\Translational Oncology

www.transonc.com

o6

Combination Treatment with
the GSK-3 Inhibitor 9-ING-41
and CCNU Cures Orthotopic
Chemoresistant Glioblastoma
in Patient-Derived Xenograft
Models'2

Volume 10 Number 4 August 2017 pp. 669-678 669

Abstract

Address all correspondence to Andrew P. Mazar, PhD, Department of Pharmacology,
Feinberg School of Medicine, Chicago, IL 60611.

E-mail: a-mazar@northwestern.edu

! Funding: This study was supported by a generous donation from the Baskes family to the
Robert H. Lurie Comprehensive Cancer Center of Northwestern University, a pilot grant
from the Northwestern University Brain Tumor Institute (A.P.M.), Northwestern Memorial
Foundation Dixon Translational Award (A.P.M.), and Cancer Center Support Grant 2 P30
CA060553-19 (A.P.M., A.U.) to the Robert H. Lurie Comprehensive Cancer Center of
Northwestern University.

*Conflict of Interest: 9-ING-41 has been licensed to Actuate Therapeutics, Inc. Alan
Kozikowski, Andrey Ugolkov, Thomas O'Halloran, and Andrew Mazar hold an equity

Resistance to chemotherapy remains a major challenge in the treatment of human glioblastoma (GBM). Glycogen
synthase kinase-3[3 (GSK-3[3), a positive regulator of NF-kB—mediated survival and chemoresistance of cancer cells,
has been identified as a potential therapeutic target in human GBM. Our objective was to determine the antitumor
effect of GSK-3 inhibitor 9-ING-41 in combination with chemotherapy in patient-derived xenograft (PDX) models of
human GBM. We utilized chemoresistant PDX models of GBM, GBM6 and GBM12, to study the effect of 9-ING-41
used alone and in combination with chemotherapy on tumor progression and survival. GBM6 and GBM12 were
transfected by reporter constructs to enable bioluminescence imaging, which was used to stage animals prior to
treatment and to follow intracranial GBM tumor growth. Immunohistochemical staining, apoptosis assay, and

interest in Actuate Therapeutics, Inc. Alan Kozikowski and Irina Gaisina are inventors
on the 9-ING-41 patent.

*Present address: Tempus, Inc., Chicago, IL 60654.

“Present address: Monopar Therapeutics, Inc., Northbrook, IL 60062.

Received 3 March 2017; Revised 30 May 2017; Accepted 5 June 2017

© 2017 The Authors. Published by Elsevier Inc. on behalf of Neoplasia Press, Inc. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).

1936-5233/17

http://dx.doi.org/10.1016/j.tranon.2017.06.003


http://crossmark.crossref.org/dialog/?doi=10.1016/j.tranon.2017.06.003&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

670  GSK-3 Inhibitor 9-ING-41 Enhances GBM Chemotherapy

Ugolkov et al.

Translational Oncology Vol. 10, No. 4, 2017

immunoblotting were used to assess the expression of GSK-3[3 and the effects of treatment in these models. We
found that 9-ING-41 significantly enhanced 1-(2-chloroethyl)-3-cyclohexyl-1-nitrosourea (CCNU) antitumor activity in
staged orthotopic GBM12 (no response to CCNU) and GBMB6 (partial response to CCNU) PDX models, as indicated
by a decrease in tumor bioluminescence in mouse brain and a significant increase in overall survival. Treatment
with the combination of CCNU and 9-ING-41 resulted in histologically confirmed cures in these studies. Our results
demonstrate that the GSK-3 inhibitor 9-ING-41, a clinical candidate currently in Investigational New Drug (IND)-
enabling development, significantly enhances the efficacy of CCNU therapy for human GBM and warrants
consideration for clinical evaluation in this difficult-to-treat patient population.

Translational Oncology (2017) 10, 669-678

Introduction

Glioblastomas (GBMs) are malignant primary brain tumors with a
dismal prognosis. The standard of care for newly diagnosed GBM is
maximal surgical resection followed by combination adjuvant therapy
of temozolomide (TMZ) and radiotherapy. "2 The selection of
therapeutics for recurrent GBM varies with few options including
administration of TMZ, 1-(2-chloroethyl)-3-cyclohexyl-1-nitro-
sourea (CCNU), or bevacizumab."* Despite advances in surgical
resection and chemoradiotherapy, the median survival of GBM
patients remains around 16 months, and a variety of salvage therapies
have had little impact on the progression of GBM in the recurrent
setting. > Thus, GBM remains a challenge for the identification of
therapeutic agents that can improve clinical outcomes in a meaningful
way.

NF-kB-mediated chemoresistance contributes to tumor progres-
sion and recurrence in cancer patients that fail chemotherapy.® This
includes GBM, where the molecular analysis of brain tumor biopsies
has identified elevated expression of NF-kB and its target genes
compared to normal brain tissue. > Constitutive activation of NF-kB
has been reported in human GBM tumors and found to be important
in promoting tumor invasion and resistance to alkylating agents. *”
Thus, targeting components of NF-xB signaling represents a
therapeutic strategy to overcome GBM chemoresistance.

We previously demonstrated that glycogen synthase kinase-3f3
(GSK-3B) is a positive regulator of NF-kB-mediated survival in
cancer cells and that the inhibition of GSK-3[ decreases cancer cell
survival via suppression of NF-kB-mediated Bcl-2 and XIAP
expression in leukemia, pancreatic, and renal cancer cells.®"
Additional studies have credentialed GSK-3f as a therapeutic target
in human GBM.'*™"* These data provide a rationale for evaluating
the activity of 9-ING-41, a small molecule inhibitor of GSK-3, as a
novel therapeutic for GBM. Previous studies have demonstrated the
antitumor activity and drug-like properties of this compound,
including good tolerability at therapeutic doses in tumor-bearing
rodents.”™'® The two isoforms of GSK-3, o and P, are 98%
homologous, and known competitive inhibitors of GSK-3f,
including 9-ING-41, inhibit both isoforms.>1"1? 9. ING-41 is
more selective for GSK-3 than for 320 other related kinases as
previously described.'>'”.

In the present study, we evaluated the antitumor effects of
9-ING-41 alone and in combination with the chemotherapeutic
agent CCNU in subcutaneous (SC) and orthotopic patient-derived
xenograft (PDX) models of GBM. Two PDX models, GBM6 and

1
were

GBMI12, that are radiation and chemotherapy resistant**
used for testing 9-ING-41 and CCNU antitumor activity, with
results showing regression of established intracranial tumors and
histologically confirmed cures, providing a strong rationale for
advancing 9-ING-41 into clinical development for treating GBM

patients.

Materials and Methods

Reagents

The GSK-3 inhibitor 9-ING-41 was provided by Actuate
Therapeutics, Inc. (Fort Worth, TX). All other chemicals were
obtained from Sigma. Because 9-ING-41 inhibits both GSK-3 o and
B, it will be referred to as a GSK-3 inhibitor.

Immunohistochemical Staining and Immunoblot Analysis

Immunohistochemical staining was performed on paraffin sections
of xenograft tumors as previously described.” For immunoblots,
GBM PDX SC tumors were lysed as described previously.” Tumor
lysates (50 pg whole protein extract) were separated by 10%
SDS-PAGE, transferred to PVDF membrane, and probed as
indicated. The following antibodies (Cell Signaling) were used for
immunohistochemical and immunoblot analysis: GSK-3p (cat.
12,456), phospho-glycogen synthase (p-GS) (Ser641) (cat. 3891),
glycogen synthase (cat. 3893), and GAPDH (cat. 2118). Bound
antibodies were detected as described previously.’

In Vivo Bioluminescence Imaging (BLI)

In vivo BLI was performed with the IVIS Spectrum (Caliper Life
Sciences). Mice were anesthetized with isoflurane and imaged 10
minutes after intraperitoneal (i.p.) injection of luciferin (D-luciferin
potassium salt, 50 mg/kg, Promega). Beginning 1 week after
intracranial GBM cell injection, animals were imaged weekly to
stage tumors prior to initiating treatment and to follow therapeutic
efficacy.

Glioblastoma Xenografts

Fresh tumor acquisition research protocol was approved by the
Northwestern University Institutional Review Board, and all patients
provided appropriate informed consent. PCF 373811 and 373742
resected GBM tumor samples were obtained from patients in a
deidentified manner. Athymic mice were housed under pathogen-free
conditions in accordance with current regulations and standards of
the National Institutes of Health. All animal research was approved
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by Northwestern University Institutional Animal Care and Use
Committee. GBM tumor fragments were engrafted subcutaneously
in athymic mice, and PDX tumors were propagated for several
passages. Human GBMG6 and GBM12 PDX tissues were established
and maintained as serially passaged SC tumors in athymic mice as
previously described. ** Molecular alterations of GBMG and GBM12
tumors and clinicopathological characteristics have been described
previously. >’ For the GBM6 and GBM12 PDX models, a small piece
of SC GBM PDX tumor was harvested and mechanically dissociated
using a tumor dissociator (Miltenyi Biotech). The resultant tumor cell
suspension was transduced overnight with a lentiviral vector encoding
fluorescent (tdTomato) and bioluminescent (Luc2) genes ex vivo. To
establish intracranial PDX tumor models, tdTomato-Luc2—express-
ing GBM6 and GBM12 SC tumor were dissociated in gentle MACS
C Tubes (Miltenyi Biotech). A suspension of GBM cells was prepared
and injected intracranially as 100,000 cells into the frontal cortex of
the right hemisphere of 6- to 7-week-old athymic mice at a depth of 3
mm as previously described.?” Inoculated mice were evaluated for
intracranial tumor growth using IVIS imaging to detect tumor
bioluminescence and monitored daily for the development of
systemic morbidity or significant neurologic deficit. Treatment was
started after tumor growth was confirmed by IVIS imaging. In studies
evaluating therapeutic interventions, whole brain was collected from
mice after euthanasia, fixed in 10% formalin, and processed to
paraffin embedding. For histological detection of GBM tumor in the
mouse brain, 5-im serial coronal sections (50-ptm gap between serial
sections) were cut through the entire paraffin-embedded brain. These
sections were stained with hematoxylin and eosin (H&E) and
examined by a trained pathologist for the presence of residual GBM
tumor.

Statistical Analysis

All values are presented as mean + SE. GBM PDX SC tumor data
were analyzed with one-way analysis of variance. To test the
difference in survival between various treatment groups of animals
bearing intracranial GBM PDX tumors, Kaplan-Meier survival plots
were generated, and the log-rank (Mantel-Cox) test was performed.
P < .05 was considered significant. Statistical analysis was performed
using GraphPad Prism 6.0 software.

Results

GBM cell line data have been used to credential GSK-3fB as a
therapeutic target in GBM. 12-14 Using immunoblotting, we found
that GSK-3 is expressed in subcutaneous GBM PDX tumors (Figure
1A4). We also detected the expression of p-GS, a direct downstream
substrate for GSK-3, indicating that GSK-3 is active in GBM PDX
tumors (Figure 1, 4 and B). Because the inhibition of GSK-3 might
overcome NF-kB—mediated chemoresistance in cancer cells, we
hypothesized that the combination of GSK-3 inhibitor 9-ING-41
with chemotherapy could potentially lead to GBM tumor regression.
We initially used the GBM6 PDX tumor model grown SC to select
the most active chemotherapy for combination with 9-ING-41 and to
determine the optimal dose and schedule for orthotopic GBM
experiments. GBM6 tumors (SC) were staged to approximately 200
mm? prior to initiating treatment and randomized to four cohorts:
control, 9-ING-41, chemotherapy [TMZ, lomustine (CCNU), or
irinotecan (CPT-11)], and chemotherapy + 9-ING-41 (Figure 1,
C-E). Vehicle or drugs were injected i.p. twice weekly for 2 weeks as
indicated by the arrows (Figure 1, C-E). Statistical analysis of PDX
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tumor weights obtained at the end of the study demonstrated that
9-ING-41 significantly potentiates the antitumor effect of CCNU
and CPT-11 in the GBM6 SC model (P < .05) (Figure 1, Cand D).
However, we did not see any enhancement of antitumor activity
when 9-ING-41 was combined with TMZ (Figure 1E). Based on
these results, we selected CCNU for further combination studies with
9-ING-41 in orthotopic GBM PDX models.

Pharmacokinetic studies demonstrated that 9-ING-41 (20 mg/kg)
crosses the blood-brain barrier and reaches a brain concentration of
44 + 5 uM (formulation #1) at 30 minutes following a single
intravenous administration with a brain:plasma ratio >6 (Supple-
mental Table 1), indicating a high degree of uptake in the mouse
brain. Because 9-ING-41 showed a Glso <5 uM against several
GBM cell lines in vitro (data not shown), we expected that brain
exposure to 9-ING-41 would be sufficient to significantly inhibit
GSK-3 activity in intracranial GBM PDX models.

We utilized two orthotopic PDX models of refractory GBM,
GBMG6 and GBM12,°%?" to test whether 9-ING-41 could potentiate
the effect of chemotherapy. The rapid growth of intracranial GBM6
and GBM12 tumors in mice leads to rapid development of systemic
morbidity including cachexia and neurologic deficit (Figs. 2 and 4) as
well as detection (within 1 week) of a bioluminescent signal after
intracranial injection of tdTomato-Luc2—expressing GBM6 and
GBM12 tumor cells.

Using the GBM6 orthotopic model, we found that some mice
demonstrated intial response to CCNU monotherapy (2 mg/kg,
twice a week), but tumors progressed in all animals within a few weeks
of ceasing treatment and had to be euthanized (Figure 2). No
significant response was observed in GBM6-bearing animals receiving
9-ING-41 monotherapy (Figure 2). However, the combination of
CCNU and 9-ING-41 resulted in regression of GBM6 tumors in all
animals by the end of the treatment period (6 weeks), with no tumor
relapse observed by IVIS imaging after discontinuation of treatment
(Figure 2). Concomitant increases in animal survival correlated with
the IVIS imaging by showing a significant survival benefit (P < .05)
for mice treated with the 9-ING-41 + CCNU combination (Figure
2). All of the 9-ING-41 + CCNU-treated animals were intentionally
euthanized for histological analysis of brain at day 142 despite being
healthy and luciferase-signal free (Figure 2). The absence of tumor in
the CCNU + 9-ING-41-treated animals was confirmed by histo-
logical evaluation of serial sections of mouse brain (Supplementary
Figure 1). In addition, we found a complete recovery of normal
mouse brain structures in CCNU + 9-ING-41—treated animals
(Supplementary Figure 1). Using magnetic resonance imaging
(MRI), we also demonstrated the regression of advanced intracranial
GBMG tumor (treatment was started in 3 weeks after intracranial
injection of GBMG cells) and the recovery of mouse brain structures
in a CCNU + 9-ING-41-treated mouse just 3 weeks after the
initiation of the combination treatment (Figure 3).

In contrast to the partially responsive GBM6 model, intracranial
GBM12 tumors were completely resistant to 9-ING-41 (70 mg/kg,
twice a week) and CCNU monotherapy even at higher doses of
CCNU (5 mg/kg, twice a week). All mice in control, CCNU, and
9-ING-41 groups quickly became cachectic and moribund with high
bioluminescence signal confirming the progression of intracranial
GBM12 tumors (Figure 4). However, administration of the
CCNU + 9-ING-41 combination led to tumor regressions as
demonstrated by BLI and significantly (P < .05) prolonged survival
(Figure 4). Four out of five mice in the CCNU + 9-ING-41 cohort
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Figure 1. Treatment with GSK-3 inhibitor 9-ING-41 enhances the antitumor effect of CCNU and CPT-11 in an SC model of GBM6 PDX tumor. (A)
Tumor proteins were extracted from fresh GBM PDX SC tumor tissues as indicated; tumor lysates were separated by SDS-PAGE (50 ug/well)
transferred to PVDF membrane and probed with indicated antibodies. GS, glycogen synthase. (B) Serial tissue sections from GBM6 SC tumor
were stained for GSK-33 and p-GS. Scale bar = 200 um. (C-E) GBM6 PDX tumor pieces were engrafted SC to nude mice. Tumors were size
matched, and mice were randomized into treatment groups (five mice per group). Vehicle (DMSO), 70 mg/kg 9-ING-41, 1 mg/kg CCNU (C), 5 mg/
kg CPT-11(D), or 1 mg/kg TMZ (E) was injected i.p. at indicated doses as shown by arrows (C-E, left panel). Mean tumor volumes are plotted; bars,
SE. Mice were sacrificed 2 weeks after initiation of treatment, and the weight of resected tumors was determined (C-E, middle panel). Bar graphs:
mean tumor weight; SE is indicated. Representative pictures of GBM6 PDX SC tumors from each group of animals (C-E, right panel).
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Figure 2. Treatment with CCNU + 9-ING-41 leads to regression of intracranial GBM6 PDX tumors. (A) Kaplan-Meier survival analysis of
treated mice bearing intracranial human GBM6 PDX-Tom-Luc tumors. GBM6-bearing mice were staged and randomized based on BLI.
Mice were treated two times a week with vehicle control (DMSO; n = 5), 2 mg/kg CCNU (n = 5), 70 mg/kg 9-ING-41 (n = 5), and
CCNU + 9-ING-41 (n = b) as indicated. The median survival in the vehicle control, 9ING41, and CCNU groups was 30, 42, and 85 days,
respectively. All of the 9-ING-41 + CCNU-treated animals were intentionally euthanized (censored) for histological analysis of brain at day
142 despite being healthy and luciferase-signal free. The combination therapy of CCNU and 9-ING-41 significantly prolonged survival of
animals as compared to CCNU-treated group (P < .05). (B) Representative IVIS images of GBM6-bearing animals treated as indicated.

thrived with no signal by BLI up to time of euthanasia (Figure 4).
Histological analysis of brains from these mice demonstrated an
absence of cancer cells and recovery of mouse brain structures by
histological evaluation of H&E-stained sections (Supplementary
Figure 1). Only one GBM12 mouse (m1615) treated with the
CCNU + 9-ING-41 demonstrated tumor relapse and progression
(Figure 4C). We found that expression of p-GS, a downstream target
of GSK-3, was downregulated in 9-ING-41-treated intracranial
GBM12 PDX tumors, indicating target engagement (Supplementary
Figure 24). We also found extensive apoptosis (12% of GBM12
tumor cells were apoptotic) in a satellite cohort of mice treated with
CCNU + 9-ING-41 for 2 weeks. In contrast, few apoptotic bodies
(<0.2% of cancer cells) were detected in intracranial GBM12 tumors
obtained from animals treated with vehicle control, CCNU, or
9-ING-41 monotherapy (Supplementary Figure 2B). These results
demonstrate the ability of 9-ING-41 to dramatically enhance the
antitumor activity of CCNU leading to regressions of intracranial
GBM12 tumors that are resistant to either CCNU or 9-ING-41
monotherapy.

Next, we decided to evaluate whether daily administration of
9-ING-41 would improve the antitumor activity of this drug as a
monotherapy given its ability to inhibit GBM12-derived cell line
growth iz vitro (Supplementary Figure 2C). In vitro analysis also
revealed that 9-ING-41 (Glso = 1.4 pM) is significantly more active
than a GSK-3 inhibitor (LY2090314; Glsy, > 20 uM) that had
previously advanced into early clinical trials (Supplementary Figure
2C). Daily treatments with 9-ING-41 were started after staging
tumor growth by BLI (Figure 5). After 2 weeks of 9-ING-41 therapy
(40 mg/kg, daily, Mon-Fri), we found progression of GBM12 in all
animals in vehicle control (DMSO, n = 10) as well as in 9-ING-41
(n = 10) groups, as indicated by BLI (Figure 5B). All animals in
vehicle control and 9-ING-41 groups showed weight loss because of
tumor progression (Figure 5C), with survival falling in the range of 10
to 14 days (Figure 44). We decided to test whether the combination
of CCNU + 9-ING-41 could still rescue cachectic animals bearing
advanced (3 weeks after intracranial transplantation) and rapidly
progressing intracranial GBM12 tumors. CCNU + 9-ING-41—
treated mice were stratified based on body weight loss: G1 (1%-9%
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Figure 3. Treatment with CCNU + 9-ING-41 resulted in complete
regression of intracranial GBM6 PDX tumor and recovery of mouse
brain structures. CCNU (2 mg/kg) + 9-ING-41 (70 mg/kg) treatment
was started in 3 weeks after intracranial transplantation of GBM6 PDX
tumor. Mouse was treated by i.p. injections twice a week for 3 weeks.
MR images were taken every week after the initiation of the treatment
as indicated. Direct invasion of the tumor and significant deformation
of olfactory bulb are indicated by red arrow. Green arrow indicates an
absence of the tumor and a complete recovery of olfactory bulb and
other brain structures by week 3 of the treatment. T, tumor.

body weight loss) and G2 (10%-19% body weight loss). Regardless of
weight loss, combination treatment was well tolerated (Figure 5C) and
caused tumor regression in 7 of 10 mice (Figure 5B). Three mice (m2453,
m2456, m2444) with the largest GBM12 tumors at initiation of
combination treatment could not be rescued (Figure 5B). Surviving mice
from combination treatment thrived during the course of CCNU + 9-
ING-41 therapy and remained healthy until euthanized (Figure 5, Band
C). The absence of cancer cells and recovery of mouse brain structures in
surviving CCNU + 9-ING-41—treated animals (6 of 10 mice) were
confirmed by histological evaluation.

Finally, we evaluated the effect of 9-ING-41 on a sequential course
of treatment using first-line (TMZ) and second-line (CCNU)
treatment. Treatment with TMZ (z = 5) and TMZ + 9-ING-41
(n = 5 mice) was initiated after staging of intracranial GBM12 tumor
growth by BLI after intracranial transplantation of GBMI12 cells
(Figure 64). No response was detected by BLI after 1 week of
treatment with either TMZ or TMZ + 9-ING-41 (Figure 6A).
Although our previous iz vivo results showed complete resistance of
treatment-naive intracranial GBM12 tumors to CCNU (Figure 4),
we found that CCNU treatment of TMZ-pretreated animals resulted
in partial regressions of intracranial GBM12 tumors as shown by BLI
(Figure 6A). However, these tumors relapsed and progressed after
cessation of CCNU treatment (Figure 64). In contrast, we found that
treament with CCNU + 9-ING-41 of mice pretreated with
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TMZ + 9-ING-41 resulted in complete regression in four of five
animals as shown by BLI (Figure 64) and confirmed by histological
analysis; one of these mice (m2521) exhibited a partial regression of
tumor with subsequent recurrence and progression. Also of note, the
combination of CCNU + 9-ING-41 in this salvage therapy setting
significantly prolonged survival as compared to the CCNU salvage
monotherapy group (Figure 6B).

Discussion

The treatment of GBM remains a clinical challenge. Currently, GBM
progresses in most patients even after surgical resection and adjuvant
chemoradiotherapy. " Although a variety of factors contribute to the
inability of current treatments to provide meaningful clinical benefit,
the observation of inherent and acquired chemoresistance in glioma is
an underlying cause of poor prognosis in this disease. Overcoming
chemoresistance in GBM has been a goal of new drug development
for decades, but attempts to date have been underwhelming with
respect to their extent of success. For example, in a recent prospective
phase III trial that compared CCNU with enzastaurin in patients with
recurrent GBM, *? patients treated with CCNU reported a response
rate of 4.3% and a median overall survival of just 7.1 months
compared to 6.6. months for enzastaurin.

In general, few single-agent chemotherapies targeting advanced
cancer work well as a monotherapy, necessitating the investigation of
combination regimens for improving single-agent activities. Consis-
tent with this, we show that monotherapy with 9-ING-41 does not
significantly affecc GBM PDX tumor progression, with modest
response observed in only a small percentage of mice bearing
intracranial GBMG6 tumors. These results therefore mirror previously
published results showing that monotherapy with drugs having
activity against GSK-3 is not effective in treating GBM patients. >’
Enzastaurin, which has also been shown to inhibit GSK-3 (ICs, ~ 24
nM) as well as PKCB, '>** failed to improve GBM patient survival as
cited above despite radiographic indication of some antitumor
activity. *> These clinical results support our hypothesis that a GSK-3
inhibitor should be combined with chemotherapy in order to enhance
GBM response.

Recent studies identified GSK-3p, a positive regulator of NF-kB—
mediated survival and chemoresistance of cancer cells, as a therapeutic
target in human GBM. 127142526 Here, we show that the GSK-3
inhibitor 9-ING-41 can potentiate the effect of CCNU leading to
sustained complete regression of GBM PDX tumors. We demon-
strate that 9-ING-41 significantly increases CCNU antitumor
activity in two different orthotopic PDX models: GBM12, which is
completely resistant to CCNU, and GBM6, which shows a transient
response to CCNU. To the best of our knowledge, this is the first in
vivo study showing a high percentage of cures in orthotopic GBM
PDX tumor models with distinct chemoresistant phenotypes. In
addition to the remarkable, durable remission of intracranial GBM
PDX tumors, CCNU + 9-ING-41 combination treatment also led to
a complete recovery of mouse brain structures affected by GBM
growth, as indicated by histopathological evaluation of serial H&E
sections of mouse brain. In addition, MRI analysis showed regression
of an advanced intracranial GBM6 tumor with recovery of brain
structures in a CCNU + 9-ING-41—treated mouse just 3 weeks after
initiation of treatment. Finally, little toxicity was observed at the doses
and schedules tested in these studies, and the combination-treated
groups thrived and gained weight while on combination treatment,
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treated two times a week with vehicle control (DMSQO; n = 5), 5 mg/kg CCNU (n = 5), 70 mg/kg 9-ING-41 (n = 5), and CCNU + 9-ING-41
(n = B)asindicated. The median survival in the vehicle control, 9-ING-41, and CCNU groups was 24, 24, and 26 days, respectively. Four of
five 9-ING-41 + CCNU-treated animals were intentionally euthanized (censored) for histological analysis of brain at day 74 (m1618) and
day 105 (m1603, m1616, m1617) despite being healthy and luciferase-signal free. The combination of CCNU and 9-ING-41 significantly
prolonged survival of animals as compared to CCNU-treated group (P < .05). (B) Animal weight was measured weekly. Graph, mean
animal weight; bars, SE. (C) Representative IVIS images of GBM12-bearing animals treated as indicated.

which sharply contrasts with the weight loss observed in other
treatment cohorts.

Our GBM results presented here are consistent with previously
published data showing regressions of established metastatic breast
cancer PDX when administering 9-ING-41 combined with
CPT-11."% Tt is unlikely that 9-ING-41 will prove to be a
pan-chemotherapy enhancer given the lack of activity observed for
combining this GSK-3 inhibitor with TMZ. Studies are ongoing to
evaluate different chemotherapy combinations with 9-ING-41 in
GBM as well as in other cancer PDX models. In addition, molecular
studies are under way to identify markers that will allow the

development of precision approaches to identifying active 9-ING-41
combinations in the clinic. These studies are expected to identify
chemotherapeutics whose antitumor activity is enhanced by 9-ING-41
and, as well, lead to increased mechanistic understanding of why the
antitumor activity of specific agents is enhanced by 9-ING-41.

Given the translational potential of 9-ING-41, our study provides
a rationale for the clinical translation of 9-ING-41 in combination
with CCNU for treating GBM. CCNU is commonly given to a
GBM patient at a dose of 100 mg/m?*/q6w." Using interspecies
conversion from man to mouse, we found that the mouse equivalent
dose is too toxic for immunodeficient mice. In this study, we



676  GSK-3 Inhibitor 9-ING-41 Enhances GBM Chemotherapy ~ Ugolkov et al. Translational Oncology Vol. 10, No. 4, 2017

A 100
= |_ —— Control
2 = 4+ —— ccnu
c —— CCNU+9ING41(G1)
3
L . S CCNU+9ING41(G2)
o d
8 =censored
& Group 1 (G1). Body weight loss 1%-9%.

Group 2 (G2). Body weight loss 10%-19%
0 T T T 1
Start 2 weeks 3 0 20 40 60 80 Days
DMSO, A Treatment d
9ING-41 Start  pmso, CCNU, CCNU+9-ING-41  EN
B GBMI2 ', 48 m2as9 m2as3 m24sa m2ase m2437 m2438  m2439  m2440 m2444
The start of

9-ING-41

;l 9-ING-41, daily, 2 weeks

~ i\ - e~ - . -
The start of & L | " b |4 " =Ny

CCNU+9-ING-41 q _a - - ol 4 -

CCNU+9-ING-41, 2X a week, 6 weeks

CCNU+9-ING-41, 2X a week, 4 weeks

"
s e " ‘
CCNU+9-ING-41 i 3
" .\

D
C . = GBM12 M2447 m2450 m2451 m2452 m2455

10 weeks

T

K& k y' The start I
\F /1 ri ofDMSO |F : '
2200 : - . P 7 o
= :
® A\ - l DMSO, 2 weeks
; I ~ i Il I
§ Control The start of "
o 150 o CCNU therapy h
= ~&—-CCNU @ .
(']
—4e—CCNU+9-ING-41(G1) ;l CCNU, 2 weeks -,
—8—CCNU+9-ING-41(G2) . h '
o The end of
V1 I S S SR CONU ther
12 3456 7 8 910111213 Weeks i
> Median survival: 13 days
4 Treatment A
Start End

Figure 5. Treatment with CCNU + 9-ING-41 leads to regression of intracranial GBM12 PDX tumors and recovery of cachectic mice. (A)
Kaplan-Meier survival analysis of treated mice bearing intracranial human GBM12 PDX-Tom-Luc tumors. Mice were staged and
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week as indicated. (C) Animal weight was measured weekly. Graph, mean animal weight; bars, SE. (D) Representative IVIS images of
GBM12-bearing animals treated i.p. with 5 mg/kg CCNU twice a week.
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CCNU-treated group (P < .05).

decreased the dose and altered the schedule of CCNU administration
to reflect previous clinical experience using CCNU dosed more
frequently to coincide with the 9-ING-41 schedule (twice weekly)
using a dose and schedule that were tolerated by immunodeficient
mice. Using this approach, we achieved complete regressions and
cures in two distinct chemoresistant orthotopic PDX models of
GBM. The dose and schedule of CCNU (4-10 mg/kg/week) used in
our animal studies correspond to approximately 12 to 30 mg/m?*/
week in humans. A CCNU dose of 30 mg/m?*/week for 12+ weeks
was previously evaluated in a phase I clinical study in patients with
advanced cancer and showed minimal toxicity while demonstrating

antitumor activity. 27 Thus, we present a rationale for administering
CCNU using a weekly schedule that we hypothesize will be most
amenable to combination treatment with 9-ING-41 in the clinic.
The FDA has recently granted 9-ING-41 orphan drug status for
the treatment of GBM, and thus, the results of the current study
should prove useful for developing 9-ING-41 for the treatment of
GBM patients. Further studies are currently under way evaluating
9-ING-41 with additional chemotherapy combinations, and the
results to date do not show any indication of 9-ING-41-associated
drug combinations as being limited to a particular subtype of GBM.
Rather, antitumor activities for one PDX appear to be generalizable to
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other GBM PDX models. Finally, although this study focuses on
9-ING-41 combinations with chemotherapy, there is emerging
evidence suggesting that the inhibition of GSK-3 will also enhance
the antitumor activity of both tyrosine kinase and immune
checkpoint inhibitors,***” both of which have shown some
therapeutic potential in treating GBM. Going forward, combinations
of 9-ING-41 with contemporary therapeutics will also be studied,
with results potentially expanding the armamentarium of 9-ING-41
drug combinations.

Conclusions
Here, we show that 9-ING-41, a small molecule inhibitor of GSK-3,
significantly enhances the antitumor effect of CCNU in chemore-
sistant GBM PDX models. Combination therapy with 9-ING-41 and
CCNU leads to a complete regression of intracranial GBM PDX
tumors, thus credentialing 9-ING-41 as a drug candidate for the
treatment of GBM. In addition to the durable remissions of
intracranial GBM PDX tumors observed in these studies, CCNU
and 9-ING-41 combination treatment also led to a complete recovery
of mouse brain structures affected by GBM growth. Thus, the results
of the current study provide a rationale for advancing 9-ING-41 into
the clinic for the treatment of GBM.

Supplementary data to this article can be found online at htep://dx.
doi.org/10.1016/j.tranon.2017.06.003.
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