Cancer Immunol Immunother (2016) 65:83-92
DOI 10.1007/s00262-015-1778-1

CrossMark

@

ORIGINAL ARTICLE

Phloretin increases the anti-tumor efficacy of intratumorally
delivered heat-shock protein 70 kDa (HSP70) in a murine model

of melanoma

Sergey V. Abkin! - Olga S. Ostroumova' - Elena Y. Komarova

10

Darya A. Meshalkina' - Maxim A. Shevtsov' - Boris A. Margulis -

Irina V. Guzhova'

Received: 19 February 2015 / Accepted: 19 November 2015 / Published online: 8 December 2015

© Springer-Verlag Berlin Heidelberg 2015

Abstract Recombinant HSP70 chaperone exerts a pro-
found anticancer effect when administered intratumor-
ally. This action is based on the ability of HSP70 to pen-
etrate tumor cells and extract its endogenous homolog.
To enhance the efficacy of HSP70 cycling, we employed
phloretin, a flavonoid that enhances the pore-forming activ-
ity of the chaperone on artificial membranes. Phloretin
increased the efficacy of HSP70 penetration in B16 mouse
melanoma cells and K-562 human erythroblasts; this was
accompanied with increased transport of the endogenous
HSP70 to the plasma membrane. Importantly, treatment
with HSP70 combined with phloretin led to the elevation of
cell sensitivity to cytotoxic lymphocytes by 16-18 % com-
pared to treatment with the chaperone alone. The incuba-
tion of K-562 cells with biotinylated HSP70 and phloretin
increased the amount of the chaperone released from cells,
suggesting that chaperone cycling could trigger a specific
anti-tumor response. We studied the effect of the combi-
nation of HSP70 and phloretin using B16 melanoma and
a novel method of HSP70-gel application. We found that
the addition of phloretin to the gel reduced tumor weight
almost fivefold compared with untreated mice, while the
life span of the animals extended from 25 to 39 days. The
increased survival was corroborated by the activation of
innate and adaptive immunity; interestingly, HSP70 was
more active in induction of CD84 cell-mediated toxicity
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and yIFN production while phloretin contributed largely
to the CD56+ cell response. In conclusion, the combina-
tion of HSP70 with phloretin could be a novel treatment for
efficient immunotherapy of intractable cancers such as skin

melanoma.
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Abbreviations

CDh Cluster of differentiation

CTL Cytotoxic T lymphocyte

DAPI 4’ 6-Diamidino-2-phenylindole

DOPE 1,2-Dioleoyl-sn-glycero-3-phos-
phoethanolamine

DOPS 1,2-Dioleoyl-sn-glycero-3-phos-
pho-L-serine

ELISA Enzyme-linked immunosorbent
assay

HSP Heat-shock protein

yIFN Gamma-interferon

GLUTI1 and GLUT2 Glucose transporters of 1 and 2 type

NK cell Natural killer cell

PBS Phosphate-buffered saline

PrG-Sepharose ProteinG-Sepharose

SDS Sodium dodecylsulfate

SE Standard error

Introduction
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Intratumoral delivery of HSP70 chaperone has demonstrated
irina.guzh @ gmail.com

immunomodulatory efficacy in several tumor models includ-
ing mouse B16 melanoma and rat C6 glioblastoma [1-3].
This activity relates to the ability of the exogenous chaperone
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(exo-HSP70) to penetrate a living cell and to push its endog-
enous analogue (endo-HSP70) to the cell surface [4]. Once
exposed on the membrane of a tumor cell, HSP70 or its TKD
peptide becomes a target for natural killer cells (NK cells)
[5]. Furthermore, HSP70 released from cancer cells into the
extracellular matrix has been found to carry tumor antigens
to dendritic cells and thus to activate CD4+- and CD8+--
mediated responses (see [6] for a review).

Although the therapy based on intratumorally delivered
HSP70 is effective [2, 3], there are ways to increase its effi-
cacy. Ito and colleagues administered HSP70 into B16 mel-
anoma tumor together with magnetic particles [1]. Using
local hyperthermia concentrated on the tumor lesion, they
achieved significant tumor regression and development of a
generalized immune response. Another group, using HSP70
supplemented with the plasmid encoding protein inhibitor
of the anti-tumor response, found a twofold increase in sur-
vival accompanied by elevated tumor-specific production
of y-interferon (yIFN) and interleukin-2 [7].

The immunomodulatory effect of exo-HSP70 may be
increased by the enhanced transport of endo-HSP70 to the cell
surface. This effect will depend on the ability of exo-HSP70 to
penetrate a target cell. This penetrative activity and its molecu-
lar mechanisms are well documented. First, the chaperone has
been found to have affinity to certain membrane structures, lipid
rafts enriched with phosphatidylserine [8]. Second, HSP70 has
been shown to form channels in model lipid membranes [9].
Recently, HSP70 was found to employ different intracellular
transport pathways in a cell species-dependent manner [10].

Membrane-modulating activity characterizes flavo-
noids, amphiphilic molecules that easily integrate into
plasma membrane and can change their physicochemi-
cal properties such as dipole potential [11-13]. Particu-
larly, the dihydrochalcone, phloretin, has been found to
increase the membrane channel-forming activity of anti-
microbial peptides and lipopeptides [14—17]. Recently,
we found that phloretin can interact directly with the
channel-forming molecules on a cell membrane [18]. This
prompted us to explore the potential of phloretin com-
bined with HSP70 in in vitro and in vivo models of B16
mouse melanoma.

Materials and methods

Measurement of channel-forming activity of HSP70
and phloretin

Synthetic 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS)
and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE)
were obtained from Avanti Polar Lipids, Inc. (Pelham, USA).
Phloretin  (3-(4-hydroxyphenyl)-1-(2,4,6-trihydroxyphenyl)-1-
propanone) was purchased from Sigma-Aldrich (USA).
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Lipid bilayers were made from equimolar mixtures of
DOPS and DOPE as described elsewhere [16]. HSP70 was
added to the cis-chamber in concentrations of 0.3-2.0 mg/
ml. Phloretin was added to both cis- and trans-chambers in
final concentrations of 20 pM. The channel-forming activ-
ity of HSP70 with and without phloretin was measured by
HSP70-induced steady-state trans-membrane conductance
(G).

HSP70 hydrogel composition

Recombinant human HSP70 was purified from bacte-
ria transformed with a pMSHsp70 plasmid, as described
elsewhere [19]. The HSP70 solution was further detoxi-
fied by incubation with polymyxin B-agarose gel (Sigma-
Aldrich, USA) and sterilized by filtration through a 0.2-
pm filter (Millipore, USA). According to the E-Toxate
assay (Sigma-Aldrich, USA), the level of lipopolysac-
charide in the final HSP70 preparation was lower than
0.25 U/ml. For microscopy, HSP70 was conjugated to
Alexa555 dye (Invitrogen, USA) according to the manu-
facturer’s protocol. For biochemical experiments, HSP70
was biotinylated using Succinimide (NHS)-biotin (Sigma-
Aldrich, USA).

The hydrogel was composed of carbopol (1 %), glycerol
(1 %) and dimethylsulfoxide (10 %). HSP70 and phloretin
were introduced into gel to obtain final concentrations of
0.7 mg/ml and 20 uM, respectively.

Cells and animals

Human erythroid leukemia K-562 cells were obtained
from the Russian Cell Culture Collection at the Institute of
Cytology, Russian Academy of Sciences (St. Petersburg,
Russia). Mouse melanoma B16 cells were kindly pro-
vided by Prof. L. Sistonen (Turku Centre for Biotechnol-
ogy, Finland). B16 cells were grown in DMEM media and
K-562 cells in RMPI-1640, both supplemented with 10 %
fetal bovine serum, 2 mM L-glutamine, 100 U/ml penicillin
and 0.1 mg/ml streptomycin. All media and sera were pur-
chased from PanEco, Russia.

C57Bl/6 female mice subcutaneously engrafted with 10°
B16 cells were divided into five groups, which were treated in
different ways starting at day 7 after tumor cell inoculation. The
animals in group 1 were untreated (n = 25), group 2 animals
(the placebo group) were treated with clear hydrogel (n = 25),
and the animals of groups 3, 4 and 5 were treated with hydro-
gel with phloretin only (group 3, n = 25), HSP70 alone (group
4, n = 25) and HSP70 + phloretin (group 5, n = 25), respec-
tively. The application of drug-containing gel or control gel
(placebo) was performed onto preliminarily shaven areas of
skin surrounding a seventh day B16 tumor; the application was
repeated every second day until the end of experiments.
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Tumor growth rate was estimated by weighing tumors
taken from all groups of animals on day 18 after inocu-
lation with B16 cells (» = 5 in each group). All animal
experiments were in accordance with the guidelines for
the welfare of animals of the Institute of Cytology, Russian
Academy of Sciences.

Confocal microscopy

K-562 cells and B16 mouse melanoma cells were settled
on poly-L-lysine-coated glass slides and incubated with
50 pg/ml AlexaS55-labeled HSP70 alone or with HSP70
and 20 pM phloretin for 18 h at 37 °C. After incubation
with the chaperone, the cells were washed with ice-cold
PBS, incubated with polyclonal antibodies RSIII generated
in our laboratory and known to recognize human, rat and
mouse HSP70 and then fixed with 4 % paraformaldehyde
in PBS followed by incubation with secondary Alexa488-
conjugated goat anti-mouse antibody (Invitrogen, USA).
Nuclei were stained with 4/,6-diamidino-2-phenylindole
(DAPI).

Fluorescence images were captured using a Leica TCS
SP2 confocal microscope (Leica, Germany). To avoid pos-
sible cross-interference of various fluorochromes, images
for DAPI, Alexa488 and Alexa555 were acquired using the
sequential image recording method.

Flow cytometry

To detect HSP70 localized to a cell surface, K-562 cells
were incubated with 50 pg/ml HSP70 labeled with Cy5
with and without 20 uM phloretin for 18 h. After washing
with ice-cold PBS, the cells were stained with cmHsp70.1-
FITC monoclonal antibodies at 4 °C for 30 min. After three
washes with ice-cold PBS, viable cells were gated and ana-
lyzed with the aid of CyFlow Space (Partec GmbH, Ger-
many) apparatus equipped with two lasers (A = 488 and
635 nm).

Analysis of HSP70 release from living cells

K-562 cells (1.5 x 107 in each probe) were incubated with
50 pg/ml biotinylated HSP70 alone or HSP70 and 20 uM
phloretin. After 24 h, the cells were washed with PBS and
placed into serum-free media for the next 90 min. The
conditioned medium was supplemented with Tween-20,
Tris—-HCl buffer pH 7.5 and MgCl, to reach final concen-
trations of 0.1 %, 20 and 5 mM, respectively. The first cycle
of affinity precipitation was performed by adding NeutrA-
vidin-agarose gel slurry (Pierce, USA) to each sample of
conditioned medium. The affinity resin was washed with
20 mM Tris—HCI, pH 7.5, 5 mM MgCl, and 0.1 % Tween-
20 and mixed with an equal volume of twofold buffer for

electrophoretic samples containing 2 % sodium dodecylsul-
fate (SDS). Material unbound to the NeutrAvidin-agarose
was mixed with ATP-agarose gel (Sigma-Aldrich, USA),
and the suspension was rotated overnight at 4 °C. The gel
probes were subjected to treatment with SDS as described
above. Both groups of probes were subjected to electropho-
resis in 11 % polyacrylamide gel and immunoblotting; the
membranes were stained with avidin-peroxidase (Pierce,
USA) or with RSIII anti-HSP70 polyclonal antibody.
HSP70 from cell lysates was also precipitated using the
procedure described above.

Cytotoxicity assay

B16 and K-562 cells were treated with 50 wg/ml HSP70
alone or in combination with 20 wM phloretin for 18 h.
The concentration of phloretin was chosen in the prelimi-
nary experiments (data not shown). The effector cells were
isolated from the spleen of C3HA mice; the incubation of
effector—target cells was done in ratios 50:1 and 100:1 and
lasted 4 h. We used the CytoTox 96 assay (Promega, USA)
to measure the number of dying target cells.

To estimate specific cytotoxic activity, spleens of
mice with B16 melanomas were sampled on day 21 after
tumor injection and the splenocytes of untreated, placebo
(saline solution), phloretin-treated, HSP70-treated and
HSP70 + phloretin-treated mice were added to B16 target
cells in ratios as above.

For the precise analysis of the NK or CD8+ cell
response to the phloretin-, HSP70- and HSP70 + phloretin-
containing gels, we firstly isolated spleen cells from ani-
mals belonging to appropriate treatments and divided them
into two groups, one of which was incubated with Dyna-
beads FlowComp™ Mouse CDS8 to remove CD8+4 cells
and the other with Dynabeads FlowComp™ Mouse CD56
(Invitrogen, USA) to remove NK cells. The remaining cell
population after removal of CD8+ or NK cells was used as
effector cells which were added to B16 cells at a ratio of
100:1.

Gamma-interferon measurement

Splenocytes were isolated from controls and treated with
HSP70-, phloretin- and HSP70+ phloretin gel-treated ani-
mals (n = 3 per group) on days 14 and 20 after grafting
of B16 cells using a standard protocol. The level of yYIFN
in the medium of splenocytes incubated with B16 cells for
48 h, treated with concanavalin A (reference control) and
in pure medium (spontaneous induction) was measured
with the aid of a mouse yIFN ELISA kit (BD Biosciences,
USA). All values were equalized to the level of the cytokine
in reference control samples; the latter were quite similar in
all groups of animals. The concentration of spontaneously
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Fig. 1 Effect of phloretin on the channel-forming activity of HSP70.
Addition of phloretin to the bilayer bathing solution is indicated by
an arrow. Planar lipid bilayer was made from an equimolar mixture
of DOPS and DOPE. Applied voltage was 100 mV. Bilayer bathing
solution was 0.1 M KCl, 5 mM HEPES-KOH (pH 7.0). Concentra-
tion of HSP70 in cis-solution was equal to 1.3 mg/ml. Insetr HSP70-
induced ion channels

released YIFN was less than 10 pg/ml in all groups and was
subtracted from the experimental data.

To estimate the input of CD8+ and NK cells to yIFN
production, the same fraction of lymphocytes taken from
HSP70-, phloretin- and HSP70 + phloretin gel-treated ani-
mals were added to B16 cells, and yIFN production was
measured as described above.

Statistics

Observations are generally reported as mean & SE. One-
or two-tailed unpaired Student’s t tests were used to evalu-
ate the differences between the control and treated groups;
differences were considered to be statistically significant
when p < 0.05 or p < 0.01. The survival curves were esti-
mated by the Kaplan—-Meier method and compared using
Wilcoxon’s test.

Results

Phloretin enhances the membrane-crossing activity
of HSP70

HSP70 was shown to exert channel-forming activity in
several simulations. To understand whether phloretin was
able to increase HSP70 capacity, we used a negatively
charged lipid bilayer and an electrophysiological recording
technique. The addition of HSP70 to the cis-compartment
resulted in incorporation of the protein into the DOPS/
DOPE bilayer and the emergence of single channel-like
currents of different magnitude (Fig. 1). The addition of
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phloretin led to an increase in HSP70-induced steady-
state membrane conductance, proving the HSP70-assisting
effect of the flavonoid (Fig. 1). Notably, the same channel-
forming capacity was found if HSP70 was labeled with
low molecular weight tags such as biotin (Supplementary
Fig. 1S). This proves the feasibility of the employment of
labeled chaperone in further experiments.

The ability of phloretin to enhance the membrane-cross-
ing activity of HSP70 was confirmed in experiments with
K-562 human erythroid cells. The cells were incubated
with the HSP70 labeled with Alexa555 alone or its com-
bination with phloretin. After the incubation, cells were
stained with anti-HSP70 antibody. The pattern of combina-
tion of exo- and endo-HSP70 fully resembles that obtained
in the previous work [4]: in nonpermeabilized K-562 cells
ex0o-HSP70 quickly entered cells while its own intracellu-
lar analogue formed green spots near and inside the plasma
membrane (Fig. 2a). The migration of HSP70 to the plasma
membrane was associated with this effect because thor-
ough washing did not prevent it (Supplementary Fig. 2Sa).
Moreover, heat shock, which also leads to the release of
endo-HSP70 [20], caused the chaperone to be anchored on
the plasma membrane (Supplementary Fig. 2Sb). Accord-
ing to the flow cytometry data, approximately 85-98 %
of tumor cells were able to incorporate exo-HSP70 within
1 h and the intensity of fluorescence increased with incu-
bation time (Supplementary Fig. 3S). Phloretin increased
both the intracellular transport of exo-HSP70 and the trans-
port of endo-HSP70 to the cell membrane. This was shown
with the aid of confocal microscopy and flow cytometry
(Fig. 2a, b). Phloretin itself did not induce the transport of
endo-HSP70 to the cell surface. This suggests that its role
in the process is confined to assisting exo-HSP70.

Next, we checked whether the effect of endo-HSP70
expulsion could cause an increase in tumor cell sensitivity
to cytotoxic lymphocytes as was demonstrated earlier [4].
We found that incubation with the combination of HSP70
and phloretin increased the proportion of dying K-562 cells
to 88.2 & 6.8 % in comparison with cells incubated with
HSP70 alone (72.5 + 8.4 %) (Fig. 2c, left panel). Phlo-
retin itself also increased the proportion of dead cells to
47.6 £ 5.5 %, though the level of specific lysis of untreated
cells was similar (35.2 + 4.2 %).

Similar results were obtained with B16 cells. The com-
bination of HSP70 with phloretin elevated specific death to
70.2 + 6.2 % of the cell population, greater than for cells
treated with HSP70 alone (58.2 + 5.8 %). Incubation with
pure phloretin also stimulated an increase in specific lysis
compared to untreated cells (Fig. 2c, right panel). The com-
bination of these data confirms the proposal that phloretin
promotes the exo-HSP70-mediated exposition of its endog-
enous counterpart on the surface of tumor cells and hence
elevates sensitivity to cytotoxic NK cells.
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Fig. 2 Phloretin increases a
exposition of cellular HSP70 on

the cell surface which leads to

elevation of sensitivity to cyto-

toxic activity of splenocytes.

a. K-562 cells were incubated

with 50 pg/ml HSP70 labeled

with Alexa555 alone (red)

or in the presence of 20 uM

phloretin overnight and stained

with RSIII polyclonal antibody

(green). Nuclei were visual-

ized with DAPI (blue). Scale

bar 10 pM. b. K-562 cells

were incubated with 50 pg/ml

HSP70 labeled with Cy5 alone

or in the presence of 20 uM of

phloretin during18 h, stained b
with cmHsp70.1 antibody and 1
analyzed with flow cytom-
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Since it was recently reported that phloretin is able to
provoke programmed cell death in tumor cells [21], we
investigated whether apoptosis could contribute to cell
death caused by lymphocytes. B16 cells were incubated
with phloretin in concentrations indicated in Fig. 2d and
stained with DAPI to reveal apoptosis-specific changes in
nuclear morphology. Phloretin in concentrations of 100 and
200 pM induced apoptosis in 28.4 £ 3.4 and 32.1 £ 2.7 %
of cells, respectively. However, when phloretin was used
in concentrations of 20 or 50 wM, the contribution of
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hours

phloretin-mediated apoptosis comprised only 1.8 & 0.4 and
6.1 = 1.6 %. To study the effect of phloretin on the cell
growth in more detail, we measured a number of B16 cells
incubated with phloretin in various concentrations. We
found that phloretin at concentrations of 100 and 200 pM
inhibited the cell growth approximately twofold and three-
fold, respectively (Fig. 2e). Almost no inhibition was
detected when phloretin was applied in concentrations of
20 or 50 wM. Finally, HSP70 does not impact the phlore-
tin-mediated cytotoxicity (Supplementary Fig. 45).
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Fig. 3 Phloretin increases both penetration and release of HSP70
from K-562 cells. a. HSP70 was labeled with biotin and added to a
culture of K-562 cells alone or in combination with 20 wM phlore-
tin. After 18 h incubation, cells were washed and fresh serum-free
medium was added to flasks for the next 4 h. Medium and cells were
collected, cells were lysed, and both cell lysate and medium were
precipitated first with NeutrAvidin-agarose and then with ATP-aga-
rose. Each precipitate was divided into two portions and subjected
to western blotting. One portion was probed with avidin-peroxide
(HSP70*) and other with anti-HSP70 antibody (HSP70). b. Western
blot data were quantified with the aid of software TotalLab. Data of
one of three independent experiments are presented

Phloretin enhances the HSP70 release into extracellular
milieu

The HSP70 chaperone appearing in the extracellular
matrix was able to carry tumor antigens and to partici-
pate in their presentation by dendritic cells giving rise to
a burst of the specific immune response. To study how
phloretin affects the extracellular transport of HSP70, we
trapped exo- and endo-HSP70 using two affinity media. To
discriminate between the exogenously introduced HSP70
and the self-chaperone, K-562 cells were incubated with
biotinylated HSP70 for the 6 h (Fig. 3), then were care-
fully washed and were allowed to export the chaperone
into serum-free culture media for 90 min. The conditioned
medium was subjected to affinity precipitation with the
aid of NeutrAvidin-agarose, and the unbound material
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was mixed with ATP-agarose gel. Two sets of samples,
i.e., NeutrAvidin-agarose and ATP-agarose precipitates,
were analyzed with the aid of blotting and staining with
avidin-peroxidase or anti-HSP70 polyclonal antibody, rec-
ognizing both the exogenous and endogenous chaperones.
It was found that the export of biotinylated HSP70 was
considerably higher in cells treated with the combination
of HSP70 and phloretin compared with cells treated with
HSP70 alone, suggesting that the flavonoid enhanced the
cycling of exo-HSP70 (Fig. 3a, upper panel). Both bioti-
nylated HSP70 and unlabeled endo-HSP70 trapped with
ATP-agarose were found in the cell medium. The amount
of both types of chaperone released from cells treated with
Hsp70 and phloretin was much greater than in cells treated
only with Hsp70 (Fig. 3a, second panel from top). Inter-
estingly, the amount of exo-HSP70 precipitated with Neu-
trAvidin-agarose from lysates of cells treated with HSP70
and phloretin was also much greater than from the cells
treated with HSP70 alone (Fig. 3a, third panel from top).
This clearly demonstrates that phloretin contributes to the
efficacy of intra- and extracellular transport of HSP70. It
is noteworthy that the mortality of K-562 cells affected
by exo-HSP70 with or without phloretin did not exceed
3-7 %, indicating that living cells were mostly responsible
for exporting both chaperones.

Phloretin added to HSP70-containing hydrogel assists
the chaperone to impede tumor growth

The in vitro data prompted us to study whether the CTL-acti-
vating effect of combined HSP70 and phloretin took place in
a tumor simulation in vivo. We used a B16 mouse melanoma
model and a noninvasive method of HSP70 application; the
chaperone alone or in combination with phloretin was incor-
porated in hydrogel as described previously [2].

To prove that HSP70 applied as hydrogel is able to pen-
etrate animal tissues, the amount of the biotinylated chaper-
one in blood stream was measured after the treatment. We
used ELISA-like assay depicted in Supplementary Fig. 5S
and found that HSP70 amount in blood rose within 3 h up
to 250 ng/ml and then dropped down.

The rate of tumor growth was analyzed at the 18th day
when tumors from five animals from each experimental
group were extracted and weighted. The tumor weight from
animals treated with HSP70 + phloretin was approximately
four times lower than from tumors of untreated animals:
0.7 £ 0.2 versus 3.1 £ 0.2 g. Tumors of animals treated
only with phloretin or only with HSP70 gels (1.6 = 0.1 and
1.8 & 0.4 g, respectively) were half the size of tumors from
the control group, although the weight of control tumors
varied widely. Interestingly, treatment with placebo gel
also led to the reduction in tumor weight to 2.6 + 0.02 g
(Fig. 4a).
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Fig. 4 Phloretin increases anti-tumor activity of HSP70. C57Bl16
mice were inoculated with 10° B16 cells. Seven days later hydrogel
with phloretin or HSP70 alone or in combination was applied every
2 days to the injected area. Tumor weight on day 18 (a) and life span
of tumor-bearing mice (b) were estimated

The delay in tumor growth in HSP70- and
HSP70 + phloretin-treated mice resulted in the prolonged
survival of animals. The death of mice belonging to
untreated and placebo groups occurred within 25.4 + 4.6
and 25 + 2.3 days, respectively, whereas in HSP70-treated
and HSP70 + phloretin-treated groups, death was post-
poned until 35.5 &+ 6.1 and 39.4 &+ 7.7 days, respectively
(Fig. 4b). Treatment with phloretin alone did not influence
longevity (27.5 = 4.7 days).

Next, we checked whether the addition of phloretin
could promote HSP70-mediated activation of anticancer

immunity. Two approaches were used. First, the mixed
fraction of splenocytes was obtained from intact, placebo,
HSP70-, phloretin- and HSP70 + phloretin-treated animals
on day 21 after tumor cell grafting. Splenocytes were incu-
bated with B16 melanoma cells, and cytotoxic activity was
measured as the release of lactate dehydrogenase by dying
cells using Promega CytoTox 96 assay. The cytotoxicity
index of splenocytes of mice treated with a hydrogel with
HSP70 or with HSP70 + phloretin was approximately 1.9-
and 2.8-fold higher than that of splenocytes from the con-
trol animals (Fig. 5a).

Since numerous experiments proved that HSP70 could
induce both innate and adaptive immunity, we checked
which type of cells was responsible for the anti-tumor
reaction of animals treated with phloretin, HSP70 and
HSP70 4 phloretin. For this purpose, we used Dynabeads
FlowComp™ Mouse CDS8 to remove CDS§ positive cells
from splenocyte population and Dynabeads FlowComp™
Mouse CD56 to deplete NK cells. After depletion, the
remaining splenocyte populations were employed as effec-
tor cells.

Application of phloretin alone did not notably increase
the cytotoxic activity of splenocytes toward B16 melanoma
cells compared to control cells whereas the removal of NK
cells reduced cytotoxicity 4.3-fold, suggesting that phlore-
tin could sensitize tumor cells mainly to NK cells (Fig. 5b).
Treatment of tumors with HSP70 alone increased cytotoxic
activity of the splenocyte population depleted of NK cells,
whereas the cytotoxic effect of splenocytes after depletion
of NK cells remained similar to the control. This indicates
that HSP70 particularly mediated the activation of the cells
of adaptive immunity (Fig. 5b). Thus, the general response
of mice to the B16 tumor was the result of the summation
of impacts of HSP70-activated CD8+ cells and phloretin-
initiated CD56+ lymphocytes (Fig. 5b).

The results of the CTL assay matched well the data on
vIFN production by splenocytes obtained from tumor-
bearing animals after their incubation with B16 cells. yIFN
production by splenocytes increased over time: at day 14
production was 134.3 + 12.5 pg/ml and by day 21 it was
207.2 £+ 25.2 pg/ml in the group of animals treated with
HSP70 alone, increasing 1.5-fold within a week (Fig. 5c).
In the group treated with HSP70 + phloretin, the yIFN pro-
duction increased from 124.3 £ 16.7 to 238.8 &+ 28.2 pg/
ml, almost doubling within the same time and demonstrat-
ing the HSP70-enforcing role of the flavonoid (Fig. 5c).

The data on YIFN production by splenocytes isolated
from phloretin-treated mice and depleted of CD564 or
CD8+ cells show that their selective removal caused 2.7-
and 1.7-fold reductions in the level of the cytokine, respec-
tively (Fig. 5d). HSP70 demonstrated a much greater effect
on yIFN production, and this effect was reduced 2.7-fold
when the splenocyte population was depleted of CD8+
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Fig. 5 Phloretin increases immune response caused by HSP70-acti-
vating innate immunity. Splenocytes were extracted from spleens
of tumor-bearing animals untreated or treated with hydrogels with
HSP70 and phloretin separately or in combination 14 days (c¢) or
21 days (a, b, d) after inoculation. Mice treated with empty hydro-
gel are indicated as placebo. Sensitivity of naive B16 cells to cyto-
toxic activity of lymphocytes from mice (a, b) and their ability to
induce YIFN release (c, d) were evaluated. Splenocytes from each

cells. These data are similar to results on CD564- and
CD8+-mediated cytotoxicity modulated by the chaper-
one + phloretin and suggest that each component of the
HSP70 + phloretin combination was responsible for the
cumulative effect.

Discussion

Studies of Srivastava, Multhoff and Calderwood et al. have
shown that HSP70 persisting within a tumor cell and/or
releasing from the cell has great immunogenic potential
[22-24]. We have previously demonstrated that pure recom-
binant HSP70 displaced its cellular analogue and made it
migrate to the cell surface and, further, to the extracellular
milieu. This was accompanied by exo-HSP70 dose-depend-
ent growth of tumor cell sensitivity to NK cells [4]. Based
on these data, we suggested that the efficacy of exo-HSP70-
based therapy could be increased by factors able to affect
membrane structure and chose phloretin because it could
affect the properties of an artificial lipid membrane [18].
Phloretin induced channels in the artificial lipid mem-
brane and increased the membrane conductivity induced
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group were divided into three groups. One was incubated with Dyna-
beads FlowComp™ Mouse CD8 to remove CD8+ cells (ACDS)
and the second with Dynabeads FlowComp™ Mouse CD56 (ANK)
to remove NK cells. The remaining splenocyte population was used
as effector cells. The third group was left untreated (total). These
lymphocytes were used for CTL assay (b) and for measurement of
YIFN (d). * and ** denote a significant difference between treatment
groups (p < 0.05 and p < 0.01, respectively)

by the chaperone (Fig. 1); this increase was confirmed by
records of the single channels formed by HSP70 in phos-
pholipid and sphingolipid bilayers. Interestingly, phloretin
showed similar assisting activity in experiments with the
antifungal substance, amphotericin; its channel-forming
capacity was dependent on the interactions between the
dipole modifier, phloretin, amphotericin and the lipid com-
ponents of the membrane [18]. The pore-forming activity
of HSP70 has been demonstrated in several studies, and it
has been found that the chaperone bonds preferentially with
the phosphatidylserine moiety of a plasma membrane [25].
In more recent study, HSP70 was found to display a prefer-
ence for less fluid lipid environments [26]. It has been sug-
gested that HSP70, when being anchored to the membrane,
exposes its TKD peptide that can be targeted by NK cells
[5]; presumably, the role of phloretin is to enhance this
process.

According to microscopy data, phloretin elevated
the amount of HSP70 penetrating inside K-562 cells
as well as the amount of endo-HSP70 exposed on the
cell surface (Fig. 2a). Clearly, enhanced exposition of
HSP70 on the membrane was associated with the sen-
sitization of K-562 cells to cytotoxic NK cells, thus
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proving the benefit of phloretin addition to the chaper-
one (Fig. 2b).

Since the release of HSP70 from cancer cells causes
tumor antigen cross-presentation by dendritic cells [27],
we checked whether phloretin could enhance the capacity
of K-562 erythroblasts to export HSP70 to the extracellu-
lar environment. We found that the combination of bioti-
nylated HSP70 and phloretin was able to expel endogenous
chaperone more efficiently than exo-HSP70 alone (Fig. 3).

Taken together, these results prove that phloretin
enhances endo-HSP70 transport to the cell membrane
causing an increase in cancer cell sensitivity to CTL, and
the release of endo-HSP70 to the extracellular matrix
that induces a burst of adaptive immunity. This led us to
test the efficacy of combined administration of HSP70
and phloretin in vivo using a novel method of drug deliv-
ery, application of a chaperone-containing hydrogel on the
surface of B16 mouse melanoma. The method was effec-
tive with HSP70 alone, and its application resulted in the
significant reduction in the rate of tumor growth and the
increase in the life span of animals [2]. In the present study,
we observed an almost fivefold reduction in tumor weight
when the combination of HSP70 and phloretin was applied
to the tumor surface (Fig. 4). Interestingly, application of
phloretin alone also halved the size of tumors, but did not
increase the survival of animals.

The intratumoral delivery of HSP70 causes a profound
response of cells constituting innate and adaptive immu-
nity [1, 3, 7]. We found that HSP70 also elevated cytotoxic
activity of the immune cells 1.9-fold; with the addition of
phloretin cytotoxic activity increased by 2.6-fold (Fig. 5a).
The impact of HSP70 on the general cytotoxic anti-tumor
response mainly related to CD8+4- cells, whereas the effect
of phloretin was mainly related to CD56+4- cells, indicating
that the flavonoid contributed to NK-mediated cytotoxicity
(Fig. 5b). A similar pattern of activation of yIFN-producing
cells by HSP70 and/or phloretin was observed in the exper-
iments on populations depleted of CD8+ or NK cells.
Phloretin was able to activate YIFN release mainly from
NK cells (Fig. 5c). We found only one other study prov-
ing the participation of phloretin in regulation of anticancer
immunity; the flavonoid was shown to elevate the killing
effect of Y8 T cells on SW-1116 cells. The putative mecha-
nism of the effect may lie in an enhanced proliferation of
the T cells, activation of Wnt signaling and the increase in
YIFN production [28]. Our results confirm this hypothesis.

Phloretin is also known to induce apoptosis in cancer
cells of various origins [19, 29]. Particular targets for such
pro-apoptotic activity are cells overexpressing GLUT1 or
GLUT?2 glucose transporters [30, 31]. Cell death induced
by phloretin is accompanied by chromatin fragmentation
and caspase-3 cleavage [29, 32]. Importantly, these studies
used the flavonoid in concentrations of 100 and/or 200 uM

compared with the 20 uM used in our experiments; at this
concentration, phloretin had no effect on cell growth or via-
bility (Fig. 2d). Indeed, when phloretin was administrated
in combination with HSP70, the sensitivity of K-562 and
B16 cells to NK cells was considerably elevated, although
the effect of the flavonoid alone on cytotoxicity was not
significant.

In conclusion, phloretin enhances anticancer activity of
exo-HSP70 through the elevation of exo- and endogenous
chaperone cycling leading to the activation of both innate
and adaptive immunity in in vitro and in vivo tumor mod-
els. The drug is already used as an efficient antioxidant in
numerous clinical protocols, which may facilitate its pro-
motion as a co-stimulatory compound in HSP70 chaper-
one-based therapy.
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