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Abstract

Photodynamic therapy (PDT) has become an attractive option used in tumor treatment via its
direct tumoricidal activities or its immune-boosting activities. On the other hand, heat shock
protein 70 has been found to be largely associated with the establishment of anti-tumor ac-
tivities offered by hyperthermia treated tumor cells. In the present study, we found that in-
jection of tumor-bearing mice with colon cancer cell line CT-26 treated with haematopor-
phyrin based photodynamic therapy (hematoporphyrin monomethyl ether based PDT,
HMME-PDT) together with hyperthermia demonstrated the most effective therapeutic ef-
fects against tumor growth, followed by cells treated by hyperthermia alone. CT-26 cells
treated only with HMME-PDT failed to provide any therapeutic effects, although significant
cell death was induced by HMME-PDT. Compared to hyperthermia treatment, HMME-PDT
induced more efficient surface localization of HSP70 on CT-26 cells which correlated with
efficient activation of cytolytic CD8 T cells and with effective anti-tumor responses. Thus, our
study demonstrated that the surface expression of HSP70 may play a more important role
than the total expression or release of this molecule in the activation of immune responses.
And our study offered a novel modified PDT approach to the treatment of tumor cells in-
trinsically low on HSP70 expression.

Key words: photodynamic therapy, HSP70, hyperthermia, cancer vaccine, hematoporphyrin
monomethyl ether

Introduction

Photodynamic therapy (PDT) has been estab-
lished as a new therapy for the treatment of neoplasm
and other diseases (1). Distinct from traditional radi-
otherapy and chemotherapy, PDT possesses unique
advantages. For example, it induces extranuclear
generation of photooxidative cytotoxic molecules
without causing genotoxic damage (2). More im-

portantly, PDT also induces a durable anti-tumor
immune response to destroy the remaining tumor
cells (3), which indicates PDT is able to enhance the
immunogenicity of tumor cell. And using PDT to
generate a cancer vaccine is an interesting application
of this modality. Several reports demonstrated PDT
generated vaccine exhibited anti-tumor effect, and
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some mechanisms were mentioned. For example,
Gollnick used photofrin, a porphyrin-derived photo-
sensitizer, and showed that PDT treated EMT6 tumor
cells displayed protective vaccine effects against tu-
mor growth, and the protective effects were correlated
with enhanced activation of dendritic cells (4). Korbe-
lik and his colleagues found that the BPD-PDT and
Ce6-PDT could provide a therapeutic vaccine effects
agaist SCCVII tumor. The former one was likely re-
sulted from increased surface expression of HSP70
and complement oponozation (5), the latter one from
membrane lipid alteration and cell apoptosis (6).
Treatment of liver cancer cells with hematoporphyrin
monomethyl (HMME), a porphyrin-derived photo-
sensitizer, has been shown to offer some preventive
vaccine effects against liver carcinoma (7). When we
attempted to injection of colon cancer CT-26 cells
treated with HMME-PDT, it failed to demonstrate a
therapeutic vaccine effect. One of the noted differ-
ences between Korbelik’s and our study was that the
SCCVII cell line they used highly expressed HSP70.
Heat shock protein 70 (HSP70), as its name in-
dicated, is normally induced by heat stress (8). In fact,
HSP70 appears to be the most studied heat shock
protein towards its beneficial effects offered by heat
treated tumors(9). Unlike other kinds of photosensi-
tizers used in PDT therapy which can induce the ex-
pression of HSP70, porphyrin-derived photosensitiz-
ers seemed to be less effective in the induction of
HSP70 expression (10), but tends redistribute HSP70
to cell surfaces (11) which then facilitates the devel-
opment of adaptive immunity (12). Therefore, in the
current study we designed a novel approach to com-
bine hyperthermia with HMME-PDT to achieve both
elevated expression of HSP70 and its enhanced sur-
face localization on treated tumor cells in hope that
improved therapeutic effects would be acquired.

Materials and Methods

Animals and tumor induction in vivo

Poorly immunogenic mouse colon carcinoma
cell line CT-26 and 6-8 weeks old female Balb/c mice
(host for CT-26 tumor) were used in this research.
Tumor was induced via injection of 2X10> CT-26 cells
subcutaneously on the right lower abdomen. The
tumor growth was recorded based on the diameters
measured with caliper and the volume of tumor was
calculated with formula as volume = 0.5Xa(longest
diameter) X b?(the longest diameter perpendicular to

a).
Cell treatments
CT-26 cells were cultured in 37°C and 5%CO; in

high glucose DMEM medium. For PDT treatment,
CT-26 was cultured in complete medium containing
hematoporphyrin monomethyl (HMME) in different
dilutions for 12 hours, and then washed with PBS for
3 times. The cells were transferred to serum free me-
dium before being irradiated with 630nm light via
semi-conductor laser at a dose of 5]/cm? (ALA-PDT
KDL300) for 20 min. Therefore, HMME-PDT was used
to represent the PDT treatment. For PDT combined
with hyperthermia abbreviated as heat-PDT, treat-
ment of cells at 41°C was performed at the last third
hour of HMME incubation. 1 X107 PDT-treated CT-26
cells were diluted in 50ul PBS before they were used
for injection. For hyperthermia stress, CT-26 cells
were incubated in water bath at 41°C for 1 hour, and
then incubated in normal condition for 3 hours. After
cell number was evenly adjusted as that of
PDT-treated cells, they were subjected to 3 cycles of
freezing and thaw (- 80°C for 20 min and 37°C for 10
min) to eliminate living tumor cells, and this group is
named as heat-F/T.

Immunization

Five days after tumor implantation when tumors
usually reached approximate 3 mm in largest diame-
ter, mice were immunized with differently treated
cells by single subcutaneous peritumoral injection as
described (5). Injected cells were generated from cells
treated with HMME-PDT, heat-PDT or heat-F/T. PBS
injection was used as a control. Measurement of tu-
mor size was used to assess the therapeutic effects of
various cell lysates.

For analyzing the activity of cytotoxicity T lym-
phocyte (CTL), normal mice were used after they
were injected with 5 X 105 treated CT-26 cells by
HMME-PDT, heat-PDT or heat-F/T at lower ab-
dominal region bilaterally once a week for 3 weeks.
The CTL activity was analyzed with flow cytometric
analysis or with MTT assay as described below.

Flow cytometry analysis

One week after final injection, spleen and
draining inguinal lymph nodes were isolated and
were prepared to single-sell suspension. Draining
inguinal lymph nodes cells were restimulated at 3 X
106/ well on 24-well plate with PMA (40ng/ml, Sig-
ma), ionomycin (100ng/ml, Sigma) and BFA
(10ug/ml, BioLegend Inc,) for 6 hours. The cytokines
expressed were examined based on intracellular cy-
tokine staining protocol (13). Cell surface molecule
was stained with APC-anti-CD8 (BioLegend Inc) and
intracellular IFN-y was stained with PE-anti-IFN- vy
(BioLegend Inc), which together reflected the activa-
tion of cytotoxic lymphocytes (CTLs). Flow cytometry
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was also used to analyze the expression of HSP70 on
the cell surfaces (BioLegend Inc). Same class of anti-
body conjugated with same kind of fluorescence was
used in all flow cytometry analysis as isotype control.

MTT assay
Splenocyte suspension generated as above was
analyzed for cytolytic effects by

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide assay (MTT), and splentocye from normal
mice were used as control. Briefly, CT-26 target cells
were incubated with splenocytes in various ratios
(1:10, 1:50 and 1:100) for 72 hours in 96 wells plate.
MTT was added at appropriate dilution after super-
natant was discarded. After incubation for 4 hours,
cells were retained and DMSO was used to dissolve
the lipid-soluble MTT. Cell viability was detected by
microplate reader at 495nm. The activation of cyto-
toxic lymphocytes was calculated by the formula CTL
activation=(absorbance of treatment group - absorb-
ance of control group)/absorbance of control group X
100%. Background absorbance was subtracted from
each reading. Additionally, MTT assay was also used
to measure the viability of CT-26 after PDT treatment.

Woestern blot

Total cell lysates of treated cell were extracted by
protein extraction kit from Beyotime Inc (China) and
separated by electrophoresis on a 10% polyacrylamide
gel. The protein were then transferred to PVDF
membrane and incubated for 2 hours in TBS contain-
ing 10% nonfat milk. After blocking, membranes were
incubated with rabbit polyclonal antibody specific for
HSP70 (CST Inc) followed by incubation of HRP con-
jugated goat anti-rabbit IgG. The resulted blots were
analyzed by ECL detection system (ImageQuant LAS
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4000). The supernatants of treated cells were also col-
lected to measure HSP70 release by western blot
analysis. The experiment was repeated for three
times.

Statistical analysis

Data comparisons were done by Student’s t test
or one-way ANOVA analyses. Comparison with a
difference of P < 0.05 was considered significant.

Results

HMME-PDT combined with hyperthermia
treatment provided the most potent thera-
peutic effects against CT-26 growth

We examined if HMME-PDT would offer ther-
apeutic effects against colon cancer and if hyperther-
mia modified HMME-PDT, ie, heat-PDT, would en-
hance the therapeutic effects of HMME-PDT. As
shown in Figure 1, when tumor-bearing mice that had
been implanted with CT-26 cells for approximately
one week before they were injected with differentially
treated cells. HMME-PDT treatment showed no sig-
nificant therapeutic effects in the inhibition of tumor
growth compared to PBS injection control. Up to 18
days after treated cells injection, both heat-F/T and
heat-PDT treatment induced a significant tumor
growth inhibition than PBS and HMME-PDT treat-
ment. More importantly, heat-PDT treatment elicited
an even more vigorous inhibition on tumor growth
than heat-F/T treatment. Therefore, our finding indi-
cated that the therapeutic vaccine effects on colon
cancer cell growth by haematoporphyrin monomethyl
(HMME) photosensitizer can only be established in
the presence of hyperthermia treatment.

24
Days

Fig 1. Heat-PDT provided the most potent therapeutic effect against CT-26 growth. Mice were injected with 2x105 CT-26
cells subcutaneously. 5 days later when tumor started to appear, mice were immunized with | X107 CT-26 cells treated with HMME-PDT,
Heat-PDT and Heat-F/T as described in the Methods. Mice injected with PBS were used as control. Response to the therapeutic vaccine
treatment was determined by tumor volume measurement as in Methods. Each group consisted of five mice. Significance test was per-
formed by One-way ANOVA with * representing comparison with PBS; @ with HMME-PDT and 4 with Heat-F/T.
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HSP70 expression but not the presence of cell
death was associated with the anti-tumor ef-
fects

PDT has been shown to promote cell death at a
dose-dependent manner and certain photosensitizers
induce heat shock protein 70 (HSP70) expression in
treated cells (10). Since these two parameters can both
play important roles in initiating and boosting im-
munity, we examined if they contribute differently to
the anti-tumor effects observed. When the irradiation
condition of 5J/cm? for 20 minutes was applied,
HMME-PDT induced cell death at a dose-dependent
fashion as revealed by MTT assay (data not show).
The induction of cell death was also consistent with
the loss of B-actin detection when higher dose of
HMME was applied to CT-26 cells (Figure 2). No sig-
nificant expression of HSP70 was found in all the
doses of HMME examined in PDT-treated cells (Fig-
ure 2).

To study the impact of hyperthermia on the in-
duction of HSP70 in CT-26 cells, cells were incubated
in various temperatures for 1 hour. We found that
CT-26 cells exhibited low level of HSP70 expression at
37°C. And the level of expression was increased as
temperature raised (Figure 2), reaching to peak value
when the temperature reached 41°C. Taken together,
these data demonstrated that the induction of HSP70

played a more relevant role in conferring the thera-
peutic anti-tumor vaccine effects comparing to the
induction of cell death. However, the mechanisms on
the supreme antitumor vaccine effect provided by
heat-PDT remained to be determined.

HMME-PDT promoted the release and surface
redistribution of HSP70 induced by hyper-
thermia

Although HMME-PDT failed to induce the
HSP70 expression in treated CT-26 cells (Figure 2), we
examined if HMME-PDT is able to affect the release or
the cell surface expression of HSP70. To detect the
release of HSP70, the presence of HSP70 in the su-
pernatants of treated cells was studied at 2 hours post
irradiation by western blot analysis. As shown in
Figure 3, HSP70 expression was up-regulated effi-
ciently from cells heated at 41°C, and no HSP70 was
found in the supernatants if heated cells were not
subjected freezing and thaw treatment (Figure 3, lane
1). Furthermore, HMME-PDT treatment induced an
elevated presence of HSP70 in the supernatants at a
dose-dependent manner (Figure 3), corresponding to
the cell death occurred. Therefore an enhanced release
of HSP70 induced by HMME-PDT was likely a result
of enhanced cell death, which could occur both in
heat-PDT and heat-F/T.

HSP70
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Fig 2. Hyperthermia but not HMME-PDT induced HSP70 expression on CT-26 effectively. CT-26 cells were treated with
different concentrations of HMME-PDT or cultured in different temperatures in water bath. Cell lysates were then generated to detect
the expression of HSP70 with Western blot analysis. B-actin was detected for loading control. Data shown was a representative of 3

separately performed experiments.
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Fig 3. HMME-PDT treatment led to enhanced presence of HSP70 in the supernatants. | x10¢ CT-26 cells grown in medium
containing different concentrations of HMME were subjected to 4| treatment for | h first to induce HSP70 expression. 500ul supernatants
were collected 2 hours after irradiation treatment. HSP70 in the supernatants was analyzed on SDS-PAGE with loading volume around
20ul. Blots were probed with antibody to HSP70. Data shown was a repeat of 3 different experiments.

The migration of HSP70 to cell surfaces was an-
alyzed by flow cytometric analysis. As shown in Fig-
ure 4, hyperthermia only promoted the surface mi-
gration of HSP70 slightly although it did induce the
expression of this protein. In contrast, the percentage
of surface HSP70 positive cells increased more signif-
icantly when CT-26 cells were treated with heat-PDT,
indicating that HMME-PDT was able to promote the
migration of HSP70 to the cell surfaces more effi-
ciently than heat. Both low (10pg/ml) and high dose
(30ug/ml) of HMME demonstrated this effect. No
HSP70-positive cells were detected if cells were
treated with HMME-PDT alone. Altogether, it is
demonstrated that HMME-PDT could more efficiently
promote the surface migration of HSP70 comparing to
hyperthermia treatment, suggesting that the surface
presence of HSP70 may exert more critical effect in the
induction of anti-tumor response.
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Fig 4. HMME-PDT enhanced HSP70 surface expression in
CT-26. CT-26 cells were treated similarly as in Fig 3 with [0ug/ml
HMME as low dose and 30ug/ml as high dose. Cells without any
treatment or with hyperthermia treatment alone were also ex-
amined. After irradiation, cells were stained with alexflu-
ro488-conjugated goat anti-HSP70 antibody and analyzed by flow
cytometry. Significance test was performed by one way ANOVA
test with * representing comparison with no treatment control.

Heat-PDT promoted CTL activation

To further evaluate the most potent antitumor
feature offered by heat-PDT treatment, activation of
CD8 T cells was measured from mice injected with the
cells treated by HMME-PDT, heat-F/T or heat-PDT.
Mice treated with cells of heat-PDT, higher proportion
of activated CD8 T cells in the draining inguinal
lymph node were found when CTL was measured by
the ability of IFN-y production from CD8 T cells
(Figure 5a). Similar finding was also obtained when
CTL activities were measured by MTT assay (Figure
5b). It is indicated that this combination-based vaccine
could elicit the most effective cytotoxic lymphocytes
activation, corresponding well with their most potent
anti-tumor therapeutic vaccine effects.

Discussion

Photodynamic therapy (PDT) is regarded as a
promising therapy partly due to its reported capabili-
ties of rapid recruitment and activation of immune
cells, which in turn facilitate the development of an-
ti-tumor adaptive immunity (14). In fact, PDT-treated
tumor cells were shown to be effective in both pre-
ventive (4) and therapeutic (5) vaccines. However, in
our research, no anti-tumor effect was found when
cells were only treated by HMME-PDT. Two possible
causes might account for this difference. SCCVII cell
line investigated in Gollnick’s research was a breast
carcinoma that expresses high level of HSP70. How-
ever, the colon cancer cell line CT-26 used in our
study expresses low level of HSP70 (Figure 3). On the
other hand, Ce6 photosensitizers used in Korbelik’s
research was able to induce raised HSP70 protein ex-
pression, which might contribute to its application in
vaccine generation (15). However, the HMME photo-
sensitizer used in our research failed to demonstrate
this effect by itself independent of dosage. It is not
known yet if the differences in their ability to induce
the protein expression of HSP70 between HMME and
Ce6 were due to its different subcellular locations, ie,
HMME is mainly distributed in Golgi body, ER, mi-
tochondria and lysosome (16), while ce6 is mainly
found in lysosome and plasma membrane (17).
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Fig 5. Heat-PDT induced the CTL response most effec-
tively. Normal Balb/c mice were injected with 5% 105 cells treated
with HMME-PDT, Heat-F/T and Heat-PDT as described in the
Methods. 7 days after immunization, draining inquinal lymph node
cells (a) were analyzed for the induction of CTL responses by
measuring the percentage of CD8+ cells capable of producing
IFN-y by FACS analysis, and splenocytes(b) were analyzed by MTT
assay. FACS image was a representative image from one animal;
the combined results from 5 mice were shown in dot graph. The
MTT results were the mean value of 5 different mice. Significance
was tested by one way ANOVA test with * representing com-
parison with HMME-PDT and # with Heat-F/T with p value of
<0.05.

Cell death resistance and immune evasion are
two important interrelated factors in tumor -cell
growth and metastasis (18, 19). Recently the name of
immunogenic cell death was coined to define the cell
death that reaches to a level which can induce both
innate and adaptive immunity effectively irrespective
of the form of cell death (20). Therefore, certain level
of cell death is a critical endogenous alarm signal for
immune system. In our study, however, although
significant amount of cell death is indeed induced by
HMME-PDT, no immune activation was observed.
This may indicate that the quality of cell death is more
relevant to the activation of immune response. In-
deed, uric acid, HMGB-1, ATP, heat shock proteins
and many others have been reported as effective in-
ducing molecules for immune reaction, collectively
called damaged associated molecular patterns
(DAMPs). Thus, based on our study and published

studies by others (21, 22), we predicted that the failure
of offering productive activation of anti-tumor CTL
response by cells treated with HMME-PDT is not due
to lack of cell death, but a result of lack of HSP70 in-
duction.

HSP70 is originally known as a chaperon protein
(23). But it was also a critical DAMP. It can interact
with natural killer (NK) cells and promote their acti-
vation (24). The presence of HSPs on the surface of
cells can prevent the recognition of inhibitory receptor
complex CD9%4/NKG2A on NK cells with its MHC
class I ligands, facilitating to activation of NK cell and
killing of HSP-positive tumor target cells (25). HSP70
also interacts with pattern-recognition receptors
(PRR) on antigen-presenting cells like TLR-4, CD91,
LOX-1 and CD40 to promote the release of released
pro-inflammatory cytokines through the activation of
NF- k B pathway (26, 27). Additionally, HSPs includ-
ing HSP70 have been found to be important in the
induction of cross-presentation of extracellular anti-
gens to evoke CTL response (28). Our finding that
injection of extracellular cell-associated antigens were
ale to induce CTL responses appeared to indicate that
the cross-presentation by extracellular antigens may
be largely dependent on the presence of surface
HSP70.

Like all the heat shock proteins, HSP70 is an in-
tracellular protein without signal peptide, which thus
is usually not secreted. In this case, HSP70 can be re-
leased as a result of cell death (21). Alternatively,
HSP70 also can be release through though an endo-
lysosomal compartment, which was similar to one
used by IL- 8 that without out a signal peptide (29). In
our results, the release of HSP70 was increased while
HMME concentration was raised and more cell death
was induced. On the other hand, cells were induced to
express HSP70 by hyperthermia treatment without
induction of cell death, no HSP70 release was detected
(Figure4). Thus, the elevated releasing of HSP70
found in HMME-PDT treated cells was more likely
resulted from cell death pathway. Concerning mem-
brane localization of HSP70, the mechanisms are not
clear. It was reported that lesions in the membrane of
PDT-treated cells caused the inner membrane to be
flopped outward and exposed the HSP70 with pro-
teins or lipids lining the inner leaflet of on to the
plasma membrane (30, 31). Furthermore, it was
thought that surface localized HSPs might have a role
in their efforts to stabilize damaged membranes and
preserve their integrity under the oxidative stress (32).
We are not certain how HMME-PDT is able to pro-
mote the membrane localization of HSP70 at present.
It could be a result of HMME-PDT induced cell
damages as well, since more cell surface HSP70 was
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found in HMME-PDT treated cells comparing to cells
treated with hyperthermia alone, corresponding well
with their different capacity of causing cell damages.
Cancer is the second cause of human death (33).
Although surgery, chemotherapy and radiotherapy
all achieved great successes in healing cancer, they all
had their respective limitations. Immune therapy has
its unique advantages, such as low toxicity, high effi-
cacy, specific targeting and long duration, becomes a
potential effective method (34). Vaccine especially
therapeutic ones is one of the most attractive members
in immune-related therapies. In this study, we pro-
vided a novel immune-based approach to increase the
therapeutic efficacy on tumor vaccines with low in-
trinsic heat shock protein expressions. Furthermore,
we uncovered the importance of surface localization
of heat shock protein in the induction of
cross-presentation and activation of cytotoxic T cells.
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