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KIT or PDGFRA gain-of-function mutations are the primary
drivers of gastrointestinal stromal tumor (GIST) growth and
progression throughout the disease course. The PI3K/mTOR
pathway is critically involved in the transduction of KIT/
PDGFRA oncogenic signaling regardless of the type of primary
and secondary mutations, and therefore emerges as a relevant
targetable node in GIST biology. We evaluated in GIST preclin-
ical models the antitumor activity of copanlisib, a novel pan-
class-I PI3K inhibitor with predominant activity against p110c
and p110d isoforms, as single-agent and in combination with
first-line KIT inhibitor imatinib. In vitro studies undertaken in
one imatinib-sensitive (GIST-T1) and two imatinib-resistant
(GIST-T1/670 and GIST430/654) GIST cell models showed that
single-agent copanlisib effectively suppressed PI3K pathway
activation leading to decreased cell viability and proliferation in

Introduction

Gastrointestinal stromal tumor (GIST) is the most common
malignant mesenchymal neoplasm (1, 2) and is primarily defined
by oncogenic, gain-of-function mutations in the KIT or platelet-
derived growth factor receptor alpha (PDGFRA) receptor tyrosine
kinases (RTK), which are present in 85%-90% of patients with
GIST (3, 4). Oncogenic addiction to KIT signaling is essential
throughout GIST development and tumor evolution (4, 5) and
KIT inhibition with first-line tyrosine kinase inhibitor (TKI) ima-
tinib mesylate leads to substantial clinical benefit in advanced or
metastatic GIST (6). Resistance to imatinib eventually occurs in
most patients and entails reactivation of KIT receptor and KIT
downstream pathways due to positive selection of clones with
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both imatinib-sensitive and -resistant cells irrespective of the
type of primary or secondary KIT mutations. Simultaneous PI3K
and KIT inhibition with copanlisib and imatinib resulted in
enhanced impairment of cell viability in both imatinib-
sensitive and -resistant GIST cell models, although apoptosis
was mostly triggered in GIST-T1. Single-agent copanlisib inhib-
ited GIST growth in vivo, and conjoined inhibition of PI3K and
KIT was the most active therapeutic intervention in imatinib-
sensitive GIST-T1 xenografts. IHC stain for cleaved-caspase 3
and phospho-S6 support a predominant antiproliferative effect of
copanlisib in GIST. In conclusion, copanlisib has single-agent
antitumor activity in GIST regardless KIT mutational status or
sensitivity to imatinib. Effective KIT inhibition is necessary to
achieve synergistic or additive effects with the combination of
imatinib and any given PI3K/mTOR pathway inhibition.

acquired secondary mutations in KIT, which constitutes the main
mechanism of failure to imatinib in 80%-90% of patients with
GIST (7). Although TKIs with KIT inhibitory activity such as
sunitinib and regorafenib are approved in the second- and the
third-line of treatment, respectively, their benefit is modest (5, 8, 9)
because the structural heterogeneity of the different KIT/PDGFRA
oncoproteins complicates the design of drugs that could effectively
inhibit all mutant RTKs. Therefore, novel treatment strategies are
needed.

Importantly, KIT/PDGFRA oncogenic signaling is mainly driven by
PI3K/mTOR and RAS/MAPK pathways through direct interaction
with PI3K and GRB2 signaling intermediates, which occurs irrespec-
tive of whether the particular KIT/PDGFRA mutations are imatinib
sensitive or imatinib resistant (10-12). Specifically, KIT-activated
PI3K/mTOR pathway is crucial in GIST tumor initiation, develop-
ment, and survival (13). Furthermore, early preclinical studies dem-
onstrated strong antiproliferative and proapoptotic effects upon PI3K
inhibition in imatinib-sensitive and -resistant GIST models, both as
monotherapy and in combination with imatinib (10-15), thereby
emerging as appealing therapeutic strategies. However, subsequent
clinical trials achieved scarce clinical benefit or are yet to be
reported (5, 16-18).

Copanlisib (Bayer AG) is a novel potent pan-class I PI3K inhibitor
with predominant activity against pl110o. and p1103 PI3K iso-
forms (19). Preclinical studies demonstrated consistent antiprolifera-
tive activity and apoptosis induction in several cancer models, and
early clinical trials have shown meaningful activity in patients with
both solid tumors and hematologic malignancies (20-25). Recently,
copanlisib was approved by FDA for the treatment of relapsed
follicular lymphoma.

In this study we evaluated in vitro and in vivo the antitumor
activity of copanlisib as single-agent and in combination with first-
line imatinib using a panel of human GIST cells lines with clinically
representative primary and secondary KIT mutations.

AAC_R American Association
for Cancer Research’

AACRJournals.org | 1289

220z ¥snbny /z uo jsenb Aq jpd 68Z1/10.¥981/68Z1/9/6 1 /4pd-ad1enow/Bio sjeusnolioee//:dpy woly papeojumoq


http://crossmark.crossref.org/dialog/?doi=10.1158/1535-7163.MCT-19-1069&domain=pdf&date_stamp=2020-5-19
http://crossmark.crossref.org/dialog/?doi=10.1158/1535-7163.MCT-19-1069&domain=pdf&date_stamp=2020-5-19

Garcia-Valverde et al.

Materials and Methods

Cell lines

GIST-T1 is a primary GIST cell line with a heterozygous activating
mutation in KIT exon 11 (Val560_Tyr578del) established from a
metastasis of a patient with untreated GIST. GIST-T1/670 is a subcell
line of GIST-T1 with a secondary mutation in KIT exon 14 (T670I) that
was established by selective pressure with imatinib. GIST430/654 is a
primary GIST cell line with a KIT primary heterozygous exon 11 in-
frame deletion and a KIT heterozygous exon 13 missense-resistant
mutation (V654A), established from a patient that had progressed to
imatinib. Cells were grown as described previously (26). All lines were
credentialed by Sanger sequencing evaluations of known mutations, at
baseline and every 3 months during the study. All cultures were shown
to be Mycoplasma free.

Reagents
Imatinib mesylate was purchased from LC Laboratories and copan-
lisib was provided by Bayer AG.

Viability assays

Cell viability studies were carried out using Cell Titer-Glo lumi-
nescent assay from Promega, in which the luciferase catalyzed lucif-
erin/ATP reaction provides an indicator of cell number. For these
studies, cell lines were plated in triplicates at 5,000 (GIST-T1 and
GIST-T1/670) and 10,000 (GIST430/654) cells per well in a 96-well
flat-bottomed plate (Falcon), and then incubated for 3 (GIST-T1 and
GIST-T1/670) or 6 days (GIST430/654) with imatinib and copanlisib
at different concentrations or DMSO. The Cell Titer-Glo assay lumi-
nescence was measured with Infinite 200 Pro Microplate Luminometer
(Tecan Trading AG) and the data were normalized to the DMSO
control group.

5-Bromodeoxyuridine assay

Cell proliferation studies were carried out using BrdU Cell Prolif-
eration ELISA Assay (Roche) according to the manufacturer's proto-
col. For these studies, cell lines were seeded in triplicates at 10,000
(GIST-T1 and GIST-T1/670) and 15,000 (GIST430/654) cells per well
in a 96-well tissue culture plate (Sigma-Aldrich) and were incubated in
media containing drugs and DMSO for 48 hours. 5-bromodeoxyur-
idine (BrdU) was added and incubation was continued for 24 hours.
Assay plates were measured with Infinite 200 Pro Microplate Lumin-
ometer (Tecan Trading AG).

Apoptosis induction assay

Apoptosis induction studies were performed by measuring caspase-
3 and caspase-7 activity with the Caspase-Glo 3/7 Assay Kit (Promega)
according to the manufacturer's protocol. Cells were plated in tripli-
cates in 96-well flat-bottomed plates at 5,000 (GIST-T1 and GIST-T1/
670) and 10,000 (GIST430/654) cells per well. After 24-hour culture,
medium was replaced with fresh medium (with or without respective
drugs) and apoptosis was measured according to the manufacturer's
instructions at 24 (GIST-T1 and GIST-T1/670) and at 48 hours
(GIST430/654) with Infinite 200 Pro Microplate Luminometer (Tecan
Trading AG).

Western blot assays

Preparation of whole-cell lysates was done as described previous-
ly (26). Electrophoresis was carried out in 10% polyacrylamide gels and
transferred to nitrocellulose membranes. Bands were detected by
incubating with Immobilon Forte Western HRP Substrate (Milli-
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pore-MERK KGaA) and captured by chemiluminescence with Amer-
sham Imager 600 (GE Healthcare Life Science).

Primary antibodies to phospho-KIT Y703 (#3073), phospho-
AKT S$473 (#9271), total AKT (#9272), S6RP (#2317), phospho-
$6 5235/6 (#2211), phospho-ERK Thr202/Tyr204 (#9101) and total
ERK (#9102), and cleaved-PARP Asp214 (#9541) were from Cell
Signaling Technology; to total KIT (A4502) was from Dako; and to
Cyclin A (sc-751) was from Santa Cruz Biotechnology.

GIST xenograft studies

Six- to 8-week-old female athymic nude mice (NMRI Foxnl/nu-
Fosnl/nu) were obtained from Janvier Laboratories and housed
under specific pathogen-free conditions. Heterotopic GIST xeno-
grafts were generated by subcutaneous injection of GIST-T1 and
GIST-T1/670 [5 x 10° cells in culture medium and Matrigel (Cultek
SL) at 1:1 ratio] in anesthetized animals (ketamine 100 mg/kg i.p.
and xylacine 10 mg/kg i.p.). Animals were maintained at 22 £ 2°C
and 35% humidity, on a 12-hour light-dark cycle. An individually
positive pressure ventilated cage system was used to house a
maximum of 5 mice per cage. Food and water were provided ad
libitum. All animal studies were performed in accordance with
ARRIVE guidelines and the three Rs rule of replacement, reduction,
and refinement principles. All in vivo work was conducted under
appropriate Institutional Animal Care and Use Committee
approved protocols.

Mice were randomized into the following treatment arms when
median tumor volume reached 200 mm?: control group, copanlisib
(14 mg/kg, i.v./3 times weekly, t.i.w), imatinib (100 mg/kg orally/every
day), and the combination of copanlisib and imatinib (Supplementary
Table S1). Solvents for imatinib and copanlisib were sterile water and
5% D-Mannitol in sterile water, respectively. Tumor volume and
animal weight were assessed 3 times a week. Animals were euthanized
after 21 days of treatment or when tumor volume reached 1,200 mm?>,
Tumors were collected and fixed in 4% buffered formaldehyde for
further histologic analysis. Blood was collected at day 21, 4 hours after
drug administration through intracardiac puncture. Plasma was
obtained by centrifugation and frozen down for further pharmacoki-
netic analysis.

IHC analysis

Tumor samples were collected 4 hours after last drug administration
and immediately fixed in fresh 4% paraformaldehyde at 4°C overnight.
After paraffin embedding, viable areas from single hematoxylin and
eosin slides were selected to generate tumor microarrays containing
two 1.0-mm cores per case. IHC staining antibodies used were
Phospho-S6 Ribosomal Protein Ser235/6 (dilution 1:400; #2211),
Cleaved Caspase-3 Aspl75 (dilution 1:200; #9661), phospho-4EBP1
Thr70 (dilution 1:75; #9455), and phospho-AKT Ser473 (dilution
1:100; #4060) from Cell Signaling Technology and total KIT (dilution
1:400; A4502) from Dako. Slides were digitalized at 20x using the
NanoZoomer 2.0HT (Hamamatsu Photonics). Digitalized images
were uploaded into VISIOPHARM (VIS) Image Analysis Software
(Visiopharm Integrator System version 2019.02.1.6005, Visiopharm)
for the analysis. Custom-developed algorithms were created for each of
the biomarkers with the supervision of a pathologist using the author
module. Two color-deconvolution bands are used as preprocessing
steps to enhance tissue and stained regions. The classification of the
stained (positive) and nonstained (negative) region is based on an
intensity-based thresholding classifier. The classifier segments the
tissue into two parts: stained and nonstained. The output variables
obtained from these protocols include the total area, stained area, and
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the percentage of stained area, which was used for the analysis.
Regarding IHC analysis, each case is the result of the average from
two independent samples measurements per mice. A group average &
the SEM was used to build the graphics and perform the statistical
analysis.

Pharmacokinetic studies

Plasma samples were thawed at room temperature. Within 30
minutes samples were mixed by inversion and, if necessary, centri-
fuged at room temperature for about 10 seconds at 3,000 x g to remove
precipitates. After protein removal, samples were analyzed by high-
performance liquid chromatography coupled with a tandem mass
spectrometer (Applied Biosystems MDS Sciex API 6500) using the
internal standard method. Measurement was performed with calibra-
tion samples, quality control samples, and unknown samples.

Statistical analysis

Differences between different treatment groups were analyzed with
one-way ANOVA followed by a Holm-Sidak and Turkey multiple
comparisons test. Differences with a P < 0.05 were considered to be
significant. Statistical analysis was performed with GraphPad Prism
version 6.0 (GraphPad Software, Inc.).

Results

Copanlisib inhibits PI3K in imatinib-sensitive and imatinib-
resistant GIST cell lines

To assess the activity of copanlisib, we determined impact on cell
growth and KIT-dependent signaling using GIST cell lines with
clinically relevant mutations, representing imatinib-sensitive (GIST-
T1) and imatinib-resistant disease (GIST430/654 and GIST-T1/670).
Cell viability studies demonstrated that copanlisib was active in all
GIST cell lines irrespective of KIT mutational status, showing ICsgs
within the nanomolar range: 54.5 nmol/L (GIST-T1), 278.8 nmol/L
(GIST-T1/670), and 78.7 nmol/L (GIST430/654; Fig. 1A-C; Supple-
mentary Table S2). Proliferation studies with BrdU incorporation
confirmed the antiproliferative effects of copanlisib in the same cell
lines (Fig. 1D-F; Supplementary Table S2). These in vitro concen-
tration ranges for efficacy correspond to levels relevant for clinical
efficacy (23). The observed imatinib activity was within previously
reported ranges (26).

Copanlisib inhibition of PI3K was evidenced in all GIST cell lines by
suppression or significant reduction in the phosphorylation of KIT
downstream PI3K targets AKT and S6-RP in comparison with DMSO-
treated cells (Fig. 2). A decrease in the proliferation marker Cyclin A
was observed between 24-48 hours depending on the cell line. In
contrast, little to no induction of apoptosis monitored by cleaved
PARP was detected, irrespective of the sensitivity to imatinib. Strong
efficacy of copanlisib combined with induction of apoptosis was
reported to be associated with a transient inhibition of pERK and a
rebound after 24 hours, which is only seen here in the imatinib-
sensitive cell line (GIST-T1; ref. 27).

Combined inhibition of PI3K and KIT with copanlisib and
imatinib reduces cell viability irrespective of KIT mutation, but
induces apoptosis only in imatinib-sensitive GIST

GIST cell lines were exposed to imatinib and increasing concentra-
tions of copanlisib to determine the consequences of directly targeting
both PI3K and KIT. The combination of copanlisib and imatinib
achieved greater impairment in cell viability in both imatinib-sensitive
and imatinib-resistant GIST cell lines compared with each drug alone,
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particularly at copanlisib concentrations of =100 nmol/L (Fig. 3A-C;
Supplementary Table S3). A trend toward synergistic activity could be
observed in all the three cell lines (ref. 28; Supplementary Table S4).
Apoptosis induction with single-agent copanlisib was minimal and
was only substantially induced in imatinib-sensitive cell line GIST-T1
upon concomitant KIT inhibition with imatinib (Fig. 3D), but not in
the imatinib-resistant cell models (Fig. 3E and F).

Kinase inhibition studies (Fig. 2) demonstrated that combined
inhibition of PI3K and KIT led to further PI3K/AKT pathway block-
age, as shown by more pronounced reduction in S6-RP phosphory-
lation compared with copanlisib alone, particularly in GIST-T1/670
(Fig. 2B). Consistent with cell viability and apoptosis studies, simul-
taneous inhibition of PI3K and KIT with copanlisib and imatinib
resulted in decreased proliferation, as shown by Cyclin A immunos-
taining, while PARP cleavage was more evident only in GIST-T1
(Fig. 2A), albeit at levels similar to those induced by imatinib in
monotherapy.

In vivo activity of copanlisib as single-agent and in combination
with imatinib

On the basis of the in vitro characterization of copanlisib as single
agent or in combination with imatinib, we further explored in vivo the
benefit of inhibiting PI3K alone or together with KIT inhibition.
Heterotopic subcutaneous GIST xenografts were established using
imatinib-sensitive (GIST-T1; n = 27) and imatinib-resistant (GIST-
T1/670; n = 18) GIST cell lines (Supplementary Table S1) and
randomized into four treatment arms at the previously indicated
doses: vehicle; copanlisib; imatinib; and copanlisib and imatinib.
Single-agent copanlisib significantly delayed tumor growth compared
with vehicle in both GIST-T1 (Fig. 4A) and GIST-T1/670 (Fig. 4D)
xenografts, as measured by tumor weight after 21 days of continuous
treatment, when the study was terminated. As expected, imatinib
significantly reduced tumor growth in the imatinib-sensitive GIST-T1
xenograft model (P =<0.001), but not in the GIST-T1/670 model (P =
0.135). The combination of imatinib and copanlisib seemed to inhibit
growth more than imatinib alone, but this was not a statistically
significant difference (P = 0.293). No improvement was observed in
GIST-T1/670 imatinib-resistant xenografts. Individual tumor volumes
are displayed in Supplementary Fig. S1. Copanlisib levels in plasma
samples obtained 4 hours after last drug administration at day 21 did
not differ between GIST-T1 and GIST-T1/670, precluding pharma-
cokinetic effects as the basis for the differential activity (refs. 23, 29;
Supplementary Fig. S2).

Potential IHC biomarkers of effective KIT downstream signaling
inhibition with copanlisib and imatinib in GIST

In concordance with in vitro experiments, assessment of apoptosis
induction by IHC expression of proapoptotic protein cleaved-caspase
3 revealed a significant increase in imatinib-sensitive GIST-T1 xeno-
grafts treated with copanlisib and imatinib compared with single-agent
copanlisib, although no differences were observed with imatinib-
induced apoptosis (Fig. 4B). In contrast, none of the treatments
resulted in significant increase in cleaved-caspase 3 generation in
GIST-T1/670 imatinib-resistant xenografts versus vehicle controls,
also in agreement with in vitro results (Fig. 4E).

Among the various KIT downstream pathway biomarkers assessed
by IHC in vivo, a decrease in serine 235/6 phosphorylation of S6-RP
(compared with vehicle) tended to accompany antitumor activity of
the different treatment conditions, thus indicating PI3K pathway
modulation (Fig. 4C and F). None of remaining biomarkers tested
(phosphorylation of AKT-Ser473, phosphorylation of 4EBP1-Thr70,
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Figure 1.

GIST-T1 KIT exon 11
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GIST-T1/670 KIT exons 11 + 14
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In vitro antitumor activity of single-agent copanlisib versus imatinib in GIST cell lines. Cell viability was measured by Cell Titer-Glo assay in imatinib-sensitive GIST-T1
(A), and inimatinib-resistant GIST-T1/670 (B) and GIST430/654 (C). Proliferation was measured by BrdU incorporation in the same cell models: GIST-T1(D), GIST-T1/
670 (E), and GIST430/654 (F). All conditions were performed in triplicate. Norm, normalized to.

and total KIT expression) consistently reflected tumor behavior upon
treatment (Supplementary Fig. S3). Representative positive stains for
each marker are displayed in Supplementary Fig. S4. Together, these
data support that copanlisib effect in GIST are mostly antiproliferative.

Discussion

Constitutive activation of PI3K/mTOR pathway through KIT/
PDGFRA oncogenic signaling is indispensable for GIST development
and maintenance of the GIST malignant phenotype (10, 11, 13).
Accordingly, early studies based on targeted inhibition of PI3K
highlighted PI3K/mTOR pathway essentiality in GIST based on
the strong antiproliferative and proapoptotic effects achieved in
both imatinib-sensitive and -resistant models (12, 14, 15, 30). These
studies established the preclinical rationale that triggered the clinical
development of several PI3K/mTOR pathway inhibitors either as
single-agents or in combination with first-line KIT inhibitor,
imatinib (16-18, 31, 32). Despite this solid preclinical rationale, prior

1292 Mol Cancer Ther; 19(6) June 2020

PI3K/mTOR pathway inhibitors failed to show significant clinical
activity in GIST. Copanlisib recently became one of only three PI3K
inhibitors approved in cancer therapeutics from a plethora of PI3K
antagonists investigated after nearly a decade of clinical research (24).
Therefore, we studied copanlisib activity in imatinib-sensitive and
-resistant GIST models with clinically representative KIT primary and
secondary mutations.

Our studies demonstrate that copanlisib activity in GIST is medi-
ated through specific abrogation of KIT downstream PI3K/mTOR
signaling. PI3K inhibition with copanlisib as single-agent consistently
leads to a predominant antiproliferative effect both in vitro and in vivo
irrespective of the type of KIT primary or secondary mutation.
Interestingly, apoptosis induction with copanlisib in monotherapy
was modest in the imatinib-sensitive GIST-T1 cell line, and nearly
absent in the imatinib-resistant cell models. Overall, this agrees not
only with the delayed cell growth observed with PI3K inhibitor
monotherapies in prior studies (12, 14, 15, 30), but also with the
short-term disease stabilization and lack of major responses obtained
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with GDC-0980 in patients with imatinib-resistant GIST, the only
PI3K/mTOR inhibitor for which clinical testing in GIST has been
reported (16). Although previous preclinical studies underscored a
major proapoptotic effect derived from PI3K pathway inhibition in
GIST (12, 33), these early studies were largely performed with non-
selective PI3K inhibitors (i.e.: LY294002). Therefore, it is possible that
more focused targeting of the PI3K/mTOR pathway is insufficient to
trigger apoptosis in the presence of activated KIT and KIT downstream
RAS/MAPK signaling. Indeed, copanlisib effectiveness combined with
apoptosis induction appears to be associated with transient inhibition
of pERK in other RTK-driven models, which is only seen here in the
imatinib-sensitive cell line (GIST-T1; ref. 27). Conversely, the lack of
meaningful impact on MAPK signaling in the imatinib-resistant cell
lines supports the relevance of this pathway and provides rationale for
investigation of optimized combination strategies targeting both the
PI3K and MAPK pathways in GIST. Together, copanlisib shows
in vitro and in vivo antitumoral effect in GIST regardless the type of

AACRJournals.org

primary or secondary KIT mutation. This effect is largely mediated
through inhibition of tumor proliferation.

In addition, we observed a previously unreported increase in total
and phosphorylated KIT upon PI3K pathway inhibition, which was
present at varying levels across all GIST models and paralleled MAPK
pathway activation. There is a well-established positive feedback
circuit where MAPK signaling downstream KIT stabilizes the ETV1
transcription factor, and ETV1 positively regulates KIT expres-
sion (34). Thus, it is conceivable that copanlisib-mediated phospho-
ERK rebound (27) in the absence of meaningful transient inhibition
fosters this feedback loop, which could contribute to the attenuated
apoptotic response observed particularly in imatinib-resistant GIST.
Further studies are needed to elucidate these aspects of GIST biology.

To potentiate tumor cell response, prior preclinical development
focused on dual inhibition of oncogenic KIT signaling and the
downstream PI3K/mTOR pathway, and several imatinib-based com-
binations targeting PI3K, AKT, and/or mTOR nodes were found to
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Figure 3.

In vitro antitumor activity of the combination of copanlisib and imatinib in GIST cell lines. Cell viability measured by Cell Titer-Glo assay after incubation with
increasing doses of copanlisib (Cop), imatinib (IM), and copanlisib at concentrations of 50, 100, 200, and 500 nmol/L with increasing doses of imatinib, in GIST-T1(A),
GIST-T1/670 (B) and GIST430/654 (C). Apoptosis induction measured by caspase 3/7 activity in GIST cell lines after incubation of imatinib, copanlisib, or the
combination of imatinib, in GIST-T1(D), GIST-T1/670 (E), and GIST430/654 (F). All conditions were performed in triplicates. Differences between treatments were
considered to be significant with a P value, * < 0.05; ** < 0.005; *** < 0.007; **** < 0.0001. Norm, normalized to; IM, imatinib; Cop, copanlisib.
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significantly enhance the antitumor effects of KIT inhibition alone in
both imatinib-sensitive and -resistant GIST cell models (12, 14, 15, 30).
In agreement with prior studies, the imatinib and copanlisib combi-
nation achieved greater antiproliferative and apoptotic activity than
either agent in monotherapy in the imatinib-sensitive model GIST-T1,
resulting in in vitro and in vivo additive effects. Conversely, and unlike
prior studies, the addition of imatinib to copanlisib in the two
imatinib-resistant GIST cell models did not boost the antiproliferative
effect achieved by single-agent copanlisib, nor its lack of apoptosis
induction. These results are as accounted for by our observation that
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the KIT secondary mutations maintain substantial KIT oncogenic
activity in the presence of imatinib. Thus, despite effective PI3K/
mTOR pathway blockage, persistent upstream KIT signaling chal-
lenges the potential synergistic effects from the dual inhibition of KIT
and PI3K/mTOR in imatinib-resistant GIST. In addition, GIST mod-
els used to evaluate in vivo the efficacy of imatinib plus PI3K inhibition
may explain these discrepancies. GIST48 (also known as GIST48/820),
a GIST cell line with a primary KIT mutation in exon 11, and a KIT
secondary mutation in exon 17 (D820A), has been the only imatinib-
resistant in vivo GIST model used in the past (14, 15). In contrast, we
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In vivo antitumor activity of copanlisib (cop) as single-agent and in combination with imatinib (IM) in subcutaneous GIST xenografts with GIST-T1and GIST-T1/670.
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between treatments was considered to be significant with a P value, * < 0.05; ** < 0.005; *** < 0.001; **** < 0.0001. IM, imatinib; Cop, copanlisib.

used GIST-T1/670, a GIST subline derived from GIST-T1 that
harbors a primary KIT mutation in exon 11, and a KIT secondary
mutation in exon 14 (T670I). Unlike GIST-T1/670, GIST48/820
appears to be partially sensitive to imatinib treatment (14, 15),
something observed also in our hands, albeit in vitro (35). However,
GIST-T1/670 is a GIST model that represents more substantially
imatinib-resistant disease and predicts lack of synergistic or addi-
tive effect from the combination of imatinib and PI3K/mTOR
pathways inhibitors in this setting. Congruently, such combinations
have failed to demonstrate any clinical benefit in patients with
GIST (16, 31, 32) or have never been reported (17, 18). Therefore,
our studies highlight that inhibition of KIT oncogenic activation is
critical to achieve additive or synergistic effects with dual KIT and
PI3K targeting, thus first providing the molecular basis for prior
trials failure in imatinib-resistance disease, and setting the field for
novel combinations.

AACRJournals.org

The polyclonal expansion of tumor subclones harboring heteroge-
neous KIT secondary mutations is the main mechanism of imatinib
resistance in up to 90% of the patients (7). Arguably, prior trials
investigating PI3K inhibition in GIST failed to show clinical activity
due to the lack of oncogenic KIT signaling inhibition with imatinib in
imatinib-resistant disease. Thus, as our results indicate the combina-
tion of imatinib and copanlisib would be only efficient in patients with
imatinib-naive GIST, although the excellent tolerability of imatinib
hampers any investigation in the first-line. Interestingly, in the absence
of approved TKIs with activity against the full spectrum of KIT
secondary mutations (26), it is conceivable that broader abolition of
imatinib-resistant KIT oncoproteins with the novel pan-KIT inhibitor
ripretinib (36) might provide synergies with PI3K/mTOR pathway
inhibition with copanlisib. This, instead, would have better chances of
success in the clinical setting in patients with imatinib-resistant GIST.
Alternatively, cojoined targeting of KIT downstream RAS/MAPK and
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PI3K/mTOR pathways using novel creative drug schedules to mini-
mize toxicity, may be a successful treatment strategy in imatinib-
resistant disease.

Finally, IHC determination of cleaved-caspase 3 and the phosphor-
ylation status of PI3K downstream effector S6 at serine 235/6 dem-
onstrated consistency with in vivo treatment response in both GIST
xenografts, overall supporting that copanlisib activity in GIST is
mostly antiproliferative. Further clinical studies are warranted to
explore this possibility. Potential feedback reactivation of AKT (37-39)
and absence of well-validated AKT IHC antibodies likely hindered the
assessment of AKT phosphorylation, a direct PI3K substrate, being not
predictive of copanlisib activity in GIST models.

In conclusion, copanlisib has single-agent antitumor activity in
GIST regardless KIT mutational status or sensitivity to imatinib, both
in vitro and in vivo. Furthermore, our studies show that effective KIT
inhibition is necessary to achieve synergistic or additive effects with the
combination of imatinib and any given PI3K/mTOR pathway
inhibition.
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