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Abstract

The parasite 7oxoplasma gondiireplicates in a specialized intracellular vacuole and causes disease
in many species. Protection from toxoplasmosis is mediated by CD8* T cells, but the 7. gondii
antigens and host genes required for eliciting protective immunity are poorly defined. Here we
identified GRAG, a polymorphic protein secreted in the parasitophorous vacuole, as the source of
the immunodominant and protective decapeptide HF10 presented by the H-2L9 major
histocompatibility complex class | molecule. Presentation of the HF10-H-2L9 ligand required
proteolysis by ERAAP, the endoplasmic reticulum aminopeptidase associated with antigen
processing. Consequently, expansion of protective CD8" T cell populations was impaired in 7.
gondji—-infected ERAAP-deficient mice, which were more susceptible to toxoplasmosis. Thus,
endoplasmic reticulum proteolysis is critical for eliciting protective immunity to a vacuolar
parasite.

Toxoplasma gondii is an obligate intracellular parasite that infects a wide range of avian and
mammalian species and can cause severe disease in humans®. Proinflammatory cytokines
produced by lymphocytes are crucial for controlling a variety of intracellular pathogens,
including 7. gondi?. Cytokines such as tumor necrosis factor3, lymphotoxin-a* and
interferon-y (IFN-v)° mediate protection against the acute and chronic stages of
toxoplasmosis. Natural killer cells®” as well as CD4* T cells® and CD8" T cells®-11, three
lymphocyte subsets that produce these cytokines, have all been suggested to influence 7.
gondii immunity in mice and humans. Although the relative contribution of each subset
probably varies with the stage of disease, the parasite genotype and host genetics, CD8* T
cells have been known for many years to have a critical protective functionl112, Indeed, in
H-29 mice, resistance to toxoplasmic encephalitis has been linked to the locus encoding
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H-2L9 major histocompatibility complex (MHC) class | (ref. 13). Nevertheless, the
mechanisms and antigens that elicit the activation and expansion of 7. gondji-specific CD8*
T cell populations are not understood.

On the infected cell surface, CD8* T cells recognize MHC class | molecules presenting
peptides derived from intracellular proteins. For endogenously synthesized proteins,
antigenic peptides are produced by proteolysis in the cytoplasm, are transported into the
endoplasmic reticulum and are further processed by the aminopeptidase ERAAP. In the
endoplasmic reticulum, ERAAP trims many precursor peptides to the appropriate length for
presentation by MHC class | molecules#15, Analysis of independent models of ERAAP-
deficient micel6-19 has established a key function for ERAAP in shaping a normal repertoire
of peptide-MHC class | complexes bearing peptides derived from endogenous and microbial
sources. However, whether the modified peptide repertoire noted in the absence of trimming
in the endoplasmic reticulum influences development of protective immunity against
infectious pathogens remains unknown18. Here we identify the natural antigens required for
eliciting protective immunity to 7. gondii, which replicates in a specialized parasitophorous
vacuole in infected cells. We found that the induction of immunodominant protective CD8*
T cell responses required processing of 7. gondii antigens by ERAAP in the endoplasmic
reticulum.

ERAAP-deficient mice are susceptible to T. gondii

To assess the requirement for endoplasmic reticulum proteolysis for protection against 7.
gondiiinfection, we studied the resistant H-24 mouse strain (B10.D2). In most infected
animals, 7. gondii can exist as either rapidly growing tachyzoites or bradyzoites that reside
in semidormant cysts. We compared the susceptibility of H-2d ERAAP-deficient mice, mice
heterozygous for ERAAP deficiency (called ‘ERAAP-heterozygous’ mice here) and wild-
type mice to infection by 7. gondiitachyzoites and cysts. Survival after challenge with
tachyzoites (Fig. 1a) or cysts (data not shown) of a type Il strain of 7. gondii parasites,
Prugniaud (Pru), was significantly impaired in the absence of ERAAP. Consistent with the
enhanced susceptibility, parasite growth during acute infection was five- to tenfold higher in
splenocytes and peritoneal macrophages from ERAAP-deficient mice than in their ERAAP-
heterozygous or wild-type counterparts (Fig. 1b). The parasite burden was also higher in the
brains, spleens and livers of ERAAP-deficient mice (Fig. 1¢). These results indicate that the
ability to control parasite replication is impaired in the absence of ERAAP. Thus, ERAAP
determines the “‘genetic susceptibility’ of H-24 mice to 7. gondiiinfection.

Identification of the natural T. gondii antigen GRA6

Studies have shown that ERAAP deficiency alters the repertoire of endogenous or microbial
peptides presented by MHC class | molecules on the cell surface as well as CD8* T cell
responsest6-20, We hypothesized that 7. gondii-derived peptide-MHC class | complexes
might also be affected by ERAAP deficiency. Because the natural CD8" T cell-stimulating
T. gondii antigens have remained elusive, we used expression cloning to search for 7. gondii
proteins presented as peptide—MHC class | complexes to CD8* T cells?!. We immunized

Nat Immunol. Author manuscript; available in PMC 2016 August 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Blanchard et al.

Page 3

resistant BALB/c (H-2%) mice with y-irradiated tachyzoites, which do not replicate yet do
infect cells and elicit immune responses. The immunized mice had both CD8* T cells and
CD4* T cells that produced IFN-v in response to 7. gondii-infected antigen-presenting cells
(APCs) but not in response to APCs loaded with surface antigen 1, a protein from 7. gondii
proposed to be a T cell-stimulating antigen2223 (Supplementary Fig. 1 online). We further
expanded those 7. gondii-specific CD8* T cell populations by restimulation /n vitro (Fig.
2a) and fused them to BWZ.36.CD8q, a T cell receptor-afy (TCRap)-negative fusion partner
that contains an inducible reporter gene encoding p-galactosidase (/ac2)24. Occupancy of the
TCR in these hybridomas can be assayed by measurement of intracellular lacZ activity. Each
of the 31 7. gondii-specific hybridomas obtained from two independent fusions responded
to 7. gondii-infected APCs expressing H-2L9 but not to those expressing H-2K4 MHC class
I molecules (Fig. 2b). Thus, as predicted!3, activation of 7. gondii-specific hybridomas
required H-2L9 and a 7. gondiii-derived peptide.

To identify the antigens from which these peptides were derived, we prepared a plasmid
cDNA library with mRNA from 7. gondiitachyzoites (Supplementary Fig. 2a,b online). We
assessed the ability of L fibroblasts expressing H-2L9 and transfected with small pools of
cDNA from the library to stimulate CTgEZ.4, one of the 7. gondif-specific hybridomas
(Supplementary Fig. 2c). We subdivided the positive pools and rescreened them to obtain
individual cDNA clones?®. The nucleotide sequences showed that each cDNA encoded
either the full-length or an amino-terminally truncated version of the 224—-amino acid GRA6
protein2® (Supplementary Fig. 2d). GRAG is located in the dense granules, the final of three
secretory organelles sequentially released by 7. gondii after invasion of the host cell. Once
secreted into the mature parasitophorous vacuole, GRAG is believed to become associated
with a network of lipid membranes found in the parasitophorous vacuole, but its biological
function remains unknown?’. We concluded that 7. gondii-encoded GRA6 was the source of
the antigenic peptide presented by H-2L9.

Immunodominant protective GRAG6 peptide

Next, we identified the T cell-stimulating peptide encoded by the GRA6 cDNA. H-2L9 L
fibroblasts transfected with full-length GRA6 cDNA stimulated the CTgEZ.4 hybridoma
(Fig. 3a). However, cells transfected with cDNA encoding a GRAG deletion construct
lacking the carboxy-terminal 55 amino acids were inactive, which indicated that the
antigenic epitope was located in the deleted residues. By systematically testing all potential
peptides predicted to bind H-2L4 MHC class | (data not shown)?8, we determined that the
decapeptide HPGSVNEFDF (HF10) was recognized by the CTgEZ.4 hybridoma (Fig. 3b).
The HF10 peptide was located at the carboxyl terminus of GRA6 and was highly potent in
stimulating the T cell hybridoma relative to its amino-terminally truncated or extended
analogs. To establish that HF10 was the naturally processed peptide, we fractionated
synthetic HF10 analogs (Fig. 3c) as well as extracts of GRA6-transfected H-2L9 L cells and
7. gondif-infected bone marrow—derived macrophages (BMDMSs) and bone marrow—derived
dendritic cells (BMDCs) by high-performance liquid chromatography (HPLC; Fig. 3d). We
tested each HPLC fraction for antigenic activity with the CTgEZ.4 hybridoma and H-2L9 L
cells as APCs. In all cellular extracts, we found an activity peak corresponding to that of
synthetic HF10 (fraction 32). The additional activity peak often present (fractions 34-35)
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probably represented potential precursors of HF10, as this peak eluted together with that of
the longer synthetic 14-amino acid and 15-amino acid peptides?® (Fig. 3d). All the other
available hybridomas also responded to GRAG6-transfected cells as well as APCs pulsed with
the HF10 peptide (Supplementary Fig. 3 online). We concluded that HF10 was the naturally
processed product of the GRAG protein presented by H-2L9 and was recognized by all T cell
hybridomas tested.

To assess the importance of the HF10-H-2L9 complex in T. gondii-induced immune
responses, we monitored CD8" T cells specific for this complex in mice orally infected with
7. gondii cysts. At 4 weeks after infection, approximately 5% of splenic CD8" T cells and
24% of CD8" T cells infiltrating the brain were stained by H-2L.9 MHC multimers loaded
with HF10 but not those loaded with the irrelevant peptide QL9 (QLSPFPFDL; Fig. 4a). As
in a published study of 7. gondii expressing a model antigen3°, antigen-specific CD8* T cell
populations expanded for up to 4 weeks after infection (Fig. 4b). CD8* T cells specific for
HF10-H-2L9 were also readily detected in the spleen (about 2.5%) and were detected at a
far higher frequency in the brain (about 12.5%) of mice injected intraperitoneally with
tachyzoites (Fig. 4c), and they persisted for over 8 months (data not shown). We concluded
that HF10-H-2L9 was a principal naturally processed ligand recognized by CD8* T cells
during 7. gondiiinfection.

The dominance of CD8* T cells specific for HF10—H-2L9 was unexpected because the 7.
gondii genome contains over 8,000 protein-encoding genes3®. We therefore assessed the
relative frequency of CD8* T cells specific for HF10 versus other potential antigens among
all IFN-y-producing CD8* T cells elicited by 7. gondlii (Fig. 4d,e). Approximately 18% of
CD8* T cells from 7. gondii-infected mice produced IFN-y in response to stimulation with
7. gondif-infected J774 mouse macrophages. The frequency of IFN-y-producing cells
elicited by stimulation with the same J774 cells loaded with the HF10 peptide alone was
approximately 20%. Thus, despite the potential antigenic complexity of the 7. gondii, HF10
was apparently responsible for the entire CD8* T cell response to this parasite. Yet this
restricted antigen specificity was not due to the proliferation of a single T cell clone because
at least two different TCR variable B-chains (Vg2 and V8.3) were present among the HF10-
specific T cells (Supplementary Fig. 4 online). Together with the analysis of the panel of T
cell hybridomas that all recognized the same antigen, these results suggest that the GRA6-
derived HF10 is an immunodominant 7. gondii antigen in H-29 mice.

The dominance of the HF10-specific CD8* T cell populations suggested that immunization
with this peptide might protect mice against toxoplasmosis. To test that hypothesis, we
immunized B10.D2 mice with BMDCs pulsed with HF10 or another irrelevant H-2L9-
binding peptide (YL9 (YPHFMPTNL)). When challenged with live Pru tachyzoites, all
control mice succumbed to infection within 12 d. In contrast, all HF10-immunized mice
survived acute as well as chronic infection (Fig. 5a). As carboxy-terminal peptides from
GRAG have been reported to be B cell antigens32, we assessed whether protection was due
to CD8* T cells specific for HF10-H-2L9 by immunizing C57BL/6 H-2P mice with HF10
and YL9 (Fig. 5b). None of these mice were protected from 7. gondiiinfection, which
demonstrated that protection from disease was MHC restricted and thus was unlikely to be
due to an antibody response. Furthermore, prior depletion of CD8" cells from H-24 mice
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abolished the protective effect of HF10 immunization (Fig. 5¢,d), which directly
demonstrated that CD8* cells were critical for protection. We concluded that in H-29 mice,
HF10 not only was an immunodominant epitope but was also able to elicit a protective
CD8* T cell response during 7. gondii infection.

Processing and generation of HF10-H-2L9 complexes

To understand why ERAAP-deficient mice were more susceptible to 7. gondii infection we
analyzed the processing mechanisms by which infected cells generated HF10-H-2Ld
complexes. Treatment of infected BMDMs with the proteasome inhibitors epoxomicin or
lactacystin abrogated activation of the CTgEZ.4 hybridoma (Fig. 6a,b), which demonstrated
that proteasomes were required for the generation of HF10-H-2L9 complexes. Studies using
ovalbumin as a model antigen secreted by tachyzoites have reported that the peptide
transporter associated with antigen processing (TAP) is required for presentation of
ovalbumin peptide to CD8" T cells33:34, We therefore assessed the requirement for TAP in
presentation of the GRA6 epitope by transducing H-2L9 into TAP-deficient or wild-type
C57BL/6 BMDMs. In contrast to wild-type cells, TAP-deficient BMDMs failed to stimulate
the CTgEZ.4 hybdroma (Fig. 6¢). Thus, TAP transport was essential for presentation of the
HF10-H-2L9 complex on the cell surface.

Next, we assessed the ability of ERAAP-deficient cells to present the GRA6 peptide to 7
gondii-specific CD8* T cells. Compared with wild-type counterparts, BMDMs, BMDCs
and peritoneal macrophages from ERAAP-deficient mice were considerably compromised
in their ability to activate the CTgEZ.4 hybridoma (Fig. 7a,b and Supplementary Fig. 5
online). However, we detected no difference in the frequency or maturation status of wild-
type and ERAAP-deficient cells infected with 7. gondiior in the capacity of these cells to
present exogenous HF10 peptide to the same CTgEZ.4 hybridoma (Fig. 7c,d and
Supplementary Fig. 6 online).

To directly establish the function of ERAAP in generating HF10, we extracted naturally
processed peptides from ERAAP-deficient and ERAAP-heterozygous infected BMDMs
(Fig. 7e). Analysis of HPLC fractions showed two peaks of antigenic activity. In both
ERAAP-containing and ERAAP-deficient extracts, antigenic activity was similar in fraction
34, which eluted together with the synthetic peptides RF14 (RRPLHPGSVNEFDF) and
DF15 (DRRPLHPGSVNEFDF), which could serve as precursors of HF10 (Fig. 3c).
Notably, however, although it was recovered from extracts of infected ERAAP-heterozygous
macrophages, the HF10 peptide (fraction 32) was barely detected in extracts of ERAAP-
deficient cells. To definitively demonstrate the requirement for endoplasmic reticulum
proteolysis in generating the HF10-H-2LY ligand /n vivo, we measured the 7. gondii-
induced CD8" T cell responses of ERAAP-deficient mice (Fig. 7f). Indeed, the frequency of
HF10-specific CD8* T cells was significantly lower in ERAAP-deficient mice than in wild-
type or ERAAP-heterozygous mice. Our data collectively suggest that the impaired ability
of ERAAP-deficient APCs to generate the HF10-H-2L9 complexes is directly responsible
for the diminished expansion of HF10-specific CD8 T cell populations.
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DISCUSSION

We have shown that despite the existence of thousands of potential 7. gondiiantigens, the
immune response to 7. gondii infection was dominated by CD8* T cells specific for a single
peptide processed from the GRAG protein and presented by H-2L.9 MHC class | molecules.
The generation of HF10-H-2L% complexes and protective CD8* T cell responses depended
critically on ERAAP-mediated proteolysis of antigenic precursors in the endoplasmic
reticulum. ERAAP is therefore a factor determining the susceptibility of mice to
toxoplasmosis and is essential for protective immunity to this parasite.

T. gondii belongs to the phylum Apicomplexa, which includes other clinically important
pathogens such as Plasmodium spp. (malaria) and Cryptosporidium spp. (cryptosporidiosis),
as well as major animal pathogens such as 7heileria spp. (East Coast fever in cattle). 7.
gondii parasites infect an extremely wide range of hosts from mammals to birds and have a
complex life cycle in the host. In acute infection in mice or humans, 7. gondiiexists in a
fast-replicating tachyzoite stage that during chronic infection converts into a slower-
growing, cyst-forming bradyzoite stage. By restricting parasite replication, the CD8* T cell
response protects infected hosts from 7. gondiP-11 as well as Plasmodium spp.3®.

We have identified GRA6 as an immunodominant antigen that elicited a protective CD8* T
cell response in 7. gondii-infected mice. Furthermore, we found that the HF10 decapeptide
of GRA6 was naturally processed in infected cells and was presented by H-2L4 MHC class |
molecules. Our results resolve the longstanding mystery of why the H-2L9 locus is
associated with fewer brain cysts in 7. gondii-infected micel3. We identified the GRA6
antigen by an unbiased expression cloning approach that did not rely on predictive
algorithms based on the peptide-binding characteristics of MHC molecules?®. Indeed, the
unusual length of the HF10 decapeptide makes it unlikely to be identified in a search for the
canonical nonamer peptides typically presented by H-2L9 MHC class | molecules.
Accordingly, the HF10 decamer was over 100-fold more active than the PF9 nonamer
(PGSVNEFDF).

The CD8* T cell response of H-24 mice infected by the type Il 7. gondiistrain seemed to be
targeted entirely to the single HF10-H-2L9 complex. Notably, similar focusing of the CD8*
T cell response to a single antigen from the circumsporozoite protein has been reported in
mice infected with Plasmodium yoelir®. Likewise, during infection with 7rypanosoma
cruzi, another intracellular protozoan parasite, CD8* T cells ‘preferentially’ recognize a
small subset of epitopes encoded by only one family of trans-sialidase genes3’. Given the
genetic complexity of these eukaryotic organisms, the dominance of a single antigen is very
notable and contrasts with the diversity of antigens used in viral infections (for example, by
mouse cytomegalovirus)38. One possibility is that these differences in antigenic complexity
may arise because of the distinct mechanisms of pathogen replication. Viruses replicate by
using the translational machinery of the host to synthesize their proteins, whereas parasites
replicate independently in specialized intracellular compartments. The latter may limit
access of microbial proteins to the antigen-processing pathway. Notably, the carboxy-
terminal region of GRAG including the HF10 peptide is highly polymorphic among the
various 7. gondii strains3L. It is possible that GRAG evolved under selective pressure, as
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suggested by the failure of HF10-specific T cells to recognize the corresponding GRA6
peptide from a type | strain (data not shown).

Our findings have also provided insight into the antigen-transport pathways involved in
antigen processing. These pathways have so far only been inferred from parasites engineered
to express model antigens. As judged by microscopy, GRAG is located exclusively in the
parasitophorous vacuole3?, unlike some components of the secreted 7. gondii rhoptries, such
as ROP1-2 (ref. 40) and ROP18 (refs. 41,42), which are found in the cytoplasm, or ROP16
(ref. 42) and PP2C*3, which reach the nucleus. Nevertheless, GRA® or its antigenic
fragments must reach the cytoplasm because presentation of HF10-H-2L% complexes is
inhibited by the blockade of proteasome activity or TAP function. The nature of these
antigenic precursors and the point at which they intersect with the endogenous antigen-
processing pathway remain to be determined24445, The identification of GRA6 as a
precursor of the naturally processed HF10 peptide is important for addressing these issues.
We suggest that the ability of exogenous antigens to access the MHC class | processing
pathway is a critical parameter determining whether proteins serve as sources for peptide-
MHC ligands that elicit CD8* T cell responses.

ERAAP was required for the efficient generation of HF10—H-2L9 complexes in infected
‘professional’ APCs as well as other cells (data not shown). This observation indicates that
the precursor of the HF10 peptide contained additional amino-terminal flanking residues that
were trimmed by ERAAP in the endoplasmic reticulum. Because ERAAP does not trim
peptides containing the ‘X-P” motif (where ‘X’ is any amino acid) at the amino terminus*®,
and TAP does not transport peptides with proline residues at the p1 or p2 position1®, the 11—
amino acid peptide LF11 (LHPGSVNEFDF) is probably the precursor of HF10 in the
endoplasmic reticulum. A test of this hypothesis requires monitoring of the proteolytic
intermediates of GRAG in 7. gondii-infected cells, as done earlier in studies of ovalbumin
peptides??.

During /n vivo infection, the magnitude of the CD8* T cell response was compromised in
ERAAP-deficient mice, probably because of impaired expression of HF10-H-2L9
complexes in the absence of proteolysis in the endoplasmic reticulum. Alternatively, the
lower number of 7. gondii-specific CD8" T cells may have also resulted from an absence or
deficit of HF10-specific precursors in the T cell repertoire of ERAAP-deficient mice. These
possibilities are not mutually exclusive.

Although the function of ERAAP in shaping the peptide—-MHC class | repertoire has been
established6:20, this is the first report to our knowledge demonstrating that ERAAP can
serve as a ‘susceptibility factor’ for an infectious organism. Most notably, vaccination with
DCs pulsed with the HF10 peptide protected mice from lethal toxoplasmosis in an MHC-
dependent way. In this context, it is notable that H-2L9 is the only MHC class | molecule in
laboratory mice that presents peptides with the “X-P* motif; this feature is shared by
approximately 20% of all known human MHC molecules28. Thus, our analysis of H-29 mice
could be directly applicable to the development of a 7. gondii vaccine for humans. Finally,
progress in understanding the development of protective CD8* T cell immunity to 7. gondii
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provides a framework with which to study protective immunity to apicomplexan parasites,
including the malaria-causing parasite Plasmodium falciparum.

Mice and parasites

C57BL/6J, B10.D2-Hc! H-29 H-2T18%nSnJ (B10.D2), BALB/cJ, CBA/J and B6.129S2-
Tap1tmYArD/ (TAP-deficient) mice were from the Jackson Laboratory. H-2° ERAAP-
deficient mice on the C57BL/6 background have been described8. H-29 ERAAP-deficient
mice were obtained by the crossing of H-2° ERAAP-deficient with B10.D2 mice. Sex- and
age-matched 8- to 20-week-old ERAAP-heterozygous littermates and wild-type B10.D2
mice were used as controls. As no difference was generally noted in wild-type versus
ERAAP-heterozygous mice, both genotypes were pooled throughout the study for
comparison with ERAAP-deficient mice. Mice were used with the approval of the Animal
Care and Use Committee of the University of California.

In vivo infection and immunization

The parental Prugniaud strain of 7. gondii (PruAhpt; hypoxanthine-xanthine-
guaninephosphoribosyltransferase deficient) and the green fluorescent protein (GFP)-
expressing derivative (Pru-GFP) were gifts from J. Boothroyd. Tachyzoites were maintained
by passage in confluent monolayers of human foreskin fibroblasts. Cysts were obtained from
the brains of CBA mice infected 3-6 weeks earlier with 3 x 103 tachyzoites. Mice were
infected intraperitoneally with tachyzoites in 100 pl PBS, passed through 3-um filter and
released from a syringe, or orally by gavage with 300 pl crude brain homogenate containing
five cysts. For induction of protection, B10.D2 BMDCs were activated for 24 h with LPS
(100 ng/ml; Sigma), were incubated for 90 min with 1 uM synthetic peptide, were washed
twice with PBS and were used for immunization. Mouse footpads were injected with 5 x 10°
peptide-loaded BMDCs and mice were infected 7 d later. Where indicated, mice were
depleted of CD8* cells 36 h before immunization by one intraperitoneal injection of 250 ug
depleting CD8-specific antibody (YTS169.4; Hybridoma and Monoclonal Antibody Core,
University of California, San Francisco).

Ex vivo cell preparations

Mice were killed 10-13 d after infection. Peritoneal cells were recovered by lavage with 8
ml cold PBS. Spleens, livers and brains were collected and were stored at —80 °C for further
DNA extraction or were immediately processed as follows. Spleens were dissociated into
single-cell suspensions in complete RPMI medium (Invitrogen) supplemented with 10%
(vol/vol) FCS (Hyclone). Samples were depleted of erythrocytes with AKC lysis buffer (100
UM EDTA, 160 mM NH4Cl and 10 mM NaHCOg3). Mononuclear cells from the brain were
prepared according to a published protocol4’. Brains were minced and were digested for 1 h
at 37 1C with collagenase type 1A (1 mg/ml; Sigma) and DNasel (100 pg/ml; Roche) in
complete RPMI medium. Brains were then dissociated, were filtered through 70-um cell
strainers and were centrifuged for 10 min at 200g. Cells were resuspended in 60% (vol/vol)
Percoll (GE Healthcare), were overlayed on 30% (vol/vol) Percoll and were centrifuged 20
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min at 1,000¢. 0 cells were lysed with 0.83% (wt/vol) NH4CI. Cells were washed twice in
complete RPMI medium before analysis.

Parasite load analysis

The number of infected splenocytes and peritoneal macrophages was determined by
measurement of the percentage of GFP* cells by flow cytometry. Results from two samples
with over 2 x 10° events collected per tube were averaged for each mouse. Parasite burden in
spleen, liver and brain was assessed by semiquantitative PCR as described*8. Organs were
crushed in liquid nitrogen with a mortar and pestle. Genomic DNA was extracted from less
than 10 mg ground tissue with the DNeasy Blood & Tissue kit (Qiagen). A fragment of the
T. gondii B1 gene was amplified by PCR along with increasing amounts of a competitive
internal standard DNA added in the same reaction. The parasite load was estimated by
comparison with samples containing known numbers of tachyzoites. The B1 internal control
DNA was a gift from R. McLeod.

Generation of T. gondii-specific T cell hybridomas

Female BALB/c mice were immunized by two intraperitoneal injections of 1 x106 irradiated
Pru tachyzoites (14,000 rads) 21 d apart. Mice were Killed 1 week after the second challenge
and spleens were collected. 7. gondii-specific T cell populations were expanded /n vitro by
one restimulation with irradiated syngeneic splenocytes (2,000 rads) followed by weekly
restimulations with irradiated BALB/c-derived J774 macrophages (3,500 rads). The
proportion of 7. gondifspecific cells was monitored weekly by intracellular staining of IFN-
v on CD4* or CD8a/* cells. APCs used for restimulation and IFN-y assays were infected the
day before with y-irradiated tachyzoites at a multiplicity of infection of 4 or were incubated
with recombinant surface antigen 1 (10 pg/ml; ProSpec-Tany) previously dialyzed against
PBS. Responding cells were fused to the TCRaf-negative /acZ-inducible BWZ.36.CD8a
fusion partner as described?4. The specificity of the resulting hybridomas was assessed by
overnight incubation with infected or uninfected J774 cells. TCR-mediated induction of -
galactosidase was quantified with the chromogenic substrate CPRG (chlorophenol red—3-D-
galactopyranoside; Roche). Cleavage of CPRG by B-galactosidase releases a purple product;
absorbance was monitored at 595 nm with a reference at 655 nm.

Construction of cDNA library and plasmid constructs

A tachyzoite cDNA library was generated as described?>. Poly(A)* messenger RNA was
isolated from about 6 x 108 Pru tachyzoites (that had been passed through a 3-pm filter) with
the Oligotex Direct mMRNA Midi/Maxi kit (Qiagen). The cDNA was generated with a
Superscript cDNA Synthesis kit (Invitrogen) and oligo(dT) primers. The largest fragments
were cloned into the mammalian expression vector pcDNA1 between the BstXI and Nod
sites. In 96-well plates, 5 x 104 H-2L9 L cells per well were transfected with pools of cDNA
(16 colony-forming units per well) by the diethylaminoethyl dextran method?®. CTgEZ.4 T
cell hybridomas were added (1 x 10° cells per well) followed by incubation overnight. The
five most positive pools were subdivided and rescreened and the sequences of their cDNA
inserts were ‘blasted’ against the 7. gondii Me49 genome with the ToxoDB database

( Toxoplasma gondii Genome Resource)3L. All five had 100% identity to the gene
63.m00002, which encodes dense granule protein 6 (GRA6). GRAG6 deletion mutants were
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obtained by subcloning of PCR products from the original GRA6 cDNA into pcDNAI with
the BstX1 and Nod sites. The appropriate NModl site (underlined in the following sequences)
was introduced with the following primers: for full-length GRA6, T7 (forward) and 5'-
TATGCGGCCGCTTAAAAATCAAACTCATTCACACTTCC-3 (reverse); for the construct
lacking the carboxy-terminal 55 amino acids, T7 (forward) and 5’-
TATGCGGCCGCCTAGAAAGCGGTAAGCATTGCCACAGATACTGC-3 (reverse).
Putative candidate peptides as well as DF15 were introduced in the cytosol of transfected
cells with a ubiquitin-based antigen-release system as described“®. For each peptide
sequence, the coding and cDNA strands containing the appropriate Sacll and BamHl
protruding ends were annealed together and were cloned in the pEGFP-Ub vector (a gift
from F. Levy) with the Sacll and BamHlI sites.

BMDC and BMDM in vitro differentiation and infection

Bone marrow cells were obtained from mouse femurs and tibias. DCs were differentiated
from bone marrow cells for 6 d with granulocyte-macrophage colony-stimulating factor (10
ng/ml; Biosource) in complete RPMI medium (purity, about 70% CD11c*). Primary
macrophages were differentiated for 7 d in Petri dishes with RPMI medium supplemented
with 20% (vol/vol) FCS and 10% (vol/vol) colony-stimulating factor—containing culture
supernatant (purity, about 95% CD11b™). Colony-stimulating factor—producing 3T3 cells
were a gift from R. Vance. H-2L9 MHC class | was introduced into C57BL/6J and TAP-
deficient BMDMs by retroviral transduction. H-2L9 DNA was cloned into the pMSCV2.2
retroviral vector (a gift from W. Sha) and was used to transfect BOSC packaging cells. On
days 3 and 4 during differentiation, BMDMSs were transduced with the retroviral supernatant
by two ‘spin infections’ (1 h at 1800g and 32 °C) with polybrene (5 pg/ml; Sigma) and were
used at day 6. For proteasome inhibition, BMDMs were preincubated for 2 h with
epoxomicin or lactacystin (Calbiochem). The drugs were left throughout the infection but
were washed off during incubation with the CTgEZ.4 hybridoma. Cells were infected by
mixture for 8 h or 16 h of APCs with irradiated tachyzoites (14,000 rads) at various
multiplicities of infection. Cells were then washed twice for elimination of most of the
extracellular parasites and were used in subsequent assays. The proportion of infected
(GFP*) cells was controlled with Pru-GFP tachyzoites.

Peptide extracts and HPLC fractionation

Peptides were extracted from about 5 x 10% infected or control cells by boiling in 10% acetic
acid solution. After centrifugation for 15 min at 16,000¢, supernatants were filtered through
Microcon filters with a cutoff of 10 kilodaltons. Filtrates were fractionated by HPLC on a
C18 reverse-phase column (Vydac). Samples were separated for 29 min by a linear gradient
of acetonitrile into water (15-35%) with 0.1% (vol/vol) trifluoroacetic acid as the ion-
pairing agent. Synthetic peptides prepared (by D. King) by solid-phase synthesis were
‘spiked” on J774 cell extracts, which were treated as other cell extracts were before HPLC
fractionation.

Flow cytometry

Antibody to mouse CD4 (anti-mouse CD4; GK1.5), anti-mouse CD8 (53-6.7) and anti—
mouse IFN-y (XMG1.2) were from BD Biosciences. Surfaces were labeled according to
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standard procedures with flow cytometry buffer (3% (vol/vol) FCS and 1 mM EDTA in
PBS). Intracellular IFN-y in CD4* or CD8a™* cells was detected with the Cytofix/Cytoperm
kit (BD Pharmingen). DimerX H-2L9%:1g (fusion protein of H-2L9 and immunoglobulin; BD
Biosciences) was used according to the manufacturer’s instructions. DimerX was loaded
overnight at 37 °C with a 160-molar excess of HF10 peptide or a control H-2L9-binding
peptide (QL9 or YL9). Cells (1 x 10%) were stained for 1 h with 2 pg DimerX, followed by
staining for 30 min with 0.05 ug phycoerythrin-coupled anti-mouse immunoglobulin G1
(A85-1; BD Pharmingen). These conditions gave the highest signal/noise ratio. All flow
cytometry data were acquired on an XL Analyzer (Coulter) and were analyzed with FlowJo
software (Tree Star).

Statistical analysis

Prism software (GraphPad) was used for statistical analyses. P values were calculated with
the two-tailed Mann-Whitney (nonparametric) test unless otherwise specified.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Uncontrolled parasite replication in ERAAP-deficient H-29 mice and greater susceptibility

to 7. gondiiinfection. (a) Kaplan-Meier survival curves of B10.D2 (H-2%) mice challenged
intraperitoneally with 500 7. gondii Pru tachyzoites. *, P=0.047 (Mantel-Cox log-rank
test). Data are representative of two independent experiments with at least six mice per
group. (b,c) Flow cytometry (b) of GFP* infected splenocytes (*, = 0.0043) or peritoneal
macrophages (*, £=0.038) and semiquantitative PCR (c) of parasite burden in the brain (*,
P>0.05), spleen (*, P=0.012) and liver (*, £=0.013) in mice infected intraperitoneally
with 3 x 103 GFP-expressing Pru tachyzoites and analyzed 12 d later. +/+, +/-, pooled wild-
type and ERAAP-heterozygous; —/-, ERAAP-deficient. Each symbol represents an
individual mouse; small horizontal bars indicate the mean. Data represent two to four
independent experiments with at least three mice per group.
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Figure2.
All 7. gondii-specific CD8* T cell hybridomas are stimulated by H-2L9 MHC class 1. (a)

Flow cytometry of IFN-y production by CD8* T cells from the spleens of 7. gondii-
immunized BALB/c mice, analyzed ex vivo 1 week after challenge (left) or after one
restimulation (middle) or two restimulations (right) /n vitro with infected J774 macrophages.
Numbers under outlined areas indicate percent cells in each. Data are representative of two
experiments. (b) The lacZ responses of T cell hybridomas (CTgEZ hybrids from batch E and
CTgHZ hybrids from batch H; numbers along axis indicate hybridoma number) after
overnight culture together with 7. gondii-infected L cells expressing H-2L (filled bars) or
H-2KY (open bars), measured with a chromogenic substrate24. The hybridomas were
generated by fusion of IFN-y-producing CD8"* T cells from two independent groups of mice
to a /acZ-inducible fusion partner. Asgs, absorbance at 595 nm. Data are from two
experiments.
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Figure 3.

7. gondii-specific CD8* T cell hybrids recognize the HF10 decapeptide presented by H-2Ld
MHC class I. (a) Response of the 7. gondii-specific CTgEZ.4 hybridoma to H-2L9 L cells
transfected with full-length GRA6 cDNA or cDNA encoding a GRAG construct lacking the
carboxy-terminal residues 170-224 (GRABA170 — 224), assessed as induction of -
galactosidase. (b) Response of CTgEZ.4 to synthetic GRAG peptides (right) presented
exogenously by H-2L9 L cells. (c,d) The CTgEZ.4-stimulatory capacity of synthetic
peptides (c) or extracts of GRAB-transfected H-2L9 L cells or infected BMDMs or BMDCs
(d), analyzed after fractionation by HPLC. Each fraction was pulsed onto H-2L9 L cells,
which served as APCs. B (right margin, c), organic solvent (acetonitrile and 0.1% (vol/vol)
trifluoroacetic acid). Red arrowheads indicate the HPLC fraction in which HF10 coelutes.
Data in a—d are representative of at least two experiments.
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Figure 4.
The HF10-H-2L9 complex is the only detectable ligand recognized by CD8* T cells in 7.

gondii-infected H-29 mice. (a) Frequency of HF10-specific CD8" cells after oral infection
of BALB/c mice with 7. gondii cysts. Numbers adjacent to outlined areas indicate percent
CD8* cells stained by an H-2L9 multimer (DimerX) loaded with HF10 or QL (irrelevant
H-2L9 peptide). Data are representative of two experiments with two mice (brain) or three
mice (spleen). (b) Expansion of HF10-H-2L9—specific splenic CD8" T cell populations over
time in mice infected orally (7= 6 mice total, with only one mouse analyzed at the 5-week
time point). Data are presented as mean * s.e.m., corrected for background with QL9, and
are representative of two experiments. (c) Frequency of HF10-H-2L%specific CD8* cells in
BALB/c mice infected intraperitoneally with 3 x 103 7. gondii tachyzoites and analyzed 7
weeks after infection. Data (mean and s.e.m.) are representative of two experiments with
brains from four mice and spleen cells pooled from four mice. (d,e) Flow cytometry of IFN-
y production by CD8" splenic T cells activated by 7. gondi-infected J774 APCs (d) or
HF10-loaded J774 APCs (€) 4 weeks after B10.D2 mice were infected intraperitoneally with
5 x 108 tachyzoites. Splenocyte/J774 cell ratio in e is 2.7. Dashed lines indicate the response
elicited by 100 pM HF10 peptide. Data (mean and s.e.m.) are representative of two
experiments with three mice each.
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Figure5.
Immunization with HF10 protects mice from toxoplasmosis. (a,b) Survival of B10.D2 mice

(a) or C57BL/6 mice (b) immunized with BMDCs pulsed with HF10 or YL9 (irrelevant
H-2L9 peptide) and challenged with either of two doses of 7. gondiitachyzoites (TZ). Data
are representative of two independent experiments with three mice per group. (c,d) Infected
(GFP*) splenocytes (c) and peritoneal cells (d) 10 d after infection of B10.D2 mice
previously immunized with BMDCs pulsed with HF10 or YL9; mice were left undepleted
(-) or were depleted of CD8" cells 36 h before immunization by one intraperitoneal
injection of depleting antibody (+). Data (mean and s.e.m.) are representative of two
experiments with two to three mice per condition.
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Presentation of the HF10-H-2L9 complex requires proteasomal activity and TAP transport.
(a,b) Induction of B-galactosidase by the CTgEZ.4 hybridoma in response to BMDMSs
pretreated for 2 h with the proteasome inhibitors epoxomicin (a) or lactacystin (b) and
infected for 8 h with 7. gondii. Data are representative of two independent experiments. ()
Induction of B-galactosidase by CTgEZ.4 in response to H-2P BMDMs from C57BL/6J mice
(WT) or TAP-deficient mice (TAP-KO) transduced with H-2L9 before 7. gondiiinfection.
Measurement of GFP expression at a multiplicity of infection (MOI) of 8 showed that 77%
of C57BL/6J cells and 73% of TAP-deficient cells were infected. Data are representative of

two independent experiments.
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Figure7.
Presentation of HF10-H-2L9 complexes requires proteolysis in the endoplasmic reticulum.

(a,b) Induction of B-galactosidase by the CTgEZ.4 hybridoma in response to ERAAP-
heterozygous or ERAAP-deficient BMDMs (a) or BMDCs (b) infected for 8 h with 7.
gondii at a multiplicity of infection of 8. Approximately 90% of ERAAP-heterozygous
BMDMs, 93% of ERAAP-deficient BMDMs, 69% of ERAAP-heterozygous BMDCs and
70% of ERAAP-deficient BMDCs were infected, as determined by GFP expression. (c,d)
Presentation of synthetic HF10 peptide at various concentrations (horizontal axis) by
ERAAP-heterozygous or ERAAP-deficient BMDMs (c) or BMDCs (d) to CTgEZ.4. Data
(mean £ s.e.m.) are representative of three (b,d) or six (a,c) experiments. (€) Induction of 3-
galactosidase by CTgEZ.4 in response to peptide extracts fractionated by HPLC from
ERAAP-deficient or ERAAP-heterozygous BMDMs infected as described in a. Data are
representative of four experiments. (f) Frequency of HF10-Ld-multimer-binding CD8* cells
in mouse spleens at 12 d after infection with 3 x 103 Pru tachyzoites. Each symbol
represents one mouse; small horizontal lines indicate the mean. *, £=0.0173. Data are
representative of three independent experiments.

Nat Immunol. Author manuscript; available in PMC 2016 August 08.




	Abstract
	RESULTS
	ERAAP-deficient mice are susceptible to T. gondii
	Identification of the natural T. gondii antigen GRA6
	Immunodominant protective GRA6 peptide
	Processing and generation of HF10–H-2Ld complexes

	DISCUSSION
	METHODS
	Mice and parasites
	In vivo infection and immunization
	Ex vivo cell preparations
	Parasite load analysis
	Generation of T. gondii–specific T cell hybridomas
	Construction of cDNA library and plasmid constructs
	BMDC and BMDM in vitro differentiation and infection
	Peptide extracts and HPLC fractionation
	Flow cytometry
	Statistical analysis

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7

