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Abstract Oxidative stress in photodynamic therapy (PDT)-
treated tumor cells is known to instigate a strong upregu-
lation of the expression of heat shock proteins. However,
the treatment of mouse Lewis lung carcinoma (LLC) cells
with Photofrin™ PDT resulted in the upregulation of heat
shock protein 70 (Hsp70) gene not only in these cells but
also in co-incubated untreated Hepa 1-6 cells. To investi-
gate whether this phenomenon extends in vivo, LLC tumors
growing in C57BL/6 mice were treated with Photofrin™
PDT. The tumors and the livers from the mice were
collected at 4, 8, or 24 h after therapy for quantitative
reverse transcriptase polymerase chain reaction-based anal-
ysis of Hsp70 gene expression. Increased Hsp70 gene
expression was detected in both the tumor and liver tissues
and was most pronounced at 4 h after PDT. This effect was
inhibited by treatment of host mice with glucocorticoid
synthesis inhibitor metyrapone. Hsp70 protein levels in the
livers of mice bearing PDT-treated tumors gradually
decreased after therapy while serum levels increased at
4 h after therapy and then continually decreased. The
exposure of in vitro PDT-treated LLC cells to Hsp70 and
subsequent flow cytometry analysis revealed binding of this
protein to cells that was dependent on PDT dose and more
pronounced with dying than viable cells. Thus, following
the induction of tumor injury by PDT, Hsp70 can be
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produced in the liver and spleen as acute phase reactant and
released into circulation, from where it can be rapidly
sequestered to damaged tumor tissue to facilitate the
disposal of dying cells.
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Introduction

Since their initial identification as intracellular proteins
specialized in chaperoning nascent proteins and degradation
of aberrantly folded/damaged polypeptides, heat shock
proteins (HSPs) have been characterized as important
mediators of an expanding array of key physiological
functions (Hartl and Hayer-Hartl 2002; Asea 2003; Pockley
2003). These proteins are now recognized as participants in
signal transduction pathways and important regulators of
inflammatory and immune response upon their transloca-
tion to the cell surface or release from the cells (Asea 2003;
Pockley 2003; Calderwood et al. 2007; Gehrmann et al.
2008). It is now established that soluble heat shock protein
70 (Hsp70), the major stress-inducible member of HSPs, is
present in the peripheral circulation of normal individuals
and that its levels change with pregnancy, aging, and
various pathophysiological conditions (Terry et al. 2006;
Molvarec et al. 2006). The ability of Hsp70 to efficiently
shuttle a broad spectrum of antigenic peptides to antigen-
presenting cells was recently shown to involve a high
affinity binding to LOX-1 endocytic receptors (Theriault et
al. 2005). Another important recent observation is that
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Hsp70 interacts with cellular death signal membrane-
exposed phosphatidylserine (Arispe et al. 2004).

Photodynamic therapy (PDT) is a regulatory approved
modality for treating a variety of malignant and non-
oncological lesions with continuing development for a
number of other applications (Dougherty et al. 1998; Huang
2005). The destruction of targeted lesions by PDT is
achieved by localized generation of reactive oxygen species
mediated by the transfer of energy absorbed by light-
activated drugs (photosensitizers) to molecular oxygen
(Dougherty et al. 1998; Henderson and Dougherty 1992).
The patient is first given a photosensitizing drug (by
systemic or lesion-localized administration) and this is
followed by lesion-targeted illumination using wavelengths
compatible with the photosensitizer’s absorption character-
istics. Phototoxic lesions inflicted in PDT-treated tumors
elicit a complex multifactorial response producing both
direct and indirect tumor cell death (Dougherty et al. 1998;
Henderson and Dougherty 1992; Korbelik 2006). The
initial injurious impact (oxidative stress caused predomi-
nantly by singlet oxygen-mediated damage to cellular
proteins and lipids) gives rise to lethal photooxidative
lesions with both apoptotic and necrotic cell death
(Dougherty et al. 1998). The indirect cancer cell death comes
either from oxygen/nutrient starvation caused by the destruc-
tion of tumor vasculature or from cytotoxic action of
inflammatory/immune effectors of PDT-induced host reaction
(Dougherty et al. 1998; Korbelik 2006; Castano et al. 2006).

Clinical cancer therapies including PDT were shown to
induce changes in the expression of Hsp70 protein in tumor
cells (Gehrmann et al. 2008). It has long been known that
tumor treatment by PDT triggers in the targeted cancerous
tissue the upregulation of genes encoding various HSPs and
the accumulation of protein products of these genes (Gomer
et al. 1996). Our recent study showed that PDT induces the
expression of HSPs including Hsp70 on the surface of
treated cells and the release of Hsp70 from these cells
(Korbelik et al. 2005). This work also suggested that Hsp70
functions as a danger signal alerting the host of PDT-
inflicted injury and that its action involves the activation of
Toll-like receptor signaling (Korbelik 2006, 2009; Korbelik
et al. 2005; Zhou et al. 2009).

In the present study, we used PDT as a tool to test the
hypothesis that Hsp70 is not produced only locally at the
stress-sustaining site but also systemically as an acute phase
reactant. We show that PDT treatment induces the
upregulation of Hsp70 production not only in tumor tissue
sustaining direct PDT-mediated oxidative insult but also at
distant organs (liver and spleen). The presented investiga-
tion indicates that following tumor PDT there is an
induction of Hsp70 production in the host liver and its release
into the circulation with subsequent rapid sequestration to
damaged tumor tissue.
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Materials and methods
Cell culture and mouse model

Lewis lung carcinoma (LLC) cells (ATCC CRL-164) and
hepatoma Hepa 1-6 cells (ATCC CRL-1830) both originate
from tumors that arose spontaneously in C57BL/6 mice.
These cells were routinely cultured in alpha minimal
essential medium, supplemented with 10% fetal bovine
serum, both from GIBCO Invitrogen (Carlsbad, CA, USA).
For implanting subcutaneous LLC tumors, 1x10° cells
were injected into the lower dorsal region of 7-9-week-old
female syngeneic mice. The tumors were treated when they
reached around 8 mm in the largest diameter. All mouse
procedures were performed in compliance with the Animal
Care Committee of the University of British Columbia.

Photodynamic therapy

Photofrin™ (provided by Axcan Pharma Inc., Mont Saint-
Hilaire, Quebec, Canada) was administered to C57BL/6 mice
bearing LLC tumors by i.v. injection at 10 mg/kg. The tumors
were treated 24 h later with light produced by a FB-QTH high
throughput illuminator (Sciencetech Inc., London, Ontario,
Canada) as described in detail elsewhere (Merchant et al.
2007). Briefly, light delivered through a 630+ 10-nm interfer-
ence filter for superficial tumor illumination had a fluence rate
of 80-90 mW/cm?, and the light dose used was 150 J/cm®.
During this procedure, the mice were restrained unanesthe-
tized in metal holders exposing their backs. For PDT
treatment in vitro, LLC cells growing in 35-mm Petri dishes
(0.8x10° per dish) were exposed to Photofrin™ (20 pg/ml in
full growth medium) for 24 h, then washed with phosphate-
buffered saline and exposed to the light dose of 1 J/cm?. The
growth medium was then returned and the cells were kept in
culture in protein- and serum-free medium (S8284, Sigma
Chemical Co., St. Louis, MO, USA) for further 4 or 8 h at
37°C before they were collected using RNeasy® Plus Mini
kit (Qiagen Inc., Mississauga, Ontario, Canada) and stored
for reverse transcriptase polymerase chain reaction (RT-PCR)
analysis. In additional experiments, LLC cells were plated in
Millicell culture inserts (PIHP03050, Millipore Corporation,
Billerica, MA, USA) with porous polycarbonate membrane
bottom and were transferred after PDT treatment to Petri
dishes with PDT-untreated Hepa 1-6 cells for 4 or 8 h co-
incubation before collection of Hepa 1-6 cells for quantitative
RT-PCR. In all cases, the number of cells per dish and insert
was kept around 0.8x10° (1:1 ratio for LLC/Hepa 1-6).

Hsp70 gene expression analysis

Mice with PDT-treated tumors were sacrificed at various
time points after therapy and their tumors, livers, and
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spleens excised. Homogenates of these tissues, or cells
harvested after in vitro experiments, were processed for
total RNA isolation that served for assessing Hsp70 gene
expression levels based on quantitative real-time RT-PCR
as described previously in detail (Korbelik et al. 2008). In
brief, 1-pug samples of total RNA were processed employ-
ing SuperScript III Platinum Two-Step qRT-PCR kit with
SYBR green (Invitrogen Canada Inc., Burlington, Ontario,
Canada). The mouse Hsp70 gene-specific primers used
were ATCACCATCACCAACGACAAG (forward) and
GAGATGACCTCCTGGCACTT (reverse), designed to
amplify the Hspala and Hspalb polymorphs. Housekeeping
gene glyceraldehid-3-phosphate dehydrogenase (GAPDH)
expression was also detected for each sample and used for
normalizing Hsp70 gene expression. The effects of i.p.
injected recombinant dexamethasone (Sigma) at 40 ug/kg
and glucocorticoid synthesis inhibitor metyrapone (Sigma) at
100 mg/kg on the expression of Hsp70 gene were also tested.

Hsp70 enzyme-linked immunosorbent assay

The levels of Hsp70 in mouse liver tissue homogenates and
serum were determined using the enzyme-linked immuno-
sorbent assay (ELISA) kit purchased from Assay Designs
Inc. (Ann Arbor, MI, USA). The kit uses mouse anti-Hsp70
monoclonal antibody for capture while rabbit anti-Hsp70
polyclonal antibody combined with horseradish peroxidase-
conjugated anti-rabbit IgG serves for detection. Blood was
collected for serum Hsp70 samples only once with each
mouse to minimize the effects of nonspecific stress.

Distribution of injected Hsp70 between PDT-treated tumor
and liver

Recombinant mouse Hsp70 (Assay Designs) and mouse
albumin (Sigma), biotinylated using AnaTag™ Biotin
Protein Labeling Kit (AnaSpec Inc., Fremont, CA, USA),
were injected intravenously (20 pg/mouse) at either 3.5 or
7.5 h after PDT light treatment. The mice were sacrificed
for tumor and liver tissue collection at 30 min after
biotinylated protein injection. The experimental groups
(each containing four LLC tumor-bearing mice) were:
control untreated mice (not injected biotinylated protein)
[A], PDT-untreated mice injected with biotinylated Hsp70
[B], PDT-untreated mice injected with biotinylated albumin
[C], PDT-treated mice injected with biotinylated Hsp70 and
sacrificed at 4 h after PDT [D], PDT-treated mice injected
with biotinylated albumin and sacrificed at 4 h after PDT
[E], PDT-treated mice injected with biotinylated Hsp70 and
sacrificed at 8 h after PDT [F], and PDT-treated mice
injected with biotinylated albumin and sacrificed at 8 h
after PDT [G]. The collected tumor and liver tissue
homogenates were used for the determination of biotinylated

Hsp70 and biotinylated albumin levels using the ELISA
technique. For biotinylated Hsp70, the capture antibody was
goat anti-mouse Hsp70 polyclonal antibody (K-20) obtained
from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA)
and streptavidin—peroxidase polymer (Sigma, S2438) was
used for detection. For biotinylated albumin, well plates
were used from mouse albumin ELISA kit (Immunology
Consultants Laboratory Inc., Newberg, OR, USA) that have
rabbit anti-mouse albumin polyclonal antibody bound to solid
phase while detection was again based on streptavidin—
peroxidase polymer. Aliquots of biotinylated proteins pre-
pared for injection into mice were used for the calibration
curve standards. Nonspecific background value obtained from
tumor and liver samples of group A was subtracted from the
absorbance reading.

Flow cytometry

For testing the interaction of Hsp70 with PDT-treated cells,
recombinant mouse Hsp70 and mouse albumin (Sigma)
serving as control protein were labeled with 5-flourescein
isothiocyanate (FITC) using a kit obtained from AnaSpec.
After PDT treatment, consisting of the exposure to Photofrin™
(10, 20, or 40 pg/ml) followed 24 h later by 1 J/em? of 630+
10 nm light, LLC cells were incubated in full growth medium
for 2.5 h and then FITC-Hsp70 or FITC-albumin was added
at 10 ug per sample. These samples were left for another
30 min at 37°C and then the cells were collected for flow
cytometry that was performed using a Coulter Epics Elite
ESP (Coulter Electronics, Hialeah, FL, USA). Before flow
cytometry, some samples were stained with PE-conjugated
annexin V, or a combination of 7-aminoactinomycin D (7-
AAD) and PE-conjugated rabbit anti-active caspase-3 mono-
clonal antibody, all from PharMingen (BD Biosciences,
Mississauga, Ontario, Canada). Staining with the latter two
dyes enabled the identification of cells as viable (negative
with both stains), apoptotic (active caspase-3 positive, 7-
AAD negative), and necrotic (positive with both stains).

Statistical analysis

The difference between means for various treatment groups
was evaluated using nonparametric Mann—Whitney test.
Statistical significance level threshold was set at 5%.
Results

PDT-induced Hsp70 gene expression in vitro

The insult inflicted in cells treated with PDT is known to

provoke the elevated expression of heat shock proteins,
including Hsp70 (Gomer et al. 1996; Zhou et al. 2008).
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This is also revealed when examining, based on quantita-
tive RT-PCR analysis, the expression of gene encoding
Hsp70 in LLC cells treated in vitro by a largely lethal dose
of Photofrin™ PDT (Fig. 1). The upregulation of Hsp70
gene was prominent at 4 h after PDT and it raised even
further reaching almost 300-fold increase (compared to the
level in untreated cells) at 8 h after PDT. However, the
expression of Hsp70 gene is not only affected in cells
directly treated with PDT but also in untreated cells co-
incubated with PDT-treated cells. This was documented by
examining the Hsp70 gene expression in PDT-untreated
Hepa 1-6 cells (malignantly transformed hepatocytes) that
were in Petri dishes to which culture inserts were added
containing PDT-treated LLC cells (Fig. 1). The Hsp70 gene
expression in these cells increased when they were co-
incubated for 8 h with PDT-treated LLC cells although the
increase was not as dramatic as in PDT-treated LLC cells.

Hsp70 gene expression in PDT-treated tumor and distant
sites

Since these results with Hepa 1-6 cells indicate that some
factors released from PDT-treated cells may stimulate the
upregulation of Hsp70 gene in untreated cells, it became
warranted to examine whether such effect can be observed
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Fig. 1 Direct and indirect effects of PDT treatment on Hsp70 gene
expression in vitro. Cultured LLC cells were treated with PDT
(Photofrin™ 20 ug/ml for 24 h followed by 1 J/cm?). They were then
kept further in culture for 4 or 8 h either alone or co-incubated
(contained in separate culture inserts) with untreated Hepa 1-6 cells.
At the end of the incubation period, PDT-treated LLC cells and Hepa
1-6 cells were collected for quantitative RT-PCR-based analysis of
Hsp70 gene expression. The results were normalized to corresponding
controls using PDT-untreated LLC cells for the /eft columns and Hepa
1-6 cells co-incubated with PDT-untreated LLC cells for the right
columns. N=4, bars are SD; *p<0.05, statistically significant
difference compared to controls
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in vivo. Subcutaneous LLC tumors growing in syngeneic
C57BL/6 mice were treated with PDT (dose producing a
complete initial tumor ablation), and the mice were
sacrificed at different time intervals after the therapy to
collect their tumors, livers, and spleens for examining the
Hsp70 gene expression in these tissues. The results reveal
that the activity of this gene markedly increased not only in
the PDT-treated tumors but also in the livers of host mice
(Fig. 2). The fold increase was greater in the tumor than in
the liver, but in both cases it was most prominent at 4 h
after PDT and then subsided to remain only slightly
elevated at 24 h post therapy. No significant changes in
Hsp70 gene expression were found in tumor and liver
tissues of control mice, including those that received
photosensitizer only or tumor light treatment without prior
photosensitizer administration. For instance, the values
(means =+ standard deviations) for ratios relative to those
obtained with the untreated group were with the light-only
controls 0.88+0.28 and 1.71£0.63 for tumor and liver
tissues, respectively. Since mice had to be restrained for the
exposure to light-only treatment, these results also demon-
strate that the stress due to restraint itself cannot provoke
significant Hsp70 gene upregulation in these tissues. It is of
note that, judging from Ct values in quantitative RT-PCR
analysis, the basic expression of Hsp70 gene was at similar
levels in tumor and liver tissues. The upregulation of Hsp70
gene expression was also detected in the spleens of mice
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Fig. 2 The expression of Hsp70 gene in tumor and liver tissue of
C57BL/6 mice bearing PDT-treated LLC tumors. Mice with LLC
tumors were injected with Photofrin™ (10 mg/kg i.v.), and 24 h later,
the tumors were exposed to 630=10 nm light dose of 150 J/cm?®. The
mice were sacrificed at 4, 8, or 24 h after light treatment and their
tumor and liver tissues collected for quantitative RT-PCR-based
analysis of the expression of the Hsp70 gene. The results are
presented as the GAPDH-normalized Hsp70 gene expression relative
to that in the same tissue of untreated tumor-bearing mice. N=4, bars
are SD; *p<0.05, values significantly different than the controls
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bearing PDT-treated tumors although the rise was only
around 30% of that found in the livers (not shown).

Mediators of systemic Hsp70 gene upregulation

The upregulation of various genes in the livers of mice
bearing PDT-treated tumors was recently described in our
report demonstrating the induction of acute phase response
by this therapy (Korbelik et al. 2008). The study identified
glucocorticoid hormones as one of the major mediators
responsible for this phenomenon. To test whether these
hormones are involved in the observed modulation of Hsp70
gene activity, dexamethasone (synthetic glucocorticoid) was
injected in naive tumor-free mice. The dexamethasone
injection provoked a significant increase in the liver Hsp70
gene expression at 4 h after treatment (Fig. 3). In the second
part of the experiment, Hsp70 gene expression was analyzed
in the livers of mice with PDT-treated LLC tumors that were
injected glucocorticoid synthesis inhibitor metyrapone or
control solution and compared to that obtained from PDT-
untreated mice. It can be seen that PDT-induced liver Hsp70
gene upregulation was strongly inhibited by the metyrapone
treatment (Fig. 3). Without PDT, metyrapone treatment had
no negative impact on Hsp70 gene expression (not shown).
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Fig. 3 The effects of dexamethasone and tumor PDT on liver Hsp70
gene expression. Tumor-free C57BL/6 mice were i.p. injected either
with dexamethasone (40 pk/kg) or control solution. Alternatively,
mice with LLC tumors were treated with PDT as described in Fig. 2
and some were given metyrapone (100 mg/kg, i.p.) 15 min before the
onset of PDT light exposure. The mice were sacrificed at 4 h post
treatment and their livers collected for quantitative RT-PCR-based
analysis of Hsp70 gene expression. The results are presented as the
GAPDH-normalized Hsp70 gene expression relative to that in the
liver of tumor-free controls or untreated LLC tumor-bearing controls.
N=4, bars are SD; *p<0.05, statistically significant difference
compared to untreated controls; **p<0.05, statistically significant
difference compared to the PDT-only group

Hsp70 protein in the liver and serum

To investigate how PDT-induced changes in liver Hsp70
gene activity affect the levels of its protein product, the
liver tissue was collected from mice bearing PDT-treated
tumors at different time intervals and used for determining
Hsp70 protein concentration based on ELISA assay.
Despite the Hsp70 gene upregulation after PDT, the levels
of liver Hsp70 protein were found to decrease from around
170 to about 115 ng/g of tissue (a decline by almost 40%)
after the first 3 h; however, the levels increased over 20%
between 3 and 5 h post PDT (consistent with the timing of
Hsp70 gene upregulation seen in Fig. 2), but this was
followed again by a 30% decrease after the next 4 h
(Table 1).

Since one of the most plausible explanations of the
results in Table 1 is that the Hsp70 protein is released from
the liver after PDT, changes in Hsp70 serum levels during
this time period were examined next using ELISA. The
results reveal that serum Hsp70 levels become elevated in
host mice even when bearing untreated tumors while
further increase was evident in mice with PDT-treated
tumors at 4 h after therapy (Fig. 4); this was followed by a
decrease to the pretreatment range at 8 h after PDT and
further decline to the levels similar to tumor-free mice at
24 h after PDT.

Since the average liver weights in mice used in the
experiments described in Table 1 were around 600 mg,
from the results in this table, it can be estimated that at least
around 30 ng of Hsp70 disappeared from the liver of tumor
PDT-treated mice during the first 3 h after therapy. As the total
blood volume of a mouse is less than 2 ml (Wu et al. 1981), if
all of the Hsp70 depleted from the liver was released into the
blood and remained in circulation, it would increase the
serum level of this protein to over 15 ng/ml. This is over five
times more than the actual increase in serum Hsp70 detected

Table 1 The effect of tumor PDT on liver Hsp70 protein levels

Experimental group Hsp70 per gram of liver tissue (ng)

Tumor-free controls 180.9+£21.0%
Untreated tumor control 170.4+22.7
3 h after PDT 115.7+4.3%¢
5 h after PDT 142.5+7.1°
9 h after PDT 100.1+5.5%¢

Mice bearing LLC tumors were PDT-treated (Photofrin™ 10 mg/kg
plus 150 J/cm?). They were sacrificed at indicated times after PDT, their
livers excised and used for Hsp70 protein determination based on the
ELISA assay (N=4)

#Standard deviations
b Significantly lower than the untreated tumor group (p<0.05)
¢ Significantly lower than the 5-h after PDT group
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Fig. 4 Serum Hsp70 levels in mice after tumor PDT. LLC tumors
growing in C57BL/6 mice were PDT-treated as described in Fig. 2,
and blood was collected from the mice at either 4, 8, or 24 h post
therapy for serum Hsp70 measurement based on the ELISA assay. N=
4, bars are SD; *p<0.05, statistically significant difference compared
to tumor-free controls; **p<0.05, statistically significant difference
compared to the control group with untreated tumors

by our measurement (Fig. 4) that translates to about 2.7 ng/
ml for the area under curve covering 0 to 8 h time interval
(after which the levels drop below the pretreatment range).
To address the possibility that some of serum Hsp70 was
contained within secretory vesicles (exosomes) and remained
undetected (Bausero et al. 2005), some samples were
pretreated with 1% Lubrol WX (a detergent which solubil-
izes exosomes) but this produced no significant difference in
the ELISA measurement (not shown). The implication is that
either most of this Hsp70 was catabolized in the liver or that
it was rapidly sequestered from the circulation. Since the
latter consideration is consistent with the possibility that
Hsp70 protein produced and released from the liver of mice
with PDT-treated tumors is attracted to the tumor, we tested
the capacity of Hsp70 to bind to PDT-treated tumor cells
using an in vitro model. For that purpose, recombinant
mouse Hsp70 and a control protein (albumin) were
conjugated with the fluorescent marker FITC.

Hsp70 protein binding to PDT-treated cells

The results presented in Fig. 5a show that increasing
amounts of Hsp70 become associated with tumor cells
treated with increasing doses of PDT while this was not
evident with albumin. This effect was evident from the
increased Hsp70-associated fluorescence on tumor cells
(main graph) as well as from the increased percentage of
fluorescence-positive tumor cells (insert). The association
of Hsp70-FITC with tumor cells was not promoted by
treatment of cells with Photofrin™ only or light alone. It
can be also seen that incubating PDT-treated cells with
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Hsp70 at 4°C (instead of 37°C as done with the other
samples in this experiment) had no major impact on the
levels of cell-associated protein (Fig. 5a). Since incubation
at such low temperature prevents metabolic activity that
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4 Fig. 5 Binding of Hsp70 protein to PDT-treated tumor cells. LLC
cells were exposed to Photofrin™ at 10 pg/ml (for PDT1), 20 pg/ml
(for PDT2, same dose as in Fig. 1), or 40 pug/ml (for PDT3) for 24 h
and then treated with 1 J/em?® of 630+10 nm light. The cells were
thereafter incubated in full growth medium at 37°C. At 2.5 h post-
PDT light treatment, Hsp70-FITC or albumin-FITC was added at
10 pg/sample and the cells were further incubated for 30 min at 37°C
(except for one group incubated at 4°C) before they were collected for
flow cytometry analysis. a Hsp70- or albumin-associated fluorescence
of cells treated with PDT based on three different Photofrin™ doses
and controls including untreated, Photofrin™-only (20 pg/ml), and
light-only (1 J/ecm?®)-treated cells (the fluorescence values were
corrected by subtracting the background measured with cells receiving
the same treatment but no FITC-labeled protein)—the insert depicts
FITC fluorescence-positive fraction size for untreated and PDT2-
treated cells exposed to Hsp70-FITC; b Hsp70-associated fluores-
cence on cells treated with PDT2 identified as viable, apoptotic, or
necrotic; ¢ PE fluorescence obtained with annexin V-PE staining of
PDT2-treated cells exposed or not exposed to Hsp70-FITC. N=4, bars
are SD; *p<0.05, statistically significant difference compared to PDT-
untreated controls; **p<0.05, statistically significant difference
compared to viable cells in the PDT-treated group; ***p<0.05,
statistically significant difference compared to Hsp70 not added group

could lead to active internalization of bound Hsp70, the lack
of difference between 4°C and 37°C suggests no significant
loss of Hsp70 from the cell surface by this process.

In order to determine whether cell death induced by PDT
treatment influences Hsp70 binding, the level of Hsp70-
associated fluorescence was examined separately on viable,
apoptotic, and necrotic cells. The results reveal that Hsp70 was
associated with cells that appeared viable after PDT treatment,
but this was much less pronounced than with dead cells
(Fig. 5b). There was no detectable difference in the extent of
Hsp70 interaction between apoptotic and necrotic cells.

Phosphatidylserine, which becomes expressed on dead
cells and Hsp70 is known to bind to it (Arispe et al. 2004),
is one of the obvious candidates for the molecule on PDT-
treated cells that could be responsible for the observed
fixation of Hsp70. To test this, PDT-treated tumor cells
exposed to Hsp70 were stained with PE-conjugated annexin
V (classical phosphatidylserine-binding protein). The
results show that annexin V-associated fluorescence was
significantly reduced on cells incubated with Hsp70
compared to cells not incubated with Hsp70 (Fig. 5c),
suggesting that phosphatidylserine is indeed one of the
molecules localized on PDT-treated cells that interacts with
Hsp70. The fact that the annexin V-associated fluorescence
was only partially diminished implies that other molecules
are also involved in Hsp70 binding and/or Hsp70 interac-
tion with phosphatidylserine does not completely prevent
subsequent binding of annexin V.

Accumulation of circulating Hsp70 in PDT-treated tumor

Since our flow cytometry data suggest that extracellular
Hsp70 can get captured bound to PDT-treated cells, it was

of interest to determine whether Hsp70 from peripheral
blood circulation converges to and becomes entrapped in
the tumor after PDT. For that purpose, biotinylated
recombinant mouse Hsp70 or biotinylated mouse albumin
(serving as a control reference protein) was injected
intravenously into mice bearing PDT-treated LLC tumors,
and the animals were sacrificed 30 min later to collect their
liver and tumor tissue for analysis. The results show that,
expressed in micrograms per gram of tissue protein, about
2.6 times more of injected Hsp70 accumulated in the liver
than in the tumor in mice with untreated tumors (Fig. 6).
However, as seen by the tumor/liver ratio depicted in the
figure insert, this changed dramatically at 4 h after PDT
when the preference of Hsp70 accumulation in tumors
increased substantially (with tumor to liver ratio becoming
close to 1). Circulating Hsp70 attracted to PFT-treated
tumor may not be retained long at that site; after being
captured complexed with client damaged proteins by
phagocytes, it can be degraded or transported to draining
lymph nodes. Such occurrence would explain the fact that,
quantitatively, the amount of injected Hsp70 detected in the
PDT-treated tumors at the 4-h time point has not increased
compared to untreated tumors.

Mice with LLC tumors
Biotinylated Hsp70/albumin 20 pg/mouse
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Fig. 6 Distribution of biotinylated Hsp70 in mice with PDT-treated
tumors. LLC tumors growing in C57BL/6 mice were PDT-treated as
described in Fig. 2. The mice were injected with biotinylated
recombinant mouse Hsp70 or biotinylated mouse albumin (20 pg/mouse,
i.v.) at either 3.5 or 7.5 h after PDT light treatment. Thirty minutes after
biotinylated protein injection, the mice were sacrificed and their tumor
and liver tissue collected for the determination of biotinylated Hsp70 and
biotinylated albumin levels using ELISA technique. The graph insert
shows PDT-induced changes in the tumor/liver ratio of biotinylated
Hsp70 content. N=4, bars are SD; *p<0.05, statistically significant
difference compared to PDT-untreated controls; **p<0.05, statistically
significant difference compared to the 4-h post-PDT group
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The results of the same experiments further show that at
a later phase after PDT (8 h), the levels of injected Hsp70
found in the tumors compared to the liver declined
dramatically and become lower than those in the untreated
tumors (Fig. 6). In contrast to Hsp70, the injected albumin
manifested no particular tendency to accumulate either in
the liver or tumor irrespective of PDT treatment.

Discussion

Injury causing breakdown of local homeostasis, such as
acute physical trauma, prompts a rapid host reaction calling
into action two major innate defense effector processes,
inflammation and acute phase response. Characterized as a
stress response at the level of the organism, the acute phase
response is a dynamic homeostatic process integrating
complex regulated (predetermined) physiological and bio-
chemical events involving distant systemic changes and
including many organ systems (Gabay and Kushner 1999).
The aim of acute phase response is mobilizing resources
from the entire organism in order to create an overall
protective environment to deal with tissue injury (isolating
and removing damaged tissue, and then ensuring healing
and regeneration of normal function). A major hallmark of
the acute phase response is the radically altered biosynthetic
profile of the liver that is regulated by inflammatory
cytokines, adrenal hormones (products of activated hypo-
thalamic—pituitary—adrenal axis), and other mediators
(Gabay and Kushner 1999; Chrousos 1995). This results
in dramatic changes in the levels of various plasma proteins
known as acute phase reactants. Among acute phase
reactants, which have a wide range of activity contributing
to the eventual restoration of homeostasis at the affected
site, are proteins (such as complement components and
pentraxins) engaged in clearance of host dead cells and tissue
debris (Gabay and Kushner 1999; Steel and Whitehead
1994). Thus, these acute phase reactants promote local
accumulation of phagocytes and other inflammatory effector
cells, stimulate their activation, and/or opsonize damaged
cells to facilitate their efferocytosis (phagocytic removal)
(Nauta et al. 2003; Manfredi et al. 2002).

Rapid destruction of tumor tissue by PDT is perceived
by the host not much differently than a physical trauma
inflicted in normal tissue, as evidenced by a strong
inflammatory reaction and acute phase response observed
following this therapy (Korbelik 2006; Korbelik et al.
2008). Acute phase reactants found to be produced in the
host mice bearing PDT-treated tumors include complement
and pentraxin proteins with important roles in the disposal
of dead cells (Merchant et al. 2007; Korbelik et al. 2008).
The present investigation demonstrated that the gene
encoding Hsp70 becomes upregulated following tumor-
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targeted PDT at distant sites including the liver and spleen.
Moreover, the results reveal that this increase in the
expression of liver Hsp70 gene is mediated at least in part
by adrenal glucocorticoid hormones. The levels of these
hormones are known to become elevated in acute phase
response (Gabay and Kushner 1999). We have recently
demonstrated that mice bearing PDT-treated tumors have
increased serum levels of corticosterone (primary glucocor-
ticoid in these animals) as early as 1 h after therapy
(Merchant et al. 2010), and it is becoming increasingly
evident that glucocorticoid hormones play an important role
in tumor PDT response (Korbelik and Merchant 2008).
Such effect of glucocorticoids is in accordance with the
reported induction of Hsp70 production in rat cardiac
myocytes by dexamethasone treatment (Sun et al. 2000).
The full extent of upregulation of liver Hsp70 gene
expression is most likely attained by the action of
glucocorticoids in conjunction with other mediators, pri-
marily interleukin-6 (IL-6) that is known as a major inducer
of various acute phase reactants (Heinrich et al. 1990). We
detected an increase in the expression of Hsp70 gene in the
liver of naive mice injected with 1 pg of recombinant
mouse IL-6 (data not shown). The results in vitro with
Hepa 1-6 cells (Fig. 1) also indicate that there are mediators
released from PDT-treated cells capable of triggering signal
transduction pathways leading to the increased expression
of Hsp70 gene.

The analysis of liver Hsp70 protein levels (Table 1)
shows that tumor PDT treatment may stimulate the
liberation of this protein from the liver and this includes,
as suggested by the temporary rise between 3 and 5 h after
PDT, newly synthesized Hsp70 produced as a result of the
PDT-induced liver Hsp70 gene upregulation. The Hsp70
released from the liver (also from the spleen and possibly
other sites following PDT) appears to remain in the
circulation for a very limited time since the blood Hsp70
levels, although temporarily elevated, never reach corre-
spondingly high concentrations. Notably, even the presence
of untreated growing tumors provoked a two- to threefold
increase in liver Hsp70 gene expression in the host mice
(not shown) that was reflected in a threefold increase in
serum Hsp70 content (Fig. 4). At 4 h after tumor PDT, there
was a further rise in serum Hsp70 levels by about 25%, but
no elevation was detected at later post-therapy time
intervals. Moreover, at 24 h after PDT, when the treated
tumors became impalpable, the serum Hsp70 levels
declined to those found in tumor-free mice. These results
suggest that elevated concentration of Hsp70 in the
circulation is a sensitive signal of the presence of malignant
growth and potential indicator of the effectiveness of
therapy-mediated tumor destruction. This consideration
merits further verification and is being pursued in our
ongoing investigation.
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Prompted by the discovery from our in vitro studies that
Hsp70 avidly associates with PDT-treated cells, especially
those undergoing apoptotic or necrotic death (Fig. 5), we
investigated the relevance of this phenomenon in vivo. Our
findings reveal that while the liver, as a normal site of
Hsp70 catabolism, captures much greater amount of this
protein injected into the circulating blood than the untreated
tumor, PDT-treated tumors at 4 h after therapy sequester
similar amounts of Hsp70 as the liver (Fig. 6). Thus,
changes precipitated by PDT treatment render the tumor tissue
strongly attracting for Hsp70 from circulation. The fact that
absolute amounts of injected Hsp70 found retained in both
liver and tumor are actually lower at 4 h after PDT can have
several possible causes. Tumor-associated phagocytes acti-
vated after PDT may scavenge Hsp70 together with its
captured target and either rapidly degrade it or transport it
out of the tumor to lymph nodes. Another possibility is that
PDT-activated immune cells in the spleen or other sites
become more engaged in entrapping circulating Hsp70.

Based on these findings, we suggest that the presence of
damaged tumor tissue such as induced by PDT prompts a
rapid sequestration of circulating Hsp70 to the lesion site.
This Hsp70 originates from two sources, either from the
fraction of this protein produced by genes upregulated in
the treated tumor as a consequence of PDT-induced stress
that is known to translate to the cell surface (Korbelik et al.
2005), or from the Hsp70 stimulated after PDT to be
produced in the liver (also in the spleen) as acute phase
reactant. It appears that both these Hsp70 sources are
important: the first due to its local character (that can secure
immediate supply) and the second for the mobilization of
high producing capacity of organs such as the liver.

Binding to surface-exposed phosphatidylserine on dying
cells (Arispe et al. 2004) seems to be one of the underlying
molecular interactions, but it appears that other molecular
structures (remaining to be identified) are also involved.
This phenomenon would be in accordance with the function
of Hsp70 as a major facilitator of physiological removal of
dying cells and their debris. For performing such role,
Hsp70 can act as one of the phagocytosis-promoting
bridging molecules (M4jai et al. 2006; Krysko et al. 2006)
due to its ability to bind phagocytic receptors on macro-
phages and other phagocytes (Calderwood et al. 2007). It
can also interact with other bridging molecules, notably
complement proteins (Prohészka et al. 2002). Additional
amounts of Hsp70 could originate from a fraction of this
protein produced in the same cells that is translated to the
surface as a consequence of PDT insult (Korbelik et al. 2005).

Impairment of disposal of dead cells leads to autoim-
mune disease (Manfredi et al. 2002) because this process is
critical for maintaining immune tolerance (Mahoney and
Rosen 2005). Immune rejection of antigens from dead cells
or their tolerance depends largely on which phagocytic

receptors are engaged and is greatly influenced by the
involved bridging molecules. For instance, binding of
pentraxins C-reactive protein or serum amyloid P compo-
nent to dying cells could direct the interaction towards
immunodownregulating type of Fcy receptors on the
phagocytes (Mold et al. 2001; Nimmerjahn and Ravetch
2008) while the engagement of Hsp70 as bridging molecule
would steer the phagocytosis through scavenger receptors
such as LOX-1 that may trigger immunoactivating signal-
ing and recognition of antigens associated with Hsp70
(Calderwood et al. 2007). Another possible consequence of
the fixation of Hsp70 on dying cells is providing the
opportunity for this HSP to bind Toll-like receptors 2 and 4
as well as other receptors (CD91, CD14, CD40, and CCRS5)
on various immune effector cells (Calderwood et al. 2007,
Gehrmann et al. 2008), which would modulate their
activity. Thus, the mobilization of Hsp70 in the process of
disposal of tumor tissue destroyed by PDT may represent
an important element in the development of immune
response against the treated tumor that is known to develop
following treatment by this modality (Korbelik 2006;
Castano et al. 2006).

In conclusion, the presented study used PDT as a tool to
uncover an important property of Hsp70 to be produced as
an acute phase reactant. Released from the liver and other
distant sites (spleen), it appears to be rapidly sequestered
from the circulation to the tumor tissue damaged by
treatments such as PDT in order to facilitate the disposal
of dying cells and debris. Cancer therapy that elicits such
engagement of Hsp70 has increased potential for promoting
the development of antitumor immune response. Serum
Hsp70 emerges as a highly sensitive indicator of tumor
burden and its monitoring may be useful for valorizing the
effectiveness of cancer therapy.
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