Piloting of exogenous antigen into cross-presentation pathway 389

a TAP-dependent parhway (Castellino et al., 2000; Moroi et al., 2000; Suto and
Srivastava, 1995). This fact suggests that processing and loading a peptide onto
MHC class I 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 endocytic compartments and
the cytosol (Rodriguez et al., 1999). Thus, in IDCs, the exogenous HSP-chaperoned
antigen in the endocytic compartment is released into the cytosol, where it follows
the classical proteasome- and TAP-dependent class 1 pathway for presentation.
Further studies to define the precise mechanisms for Hsp70- and Gp96-chaperoned
peptide trafficking may reveal a new paradigm for cross-presentation.

WHO GETS TO ‘EAT’ ... AND HOW TO ‘EAT’,
THAT’S THE QUESTION!

Despite the extensive studies of cross-presentation, the precise identity of the APCs
responsible has been hotly debated. Although the cross-presenting cell is cleary
an APC of hematopoetic origin, cross-presentation activity has been detected in
both macrophage and DC populations. Because of the lack of critical markers
distinguishing these populations, the outcome may have been complicated by small
contaminating, fractions of the other cell type. More comprehensive studies exten-
sively examining splenic and lymph node DC subsets in mice have identified
CD8* DCs as the only population capable of cross-presenting ovalbumin and herpes
simplex epitopes. Despite the capacity of macrophages and other DC subsets to
aquire antigens, the ability to effectively stimulate cytotoxic T lymphocyte responses
seems to be restricted this population (Pooley J1 2001, Smith JI 2003). However,
for HSP-mediated cross-presentation, it has been reported that both macrophages
and DCs are involved and the critical cell subsets in vivo must be defined. Tobian
et al. reported that bacterial Hsp70 promotes alternate MHC class I processing
through an endocytic mechanism in macrophages and a cytosolic mechanism in
DCs (Tobian et al., 2004). This diversity of processing mechanisms may explain
differences among studies regarding the relative roles of cytosolic and endocytic
processing for MHC-1 cross-presentation of exogenous Ags, including peptides
chaperoned by HSPs. In addition, recent reports have demonstrated several types
of HSP-receptors expressed by APCs, so it is necessary to clarify the method of
endocytosis/phagocytosis for cross-presentation by the HSP-antigen complex and
how cross-presentation is affected by the uptake mechanisms of the HSP-antigen
complex. For example, different endocytic receptors may have different functional
consequences.

Cross-Presentation by Exogenous Hsp90-Peptide Complex

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 danger signal, subsequently cliciting



390 Tamura et al.

cell-specific immune responses. It has been demonstrated that the tumor-derived
Hsp90-peptide complex elicits tumor-specific immunity. At present, however, the
processing pathway yielding the transfer of exogenous Hsp90-associated peptide
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 (IDCs) 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 monitor
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: 15mer) to moniter the processing 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 IFN-y. VSV-C-loaded Hsp90 was processed
and presented by H-2K" and recognized by the VSV8-specific CTL clone, but not
Hsp90 or VSV-C alone. In the presence of an anti-H-2K" mAb during the presen-
tation assay, the presentation of VSVS8 to the specific CIL clone was completely
abolished. These data suggested that Hsp90-bound VSV-C peptides were processed
to VSVE within the cells with subsequently gained access to the MHC class 1
pathway. Intriguingly, this presentation occurred within 15 min, indicating that very
rapid and efficient processing might be achieved within DC.

Next, we investigated whether the Hsp90-mediated MHC class I pathway
required functional TAP molecules. 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 OV A, 5, _,¢s antigen
system, Hsp90 reconstituted in vitro with the C-terminal extended version of SL8
(OVA,s5_265), SL8-C peptide (OVA,s53_570: 13mer). The Hsp90-SL8-C peptide
complex was cocultured with DCs for 2 hours, followed by incubation with SL.8-
specific B3Z T cell hybridoma. As shown in Figure 3B, the Hsp90-SL8C peptide
complex was processed and presented by H-2K® and recognized by B3Z T cell
hybridoma, but not Hsp90 or SIL.8-C alone, in a TAP-independent manner. 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 accumu-
lated only in the endosome and did not reach the stage of the lysosome. We also
examined whether Hsp90 accumulation in the endosome was due to temperature-
dependent endocytosis. As expected, at 4°C, labeled Hsp90 remained on the cell
surface, but internalization was evident after incubation at 37°C following a 10-min
internalization period. According to a competition assay, DCs express Hsp90
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receptor on the cell surfaces. Identification of receptor (s) will be necessary to
elucidate the mechanism responsible for cross-presentation of exogenous Hsp90-
antigen complexes.

The Pathway for Hsp90-Mediated Cross-Presentation

To investigate where the Hsp90-associated antigenic peptides bind to MHC class 1
molecules, we stained H-2K" molecules and exogenous Hsp90-peptide complexes.
After 20 min of endocytosis, Alexa-labeled Hsp90 colocalized with endocytosed
H-2K" molecules. The results showed the internalization and co-localization of
H-2K" and Hsp90 was evident in the early endosome. This finding suggested
that HSP-bound peptides might be transferred to MHC class 1 molecules in the
endosome, where recycled MHC class I molecules from the plasma membrane are
available. The peptide-MHC class I 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 1 molecules back to the cell surface has
been observed. Some of the recycled MHC class 1 molecules can be loaded into
endosomes with peptides derived from endocytosed molecules (Gromme et al.,
1999). Therefore, to confirm whether this presentation really utilizes recycled
MHC class T molecules, we treated 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 I molecules, which
retumned to the cell surface and stimulated B3Z T cell hybridoma. To analyze
the involvement of vacuolar acidification of endosomal compartments, DCs were
incubated with Hsp90-S1.8C in the presence of chloroquine, a known inhibitor of
acidification of endosomal compartments. Chloroquine strongly inhibited Hsp90-
mediated presentation without affecting SL.8 peptide presentation. Thus, acidifi-
cation of endosomal compartments is necessary for processing of Hsp90-chaperoned
precursor peptides (Figure 2).

Hsp90-Chaperoned Precursor Peptides are Processed
by the Endosomal Protease

We used protease inhibitors to investigate the proteolytic processes involved in
the Hsp90-mediated TAP-independent cross-presentation pathways. In wild-type
DCs, a broadly active cysteine protease inhibitor, leupeptin, almost completely
inhibited the cross-presentation of Hsp90-SI.8C. In contrast, the aspartic protease
inhibitor pepstatin did not affect the cross-presentation. Cathepsins S, I and L are
known to be the major cysteine 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
inhibitor completely blocked cross-presentation. Cathepsin S is a cysteine protease
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Figure 2. Possible pathway of the Hsp90-antigen complex-mediated cross-presentation. To elucidate
how the Hsp90-antigen complex is processed for cross-presentation, we used DCs derived from TAP
knockout mouse, and IDCs were treated lactacystin as a proteasome inhibitor, chloroquine for blocking
the acidification of endosomal compartment, and primaquine for blocking the recycling membrane

transport

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 molecules and that the presented peptides are indeed generated in endosomal

compartments.

Advantages of Hsp90-Antigenic Protein Complexes

As described above, we have shown that Hsp90-chaperoned precursor peptides
are efficiently processed and presented by MHC class I 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 T molecules
as well as class Il 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 CID4* helper epitopes, required for efficient
CTL induction and proliferation. However, protein antigens themselves are not
primarily immunogenic and therefore an immunostimulatory adjuvant is necessary
for effective T cell responses. Given the well-known ability of HSP to forms
complexes with naturally synthesized proteins, it is possible that Hsp90-protein
antigen complexes could elicit antigen-specific CI'L responses and Th responses
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as well. Therefore, we investigated the impact of Hsp90 on the presentation of
exogenous protein antigens using OVA as a model antigen. We observed that
the Hsp90-OVA complex generated in vitro was very efficiently and selectively
presented via the MHC class I pathway both in vitro and in vivo, and that cross-
presentation involved both TAP-dependent and -independent pathways described
below. These results would provide a rationale for the development of novel vacci-
nation 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 responses. Notably,
when we pulsed the simple mixture of Hsp90 and OV A, we did not detect significant
CTL responses. These results show that binding to Hsp90 is essential for cross-
presentation of OVA.

The Mechanism for Translocation of Hsp90-Chaperoned Antigens
from Endosomes to Cytosol

The mechanism for escaping to the cytosol remains unknown, as is whether the
HspY90-antigen complex or its components separately escape to the cytosol. It 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 (Hotta et al., 2006). Chloroquine treatment inhibits the
acidification of the endocytic compartments. Our data indicated that chloroquine
treatment inhibited Hsp90-OVA presentation by DCs in both TAP-dependent and
-independent pathways. This suggested that antigen transport was dependent on
mildly acidic pH-inducible machinery in the endocytic compartments of DCs.
However, a recent report showed that treatment with chlorquine or NH, Cl enhanced
the efficiency of cross-presentation (Accapezzato et al., 2005). These treatments
accelerated export of exogenous soluble antigens from endocytic compartments to
cytosol, thereby enhancing cross-presentation. The difference between our results
and theirs was the method of uptake by DCs. In our case, it occurred via receptor-
mediated endocytosis, whereas they indicated that it occurred via phagocytosis or
macropinocytosis. However, the regulators for the transport are still unclear. We
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Figure 3. The pathway for the Hsp90-antigen complex-mediated cross-presentation by DCs. Inter-
nalized Hsp90-antigen complexes through receptor-mediated endocytosis follow 2 distinct MHC class
1 pathways. (1) Internalized Hsp90O-antigen complexes are translocated 1o the cytosol and resultant
peptide intermediates are imported into the ER in a TAP-dependent fashion. Hsp90-chaperoned antigens
are degraded in the cytosol 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 1
molecules. (2) Alternatively, internalized antigens chaperoned by Hsp90 are processed and loading
in the endocytic pathway onto MHC class 1 molecules that are recycled from the plasma membrane,
independently of TAP

are still on the road to complete understanding of HSP-mediated immune regulation,
and further studies will be required to elucidate the precise mechanism (Figure 3).

CONCLUSION

Although HSPs are primarily cytosolic proteins, they play an important role as
a “danger signal” in the extracellular milicu on behalf of immune surveillance.
Above all, Hsp90 is one of the most abundant cytosolic proteins and elicits intrigu-
ingly efficient and rapid CTL responses. In this meaning, Hsp90 is a “smart and
excellent guide” for the MHC class I cross-presentation pathway. A forthcoming
issue is to elucidate the mechanism of the driving force toward the CD8" T
cell response mediated by HSPs. In addition, the relationship between immune
tolerance induced by HSP-mediated cross-presentation and the stimulation of DCs
via toll-like receptors should be addressed. 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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FH A ) ﬂgéii‘?}
DNA X FIL{tBEFRBEZEAR (DNMT inhibitor)
5-azacytidine [ A

HHIRAAE R (FDARGR)
5-aza-2-deoxycytidine  MACEAENEE, FE%A%A, FRMRNGLA, FfildsiA
B R BIERRE (FDA RGER)
EX b vB7EFILEEREER (HDAC inhibitor)

Kl GG A
butyrate FENBE R 23 A
valproic acid Moo A s, SRSERE A5 A
b R A
SAHA WINERRAS A, IEREDS A, FLhsA, KMEdsA, BiEY » o3k
FERE THIK Y o 230 (FDA &)
LBH-589 HEFTEIEAS A, BN THIR Y o 23l

BRT b FRTFF
FK-228 (FR901228) KMSHs A, BN A, EXERENE, JEMERELS A, s,

5 FEVE AT i
_RVATEF
MS-275 WD A, HRE SR, JEANEIREREDS A, PG, MY o8
HT 0B - ot (i % WAG{L 9 2 88 1% I3 T4 7 AL THEIENTWSC
b, TES 13T 47 A E > THRRHEL Ty LS X T o B HUERTEORIE T £, 2 DFER
A ENHLMICE2TEL, %[0l X4 3 DNA # F AL EH (DNMT
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inhibitor) & 2 Witk XA b VB 7 € F L (LEEE
PHEA] (HDAC inhibitor) ##22757,

1. BENEORRET

A7/ —z2IELOHLLT, 2T FLPAME
IZ &\ T cancer-testis antigen (& 5% % 12 ik &
N7 Limmunodominant ZfLJE & L THIGS #U
T\ %, MAGE family 2 NY-ESO-1 @ ¥ 8 23 {X

T LT A M Z DNMTIER <5 2
5-aza-2-deoxycytidine * HDACHHL i #l ¢ % 2
trichostatin A T T 5 &, % DFEBH ]+
%. %7, DNMTEL# A & HDACHLE Ao it g
WKHESR S L L OBESIh TV - g
iR, BAMIBIRIES 22T 4 7 ALK
& o TRIZ LD TR O FEBL % i) |
RIEEEBMD OB T VLD L ZRM L Ty,

T2 IEIIRT4 7 AL DTN REMERET

FENHIE RS DiANE Fe 1 [n] 4852 3 A ik
DNMTEH#EA  HDACEHEHA]
I, RSSO FEBUS F ' -
MAGE family CWZRHIA, Rhth, KBSHIA 5-AZA-DC TSA g
(EREE ) 5-AZA-DC 7
BlihiA 5-AZA-DC 8
FPEENE 2 B 5-AZA-DC 9
NY-ESO-1 BiantA, Kighsh, Fath, MissA, 5-AZA-DC 8
B, TEmAE A7/ —
~ GAGEI-6 BEHI D A o 5-AZA-DC 8
2, PURRTEES 70 RBUET o
MHC class 1 FPRE 2 e TSA 10
HIZ IR A A TSA 1
E IR O s SB )
A5 ) —= 5-AZA-DC 13
Bz-microglobulin RUSZAR A A TSA 11
MHC class II A A TSA 10
Hela TSA 14
R B s SB 12
B Y > /P TSA 15
~ CUTA RELEHA TSA 16
3. BEEHHIMY FORBET -
CD80, CDS6 B B R A 1 T SB 12
4. NK#ifaiEtE(Ls FORBEET
MICA/MICB BiiE, oA, KA FR901228 17
PRI A A VPA 18
5. 7R b= A 7+ ABES FORBUET R
Fas, TRAIL-RZ (DR5) f#6fE E s : VPA 19
TRAIL-R1 (DR4) IR " 5-AZA-DC 20
PRELATA 5-AZA-DC 21
caspase 8 AEE 2 #l e A 5-AZA-DC TSA 22

9-AZA-DC: 5-aza-2-deoxycylidine, VPA: valproic acid, TSA: trichostatin A, SB: sodium butyrate
DNMT: DNA methyltransferase, HDAC: histone deacetylase
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2. MRRTEES FORIRET

THIRPIE ZA5A G, Fio MHCIC L - TR
INTHFRRTF F2EBTE. LicdoT, Ml
faZ i~ MHC 43 - O FE Bl Be % g 3 81z
FOFBE T E, THIKD & O kI D 7 A3
%. MHC class 14y 13 # # & 4§ 8 S2-micro-
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MR ~DRBEL VBIETT 5, £ FOBE
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fEER, FLOSA LIRS A TR ARE & B
h, #I8#ITHLA class IOFEBRMBE L TWw5
:t,%LT%wﬁwu&Mﬁm+®txhv
Bi7eFn{bcd s &zl L, FLAsAMN
P IR A A M & HDAC BH 55 7 T 40 8
LE, ML s EbiICHilaRibE~D
HLA class IFBIGEE LY, a iz (€
Y2BRTF KT 2 F DK ML T
205, ARG E LGS, thaodsAfs
L TEL RS RLED > 2. ol KO—
U LT & 9 e SRR 2B 45 L T
L L MRS, SHEIDA ENZIRDIA &R &

XI MG, BRE- 1. TP 2374 7 AKX Ol S 2B ks 207

L7 7+ vFTid, HDACIHER %6t L 7
7u bk aneiat v R ESH 5,

MHC class [ 721} T {, MHC class Il #{rf
PIEGHFCHTADFBR S 82 x 27 1 7 72l
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THINEASEMEAL T 2 220 IE TCRZ /v T 2 4
FEgs GEl1> 7 ) &b, BELRmss
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THH2L T ABBBETHSL I ENHLENTWL

%, DA, Z o gy o FEB 2 S L,
THIFEC X 2 RIEEARD 6 OB Tw 5, Maeda
5 id, A BEHEERTE O sl bk 1 3w TRy
+CD80, CD86 OFtBIHIf| ST Y, HDAC
PHEH D —->TH % sodium butyrate (2 X - T
ZORBHEEEND 2 L EHGEL T2,
$74bbt, HDACHEAIZ HV:3 Z LiItL o T,
23 AR O S8 SR A A3 AR 12 38 K % Al sE Y3
H5

4. NKHIREMLD FORRET

NK#lfi iz, #fa#mic NKGZD L+ 7% — D
¥ 9 HEHLREEEZ Lo TE D, BRI OH
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Mg L 27 F R, IR A8 A MR R
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EAaAME I TV ke, oA MBI

% valproic acidfF#f FTIHEEL, Fhic Lo T
AWM T % {5 F 122w T, DNA micro-
array # WL CHBIIICHEIT L 72, 2 ORRE
MICA/MICB # & t¢ R o ST L SRR D
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