

FIG 3 BTg01Z.A response to the fractionated single clones is antigen specific
and MHC restricted. (A) A positive pool, pTg778, from the initial screen was
further fractionated until a single stimulatory clone was identified and se-
quenced. The BTg01Z.A response to individual bacterial colonies isolated
from pool 778 was tested (10 representative clones are shown). Clone 778.76
was selected for further analysis. (B and C) BTg01Z.A response was antigen
specific and MHC restricted.

FIG 4 The cognate antigen recognized by BTg01Z.A hybridoma is a previously unknown protein in the T. gondii database as identified by expression cloning.
T. gondii database (www.toxodb.org) BLAST search results revealed that the antigenic protein encoded by clone pTg778.76 corresponded to a truncated version
of the T. gondii protein TGMe49-012300 (28.m00307). Here, we call the protein CD4Ag28m for “CD4 antigen 28m.” pTg778.76 cDNA is missing the 5= UTR and
the codons for the first 96 amino acids of the open reading frame. Alignment of the amino acids encoded by the truncated cDNA clone compared to the full-length
protein in the database is depicted. Dashes represent missing amino acids in the sequence, and dots represent alignment between the two sequences. The final
antigenic peptide in the pTg778.76 open reading frame is boxed.
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terminus of the putative CD4Ag28m protein (Fig. 4). Using PCR
mutagenesis with the appropriate primers (Table 1), we generated
various N-terminal and C-terminal deletion constructs of
pTg778.76 (Fig. 5A) and tested their ability to stimulate BTg01Z.A
(Fig. 5B to D). These analyses allowed us to narrow down the
antigenic activity to a region of 24 amino acids, 602 to 625
(Fig. 5D).

To independently confirm the assignment of antigenic activity,
we tested overlapping synthetic peptides within the 24-mer region
602 to 625 (Fig. 6A). BMDCs pulsed with peptides IA9 and IA12
failed to stimulate the BTg01Z.A hybridoma (Fig. 6B), while
BMDCs pulsed with AA12 stimulated a BTg01Z.A response.
However, the response was substantially higher to BMDCs pulsed
with the 15-mer peptide, AS15 (Fig. 6B). We therefore concluded
that AS15 is the optimal peptide contained within CD4Ag28m and
is presented by Ab and recognized by the BTg01Z.A T cell.

Interestingly, although the full-length protein is polymorphic
between the type I, II, and III strains of T. gondii, the AS15 epitope
is present and conserved in all CD4Ag28m alleles of these strains
(http://www.toxodb.org) (Fig. 6C and D). To test for the antige-
nicity of type I and type III strains, we infected APCs in vitro with
irradiated tachyzoites. As expected, both type I- and type III-in-
fected APCs were able to stimulate BTg01Z.A hybridoma, to levels
similar to that seen with the type II strain (Fig. 6C and D). To
assess the response in vivo, we immunized B6 mice with irradiated
tachyzoites from the type II or III strain, harvested splenocytes,
and performed an ex vivo restimulation in the presence of T. gon-
dii-infected or AS15 peptide-pulsed APCs. The assay showed that
immunization with either strain of parasite generated a response

comparable to that of T. gondii-infected and AS15-pulsed APCs
(Fig. 6E). Furthermore, staining with MHC class II I-Ab AS15
tetramers revealed comparable percentages of tetramer-positive
cells among splenocytes from mice immunized with either para-
site strain (Fig. 6F). Although CD4Ag28m is polymorphic be-
tween the different strains of T. gondii, the AS15 epitope is con-
served and immunogenic in B6 mice.

Detection of AS15-specific CD4 T cells in T. gondii-infected
or -immunized mice. To determine the fraction of the total T.
gondii-specific CD4 T cell response directed toward the AS15 pep-
tide and to examine the kinetics of antigen-specific T cell expan-
sion throughout the course of infection, we infected B6 mice orally
with 25 to 40 type II cysts and harvested splenocytes, lymphocytes
from the mesenteric lymph node (MLN), or brain leukocytes 1 to
4 weeks postinfection. Ex vivo restimulation of CD4 T cells from
infected mice followed by intracellular cytokine staining (ICCS)
for IFN-� revealed that 2% of splenic CD4 T cells at 2 weeks
postinfection were AS15 specific. Based on the average that 18% of
CD4 T cells in the spleen responded to intact T. gondii-infected
APCs, we estimate that 11% of the T. gondii-specific CD4 T cell
response is specific for the AS15 peptide at this time point. The
AS15-specific T cell percentage decreased after 2 weeks, dropping
to 0.6% at 4 weeks postinfection (Fig. 7A and B). In the MLN, the
percentage of AS15-specific cells at 2 weeks was 1.7% (Fig. 7C),
whereas in the brain AS15-specific T cells comprised 3.8% and
1.5% of CD4 T cells at 3 and 4 weeks postinfection, respectively
(Fig. 7D). No significant response above background was ob-
served in naive mice or when T cells from T. gondii-infected mice
were restimulated in vitro with an irrelevant Ab MHC-binding
peptide (OVAp). Quantification of AS15-specific T cells by MHC
class II tetramers gave comparable but slightly higher values (Fig.
7E to G).

Ex vivo analysis of splenocytes from mice that had been immu-
nized with irradiated parasites gave similar results (Fig. 7H to J). Al-
though the overall parasite-specific CD4 T cell responses were lower
in immunized than in infected mice (5% in immunized mice versus 8
to 18% in infected mice), the AS15-specific responses, as measured by
ICCS or MHC class II tetramer staining, were well above background.
The AS15-specific response by ICCS averaged 0.2% of the total CD4
T cells, or 4% out of the total T. gondii-specific CD4 T cell response
(Fig. 7H to J). Overall, we conclude that AS15-specific CD4 T cells
represent a substantial fraction of the total CD4 T cell response to T.
gondii in C57BL/6 mice.

Immunization with AS15 peptide protects B6 mice against T.
gondii challenge. Given previous indications that CD4 T cells can
play a protective role during T. gondii infection (2, 37, 59), we
asked whether immunization with the AS15 peptide alone could
elicit immunity to live parasites. We immunized B6 mice in the
footpad with LPS-activated BMDCs pulsed with AS15 or an irrel-
evant peptide (OVAp). We then challenged mice 7 days postim-
munization with the type II strain of T. gondii (10,000 Pru
tachyzoites [Tz] i.p.) and measured the CD4 T cell responses, cyst
numbers, and parasite loads in the brains of infected mice. Com-
pared to control immunized mice, AS15-immunized mice pro-
duced a greater IFN-�� CD4 T cell response to AS15-pulsed
BMDCs (Fig. 8A), confirming that the peptide immunization elic-
ited CD4 T cells specific for AS15 peptide. Staining with MHC
class II tetramers confirmed that AS15-specific CD4 T cells were
present in the brains of both groups of mice, but with a higher
frequency in AS15-immunized mice (Fig. 8B). Cyst burden (Fig.

FIG 5 Identification of the antigenic epitope within CD4Ag28m that stimu-
lates the BTg01Z.A hybridoma. (A) Schematic representation of the N-termi-
nal and C-terminal deletion constructs generated to identify the antigenic
epitope within clone pTg778.76. The clone itself was truncated and missing the
5= UTR and the first 96 amino acids. The specific amino acids tested in each
construct are shown in parentheses, and the region with the antigenic activity
is indicated by the circle. (B to D) BTg01Z.A lacZ response against different
deletion constructs expressed in E. coli that were incubated with wild-type
BMDCs for presentation after an overnight stimulation.
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8C) was significantly lower in the AS15-immunized group than in
the control group (Fig. 8C). This reduction in cyst load was ob-
served from 4 to 11 weeks after challenge and was also observed
following immunization of mice with AS15 peptide in complete
Freund’s adjuvant (data not shown). In addition, the total parasite
load as measured by semiquantitative PCR was reduced in AS15-
immunized mice, an effect that was most striking at 4 weeks after
challenge (Fig. 8D and data not shown). Together, these data in-
dicate that AS15-specific T cell responses can protect mice against
T. gondii infection and that protection is enhanced by AS15 pep-
tide immunization.

DISCUSSION

CD4 T cells are an important component of the immune response
to Toxoplasma gondii, but the nature of the parasite antigens rec-
ognized by CD4 T cells is largely unknown. Here, we examine the
CD4 T cell response in T. gondii-infected C57BL/6 (B6) mice, a
strain that is widely used by immunologists and is relatively sus-
ceptible to infection. We observe that CD4 T cell responses pre-
dominate over the CD8 T cell response in B6 mice, and we define

a parasite antigen, CD4Ag28m, which accounts for a substantial
fraction of the CD4 T cell response in immunized or infected
mice. We show that a 15-mer AS15 peptide derived from the
CD4Ag28m protein is presented by an I-Ab MHC molecule and
that this antigenic peptide is conserved in all three strains of T.
gondii tested here. Finally, we demonstrate that immunization of
mice with the AS15 peptide can protect the animals from subse-
quent infection, resulting in lower parasite burden in the brain.

Importantly, identification of the antigen, CD4Ag28m, al-
lowed us to better understand the role of the T. gondii-specific
CD4 T cell response in B6 mice. Since the peptide-MHC class II
ligands recognized by CD4 T cells are generated in specialized
APCs using unique antigen-processing pathways, identifying
pathogen antigens that elicit CD4 T cell responses is a challenging
undertaking. Even when the genome sequences are known, can-
didate peptides are difficult to predict due to poor definition of
MHC class II binding consensus motifs. Direct purification of the
processed peptides from infected cells is also difficult because the
peptides not only are present in small amounts but also represent
a heterogeneous mixture with ragged N and C termini. Thus, un-

FIG 6 BTg01Z.A recognizes the 15-mer epitope, AS15, from the parasite protein CD4Ag28m, present in the type I, II, and III strains of T. gondii. (A) Sequences
of overlapping peptides within the 24-mer antigenic region were used for fine mapping of the BTg01Z.A epitope. The core sequence that binds the I-Ab MHC class
II molecule is underlined. (B) BTg01Z.A lacZ response to wild-type BMDCs that were pulsed with various concentrations of indicated peptides. (C and D)
Wild-type BMDCs were infected in vitro with an irradiated type I (RH), II (Me49), or III (CTG) strain of T. gondii. BTg01Z.A lacZ response after an overnight
stimulation with type I and II (C)- or type II and III (D)-infected BMDCs. The left panels depict background response against uninfected BMDCs. MOI,
multiplicity of infection. (E and F) C57BL/6 mice were immunized with 5 � 106 irradiated T. gondii tachyzoites from type II (Me49) and III (CTG) strains.
Splenocytes were harvested 2 weeks postimmunization, and T. gondii- or AS15-specific CD4 T cell responses were measured by intracellular cytokine staining for
IFN-� or by staining with tetramers. (E) Compiled data showing CD4 T cell responses from immunized or naïve mice toward T. gondii-infected or AS15
peptide-pulsed APCs. Data are corrected for background based on CD4 T cell responses toward uninfected or irrelevant peptide-pulsed APCs. (F) Compiled data
showing MHC class II I-Ab–AS15 tetramer staining on splenocytes from immunized or naïve animals. Each dot represents an individual mouse. Cells were also
costained with CD4 antibody. Data are representative of three independent experiments.
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FIG 7 A fraction of the T. gondii-specific CD4 T cell response is AS15 specific during acute and chronic infection. (A to G) C57BL/6 mice were orally infected
with 25 to 40 T. gondii cysts. Splenocytes, lymphocytes from mesenteric lymph node (MLN), and brain leukocytes were harvested from mice 1 to 4 weeks, 1 to
2 weeks, and 3 to 4 weeks postinfection, respectively. T. gondii-specific CD4 T cell responses were measured by intracellular cytokine staining for IFN-� or by
staining with peptide-MHC tetramers. (A) Representative flow cytometry plots of splenocytes from naïve and chronically infected mice. Left panels show
intracellular IFN-� staining after in vitro restimulation with antigen-presenting cells either with or without T. gondii or 10 �M AS15 peptide. Right panels show
MHC class II I-Ab–AS15 tetramer staining. (B to D) Compiled data showing T. gondii- and AS15-specific responses from spleens of infected or naïve mice over
the course of infection (B), lymphocytes from MLN during the acute phase of infection (C), and brain during chronic infection (D). (E to G) Compiled data
showing flow cytometry analysis of MHC class II I-Ab–AS15 tetramer staining on splenocytes from infected or naïve animals over the course of infection (E),
lymphocytes from MLN during the acute phase of infection (F), and brain during chronic infection (G). Each circle or bar represents an average of four mice.
Data are representative of at least two independent experiments. (H to J) C57BL/6 mice were immunized with 5 � 106 irradiated T. gondii tachyzoites.
Splenocytes were harvested from mice 2 weeks postimmunization, and T. gondii-specific CD4 T cell responses were measured by intracellular cytokine staining
for IFN-� or by staining with tetramers. (H) Representative flow cytometry plots from naïve and immunized mice depicting ex vivo IFN-� staining and tetramer
results. (I) Compiled data showing splenic T. gondii-specific and AS15-specific responses from immunized mice. Each circle represents an individual mouse. (J)
Compiled data showing MHC class II I-Ab–AS15 tetramer staining on splenocytes from immunized mice. All data showing intracellular cytokine staining for
IFN-� are corrected for background based on responses by CD4 T cells toward uninfected APCs or APCs pulsed with irrelevant peptide. Cells were also costained
with CD4 antibody. Data are representative of at least three independent experiments.
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like MHC class I binding homogenous peptides that elute in a
single peak on high-performance liquid chromatography, the ac-
tive MHC II binding peptides elute in multiple peaks that effec-
tively reduce recovery. Genetic approaches are also difficult, be-
cause MHC class II molecules generally present peptides obtained
from exogenous sources; endogenous expression of transfected
cDNAs in APCs does not yield appropriate pMHC II ligand. We
overcame these limitations by developing a unique expression
cloning strategy for identifying CD4 T cell-stimulating antigens as
described previously (8, 41, 50, 51). Currently, CD4 epitopes for
pathogens such as Salmonella spp. (12, 42), Mycobacterium spp.
(1, 20, 63), Trypanosoma cruzi (26), Leishmania spp. (25, 53, 64),
and Plasmodium spp. (18, 22, 46, 60) have all been identified as
previously known conserved surface, abundant, or secreted pro-
teins. In contrast, the cDNA expression library provides an unbi-
ased and immunologically relevant approach that can be applied
to identify any CD4 T cell-stimulating antigen.

Our screen for CD4 antigens identified CD4Ag28m, previously
a “hypothetical” protein in the T. gondii database whose location
and function are currently unknown. Nonetheless, CD4Ag28m
contains a predicted signal sequence, suggesting that it is a secre-
tory protein. Secretion of parasite antigens into the host cell is
known to be important for presentation via the MHC class I path-
way, which samples the host cytosol and stimulates CD8 T cell
responses to intracellular pathogens. This is in line with evidence
that secretion into the host cell promotes recognition by CD8 T

cells (31) and the fact that all of the T. gondii CD8 epitopes iden-
tified to date are derived from secreted parasite proteins (4, 16, 40,
62). On the other hand, the impact of secretion on MHC class II
presentation of potential parasite antigens is less clear, since both
secreted and nonsecreted parasite antigens should have ready ac-
cess to the class II MHC pathway via phagocytosis of intact para-
sites and debris. Indeed, we observed robust AS15-specific T cell
response when APCs were provided heat-killed parasites (unpub-
lished data). However, while both secreted and nonsecreted par-
asite proteins may be presented by bystander (noninvaded) APCs,
secreted proteins may be preferentially presented by invaded
APCs and this pathway may be particularly important in vivo
where antigen concentration is often limiting. Indeed, enhanced
recognition by CD4 T cells of a secreted version of the model
antigen OVA has been reported elsewhere (45), and CD4 re-
sponses to Salmonella are enhanced by secretion into host cells
(21). Manipulation of MHC class II antigen presentation by T.
gondii (32, 34, 35, 39) may represent a way for the parasite to evade
the most effective CD4 responses directed toward secreted anti-
gens on invaded host cells.

A CD4 T cell response directed toward a single parasite pep-
tide, AS15, is sufficient to mediate immune protection as indi-
cated by the decreased parasite load in vaccinated mice. This raises
the question of how AS15-specific CD4 T cells contribute to the
control of infection. One possibility is that these CD4 cells may
contribute to protection by activating macrophages via expression
of the protective cytokine IFN-� (55, 58). Alternatively, AS15-
specific CD4 cells may provide helper activity for antibody or CD8
T cell responses, as suggested by the impairment of intracerebral
CD8 T cells in CD4 T cell-depleted mice (37). A third possibility is
that immunization with the peptide may alter the balance between
different types of T helper cells, such as between Tregs and Th1
cells, as suggested by the plasticity of Tregs and Th1 function dur-
ing lethal T. gondii infection (43). The ability to track AS15-spe-
cific T cells in vivo should help to dissect the mechanism by which
vaccination generates protective T cell responses and how these
responses provide protection.

Lastly, the identification of an immunogenic peptide which is
capable of generating protection in mice may aid in the develop-
ment of more effective vaccines against toxoplasmosis. In this re-
gard, it is encouraging that, although CD4Ag28m is polymorphic,
the AS15 epitope is conserved between the three North American
and European strains of T. gondii. It will be important to deter-
mine if this protein or peptide is also immunogenic and protective
in other species, including humans. Inclusion of CD4 epitopes
such as AS15 can potentially be used to boost responses to CD8 T
cell epitopes (11) and thus improve the efficacy of vaccination.
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FIG 8 Immunization with AS15 peptide lowers the cyst burden and parasite
load in the brains of infected mice. C57BL/6 mice were immunized with LPS-
activated BMDCs pulsed with AS15 or control peptide (OVAp). Seven days
postimmunization, these mice were infected with 1 � 104 live T. gondii
tachyzoites, intraperitoneally. Panels show analysis of CD4 responses and par-
asite loads from infected mice. (A) IFN-� response by brain CD4 T cells as
measured by ICCS for IFN-� using flow cytometry after ex vivo restimulation
with AS15-pulsed APCs. Data are background corrected based on the values
from APCs pulsed with irrelevant peptide. (B) MHC class II I-Ab–AS15 te-
tramer staining on brain leukocytes. Cells were also costained with CD4 anti-
body. (C) Number of cysts in the brain as measured by staining a portion of the
brain with fluorescent lectin to detect the cysts. (D) The parasite load in the
brain measured using semiquantitative PCR on genomic DNA extracted from
the tissue. The data in panels A through D are compiled from three experimen-
tal groups analyzed at days 28 and 30 after challenge with at least 4 mice per
condition in each experiment. *, P � 0.05; **, P � 0.01.
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