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Toxoplasma gondii tachyzoites infect host cells by an active invasion process leading to the
formation of a specialized compartment, the parasitophorous vacuole (PV). PVs resist fusion
with host cell endosomes and lysosomes and are thus distinct from phagosomes. Because
the parasite remains sequestered within the PV, it is unclear how T. gondii-derived antigens
(Ag's) access the major histocompatibility complex (MHC) class | pathway for presentation
to CD8* T cells. We demonstrate that recruitment of host endoplasmic reticulum (hER) to
the PV in T. gondii-infected dendritic cells (DCs) directly correlates with cross-priming of
CD8* T cells. Furthermore, we document by immunoelectron microscopy the transfer of hER
components into the PV, a process indicative of direct fusion between the two compart-
ments. In strong contrast, no association between hER and phagosomes or Ag presentation
activity was observed in DCs containing phagocytosed live or dead parasites. Importantly,
cross-presentation of parasite-derived Ag in actively infected cells was blocked when hER
retrotranslocation was inhibited, indicating that the hER serves as a conduit for the trans-
port of Ag between the PV and host cytosol. Collectively, these findings demonstrate that
pathogen-driven hER-PV interaction can serve as an important mechanism for Ag entry
into the MHC class | pathway and CD8+* T cell cross-priming.

DCs are specialized antigen (Ag)-presenting cells  parasite that resides within a highly specialized
parasitophorous vacuole (PV), which is known
not to participate in endocytosis or recycling
(4, 5). Nevertheless, T. gondii mounts strong
protective CD8" T cell responses required for
persistent host infection (6, 7).
Tachyzoite-stage parasites infect host cells
by an active process that involves the sequential
discharge of secretory organelles (micronemes,
rhoptries, and dense granules), leading to the
formation of a replication-permissive PV (4).
Micronemal proteins secreted during the initial
steps of invasion facilitate attachment to host
cells, and this is followed by the discharge of
rhoptries into the cytosol and the evolving PV.

adept at loading peptides derived from exoge-
nous proteins onto both MHC class I and 1I
molecules (1). Although MHC class II loading
occurs entirely within endosomes or lysosomes,
the mechanism of cross-presentation on MHC
class I is poorly understood (2). Protein Ag’s are
thought to exit endocytic compartments and
reach the cytosol for proteasomal processing.
The resulting peptides are then translocated by
the transporter associated with Ag processing
(TAP) 1/TAP2 into the endoplasmic reticulum
(ER; or possibly endosomes) for loading onto
MHC class I (2, 3). The pathway of Ag presen-
tation is particularly unclear for intracellular
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pathogens that dwell in vacuoles sequestered
from the cytosol. An important example is pro-
vided by Toxoplasma gondii, an apicomplexan
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Proteins derived from dense granules then actively remodel
the PV membrane (PVM), in turn rendering the PV incapa-
ble of endosome/lysosome fusion (8, 9). At the same time,
T. gondii modifies the PVM to allow for nutrient acquisition
by generating pores that permit free diffusion of small mole-
cules <1.3 kD (10), by recruiting host mitochondria and ER
that may serve as a potential source of lipids (11-13) and by
scavenging cholesterol from the host endocytic pathway (14).

Although the PVM provides a barrier for intact protein
Ag escape, recent studies have indicated that CD8" T cell
priming by T. gondii—infected cells requires TAP (15—17) as
well as proteasomal processing, but is independent of endo-
somal pH and protease activity (15), arguing that it involves
the cytosolic MHC class I machinery. In this study, we have
directly investigated the pathway by which T. gondii—derived
Ag exits the PV for MHC class I presentation. We demon-
strate that this process involves interconnectivity between the
host ER (hER) and PV, and the subsequent retrotransloca-
tion of parasite molecules into the host cell cytoplasm. In
marked contrast, internalization of live or dead T. gondii into
conventional phagosomes that do not fuse with ER fails to
facilitate cross-presentation. Our findings thus implicate
pathogen-driven recruitment of hER as an important route
of entry for exogenous Ag’s into the MHC class I pathway
for T. gondii and, possibly, other vacuole-dwelling microbes.

RESULTS

CD8* T cell priming requires active infection

Previous work suggested that T. gondii—derived Ag’s access
the host cell cytosol and there intersect the MHC class I path-
way for cross-presentation (15—17). This could reflect the
phagocytosis of infected cells or dead parasites by professional
Ag-presenting cells (e.g., DCs) or the direct infection of DCs.
Because a system to detect natural T. gondii CD8" and CD4*
T cell epitopes in common haplotypes was unavailable, we
used as a model transgenic parasites expressing a truncated
form of OVA, secreted via dense granules that release their
contents inside the PV (Fig. S1, available at http://www jem
.org/cgi/content/full/jem.20082108/DC1), to track Ag-
specific T cell responses to the parasite.

To determine whether active infection of DCs is required
for CD8"* T cell priming in vivo, B6.SLJ congenic mice that
had received purified CFSE-labeled naive transgenic OT-I
CD8* T cells specific for the OVA-derived peptide SIIN-
FEKL were subsequently injected with live, live irradiated
(irr), or paraformaldehyde-killed (fix) OVA-expressing T.
gondii (TgOVA), TgOVA-infected MHC class [-deficient
(MHC-I"/7) DCs, or the nontransgenic parental RH parasite
strain. Draining lymph nodes were harvested 3 d after chal-
lenge and OT-I CD8* T cell proliferation was measured.
The transferred cells were found to proliferate only in those
mice that were challenged with live TeOVA or irr TgOVA
(TgOVAirr) parasites (Fig. 1 A). This T cell priming was not
caused by the increased Ag load resulting from parasite repli-
cation, as nonmultiplying irr tachyzoites, which also form a
PV, induced the same level of T cell activation. As an addi-
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tional positive control, we showed that OT-I CD8" T cell
proliferation is also observed in mice that received TgOVA-in-
fected WT DCs (Fig. S2 A, available at http://www.jem.org/
cgi/content/full/jem.20082108/DC1). Because MHC-17/~
DCs that are as efficiently infected as their WT counterparts
(Fig. S2 B) cannot directly present Ag to CD8" T lymphocytes,
these data support previous in vitro studies (18) indicating that
direct infection rather than uptake of dead parasites or bystander
infected cells is required for cross-presentation of T. gondii—de-
rived OVA. Similarly, only actively infected DCs stimulated
IFN-y production from polyclonal CD8* T cells derived from
nontransgenic mice infected with an avirulent strain of 1. gon-
dii (ME-49; Fig. 1 B), suggesting that active infection is also re-
quired for cross-presentation of natural parasite Ag.

To elucidate the mechanism by which Ag from live
T. gondii access the MHC class I pathway, we turned to an in
vitro system in which bone marrow—derived DCs (BMDCs)
were exposed to infective TgOVAirr or noninfective heat-
killed (HK) TgOVA (TgOVAHK) tachyzoites or nontrans-
genic parasites. After fixation, the parasite-exposed DCs were
co-cultured with CFSE-labeled naive OT-I cells, and T cell
proliferation was measured as a readout of Ag processing and
presentation. In agreement with the in vivo data, DCs that
were actively infected induced strong CD8* T cell prolifera-
tion (Fig. 1 C). Although DCs that had phagocytosed dead
parasites efficiently processed and presented parasite-derived
OVA peptide to naive transgenic OT-II CD4" T cells, they
were unable to cross-present parasite-derived SIINFEKL
peptide to CD8" T cells (Fig. 1, C and D). A similar lack of
response was observed when splenic-derived DCs were sub-
stituted for BMDCs (Fig. S3, available at http://www.jem
.org/cgi/content/full/jem.20082108/DC1).

The inability of DCs to cross-present phagocytosed para-
sites led us to ask if dead tachyzoites could exert an inhibi-
tory effect in trans that would block cross-presentation of Ag
derived from live parasites. DCs were incubated with a mix-
ture of TgOVAirr and HK T. gondii (TgHK), or TSOVAHK
and 1rr T. gondii (Tgirr) tachyzoites. Although the majority
of the infected DCs also contained phagocytosed parasites
(Fig. S4, available at http://www.jem.org/cgi/content/full/
jem.20082108/DC1), proliferation of naive OT-I cells was
observed only with DCs in which OVA was expressed by
irr tachyzoites (Fig. 1 E), thus indicating that phagocytosis of
dead parasites does not inhibit cross-presentation of vacuole-
derived Ag, nor does active infection promote presentation of
Ag derived from tachyzoites within phagosomes. In parallel
experiments, uptake of dead T gondii parasites failed to inhibit
cross-presentation of Ag from phagosomes containing OVA-
coated latex beads (ova-LB; Fig. 1 F and Fig. S4 B), confirm-
ing that phagocytosed tachyzoites do not have a generalized
suppressive effect on MHC class I presentation.

Blocking parasite invasion inhibits cross-presentation

Because dead parasites were not cross-presented to OT-I
T cells, we next asked if phagocytosis of live tachyzoites can
lead to CD8* T cell priming. Live TgOVA parasites were
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pretreated with 4-p-bromophenacyl bromide (4-p-BPB), of parasite-derived Ag into the cytosolic MHC class I presenta-
an irreversible inhibitor of phospholipase A, that completely — tion pathway.

blocks the host cell invasion process without metabolically dis- Antibody-opsonized tachyzoites are avidly ingested and,
abling the parasite (19). 4-p-BPB suppressed parasite invasion ~ in common with conventional phagocytic cargo, are delivered
in a dose-dependent fashion and, in a quantitatively similar to phagolysosomes (8, 9). In other systems, uptake of Ag
manner, inhibited cross-presentation to OT-1 T cells (Fig. 2, through FcyR ligation is known to promote cross-presenta-

A and B). Nevertheless, 4-p-BPB—treated parasites were tion by DCs (22). However, targeting of either live (4-p-
clearly phagocytosed and targeted to LAMP1" compartments ~ BPB—treated) or dead parasites to FcyR by means of antibody
(Fig. 2 C and not depicted) and, as expected, efficiently pre- opsonization failed to result in MHC class I cross-presentation
sented to CD4" OT-II cells (Fig. 2 D). Asa control, it wasshown  while efficiently priming MHC class II-dependent OT-II
that 4-p-BPB—treated tachyzoites secreted similar amounts T cell proliferation (Fig. S5). Again, this was shown not to be
of OVA as their untreated counterparts (Fig. S5, available at caused by an effect of opsonization on OVA secretion by the
http://www jem.org/cgi/content/full/jem.20082108/DC1). parasites (Fig. S5).

Thus, phagocytosis fails to lead to CD8* T cell priming even

after uptake of live parasites. Similarly, treatment with cyto- Evidence for fusion between hER and PV during active
chalasin D (CytD), which blocks tachyzoite invasion without infection of DCs
inhibiting discharge of the rhoptry secretory organelles (20, Recruitment of ER components into Ag containing endo-/
21), also prevented Ag cross-presentation (Fig. 2, E and F). phagocytic organelles has been proposed as a mechanism to ex-
The latter observation argues against a role for direct injection plain cross-presentation in other systems (23-25). Live T. gondii
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Figure 1. Only actively infected DCs cross-present T. gondii-derived Ag to CD8* T cells. (A) CFSE-labeled naive OT-I CD8* T cells were transferred
into congenic recipients, which were subsequently challenged with either live, live irr, or noninfective killed (fix) TgOVA, TgOVA-infected MHC-1=/~ DCs
(MHC-1-/~ inf), nontransgenic parasites (Tg), or PBS. Proliferation of OT-I cells was measured 3 d later in the draining lymph nodes. (B) Purified CD8* T cells
from infected C57BL/6 mice were restimulated with DCs exposed to live Tgirr or TgHK tachyzoites, or to soluble parasite extract (STAg), and IFN-y produc-
tion was measured by ELISA in 48-h supernatants. The values shown are the means + SD of the ELISA readings from three mice per group. No cytokine pro-
duction was detected when T cells were stimulated with DCs alone. (C and D) CFSE-labeled OT-I (C) or OT-II (D) cells were incubated with DCs preexposed to
TgOVAirr, TgOVAHK, or Tg tachyzoites. (E and F) DCs were incubated with a mixture of TgHK and TgOVAirr tachyzoites (TgHK/TgOVAirr), Tgirr and TgOVAHK
(Tgirr/TgOVAHK), or Tg alone, or were pulsed with SIINFEKL peptide (E) or ova-LB alone or mixed with either TgHK (TgHK/ova-LB) or Tgirr (Tgirr/ova-LB; F),
and were cultured with CFSE-labeled OT-I T cells. In C-F, T cell proliferation was measured on day 3. The data shown in A-F are representative of at least
three experiments. The numbers to the left of each histogram represent the percentage of cells showing reduced CFSE content as a measure of proliferation.

JEM VOL. 206, February 16, 2009 401



is known to recruit hER in proximity to PV as a potential
source of lipids in fibroblasts and macrophages (11, 26), al-
though direct fusion between hER and PVM has never been
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Figure 2. Blocking different steps of the invasion process inhibits

cross-presentation. (A-D) TgOVA parasites were pretreated with 4-p-BPB
or the DMSO vehicle alone and were incubated with DCs. (A) Effect of 4-
p-BPB treatment on parasite invasion as determined by the percentage of
infected cells. (B) Effect of parasite 4-p-BPB treatment on T cell activation.
CFSE-labeled OT-I cells were incubated with the same DCs as described in
A, DCs infected with Tg or DCs pulsed with SIINFEKL peptide. (C) DDAO-
SE-labeled 4-p-BPB-treated tachyzoites were incubated with DCs at 37°C
(open histogram) or 4°C (shaded histogram), and parasite uptake was
assessed by flow cytometry at 2.5 h. The histograms shown are gated on
CD11c* cells. (D) CFSE-labeled OT-II cells were incubated with DCs preex-
posed to 100 pM 4-p-BPB or DMSO-treated TgOVA, Tg parasites, or were
pulsed with peptide. In B .and D, T cell proliferation was measured on day 3.
The numbers to the left of each histogram represent the percentage of cells
showing reduced CFSE content as a measure of proliferation. (E and F) DCs
were incubated with Tg or TgOVA parasites in the presence or absence of
CytD for 30 min, washed, and incubated for an additional 3.5 h before
fixation. Microscopic examination revealed that CytD treatment com-
pletely inhibited cell invasion (not depicted). In another set of samples,
CytD-pretreated or untreated DCs were incubated with 1 mg/ml of soluble
OVA for the same time period and fixed. OT-I T cells were then added to
the DC cultures, and IFN-y production (E) and thymidine incorporation (F)
were measured at 48 and 72 h, respectively. The values shown are means +
SD of triplicate cultures. The data presented in A-F are representative of
three experiments performed. ND, not detected.
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documented. Immunofluorescence microscopy performed on
actively infected DCs revealed that a luminal ER marker
(KDEL-modified proteins) exhibited a circumferential stain-
ing pattern colocalizing with the PVM protein GRA7, indi-
cating that these two compartments are in close apposition,
which would allow for possible fusion events. (Fig. 3 A).
A similar staining pattern was observed when antibodies against
the ER markers Sec61 (Fig. 3 B), calnexin, and calreticulin
were used (not depicted). The occurrence of fusion events was
directly demonstrated by immunogold labeling, which showed
that gold particles detecting KDEL proteins localized to the
PV lumen, between the parasite plasma membrane (PM) and
the PVM (Fig. 3 C). In contrast, no delivery of hER contents
to the phagosomal lumen was detected in phagosomes after
ingestion of opsonized live or dead parasites (Fig. 3 D). Con-
sistent with previous findings, PVM fusion with host lyso-
somes was not observed in infected cells, whereas lysosomal
fusion was clearly evident in T' gondii—containing phagosomes
(Fig. S6, available at http://www jem.org/cgi/content/full/
jem.20082108/DC1) (8, 9). In the described experiments us-
ing anti-KDEL antibodies, only background staining of
tachyzoites within vacuoles was seen, arguing against the pos-
sibility that the proteins detected were of parasite origin.

To further confirm the presence of hER luminal compo-
nents within the PV lumen in infected cells, we used in situ
immunocytochemical staining for the ER-specific marker
glucose 6-phosphatase (G6Pase), an enzyme absent in T. gon-
dii (27, 28). Electron dense reaction product was readily de-
tected in the lumen of hER and nuclear envelope (Fig. 4 A).
Importantly, substantial amounts of reaction product were
detected within the PV lumen itself (Fig. 4, A—D). Staining of
the PVM itself was also routinely visualized (Fig. 4, C and D),
further demonstrating direct transfer of hER components
into the PV. No reaction product was observed within the
parasite, ruling out the possible nonspecific contribution of
T. gondii—derived nucleoside triphosphatases or other phos-
phatases to the staining patterns observed. These results were
quantified, confirming that hER-PV fusion occurred in a
majority of cases after the entry of live parasites (Fig. 5 A). In
marked contrast to the findings with live or irr tachyzoites
(Fig. 4 and Fig. 5 B), no reaction products were detected in
parasite-containing phagosomes (Fig. 5, C and D), consistent
with the absence of associated hER as determined by direct
immunogold labeling (Fig. 3 D). Collectively, these observa-
tions indicated that the hER luminal content can be dis-
charged into the PV, thereby revealing direct communication
between these two compartments.

Cross-presentation requires ER retrotranslocation

The direct correlation of hRER—PV fusion with Ag cross-pre-
sentation suggested that 1. gondii might exploit the hER -as-
sociated degradation system (ERAD) to transport proteins
from the PV into the cytosol. Exotoxin A (ExoA) from Pseu-
domonas aeruginosa has previously been shown to block the
ERAD translocon subunit sec61 (29). ExoA treatment was
found to markedly inhibit activation of naive OT-I CD8"
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T cells by TgOVA-infected DCs while not affecting the pre-
sentation of exogenously added peptide (Fig. 6, A and B).
Importantly, ExoA treatment had no effect on the presenta-
tion of endogenously generated SIINFEKL when DCs were
infected with recombinant vaccinia viruses expressing OVA
(rVV-OVA; Fig. 6, C and D). ExoA treatment of parasite-
infected DCs also resulted in decreased expression of cell-
surface MHC class I (K*)—SIINFEKL complexes, as detected
by staining with the 25.11.16 specific antibody, thus con-
firming that the observed effects on T cell activation are
caused by a lack of OVA cross-presentation (Fig. 6 E). In
contrast, ExoA treatment had no effect on surface expression
of MHC class I in parasite-infected DCs or MHC class I—
peptide complexes in rVV-OVA—-infected or peptide-pulsed
DCs (Fig. S7, A—C, available at http://www jem.org/cgi/
content/full/jem.20082108/DC1). Similarly, ExoA treat-
ment failed to affect tachyzoite invasion or parasite protein

secretion (Fig. S7, D and E). These findings argued that hER
retrotranslocation plays a major role in the cross-presentation
of T. gondii—derived proteins during active infection of DCs.

DISCUSSION

In essentially every case studied, vacuole-dwelling pathogens
trigger CD8" T cell responses despite their sequestration from
the cytosolic MHC class I presentation pathway (30-32).
T. gondii provides a powerful model for dissecting the cellular
basis of this poorly understood mechanism in the host re-
sponse to microbes. Of particular note is the striking depen-
dence, both in vitro and in vivo, of MHC class I presentation
on active T. gondii infection and the inability of DCs to cross-
present phagocytosed live or dead parasites or infected cells.
Our findings indicate that the PV, in contrast to the phago-
some, facilitates entry of T. gondii Ag into the class I pathway
and further argue that the ability of parasite-containing PV to

Figure 3.

Association and fusion of hER with PV containing live T. gondii but not with phagosomes containing HK tachyzoites. (A and B) Con-

focal microscopy of DCs incubated with live T. gondii tachyzoites and stained with a combination of anti-KDEL (green; A) or anti-Sec61 (green; B) and
anti-GRA7 (a parasite-dense granule protein localized at the PVM; red). The cells were examined by confocal microscopy, and the images were decon-
volved and colocalization analysis was performed (yellow). Multiple PVs can be seen within the cell, and arrowheads pinpoint specific areas of intense
colocalization of KDEL (A) or Sec61 (B) with PVM-associated GRA7. (C and D) Immuno-EM performed on cryosections of DCs showing (C) a live parasite
inside a PV where hER components are detected between the PVM and parasite PM (arrowheads) revealed by anti-KDEL antibodies, or (D) a DC that has
phagocytosed a noninfective parasite and where no hER is evident surrounding the parasite-containing phagosome. The images shown are representative
of at least three experiments performed. n, nucleus; P, parasite. Bars: (A and B) 5 um; (C and D) 0.2 um.
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recruit and physically interact with hER is intimately associ-  tation of both soluble and particulate-bound Ag (23, 24, 33).
ated with the process of cross-presentation. In the latter situation, ER-phagosome fusion has been pro-

In addition to its involvement here, retrotranslocation has ~ posed in several studies as a mechanism by which exogenous
also been implicated as an important step in the cross-presen-  Ag exits from the phagosomal vacuole (23, 24), although the

Figure 4. Localization of G6Pase activity in DCs infected with live T. gondii. (A-D) TEM of T. gondii-infected DCs. (A) Infected DCs showing dotted
G6Pase activity staining around most of the PVs, indicating the presence of associated hER. The inset shows an example of a PV in which a more diffuse
continuous staining is evident on the PVM and/or PV content. The asterisk designates PV lumen. (B-D) PV displaying strong G6Pase activity adjacent to
the parasite PM in the vacuolar space. (B) The black arrow indicates an example of staining localized in the region between a host mitochondrion and the
parasite suggestive of PV lumen localization. The white arrow in the inset illustrates the diffuse staining seen around the parasite that contrasts with the
dotted staining of hER. (C and D) PV detail showing staining in the vacuolar space (C, inset) and associated with PVM facing the hER (D, inset). Parasite ER
shows no labeling on all sections analyzed, confirming the absence of G6Pase homologue. The images shown are representative of at least 150 PVs exam-
ined. Go, Golgi; hm, host mitochondrion; IMC, inner membrane complex; m, mitochondrion; n, nucleus; P, parasite; pER, parasite ER. Bars, 0.5 um.
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physiological relevance of these findings has been contested
(34). It is of particular interest, then, that in the case of
T. gondii—infected DCs, parasite-containing phagosomes fail
to recruit or fuse with the ER, nor do they permit the transit
of Ag into the cytosolic MHC class I pathway. Instead, active
remodeling of the PV by the parasite is required for both
processes, arguing that for intracellular pathogens, cross-pre-
sentation requires more than simple delivery of live or dead
organisms into a phagosome. The ability of phagosomes to

A B
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Percentage of G6Pase
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Figure 5. Quantification of G6Pase activity in infected DCs and
absence of staining in DCs containing HK or opsonized T. gondii
tachyzoites. (A) Quantification of G6Pase-positive compartments in a
single EM plane in actively infected DCs. The data show the mean per-
centages + SD of the compartments stained in each category for a total
of 60 PVs examined. (B-D) TEM showing (B) a PV containing an irr para-
site, and a phagosome containing (C) an antibody-opsonized or (D) an HK
parasite. Note the absence of G6Pase staining in the phagosomal lumen
(Cand D) in contrast to the vacuolar space (B). Arrows in C show fusion
of a host lysosome (hL) with the opsonized parasite-containing phago-
some. dg, dense granule; n, nucleus; pER, parasite ER. Bars, 0.5 pm.
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cross-present Ag derived from protein-coated beads (Fig. 1 F)
(23, 24), although seemingly contradictory, may simply re-
flect the distinct nature of the phagosomal cargo and perhaps
the levels of Ag available for presentation.

In this paper, we argue, based on the observation of mo-
lecular exchange between hER and PV, that direct fusion of
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Figure 6. ExoA inhibits cross-presentation of 7. gondii-derived Ag.
(A and B) DCs were incubated with different MOIs of TgOVA parasites or
increasing concentrations of SIINFEKL peptide in the presence or absence
of ExoA and were fixed before co-culture with OT-I cells. T cell proliferation
was measured at 72 h by thymidine incorporation. The values indicate the
means + SD of triplicate cultures. (C and D) DCs were incubated with
TgOVA parasites (MOl = 4), SIINFEKL peptide, 'VW-OVA, or Tg tachyzoites
for 3.5 h in the presence or absence of ExoA and were fixed before co-
culture with OT-1 cells. (C) IFN-y production and (D) thymidine incorpora-
tion were measured at 48 and 72 h, respectively. The values shown are
means + SD of triplicate cultures. Data pairs indicated by asterisks repre-
sent significant differences between conditions (P < 0.001). (E) DCs were
incubated with TgOVA-YFP parasites in the presence or absence of ExoA.
Expression of K°~SIINFEKL complexes on the cell surface was assessed at
different time points after infection by staining with the 25D1.16 mAb,
followed by flow cytometry gating on CD11c*YFP+ (infected) or YFP~ (un-
infected) cells. Shaded histograms indicate uninfected cells, continuous
line histograms indicate infected cells without treatment, and dotted line
histograms indicate infected cells treated with ExoA. Data shown in A-E
are representative of at least three experiments. ND, not detected.
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these two compartments is a major route of Ag export into the
cytosol. Because no defined channels or breaches could be
detected at the points of hER—PV membrane contact, it is
likely that if such structures exist they are spatially restricted or
highly transient. Alternatively, it is possible that exchange be-
tween the two compartments is mediated by “kiss-and-run”—
like events (35) that would allow for transfer of contents
between hER and PV with very little or no exchange of
membrane constituents, or perhaps by specialized fine mem-
brane extensions analogous to the mitochondria-associated
membranes that facilitate communication between ER and
mitochondria in mammalian cells and yeast (36, 37). In this
regard, we and others have noted vesicle-like structures ema-
nating from the PV that could also serve as an exit route for
Ag. Regardless of whether these structures are involved in Ag
transport, they too must eventually fuse with hER to allow for
the observed requirement for retrotranslocation. Given that
both immunogold and immunofluorescence labeling clearly
indicate hER membrane components and the PV membrane
to be continuous, it appears that the interaction between these
two compartments is stable rather than transient and that di-
rect fusion is the more likely explanation for Ag transfer.

The observed requirement for retrotranslocation argues
strongly against several alternative mechanisms that might ex-
plain cross-presentation in 1. gondii infection. As noted
above, previous work has documented the presence of pores
in the PVM that allow the exchange of small molecules be-
tween the PV and cytosol. Nevertheless, if direct loading of

Active
PM invasion

MHC class I with peptides introduced into the cytoplasm by
this route was the major mechanism by which T gondii Ag
access the class I pathway, then no requirement for retrotrans-
location as well as proteasomal degradation would be ex-
pected. Similarly, it has been shown that during the invasion
process parasite proteins are injected directly into the cytosol
(20, 38—40), thereby providing yet another possible route for
entry of T. gondii Ag into the class I pathway. However, our
finding that Ag cross-presentation is inhibited by CytD ar-
gues against such a mechanism, which again also would not
necessarily require retrotranslocation. Although recent stud-
ies have described autophagy in association with PV disrup-
tion and parasite degradation in activated T. gondii—infected
macrophages (41-43), we have not observed this process in
infected DCs, nor is cross-presentation blocked by treatment
of the cells with drugs that inhibit autophagy (unpublished
data). Therefore, although autophagy may play an important
role in parasite clearance, it seems unlikely that the process
contributes significantly to cross-presentation of parasite-de-
rived Ag by T. gondii—infected DCs.

In summary, we propose that in the situation of T. gondii,
active infection associated with PV formation results in the
establishment of PVM—-hER junctions. Ag secreted into the
PV gain access to the hER through these junctions, and then
retrotranslocate through the ERAD system to enter the cy-
tosol for processing and loading onto MHC class I (Fig. 7).
Recent findings demonstrating a role for the ER aminopep-
tidase associated with Ag processing in the final trimming of

Phagocytosis

Figure 7. Proposed mechanism for cross-presentation of T. gondii-derived Ag. (left) Shown are events occurring after active invasion of DCs by
live tachyzoites. (right) No cross-presentation is observed after phagocytic uptake of the parasites. Ag, T gondii-derived Ag; ER, hER; ERAAP, ER amino-
peptidase associated with Ag processing; L, lysosome; P, phagosome; Tg, T. gondiii.
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a T. gondiit GRA6—derived epitope are consistent with such a
pathway (44). Although our evidence supports a major role
for hER—PV fusion in cross-presentation of 1. gondii—de-
rived Ag by infected DCs, formal proof of this hypothesis
would require selective blockade of hER recruitment to the
PV. Unfortunately, there are as yet no inhibitors available
that specifically target this process. In addition, it will be im-
portant to confirm these findings using the model Ag OVA
with studies using naturally occurring parasite epitopes. Sev-
eral endogenous parasite CD8" T cell epitopes that were de-
scribed after the completion of this project are possible
candidates for such an analysis (44, 45).

It has been hypothesized that T. gondii recruits hER to
the PV to provide a mechanism for membrane biogenesis
and/or parasite nutrient acquisition (11, 26). It is tempting to
speculate that T. gondii exploits the same intracellular path-
way to present Ag for the induction of CD8* T cell responses
that are critical for promoting pathogen latency and interhost
transmission, and thus, for its success as a vertebrate parasite.
Further dissection of this highly efficient natural mechanism
for the stimulation of CD8* T cell-dependent immunity may
provide important insights applicable to the design of effec-
tive vaccines against intracellular pathogens.

MATERIALS AND METHODS

Mice. C57BL/6 mice were purchased from Taconic. 3,-microglobulin—de-
ficient (MHC-I7/7), B6.SJL congenic, C57BL/6 OT-I/RAGI1, and OT-II
TCR transgenic mice were provided by Taconic from the National Institute
for Allergy and Infectious Diseases (NIAID) animal supply contract. All mice
were maintained in an NIAID, National Institutes of Health (NIH) animal
care facility under specific pathogen-free conditions and were treated in ac-
cordance with the regulations and guidelines of an animal study proposal ap-
proved by the Animal Care and Use Committee of the NIH. Age- (6—8 wk)

and sex-matched animals were used in all experiments.

Antibodies and reagents. CytD, 4-p-BPB, and ExoA from P. aeruginosa
were obtained from Sigma-Aldrich, OVA was obtained from Thermo
Fisher Scientific, and CFSE and CellTrace Far Red DDAO-SE were pur-
chased from Invitrogen. The antibodies used for flow cytometry included
anti-CD8-PerCP, anti-CD4-PE, anti-CD3-allophycocyanin (APC), anti-
CD11c—PE, anti-H2-K"~FITC, and anti-LAMP1 (all from BD), and anti-
CD45.1-PE and anti-CD45.2-APC (eBioscience); the mAb specific for
K°—SIINFEKL complex 25D1.16 (46) conjugated with Alexa Fluor 647
was provided by J. Yewdell and J. Bennink (NIAID, NIH, Bethesda, MD).
The antibodies used for immunofluorescence and immunogold labeling
included rabbit polyclonal anti-OVA (Sigma-Aldrich), anti-KDEL (Assay
Designs), anti-Sec61b (Proteintech Group, Inc.), rabbit polyclonal anti-
GRA7 (14), and polyclonal anti-SAG1 (provided by M. Grigg, NIAID,
NIH, Bethesda, MD). The secondary antibodies were goat anti—rabbit,
goat anti-mouse, and anti—rat conjugated with either Alexa Fluor 488 or
633 (Invitrogen).

Parasites. Cysts of the avirulent ME-49 strain of T. gondii were obtained
from the brains of chronically infected C57BL/6 mice. For experimental
infection, animals received 20 cysts i.p. in 0.5 ml PBS. The transgenic para-
sites p30-OVA (TgOVA) (15), p30-OVA-YFP-YFP (TgOVAYFP), and
p30-RFP (TgRFP; provided by B. Striepen and M.-]. Gubbels, University
of Georgia, Athens, GA) (16), and the nontransgenic RH strains of T. gondii
were maintained by serial passage on human foreskin fibroblasts (HFFs)
cultured at 37°C in DMEM (Invitrogen) supplemented with 10% heat-in-
activated FBS. Parasites were harvested from 80% lysed HFF monolayers.
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Soluble tachyzoite Ag (STAg) was prepared as previously described (47).
‘Where indicated in the figures, parasites received the following treatments:
HK parasites were incubated at 56°C for 20 min; live nonmultiplying
tachyzoites (irr) were obtained by irradiation with 15,000 rads (Mark I ce-
sium irradiator; J.L. Shepherd); fixed parasites (fix) were incubated with 4%
paraformaldehyde (PFA) for 10 min at room temperature (RT) and exten-
sively washed with PBS; and for antibody opsonization, tachyzoites were
incubated with immune sera from chronically infected mice for 30 min at
4°C followed by washing with PBS. For the mixed parasite cultures, HK
and irr tachyzoites were mixed at a 1:1 ratio and added to DC cultures. For
Western blotting, 5 X 10°¢ tachyzoites were lysed in cell lysis buffer (Cell
Signaling Technology) and analyzed by SDS-PAGE. Western blotting was
performed using a rabbit anti-OVA antibody (1:10,000) or rabbit anti-
SAG1 (1:10,000), followed with anti—rabbit Ig—horseradish peroxidase
(1:3,000; GE Healthcare).

Generation of Ag-presenting cells. BMDCs from C57BL/6 mice were
obtained as previously described (48) and incubated with treated or untreated
T. gondii tachyzoites at a ratio of 14 parasites/DC. The cells were then in-
cubated for different time periods (3.5-18 h), free-floating parasites were
removed by extensive washing (centrifugation performed at 900 rpm
for 10 min), and DCs were used for T cell activation assays or analyzed by
flow cytometry. Where indicated in the figures, ExoA was added to the
cultures at a final concentration of 10 pg/ml. For T cell priming assays, DCs
were fixed with 0.001% glutaraldehyde for 30 s, the reaction was stopped
with 0.2 M PBS/glycine, and the cells were washed with RPMI 1640 sup-
plemented with 10% FCS. Before fixation, cell samples were prepared in a
cytospin and stained using Diff Quick (Dade Behring) to evaluate the level
of infection.

In some experiments, splenic DCs derived from C57BL/6 or MHC-
[7/~ animals were substituted for BMDCs. Spleens were digested with 400
pg/ml Liberase CI solution (Roche) in RPMI 1640 for 30 min at 37°C and
were homogenized into single-cell suspensions. DCs were purified by posi-
tive selection using anti-CD11¢ MACS beads (Miltenyi Biotec) according
to the manufacturer’s protocol. The purity of CD11c* cells was 70-85%, as
determined by flow cytometry. Purified CD11c* cells were then exposed to
T. gondii tachyzoites as described.

To inhibit the parasite invasion process, live tachyzoites were treated
with increasing concentrations of 4-p-BPB or DMSO vehicle alone for
10 min at 37°C and, after extensive washing, were added to DC cul-
tures. Where indicated in the figures, 4-p-BPB—pretreated parasites
were opsonized as described in the previous section before co-culture
with DCs.

In a different set of experiments, parasites were incubated with 10 pM
CytD or DMSO control for 10 min at RT and for an additional 30 min with
DCs in the presence of the drug. DCs were washed to eliminate both the
extracellular parasites and the drug, and were incubated for 3.5 h to allow for
Ag processing and presentation before fixation. In the same experiments,
DCs were incubated with CytD for the same time period, and after washing,
1 mg/ml of soluble OVA was added to the cultures.

For experiments using Ag-coated latex beads (3 pm; Sigma-Aldrich),
10® beads were incubated overnight on agitation at 4°C with 1 mg/ml of
soluble OVA. The beads were extensively washed with PBS and added to
DCs at 10:1 ratio either alone or together with T. gondii tachyzoites, as indi-
cated in the figures. Where mentioned, DCs were pulsed with control pep-
tides, 0.1 nM OVA 3755 (SIINFEKL), and 1 pM OVA 5 53, for MHC
class I and II, respectively.

Purification, CFSE labeling, and in vitro activation of CD8* OT-I
and CD4* OT-II cells. Spleens and lymph nodes were mechanically
disrupted and red blood cells were removed by lysis with ACK Lysing
Buffer (Cambrex Bio Science). CD8" and CD4* lymphocytes were puri-
fied by negative selection using MACS microbeads (Miltenyi Biotec) ac-
cording to the manufacturer’s protocol. The purity of the T cell populations
was >95%, as determined by flow cytometry. Where indicated in the figures,
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purified lymphocytes were labeled with the intracellular fluorescent dye
CEFSE (Invitrogen). The cells were incubated at 107 cells/ml in PBS with
1 pM CFSE for 10 min at 37°C, the reaction was stopped with 10% nor-
mal mouse serum, and the cells were washed twice with RPMI 1640 sup-
plemented with 10% FCS. CFSE-labeled T cells were plated at
10° cells/well in 24-well plates, and parasite-exposed DCs were added at a
3:1 T cell/DC ratio. T cell proliferation was measured 72 h later as the
percentage of cells showing reduced CFSE content within the CD4" or
CD8" T cell population using a FACSCalibur (BD), and data were ana-
lyzed with FlowJo software (Tree Star, Inc.).

Adoptive transfer and in vivo activation of OT-I T cells. Purified
OT-I cells were labeled with 5 uM CFSE, as described in the previous sec-
tion, and 3-5 X 10° cells were injected i.v. into B6.SJL congenic recipients
on day —1. Mice were challenged by s.c. injection of 0.5-10° tachyzoites or
2 X 10> MHC-I"/"—infected splenic CD11c" cells. Draining lymph nodes
were harvested 3 d later and T cell proliferation was analyzed by flow cyto-
metry. Transferred CD8" OT-I T cells were gated based on CD45.2, CD3,
and CD8 surface marker expression.

Measurement of thymidine incorporation and IFN-y production by
T lymphocytes. 10° purified OT-I T cells were co-cultured with 5 x 10*
parasite-exposed DCs in 96-well, round-bottom microtiter plates, and the
culture supernatants were harvested at 48 h for cytokine measurement by
ELISA. The cells were pulsed with 1 pCi [*H]thymidine per well (New
England Nuclear) for an additional 18 h, and the incorporated radioactivity
was measured (1450 MicroBeta TriLux; PerkinElmer).

In a different set of experiments, CD8* T lymphocytes obtained from
day 7 T. gondii—infected mice (n = 3 per group) were used as the responding
cell population. Spleens were mechanically disrupted and red blood cells
were removed by lysis with ACK lysing buffer (Cambrex Bio Science).
CD8" T lymphocytes were purified by negative selection and incubated
with parasite-exposed DCs as described or where indicated in the figures,
with DCs preexposed to 10 pg/ml STAg.

Immunofluorescence, immunocytochemistry, and transmission
electron microscopy (TEM). For immunofluorescence, DCs were pla-
ted on polylysine-treated coverslips (BD) and infected with live T. gondii
tachyzoites at a multiplicity of infection (MOI) of 1 for 12 h. Cells were
fixed with 4% PFA for 10 min and washed three to four times with PBS
before permeabilization with 0.2% saponin for 15 min and blocking with
PBS/3% BSA/0.1% saponin for 1 h. Cells were incubated with the pri-
mary antibody for 1 h and washed four times before the secondary anti-
body was added for a similar time period. After extensive washing,
coverslips were mounted using antifade mounting solution (ProLong Gold;
Invitrogen). All incubations were performed at RT. Images were acquired
using a confocal microscope (model SP5; Leica) using a 63X oil immersion
objective NA1.4. Huygens Essential (version 3.3; Scientific Volume Imag-
ing BV) and Imaris (version 6.1.5; Bitplane AG) software were used for
deconvolution and colocalization analyses.

For immuno-EM, parasite-exposed DCs were fixed with 4% PFA in
0.25 M Hepes (pH 7.4) for 1 h at RT, followed by 8% PFA in the same buf-
fer overnight at 4°C. Cryosectioning and immunolabeling was performed as
previously described (49). G6Pase activity was revealed by cytochemistry as
previously described (50), and quantification of G6Pase-positive compart-
ments was performed in a single EM plane.

Vaccinia virus infections. DCs were infected with rVV-OVA (51) at
an MOI of 10 for 20 min at 37°C, with mixing every few minutes in bal-
anced salt solution containing 0.1% BSA. Cells were incubated at 37°C in
growth media for the remainder of the assay in the presence or absence of
10 pg/ml ExoA. Samples were taken at different time points after infec-
tion, and the generation of K'—SIINFEKL complexes was analyzed by
flow cytometry with 25D1.16—Alexa Fluor 647 mAb on an LSR II (BD)
using FACSDiva software (BD), and data were analyzed using FlowJo
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software. Alternatively, infected DCs were fixed and used for T cell acti-
vation assays.

Statistics. The statistical significance of differences in the means of ex-
perimental groups was determined using an unpaired, two-tailed Stu-
dent’s ¢ test.

Online supplemental material. Fig. S1 shows that transgenic parasites se-
crete OVA via the default secretory pathway. Fig. S2 demonstrates the ability
of infected WT DCs to induce OT-I cell proliferation in vivo. Fig. S3 shows
that splenic-derived DCs are unable to cross-present parasite-derived Ag
from phagocytosed tachyzoites. Fig. S4 demonstrates that infected DCs can
also phagocytose dead parasites, and that in mixed cultures the majority of
DCs phagocytose both latex beads and dead tachyzoites. Fig. S5 shows that
targeting of either live or dead parasites to FcyR fails to result in MHC class
I cross-presentation and that OVA production is not affected in antibody-op-
sonized or 4-p-BPB—treated parasites. Fig. S6 shows lysosome fusion with
parasite-containing phagosome but not with PV. Fig. S7 provides controls for
possible nonspecific effects of ExoA treatment on endogenous class I presen-
tation, MHC-I surface expression, parasite infectivity, and parasite protein
production. Online supplemental material is available at http://www jem
.org/cgi/content/full/jem.20082108/DC1.
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