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GPC3-reactive CTLs could be generated from PBMCs stimulated
with these peptides in ~50% of HCC patients. Vaccination
based on these peptides did not induce autoimmunity in HLA-
42,1 (HHD) Tgm of a B57Bl/6 background. We previously
identified the GPC3;9¢.30 peptide to be a CIL epitope in BALBfc
mouse, and we expected that this GPC3 peptide might also be
present in human CTL in a HLA-A24-restricted manner. As
expected, we could generate HLA-A24-restricted and the
GPC320g.306 peptide-reactive human CTLs in this study. As a
result, BALB/c mice may be useful for identifying HLA-A24-
restricted CTL epitopes, HLA-A2.1 (HHD) Tgm was reported to
be a versatile animal model for the predinical evaluation of
peptide-based immunotherapy {12, 13}, We could also find its
usefulness for the identification of HLA-A2-restricted antigenic
epitope in this study.

In this study, we wanted to identify the most effective major
CTL epitopes derived from GPC3. As a result, we used BM-DCs
derived from HLA-A2.1 (HHD) Tgm and pulsed BM-DCs with
the mixture of GPC3 peptides for the vaccination of mice. Some
of the peptides tested stimulated the weak response of CTLs in
an ELISPOT assay, and these peptides might also be useful for
future analysis. It was recently reported that peptides having
a weak affinity to MHC, which could not be predicted by a
BIMAS system, could induce peptidereactive CILs with a
cytotoxic activity (27). To search for more peptides that can be
applicable for immunotherapy, it may be necessary to check
these minor CTL epitopes in the future. In this study, the GPC3-
derived peptides predicted to have high binding affinity to
HLA-A2 molecules and having the amino acid sequences
conserved between human and mouse GPCs were selected for
the analysis. When we analyzed the amino acid sequence of
human GPC3 protein, all of the top 28 human GPC3 peptides
having high binding scores (>100} to HLA-A2 molecules shared
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the same amino acid sequences with mouse GPC3. Therefore, it
is unlikely that we excluded many candidates of human GPC3-
derived and HLA-A2-restricted CTL epitopes fiom the analysis
by selecting the peptides having amino acid sequences shared
between human and mouse GPC3. Furthermore, we have to
consider the differences in the T cell repertoire in mice and
humans. Thereby, we may miss GPC3 peptides recognized by
human CTLs but not by mouse CILs.

Considering ideal immunogenic target molecules for cancer
immunotherapy, it is important to select a tumor antigen
that could not be lost by tumor cells through immunoediting
{28, 29). Recently, Capurro et al. reported that GPC3 is
involved in the carcinogenesis and proliferation of HCC via
regulation of noncanonical Wnt signals {30). Therefore, it may
be possible that tumor cells cannot lose the GPC3 expression in
order to continue to grow. Furthermore, according to an
immunohistochemical analysis of the expression of HLA-class
molecules using newly developed specific mAb, EMR 8-5,° we
found that almost all HCC cells expressed HLA-class I as far as
we could examine (Table Z). For these reasons, we think that
GPC3 is a very useful candidate as a target tumor antigen for the
immunotherapy of HCC. We and others previously reported
that the expression of GPC3 in HCC was detected from an early
stage and the quantification of the soluble GPC3 protein in sera
was useful for a diagnosis of HCC at an early stage
(5. 7). As a result, GPC3-based immunotherapy might be able
to prevent the appearance of HCC in patients with hepatitis B
or C-based liver cirrhosis.

In this study, we found that it is possible to induce GPC3-
reactive CTLs by the stimulation of PBMCs with the two major
GPC3 epitopes in vitro in 50% of the HCC patients having an
appropriate HLA-class I allele. However, it is necessary to
investigate more patients to estimate the probability of a
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successful induction of GPC3-reactive CILs in HCC patients.
We intended to know whether there was any correlation
between successful induction of GPC3 peptide-teactive CTLs
and prognosis or CTL infiltration into tumor tissue of these
patients, therefore, we investigated the seven index cases;
patients A2-10, A24-1, A24-2, A24-4, A24-9, A24-11, and
A24-12, 10 see whether there was any comrelation between
successful induction of GPC3 peptide-reactive CIls and
prognosis or CTL infiltration into the tumor tissue of these
patients. In three patients, A24-1, A24-4, and A24-12, who
could generate GPC3 peptide-reactive CTLs, patient A24-12
recurred at 6 months after operation. In four patients, A2-10,
A24-2, A24-9, and A24-11, who failed to induce GPC3-peptide-
teactive CTLs, patient A24-9, whose HCC did not express
GPC3, recurzed at 6 months after operation, and patient A24-2
recurred at 3 months after operation and died 3 months after
recurrence, These three recurred patients had extremely strong
tumor invasion to the vasculature. Therefore, it was difficult to
evaluate the correlation between the positive CTL response and
clinical improvement at the present stage, and we have to
increase the number of patients investigated and to do further
statistical analyses on these relationships. In patients who could
be examined for the infiltration of CD8-positive cells into their
tumor specimens and for the existence of terminal deoxynu-
cleotidyl transferase - mediated nick end labeling~ positive cells
in tumor lissue, patients A2-10, A24-1, A24-2, and A24-9, there
was no strong correlation between the positive GPC3 peptide-
reactive CTL response and for the existence of CD&-positive or
terminal deoxynucleotidy] transferase-mediated nick end
labeling— positive cells in the tumor tissues {data not shown),
As shown in Fig. 4, we observed a regression of the tumor
masses in NOD/SCID mice implanted with SK-Hepl/GPC3
and transferred iv. with the GPC3 peptide-reactive CILs in
comparison to the mice injected with control CD8" T cells or
saline alone. Although tlie regression of tumor growth was
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observed for 2 weeks after the second transfer of CTLs, the
tumots began to enlarge again after that period. We thought it
was important to continue the transfer of CTLs again and again
to obtain continuous regression of the GPC3-expressing tumor.
These data suggest that the adoptive iv. transfer of GPC3-
reactive CTLs into mice bearing GPC3" tumors was useful to
inhibit tumor growth in the mouse tumor model.

In addition, it is most important to confirm the usefulness of
GPGC3-specific in vivo cancer immunotherapy in patients with
HCC. Investigation of the presence of GPC3-specific CILs in
patients with melanoma are also eagerly awaited. We previously
reported that DC differentiated in vitro from mouse embryonic
stemn cells transfected with the mouse GPC3 gene (24, 31)
induced protective immunity against mouse melanoma cell line
B16 F10 (32). We are now preparing a translational study of
GPC3-based immunotherapy Lo reduce the risk of recurrence in
HCC patients treated surgically. We will try to use the GPC3
epitope peptides identified in this study first, whereas in the
second phase, we will make a trial of the peptide-pulsed DC
vaccine. We expect that GPC3-based immunotherapy may be a
novel treatment strategy that could potentially help to prevent
the appearance, advance, andfor recurrence of HCC and
melanoina.
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Synthetic small interfering RNA targeting heat
shock protein 105 induces apoptosis of various
cancer cells both in vitro and in vivo
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We previously reported that heat shock protein 105 (H5P105),
identified by serological analysis of a recombinant cDNA expression
lihrary (SEREX) using serum from a pancreatic cancer patient, was
overexpressed in various human tumeors and in the testis of aduit
men by immunohistochemical analysis. In the present study, to
elucidate the biological function of the HSP105 protein in cancer
cells, we first established NIH3T3 cells overexpressing murine
#SP105 (NIH3T3-H5P105). The NIH3T3-HSP105 cells acquired
resistance to apoptosis induced by heat shock or doxorubicin, The
small interfering RNA (siRNA)-mediated suppression of HSP103
protein expression induced apoptosis in human cancer cells but
not in fibroblasts. By a combination of siRNA introduction and
doxorubicin or heat shock treatment, apoptosis was induced
synergistically in a human colon cancer cell line, HCT116. In vivo,
siRNA inoculation into the human gastric cancer celi line KATO-3
established in the flank of an NOD 5CID mouse suppressed the
tumor growth. This siRNA-induced apoptosis was mediated
through caspases, but not the p53 tumor suppressor protein, even
though the HSP105 protein was bound to wild-type p53 protein
in HCT116 cells. These findings suggest that the constitutive
overexpression of HSP105 in cancer cells is involved in malignant
transformation by protecting tumor cells from apoptosis. HSP105
may thus be a novel target molecule for cancer therapy and a
treatment regimen using synthetic sSiRNA to suppress the expression
of HSP105 protein may provide a new strategy for cancer therapy.
{Cancer 5ci 2006; 97; 623-632)

H eal shock protein 105 {also called HSP110)"" is a stress
protein belonging to the HSPLOS/110 family that is
expressed constitulively i most tissues at low levels, whereus
HSP105 mRNA is expressed at high levels in mouse and
ral brain. At the protein level, high expression levels have
been reported only in the brain of mice " Like other heat
shock proteins, HSPL0S plays an imporlant role as a chaperone
under physiological conditions. HSP105 is induced by various
stressors und plays an important role in protecting cells from
the cytotoxic effects mediated by such stressors. HSPI0S is
composed of an ATP-binding domain, a B-sheet, a loog and
u-helical domains similar to those observed in the HSP70
family of profeins, and it binds to non-native prolein substrates,
thereby preventing the aggregation of denatured protein through
an interaction with the B-sheet domuin of HSP10S5.2%"

doi: 10,11114].1349-7006.2006.00217.x
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The ral neuronal cell line PCI2 wransfected stably with
murine MSPI05 exhibited resistance to caspase-mediated
apoptosis induced by stressors.™ Tn a spinal and bulbar
muscular atrophy model, the transient expression of 1AR
containing an expanded polyglutamine iract caused aggregales
of polygiutamine in COS-7 and SK-N-SH cells and then
induced 1he cells to undergo apoptosis. In contrasy, in cells
cotransfected with tAR and HSPI03, both ihe uggregation of
polyglulamine and the degree of it's cell 1oxicity decreased ™
In contrast, HSPIOS has demonstrated apoptosis-enhancing
aclivity during murine embryogenesis."'"® These observaiions
suggest that HSP1035 is involved in the regulation of apoplosis.

We previously reported that HSPL0OS is overexpressed in
various human (umors, including colon cancer cells bul not
coloreetal adenomas, thus suggesting that the overexpression
of HSP105 is a late event in the colorectal adenoma—carcinoma
sequence, "9 Recent studies have also demonstrated that 1he
expression level of HSP10S5 is elevated in highly metastatic
colon cancer cell lines, and is correlated with advanced
clinical stages and positive lymph node involvement.!'®

RNA interference is used widely for manipulating biological
systems, and has also been utilized successfully us a therapeutic
malerial in experimental animals.t ™ Synthetic sIRNA strongly
inhibits the expression of target profeing when they are trans-
fected with cationic liposomes, which wre thought o be safer
than viral vectors for human therupy. The local injection of
synthetic sTRNA against VEGE =% or sphingosine 1-phosphate
receptor- 2% into established tumors has been reporied recently
1o suppress anglogenesis and fvmor growth,

The role of HSP103 in cincer cells has yel 1o be elucidated.
In the present study, we first ranslected the HSPI0S gene
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into NIH3T3 cells to examine the function of those cells,
while also trealing those transfectants with several siressors.
To investipate whether the suppression of HSP105 expression
affects the growth of cancer cells, we then introduced synthetic
siRNA specific to HSP10S into several human cancer cell
lises both in vitro and in vive. We herein report that HSP105
has an anti-apoptotic function and that an overexpression of
HSP105 is essential for cancer cells to survive.

Waterials and Methods

Cell lines and culture
The human pancreatic cancer cell line PK& and the murine
fibrablast cell line NIH3T3 were kindly provided by the Cell
Resource Center for Biomedical Research Institute of
Development, Aging and Cancer, Tohoku University (Sendai,
Japan), The human hepatoma cell line SK-Hep!, human colon
cancer cell line SW620, and human gastric cancer cell lines
KATO-3 and MEN28 were kindly provided by Dr K. Itoh,
Kurume University (Kurmne, Japan). The human colon cancer
cell line HCT116 was kindly provided by Dr B, Vogelstein,
Johns Hopkins Univessity (Baltimore, MD, USA). Primary
normal fibroblast straing Turn and Mori were kindly provided by
Dr M. Yamaizumi, Kumamoto University (Kumamoto, Japan).
NIH3T3, HCT116, SW620, Tuwu and Mori were all cultured
in vitrro in DMEM, and SK-Hepl, PK8, KATO-3 and MICN28
were culfured in RPMI medium supplemented with 10% FCS and
1% penicillin and streplomycin in a 5% CO, atmosphere at 37°C.

Mice

C57BLJ/6 NOD SCID mice were kindly provided by Dr 5.
Okada, Kumamoto University. The mice were maintained at the
Center for Animal Resources and Development of Kumamoto
University and they were handled in accordance with the
animal care policy of Kumamoto University.

Plasmid construction and transfection

To obtain pCAGGS-IRES-neo-R, a DNA fragment containing an
IRES, the neomycin-resisiance gene neo-# was inserted into the
mammalian expression vecior pCAGGS. A ¢DNA fragment en-
coding the murine HSP105 profein was inserted into pCAGGS-
IRES-neo-R. Cell transfection was carried out using Lipofectamine
2000 (Invitrogen, Carlsbad, CA, USA) according to the manu-
facturer’s recommendations i six-well multiplates. At 48 h after
transfection, the cells were replated and were then culfured in the
presence of an appropriate concentration of G418 for [ week.

RT-PCR analysis
Total RNA was isolated using either TRIZOL reagent (Gibco
BRL, Rockville, MD, USA) or RNeasy spin column kits (Qiagen,
Valencia, CA, USA). Total RNA from normal hwman colon
tissue was purchased from Clontech (Palo Alto, CA, USA).
RT-PCR analysis was carried out as described previously.?
Briefly, 1 pg of total RNA was converted into ¢DNA in 20 uL
of reaction buffer, Each PCR regime involved an initial
denaturation step at 94°C for 5 min followed by 24-33 cycles
for each type of cDNA. All samples were then processed at
94°C for 1 min, 58°C for 1 min and 72°C for | min

The primer sequences were as follows: HSPI05 forward 5'-
ATGAAGTGATGGAATGGATG-3 and reverse 5-TTTGGTT-
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TCGGTIGTGTTAC; NOXA forward 5-AGATGCCTGGGAA-
GAAG-3' and reverse 5-AGTCCCCTCATGCAAGT-3";, PUMA
forward 5-TGTAGAGGAGACAGGAATCCACGG-3" and
reverse, 5-AGGCACCTAATTGGGCTCCATCTC-3; Bax
forward 5-AGCGGCGGTGATGGACGGGTC-3" and reverse
5-TCCAAGGCAGCTGGGGCCUTCA-3", and p53 forward 5
CCATGGCCATCTACAAGCAG-3' and reverse 5-AGGGT-
GAAATATTCTCC-3'. PCR products were visualized by
ethidium bromide staining after separafion on a 2% agarose gel.

Detection of cell apoptosis

Cells in the early phase of apoptosis were detected by staining
with ammexin V, which binds to a phosphatidy! serine marker
specific for the early phase of apoptosis, using an annexin V-
FITC apoptosis detection kit (BioVision, Mountain View, CA,
USA). The NIH3T3-mock. cells and NIH3T3-HSP105 cells were
incubated at 45°C for 90 min or with 200 ng/ml. doxorubicin.
The cancer cell lines were treated with either 100 nM or 200 nM
siRNA, with 100 nM siRNA and 200 ng/mL doxorubicin or
with 100 nM siRNA and heat shock (45°C, 30 min}. The cells
were harvested at the times indicated and were then stained
with FITC-conjugated annexin V for flow eytometric analysis
according to the manufacturer’s recommendations. In the caspase
inhibition assay, 100 uM Z-VAD-FMEK (Sigma, St Louis, MO,
USA) was added 1 h before siRNA transfection.

To detect the late phase of apoptosis, DNA fragmentation
in the cells was evaluated by staining with PI and flow cyto-
metric analysis as follows: NIH3T3-mock cells and NIH3T3-
HSP165 cells treated wiih doxorubicin were collected by
tripsinization, washed with PBS, fixed in cold 70% ethanol,
and stored at —20°C until staining. After fixation the cells were
washed in PBS and incubated with 100 pg/mL of RNaseA for
30 min at room temperature, before staining with 25 pg/ml.
of PL. Flow cylometry was carried out using a FACScan flow
cytometer (BD Biosciences, San Jose, CA, USA) and the data
were analyzed using CellQuest software (BD Biosciences),

Immeunoprecipitation and western blot analysis

The cell samples were lysed in appropriate amounts of lysing
buffer {200 mM NaCl, 20 mM Tris [pH 7.4], 1% Nonidet P-
40, 1 mM sodium orthovanadate [WAKO, Osaka, Japan], 10%
glycerol, plus one protease inhibitor tablet [Roche Applied
Sciences, Penzberg, Germanyl). Hsp105 and p53 were immuno-
precipitated with rabbit polyclonal anti-HSPI105 antibody
and mouse monoclonal anti-p33 antibody (DO-1; Santa Cruz
Biotechnology, Santa Cruz, CA, USA), respectively, together
with protein A beads (Pierce, Rockford, 11, USA). The proteing
were analyzed using 7% or 10% scdium dodecylsulfate—
polyacrylamide gel electrophoresis and were then transferred
onlo a nitrecellulose membrane, HSP105 was blotted with the
above-described antibody and PARP was blotted with rabbit
polyclonal anti-PARP antibody {Santa Cruz Biotechnology).
P33 was blotled with DO-1 or DO-1 and labeled with biotin
using the Mini-biolin-XX Prolein Labeling Kit (Molecular
Probes, Eugene, OR, USA). Phospho-p33 (Ser46) and phospho-
p33 (Serls) were blofted with rabbit polyclonal antibody
specific to phospho-p53 (Serd6) and mouse monocional antibody
specific to phospho-p33 (Serl5) New England Biolabs, Beverly,
MA, USA), respectively, and then with horseradish peroxidase-
conjugated rabbit antimouse IgG or donkey antirabbit IgG

daoi: 10.11114.1349-7006.2006.00217.x
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(Amersham Biosciences, Piscataway, NI, USA), respectively,
as secondary antibodies. The bands were visualized by enhanced
chemiluminescence (Amersham Biosciences).

siRNA and in vivo siRNA treatment

The siRNA duplexes were purchased from Dharmacon Research
(HSP105-siRNA and luciferase; Lalayette, CO, USA), Qiagen
(GFPy and Invitrogen (HSP105-siIRNA-2). The siRNA sequences
used were as follows: HSP10S, UUGGCUGCAACUCCG-
AUUGTT: HSP105-siRNA-2, UGUACAUUACCUUUALU-
CCAACUCC; lucilerase, CGUACGCGGAAUACUUCGATT,
and GFP, GCAAGCUGACCCUGAAGUUCA. The transfection
of SIRNA ofigonucleotides was carried out using oligofectamine
(Invitrogen)y according to the manufacturer’s recommendations
in a six-well plate.

KATO-3 cells {2 % 10°) were suspended in 100 pL of HBSS
solution (Gibco, Langley, OK, USA), injected subcutaneonsly
into the dorsal skin of NOD SCIID mice and were then allowed
10 grow, Alter 10 days, siRNA solutions were injected locally
into tumors every third day. siRNA solutions were prepared
by incubating 1 nmol of $§iRNA and 20 pL of oligolectamine
in 5% glucose solution for 15 min at room temperatore. The
tumer volume was calenlaled using the equation

V={(LxW)x0.35,

where V = volume, L = length and W = width.

Statistical analysis

The two-tailed Student’s s-test was used lo delermine the
statistical significance of differences in the percentage of the
cell fraction evalualed by flow cytometric analysis, and in
twmor size between the treatment groups. A valve of P < .05
was considered fo be significant. Statistical analyses were
curried out using the StalView 5.0 soltware package {Abacus
Concepls, Calabasas, CA, USA).

Results

NIH3T3-HSP105 cells acquired resistance to apoptosis
induced by stressors

To elucidate the biological function of HSPIOS in cancer
cells, we first transfected the murine HSP105 expression vectors
or an emply veclor into murine embryonal fibrablast NIH3T3
cells, which are known to express smaller amounts of HSP105
than cancer celis. Subseguently, NIH3T3-mock cell lines and
NIH3T3-HSP105 cell lines overexpressing HSP105 protein
were established after selecting cells with G418 (Fig. 1A). There
wus no difference in either the morphology or the proliferative
characleristics between these (wo cell fines cultured in DMEM
supplemented with £, 3 or 105 FCS (data not shown).

In a previous study, Hatayama ef ol reporied that rat
neuronal celis overexpresing murine HSP105 were able (o avoid
undergoing apoplosis induced by several kinds of stressors.™
We therefore examined the anti-apoptotic effects of HSP105
overexpression in NIH3T3-HSP105 cells. We exposed NIH3T3-
mock cells and NIH3T3-HSP105 cells to heat shock at 43°C for
90 min and then detecled annexin V-positive early apoptolic
ceils by flow cytomelric analysis. The proportion of annexin
Vepositive NIH3T3-HSP105 cells was smaller than that of
NIH3T3-mock cells (7 < 0.01} (Fig. 1B).

Hosaka et al.

We further realed these two cell lines with 200 ng/mL
doxorubicin, which is known to be an inducer of apoptosis.
After incubating NIH3T3-mock cells with doxorubicin for 12 h,
annexin V-posilive cells were detected by flow cylometric
analysis. The number of annexin V-positive cells increased
gradually thereafier, und almost all cells were stained with
annexin V by 24 h after the treatment. However, even after
36 I incubation of cells with doxorubicin, only a small fraction
(<189 ) of NIH3T3-HSP105 cells were stained with annexin
V. The difference in the number of annexin V-positive cells at
48 h after treatment was statistically significant (P < 0.001)
between NIH3T3-mock and NIH3T3-HSPP105 {Fig. IC}.

We next examined the DNA fragmentation of those 1wo cell
lines, which is observed during the late phase of apoptosis by
staining with PL The percenlage of NTHIT3-HSPI0S cells
exhibiting DNA {ragmenlation was less than that of NTH3T3-
mock cells, and the difference was statistically significant at
both 36 h (P < 0.001) and 48 h {# < 0.0001) after doxorubicin
rreatment (Fig. 1D). These data suggest that HSP10GS has an
anti-apoplofic effect against apoplosis induced by heat shock
and doxorubicin.

HSP105 siRNA induced various human cancer cell lines to
undergo apoptosis
We previously reported that HSP103 profein is overexpressed
it various human tumors and in the testis of normal adull men,
bul not in colon adenoma, by immunohistochemical analysis.!'™
We thus examined the function of HSP105 protein in cuncer
cells by downreguluting FISPI05 gene expression with siRINA.
We used wo human colon cancer cell lines, HCT116 and
SW620, in which the expression of HSPIIS mRNA was
significantly elevaled in comparison to that in normal human
colon epithelium (Fig, 2A). At approximately 24 i after trans-
fection. the adherent HCT116 cells treated with HSP105 siRNA
sturted peeling off, and almost all of the cells had peeled off
and were observed as dying cells at 48 h after transfection, In
contrast, mast of the HCT116 cells treated with luciferase
sIRNA proliferated normally (Fig. 2B). In a western blot
analysis of HCT116 cells, the expression of HSPL05 protein
was markedly suppressed aller treatment with two different
HSP105-specific siRNA (HSP105-siRNA and HSP105-5iRNA-
2), and those cells were significantly stained with FITC-
amnexin V based on How cyiometric analysis (Fig. 2B.0).
Similarly, in SW620 cells after treatment with HSP105-
siRNA, the expression of HSP103 protein was suppressed and
a significant number of annexin V-positive cells were detected
in proportion io the concentration of siRNA administered to
the SWa2() cells. The siRNA effect was more notable a1 24 h
than at 48 h after siIRNA treatment in SW620 (Fig. 2C). This
finding may be associaled with the fact thal e expression of
HSP1035 in SWo620 was much higher than any of the other
cancer cell lines tested (Fig. 3A). In addition, in other cancer
cell lines, including the human hepatoma cell line SK-Hepl,
human pancreatic cancer cell line PKE, and two human gastric
cancer cell lines KATO-3 and MKN28, HSP103 protein
expression was suppressed and all of these cell lines under-
wenl apoptosis at 48 h alter transtection of HSPI0S siRNA
{Fig. 2D}, Thege data indicate that the suppression of HSPLOS
protein expression by siRNA can thos induce human cancer
cells originating [rom various lissues to undergo apoplosis,
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Fig. 1. Anti-apoptotic effect of HSP105 overexpression on NIH3T3 cells. (A} Western blot analysis of HSP105 expressed in NIH3T3 cells
transfected with pCAGGS-IRES-nea-R or pCAGGS-IRES-nes-R-H5P105. f-Actin is shown as a control for the equal loading of protein, (B-D}
Flow cytometric analyses of apoptotic cells. NIH3T3-mack cells and NIH3T3-HSP105 cells were treated at 45°C for 90 min (B) or with 260 ng/
mlL doxorubicin {C,D). To detect early apoptotic cells, the cells were harvested at the times indicated, stained with fluorescein-
isothiacyanate-annexin V and analyzed by flow cytometry (C,D). These data are representative of at least three independent experiments.
Percentages shown in the panel indicate percentage of annexin V-positive cells in heat-treated cells (B} and doxorubicin-treated cells (C).
{D) Detection of DNA fragmentation by propidium iodide staining. The percentage of sub-G, fractions at the times indicated is shown, and
the representative data of flow cytometric analysis at 48 h is shown in the panel. Data are mean = 5D (n=3). The asterisk indicates that the
difference in the percentages of the sub-G, fractions is statistically significant between the two values indicated by lines (P < 0.001).
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HSP105 siRNA did not induce human fibroblasts to
undergo apoptosis

HSP105 is a stress-induced protein that is usually expressed
ubiquitously zt low levels, except in the brain and testis. To
investipate the effect of HSP105 siRNA on normal cells, we
applied HSP105 siRNA to human fibroblusts, Tura and Mori,
generated from healthy donors. In western blot analysis, the
level of HSP1035 protein expressed in the Turn and Mori cells
was lower than in the cancer cell lines (Fig. 3A). The expression
of HSP105 protein wuas suppressed with HSPI0S siRNA
treaiment, a8 shown in Fig. 3B,C, and the shape of fibroblast cells
changed from fusiforin to a round shape, but those cells were
not induced 1o undergo apoptosis. Approximately 10 days alter
HSP10S5 siRNA transfection, both the expression of HSP1035
protein and cell shape were restored (data not shown). These
results indicate that the suppressive effect of HSP105 siRNA on
the HSP105 expression is (ransient and reversible, and that the
mirked reduction of HSP105 protein does not have any harmlul
effect on normal fibroblasts under non-stressed conditions.

HSP105 siRNA treatment suppressed the growth of
tumors overexpressing HSP105 jn vivo

Small interfering RNA treatment using liposomes suppresses
lmnor growth £ vive, 214 To elucidate the effects of HSP103
SiIRNA on growing tumors in vive, we injected either HSP105
SIRNA or irelevant siRNA locally into 5—7 mm KATO-3
tmors ransplanted in NOD SCID mice every 3 days. As shown
in Fig. 4, HSP105 siRINA suppressed tomor growth significantly
in comparison to the irrelevant siRNA (P < 0.01). On day 15
after the frst injection of HSP1035 siRNA ialo tumors, the
volumes of the tumors remained almost the same as those
on day 0. During this observation period, neither abnormal
behaviors nor newrologicul abnormalities were observed in these
HSP10S siRNA-(reated mice, and the expression of HSP105
protein in the brain was not suppressed by imnumohistochemical
amalysis (data not shown).

Synergistic effects of siRNA and doxorubicin or heat
shock on the in vitro induction of apoptosis in tumor cells
For the treatment of cuncer patients with advanced, unresectable
or recurrent focus, chemotherapy, radiation and other Urerapies
are applied singly or in combination. To investigale the
[easibility of combined treatment of tumor cells with HSP105
siRINA and other freatments, we trealed HCTL16 cells with
HSP105 siRNA and either heat stress or doxorubicin. At 12 h
aller siRNA trmsfection inlo HCT116 cells, we added 200 ng/
mL doxorubicin or reated the cells with heat shock at 45°C
for 30 min, and detected the presence of apoplotic cells by
staining with annexin V after 36 or 24 h incubation, respectively,
As shown in Fig. 5, both combined treatments synergistically
induced HCT116 celis to undergo apoplasis in comparison
with the single treatment (£ < 0.001).

Apoptosis induced by HSP105 siRNA was dependent on
the caspase cascade but not on the p53 pathway

To invesligale whether caspases are involved in apoptosis
mduced with siRNA, we examined PARP cleavage by western
blot analysis using HCT116 cells with wild-type p53. PARP,
a nuclear enzyme involved in DNA repair, is a well-known
substrate for caspase-3, and is cleaved (rom a 1 [2-kDa protein

Hosaka et al.

to an 85-kDa protein by the aclivalion of caspase-3. As shown
in Fig. GA, cleavage of PARP was observed in those cells
transfected with HSP103 siRNA. Moreover, this cleavage
was complelely inhibited by adding a pan-caspuse inhibilor,
Z-VAD-FMEK. As a result, the apoptosis induced by HSP103
SIRNA was also inhibiled by Z-VAD-FMK.

We next examined whether the p53 iumor suppressor
protein is involved in HSP105 siRNA-induced apoptosis. The
P33 protein is located upstream of the caspase cascade and is
associated with heat shock proteins such #s HSP70 and HSP90.=Y
As shown in Fig. 6C, the HSP105 and p33 proleing were
coimmunoprecipifated with anti-HSP103 antibodies and the
DO-1 in non-treated HCTI16 cells. These results indicate
that a proportion of HSP10S protein is bound to p53 protein
in non-treated HCT] 16 cells. Furthermore, the expression of
p33 protein decreased with HSP105 siRNA treatment at the
post-ranseriptional level (the mRNA expression of p53 was
not suppressed), and pS3 profein was nol phosphorylated at
serine 15 or serine 46 by this treatment (Fig. 6D,E). Further-
more, o confirm the suppression of p53 ranscriptional
activity, the mRNA expression of Bax, NOXA and PUMA,
which are the transcriptional largets of p33-mediated apoplosis,
were assessed by RT-PCR and found to be suppressed (Fig, 6E},
These data suggest that HSP105 protein is thus associated
with wild-type pa3 protein in HCT116 cells under non-stress
conditions, and HSP1035 siRNA-induced apoptosis is dependent
on caspases bul independent of the p53-mediated apoplosis
pathway.

Discussion

In the present study, we oblained the following resuits: (1)
HSPI05 profein protects tmmor cells from apoptosis; (2)
constitutive overexpression of HSP10S protein is essential for
the survival of various kinds of cuncer cells; and (3) apoptosis
induced with HSP105 siRNA wteatment is dependenl on
caspuases bul not ps3.

Recent studies, including ours, have shown that HSP105 is
overexpressed in various human tumors and that HSP103 is
thus speculated Lo be involved in both tumorigenesis and
protection of cells from apoptosis.®*'3 Qur datu obtained
using NIH3T3-HSP105 ceils are consistent with the findings
of a recent study on neuronal PC12 cells in which the over-
expression of HSP103 did not affect the growth rate of
PCL2 cells, but the apopiosis induced by stressors was
inhibited in those cells,™ These data indicate that HSP105 is
involved in tumorigenesis through protection of cells against
apoplosis.

Among the heat shock proteins, HSP70 s weil characier-

“ized and HSP1035 shares tunctional properties with HSP70.

HSP70 alse inhibits apoptosis induced by various stimuli, 3%

Furthennore, HSP70 is also overexpressed in human breast
cancer.™-*" One difference in function beiween HSP70 and
HSP105 is that HSP105 has an increased capacity to bind Lo
denatured polypeptides in comparison to HSP70.5¥ In addition,
HSPL03 suppresses the aggregation of denatured proteins under
sltress conditions in the presence of ADP, whereas HSPT0
suppresses it in the presence of ATP.™ In breast cancer cell
lines, inhibition of HSP70 expression by antizense cDNA
causes those cells lo undergo apoptosis, and this aclion is
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Fig. 2. Small interfering RNA (siRNA)-mediated inhibition of HSP105 expression enhanced the apoptotic cell death of human cancer cell
lines. (A} Reverse transcription-polymerase chain reaction analysis of HSP105 mRNA expression in normal human colon epithelium, and in
human cancer cell lings HCT116 and SW520. (B) Light microscopic pictures of HCT116 cells introduced with or without siRNA and
representative flow cytometric analysis data of apoptotic cells stained with annexin V at 48 h after transfection. (C,D) Western blot analysis
of HSP105 protein expression and flow cytometric analysis of apoptotic cells. HCT116 cells and SW620 cells were treated with
oligofectamine, control siRNA, HSP105-sIRNA {100 nM or 200 nM) or HSP105-siRNA-2 (B,C). (C) For western blot analysis, the cells were lysed
at 24 or 48 h after transfection and analyzed. B-Actin is shown as a quantitative control. For flow cytometric analysis, cells were harvested
at 24 or 48 h after transfection and then stained with fluorescein-isothiocyanate-annexin V and analyzed by flow cytometry. (D) Western
blot analysis of HSP1G5 protein expression in cancer cell lines including SK-Hep1, PK8, KATO-3 and MKN28, and flow cytometric analysis of
apoptotic cells at 48 h after transfection with 100 nM green fluorescent protein siRNA (0} or HSP105 siRNA (E). Data are the mean of threa
independent experiments & 5D. The asterisks indicate that the differences in the percentages of annexin V-positive cells are statistically
significant between the two values indicated by lines (*P < 0.0%; **P < 0.001).

628 doi: 10.11114].1349-7006.2006.00217.%
© 2006 Japanese Cancer Association

467



A.

TURU

HCTi16 SK-Hepl KATOI

Mori PK8 MKN28

HSP105

SWe20

p-actin

B.

<TURU>

Fig. 3. No apoptosis-inducing effects of HSP105
small interfering RNA (siRNA} on human fibro-
blasts. (A} Western blot analysis of HSP05.
The lysates of human fibroblasts Turu and Mori,
and human cancer celf lines HCT116, SWE20,
SK-Hep1, PK8, KATO-3 and MKN28 were usad
and blotted with an anti-H5P105 antibody. 8-
Actin is shown as a quantitative control. (B}
Light microscopic pictures of Turu at 72 h after
transfection with 100 nM green fluorescent
protein {GFP) siRNA or HSP105 siRNA. (C}
Effects of siRNA on Turu and Mori. Western
blot analysis of H5P105 and flow cytometric
analysis of apoptotic cells detected by annexin
V staining at 72h after transfection of
100 nM GFP siRNA or H3P105 siRNA. These data
are representative of at least three independent
experiments. The percentages shown in the
panel indicate percentage of annexin V-
positive cells in HSP105 siRNA-treated cells.

independent of caspases.™ [n the present study, transfection
of HSP1035 $iRNA caused HCT116 cells to undergo apoplosis
in a caspase-dependent manner withoul suppressing the expres-
sion of HSP70 protein (data not shown). Our data suggest that
HSP103 has a different character regarding caspase dependency
in comparison o HSP70.

In the present study, HSP105 siRNA transfection induced
various cancer cell lines to undergo apoptosis. These observa-
lions raise the question of how such apoptosis is induced. One
possible explanation is that supgpression of HSP105 activales
the apopiotic palthway mediated by the p33 tumor suppressor
protein, Molecular chaperenes such as HSP70 and HSPY0 are
overexpressed in various wmor cells,™ associaling with wild-
lype or mutated p53 fumor suppressor proteins. Such heal shock
proteins mediale stabilization, cyloplasmic sequesiration and
localization of pS3 proteins. ™3 Tn our study, HSP105 protein
wag bound to wild-type p53 in HCT116 cells under non-siress
conditions, as shown in Fig. 6B. However, when the expres-
sion of HSPL05 protein was suppressed with HSP105 siRNA,
the expression of p53 protein also decreased and the p33-
mediated apoptotic pathway was not activated (Fig. 6C,D}.
These results suggest that HSP105 stabilizes the p53 protein
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and protects it from degradation, but the apoptosis induced
by HSP105 siRNA treaiment is not mediated by the p53-
dependent apoptotic pathway. We herein observed that every
cancer cell line with wild-iype p33 (HCT116), mutated p33
(SW6E20) or without pS3 (KATO-3) was induced o undergo
apoptosis, Further studies are needed (o elucidate the biolog-
ical significance of the interaction between HSP105 and p53
protein in cancer celis.

The second possible mechanism of cancer cell apoptosis
induced with HSP103 siRNA treaiment is the involvement of
ER stress. Heal shock proleins have housekeeping functions,
such as folding and degradation of various proteins. ER siress,
induced by the accumulation of unfolded or malfolded proteins,
induces the unfolded protein response, characterised by the
induction of chaperones, the translation block and ER-associated
degradation. However, if such degradation is not sufficient, then
profonged ER stress aclivates various apoplotic pathways,
including cagpase activalion, %7

Abnomal protein aggregation has been suspected 1o cause
many neurodegenerative diseases, including Alzheimer’s dis-
ease, Parkinson’s disease and trinucleotide repeal disease. In
the brain in Alzheimer's disease, HSP9O [acililates the clearance
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Fig. 4. The inhibitory effect of HSP105 srnall interfering RNA (siRNA)
on the growth of established tumors in mice. (A) KATO-3 cells
{2 x 10%) were implanted subcutaneously into the dorsai skin of NOD
SCID mice to establish growing tumors, and siRNA was injected into
the tumors every 3 days (indicated by arrows). The tumor volume
was measured and plotted (luciferase siRNA, A HSP105-5iRNA, H).
Data are mean = SD (n =4). The asterisk indicates that the difference
in the tumor velume on day 15 is statistically significant between
the two values as indicated by lines (P < 0.01).

of amyloid-beta."™ In our study, HSP105 siRNA treatment
induced HCT116 cells to undergo apoptosis through caspase
activation. Considering these findings, we spaculate that HSP105
siRNA treatment may induce aggregation of unfolded protein
while also causing insufficient protein degradation, conse-
quently leading to ER stress-mediated apoplosis, especially
in cancer cells carrying mutations and aberrant expression of
oncoproteins. Recent reports demionstrating that HSP10S pre-
vents the aggregation of thermal-denatured protein in vitro™®
and that overexpression of HSP105 suppresses ageregation and
cell toxicity in a spinal and bulbar muscular atrophy modef™”
support our speculation. Regarding caspase dependency, the
cleavage of PARP has been reported (o be suppressed in PC12
cells overexpressing HSP105 protein and those cells were also
protected from apoptosis caused by several stregsors.™ These
observations are consistent with our results.

Cancer cells often have aberrantly expressed or mulated
genes that lead to unconirolled cell growth and the prevention
of apoptosis, and the vsage of siRNA against such targets is
thus considered to be promising for cancer therapy. Several
recent studies have demonstrated the effeclive silencing by
$iIRINA of targets, such as B-catenin for colon cancer,*" mutated
K-ras for pancreatic carcinoma®’? and BCR/ABL fusion protein
for CML.“* In those reports, the injection of siRNA either
induced iarget cells to undergo apoplosis or cansed inhibition
of their proliferation. In the present study, HSP105 siRNA
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Fig. 5. The synergistic effect of HSP105 small interfering RNA
(siRNA) with doxorubicin or heat shock regarding the induction of
apoptotic cell death in HCT116 cells. At 12 h after transfection with
100 nM siRNA, the cells were incubated with 260 ng/mi doxorubicin
(A) or treated with heat shock at 45°C for 30 min (B). Subsequently,
the cells were stained with fluorescein-isothiocyanate-annexin V and
analyzed hy flow cytometry. Data are the mean of three independent
experiments + SO (n = 3). The asterisks indicate that the differences in
the percentages of annexin V-positive cells are statistically significant
between the two values as indicated by lines (P < 0.001).

induced various human cancer cell lines to undergo apoptosis
both in vitre and in vive without side effects. It is notable that
the effect of HSP105 siRNA treatment was transient and not
lethal in normal fibroblasts, whereas the effects of known
chemical agenls tend to be cytotoxic for normal celis. Indeed,
human fibroblast cells treated with doxorubicin were induced
to undergo apoptosis (data not shown). These data suggest
that HSP105 siRNA treatment is useful for cancer therapy
and it may thus be applied to various kinds of cancer patients
with minimal side effects.

For patients with advanced or metastatic cancer, combination
therupies using some cytotoxic agenis and radiation are now
often performed clinically, We expected synergistic effects of
combination therapy using HSP105 siRNA and doxorubicin,
which have different mechanisms of action, siIRNA suppresses
the expression of targeted proteins by RNA cleavage, whereas
doxorubicin a DNA intercalating agent that induces apoptosis
by damaging DNA. In the present study, treatment combining,
HSP105 siRNA with doxorubicin synergistically induced cancer
cells 1o undergo apoptosis. We also suspected that heat shock
is effective when it is combined with HSP105 siRNA becanse
HSP103 is essential in order to protect cells from heat stregs.™
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cultured for 48 h and apoptotic cells were
stained with annexin V. Cells were lysed and
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{3-actin g

luciferase siRNA or HSP105 siRNA were
harvested at 24 h after transfection and the

p53 SerdB
¢DNAs were used for PCR analysis. cDNA .

extracted from the untreated HCT116 cells
was used as a negative control. B-Actin is

B-actin
shown as a quantitative control.

As shown in Fig. 5B, the combination of HSPI0S siRNA
with heat shock, which is clinically applied to cancer patients
as hyperthermia, exhibited & synergistic apoptotic elfect in
cancer celis.

In comclusion, our findings sugges! that HSP103 is involved
in tumorigenesis by protecling cancer cells from apoptosis,
and the constitulive overexpression of HSP105 protein was

Hosaka et al.

found 1o be essential for various cancer cells to survive, We
also suggest that the apoptosis-inducing effect of HSP105
SIRNA 1s specilic for cancer, therefore HSP105 siRNA may
be vuseful as a novel therapeulic 100l for palients wilh cancers
ariginating {rom various tissues. By using effective drug delivery
systemns and combining this treatment with exisling cytoloxic
agents, an enhanced effect is thus expected.

Cancer Sci | July 2006 | vol.97 | no.7 | 831
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Abstract

Recently, we reported that heat shock protein 105 (F1SP105) DNA vaccination indueed anti-tumor immunity. In this study, we set up
a preclinical study to investigate the usefulness of dendritic cells (DCs) pulsed with mouse HSP105 as a whole protein for cancer immu-
notherapy in vivo. The recombinant HSP105 did not induce DC maturation, and the mice vaccinated with HSP105-pulsed BM-DCs were
markedly prevented from the prowth of subcutanecus tumors, accompanied with a massive infiltration of both CD4" T cells and CD8" T
cells into the tumors. In depletion experiments, we proved that both CD4™ T cells and CD8" T cells play a crucial role in anti-tumor
immunity. Both CD4™ T cells and CD8' T cells specific to HSP105 were induced by stimulation with HSP105-pulsed DCs. As a resuit,
vaccination of mice with BM-DCs pulsed with HSP105 itself could elicit 2 stronger tumor rejection in comparison to DNA vaccination.

© 2006 Elsevier Inc, All rights reserved.

Kepwords: Heat shock protein 105; Cancer antigen; Dendritic cells; Th; CTL

Heat shock proteins (HSPs) are soluble intracellular
proteins, which are ubiquitously expressed, and their
expression can be induced at much higher levels as a result
of heat shock or other forms of stress. HSPs have essential
functions in the regulation of protein folding, conforma-
tion, assembly, and sorting. HSPs have been shown to be
molecular chaperones that function to maintain the native

* Abbreviations: BM-DC, bone marrow-derived DC; HSP10S5, heat
shock protein 105; Th, helper T cell; CTL, cytotoxic T lymphocyte; MEHC,
mujor histocompatibility complex; C26 (C20), colon 26 clone 20.
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conformational states of proteins and prevent protein—
protein aggregation [1). FISPs can also induce the response
of antigen-specific effector CD8™ T cells which can protect
hosts from both infection and tumor challenge [2}. Srivast-
ava and co-workers [3,4] led to a proposal that the tumor-
derived HSP-peptide complex elicits a protective immunity
that is specific to a particular cancer, while HSPs derived
from normal tissues did not elicit any protective immunity
to the cancers tested. Immunotherapeutic clinical trials tar-
geted at autologous tumor-derived gp96-peptide complex-
es are still ongoing in metastatic melanoma and colorectal
carcinoma patients [5].

Dendritic cells (DCs) are powerful antigen-presenting
cells (APCs) that are considered to be potent immunother-
apeutic agents to promote the host immune response
against tumor antigen. DCs become efficient tumor vac-
cines when pulsed with synthetic or natural tumor-derived
peptides, transduced with tumor-derived RNA or vectors
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encoding for tumor-associated proteins, or directly fused to
or incubated with tumor cells [6]. For effective induction of
cytotoxic T lymphocytes (CTLs} by vaccination, “Cross-
presentation” mediated by DCs often plays an important
role. Such cross-presentation includes the antigen presenta-
tion of exogenous antigens by major histocompatibility
complex {MHC) class I molecules as well as by MHC class
I molecules [7,8]. HSP-chaperoned peptides were cross-
presented by the MHC class I molecules of the DCs several
100-fold more efficiently than unchaperoned peptides [9].
In addition, CD?91, also called o,-macroglobulin receptor
is expressed on DCs and has been shown to act as one of
the receptors for HSP-chaperoned peptides to efficiently
incorporate the HSP-peptide complexes [10].

We earlier reported that heat shock protein 105
(HSP105) was overexpressed in a variety of human can-
cers but it is not expressed in normal tissue except for
the testes [11,12], thus suggesting that HSP105 itself
may be a potential candidate as a target antigen for can-
cer immunotherapy. The amino acid sequences and
expression patterns of HSP105 are very similar between
humans and mice. HSP105 has been found to be immuno-
genic in mice and an effective anti-tumor immunity has
been observed after HSPIOS DNA vaccination [13]. In
the present study, we set up a preclinical study to investi-
gate the usefulness of HSPI05 as a target for cancer
immunotherapy using DCs. It has been reported that
HSPs cuan induce DC maturation and activation as deter-
mined by the upregulation of MHC class II and CD86
molecules, the secretion of IL-12 and TNFua [14,15}, and
migration into draining lymphoid organs [161 On the
conirary, some investigators reported that HSP-mediated
maturation of DCs was caused by contaminaiing lipo-
polysaccharide (LPS) fraction because endotoxin-free
HSP70 failed to induce DC maturation [17]. We herein
show that the highly purified HSP105 did not induce
DC maturation and that the immunization of HSP105-
pulsed DC led to the tumor rejection of melanoma and
colorectal cancer in mice. These findings suggested that
HSP105 itself could be a valuable tumor-associated anti-
gen applicable for DC-based immunotherapy of tumors
overexpressing it.

Materials and metheds

Cell lines and mice. A subline of BALB/c-derived colorectal cancer cell
line Colon 26, C26 (C20), was provided by Dr. Kyoichi Shimomura
{Astellas Pharmaceutical Co., Tsukuba, Japan), Other cancer cell lines
were kindly provided by the Cell Resource Center for Biomedical
Research Institute of Development, Aging, and Cancer, Tohoku Univer-
sity (Sendai, Japan), All these cell lines were cultured in RPMI 1640
medium supplemented with 10% heat-inactivated fetal calf serum at 37°C
in 2 humidified 5% CO; atmosphere. We used the B16-F10 mefunoma cell
line syngeneic to C57BL/6 mice and C26 (C20) for the tumor challenge.
Temale 6- to 8-week-old CS7BL/6 mice (H-2") and BALB/c mice (H-2)
were purchased from Charles River Japan (Yokohama, Japan), These
mice were kept under specific pathogea-free conditions. These experiments
were approved by the Animal Research Committee of Kumamoto
University.

Production of recombinamt proteins. We produced highly purified
recombinant mouse ¥ISPE05 from the Escherichia coli strain BL21 cells
transduced with the mouse HSPI05 gene expression vector, as described
previously [18]. Purified proteins were separated by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE), and Coomassie
brilliant blue (CBB)-stained bands were quantified by densitometry.
Thereafter, by using affinity chromatography on a polymyxin B agarose
gel {Sigma Chemical Co., 5t. Louis, MQ), the endotoxin levels were
decreased. We alse produced highly purified recombinant myelin basic
protein (MBP) as described previously [19]. Both recombinant HSP105
dnd MBP were estimated to be almost endotoxin free by using Limulus
amebocyte lysate assay kit (BioW hittaker, Walkersville, MD), and endo-
toxin contents in these two materials were below 10 endotoxin U/meg.

Tmnnmizations and tunor challenge, Bone marrow-derived DCs (BM-
DC) were prepared as deseribed previously [20]. BM-DCs were pulsed
with 2 pg/ml HSP105 at 37 °C for 16 h, non-adherent and loosely adherent
proliferating DCs were collected and used as HSP105-pulsed BM-DC. In
tumor prevention experiments, mice were intraperitoneally inoculated
with HSP105-pulsed BM-DC (5 x 10%) suspended in 200 pl PBS on days
—14 and —7. In parallel, groups of mice were injected with BM-DC alone
or PBS as controls. Tumor challenge was initisted by subcutaneous
injection with B16-FI0 cells {1 x 10%) or €26 (C20) cells (3 x 10%) sus-
pended in 100 pl HBSS (Gibeo, Grand Island, NY) in shaved right flanks
on day 0. Tumor occurrence was observed twice a week. The tumor size
was evaluated by measuring two perpendicular diameters using calipers.

Flow cytometric analysis. Staining of cells and analysis on 2 flow
cytometer (FACScan: BD Biosciences) were done as deseribed previously
[21}. Antibodies and reagents used for staining were as follows: FITC-
conjugated snti-I-A® (clone 28-16-88; mouse Ig(2a; Caltag, Burlingame,
CA), R-PE-conjugated anti-mouse CDB20 (clone RMMP-1; rat IgG2a;
Caltag), R-PE-conjugated anti-mouse CD86 (clone RWVIMP-2; rat IgG2a;
Caltag), FITC-conjugated anti-mouse CD4 (clone L3T4; rat IgG2a; BD
PharMingen, San Diego, CA), FITC-conjugated anti-mouse CD8 (clone
Ly-2; rmat IgG2a; BD PharMingen), FITC-conjugated mouse ¥gG24 con-
trol (clone G155-178; BD PharMingen), and R-PE-conjugated rat IgG2a
control (clone LO-DNP-16; Caltag).

Depletion of CD4" T cells and CD8Y T cells in mice. Rat monoclonal
antibodies (mAbs} GK1.5 specific to mouse CD4 and 2.43 specific to
mouse CD8 were used to deplete CD4™ T cells and CDE" T cells in vivo,
respectively. The mice were injected with ascites (0.1 ml/mouse) from
hybridoma-bearing nude mice intraperitoneally on days —18, —15, —11,
—8, —4, und —1 and the tumor cells were inoculated on day 0, Nommal rat
¥2G (Sigma, St. Louis, MO; 200 pg/mouse) was used as a control, The
depletion of T cell subsets was monitored by 4 flow cytometric analysis,
which showed more than a 90% specific depletion in the number of
splenocytes.

Immunohistochemical analysis. Immunohistochemical detection of
HSP105 was done as previously described {11,12]. Rabbit polyclonal anti-
human HSP105 (Santa Cruz, Santa Cruz, CA) was used u5 the primary
antibody in this study. Immunohistochemical staining of CD4 and CDS8
was done as previously described [22]. For the terminal deoxynucleotidyl
transferase-mediated nick end labeling (TUNEL) method, we used
ApopTag Fluorescein In Situ Apoptosis Petection Kits (Serologicals
Corporation, Norcross, GA).

Induction of CD4" T cells and CD8" T cells specific to HSPIGS. The
mice were inoculated intraperitopeally with HSP105-pulsed BM-DC on
days —14 and —7. Spleen cells were harvested on day 0, and CD4 T cells
and CD8" T cells were purified using the magmetic cell sorting system
(MACS) with anti-mouse CD4 (L3T4) mAb and anti-mouse CD8x (Ly-2)
mAb, respectively. The purity of these T cell subsets exceeded 95% by a
flow cytometric analysis. CD4% T cells or CD8™ T cells (3 x 10%/well) were
separately incubated in RPMI 1640 medium supplemented with 10% horse
serum, IL-2 {100 U/m!}, and 2-ME (50 pM) together with the irradiated
(4500 Gy) HSP105-pulsed BM-DC in 24-well culture plates. BM-DCs
(3% 10%well) pulsed with 2pg/ml HSPI0S for 16h were irradiated
(4500 Gy) and added to the culture wells for the restimulation ooce a
weck. After the third restimulation in vitro, both proliferation and
cytotoxicity assays were performed as described previously [23], For the
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control of 5'Crrelease assay, CD8" T cells isolated from the mice
immunized with BM-DCs alone were restimulated in vitro with BM-DCs
alone once a week and used as effector cells.

ELISPOT assay. HSP105-specific IFN-y production of T cells was
quantified using the appropriate ELISPOT kit (BD Biosciences, San
Diego, CA) according to the manufacturer’s instructions. CD4™ T cells or
CDS8* T cells were incubated with the BM-DC alone, BM-DCs pre-pulsed
with HSP105, or BM-DCs pre-pulsed with myelin basic protein (MBP) as
4 control at 37 °C for 24 h, Each BM-DC was pre-pulsed with 2 pg/ml
protein at 37 °C for 16h. The spots were automatically counted and
subsequently analyzed using the Eliphoto system (MINERVA TECH,
Tokyo, Japan).

Statistical analysis. The statistical significance of the differences in the
findings between the experimental groups was determined by Student’s «
test. The overall survival rate was calcufated using the Kuplun-Meier
method, and statistical significance was evaluated using Wilcoxon's test. A
value of P < 0.05 was considered 1o be statistically significant.

Results
HSP 105 does not induce maturation of DCs

To analyze the direct effect of HSP 105 used in this study
on BM-DCs, BM-DCs were incubated with HSP105, LPS
4s a positive control, and left untreated for 16 h. As shown
in Fig. 1, no significant difference was observed in the levels
of surface expression of CD80, CD86, and 1-A” between
untreated BM-DCs and HSP105-pulsed BM-DCs. More-
over, HSP105-pulsed BM-DCs microscopically did not
show any morphological changes in comparison to the
untreated BM-DC. On the contrary, LPS-pulsed BM-
DCs exhibited markedly increased expression of these three
molecules. Although it is reported that HSPs could induce

DC maturation and activation [14-16], the recombinant
HSP105 used in this study including little LPS (below 10
endotoxin Ufmg) did not show such activity. Thereafter,
we evaluated the antigenicity of HSP105 to induce anti-tu-
mor immunity.

The HSP105-pulsed BM-DC vaceine induced anti-tumor
immunity against the lethal challenge of B16-F10 and C26
(C20)

We recently reported that mouse HSP105 was also over-
expressed in the liver metastasis of C26 (C20} cells, and
lung metastase of the B16-F10 cells, and that HSPI0S
DNA vaccination inhibited the growth of these tumors
[13}. In this study, we investigated the effects of HSPIO05
vaccination based on DCs on the growth of B16-F10 and
C26 (C20) tumor cells in vivo. The objective was to deter-
mine whether prophylactic vaccination induced significant
immunity against tumor growth and a prolonged survival.
The protocol of vaccination in this study is shown in
Fig. 2A. The results shown in Fiz. 2B demonstrate that
immunization with HSP105-pulsed BM-DC markedly
inhibited the growth of B16-F10 tumors in comparison to
other groups (£ < 0.01). As shown in Fig. 2C, five of eight
(62.5%) mice immunized with HSP105-pulsed BM-DC
remained tumor free and survived for 100 days after the
tumor challenge. In contrast, the mice vaccinated with
BM-DC alone (12.5%) or PBS (0%) showed little protec-
tion against the growth of B16-F10 tumor in comparison
to the observations in mice treated with HSP105-pulsed
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=2
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o [} g
[} (w3 o
1 10 i
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Fig. 1. Expression levels of cell surface I-AP, CD80, and CD86 on BM-DCs, HSP105-pulsed BM-DCs, and LPS-pulsed BM-DCs were analyzed by flow
cytometric anafysis, BM-DCs were pulsed with 2 pg/ml HSP105, 1 pg/ml LPS or left untreated for 16 h. (A) The expression levels in HSP105-pulsed BM-
DCs (filled histogram), 1.PS-pulsed BM-DCs (dotted line), and untreated BM-DCs (thick line), and the profiles of cells treated with isotype matched Ig as
a negative control for staining (thin line). {B) The mean fluorescence intensity (MFI) of I-A”, CD80, and CD86 staining in the cells. The results are

representative of three independent experiments with similar results.

474



272 K Yokomine et al. | Biochemical and Biophysical Research Communications 343 (2006) 269-278

A
l P vaccine injection : 5 x 105/mouse i.p. l

| Tumor challenge I

v 1 week v

1 week v

Tumor injection B816-F10 : 1 x 104/mouse s.c. (B, C)

B B16-F10 C
Eachgroup:n=8
& 400 3
E ol
£ xpant z
@ 200 x =
e 2
£ 100 &
= 3
0
[} 7 4 21 28
Day

D €26 (C20) E
Each group: n=5 =

T 2
E 100 * P<0.05 £
8 =
£ o
£ o *

0 7 14 21
Day

g

C26 {C20} : 3 x 10%mouse s.c. (D, E)

N O oD
o Q9 QO

B16-F10
~A-PBS
~0—BM-DC
e HSP105-
pulsed BM-DC
0 1428 4256 7084 98
Day
€26 [C20)}
——PBS
.05 | ~0—-BM-DC
~a—HSP105-
puised BM-DC

PhLer T Y )

0 30 €0 90120150180

Day

Fig. 2. Protection against tumor growth of BI6-F10 and €26 (C20) cells by immunization with HSP105-pulsed BM-DC vaccine, (A) Protocol of the
vaccination. The mice were immunized with PBS, BM-DC alone, and HSP105-pulsed BM-DC on 14 and 7 days before the tumor challenge. Seven days
after the second immunization, the mice were challenged with B16-F10 cells s.c. (B,C), or C26 (C20} cells s.c. (D,E). (B,D) The tumor size was evaluated by
measuring two perpendicular diameters. The result is presented as the mean area of tumor £ SE, and we evaluated statistical significance of the differences
between each group using the unpaired Student’s ¢ test. (C,E) The mice in each group were observed for their survival period. The statistical significance of

the differences between each group was evaluated using Wilcoxon's test.

BM-DC (P <0.05). Similar resulis were observed in a
prophylactic immunotherapy model using C26 (C20). Four
of five (80%) mice immunized with HSP105-pulsed BM-DC
completely rejected the €26 (C20) (3 x 10%) cells (Figs. 2D
and E), whereas tumors grew rapidly and ail five mice died
within 70 days in control mice treated with PBS or BM-DC
alone. These results suggest that the HSP105-pulsed
BM-DC vaccine is a potent vaccine that can efficiently
induce specific anti-tumor immunity.

Both CD4* T cells and CD8" T cells are required for
anti-tumor immunity

To determine the role of CD4™* T cells and CD8™ T cells
in the protection against B16-F10 and C26 (C20) tumor
cells induced by HSP105 vaccination, we depleted mice of
CD4% T cells or CD8™ T cells by the treatment with anti-
CD4 or anti-CD8 mAb in vivo, respectively. During the
depletion procedure, the mice were immunized with
HSP105-pulsed BM-DC wvaccine and challenged with
B16-F10 or C26 (C20) cells (Fig. 3A). In both B16-F10
and C26 (C20) models, mice depleted of CD4™ T cells,
and CD8™ T cells developed aggressively growing tumors

after the challenge in comparison to the findings in control
mice treated with rat IgG (P < 0.05) (Figs. 3B and D). The
mice depleted of CD41 T cells or CD8' T cells all died by
52-65 days, whereas more than 50% of the control mice
survived for 70 days (P <(.05) (Figs. 3C and E). These
results suggest that both CD4" T cells and CD8' T cells
play crucial roles in the protective anti-tumor immunity
induced by the HSP105-pulsed BM-DC vaccine.

Vaccination of HSPI105-pulsed BM-DCs induced
infiltrations of both CD4™ T cells and CD8™ T cells into
tumor cells, but not into normal organs

Four of five (80%) mice immunized with the HSP105-
pulsed BM-DCs completely rejected challenges of C26
(C20) cells (3 x 10% (Fig. 2E). To ascertain whether these
rejections were induced by CD4" T cells or CD8" T cells,
the subcutaneous noculation of many C26 (C20) cells
(1% 16% into the right flank was done at 7 days after the
second vaccination. After tumor formation, we removed
the tumor and immunchistochemically stained it using
anti-CD4 mAb, anti-CD8 mAb, and the TUNEL method.
The infiltration of CD4™ T cells and CD8™ T cells into C26
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Fig. 3. Both CD4" and CD8™ T cells are involved in the antitumor immunity elicited by the HSP105-pulsed DC vaccine. (4) Protocol for the vaccination
and the depletion of T cells, C57BL/6 mice and BALB/c mice were challenged s.c. with B16-F 10 cells and C26 (C20) cells, respectively. (B,D) The tumor
size was evaluated by measuring two perpendicular dismeters. The result is presented as the mean area of tumor & SE, and we evaluated the statistical
significance of the differences between each groupusing the unpaired Student’s £ test. (C,E) The mice in each group were observed for their survival period.
The statistical significance of the differences between each group was evaluated using Wilcoxon’s test.

(C20) tumors and some apoptotic C26 (C20) tumor cells
were observed in the mice vaccinated with HSP105-pulsed
BM-DCs, but never in the mice vaccinated with unpulsed
BM-DCs (Fig. 4A). These results suggest that HSP103-
pulsed BM-DCs have the potential to sensitize many
HSP105-specific CD4™ T cells and CD8* T cells to kill
C26 (C20) tumor cells.

We evaluated the risk of autoimmunity by immuniza-
tion against self-HSP105. Both BALB/c and C57BL/6 mice
immunized with HSP105-pulsed BM-DC were apparently
healthy without any abnormality such as dermatitis, arthri-
tis, or neurological disorders. The tissues of the mice mmu-
nized with HSP105-pulsed BM-DC were histalogically
examined. The brain, liver, heart, kidneys, and spleen
had normal structures and did not show any pathological
changes suggestive of an immune response, such as the
infiltration of CD4™ T cells and CD8" T cells or tissue
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destruction and repair. Although we used female mice for
the experiments described above, we also immunized male
mice with HSP105-pulsed BM-DC to ascertain whether
immunization with HSP145-pulsed BM-DC induced auto-
immunity in the testis in which HSPI05 is strongly
expressed. However, no sign of autoimmunity was
observed in the testis (Fig. 4B).

Induction of HSPI105-specific CD4* T cells and CDS™ T
cells by immunization with HSP105-pulsed BM-DC

CD4" T cell lines specific to HSP105 were established
from spleen cells derived from mice vaccinated with
HSP105-pulsed BM-DC. CD4T T cells were separated
from spleen cells and the purity of these cells was more
than 95% by fow cytometric analysis. These cells were
restimulated with irradiated and HSP105-pulsed DCs once
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Fig. 4. Vaccination of HSP105-pulsed BM-DCs induced infiltrations of both CD4¥ T cells and CD8¥ T cells into C26 (C20) tumor and induced the
apoptosis of C26 (C20) tumor cells. {A) C26 tumors removed from the mice vaccinated with BM-DCs or HSP105-pulsed BM-DCs were analyzed using
immunohistochemical staining with anti-CD4 mAb, anti-CD8 mAb, and the TUNEL method on 4 days after the inoculation of tumor cells (1 x 10%). (B)
Normal tissue specimens of mice vaccinated with HSP105-pulsed BM-DCs were examined histologicully and immunohistochemically. Objective
magnification was 200x, The spleen was used as a posjtive control for the staining of both CD41 and CD8? cells.

a week. After three restimulations, both an ELISPOT assay
and a proliferation assay werte performed. The ELISPOT
assay showed that FISP105-sensitized CD4¥ T cells pro-
duced IFN-y in response to BM-DCs prepulsed with
HSPI05 but not an irrelevant MBP (Fig. 5A). As shown
in Fig. 5B, HSP105-sensitized CD4™ T cells proliferated
in the presence of BM-DCs prepulsed with HSP105 but
not MBP. These observations clearly indicated that
HSP105-specific CD4™ T cells were included in the T cell
line.

We investigated whether HSP105-specific CD8™ T cells
were also induced with HSP105-pulsed DC vaccination.
CD8™ T cells were purified (>95%) from spleen cells of vac-
cinated mice and restimulated with irradiated and HSP105-
pulsed DCs once a week. After three restimulations, the
ELISPOT assay and 6 h *Cr-release assay were performed
to detect the HSP105-specific CTL responses {Figs. 5C and
D). The CD8" T cell line exhibited a HSP105-specific pro-
duction of IFN-y in an ELISPOT assay when cells were
stimulated with BM-DCs prepulsed with HSP105 but not
MBP (P <0.01), however, the number of spots was smaller
than that of CD4T T cells (Fig. 5C). CD8™ T cells immu-
nized with HSP 105-pulsed DC demonstrated a significant
cytolytic activity against the B16-F10 cells pretreated with
IFN-y to induce the expression of MHC class I molecules
on the cell surface, whereas CD8™ T cells from mice immu-
nized with BM-DC alone revealed little cytolytic activity
(P <0.005) (Fig. 5D). The induction of HSP105-specific
CD8* T cells by the immunization in vive with HSP105-

pulsed BM-DC and the stimulation of the CD8" T cell line
in vitro with the HSP105-pulsed BM-DC strongly suggest-
ed that these HSP105-specific CD&' T cells were induced
by the cross-presentation of HSP105 by BM-DCs.

Discassion

HSPs are classified into several families based on their
apparent molecular weights, such as HSP105/110,
HSP90, HSP70, HSP60, HSP40, and HSP27 [24].
HSP105 consists of HSP105x and HSP105B. HSP105« is
a constitutively expressed 105-kDa HSP that is induced
by a variety of stresses, whereas HSP1058 is a 90-kDa trun-
cated form of HSP105x that is specifically induced by heat
shock at 42°C [24]. In this study, we used the mouse
HSP105a protein. The cDNA sequence of murine HSP10S
is almost the same as that of the Chinese hamster HSP110
[25,26], so HSPI05 belongs to a member of the
HSP105/110 family. We recently reported by the immuno-
histochemical analysis that HSP105 is overexpressed in a
variety of human tumors {12], the liver metastasis of the
C26 (C20) cells in the BALB/c mice, and lung metastasis of
the B16-F10 cells in the C57BL/6 mice [13]. We examined
the expression of HSP105 in the mouse cancer cell lines
using a Western blotting analysis and found that HSP105
was strongly expressed in all 7 mouse cell lines tested (data
not shown).

Many studies have shown that certain HSPs purified from
a tumor can function as an effective vaccine against the same
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Fig. 5. Induction of HSP105-specific CD4™ T cells and CD8™ T cells by stimulation with HSP105-pulsed BM-DCs. (A) An ELISPOT assay for IFN-y
production by CD4™ T cell lines stimulated with HSP105 protein-pulsed BM-DCs. CD4" T cells derived from the mice vaccinated with HSP105-pulsed
BM-DC were stinilated in vitro with HSP105-pulsed BM-DC three times, For the ELISPOT assay, these CD4* T cells were co-cultured with BM-DC
prepulsed with HSP105, MBP, or unpulsed BM-DC for 24 h. (B) Cell proliferation of CD4™ T cell lines stimulated with HSP105-pulsed BM-DCs was
determined by measuring PH]thymidine incorporation, CD4™ T cells were co-cultured with BM-DC prepulsed with HSP105, MBP, or unpulsed BM-DC
for 72 h. (C) An ELISPOT assay for IFN-y praduction by CDE" T cell lines stimulated with HSP105-pulsed BM-DCs. CD8" T cells derived from mice
vaccinated with HSP0S-pulsed BM-DC were stimulated with HSP105-pulsed BM-DC three times in vitro, For the ELISPOT assay, these CD8* T cells
were co-cultured with BM-DC prepulsed with HSP105, MBP, or unpulsed BM-DC for 24 h. (D} CDE* T cells stimulated with HSP105-pulsed BM-DC or
BM-DC alone (control) were examined for their CTL activity against B16-F10 cells treated with IFN-y (10* U/ml) using 6 b *'Cr-release assay. The results
were analyzed using the mean values of a triplicate or a quadruplicate assay. The data shown in A-D are each representative of three independent

experiments with similar results,

tumor by stimulating T cells with tumor-specific peptides
bound to HSPs. Subjeck and co-workers {27,28] reported
that tumor-derived HSP110—peptide complexes also stimu-
lated tumor immunity as other HSP families did in mice.
Despite studies establishing a chaperoning effect of HSPs,
one impediment to the full-fledged acceptance of HSPs as
peptide-transporting vehicles is the lack of mass spectromet-
re data directly identifying HSP-associated peptides [29].
Stress-inducible proteins can be recognized by natural killer
cells and CTLs as whole antigens expressed on the surface of
stressed cells in humans [30]. Proteins dramatically upregu-
lated or modified under stressful conditions should lead to
increased presentation as do peptides presented by HLA
class I molecules, About 25 HSP-derived peptides bound
by LA class I molecules have been identified through mass
spectrometry [30% Cancer patients have been reported to
possess CTLs specific to HSP60-derived peptide {31), while
HLA-A*0201-restricted HSP70-derived CTL epitopes have
been identified in both an HLA-A*0201 transgenic mouse
model and in humans [32]. In this study, although we did
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not identify HSP105-derived epitope peptides for cD4t T
cells and CD8™" T cells, we did prove that HSP105 itself could
induce both CD4% Th-cells and CD8" CTLs specific to
HSP105 as a cancer antigen. Contrary to our findings, how-
ever, Subjeck and co-workers [28] reported that HSP110
immunization did not elicit anti-tumor immunity. This dis-
crepancy could be attributed to the difference in the methods
of immunization.

It has been reported that HSPs can induce the matura-
tion and activation of DCs as determined by upregulation
of MHC class IT and CD386 molecules, secretion of the
IL-12 and TNFu [14,15]. However, HSP105-pulsed BM-
DCs did not show any changes in comparison to the
untreated BM-DC, thus suggesting that FISP105 did not
induce DC maturation and activation. It is unlikely that
HSP105 brought tumor-derived peptides into the culture
system, because the HSP1G5 used in this study was the
recombinant protein produced in E. eoli. Furthermore,
we recently identified HSP105-derived CTI. epitopes
restricted by HLA-A*0201 or -A*2402 using HLA





