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ABSTRACT

ARTICLE HISTORY

High hydrostatic pressure (HHP) promotes key characteristics of immunogenic cell death (ICD), in thus far
resembling immunogenic chemotherapy and ionizing irradiation. Here, we demonstrate that cancer cells
succumbing to HHP induce CD4" and CD8* T cell-dependent protective immunity in vivo. Moreover, we
show that cell death induction by HHP relies on the overproduction of reactive oxygen species (ROS),
causing rapid establishment of the integrated stress response, elF2a phosphorylation by PERK, and
sequential caspase-2, —8 and —3 activation. Non-phosphorylatable elF2«, depletion of PERK, caspase-2 or
—8 compromised calreticulin exposure by cancer cells succumbing to HHP but could not inhibit death.
Interestingly, the phagocytosis of HHP-treated malignant cells by dendritic cells was suppressed by the
knockdown of caspase-2 in the former. Thus, caspase-2 mediates a key function in the interaction
between dying cancer cells and antigen presenting cells. Our results indicate that the
ROS— PERK— elF2a— caspase-2 signaling pathway is central for the perception of HHP-driven cell death
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Introduction

Conventional anticancer treatments including chemotherapy
and radiotherapy operate by inducing widespread cancer cell
death thereby helping in “debulking” of the tumor. It has been
long hypothesized that most anticancer therapies induce poorly
immunogenic or even tolerogenic cancer cell death." However,
accumulating evidence indicates that in response to certain
chemotherapeutics (e.g., anthracyclines, mitoxantrone, oxali-
platin, or bortezomib),>? ionizing irradiation,* oncolytic
viruses,”® and Hypericin-based photodynamic therapy (Hyp-
PDT),”® tumor cells can undergo an immunogenic form of
apoptosis called “immunogenic cell death” (ICD) inducing an
effective antitumor immune response in immunocompetent
mice compared with vaccination of immunodeficient mice.”"°
These findings demonstrate the important role of the immune
system in the efficacy of anticancer therapy.

The ICD is mediated largely by spatiotemporally defined
release or exposure of “danger signals” or damage-associated
molecular patterns (DAMPs) that can function as either adju-
vants or danger signals for the innate immune system' leading
to the induction of host protective anticancer immunity.'"'* Sev-
eral DAMPs have recently been associated with ICD, of which
surface exposure (ecto-) of the endoplasmic reticulum
(ER)-resident chaperone calreticulin (CALR) constitutes one of
the major checkpoints determining the immunogenicity of cell

death.'”>" Ecto-CALR is best characterized for its prominent
function as an “eat me” signal for CD91 positive cells (mostly
macrophages and dendritic cells) and stimulates antigen-
presenting cells, particularly DCs, to efficiently engulf dying cells,
process their antigens, and prime a specific immune response."*
Ecto-CALR’s importance for ICD is outlined by the fact that
its blockade (via CALR-neutralizing antibodies), depletion of
CALR with small interfering RNAs (siRNAs) or depletion/inhi-
bition of danger signaling pathway components mediating
ecto-CALR exposure, abolishes the immunogenicity of ICD in
multiple tumor models.*”'"'>"> CALR translocates from the
ER lumen to the cell surface after treatment with various ICD
inducers, before the cell manifests signs of programmed cell
death.'® Rapid, pre-apoptotic ecto-CALR is potently triggered
by chemotherapeutics and physicochemical modalities such as
Hyp-PDT, which induce the production of reactive oxygen spe-
cies (ROS) and ER stress response (concomitant or sequen-
tial).'” Of note, both ROS and ER stress “modules” are required
for efficient danger signaling and ICD such that the absence of
either compromises immunogenicity.”'” For instance, scaveng-
ing of ROS by antioxidants abolishes ecto-CALR induced by
anthracyclines'” and Hyp-PDT."® Similarly, ER stress response
also plays an important role in mediating CALR exposure.
However depending on the ICD inducer, ecto-CALR mediating
signaling components can be subdivided into either “core
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components” (i.e., signaling components shared by all ICD
inducers for ecto-CALR exposure) or “private components”
(i.e., signaling components specific to certain ICD inducers)."
Here, in the case of chemotherapy, ER stress response consist-
ing of the ER stress sensor, PERK (protein kinase R (PKR)-like
endoplasmic reticulum kinase)-induced phosphorylation of
eukaryotic translation initiation factor, eIF2«, both, playing an
important role in ecto-CALR exposure.'® Ecto-CALR exposure
in response to chemotherapy requires downstream of ER stress,
caspase-8-mediated cleavage of the ER-resident protein,
BAP31, and conformational activation of Bax and Bak.'> How-
ever, the Hyp-PDT pathway differs markedly, such that only
PERK and Bax/Bak are required for ecto-CALR exposure.”
Thus, based on these observations, although PERK and Bax/
Bak represent the “core signaling components” mediating ecto-
CALR for both chemotherapy and Hyp-PDT, eIlF2« phosphor-
ylation, caspase-8 and BAP31 represent the “private signaling
components” only applicable to chemotherapy-induced ecto-
CALR. However, in absence of analysis for other ICD inducers,
it is not yet known whether such a subdivision of danger signal-
ing components is consistently applicable to other contexts and
whether additional as-yet-undiscovered “private signaling com-
ponents” mediating ecto-CALR, exist.' We previously
described a novel physical modality, high hydrostatic pressure
(HHP), inducing ICD in a wide spectrum of primary human
tumor cells and human cancer cell lines.”>*' The early danger
signaling pathways activated by HHP in cancer cells are
completely unknown. Therefore, we decided to investigate the
signaling events associated with the ICD induced by HHP
treatment and compare them with known pathways triggered
by immunogenic chemotherapy or Hyp-PDT.”'?

Materials and methods
Mice

Female BALB/c and male C57BL/6 (B6) mice were obtained
from the animal facility of the Institute of Physiology (Acad-
emy of Sciences of the Czech Republic), 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 Animal Welfare Com-
mittee at the Institute of Microbiology of ASCR, v.v.i.

Treatment of CT26 colon carcinoma and LL2 lung
carcinoma in vivo

BALB/c (CT26 carcinoma) or B6 (LL2 carcinoma) mice were s.c.
injected into lower left flank with 5 x 10° HHP-treated CT26 or
LL2 cells in 200 uL of PBS on days 0 and 21, respectively. Control
mice were injected with the same volume of PBS. Mice were then
s.c. injected into lower right flank with 10° live CT26 cells or LL2
cells in 100 pL of PBS on day 31. 250 ug of depleting anti-CD4*
(clone GK1.5, BioXcell) and/or anti-CD8" (clone 53-6.72, Bio-
Xcell) mAbs were injected i.p. and control mice were injected with
the same volume (250 L) of PBS. Mice surviving day 130 without
any signs of tumor were considered as long-term survivors (LTS).
Tumor size was measured every 2—4 d by caliper. A total of 10

mice per group were used in the experiments. Every experiment
was repeated twice with the similar results.

Cell lines

All cell lines were purchased from American Type Culture Col-
lection (Manassas, VA, USA). Ovarian cancer cell line OV-90
(ATCC) and mouse colon adenocarcinoma CT26 cell lines
were cultured in RPMI 1640 (Gibco) supplemented with 10%
heat-inactivated FBS (PAA), 2 mM GlutaMAX I CTS (Gibco)
and 100 U/mL penicillin + 100 pg/mL streptomycin (Gibco).
MEF-wild type (WT) and Bax /~Bak ", a kind gift of Dr. G.
Kroemer (INSERM U848, Institut Gustave Roussy, France).
MEF cells expressing normal elF2«x (WT) or a non-phosphor-
ylable mutant heterozygously (S51A knock-in mutation) were
kindly provided by Dr. R.L. Rasor, University of Michigan.
MEF and LL2 cell lines were cultured in DMEM medium
(Sigma Aldrich) supplemented with 10% heat-inactivated FBS
(PAA), 2 mM GlutaMAX I CTS (Gibco), and 100 U/mL peni-
cillin 4+ 100 pg/mL streptomycin (Gibco).

Antibodies and reagents

Antibodies against phospho-elF2c (Ser51), elF2«, phospho-
PERK, PERK, caspase-3, caspase-8, caspase-2, CHOP, Bax, Bak
(Cell Signaling Technology, Inc.), and GAPDH (GeneTex)
were used. Secondary anti-rabbit and anti-mouse antibodies
conjugated to horseradish peroxidase (Jackson ImmunoRe-
search Laboratories) were also used.

Anti-calreticulin antibodies were purchased from Enzo Life
Sciences and Abcam. The chicken polyclonal antibody against
calreticulin was purchased from ThermoFisher Scientific. Anti-
mouse DyLight 649- and anti-rabbit Alexa Fluor 647-conju-
gated secondary antibodies were purchased from Jackson
ImmunoResearch Laboratories, Molecular Probes, and Cell Sig-
naling, respectively. The chicken IgY isotype control antibody
was from GeneTex. Cell death was assessed by Annexin V-
PerCP-eFluor 710 (eBioscience) and DAPI (Molecular Probes)
staining. For phagocytosis, the dendritic cells and tumor cells
were stained with Vybrant® DiO and Vybrant® DiD cell label-
ing solutions (Molecular Probes), respectively.

CellRox orange reagent (Molecular Probes) was used for the
detection of ROS production. N-acetyl-L-cysteine (NAC;
5 mM) and reduced L-glutathione (GSH; 5 mM) from Sigma
Aldrich were used as ROS inhibitors. NAC and GSH were pre-
pared at 5 mM concentration in complete media followed by
pH adjustment to pH 7.3-7.4. Idarubicin hydrochloride and
thapsigargin were from Sigma Aldrich.

Generation of shRNA stable clones of OV-90 cells

For knockdown experiments, cells were stably transfected using
Scramble sequences (SHC001V; SHC002V) or shRNA transduc-
tion particles expressing siRNA against target genes. Sequences
of the shRNAs are provided in Table S1. Transfection was per-
formed according to the manufacturer’s instructions (Mission®
pLKO.1-puro lentiviral particles, Sigma Aldrich). Cells were
seeded at 5 x 10’ in 96-well plates, and infected with a



multiplicity of infection of Puromycine (1 pg/mL, Sigma
Aldrich) selected infected cells.

siRNA transfection of CT26 cells

A total of 1 x 10° OV-90 or CT26 cells per well were plated in
six-well plates and allowed to reach 50% confluence on the day
of transfection. siRNA specific for mouse PERK (ON-TARGET
plus Mouse Eif2ak3 siRNA SMART pool L-044901-00-0010),
human PERK (ON-TARGET plus Human Eif2ak3 siRNA
SMART pool L-004883-00-0010), human caspase-2 (ON-TAR-
GET plus Human CASP2 siRNA SMART pool L-003465-00-
0010, mouse caspase-8 (ON-TARGET plus Mouse Casp8
siRNA SMART pool L-043044-00-0010) and an unrelated con-
trol (ON-TARGET plus Non-targeting pool D-001810-10-05)
were purchased from Dharmacon. Cells were transfected with
siRNA at a final concentration of 25 nM using Lipofectamine®
RNAiIMAX Transfection Reagent (Invitrogen) according to the
manufacturer’s instructions. Knockdown of PERK, caspase-8,
and caspase-2 was confirmed by western blotting.

Induction of cell death

Tumor cell death was induced by UV-B (312 nm), idarubicin or
HHP. UV-B irradiated and idarubicin treated (37 uM for
human OV-90 cells and 18.5 uM for mouse MEF and CT26
cells) tumor cells were used as a negative and positive control,
respectively. Cells were treated by value of HHP 250 MPa
(OV-90 cells), 175 MPa (CT26 and LL2), and 150 MPa (MEF
and CT26 cells) for 10 min in the custom made service (Resato
International BV, Netherlands). A total of 1x10° UV-B irradi-
ated (7.6 J/cm®), idarubicin or HHP treated cells per well were
plated in 24-well plates, cultured for 1, 2, 6, and 24 h at 37 °C
under 5% CO,, and used for subsequent experiments.

Flow cytometric analysis of apoptosis and cell surface
CALR expression

Briefly, 2 x 10° cells per sample were collected and washed in
PBS. The cells were then incubated for 30 min with primary
anti-CALR antibody diluted in PBS, followed by washing and
incubation with DyLight 649- or Alexa Fluor 647-conjugated
secondary antibody. For cell death assessment, the cells were
washed with PBS and resuspended in an incubation buffer con-
taining Annexin V-PerCP-eFluor 710 (eBioscience). The samples
were kept in the dark and incubated for 15 min prior to the
addition of DAPI (Molecular Probes) and subsequent analysis
on LSRFortessa (BD Biosciences) using FlowJo software (Tree
Star). The cell surface expression of CALR was analyzed only on
non-permeabilized Annexin®/DAPI™ cells. Annexin™/DAPI*
and Annexin /DAPI" cells were excluded from analysis.

Preparation of cell extracts and immunoblotting analysis

Cell extracts were prepared at the indicated time points follow-
ing UV-B irradiation, idarubicin, or HHP treatment. The cells
were washed with ice-cold PBS and lysed on ice in RIPA buffer
(10 mM Tris pH 7.5, 150 mM NaCl, 5 mM EDTA, and 1%
Triton X-100) with a protease inhibitor cocktail (Roche
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Diagnostics) and 1 mM PMSF (phenylmethylsulfonyl fluoride)
or in sample buffer (300 mM Tris pH 6.8, 5% SDS, 50% Glyc-
erol, 360 mM p-Mercaptoethanol, and 0.05% Bromophenol
blue). Proteins were separated by 12% SDS-PAGE and trans-
ferred to nitrocellulose membranes (Bio-Rad).

The membranes were blocked in 5% nonfat dry milk in
TBST buffer (50 mM Tris, 150 mM NaCl, and 0.05% Tween
20) for 1 h at room temperature and incubated with primary
antibody overnight at 4 °C. Then, the membranes were washed
in TBST and incubated for 1 h at room temperature with horse-
radish peroxidase-conjugated secondary antibodies. Detection
was performed with the enhanced chemiluminescence (ECL)
detection system. Equal protein loading was ensured with a
BCA assay, verified by an analysis of Ponceau-S staining
of the membrane and GAPDH reprobing.

Generation of immature dendritic cells

Peripheral blood mononuclear cells (PBMCs) were isolated
from buffy coats of healthy donors by Ficoll-Paque PLUS gradi-
ent centrifugation (GE Healthcare) and CD14" cells were
isolated by EasySep Human CDI14 positive selection kit
(STEMCELL Technologies). CD14™ cells were subsequently
cultured for 5 d in RPMI 1640 (Gibco) supplemented with 10%
heat-inactivated FBS (PAA), 2 mM GlutaMAX I CTS (Gibco),
and 100 U/mL penicillin + 100 pug/mL streptomycin (Gibco)
in the presence of GM-CSF (Gentaur) at a concentration of
500 U/mL and 20 ng/mL of IL-4 (Gentaur).

Uptake of dying tumor cells by dendritic cells

For flow cytometry analysis of phagocytosis, OV-90 cells were
harvested and labeled with Vybrant® DiD cell labeling solution
(Molecular Probes). A fraction of tumor cells was labeled with
Vybrant® Dil cell labeling solution (Molecular Probes) and
used for fluorescent microscopy analysis. Stained OV-90 cells
were treated by HHP, plated in 24-well plates at a concentra-
tion of 1 x 10° cells/mL and cultured for 6 h at 37 °C under 5%
CO, before use. To prepare UVB-irradiated cells, stained OV-
90 cells were seeded in RPMI 1640 (Gibco) supplemented with
10% heat-inactivated FBS (PAA), 2 mM GlutaMAX I CTS
(Gibco), and 100 U/mL penicillin 4+ 100 pug/mL streptomycin
(Gibco) in 24-well plates at a concentration of 1 x 10° cells/mL
and subjected to a 312 nm UV-B-irradiation for 10 min to
induce apoptosis. Cells were then incubated for 24 h at 37 °C
with 5% CO, before use. OV-90 cells treated by idarubicin
(37 M) were also used after 24 h of culture in the presence of
chemotherapeutic agent. To determine the uptake of killed
tumor cells by dendritic cells, immature dendritic cells were
stained with Vybrant® DiO cell labeling solution (Invitrogen)
and co-cultured with OV-90 cells at a cell ratio of 5:1 in Nun-
clon U-bottom 96-well plates (Nunc) for 3 h at 37 °C under 5%
CO,. The cells were extensively washed prior to feeding to den-
dritic cells. Parallel control cultures were set up on ice to evalu-
ate the passive transfer of dye or labeled tumor fragments to
dendritic cells. The phagocytic ability of dendritic cells was
evaluated by flow cytometry and fluorescent microscopy.
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Immunofiluorescence

Phagocytosis detection

A suspension of Vybrant® DiO labeled dendritic cells and
Vybrant® Dil labeled UV-B irradiated, idarubicin or HHP
treated OV-90 cells was washed in PBS and the cells were fixed
with 4% paraformaldehyde (Serva) for 20 min. After washing
with PBS, the cells were mounted on slides with ProLong Gold
antifade reagent (Molecular Probes) using StatSpin Cytofuge
(Iris Sample Processing, Westwood, MA). The slides were ana-
lyzed by a fluorescence microscope Leica DMI6000 B.

ROS detection

For the detection of ROS activity, cells were stained with CellRox
orange reagent (Molecular Probes) before HHP treatment. After
the treatment, cells were washed twice with culture medium and
fixed in 4% paraformaldehyde for 5 min and mounted on slides.

Statistical analysis

Results are shown as mean values of at least three independent
experiments and standard deviation ( &+ SD) represented by
bars. The significance of differences was estimated by Student’s
unpaired or paired two-tailed ¢ test using GraphPad Prism
6 (GraphPad Software, Inc.). Values *p < 0.05, *p < 0.01,

p < 0.001 represent the level of significance (p < 0.05 was
considered significant).

Results

HHP-treated cancer cells are immunogenic and induce
CD4" and CD8™" T cell-dependent immunity in mice

To test whether HHP-treated cancer cells are immunogenic in
vivo, we have exposed CT26 and LL2 cells to 175 MPa and
used such treated cells for immunization of BALB/c and B6
mice, respectively. Mice were immunized with two doses of
HHP-treated cancer cells 3 weeks apart and immunized mice
were challenged with live tumor cells about 10 d after last
immunization (Fig. 1A). Both CT26 and LL2 tumor cells
treated with HHP elicited protective immunity in experimental
mice (Fig. 1B and D) since immunized mice showed slower
growth of tumors and shift in the survival curves
(Fig. 1C and E). The resistance to the given challenge of tumor
cells was recorded only in the CT26 model as 3 out of 10 mice
survived more than 150 d without any signs of tumor growth.
Further, we decided to investigate if the antitumor immunity
induced by HHP-treated cancer cells is T-cell-dependent and
address the importance of CD4* or CD8" T cells populations
in immunization experiments. Antitumor immunity induced
by HHP-treated CT26 cancer cells is clearly T-cell-dependent
as depletion of both CD4" and CD8™ T cells almost completely
eliminated the immunity elicited by HHP-treated CT26 cells
(Fig. 1F and G). Depletion of either CD4" or CD8" T cells
dampened the antitumor immunity to certain extend; however,
CD8* T cells seems to be more important than CD4™ T cells
although both participate in antitumor immunity induced by
HHP-treated cancer cells.

ROS generation in response to HHP treatment elicits
pro-danger and pro-death signals

ROS production and ER stress have been characterized as
major proximal pre-requisites for ecto-CALR induction in
anthracyclines and Hyp-PDT-induced immunogenic apoptosis.
HHP triggered vast ROS production in human ovarian cancer
cell line (OV-90) shortly after the treatment (Fig. 2A and B).
Moreover, N-acetyl-L-cysteine (NAC) and reduced L-glutathi-
one (GSH), two well-established ROS scavengers, partly
reduced the HHP-induced ROS production (Fig. 2A and B).

HHP-treated cancer cells seemed to undergo rapid cell death
(Fig. S1A) which was largely dependent on oxidative stress
since suppression of ROS production by NAC/GSH antioxi-
dants significantly reduced cell death in this set-up (Fig. S1A).
We then decided to analyze the impact of HHP-mediated ROS
on ICD associated danger-signaling events, including the eIF2c
phosphorylation and caspase signaling arms, which are known
to regulate the surface exposure of the major immunogenic eat-
me signal ecto-CALR."

Immunoblotting of OV-90 cell lysates collected immediately
after HHP treatment (0 h) showed an early induction of P-elF2«
and of caspase-2 cleavage, followed by caspase-8 and —3 cleavage
2 h post-HHP. Pretreatment of OV-90 cells with the ROS scav-
engers, and especially with NAC, blunted the fast induction of
phosphorylated elF2« and caspase-2 processing, and later cas-
pase-signaling events as well (Fig. 2C). Moreover, reduction of
ROS levels in HHP-treated cells, caused a partial but significant
reduction of ecto-CALR (Fig. 2D) (especially 2 h post-treatment).
Of note, ecto-CALR was analyzed only on DAPI™ cells (i.e., resid-
ual cells that managed to survive the HHP-insult) to exclude intra-
cellular CALR in permeabilized cells (DAPI™) by flow cytometry
(Fig. S1B). These findings suggest that HHP-induced ROS produc-
tion contributes to the early induction of pro-danger signals and
the rapid evolution of cell death.

Integrated stress response participates in HHP-induced
CALR surface exposure

To further characterize the relevance of the early pro-danger
signal activated by HHP treatment, we decided to validate and
compare the results obtained in OV-90 cells in the colon carci-
noma CT26 cell line. We also compared the ICD signature eli-
cited by HHP to that of the more characterized idarubicin. We
initially focused on the role of the apical PERK-P-elF2« axis,
since P-elF2« pathway was one of the earliest signaling event
observed in HHP treated cells and PERK-P-elF2« is considered
an apical danger module during ICD."

Similarly to what found in OV-90 cells, in CT26 cells HHP
induced molecular signatures of ER stress and/or integrated
stress response (ISR) such as rapid PERK and elF2« phosphor-
ylation however in absence of CHOP induction (Fig. 3A).

To elucidate the role of PERK phosphorylation evoked by
HHP treatment, we performed a set of additional experiments
with OV-90 cells with shRNA-based stable knockdown of
PERK (OV-90 shPERK—we used clone 1399 in which PERK
was near-to-completely depleted (Fig. S1C). These cells had
slightly reduced capacity to phosphorylate elF2oc upon UV-B,
HHP and idarubicin treatment (1-6 h post-treatment)
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Figure 1. High hydrostatic pressure (HHP)-treated cancer cells elicit T-cell-dependent antitumor immunity. BALB/c mice were s.c. injected into lower left flank with
5 x 10° HHP-treated CT26 cells in 200 L of PBS on days 0 and 21. Control mice were injected with the same volume of PBS. Mice were than s.c. injected into lower right
flank with 10° live CT26 cells in 100 uL of PBS on day 31 (A). Growth of the tumors (B) and survival of mice (C) were recorded. The same experiment was performed in
LL2 cell line growing in B6 mice (D, E). BALB/c mice s.c. injected with HHP-treated CT26 cells were also i.p. injected with either 250 11g of anti-CD4™" mAb, anti-CD8" mAb
or both in 250 L of PBS on day 28 (F, G). Significant differences are shown ("p < 0.05, ***p < 0.001).

(Fig. 3B). Moreover, knockdown of PERK reduced the cleavage
of pro-caspase-2 (Fig. 3C). On the contrary, we did not observe
any effect of caspase-2 knockdown on elF2a phosphorylation
(Fig. 3D). These results were also confirmed in OV-90 in which
PERK or caspase-2 was depleted by using siRNAs (Fig. 3E) and
suggest that PERK activity could be upstream of pro-caspase-2
cleavage following HHP treatment.

Unlike ROS production, these molecular events (i.e., ER
stress/ISR or caspase activation) did not contribute toward
HHP-induced cell death per se since strategies that ablated

PERK or caspases (—2, —3, —8) expression (e.g., via siRNA-
mediated knockdown of gene expression or by gene deletion)
or the ability of eIF2« to get phosphorylated, did not impede
HHP-induced cell death (Figs. S1D-F, S2D-F, and S3A),
thereby, establishing these events as bystanders to cell death in
the current setting.

It has been previously documented by Panaretakis et al.,
that following treatment with anthracyclines, ER stress asso-
ciated events acting as bystanders to cell death (i.e., activa-
tion of the PERK-elF2a¢ arm) mediated ecto-CALR
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Figure 2. HHP induces the ROS production playing role in CALR surface exposure. Analysis of ROS production using CellRox orange reagent staining in HHP treated OV-90
cells in the presence or absence of N-acetyl-L-cysteine (NAC; 5 mM) and reduced L-glutathione (GSH; 5 mM) 1 h after treatment. Cells were analyzed by immunofluores-
cence (A) and flow cytometry (B). Scale bar: 20 wm. Data are presented as the mean £ SD for three independent experiments. Significant differences are shown
(*p < 0.05). (C) Kinetics of the pro-caspase-2, —3, —8 cleavage and elF2a phosphorylation in OV-90 cells pretreated with ROS scavenger NAC after 0 and 2 h after HHP
application was analyzed by western blotting. The activity of elF2« was determined by a phospho-specific antibody, and then the membranes were reprobed with anti-
bodies against total elF2c. Equal protein loading was demonstrated by GAPDH reprobing. Experiments were performed in triplicate. (D) CALR surface exposure in HHP
treated OV-90 cells pretreated with ROS scavengers (NAC, GSH) using flow cytometry at 1 and 2 h after treatment. Data are presented as the mean + SD for three inde-

pendent experiments. Significant differences are shown (*p < 0.05, “p < 0.01).

induction.”” Therefore, we decided to ascertain the impor-
tance of the above events in regulating HHP-induced ecto-
CALR. For this, we used three different types of “modified”
cancer cells, OV-90 shPERK cells, CT26 in which PERK was
depleted by transient transfection with specific siRNA
against mouse PERK (CT26 siRNA PERK) and mice embry-
onic fibroblasts (MEF) cells in which the wild-type (WT)
elF2a was replaced heterozygously with a non-phosphorylat-
able S51A mutant (MEF elF2a S51A).

Importantly, PERK knockdown reduced the early ecto-
CALR induced by HHP (especially at 1-2 h post-treatment)
(Fig. 3F). UV-B irradiation, a non-ICD inducer, did not induce
CALR and there was no significant difference between UV-B
treated OV-90 control and OV-90 shPERK cells (Fig. 3F).
These data were substantiated in CT26 siRNA PERK cells
(Fig. 3G).

We also found out that not only ROS and PERK, but also
elF2a plays a role in ecto-CALR exposure, as MEF cells in
which WT elF2« has been replaced by the non-phosphorylable
S51A mutant (Fig. S1G) exhibited lower capacity to expose
early ecto-CALR in response to HHP (Fig. 3H).

These data together suggest that HHP elicits a high degree of
oxidative stress leading to a stress response involving ROS pro-
duction, PERK and elF2«a phosphorylation which tend to be
involved in HHP-induced ecto-CALR.

Caspase-8 contributes to CALR surface exposure induced
by HHP

The pathways involved in ER stress-associated molecular
mechanisms behind pre-apoptotic ecto-CALR induction are
governed by a caspase-module involving an ER-proximal cas-
pase-8 and Bax/Bak activation.'” In accordance with published
results, we next decided to assess the importance of caspase-8
in CALR induced by HHP; for which we conducted a set of
experiments on OV-90 cells with caspase-8 knockdown (OV-
90 shcaspase-8—we used clone 75 in which caspase-8 was
appreciably depleted by using shRNA; Fig. S2A) and on CT26
cells transiently transfected with specific siRNA against mouse
caspase-8 (CT26 siRNA caspase-8; Fig. S2B). We observed pro-
caspase-8 cleavage 2 h after HHP treatment (Fig. 4A). OV-90
shcaspase-8 expressing cells, upon HHP treatment, exhibited
reduced capacity to cleave pro-caspase-3 (at 1, 2, and 6 h, post-
treatment) but we observed only slight reduction in cleavage of
pro-caspase-2 1 h after HHP treatment (Fig. 4A).

Of note, caspase-8 knockdown led to a small but significant
reduction in ecto-CALR after HHP treatment (Fig. 4B) and
similar results were obtained for CT26 siRNA caspase-8
(Fig. 4C). On the other hand we did not observe any reduction
in ecto-CALR in either of these cells upon idarubicin treatment
(Fig. S2E and F).
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Figure 3. HHP induces ER stress (PERK and elF2a phosphorylation) involved in CALR surface exposure. (A) Kinetics of the PERK and elF2« phosphorylation and CHOP acti-
vation in CT26 cells 1, 2, and 6 h after HHP treatment. Thapsigargin was used as a positive control. Equal protein loading was demonstrated by GAPDH reprobing.
(B) Western blot analysis of elF2a: phosphorylation kinetics in OV-90 control and OV-90 shPERK cells 1, 2, and 6 h after UV-B, HHP, and idarubicin treatment. The activity
of elF2«c was determined by a phospho-specific antibody, and then the membranes were reprobed with antibody against total elF2«. Equal protein loading was demon-
strated by using GAPDH as a loading control. Experiments were performed in triplicate. (C) Western blot analysis of pro-caspase-2 cleavage in non-transfected OV-90 cells,
SCR, and shPERK cells. PERK knockdown was verified by western blotting. Equal protein loading was demonstrated by using GAPDH as loading control. (D) Western blot
analysis of elF2«x phosphorylation and pro-caspase-2 cleavage in non-transfected OV-90 cells, SCR and shcaspase-2 cells 2 h after HHP treatment. Caspase-2 knockdown
was verified by western blotting. Equal protein loading was demonstrated by using GAPDH as loading control. (E) OV-90 cells were transfected with siRNA against cas-
pase-2 and PERK. Knockout was verified by western blotting. The activity of elF2« was determined by a phospho-specific antibody and the membranes were reprobed
with antibody against total elF2«. Equal protein loading was demonstrated by using GAPDH as a loading control. (F) CALR surface exposure was measured in untreated,
UV-B and HHP treated OV-90 shPERK and OV-90 control cells after 1, 2, and 6 h by flow cytometry. The data show the compiled results (mean + SD)
of three independent experiments. Significant differences are shown (*p < 0.05, *p < 0.01). (G) Detection of surface CALR exposure in untreated, UV-B irradiated and
HHP treated CT26 control and CT26 siRNA PERK cells at 1, 2, and 6 h post-treatment using flow cytometry. The data show the compiled results (mean £ SD)
of three independent experiments. Significant differences are shown (*p < 0.05, *p < 0.01). (H) CALR surface exposure in untreated, UV-B irradiated and HHP treated

MEF WT and elF2« S51A cells at 1, 2, and 6 h after treatment was measured by flow cytometry. Data are presented as the mean =+ SD for three independent experiments.
Significant differences are shown (“p < 0.05, **p < 0.01).

Next, we also decided to ascertain the role of Bax and Bak in  Bax '~/Bak '~; Fig. S3B). We found that Bax/Bak deficiency
ecto-CALR exposure induced by HHP; since downstream of did not affect CALR exposure induced by HHP (Fig. 4D). Simi-
caspase-8, Bax/Bak have been found to be crucial for anthracy- larly, knockdown of caspase-3, an executioner caspase, did not
cline-induced ecto-CALR.">'® For addressing this, we used block the translocation of CALR to the cell surface of HHP-
MEF cells with Bax and Bak double knockout phenotype (MEF  treated tumor cells (Fig. S2C).
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Figure 4. Caspase-8 knockdown reduces CALR exposure induced by HHP. (A) The

kinetics of pro-caspase-8, pro-caspase-3 and pro-caspase-2 cleavage in OV-90 control

and OV-90 shcaspase-8 cells 1, 2, and 6 h after UV-B, HHP, or idarubicin treatment was analyzed by western blotting. Caspase-8 knockdown was verified by western blot-
ting and equal protein loading was demonstrated by using GAPDH as a loading control. Experiments were performed in triplicate. (B) CALR surface exposure was mea-

sured in OV-90 control and OV-90 shcaspase-8 cells 1, 2, and 6 h after UV-B or

HHP treatment by flow cytometry. Data are presented as the mean =+ SD for three

independent experiments. Significant differences are shown (*p < 0.05, **p < 0.01). (c) CALR surface exposure in UV-B or HHP treated CT26 control and CT26 siRNA cas-
pase-8 cells at 1, 2, and 6 h post-treatment was analyzed by flow cytometry. The data show the compiled results (mean =+ SD) of three independent experiments. Signifi-
cant differences are shown (*p < 0.05, **p < 0.01). (d) CALR surface detection in UV-B or HHP treated MEF Bax/~/Bak '~ cells at 1, 2, and 6 h post-treatment using flow
cytometry. Relevant control cells (MEF WT) were included in the experiments. Data are presented as the mean =+ SD for three independent experiments. Significant differ-

ences are shown ("p < 0.05, ”p < 0.01).

In contrast, cells lacking Bax/Bak showed compromised
ability to expose CALR on the surface in response to idarubicin
24 h post-treatment (Fig. S3B). In the case of UV-B irradiation,
we did not observe differences in CALR expression between rel-
evant controls and MEF Bax /" /Bak '~ cells (Fig. 4D).

In conclusion, HHP causes pro-caspase-8 cleavage which to
a small extent participates in ecto-CALR induction following
HHP treatment. On the other hand, surprisingly, Bax and Bak
were found to be dispensable for HHP-induced CALR
trafficking.

Caspase-2 is involved in CALR surface exposure in HHP
treated cancer cells

Recent studies have shown that cellular stress responses can
induce caspase-2 activation.”””** For this reason, we also investi-
gated a potential role of this caspase in HHP-induced ecto-CALR.

To confirm a role of caspase-2, a stable OV-90 clone
expressing a caspase-2 small hairpin (shRNA) in which cas-
pase-2 was significantly depleted (clone 06 in Fig. S3A) was
prepared. We observed cleavage of pro-caspase-2 in OV-90
cells 1 h after HHP treatment (Fig. 5A). Our data suggest that
caspase-2 processing could be an upstream event that precedes
caspase-8 processing.

Caspase-2 was also activated in OV-90 cells upon idarubicin
and UV-B treatment. Furthermore, OV-90 shcaspase-2 expressing
cells had reduced capacity to cleave caspase-3 (6 h) upon idarubi-
cin treatment and these cells exhibited decreased cleavage of pro-
caspase-8 (at 2 and 6 h) after UV-B irradiation (Fig. 5A).

Next, we analyzed the role of caspase-2 in ecto-CALR expo-
sure induced by HHP. The involvement of caspase-2 in this
process was demonstrated by relatively lower capacity of OV-
90 shcaspase-2 cells to expose CALR in response to HHP treat-
ment (Fig. 5B). On the contrary, caspase-2 knockdown had no
effect on CALR induced by idarubicin (Fig. S3A). The kinetics
of cell death of OV-90 shcaspase-2 cells was similar to control
cells upon HHP, idarubicin and also UV-B treatment
(Fig. S3A).

Taken together, our results indicate that caspase-2 plays a
role in HHP-mediated ecto-CALR exposure.

CALR on HHP treated cells is important for phagocytosis by
dendritic cells

Considering the established role of ecto-CALR as an “eat me”
signal,”® we further investigated the possible effect of ecto-
CALR on phagocytosis of HHP treated tumor cells by dendritic
cells, an important antigen-presenting cells of the innate
immune system.*® For this purpose, we used specific antibody
to block CALR'® and we also investigated the interaction of
dendritic cells with OV-90 shPERK, shcaspase-8 and shcas-
pase-2 expressing cells which had lower capacity to expose
CALR (depending upon the signaling molecule, i.e., caspases-2
shRNA > PERK shRNA > caspases-8 shRNA) after HHP
treatment (Figs. 3F, 4B, and 5B). In general, HHP treated can-
cer cells were phagocytosed faster and to a greater extent than
tumor cells killed by UV-B or by idarubicin. After 3 h, the rate
of phagocytosis of HHP treated cancer cells was 2.5-fold higher
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Figure 5. Caspase-2 is involved in the CALR cell surface exposure induced by HHP.

(A) The kinetics of pro-caspase-8, pro-caspase-3, and pro-caspase-2 cleavage upon

UV-B, HHP, or idarubicin treatment in OV-90 control and OV-90 shcaspase-2 cells at the indicated time points (1, 2, and 6 h). Caspase-2 knockdown was verified by west-
ern blotting and equal protein loading was demonstrated by using GAPDH as a loading control. Experiments were performed in triplicate. (B) CALR surface exposure was
measured in OV-90 control and OV-90 shcaspase-2 cells 1, 2, and 6 h after UV-B or HHP treatment by flow cytometry. Data are presented as the mean = SD for three inde-

pendent experiments. Significant differences are shown ("p < 0.05, **p < 0.01).

compared with UV-B irradiated cells and 1.8-fold higher in
comparison to cells killed by idarubicin (Figs. 6A and B and
S4A). The analysis of the interaction of dendritic cells with
HHP treated OV-90 shPERK, shcaspase-8 and shcaspase-2 cells
revealed strong linear correlation between phagocytosis of
HHP treated tumor cells and their CALR levels 6 h after HHP
treatment (Fig. 6C). Among the modified OV-90 cells chosen
for this experiment, HHP treated OV-90 shcaspase-2 express-
ing cells were phagocytosed to a significantly lower extent com-
pared with OV-90 control cells (Fig. 6A and B). These results
correlated with the finding that, OV-90 shcaspase-2 expressing
cells had the most prominent decrease in CALR expression
compared with OV-90 control cells (2.7-fold lower MFI values
of CALR) relative to shPERK or shcaspase-8 cells (Fig. 5B).
Thus, although the depletion of caspase-2 affects ecto-CALR
exposure in both a statistically significant and biologically rele-
vant manner (as it limits uptake by DCs), the reduction of
CALR caused by PERK or caspase-8 knockdown is not biologi-
cally relevant.

When the engulfment of idarubicin treated cells was investi-
gated, we detected significantly lower rate of phagocytosis in
the case of OV-90 shPERK expressing cells (Fig. 6A and B).
This result is in the line with the fact that these cells treated by
idarubicin for 24 h had the greatest reduction of ecto-CALR
compared with OV-90 control cells (2.7-fold lower MFI values
of CALR) (data not shown). Moreover, blockade of the CALR
on HHP and also idarubicin treated tumor cells by a specific
antibody inhibited their phagocytosis by dendritic cells
(Fig. 6A and B).

Therefore, CALR is required not only for phagocytosis of
idarubicin killed tumor cells but also for phagocytosis of HHP
treated cells by dendritic cells and for HHP, this process is
strongly compromised in absence of caspase-2.

Discussion

HHP was identified as an inducer of anticancer immunity in a
wide range of human tumor cell lines and primary tumor cells
in our previous study. This physical modality was, due to its
immunogenic properties, standardized and validated for incor-
poration into manufacturing protocols for cancer immunother-
apy products.”® We have initiated multiple clinical trials for
prostate, ovarian and lung cancer evaluating the potential of
DCs loaded with HHP treated cancer cells to induce tumor
cell-specific immune responses.”>*” Nevertheless, HHP-treated
cancer cells were utilized so far solely for pulsing of ex vivo cul-
tured DCs but their direct use to induce antitumor immunity
has not been validated. Here, we show in two different mouse
tumor models that HHP-treated tumor cells evoke protective
immune memory response when s.c. injected per se, i.e., with-
out any adjuvant. Since we proved that immunization with
HHP-treated tumor cells induce CD4" and CD8" T cell-
dependent immune memory, it is most likely that HHP-treated
tumor cells are immunogenic in vivo because they are effec-
tively taken up and processed by DCs. Furthermore, we have
shown that HHP-treated cancer cells also induce maturation of
DCs due to the release of “danger” signaling molecules like
HMGBI1 or ATP as shown in in vitro studies.”
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Figure 6. CALR surface expression is important for phagocytosis of HHP treated tumor cells by population of dendritic cells. (A) Flow cytometry analysis of phagocytosis.
DiO-labeled immature dendritic cells were co-cultured with DiD-labeled OV-90 control, shPERK, shcaspase-2, or shcaspase-8 cells treated with UV-B and idarubicin for
24 h and with HHP for 6 h at 37 °C for 3 h. A fraction of DiO-labeled dendritic cells was loaded with DiD-labeled OV-90 control cells which were pre-incubated with block-

ing anti-CALR antibody or relevant isotype control antibody. As a control, dendritic

cells and tumor cells were co-cultured on ice for 3 h (Fig. $4B). Dendritic cells that

phagocytosed killed tumor cells were identified as DiO*DID" double-positive cells. Data are presented as the mean = SD for three independent experiments. Significant
differences are shown (*p < 0.05, *p < 0.01). (B) Representative dot plots of flow cytometry and fluorescence microscopy analysis of the phagocytosis. DiO-labeled
immature dendritic cells were co-cultured for 3 h with Dil-labeled HHP and idarubicin treated tumor cells and the engulfment of tumor cells was verified by fluorescence
microscopy. (C) Correlation between phagocytosis of HHP treated tumor cells and their CALR levels. The percentage of dendritic cells taking up HHP killed tumor cells
was determined and correlated with CALR levels on tumor cells 6 h after HHP treatment.

Considering the importance of ecto-CALR for tumor cells
phagocytosis,”” induction of tumor specific immune response
in vaccinated patients*® and patient prognosis,'> we aimed to
unravel a sequence of key events that are required (but not
necessarily sufficient) to transform cellular stress into immu-
nogenic signaling (similar to previously described anthracy-
clines and Hyp-PDT’). Therefore it was not the main aim of
the study to characterize in details the cell death mechanisms
triggered by HHP but mostly to identify the key components
responsible for ecto-CALR exposure. The ecto-CALR induc-
ing capacity of ICD inducers has been shown to depend on
the properties of ER stress and ROS production.'®***° We
observed that HHP treatment results in ROS production, a
proximal event triggering other downstream signaling path-
ways, such as ISR and cleavage of caspase-2, caspase-8, and
caspase-3. The application of various ROS scavengers sug-
gested that for HHP-induced CALR, ROS production is one
of the pre-requisites, an observation that is in line with pre-
vious studies concerning Hyp-PDT, mitoxantrone, oxalipla-
tin, UV-C or oncolytic coxsackievirus B3.”'**! However, the
suppression of ROS production was not sufficient to
completely abolish HHP-induced CALR exposure suggesting
that ROS-independent mechanisms may also participate in
this process.

The danger signaling pathways causing the translocation of
CALR to the cell surface in response to various chemotherapeu-
tic treatments or Hyp-PDT overlap, but are not identical.”'?

We showed that HHP-induced pathway leading to ecto-CALR
exposure also overlaps with those induced by chemotherapy or
Hyp-PDT but is not entirely identical to either. More specifi-
cally, HHP-mediated ROS production, possibly impinging on
ER homeostasis, further triggers early PERK activation, eIF2o
phosphorylation, and caspase-2 cleavage (but not Bax/Bak),
which are important for HHP-induced danger signaling involv-
ing CALR induction.

Recent studies have shown that ROS production as well as
ER stress may*>>*** or may not> induce caspase-2 cleavage,
depending on the context. In our context, we found that cas-
pase-2 cleavage following HHP is downstream of ROS-based
ISR. Our study also shows that compromising PERK expression
mitigates processing of caspase-2—an interesting observation
requiring further mechanistic studies. Moreover, in the current
study, we report for the first time, a role of caspase-2 in CALR
trafficking during ICD. While it is not yet clear how caspase-2
might be regulating CALR exposure, the localization of this cas-
pase in the ER/Golgi system suggests possibility of participation
in regulating trafficking mechanisms—a hypothesis that needs
verification in near future.**

It was shown that caspase-8 activation is not required for the
CALR induction by Hyp-PDT, although it is necessary for
mitoxantrone/oxaliplatin-induced CALR.”'® In our study
HHP-induced CALR was found to be at least partially mediated
by caspase-8. Unfortunately, we did not observe any reduction
of CALR in either of these cells upon idarubicin treatment,



which might be due to differences in mode of action between
idarubicin and mitoxantrone which was used in previous stud-
ies,'® showing the context-dependent importance of caspase-8
for proper CALR exposure even for different anthracyclines.”"”
Moreover, Bax/Bak were previously classified as “core molecu-
lar entities” participating in ICD-associated danger signaling
because of their role in both Hyp-PDT and chemotherapy-
induced CALR. However, in contrast to these results, we
observed that Bax/Bak deficiency does not affect CALR traffick-
ing induced by HHP. Thus, our results taken together with pre-
vious publications”'® clearly show that across HHP, Hyp-PDT
and immunogenic chemotherapy, PERK is apparently an
important molecular entity involved in danger signaling path-
ways in an ICD-inducer independent fashion while all the other
molecules tend to show an ICD-inducer dependent involve-
ment in CALR induction.

CALR and another “eat me” signals like translocation of
phosphatidylserine from inside the cell to the surface,
together with the downregulation of “don’t eat me” signals
such as CD47, elicit the recognition and removal of dying
cells by phagocytes, most importantly by professional phago-
cytes such as dendritic cells.”>”> We have previously shown
that the interaction of immature dendritic cells with HHP
killed tumor cells led to the increased uptake of tumor cells
by dendritic cells and induced the expression of maturation-
associated markers on dendritic cells and the production of
IL-12p70 and proinflammatory cytokines, demonstrating
that HHP-treated tumor cells provide a potent activation
stimulus to dendritic cells.”® Faster phagocytosis was simi-
larly observed in this study and correlated with the rapid
induction of CALR after HHP treatment. Moreover, the
blockade of CALR by specific antibody or depletion of cas-
pase-2, an important player in CALR surface exposure, sig-
nificantly inhibited their engulfment by dendritic cells.

In conclusion, we characterized the molecular mechanism of
ecto-CALR exposure pathway induced by HHP which is more
analogous to that induced by anthracycline treatment rather
than that induced by Hyp-PDT. Moreover, we characterized a
novel role of PERK-caspase-2 axis in mediating CALR induc-
tion. Altogether, our findings reveal that the PERK-elF2«
phosphorylation—caspase-2 axis plays an important role in the
HHP-mediated CALR exposure. This kind of information
might help to prepare more efficient cancer vaccine in which
the relative expression levels of proteins required for full inacti-
vation of tumor cells and stress-elicited immunogenic signaling
can be used with respect to their prognostic and predictive
impact in cancer patient’s treatment.
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