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Abstract

Molecular chaperones such as heat shock protein 90 (Hsp90) have been shown to form complexes
with tumor antigens and can be used to prepare anticancer vaccines largely due to this property.
Earlier studies had suggested that, mice immunized with a molecular chaperone based vaccine
derived from tumors became immune to further vaccination and that both CD8* and CD4* T cells
were activated by the chaperone vaccine in a manner dependent on scavenger receptor SREC-I.
Here we have investigated mechanisms whereby SREC-1 might facilitate uptake of Hsp90
conjugated peptides by APC into the MHC class Il pathway for presentation to CD4" T cells. Our
studies showed that antigenic peptides associated with Hsp90 were taken up into the Class Il
pathway by a mechanism dependent on SREC-I binding and internalization and presented to CD4*
T cells. In addition our studies showed that SREC-I could associate with MHC class Il molecules
on the cell surface and in intracellular endosomes, suggesting a mechanism involving facilitated
uptake of peptides into the MHC class 11 pathway. These studies in addition to our earlier findings
showed SREC-I to play a primary role in chaperone-associated antigen uptake both through cross
priming of MHC class | molecules and entry into the class Il pathway.
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Introduction

Molecular chaperones such as heat shock Hsp90 have been shown to form complexes with
tumor antigens and have thus been used in preparing anticancer vaccines, largely due to this
property (Kunisawa and Shastri, 2006; Murshid et al., 2011)_ HSPs therefore could function
as antigen carriers and it has been suggested that they might use this property to mediate
antigen presentation in target APC by facilitating endocytosis of bound polypeptides
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(Murshid et al., 2010. gyjyastava 2010 and Murshid et al., 2012 Apcs such as dendritic
cells (DC) were shown to take up external antigens and process such polypeptides for
presentation to T cells through two distinct pathways including: (1) the classical MHC class
Il pathway and (2) cross presentation through the MHC class | pathway. Soluble antigens
have been shown previously to be partitioned between these two alternative pathways by
interacting with different cell surface receptors in DC such as CLEC9, DC-SIGN, DEC205
and the mannose receptor 1 (Murshid etal., 2012; Bonifaz et al., 2002; Burgdorf and Kurts,
2008). Triage between the two pathways thus occurs at the cell surface through the dedicated
antigen binding receptors. It was however, not clear whether HSP chaperoned antigens
adhered to these mechanisms for selective entry into pathways of antigen presentation.
Previous studies showed that HSP-peptide complexes were internalized by a distinct group
of receptors compared to free polypeptides (Theriault etal., 2008y These receptors were
from the scavenger receptor families and included LOX-1, SREC-1/SCARF-I, and FEEL1/
Stabilin-1. Both SREC-I and LOX-1 have been shown to mediate the cross presentation of
molecular chaperone bound antigens and lead to activation of CD8" T lymphocytes
(Theriault etal., 2006; Delneste et al., 2002; Murshid et al., 2011). In addition, earlier
studies showed that mice immunized with a molecular chaperone based vaccine derived
from tumors became immune to further tumor inoculation and that both CD8* and CD4* T

cells were activated in a SREC-1 dependent manner by the chaperone vaccines (50Nd etal.,
2010; Gong et al., 2009).

We have set out here to determine whether SREC-I can directly mediate entry of Hsp90-
bound antigens into the MHC class Il pathway and stimulation of CD4* T cells.

Materials and Methods

Mice

Mice, B6C3F1 (H-2PXK) used in this study were obtained from The Jackson Laboratory (Bar
Harbor, ME). All mice were kept in a specific pathogen-free mouse facility. Studies were
done according to institutional guidelines for animal use and care.

Reagents and Abs

OVA was purchased from Sigma-Aldrich (St. Louis, MO). PL19 peptide was custom
synthesized (AnaSpec, Fremont, CA) and purified to 95% by HPLC. Rabbit polyclonal
human anti-SREC-1 Ab was rabbit monoclonal was custom synthesized by GenScript
(Piscataway, NJ) against specific peptide sequence (TQGTQGSTLDPAGQC).
Commercially available anti-SREC-1 ab was purchased from Atlas Antibodies. Anti-Mycl|
ab was from Sigma. Rat anti-mouse IFN-y was from BD Pharmingen (San Diego, CA). GM-
CSF was purchased from PeproTech (Rocky Hill, NJ). Cy3-transferrin and all other
secondary fluorescent Abs were from Jackson Immunoresearch Laboratories. Alexa 555
labeling kit was from Life Sciences. Clostridium deficile ToxinB was purchased from
Calbiochem. Anti-pMHC-I1 mAb L243 was purchased from BD Biosciences. CIITA
plasmid was from Addgene.
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Cells and culture conditions

Plasmids

BMDCs were generated from the femur and tibiae of, B6C3F1 mice. The bone marrow was
flushed out and cultured in RPMI-1640 supplemented with 10% heat-inactivated FBS and
40 ng/ml GM-CSF for 6 d. On day 3, one third of the medium was replaced by fresh growth
medium. On day 6, the immature BMDCs were used for experiment. Wild-type COS7 and
Hek293 cells were transfected with human full length SREC-I in pcDNAS for stable
expression of SREC-I. Both cell lines were maintained in Ham’s F12K medium
supplemented with 10% heat inactivated FBS. For generation of stable SREC-I-expressing
cell lines, cells were selected and maintained in the same medium plus 400 mg/ml G418.
Hek293 and Raw 264.7 cell lines were maintained in DMEM supplemented with 10% heat-
inactivated FBS. KG-1 cells were maintained in RPMI-1640 supplemented with 10% heat-
inactivated FBS.

The pcDNA3.1-SREC-I (human) was a generous gift from Dr. H. Adachi. FLAG-SREC-I
construct was made in 3XFLAG-CMV vector. MHCII molecules were gifts from Dr. R.
Germain of NIH.

Hsp90—peptide/protein complex and anti—-SREC-1 Ab—OVA complex formation

OVA was dialyzed for 36 h at 4°C with several changes of the buffer (PBS) to remove
degradation products as well as possible contaminating peptides from the solution. Small
peptides, PL19 (PDEVSGLEQLESIINFEKL) were loaded onto Hsp90 in solution at a molar
ratio of 50:1 in PBS, incubated for 10 min at 45-50°C, and cooled at room temperature for
30-40 min. For Hsp90—-OVA conjugate preparation, soluble Hsp90 and excess OVA (1:2
ratio) were mixed and incubated for 10 min at 45°C. The solution mixtures were then
incubated at room temperature for 30 min. Free OVA was removed using Microcon YM-100
(Millipore, Bedford, MA) with a 100-kDa cutoff. Alexa 488- and Alexa 555-labeled Hsp90-
peptide/OVA (Hsp90.PC) conjugates were made according to the manufacturer’s protocol
(Invitrogen). For anti—-SREC-1 Ab-OVA preparation, OVA was coupled to anti-SREC-1 Ab
using bis-(sulfosuccinimidyl) suberate as described by the manufacturer (Thermo Fisher
Scientific, Waltham, MA) and labeled with Alexa fluorochromes as described for Hsp90 and
purified using Microcon YM-100 ultrafiltration (Millipore, Billerica, MA).

Immunofluorescence and microscopic analysis of Hsp90 internalization

COS7 cells were labeled with Alexa Fluor-conjugated Hsp90 complexes for 20-30 min on
ice. The ice-cold medium was then replaced by warm medium and incubated at 37°C for
different periods. Cells were later washed with ice-cold stripping buffer (50 mM sodium
citrate and 280 mM sucrose [pH 4.6]) to remove unbound Hsp90.PC. Later, the cells were
fixed with 4% para-formaldehyde and permeabilized with 0.1% Triton X-100. Cells were
stained with different Abs and later analyzed using a Zeiss 510 confocal microscope (Carl
Zeiss, Jena, Germany). For analysis of binding to BMDCs, FcRs were pre-blocked. For
blocking FcR-mediated nonspecific binding, immature BMDCs were treated with anti-FcyR
Ab (CD16/32 specific for FcyRIIl, FcyRII) for 10 min at 4°C at a concentration of 1 mg/ml/
million cells. To prevent complication of experiments by Hsp90 interaction with HSP
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receptor LOX1, BMDCs were also treated with goat anti-mouse LOX1 Ab (10 mg/ml) for
10-15 min on ice. Fluorophores were visualized using the following filter sets: 488 nm
excitation and band pass 505-530 emission filter for Alexa 488; 543 nm excitation and band
pass 560-615 for Cy3; and 633 excitation and long pass 650 for Cy5. Images were taken
using a 633 numerical aperture 1.4 oil immersion objective lens (Carl Zeiss, Jena, Germany).
Figures were made using Adobe Photoshop 7.0 (Adobe Systems, San Jose, CA) with little or
no contrast adjustments without altering original images.

In vitro cross-presentation assay

Immature BMDCs from mice were plated in 96-well plates post purification. Cells were then
pulsed with 10 mg/ml Hsp90 and its OVA conjugates (Hsp90-PL19/0OVA), 10mg/ml free
OVA, and also with 10 mg/ml anti—-SREC-I-OVA complexes for 5 min to 2 h. In all Ag
cross-presentation experiments, a preparation of the BMDC was pulsed with 100 ng/ml
PL19 as positive control. For inhibitors and drug treatment, cells were incubated with the
drugs before they were pulsed with different Ag preparations. The ligands were then
removed and cells fixed with para-formaldehyde for 10 min at room temperature. Later,
peptide-specific T cell hybridoma (KZO, a generous gift from Dr. N. Shastri, Department of
Molecular and Cellular Biology, University of California, Berklely, CA) was added to the
fixed cells at 37°C for 20 h.

Western Blotting and Coimmuoprecipitation assay

HeL a cells were transfected with FLAG-SREC-1 and CIITA-Myc for 22 hours. Cells were
then incubated with or without Hsp90.0va for 30 mins. Cells were then washed with iced-
cold Dulbecco’s phosphate buffered saline (PBS) and lysed with NP-40 lysis buffer
(containing 1% Nonidet P-40, 150mM NaCl, 1mM EDTA, 1mM PMSF, 1x HALT protease
and phosphatase inhibitor cocktail, Thermo Scientific). For immunoprecipitation, 1 mg of
cell extract was incubated with 5 ug of anti FLAG antibody (M2) for 2 hours at 4°C
followed by incubation with 20 pl of protein A (50% slurry, GE healthcare) plus-sepharose
beads for overnight at 4°C. The beads were then washed with NP40-lysis buffer and
complexes were eluted by boiling in Laemmle sample buffer. For Western blotting,
immunoprecipitated samples were resolved by 4-15% gradient SDS-PAGE and transferred
to PVDF (polyvinylidene fluoride) membranes. Membranes were immunoblotted with anti-
HLA-DR antibody and later secondary antibody that are HRP-conjugated. The membrane
reactions were visualized by Perkin Elmer enhanced chemiluminescence reagents.

Cdc42 activation assay

Results

Cdc42 activation assay was performed in Hek293 cells with or without Hsp90.PL19
according to the manufacturer’s protocol (Active Rac1/Cdc42 pull down and detection Kkit,
Thermo Scientific).

We first examined the potential role of purified Hsp90 and cell surface SREC-I in uptake of
antigens into the MHC class Il pathway. Hsp90 was purified from Sf9 insect cells that
expressed the human Hsp90a gene (after infection by baculovirus encoding the protein) as
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described previously (Murshid et al., 2010y Recombinant Hsp90 was then bound to a
peptide PL19 (as described below) derived from ovalbumin and complexes isolated as
described previously and labeled with a fluorescent dye Alexa-555 fluorophore (Murshid et
al., 2010). We ensured that the Hsp90 preparations could interact with SREC-I on the cell
surface as determined by fluorescence microscopy. Indeed, such Alexa 555-Hsp90-Ova
complexes were localized on the cell surface with SREC-I in Raw 264.7 cells and became
co-internalized with the receptor on incubation at 37°C (Fig. 1A and B). Repeating a similar
experiment in the dendritic cell line KG1 we found again that Hsp90.PL19 complexes
became bound to FLAG-SREC-on the surface and appeared to become co-internalized in
intracellular vesicles (Fig. 1C). The binding and internalization of Hsp90-peptide to SREC-I
was thus seen both in macrophage and dendritic cells.

To examine the role of SREC-I in class Il presentation, we incubated bone marrow-derived
mouse dendritic cells (BMDC) from B6C3F1 mice with KZO T cell hybridoma cells that
recognize the peptide (PDEVSGIEQLESIINFEKL or PL19) derived from ovalbumin (Ova)
in the context of MHC class 11 species I-AK. For the antigen presentation experiments Hsp90
was complexed to either PL19 or to purified full length Ova. To test a causal role for SREC-I
in Ova presentation through the Class 1l pathway, we prepared anti-SREC-1 antibodies cross-
linked to full length Ova. Antigen presentation was assayed by measuring interferon gamma
(IFNY) release by the KZO T cells. Exposure to uncomplexed, antigen free Hsp90 had
minimal effect on IFNy release from the KZO target cells (Fig 2A). However, when Hsp90
was complexed to either purified Ova or the synthetic peptide (PL19), a large increase in
IFNY release from the KZO cells was observed which exceeded the effects of free,
uncomplexed Ova (Fig. 2A). Hsp90 thus appeared to stimulate presentation of Ova via the
Class Il pathway. In addition, a similarly powerful activation of IFN v release was seen when
cells were exposed to anti-SREC-I antibody-Ova complexes further suggesting a receptor
role for SREC-I in processing of Hsp90-Ova complexes through the MHC class |1 pathway.

To confirm an additional role of SREC-I in directing Hsp90 bound antigens to MHC class II,
we employed non-APC cells (COS-7 cells) that do not express SREC-1 and MHCII
engineered to transiently express MHC class 11 alpha and beta chains along with Invariant
chain (AaX, ApK and murine Invariant chain, mli/p31). As these cells do not express either
SREC-I or surface MHC class Il complexes under basal conditions, we were then able to
compare the dependence on SREC-I for responding to Hsp90-chaperoned Ova peptides as in
Fig. 2A. In COS7 cells expressing both MHCII and SREC-I, Hsp90 was able to chaperone
polypeptides through the MHC class Il pathway, lead to enhanced presentation of Ova and
Ova peptides as evidenced by enhanced IFNy release from the KZO cells (Fig. 2B). As in
the BMDC, Ova covalently associated with anti-SREC-I antibody was preferentially
presented by COS7 cells expressing SREC-1 to KZO cells compared with free Ova (Fig.
2B). In the absence of SREC-I, presentation of Hsp90 chaperoned peptides by the COS7
cells was almost completely absent, confirming the role of this scavenger receptor in
efficient presentation of peptides via the MHC class 11 pathway (Fig. 2C). On the other hand
COS7-MHCII cells were somewhat able to present Ova peptide (PL19) and Ova via MHCII
alone, despite the absence of SREC-I but were incapable of internalizing and engulfing
Hsp90 bound Ova or PL19 (Fig. 2D)
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Our previous studies have shown that cross presentation of antigens bound to Hsp90 by APC
involves internalization of SREC-I through a clathrin-independent endocytic pathway.
Hsp90-SREC-I complexes were instead taken up through the GPI-anchored-protein-enriched
endosomal compartment (GEEC) pathway (Murshid etal., 2010y The GEEC pathway was
shown to be regulated by a specific subgroup of small (Rho) GTPases including Cdc42 but
excluding Rac1 for endocytosis. Rho family GTPases play a central role in F actin structure
modulation.

It was also demonstrated that activated Cdc42 could induce filopodia formation, a process
involving cytoskeleton remodeling in the neuritic phenotype (Chen etal., 1999 “Yamaguchi
etal, 2001). We observed that SREC-1 expressing cells showed a morphology resembling
neuritic cells after transfection of SREC-1 expression vectors in CHO-K1, HelLa and Hek293
cells (data not shown). On the basis of this observation we proposed that SREC-I might
modulate signal transduction effects of Cdc42 involved in the MHC class Il pathway.
Filopodia formation is likely to be due to interaction of the downstream adaptor protein
WASP family members with Arp2/3 (actin nucleating complex) and thus cytoskeleton
remodeling. Indeed, we found that SREC-I co-localized with Arp3 on the cell surface
especially in those protrusions in the presence of its ligand, Hsp90-PL 19, suggesting a role
for ligand-bound SREC-I in actin cytoskeleton remodeling, receptor internalization (data not
shown). We also observed co-localization of SREC-1 and Cdc42 in peri-Golgi
tubulovesicular structures, further suggesting the role of dynamic actin cytoskeleton in the
formation of carries in the secretory pathway, Golgi to plasma membrane (Fig. 3B).

We next used a GST-PAK1-PBD pull down assay to measure intracellular GTPase activity in
response to exposure to Hsp90 peptide complexes. Active Rho GTPases Cdc42 or Racl can
bind specifically to the p21-binding domain (PBD) of p21 activated protein kinase 1 (PAK1)
leading its activation. Therefore PBD of PAK1 was used as a probe to specifically isolate the
active forms of Cdc42 or Racl. We found that exposure to Hsp90-Ova complexes activated
Cdc42 GTPase (Fig. 3C). Intracellular Cdc42 GTPase activity was high in cells exposed to
Hsp90-PL19 complexes (Fig. 3C, 4! lane) and was comparable to the positive control
incubated with the non-metabolizable NTP GTPyS (Fig 3C, 5! lane) Fig. 3C. Activity in
cells exposed to Hsp90-PL19 complexes was inhibited by addition of GDP to the
incubations, indicating specific, chaperone activated, GDP-inhibitable Cdc42 activity (Fig.
3C, 3 lane). However, statistically insignificant activation of another GTPase Racl was
observed with or without Hsp90 (Data not shown). These data indicated involvement of
Cdc42 and the GEEC pathway in Hsp90-peptide-SREC-I interactions.

We next examined the potential role of SREC-I associated Cdc42 (and the GEEC pathway)
in Hsp90-antigen complex presentation though the MHC class 11 pathway. We found as in
Fig 2 that full length Ova or synthetic peptide PL19 presentation by BMDC to CD4* KZO T
cell hybridoma cells could be stimulated by association of the antigen with either Hsp90 or
SREC-I (Fig. 4). However, when the incubations were carried out in the presence of Toxin
B, an inhibitor of Cdc42, T cell stimulation by Ova associated with Hsp90 or SREC-I was
abolished (Fig. 4). By contrast, presentation of free Ova was not markedly affected by
exposure to Toxin B indicating utilization of an alternative uptake pathway not requiring
SREC-I (Fig. 4).
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Next we examined the localization of MHCII and SREC-I in cells with and without
exposure to the chaperone complexes in CIITA overexpressing HeLa (Fig. 5). To examine
the localization of the receptor, we overexpressed both CIITA and SREC-I in a non-DC/
macrophage cell lines, HeLa cells. The expression of CIITA in this cell line induced
endogenous expression of both MHCII and invariant chain (li). These cells therefore could
act as antigen presenting cells and were capable of activating CD4* T cells. Localization
studies of MHCII and invariant chain were convenient in HeLa-CHTA cells (Walseng et al.,
2008). In the absence of ligand, in cells incubated at 4°C, MHCII and SREC-I appeared to
be independently distributed on the cell surface (Fig. 5A). However, in cells warmed to
37°C, SREC-1 and MHC class Il complexes appeared to become substantially co-localized
in intracellular structures reminiscent of ER and Golgi, suggesting intracellular co-
trafficking of these two receptors (Fig. 5B). Exposure of cells to Hsp90-Ova complexes
caused SREC-I to redistribute and co-localize with MHC class Il complexes on the surface
of the HeLa-CIITA cells (compare Fig. 5A and C). Incubations were initially performed at
4°C to reduce endocytosis and to increase binding. Subsequent, warming of cells to 37°C led
to close co-localization SREC-I and MHC class Il into intracellular endosomal structures
(Fig 5D). This distribution was quite different from the intracellular localization observed in
control cells that had not been exposed to Hsp90 (comparison of B, D). We also observed
biochemical association between HLA-DR (MHCII) and SREC-I in HeLa-CIITA cells (Fig.
2E). These data were consistent with a mechanism involving association of SREC-1/Hsp90-
peptide complexes with MHC 11 at the plasma membrane and coordinate internalization to
endosomes. The experiments therefore suggested that Hsp90 binding to SREC-1 could
potentially bring the internalized peptide into close proximity with MHC class Il molecules
on the cell surface and assist antigen loading in intracellular vesicles.

Discussion

Our experiments suggested that stimulation of CD4* T cells by DC that had been activated
by Hsp90-peptide complexes involved pathways that share many of the essentials
mechanisms involved in stimulation of antigen cross presentation by similar chaperone/
antigen complexes (Figs 1-5). These included binding of Hsp90-peptide complexes to
SREC-I, internalization via the GEEC compartment and regulation by small GTPases,
notably Cdc423 (Fig. 3). Thus the processes involved in triage of antigenic peptides and the
routing of such peptides to these two pathways were different in essence from the
mechanisms used by DC for other soluble antigens, which instead were shown to involve the
use of distinct receptors to access the two routes for processing and presenting external
antigens (Bonifaz etal., 2002; Calderwood et al., 2009)_ It appeared therefore that Hsp90
could trigger multiple pathways of CTL programming after binding the SREC-I receptor.
These included CD8* T lymphocyte activation by the antigen cross presentation pathway,
innate immune activation through TLR4 and, as was shown here CD4* T cell activation by
triggering antigen uptake through the MHC class 1 route (Fig. 2) (Murshid etal., 2010.
Calderwood et al., 2009y The significance of SREC-I association with MHCII on the cell
surface was not entirely clear (Fig. 5). MHC class Il complexes have been thought to cycle
from the Golgi compartment to endosomes/lysosomes via the plasma membrane (Berger and
Roche, 2009) Formation of SREC-1/Hsp90-peptide complexes at the cell surface could be
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involved in recruiting MHC class |1, and these complexes would then also appear in
endosomes (Fig 1). The role, if any of SREC-1/Hsp90 in antigen loading was unclear,
although peptides could potentially be transferred from Hsp90 bound to SREC-I to MHC
class Il complexes in endosomes or lysosomes (Fig. 1). Loading of antigens to MHC class 1l
complexes has been shown to involve chaperoning by HLA-DM molecules and Hsp90 could
facilitate this process (Busch et al., 2005,

Our results also indicated that actin assembly and polymerization signaling pathways might
be regulated by ligand dependent SREC-I interaction with Cdc42, leading to activation and
bringing active Cdc42 to the region of filopodia. Activated Cdc42 could in turn recruit the
N-WASP and Arp3 to trigger the formation of actin-based membrane protrusions. This
might be the one of many downstream pathways in filopodium formation involving Cdc42.
SREC-I might thus modulate matility in APC, an important aspect of localizing and
scavenging for antigens within the immune response.

Our findings of roles for SREC-1 in both the Class | and Class Il mediated pathways of
antigen cross presentation may be significant in that CTL programming was shown to
require simultaneous or consecutive engagement of the APC by both CD4* and CD8* T
lymphocytes, a process that resulted in sturdy activation of CTL that could evade apoptosis
and engage the cellular target (Murshid et al., 2012 Kurts etal., 2010y A nymber of
questions however remain to be answered with regard to the assignment of HSP-bound
antigens to pathways of antigen presentation. These include in particular whether there are
intracellular factors that determine if the internalized SREC-I-Hsp90-peptide complexes are
transported to either the MHC class | or the class Il pathway, or whether the process of
assignment to one or other of the pathways is mostly stochastic. In addition other receptors
for molecular chaperones have been observed, most notably LOX-1, and the existence of

additional receptors in APC might also influence the route of antigen processing and
presentation (Therlault etal., 2006).

In conclusion we have characterized a novel property of SREC-I in fostering presentation of
molecular chaperone-bound antigens through association with MHC class Il and facilitation
of Class Il presentation.
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Figure 1. Hsp90-Ova can interact with SREC-I at the cell surfaceand in intracellular
compartments
A and B, Hsp90-PL 19 can interact with SREC-I in Raw264.7 cells. Raw 264.7 cells were

transfected with a construct expressing FLAG-SREC-I for 18 hours. Cells were then
incubated with Alexa 555-Hsp90-PL 19 peptide (10ug/ml) complexes on ice for 20 minutes
followed by incubation at 37°C for 10 minutes. The cells were then permeabilized for 5
minutes and then fixed, stained for FLAG with anti-FLAG ab (green). C, KG1 cells (DC cell
line) were transfected with FLAG-SREC-I and then incubated with Alexa 555-Hsp90.0va
for 5-10 mins. Cells were then fixed and either permeabilized (D) or not (C) with 4% PFA.
Scale bar 5pm.
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Figure 2. Hsp90-OVA polypeptide complexes bind to SREC-I and mediate OVA Ag presented to
KZO cells after uptake

A, Immature BMDCs from B6C3F1 mice were incubated with Hsp90, free OVA, Hsp90-
OVA peptide (247-265, PL19), Hsp90-OVA, and anti-SREC-I-Ab—OVA complexes for 2h
at 37°C. Cells were then fixed, and cultured with KZO T cell hybridoma cells overnight
before assaying secreted IFN-y by ELISA. B, COS7 cells were transfected with SREC-I and
constructs expressing murine MHCII molecules (AaX, AgK and murine Invariant chain, mli/
p31) for 22 h and then incubated with Hsp90, free OVA, OVA peptide, and Hsp90-PC for 2h.
Cells were then fixed, washed, and cultured with KZO cells overnight. The IFN-y secreted
by KZO T cells was assayed by ELISA. C, D In a control experiment for B, COS7 cells
were either transfected (D) or not (C) with MHCII molecules alone for 22 h and incubated
with free or Hsp90-conjugated OVA Ags as in B for 2 h and assayed for Ag presentation.
Data shown in A—C are the mean + SD of triplicate wells. The results shown (A-C) are
representative of at least three independent experiments.
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Figure 3. Hsp90-peptide complexestrigger Cdc42 activation
A and B, CHO-SREC-I cells were either used as controls (A) or incubated (B) with Hsp90-

PL19 (10ug/ml) for 30 mins. Cells were then fixed, permeabilized with 4% p-formaldehyde
and stained for SREC-I (Alexa 488, green) and Cdc42 (Cy3, red). C, Hek293 cells
expressing both SREC-1 and MHCII were incubated with or without Hsp90-PL19, GTPyS or
GDRP. Cell lysates were then incubated with GST-PAK1-PBD (20ug) and a glutathione resin.
The cell lysates were separated by 4-20% SDS-PAGE gradient gels, transferred to PVDF
membrane and probed with anti-Cdc42 ab. The results shown here are representation of 2
independent experiments.
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Figure 4. Presentation of Hsp90-chaperoned antigens after binding SREC-I requires actin, Rho-
GTPase activity

Immature BMDCs were treated with Toxin B (2 ng/ml) and incubated at 37°C. Cells were
then pulsed with OVA polypeptides, Hsp90-PC complexes, and anti-SREC-1-Ab-OVA for
2h at 37°C, fixed, washed, then cultured with KZO T cell hybridoma cells overnight. IFN-y
secreted by KZO cells was measured by sandwich ELISA using anti-IFN-y Ab. Data shown
are the means + SD of triplicate assays. The data shown are representative of at least three
independent experiments. Scale bar 5um.
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Figure5. SREC-I co-localizeswith MHCIIA on the cell surfaceand in intracellular organelles
A, B) HeLa cells stably expressing Myc-CIITA were transfected with FLAG-SREC-I for 18

hours and then incubated at 4°C (A), or 37°C (B). Cells were then fixed and stained for
SREC-I (FLAG-SREC-I, red) and MHCII ab (MHCII, green) (A) or permeabilized and
stained as in (A). C, D) HeLa-CIITA cells were again transfected as in 5A and then
incubated with Hsp90-Ova for 5 minutes. Cells were then stained for MHCII (MHCI],
green) and FLAG (red) without permeabilization for cell surface localization assay. D)
Transfected HeLa cells (as in A, B) were incubated with Hsp90-Ova for 15 minutes on ice
and then incubated with warm growth media at 37°C. Cells were permeabilized and stained
for MHCII (green) and FLAG (red). E) HeLa-FLAG-SREC-I and HelL a cells were
transfected with CIITA-myc for 22 hours. Transfected and non-transfected HeLa cells were
incubated with or without Hsp90.0va (Hsp90) for 30 minutes. Cells were then incubated
with anti-FLAG antibody beads for overnight at 4°C. Cell precipitates were collected, lysed
and run for SDS-PAGE and later blotted for MHCII with anti-HLA-DR ab. Scale bar 5um.
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Figure 6. Schematic diagram of Hsp90-mediated Ag presentation. Endosomal pathway of Hsp90
chaperoned antigen presentation

Hsp90-OVA peptide complexes are internalized by APC in an SREC-I receptor-mediated,
Cdc42-regulated pinocytic pathway into the GEEC compartment, which is also regulated by
the activity Src-tyrosine kinase. OVA peptides then traverse early endosomes complexed to
Hsp90 and SREC-I and can be processed and loaded onto MHC-I1 molecules in recycling
endosomes. MHC-11-OVA peptide complexes can then recycle to the plasma membrane and
encounter CD4+ T cells. In an addition, MHCII and SREC-I appear to be closely associated
in the cell. Both receptors are trafficked to plasma membrane from Golgi and endocytosed in
the presence of Hsp90 complexed with Ova and this association may be involved in peptide
loading onto MHCII.
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