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Abstract Surface-exposed HSP70 and calreticulin are

damage-associated molecular patterns (DAMPs) crucially

involved in modulating the success of cancer therapy. Pho-

todynamic therapy (PDT) involves the administration of a

photosensitising (PTS) agent followed by visible light-irra-

diation. The reactive oxygen species that are thus generated

directly kill tumours by damaging their microvasculature and

inducing a local inflammatory reaction. PDT with the PTS

photofrin is associated with DAMPs exposure, but the same is

not true for other PTSs. Here, we show that when cancer cells

are treated with hypericin-based PDT (Hyp-PDT), they sur-

face-expose both HSP70 and calreticulin (CRT). Induction of

CRT exposure was not accompanied by co-exposure of

ERp57, but this did not compromise the ability of the exposed

CRT to regulate the phagocytosis of Hyp-PDT-treated cancer

cells by dendritic cells. Interestingly, we found that Hyp-PDT-

induced CRT exposure (in contrast to anthracycline-induced

CRT exposure) was independent of the presence of ERp57.

Our results indicate that Hyp-PDT is a potential anti-cancer

immunogenic modality.
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Abbreviations

CNTR Control(s)

DAMP(s) Damage-associated molecular pattern(s)

DC Dendritic cells

Ecto-CRT Surface externalised-calreticulin

Ecto-HSP70 Surface externalised-Heat shock protein 70

ER Endoplasmic reticulum

HSP Heat shock proteins

Hyp-PDT Hypericin-based photodynamic therapy

MTX Mitoxantrone

PDT Photodynamic therapy

PTS(s) Photosensitiser(s)

Introduction

Damage-associated molecular patterns (DAMPs) were

recently identified as an important set of molecules mediat-

ing crucial processes such as immunogenic apoptosis [1–5].

Recent studies have shown that photodynamic therapy

(PDT), a well-established anti-tumour modality [6], effec-

tively generates several DAMPs [7–9]. Heat shock proteins

(HSPs), and especially HSP70, are the best characterised

DAMPs associated with PDT [8, 10]. Photofrin-PDT causes

exposure of HSP70 (ecto-HSP70) on the surface of treated

cells [8, 11], and this ecto-HSP70 plays an important role in

opsonisation of cancer cells [12]. Recently, it was reported

that photofrin-PDT promotes surface exposure of calreticu-

lin (ecto-CRT) [13]. Ecto-CRT, a well-characterised ‘eat
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me’ signal [3, 14], has recently emerged as a key mediator of

the immunogenicity of dying tumour cells [3].

Most research on PDT-induced DAMP exposure has been

done with photofrin as a photosensitiser (PTS) [7, 8, 10].

However, since surface exposure of DAMPs seems to be

modulated by stress occurring in particular organelles, such

as the endoplasmic reticulum (ER) [15], PTSs that localise to

different subcellular sites can be tested for efficient DAMP

exposure in a PDT setup [10]. To this end, we used hypericin-

based PDT (Hyp-PDT). This procedure uses the PTS

hypericin, which associates dominantly with the ER mem-

branes [16]. In this setup, we investigated the induction of

ecto-HSP70 and ecto-CRT, which represent a well-studied

DAMP and a new DAMP [5], respectively.

Materials and methods

Cell lines and treatments

T24, CT26 and MEF cells were cultured at 37�C under 5%

CO2 in DMEM cell culture medium. The JAWSII murine

dendritic cell (DC) line was cultured in RPMI 1640 med-

ium supplemented with 5 ng/ml granulocyte macrophage-

colony stimulating factor (GM-CSF, PeproTech, Rocky

Hill, NJ, USA) as described [16]. For induction of

anthracycline-based CRT surface exposure, the cells were

treated with mitoxantrone (MTX; 1 lM; Sigma, St. Louis,

MO, USA) for 4 h. Unless otherwise mentioned, for Hyp-

PDT, T24 and CT26 cells were incubated with 150 nM

hypericin (for 16 h in serum-containing medium) whereas

MEF cells were incubated with 200 nM hypericin (for 2 h

in serum-free medium). Hypericin was prepared, purified

and stored as described [16]. Irradiation was performed as

described [17]. Four Hyp-PDT doses based on light fluence

were defined as low (0.54 J/cm2), medium (1.35 J/cm2),

high (2.16 J/cm2) and highest (2.7 J/cm2). Cells loaded

with hypericin were handled either in the dark or under

subdued light (\1 lW/cm2). All the control samples

(CNTR or untreated) were incubated with hypericin but

were not irradiated. CT26 cells (treated with highest PDT

dose) were analysed on FACSCalibur after staining with

DAPI (Molecular Probes) for cell viability determination

and annexin-V-FITC (BD Biosciences) for assessment of

phosphatidylserine exposure.

In vitro phagocytosis assay

JAWS II DCs were labelled with 1 lM Cell tracker Green

(Invitrogen, Merelbeke, Belgium) as described [18]. CT26 or

MEF cells were harvested 1 h after exposure to a high or

medium dose of Hyp-PDT, respectively, or left untreated

(CNTR). MEF cells were labelled with 1.5 lM Cell tracker

CM-Dil during this recovery interval (Invitrogen, Merelbeke,

Belgium). In certain experiments, CT26 cells were coated

either with 2 ll/106 cells of isotype control (Chicken IgY;

Abcam, Cambridge, UK) or with chicken anti-CRT antibody

(Abcam, Cambridge, UK) for 30 min at 37�C. They were then

co-cultured with JAWS II DCs for 2 h at 37�C at a ratio of 1:5

(JAWSII:CT26). Phagocytosis was assessed by flow cytom-

etry (FACSCalibur, Beckton & Dickinson, Mountain View,

CA, USA). The percentage of double-positive phagocytes was

calculated according to the following formula: 100 9 number

of double-positive cells/(single-positive ? double-positive

cells). Contour pictograms were plotted using the FlowJo

software (Tree Star, Ashland, OR, USA).

Cell surface protein biotinylation

This procedure was performed as described [3, 15]. Isola-

tion of plasma membrane proteins was confirmed by

detecting FAS exclusively in the plasma membrane prep-

arations. Time points used for this analysis were confirmed

to be associated with non-significant plasma membrane

permeabilisation via LDH release assay (data not shown).

Immunoblotting

Determination of protein concentration and immunoblotting

were done as described [17]. Immunoblotting was done with

primary antibodies against ERp57, HSP90 (Cell Signaling

Technology, Danvers, MA, USA), calreticulin (anti-CRT)

(Stressgen, Victoria, BC, Canada), actin (Sigma, St. Louis,

MO, USA), PARP (BD Pharmingen, San Jose, CA, USA),

FAS/CD95 (N-18, M-20 and C-20) and HSP70 (Santa Cruz

Biotech, Santa Cruz, CA, USA). Secondary antibodies

conjugated to horseradish peroxidase were purchased from

Cell Signaling Technology (Danvers, MA, USA).

Cell surface CRT and HSP70 fluorescence detection

For surface immunofluorescence analysis, T24 cells were

fixed in 4% paraformaldehyde, incubated with either anti-

CRT (Affinity Bioreagents, Golden, CO, USA) or anti-HSP70

antibodies (Santa Cruz Biotech), and then with the IgG anti-

body conjugated with Alexa fluor 488 (Invitrogen, Carlsbad,

CA, USA). Fluorescence was evaluated with a FluoView

FV1000 Confocal Laser-scanning microscope (Olympus).

Phagocytosis motif search

Phagocytosis motif search was performed manually by

aligning the phagocytosis-assisting motifs, NPxY and RGD

[19], with individual protein sequences using ClustalW2

software (http://www.ebi.ac.uk/Tools/msa/clustalw2/) with

default settings to reject alignments with gaps.
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Results

Hypericin-PDT causes enhanced surface exposure

of calreticulin and HSP70 on cancer cells

To determine whether Hyp-PDT-treated cancer cells sur-

face-expose HSP70 and CRT, we performed surface pro-

tein biotinylation analysis [3] on PDT-treated as well as

untreated (CNTR) T24 human bladder carcinoma cells

(Fig. 1). This revealed that Hyp-PDT caused considerable

enhancement in surface exposure of both CRT (Fig. 1a)

and HSP70 (Fig. 1a) in absence of HSP90 surface expo-

sure. In fact, this ecto-CRT and ecto-HSP70 exposure

occurred as soon as 30 min after PDT (Online resource 1).

Ecto-CRT (Fig. 1b) and ecto-HSP70 (Fig. 1c) on Hyp-

PDT-treated cells could also be detected by immunofluo-

rescence staining. Interestingly, ecto-CRT was mostly

present in unevenly distributed patches on the cell surface

(Fig. 1b), as observed previously [3, 14]. On the other

hand, ecto-HSP70 tended to be present both as patches and

Fig. 1 Hypericin-PDT-treated

cancer cells surface-expose

HSP70 and calreticulin but not

ERp57. a T24 cells were treated

with high PDT dose followed by

surface protein biotinylation at

1 h post-PDT and

immunoblotted. b, c T24 cells

were treated with high PDT

dose, fixed and surface

immunostained at 1.5 h post-

PDT for either CRT (b) or

HSP70 (c) such that

extranuclear fluorescence of

residual hypericin was also

visualised (scale bar = 20 lm).

d T24 cells were incubated with

100 nM or 150 nM hypericin for

16 h and irradiated at a fluency

of either 1.35 or 2.16 J/cm2.

This was followed by surface

protein biotinylation at 2 h post-

PDT and immunoblotting.

CNTR denotes untreated

samples. Furthermore, ‘?BIO’

indicates controls exposed to

buffer with biotin and ‘-BIO’

indicates controls exposed to

buffer without biotin.

Representative Western blots

are shown for three independent

experiments
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as small clumps, but it was relatively more evenly dis-

tributed on the cell surface (Fig. 1c).

Hypericin-PDT-induced ecto-CRT is not accompanied

by surface co-translocation or dependent on ERp57

Recent research has shown that CRT is co-translocated

from the ER lumen to the cellular surface as a complex

with ERp57 [3, 20], a member of the protein disulphide

isomerase (PDI) family, which is crucial for surface teth-

ering of ecto-CRT [20]. On the other hand, no such surface

co-translocated protein complex has been implicated in

surface tethering of ecto-HSP70 [8, 11, 21]. Considering

the importance of ERp57/CRT complex formation for

surface exposure of this DAMP, we decided to further

explore the surface exposure behaviour of Hyp-PDT-

induced ecto-CRT. After Hyp-PDT, cancer cells exposed

CRT in the absence of ERp57 (Fig. 1d). Ecto-CRT induced

by Hyp-PDT was dependent on the hypericin concentration

as well as on the light dose. A light fluence of 1.35 J/cm2

induced more ecto-CRT at 150 nM hypericin than at 100

nM (Fig. 1d). At 150 nM hypericin, the dose of 2.16 J/cm2

produced more ecto-CRT than the dose of 1.35 J/cm2

(Fig. 1d).

Next, we tried to analyse whether the absence of ERp57

affects the induction of ecto-CRT by Hyp-PDT. In wild-

type (WT) MEF cells, both mitoxantrone (MTX) and Hyp-

PDT induced ecto-CRT, as expected (Fig. 2a). MTX is a

type II topoisomerase inhibitor that causes ERp57-depen-

dent ecto-CRT induction [3, 15]. In line with published

data [20], MEF cells lacking ERp57 (ERp57 KO MEFs)

did not show ecto-CRT after MTX treatment (Fig. 2a).

However, cells that were treated with Hyp-PDT were still

able to surface-expose CRT despite the absence of ERp57

(Fig. 2a).

Surface-exposed CRT (independent of ERp57) assists

in phagocytosis of Hyp-PDT-treated cancer cells

Since Hyp-PDT-induced ecto-CRT was not accompanied

by ecto-ERp57, it was important to determine whether

absence of ecto-ERp57 compromises the functionality of

the ecto-CRT ‘eat me’ signal [3, 14] after Hyp-PDT. An in

silico analysis (phagocytosis motif search) revealed that

two motifs in CRT (NPEY and KGE) are closely homol-

ogous to the two most important phagocytosis-assisting

motifs, NPxY and RGD [19] (Fig. 2b). This analysis

showed that ecto-CRT, when present, has the motifs nee-

ded to assist in phagocytosis. Moreover, we observed that

contrary to previous observations [22], in the case of Hyp-

PDT, absence of ERp57 (KO) did not reduce the phago-

cytosis of Hyp-PDT-treated cells (in comparison with

ERp57 competent WT cells) by JAWSII murine dendritic

cell (DC) line (Online resource 2) [23]. Next, we investi-

gated the effect of ecto-CRT on phagocytosis of Hyp-PDT-

treated CT26 tumour cells in vitro. As observed earlier for

T24 cells, Hyp-PDT induced ecto-CRT exposure in

absence of ERp57 surface exposure in CT26 cells as well

(Fig. 2c). It should be noted that Hyp-PDT was capable of

causing CT26 cell death (Fig. 2d). In fact, Hyp-PDT-trea-

ted CT26 cells were phagocytosed efficiently by the

JAWSII DCs within a few hours after treatment (Fig. 2e).

Moreover, blockade of ecto-CRT by a specific anti-CRT

antibody reduced this phagocytosis (Fig. 2e). We used an

avian anti-CRT antibody because it does not interact with

the mouse Fc receptors [3].

Discussion

Only a few anti-cancer therapies (anthracyclines, MTX and

photofrin-PDT) can induce exposure of both ecto-HSP70

and ecto-CRT [8, 13, 21]. We show that hypericin-based

PDT [16] is another modality that can accomplish this

(Fig. 1). By contributing to the small arsenal of anti-cancer

agents that can induce surface exposure of DAMPs, our study

has possible implications for anti-tumour immunology.

We also report the existence of slight differences

between the surface distribution patterns of ecto-HSP70

(Fig. 1c) and ecto-CRT (Fig. 1b). The peculiarly patchy

distribution of ecto-CRT plays an important role in its

phagocytosis-regulating functions [14]. Moreover, we

found that ERp57 was not surface co-exposed with ecto-

CRT [20] after Hyp-PDT (Figs. 1d, 2c). Interestingly, a

Fig. 2 Hypericin-PDT induces ERp57-independent ecto-CRT that

regulates phagocytosis of PDT-treated cells. a MEF cells containing

ERp57 (WT) or lacking it (KO) were treated with a medium PDT

dose (recovered, 1 h post-PDT), MTX (1 lM for 4 h) or left untreated

(CNTR). This was followed by surface protein biotinylation and

immunoblotting. b CRT, HSP70 and HSP90 were analysed for the

presence of homologous sequences representing the phagocytic

motifs (NPxY and RGD) with respect to positive controls (MFG-E8

and Annexin-1) and negative control (Actin). In parentheses are the

respective homologous sequences for each protein. c CT26 murine

tumour cells were treated with high PDT dose followed by surface

protein biotinylation at 1 h post-PDT and immunoblotting. d CT26

cells were treated with PDT or left untreated (CNTR) and recovered

24 h post-PDT followed by staining with annexin-V-FITC and the

vital dye 4,6-diamidino-2-phenylindole (DAPI). e Hypericin-labelled

CT26 cells treated with PDT were incubated with chicken anti-CRT

or isotype antibody, followed by detection of phagocytosis by Cell

Tracker Green (CTGr)-labelled JAWSII DCs. JAWSII cells accumu-

lated in quadrant I (no phagocytosis) and quadrant II (phagocytic

uptake) while free CT26 cells accumulated in quadrant III. Calculated

% phagocytosis is mentioned for the respective pictograms. Results

are representative of two independent experiments with two replicates

in each. Furthermore in a and c, ‘?BIO’ indicates controls exposed to

buffer with biotin and ‘-BIO’ indicates controls exposed to buffer

without biotin. Representative Western blots are shown for three

independent experiments

c
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recent study has shown that surface co-translocation of

ERp57 is also dispensable for thapsigargin-induced ecto-

CRT [24]. Thus, our study implies that ERp57 surface

exposure is probably not a universal phenomenon and

might apply mainly to anthracyclines, MTX and UVC

irradiation [3, 20].

However, the absence of surface-exposed ERp57 did not

compromise the phagocytosis-assisting capabilities of ecto-

CRT, and antibody-based blocking of ecto-CRT reduced

the phagocytosis of Hyp-PDT-treated cancer cells

(Fig. 2e). However, this reduced phagocytosis after ecto-

CRT blockade was still higher than control levels thereby

pointing towards the possible presence of other phagocy-

tosis-assisting factors. It would be important to identify

these factors in future. Furthermore, our in silico analysis

shows that CRT contains motifs homologous to the

phagocytosis-assisting motifs [19], NPxY and RGD

(Fig. 2b). On the other hand, HSP70 and HSP90, which are

also surface-exposed DAMPs, do not have such homolo-

gous sequences (Fig. 2b). This observation is substantiated

by a recent observation indicating that the increase in

phagocytosis correlates better with the amount of ecto-

CRT than the amount of ecto-HSP70 or ecto-HSP90 [21].

A recent study has shown that absence of ERp57 abro-

gates MTX-induced ecto-CRT [20]. We confirm that

observation (Fig. 2a). However, Hyp-PDT-induced ecto-

CRT (and by extension phagocytosis after Hyp-PDT treat-

ment) was not reduced by the absence of ERp57 (Fig. 2a, e).

Interestingly, we observed that % phagocytosis for untreated

MEFs (Online resource 2) was higher than for untreated

CT26 cells (Fig. 2e), which represents a possible cell line–

to–cell line difference in basal phagocytosis observable

across other studies [3, 14, 24]. Thus, this is the first study

describing ERp57-independent CRT exposure. Our finding

is intriguing because ERp57 has been suggested to play an

important role in the (anthracycline/MTX-induced) ecto-

CRT translocation pathway [15, 20]. It would be interesting

to investigate whether Hyp-PDT-induced ecto-CRT follows

a different molecular pathway to reach the cell surface.

Hyp-PDT induces surface exposure of HSP70 and CRT

in cancer cells. Thus, it is a potential anticancer modality

for eliciting ‘emission’ of immuno-modulatory DAMPs.

Further studies are needed to identify other surface-

exposed or secreted DAMPs that are induced by Hyp-PDT

in cancer cells.
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