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that DNAJBS is a novel cancer-testis (CT) antigen and also a
novel CSC antigen. DNAJBS has a role in the maintenance of
RCC CSCs/CICs. We compared the potency of DNAJBS as an
immunologic target with that of Survivin, which is expressed in
both CSC/CIC and non-CSC/CIC populations (shared antigen),
and we found that DNAJBS is more eftective than Survivin.
QOur results suggest that targeting a CSC antigen is more
effective than targeting a shared antigen and that DNAJBS is
a candidate for CSC/CIC-targeting immunotherapy.

23

Yaterials and Vethods

Cell lines

RCC cell lines ACHN, Caki-1, SMKTR2, and SMKTR3 and the
murine RCC cell line RenCa of BALB/c mouse origin were
maintained in RPMI1640 (Sigma) supplemented with 10% FBS.
HEK293T cells and the murine fibroblast cell line BALB/3T3
of BALB/c mouse origin were grown in Dulbecco’s Modified
Eagle's Medium (DMEM; Sigma) supplemented with 10% FBS.
PLAT-E and PLAT-A cells (kind gifts from Dr. T. Kitamura,
Division of Stem Cell Signaling, The Institute of Medical Sci-
ence, The University of Tokyo, 4-6-1 Shirokanedai, Minato-ku,
Tokyo 108-8639, Japan) were grown in DMEM supplemented
with 10% FBS, 10 ug/mlL blasticidin, and 1 ug/ml. puromycin.

Mice

All mouse procedures were carried out in accordance with
institutional protocol guidelines at Sapporo Medical University
School of Medicine. BALB/c female mice were purchased from
Clea Japan and nonobese diabetic/severe combined immuno-
deficient (NOD/SCID) mice were purchased from Charles River
Laboratory Japan at the age of 6 to 8 weeks.

Reverse transcriptase PCR analysis

Reverse transcriptase PCR (RT-PCR) analysis was carried
out as described previously (18). Human Multiple Tissue cDNA
Panels [ and I (Clontech) were used as templates of normal
adult tissue cDNAs. Except for SOX2 and Sox2, PCR amplifi-
cation was done in 20 uL of PCR mixture containing 0.25 uL of
the ¢cDNA mixture, 0.1 pL of Tagq DNA polymerase (Qiagen), and
12 pmol of primers. The PCR mixture was initially incubated at
94°C for 2 minutes, followed by 35 cycles of denaturation at
94°C for 15 seconds. annealing at 58°C for 30 seconds, and
extension at 72°C for 30 seconds. PCR amplification of SOX2
and Sox2 was carried out in 20 4L of PCR mixture containing 0.4
UL of the ¢DNA mixture, 0.2 uL of PrimeSTAR HS DNA
polymerase (Takara), and 12 pmol of primers. The PCR mixture
was initially incubated at 94°C for 2 minutes, followed by 35
cycles of denaturation at 94°C for 15 seconds and annealing
and extension at 68°C for 30 seconds. Primers used in experi-
ments are summarized in Supplementary Table.

Development of anti-DNAJBS monoclonal antibody and
Western blot analysis

A monoclonal antibody (mAb) against DNAJBS (clone
#EMR-DNAJBS.214-8) was generated, as described previously
(19), by immunizing mice 4 times weekly with recombinant
His-tag DNAJBS8 protein produced and purified by a Ni-NTA

agarose column (Qiagen). Cell lysate with SDS sample buffer
was separated by denaturing SDS-PAGE. Separated proteins
were transferred onto nitrocellulose membranes and probed
with mouse anti-FLAG M2 antibody (Sigma) or anti-DNAJBS
antibody. B-Actin was used as a loading control and was
detected with a mouse mAb (Sigma). Anti-DNAJBS antibody
was used at 200 times dilution. Anti-FLAG antibody and anti-
B-actin antibodies were used at 2,000 times dilution.

Side population analysis

Side population (SP) cells were isolated as described previ-
ously using Hoechst 33342 dye (Lonza) with some modifica-
tions (20). Briefly, cells were resuspended at 1 x 10°/mL in
prewarmed DMEM supplemented with 5% FBS. Hoechst 33342
dye was added at a final concentration of 2.5 ug/mlL in the
presence or absence of verapamil (50 tmol/L; Sigma-Aldrich),
and the cells were incubated at 37°C for 90 minutes with
intermittent shaking. Analyses and sorting were carried out
with an FACSAria II cell sorter (Becton Dickinson).

Retroviral gene transduction and generation of stable
transformants

Transduction of genes into cells was carried out by a retro-
virus-mediated method as described previously (21). PLAT-A
and PLAT-E cells, which are amphotropic and ecotropic pack-
aging cells, respectively, were transiently transduced with a
pMXs-puro (kind gift from Dr. T. Kitamura, Tokyo, Japan)
retroviral vector expressing FLAG-tagged DNAJBS, Dnajb8, and
Survivin, V5-tagged DNAJBS ASSF-SST mutant, and a control
plasmid using FuGENE HD transfection reagent (Roche) fol-
lowing the manufacturer's protocol. Retroviral supernatants
were harvested 48 hours after transfection. The supernatant
was used for infection of BALB/3T3 cells, ACHN cells, or RenCa
cells in the presence of 8 jig/mL of polybrene (Sigma) overnight.
For the generation of stable transformants, the infected cells
were selected with 1 pig/mL puromycin. DNAJBS, Dnajb8, or
Survivin expression was confirmed by Western blot analysis.

siRNA-mediated knockdown

DNAJBS siRNAs (HSS136480, HSS136482, and HSS176060)
were purchased from Invitrogen and transfected using Lipo-
fectamine RNAi MAX reagent (Invitrogen) according to the
protocol of the manufacturer. Cells were transfected with
siRNA 72 hours before analysis. Nontargeting siRNA (Stealth
RNAi Negative Control; Invitrogen) was used as a negative
control. DNAJB8 knockdown was confirmed by Western blot
analysis.

Site-directed mutagenesis

Plasmids including the target site for mutation as a
template and primers that contain the desired mutation
encoding the same amino acids as those of the wild-type
sequence were used for site-directed mutagenesis. The
sequences of primers are listed in Supplementary Table.
Mutated plasmids were generated by 20 cycles of PCR
amplification with KOD plus DNA polymerase (TOYOBO)
and then digested by restriction enzyme Dpnl for 2 hours.
The generated nicked dsDNA was transformed into BL21
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strain of Escherichia coli and amplified. The mutations were
verified by DNA sequencing.

Xenograft transplantation

Sorted SP and non-SP cells, and gene-transtected ACHN cells
were injected into the subcutaneous space of the back of
syngeneic BALB/c mice (for RenCa cells) or NOD/SCID mice
(for ACHN cells). Tumor growth was monitored weekly, and
tumor volume was caleulated by XY?*/2 (X — long axis, Y — short
axis).

DNA vaccine constructs

Murine Dnajb8 and Survivin ¢cDNAs were amplified by PCR
from RenCa cells and subcloned into BamHI and Xhol cloning
sites of the modified pcDNA3.1(+) vector (Invitrogen), which
contains the murine immunoglobulin kappa chain signal
sequence at the N terminus [inserted into Nhel and Hindlll
cloning sites of pcDNA3.1(+)] and a FLAG epitope at the C
terminus [inserted into Xbal and Pmel cloning sites of
peDNA3.1(+)] of the expression antigen. A blank vector,
modified pcDNA3.I(+), was used as control. The sense
sequences and antisense sequences of the inserted oligo DNA
are listed in Supplementary Table.

In vitro stimulation of CDS™ T cells

One week after the DNA vaccination, mice were sacrificed
and a single-cell suspension was prepared from the spleen.
Erythrocytes were lysed by osmotic shock (0.1 mol/L NH,CI).
and CD8™ T cells were isolated from splenocytes by using
a MACS separation system (Miltenyi Biotech). A total of
5 x 10° CD8' or CD8 cells per well were, respectively,
seeded in a 24-well plate with RPMI-1640 medium (Sigma)
supplemented with 10% FBS. Phytohemagglutinin (PHA)
blasts were generated from CD8 cells by using 50 1U/mL
[L-2 and 2 tg/mL PHA for 3 days, and then Dnajb8 or Survivin
genes were transduced with a retrovirus vector. On day 7,
5 x 10° Dnajbs- or Survivin-expressing PHA blasts were
irradiated (100 Gy), washed once, and added onto CD8"
cells. On day 8, IL-2 was added to each well at a concentration
of 50 IU/mL. On day 14, the antigen-specific IEN-y release of
CD8* T cells was assessed by an ELISPOT assay as described
previously (19).

Tumeor growth inhibition assay and rechallenge study

‘To measure protective immunity, BALB/c female mice were
weekly immunized with DNA plasmid 4 times by injection into
their footpad followed by injection of 1 x 10° RenCa tumor
cells. Tumor growth was monitored weekly. RenCa/Dnajb8
cells (1 x 10°) were injected subcutaneously into the back of
BALB/c female mice that had rejected a previous injection
of 1 x 10° RenCa cells.

In vivo depletion of T-cell subsets

Mice were injected intraperitoneally with 500 ug of either
anti-CD4 (clone: GK L5, rat IgG) or anti-CDS8 (clone: 2.43, rat
IgG) mAb 2 days before immunization and then immunized
with ¢cDNA plasmid vaccines once weekly for 4 weeks. Tumor
cells were challenged 1 week after the fourth immunization.

Depletion of CD4* and CDS " T cells was verified by flow
cytometry.

Statistical analysis

Data are presented as means =+ SD. Differences in variables
were assessed using Student ¢ test. Survival curves were con-
structed according to the Kaplan-Meier method. Statistical
significance was determined by the log-rank test. P < 0.05 was
considered significant. Statistical analysis was done with Stat
Mate 1T (ATMS Co., Ltd.).

DNAJBS is a potential cancer-testis antigen

DNAJBS has been reported to inhibit the aggregation of
missfolding proteins and to protect cells from cell death (22);
however, its role in cancer cells is not clear. We first investi-
gated DNA/BS mRNA distributions in human normal adult
tissues and cancer cells by RT-PCR. DNAJBS mRNA is barely
expressed in normal mature tissues except for the testis (Fig.
IA), and it is expressed in all cells of human cancer lines
(Fig. 1B).

We generated a DNAJBS-specific mAb (clone: #EMR-
DNAJB8.214-8) to investigate DNAJBS protein expression. The
mAb #EMR-DNAJB8.214-8 showed DNAJBS-specific reaction
using FLAG-tagged DNAJBS-overexpressed ACHN cells by
Western blotting (Fig. IC). Interestingly, the mAb #EMR-
DNAJB8.214-8 was also reactive for FALG-tagged mouse
Dnajb8-transduced RenCa cells (Fig. 1C). Therefore, the mAb
#EMR-DNAJB8.214-8 is reactive for both human DNAJB8 and
mice DNAJB8 proteins. DNAJBS proteins were detectable in
human sperm and mice testis tissues (Fig. 1D). Immunohisto-
chemical staining also confirmed protein expression in human
testis and mouse testis. Matured sperm and spermatid were
positive for #EMR-DNAJB8.214-8, whereas spermatogonia and
spermatocytes were negative for #EMR-DNAJB8.214-8 (Fig. 1E).
DNAJBS protein was also detectable in human RCC (clear cell
carcinoma) tissues, whereas it was undetectable in counterpart
human renal tubules (Fig. IF). These expression profiles strong-
ly indicated that DNAJBS is a novel cancer-testis antigen (23).

Isolation and analysis of RCC stem-like population from
human and mouse RCC cells

To address DNAJBS tunctions in RCC CSCs/CICs, we carried
out SP analysis using the human RCC cell lines ACHN, Cakil,
SMKTR2, and SMKTR3 and the mouse RCC cell line RenCa. SP
cells were detectable in ACHN, Cakil, and RenCa cells, and
those SP cells were completely inhibited by verapamil (Fig. 2A
and Supplementary Fig. SI), indicating that SP cells were
specific for ABC transporter activity. The ratios of SP cells in
ACHN, Cakil, and RenCa cells were 2.6%, 0.2%, and 18%,
respectively. The ratios of SP cells in Cakil, SMKTR2, and
SMKTR3 cells were too low for further analysis, and we
therefore used ACHN and RenCa in the following experiments.
It has been shown that SP cells were not enriched with CSCs/
CICs in some types of cancer cells (24), and thus it is essential to
validate that SP cells are enriched with CSCs/CICs. ACHN SP
cells initiated tumor formation with 10% cells, whereas ACHN
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Figura 1. Expression of DNAJB8. A, RT-PCR analysis with normal organs. Expression of DNAJB8 mRNA was examined by RT-PCR. GAPDH was used as a
positive control. B, RT-PCR analysis with cancer cells. Expression of DNAJB8 mRNA was examined by RT-PCR. GAPDH was used as a positive control.
C, Westem biot analysis. DNAJB8-transduced ACHN cells and Dnajb8-transduced RenCa cells were analyzed with anti-FLAG antibody and

anti-DNAJB8 mAb (clone: #EMR-DNAJBS.214-8). ACHN/DNAJBS and RenCa/Dnajb8 represent ACHN and RenCa cells transduced with FLAG-tagged
DNAJBS8 and Dnajb8, respectively. D, Westem blot analysis. Endogenous DNAJBS protein expression was addressed in human sperm and mouse testis
using anti-DNAJB8 mAb (#EMR-DNAJBS.214-8). ACHN/DNAJB8 and RenCa/Dnajb8 were used as positive controls. E, immunohistochemical staining of
human testis and mouse testis. Human testis and mouse testis tissues were stained with mAb #EMR-DNAJES8.214-8. Magnification, x200.

F, immunohistochemical staining of human normal kidney and RCC. Human normal kidney and RCC (clear cell carcinoma} tissues were stained with mAb
#EMR-DNAJBB8.214-8. Magnification, x200. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; WB, Western blot.

main population (MP) cells needed 10" cells to initiate tumor
formation (Fig. 2B and Table 1). RenCa SP cells initiated tumor
formation with 10> cells, whereas RenCa MP cells needed 10*
cells to initiate tumor formation (Fig. 2B and Table 1). These
data indicated that SP cells derived from ACHN and RenCa
cells were enriched with CSCs/CICs.

We carried out RT-PCR analysis to evaluate genetic char-
acteristics of SP and MP cells derived from ACHN and RenCa
cells (Fig. 2C). SP cells derived from ACHN and RenCa cells
showed higher expression levels of S0X2/S0x2 and POU5F1/
Pou5fl than did MP cells, indicating that they present stem
cell-like phenotypes (Fig. 2C). Recently, induction of epithelial
to mesenchymal transition (EMT) in transformed mammary
epithelial cells has been shown to result in the creation
of populations of cells that are highly enriched in C8Cs/CICs
(25); therefore, we analyzed EMT-related gene expression in
SP and MP cells. Both ACHN and RenCa SP cells showed
repressed CDHI/Cdh1 expression. ACHN SP cells preferentially
expressed SNAZ2 and RenCa SP cells preferentially expressed
Snail and Twistl, representative EMT-inducing transcription

factors. These findings suggested that SP cells of RCC are
enriched with CSCs/CICs and have a partial EMT feature.
DNA/B8/Dnajb8 mRNA was predominantly expressed in SP
cells derived from both ACHN and RenCa cells (Fig. 2D).
DNAJB8 mRNA was also predominantly expressed in SP cells
derived from colon carcinoma cells (KM12LM and SW480
cells), lung carcinoma cells (LHK2 cells), and breast carcinoma
cells (MCF?7 cells; Supplementary Fig. 52). Western blotting and
immunostaining using SP cells and MP cells derived from
ACHN and RenCa cells also revealed preferential expression
of DNAJBS protein in SP cells (Fig. 2E and F and Supplementary
Fig. S3A and B). DNAJB8 protein was also preferentially
expressed in SP cells derived from LHK2 and SW480 cells
(Supplementary Fig. S4). These findings indicated that
DNAJB8/Dnajb8 is preferentially expressed in the CSC/CIC
population and that DNAJBS is therefore a novel CSC antigen.

DNAJBS function in maintenance of CSCs/CICs
To address the functions of DNAJBS in RCC CSCs/CICs, we
generated stable transformants expressing DNAJBS (Fig. 1C).

www.aacrjournals.org

Cancer Res; 72(11) June 1, 2012

Downloaded from cancerres.aacrjournals.org on May 6, 2013. © 2012 American Association for Cancer Research.

— 178 —

2847



2848

Published OnlineFirst May 2, 2012; DOI: 10.1158/0008-5472.CAN-11-3062

Nishizawa et al.

A
ACHN RenCa
o Verapamil(-) ‘Vera;':’a’mim) Verapamil(-) Verapamil(+)
g N 1 : i
7 ;
=
[+3
@
o
T
Hoechst red
c ACHN RenCa
SP MP SP  MP
o — — B —
rouse1 [ o
swait = —

TWIST1 R Twist! By

Cdh2

apan

corz I

GAPDH ¢

R
I
wad T T I 2
31— g . 1 FLAG/DNAJBS

DNAJBS
B-Actin

B
100 {102
50
*
a [} 1] X
g 12345678910 12345678910 12345678910
o
DI —
o
g 2000 102 so00p  10° 10,0 107
£
= *P=0.004 9% *P=0.001 ¢«
100 3,000 5,000
o o
1 2 3 4 s 1t 2 3 4 5 1 2 3 4 5
Time (wk) "
D ACHN RenCa

SP MP SP mP

caroH [ Bl Gapan [

|RenCa/DNAJBS
|RenCa/Mock

FLAG/DNAJBS
DNAJBS

B-Actin

Figure 2. Isolation of CSCs/CICs from human and mouse RCC cells. A, SP analysis. ACHN human RCC cells and RenCa mouse RCC cells were stained with
Hoechst 33342 dye with or without verapamil and analyzed with an FAGSAriall cells sorter. The percentages represent the ratios of SP cells. B, tumor-initiating
ability. SP cells and MP cells (10?-10* celis) derived from ACHN cells were injected into NOD/SCID mice and tumor growth was observed. Data are
means + SD. C, RT-PCR analysis. SP and MP cells derived from ACHN and RenCa cells were analyzed by RT-PCR. GAPDH was used as a positive control. D,
RT-PCR analysis. SP and MP cells were derived from ACHN, and RenCa cells were examined for expression of DNAJB8 and Dnajb8, respectively.
GAPDH was used as a positive control. E, Westem blot analysis. Expression of DNAJB8 proteins in human sperm, in ACHN/DNAJB8 and ACHN/Mock cells,
and in SP and MP cells derived from ACHN cells was detected by Western blotting using anti-DNAJB8 mAb #EMR-DNAJB8.214-8. F, Westem blot analysis.
Expression of DNAJBS proteins in the mouse testis, in RenCa/Dnajb8 and RenCa/Mock cells, and in SP and MP cells derived from RenCa cells was detected

by Western blotting using anti-DNAJB8 mAb #EMR-DNAJB8.214-8.

The percentages of SP cells in DNAJB8-transduced ACHN and
RenCa cells (ACHN/DNAJBS and RenCa/DNAJBS) were
increased compared with those in control cells (ACHN/Mock
and RenCa/Mock cells; Fig. 3A). Similar phenomena were
observed in several other cell lines including RCC (Cakil),
prostate carcinomas (LNCaP and DU145), and bladder carci-
noma cells (T-24; Supplementary Fig. S5). Furthermore,
DNAJB8-transduced ACHN cells showed higher tumor-initiat-

ing ability than that of Mock-transduced ACHN cells (Fig. 3B
and Table 1). DNAJBS contains an N-terminal J-domain, which
is responsible for association with HSP70 families, and a C-
terminal serine-rich region, which is capable of interacting
with histone deacetylases (HDAC; HDAC4, HDAC6, and SIRT2)
and has a role in suppression of protein aggregation. A DNAJB8
mutant that lacks the C-terminal serine-rich region (ASSF-SST)
showed a smaller SP augmentation effect (Supplementary Fig,
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Table 1. Tumor-initiating ability of RCCs

Cells

Tumor initiation (injected cell number)®

ACHN SP cells
MP cells
RenCa 8P cells
MP cells
ACHN DNAJBS transduced
Mock transduced
ACHN/DNAJBS8 SP cells
MP celis

10 102 10° 104
n.d. 0/5 3/6 4/6
n.d. 0/5 0/6 1/6
0/5 3/5 5/5 5/5
0/5 0/5 5/5 5/5
n.d. 0/5 3/5 9/9
n.d. 0/5 0/5 7/9
n.d. 0/4 2/2 n.d.
n.d. 0/4 02 nd.

Abbreviation: n.d., not determined.

2The tumor-initiating abilities were evaluated at day 70 postcell injection for ACHN cells and at day 35 for RenCa cells.

$6), suggesting that the C-terminal serine-rich region has a role
induction of CSCs/CICs.

DNAJB8 gene knockdown experiments were carried out
using gene-specific siRNAs. Three different DNA/BS-specific
siRNAs (siRNA A, B, and C) could suppress the expression of
DNAJBS (Fig. 3C); therefore, we used siRNA A in the following
experiments. Transfection of siRNA A almost completely
eliminated the SP cell population in both wild-type ACHN
and ACHN/DNAJB8 cells (Fig. 3D). Furthermore, siRNA A
transfection significantly inhibited the tumorigenicity of
ACHN cells in NOD/SCID mice (Fig. 3E). Gene knockdown
of DNAJB8 by siRNA transfection almost completely
decreased the numbers of SP cells. Thus, we generated a
DNAJB8 mutant (DNAJB8 mt) by site-dirécted mutagenesis to
confirm the siRNA results (Fig. 3F). DNAJB8 mt contains 6
DNA point mutations within the iRNA target sequence and
codes the same amino acid sequence as that of the wild type.
DNAJB8 mt was insensitive to siRNA A transfection, whereas
DNAJB8 wt was inhibited by siRNA transfection (Fig. 3G). The
siRNA transfection into ACHN/DNAJBS cells decreased the
numbers of SP cells (Fig. 4D); however, the DNAJBS mt stable
transformant showed no reduction of SP cells by siRNA
transfection (Fig. 3H). These results indicated that the effects
of siRNA transfection were specific for targeting DNAJBS
mRNA, and DNAJBS therefore has a role in the maintenance
of RCC CSCs/CICs.

DNAJBS-targeting immmunotherapy

Because DNAJB8 is one of the cancer-testis antigens and one
of the CSC antigens and has a role in the maintenance of RCC
CSCs/CICs, we hypothesized that DNAJBS is a suitable immu-
nologic target of RCC CSCs/CICs-targeting immunotherapy.
However, it is not clear which will bring about a better
antitumor effect: targeting CSC antigens or targeting shared
antigens. On the basis of this point of view, we compared the
immunogenicity of DNAJB8 with that of the well-characterized
TAA Survivin (26-29), as Survivin is expressed in both CSCs/
CICs and non-CSCs/CICs at the same levels (Fig. 5A) and itisa
shared antigen.

We subcloned FLAG-tagged Dnajb8 and Survivin into the
pcDNA3.1 expression vector and confirmed the expression by
Western blot analysis (Fig. 4B). We carried out an ELISPOT
assay to verify the immunization of DNA vaccine. Anti-Dnajb8-
or anti-Survivin—specific IFN-Y spots could be observed with
CD8" T cells derived from Dnajb8- or Survivin-immunized
mice, respectively (Fig. 4C). To address the antitumor effects,
we injected RenCa cells into Dnajb8- and Survivin-immunized
mice. Antitumor effects were observed in both Dnajb8- and
Survivin-immunized mouse compared with control vector- or
PBS-immunized mouse (Fig. 4D; P values of 0.002 and 0.026,
respectively). Dnajb8-immunized mouse showed significantly
greater antitumor effect than that in Survivin-immunized
mouse (P = 0.03; Fig. 4D).

To evaluate the subtype of T cells for antitumor activities, we
depleted murine CD4™ or CD8™ T cells in immunized mice by 4
intraperitoneal injections of anti-CD4 or CD8 antibody (Fig.
5A). CD4 T-cell depletion significantly inhibited the antitu-
mor effect of Dnajb8 immunization {? = 0.046), whereas CD8"
T-cell depletion did not (Fig. 5B). However, the survival period
of RenCa cell-injected mice was significantly shorter for both
CD4" T-cell-depleted mice and CD8" T-cell-depleted mice
than the survival period of Dnajb8-immunized mice (Fig, 5C).
These observations indicated that both CD8* T cells and CD4™*
T cells might have a role in the antitumor effect. Three of 5
Dnajb8-immunized mice showed complete inhibition of tumor
formation initiation, and the mice were therefore rechallenged
with 10 times larger numbers of higher tumorigenic RenCa/
DNAJBS8 cells. Initiation of tumor formation was completely
inhibited in those mice, suggesting a strong tumor-inhibitory
effect of Dnajb8 immunization (Fig. 5D).

Discussion

In this study, we investigated the distributions of DNAJB8
mRNA and protein and found that DNAJBS8 is expressed only in
the testis among normal tissues. DNAJBS protein expression
was detected in postmeiotic sperm and spermatid. Previous
studies have shown that DNAJB6, DNAJB1, and DNAJB13 are
also expressed in the testis (30-32), and Dnajal was reported to
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Figure 3. DNAJBBS function in maintenance of RCC CSCs/CICs. A, SP analysis of DNAJBB8-transduced RCC cells. DNAJB8-transduced ACHN cells (AGHN/
DNAJBS8) and Dnajb8-transduced RenCa cells (RenCa/DNAJB8) were analyzed for SP cells. Mock-transduced ACHN and RenCa cells were used as controls
{ACHN/Mock and RenCa Mock). The percentages represent the ratios of SP cells. B, tumor-initiating ability of ACHN/Mock cells and ACHN/DNAJBS cells.
ACHN/Mack cells and ACHN/DNAJBS cells (10°%-10* cells) were injected into NOD/SCID mice. Data are means + SD. G, Westem blot analysis of
DNAJB8-specific siRNA-transduced ACHN/DNAJBS cells. ANCH/DNAJBS cells were transduced with 3 different siRNAs specific for DNAJB8 (siRNA A, B,
and C). Two days after transduction, ACHN/DNAJBS cells were analyzed by Western blotting using anti-FLAG mAb. D, SP analysis of DNAJB8-knockdown
RCC cells. ACHN and ACHN/DNAJBS celis were transduced with DNAJB8-specific siRNA A. Two days after siRNA transduction, cells were analyzed
for SP cells. The percentages represent the ratios of SP cells. E, tumor-initiating ability of DNAJB8-knockdown RCC cells. DNAJB8-specific siRNA or
control siRNA was transduced into ACHN cells. Two days after transduction, cells were injected into NOD/SCID mice. Data are means + SD. F, DNAJBS-
mutant sequence. DNAJB8-mutant (mt) gene was constructed by site-directed PCR. The square indicates siRNA target sequence. Numbers indicate DNA
sequence and amino acid sequence, respectively. G, Westem blotting of mt DNAJB8. DANJB8 siRNA was transduced into ACHN/DNAJBS and
ACHN/DNAJBS mt cells. Expression of DNAJB8 was evaluated by Western blotting using anti-FLAG mAb. H, canceling test. DNAJB8-siRNA-transduced
ACHN/DNAJBS mt cells were analyzed for SP cells. The percentages represent the ratios of SP cell.
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Figure 4. immunogenicity of DNAJBS. A, RT-PCR analysis. SP and MP cells derived from RenCa cells were analyzed for expression of Dnajb8 (CSC antigen)
and Survivin (shared antigen) by RT-PCR. Gapdh was used as a positive control. B, Westem blot analysis using Dnajb8- and Survivin-transduced BALB/3T3
cells. Dnajb8- or Survivin-transduced BALB/3T3 cells were analyzed by Westem blotting using anti-FLAG mAb. C, immunoreactions to Dnajt8 and Survivin.
Spleen cells were isolated from mice immunized with Dnajb8 plasmid or Survivin plasmid. Spleen cells were stimulated jin vitro and then immuoreactivity to
Dnajb8 or Survivin was evaluated by an ELISPOT assay using Dnajb8-transduced BALB/3T3 {BALB/3T3/Dnajb8) cells and Survivin-transduced BALB/3T3
(BALB/3T3/Survivin) cells, D, antitumor effect of DNA vaccine. Dnajb8, Survivin, Mock plasmid, and PBS-immunized mice were challenged with RenCa cells

by injecting 1 x 10° RenCa cells subcutaneously. Data are means + SD.

have a role in spermatogenesis by regulating androgen recep-
tor signals (33). Therefore, DNAJBS is another testis-expressing
HSP40 family protein and may have a role in spermatogenesis,
especially in the postmeiotic stage.

We isolated RCC CSCs/CICs as SP cells. SP cells have been
reported to be enriched with CSCs/CICs in several kinds of
malignancies (34-36). SP cells derived from RCC and normal
renal tubule epithelia have also been reported (37, 38); how-
ever, the tumor-initiating ability of those RCC SP cells has not
been characterized yet. Tumor-initiating ability is one of major
characteristics of CSCs/CICs, and this characteristic makes
CSCs/CICs a reasonable target of cancer therapy. In this study,
SP cells derived from ACHN human RCC cells and RenCa
mouse RCC cells showed higher tumor-initiating ability than
that of MP cells, and these SP cells are suitable for analysis of
RCC CSCs/CICs.

HSPs, especially HSP90, are overexpressed in a wide range of
human cancers, allowing mutant proteins to be retained in
cancer cells and to confer resistance to cytotoxic therapies (39).
On the other hand, most of the HSP40 family proteins have
been reported to be inversely correlated with high-grade
malignancy, and HSP40 family proteins have been reported
to function as tumor suppressors (40). In this study, we found
that DNAJBS was expressed in several kinds of cancer cells,
including RCCs, and that it was preferentially expressed in the
CSC/CIC population. DNAJBS has a role in maintenance of
RCC CSCs/CICs as shown by siRNA and mutant DNAJBS
canceling experiments, and DNAJBS is thus an HSP40 family
member that has oncogenic potential. CSCs/CICs are known to
be resistant to several stresses, including chemotherapy and
radiotherapy (15), and overexpression of DNAJBS might be
related to the antistress ability and resistance to treatments.

We observed that overexpression of DNAJB8 increased the
percentage of SP cells; however, we still detected MP cells in
ACHN/DNAJBS cells. With regard to tumor-initiating ability,
ACHN/DNAJBS SP cells showed higher tumor-initiating ability
than that of ACHN/DNAJB8 MP cells (Table 1). Because both
ACHN/DNAJB8 SP cells and ACHN/DNAJBS MP cells
expressed DNAJBS at almost same levels (data not shown),
these observations suggest the existence of other cofactor for
induction of CSCs/CICs. In a previous study, DNAJB8 was
shown to have role in inhibition of cytotoxic protein aggrega-
tion (22), and it is important for association with HDACs
through the C-terminal serine-rich region. We also found that
the serine-rich region of DNAJBS has a role in maintenance of
CSCs/CICs. These observations suggest that association with
HDACs (HDAC4, HDACS, and SIRT?2) might be important for
DNAJBS functions in CSCs/CICs, and that HDACs are possible
candidates of cofactors of DNAJBS.

In this study, we showed for the first time that DNAJB8 can
be a target of immunotherapy. Mutated and wild-type HSP70
proteins have been reported to be targets of CTLs (41-43),
whereas other HSP family proteins have never been reported to
be targets of immunocytes. HSP family proteins are often
expressed in several kinds of normal organs, and immunocytes
might be immunologically tolerated to those proteins. On the
other hand, DNAJB8 is expressed only in the testis, and it is thus
a novel CT antigen that is regarded as an ideal immunologic
target.

HSP family proteins work as molecular chaperones and bind
to their client proteins. Antigenic peptide-bound HSP 70 and 90
family proteins are known to work as immune modulators that
enhance the cross-priming pathway and enhance antitumor
immunity (44-47). In this study, we confirmed anti-DNAJBS
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immunity with DNAJB8-immunized mouse spleen cells. How-
ever, there remains the possibility that DNAJBS also binds to
another antigen protein/peptide and induces antigen-specific
immunity, and further investigation should be carried out.
A DNA vaccination experiment revealed that targeting CSC
antigen (Dnajb8) was more effective than targeting a shared
antigen (Survivin). In a previous study, we found that colon
CSCs/CICs can be recognized by an established CTL clone at
the same level as non-CSCs/CICs both in vifro and in vivo (16).
‘We therefore suggest that CTLs are promising tools to target
CSCs/CICs. Expression of TAAs is essential for CTL recogni-
tion, and we categorized TAAs into 3 groups (CSC antigens,
shared antigens, and non-CSC antigens; ref. 17). In a recent
study, we found that TAA expression in the CSC/CIC popula-
tion is necessary to achieve an antitumor effect and that the
antitumor effect of a shared antigen is greater than that of non-
CSC antigens (48). Then, which is the best target, CSC antigens
or shared antigens? In this study, we showed for the first time
that a CSC antigen is more effective than a shared antigen. Our
results indicate that a CSC antigen has the greatest antitumor
effect and a non-CSC antigen has the smallest antitumor effect
and that evaluation of the distribution in CSCs/CICs and non-

CSCs/CICs is important to predict the efficiency of antitumor
effects of novel TAAs.

We showed that targeting CSCs/CICs is an effective
approach for cancer immunotherapy. On the other hand,
glioma-associated CSCs/CICs have been reported to be related
to immunosuppression through B7-H1 and soluble Galectin-3
and STAT3 signaling (49, 50). These observations suggest that
C8Cs/CICs might suppress the CTL induction phase but might
not affect the CTL effector phase. In this study, we observed a
significant antitumor effect with immunization using Dnajb8-
coding plasmid. This is a prophylactic model and CTL induc-
tion might not be affected by CSCs/CICs included in RenCa
cells and thus bring about preferable results. Therefore, immu-
notherapy targeting CSCs/CICs might be useful for suppres-
sion of posttreatment tumor recurrence and/or adoptive
transfer of established CTLs.

Insummary, we identified an HSP40 family protein, DNAJBS,
as one of the CT antigens and also as a CSC antigen. DNAJB8
has a role in maintenance of RCC CSCs/CICs. Targeting a CSC
antigen is more effective than targeting a shared antigen, and
DNAJB8 is a possible candidate for CSC/CIC-targeting
immunotherapy.
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Heat shock enhances the expression of cytotoxic granule
proteins and augments the activities of tumor-associated
antigen-specific cytotoxic T lymphocytes
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Abstract Focal inflammation causes systemic fever. Can-
cer hyperthermia therapy results in shrinkage of tumors by
various mechanisms, including induction of adaptive im-
mune response. However, the physiological meaning of
systemic fever and mechanisms of tumor shrinkage by hy-
perthermia have not been completely understood. In this
study, we investigated how heat shock influences the adap-
tive immune system. We established a cytotoxic T lympho-
cyte (CTL) clone (#IM29) specific for survivin, one of the
tumor-associated antigens (TAAs), from survivin peptide-
immunized cancer patients’ peripheral blood, and the CTL
activities were investigated in several temperature condi-
tions (37-41 °C). Cytotoxicity and IFN-y secretion of
CTL were greatest under vh39 °C condition, whereas
they were minimum under 41 °C. To address the molecular
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mechanisms of this phenomenon, we investigated the apo-
ptosis status of CTLs, expression of CD3, CDS§, and
TCRaf by flow cytometry, and expression of perforin,
granzyme B, and Fas ligand by western blot analysis. The
expression of perforin and granzyme B were upregulated
under temperature conditions of 39 and 41 °C. On the other
hand, CTL cell death was induced under 41 °C condition
with highest Caspase-3 activity. Therefore, the greatest cyto-
toxicity activity at 39 °C might depend on upregulation of
cytotoxic granule proteins including perforin and granzyme
B. These results suggest that heat shock enhances effector
phase of the adaptive immune system and promotes eradi-
cation of microbe and tumor cells.

Keywords Heat shock - CTL - Perforin - Survivin

Abbreviations

CTL Cytotoxic T lymphocyte

TAA Tumor-associated antigen

HLA  Human leukocyte antigen

PBMC Peripheral blood mononuclear cell
mAb Monoclonal antibody

HSP Heat shock protein

Introduction

Inflammation is defined by four classical signs, pain (dolor),
heat (calor), redness (rubor), and swelling (tumor), caused by
secretion of inflammatory cytokines (e.g., IL-1f3, TNF«, and
IL-6) from inflammatory cells (Bernheim et al. 1979). Inflam-
matory cytokines induce the secretion of prostaglandin E2
from endothelial cells of the central nervous system, and
prostaglandin E2 acts in the hypothalamic area, resulting in
fever. Although fever is one of the well-described symptoms of
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Table 1 Summary of antibodies
Antigen Company Clone Dilution Application
CD3 Beckman Coletr UCHTI Flow cytometry
CD8 BD SK1 Flow cytometry
TCRaf Thermo scientific BMAO031 Flow cytometry
HLA-A24 -4 C7709A2.6 Culture sup. Flow cytometry
Fas Ligand MBL CH-11 1000 Western blot
Perforin SIGMA 3B4 1000 Westem blot
Granzyme B R&D systems 351927 1000 Western blot
HSP90 Enzo Life Sciences ACS8 1000 Western blot
HSP70 Enzo Life Sciences 1000 Western blot
Fas Ligand R&D systems #154922 1000 Westemn blot
B-actin SIGMA ACI5 2000 Western blot

Kind gift from Dr. P. G. Coulie

inflammation, the physiological meanings on adaptive immu-
nity involving cytotoxic T lymphocytes (CTLs) still remain
unclear.

Hyperthermia for cancer treatment has been of clinical
interest for many years, though the exact anti-tumor mech-
anism remains unclear. Several reports have indicated that
heat treatment enhanced adaptive immune response by CTL
cross-priming due to induction of heat shock proteins
(HSPs). HSPs associated with antigenic peptides and HSPs
induced by heat treatment in cancer cells enhance cancer-
specific adaptive immune responses by cross-priming
(Bachleitner-Hofmann et al. 2006; Brusa et al. 2009; Sato
et al. 2009, 2010; Shi et al. 2006; Torigoe et al. 2009). On
the other hand, the direct effects of heat treatment on estab-
lished CTLs remain unknown.

Fig. 1 Establishment of CTL A
clone #IM29. a Schematic

summary of establishment of

CTL clone. Survivin tetramer-

positive cells were single-cell-

. 74,0% Sorting

" Single cell

In this study, we investigated the effect of heat treatment
on a CTL clone specific for survivin, one of the tumor-
associated antigens (TAAs; Hirohashi et al. 2002). Heat
treatment (39 °C) of CTLs enhanced the cytotoxicity and
the secretion of IFN-y of CTLs, whereas heat treatment with
higher temperature (41 °C) abrogated CTL functions. To
address the molecular mechanism of this phenomenon, we
examined changes in the expression of several molecules in
CTLs and found that the expression of cytotoxic granule
proteins (perforin and granzyme B) is enhanced by heat
treatment. On the other hand, the expression of CD3, CDS,
and TCR B did not show any difference. The viability of
CTLs was abrogated and apoptotic cells were increased by
higher heat treatment (41 °C). These findings indicate that
heat treatment of CTLs at 39 °C enhances CTL functions

’ 1 cell/ wglyly

Survivin

10° 107 10 10° 10%

—_—p

FEA

sorted into a 96-well plate at
single cell per well. The speci-
ficity of growing T cells was
assessed by survivin- and HIV-
tetramer staining. b Cytotoxic- FITC-HIV tetramer

ity of CTL clone #IM29. Cyto-

toxicity of CTL clone #IM29 B CTL clone #IM29, 37°C
was evaluated with survivin S ———
peptide-pulsed T2-A24 cells, B T2 AZAHIV
control peptide (HIV)-pulsed —b~ K562

T2-A24 cells and K562 cells.
Asterisks represent significant
difference compared with HIV
peptide-pulsed T2-A24 cells or
K562 cells (P<0.05, ¢ test).
Data are mean=SD

PE-survivin tetramer

R N S

2
2 w0
£ 8
£ 60
[¥] i
2. 40
(7}

L

03 1 3 10

Effector/Target ratio

&) Springer

FL1-H

Establishment of
CTL clone #IM29

HIv

10° 10" 102 10° 10%
FL1-H

*P<0.05

-
8
t

— 187 —



Heat shock enhances CTL function

759

partially by upregulation of perforin and granzyme B, and
that heat treatment of CTLs at 41 °C abrogates CTL func-
tions partially by inducing apoptosis. Augmentation of CTL
functions by heat treatment might be one significant reason
of fever induced by inflammation and also one mechanism
of hyperthermia.

Materials and methods
Cells and antibodies

T2-A24 cells, human leukocyte antigen (HLA)-A24
gene-transduced T2 cells, were a kind gift from Dr. K.
Kuzushima (Nagoya, Japan). The cells were cultured in
RPMI1640 (SIGMA) supplemented with 10 % FBS
(Life Technologies) and 800 pg/ml of G418 (Life Tech-
nologies). K562 cells were obtained from ATCC and

A LDH release assay
501
2 4o *P<0.05
> *
g r
&;,_ 20 7 ~—37°C
*
g 10} *E ~—-39°C
*
0 ;\,\‘ , |%—41C
3 10
Effector/Target ratio
C
aCella TOX
100
*P<0.05
2 I/ ]
2 *
o 60 *[
'g 401 = ——37°C
& * —|—39°C
* 207 x  |A-arc
; L\\ .
3 10
Effector/Target ratio

Fig. 2 Heat treatment enhances CTL functions. a Cytotoxicity of CTL
clone #IM29 in several temperature conditions. Cytotoxicity of CTL
clone #IM29 using T2-A24 cells pulsed with survivin peptide was
evaluated by LDH release assay under several temperature conditions
(37, 39, and 41 °C). Asterisks represent significant difference (P<0.05,
t test), Data are mean+SD. b IFN-y secretion of CTL clone #IM29 in
several temperature conditions. IFN-y secretion of CTL clone #IM29
using T2-A24 cells pulsed with survivin peptide was evaluated by
ELISA under several temperature conditions (37, 39, and 41 °C). Data
are mean. ¢ Cytotoxicity of CTL clone #IM29 using aCella TOX assay.

cultured in RPMI1640 supplemented with 10 % FBS.
The antibodies used in this study are summarized in
Table 1.

Establishment of CTL clone #IM29

A survivin peptide-specific CTL clone was established
from peripheral blood of a 44-year-old patient with rectal
carcinoma who was treated with survivin peptide immu-
nization and IFNa (Kameshima et al. 2011). Survivin
peptide-specific CTLs were stained with survivin
peptide-HLA-A24 complex tetramer and were single-
cell-sorted by FACS Aria II (BD) into a round-
bottomed 96-well plate at single cell per well. The CTL
was incubated with irradiated 8x10* peripheral blood
mononuclear cells (PBMCs) in AIM-V (Life Technolo-
gies) medium supplemented with 10 % human AB serum
(kindly provided by Dr. Tatsuo Usui, Hokkaido Red
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Cytotoxicity of CTL clone #IM29 using T2-A24 cells pulsed with
survivin peptide was evaluated by aCella TOX assay under several
temperature conditions (37, 39, and 41 °C). Asterisks represent signif-
icant difference (P<0.05, ¢ test). Data are mean + SD. d Cytotoxicity of
CTL clone #IM29 in 39 °C condition. CTLs were preincubated in 39 ©
C for 1 day before cytotoxicity assay. Cytotoxicity of CTL clone
#IM29 was evaluated with survivin peptide-pulsed T2-A24 cells, con-
trol peptide (HIV)-pulsed T2-A24 cells and K562 cells in 39 °C.
Asterisks represent significant difference compared with HIV peptide-
pulsed T2-A24 cells or K562 cells (P<0.05, ¢ test). Data are mean+SD
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Cross Blood Center, Sapporo, Japan), 200 IU of IL-2
(R&D Systems), and 5 pg/ml of PHA (SIGMA). Grow-
ing wells were transferred into a 24-well plate and fed
every 3 days with AIM-V supplemented with 10 %
human AB serum and 200 IU of IL-2. On day 34, clones
were assessed by survivin tetramer staining and HIV-
tetramer as a negative control (Fig. la). Tetramers were
obtained from MBL Co., Ltd. (Nagoya, Japan).

Cytotoxicity assay and IFN-y ELISA

CTL clone #IM29 were preincubated at 37—41 °C for | day
before cytotoxicity assay and IFN-y ELISA. Survivin
peptide-pulsed T2-A24 cells were seeded into a 96-well
plate at 5x10° cells/well. CTL clone #IM29 cells were
seeded at several effector/target (£/7) ratios, then incubated
at 37-41 °C for 6 h. Cytotoxicity of CTL clone #IM29 cells
was examined by using an LDH cytotoxicity detection kit
(TAKARA BIO Inc., Osaka, Japan) and aCella TOX kit
(Cell Technology, Inc., Mountain View, CA) according to
the manufacturer’s protocol.

Ten thousand survivin peptide-pulsed T2-A24 cells and
3x10° of CTL clone #29 cells were co-cultured in a 96-well
plate at 37-41 °C for 12 h, and then IFN-y concentrations in
supernatants were measured by using a Human IFN gamma
ELISA Kit (Thermo Scientific) as described in the manu-
facturer’s protocol.

Live images of cytotoxicity were recorded by the
OLYMPUS FLUOVIEW FV 300-I71BG-SP system
(OLYMPUS). Briefly, T2-A24 cells were transduced
with GFP-plasmid using a Nucleofector V kit
(Amaxa). GFP-positive T2-A24 cells were pulsed with
survivin peptide and co-cultured with CTL clone #IM29
cells at an E/T ratio=10, and cultured in 37-41 °C for
4 h and live image were recorded.

Flow cytometry

For detection of HLA-A24 of T2-A24 cells, T2-A24 cells
were stained with anti-HLA-A24 mAb (C7709A2.6, kind
gift from Dr. P. G. Coulie, Brussels, Belgium) for 1 h,
washed three times with PBS, stained with FITC-labeled
anti-mouse IgG+M antibody (KPL, 200 times dilution)
for 30 min, and washed again one time with PBS. T2-
A24 cells were analyzed by a FACS Calibur (BD).

After treatment of CTL clone #IM29 cells at
37-41 °C for 12 h, the expression of CD3, CDS, and
TCRxf3 was examined by ad FACS Calibur. After
staining with first antibodies (summarized in Table 1),
CTL clone #IM29 cells were stained with FITC-labeled
anti-mouse IgG+M antibody and then analyzed by a
FACS Calibur. Mean fluorescent intensity was calculat-
ed by CELL Quest software (BD).

@ Springer

Western blot

Western blot analysis was performed as described previous-
ly (Nakatsugawa et al. 2011). Anti-perforin, granzyme B,
Fas ligand, HSP90, and f-actin mAbs were used at 1,000,
1,000%, 1,000%, 1,000%, and 2,000x dilutions, respectively
(summarized in Table 1). The specific bands were quantified
by using Image J software (NIH).

Detection of apoptosis

Apoptotic cells were detected by staining with anti-annexin V
antibody and propidium iodide (PI) using annexin V FLUOD
staining kit (Roche) according to the manufacturer’s protocol
and then analyzed by a FACS Calibur. For detection of dead
cells, CTLs were stained with Trypan Blue (Life Technologies)
and % dead cells were calculated by Countess Automated Cell
Counter (Life Technologies). Caspase-3 activity was measured
by using APOPCYTO Caspase-3 Colorimetric Assay Kit
(MBL, Nagoya, Japan) according to the manufacturer’s proto-
col. CTLs were preincubated under 37-41 °C conditions for
24 h, before caspase-3 assay.

N
mAb (-)
of 10° 10t 102 10® 10| [ 37°C
§ FL1-H — 30°C
o —— 41°C
° ]
O b
5 anti-HLA-A24
10° 10! 102 108 10%
FL1-H
SN
P

FITC-labeled surface molecule

Fig. 3 Heat shock did not alter HLA-A24 expression on T2-A24 cells.
The expression of HLA-A24 on T2-A24 cells under several tempera-
ture conditions was evaluated by a FACS Calibur. Mean fluorescent
intensity (MFI) are listed in ESM 5
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Results

Establishment of survivin-derived antigenic peptide-specific
CTL clone

To establish a CTL clone specific for cancer cells, we sorted
survivin peptide-specific CTLs using survivin peptide-

A CTL clone #IM29
Blarc —aoc 41°C
A
control CD3
3| 10° 10t 102 10° 10* 10° 10° 10
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8 jcDs % TCRop
i
100 107 362 16° 0% 109 107 162 16% 70°
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Fig. 4 Expression of several molecules of CTL in several temperature
conditions. a Flow cytometer analysis of surface molecules on CTL clone
#IM29 cells under several temperature conditions. CD3, CD8 and TCR«xf3
expression on CTL clone #IM29 under several temperature conditions was
analyzed by using a flow cytometer. Mean fluorescent intensity (MFI) are
listed in ESM 6. b Western blot analysis of CTL clone #IM29 under
several temperature conditions. Perforin, granzyme B, Fas ligand and
HSPY0 protein expression in CTL clone #IM29 under several temperature
conditions was analyzed by westemn blot analysis. 3-Actin was uses as a

HLA-A24 complex tetramer (Fig. 1a). Sorted CTLs were
grown in 96-well plates and a survivin tetramer-positive
CTL clone (#IM29) was established (Fig. la). CTL clone
#IM29 recognized survivin peptide-pulsed T2-A24 cells at
different E/T ratios, whereas it did not recognize control
peptide-pulsed T2-A24 cells or K562 cells, indicating that
CTL clone #IM29 is specific for survivin peptide (Fig. 1b).

B CTL clone #IM29
37°C 39°C 4 1 o, c
Perforin '
Gl'anzyme B
Fas Ligand
HSPS0 R
BraCHN  immsion s
Fas Ligand HSP90
o 1.0
1.0 o
0.8 °e
0.6 '
0.4 0.4
0.2 0.2
90737 39 41%c 00 R s a1s

internal positive control. Data are representative Western Blot pictures. ¢
Quantification of protein expression in CTL clone #IM29 under several
temperature conditions. Western blot bands were analyzed, and quantified
by Image J software (NIH). Perforin, granzyme B, Fas ligand, and HSP90
expression were standardized by f3-Actin. Data are relative expression of
perforin, granzyme B, Fas ligand and HSP90. d Heat shock did not alter
Fas expression on T2-A24 cells. The expression of Fas on T2-A24 cells
under several temperature conditions was evaluated by a FACS Calibur.
Mean fluorescent intensity (MFI) are listed in ESM 7
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Heat treatment enhanced CTL functions

To address the effects of heat treatment on CTL func-
tions, we evaluated CTL functions under several tem-
perature (37-41 °C) conditions (Fig. 2a, b, ¢ and
Electronic supplementary material (ESM)). Cytotoxicity
of CTL was significantly enhanced in 39 °C condition
compared with 37 °C condition, whereas the cytotoxic-
ity was decreased in 41 °C condition by LDH release
assay (Fig. 2a). IFN-y secretion also showed similar
pattern as cytotoxicity with highest IFN-y secretion in
39 °C condition (Fig. 2b). To confirm the cytotoxicity
results using LDH release assay, we performed aCella
TOX assay. aCella TOX assay also showed that the
cytotoxicity of CTL was greatest in 39 °C condition,
and minimum in 41 °C (Fig. 2c¢). The specificity of
CTL was not altered in 39 °C condition indicating that
heat shock enhances only antigenic peptide-specific
cytotoxicity, but not non-specific cytotoxicity (Fig. 2d).

Heat shock induced the HSP70 expression in T2-A24
cells (Supplemental data 4), whereas the expression of
HLA-A24 molecule on T2-A24 cells was not enhanced
under heat shock conditions (Fig. 3).

Heat treatment upregulated the expression of perforin

CTLs recognize target cells through cell surface mole-
cules, including CD3, CD8, and TCR«f3, and kill target
cells by secretion of cytotoxic granule proteins includ-
ing perforin and granzyme B. We investigated the ex-
pression of these molecules in CTLs under several
temperature conditions (Fig. 4a and b). The expression
of CD3, CD8, and TCRaf3 on the surface of CTLs
were almost the same in all temperature conditions
(37-41 °C; Fig. 4a and b). On the other hand, the
expression of perforin and granzyme B were enhanced
in high temperature conditions (39 °C and 41 °C) com-
pared with its expression in 37 °C condition (Fig. 4b
and c). Fas ligand protein, another cytotoxic molecule
expression and Fas expression on T2-A24 cells did not
show any increase (Fig. 4b and d).

Heat treatment (41 °C) increased apoptotic cell death
of CTLs

Since CTL activity was minimum in the condition of 41 °C,
we investigated the cell conditions of CTLs in several

4 37°C 39°C
110218,054 110218.056
a
& 2. Caspase3 activity
CTL *P<0.05 |
40 * 2 | H
35 f I 1 g 1.53
k-] » |
< 1] i
q -
X g 05+
(4]

37°C

39°C 41°C

Fig. 5 Apoptotic cell death was induced under 41 °C condition. a
Detection of apoptosis under several temperature conditions. Apoptotic
cell death was detected by anti-annexin V and propidium iodide (PI)
staining under several temperature conditions. Percentages represent
apoptotic cells (annexin V-positive and Pl-negative cells). b Percent
dead cells was increased in 41 °C. CTLs were preincubated in 37-41 °
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C for 1 day. CTLs were stained with Trypan Blue and %dead cells were
counted by Countess Automated Cell Counter. Asterisks represent
significant difference (P<0.05, ¢ test). Data are mean+SD. ¢ Caspase
3 was activated in 41 °C. CTLs were preincubated in 37-41 °C for
1 day. Caspase 3 activities were measured by APOPCYTO Caspase-3
Colorimetric Assay Kit. Data are mean+SD
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temperature conditions. Trypan Blue staining of CTLs cul-
tured in several temperatures revealed that the percentage of
dead cells was highest in 41 °C condition (Fig. 5b). To
address the type of cell death, annexin V and PI staining
was performed to detect apoptotic cell, which were greater
at 41 °C than in other temperature conditions (Fig. 5a); and
Caspase-3 activity was highest in the 41 °C condition
(Fig. 5c). Thus, the CTL cell death partially by apoptosis
under 41 °C condition might be the reason of low CTL
activity in high temperature.

Discussion

The physiological meaning of fever caused by inflammation
has been a major issue for a long time. In this study, we
showed for the first time that CTL activity was upregulated
by heat treatment. Results of the cytotoxicity assay and IFN-
v assay showed that CTL activity was greatest at 39 °C and
that it was the minimum at 41 °C. These observations
indicate that fever caused by systemic inflammatory cyto-
kine release enhances CTL functions, and this might en-
hance eradication of pathogens. The enhancement of
cytotoxicity might depend on upregulation of cytotoxic
granule proteins including perforin and granzyme B. After
secretion from CTLs, perforin is inserted into the plasma
membrane, make pore and lyse target cells. Upregulation of
cytotoxic granule proteins might not be involved in the
enhancement of IFN-y secretion, suggesting the existence
of another molecular mechanism to enhance CTL functions
by heat shock.

The exact molecular mechanisms by which cytotoxic
granule proteins are upregulated in heat-treated CTLs re-
main unclear. Since we treated CTLs at 39 °C, it may be
transcription enhanced due to the activation of heat shock
factor-1 (HSF1); however, there is no HSF1-binding site
(heat shock element) in the promoter region of perforin
and granzyme B. (Pipkin et al. 2010) Another possible
explanation is stabilization of perforin protein by heat treat-
ment. Heat treatment induces upregulation of several chap-
erone proteins including HSPs by HSFI, and thus
association with these chaperone proteins may stabilize
and prolong the life span of cytotoxic granule proteins.
Further analysis is needed to clarify the exact molecular
mechanisms.

Hyperthermia is one treatment modality for cancers,
but the exact mechanisms by which it works to suppress
cancers remain unclear. Adaptive immune systems in-
duced by antigenic peptides bound to HSPs might be
mechanisms (enhancement of induction phase of CTL).
In this study, we showed that heat treatment enhanced
the cytotoxicity activity of CTLs (enhancement of ef-
fector phase of CTL). Therefore, heat treatment will

enhance both induction and effector phases of adaptive
immune system. These two mechanisms should act syn-
ergistically, and the adaptive immune system should
have a role in hyperthermia.

In summary, we showed for the first time that heat treat-
ment of CTLs enhanced CTL functions. Upregulation of
cytotoxic granule proteins may play a role in this phenome-
non. Enhancement of CTL functions by heat treatment might
have a role in CTL functions in fever and hyperthermia.
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