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ABSTRACT
The mechanisms of immunogenicity underlying mild heat-shock (mHS) treatment < 42�C of tumor cells
are largely attributed to the action of heat-shock proteins; however, little is known about the
immunogenicity of tumor cells undergoing severe cytotoxic heat-shock treatment (sHS > 43�C). Here, we
found that sHS, but not mHS (42�C), induces immunogenic cell death in human cancer cell lines as
defined by the induction of ER stress response and ROS generation, cell surface exposure of calreticulin,
HSP70 and HSP90, decrease of cell surface CD47, release of ATP and HMGB1. Only sHS-treated tumor cells
were efficiently killed and phagocytosed by dendritic cells (DCs), which was partially dependent on cell
surface calreticulin. DCs loaded with mHS or sHS-treated tumor cells displayed similar level of maturation
and stimulated IFNg-producing CD8C T cells without any additional adjuvants in vitro. However, only DCs
loaded with sHS-treated tumor cells stimulated antigen-specific CD4C T cells and induced higher CD8C T-
cell activation and proliferation. sHS-treated murine cells also exposed calreticulin, HSP70 and HSP90 and
activated higher DC maturation than mHS treated cells. Vaccination with sHS-treated tumor cells elicited
protective immunity in mice. In this study, we defined specific conditions for the sHS treatment of human
lung and ovarian tumor cells to arrive at optimal ratio between effective cell death, immunogenicity and
content of tumor antigens for immunotherapeutic vaccine generation.

Abbreviations: ATP, adenosine triphosphate; CRT, calreticulin; DAMPs, danger-associated molecular patterns; DC,
dendritic cells; ER, endoplasmic reticulum; HHP, high hydrostatic pressure, HMGB1, high-mobility group box 1; HS,
heat-shock treatment; HSP, heat-shock protein; ICD, immunogenic cell death; IFNg , interferon-gamma; ROS, reactive
oxygen species
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Introduction

Hyperthermia (HT) has been studied for the treatment of
malignant diseases since 1970s.1 In 2011, HT treatment prior
to radiotherapy was approved by FDA to treat cervical cancer
patients. The immune system mediates the major therapeutic
effect of HT;2 therefore, a major unanswered question is
whether the combination of HT with various immunothera-
peutic approaches would translate into a better clinical out-
come in cancer patients. However, there are no clinical data on
the use of heat-shock (HS)-killed tumor cells alone or as a
source for antigens for active cellular immunotherapy in clini-
cal protocols.

Several cytotoxic drugs, oncolytic viruses and some physical
modalities were shown to induce immunogenic cell death
(ICD) of tumor cells, subsequently leading to the induction of
effective antitumor immune responses in vitro and in vivo.3-6

On the molecular level, ICD is characterized by elevated levels
of reactive oxygen species (ROS) and endoplasmic reticulum
(ER)-stress unfolded protein response (UPR) during which sev-
eral immunogenic proteins such as an “eat-me” signal calreticu-
lin7 or danger-associated molecular patterns (DAMPs)8,9 such
as HSP70 and 90,10 ATP11 or HMGB112 are exposed at the cell

surface or released to the cell vicinity.5,13,14 These molecules
facilitate the engulfment of dying tumor cells by immune cells
and stimulate antigen presentation. Activated dendritic cells, in
particular, prime antitumor adaptive T-cell responses.4,5 We
have recently described ICD induced by high hydrostatic pres-
sure (HHP), which bears the advantage of leaving behind no
residual chemical;15 therefore, being suitable for generation of
immunogenic tumor cells for active cancer immunotherapy
approaches.6

HS-treated tumor cells were documented to die by various
modes of cell death depending on the thermal dose.1,16,17 Ther-
mal dose encompasses the temperature (ranging in most stud-
ies from 41�C to 44�C), the duration of heat treatment (30 min
or 1 h), tumor cell type and the cell cycle phase.1,16 Mouse and
human tumor cells subjected to mild HS (mHS) � 42�C
showed increased immunogenicity as well as the induction of
tumor-antigen specific T-cell responses in vitro and in vivo,
which has been attributed mainly to the action of HS proteins
such as HSP70.18-26 Furthermore, HS treatment at 42�C was
shown to increase the mRNA for tumor-specific antigens in
several cancer cell lines.21,27,28 However, despite increased
immunogenicity, mHS treatment or repeated mHS application
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on cancer cells often leads to the induction of thermotolerance
and cancer cell survival.1

Little is known about the mechanisms of immunogenicity of
tumor cells that undergo treatment with severe cytotoxic tem-
peratures (� 43�C). The induction of tumor-specific T cells in
patients with hepatocellular carcinoma after in situ radiofre-
quency ablation of tumors (> 45–50�C) was documented.29

The recent development of new techniques based on magnetic
nanoparticles30 shows that heat treatment at 46.8�C or 50–
55�C can significantly reduce the tumor growth or induce
abscopal antitumor immune effects in vivo.31,32 Recently, it has
been shown that microwave thermal ablation enhanced immu-
nogenicity of osteosarcoma in vitro and in vivo accompanied
by an increased abundance of calreticulin and release of ATP
and HMGB1.33 Similarly, prostate cancer cells or NHL cell lines
treated with cytotoxic HS in vitro were shown to expose calreti-
culin, HSP90, HSP70 and release HMGB1 and ATP and stimu-
late DC maturation.34,35 This suggests that severe heat shock
(sHS) treatment might be considered as another physical
modality inducing ICD.6

In this study, we examined the immunogenic features of
human cancer cell lines treated with mHS (42�C) and sHS
(47�C). We found that only sHS induced ICD as defined by
activation of molecular pathways underlaying the immuno-
genic DAMPs exposure/release in human cancer cells and by
the induction of a prophylactic immunity in in vivo. Moreover,
we defined specific conditions of the sHS treatment to obtain
an optimal ratio between cell death, immunogenicity and the
presence of tumor antigens to generate an immunotherapeutic
vaccine.

Materials and methods

Cell lines

A549, OV90 and CT26 were obtained from ATCC. OV90 and
CT26 were cultured in RPMI 1640 (Gibco) containing 10%
heat-inactivated FCS, 100 U/mL of penicillin/streptomycin
(Gibco) and 2 mmol/L L-glutamine (Gibco). A549 cells were
cultured in F12 medium (Gibco) containing 10% heat-inacti-
vated FCS and 100 U/mL of penicillin/streptomycin. Mouse
embryonic fibroblasts (MEFs) wt and MEFs Bax/Bak ¡/¡ were
kindly provided by Prof. Guido Kroemer MD, INSERM U848,
Institut Gustave Roussy, France. Wild-type (wt) and calreticu-
lin-deficient MEFs (Calr¡/¡) were kindly provided by Prof.
Marek Michalak, University of Alberta, Edmonton, Canada.
MEFs were cultivated in DMEM (Sigma) containing glucose
(1 g/L), 10% heat-inactivated FCS, 100 U/mL of penicillin/
streptomycin, 2 mmol/L L-glutamine, non-essential amino
acids (1%; Gibco) and b-mercaptoethanol (0.1%; Gibco).

Antibodies

The following antibodies were used for human studies: anti-human
Calreticulin, HSP90 (both from Enzo Life Sciences), HSP70 (R&D
Systems), CD47 (B6H12; Santa Cruz Biotechnology), anti-CD80-
FITC, CD86-PE, CD83-PerCP-Cy5.5 (Beckman Coulter, Inc.),
HLA-DR-PE-Cy7, IFNg-FITC (BD Biosciences), CD11c-APC,
CD8-PE-Dylight594, CD3-Alexa 700, CD8-Alexa Fluor 700,

CD127-Alexa647, CD45RO-APC (ExBio), CD4-PE-Cy7, Foxp3-
Alexa488, CD3-PerCP-Cy5.5, (eBioscience), CD137-PE (4–1BB),
CD25-PerCP-Cy5.5, Ki-67-PE (BioLegend). The following anti-
bodies were used for mouse studies: anti-mouse Calreticulin
(Abcam), CD80-FITC, CD86-PE, CD40-PerCP-eFluor710, I-A/I-
E-PE-Cy7, CD11c-APC (all from eBioscience), Following antibod-
ies were used for immunoblot analyses: anti-human Calreticulin,
a-fodrin (both from Enzo Life Sciences), actin (Sigma), BiP, cas-
pase-8, caspase-9, caspase-3, caspase-7, caspase-6, caspase-4,
CHOP, lamin, phospho-eIF2a (Ser51), eIF2a, VDAC, cytochrome
c, Her2/neu, PERK, IRE1a, XBP1 (all fromCell Signaling Technol-
ogy), CEA (3G12; Pierce), MAGE-A1, MAGE-A3, MAGE-A4
(Santa Cruz Biotechnology). Secondary anti-rabbit and anti-mouse
antibodies conjugated to horseradish peroxidase (Jackson Immu-
noResearch Laboratories) were used.

Cell death inducing treatment of tumor cells

For HS treatment, cells at 1–4 £ 106/mL in 1.5-mL tube were
placed in heating blocks (Eppendorf) and incubated at 42�C or
47�C for 1 h. Control non-treated cells were incubated at 37�C.
Subsequently, cells at 1 £ 106/mL were transferred into tissue
culture plates and incubated at 37�C for additional 6 h or 24 h.
For UV treatment, cells were irradiated by UV-B (312 nm,
7.6 J/cm2) for 10 min. For treatment with chemotherapeutics,
cells were incubated with idarubicin hydrochloride (37 mM;
Sigma Aldrich) or cisplatin (A549 1000 mM or OV90 300 mM;
Ebewe Pharma).

Flow cytometry analysis of cell death and immunogenic
molecules

To detect Calreticulin, HSP70, HSP90 and CD47 cells at 6 h
or 24 h were incubated with primary antibodies for 30 min, at
4�C and then stained with APC-conjugated secondary anti-
rabbit antibody (Jackson ImmunoResearch Laboratories) for
additional 30 min, at 4�C. Cell viability was determined by
staining with AnnexinV-PE (BioLegend) or AnnexinV-PerCP-
eFluor710 (eBioscience) for 15 min in Annexin V-staining
buffer (eBioscience) and DAPI by flow cytometry (LSRFor-
tessa, BD Biosciences). Data were evaluated with FlowJo soft-
ware (Tree Star). The MFI of markers was determined in
AnnexinVC/Dapi negative population. A549 cells were pre-
treated with caspase-9 inhibitor (Z-LEHD-FMK, 50 mM)
(Enzo Life Sciences, Inc.) overnight before HS treatment of
1 h. Cells death was detected by DAPI and AnnexinV-PE
(BioLegend) staining by flow cytometry.

Colony-forming assay

Human tumor cells A549 and OV90 were heat-treated as
described above and incubated at 37�C for additional 24 h.
Mouse CT26 were heat-treated for 1 h and incubated at 37�C
for 1h. Cells at concentration of 1.66 £ 105/well/3 mL were
seeded in six-well plate in fresh medium mixed with a condi-
tioned media at ratio 1:1 and incubated at 37�C for 10 d
(human cells) or 14 d (mouse cells), respectively. After that,
medium was discarded, cells stained with crystal violet for
5 min, washed with distilled water and colony-forming units
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(CFU) were counted where applicable. A low CFU growth (30
CFU/well) was set as a positive control of growth-favoring
conditions.

Detection of changes in mitochondrial membrane
potential, reactive oxygen species and the intracellular
Ca2C release

To detect changes in mitochondrial membrane potential
(DCm), 1 £ 106/mL of tumor cells were stained with tetrame-
thylrhodamine, ethyl ester (TMRE, 100 nM, Invitrogen) for
15 min at 37�C directly after HS treatment (0 h D 1 h at 47�C).
To detect ROS, 1 £ 106/mL of tumor cells were allowed to rest
at 37�C for 1 h before staining with cell permeable 20,70-
dichlorofluorescein diacetate (DCFDA) fluorogenic dye
(20 mM) (Abcam) for 30 min at 37�C. Stained cells were treated
with HS as indicated above and placed to 37�C for 3 h. For
measurement of intracellular Ca2C release 1 £ 106/mL tumor
cells after HS treatment were stained with Fluo-4-AM (4 mM,
Molecular Probes Invitrogen) for 20 min at 37�C. DCm, ROS
and Ca2C release were detected by flow cytometry. Cells were
incubated with L-glutathione (GSH; 5 mM) and N-acetyl-L-
cysteine (NAC; 5 mM) (Sigma Aldrich) were used to inhibit
ROS induction in HS-treated cells. NAC and GSH were pre-
pared in complete media with adjusted pH to 7.3–7.4.

Confocal microscopy

HS treated tumor cells (1 £ 106/mL) were incubated for 6 h at
37�C. Cells were stained with primary antibodies to Calreticu-
lin, CD47, HSP70 and HSP90, and Alexa488-conjugated sec-
ondary anti-rabbit antibody (Life Technologies) to detect the
immunogenic molecules and CD47 as described above and.
After that cells were fixed with 4% paraformaldehyde for
20 min and mounted on slides using cytocentrifuge (StatSpin).
Cells were analyzed Leica TCS A0BS SP5 tandem scanning con-
focal microscope.

HMGB1 and ATP release

Tumor cells at 1 £ 106/mL heated as described above were
incubated for additional 1 h at 37�C. For measurement of extra-
cellular ATP release cell culture supernatant was used and for
intracellular ATP detection, cells were centrifuged 2,200 rpm,
2 min and pellet resuspended in cell lysis buffer (eBioscience).
ATP content was determined according to manufacturer’s
instructions (ATP assay kit, Sigma-Aldrich). HMGB1 release
was determined by HMGB1 ELISA kit (IBL International)
from cell culture supernatant according to manufacturer’s
instructions after 6 h and 24 h.

DC maturation and cytokine production

Immature monocyte-derived dendritic cells (MDDCs) were
generated using EasySep human CD14-positive selection kit
(StemCell Technologies, Inc.) from human PBMCs isolated
from buffy coats (provided by the Institute of Hematology and
Blood Transfusion, Prague, Czech Republic). Monocytes were
cultured for 5 d with human GM-CSF (500 U/mL; Gentaur)

and IL-4 (20 ng/mL; PeproTech) in RPMI 1640 (Gibco) supple-
mented with L-glutamine (2 mM, Sigma), 100 U penicillin/mL
and 10% heat-inactivated FCS at 37�C. DCs were pulsed with
HS-treated tumor cells (1 h HS C 23 h at 37�C) at ratio 5:1 for
24 h or incubated separately in transwell system (Corning).
Bone marrow cells were flushed from femurs and tibias of
BALB/c mice, and cultured at 2 £ 106/mL in 100-mm dishes in
10 mL of in the same medium as human DCs, but supple-
mented with murine granulocyte-macrophage colony-stimulat-
ing factor (GM-CSF) (20 ng/mL, PeproTech) and IL-4 (5 ng/
mL, Peprotech). Fresh medium was added on day 3 or changed
on day 6. Loosely attached cells were used for experiments at
day 7. DCs were pulsed with HS-treated CT26 (1 h sHS C 5 h
at 37�C) at ratio 5:1 for 24h. DCs incubated with poly(I:C)
VacciGradeTM (InvivoGen) 25 mg/mL for 24 h were used as a
positive control of DC maturation. The expression of CD80,
CD86, CD83 and HLA-DR (human DCs) or CD80, CD86, I-A/
I-E and CD40 (in mouse DC) in CD11cCDAPI negative cells
were analyzed by flow cytometry. MFI of control unpulsed
immature DCs were set to 1. The production of cytokines IL-
10, IL-12p70 and TNF-a by human DCs was detected by
ELISA (R&D Systems) according to manufacturer’s instruction
from cell culture supernatants after 24 h.

Phagocytosis of HS-treated cells by DCs

Tumor cells A549, OV90 or wt MEFs, Calr¡/¡ MEFs (2 £ 106/
mL) were stained with VybrantVR DiD (2.5 mL/mL, Invitrogen),
in serum free RPMI medium for 20 min, at 37�C prior the HS
treatment. Immature monocyte-derived DCs (day 5) or mouse
bone marrow-derived dendritic cells (BMDCs)36 were stained
with VybrantVR DiO (2.5 mL/mL, Invitrogen) for 20 min, at
37�C. Cells were washed twice with serum-containing medium.
DCs were pulsed with tumor cells or MEFs at a DC/cell ratio 5:1
for 24 h and the amount of phagocytosed tumor cells was ana-
lyzed by flow cytometry and plotted as a percentage of
DiOCDiDC DCs. DCs pulsed with tumor cells incubated at 4�C
for 24 h were used as a negative control for phagocytosis.

Detection of antigen-specific IFNg-producing T cells
and CD4CCD25CFoxp3CCD127low T regulatory cells

DCs pulsed with HS-treated tumor cells at ratio 5:1 for 24 h
were added to autologous lymphocytes at T cell:DC ratio of
10:1 for 7 d. IL-2 (50 U/mL; PeproTech) was added on days 3
and 5. On day 7, lymphocytes were re-stimulated with fresh
DCs treated accordingly to original samples. After 1 h, Brefel-
din A (eBioscience) was added to block the release of IFNg for
5 h. After staining with extracellular antibodies for 20 min, 4�C
cells were fixed and permeabilized (Fix-PermBuffer Bioscience),
and stained to detect intracellular IFNg or Ki-67 for 30 min at
4�C. To detect MP158–66-specific CD8C T cells, DCs were
pulsed with HS-treated A549 stably expressing influenza matrix
protein 1(MP1)37 and incubated with autologous HLA-A2C T
cells as described above. After 8 d, cells were stained with
MP158–66-HLA-A�201 Tetramer-PE (2 mL/sample; MBL Inter-
national) for 30 min together with CD3-PerCP-Cy5.5, CD4-
PE-Cy7, CD8-Alexa Fluor 700 and CD45RO-APC antibodies
and analyzed by flow cytometry. DCs incubated with MP158–66
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(GILGFVFTL) (10 mg/mL; MBL International) and CEF-E
(peptides from CMV, EBV, influenza, JPT Technologies) were
used as a positive control for CD8C T-cell stimulation. To
detect T regulatory cells, DC–T cell culture was analyzed with-
out restimulation after 7 d of incubation. T regulatory cells
were determined as a percentage of Foxp3CCD127low from
CD4CCD25C T cells by flow cytometry.

Immunoblot analysis

HS-treated tumor cells at 4 £ 106/mL incubated at 37�C were
collected at various time points for cell extract preparation. In
some experiments cells treated with thapsigardin (TPG, 5 mM)
and staurosporin (1 mM) (all from Sigma-Aldrich) incubated
for 24 h were used as positive controls. A549 cells were pre-
treated with caspase-9 inhibitor (Z-LEHD-FMK, 50 mM)
(Enzo Life Sciences, Inc.) overnight before HS treatment. Cells
were lysed in ice-cold RIPA buffer (10 mM Tris pH 7.5,
150 mM NaCl, 5 mM EDTA and 1% Triton X-100) containing
a protease inhibitor cocktail (Roche Diagnostics) and 1 mM
phenylmethylsulfonylfluoride (PMSF, Roche Diagnostics)
10 min on ice. Proteins were separated on a 10–12% SDS-
PAGE, electrophoretically transferred to nitrocellulose mem-
branes (Bio-Rad) and blocked with 5% skim milk in TBST
buffer (50 mM Tris, 150 mM NaCl and 0.05% Tween 20) for
1 h at room temperature. Membranes were incubated with pri-
mary antibodies overnight at 4�C, washed with TBST buffer
and immunoreactive bands were visualized with horseradish
peroxidase conjugated secondary antibodies using enhanced
chemiluminescence reagents (ECL, Amersham Biosciences).

Isolation of cell surface proteins and separation
of cellular fractions

Tumor cells grown in flasks were incubated in water bath for 1 h
at 37�C, 42�C or 47�C, respectively. Cell were further incubated
for additional 2.5 h at 37�C, than washed with PBS and stained
with cell non-permeable sulfosuccinimidobiotin (EZ-linkTM

Sulfo-NHS-Biotin; Thermo Scientific) in PBS on rocking shaker
at room temperature for 30 min. Labeled plasma membrane pro-
teins were then affinity-purified using NeutrAvidin Agarose
according to the manufacturer’s instructions. The presence of
calreticulin among plasma membrane proteins was detected by
immunoblot analysis. Mitochondria and cytosol were separated
using Mitochondria/Cytosol Fractionation Kit (Abcam) accord-
ing to manufacturer’s instructions.

In vivo experiments

BALB/ mice were obtained from a breeding colony at the Institute
of Physiology, Academy of Sciences of the Czech Republic
(ASCR), v.v.i. Mice were used at 9–15 weeks of age and kept in
the conventional animal facility of Institute of Microbiology of
ASCR, v.v.i. Mice were regularly screened for MHV and other
pathogens according to FELASA. All experiments were approved
by the Welfare Animal Committee at the Institute of Microbiol-
ogy, ASCRv.v.i. CT26 cells were treated with mitoxantrone
(1 mM, Sigma Aldrich) for 24 h or heated at 47�C for 1 h followed
by 1 h incubation at 37�C. 5 £ 106 cells in 200 mL PBS were

injected s.c. into lower left flank on days 0 and 21. 1 £ 105 live
CT26 cells in 100 mL PBS were injected s.c. into lower right flank
on day 31. Mice were monitored for tumor growth and survival.
Mice surviving day 100 without tumor were considered long-term
survivors. Tumor size was determined every 2–4 d by a caliper.
The experiments were repeated thrice using 10 mice per group.

Statistical analysis

Statistical analysis was performed using software GraphPad
(PRISM 6.0). The significance of the differences between
groups was determined by using paired Student’s t-test. Differ-
ences were considered statistically significant if p < 0.05 (�).
Data were expressed as mean § SEM.

Results

Severe, but not mild heat shock treatment
of human cancer cells induces cell death

A549 and OV90 cells were treated with mHS (42�C) or sHS
(47�C) for 1 h and subsequently incubated at 37�C for 0 h, 3 h,
6 h and 24 h. Cell viability was determined with Annexin V and
DAPI (Fig. 1A). sHS treatment decreased viability of both cell
lines by 40–50% within 6 h (Fig. 1B). Contrary to untreated or
mHS-treated tumor cells, 80–90% of sHS-treated tumor cells
were Annexin V/DAPI double positive by 24 h. High mortality
rate of sHS-treated tumor cells was also confirmed in a 10 d col-
ony-forming assay (Fig. 1C). These results show that sHS, but
not mHS, induces cell death in human tumor cells.

sHS-treated tumor cells expose calreticulin, HSP70
and HSP90, decrease CD47 on the cell surface
and release HMGB1 and ATP

It has been shown that physical modalities such as HHP or
hypericin-based photodynamic therapy (Hyp-PDT) induce
ICD in cancer cells.15 Therefore, we analyzed if sHS-treatment
of human tumor cells inducer might induce, similarly to HHP
or Hyp-PDT, cell surface translocation of calreticulin, HSP70
and HSP90 and release of ATP and HMGB1. Cells were treated
with mHS (42�C) or sHS (47�C) for 1 h and subsequently incu-
bated at 37�C for 6 h and 24 h. We found that sHS, but not
mHS, induces cell surface exposure of calreticulin (CRT) and
HSP90 and decrease of cell surface CD47 in both cancer cell
lines after 6 h in AnnexinVCDAPI¡ cells gated from flow
cytometry dotplots (Fig. 2A). HSP70 was detected also on the
cell surface of mHS-treated cells, albeit at lower amounts than
on cells treated with sHS. To further confirm the exposure of
calreticulin, the proteins of plasma membrane of HS-treated
cells were analyzed by a western blot. Calreticulin was enriched
on the cell surface 3 h after sHS treatment, whereas it was
retained in cytosolic/intracellular membranes fraction in con-
trol and mHS-treated cells (Fig. 2B). Intracellularly located ER-
sessile protein PERK or plasma membrane-located proteins
Her2/neu (A549) and CEA (OV90) were used as membrane
isolation controls. As shown in Fig. 2C, we observed that both
mHS and sHS induce the release of ATP from tumor cells 1 h
after HS treatment; however, only sHS displayed significant
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loss of intracellular ATP. Similarly, we detected HMGB1 release
in mHS-treated OV90, but profound release of HMGB1 in both
A549 and OV90 cancer cell lines 24 h after HS treatment
(Fig. 2D). These data suggest that only sHS treatment of cancer
cells induces typical molecular characteristics of ICD, described
for other ICD inducers.4,6,38 We compared sHS-mediated expo-
sure of calreticulin to an ICD inducer idarubicin39 and two
non-ICD inducers UV-B and cisplatin in both cell lines
(Fig. 2E and F). We show that HS induces faster and higher cal-
reticulin exposure in early apoptotic cells (AnnexinVCDAPI-)
over the course of 24 h when compared with idarubicin. The
percentage of dead cells was comparable between treatments
(Fig. 2E). Cisplatin, on the other hand, while inducing a similar
percentage of cell death after 24 h, did not induce calreticulin
exposure in cells similarly to UV-B treatment (Fig. 2F).

sHS treatment of human cancer cells induces intracellular
Ca2C release, ROS generation and ER stress response
leading to a cell death with apoptotic features

Intracellular Ca2C release, ROS generation and ER stress are
required for DAMPs release during ICD in tumor cells.40-43

Therefore, we further analyzed whether sHS treatment of
tumor cells induces intracellular Ca2C release, ER stress and
ROS production (Fig. 3). sHS but not mHS treatment of
both cancer cell lines triggered ROS production 3 h after
treatment (Fig. 3A). The sHS-mediated induction of ROS
could be only partly inhibited by L-glutathione (GSH) and
N-acetyl-L-cysteine (NAC), two well-established ROS scav-
engers, 3 h post-treatment (Fig. 3B). However, the reduction
of oxidative stress was not sufficient to diminish calreticulin
exposure or cell death of tumor cells induced by sHS. Both

heat treatments induced ER stress in tumor cells as docu-
mented by generation of a spliced XBP1, overexpression of
BiP and eIF2a phosphorylation (Fig. 3C). sHS induced
higher BiP expression than mHS treatment. Both
HS treatments also led to a cleavage of caspase-4; however,
only sHS treatment induced expression of proapoptotic
CHOP protein in A549 cells (Fig. 3C), a protein involved
in ER-mediated apoptotis. Only sHS treatment induced an
increase in intracellular Ca2C (Fig. 3D) and led to a
decrease in mitochondrial membrane potential (DCm)
(Fig. 3E) in both cell lines by the end of the sHS incubation
period (1 h HS D 0 h). The loss of mitochondrial functions
might be related to the action of Bax and Bak proteins as
there was a significant survival benefit in sHS-treated mouse
embryonic fibroblast (MEFs) lacking Bax/Bak proteins 3 h
after treatment (Fig. 3F). We further observed that sHS
treatment did not lead to caspase-8 and caspase-3 activation
in A549 cells (Fig. 3G), but to a rapid activation of caspase-
9, followed by a cleavage of caspase-6 and ¡7 and lamins.
The initial cleavage of caspase-7, but not caspase-6, was
also observed in mHS treated tumor cells. Pre-incubation of
A549 cells with caspase-9 inhibitor prevented the activation
of executioner caspases-6 and ¡7 immediately after 1 h of
sHS-treatment, which led to a survival benefit of sHS-
treated cells by 20% 6 h post-treatment (Fig. 3H). These
data point at the activation of intrinsic mitochondrial apo-
ptotic pathway as we also observed a rapid release of cyto-
chrome c from mitochondria 15 min after sHS treatment
(Fig. 3G). We also detected cleavage of a-fodrin, which sug-
gests the involvement of Ca2C-activated calpains in sHS-
induced cell death (Fig. 3G). In summary, these results
show that sHS, but not mHS induces cell death with apo-
ptotic features in human cancer cells.

Figure 1. Severe, but not mild heat shock treatment of human cancer cells induces cell death. (A, B) The viability of untreated A549 and OV90 cells and cells treated with
mHS (42�C, 1 h) or sHS (47�C, 1 h) followed by an incubation at 37�C for 0 h, 3 h, 6 h and 24 h. (C) Colony-forming assays were assessed after 10 d.
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Phagocytosis of sHS-treated tumor cells partially depends
on calreticulin and leads to a phenotypic maturation of DC
in vitro

We analyzed whether sHS-induced ICD of tumor cells
would impact on phagocytosis and functional characteristics
of DCs in vitro. mHS or sHS-treated tumor cells (1 h C
24 h, 37�C) were added to human MDDCs at ratio 1:5 and
incubated for additional 24 h. Fig. 4A shows that 70%
(A549) and 60% (OV90) of DCs phagocytosed sHS-treated
tumor cells, whereas only 20% of DCs phagocytosed mHS-
treated or control non-treated tumor cells. The phagocytosis

of sHS-treated cells was partially dependent on calreticulin
as sHS-treated MEFs (Calr¡/¡) were phagocytosed less than
sHS-treated MEFs wt (Fig. 4B). Interestingly, mHS-and
sHS-treated tumor cells induced a similar degree of expres-
sion of maturation markers CD80, CD86, CD83 and HLA-
DR on DCs as poly(I:C) (Fig. 4C). However, only poly(I:C)
stimulated TNF-a and IL-12p70 production from DCs. Nei-
ther poly(I:C) nor HS-treated tumor cells induced IL-10
(Fig. 4D). The capacity of HS-treated tumor cells to activate
DC maturation was cell contact dependent as separation of
HS-treated tumor cells and DC in a transwell system
completely prevented DC maturation (Fig. 4C).

Figure 2. sHS-treated tumor cells expose calreticulin, HSP70 and HSP90, decrease CD47 on the cell surface and release HMGB1 and ATP. A549 or OV90 cells were left
untreated or were treated with mHS (42�C, 1 h) or sHS (47�C, 1 h) followed by an incubation at 37�C for 6 h and 24 h. The exposure of HSP70, HSP90, calreticulin and the
decrease of CD47 on the cell surface was determined by flow cytometry from AnnVCDAPI¡ cells (A). (B) Immunoblot of calreticulin cell surface exposure 2.5 h after HT treat-
ment. The expression of PERK, CEA and Her2/neu are shown as controls of cellular and membrane fraction purity. (C) Intra- and extra-cellular levels of ATP 1 h after HS treat-
ment (D) HMGB1 release 24 h after HS treatment. Graphs represent means § SEM of n D 3–5 (� p < 0.05). Pictures and immunoblots are representative of n D 3–4.
Comparison of cell death (E) and calreticulin exposure (F) in A549 and OV90 cells induced by treatment with sHS, UV, idarubicin and cisplatin after 6 h and 24 h. Calreticulin
exposure was analyzed by flow cytometry from early (AnnVCDAPI¡) and late (AnnVCDAPIC) apoptotic cells (F). Graphs represent means§ SEM of nD 3 (�p< 0.05).
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DCs pulsed with sHS-treated tumor cells stimulated
antigen-specific CD4C T cells and induced higher CD8C T
cell activation and proliferation in vitro

T cell stimulatory capacity of DC pulsed with mHS or sHS-
treated tumor cells was tested in autologous antigen unspecific
system and autologous antigen-specific system using HS-
treated tumor cells that stably express influenza M1 protein as

a model antigen.37 DCs loaded with mHS or sHS-treated tumor
cells induced similarly high number of IFNg-producing CD8C

T cells (Fig. 5A) and MP158–66-specific CD8C T cells detected
by the tetramer staining (Fig. 5B) than unpulsed iDCs.
MP158–66-specific CD8C T cells displayed a memory pheno-
type. However, CD8C T cells induced by DC loaded with sHS-
killed tumor cells showed higher proliferation and activation
profile (Fig. 5C). Also, only these DCs stimulated IFNg-

Figure 3. sHS treatment of human cancer cells induces intracellular Ca2C release, ROS generation and ER stress response leading to a cell death with apoptotic features.
HS-induced (A, B) ROS generation after 3 h, (C) time course analyses of ER stress response, (D) intracellular Ca2C release and (E) the loss of mitochondrial potential after
HS treatment (1 h D 0 h) were analyzed. (F) Survival analyses of sHS-treated MEF wt and MEF Bax/Bak ¡/¡ cells. (G) Time course analyses of cleavage of caspases, lamin,
fodrin and cytochrome c release. (H) Flow cytometry analyses of sHS-treated A549 incubated with capase-9 inhibitor. Dotplots and immunoblots are representative of
n D 3–6. Graphs represent means § SEM of n D 3–5 (�p < 0.05).
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producing CD4C T cells that exhibited a high proliferative
activity (Fig. 5D). There was no induction of
CD4CCD25CFoxp3CCD127low T regulatory cells by DCs
loaded with either mHS- or sHS-killed tumor cells (Fig. 5E).
We next analyzed the content of tumor antigens. As shown in
Fig. 5E, the content of all tested tumor antigens increased in
both cell lines after HS treatment. However, in contrast to
mHS-treated cells, tumor antigen levels declined back to basal
levels of non-treated cells after sHS treatment.

sHS-treated tumor cells are immunogenic and elicit
prophylactic immunity in mice

To confirm our data on sHS-treated human tumor cells, we
exposed mouse tumor cells CT26 to mHS or sHS treatment
and analyzed the exposure of calreticulin, HSP70 and HSP90
and their capacity to induce maturation of BMDCs in vitro
(Fig. 6A–C). CT26 seems to be more sensitive to HS-induced
cell death than human tumor cells as 80% cells were already

dead after 6 h. In line with higher sensitivity of mouse cells to
heat treatment, we also observed a significant percentage of
dead cells (40%) 24 h after mHS treatment (Fig. 6A). However,
the exposure of calreticulin and HSP90 was detected only in
AnnVCDAPI¡ cells treated with sHS (Fig. 6B). HSP70 was
not detectable in sHS-treated tumor cells, but was strongly
induced by mHS treatment pointing at possible differences in
immunogenic molecules exposure/release in mouse tumor cells
under various HS conditions. In line with these data, we
observed a higher maturation of DC loaded with sHS-treated
tumor cells than DC loaded with mHS-treated tumor cells
(Fig. 6C). The immunogenicity of sHS-treated CT26 tumor
cells was tested in vivo in mouse colorectal cancer model in a
prophylactic setting and compared with a known ICD inducer
mitoxantrone.7 Mice were vaccinated with sHS- or mitoxan-
trone-treated CT26 cells at days 0 and 21 and challenged with
live CT26 at day 31. A significant tumor size reduction and a
survival benefit were observed after vaccination with sHS-
treated cells similarly to mice vaccinated with mitoxantrone-

Figure 4. Phagocytosis of sHS-treated tumor cells partially depends on calreticulin and leads to a phenotypic maturation of DC in vitro. (A, B) Untreated cells or cells
treated with mHS (42�C, 1 h) or sHS (47�C, 1 h) followed by incubation at 37�C for 24 h were incubated with DC for additional 24 h. Graphs show percentage of DAPI neg-
ative DiOCDiDC DCs and represent means § SEM of five donors or four mice (�p < 0.05). (C) The expression of maturation markers on DCs after 24 h in cultures where
DC C HS-treated tumor cells were co-incubated or where HS-treated cells were separated from DCs by a transwell. (D) IL-10, IL-12p70 and TNF-a production was deter-
mined from cell culture supernatants by ELISA after 24 h. The graphs are means § SEM of 6–8 donors (�p < 0.05).
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treated cells (Fig. 6D). The long-term survival of sHS-vacci-
nated mice after tumor cells challenge (more than 100 d) with-
out any signs of tumor growth was recorded in 3 out of 10
mice. The immunogenicity of mHS-treated cells in vivo was
not tested due to a high probability of cell growth at the site of
injection. This conclusion was made based on an in vitro col-
ony forming assay prepared from mHS-treated CT26 where a
high survival of mHS-treated cells in contrast to sHS-treated
cells was observed (Fig. 6E).

Discussion

Our data suggest that the immunogenicity ofmHS and sHS-treated
tumor cells might not share the same determinants. We showed
that sHS (47�C), but not mHS (42�C), induces cell death in human

cancer cells that display molecular characteristics of ICD described
for other ICD inducing agents38 such as the generation of ROS,
release of intracellular Ca2C and induction of integrated ER stress
response, exposure of calreticulin and HSP70 and HSP90, decrease
of cell surface CD47 expression and the release of ATP and
HMGB1. Severe HS treatment as an ICD inducer might be further
supported by the induction of prophylactic immunity by sHS-
treated cells in in vivo vaccination cancermodel.

The immunogenicity of tumor cells treated with mHS (42�C)
has been attributed to HS proteins mainly HSP7020,22. We showed
here that mHS treatment induces HSP70, as well as the release of
low amounts of other DAMPs such as ATP or HMGB1. We
detected activation of ER stress response proteins and caspase-4,
however, without detectable ROS generation and intracellular
Ca2C increase. The activation of caspase-4 might also account for

Figure 5. DCs pulsed with sHS-treated tumor cells stimulated antigen-specific CD4C T cells and induced higher CD8C T cell activation and proliferation. DCs incubated
with sHS or mHS-treated cells for 24 h were added to autologous T lymphocytes at ratio 1:10. The number of IFNg producing (A) CD8C and (D) CD4C T cells, proliferation
(Ki67) and activation (CD137) of (C) CD8C and (D) CD4C T cells was determined after 7 d after one round of restimulation. (B) The number of MP158–66-specific CD8

C T
cells was determined after 9 d. (E) Percentage of Foxp3CCD127low T regulatory cells from CD4CCD25C T cells. Dotplots are representative of 4–8 donors. Graph shows per-
centage of IFNgCCD8C T cells or IFNgCCD4C T cells from CD8C or CD4C T cells, respectively and represents means § SEM of 4–8 donors (�p < 0.05). (F) Immunoblot of
tumor antigens after HS treatment. Immunoblots are representative of n D 3.
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detected transient caspase-7 cleavage observed in mHS-treated
tumor cells44 as any other caspases were not cleaved. The low num-
ber of dead cells indicates that several stress-mitigating and anti-
apoptotic mechanisms were activated to counteract mHS effects.1

Furthermore, we observed that mHS-treated cells were not effi-
ciently phagocytosed by DCs, which might explain the lack of
CD4C T cell stimulatory capacity. As CD47 was present on the cell
surface of mHS-treated cells, this and also other “don’t eat me”
molecules are likely to account for the inefficient phagocytosis.14

On the other hand, mHS-treated cells similarly to sHS-treated cells
induced phenotypic DC maturation, which was dependent on the
cell–cell contact. However, in these experiments, we cannot exclude
the synergy between cell-bound molecules with soluble DAMPs in

theDCmaturation.45 DCs pulsedwithmHS- or sHS-treated tumor
cells similarly stimulated IFNg-producing CD8C T cells in vitro.
This might be explained by a release of sufficient amount of anti-
genic peptides bound to HSPs from mHS-treated tumor cells,
which are then cross-presented by DCs.46 Indeed, we confirmed
that HSP70 is secreted into cell culture supernatant (data not
shown). This also corresponds the observation that mHS increases
the expression of tumor antigens in tumor cell lines. This has been
previously shown on mRNA level for human melanoma cells.21

However, despite observed general immunogenicity and no induc-
tion of CD4CCD25CFoxp3CCD127low T regulatory cells, the lack
of cell death excludes the use of mHS for active cellular immuno-
therapy in cancer patients.

Figure 6. sHS-treated tumor cells are immunogenic and elicit prophylactic immunity in mice. (A, B) The viability of untreated CT26 cells and cells treated with mHS (42�C,
1 h) or sHS (47�C, 1 h) followed by an incubation at 37�C for 5 h and 24 h. (C) The exposure of HSP70, HSP90 and calreticulin was determined by flow cytometry from
AnnexinVCDAPI¡ cells. Graphs represent means § SEM of n D 3 (�p < 0.05). Dotplots are representative of n D 3. (D) Mice were vaccinated with sHS or mitoxantrone-
treated CT26 cells at days 0 and 21 and challenged with live CT26 at day 31. Tumor growth and survival was monitored in 10 mice per group. Three out of 10 mice were
considered long-term survivors after day 100. The results are representative of n D 3. (E) Colony-forming assays were assessed after 14 d.
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Most importantly, we showed here that the sHS-induced cell
death displays molecular features of ICD characterized by the gen-
eration of ROS, intracellular Ca2C release and induction of inte-
grated ER stress response, exposure of calreticulin and HSP70 and
HSP90, decrease of cell surface CD47 expression and the release of
ATP and HMGB1 as described for other agents.38 This is in line
with a few previous studies showing calreticulin and DAMPs
release under sHS in vitro,34,47 and in vivo.33 Since the exposure of
calreticulin was not prevented by ROS inhibition as described for
HHP,15 it can be speculated that sHS-induced molecular pathways
underlying DAMP secretion might exhibit different or possibly
unique regulatory features as also documented for various ICD
activating treatments.38 We observed rapid activation of intrinsic
apoptotic pathway involving the release of cytochrome c, cleavage
of caspase-9, ¡6 and-7, and activation of ER-mediated apoptotic
pathway.44,45 The sHS-induced cell death could be diminished by
caspase-9 inhibition but not by inhibition of ROS generation. This
suggests that caspase-9 plays an important, but not exclusive, role
in sHS-mediated cell death. Themajor point-of-no-return determi-
nants of the cell fate upon sHS treatment would be most likely
quick irreversible loss of mitochondrial potential depending on
Bax/Bak proteins and the rapid decline in ATP levels under such
severe stress concomitantly with the activation of multiple cell-
death executional pathways as described for various tumor cell
types treated with heat at various thermal dose.17 Interestingly,
there was no caspase-8 and ¡3 cleavage that might be connected
to the way how sHS changes membrane fluidics or acts on activity
of various membrane proteins, e.g., inactivation of receptor-medi-
ated signaling.1,16 The cleavage of a-fodrin points at the activation
of calpains by intracellular Ca2C.48-50 We also observed cleavage of
LC3 protein at later time points but no activation of RIP3 kinase
(data not shown). The involvement of autophagy51 or necroptosis52

to cell death was not further analyzed in this study.
Human DCs pulsed with sHS-killed tumor cells displayed

enhanced immunogenicity in vitro over DC pulsed with mHS-
treated tumor cells when analyzed for T-cell stimulation.
Despite similar number of IFNg-producing CD8C T cells,
CD8C T cells induced by DC pulsed with sHS-killed tumor cells
displayed higher activation and proliferation. We showed here
that antigen expressed in HS-treated tumor cells is presented to
antigen-specific CD8C T cells using specific MP158–66-HLA-
A�0201 tetramers. DCs pulsed with sHS-killed cells, similar to
DC loaded with mHS-treated cells, did not enhanced number
of CD4CCD25CFoxp3C T regulatory cells in vitro. The differ-
ence between sHS and mHS-treated tumor cells was in the
efficiency of phagocytosis by DCs. The phagocytosis of sHS-
treated cells was partly dependent on cell surface calreticulin
(30%), which suggests possible participation of other “eat-me”
molecules in this process. Only DCs pulsed with sHS-treated
cells stimulated CD4C T cells in vitro, which was most likely
connected to a high phagocytosis of sHS-treated cells and to
availability of tumor antigens. The importance of CD4C T cells
in severe HT-induced antitumor immunity was shown in the
study of Yu et al. using microwave thermal ablation in vivo
mouse cancer model.33 Whereas CD8C T cells were essential
for antitumor immunity induced by this treatment,33 the deple-
tion of CD4C T cells diminished the survival of immunized
mice by 40% in comparison to 100% without CD4C T-cell
depletion.33 Our data suggest that sHS treatment at 47�C of

human cancer cell lines A549 and OV90 might represent the
optimal condition to achieve high immunogenicity, high level
of tumor antigens and effective cell death, which is required by
the regulatory authorities to generate of active cellular cancer
immunotherapy. A critical association between the amount of
immunogenic signals, specifically calreticulin and HSP90, emit-
ted by dying cells and the clinical efficacy of DC-based vaccine
has been documented in indolent B-cell lymphoma patients.47

We have further shown that sHS-treated cells exposed
immunogenic DAMPs and induced DC maturation similarly
to human cell lines. sHS-treated cells induced protective mem-
ory antitumor immunity in mouse colorectal cancer model,
which was comparable to the vaccination with mitoxantrone-
treated tumor cells, a known ICD inducer.7 Such vaccination
assay is considered a gold-standard approach to test the ability
of a specific agent to induce ICD.38 Similar studies using high
temperature treatment such as magnetic HT in vivo docu-
mented the induction of long-lasting antitumor immunity and
the advantage of higher therapeutic temperatures (46–55�C)
over the mild HT (42–44�C).31,32 Although our findings sup-
port severe HS treatment in vitro as an ICD inducer, it remains
to be characterized in detail if severe HT-inducing techniques
in vivo such as radiofrequency ablation, magnetic HT, micro-
wave ablation or high intensity focused ultrasound induce ICD.
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