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Abstract. ""Lu-DOTATATE was recently approved for the
treatment of somatostatin receptor (SSTR)-positive neuroen-
docrine tumors (NETs). However, despite impressive response
rates, complete responses are rare. Heat shock protein 90
(HSP90) inhibitors have been suggested as suitable thera-
peutic agents for NETs, as well as a potential radiosensitizers.
Consequently, the aim of this study was to investigate whether
the HSP90-inhibitor onalespib could reduce NET cell growth
and act as a radiosensitizer when used in combination with
""Lu-DOTATATE. The NET cell lines BON, NCI-H727
and NCI-H460, were first characterized with regards to
"TLu-DOTATATE uptake and sensitivity to onalespib treat-
ment in monolayer cell assays. The growth inhibitory effects
of the monotherapies and combination treatments were then
examined in three-dimensional multicellular tumor spheroids.
Lastly, the molecular effects of the treatments were assessed.
"TLu-DOTATATE uptake was observed in the BON and
NCI-H727 cells, while the NCI-H460 cells exhibited no
detectable uptake. Accordingly, ""Lu-DOTATATE reduced
the growth of BON and NCI-H727 spheroids, while no
effect was observed in the NCI-H460 spheroids. Onalespib
reduced cell viability and spheroid growth in all three
cell lines. Furthermore, the combination of onalespib and
""Lu-DOTATATE exerted synergistic therapeutic effects on
the BON and NCI-H727 spheroids. Western blot analysis of
BON spheroids revealed the downregulation of epidermal
growth factor receptor (EGFR) and the upregulation of y H2A
histone family member X (YH2AX) following combined
treatment with onalespib and "Lu-DOTATATE. Moreover,
flow cytometric analyses revealed a two-fold increase in
caspase 3/7 activity in the combination group. In conclusion,
the findings of this study demonstrate that onalespib exerts
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antitumorigenic effects on NET cells and may thus be a feasible
treatment option for NETs. Furthermore, onalespib was able
to synergistically potentiate ""Lu-DOTATATE treatment in
a SSTR-specific manner. The radiosensitizing mechanisms of
onalespib involved the downregulation of EGFR expression
and the induction of apoptosis. Consequently, the combination
of onalespib and ""Lu-DOTATATE may prove to be a prom-
ising strategy with which to improve therapeutic responses in
patients with NETs. Further studies investigating this strategy
in vivo regarding the therapeutic effects and potential toxicities
are warranted to expand these promising findings.

Introduction

Peptide receptor radionuclide therapy (PRRT) with radiola-
beled somatostatin analogs has for >25 years been used for the
delivery of therapeutic radionuclides to somatostatin receptor
(SSTR)-positive neuroendocrine tumors (NETS) (1). As a result
of the comprehensive NETTER-1 study, PRRT with the soma-
tostatin analog, ""Lu-DOTATATE (Lutathera), was recently
approved for the treatment of gastroenteropancreatic NETS (2).
The study concluded that PRRT significantly increased
disease-free survival and prolonged overall survival compared
to standard care; however, complete response was rare (2).

Therefore, ongoing research focuses on improving PRRT
with ""Lu-DOTATATE, for example by enhancing the affinity
of peptides, the use of intra-arterial injection, or various combi-
nations of peptides and radionuclides (3-5). In this respect,
the possibility to use alpha emitters, such as **Bi and **Ac is
currently being explored (6-8). Another strategy with which to
enhance the treatment efficacy is the use of radiosensitizers,
e.g. drugs that can potentiate the effects of radiation (9). One
promising approach is the inhibition of molecular chaperones
of the heat shock protein (HSP) family, such as HSP9O0, that
regulate and stabilize a large number of oncogenic client
proteins (10), of which several are involved in DNA damage
response (DDR) (11).

Apart from its promising effects on radiosensitization,
HSP90 inhibition has also been suggested as a suitable anti-
tumorigenic strategy in NETs. Histopathological analyses
have revealed a high expression of HSP90 in primary tumors
and metastases (12,13), and the inhibition of HSP90 has
been demonstrated to exert anti-proliferative effects on NET
cells (12-15). HSP9O is upstream of e.g., both mammalian
target of rapamycin (mTOR) and mitogen-activated protein
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kinase (MAPK)/extracellular-signal-regulated kinase (ERK)
pathways, controlling the expression of growth factor recep-
tors, such as epidermal growth factor (EGFR) and insulin-like
growth factor 1 receptor (IGF1R), which initiate signaling (16).
Mechanistic analyses using NET cell lines have concluded that
the extensive crosstalk between the mTOR and MAPK/ERK
pathways can be problematic when both pathways are inhib-
ited separately and may lead to a poor drug response (16).
Consequently, as HSP90 inhibition suppresses the signaling of
proteins within both pathways simultaneously (15), this may
be a more effective approach than e.g. the mTOR inhibitor,
everolimus, that was approved for the treatment of NETs in
2016 following the RADIANT trials (17-19).

Several HSP9O0 inhibitors have been assessed preclinically
and in clinical trials (20). However, treatment success has
often been limited due to poor solubility and hepatotoxicity.
This has led to the development of second-generation HSP90
inhibitors (21). One such promising agent is onalespib, a
second-generation HSP90 inhibitor currently being tested
in clinical trials. It is administered both as a monotherapy
and in combination with other chemotherapeutic drugs, in
various types of solid tumors, including NETs (22). In a recent
preclinical study, onalespib displayed potent radiosensitizing
properties when used in combination with external beam
irradiation (23). Although the mechanisms behind the radio-
sensitizing properties of onalespib are not yet fully understood,
there are several indications for the involvement of DDR (23).

Consequently, the dual role of onalespib, as both a
NET antitumorigenic agent and a radiotherapy potentiator,
may render it an optimal candidate for use in combination
with ""Lu-DOTATATE in NETs. ""Lu-DOTATATE is
already established as a therapeutic option with the local
delivery of radiation to tumor lesions. The addition of
onalespib could affect proliferation and survival and may
act as a radiosensitizer through the regulation of DDR.
Therefore, the aim of this study was to investigate whether
the HSP90 inhibitor onalespib, can reduce NET growth
and act as a radiosensitizer when used in combination with
"TLu-DOTATATE. This was assessed in vitro, measuring
the therapeutic effects of both treatments as monotherapies
and in combination, as well as by investigating the molecular
effects of the treatments.

Materials and methods

Cell lines. The human cell line, BON (24), established from a
lymph node metastasis of a carcinoid tumor of the pancreas,
was kindly provided by Professor Townsend (The University
of Texas Medical Branch, Texas University) and grown in
DMEM/Ham's F12 1:1 (Biochrome) supplemented with 10%
fetal bovine serum (Sigma-Aldrich), L-glutamine and anti-
biotics (100 IU penicillin and 100 pg/ml streptomycin) from
(Biochrome). The NCI-H727 (CRL-5815) cells (25), a well
differentiated neuroendocrine cell line derived from a human
lung carcinoid, and the NCI-H460 (HTB-177) cells (25,26),
a large cell lung carcinoma human cell line with neuroen-
docrine features, were purchased from ATCC and grown in
RPMI-1640 (Biochrome) with above-mentioned supplements.
All cells were grown in an incubator with 37°C and 5% CO,
and cultivated according to good cell culture practice.

LUNDSTEN er al: HSP90 INHIBITION POTENTIATES ""LU-DOTATATE THERAPY in vitro

Drug and radioconjugate preparation. Onalespib
(Selleckchem) was stored at -20°C as a lyophilized powder.
Prior to drug treatment, it was dissolved in DMSO to a concen-
tration of 122.1 mM and subsequently diluted in cell media.
For DOTATATE labeling, 1.5 ug DOTATATE (Bachem)
dissolved in water was mixed with reaction buffer (25 mM
sodium ascorbate/50 mM sodium acetate, pH 5) and 60 MBq
"Lu (ITG GmbH). The reaction vial was incubated at 80°C
for 30 min. The labeling yield was assessed with instant thin
layer chromatography (Biodex Medical Systems) and sodium
citrate (0.1 M, pH 5.5) as mobile phase, with subsequent
quantification in a phosphoimager (BAS-1800I1, Fujifilm).

XTT cell viability assay. The cells (5x10° BON, 12x10°
NCI-H727 or 0.7x10° NCI-H460 cells) were seeded in 96-well
plates and incubated at 37°C for 1-2 days. The medium was then
replaced and onalespib was added with concentrations ranging
from 1-10* nM. After 72 h, an XTT assay (301011K, LGC
Standards) was performed according to the manufacturer's
instructions. Briefly, 80 ul XTT activation reagent and 4 ml
XTT reagent were mixed and added to 8 ml cell medium. The
old medium was removed and 150 ul were added to each well.
The plates were then incubated for 4 h at 37°C and analyzed
using a plate reader (Bio-Rad Laboratories).

Cellular uptake of ’Lu-DOTATATE. The cells (4x10*
BON, 4x10* NCI-H727 or 1.5x10* NCI-H460 cells) were
seeded in 24-well plates and incubated at 37°C for 48 h.
"TLu-DOTATATE was added at a final concentration of
20 nM. Following 24 h of incubation at 37°C, unbound
""Lu-DOTATATE was removed and the cells were trypsin-
ized. Cell-associated activity was counted in a gamma counter
(1480 Wizard 3', Wallace).

Multicellular tumor spheroids. Agarose-coated 96-well
plates were prepared as previously described (27). A total
of 5x10° BON, 3x10° NCI-H727 or 1.5x10° NCI-H460 cells
were then seeded. Following spheroid formation (3-4 days),
onalespib (25-100 nM) and/or ""Lu-DOTATATE (1-50 kBq)
was added daily for 3 days. Onalespib was added 3 h prior to
""Lu-DOTATATE. The spheroids were photographed every
2-3 days using a Canon EOS 700D (Canon, Inc.) mounted on
a Nikon Diaphot-TMD microscope (Nikon) and media was
added or exchanged 1-2 times per week. The cross-section
area was measured using Fiji and the volume of each spheroid
was calculated (28). All spheroids were followed individually
and normalized to the size at the start of treatment.

Western blot analysis. The BON cell spheroids were treated
with 25 nM onalespib and/or 5 kBq 7"Lu-DOTATATE. At24 h
post-treatment, whole cell lysates were prepared with lysis
buffer: 1% NP-40 Alternative, 20 mM Tris (pH 8.0), 137 mM
NaCl, 10% glycerol,2 mM EDTA, 1 mM heat activated sodium
orthovanadate Na3VO4, (95 C for 10 min) and protease inhib-
itor cocktail (Sigma-Aldrich) for 30 min on ice. The protein
concentration was measured using a Nanophotometer P-Class
(Implen). The samples were equalized to a relative protein
amount and equal volumes of protein lysates were separated by
SDS-PAGE [Tris-Acetate 3-8% gel (ThermoFisher Scientific)]
and transferred onto a nitrocellulose membrane (Immobilon-P
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Transfer membrane, Millipore) by wet blotting for 24 h at 4°C
followed by blocking of the membrane for 1 h in PBS with
5% BSA. The membrane was divided according to the size of
the expected proteins and the slices were incubated with the
according rabbit monoclonal anti-EGFR (1:5,000, ab52894,
Abcam), mouse monoclonal anti-SSTRS5 (1:1,000, ab109495,
Abcam), rabbit polyclonal anti-HSP90 (1:20,000, ab13495,
Abcam), mouse monoclonal anti-B-actin (1:10,000, A5441,
Sigma-Aldrich), mouse monoclonal anti-y H2A histone family
member X (YH2AX; 1:1,000, 05-636, Merck/Millipore), rabbit
monoclonal anti-IGF1-R (1:1,000, ab182408, Abcam), poly-
clonal mTOR (1:2,000, ab2732, Abcam), mouse monoclonal
anti-ERK1 + ERK?2 (1:2,000, ab54230, Abcam), rabbit mono-
clonal anti-AKT1/2/3 (1:10,000, ab179463, Abcam), rabbit
monoclonal anti-sodium potassium ATPase (1:2,000, ab76020,
Abcam), rabbit polyclonal anti-phosphatase and tensin
homolog (PTEN; 1:1,000, #9552, Cell Signaling Technologies)
rabbit polyclonal H2AX (1:10,000, ab11175, Abcam) antibodies
at 4°C overnight. The membrane was rinsed in PBS-Tween
(0.1%) and incubated with species-specific horseradish
peroxidase-labeled secondary antibodies (anti-mouse 1:3,000,
#65-6520, ThermoFisher Scientific; anti-rabbit 1:5,000,
#65-6120, ThermoFisher Scientific) for 1 h atroom temperature.
Electro-chemiluminescent solution (Immobilon, Millipore)
was applied and immunoreactive bands were visualized with
a CCD camera (SuperCCD HR, Fujifilm). Image analysis
and quantification of the bands was evaluated using ImagelJ
1.48v software (NIH). The total protein expression levels
were adjusted to the corresponding loading control (B-actin
or sodium potassium ATPase) according to the following
formula: Total protein expression=band intensity protein/band
intensity loading control. The total protein expression level was
then normalized to the intensity level of the adjusted untreated
control sample (untreated control level=1). To further evaluate
the expression of yH2AX compared to unphosphorylated
protein (H2AX) the following formula was used: Total yH2AX
expression (z)=the band intensity yH2AX/band intensity of
H2AX. The error analysis of yH2AX (Dz) was performed
with the equation Dz/z=Sum[(Da/a)2+(Db/b)2+(Dc/c)2],
where each value (a, b, ¢) has an associated standard deviation
(Da, Db or Dc, respectively).

Flow cytometry. BON spheroids were seeded and treated
as described above with 25 nM onalespib and/or 5 kBq
""Lu-DOTATATE. At 24 h after final treatment, the spheroids
were trypsinized and resuspended in PBS. The cells were then
incubated with 2 uM CellEvent™ Caspase 3/7 Green Detection
Reagent (Thermo Fisher Scientific) for 15 min at room tempera-
ture, protected from light. Sytox Red Dead Cell Stain (Thermo
Fisher Scientific) was added at a final concentration of 5 nM and
the cells were incubated at room temperature for an additional
15 min. The cells were then filtered through a CellTrics 50 ym
filter (Sysmex) and analyzed using a flow cytometer (CyFlow
Space, Sysmex). Data analysis was performed with the FCGUI
Toolbox for Matlab 2016b (Mathworks).

Statistical analysis. Data are presented as the means + stan-
dard deviation if not otherwise stated. Statistical analysis
was performed using Graphpad Prism 7 software (GraphPad
Software), where a P-value <0.05 was considered to indicate
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a statistically significant difference. In viability assays, IC50
calculations (50% of maximal inhibition) were made in
Graphpad by fitting the data to a dose-response curve (standard
slope) according to the following equation:

100 —a
1+ lox—]ug(ff,','ill)

where y is viability in %, a is minimum response and x is
log,(concentration) of onalespib. For spheroid assays, one-way
ANOVA with Dunnett's (dose-response of monotherapies) or
Tukey's (combination assays) multiple comparison. Synergy
calculations was performed according to the Chou-Talalay (29)
method with Compusyn (Combosyn). Western blot data
was analyzed using one-way ANOVA and Tukey's multiple
comparison.

y=a+

Results

Characterization of cell lines
Onalespib reduced viability in monolayer NET cells. The
effects of onalespib on monolayer cell cultures were assessed
by XTT cell viability assays (Fig. 1A). All cell lines were
found to be sensitive to onalespib treatment and the calculated
IC50 values were 27 nM (95% CI 19-39 nM) for the BON,
102 nM (95% CI 78-132 nM) for the NCI-H727 and 51 nM
(95% CI 38-69 nM) for the NCI-H460 cells.
"Lu-DOTATATE uptake in NET cell lines. The uptake
of ""Lu-DOTATATE was assessed by measuring the
cell-associated radioactivity 24 h following the addition of the
compound. The uptake of "Lu-DOTATATE was observed
in the BON and NCI-H727 cells at similar levels, while the
NCI-H460 cells exhibited no detectable uptake (Fig. 1B).
From these results, the BON and NCI-H727 cells were defined
in this study as SSTR-positive and the NCI-H460 cells were
defined as SSTR-negative. The ""Lu-DOTATATE uptake in
the SSTR-positive cell lines was not affected by treatment
with onalespib (Fig. S1).

Multicellular tumor spheroids. Multicellular tumor spheroids
mimic in vivo-like conditions, with nutrient and oxygen gradi-
ents within the spheroid similar to those in tumors. Moreover,
it is a relevant model for PRRT due to the three-dimensional
distribution of the emitted radiation. In the current study,
spheroids were treated with daily concentrations of onalespib,
ranging from 25-100 nM and 1-50 kBq '"Lu-DOTATATE
on 3 consecutive days. Spheroid size was measured at 14
(NCI-H460) or 20 (BON, NCI-H727) days following the start
of treatment.

Growth inhibitory effect of onalespib and '"Lu-
DOTATATE as monotherapies. Onalespib exerted growth
inhibitory effects on all cell lines (Fig. 2, A, D and G). With
a concentration of 50 nM, the spheroid size compared to the
untreated cells was 46+10, 26+3 and 40+5% for the BON
(Fig. 2A), NCI-H727 (Fig. 2D) and NCI-H460 (Fig. 2G) cells,
respectively. DMSO had no marked effect on spheroid growth
(Fig. S2). It was found that ""Lu-DOTATATE significantly
inhibited the growth of the BON (Fig. 2B) and NCI-H727
(Fig. 2E) cell-derived spheroids. However, ""Lu-DOTATATE
had no effect on the spheroid growth of SSTR-negative
NCI-H460 cells (Fig. 2H). These results were in accordance
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Figure 1. Characterization of cell lines. (A) XTT viability assay of monolayer
cultures. Graph displays viability (%) on the y axis (mean and 95% CI, n=6)
and concentration (nM) on the x axis. Red open symbols indicate 50% of
maximal inhibition. Corresponding calculated IC50 values were 27 nM for
the BON (solid line), 102 nM for the NCI-H727 (dashed line) and 51 nM
for the NCI-H460 (dotted line) cells. (B) Uptake of "Lu-DOTATATE in
monolayer cultures. Graph displays CPM/10? cells (mean and 95% CI, n=6);
n.s, not significant.

with the SSTR status. Following treatment with 50 kBq
""Lu-DOTATATE, the spheroid size compared to the untreated
cells was 25+3, 41+3 and 91+9% in the BON, NCI-H727 and
NCI-H460 cells, respectively. Unlabeled DOTATATE did not
have a marked effect on spheroid growth (Fig. S2).

Specific and synergistic effects in the spheroids treated
with the combined treatment. The combined treatment of
the spheroids with onalespib and '""Lu-DOTATATE (Fig. 3)
resulted in additional growth inhibitory effects compared
to monotherapies in the SSTR-positive cell lines, BON and
NCI-H727. In the NCI-H460 cells, no treatment combinations
led to any significantly differences compared to onalespib
monotherapy. Additional combinations were tested, with
significant differences already observed at day 14 for the BON
and NCI-H727 cell-derived spheroids (Fig. S3).

Synergy calculations were performed according to the
Chou-Talalay method for the BON and NCI-H727 cells,
where a combination index (CI) of <1 indicated synergy.
Table I displays results of the synergy calculations for various
combinations on days 14 and 20. All tested combinations were
synergistic in the BON cell-derived spheroids, while in the
NCI-H727 cells, synergy was present following treatment with
40 nM onalespib.

Combination treatment downregulates EGFR expression and
increases apoptosis. To further determine the molecular effects
of onalespib and ""Lu-DOTATATE, western blot analysis
and flow cytometry were performed on the BON cell-derived
spheroids (Fig. 4). EGFR, a client protein of HSP90, mediates
the signaling of cell proliferation and survival e.g., by initiating
the mTOR and MAPK/ERK signaling pathways (20). In this
study, onalespib treatment resulted in the downregulation of
EGFR, while ""Lu-DOTATATE had no effect (Fig. 4A and B).
The spheroids treated with the combination treatments exhib-
ited the lowest EGFR expression. Compared to the untreated
control, EGFR expression was 78+7, 109+12 and 64+5% in
the spheroids treated with onalespib, ""Lu-DOTATATE and
their combination, respectively. No significant differences in
HSP90 expression were detected (Fig. 4A and C).
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vH2AX expression can be used to indicate the level of DNA
double-strand breaks. The spheroids treated with onalespib or
the combination treatment both exhibited significantly higher
levels of YH2AX (Fig. 4A and D) compared to the untreated
spheroids, whereas '""Lu-DOTATATE alone did not markedly
affect YH2AX expression compared the untreated spheroids.
Combined treatment did not lead to significant differences
in YH2AX expression compared to treatment with onalespib
alone. YH2AX expression in the spheroids normalized to the
untreated cell was 181+64, 104+39 and 216+167% for the cells
treated with onalespib, 7"Lu-DOTATATE and the combination
treatment, respectively.

Caspase 3 and 7 are commonly used as markers of
apoptosis. In this study, flow cytometry was used to quan-
tify the amount of caspase 3/7 in the cells. There was a
2-fold increase in caspase 3/7 activity in the combina-
tion treated spheroids, while treatment with onalespib or
""TLu-DOTATATE alone had no effect on caspase activity
(Figs. 4E and S4).

To further investigate the involvement of the mTOR and
MAPK/ERK signaling pathways, the levels of IGF1-R, as
well as a number of downstream targets were assessed by
western blot analysis (Fig. 4A and F-J). In general, the levels
of the assessed proteins followed the same pattern as that of
EGFR, with decreased levels in the onalespib and combina-
tion-treated samples. For IGF1-R and mTOR, these changes
were however, not statistically significant. ERK expression
was downregulated following treatment with onalespib and
combination treatment, with the lowest levels observed in the
spheroids treated with the combination treatment (57+23%
of the untreated control). AKT and PTEN expression levels
were downregulated by onalespib (4714 and 46+5% of the
untreated control, respectively); however, a significant effect
was also observed following ""Lu-DOTATATE monotherapy
(77+14 and 64+18%, respectively). Combination treatment
resulted in AKT and PTEN levels similar to those from
onalespib treatment.

Discussion

PRRT with ""Lu-DOTATATE has revolutionized the treat-
ment of SSTR-positive NETs (2). However, despite a marked
increase in disease-free survival, a complete response is rare.
The combined use of PRRT with radiosensitizers may be a
promising strategy with which to potentiate the treatment
efficacy, enabling a systemic dual targeting treatment. HSP90
was recently proposed as a target for NET therapy, and the
HSP90 inhibitor onalespib has previously demonstrated
radiosensitizing properties in combination with external
radiotherapy (23).

In the present study, we examined efficacy of the HSP90
inhibitor, onalespib, on a panel of NET cell lines in monolayer
cultures (Fig. 1), as well as in multicellular tumor spheroids
(Fig. 2), demonstrating antitumorigenic activity in all the
cell lines examined. These findings are in line with those
of previous studies validating the high potential of HSP90
inhibitors for NETs (12,14,15).

The effect of ""Lu-DOTATATE on spheroid growth
was then assessed on the NET cell lines, BON (pancreatic
carcinoid), NCI-H727 (bronchial carcinoid) and NCI-H460
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Figure 2.Monotherapy withonalespibor "’Lu-DOTATATEin spheroids. Growth of spheroids treated with (A,Dand G) onalespibor (B,EandH) "’Lu-DOTATATE
at day 14 (NCI-H460 cells) or day 20 (BON and NCI-H727 cells) with representative spheroid images (C, F and I) for the (A-C) BON, (D-F) NCI-H727 and
(G-I) NCI-H460 cell-derived spheroids. Spheroids were treated with a daily concentration indicated in the graphs. Graphs display size normalized to the
untreated cells (means + standard deviation, n>4); scale bar, 500 ym. "’Lu-DOT, ""Lu-DOTATATE. ““P<0.0001; n.s., not significant.

(large cell lung carcinoma). As expected, treatment resulted
in the growth inhibition of SSTR-positive cell lines, while the
SSTR-negative NCI-H460 cell line was unaffected. As the
NCI-H460 cell line is a large cell carcinoma with different
biological and pathological features from the carcinoids, it is
not surprising that this cell line differed from the other two
in SSTR expression (25). Moreover, unlabeled DOTATATE
in equivalent concentrations had no effect on spheroid
growth (Fig. S2). These results confirm the specificity of
""Lu-DOTATATE treatment.

Furthermore, when onalespib and ""Lu-DOTATATE
(Fig. 3) were used in combination, the growth inhibitory
effects on the BON and NCI-H727 cell-derived spheroids were

even more pronounced than the corresponding monotherapies.
Following combined treatment, the BON cells exhibited syner-
gistic effects for all tested concentrations and time points.
Synergy was also found in the NCI-H727 cells and was most
pronounced at 20 days following treatment. Low concentrations
of onalespib led to an additive effect on NCI-H727 cell-derived
spheroids. As the Chou-Talalay method requires both drugs to
demonstrate a significant effect and ""Lu-DOTATATE had
no effect on NCI-H460 cells, no synergy calculations were
performed for this cell line. However, as none of the combi-
nation treatments led to significant differences compared to
onalespib monotherapy, ""Lu-DOTATATE was not able to
enhance the effects of onalespib or vice versa in the NCI-H460
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Table I. Synergistic analysis of BON and NCI-H727 cells.
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Onalespib (nM) "Lu-DOT (kBq) Cl day 14 CI day 20
BON 10 10 0.40* n.a.
25 1 na. 0.50
25 5 0.46 0.39°
25 10 0.45° 0.65
25 20 0.62* n.a.
NCI-H727 25 50 1.45 n.a.
40 10 1.02 0.67*
40 20 0.65* 0.62°
40 50 0.69* n.a.

Combination Index (CI) was calculated with the Chou-Talalay method (29). CI<1 indicates synergy, CI=1 indicates additivity and CI>1
indicates antagonism. *Combination therapy led to significant differences from the corresponding monotherapies. n.a., not analyzed.

cells. Consequently, it was concluded that the combination of
onalespib and ""Lu-DOTATATE is synergistic and specific
for SSTR-positive NETs.

After the growth inhibitory effects of monotherapy and
the combination treatments had been verified, the responses at
the molecular level were investigated. One way to validate the
molecular effects of onalespib is by assessing EGFR expres-
sion. EGFR, an HSP9O0 client protein, is an activator of the
mTOR and MAPK/ERK pathways, which are highly relevant
in NET tumorigenesis (20,30,31). Blocking these pathways by
the downregulation of growth factor receptors, such as EGFR
can enhance the therapeutic response. The results from western
blot analysis of EGFR expression (Fig. 4A and B) demonstrated
the downregulation in the onalespib-treated BON spheroids,
consistent with the findings of previous studies (23,32).
""Lu-DOTATATE treatment did not affect EGFR expression.
Notably, the lowest level of EGFR expression was observed
in the combination treatment group. The reason for this is not
clear. One potential explanation could be radiotherapy-induced
HSP90 cleavage. It is known that radiotherapy increases
the level of reactive oxygen species (ROS). Several studies
have investigated the association between ROS and HSP90,
finding that ROS can cleave HSP90 at the N-terminal, leading
to the loss of function and additional client protein degrada-
tion (33,34). However, this could not be confirmed in HSP90
expression analyses (Fig. 4A and C), where no differences
in HSP90 expression were observed between the treatment
groups. Nonetheless, the clear decrease in EGFR expression
in the onalespib-treated samples verify the growth inhibitory
effects of the drug, and point to an even more effective outcome
when used in combination with ""Lu-DOTATATE. This was
further supported by the results from western blot analysis of
additional proteins involved in the mTOR and MAPK/ERK
signaling pathways (Fig. 4A and F-J).

HSP90 plays an important role in DDR (11). In this
study, we investigated DDR by investigating the DNA
double-strand break marker, YH2AX, 24 h following treat-
ment (Fig. 4A and D). The nuclear expression of YH2AX
is a sensitive marker for DNA double-strand breaks, where
vH2AX accumulates in foci within seconds after the
occurrence of the DNA double-strand breaks, and the level

usually peaks within 1 h, followed by decreasing levels
proportional to the repair rate. Moreover, pan-nuclear
vYH2AX staining represents apoptotic signaling, triggered
by ATM and DNA-PKcs activation (35). Consequently, as
western blot analysis of total YH2AX cannot distinguish
between the nuclear and pan-nuclear expression of the
protein, YH2AX expression indicates either an insufficient
DNA damage repair machinery or induction of apoptosis
in this assay. In this study, at 24 h following treatment with
"TLu-DOTATATE, the BON cells were able to repair the
induced DNA damage. However, a significant increase in
YH2AX expression was observed in the spheroids treated
with onalespib and the combination treatment. This suggests
that the enhanced growth inhibition in the spheroids treated
with onalespib and the combination treatment is in part
due to an increased number of double-strand breaks and
apoptosis.

To further investigate the involvement of apoptosis, flow
cytometry was used to measure caspase 3 and 7 activity
at 24 h after final treatment. While no significant increase
in caspase 3/7 activity was observed in the onalespib- or
"Lu-DOTATATE-treated spheroids, combination treatment
led to a 2-fold increase in caspase activity at this time point. The
somewhat different staining profiles of YH2AX, and caspase 3
and 7 indicate different kinetic profiles and/or mechanisms of
the investigated events. However, the results suggest that the
enhanced growth inhibition in the spheroids treated with the
combination treatment is in part due to increased apoptosis.

In conclusion, the present study demonstrates that
HSP90 inhibition with onalespib is a feasible treatment
option for NETs. Moreover, the combination of onalespib
and '""Lu-DOTATATE is particularly promising due to
SSTR-specific synergistic effects. The potent synergistic
effects observed in the present study are most likely due to
several contributing factors, involving the suppression of
EGFR signaling and the induction of apoptosis. The combi-
nation of onalespib and '"Lu-DOTATATE may improve the
therapeutic response for patients with inoperable and meta-
static NETs, leading to increased cure rates. Further in vivo
studies investigating this strategy are required to confirm
these promising findings.
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Figure 3. Combination therapy with onalespib and '”’Lu-DOTATATE in spheroids. Treatments with onalespib (upward-facing triangles), "’Lu-DOTATATE
(downward-facing triangles) and the combination of the two (squares) compared to the untreated (rhombus shapes) cells with representative spheroid images
at the first and final time point for the (A-C) BON, (D-F) NCI-H727 and (G-I) NCI-H460 cells. Spheroids were treated with a daily concentration indicated in
the graphs. Graphs display volume on the y axis and time on the x axis (means * standard deviation, n=4). For combinations that led to significant differences
from the monotherapies, the comparison with lowest significance level is displayed. "P<0.05 and “*"P<0.0001; n.s., not significant. Scale bar, 500 ym.
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Figure 4. Western blot analysis and flow cytometry of the treated spheroids. (A) Western blot analysis of EGFR, HSP90, IGF1-R, mTOR, ERK, AKT, PTEN
and YH2AX 24 h after final treatment. $-actin and Na/K-ATPase were used as loading controls. Representative blots are shown. (B-D and F-J) Western
blot analysis quantification of EGFR, HSP90, IGF1-R, mTOR, ERK, AKT, PTEN and YH2AX. Graphs display signal normalized to loading control and
to untreated control samples (means =+ standard deviation, YH2AX expression was normalized to unphosphorylated protein expression (H2AX; n=3-6).
(E) Flow cytometric assessment of caspase 3 and 7 activity in the treated spheroids. "P<0.05, “P=<0.01, “"P<0.001 and “""P<0.0001; n.s, not significant.
EGFR, epidermal growth factor receptor; HSP90, heat shock protein 90; IGF1-R, insulin-like growth factor 1; mTOR, mammalian target of rapamycin; ERK,
extracellular-signal-regulated kinase; PTEN, phosphatase and tensin homolog; YH2AX, y H2A histone family member X.
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