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Abstract

Photodynamic therapy (PDT) is an anti-tumor modality which employs three individually non-toxic substances, including
photosensitizer, light and oxygen, to produce a toxic effect. Besides causing damage to blood vessels that supply oxygen and
nutrients to the tumor and killing the tumor by a direct cytotoxic effect, PDT has also been known to trigger an anti-tumor
immune response. For instance, our previous study showed that PDT with BAM-SiPc, a silicon(IV) phthalocyanine based-
photosensitizer, can not only eradicate the mouse CT26 tumor cells in a Balb/c mouse model, but also protect the mice against
further re-challenge of the tumor cells through an immunomodulatory mechanism. To understand more about the immune
effect, the biochemical actions of BAM-SiPc-PDT on CT26 cells were studied in the in vitro system. It was confirmed that
the PDT treatment could induce immunogenic necroptosis in the tumor cells. Upon treatment, different damage-associated
molecular patterns were exposed onto the cell surface or released from the cells. Among them, calreticulin was found to
translocate to the cell membrane through a pathway similar to that in chemotherapy. The activation of immune response was
also demonstrated by an increase in the expression of different chemokines.
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5-ALA  5-Aminolevulinic acid

CRT Calreticulin

CXCL C-X-C motif chemokine ligand
DAMPs Damage-associated molecular patterns
DCs Dendritic cells

elF-2a Eukaryotic translation initiation factor
ELISA  Enzyme-linked immunosorbent assay
ER Endoplasmic reticulum

ERp57 Endoplasmic reticulum-resident protein 57
HSP90  Heat shock protein 90

HMGB1 High mobility group box 1

ICD Immunogenic cell death
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MFI Mean fluorescence intensity
MLKL  Mixed lineage kinase domain like
PDT Photodynamic therapy

PERK Protein kinase RNA-like ER kinase
PI Propidium iodide

RIPK Receptor interacting protein kinase
ROS Reactive oxygen species

SNARE Soluble N-ethylmaleimide-sensitive factor
attachment protein receptor

Introduction

Photodynamic therapy (PDT) employs three non-toxic
components to produce a toxic effect. In the process, the
photosensitizer, after activation by light of appropriate wave-
length, converts oxygen to the toxic reactive oxygen species
(ROS). PDT is considered as a promising treatment for can-
cer as it can eradicate tumor through direct killing, impair
the tumor blood vessels supplying oxygen and nutrients and
trigger immune response to prevent tumor relapse [1-3].
The cell death pathway takes a critical contribution in
anti-tumor immunity. Immunogenic cell death (ICD) is a
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process which can initiate immune responses, for example
recruitment and activation of dendritic cells (DCs), against
the dying bodies [4]. About 2 decades ago, a regulated form
of cell death, which is more similar to necrosis, was identi-
fied and named as necroptosis [5]. In this process, receptor
interacting protein kinase (RIPK) 1, RIPK3 and mixed line-
age kinase domain like (MLKL) proteins interact with each
other to form a necroptotic complex, leading to the phos-
phorylation of MLKL, which promotes its oligomerization
and migration to the plasma membrane to cause membrane
permeabilization. During the process, caspase 8, which pro-
motes apoptosis, has to be inhibited [6].

One characteristic of ICD is the exposure or secre-
tion of damage-associated molecular patterns (DAMPs),
for example, calreticulin (CRT), heat shock protein 90
(HSP90), high mobility group box 1 (HMGB1) and ATP,
which are normally expressed and retained inside the cells.
After translocation to the cell surface or released out of the
cell during cell death, the DAMPs can stimulate immune
response through promoting maturation of DCs and secre-
tion of pro-inflammatory cytokines [6, 7]. Cell surface CRT
is the most well-studied DAMP and is regarded as the “eat
me” signal [8, 9]. The pathway of CRT translocation, which
has been examined in chemotherapy and UVC-driven ICD,
consists of three modules, viz. ER stress module, apoptotic
module and translocation module. Briefly, upon ER stress,
protein kinase RNA-like ER kinase (PERK) and eukaryotic
translation initiation factor (eIF-2a) are phosphorylated and
subsequently activate caspase 8 which, in turn, initiates the
translocation of the CRT/ endoplasmic reticulum-resident
protein 57 (ERp57) complex to the cell membrane through
the anterograde ER-Golgi trafficking and soluble N-eth-
ylmaleimide-sensitive factor attachment protein receptor
(SNARE)-dependent exocytosis [10].

Apart from DAMPs, chemokines also contribute to
immune cell activation. Inflammatory chemokines, C-X-C
motif chemokine ligand (CXCL) 1 and 3, are found in
necroptotic but not necrotic cells [11, 12]. CXCL2 has been
shown to be involved in the translocation of CRT [13].
CXCL10 contributes to effector T cell generation [14] and
recruits natural killer cells [15]. Expression of CXCL12 can
inhibit tumor growth and metastasis [16] whereas CXCL13
can attract B cells [17]. Most prominently, it has been dem-
onstrated that CXCL1 and 10 are released in chemotherapy-
and hypericin-PDT-driven ICD and attract neutrophils to
engulf cancer cells in ICD [18].

The development of photosensitizers plays a major role
in the success of PDT. Different photosensitizers, like pho-
tofrin and 5-aminolevulinic acid (5-ALA), as well as dif-
ferent administration methods, like cellular (direct tumor
cell damage) and vascular PDT (tumor vasculature dam-
age), have been developed [19]. Other strategies utilizing
nanoparticles for photosensitizer delivery have also been
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exploited to improve PDT efficacy [20]. Throughout the
years, we have synthesized a number of novel photosen-
sitizers, including BAM-SiPc, which is an unsymmetrical
bisamino silicon(IV) phthalocyanine derivative [21]. The
direct cytotoxicity of BAM-SiPc on the tumor cells has been
studied in both in vitro cell culture system and in vivo ani-
mal model [22]. BAM-SiPc for vascular PDT could eradi-
cate the tumor in the tumor-bearing BALB/c mice and more
importantly, the cured mice could resist further re-challenge
of the tumor cells [3]. To further understand the anti-tumor
immunity, the biochemical actions of BAM-SiPc-PDT on
the CT26 cells were investigated in the present study. The
results showed that BAM-SiPc-PDT could induce immuno-
genic necroptosis. It caused the release of DAMPs from the
tumor cells and triggered an increase in the expression of
different chemokines.

Materials and methods

Preparation of BAM-SiPc, cell culture conditions
and inhibitors

BAM-SiPc was synthesized according to the procedures of
Lo et al. [21]. For in vitro assays, a stock solution of BAM-
SiPc was solubilized in N,N-dimethylformamide followed by
1:10 dilution with 0.01 M Cremophor EL (Sigma-Aldrich).
The stock solution was further diluted using complete
RPMI-1640 medium (Thermo Fisher Scientific) to appro-
priate concentrations before being used.

The CT26 murine colon tumor cells (ATCC) were main-
tained in RPMI-1640 medium supplemented with 10% FBS
(Thermo Fisher Scientific), 1% penicillin/ streptomycin
mixture (Thermo Fisher Scientific), 1% glucose solution
(Thermo Fisher Scientific) and 1 mM sodium pyruvate
(Thermo Fisher Scientific).

Different inhibitors, including necrostatin-1 (20 pM,
Abcam), zVAD-fmk (25 pM, Selleckchem), deferoxamine
(10 pM, Selleckchem), brefeldin A (10 pM, Thermo Fisher
Scientific), 16F16 (20 uM, Sigma-Aldrich), brefeldin A
(10 pM, Thermo Fisher Scientific), 16F16 (20 pM, Sigma-
Aldrich), GSK2606414 (10 uM, Calbiochem), wortmannin
(10 pM, Selleckchem), LY294002 (50 pM, Selleckchem),
salubrinal (20 pM, Calbiochem), Z-IETD-FMK (50 pM,
Selleckchem) and glutathione (5 mM, Sigma-Aldrich), were
used in various experiments to study the mode of cell death
and the CRT translocation pathway.

In vitro photodynamic treatment
CT26 cells were incubated with 4 or 8 nM BAM-SiPc in the

dark for 2 h. After washing, the cells were irradiated with
a halogen lamp (300 W) at room temperature for 20 min.
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Light with 1 <610 nm was cut off using a red glass filter
(Newport). The fluence rate used was 100 mW/cm?, giving
a total fluence of 120 J/cm? for the irradiation process [3].
“Control” refers to cells without any BAM-SiPc nor light
treatment whereas “Dark” are cells treated with BAM-SiPc
without any light illumination.

Cell proliferation assay

The PDT-treated CT26 cells were cultured for 20 h. After
the addition of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (Sigma-Aldrich), the cells were
further incubated at 37 °C for 4 h. Dimethyl sulfoxide was
added and the suspension was mixed well. The absorbance
at 490 nm was measured using a plate reader (Tecan Spark
10 M Microplate Reader).

Detection of mode of cell death

After PDT, CT26 cells were incubated for 6 h with or with-
out specific inhibitors before being stained with annexin
V-GFP (a generous gift from Prof. SK Kong, School of
Life Sciences, CUHK) together with propidium iodide (PI,
Sigma-Aldrich) in staining buffer (10 mM HEPES, 140 mM
NaCl, 2.5 mM CaCl,) at 4 °C for 15 min. The samples
were subjected to flow cytometric analysis (BD Bioscience
FACSVerse).

To detect the necroptotic complex RIPK1-RIPK3-MLKL,
a co-immunoprecipitation method was used. After PDT,
CT26 cells were incubated for 6 h and lysed using IP Lysis
Buffer (Thermo Fisher Scientific) with 1% protease inhibi-
tor cocktail (Sigma-Aldrich) and 1 mM phenylmethylsul-
fonyl fluoride at 4 °C for 10 min. Supernatants were col-
lected after centrifugation and incubated with anti-MLKL
antibody (Millipore) at 4 °C overnight. Protein G beads
(Thermo Fisher Scientific) were added for an incubation
of 2 h at room temperature. After washing with PBS, the
samples were eluted with 0.1 M glycine-HCl (pH 2.8) and
neutralized with 1/10 v/v Tris—HCI (pH 9.0). Western blot
analyses were carried out and the samples were probed with
anti-RIPK1 (BD Bioscience), anti-RIPK3 (Abcam), anti-
MLKL (Millipore) and anti-f-actin (Sigma-Aldrich) as the
primary antibody. The HRP conjugated secondary antibody
(Thermo Fisher Scientific) was used and detection was car-
ried out using Luminata Crescendo Western HRP substrate
(Millipore).

Detection of DAMPs

CT26 cells were treated with BAM-SiPc, followed by incu-
bation in the absence and presence of various inhibitors.
Different methods, including simple biochemical assay,

confocal microscopy, Western blot, and flow cytometry were
used to follow the expression of DAMPs.

To detect the released ATP, the cell culture supernatant
was used. Concentration of ATP was measured using the
CellTiter-Glo Luminescent Cell Viability Assay (Promega).
The luminescence was recorded using a plate reader.

To detect HMGBI1 in the nucleus, confocal microscopy
was used. Cells were collected 2 h after PDT and were fixed
with 4% paraformaldehyde for 20 min followed by permea-
bilization in 0.1% Triton X-100 solution for 10 min. After
washing and blocking with staining solution (10% heat-
inactivated FBS in PBS), CT26 cells were stained with
anti-HMGB1 (Abcam) and anti-CD44 (Abcam) antibodies
at 4 °C overnight followed by incubation with the corre-
sponding fluorescent-dye conjugated secondary antibodies
(Thermo Fisher Scientific) together with Hoechst 33342
(Sigma-Aldrich) at room temperature for 1 h. Samples were
examined under confocal microscopy (Leica TCS SP8 high
speed imaging system).

The surface CRT was also detected using confocal
microscopy. At 1 h after PDT, CT26 cells were first stained
with anti-CRT (Abcam) and anti-CD44 (Abcam) antibodies
at 4 °C for 1 h. Then they were washed and fixed with cold
methanol at — 20 °C for 10 min. After washing, the cells
were stained with the corresponding secondary antibodies
together with Hoechst 33342 at 4 °C overnight before being
visualized. To obtain a more quantitative result, flow cytom-
etry was used. The PDT-treated CT26 cells were stained first
with PI and anti-CRT antibody (Abcam) at 4 °C for 30 min
and then with the fluorescent dye-conjugated secondary anti-
body before the analysis.

Western blot analyses were used to study the expres-
sion of CRT and its translocation pathway, as well as the
expression of other DAMPs. Cell lysate (lysed in radioim-
munoprecipitation assay buffer), crude culture supernatant
(obtained after centrifugation) and cell membrane proteins
(obtained by using the Cell Surface Protein Isolation Kit,
Thermo Fisher Scientific) were used as the samples. To
concentrate the samples for the detection of vasostatin,
the cell supernatants were first precipitated with acetone
at — 20 °C overnight and then re-dissolved in SDS loading
buffer after washing. Different primary antibodies, including
anti-caspase 8 (Novus), anti-Na/K-ATPase (Abcam), anti-
CRT (Abcam), anti-CRT (vasostatin)(Abcam), anti-HMGB 1
(Abcam), anti-ERp57 (Abcam), anti-HSP90 (Abcam), anti-
CD47 (Abcam), anti-P-elF2a (Cell Signaling Technology)
and anti-PERK (Cell Signaling Technology), were used for
the detections.

A gene knockdown technology was used to study the
expression of CRT and its translocation pathway. Protein
expression was suppressed with specific siRNA (siPERK-1:
5'-CAUACGGACUCAGUGCUUAtt-3'; siPERK-2: 5'- CGA
AGAAUACAGUAAUGGUtt-3'; siCaspase 8-1: 5'- CAA
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GAACUAUAUUCCGGAULtt-3"; siCaspase 8-2: 5'- GGC
GUGAACUAUGACGUGALt-3"; Scramble siRNA-1; Scram-
ble siRNA-2, Thermo Fisher Scientific) using RNAIMAX
Transfection Reagent (Thermo Fisher Scientific). After 48 h,
PDT was performed and cells were incubated for another
4 h. Having been stained with PI and anti-CRT antibody,
samples were analyzed using flow cytometry.

Quantitation of chemokines

Total RNA of CT26 cells was isolated 8 h after PDT using
the RNeasy Plus Mini Kit (Qiagen). cDNA synthesis was
performed with the GoScript Reverse Transcriptase Kit
(Promega). Chemokine expression was assessed with gene
specific primers (CXCL1-F: 5'-CATGGCTGGGATTCA
CCTCAA-3"; CXCL1-R: 5'-CTTGGGGACACCTTTTAG
CATCTT-3"; CXCL2-F: 5'-AGGCTACAGGGGCTGTTG
T-3"; CXCL2-R: 5'-GCTTCAGGGTCAAGGCAAACT-3';
CXCL3-F: 5'-CAGGCTACAGGGGCTGTTGT-3"; CXCL3-
R: 5'-GGTTGAGGCAAACTTCTTGACCAT-3"; CXCL10-
F: 5'-CTCAAGGGATCCCTCTCGCA-3'; CXCL10-R:
5'-CGTGGCAATGATCTCAACACG-3'; CXCL12-F:
5'-ATCAGTGACGGTAAACCAGTCAGC-3'; CXCL12-R:
5'-GGTCAATGCACACTTGTCTGTTGT-3"; CXCL13-F:
5'-CTGGCCAGCTGCCTCTCTC-3"; CXCL13-R: 5'- CTT
GGTCCAGATCACAACTTCAGT-3') using SYBR Green
Master Mix (Thermo Fisher Scientific). B-actin (f-actin-F:
5'-Gagaagctgtgctatgttgctctag-3'; and p-actin-R: 5'-Ccacag-
gattccatacccaagaagg-3") was used as the reference gene. PCR
was conducted using a real-time PCR system (BIO-RAD
CFX96). Data were analyzed using the AACT method. Cul-
ture media were collected 24 h after PDT for determining the
concentrations of CXCL1-3, 10, 12 and 13 using enzyme-
linked immunosorbent assay (ELISA) kits (Thermo Fisher
Scientific, Cusabio).

Statistical analyses

Graphs and statistical analyses were performed using
Graphpad Prism 7.0. The data were analyzed using a stu-
dent ¢ test with p values < 0.05 considered as significant;
*p <0.05; ¥*¥p <0.01; ***p <0.001; ****p <0.0001; n.s.,
not significant.

Results

BAM-SiPc-PDT induced cell death
through necroptosis

The cytotoxic effects of BAM-SiPc-PDT on CT26 cells

were examined in a cell proliferation assay. A dose-
dependent cytotoxic effect was observed upon illumination
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with an ICs, value of ~4 nM while no cytotoxicity could
be detected in the absence of light (Fig. 1a). To determine
the types of cell death after PDT, different specific cell
death inhibitors were used. In the flow cytometric analysis
with dual annexin V and PI stainings, the percentage of
viable cells (both annexin V and PI negative) was sig-
nificantly increased when the cells were incubated with
necrostatin-1 (an RIPK1 inhibitor) but not zVAD-fmk (a
pan-caspase inhibitor) or deferoxamine (an iron chelator)
(Fig. 1b). The expression of various proteins involved in
the necroptosis pathway was studied using Western blot
analysis. The expression of the cleaved form of caspase
8 was inhibited. The expression of the cleaved form of
RIPK3 was also reduced in the first hour and became
undetectable after 2 h (Fig. 1c). To follow the formation
of the necroptotic complex RIPK1-RIPK3-MLKL, a co-
immunoprecipitation method was employed. While all the
three proteins were present and could be detected by their
respective antibodies in the input, only after PDT, RIPK1
and RIPK3 could be pulled down by using antibodies
against MLKL. No complex formation could be observed
in the controls (Fig. 1d).

BAM-SiPc-PDT induced the exposure and release
of DAMPs

After PDT treatment of the CT26 cells, the culture medium
was used to detect the release of DAMPs. The concen-
tration of ATP in the culture medium increased with
time such that at 6 h post-PDT, the ATP concentration
was ~ 15 times higher than that of the controls (Fig. 2a).
Similarly, HMGBI in the culture medium became detect-
able 4 h after PDT and its concentration continued to
increase with time (Fig. 2b). At the same time, there was
a decrease (~ 5.5 times) of nuclear HMGBI1 after PDT,
when examined under confocal microscopy (Fig. 2c¢).
Confocal microscopy also showed the expression of CRT
on the cell surface which could be easily identified by
the positive CD44 staining (Fig. 2d). A more quantitative
analysis of the expression level was obtained using flow
cytometric analysis. The cell population with positive CRT
staining but negative PI staining increased by more than
five times after PDT when compared with the controls
(Fig. 2e). Such increase in CRT and two other DAMPs,
namely ERp57 and HSP90, was also obvious in the West-
ern blot of the cell membrane protein preparation (Fig. 2f).
There was also an increase in the level of secreted vasosta-
tin (Fig. 2g). While the levels of various DAMPs, the so-
called “eat me” signal, increased after PDT, in contrast,
the level of CD47, the “don’t eat me” signal, decreased
after PDT, as shown by both flow cytometric (Fig. 2e) and
Western blot analyses (Fig. 2f).
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Fig.1 BAM-SiPc-PDT induced cell death through necroptosis. a Dif- »

ferent concentrations of BAM-SiPc were incubated with CT26 cells.
The cytotoxic effects with and without light illumination were deter-
mined. BAM-SiPc concentration of 8 nM was chosen for subsequent
experiments. b The PDT-treated cells were incubated with necrosta-
tin-1 (20 pM), zVAD-fmk (25 pM) and deferoxamine (10 pM). Cells
were collected 6 h later for annexin V and PI staining and subjected
to flow cytometric analysis. ¢ The PDT-treated cells were collected
at different time points for Western blot analysis of the indicated pro-
teins. d The PDT-treated cells were incubated with anti-MLKL anti-
body for 6 h in a co-immunoprecipitation assay. The pull-downed
proteins were subjected to Western blot analysis. Data shown are
means +SEM or representative results of three independent experi-
ments. *p <0.05, **p <0.01, ***p <0.001; n.s. not significant

BAM-SiPc-PDT induced the translocation of CRT
through a classical pathway

To study the translocation pathway of CRT, the expression
level of different protein markers and also the effects of dif-
ferent inhibitors on surface CRT expression in the BAM-
SiPc-PDT treated CT26 cells were examined. After PDT,
phosphorylation of PERK occurred as shown by the Western
blot. Concurrently, phosphorylation of elF-2a was boosted
immediately after PDT but the level was reduced gradually
such that at 4 h post-PDT, the level became similar to that
of the controls (Fig. 3a). The cell population with surface
CRT positive and PI negative determined using flow cytom-
etry was ~ 7 times of that of the dark control. However, with
the addition of any one of the inhibitors of the pathway,
including glutathione (oxidative stress), 16F16 (ERp57),
GSK2606414 (PERK), salubrinal (elF-2a), Z-IETD-FMK
(caspase 8), brefeldin A (ER to Golgi apparatus antero-
grade transport) and wortmannin and L'Y294002 (phospho-
inositide-3-kinase dependent exocytosis), the surface expres-
sion of CRT was significantly reduced (Fig. 3b). Similar
results were also observed when the cell membrane proteins
were isolated for the detection of CRT level using West-
ern blot (Fig. 3c). Knockdown of PERK and caspase 8 also
showed a reduced expression of surface CRT (Fig. 3d, e).

BAM-SiPc-PDT increased the expression
of chemokines in CT26 cells

The total RNA of the PDT-treated cells was isolated for
determining the mRNA levels of various chemokines,
including CXCL1-3, 10, 12 and 13. Significant increase
was observed for all the chemokines examined. The
increase ranged from 3 to 70 times. Among them, CXCL10
(~70 times) and CXCL1 (~ 35 times) showed the highest
increase followed by CXCL3 (~ 10 times) (Fig. 4a). Secre-
tion of chemokines was confirmed with ELISA showing the
increase of CXCL10 (~ 1.8 times), CXCL2 (~ 1.8 times) and
CXCLI1 (~ 1.6 times) (Fig. 4b).
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Discussion

Photosensitizer is the most critical component in PDT.
Throughout the years, its anti-tumor effect has been focused
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Fig.2 BAM-SiPc-PDT induced the exposure and release of DAMPs.
CT26 cells were first treated with 4 nM BAM-SiPc before different
experiments were carried out. a, b The PDT-treated cells were incu-
bated for various time periods before the culture supernatants were
collected for the detection of a ATP (luminescence assay) and b
HMGBI1 (Western blot analysis). ¢ The PDT-treated cells were incu-
bated for 2 h before being observed under a confocal microscope.
Cell membrane, nucleus and HMGB1 are shown in red, blue and
green, respectively. The graph shows the mean fluorescence inten-
sity (MFI) of HMGBI in the nucleus. d The PDT- treated cells were
incubated for 1 h. CRT the cell surface CD44 are shown in red and
green respectively. The white arrow indicates the location of CRT. e

mainly on its direct cytotoxic effect. Nevertheless, a few
photosensitizers have also been shown to trigger immune
response. Among them is the ER residing photosensitizer,
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MFI of nuclear HMGB1 (A.U.)

The PDT-treated cells were incubated for 4 h and then stained with
PI together with anti-CRT or anti-CD47 antibody for flow cytometric
analysis. The population stained was firstly gated for cells of PI nega-
tive and displayed the corresponding antibody stained positive cells. f
Cell membrane proteins were collected from the PDT-treated cells for
Western blot analysis of the indicated proteins, with Na—K-ATPase
serving as loading control. g Proteins in the culture supernatant of
the PDT-treated cells were collected at various times, concentrated
and probed for vasostatin in Western blot analysis. Data shown are
means +SEM or representative results of three independent experi-
ments. *p <0.05, ¥*p <0.01, ***p <0.001

hypericin, which is exemplarily known to be able to generate
immune response by causing immunogenic apoptosis [23].
This type of ICD is a regulated form of apoptosis which



Cancer Immunology, Immunotherapy (2021) 70:485-495

491

CRT

* ke

Population stained (%) ®

ERp57

HSP90

CD47

Na-K-ATPase

Fig.2 (continued)

was first identified from studies of some anti-cancer drugs,
such as anthracyclines and mitoxantrone [9, 24]. The find-
ing revolutionarily overthrows the dichotomic classification
of the mode of cell death in which apoptosis is regarded
as a regulated and non-immunogenic collapse and necro-
sis as an immunogenic but pathological destruction [25].
Unlike hypericin-PDT, the cell death mechanism involved
in BAM-SiPc-PDT is mainly necrosis rather than apoptosis.
Such immunogenic necrosis has previously been named as
necroptosis [5].

To confirm that BAM-SiPc-PDT induced necroptosis,
three different approaches were used. First, the percentage
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of cell death was followed in the presence of the RIPK1
inhibitor, necrostatin-1. In cell biology, RIPK1 pertains to
the induction of necrotic cell population [10]. The use of
necrostatin-1 could reduce the population of dead cells. Sec-
ond, the expressions of molecular markers of the pathway,
including caspase 8 and RIPK3, were examined. The cleaved
form of caspase 8 is known to cleave RIPK3 which subse-
quently can no longer interact with RIPK1 and MLKL to
form the necroptotic complex [7, 26, 27]. Our result showed
that the expressions of the cleaved forms of both caspase
8 and RIPK3 were suppressed after BAM-SiPc-PDT. Such
decreases favor the occurrence of necroptosis. Third, the

@ Springer



492 Cancer Immunology, Immunotherapy (2021) 70:485-495
a 3
‘g’ Dark (h) PDT (h)
O0124 0124
g, 5
150- - - =
37- 7 S — ,— p—eIF—ZG

o

Population stained (%)

Fig.3 BAM-SiPc-PDT induced the translocation of CRT through
a classical pathway. CT26 cells were first treated with 4 nM BAM-
SiPc before the following experiments. a The PDT-treated cells were
incubated for the indicated times. Cell lysates were used to detect the
phosphorylation of PERK and elF-2a through Western blotting. b, ¢
The PDT-treated cells were incubated with and without the various
pathway inhibitors for 4 h. b The cells were stained with PI and anti-
CRT antibody and subjected to flow cytometric analysis. The popula-
tion stained represents cell population of PI negative and CRT posi-

formation of the necroptotic complex RIPK1-RIPK3-MLKL
was followed. The co-immunoprecipitation results revealed
that RIPK1 and RIPK3 interact with MLKL to form the
complex. In the present study, RIPK3 was detected in CT26
cells, similar to that observed in [28, 29], but in contrast
with the findings in [11, 30]. Such discrepancy may be due
to the variation of CT26 cells from different sources. With
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tive. ¢ The cell membrane proteins were isolated for Western blotting
to probe for CRT. d CT26 cells were transfected with corresponding
siRNA to restrain PERK and caspase 8 expressions. The suppressive
effects were shown in Western blot analyses. e After transfection,
PDT was performed 48 h later. Having been stained with PI and anti-
CRT antibody, cells were subjected to flow cytometric analysis. Data
shown are means=+SEM or representative results of three independ-
ent experiments. *p <0.05, **p <0.01, ***p <0.001

the positive results from these three crucial indicators, it
was confirmed that BAM-SiPc-PDT, similar to the other two
photosensitizers, 5-ALA [31] and talaporfin sodium [32],
could trigger cell death through necroptosis.

The cell death mechanism in BAM-SiPc-PDT was
immunogenic in nature, as shown by the release of
DAMPs. Both ATP and HMGB1 were found to be secreted
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Fig.4 BAM-SiPc-PDT induced the expression of chemokines in
CT26 cells. CT26 cells were treated with 8 nM BAM-SiPc and sub-
jected to PDT. a After 8 h of incubation, total RNA was extracted
from the cells and quantitative PCR was conducted to detect the level
of various chemokines. b After 24 h of incubation, culture media
were collected for cytokine concentration determination using ELISA
kits. Data shown are means + SEM of three independent experiments.
*p<0.05, #¥p <0.01, ***p <0.001, ****p <0.0001

into the culture medium after PDT and more interestingly,
vasostatin, a CRT fragment possessing anti-angiogenesis
properties [33], could also be detected. Vasostatin has been
proved for its potential to eradicate tumors [34], perhaps,
by counteracting the secretion of proangiogenic factors in
mesenchymal stromal cells in the vicinity of the PDT area
[35]. However, whether the amount of vasostatin released
in BAM-SiPc-PDT is sufficient to inhibit angiogenesis
remains to be studied. Other DAMPs like CRT, ERp57
and HSP90, the “eat me” signals, were elevated, while
CD47, the “don’t eat me” signal [8], was suppressed on the
cell surface. Such changes could trigger different immune
responses by interacting with different types of immune
cells. For example, our recent study showed that the
BAM-SiPc-PDT treated CT26 cells could be recognized
and engulfed by DCs which, as a result, are activated, as
shown by both phenotypic changes (increased expres-
sion of CD80, CD86 and MHCII) as well as functional

stimulation (increased production of interleukin-12 and
interferon y) [36].

Both immunogenic apoptosis and immunogenic necrop-
tosis trigger the release of DAMPs. It would be of interest to
see whether the pathways of DAMPs translocation are iden-
tical or not. Translocation of CRT in immunogenic apoptosis
has been examined in the hypericin-PDT study. It is inde-
pendent of elF-2a phosphorylation, caspase 8§ activation,
with a co-exposure of ERp57 [23, 37], in contrast with the
classical ICD pathway triggered after chemotherapy [10]. In
the present study, Western blot analyses were performed on
the different markers in the pathways. Inhibitors and gene
knockdown were also used to inhibit specific steps of the
pathway. The results showed that blocking PERK, elF-2a
phosphorylation and caspase 8 activation resulted in diminu-
tion of CRT on the cell surface. These, together with expo-
sure of ERp57 on cell surface upon treatment, suggested
that translocation of CRT in necroptotic cells initiated by
BAM-SiPc-PDT follows the chemotherapy-driven classical
ICD pathway. Among the various steps, the role of caspase
8 is more obscure because translocation of CRT requires
caspase 8 [10] but driving necroptosis requires silencing of
caspase 8 to block apoptosis [27]. Our findings indicated
that after PDT, caspase 8 was severely restrained but CRT
could still be exposed (Figs. 1d and 2d-f). When caspase 8
was inhibited or its gene was suppressed, surface CRT was
highly constricted but not entirely abolished (Fig. 3b, c, e).
Based on the present results, it appears that caspase 8 might
act in a dose-dependent manner. It could be suppressed
down to a state that skews cell death toward necroptosis
but still sufficient to expose CRT. In this regard, it will be
interesting to study the translocation of CRT and the role of
caspase 8 in the action of other necroptotic photosensitizer,
for example, 5-ALA.

While ICD could trigger the interaction of the tumor
cells with other immune cells, it could also up-regulate the
production of chemokine directly in the tumor cells. In the
present study, the mRNA and ELISA results suggested that
BAM-SiPc-PDT could lead cells to release inflammatory
chemokines (CXCL1-3, 10, 12 and 13) which are gener-
ally believed to play a role in promoting immune response.
Among them, CXCL12 and 13 were detected only in tran-
script expression level but not the proteins. This may be
attributed to the relatively lower sensitivity of ELISA or the
low correlation in magnitude of gene activation and its gene
product [38—40]. CXCL1-3 have been identified in previ-
ous necroptosis studies [11, 12, 41]. The dramatic increase
in the expression of CXCL1 and 10 is consistent with the
previous findings in chemotherapy- and hypericin-PDT
driven ICD, implicating the potential of BAM-SiPc-PDT
in recruiting neutrophils [18]. Nevertheless, there are also
reports on the “pro-tumor” properties of chemokines [42,
43]. The scenario might be considered as a homeostasis of
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two circumstances and tumor cells usually turn the token
into one side by overwhelming the balance favorable to angi-
ogenesis and metastasis. BAM-SiPc-PDT, however, might
break this one-sided game and turn the token into another
situation. The generation of ROS causes tumor cells to die
through a more gentle and regulated way of necroptosis. The
elevated release of chemokines helps in recruiting neutro-
phils for innate immune response. With the aid of DAMPs
to activate DCs, the situation becomes conducive to can-
cer killing by attracting more lymphocytes for DCs to elicit
the adaptive immune response and finally initiate the tumor
eradication process [3, 36]. In fact, necroptotic cancer cells
have been exploited to act as a vaccine to protect mice from
tumor cells challenge [11].

In conclusion, BAM-SiPc-PDT could cause CT26 tumor
cell death through immunogenic necroptosis. DAMPs, for
instance CRT, were released in a chemotherapy-driven ICD
pathway. The production of inflammatory chemokines was
up-regulated. The present findings on PDT-treated CT26
cells solidify our previous results in which in vitro BAM-
SiPc-PDT can facilitate DC maturation [36] and in vivo
BAM-SiPc-PDT could eradicate the tumor and protect the
mice against further re-challenge [3].
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