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HSP90 inhibition acts synergistically with heat to induce a pro-immunogenic

form of cell death in colon cancer cells

Petros X. E. Mouratidis and Gail ter Haar

Joint Department of Physics, Division of Radiotherapy and Imaging, The Institute of Cancer Research: Royal Marsden Hospital, Sutton,

London, UK

ABSTRACT

Background: Sub-ablative heat induces pleiotropic biological effects in cancer cells, activating pro-
grammed cell death or survival processes. These processes decide the fate of the heated cell. This
study investigates these and assesses whether heat, in combination with HSP90 inhibition, augments
cell death and induces a pro-immune phenotype in these cells.

Methods: HCT116 and HT29 cells were subjected to thermal doses (TID) of 60 and 120CEM,5 using a
PCR thermal cycler. HSP90 was inhibited with NVP-AUY922. Viability was assessed using the MTT assay.
Cellular ATP and HSP70 release were assessed using ATP and Enzyme-linked Immunosorbent assays,
respectively. Flow cytometry and immunoblotting were used to study the regulation of biomarkers
associated with the heat shock response, the cell cycle, and immunogenic and programmed
cell death.

Results: Exposure of HCT116 and HT29 cells to TIDs of 60 and 120CEM,3 decreased their viability. In
addition, treatment with 120CEM,3 increased intracellular HSP70 and the percentage of HCT116/HT29
cells in the G2/M cell cycle phase, ATP release and Calreticulin/HSP70/HSP90 exposure in the plasma
membrane, while downregulating CD47 compared to sham-exposed cells. When combined with NVP-
AUY922, treatment of HCT116/HT29 cells with 120CEM,;3 resulted in a synergistic decrease of cell via-
bility associated with the induction of apoptosis. Also, the combined treatments increased Calreticulin
exposure, CD47 downregulation, and HSP70 release compared to the sham-exposed cells.

Conclusion: Sub-ablative heating can act synergistically with the clinically relevant HSP90 inhibitor
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NVP-AUY922 to induce a pro-immunogenic form of cell death in colon cancer cells.

Introduction

Colon cancer is one of the most common cancers worldwide,
with approximately 1.9 million new cases being diagnosed
every year [1]. Treatment options depend on the location
and staging of the tumors, and typically involve combina-
tions of surgery, radiotherapy, and chemotherapy. Despite
the improved mortality rates, over 935,000 people died
worldwide in 2020 from this disease [1], and hence effective
novel therapies are urgently needed.

Biophysical thermal treatment modalities such as high
intensity focused ultrasound (HIFU) [2], radiofrequency [3],
microwave [3], and laser ablation [4,5] have attracted clinical
interest due to their noninvasive (or minimally-invasive) and
cost-effective nature [6]. They raise the temperature in the
target tissue and have shown clinical therapeutic benefit in
neurosurgery [7], ophthalmology [8], gynecology [9], and
oncology where they have been used for the treatment of
benign and malignant tumors of the uterus [10], prostate
[11,12], breast [13], liver [14] and pancreas [15]. Heat can kill

tumor cells by inducing necrosis, activating programmed cell
death, and provoking an immune response [16-19].
Immunogenic cell death (ICD) is a form of apoptosis that is
associated with the activation of the immune system in vivo
[20,21]. Calreticulin (CALR) exposure on the plasma mem-
brane [22], ATP release [23], and heat shock protein (includ-
ing HSP70 and HSP90) translocation to the plasma
membrane [24], and CD47 downregulation are amongst its
hallmarks [25,26].

Thermal exposures delivered at different temperatures for
varying lengths of time can be described using a parameter
known as the Thermal Isoeffective Dose (TID) for which the
units are in terms of cumulative equivalent minutes at 43 °C
(CEMg3). It is described mathematically by:

TID(CEMy3) = J[RCEM}“B*T(”)dt (1)
0

where TID (CEMy3) is the thermal dose in units of equivalent
minutes at 43°C (CEMy3), dt is the time at temperature T
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(°C), Recem is a constant approximated to 0.25 for tempera-
tures below, and 0.5 for temperatures above 43°C.
T represents the final time point of the thermal treatment
[27]. A TID of 240 CEM,s is taken to be the threshold for
effective cell killing in vivo [28] but preclinical evidence has
shown that not all heated cells may die at this level [29].
Thermotolerance, defined as acquired resistance to heat,
develops in these cells and is mediated by the activation of
the heat stress response to counter cell death mechanisms
[17], including that of heat-induced protein denaturation
[30-32]. These pro-survival processes are thought to be
mediated by heat shock proteins such as HSP70 and HSP90
which engulf misfolded and damaged proteins to facilitate
their appropriate folding [33,34] or to target them for deg-
radation [35,36].

HSP70 and HSP90 belong to the heat shock protein family
discovered in 1962 [37]. They are ubiquitously expressed and
are named after their molecular weights. HSP70 is expressed
in the cytosol and nucleus, it is temperature-sensitive, and its
expression is increased in response to heat stimuli. HSP90 is
one of the most abundant proteins in cells, comprising ~1%
of the total protein content [38]. It is necessary for cell sur-
vival, and maintains cellular protein homeostasis, acting as a
molecular chaperone to help folding and trafficking of over
400 protein clients. Conformational changes driven by ATP
hydrolysis, with an ATP binding domain located in its N-ter-
minal domain, are essential for carrying out its functions
[39-41]. The already ubiquitous expression of HSP90 in normal
cells is higher in cancer cells, including those of colon origin
[42]. Differential affinity binding between HSP90 and its pro-
tein clients in normal and cancer cells, possibly due to post-
translational modifications affecting HSP90, and differential
localization of HSP90 with more protein located in the plasma
membrane of cancer cells relative to that of normal cells, have
been postulated for the significance of HSP90 in cancer cell
survival [43]. The immune-modulatory effects of HSP90 have
attracted increased attention with its inhibition increasing the
susceptibility of tumors to immune checkpoint immunothera-
pies [44], and also reducing graft versus host disease, in part,
by contributing to T cell apoptosis and the reduction of cyto-
kine release [45]. For these reasons, HSP90 has been sug-
gested as a potential therapeutic target in cancer.

HSP90 inhibitors first entered phase | clinical trial in
1999 [46-48]. The limitations of initial compounds
included poor solubility, limited bioavailability, and hep-
atotoxicity [49-51]. NVP-AUY922 (AUY922) is an HSP90
inhibitor developed using the 4,5-diarylisoxazole scaffold,
which has shown high cellular uptake and potency against
HSP90 by binding to the NH,-terminal domain of the pro-
tein [52,53]. AUY922 has shown clinical benefit in a phase
2 trial of patients with refractory gastrointestinal stromal
tumors. Patients receiving AUY922 had progression-free
survival of 4 months. This compared favorably with histor-
ical placebo controls for whom this was 6 weeks [54]. A
phase 1/1b trial of AUY922 as monotherapy in patients
with relapsed or refractory multiple myeloma resulted in
16 out of 24 patients showing stable disease [55]. In
another phase Il clinical trial of 29 patients with non-small

cell lung cancer characterized by EGFR exon20 insertions,
AUY922 was well tolerated and patients had a median pro-
gression-free survival of 2.9 months and median overall
survival of 13 months. This exceeded the pre-determined
target efficacy [56].

Pre-clinical efforts to enhance the anti-cancer effects of
HSP90 inhibitors by combining them with heat are ongoing.
For example, ‘mild hyperthermic’ exposure of melanoma
tumors at 43°C for 30 min (TID of 30CEM,3) combined with
both 17-DMAG and quercetin, inhibitors of HSP90 and HSP70
respectively, but not with 17-DMAG alone improved tumor
growth control compared to heated only subjects [57].
Clonogenic survival of SiHa cervix cancer cells, compared to
that of cells treated with Ganetespib alone, was also
decreased in a statistically significant manner when 30 nM of
this HSP90 inhibitor was used in combination with a TID of
15CEM,3. These authors used elegant experiments on SiHa
and Hela cells to show the molecular effect of ‘mild hyper-
thermic’ heating (42 °C for 60 min (15 CEM,3)) on DNA dam-
age as well as their chemo and radio-sensitization [58].
Induction of ICD within 24h of exposure to an ablative TID
of 1,000CEM,3 (47 °C/1 h), but not to a TID of 15CEM,3 (42°C
for 60 min) [59] has been shown in lung carcinoma A549 and
metastatic ovarian OV90 cell lines in the absence of heat
shock protein inhibition. Thus it remains unclear whether
sub-ablative heat (e.g., TIDs of 60 and 120 CEMy3) in the
presence or absence of an HSP90-specific inhibitor such as
AUY922 can induce sustained pro-immune and synergistic
cytotoxic effects in cancer cells. This is the subject of the cur-
rent study where the response of the HCT116 and HT29
colon cancer cells to these treatments is characterized longi-
tudinally by examining biomarkers associated with survival
(intracellular heat shock protein expression, cell cycle regula-
tion) and ICD (ATP release, exposure of CALR, HSP70, HSP90
and CD47 on the plasma membrane). Data are presented, to
show not only the dynamic response of the cancer cells to
these treatments and how HSP90 inhibition and sub-ablative
heat synergize to augment their anti-cancer effects but also
to contribute toward a paradigm shift in thermal research
where specific biological mechanisms are induced by a
‘narrow’ range of TIDs.

Materials and methods
Cell culture

HCT116 and HT29 cells were purchased from LGC standards
(Teddington, UK) and maintained as sub-confluent mono-
layers at 37°C in a humidified atmosphere containing 5%
CO,. They were propagated using McCoys5A supplemented
with 10% FBS, 2mM L-glutamine, and sub-cultured using
Accutase (SIGMA, UK). Screening for mycoplasma contamin-
ation was carried out monthly. For experiments, cells of low
passage (<20) from culture were detached and 60pl, at a
cell density of 10° cells/ml were transferred to PCR tubes at
4°C for thermal treatment.



Table 1. Thermal exposures were used in this study.

Thermal isoeffective
dose (CEM,3)

Temperature (°C)/
exposure duration (min)

0 37/15

60 45/15

120 46/15 or 43/120
180 46.5/15

240 47/15

Thermal exposures and thermometry

Cells in suspension were placed in 0.2ml polymerase chain
reaction (PCR) tubes (Corning Inc., USA), and heated using a
PCR thermal cycler (Biorad, Hercules, USA) (Table 1 and
Supplement (a)). In this system, the temperature of the ther-
mal block could be pre-programmed (thermal accuracy:
+0.3°C at 90°C; thermal uniformity: £0.4°C well-to-well at
90°C; ramping speed: 3°C/sec; power: 850W; 0.1°C step
size). For all exposures the TID delivered was within 10% of
that intended as described previously [29,60].

Cell viability: MTT assay

An MTT assay was used to determine (a) the viability of
treated cells relative to that of the sham-exposed cells, or (b)
the number of live cells by extending this assay to account
for the MTT standard curves of cell number versus optical
density. The MTT assay is based on the color change seen
when the tetrazolium dye MTT 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide is reduced to formazan in
mitochondria. The intensity of the signal from the assay cor-
relates with live cell number over a range of at least
0-2 x 10° cells/ml. To estimate the relative viability of cells at
the end of their treatments, 20 ul MTT dye (5 mg/ml)/100 pl
of the medium was pipetted into each well of a 96-well plate
containing the sham-exposed or treated cells. The plate was
incubated at 37°C for 2h. 100 ul of 10% sodium dodecyl sul-
fate (SDS) was then added to each well. After overnight incu-
bation at 37°C, the signal at 550nm (and a reference signal
at 630nm) was detected using a colorimetric microplate
reader. Then, the background signal was subtracted from the
optical density measurements. Results for treated cells were
normalized to those of sham-exposed cells and were
expressed as a percentage to provide a measure of the rela-
tive cell viability for each condition. To calculate the number
of viable cells (e.g., Figure 1) MTT standard curves of cell
number versus optical density were obtained in addition to
the MTT assay described above. These MTT standard curves
were obtained by plating increasing densities (1.2 x 10° cells/
well to 2 x 10° cells/well counted using a hemocytometer, 4
replicates/condition) of HCT116 and HT29 cells in the wells
of a 96-well plate. The cells were allowed to settle for 8h
and were then assayed using MTT alongside those under-
going experimental conditions. In addition, background
optical density signal from wells containing medium and
MTT reagents, but no cells, was measured and subtracted
from each condition. MTT standard curve data were visual-
ized in Excel which enabled the plotting of linear trendlines
for both cell lines (0 to 2x10° cells), the automatic

INTERNATIONAL JOURNAL OF HYPERTHERMIA 1445

HCT116 cell number A

160
)
= .
S 10 0 CEM,,
g 80 60 CEM,,
£
2 40 TEm—— 7 120 CEM,,
E
° 0
E S O PR D P

\@\

&

< Time after treatment (hours)

HT29 cell number B

~ 200
>
S 160 T 0CEM,
*
5 120 60 CEM,
e 80
R 120 CEM,,
ER
D
'5 &é\\ TS S S

\@Q’\

&

Time after treatment (hours)

Figure 1. The number of live HCT116 (A) and HT29 (B) cells immediately
before, and after, treatment with TIDs of 0, 60, and 120CEM,3 up to 96 h.
Results are presented as average + Std. dev of 4 replicates within experiments
that have been performed 3 times with similar results.

calculation of their R? values, and cell number versus optical
density equations. An example of these standard curves is
shown in Supplement Figure S1. Thus, by rearranging the
equations for the number of viable cells (the X’ component
of these equations) their number was calculated for every
MTT optical density measurement in the experimen-
tal conditions.

Combination index (Cl) calculation

To determine whether the effects of the combined heat and
AUY922 treatments in these colon cancer cells were antagon-
istic, additive, or synergistic, a Cl-based method (Chou-
Talalay) was used [61]. Here the treatment dose to achieve a
given reduction in cell viability when used in combination
was compared to those required to achieve the same viabil-
ity level if each treatment was given alone. This was done by
calculating the Cl for these treatments. AClof < 1, > 1, =1
denotes synergism, antagonism, or additivity between 2
treatments, respectively. In its simplified form, the Cl can be
given mathematically by:

Cl = (TD1/TDsx) + (TD,/TDax) 2)

where TD;x represents the dose of the 1 treatment that
results in a reduction of cell viability of x% if used alone,
TD,y represents the dose of the 2™ treatment giving the
same reduction of cell viability of x% if used alone, and TD;
and TD, are the doses of the 2 treatments required to pro-
vide the same effect when used in combination.


https://doi.org/10.1080/02656736.2021.1983036
https://doi.org/10.1080/02656736.2021.1983036

1446 (&) P.X. E. MOURATIDIS AND G. TERHAAR

ATP release in the supernatant

ATP in the supernatant of control and thermally treated cells
was measured using an ATP detection kit (Thermofisher
Scientific Itd.,, Waltham, USA). 100yl of supernatant was col-
lected and centrifuged at 200g to spin down cell debris. The
supernatant was then used to determine the amount of ATP
present according to the manufacturer’s instructions. 10 mM D-
luciferin solution was prepared using stocks provided in the kit
and was protected from light until use. 100mM DTT solution
was prepared by adding 1.62ml of distilled water to 25mg of
DTT. The reaction mixture was prepared by combining 8.9 ml
distilled water, 0.5ml of the reaction buffer provided in the kit,
0.1ml 0.1 M DTT, 0.5ml 10mM D-luciferin, and 2.5 uL of firefly
luciferase (5mg/mL stock solution). The tube was gently
inverted to mix. This reaction solution was mixed with the test
supernatant with the amount of sample added amounting to
no more than 10% of the total assay volume. The luminescence
was then read using a luminescent microplate reader.

HSP70 and HMGBT1 release in the supernatant

The colorimetric HSP70 High Sensitivity Kit (cat. number:
ab133061, Abcam (Cambridge, UK)) and the HMGB1 enzyme-
linked immunosorbent assay (ELISA) kit (cat. number:
NBP2-62766, Novus Biologicals (Colorado, USA)) were used to
investigate the levels of HSP70 and HMGB1 release in the
supernatant of cells, following the manufacturers’ instructions.
Briefly, supernatants were collected from sham-exposed and
treated cells and were centrifuged at 200 x g. Tests were car-
ried out in duplicates by pipetting 100 ul of the supernatant
for each condition into 96-well plates pre-coated with the test
antibody. Wells were then washed, incubated with the capture
and detection antibodies, and washed again with the buffers
provided in the kits, as described in the product manuals. For
a signal generation, the wells were incubated with the TMB
reaction solutions, and color was measured using a colorimet-
ric plate reader at 450 nm.

Regulation of protein and cell cycle analysis:
immunoblotting and flow cytometry

Immunoblotting was used to determine the intracellular lev-
els of HSP70, HSP90, cleaved PARP, cleaved caspase 3,

Table 2. Antibodies were used in this study.

cleaved caspase 9, and LC3A (Table 2) as described in
Supplement (b). Semi-quantitative analysis of the immuno-
blotting signal was performed using the Image J image ana-
lysis software to provide densitometry data for each blot. For
flow cytometry analysis of protein expression on the plasma
membrane, cell cycle analysis and induction of apoptosis
using Annexin V/Propidium lodide (PI) staining flasks were
washed with PBS, cells were detached from flasks using
Accutase, washed with PBS, and stained as described in
Supplement (c). The cells expressing ‘high’ levels of the pro-
teins were arbitrarily defined by determining the fluores-
cence intensity threshold that would result in ~5% of cells
exposed to a TID of OCEM,3 being gated as high fluores-
cence populations in the corresponding histogram plots.
These fluorescence intensity thresholds were then applied to
the histogram plots of the cells treated with TIDs of 60 and
120CEM,3. The percentage of cells positive for fluorescent
intensities exceeding these thresholds was then calculated.
The cells expressing ‘low’ levels of CD47 protein were
defined as shown in Supplement Figure S2. Apoptotic cells
were defined as Annexin V positive and Pl negative, and are
shown in the bottom right quadrangle of the Annexin V
FITC/PI plots.

Statistical analysis of results

Results for the cell number assay (Figure 1) are presented as
means * standard deviation (Std. dev) of 4 data sets of 1
experiment that has been replicated 3 times with similar
results. Results for all other experiments (ATP, HSP70, and
HMGB1 release assays, immunoblotting, flow cytometry, and
all other viability data) are presented as means + Std. dev of
at least 3 independent experiments. Statistical significance
was assessed using the Student’s T-test, assuming a one-tail
distribution two-sample unequal variance. p <.05 was con-
sidered to be significant.

Results
Effect of heat on the viability of Colon cancer cells

HCT116 and HT29 cells were treated with TIDs of 0, 60,
120CEM,; (Table 1) and the number of viable cells were
determined immediately using the MTT-based method

Antibody Application Cat. Number (Vendor) Host Conjugate Clone
HSP70 Flow cytometry 648004 (Biolegend) Mouse Alexa fluor- 488 w27
HSP90 Flow cytometry ab223468 (Abcam) Rabbit Alexa fluor- 647 EPR16621-67
Calreticulin Flow cytometry ab196159 (Abcam) Rabbit Alexa fluor- 647 EPR3924
CD47 Flow cytometry 11-0478-42 (Ebioscience) Mouse FITC 2D3
Cleaved PARP Immunoblotting 5625 (Cell signaling technology) Rabbit Unconjugated D64E10
Cleaved caspase 3 Immunoblotting 9661 (Cell signaling technology) Rabbit Unconjugated Polyclonal
Cleaved caspase 9 Immunoblotting 20750 (Cell signaling technology) Rabbit Unconjugated D819E
LC3A Immunoblotting 4599 (Cell signaling technology) Rabbit Unconjugated D50G8
Annexin V Flow cytometry 640906 (Biolegend) Rabbit FITC -

HSP70 Immunoblotting 4872 (Cell signaling technology) Rabbit Unconjugated Polyclonal
HSP90 Immunoblotting 4875 (Cell signaling technology) Rabbit Unconjugated E289
B-ACTIN Immunoblotting A2228 (Sigma Aldrich) Mouse Unconjugated AC74
Mouse Immunoblotting 7076 (Cell signaling technology) Horse HRP -

Rabbit Immunoblotting 7074 (Cell signaling technology) Goat HRP -
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described above, and then daily up to 96 h after treatment.
Results showed that out of the 50x 10° HCT116 cells
(counted using a hemocytometer) plated before treatment
38+3 x 10° cells sham-exposed to heat remained alive
immediately after treatment. These then grew to 41+2 X
103, and 130+6 x 10° 24 and 96 h after treatment, respect-
ively (Figure 1(A)). Treatment of these cells with a TID of
60CEM,3 decreased the number of cells to 26 + 0.5 x 10 and
31+2 x 10° cells immediately, and 24h after, treatment,
respectively. Cell number then increased up to 130+ 12 x 10°
96 h after treatment. Exposure to a TID of 120CEM,3 caused
a decline in the number of HCT116 cells to 21+1 x 10°
immediately after treatment, with a further decline to
17+£15x 10° cells 24h later. Their number then increased
up to 85+6 x 10® 96 h after treatment (Figure 1(A)). Similar
results were seen for thermally treated HT29 cells (Figure
1(B)). These results show the dynamic regulation of the sur-
vival of colon cancer cells following ‘sub-ablative’ heat, with
an initial reduction in their number followed by proliferation
of the survivors who overcome the cytotoxic effects.

Effect of heat on the regulation of biomarkers
associated with ICD

In order to identify biological mechanisms associated with
this response, biomarkers associated with ICD (ATP release,
CALR, HSP70, and HSP90 plasma membrane exposure, and
CD47 downregulation) were investigated. ATP release in the
supernatant of HCT116 and HT29 cells exposed to TIDs of 60
and 120CEM,3 was increased 24 h after treatment relative to
controls (TID = 0CEM,3). When HCT116 and HT29 cells were
treated with a TID of 120CEM,3 their ATP release was statis-
tically significantly increased 45+14 and 1.5+0.2 fold
respectively 48h after treatment relative to sham-exposed
cells (Figure 2(A,B)). Also, 48 h after treatment statistically sig-
nificant increases in CALR exposure of heated cells was seen,
with CALR being detected on the plasma membrane of
23+13% of 120CEM4s-exposed HCT116 (Figure 2(C)), and
11+2% of 120CEMys-exposed HT29 cells (Figure 2(D)) but
only in 5+ 1% of sham-exposed cells.

A statistically significant enhancement in the plasma
membrane localization of HSP70 and HSP90 in HCT116 and
HT29 cells was detected after heat treatment. Plasma mem-
brane HSP70 was detected in 45+5% and 30+12% of
HCT116 cells (Figure 2E), and 34+ 14% and 29 + 14% of HT29
cells (Figure 2(F)) exposed to TIDs of 60 and 120CEM,3
respectively, 48h after treatment. At the same time point
plasma membrane HSP90 was detected in 23+7%, 17 +10%
of HCT116 cells (Figure 2(G)) and 12+8%, 12+8% of HT29
cells (Figure 2(H)) exposed to 60 and 120CEM,3 respectively.
In contrast, no more than 5+ 1% of sham-exposed cells (TID
= O0CEM,;) showed HSP70 and HSP90 on their
plasma membrane.

Increases in the percentages of HCT116 and HT29 cells
with down-regulated CD47 levels on their plasma membrane
were seen after heat exposure. For example ‘low’ (down-
regulated) CD47 levels were detected in 16 +4% of HCT116
and 11+4% of HT29 cells 48 h after their exposure to TID of
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120CEM43, whereas no more than 6+ 1% of sham-exposed
cells had a similar CD47 regulation pattern (Figure 2(l,J)).
These results show an induction of biomarkers associated
with ICD in colon cancer cells exposed to sub-ablative heat.

Effect of heat on the regulation of biomarkers
associated with survival

To investigate how cells adapt to the thermal stress caused
by these heat exposures the intracellular expression of
HSP70 and HSP90, and the distribution of the cells in differ-
ent phases of the cell cycle were investigated. Increased
immunoblotting signal for intracellular HSP70 in HCT116 and
HT29 cells was seen 24h after their treatment with heat
(Figure 3(A)). The densitometry of these blots showed statis-
tically significant increases in HSP70 of 25+ 1.1 and 23+1
fold (HCT116) and 2.3+0.7 fold (HT29) in cells exposed to
TIDs of 60 (HCT116 only) and 120 CEM,5 respectively over
the HSP70 levels seen in sham-exposed cells. In contrast, no
statistically significant differences were seen in any of the
treatment conditions in intracellular HSP90 in HCT116 and
HT29-heated cells (Figure 3(B,C)). An increase in the percen-
tages of 120CEMy3-exposed cells in the G2/M phase of the
cell cycle (32+2% of HCT116 and 38+3% of HT29 cells)
were seen compared to those of sham-exposed cells
(16+2% of HCT116 and 23 +3% HT29 cells) 24 h after treat-
ment (Figure 4). These results show that molecular responses
associated with survival are induced in both HCT116 and
HT29 cells treated with TID of 120CEM,3. Thus we sought to
investigate whether inhibiting the cell’'s heat shock mechan-
ism with the HSP90 inhibitor AUY922 would increase
cell death.

The effect of HSP90 inhibition on the viability of
heated cells

HCT116 and HT29 cells were treated with a combination of
heat (TID 0, 60, 120, and 240CEM,3) and increasing concen-
trations of the HSP90 inhibitor AUY922 (0-40nM). A statistic-
ally significant decrease in HCT116 and HT29 cell viability
was seen after treatment of these cells with a TID of
120CEM4; and 40nM of AUY922 (16+7% and 33+4%
respectively) compared to that of the 120CEM43-only treated
HCT116 and HT29 cells (60+5% and 55+5% respectively)
(all conditions normalized for the viability of their sham-
treated controls (TID = 0CEM,3, AUY922 =0nM), 96 h after
treatment (Figure 5). These results did not depend on the
temperature required to achieve a TID of 120CEM,3 since the
exposure of the cells to 43°C for 120 min or 46 °C for 15 min
(with or without AUY922) resulted in non-statistically signifi-
cant differences in cell viability (Supplement Figure S3). In
addition, a statistically significant decrease in HCT116, but
not HT29 cells, was seen when these cells were treated with
a TID of 60CEM,; and AUY922 (40nM) (50+27% and
100+20%, respectively) when compared to the 60CEMys3
exposed- HCT116/HT29 cells (100+14% and 105+ 15%,
respectively). Treatment with ablative TIDs (e.g., 240CEMy,s)
resulted in almost complete loss of cell viability (>80%), and
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Figure 2. The regulation of biomarkers associated with ICD in HCT116 and HT29 cells exposed to TIDs of 0, 60, and 120CEM,3 24 and 48 h after treatment. (A,B)
ATP release from HCT116 and HT29 cells. (C,D) Percentage of HCT116 and HT29 cells positive for CALR exposure on their plasma membrane. (E) Percentage of
HCT116, and (F) percentage of HT29 cells positive for HSP70 protein on their plasma membrane. (G) Percentage of HCT116, and (H) percentage of HT29 cells posi-
tive for HSP90 protein on their plasma membrane. (I-J) Percentage of HCT116 and HT29 cells expressing ‘low’ levels of CD47 on their plasma membrane. Results
are presented as means + Std. dev of at least n =3 independent experiments. Statistical significance where it exists between cells exposed to a TID of 60 and/or
120CEM,3, and cells exposed to a TID of 0CEM,3 is denoted with an asterisk “, and is assumed at p < .05.
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Figure 3. The effect of heat on the regulation of intracellular HSP70 and
HSP90. (A) Representative immune-blot images of HSP70, HSP90, and ACTIN in
HCT116 and HT29 cells exposed to 0, 60, and 120CEM,3 24 h after treatment.
(B,C) densitometry data of immunoblot images are shown for HSP70 and
HSP90 in HCT116 cells (B) and HT29 cells (C). Data are presented as
averages + Std. dev of at least n=3 independent experiments. Statistical sig-
nificance where it exists between cells exposed to a TID of 60 and/or
120CEM,3, and cells exposed to a TID of 0CEM,3 is denoted with an asterisk ‘«’,
and is assumed at p < .05.

no further decrease in cell viability was seen upon the com-
bination with AUY922 (40 nM) (Figure 5).

The ClI (Equation 2) was used to determine whether the
statistically significant reduction in viability in both cell lines
exposed to sub-ablative heat (120 CEM4s) and AUY922
(40nM) was due to a synergism between the 2 treatments.
AUY922 dose-response curves were obtained, and the dose-
response of heated cells (where not already known) was
determined (Supplement Figure S4). The Cl was calculated to
be <0.75 for both cell lines (Table 3). These results suggest
that a ‘sub-ablative’ TID of 120 CEM43 and AUY922 synergize
to decrease the viability of these cells.

The effect of HSP90 inhibition on PCD and heat shock
protein expression of heated cells

The synergism seen in cells after combined treatments were
characterized at the protein level. Statistically significant
increases in the intracellular levels of HSP70 (3+1% and
2+ 1% fold-over sham-exposed cells) were seen in HCT116
and HT29 cells respectively 96 h after their exposure to a TID
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Figure 5. The effect of AUY922 on the viability of heated cells. HCT116 (A) and
HT29 cells (B) were exposed to TIDs of 0, 60, 120, and 240CEMy3 in the pres-
ence of increasing concentrations of AUY922 (0-40 nM). Viability was assessed
using the MTT assay 96 h later and results were normalized for the viability of
the sham-exposed cells, i.e., those treated with a TID of 0CEM43 in the absence
of AUY922. Data are presented as means+Std. dev of n=3 independent
experiments and statistical significance where it exists for the combined
AUY922 and heat treatments compared to the cells exposed to the thermal
treatment alone (i.e, no AUY922) is denoted with an asterisk ‘x’, and is
assumed at p <.05. For clarity statistical significance has not been shown for
cells exposed to heat when compared to the cells sham-exposed to a TID of
0 CEMgs.
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Table 3. Calculation of the combination index (Cl) of the combined heat and AUY922 treatments of HCT116 and HT29 cells.

Cells Tested cell viability (%) TD; (CEM,3) TD:x (CEM,3) TD, (nM) TD,x (nM) Cl Effect
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Figure 6. The effect of heat and HSP90 inhibition on PCD and heat shock protein regulation. (A) Representative immune-blot images of intracellular HSP70,
HSP90, cleaved PARP, cleaved caspase 3, cleaved caspase 9, and ACTIN in HCT116 and HT29 cells exposed to 0 or 120CEM,; in the presence or absence of AUY922
(40 nM) 96 h after treatment. (B-D) densitometry data of the immunoblot images are shown for HSP70 and HSP90 in HCT116 cells and HT29 cells (B), cleaved cas-
pase 3, cleaved caspase 9, and cleaved PARP in HCT116 (C) and HT20 (D) cells. (E) detection of phosphatidylserine exposure on the cell membrane using Annexin
V/PI staining 96 h after the exposure of HCT116 and HT29 cells to 0 or 120CEMy; in the presence or absence of AUY922. Apoptotic cells are shown in the bottom
right quadrangle to show Annexin V positive/Pl negative cells. Data in (B-D) are presented as averages + Std. dev of at least n =3 independent experiments and
results for cells treated with heat and/or AUY922 have been normalized for that of the control cells (TID = 0CEM,3, AUY922 = 0 nM). Statistical significance where
it exists is denoted with an asterisk ‘', and is assumed at p <.05. Data in (A) and (E) are presented as representative images of experiments that have been
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Figure 7. The effect of heat and HSP90 inhibition on the regulation of immune biomarkers. The percentage of HCT116 cells and HT29 cells treated with 0 and
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AUY922 =0nM) in (C) and (D). Data are presented as means + Std. dev of at least n =3 independent experiments and statistical significance is denoted with an

asterisk ‘x', and is assumed at p < .05.

of 120 CEM,3 and AUY922 (40nM) when compared to all
other treatments (sham-exposure, heat-only treatment, and
AUY922-only treatment) (Figure 6(A,B)). In contrast, no signifi-
cant changes were seen in intracellular HSP90 regulation in
cells treated with heat and/or AUY922 at the same time
point (Figure 6(A,B)). Then the cytotoxic response was char-
acterized by investigating the intracellular levels of cleaved
PARP, cleaved caspase 3, and cleaved caspase 9. HCT116
cells treated with the combined TID of 120 CEM,; and
AUY922 (40nM) showed statistically significant increases in
cleaved PARP (6+3% fold-over sham-exposed cells) and
cleaved caspase 3 (7+3% fold-over sham-exposed cells)
when compared to all other treatments 96 h after treatment
(Figure 6(A,C)). At the same time point increased levels of
cleaved caspase 9 were detected in those cells when treated
with the combined heat and AUY922 treatments (7+3%
fold-over sham-exposed cells), and when treated with 120
CEM,3 only (5+4% fold-over sham-exposed cells) relative to
sham-exposed and AUY922-treated cells (Figure 6(A,Q)).
Increases in cleaved PARP, cleaved caspase 3, and cleaved
caspase 9 were also seen in HT29 cells treated with a TID of
120 CEMy3 and AUY922 (40 nM) compared to sham-exposed,
120 CEMys-treated (cleaved caspase3 and cleaved PARP), and
AUY922 (40nM)-treated cells 96h after treatment (Figure
6(A,D)). Apoptosis induction was confirmed with flow cytom-
etry in both cell lines treated with the combined TID of 120

CEM4; and AUY922 (40nM). These results showed an
increase of Annexin V positive/Pl negative HCT116 and HT29
cells treated with 120CEM43 and AUY922 when compared to
all other control and treated groups (Figure 6(E)).
Furthermore, non-statistically significant differences were
detected in the immunoblotting assessment of LC3A (sug-
gestive of autophagy) in HCT116 and HT29 cells 96 h after
their exposure to TIDs of 120CEM,; and AUY922 when com-
pared to all other treatments (Supplement Figure S5). These
data show that the reduction in cell viability seen when
AUY922 is combined with a TID of 120 CEM43 is, at least in
parts, due to cytotoxicity and the induction of PCD in these
cells. The effect of the combined treatments on the regula-
tion of pro-immune biomarkers of the cells was then
investigated.

The effect of HSP90 inhibition on the regulation of pro-
immune biomarkers

Treatment of HCT116 and HT29 cells with TIDs of 120CEM,3
in the presence of AUY922 (40nM) resulted in a statistically
significant increase in the percentage of HCT116 and HT29
cells with downregulated CD47 on their plasma membrane
(12+£5% and 10+ 1%, respectively) when compared to sham
exposed cells (5+1% and 5+1%, respectively), AUY922
(40 nM)-treated cells (4+2% and 4+ 1%, respectively) and
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120CEM,3-treated cells (5+1% and 5+ 2%, respectively) 96 h
after treatment (Figure 7(A)). In addition, statistically signifi-
cant increases in CALR exposure were seen in HCT116 and
HT29 cells (27£14% and 8+3%, respectively) when com-
pared to the sham-exposed cells (1+1%) and those exposed
to a TID of 120 CEM4s (7£5% and 4+ 1%, respectively) or
treated with AUY922 alone (1+1%) 96h after treatment
(Figure 7(B)). Decreases of 90+5% and 60+ 10% compared
to sham controls were seen in HMGB1 release in the super-
natant of HCT116 and HT29 cells respectively 96 h after their
treatment with a TID of 120 CEM,3 and AUY922 (40nM). A
statistically significant reduction in HMGB1 in HCT116 and
HT29 cells were also seen for these treatments when com-
pared to the thermally-exposed (120CEM,3) (HCT116 cells
only) or AUY922-treated (40 nM) cells (both cell lines). Also,
thermal 120CEM,; treatment of HCT116 and HT29 cells
decreased the release of HMGB1 in the supernatant by
45+10% compared to shams 96 h after treatment (Figure
7(Q)). Finally, HCT116 and HT29 cells treated with combined
120CEM43 and AUY922 (40 nM) released 6 +2% (HCT116) and
3+1% (HT29) fold more HSP70 in their supernatant than
sham-exposed cells and AUY922-treated cells. HCT116 and
HT29 cells that were only thermally exposed (TID of
120CEMy;3) released more HSP70 (7+2% and 2+1% fold
respectively) than sham-exposed cells (Figure 7(D)). These
results suggest that sub-ablative heat treatment alone not
only increased pro-immune signals but that this regulation
was stronger when the heat was combined with AUY922.

Discussion

Sub-ablative heat exerts pleiotropic biological effects on can-
cers and their characterization could inform clinical decisions
e.g., where whole tumor ablation might not be wanted due
to targeting feasibility, or when combined with other treat-
ments. Our results show that a sub-ablative TID of 120CEM,;
exposure of HCT116 and HT29 colon cancer cells results in

a. an increase of biomarkers associated with ICD including
ATP release, CALR exposure, HSP70, and HSP90 plasma
membrane expression, and downregulation of CD47
exposure on the plasma membrane,

b. synergism with the HSP90 inhibitor AUY922 which
decreases the viability of colon cancer cells, and the
association of this process with programmed cell death

c. a further increase of the regulation of pro-immune bio-
markers including CALR exposure and CD47 downregu-
lation on the plasma membrane when combined with
AUY922, as well as the release of HSP70 when used
alone or in combination with AUY922.

We first set out to investigate whether the cytotoxic effect
of sub-ablative heat in colon cancer cells (Figure 1) was asso-
ciated with the induction of ICD biomarkers. As described
above, their increase was seen after exposure of both cell
lines to a TID of 120CEM,; (Figure 2). Heating cells with a
dose ‘milder’ than 120CEM,3 e.g., with a TID of 60CEM,3
resulted in less pronounced effects. For example, no CALR

exposure 24 and 48h after treatment and no or negligible
levels of ATP release were seen 48 h after treatment in the 2
cell lines. An increase of ATP released from these cells rela-
tive to control cells was seen 24h after treatment (Figure
2(A,B)) but this may have been associated with the percent-
age of cells undergoing necrosis and/or apoptosis at that
time point [60,62,63]. Hence evidence for the activation of
ICD-like mechanisms was stronger in HCT116/HT29 cells
exposed to a TID of 120CEM,3 than for a TID of 60CEM,;3,
and extend current knowledge which is suggestive of the
inability of sub-ablative heat to induce ICD in-vitro [59].

The results presented here also show that the cytotoxic
effect of TIDs of 60 and 120CEM,3 diminished with time, and
that survivors can proliferate and increase their progeny
(Figure 1). Thus to design the most effective treatments
there is a need to identify the biological resistance mecha-
nisms exploited by the colon cancer cells [64]. Elegant
experiments have shown the importance of the G2/M cell
cycle transition phase in the induction of thermotolerance
[65]. For this reason, the percentage of heat-exposed
HCT116/HT29 cells in the G2/M transition phase of the cell
cycle 24 h after treatment was investigated. Results showed
that the percentage of 120CEMy3-exposed, but not 60CEM,3-
exposed cells, was increased relative to sham-exposed cells
(Figure 4). In addition, exposure of HCT116 and HT29 cells to
a TID of 120CEM,3 increased intracellular HSP70, but not
HSP90, whereas treatment with a TID of 60CEM,;3 increased
HSP70 expression in HCT116 cells only (Figure 3). These
results show that a pro-survival heat stress response was
induced in both colon cancer cell lines exposed to a TID of
120CEM,3 possibly mediating the adaptation of heat resistant
cells to the thermal stress. The lack of HSP90 regulation can
be explained by its over-expressed levels in cancer cells [38],
and the role of the 3-dimensional conformation and post-
translational modifications in its activation [42]. Since thermal
exposure of cells results in protein unfolding and denatur-
ation, and heat shock proteins are associated with their
repair [33,66], we sought to find out whether heat shock pro-
tein inhibition could enhance, not only cell death but also
the release of immunogenic ‘danger’ signals.

To test this hypothesis, heat-exposed cells were treated
with the HSP90-specific inhibitor AUY922. Viability data
showed that when HCT116 and HT29 cells were exposed to
a TID of 120CEM,3 in combination with nontoxic concentra-
tions of AUY922 (40 nM), cell viability was reduced in a statis-
tically significant manner, not only relative to sham-exposed
cells (no heat or AUY922 treatment) but also compared to
those treated with AUY922 or heat alone (Figure 5). These
results also showed that there was increased cytotoxicity
only in HCT116 cells exposed to a TID of 60CEM,s, which
upregulated intracellular HSP70, when treated with AUY922
(Figure 3). HT29 cells with no upregulated HSP70, when
exposed to a TID of 60CEM43, showed no decrease of their
viability when combined with AUY922. These results showed
the dependence of thermally-treated cells on heat shock pro-
teins for their survival and suggested a potential synergism
between the heat and AUY922 treatments. Indeed this was
proved after calculating the Cl of the combined treatments



which were found to be <1 for both cell lines (Table 3).
Furthermore, the lack of synergism between heat and
AUY922, for example, in HT29 cells exposed to a TID of
60CEM,3 (e.g., lack of statistically significant reduction of via-
bility between 60CEM,3; and 60CEM,3+AUY922-treated HT29
cells), and in HCT116 and HT29 cells exposed to an ablative
TIDs of 240CEM,5 (Figure 5) confirmed that these effects may
be specific only to a cell type-dependent, relatively ‘narrow’
range of TIDs.

To support the hypotheses set out in these experiments,
the effects of the combined heat and AUY922 treatments on
PCD were investigated. As expected, an increase of apoptotic
biomarkers (e.g., cleaved PARP, cleaved caspase 3, phosphati-
dylserine (Annexin V) staining) was seen in cells exposed to
combined AUY922 and 120CEM,; compared to all other
treatments (Figure 6). These effects were more evident in
HCT116 cells which showed a higher loss of viability than
HT29 cells. The reason may be that although both HCT116
and HT29 cells absorb AUY922 within 1h of administration,
AUY922 levels are higher in HCT116 than in HT29 cells. This
is because HT29 cells express uridine diphosphoglucuronosyl-
transferases, in contrast to HCT116 cells which do not. These
enzymes contribute to higher levels of glucuronidation of
AUY922 in HT29 cells than in HCT116 cells, which in turn
leads to higher AUY922 levels in HCT116 cells [52]. These dif-
ferences could account, at least in part, for the greater sensi-
tivity of the HCT116 cells to the combined heat and AUY922
treatment than for the HT29 cells, and further, serve to con-
firm the dependence of those biological effects on the inhib-
ition of the heat shock response by AUY922.

Advances in cancer immunotherapy have provided clinical
benefits for colorectal cancer patients. For example, the
development of antibodies that interfere with the function of
the CTLA-4 and PD-1 immune regulatory signals (immune
checkpoint inhibitor antibodies (ICls)) has led to significant
responses in deficient mismatch repair and microsatellite
unstable (high) colorectal cancer patients [67]. However, the
low percentage of colorectal cancer patients with these DNA
abnormalities means that these treatments only benefit a
small percentage of patients, and, as a result, 5-year survival
rates remain low (< 15%) [68]. The decrease of immunosup-
pressive signaling (e.g., CD47 exposure in cancer cells) and
the generation of a pro-immune tumor microenvironment
(e.g., CALR exposure, HSP70 release) have been postulated as
strategies for overcoming this immune resistance. The results
of our study showed a statistically significant increase in the
percentage of HCT116 and HT29 cells downregulating CD47,
and increasing CALR on their plasma membrane after expos-
ure to 120CEM,3 and AUY922, relative to all other groups
96 h after treatment. Also, at this time point, only negligible
(but statistically significant) increases in CALR exposure, and
no down-regulation of CD47 were seen in HCT116 and HT29
cells exposed to heat alone compared to the control cells
(Figures 7(A,B)). Hence, evidence is shown here that treating
colon cancer cells with the combined AUY922 and 120CEM,3
gives a longer-lasting pro-immune phenotype to these cells,
something that would not otherwise be possible.

INTERNATIONAL JOURNAL OF HYPERTHERMIA 1453

HMGB1 is a nuclear chromatin-binding protein involved in
DNA architecture and transcriptional regulation [69,70]. It can
be released extracellularly in necrotic or injured cells and has
been recognized as one of the damage-associated molecular
patterns associated with the induction of ICD. After its
release from the cell, it can interact with receptors, including
the receptor for advanced glycation end products (RAGE),
various Toll-like families of receptors (TLRs), and the T cell
immunoglobulin and mucin domain-containing protein 3
(TIM3) receptor [71]. These interactions, as well as their oxi-
dation [72], provide the basis for the seemingly opposing
roles this protein can have in cancer progression and treat-
ment. On the one hand, it can be required for tumor antigen
presentation and the initiation of an anti-cancer immune
response after chemotherapy and radiotherapy treatments
[73], on the other, there is evidence to suggest its involve-
ment in tumor progression [74-77] and the suppression of
nucleic acid-induced anti-tumor immunity [78]. In colorectal
cancer, increased HMGB1 concentrations can contribute to
the tumor’s growth and metastasis [79-81], and the recruit-
ment of anti-immune regulators (myeloid-derived suppressor
cells) upon surgical resection of tumors [82]. In this study,
the downregulation of HMGB1 release after treatment with
the combined 120CEM,3; and AUY922 (40nM) compared to
all other exposures (except heat-exposed HT29 cells) was
seen (Figure 7(C)). The reasons for this regulation remain
unclear. Necrosis is not the predominant mode of action the
sub-ablative treatments used in this study have. In addition,
the active release of HMGB1 from non-necrotic cells requires
the initiation of molecular mechanisms, leading to its acetyl-
ation and phosphorylation [83,84]. These mechanisms may
be compromised by the heat and/or AUY922 treatments,
thus leading to an abrogation of HMGB1’s release from cells.
In future studies, it would be interesting to investigate
whether HMGB1 release, as tested here, could become a
prognostic marker for the efficacy of colorectal cancer treat-
ments and/or be associated with improved control of pro-
tumoural inflammation in vivo [80,82].

Finally, in this study additional evidence of pro-immune
signals came in the form of HSP70 release, another ‘danger’
signal provoking an inflammatory response in the tumor
microenvironment [85], after treatment of the HCT116/HT29
cells with 120CEM,; either alone or in combination with
AUY922 (Figure 7(D)). Collectively these results show a pro-
immune regulation of ICD biomarkers by sub-ablative heat
and/or AUY922 treatments. This makes these treatments
potential candidates for use in combination with current
checkpoint inhibitor immunotherapies to improve the prog-
nosis of colon cancer patients who do not respond to these
treatments. It is not unreasonable to hypothesize that treat-
ment of colon cancer with sub-ablative heat and AUY922, as
tested here, could create an immune-stimulatory microenvir-
onment contributing to the recruitment of innate immune
cells (e.g., dendritic cells, neutrophils), thus increasing anti-
gen uptake, cell killing, and potentially triggering the adap-
tive immune response. Checkpoint inhibitor immunotherapy
could then maximize the anti-cancer immune response, as
has been shown for anti-PD-1 treated, AUY922-sensitised
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melanoma tumors [44]. The results of this study also contrib-
ute to efforts to define the most appropriate thermal doses
for inducing an anticancer immune response [86,87], and
show that the use of precise sub-ablative TIDs, as shown
here and elsewhere [57-59], with well-defined biological and
immunological outcomes, can, not only maximize treatment
response but also increase the pro-immune phenotype of
the cancer cells, thus providing added value when used in
combination with the latest immunotherapies.

Before such an outcome can be realized some challenges
remain. First, the frequency and magnitude of the thermal
treatments have to be fine-tuned in-vivo to facilitate the cre-
ation of a pro-immune microenvironment, as tested here
in-vitro. Second, the use of immune-competent genetically
modified colorectal cancer models would make possible
studies that investigate antigen recognition and activation of
tumor-specific T cells. Third, the effects of heat and AUY922
on pro-tumoural inflammation need to be investigated in full
(e.g., macrophage activation). Fourth, the use of novel HSP90
inhibitors with improved tissue retention properties would
maximize the immune stimulatory and cell-killing effects of
these treatments.

In summary, this study has shown that exposing HCT116
and HT29 colon cancer cells to cytotoxic, but not ablative,
thermal exposures exert a dynamic effect on cell viability,
with cytotoxicity being associated with the induction of pro-
immune biomarkers 48 h after treatment. However, as soon
as 24h after thermal treatment, some heat resistant cells
adapt to the thermal stress by increasing heat shock protein
expression, arrest in the G2/M phase of the cell cycle, and
then begin to proliferate. Combining heat with targeted
therapies against the heat stress response, not only works
synergistically to change the fate of these survivors to one of
apoptosis-associated cell death but also induce a longer-last-
ing pro-immune phenotype in at least some of these cells by
downregulating CD47 and increasing CALR exposure on their
plasma membrane and releasing HSP70. These results show
the potential biophysical thermal treatments have to eradi-
cate primary tumors when combining them with molecular
oncologic interventions to treat survivor cells outside the
ablative focus.
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