Low MHKCs

Innate immune effects of HSPs

Adaptive immune effects of HSPs

Fig. 3 Proposed scenario for the mechanism of anticancer immune induction by hyperthermia. Tumor cell with a low concen-

tration of intracellular heat shock protein (HSP)-peptide complexes, decreased function of the endogenous antigen pro-
cessing machinery, and a very low level of MHC class I-peptide complexes at the cell surface. Cytotoxic T lymphocytes
(CTLs) are unable to locate tumor cells because of the low level of MHC class | expression, which causes poor immu-
nogenicity of tumor cells. Hyperthermia treatment resuits in increased levels of intracellular HSP-peptide complexes,
enhanced processing of endogenous antigens, and an increase in the density of MHC class |-peptide complexes at
the cell surface. These tumor cells are then recognized directly by CTLs. Dying tumor cells, which are killed by the
CTLs or by lethal hyperthermia treatment, release their intracellular contents, including HSP-peptide complexes. The
released HSPs, acting as a “Danger signal,” activate neighboring monocytes to produce proinflammatory cytokines and
recruit antigen-presenting cells {APCs), including dendritic cells (DCs). The HSP-peptide complexes are taken up by
DCs. Then DCs migrate into lymph nodes and are in turn presented to T cells via MHC class | and/or Il antigens (cross-

presentation).

served in an in vitro cytotoxicity assay using splenocytes
in the cured mice treated with combination therapy, and
the cured mice rejected a second challenge of B16 mela-
noma cells. :

Since HSPs function as natural and powerful immuno-
stimulants, recombinant HSP70 therapy®™ or HSP70 gene
therapy®” could be a possible approach. For recombinant
HSP70 therapy, MCLs and recombinant mouse HSP70
were injected into melanoma nodules in C57BL/6 mice,
which were subjected to hyperthermia at 43°C for 30
min. The combined treatment strongly inhibited tumor
growth over a 30-day period and complete regression of
tumors was observed in 20% (2/10) of mice. It was also
found that systemic antitumor immunity was induced in
the cured mice. For HSP gene therapy, a human HSP70
gene mediated by cationic liposomes was injected into a
B16 melanoma nodule in C57BL/6 mice in situ. At24 h
after the injection of the HSP70 gene, MCLs were inject-
ed into melanoma nodules in mice, which were subjected
to hyperthermia at 43°C for 30 min. Tumor growth was
strongly arrested over a 30-day period after the com-
bined treatment. Complete regression of tumors was

observed in 30% (3/10) of mice, and systemic antitumor
immunity was induced in the cured mice. These results
suggest that this novel therapeutic strategy, combining
the use of HSPs with hyperthermia using MCLs, may be
applicable to patients with advanced malignancies.

Conclusions

We have reviewed recent progress in immunology and
immunotherapy based on MCL-induced hyperthermia
via HSP expression. From the point of view of immu-
nology, evidence has been accumulating that HSPs play
an important role in the immune response after hyper-
thermia treatment. Further investigations to elucidate
the mechanisms are ongoing. Our preliminary results
indicate that the depletion of HSPs in heated-cell lysate
decreased the CTL response. In addition, the decreased
level of CTL response associated with HSP70 depletion
was higher than that in HSP90 (unpublished results),
suggesting that HSP70 plays a pivotal role in the immune
response induced by hyperthermia. For immunotherapy,
we demonstrated that some modalities enhanced the
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immune response induced by hyperthermia. We are
conducting further studies in order to establish a novel
cancer immunotherapy based on the concept of heat-
controlled necrosis with HSP expression.
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Extracellular heat shock proteins (eHSPs) pilot exogenous antigen
into cross-presentation pathway:
A superguide from extracellular world to intracellular tour
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Abstract

Heat shock proteins (HSPs) are intracellular chaperone, some of which function as immune adjuvants as well as danger
signals for immune system when released into extracellular milieu. These HSPs, along with their client polypeptides, are
specifically bound by receptors on antigen presenting cells (APCs). This leads to APC differentiation along with delivery of
the chaperoned peptides for cross-presentation to T cells. HSP-APC interactions occur through several receptors that medi-
ate endocytosis or signal transduction. Most importantly, HSP associated antigens are forced to enter the cross-presentation
pathway by APCs, resulting in CD8™ T cell activation. These unique features of HSPs for the generation of immune re-

sponse will be discussed.
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Introduction: HSP-mediated cross-presentation
by antigen-presenting cells

It has been well demonstrated that immunization with
tumor-derived HSPs or HSP complexed with an antigen
peptide elicits tumor- or antigen-specific CD8" T cell re-
sponses. Above all, Hsp70- and gp96-antigen complexes
are well-studied and have been shown to be immuno-
genic and potent in stimulating the generation of tumor-
specific CTLs. Hsp70- and gp96-based vaccines have
been tested in early-phase clinical trials in solid tumors
as well as in lymphoma and leukemias; all showed mini-
mal toxicity and potential efficacy'™. Phase Il clinical
trials using tumor-derived Hsp70 and gp96 as vaccines
are ongoing for melanoma and renal cell carcinoma.

The ability of HSPs to facilitate the cross-presentation
of MHC class [-restricted epitopes and to prime CD8™ T
cell effector responses is well established™. Although,
immunized HSPs are exogenous antigens, these HSP-
antigen complexes can gain access to the class [ antigen
presentation pathway, resulting in cross-presentation. The
immune response has been attributed to the ability of
HSPs to form stable complexes with tumor-derived anti-
genic peptides, thereby facilitating the cross-presentation
of MHC class I-restricted epitopes and priming of CD8”

Correspondence to: Yasuaki Tamuia, Depariment of Pathlogy, Sapporo Medical
Usiversity, Schoal of Medicine

T cell responses.

Dendritic cells (DCs) are main conductor for efficient
cross-presentation. Recent reports have shown that anti-
gen-presenting cells (APCs) such as dendritic cells can
internalize HSPs by receptor-mediated endocytosis and
direct chaperoned proteins/peptides into the intracellular
pathway for MHC class I-restricted presentation to CD8”
T cells, concomitant with the induction of dendritic cell
maturation and cytokine secretion. In fact, some HSP re-
ceptors expressed on APCs have recently been identified.
CD91%, LOX-1”, CD40™ and SR-A” have been proved to
be common receptors for HSPs. However, the underlying
mechanism for efficient cross-presentation, in particular,
how the HSP-antigen complex can enter the MHC class |
pathway, remains unclear.

Furthermore, recent studies have shown that HSP-
peptide complexes can also lead to antigen presentation
on MHC class II molecules, thus activating CD4" T
cells"™"”. Therefore, it is possible that uptake of HSP-
peptides complexes leads to antigen presentation on
both MHC class | and class Il molecules on dendritic
cells, thus activating CD8* CTL as well as CD4" T celis.
However, Shild et al. have reported that, although anti-
gen peptides chaperoned by gp96 can be presented in the
context of both MHC class | and class Il molecules, im-
munization with gp96 elicits CD8-biased T cell respons-
es™”. Doody et al have also demonstrated same results”.
Therefore, it is essential to know the effects of the HSP-
antigen complex on tumor antigen presentation via class
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1 and class I pathways in vivo because such knowledge
is crucial for the development of effective HSP-based im-
munotherapies, especially in the case of protein antigens
in association with HSPs.

In contrast to Hsp70 and gp96, the role of Hsp90 in
cross-presentation remains unclear. Hsp90 is the most
abundant protein in the cytoplasm; therefore it is as-
sumed that Hsp90 also plays an important role in cross-
presentation. However, it is not clear whether Hsp90 is
involved in tumor immunity. Udono reported, for the first
time, that immunization with Hsp90 purified from tumor
elicited tumor-specific CTL responses'. Very recently,
Kunisawa and Shastri reported that Hsp90 chaperoned
C-termminal flanking antigenic peptides'. These results
have led to much interest in the importance of Hsp90
in antigen presentation. Taking these facts into consid-
eration, it is conceivable that Hsp90 does participate in
antigen presentation and possibly cross-presentation.
In this paper, we will discuss the mechanism of HSP-
mediated cross-presentation and the players involved in
this intriguing immune response.

HSPs act as danger signals to the immune
system through HSP receptors expressed on
APCs.

It is suggested that extracellular HSPs (eHSPs) act
as “danger signals” to the immune system in the case
of life-threatening events (Fig. 1). When viral infection
or tumor cell damage occurs, cell-associated antigens,
such as HSPs-antigen complexes are released into the
extracellular milieu, APCs such as dendritic cells and
macrophages, detect the signals through certain recep-
tors, resulting in intracellular signaling'”. HSP receptors
are divided into 2 categories, one is toll-like receptor
(TLR) for mainly signaling for DC maturation and acti-
vation, and the other is endocytic receptors for cross-pre-
sentation. TLR-2 has been shown to be the receptor for
Hsp70'”. TLR-4 is the receptor for Hsp70'*'”. However,
doubts were raised as to what extent this effect was due
to lipopolysaccharide contaminations of the HSP prepa-
rations. It is required re-examination for this phenom-
enon using HSPs, nominally endotoxin-free. In contrast,
HSP-specific endocytic receptors expressed on the APCs,
including CD9! for gp96, Hsp70 and Hsp90*'Y, SR-A for
gp96 and calreticulin®, LOX-1 for Hsp70”, and CD40
for Hsp70"™, were identified. However, it is still unknown
how HSP-antigen complexes are transported and where
HSP releases chaperoned antigens. What is the fate of
HSPs after endocytosis? What actors are responsible for
translocating the antigen from the endosome to cytosol?
Additional studies will be required to understand these
unsolved issues.

The roads to MHC class | presentation

MHC class [ molecules principally present peptides
derived from endogenous protein to cytotoxic T cells.
However, in certain antigen-presenting cells, peptides
derived from exogenous antigens are also presented
by MHC class I molecules. At least four independent
pathways of protein processing and subsequent peptide
presentation by class [ molecules have been described.
The dominant pathway uses endogenously synthesized
proteins that have been processed in the cytosol by
proteasomes. Peptides are transferred by transporter-
associated antigen processing (TAP) to the ER where
they bind in the grooves of nascent MHC class I mol-
ecules. The peptide/class I MHC heavy chain/f$2m com-
plex is then transported via the Golgi apparatus to the
cell surface. In second and third pathways, exogenous
antigens are internalized and processed into peptides
that are transported to the ER to bind MHC class 1. One
is the cytosolic leak of internalized antigens by phago-
cytosis, macropinocytosis, and enocytosis, resulting in
degradation by proteasomes®". Degraded peptides are
then transported through TAP into the ER. However, the
mechanism for the translocation of exogenous antigens to
cytosol and players involved in this translocation remain
unknown. Another pathway is via ER-phagosome fu-
sion. When exogenous antigens are engulfed into phago-
somes, the phagosomal membrane and ER membrane
fuse with each other, forming ER-phagosome compart-
ments>*. These ER-phagosome fusion compartiments
involve TAP molecules and proteasomes outside of the
membrane®. Phagocytosed antigens are pumped out the
ER-phagosome fusion compartment through sec6l. This
is called the ER-associated degradation (ERAD) mecha-
nism. Then proteasomes, which are attached to the outer
face of the membranc of ER-phagosome fusion, degrade
antigens into peptides, followed by entry into the ER
again through TAP molecules, and the resulting antigen
peptides bind to MHC class I molecules™”. In contrast,
at least soime exogenous peptides or proteins appear to
reach MHC class I through a pathway completely inde-
pendent of the ER. In this fourth pathway, endosomal
processing and endocytosed class I MHC molecules may
be involved. MHC class I molecules have been shown
to internalize from the cell surface in T cells, B cells,
fibroblasts, and macrophages. Recycling of endocytosed
class I MHC molecules back to the cell surface has also
been observed®”. The endocytosis and recycling of class
I MHC may facilitate peptide exchange, allowing class
1 MHC molecules to bind multiple peptides in one life-
time. Antigen presentation mediated by the latter three
types mentioned above is called cross-presentation,
allows display of exogenous antigens in the context of
MHC class I molecules. This is particularly important in
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Fig. 1 Role of exiracellular HSP-peptide complex as a danger signal. HSP-peptide complexes are acquired by bone
marrow-derived antigen presenting cells (APC) and are cross-presented to cytotoxic T lymphocytes (CTL). HSP-
peptide complexes bind to Toll-like receptor (TLR) 4 and induce maturation and activation of dendritic cells (DC).
On the other hand, HSP-peptide complexes also bind to HSP receptor, such as CD91, LOX-1, SR-A, on the DC, fol-
lowed by endocytosis. Internalized HSP-peptide complexes are shuttled into MHC class | pathway via endosomal
pathway, and induce CTL response. HSP-peptide complexes elicit both innate and adaptive immunity simultane-
ously, indicating that HSP-peptide complexes act as danger signal.

host defense against infectious diseases and cancers that
cannot access the classical pathway for MHC class I pre-
sentation. Moreover, for the development of the efficient
cancer vaccine, it is necessary to establish the methods
for delivering exogenous cancer vaccine into cross-pre-
sentation pathway.

Internalization of exogenous antigens may allow cell
fragments, intracellular pathogens and proteins to be
degraded in the endocytic pathway by mechanisms in-
volving reduction, unfolding and lysosomal proteolysis.
Such a process could contribute to cross-presentation
by facilitating the exchange of previously loaded MHC
class [-associated peptides for newly generated peptides
derived from exogenous proteins. Cycloheximide treat-
ment, which blocks the biosynthetic pathway of MHC
I, indicated that the class I present in the endocytic
compartments was derived from the cell surface. We
have confirmed the presence of MHC class I in the en-
docytic compartments of murine bone marrow-derived
DCs. Furthermore, as described recently, we have dem-
onstrated that co-localization of the receptor-mediated
endocytosed exogenous Hsp70/90-antigen complex with

MHC class [ in the early endosomes of the DCs. These
observations suggest that antigens derived from the ex-
ogenous Hsp70/90 may be loaded onto recycling MHC
class 1, after which the MHC class I/peptide complex is
transported to the cell surface.

Impact on HSP-antigen complex in a cross-
presentation pathway

Considering the significance of the HSP-peptide
complex in cross-presentation, this model suggests that
a ‘pre-processed antigen” would be required as it would
be inefficient for a whole protein to be degraded non-
specifically within the endocytic compartments by resi-
dent catabolic enzymes. Not only would this be a slow
process, it would be by chance alone that an appropri-
ate peptide capable of binding the MHC class I groove
would be generated. The notion of such preprocessed
antigens fits well with a role for HSPs as chaperones for
peptide antigens. Proteins synthesized within the cell
would be processed within the endogenous class [ an-
tigen presentation pathway leading to the generation of
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HSP-peptide complexes. These complexes are ideal chap-
erones of antigenic peptides for the transfer of antigens
to DCs for a number of reasons. Once gencrated within
the cell, the HSP-peptide complex might be released into
the extracellular milieu during cell necrosis because of
viral infection and intervention of cancer, resulting in
taking-up by the isnmature DC and acting as a danger
signal. At the same time, antigenic peptides chaperoned
by HSPs are efficiently presented in the context of MHC
class I molecules and immediately activate the host’s
immune responses. As described earlier, Hsp90 binds
precursor (pre-processed) peptides generated in the cells
and thus, endosomal processing is a suitable mechanism
for pre-processed peptides. HSP would also serve to pro-
tect the peptide antigen from degradation upon entry into
the endocytic compartment of the DC. In addition, an as
yet uncharacterized lysosomal enzyme may play a role in
the processing of internalized antigens for generation of
MHC I epitopes. Recently, Rock et al. have demonstrated
that DC-restricted cathepsin S plays an important role
in the processing of exogenous antigens for the genera-
tion of MHC 1 antigenic determinants in the early endo-

)
some™.

Significance of cross-presentation in vivo:
impact on epitope generation via endosomal
processing and proteasomal processing

Although DCs are capable of using an endocytic
exchange mechanism to create MHC class I-peptide
complexes, typical somatic cells have only the classical
pathway for the generation of MHC class [-presenting
peptides. For CD8” T cells induced by cross-presentation
to be functionally useful against pathogen-infected cells,
it would seem that the epitope generation mechanism
used should be the same as those in classical MHC class
I processing. An endosomal exchange mechanism in
which peptides are generated by different proteases in
radically different conditions from those in the endog-
enous pathway, therefore seems unlikely to contribute
substantially to the CD8™ T cell repertoire. Cytoplasmic
processing, including proteasomal proteolysis, and ER-
based trimming would be expected to be involved to
generate the same peptide sequences as those made by
nonhematopoietic cells. In fact, although partial pro-
teolysis may occur in the endocytic pathway, extensive
experimental evidence suggests that exogenous antigens
must reach the cytoplasm to be efficiently cross-present-
ed. In DCs, the presentation of exogenous antigens is un-
affected by both chloroquine and inhibitors of lysosomal
proteolysis. Exogenous antigen presentation is, however,
highly sensitive to specific inhibitors of the proteasome,
indicating that cytoplasmic proteolysis is the main form
of epitope generation in the cross-presentation path-
way. in contrast, the HSP-mediated cross-presentation

pathway has been shown to involve both a proteasomal
pathway and an endocytic-recycling pathway. We have
demonstrated that a tumor-derived Hsp70-peptide com-
plex is efficiently cross-presented to peptide-specific
CTLs by DCs and this presentation is dependent on TAP
molecules. In addition, in vitro generated Hsp70- and
gp96-antigen complexes have been shown to be cross-
presented via a TAP-dependent pathway™*". This fact
suggests that processing and loading a peptide onto
MHC class 1 requires translocation of the antigen from
the endocytic compartment to the cytosolic pathway.
Rodriguez et al. demonstrated that DCs have a unique
membrane transport pathway linking the lumina of en-
docytic compartments and the cytosol’. Thus, in DCs,
the exogenous HSP-chaperoned antigen in the endocytic
compartment is released into the cytosol, where it fol-
lows the classical proteasome- and TAP-dependent class
I pathway for presentation. Further studies to define the
precise mechanisms for Hsp70- and Gp96-chaperoned
peptide trafficking may reveal a new paradigim for cross-
presentation.

Cross-presentation of exogenous Hsp90-peptide
complex by dendritic cells

Hsp90 is a one of the most abundant proteins
within cells and is overexpressed in many cancer cells.
Therefore, once cancer cells become necrotic, much
Hsp90 would be released from cells and might be a dan-
ger signal, subsequently eliciting cell-specific immune
responses. [t has been demonstrated that the tumor-
derived Hsp90-peptide complex elicits tumor-specific
immuaity. At present, however, the processing pathway
yielding the transfer of exogenous Hsp90Q-associated pep-
tide antigens to MHC class I molecules is unknown.

We examined the roles of Hsp90 in MHC class
I-restricted cross-presentation using bone marrow-
derived dendritic cells (DCs) as APCs™. First, we tested
whether Hsp90-peptide complexes reconstituted in vitro
were taken-up and associated peptides presented in the
context of MHC class I molecules by DCs. To moni-
tor the MHC class I antigen-processing pathway, we
used Hsp90 reconstituted in vitro with the C-terminal
extended version of VSV8 (RGYVYQGL), VSV-C
(RGYVYQGILKSGNVSC: I5mer) to moniter the pro-
cessing of the precursor peptide. The Hsp90-VSV-C
peptide complex was cocultured with DCs for 2 hours,
followed by incubation with a VSV8-specific CTL clone.
The culture supernatant was assayed for the production
of [FN-y. VSV-C-loaded Hsp90 was processed and pre-
sented by H-2K" and recognized by the VSV8-specific
CTL clone, but not Hsp90 or VSV-C alone. In the pres-
ence of an anti-H-2K" mAb during the presentation as-
say, the presentation of VSV8 to the specific CTL clone
was completely abolished. These data suggested that
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Hsp90-bound VSV-C peptides were processed to VSV8
within the cells with subsequently gained access to the
MHC class | pathway. Intriguingly, this presentation oc-
curred within 15 min, indicating that very rapid and ef-
ficient processing might be achieved within DC (Fig.2A).

Next, we investigated whether the Hsp90-mediated
MHC class I pathway required functional TAP mole-
cules. To test this, we used DCs derived from the TAP1™
mouse. Surprisingly, DCs from the TAP1” mouse could
also process and present Hsp90-bound VSV-C peptides
as efficiently as DCs from the wild-type mouse.

We also tested another well-characterized H-2K"-
restricted OVA 4.6 antigen system, Hsp90 reconstituted
in vitro with the C-terminal extended version of SLS
(OVA 54.065), SL8-C peptide (OVA,., 540 13mer). The
Hsp90-SL8-C peptide complex was cocultured with DCs
for 2 hours, followed by incubation with SL8-specific
B3Z T cell hybridoma. As shown in Fig. 3B, the Hsp90-
SL8C peptide complex was processed and presented by
H-2K" and recognized by B3Z T cell hybridoma, but not
Hsp90 or SL8-C alone, in a TAP-independent manner
(Fig. 2B). These experiments demonstrate that a TAP-
independent pathway is used for Hsp90-mediated MHC
class I presentation.

Intracellular localization of endocytosed
exogenous Hsp90-peptide complexes

Using laser confocal microscopy, we found that
Hsp90-peptide complexes accumulated only in the endo-
some and did not reach the stage of the lysosome. We
also examined whether Hsp90 accumulation in the endo-
some was due to teinperature-dependent endocytosis.
As expected, at 4°C, labeled Hsp90 remained on the cell
surface, but internalization was evident after incuba-
tion at 37°C following a 10-min internalization period.
According to a competition assay, DCs express Hsp90
receptor on the cell surfaces. Identification of receptor (s)
will be necessary to elucidate the mechanism responsible
for cross-presentation of exogenous Hsp90Q-antigen com-
plexes.

The pathway for Hsp90-mediated cross-
presentation

To investigate where the Hsp90-associated antigenic
peptides bind to MHC class I molecules, we stained
H-2K® molecules and exogenous Hsp90-peptide complex-
es. After 20 min of endocytosis, Alexa-labeled Hsp90 co-
Jocalized with endocytosed H-2K" molecules. The results
showed the internalization and co-localizatien of H-2K"
and Hsp90 was evident in the early endosome. This find-
ing suggested that HSP-bound peptides might be trans-
ferred to MHC class [ molecules in the endosome, where
recycled MHC class I molecules from the plasma mem-
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Fig. 2 Precursor peptides chaperoned by Hsp90 are
cross-presented via a TAP-independent path-
way. A. Hsp90-VSV-C complex, Hsp90 or VSV-C
was loaded to BMDCs for 2 h and a VSV8-specific
CTL clone was added. IFN-y in the culture super-
natant was measured by ELISA. BMDCs from the
TAP” mouse could also process and present Hsp90-
chaperoned VSV-C peptides efficiently as compared
to BMDCs from the wild type mouse. B. SL8 precur-
sor peptide, SL8C was also processed and cross-
presented by BMDCs via a TAP-independent path-
way.

brane are available. The peptide-MHC class | complexes
generated in the endosome are then transported to the
cell surfaces of the DCs, where specific CTLs recognize
them.

Recycling of endocytosed MHC class [ molecules
back to the cell surface has been observed. Some of the
recycled MHC class | molecules can be loaded into en-
dosomes with peptides derived from endocytosed mol-
ecules”. Therefore, to confirm whether this presentation
really utilizes recycled MHC class [ molecules, we treat-
ed DCs with primaquine, which blocks the membrane
recycling pathway. DCs incubated in the presence of this
drug could not present the Hsp90-chaperoned SL8C-
derived SL8 peptide. This result indicated that precursor
peptides chaperoned by Hsp90 or processed peptides
entered into recycling endosomes and transferred onto
recycling MHC class 1 molecules, which returned to
the cell surface and stimulated B3Z T cell hybridoma.
To analyze the involvement of vacunolar acidification of
endosomal compartments, DCs were incubated with
Hsp90-SL&C in the presence of chloroquine, a known
inhibitor of acidification of endosomal compartments.
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Fig. 3 Possible pathway of Hsp90-antigen complex-mediated cross-presentation. Internalized HspS0-antigen
complexes through receptor-mediated endocytosis follow 2 distinct MHC class | pathways. (1) Internalized Hsp80-
antigen complexes are transferred to the cytosol and imported into the ER in a TAP-dependent fashion. Hsp80-
chaperoned antigens are degraded in the cytoscl by proteasome and further trimmed by cytosolic peptidases.
The resulting peptides are transported into the lumen of the ER for loading on newly synthesized MHC class | mol-
ecules. (2) Alternatively, internalized antigens chaperoned by Hsp80 are processed and loading in the endocytic
pathway onto MHC class | molecules that are recycled from the plasma membrane, independently of TAP.

Chloroquine strongly inhibited Hsp90-mediated presen-
tation without affecting SL8 peptide presentation. Thus,
acidification of endosomal compartments is necessary
for processing of Hsp90-chaperoned precursor peptides
(Fig. 3).

Hsp90-chaperoned precursor peptides are
processed by the endosomatl protease

We used protease inhibitors to investigate the proteo-
lytic processes involved in the Hsp90-mediated TAP-
independent cross-presentation pathways. In wild-type
DCs, a broadly active cysteine protease inhibitor, leu-
peptin, almost completely inhibited the cross-presenta-
tion of Hsp90-SL&C. In contrast, the aspartic protease
inhibitor pepstatin did not affect the cross-presentation.
Cathepsins S, D and L are known to be the major cyste-
ine proteases in endocytic compartments. We therefore
examined the roles of various cathepsins in this pathway.
Cathepsin D- and cathepsin L-specific inhibitors did not
affect the cross-presentation, whereas a cathepsin S in-
hibitor completely blocked cross-presentation. Cathepsin
S is a cysteine protease that is preferentially expressed in
APCs, including DCs, macrophages, and B cells within
endocytic compartments. Therefore, our data indicate

that cathepsin S is a critical enzyme in TAP-independent
Hsp90-mediated cross-presentation on MHC class I mol-
ecules and that the presented peptides are indeed gener-
ated in endosomal compartments.

Advantages of HspS0-antigenic protein
complexes

As described above, we have shown that Hsp90-
chaperoned precursor peptides are efficiently processed
and presented by MHC class [ molecules. To extend
the range of HSP-based immunotherapy, we examined
whether whole protein antigens chaperoned by Hsp90
were processed and presented by MHC class [ molecules
as well as class II molecules. The advantages of using
protein antigens for cancer immunotherapy are that
they can (1) provide an inherent polyvalent vaccine for
CD8" T cells, and (2) they include CD4" helper epitopes,
required for efficient CTL induction and proliferation.
However, protein antigens themselves are not primarily
immunogenic and therefore an immunostimulatory ad-
juvant is necessary for effective T cell responses. Given
the well-known ability of HSP to forms complexes with
naturally syathesized proteins, it is possible that Hsp90-
protein antigen complexes could elicit antigen-specific
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CTL responses and Th responses as well. Therefore,
we investigated the impact of Hsp90 on the presenta-
tion of exogenous protein antigens using OVA protein
as a model antigen. We observed that the Hsp90-OVA
antigen complex generated in vitro was very efficiently
and selectively presented via the MHC class I pathway
both in vitro and in vivo. Surprisingly and unexpectedly,
we observed that the cross-presentation of Hsp90-OVA
complexes was involved both TAP-dependent and -inde-
pendent pathways, unlike the results of Hsp90-precursor
peptide complex. These results provide a rationale for the
development of novel vaccination strategies for cancer
immunotherapy.

Hsp90-OVA complex is efficiently cross-
presented by DCs.

We evaluated cross-presentation of the Hsp90-OVA
protein complex. DCs were pulsed with Hsp90 alone,
free OVA, a simple mixture of the two or the two in a
complex generated in vitro for 2 hrs at 37°C, then fixed,
washed and cultured with B3Z CD8" T cell hybridoma.
The Hsp90-OVA complex elicited strong CTL responses,
whereas Hsp90 or OVA alone did not lead to CTL re-
sponses. Notably, when we pulsed the simple mixture
of Hsp90 and OVA, we did not detect significant CTL
responses. These results show that binding to Hsp90 is
essential for cross-presentation of OVA.

Hsp90-OVA complex is efficiently and
preferentially presented through MHC class |,
but not class Il pathway

We also tested whetber the Hsp90-OVA complex
was presented through the MHC class II pathway, and
elicited CD4" T cell responses. DC from B6C3F1 were
pulsed with free OVA or Hsp90-OVA complex for 2 hrs
at 37°C, then fixed, washed and co-cultured with B3Z
CD8" T cell hybridoma or KZO CD4" T cell hybridoma,
Stimulation with free OVA led not to CTL responses
but strong CD4” T cell responses. In contrast, stimula-
tion with the Hsp90-OVA complex elicited significantly
weaker CD4" T cell responses than free OVA, whereas
it induced robust CTL responses. These findings suggest
that the Hsp90-OVA complex is presented much more
selectively throngh the MHC class [ pathway than the
MHC class I pathway.

To examine the differences in presentation efficacy
between the Hsp90-OVA complex and free OVA, a
pulse-chase experiment was performed. DC were pulsed
with OVA alone or the Hsp90-OVA complex at 37°C,
and harvested at different times from 10 min to 2 hrs,
then fixed, washed and cultured with B3Z or KZ0O. B3Z
responses were seen after 10 to 30 min of stimulation
with the Hsp90-OVA complex, although no KZO re-

sponses were detected up to 1 hr with free OVA. These
data demonstrate that cross-presentation of the Hsp90-
OVA complex is more rapid and efficient than presenta-
tion of free OVA.

Why and how do HSP-antigen complexes skew
the CD8'T cell responses but not CD4' T cell
responses?

Ramirez et al. reported that a gp96-peptide complex
elicited CD8” T cell responses but not CD4* T cell re-
sponses'”. We have also observed that presentation of
exogenous Hsp90-chaperoned peptides and protein anti-
gens tends to drive the CD8” T cell response. Although,
protein antigens such as OVA protein contain both a
CD8" T cell epitope and CD4™ T cell epitope, if OVA
is chaperoned by Hsp90, the Hsp90-OVA complex is
taken up by receptor-mediated endocytosis and enters
the cross-presentation pathway, followed by CD8" T cell
responses. In contrast, the soluble form of OVA protein
is pinocytosed and follows the classical class Il pathway.
As for what drives Hsp90-antigen complexes into the
cross-presentation pathway, the regulators for this trans-
port are unclear and further studies will be required to
clucidate the precise mechanism.

The mechanism for translocation of Hsp90-
chaperoned antigens from endosomes to
cytosol.

The mechanism for antigen escaping to the cytosol
remains unknown, as is whether the Hsp90-antigen com-
plex or its components separately escape to the cytosol. [t
is possible that the Hsp90-antigen complex first needs to
be preprocessed in the endosomal compartments before
being transferred to the cytosol to be further degraded
by proteasomes. One possibility is that the mildly acidic
PH in the endocytic compartments plays an important
role for the transport of ingested antigens, and another is
that delayed fusion with the late endosome/lysosome is
important for the transport. Immature DCs maintained
mildly acidic pH in the endocytic compartment even
after antigen uptake and could transport these antigens
into the cytosol’”. Chloroquine treatment inhibits the
acidification of the endocytic compartments. Our data in-
dicated that chloroquine treatment inhibited Hsp90-OVA
presentation by DCs in both TAP-dependent and -inde-
pendent pathways. This suggested that antigen transport
was dependent on mildly acidic pH-inducible machin-
ery in the endocytic compartments of DCs. However, a
recent report showed that treatment with chlorquine or
NH,CI enhanced the efficiency of cross-presentation™,
These treatments accelerated export of exogenous soluble
antigens from endocytic compartments to cytosol, there-
by enhancing cross-presentation. The difference between
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The presentation pathway of Hsp90-protein complexes
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Fig. 4 Route of access to the cytosol for internalized Hsp90-antigen complexes. Pathways for generation of Hsp80-
chaperoned peptide-MHC class | complexes. Antigens are first cleaved endosomal protease, such as cathepsin S,
and resulting peptide intermediates then enter into cytosol, followed by proteasomal degaradation. A small fraction
of peptide intermediates are further trimmed by endosomal protease within endosomes, thereafter reach recycling
endosomes and are loaded onto MHC class | molecules, which the return to plasma membrane occurs. It remains
unclear what the mechanisms are by which they traverse the endosomal membrane or if it reflects the existence of

a specific channel or a translocator.

our results and theirs was the method of uptake by DCs.
In our case it occurred via receptor-mediated endocyto-
sis, whereas they indicated that it occurred via phagocy-
tosis or macropinocytosis. In addition, the regulators for
the transport are still unclear. We are still on the road to
complete understanding of HSP-mediated immune regu-
lation, and further studies will be required to elucidate
the precise mechanism (Fig. 4).

Conclusion

Although HSPs are primarily cytosolic proteins, they
play an important role as a “danger signal” in the extra-
cellular milieu on behalf of immune surveillance. Above
all, Hsp90 is one of the most abundant cytosolic proteins
and elicits intriguingly efficient and rapid CTL respons-
es. In this meaning, Hsp90 is a “smart and excellent
guide” for the MHC class [ cross—présentation pathway.
A forthcoming issue is to elucidate the mechanism of the
driving force toward the CD8" T cell response mediated
by HSPs. In addition, how endocytosed HSP-chaperoned
antigens are translocated to be processed? These findings
will clarify the impact of HSP as a danger signal in the

etiologies of autoimmune diseases and tumor immunity.
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Efficient Cross-Presentation by Heat Shock Protein 90-Peptide
Complex-Loaded Dendritic Cells via an Endosomal Pathway

Takehiro Kurotaki,*' Yasuaki Tamura,'* Gosei Ueda,** Jun Oura,* Goro Kutomi,*
Yoshihiko Hirohashi,* Hiroeki Sahara,* Toshihiko Torigoe,* Hiroyoshi Hiratsuka,*
Hajime Sunakawa,” Koichi Hirata,” and Noriyuki Sato*

It is well-established that heat shock proteins (HSPs)-peptides complexes elicit antitumor responses in prophylactic and thera-
peutic immunization protocols. IHSPs such as gp96 and Hsp70 have been demonstrated to undergo receptor-mediated uptake by
APCs with subsequent representation of the HSP-associated peptides to MHC class I molecules on APCs, facilitating efficient
cross-presentation. On the contrary, despite its abundant expression among HSPs in the cytosol, the role of Hsp90 for the
cross-presentation remains unknown. We show here that exogenous Hsp90-peptide complexes can gain access to the MHC class
I presentation pathway and cause cross-presentation by bone marrow-derived dendritic cells. Interestingly, this presentation is
TAP independent, and followed chloroquine, leupeptin-sensitive, as well as cathepsin S-dependent endosomal pathways. In ad-
dition, we show that Hsp90-chaperoned precursor peptides are processed and transferred onto MHC class T molecules in the
endosomal compartment. Furthermore, we demonstrate that immunization with Hsp90-peptide complexes induce Ag-specific
CD8™" T cell responses and strong antitimor immunity in vive. These findings have significant implications for the design of T

cell-based cancer immunotherapy.

eat shock proteins (HSPs)? are molecular chaperones

that control the tolding and prevent the aggregation of

proteins. Recent studies have demonstrated that tumor-
derived HSP, such as Hsp70, Hsp90, and gp96, initiate tumor-
specific CTL responses and protective immunity (1). In this pro-
cess, APCs internalize exogenously administered HSP with bound
peptides by receptor-mediated endocytosis, resulting in Ag pre-
sentation via MHC class I molecules (2-5). Indeed, though a num-
ber of cellular receptors for HSPs have been described, including
CD91 (6), CD40 (7), TLR2/4 (8), LOX-1 (9), and SR-A (10), as
receptors for several kinds of HSPs (11), it is not clear which
receptors are responsible for uptake and/or proinflammatory sig-
naling. Tumor-bearing mice immunized with Hsp70 or gp96 iso-
lated from the tumors or complexes of Hsp70) or gp96 reconstituted
in vitro with known peptide Ags have been shown to mount a
potent CD8™ T cell response that can reduce or eliminate tumor
progression (12-14).

In contrast, dendritic cells (DCs) have the capacity to take up,
process, and present exogenous Ags in association with MHC class
I molecules. This process is termed cross-presentation and the re-
sulting CD8™ T cell priming is referred to as cross-priming. It has
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been demonstrated that some exogenous Ags such as HSPs and
particulated protein Ags gain access to the MHC class I-processing
pathway and initiate CTL responses (1). This exogenous pathway
is important for the development of CD8™ CTL responses against
tumors and infectious pathogens that do not have access to the
classical MHC class I pathway. Administration of antigenic pep-
tides in the context of purified HSPs induces potent CD8™ T cell
responses, indicating that HSP-peptide complexes can access the
MHC class I endogenous Ag-presentation pathway (2, 13, 15-19).
Thus, shuttling exogenous peptides into the endogenous pathway
might be a specialized function of HSPs. However, the precise
mechanism of HSP-mediated cross-presentation remains to be
elucidated.

Considering the significance of HSP-mediated cross-presenta-
tion in vivo, the release of tumor cell contents, presumably includ-
ing HSPs. and their uptake by APC would occur when tumor cells
die either naturally, as a result of hypoxia, or because of therapeu-
tic intervention (20-22). Given the important role of HSPs as a
“danger signal,” proposed by Matzinger and colleague (23), HSPs
released into the extracellular milieu may act simultaneously as un
Ag source due to their ability to chaperone peptides and as a mat-
uration signal for dendritic cells, thereby inducing DCs to cross-
present Ags to CD8™ T cells.

Hsp90 is one of the most abundant proteins within cells and is
overexpressed in many cancer cells. Therefore, once cancer cells
become necrotic, much Hsp90) would be released from cells and
might act as a danger signal, subsequently eliciting cell-specific
immune responses. It has been demonstrated that the tumor-de-
rived Hsp90-peptide complex elicits tumor-specific immunity
(24). Moreover, Kunisawa and Shastri (25) have recently shown
that cells generate large, C-terminally extended proteolytic inter-
mediates that are associated with Hsp90. In this context, cell-de-
rived Hsp90-C-terminally extended precursor peptide complexes
could be released into the extracellular milicu, followed by up-
take by APCs, when tumor cells are exposed to stress. At
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present, however, the Ag-processing pathway yielding the trans-
fer of exogenous Hsp90-associated peptide Ags to MHC class I
molecules is unknown.

In this study, we examined the roles of Hsp90 in MHC class
I-resiricted cross-presentation using bone marrow-derived DC
(BMDC) as APCs. We show that Hsp90-peptide complexes re-
constituted in vitro enter the endosomal pathways, which are chlo-
roquine-, Jeupeptin-, and cathepsin S-sensitive. Furthermore, we
show that chaperoned peptides are loaded onto endosomal (recy-
cling) MHC class I molecules in the early endosome. Intriguingly,
this presentation occurs within 30 min, indicating that very rapid
and eflicient processing might be achieved within BMDC.
Moreover, we show that immunization with Hsp90-peptide
complexes elicits very strong peptide-specific CTLs in vivo as
well as therapeutic effects. Thus, we propose that Hsp9() acts as
an excellent guide for cross-presentation of chaperoned Ags.
Our data provide novel insights into the role of extracelular
Hsp90-peptide complexes in cross-priming and peptide-based
cancer immunotherapy.

Materials and Methods

Mice

C57BL/6 (H-2"), B6C3F1 (H-2"*), and TAPI ™~ mice were obtained from
The Jackson Laboratory. HLA-A*2402/K" transgenic mice were purchased
from SLC Japan. All mice were kept in a specific pathogen-free mouse
facility. Studies were performed according to institutional guidelines for
animal use and care.

Cells

‘The mouse thymoma cell line E1 4 and its E.G7 derivative (ELA4 transfected
with ¢cDNA encoding OVA) were obtained from American Type Culture
Collection (ATCC). N1 is an EL4 cell transfected with the nucleocapsid
gene of vesicular stomatitis virus (VSV). An established CTL clone spe-
cific for the VSV epitope in the context of H-2K" was restimulated with
N1 every 7 days. The B3Z cell is a CD8™ T cell hybridoma specific for the
OV Ayq.265 epitope (SLB) in the context of H-2K". The KZO cell is a
CD4™ T cell hybridoma specitic for the OVA,,,_a6s (PL19) in the context
of 1-A*. These bybridomas were a gift from Dr. N. Shastri (University of
California, Berkeley, CA). RMA-§-A*2402 cells were RMA-S transfected
with the gene encoding HLLA-A%2402 (provided by Dr. H. Takasu, Dain-
ippon-Sumitomo Pharmaceutical, Osaka, Japan). TG-3 cells are a methyl-
cholanthrene-induced fibrosarcoma derived from the HLA-A%2402 trans-
genic mouse. TG-3-2B cells were TG-3 transfected with the gene encoding
human survivin-2B. Survivin-2Bg,_gs-specitic CTLs were restimulated
with survivin-2Bg,_« peptide-pulsed splenocytes every 7 days. BMDC
were generated from the fermurs and tibiac of C57BL/6 or HLA-
A*2402/K" transgenic mice. The bone marrow was flushed out, and the
leukocytes were obtained and cultured in complete RPMI 1640 with 10%
heat-inactivated FCS and 20 ng/ml GM-CSF (Endogen) for 5 days. On day
3, fresh medium with GM-CSF was added to the plates for the day S
cultures.

Plasmid construction

FLAG-tagged human survivin-2B cDNA was amplified from Hel.a cells
by RT-PCR method and constructed in the plasmid pCDNA3.17 (Invitro-
gen Life Technologies). Primer pairs used for RT-PCR were 5-CGGGAT
CCATGGGTGCCCCGACGTTGCCC-Y and 5'-CCGCTCGAGATCCA
TGGCAGCCAGCTGCTC-3' as forward and reverse primers, containing
BamHI and Xhol sites, respectively. The puritied PCR product was di-
gested with BamHI and Xhol restriction enzymes, then ligated into digested
peDNA3.1" plasmid. The sequence of the cDNA was confirmed with ABI
Genetic analyzer PRIM 31_00 (PerkinElmer).

Proteins and Abs

Purified human Hsp90 and recorbinant human Hsp72 were purchased
trom StressGen Biotechnologies. Chicken OVA was purchased from Cal-
biochem. BSA, fucoidin, and a2 macroglobulin {«2M) were obtained from
Sigma-Aldrich. mAbs anti-H-2K" (clone AF6-88.5), anti-H-2D" (clone 28-
14-8), and anti-HLLA-DR (1.243) were purchased from BD Pharmingen.
mAb anti-MHC class 1 (W6/32) was purchased from ATCC. mAb anti-
HLA-A24 (C7709A2.6) was provided by Dr. P. G. Coulie (Christian de

Duve Institute of Cellular Pathology, University of Louvain, Brussels. Bel-
gium). mAb anti-HLA-A31 was established in our laboratory. Organelles
were detected by confocal laser microscopy with specific Abs against
KDEL (ctone 10C3; StressGen Technologies) for ER, Rho B (Santa Cruz
Biotechnology) for endosomes, and CD107a (LAMP-1) (clone 1D4B; BD
Pharmingen) for lysosomes. Each Ab was labeled with Alexa Fluor 594
(Molecular Probes). mAb 25D1.16 specific for the K®OV A,4; 2, com-
plexes was provided by Dr. R. Germain (National Institutes of Health,
Bethesda, MD). Anti-mouse CDI16/CD32 Fe-block was purchased from
BD Pharmingen.

Generation of Hsp90-peptide/protein complex in vitro

The following peptides were used (underlined sequences represent the pre-
cise MHC class I-binding epitope): survivin-2Bg_gx peptide (AYACNT
STL). survivin-2B;s_o; (GPGTVAYACNTSTLGGRGG) VSV 8 (RGYY
YOQGL), VSV-C (RGYVYQGLKSGNVSC), SL8 (SUNFEKL), and SL8C
(SIINFEKLTEWTS). In vitro reconstitution was conducted as previously
described (13). Hsp90 was mixed with a *Llabeled peptide in a 50:1
peptide to a protein molar ratio in 0.7 M NaCl containing sodium-phos-
phate buffer and heated at 45°C for 10 min then incubated at ronin tem-
perature for 30 min. Hsp90 (10 ug) and OVA (10 wug) were mixed and
incubated for 10 min at 45°C. The samples were then incubated for 30 min
at room temperature. Free OVA was removed completely using a Microcon
YM-100 (Millipore). In the case of Hsp72, peptides and Hsp72 were co-
incubated at 37°C in sodium phosphate buffer containing 1 mM ADP and
1 mM MgCl,. Samples were analyzed by SDS-PAGE and staining, fol-
lowed by autoradiography of the stained gel.

Vaccination and induction of CTL

Each HLA-A%2402/K" transgenic mouse was immunized s.c. at the base of
the tail four times at 1-wk intervals, with Hsp90 (50 sug) alone. the Hsp90
(50 pgi-survivin-2Bg, _yy peptide (AYACNTSTL) (50 pg) complex, sur-
vivin-2Bg_gx peptide (50 pg) with IFA or CFA individually. One week
after the last immunization, spleen cells were removed, cultured in vitro
with irradiated (100 Gy) and survivin-2Bg,_gx peptide-pulsed spleen cells
for 5 days. Subsequently, the generation of survivin-2Bg,_gu peptide-spe-
cific CTLs was evaluated in a *'Cr-release assay. The specificity of CTLs
induced in an individual HLLA-A*2402/K" transgenic mouse was evaluated
using RMA-S/A*2402 cells as targets in the presence or absence of the
survivin-2Bgq.. gz peptide.

s
S Cr-release assay

The cytolytic activity of the induced CTL was determined by a standard 4
h-¥'Cr-release assay described earlier (19). To determine the MHC class 1
restriction in the cytotoxic assay, indicated amount of mAbs against HLA
class 1 (W6/32), HLA-A24, HLA-A3l, and HLA class I1 (1L.231) were
added to each well. In the case of VSV or OVA system, 10 pg/ml mAbs
against H-2K" and H-2D" were added to the each well.

Transplantation of tumor cells and immunotherapy

TG3-28B cells (5 X 10%) were intradermally transplanted into the right flank
in HLA-A*2402/K" transgenic mice on day 0. When average tumor diam-
eter reached 5 mm, the mice were then treated with Hsp90 (50 ug) alone,
the Hsp90 (50 pg)-survivin-2Bg,_ gy peptide (50 pg) complex, or survivin-
2Bgy_ss peptide 150 ug) emnulsified in 1FA via s.c. administration at the
nape of the neck twice each week for 2 wk (on days 9, 13, 16, and 20).
Control groups of mice were immunized with PBS. Tumor growth was
recorded twice each week. Average diameters of the two axes were plotted
50 that therapeutic effects could be compared among the groups. Average
tumor diameters on day 29 were statistically analyzed using the Mann-
Whitney U test. In addition, mouse survival was monitored every other
day. Statistical analyses for evaluating the survival advantages were per-
formed using log-rank analysis. All the experiments were performed with
10 mice/group.

ELISPOT assay

The specificity of CTLs for the survivin-2By,_ 4 peptide was also evalu-
ated by IFN-y ELISPOT assay. Splenic CD8™ T cells were isolated from
mice immunized with Hsp90-survivin-2Byg,_gx peptide, which were cul-
tured for 5 days described above, with MACS (Miltenyi Biotec) using an
anti-mouse CD8a mAb coupled with magnetic microbeads according to the
manufacturer’s instructions. As target cells, RMA-S/A%2402 cells were
cultured ovemight at 26°C in RPMI 1640 supplemented with 10% FBS, 2.5
pg/ml By-microglobulin, 100 pg/ml survivin-2Bg, . g5 peptide, an icrele-
vant CMV peptide (QYDPVAALF), or without any peptide. Ninety-six-
well ELISPOT plates (BD Biosciences) were coated with 5.0 ug/ml rat
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anti-mouse IFN-y mAb and subsequently blocked with RPMI 1640 sup-
plemented with 10% FBS for 2 h at room temperature. Then, S X 10° CTLs
and | X 10° each target cells were added to the wells and cultured for 12 h
at 37°C in RPMI 1640 in 10% FBS. The plates were then washed exten-
sively and incubated with a 2.0 ug/ml biotinylated anti-mouse IFN-y mAb,
followed by pulsing with 0.5 ug/ml swreptavidin-HRP. Positive spots were
developed by adding 100 plwell AEC Substrate Solution (BD Bio-
sciences) and were counted using a Vision ELISPOT reader (Carl Zeiss).

Production of retrovirus and virus infection

The HL.A-A*2402 cDNA was insented into BamH! and Notl sites of the
pMXs-puro retrovirus expression vector (26) (gift from Prof. T. Kitamura,
University of Tokyo, Tokyo. Japan). High-titer retrovirus carrying HLA-
A*2402 was produced in a trapsient retrovirus-packaging cell line PLAT-E
(27) (gift from Prof. T. Kitamura). Briefly, PLAT-E cells were transfected
with 5 pg of retrovirus vector plasmid with the FuGene HD Transfection
Reagent (Roche Molecular Diagnostics). At 48 h after transfection, the
supernatant was harvested as viral stock solution. For infection. imma-
ture BMDCs from TAP™'™ mice were incubated for 6 h with 6 ml of
virus stock solution in the presence of 8 pg/ml hexadimethrine bromide
(Sigma-Aldrich). Twenty-four hours postinfection, the mouse BMDCs
were used for assays. The expression of HILA-A24 was confirmed by
flow cytometry using an anti-HLLA-A24 mAb (C7709A2.6) and 20-30%
of DCs were HLA-A24 positive.

In vitro cross-presentation assay

Immature BMDCs (1 X 10*) from HLA-A%*2402/K" transgenic mice or
HLA-A*2402-transduced BMDCs (I X 10* derived from TAP™'™ mice
were pulsed with an Hsp90 (10 pg/ml)-survivin-2B4_g3 precussor peplide
(100 ng/ml) complex generated in vitro, Hsp90 alone (10 pg/ml), survivin-
2Byy_us peptide (100 ng/mi), or survivin-2B;< o3 precursor peptide (100
ng/ml), and survivin-2Byg_gs-specific CTLs {1 X 10%) were added to the
cultures. In VSV or OVA system, immature BMDCs (I X 104) from
C57BL/6 and TAP™'™ mice were pulsed with an Hsp90 (10 wg/ml)-peptide
(10 pg/himl) or OVA protein (10 pg/ml) complex generated in vitro, and
peptide-specific CTLs (1X10%) were added to the cultures. The assay was
conducted in 200-ul volume in 96-well plates with AIM-V (lovitrogen Life
Technologies) at 37°C for 20 h. Culture supernatants were harvested and
tested for the presence of IFN-vy release by ELISA (Cytimmune Sciences).
In the case of OVA system, SL8/K"-specific B3Z or PL19/A*-specific
KZO responses were measured as the B-galactosidase activity induced
upon ligand recognition. The B3Z (1 X 10°) or KZO (1 X 10°) and Ag-
loaded BMDCs (5 X 10%) were added to each well and cultured overnight.
The B-galactosidase activity was measured at the absorbance at 595 nm of
the cleavage product of chlorophenol red B-pyranoside.

Immunocytological localization of exogenous Hsp90

Hsp90 was conjugated with Alexa Fluor 488 (Molecular Probes) according
to the manufacturer’s instructions. lmmature BMDCs were pulsed with the
Alexa Fluor 488-labeled Hsp90 (20 rig/ml)-SLEC peptide (20 wg/mi) com-
plex for 2 h. After incubation, cells were fixed with ice-cold acetone for 1
min, and then stained with an anti-Rho B Ab for detecting early endo-
somes, anti-KDEL mAb for ER, and anti-LAMP1 for late endosomes and
lysosomes followed by Alexa Fluor 594-conjugated goat anti-rabbit 1gG or
anti-tnouse [gG and visualized using a Bio-Rad MRC1024ES laser confo-
cal scanning microscopy system (Bio-Rad). For detecting the intraceliular
localization of recycling MHC class [ molecules and SL8-K” complexes,
the DCs were incubated with anti-mouse CD16/CD32 Fe-block to block
nonspecific staining. and then costained with an Alexa Fluor 488-labeled
Hsp90-SL8C peptide complex and Alexa Fluor 594-labeled anti-H-2K"
mAb (clone AF6-88.5) or Alexa Fluor 488-labeled 25D 1. 16 mAb and anti-
organelle Abs conjugated with Alexa Fluor 594 and visualized by confocal
laser microscopy.

Detection of fluorescent Hsp90-peptide complexes association
with BMDCs and competition assay

BMDCs (1 X 10%) were preincubated with Hsp90. BSA, human «2M
(Sigma-Aldrich), or fucoidin (Sigma-Aldrich) at indicated concentrations
(25, 50, 100 pg) for 10 min at 4°C, then pulsed with the Alexa Fluor
488-labeled Hsp90 (5 pg)-SL8 peptide (10 pg) complex for 10 min at 4°C.
The BMDCs were then washed twice with ice-cold PBS, fixed with ice-
cold acetone for 1 min, and analyzed by flow cytometry and confocal laser
MiCroscopy.

1805

Inhibition studies

For most inhibition studies, immature BMDCs (10° cells/well) were first
incubated in 0.1 ml of each drug for 2 h. Then Hsp90 (10 pg/ml)-SLEC (10
pug/ml) complex. SLEC (10 ng/ml) or OV A protein (40 pg/ml) of Ag was
added to the wells (0.2 ml tinal volume) at the final concentration indicated
in the continuous presence of inhibitors for 2 h. BMDCs were then washed
three times and fixed with 0.05% glutaraldehyde (Sigma-Aldrich). Fixation
was stopped by addition of 2 M v-lysine (Sigma-Aldrich) and cells were
washed twice in PBS. Thereafter, SL8/K"-specific B3Z or PL19/A%-spe-
cific KZO were added to each well and cultured overnight. The jB-galac-
tosidase activity was measured at the absorbance at 595 nm. The inhibitors
used were primaguine, chloroquine, lactacystin, leupeptin, and pepstatin
(all obtained from Sigma-Aldrich except for primaquine (ICN Biomedi-
cals)). LLnl., cathepsin S inhibitor (Z-FL-COCHO), cathepsin B inhibitor
(Ac-Leu-Val-lysinal), and cathepsin L inhibitor (Z-FF-FMK) were pur-
chased from Merck Biosciences.

Results
Efficient induction of tumor peptide-specific CTL by immunizing
Hsp90-peptide complex

We previously reported that survivin and its splicing variant sur-
vivin-2B are expressed abundantly in various types of tumor tis-
sues and are suitable as target Ags for tumor immunotherapy. Sub-
sequently, we identified an HLLA-A24-restricted antigenic peptide,
survivin-2Bg,_gs (AYACNTSTL) recognized by CD8" CTLs (28.
29). On the basis of these observations, we have started a phase [
clinical study of survivin-2Bg,_qq peptide vaccination for patients
with advanced colorectal cancer. To establish an effective cancer
vaccine, the development of an effective und safe adjuvant remains
a high priority. Therefore, we examined whether HSPs could be a
good candidate for a cancer vaccine adjuvant. First, we confirmed
that the two major HSPs, Hsp70 and Hsp90, but not the control
protein transferrin, were made complexed with survivin-2Bgg_gg
peptides in vitro (Fig. 14). Next, we tested the ability of Hsp70 and
Hsp90 to generate CTL responses against associated peptides.
HLA-A*2402/K" transgenic mice are a well-established model for
studying HLA-A*2402-restricted CTL epitopes and vaccine de-
velopment (30). These mice contain transgenic chimeric human al
and «2 domuins of HLLA-A*2402 and mouse a3 transmembrane
and cytoplasmic domains of H-2K®, which increase the level of T
cell responsiveness. We immunized these transgenic mice with the
Hsp70-survivin-2Bg,_z¢ peptide complex or Hsp90-survivin-
2Bgp_ss peptide complex and examined the induction of peptide-
specific CTL responses. As shown in Fig. 1B, spleen cells of mice
immunized with the Hsp90-survivin-2Bg,_g¢ peptide complex
showed significant cytotoxicity against survivin-2Bg,_gg-coated
RMA-S-A*2402 cells, but not survivin-2Bg, _gg-noncoated RMA-
S-A*2402 cells. This cytotoxic activity was almost same as from
mice immunized with survivin-2Bg,_gzsz emulsified in CFA (Fig.
1G). Tn contrast, spleen cells of mice immunized with the Hsp70-
survivin-2Bg,_gg peptide complex (Fig. 1D), Hsp90 alone (Fig.
1O, Hsp70 alone (Fig. 1E) or survivin-2B emulsified in IFA (Fig.
1F) did not show much cytotoxicity against survivin-2Bg,_gae-
coated RMA-S-A*2402. This cytotoxicity was significantly
blocked by pretreatment of target cells with an anti-human MHC
class I mAb W6/32 and an anti HLA-A24 mAb, but not with an
anti-HLA-A31 mAb (Fig. 1H). Similarly, pretreatment of effector
cells with anti-CD8, but not with anti-CD4 mAb, significantly
blocked the cytotoxicity against survivin-2Bgq_gg-coated RMA-S-
A*2402 cells (data not shown). Furthermore, to determine whether
this cytotoxic function was related to the frequency of peptide-
specific T cells, ELISPOT assay was performed using splenocytes
from each immunized mouse. Purified CD8™ T cells from spleno-
cytes after 5 days in vitro stimulated with survivin-2Bg,_zs were
cocultured for 12 h with RMA-S/A*2402cells alone, RMA-S/
A*2402 pulsed with survivin-2Bg,_gg, Or those pulsed with an
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FIGURE 1. Efficient induction of peptide-speciic CTL response in
mice vaccinated with Hsp90-peptide complexes. A, Hsp90, Hsp70, and
transferrin (Tf) were mixed with a '**l-labeled peptide in a 50:1 peptide
protein ratio in sodium-phosphate buffer. Samples were analyzed by SDS-
PAGE and staining (data not shown), followed by autoradiography of the
stained gel. Hsp90 and Hsp70 bound the survivin-2Bg,_gy peptide effi-
ciently, but not transferrin. B-G, HLA-A*2402/K"-transgenic mice were
immunized s.c. four times with the Hsp90-survivin-2Bg,_gg peptide com-
plex (B), Hsp90 alone (C). Hsp70-survivin-2By,_xs peptide complex (D),
Hsp70 alone (E), and survivin-2Bg,_g4 peptide emulsified with IFA (F) or
CFA (G) individually. Spleen cells were removed 1 wk after the last im-
munization, cultured for 5 days with survivin-2Byg,_gs peptides, and tested
for cytotoxicity. Each line represents the specific lysis of target cells by
spleen cells from one individual mouse. Target cells were RMA-S/A*2402
cells pulsed with the survivin-2Bg,_gq peptide () or without the peptide
(D). H, Peptide-specific cytotoxicity was induced in MHC class I-re-
stricted fashjon. Indicated amount of mAbs against HLA class 1 (W6/32),
HLA-A24 (C7709A2.6), HLA-A31, and HLA class I (L231) were
added to each well.

irrelevant CM Vpp65-derived peptide (QYDPVAALF). The num-
ber of IFN-y ELISPOTs produced by 5 X 10° CD&" T cells
against 1 X 10° RMA-S/A*2402 cells are shown in Fig. 2. CD8* T
cells efficiently produced IFN-y ELISPOTS in response to RMA-S/
*A2402 cells pulsed with survivin-2Bg,_gq peptide, but not in re-
sponse to RMA-S/A*2402 cells alone or RMA-S*A2402 cells pulsed
with the irrelevant CMVpp65-derived peptide (QYDPVAALF).
These findings confirmed the fact that the CTLs were specific for
survivin2Bg,_ss. Thus, we demonstrated that Hsp90 was a fairly
good adjuvant for a T cell-mediated antitumor vaccine.

Cross-presentation of Hsp90-chaperoned peptide in the context
of MHC class 1 bv BMDCs

Next, we tested whether in vitro reconstituted Hsp90-peptide com-
plexes were taken up and associated peptides were presented in the
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FIGURE 2. Immunization with Hsp90-Ag peptide complex generated
CTLs recognizing chaperoned peptide. Purified splenic CD8™ T cells from
Hsp90-survivin-2By,_g4 peptide-immunized mice were stimulated with the
survivin-2Bgq,_gx peptide in vitro. Responding CTLs were tested for IFN-v
ELISPOTs in response to RMA-S/A%2402 cells without peptide pulsing.
pulsed with an irrelevant CMV peptide, or pulsed with the survivin-
2Byq._gg peptide. The number of ELISPOTs produced by 5 X 10° CTLs in
response to 1 X 10° RMA-S/A*2402 cells is shown.

context of MHC class 1 molecules by BMDCs. To monitor the
MHC class I Ag-processing pathway, we used Hsp90 reconstituted
in vitro with a precursor peptide of survivin2Bg,_zg, Survivin-
2B4s_o3 (19 mer). The Hsp90-survivin-2B,s_q; precursor peptide
complex was cocultured with BMDCs for 2 h and fixed, followed
by incubation with a survivin-2Bgq_gg-specific CTL clone. The
culture supernatant was assayed for the production of IFN-vy. As
shown in Fig. 3, the Hsp90-survivin-2B,s o, precursor peptide
complex was processed and presented by HLA-A*2402, and con-
sequently recognized by the survivin-2Bg,_gq-specific CTL clone
but not Hsp90 or the survivin-2B,s o3 precursor peptide alone.
This phenomenon was also observed by the standard *'Cr-release
assay (data not shown). These data suggested that the Hsp90-chap-
eroned precursor peptide was processed to an epitope within the
cells with subsequent access to the MHC class I pathway, a process
known as cross-presentation.

Vaccination of mice with Hsp90-peptide complex promotes
antitumor effect

We then examined the efficacy of the Hsp90-based immunotherapy
using the human tumor Ag survivin-2B as a surrogate Ag. To
assess whether cross-presentation of the Hsp90-survivin-2Bg,_gq
complexes elicits antitumor effects in vivo, we developed TG3
with surrogate Ag human survivin-2B, TG3-2B. Although, the
TG3-2B cell line is an artificial tumor model, we thought that it
was necessary to examine whether the in vitro cross-presentation
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FIGURE 3. Cross-presentation of Hsp90-chaperoned peptide by
BMDCs. Survivin-2Bg,_gs, precursor survivin-2Bg,_sc (19 mer), or
HspS0-precursor survivin-2Bg,_zz complex was loaded to HLA-A%2402/
K"-transgenic mouse-derived BMDCs for 2 h and a survivin-2Bg,_ s5-spe-
cific CTL clone was added. IFN-v in the culture supernatant was measured
by ELISA.
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FIGURE 4. Hsp90-tumor Ag peptide complex induces strong antitumor
effect. A, The protocol for immunotherapy is shown. B, A towl of 5 X 10°
TG-3-2B cells were first injected intradermally into HLA-A*2402/K" mice
(10 animals/group). When mean tumor diameter reached 5 mm, mice were
given the treatment with the Hsp90 (S0 pg)-survivin-2Bg,_zg (50 f1g) com-
plex. survivin-2B,,,_.«x (50 pg) emulsitied with IFA alone or PBS twice a
week. C, The remaining 10 mice in each group were observed for survival.

of HspS0-survivin-2B complexes represents the survivin-2B-spe-
cific antitumor effects in vivo. TG3-2B cells (2 X 10°) were in-
oculated into the right hind limbs of HLA-A*2402/K® transgenic
mice and allowed to grow for 10 days (to around 5 mm in diam-
eter). As shown in Fig. 4A, on days 9, 13. 16, and 20, mice were
administered PBS, the survivin-2Bg,_go peptide (50 pg), or the
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Hsp90 (50 pg)-survivin-2Bgq_zg (50 pg) complex. As shown in
Fig. 4B, vaccination with Hsp90-survivin-2Bg,_gs significantly in-
hibited the growth of tumors in comparison to control vaccinations
with survivin-2Bg,_gs or PBS, (vs survivin-2B, p = 0.034, vs
PBS. p = 0.0007). We also evaluated the effects of the Hsp90-
survivin-2B peptide complex in providing a survival benefit. As
shown in Fig. 4C, the results indicated that treatment with the
Hsp90-survivin-2B peptide complex significantly increased the
median survival time compared with the control mice {vs survivin-
2B. p = 0.016, vs PBS, p = 0.001). Of note. 8 of 10 animals of the
Hsp90-survivin-2Bg,_gz complex-treated groups rejected the es-
tablished tumors. Taken together, these results showed not only
that the Hsp90-peptide complex induced strong CTL responses to
the chaperoned peptide but also that these responses were suffi-
ciently strong to generate therapeutic antitumor effects.

TAP-independent presentation of Hsp90-bound peptide in the
context of MHC class I by BMDCs

To generalize the Hsp90-mediated cross-presentation, we used a
well-characterized antigenic system, the VSV derived H-2K"-re-
stricted VSV8 dominant Ag. To test the peptide-binding capacity
of purified human Hsp90, we used synthetic peptides VSV8 and a
C-terminat extended version of VSV8, VSV-C (15 mer). First, we
confirmed the in vitro generation of the Hsp90-VSV-C peptide
complex (data not shown). Next, we tested whether in vitro-recon-
stituted Hsp90-VSV-C complexes were taken up and associated
peptides were presented in the context of MHC class | molecules
by immature BMDCs. The Hsp90-VSV-C peptide complex was
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FIGURE 5. Precursor peptides chaperoned by Hsp90 :'5; . :TWATP KO § i 2 Jwwr.
are cross-presented via a TAP-independent pathway. A, = 600" :g :} 'z‘ JETAP KO
VSV8, the Hsp90-VSV-C complex, Hsp90, or VSV-C 3‘400 & a
was loaded to BMDC:s for 2 h and a VSV8-specific CTL ; 200 :j 3:6' ] ;
clone was added. IFN-v in the culture supernatant was 3 N 8 3;3 X 1 ‘”‘1 E
measured by ELISA. B, The anti-H-2K" mAb. but not 0 i My By O T T isua0s
the H-2D" mAb, inhibited cytotoxicity mediated by Hepgo VSV-C. Heood: Hep0  SLEC Wepsd:
the VSV-8-specific CTL clone. C, BMDCs from the .
TAP™'~ mouse could also process and present Hsp90- E o
chaperoned VSV-C peptides efficiently as compared ‘CTL‘_alOﬂQ‘
with BMDCs from the wild-type mouse. D. SL§ pre- . PL.A-A“2402/TAP KO-
cursor peptide, SL8C was also processed and cross-pre- .y - KO
sented by BMDCs via a TAP-independent pathway. E, CTL+DC [J7AP
HLA-A*2402-transduced TAP™'~ BMDCs were able
to cross-present Hsp9(-chaperoned precursor survivin- CTL+DC«9=HS'p90 2
2Byy_ys peptides in association with HLA-A*2402
molecules. 'CTL *DC ¥ -
precursor Survivin-2Bgy.sq
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Competitor:Hsp90
FIGURE 6. The  Hsp90-peptide
complex binds to immature BMDCs
in a receptor-dependent fashion. A,
BMDCs were incubated with the Al- Competitor:BSA

exa 488-labeled Hsp90-SL8C com-
plex at 4°C to exclude endocytosis.
Specific binding of the Hsp90-SL.8C
complex was observed and could be
competed for by a [0-fold excess of
unlabeled Hsp90. No inhibition was
observed using an excess of up 10
100-fold of BSA. B, BMDCs were in-
cubated with unlabeled 50 pg/ml
Hsp90 or S0 ug/ml BSA for 1 h on
ice. then pulsed with 5 pg/ml Alexa
488-labeled Hsp90-SL8C complexes
to DCs on ice for 1 h, washed with
PBS, followed by acetone fixation
and processing for confocal micros-
copy. C and D. The binding of the
Hsp90-SLBC peptide complex to
BMDCs was not inhibited by either
the CD91 ligand o2M or the SR-A C
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cocultured with immature BMDCs for 2 h and fixed, followed by
incubation with a VSV8-specific CTL clone. The culture superna-
tant was assayed for the production of IFN-y. As shown in Fig. 54,
the Hsp90-VSV-C peptide complex was processed and presented
by H-2K®, and consequently recognized by the VSVS§-specific
CTL clone but not Hsp90 or VSV-C alone. In the presence of an
anti-H-2K® mAb but not an anti-H-2D® mAb, during the presen-
tation assay, the presentation of VSV8 to the specific CTL clone
was clearly abolished (Fig. 5B). These data suggested that Hsp90
bound VSV-C peptide was processed to VSV8 within the cells
with subsequent access to the MHC class I pathway.

Next, we investigated whether the Hsp90-mediated MHC class
I pathway required functional TAP molecules. To test this, we
used immature BMDCs derived from the TAP1 ™~ mouse. Sur-
prisingly, BMDCs from the TAP1™’~ mouse could also process
and present the Hsp90-bound VSV-C peptide as efficiently as
BMDCs from the wild-type mouse (Fig. 5C). Taking advantage of

the use of T cell hybridoma B3Z, we also tested another well-
characterized H-2K®-restricted OVA,57_564 Ag system. Hsp90 re-
constituted in vitro with SL8C peptide (13mer, C-terminal ex-
tended version of SL8 (OVA,5,_,¢.)) was cocultured with BMDCs
for 2 h. followed by incubation with an SL8-specific B3Z T cell
hybridoma. As shown in Fig. 5D, the Hsp90-S1.8C peptide com-
plex but not Hsp90 or SL8C alone was processed and presented by
H-2K", and recognized consequently by the B3Z T cell hybridoma
in a TAP-independent manner.

Furthermore, we have confirmed that Hsp90-survivin-2B,s_o3
precursor peptide complex was processed and presented by
TAP™'~ mice-derived BMDCs, which were retrovirally trans-
duced with HLA-A*2402 cDNA, and consequently recognized by
the survivin-2Bg,_gq-specific CTL clone but not Hsp90 or the sur-
vivin-2B,5 g5 precursor peptide alone (Fig. SE). These data dem-
onstrated that a TAP-independent pathway was used for Hsp90-
mediated MHC class 1 presentation.
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FIGURE 7. Intracelluiar localization of the Hsp90-SLL8C peptide com-
plex taken up by receptor-mediated endocytosis. A, Immature BMDCs
were pulsed with Alexa 488-labeled Hsp90-SL8C complex for 2 h. After
incubation, cells were tixed with cold acetone, stained with an anti-Rho B
Ab (for early endosomes), anti-KDEL mAb (for ER), and anti-LAMP1 (for
late endosomes and lysosomes) followed by Alexa 594-conjugated goat
anti-rabbit IgG or anti-mouse 1gG and visualized by laser confocal micros-
copy. B, Intemalization of the Hsp90-peptide complex occurred via tem-
perature-dependent endocytosis. BMDCs were treated either 4°C or at
37°C with 20 pg/mi Alexa 488-labeled Hsp90-SL8C complex for 10 min,
washed with PBS, and fixed, then stained with the anti-Rho B Ab, followed
by Alexa 594-conjugated goat anti-rabbit IgG and analyzed by laser con-
focal microscopy.

Hsp90-peptide complex interacts with bone marrow-derived
immature BMDCs in a receptor-dependent fashion

Recent experiments demonstrated that HSPs are able to interact
specifically with macrophages, DC, and B cells. To test the specific
binding of Hsp90-peptide complex to immature BMDCs, we in-
cubated BMDCs with the Alexa 488-labeled Hsp90-SL8C com-
plex at 4°C to exclude endocytosis. Using FACS analysis, we ob-
served specific binding of Hsp90-peptide complexes to the cell
surface that could be competed for by unlubeled Hsp90. but not by
BSA (Fig. 64). A 10-fold excess of unlabeled Hsp90) significantly
inhibited the binding of Alexa 488-labeled Hsp90-SL8C com-
plexes to BMDCs. No inhibition was observed using an excess of
up to 100-fold of BSA. We then analyzed the competition exper-
tments using the laser confocal microscopy. We have confirmed
that after 1 h culture at 4°C, a temperature which blocks internal-
ization, the Alexa 488-labeled Hsp90-SL8C complexes were found
on the cell surface of immature BMDCs. Next, immature DCs
were incubated with Alexa 488-labeled Hsp90-SI.8C complexes,
alene or in the presence of a 10-fold excess of unlabeled Hsp90 or
BSA. As shown in Fig. 6B, competition with unlabeled Hsp90
significantly reduced the cell surface hinding, whercas unlabeled
BSA did not affect the binding as compared with the labeled
Hsp90-peptide complex alone. These data demonstrated the pres-
ence of a specific receptor for Hsp90 that was expressed on im-
mature BMDCs. Recently, CD91 (the a2M receptor), LOX-1. and
scavenger receptor class-A (SR-A) were identified as the HSP re-
ceptors of APCs. Therefore, we have done the competition assay
using @2M and fucoidin. which are known for the ligands of HSP
receptors CD91 (for a2M), LOX-1, and SR-A (for fucoidin). The
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FIGURE 8. The H:p90-peptide complex traffics to an endosome, where
the precursor peptide might be processed. followed by the formation of a
peptide-MHC class I complex. A, BMDCs were treated at either 4°C or at
37°C with the 20 pg/ml Alexa 488-labeled Hsp90-SL8C complex for 10
min, washed with PBS, and fixed. then stained using Alexa 594-conjugated
anti-H-2K” mAb. B, BMDCs were incubated with Hsp90-SL8C peptide
complexes for I h, then tixed with ice-cold acetone for | min. DCs were
incubated with mAb 2.4G2 to block FcR and then costained with Alexa
488-conjugated mAb 25D1.16 (for H-2K"-SL.8 complex) and Alexa 594-
conjugated anti-Rho B Ab or anti-KDEL mAb.

results showed that the twenty-fold concentration of either o2
macroglobulin (Fig. 6C) or fucoidin (Fig. 6D) was not able to
compete the cell surface binding of Alexa Fluor 488-labeled
Hsp90-SL8 complex. Therefore, we concluded that Hsp90 recep-
tor was different from CD91 and scavenger receptors such as
LOX-1 or SR-A in our experiments.

Endocytosed Hsp90-peptide complexes localize in the early
endosome

Next, we were interested in addressing which compartments were
involved in this processing and presentation of Hsp90-chaperoned
precursor peptides within the BMDCs. We labeled human Hsp90-
SL8C with Alexa Fluor 488. Lubeled Hsp90-SL8C peptide com-
plexes were then incubated with BMDCs for several time periods.
After extensive washing to remove unbound proteins, cells were
fixed with cold acetone and costained with an Ab against an or-
ganelle marker labeled with Alexa Fluor 594. Analysis by laser
confocal microscopy of staining with the organelle marker re-
vealed that the internalized Hsp90-SL8C complex localized in Rho
B-positive early endosomes (Fig. 74) but not late endosomes/ly-
sosomes or endoplasmic reticulum (ER) after 10, 30, and 60 min
of endocytosis (shown for 60 min in Fig. 7A). We traced Hsp90-
SL8C complex after 90 and 120 min. It accumulated only in early
endosomes and did not reach the stage of late endosomes/lyso-
somes (data not shown). In accordance with experiments using
TAP 177 BMDCs, the lack of accumulation in the ER seemed to

—115—



1810

Hsp90-PEPTIDE COMPLEX MEDIATED CROSS-PRESENTATION BY DCs

e 4 -

2 O-HspAOSLAS .

§ s

d 08 /

o )

e

2 06 >

X 4

@04 /

5 /

8 p2 yd .

s . / e

FIGURE 9. Membrane recycling [ L — el
and vacuolar acidification, but not 8 10 30 & 120
proteasomal processing is required yime {min}

for cross-presentation of Hsp90-pep-

tide complexes. A, Cross-presentation B ®iipB0-SLEC B5L8 C #HspoO:SLAC LSLe
of Hsp9)-chaperoned peptides by f;"'d = 2
BMDC is very rapid response. B-D, % % g o
BMDCs were preincubated with (B) g 1 g 68
lactacystin, (C) LLnl, (D) prima- }?c-s 5 56
quine, or (E) chloroguine at 37°C for é“’ 5 0
2 h, then pulsed with Hsp90-SL8C ges g
complexes, SL§ peptide. or OVA pro- g'ﬁai’ "Z’ 62 5
tein for 2 h. The DCs were then fixed, 3 Q L 2 e
washed, and cultured overnight with : & I 80
B3Z cells. The B-galactosidase activ- Lagssoystis (4. Llato by
;tgsw;;a;.measurcd at the absorbance at D ahiop90:5EaC 0éls E -ns;&e»s.&.é{f asis

|

E» : 2

3 g

g | 3 e

Primaqine fuht Chinraguine (b}

indicate that the Hsp90-mediated MHC class I pathway was inde-
pendent of TAP. We also examined whether Hsp90-peptide com-
plex accumulation in the early endosome wus temperature-depen-
dent endocytosis. As expected, at 4°C, labeled Hsp90-peptide
complex remained on the cell surface (Fig. 7B), but internalization
was evident after incubation at 37°C following a 10-min internal-
ization period.

Extracellular Hsp90-peptide complexes and recycling MHC
class I molecules are colacalized within earlv endosomes in

BMDCs

To investigate in which compartment the Hsp90-chaperoned anti-
genic peptides bound to MHC class I molecules, we stained H-2K®
molecules and exogenous Hsp90-SL8C complexes. After 20 min
of endocytosis, Alexa Fluor 488-labeled Hsp90-SL8C complexes
colocalized with endocytosed H-2K® molecules in the early endo-
some (Fig. 8A). This finding suggested that Hsp90-bound peptides
might be transferred to MHC class I molecules in the early endo-
some where recycled MHC class I molecules from the plasma
membrane are available. The peptide-MHC class 1 complexes gen-
erated in the early endosome would then be transported to the cell
surface of the BMDCs, where specific CTLs recognize them.

Early endosomes are the compartment where Hsp90-bound
precursor peptides are processed and transferred onto
subcellular MHC class I molecules

To investigate in which compartment Hsp90-bound precursor pep-
tides are processed and subsequently transferred onto MHC class
I molecules, we used mAb 25D1.11 because this mAb recognizes

SL8 peptide-H-2K” complexes (31). Hsp90-SL8C peptide com-
plexes were pulsed onto BMDCs, subsequently fixed with acetone,
and stained with mAb 25D1.11 labeled with Alexa Fluor 488 and
anti-Rho B or anti-KEDIL Abs coupled with Alexa Fluor 594. Con-
sequently, we clearly observed that mAb 25D1.11 was detected
only in the early endosomes and not in the ER (Fig. 8B). This fact
indicated that Hsp90-bound precursor peptides were processed and
transferred onto MHC class I within early endosomes, suggesting
that recycling MHC class [ molecules are required for eflicient
presentation of Hsp90-chaperoned peptides.

Kinetics of cross-presentation of Hsp90-chaperoned peptide by
BMDCs

We evaluated the cross-presentation kinetics of the Hsp90-chap-
eroned precursor peptide by BMDCs. BMDCs were pulsed with
the Hsp90-S1L.8C complex, sampled between 0 and 120 min and
fixed with glutaraldehyde to terminate further Ag uptake and pro-
cessing. After fixation, BMDCs were cocultured with B3Z T cell
hybridoma. The presentation of Hsp90-chaperoned peptides was
detected after a 10-min pulse (Fig. 94), indicating that induction of
immune responses can be achieved very rapidly. This is very im-
portant for Hsp90 as a danger signal. In contrast, presentation of
free SL8C peptide was barely detectable within 2 h. In addition, to
confirm that the Hsp90-mediated cross-presentation followed a
TAP-independent pathway, we tested the effect of treating BMDCs
with the proteasome inhibitor, lactacystin and LLnl.. As expected,
these agents did not affect the Hsp90-mediated cross-presentation
by BMDCs (Fig. 9, B and C). Therefore, class I-presented peptides
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