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Célia Buaillon∗1, Nestor A. Guerrero∗1, Ignacio Cebrian2, Sophie Blanié1,
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The intracellular Toxoplasma gondii parasite replicates within a parasitophorous vacuole
(PV). T. gondii secretes proteins that remain soluble in the PV space, are inserted into PV
membranes or are exported beyond the PV boundary. In addition to supporting T. gondii
growth, these proteins can be processed and presented by MHC I for CD8+ T-cell recog-
nition. Yet it is unclear whether membrane binding influences the processing pathways
employed and if topology of membrane antigens impacts their MHC I presentation. Here
we report that the MHC I pathways of soluble and membrane-bound antigens differ in
their requirement for host ER recruitment. In contrast to the soluble SAG1-OVA model
antigen, we find that presentation of the membrane-bound GRA6 is independent from the
SNARE Sec22b, a key molecule for transfer of host endoplasmic reticulum components
onto the PV. Using parasites modified to secrete a transmembrane antigen with oppo-
site orientations, we further show that MHC I presentation is highly favored when the
C-terminal epitope is exposed to the host cell cytosol, which corresponds to GRA6 nat-
ural orientation. Our data suggest that the biochemical properties of antigens released
by intracellular pathogens critically guide their processing pathway and are valuable
parameters to consider for vaccination strategies.
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Introduction

Toxoplasma gondii (T. gondii) is the causative agent of toxoplasmo-
sis, an opportunistic disease with potential deadly consequences
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for immunocompromised individuals and congenitally infected
newborns [1]. T. gondii also constitutes an emerging threat since
outbreaks caused by virulent strains in South-America have killed
non-immunocompromised humans [2]. CD8+ T cells are critical
for protection, both by limiting parasite replication during acute
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stage and by preventing encephalitis that follows reactivation of
the persisting brain cysts [3–6]. CD8+ T cells typically recognize
8–10 amino acid-long peptides presented by class I molecules of
the major histocompatibility complex (MHC I). During T. gondii
infection, MHC I antigenic peptides can theoretically be cross-
presented either by parasite-infected cells or by cells that have
internalized parasite debris. Given (i) that efficient MHC I presen-
tation requires secretion of the antigen [7, 8] and (ii) that only
infected dendritic cells (DCs) and not DCs that have phagocytosed
the parasite, are able to prime naive CD8+ T-cell responses [9],
cross-presentation by actively infected cells is considered as the
most relevant scenario. In mechanistic terms, MHC I processing
was shown to be dependent on proteasome and TAP activity using
the soluble SAG1-OVA model antigen [10, 11], suggesting that
antigenic precursors may exit the PV and transit via the host
cytosol. Entry into the cytosol is facilitated by fusion of vesicles
from the host ER onto the PV [12] through a SNARE Sec22b-
dependent mechanism [13]. By recruiting components of the ER-
associated degradation (ERAD) machinery onto the PV membrane,
this process, reminiscent of the ER-phagosome pathway [14, 15],
is thought to allow retro-translocation of vacuolar antigens to the
host cytosol and access to the MHC I pathway.

Beside the widely studied OVA model antigen, the identifica-
tion of ‘natural’ antigens from T. gondii, including the immun-
odominant GRA6 antigen, shed new light on the mechanisms of
protective T cell immunity during toxoplasmosis [16–21]. GRA6
is a protein secreted through the parasite dense granules in the
vacuolar space. In the case of type II parasites, the decameric
HPGSVNEFDF (HF10) peptide at GRA6 C-terminus is processed
and presented by Ld MHC I molecules. Immunization with HF10
confers protection against lethal T. gondii challenge [16] and
ectopic expression of HF10-containing GRA6 by type III T. gondii,
that are naturally devoid of HF10 due to polymorphisms in GRA6
C-terminus, reduces parasite load [22]. Immune protection by
HF10-specific CD8+ T cells despite chronic persistence of the
antigen involves the generation of a newly described prolifera-
tive population of memory-effector hybrid phenotype [20]. Yet
the molecular mechanisms underlying the potent immunogenic-
ity of GRA6 are only partially understood. Processing of GRA6
requires proteasome activity, TAP transport, ER aminopeptidase
trimming [16] and the location of HF10 at the C-terminus [22]
but whether host ER-PV interactions provide a route of entry for
GRA6 cross-presentation remains unknown. An intriguing feature
of GRA6 is that, like other dense granule proteins (e.g. GRA4 [23]
and GRA5 [24]), it contains a hydrophobic domain that seems
to be masked within the dense granules but inserts within the
PV membranes following release, thereby making GRA6 an inte-
gral transmembrane protein (reviewed in [25]). In the PV, GRA6
scatters between the PV limiting membrane and an IntraVacuolar
Network (IVN) of tubulovesicular membranes [26]. We recently
found that membrane association properties of GRA6 strongly
regulates its entry into the MHC I pathway since GRA6 presen-
tation decreased when membrane association was disrupted and
increased when GRA6 was relocalized from the IVN to the PV lim-
iting membrane [27]. To this date however, the topology of GRA6

membrane insertion and whether it influences presentation of the
C-terminal epitope, is unknown.

Here we determined to which extent host ER-PV fusion is
involved in presentation of the membrane-bound GRA6 anti-
gen. Using Sec22b-silenced DCs, we found no implication of this
pathway in GRA6 presentation, contrary to the soluble SAG1-
OVA antigen. Thanks to differential permeabilization assays, we
established that the C-terminal HF10 epitope protrudes into
the host cell cytosol. Using T. gondii engineered to express
the HF10 epitope on GRA5, another transmembrane protein
with an inverted topology, we observed a dramatic reduction
in Ld-HF10 presentation by infected macrophages and DCs, sug-
gesting a major impact of antigen orientation on processing
efficiency.

Results

Presentation of GRA6 by infected DCs is independent
of Sec22b

To determine if GRA6 processing requires recruitment of host ER
material onto the PV, we analyzed the impact of Sec22b silenc-
ing on MHC I presentation of the C-terminal HF10 epitope. We
differentiated bone marrow-derived DCs (BMDCs) from B6D2 F1
mice that express both Kb and Ld, the two MHC I molecules that
present the SAG1-OVA-derived SL8 and the GRA6-derived HF10
peptides, respectively. As expected, lentivirus-based silencing of
Sec22b in BMDCs led to a dramatic reduction in Sec22b pro-
tein level (Fig. 1A). Sec22b-silenced BMDCs were infected with
increasing MOI of TgPru Tomato SAG1-OVA, a red fluorescent
type II T. gondii that secretes SAG1-OVA and GRA6(II) in the
PV via dense granules [28] (Fig. 1B and Table 1). We did not
observe any adverse effect of Sec22b silencing on BMDC viabil-
ity (Fig. 1C) or infection rate (Fig. 1D and Supporting Informa-
tion Fig. 1). Using BTg01Z, a β-gal-inducible reporter CD4+ T cell
hybridoma that recognizes AS15, a T. gondii MHC class II epitope
derived from TGME49 212300 [29], we also found no impact of
Sec22b silencing on MHC II presentation (Fig. 1E). In line with
our previous observations [13], Sec22b silencing reduced presen-
tation of the SAG1-OVA-derived Kb-SL8 complex, as measured
with the B3Z reporter hybridoma (Fig. 1F). However there was no
change in presentation of the Ld-HF10 complex, as assessed with
the CTgEZ.4 reporter hybridoma (Fig. 1G). These results indicate
that in contrast to SAG1-OVA, GRA6 presentation does not rely on
Sec22b-mediated host ER-PV connections.

Determination of GRA6 topology at the PV membrane
and inversion of epitope orientation

In the PV, around half of GRA6 behaves as an integral transmem-
brane protein and the other half remains soluble [23, 27]. Since
we previously showed that the soluble fraction of GRA6 is poorly
presented by MHC I [27], we focused on the determinants that
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Figure 1. Sec22b is not required for presentation of the GRA6-derived HF10 epitope by infected dendritic cells. (A) Western blot analysis of Sec22b
expression (lower panel) at day 9 of B6D2 F1 BMDC differentiation, following transduction with a non-target control shRNA or with an shRNA
targeting Sec22b. TAP2 (upper panel) and actin (middle panel) are loading controls. (B) Schematic representation of the endogenous GRA6-HF10 (i.e.
GRA6(II)) protein and the SAG1-OVA antigenic construct expressed by TgPru Tomato SAG1-OVA. Endogenous GRA6-HF10 comprises Nter GRA6(II) –
TM GRA6(II) – Cter GRA6(II) domains, including the C-terminal HPGSVNEFDF (HF10) peptide flanked by the DRRPL sequence. Transgenic SAG1-OVA
comprises the SAG1 (minus GPI) – OVA[140-386] domains, including the SIINFEKL peptide. Numbers represent the size of each domain in amino
acids (aa). (C) Proportion of live ( = viability dye-negative) cells at 8 h of infection with increasing MOI of TgPru Tomato SAG1-OVA. (D) Proportion
of TgPru Tomato SAG1-OVA-infected BMDCs (i.e. Tomato+ out of live CD11c+ MHCI Kb+ cells) measured 8 h post-infection. (E) IAb-AS15 MHC class
II presentation by the indicated BMDCs infected for 8 h with TgPru Tomato SAG1-OVA, assessed with the BTg01Z hybridoma. (F) Kb-SL8 MHC class
I presentation by the indicated BMDCs infected for 8 h with TgPru Tomato SAG1-OVA, assessed with the B3Z hybridoma. (G) Ld-HF10 MHC class I
presentation by the indicated BMDCs infected for 8 h with TgPru Tomato SAG1-OVA, assessed with the CTgEZ.4 hybridoma. (E–G) Data are shown
as mean ± SD (n = 3). *p < 0.05; **p < 0.005, obtained with multiple nonparametric t tests without assuming consistent SD. Data depicted are
representative of 2 (A, C, D, E) or 3 (F, G) experiments. Dotted lines show the hybridoma basal responses with uninfected BMDCs.

could regulate presentation of membrane-bound GRA6, including
its orientation at the PV membrane. To determine GRA6 topol-
ogy, we worked with type I TgRH parasites engineered to express
type II GRA6, in which endogenous type I GRA6 (i.e. GRA6-HY10)
and transgenic type II GRA6 (i.e. GRA6-HF10) can be simultane-

ously visualized. These parasites are referred to herein as TgRH
GRA6-HF10 (Fig. 2A and Table 1). We optimized a differential per-
meabilization assay that relies on the property of digitonin to selec-
tively permeabilize the host cell plasma membrane and of saponin
to permeabilize both the host cell plasma membrane and the PV

Table 1. List of parental and transgenic T. gondii used in this study

Short name Complete description, with full genotype Reference

TgPru Tomato SAG1-OVA Pru.tdTomatoprom tub.SAG1�GPI-OVA[140-386]prom tub 3’utr dhfr +BLE [55]
TgRH RH.�hxgprt [56]
TgRH GRA6-HF10 RH.�hxgprt.GRA6(II)prom GRA6(II) 3’utr GRA6(II) +HXGPRT this study
TgRH GRA5-HF10 RH.�hxgprt.GRA5(I)-DRRPL-HF10prom GRA5(I) 3’utr GRA5(I) +HXGPRT this study
TgCEP GRA6(II)-HA CEP.�hxgprt.GFPprom GRA2.click beetle LUCprom DHFR.GRA6(II)-HAprom GRA1 3’UTR GRA2+HXGPRT [22]
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Figure 2. Type I and type II GRA6 are inserted at the PV membrane with the C-terminus facing the host cell cytosol. (A) Schematic representation
of the endogenous and transgenic GRA6 proteins expressed by TgRH GRA6-HF10. Endogenous GRA6(I) comprises Nter GRA6(I) – TM GRA6(I) – Cter
GRA6(I) domains, including the C-terminal HPERVNVFDY (HY10) peptide flanked by the DRRAL sequence. Transgenic GRA6-HF10 comprises Nter
GRA6(II) – TM GRA6(II) – Cter GRA6(II) domains, including the C-terminal HPGSVNEFDF (HF10) peptide flanked by the DRRPL sequence. Numbers
represent the size of each domain in aa. Underlined letters show polymorphisms of the C-terminal peptide between type I and type II GRA6. (B)
Differential permeabilization assay with saponin (upper panel) to permeabilize both the host cell plasma membrane and the PV membrane and
digitonin (lower panel) to only permeabilize the host cell plasma membrane. Immunofluorescence staining of BMMs infected for 20 h with TgRH
GRA6-HF10. Red: GRA6-HF10 detected with anti-HF10. Green: SAG1. White: endogenous GRA6(I) detected with anti-HY10. Representative pictures
from > 5 cells per condition, acquired with the same settings. Scale bar: 5 μm.

membrane. Applying this method in fibroblasts, GRA5 C-terminus
was found to be present within the PV lumen [24]. We adjusted
it for use in BM-derived macrophages (BMMs) and we validated
by confocal microscopy that SAG1, an abundant protein decorat-
ing the parasite plasma membrane, was detected with saponin but
not with digitonin (Fig. 2B). We then took advantage of non-cross-
reactive rabbit antisera raised against the polymorphic C-terminus
of type I GRA6-HY10 (HPERVNVFDY, HY10) and of type II
GRA6-HF10 (HPGSVNEFDF, HF10) [27] (Supporting Informa-
tion Fig. 2). Both HY10 and HF10 extremities were detected in
saponin- and in digitonin-treated cells (Fig. 2B), indicating that
regardless of the polymorphisms, the C-termini of type I and type
II GRA6 are exposed to the host cytosol. Similar results were
obtained with anti-HA antibodies used to detect an HA-tagged
version of type II GRA6 expressed by type III TgCEP parasites
(Supporting Information Fig. 3). To evaluate whether orientation
of the HF10 epitope impacts MHC I presentation, we sought to
invert this orientation and thus appended HF10 at the C-terminus
of GRA5. Since flanking residues of a T cell epitope can strongly
affect processing efficiency [30–32], we kept the 5 N-terminal
flanking residues of HF10: DRRPL. TgRH parasites expressing
GRA5-DRRPL-HF10 are referred to here as TgRH GRA5-HF10
(Fig. 3A). Again, SAG1 was detected only after saponin permeabi-
lization and endogenous GRA6(I) was visible both after saponin
and digitonin treatments (Fig. 3B). This time however, the C-
terminal HF10 peptide on the GRA5-HF10 antigenic construct
was not visible after digitonin permeabilization (Fig. 3B), con-
firming that when fused to GRA5, HF10 faces the PV lumen.
To document the topology of both antigenic constructs on a
larger number of cells, we adapted the differential permeabi-
lization assay for flow cytometry. We infected BMMs with two
clones of each transfectant and labeled them separately with the
antibodies. As depicted on Fig. 3C and in accordance with the
above microscopical observations: (i) the C-termini of GRA6(I)

and GRA6-HF10 were visible after both saponin and digitonin
treatments (ii) SAG1 and GRA5-HF10 C-terminus were very poorly
detected after digitonin permeabilization. Quantification of the
ratio of percent marker-positive BMMs in digitonin over percent
marker-positive BMMs in saponin confirmed these observations
(Fig. 3D). When HF10 was cytosol-exposed (i.e. GRA6-HF10),
the digitonin:saponin ratio for HF10 was similar to the ratio for
endogenous HY10. When HF10 was lumen-exposed (i.e. GRA5-
HF10), the ratio for HF10 was lower and similar to that of SAG1.
Altogether these results demonstrate that the C-terminus of GRA6-
HF10 protrudes into the host cytosol and the C-terminus of GRA5-
HF10 faces the PV lumen. They provide useful tools (Fig. 3E)
to study the influence of topology on MHC I presentation.

Exposure of the epitope to host cytosol favors efficient
MHC I presentation

To this aim, we infected BMMs with 2 clones of each transfec-
tant and we measured presentation of HF10 with the CTgEZ.4
hybridomas. Ld-HF10 presentation by BMMs infected with TgRH
GRA5-HF10 was strongly reduced as compared to BMMs infected
with TgRH GRA6-HF10 (Fig. 4A). This difference could not be
attributed to impaired infectivity of TgRH GRA5-HF10 (Fig. 4B)
or to defective expression of the GRA5-HF10 antigenic construct
(Fig. 4C). Indeed quantification of the antigen expression lev-
els in extracellular tachyzoites using the anti-HF10 antibody,
revealed that GRA5-HF10 was at least as abundant as GRA6-HF10
(Fig. 4D). Previous studies reported that GRA5 and GRA6 may
directly modulate the function of innate immune cells [33, 34],
which could affect the T cell stimulation ability of infected BMMs
independently of the intrinsic antigenicity of GRA5-HF10 and
GRA6-HF10. To evaluate this potential confounding factor, we
measured presentation of the exogenously pulsed peptide SM9
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thanks to BDSM9Z reporter hybridomas [27]. Ld-SM9 presenta-
tion by infected BMMs was similar regardless of the constructs
(Fig. 4E), ruling out that the antigenic constructs influence the
general ability of the macrophages to present antigens. We next
analyzed HF10 presentation by DCs, the most competent cell
type for priming a T-cell response, infected by the TgRH trans-
fectants which had similar antigenic construct level (Fig. 4C and
D). Again, there was a dramatic decrease in Ld-HF10 presenta-
tion by TgRH GRA5-HF10-infected BMDCs (Supporting Informa-
tion Fig. 4A) despite a similar infection rate (Supporting Infor-
mation Fig. 4B) and an identical ability of the infected BMDCs
to present exogenous SM9 (Supporting Information Fig. 4C). In
summary, these data show that MHC I presentation of the PV
transmembrane GRA6 antigen by infected macrophages and DCs
is most efficient when the antigenic peptide faces the host cytosol.
As Sec22b was important for presentation of the luminal solu-
ble SAG1-OVA antigen (see Fig. 1), we finally addressed whether
Sec22b was also necessary for presentation of the luminal-pointing
HF10 peptide in the GRA5-HF10 context. To this end, we trans-
duced the RAW309 macrophage cell line (H2bxd) with Sec22b-
targeting versus non-target control shRNA lentiviruses, infected
them with TgRH GRA6-HF10 and TgRH GRA5-HF10, and assessed
HF10 presentation with the CTgEZ.4 hybridomas. We chose to
work with TgRH GRA5-HF10 clone 2 since it led to a measurable
T cell response, in contrast to clone 1 (see Fig. 4A). As shown on
Supporting Information Fig. 5A, Sec22b protein expression was
reduced in the Sec22b shRNA-transduced RAW. Sec22b was not
required for HF10 presentation when derived from GRA6-HF10
(i.e. cytosol-pointing), confirming that transgenic GRA6-HF10
in the TgRH strain behaves similarly as endogenous GRA6(II)
in the TgPru strain (Supporting Information Fig. 5B). Impor-
tantly, as shown on Supporting Information Fig. 5C, MHC I pre-
sentation of luminal HF10 was not reduced in Sec22b-silenced
RAW, suggesting that presentation of HF10 in this context does
not need recruitment of the ERGIC-associated Sec22b-dependent
host machinery.

Discussion

In this work, we provide substantial new insights into the path-
way used for processing of the immunodominant and protective
T. gondii GRA6 antigen. First, by evaluating the impact of Sec22b
silencing on GRA6 presentation, we found no evidence for the
implication of the ER-PV fusion pathway contrary to what was
known, and further confirmed here, for the soluble SAG1-OVA
antigen [12, 13]. ER-PV fusion is an intriguing process, initially
described with regular phagosomes [14, 35], which constitutes an
escape route to the cytosol for luminal T. gondii antigens. Medi-
ated by the ER-Golgi Intermediate Compartment (ERGIC) Sec22b
SNARE protein, the fusion of ER-derived vesicles onto the PV is
thought to recruit ERAD components at the PV membrane, in
particular the Sec61 translocon protein [12]. ERAD is a quality-
control process aimed to remove misfolded proteins from the ER.
ERAD is performed by a multimeric assembly including Sec61,

receptors (e.g. Derlin 1), lectins (e.g. OS9) and E3 ubiquitin lig-
ases (e.g. Hrd1, TRC8, TMEM) (reviewed in [36, 37]), which
retro-translocates substrates to the cytosol and marks them for
proteasomal degradation. Why in contrast to SAG1-OVA, is pre-
sentation of GRA6 not affected by Sec22b silencing? Of note, GRA6
behaves partly as a transmembrane protein after release in the PV
and only the membrane-bound GRA6 is efficiently presented by
MHC I [27]. While integral membrane proteins can also be ERAD
substrates, their proteasomal degradation typically requires prior
dislocation from the membrane. A major driving force for the dislo-
cation reaction is typically provided by the p97/valosin-containing
protein AAA ATPase [38]. Hence one possibility is that the machin-
ery imported via Sec22b onto the PV membrane lacks this impor-
tant factor. Another possibility is that import of the ‘dislocase’
machinery may occur independently from Sec22b and indepen-
dently from ER-PV fusion. Studying whether p97 and membrane
extraction are involved in GRA6 processing are exciting further
prospects that should help disentangle these hypotheses.

Remarkably, several proteins that insert within the limiting
membrane of the Chlamydia trachomatis intracellular compart-
ment (also named inclusion) are major CD8+ T-cell antigens
[39–41]. Although the Chlamydia inclusion does not appear to
fuse with the ER, very close contacts are established between both
compartments (reviewed in [42]). Whether Sec22b, ERAD com-
ponents and/or topology of the Chlamydia antigens contribute
to their MHC I presentation is unknown and deserves further
research.

Of note, in an inflammatory context, additional processes
have been shown to play a role in MHC I processing. In IFNγ-
stimulated cells, PV recruitment of Immunity-Related GTPases,
such as Irgm3 [43], as well as ubiquitin-binding proteins, such as
p62/Sqstm1 [44], indeed contribute to MHC I presentation of vac-
uolar antigens (e.g. SAG1-OVA). In the future, it would be inter-
esting to study the roles of these IFNγ-triggered cell-autonomous
effectors in HF10 presentation using the two membrane-anchored
antigens that have inverse topologies.

Which protease(s) could be involved in degradation of the PV
membrane-bound GRA6? Based on (i) the involvement of ‘cytoso-
lic’ players of the MHC I pathway in GRA6 presentation, e.g.
proteasome, TAP and the ER-associated aminopeptidase (ERAAP)
[16], (ii) the importance of the epitope C-terminal location [22]
and (iii) the exposure of GRA6 C-terminus to the host cytosol (this
study), we favor a model in which a yet unknown protease would
clip and liberate the HF10-containing C-terminal domain of GRA6
for final processing by the ‘cytosolic’ MHC I pathway. This protease
may be cytosolic or membrane-bound. Several intramembrane
proteases located in various subcellular compartments indeed con-
trol the membrane proteome. Those include aspartate proteases
such as the signal peptide peptidase (SPP) and SPP-like (SPPL),
and serine proteases of the rhomboid family [45]. Interestingly,
SPP was reported to liberate an epitope located in the membrane-
embedded C-terminus of an ER protein [46, 47], showing that
intramembrane proteolysis contributes to MHC I presentation of
endogenous membrane proteins. However to our knowledge, the
role of intramembrane proteolysis has never been examined in
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Figure 3. GRA5-HF10 is inserted at the PV membrane with the C-terminus facing the PV lumen. (A) Schematic representation of the endogenous
GRA6(I) and transgenic GRA5-HF10 proteins expressed by TgRH GRA5-HF10. Endogenous GRA6(I) comprises Nter GRA6(I) – TM GRA6(I) – Cter
GRA6(I) domains, including the C-terminal DRRAL-HY10 sequence. Transgenic GRA5-HF10 comprises Nter GRA5 – TM GRA5 – Cter GRA5 domains,
appended with the last 15 aa of GRA6-HF10: DRRPL-HPGSVNEFDF (red). Numbers represent the size of each domain in aa. Underlined letters show
polymorphisms within the C-terminal decameric peptide between type I and type II GRA6. (B) Differential permeabilization assay with saponin
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cross-presentation. In addition to fusion with ERGIC-derived vesi-
cles, the T. gondii PV is known to intercept the host Golgi to scav-
enge sphingolipids [48] and to interact with Rab22a-containing
recycling endosomes [49]. In this context, it is tempting to spec-
ulate that intramembrane proteases present in the Golgi (e.g.
RHBDL1 [50]) or the endosomes (e.g. SPPL2b [51]) may gain
access to the PV membrane and hydrolyze peptide bonds within
GRA6 TM domain. If such a scenario applies, the lower MHC I
presentation of HF10 in the context of GRA5 may also be linked to
substrate selectivity for GRA6 TM over GRA5 TM domain. At last
it is interesting to note that this scenario could have implications
beyond antigen presentation as type I GRA6 C-terminus has been
reported to stimulate NFAT4 activity [34]. The ‘clipping’ peptidase
could thus also modulate innate signals.

From a vaccine point of view, our findings should be useful to
harness T. gondii more effectively as a vaccine vector. Perhaps like
oncolytic viruses which have been approved as anti-tumor thera-
peutic agents [52], T. gondii could become an additional weapon
in the anti-cancer arsenal. Pioneering studies have shown that
an attenuated strain of T. gondii can promote antitumor immu-
nity due to a strong adjuvant effect [53, 54]. To fully exploit
the potential of T. gondii not only as an adjuvant but also as an
antigen-carrying T cell-boosting vehicle, it will now be essential
to take the biochemical properties of the tumor antigen(s) (e.g.
PV membrane association, topology) into consideration in order
to find the most immunogenic context.

In summary, our results underline the diversity and complexity
of the pathways that lead to CD8+ T-cell recognition of T. gondii
peptide fragments. Mechanisms may differ depending on the anti-
gen biochemical properties (e.g. soluble vs membrane-bound and
cytosol- vs lumen-oriented). This knowledge will be invaluable
to design vaccine strategies against T. gondii and to optimize the
immune stimulatory potential of that parasite against cancer.

Materials and methods

Mice, parasites, and antibodies

C57BL/6JxDBA/2 F1 (B6D2) mice were purchased from Jan-
vier (France) and housed under specific pathogen-free conditions.
Mice were first anesthetized by isoflurane inhalation and eutha-
nized by cervical dislocation. No protocol involving pain was used
in this study.

T. gondii strains are listed in Table 1. Parasites were maintained
by serial passages on confluent monolayers of human foreskin
fibroblasts (HFF, ATCC SCRC-1041).

Primary antibodies for Western blot, flow cytometry and
immunofluorescence were rabbit anti-TAP2 (H-210, Santa Cruz),
mouse anti-actin (Sigma), rabbit anti-Sec22b (Synaptic Systems),
rabbit anti-HA (Sigma), purified rabbit anti-HF10 and anti-HY10
sera (custom-made, Biotem, Grenoble), mouse anti-SAG1 (TP3,
Santa Cruz) and mouse anti-GRA1 (TG17.43, Biotem).

Plasmid constructs and parasite transfection

Plasmids were constructed either by traditional ligation or by
fusion of a PCR amplicon into an opened vector using the
In-Fusion HD Cloning kit (Clontech). The plasmid containing
GRA6(II) coding sequence flanked by the endogenous GRA6(II) 5’
and 3’ UTR plus the HXGPRT selectable marker, used to generate
TgRH GRA6-HF10 parasites, was described previously [22]. The
plasmid encoding GRA5-HF10 flanked by the endogenous GRA5
5’ and 3’ UTR, used to generate TgRH GRA5-HF10 parasites, was
obtained by PCR amplification of GRA5 from TgPru genomic
DNA using the following forward and reverse primers: 74F: 5′-
ATGGCGTCTCCCGGGAACAAAATGGCGTCTGTAAAAC and 204R:
5′-GCTTCTATCAAGATCTTTAAAAATCAAACTCATTCACACTTCC
CGGGTGCAACGGGCGCCTGTCCTCTTCCTCGGCAACTTCTTC,
introducing the DRRPL-HF10 sequence upstream of the GRA5
STOP codon as well as floating extremities of 15 bp overlapping
with the vector. The resulting GRA5-HF10 PCR amplicon was
fusion-cloned into the XmaI-BglII-opened pKS+ 5’UTR GRA5 /
3’UTR GRA5 vector [27].

Parasite transfections were performed as previously described
[27]. In brief, 2 × 107 freshly egressed tachyzoites were electro-
porated with 50 μg of linearized plasmid containing the HXG-
PRT selectable marker, or 50 μg of linearized plasmid without
selectable marker plus 5 μg of pmini/HXGPRT. Tachyzoites were
seeded in 4 × 25-cm2 flasks of HFF and selection was achieved
with xanthine and mycophenolic acid. Tachyzoites from resistant
bulks were cloned by limiting dilution in 96-well plates.

Western blot

Tachyzoites were released from infected HFF with a 23-G nee-
dle, lyzed in 1× Laemmli buffer 1× and heated for 5 min

�
(upper panel) to permeabilize both the host cell plasma membrane and the PV membrane or digitonin (lower panel) to selectively permeabilize
the host cell plasma membrane. Immunofluorescence staining of BMMs infected for 20 h with TgRH GRA5-HF10. Red: GRA5-HF10, detected with
anti-HF10. Green: SAG1. White: endogenous GRA6(I) detected with anti-HY10. Representative pictures from > 5 cells per condition, acquired with
the same settings. Scale bar: 5 μm. (C) Flow cytometry analysis of the differentially permeabilized cells. BMMs infected for 20 h with two clones
of TgRH GRA6-HF10 (blue, left panels) and two clones of TgRH GRA5-HF10 (orange, right panels) were permeabilized with saponin (upper panels)
or digitonin (lower panels) and single-labeled with the indicated antibodies. Grey-shaded histograms represent uninfected BMMs labeled with the
same primary and secondary antibodies. (D) Bar graphs show the ratio of percent marker-positive BMMs in digitonin over percent marker-positive
BMMs in saponin for TgRH GRA6-HF10 (blue) and TgRH GRA5-HF10 (orange). Plots in (C, D) are representative of two independent experiments. (E)
Schematic representation of antigenic construct opposite orientations at the PV membrane in infected cells. The HF10 epitope is symbolized in
red.
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Figure 4. Orientation of the epitope toward the host cytosol favors MHC class I presentation in infected macrophages. (A) Ld-HF10 presentation by
BMMs infected for 20 h with the indicated parasites, assessed with the CTgEZ.4 hybridoma. Asterisks show the statistically significant differences
between TgRH GRA6-HF10 – clone 1 and TgRH GRA5-HF10 – clone 1 at the different MOI (triplicates). Data are shown as mean ± SD (n = 3).
**p < 0.005, obtained with multiple non-parametric t tests without assuming consistent SD. (B) Proportion of T. gondii-infected (SAG1+) cells out of
live BMMs, measured by intracellular flow cytometry at 20 h post-infection. (C) Western blot analysis showing the expression level of GRA6-HF10
and GRA5-HF10 in extracellular tachyzoites, revealed with rabbit anti-HF10 antiserum (upper panel) and an anti-GRA1 mAb as a loading control
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at 60°C in reducing conditions. The equivalent of 106 para-
sites was loaded, separated by electrophoresis and transferred to
nitrocellulose membranes. Immunologic detection was performed
using horseradish peroxidase-conjugated antibodies (Promega)
and quantified using a ChemiDoc XRS+ system (Bio-Rad).

BMM and BMDC differentiation, lentiviral
transduction and antigen presentation assays

These experiments were performed as previously described [27].
In brief, bone marrow cells were retrieved from femurs and
tibias. Macrophages were differentiated for 7 days in Petri dishes
with RPMI (Invitrogen) supplemented with 20% (vol/vol) fetal
calf serum (FCS, Hyclone) and 10% (vol/vol) colony-stimulating
factor (CSF)–containing culture supernatant (� 95% CD11b+).
DCs were differentiated for 6–8 days with 10% (vol/vol) of
granulocyte-macrophage colony-stimulating factor (GM-CSF)-
containing culture supernatant in complete RPMI medium (� 70%
CD11c+). Lentiviral transduction of BMDCs with shRNA to silence
Sec22b was achieved as previously reported [13]. In summary,
BMDCs were transduced by ‘spinfection’ from day 4 to day 6 in the
presence of lentiviral particles plus 8 μg / ml of polybrene, and
selected by puromycin between day 6 and day 9. The following
shRNA were used: shRNA Sec22b (clone ID TRC N0000115089):
5’-CCGGCCCTATTCCTTCATCGAGTTTCTCGAGAAACTCGAGAA
GGAATAGGGTTTTG and control (non-target) shRNA: 5’-
CCGGCAACAAGATGAAGAGCACCAACTCGAGTTGGTGCTCTTCA
TCTTGTTGTTTTT, coding for a sequence that does not match
any mouse or human mRNA.

For antigen presentation, BMMs and BMDCs were seeded into
flat-bottom 96-well plates and infected for 8 h or 24 h with
serially diluted tachyzoites. The proportion of infected cells (i.e.
Tomato+ or SAG1+) was controlled by flow cytometry, following
fixation and saponin permeabilization in the case of SAG1 stain-
ing. Presentation of HF10 by Ld, SM9 by Ld and SL8 by Kb was
assessed after 16 h of incubation with the CTgEZ.4 [16], BDSM9Z
[22] and B3Z [13] reporter hybridomas, respectively. Production
of β-galactosidase by the hybridomas was quantified using the
chromogenic substrate chlorophenol red-β-D-galactopyranoside
(CPRG, Roche). Absorbance was read at 595 nm with a reference
at 655 nm.

Differential permeabilization

107 BMMs were plated in Petri dishes and infected at MOI 1:1.
After 20 h, BMMs were detached with cold PBS-EDTA 5 mM
and transferred into 15 mL centrifuge tubes. The followings steps

were performed on ice, using cold media and refrigerated cen-
trifuges. Cells were washed with PBS, incubated with the viability
dye eFluor 450 (eBioscience), fixed for 15 min with PFA 3% and
quenched with PBS glycine 0.2 M. Permeabilization was achieved
either with PBS-BSA 0.2%-Saponin 0,05% or with PBS-digitonin
0.0005% for 5 min. Cells were then washed with 10 mL of cold
PBS and suspended in PBS-BSA 0.2%-Saponin 0,05% or PBS-BSA
3% for the cells treated with digitonin. For immunofluorescence,
cells were stained for 30 min on ice with biotinylated rabbit
anti-HF10 antibodies, AF647-coupled rabbit anti-HY10 antibod-
ies and mouse anti-SAG1 antibody, followed by incubation with
streptavidin-AF488 (Thermo fisher) and anti-mouse AF555 (Life
Science). Cells were then centrifuged and suspended in 10 μL of
Mowiol for mounting and visualization with a Zeiss LSM 710 con-
focal microscope. For flow cytometry, after permeabilization, cells
were incubated with FcR Block (eBioscience), labeled individually
with primary antibodies (purified rabbit anti HY10, purified rabbit
anti HF10 or mouse anti SAG-1) followed by an AF488-coupled
secondary antibody (Life Technologies). PBS-BSA 0.2%-Saponin
0,05% was used for incubations of the saponin-permeabilized sam-
ples. Cells were acquired with a MACSQuant10 flow cytometer
(Miltenyi Biotech).

Statistical analyses

The Prism software (GraphPad) was used for statistical analyses.
Multiple non-parametric t tests without assuming consistent s.d.
were used for antigen presentation assays and Wilcoxon signed-
rank tests for Western blot quantifications, where the median for
each TgRH GRA5-HF10 clone was compared to 100, the value
assigned to TgRH GRA6-HF10 – clone 1. **p value < 0.005; *p
value < 0.05; ns: p value > 0.05.
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