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Improving response to epidermal growth factor receptor (EGFR)-targeted therapies in patients with advanced wild-
type (WT) RAS colorectal cancer (CRC) remains an unmet need. In this preclinical work, we evaluated a new therapeu-
tic combination aimed at enhancing efficacy by targeting cancer cell metabolism in concert with EGFR. We hypothe-
sized that combined blockade of glutamine metabolism and EGFR represents a promising treatment approach by
targeting both the “fuel” and “signaling” components that these tumors need to survive. To explore this hypothesis,
we combined CB-839, an inhibitor of glutaminase 1 (GLS1), themitochondrial enzyme responsible for catalyzing con-
version of glutamine to glutamate, with cetuximab, an EGFR-targeted monoclonal antibody in preclinical models of
CRC. 2D and 3D in vitro assays were executed following treatment with either single agent or combination therapy.
The combination of cetuximab with CB-839 resulted in reduced cell viability and demonstrated synergism in several
cell lines. In vivo efficacy experiments were performed in cell-line xenograft models propagated in athymic nude
mice. Tumor volumes were measured followed by immunohistochemical (IHC) analysis of proliferation (Ki67), mech-
anistic target of rapamycin (mTOR) signaling (pS6), and multiple mechanisms of cell death to annotate molecular de-
terminants of response. In vivo, a significant reduction in tumor growth and reduced Ki67 and pS6 IHC staining were
observed with combination therapy, which was accompanied by increased apoptosis and/or necrosis. The combina-
tion showed efficacy in cetuximab-sensitive as well as resistant models. In conclusion, this therapeutic combination
represents a promising new precision medicine approach for patients with refractory metastatic WT RAS CRC.
Introduction

Colorectal cancer (CRC) is the third most common cancer and the third
leading cause of cancer deaths in men and in women in the United States
[1]. Despite advances in detection and treatment in recent years, only
39% of CRC is diagnosed at the localized stage when the survival rate is
high (90%) [1]. The remaining patients are diagnosed at the regional or dis-
tant stages where the survival is significantly decreased to 71% and 14%,
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chemotherapy agents such as irinotecan or oxaliplatin combined with a fluo-
rouracil (5-FU) and folinic acid (leucovorin) (FOLFIRI or FOLFOX regimens)
[2]. Targeted therapies such as epidermal growth factor receptor (EGFR) neu-
tralizing monoclonal antibodies (i.e. cetuximab and panitumumab) are ap-
proved for patients with advanced wild-type (WT) RAS CRC and can be
used in first-line or late-line therapy [2,3]. However, in late-line therapy,
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[4], and patients commonly, and often rapidly, acquire resistance [5]. Thus,
novel therapeutic combinations are needed that enhance the efficacy of
these agents.

A well-known hallmark of cancer is the emergence of altered cellular
metabolism, to supply energy and building blocks for growth and prolifer-
ation [6]. The metabolic requirements of proliferating cells link signal
transduction with nutrient accumulation (Fig. 1), resulting in a direct rela-
tionship between signal transduction leading to proliferation and cellular
metabolism [7]. Glutamine (Gln) is a key anaplerotic substrate used by can-
cer cells, providing energy, carbon, and nitrogen to meet the demands of
rapid and sustained growth [7,8]. In addition to glucose, cancer cells uti-
lize Gln as a carbon source for ATP production, biosynthesis, and as a
defense against reactive oxygen species (ROS) [9,10]. The first step in
the metabolism of Gln is the conversion of Gln to glutamate (Glu) by a
collection of mitochondrial enzymes known as glutaminases (GLS,
Fig. 1) that are elevated in many solid tumors [11]. Glu is the primary
nitrogen donor for the synthesis of non-essential amino acids [7], can
contribute to the synthesis of glutathione [12], and can be converted
to α-ketoglutarate, which enters the citric acid cycle (CAC) to generate
ATP [12]. EGFR and Gln cooperate to provide the “signals” and the
“fuel” required for mitogen activated protein kinase (MAPK)-dependent
growth and proliferation [13,14]. Indeed, MAPK/ERK activity results in
cMYC activation, which is responsible for transcribing Gln metabolism
machinery, including GLS [7,8,12]. Consequently, we hypothesize that
Gln-avid CRCs may respond poorly to EGFR-targeted therapy. Combin-
ing EGFR inhibitors with inhibitors targeting glutaminolysis may repre-
sent a promising approach to enhance efficacy of EGFR therapy in WT
Fig. 1.Glutamine (Gln) and EGFR cooperate to promote growth and proliferation. Gln “f
and proliferation. Glutamine transport is mediated through solute carrier transporters
exchanger of glutamine-derived glutamate (Glu) and cystine. Intracellular Gln is meta
fuels the CAC and contributes to redox balance via glutathione biosynthesis, a process
an EGFR neutralizing mAb, cetuximab, with GLS1 inhibition using CB-839 to enhance t
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RAS CRC patients by blocking both the “signals” and “fuel” needed for
survival of tumor cells.

There are two GLS isoforms: GLS1 (kidney-type) and GLS2 (liver-type).
GLS1 is the predominant isoform expressed in tumor cells. To replenish
CAC intermediates, the Raf/MEK/ERK signaling complex associates with
and activates GLS1 [15]. Early studies silencing GLS1 activity using genetic
knockdown with siRNA in vitro [16–22], shRNA in vitro [23] and in vivo
[24], or morpholinos in vivo [25] illuminated potential anti-tumor effects
of future pharmacological inhibitors in several tumor types, including lym-
phoma [25], glioma [16–18,24], non-small cell lung cancer (NSCLC) [19],
prostate cancer [20], pancreatic cancer [23], and breast cancer [21,22]. In
CRC, glutaminase expression is significantly increased in tumors compared
to normal colonic tissue [11,26]. Two recent studies report the effects of ge-
netic knockdown of GLS1 in CRC [26,27]. In a study of oxaliplatin-resistant
CRC, siRNA targeting GLS1 inhibited cell formation ability, wound healing
ability, cell migration ability, and cell invasion ability and significantly in-
creased apoptosis in vitro [27]. In another study, loss of GLS1 through
shRNA silencing decreased the proliferation and viability of CRC cells
in vitro and in vivo through a decrease in ATP levels [26]. Together these
studies demonstrate the therapeutic potential of targeting GLS1 in CRC.
Several selective small-molecule inhibitors of GLS1, have been developed
[21,28,29]. These agents have been tested in a variety of cancer types in-
cluding lymphoma [21,25,29], breast [21,22,28], glioma [16], pancreatic
[23], lung [19], and renal [30] cancers. Pharmacological inhibition of glu-
taminase suppressed cell growth and induced apoptosis in human CRC cell
lines, thus suggesting that glutaminase may serve as a target for CRC ther-
apy [11,26,31,32]. One promising GLS1 inhibitor, CB-839 (Calithera
uels” the citric acid cycle (CAC) as required for signal transduction-mediated growth
including ASCT2 (SLC1A5), a key Gln transporter in CRC, and xCT (SLC7A11), an
bolized by mitochondrial enzymes, glutaminase 1 and 2 (GLS1/2), to Glu, which
that requires exchange via xCT (SLC7A11). This work explored the combination of
he anti-tumor efficacy of cetuximab.
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Biosciences), has moved into early phase clinical studies [33]. In the first-
in-human trials, CB-839 was well tolerated across multiple tumor types
[34–41]; however, CB-839 monotherapy has primarily resulted in disease
control, defined as complete response (CR), partial response (PR) or stable
disease (SD), with the majority of efficacy-evaluable patients demonstrat-
ing radiographic SD as defined by RECIST criteria [39–41]. Preclinical
data combining CB-839 with traditional chemotherapies have suggested
improved efficacy over single agent administration [28]; thus, Phase I/II
clinical trials evaluating combination regimens of CB-839 with chemother-
apies, such as paclitaxel in triple negative breast cancer (TNBC), docetaxel
in KRAS-mutant NSCLC, azacitidine in Myelodysplastic Syndrome (MDS),
carfilzomib in multiple myeloma, and capecitabine in CRC, have been
opened and are currently ongoing (NCT03057600, NCT02071862,
NCT03047993, NCT03798678, NCT02861300). Clinical trials combining
CB-839 with targeted therapies, such as erlotinib in EGFR-mutant NSCLC,
osimertinib in EGFR-mutant NSCLC, cabozantinib and everolimus in
renal cell cancer, talazoparib in renal cell cancer, TNBC, and CRC,
palbociclib in NSCLC and CRC, and nivolumab in renal cell cancer, mela-
noma and NSCLC, have also been started and are currently recruiting pa-
tients (NCT02071862, NCT03831932, NCT03163667, NCT03875313,
NCT03965845, NCT02771626). Preliminary safety data suggests that
these combinations were well-tolerated with minimal overlapping
toxicities [40,41]. Capitalizing upon the synergy between EGFR signal-
ing and Gln metabolism, recent preclinical studies have shown that
inhibiting GLS1 reversed acquired resistance to erlotinib, an EGFR tyro-
sine kinase inhibitor, in NSCLC [42,43]. In NSCLC and other disease
states, small molecule tyrosine kinase inhibitors that target the cata-
lytic domain of EGFR are used (ie. erlotinib and gefitinib), whereas in
CRC monoclonal antibodies are used to target the extracellular domain
of EGFR (ie. cetuximab and panitumumab) thus preventing EGFR acti-
vation [3,44,45]. Although the mechanism of action is different, both
types of EGFR-targeted therapies result in blockade of downstream
signal transduction. In this work, we describe the efficacy of EGFR-
targeted therapy combined with glutaminase inhibition by CB-839 in
preclinical models of CRC.

Materials and ethods

General methods/reagents and supplies

Cetuximab was obtained from Eli Lilly and Company. CB-839 was ob-
tained from Calithera Biosciences. Caco-2, LoVo, LS 174 T, and SW48 cell
lines were purchased fromATCC (American Type Culture Collection) and au-
thenticated using a commercial vendor (Genetica). The DiFi cell line was pro-
vided by Bruce Boman (University of Delaware), the HCA-7 cell line was
provided by Susan Kirkland (Imperial College London), the LIM1215 cell
line was provided by Robert Whitehead (Vanderbilt University), and the
V9P cell line was provided by JohnMariadason (Olivia Newton-John Cancer
Research Institute). The HCA-7 derivatives CC, SC, SC1 and CC-CR cells (de-
scribed below) and the SW48 derivative, SW48 LZRS, cells (described below)
were generated andmaintained in the Coffey lab. Our group has previously
shown that when HCA-7 cells are cultured in 3D in type I collagen they
form two types of colonies with distinct morphologies which we desig-
nated cystic colonies (HCA-7 CC) or spiky colonies (HCA-7 SC) [46].
SC1 cells, a spiky clone isolated from HCA-7 SC [46], are used in this
study and are designated HCA-7 SC in this work. HCA-7 CC-CR cells,
cetuximab-resistant HCA-7 CC cells, were previously generated by our
group through continuous exposure of HCA-7 CC cells to cetuximab in
3D culture [47]. SW48 LZRS cells are SW48 cells transfected with an
empty vector [48]. Caco-2, DiFi, HCA-7, LIM1215, LoVo, LS 174 T,
and V9P cells were cultured in Dulbecco's Modified Eagle Medium
(DMEM) containing 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin (p/s). SW48 cells were cultured in RPMI-1640 media con-
taining 10% FBS and 1% p/s. The cells were incubated in 5% CO2 at 37
°C. Animals were purchased from Envigo and used in accordance with
Institutional and Federal guidelines.
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2D cell viability assays

Cell viability was evaluated using a commercially available sequential-
reagent-addition fluorescent and bioluminescent assay (MultiTox Glo,
Promega Corp., #G9270) in 96-well plate format according to themanufac-
turers protocol. The cells were exposed to vehicle, single agent cetuximab
or CB-839 or combination cetuximab and CB-839. The concentrations of
the agents were either 5 or 10 μg/mL or 0.01 μg cetuximab, either
250 nM or 1 μM CB-839, and either 5 μg/mL cetuximab and 250 nM CB-
839, 10 μg/mL cetuximab and 1 μM CB-839, or 0.01 μg cetuximab and 1
μM CB-839. The cells were treated for 48 h. Subsequently, the MultiTox
Glo cytotoxicity assay was performed and the plates were read using a
plate reader (BioTek Synergy 4) with standard settings. Each set of condi-
tions was performed in either triplicate or quadruplicate. Shown are data
for the live cell fluorescence assay with the following treatments: SW48
and HCA-7 cells were exposed to vehicle, 5 μg/mL cetuximab, 250 nM
CB-839, or 5 μg/mL cetuximab and 250 nM CB-839; V9P, LoVo, and LS
174 T cells were exposed to vehicle, 10 μg/mL cetuximab, 1 μM CB-839,
or 10 μg/mL cetuximab and 1 μM CB-839; and DiFi and LIM1215 cells
were exposed to vehicle, 0.01 μg cetuximab, 1 μM CB-839, or 0.01 μg
cetuximab and 1 μM CB-839.

The combination indices (CIs) of the drugs were determined using
CompuSyn software [49,50]. Cell lines V9P, LoVo, LS 174 T, LIM1215,
DiFi, SW48 and HCA-7 were exposed to vehicle, 1, 5, or 10 μg/mL
cetuximab, 0.25, 1, or 5 μM CB-839, or combination (5 μg/mL cetuximab
and 0.25 μM CB-839 or 10 μg/mL cetuximab and 1 μM CB-839). Viability
was determined using the MultiTox Glo assay as described above. Syner-
gism or antagonism are defined as previously described where CI < 1, =
1, and >1 indicate synergism, additive effect, and antagonism, respectively
[49].

3D cell assays

3D collagen cultures were prepared as previously described
[46,47]. Briefly, the 3D collagen cultures were set up using 3 layers
of type I collagen (PureCol, Advanced BioMatrix) in 12-well dishes
in triplicate. Top and bottom layers consisted of 400 μL per well of
collagen diluted to 2 mg/mL in DMEM containing 10% FBS. The mid-
dle layers consisted of 400 μL per well of 2 mg/mL collagen in me-
dium plus FBS and 5000 cells/mL in single-cell suspension. 400 μL
of medium with or without cetuximab and/or CB-839 was added on
top of each collagen sandwich. HCA-7 SC and HCA-7 CC-CR cells
were exposed to vehicle, 3 μg/mL cetuximab, 0.5 μM CB-839, or 3
μg/mL cetuximab and 0.5 μM CB-839. SW48 LZRS cells were exposed
to vehicle, 5 μg/mL cetuximab, 0.02 μM CB-839, or 5 μg/mL
cetuximab and 0.02 μM CB-839. V9P cells were exposed to vehicle,
0.01 μg/mL cetuximab, 1 μM CB-839, or 0.01 μg/mL cetuximab and
1 μM CB-839. Medium was changed every 2–3 days. Colonies were
counted using an Oxford Optronix GelCount after 14–29 days. The
assay was replicated at least two times biologically with three techni-
cal replicates.

In vivo experiments

All animal procedures were in compliance with the Guide for the Care
and Use of Laboratory Animal Resources (1996), National Research Council
and approved by theVanderbilt University Institutional Animal Care andUse
Committee. 5–6-week old female athymic nude mice (Hsd: Athymic Nude-
Foxn1nu, Envigo, #6903) were injected subcutaneously with 2 × 106

SW48, Caco-2, HCA-7 or HCA-7 CC-CR cells. Treatment was started when
the tumor volume reached 200–250 mm3 for SW48 tumors, 250–300 mm3

for Caco-2 tumors, 150–300 mm3 for HCA-7 tumors or 100–150 mm3 for
HCA-7 CC-CR tumors. Mice were randomly assigned to treatment cohorts.
Mice were treated with either vehicle control (PBS), cetuximab, CB-839, or
cetuximab and CB-839. Cetuximab was administered at 1 mg/kg for SW48,
Caco-2, and HCA-7 tumors or at 20 mg/kg for HCA-7 CC-CR tumors every



Fig. 2. Combined CB-839/anti-EGFRmAb therapy results in cooperative efficacy in
2D culture in vitro. CRC cell lines were propagated in 2D culture. Cells were treated
with either cetuximab (black), CB-839 (white), or cetuximab and CB-839 (grey).
Cell viability was determined using MultiTox Glo cytotoxicity assay. Shown is the
percentage change in live cells from the fluorescence assay normalized to vehicle
control. CRC cell lines propagated in 2D culture exhibit reduced viability with
combined therapy compared to single agents (relative to vehicle control). Error
bars represent ± standard deviation (SD) (n = 3 or 4 technical replicates).
Combination indices were determined and are indicated for each cell line by the
following symbols: * synergism, ^ additive, and” not available.
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3 days for a total of 7 treatments. CB-839 was administered at 200 mg/kg
orally every 12 h. Tumor volumes were measured using either an automated
tumor scanner (Peira TM900) or manually by calipers every third day and
quantified using the formula V =W ∗ L ∗ H/2.

Immunohistochemistry (IHC)

Animals were sacrificed and tumor tissue samples were fixed in 10%
formalin for 24 h then stored in 70% EtOH/PBS. Tissues were sectioned
(5 μm thickness) and evaluated for expression of Ki67, phospho-S6 (pS6)
and cleaved caspase-3. For Ki67 and pS6, all staining was performed by
hand. Antigen retrieval was performed on all samples in pH 6.0 Citrate
Buffer for 20 min at 104 °C using a pressure cooker followed by cool
down for 10 min at room temperature. For Ki67 analysis, samples were
blocked with Mouse IgG Blocking Reagent (Vector Labs, #MKB-2213) for
60 min, followed by quenching with 0.03% H2O2 with sodium azide for
5 min. The samples were incubated with Ki67 mouse monoclonal antibody
(Vector Laboratories, #VP-K452) at a dilution of 1:100 for 60 min. Detec-
tion was performed by incubating with Dako K4007 Envision + System
HRP labelled polymer Anti-mouse for 20 min followed by 3, 3′-diamino-
benzidine (DAB+) chromogen for 5 min. For pS6 analysis, samples were
quenched with 0.03% H2O2 with sodium azide for 5 min followed by
blocking with Serum-free Protein Block (Dako, #X0909) for 15 min. The
samples were incubatedwith pS6 Ribosomal Protein rabbit monoclonal an-
tibody (Cell Signaling, #4858) at a dilution of 1:500 overnight. Detection
was performed by incubating with Dako K4011 Envision+ SystemHRP la-
belled polymer Anti-rabbit for 30 min followed by 3, 3′-diaminobenzidine
(DAB+) chromogen for 5 min. All incubations were performed at room
temperature. Positive tissue controls were included.

For Caspase-3 analysis, staining was performed using the Leica Bond
Max IHC stainer. All steps besides dehydration, clearing, and coverslipping
were performed on the Bond Max. Slides were placed on the Leica Bond
Max IHC stainer and deparaffinized. Heat induced antigen retrieval was
performed on the Bond Max using their Epitope Retrieval 2 solution for
20 min. Samples were blocked with Serum-free Protein Block (Dako,
#X0909) for 15 min. The sections were incubated with anti-Cleaved
Caspase-3 rabbit monoclonal antibody (Cell Signaling, #9664) at a dilution
of 1:300 for 60 min. The Bond Refine Polymer detection system was used
for visualization. Slides were then dehydrated, cleared, and coverslipped.
Additional tissue slices were stained using hematoxylin and eosin (H&E).
H&E was performed using the Thermo/Shandon Gemini Automated Slide
Stainer. All steps except coverslipping were performed on the Gemini.
Slides were deparaffinized, cleared, and hydrated. Slides were placed in he-
matoxylin (Richard-Allan Scientific, #7211) for 4 min. Slides were then
rinsed in water for 1 min, placed in Clarifier 1 (Richard-Allan Scientific,
#7401) for 1 min, rinsed in water for 1 min, placed into Bluing Reagent
(Richard-Allan Scientific, #7301) for 30 s, and rinsed in water and 95% al-
cohol for 1 min each. Slides were submerged in Eosin-Y (Richard-Allan Sci-
entific, #7111) for 1 min. Following staining, slides were dehydrated,
cleared, and coverslipped. For Caspase-3 and H&E slides, images were cap-
tured using a high throughput Leica SCN400 Slide Scanner automated dig-
ital image system from Leica Microsystems. Whole slides were imaged at
20× magnification to a resolution of 0.5 μm/pixel.

Tissue slides from at least 3 animals per treatment groupwere imaged at
20× and/or 40×magnification. The number of positive cells in each field
of view were counted manually from the 20× images (n = 3–15).

Statistics

All data are represented as mean ± standard deviation (SD). All sta-
tistical analyses and graphs were generated with GraphPad Prism 7 or 8.
Unpaired Student's t-test was used to determine the statistical signifi-
cance of differences between two independent groups of variables. For
IHC comparisons between >2 groups, 1-way ANOVA with Tukey's mul-
tiple comparison test was performed. For all tests, p≤ 0.05 was consid-
ered significant.
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Results

Evaluation of treatment in 2D and 3D cell culture models in vitro

To assess the effects of combination treatment in vitro, we initially con-
ducted viability assays using 2D cell culture systems of seven CRC cell lines
(V9P, LoVo, LS 174 T, LIM1215, DiFi, SW48 and HCA-7). The panel of cell
lines consist of RAS WT and mutant cell lines that demonstrate a range of
sensitivity to cetuximab single agent treatment [47]. The cells were treated
with either vehicle, cetuximab, CB-839, or combined cetuximab and CB-
839. Combination therapy resulted in significantly decreased cell viability
when compared to vehicle or single agent controls (Fig. 2, p < 0.05). The
combination was able to overcome resistance to cetuximab monotherapy
in a number of cell lines including two cell lines that are KRAS mutant,
LoVo and LS 174 T. This indicates that this treatment may not only over-
come resistance to EGFR-targeted therapy in RAS WT patients for which
this single agent therapy is already approved, but it may also expand the pa-
tient population to include those withRASmutations. Determination of the
combination indices (CIs) showed that combination drug treatment re-
sulted in an additive effect in the LIM1215 cell line (Fig. 2, caret) and syn-
ergism in several of the other CRC cell lines analyzed (Fig. 2, asterisks).

3D cell culture systems have been demonstrated to more closely mimic
in vivo behavior than 2D cultures [46]. Therefore, after establishing the ef-
ficacy of the combined treatment in 2D, we tested the combination therapy
using 3D culture systems of a number of WT RAS CRC cells. We used two of
the cell lines, SW48 and V9P, in which the combination was effective in 2D
culture. We also tested a cell line that our group has previously shown to be
intrinsically cetuximab-resistant in 3D cultures, HCA-7 SC [46], and a cell
line that our group generated to be cetuximab-resistant (CR) in 3D cultures,
HCA-7 CC-CR, thus exemplifying amodel of acquired resistance [47]. Com-
bined cetuximab and CB-839 treatment resulted in significantly reduced
colony counts compared to vehicle or single agent controls in all of the
cell lines tested (Fig. 3, p < 0.05). Interestingly, we found that combined
cetuximab and CB-839was able to overcomeboth intrinsic and acquired re-
sistance to EGFR antibody treatment in HCA-7 SC and HCA-7 CC-CR cells,
respectively.



Fig. 3. Combined CB-839/anti-EGFR mAb therapy results in cooperative efficacy in
3D culture in vitro. CRC cell lines were grown in 3D collagen culture. Cells were
treated with either cetuximab (black), CB-839 (white), or cetuximab and CB-839
(grey). The number of colonies were counted. Shown is the percentage change in
colony number normalized to vehicle control. Combination therapy results in
decreased colonies in a 3D culture model compared to single agents (relative to
vehicle control). Error bars represent ± SD (n = 2–3 biological replicates and 3
technical replicates).

A.S. Cohen et al. Translational Oncology 13 (2020) 100828
In vivo efficacy studies

Having validated the therapeutic efficacy of the combination therapy
in vitro, we were next interested in studying the treatment efficacy in vivo.
Athymic nude mice bearing RASWT colorectal tumor xenografts were lon-
gitudinally treated with either vehicle, CB-839, cetuximab, or combined
cetuximab and CB-839 and tumor volume was monitored. Following the
experiment, tumors were collected from mice from each of the groups
and immunohistochemistry (IHC) was performed to evaluatemolecular de-
terminants associated with response to combined cetuximab and CB-839
treatment. In particular, mechanistic studies to determine the effects of
the drugs on cell proliferation and mTOR signaling were assessed through
Ki67 and pS6 IHC, respectively. In addition, to gain further insights into
the mechanism of action of these drugs, analyses of apoptosis and necrosis
were performed through IHC for cleaved caspase-3 and H&E staining, re-
spectively. Initial experiments were performed using SW48 cell-line xeno-
grafts which display intrinsic cetuximab-resistance [47] (Fig. 4A and B).
Tumors progressed with vehicle and single agent CB-839 treatment, while
tumor growth in the cetuximab treatment groupwas slightly reduced. How-
ever, there was a significant reduction in tumor growth for the combination
cetuximab and CB-839 treatment group in comparison to the cetuximab
treatment group starting at day 18 post-treatment (p < 0.05) through
day 30 (p<0.01). Consistent with the treatment response data, quantifica-
tion of IHC showed a minimal reduction (<20%) in Ki67 staining for
groups treatedwith cetuximab and CB-839 single agents as compared to ve-
hicle control (Fig. 4D, p < 0.05 and p < 0.01 respectively). There was a
much greater reduction (≈50%) in Ki67 staining as a result of combined
cetuximab and CB-839 compared to vehicle (Fig. 4C and D, p < 0.0001).
No statistically significant difference was observed between cetuximab
and CB-839 single agent groups; however, there was significantly reduced
Ki67 staining when treated with combined cetuximab and CB-839 com-
pared to either single agent control indicating lower proliferation in these
tumors (Fig. 4D, p< 0.0001 and p< 0.0001 for cetuximab and CB-839 re-
spectively). Furthermechanistic insights were gained through evaluation of
pro-survival mTOR-mediated signaling, as determined by pS6. Evaluation
of pS6 IHC showed no effect of cetuximab and a modest effect (40% reduc-
tion) of CB-839 as compared to vehicle (Fig. 4E, p > 0.05 and p< 0.05 re-
spectively). In addition, CB-839 resulted in significantly lower pS6 staining
5

in comparison to cetuximab (p<0.05). Interestingly, significantly reduced
pS6 was observed in the group treated with combined cetuximab and CB-
839 compared to vehicle (77% reduction) or single agent controls
(Fig. 4C and E, p< 0.001, p< 0.001, and p< 0.05 for vehicle, cetuximab,
and CB-839 respectively). No noticeable differences between treatment
groups were observed in the H&E analysis of necrosis (Fig. 4F). However,
an increase in cleaved caspase-3 staining was observed for all treatment
groups relative to vehicle (Fig. 4G and H, p < 0.05, p < 0.0001, and p
< 0.01 for cetuximab, CB-839, and combined cetuximab and CB-839 re-
spectively) with CB-839 having the highest staining (p < 0.0001 and p
< 0.001 in comparison to cetuximab and combined cetuximab and CB-
839 respectively). Thus, apoptosis potentially plays a role in the reduced
cell viability observed.

We also evaluated Caco-2 cell line xenografts which are partially re-
sponsive to cetuximab treatment [47] (Supporting Information Fig. S1).
The mice in the cetuximab and cetuximab and CB-839 groups exhibited
similar levels of tumor regression up to day 15 (Supporting Information
Fig. S1A). Following 21 days of treatment, after which treatment was
stopped, tumors from mice treated with cetuximab are slightly larger than
tumors from mice treated with cetuximab and CB-839 (p < 0.05). Tumor
sizes were monitored for an additional 27 days after the end of the treat-
ment study. Tumors in the mice treated with single-agent cetuximab exhib-
ited recurrence of tumor growth while the cetuximab and CB-839 cohort
exhibited sustained tumor regression with no regrowth. Mice treated with
the combination had significantly smaller tumors than mice treated with
cetuximab alone from day 24 post-treatment (p < 0.001) through day 48
post-treatment (p < 0.0001) (Supporting Information Fig. S1A). No signif-
icant differences in necrosis (Supporting Information Fig. S1B) or apoptosis
(Supporting Information Fig. S1C and S1D) were observed between treat-
ment groups in this tumor model.

Finally, we performed in vivo experiments using HCA-7 and HCA-7 CC-
CR xenografts as models of cetuximab-sensitive and cetuximab-resistant tu-
mors respectively (Supporting Information Fig. S2 and Fig. 5). The mice
were treated for a total of 21 days and tumor sizes were monitored up to
84 and 57 days after the start of treatment for HCA-7 and HCA-7 CC-CR tu-
mors respectively (Supporting Information Fig. S2A and Fig. 5A). In both
models, the mice in the cetuximab and cetuximab and CB-839 groups ex-
hibited similar levels of tumor regression following treatment. Following
the end of the treatment course, the tumors in the HCA-7 mice treated
with cetuximab and cetuximab and CB-839 showed very slight tumor
growth (Supporting Information Fig. S2A). Although at the end of the ex-
periment the volumes of the tumors in mice treated with cetuximab were
significantly higher than the tumors in mice treated with cetuximab and
CB-839 (p < 0.01), both therapies worked well to control tumor growth.
In HCA-7 CC-CR tumors, mice treated with CB-839 exhibited stable disease
after treatment followed by tumor recurrence at treatment cessation
(Fig. 5A). In contrast to cetuximab-treated mice bearing HCA-7 xenografts,
cetuximab-treatedmice bearing HCA-7 CC-CR xenografts recurred after the
stop of treatment while mice treated with cetuximab and CB-839 did not (p
< 0.0001). Thus, the combination is able to prevent recurrence in this
model unlike single agent therapy. Quantification of IHC in HCA-7 CC-CR
tumors showed no effect of cetuximab on Ki67 staining as compared to ve-
hicle control (Fig. 5C), consistent with the tumor recurrence observed in
this group. There was a significant reduction in Ki67 staining observed
withCB-839 (46%)with an evenmore pronounced reduction (69%) as a re-
sult of combined cetuximab and CB-839 compared to vehicle (Fig. 5B and
C, p < 0.0001 and p < 0.0001 respectively). Tissues from mice treated
with CB-839 showed significantly less Ki67 staining than tissues from
mice treated with cetuximab (Fig. 5C, p < 0.01). There was less prolifera-
tion when treated with combined cetuximab and CB-839 compared to ei-
ther single agent control as indicated by reduced Ki67 staining (Fig. 5C, p
< 0.0001 and p = 0.0574 for cetuximab and CB-839 respectively). Evalu-
ation of pS6 IHC in HCA-7 CC-CR xenografts showed no effect of cetuximab
or CB-839 as compared to vehicle and no differences between cetuximab
and CB-839 single agent groups (Fig. 5D). However, significantly reduced
pS6 was observed in the group treated with combined cetuximab and CB-



Fig. 4. Combined CB-839/anti-EGFR mAb therapy overcomes intrinsic cetuximab-resistance in SW48 xenografts in vivo. (A) Mice with SW48 cell line xenografts, a model of intrinsic cetuximab resistance, were treated with either
vehicle (black), CB-839 (red), cetuximab (blue) or cetuximab and CB-839 (purple) for 30 days and tumor volumes were monitored (n = 5 mice/group). (B) Representative images of mice treated with cetuximab alone (left) or
cetuximab in combination with CB-839 (right). Mice progressed on single agent CB-839 or cetuximab yet exhibit reduced tumor volume with combination cetuximab and CB-839. (C) Immunohistochemistry (IHC) was
performed on tumors from each of the treatment groups to evaluate Ki67 and pS6 expression. Shown are representative images (40×). The number of positive cells were counted in regions of interest on images from Ki67 IHC
(D) and pS6 IHC (E) (n = 3–15 fields of view, at least 3 animals/treatment group). Reduced Ki67 and pS6 were observed when treated with CB-839 in combination with cetuximab compared to cetuximab or CB-839 alone.
(F) Representative H&E images (0.46×) of tumor tissues from each of the treatment groups. (G) IHC was performed on tumors from each of the treatment groups to evaluate cleaved caspase-3 expression. Shown are
representative images (20×). (H) The number of positive cells were counted in regions of interest on images from cleaved caspase-3 IHC (n = 3–15 fields of view, at least 3 animals/treatment group). Error bars represent ±
SD. Statistical significance is defined as follows: *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred to theweb version of this article.)
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Fig. 5. Combined CB-839/anti-EGFR mAb therapy overcomes acquired cetuximab-resistance in HCA-7 CC-CR xenografts in vivo. (A) Mice with HCA-7 CC-CR cell line xenografts, a model of acquired cetuximab-resistance, were
treated with either vehicle (black), CB-839 (red), cetuximab (blue) or cetuximab and CB-839 (purple) for 21 days. At this time point, treatment was stopped (dotted line). Tumor volumes were monitored to day 57 (n = 8
mice/group). Mice progressed on single agent CB-839 or cetuximab yet exhibit reduced tumor volume with combination cetuximab and CB-839. (B) IHC was performed on tumors from each of the treatment groups to evaluate
Ki67 and pS6 expression. Shown are representative images (40×). The number of positive cells were counted in regions of interest on images from Ki67 IHC (C) and pS6 IHC (D) (n = 3–15 fields of view, at least 3 animals/
treatment group). Reduced Ki67 and pS6 were observed when treated with CB-839 in combination with cetuximab compared to cetuximab or CB-839 alone. (E) Representative H&E images (0.46×) of tumor tissues from each
of the treatment groups. (F) IHC was performed on tumors from each of the treatment groups to evaluate cleaved caspase-3 expression. Shown are representative images (20×). (G) The number of positive cells were counted
in regions of interest on images from cleaved caspase-3 IHC (n = 3–15 fields of view, at least 3 animals/treatment group). Error bars represent ± SD. Statistical significance is defined as follows: #p = 0.0574, *p < 0.05, **p
< 0.01, ***p < 0.001, and ****p < 0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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839 compared to vehicle (80% reduction) or single agent controls (Fig. 5D,
p < 0.01, p < 0.001, and p < 0.05 for vehicle, cetuximab, and CB-839
respectively). Analyses of necrosis and apoptosis in HCA-7 and HCA-7 CC-
CR xenografts demonstrated distinctions between these tumors that help
elucidate the observed differences in cetuximab sensitivity and response
to the drugs. In cetuximab-sensitive HCA-7 tumors, increased necrosis
was seen with cetuximab and combined cetuximab and CB-839 treatments
(Supporting Information Fig. S2B). In addition, CB-839 had significantly
higher cleaved caspase-3 than vehicle or cetuximab single agent groups
(Supporting Information Fig. S2C and S2D, p < 0.001 and p < 0.05 re-
spectively). Therefore, apoptosis is the mechanism behind the delayed
tumor growth observed with CB-839 treatment whereas necrosis is the
main mechanism of treatment response in cetuximab-treated tumors
whether alone or in combination. On the other hand, in cetuximab-
resistant HCA-7 CC-CR tumors, higher necrosis was only observed for
the combined cetuximab and CB-839 group relative to vehicle or single
agent controls (Fig. 5E). Similar to the HCA-7 tumors, there was signif-
icantly higher apoptosis in the CB-839 treatment group than vehicle,
cetuximab, or combined cetuximab and CB-839 treatment groups
(Fig. 5F and G, p < 0.01, p < 0.01, and p < 0.05 respectively). Thus,
apoptosis and reduced proliferation appeared to be associated with re-
sponse to CB-839 relative to vehicle or cetuximab single agent groups,
while necrosis seemed to further account for the efficacy of the com-
bined treatment.

Discussion

Precision medicine represents a promising approach for treatment of
CRC patients by taking into consideration the genetic and metabolic differ-
ences between individual tumors. By studying these differences, it may be
possible to predict which patients will respond to therapy and thereby se-
lect the ideal therapeutic regimen for each patient. Patients with advanced
WT RAS CRC tumors are eligible for treatment with EGFR-targeted therapy
[2,3]. However, many of these patients become resistant to these treat-
ments and their tumors recur [2–5,45]. There are multiple reported mech-
anisms of EGFR resistance including mainly genetic alterations [2–5,45].
We have recently identifiednovelmodes of cetuximab-resistance, including
both genetic [46] and non-genetic alterations, for instance changes in long
non-coding RNA (lncRNA), that are present in both intrinsic and acquired
resistance [47]. Additional ways to improve the selection of patients for
treatment with anti-EGFR therapy and new treatments that increase sur-
vival are needed. To capitalize on the link between EGFR signaling and
tumor glutamine metabolism in CRC, we developed a treatment strategy
combining the clinically-approved EGFR-targeted monoclonal antibody,
cetuximab, with a GLS1 inhibitor, CB-839. We hypothesized that this com-
bination would enhance the efficacy of EGFR therapy by targeting the fuel
and signaling needed by tumors to survive. Here we report that combina-
tion therapy with CB-839 and cetuximab results in improved efficacy com-
pared to single agents in colorectal cancer cell lines and animal models. A
synergistic effect of this combination therapy was seen in several cell
lines. We observed that this combination sensitizes cells with both
modes of resistance. We also note that this combination was most effec-
tive in cetuximab-resistant models as we did not observe much added
benefit of the combination in cells that were already sensitive to
cetuximab. This combination therapy can thus be used to treat patients
whose tumors have become refractory to anti-EGFR monoclonal anti-
body (mAb) therapy alone. Given that we observed in vitro efficacy
against CRC cell lines expressing mutant KRAS, the combination can po-
tentially be relevant in patients with mutant RAS tumors. This should be
the focus of further evaluation.

Mechanistic studies to determine the effects of the drugs on signaling
pathways involved in proliferation and survival were performed in two xe-
nograft models. As both tumors are models of cetuximab resistance,
inhibiting EGFR by itself had no/minimal effect on proliferation (Ki67)
and no effect on mTOR signaling (pS6), as expected. CB-839 as a single
agent showed minimal changes in proliferation and a modest change in
8

mTOR signaling in the model of intrinsic cetuximab-resistance (SW48)
while in the model of acquired cetuximab-resistance (HCA-7 CC-CR), a
modest decrease in proliferation andno change inmTOR signalingwere ob-
served. While outside the scope of the current work, these mechanistic
observations could be due to underlying differences in the modes of re-
sistance in these two models that affect downstream signaling path-
ways. In both models, the combination was more potent than either
drug individually at inhibiting proliferation (Ki67) and pro-survival sig-
naling through mTOR (pS6). These data suggest there is synergy in
blocking these two pathways and future studies will further explore sig-
naling mechanisms.

The mechanism of action for these drugs was further evaluated through
assessment of necrosis and apoptosis in both cetuximab-sensitive and
cetuximab-resistant xenograft models. A combination of these two modes
of cell death were observed in our studies. CB-839 appears to induce cell
killing through apoptosis in both cetuximab-sensitive (HCA-7) and
cetuximab-resistant (SW48 and HCA-7 CC-CR) models. However, com-
bined cetuximab and CB-839 reduced cell viability mainly through necro-
sis. Interestingly, when comparing HCA-7 to HCA-7 CC-CR cells, we
noticed a difference in the amounts of necrosis in the cetuximab treatment
group. HCA-7 CC-CR cells were derived from HCA-7 cells and were gener-
ated to be cetuximab-resistant in 3D culture [47]. While high levels of ne-
crosis were observed for HCA-7 xenografts treated with cetuximab, there
was not a difference in necrosis observed for HCA-7 CC-CR xenografts
treated with cetuximab relative to vehicle. This observation can help ex-
plain the underlying mechanism for the differences in response to
cetuximab among these two xenografts.

CB-839 sensitivity has been reported to correlate to a number of func-
tional measures including glutaminase activity, the ratio of intracellular
glutamate to glutamine, and the extent to which treatment promoted accu-
mulation of cellular glutamine or depletion of cellular glutamate [19].
Analysis of additional genes and pathways may provide further insight
into treatment response.

All together, these data indicate that the combination of cetuximab and
CB-839 may have potential for treatment of CRC. Given the promising pre-
clinical results reported in this paper, we have opened a clinical trial testing
the combination of CB-839 with a fully humanized EGFR-mAb therapy
(panitumumab) in patients with WT RAS CRC (NCT03263429). An alterna-
tive mechanism of inhibiting glutamine metabolism is through targeting of
the glutamine transporter ASCT2 (SLC1A5). We have recently developed a
potent and selective small molecule inhibitor of ASCT2, which we desig-
nated as V-9302 [51]. This compound inhibits glutaminolysis upstream of
glutaminase and we have shown that it is more effective against CRC cancer
cell lines than CB-839. Thus, V-9302 may represent a superior treatment
strategy for CRC. A recent paper reports treatment of CRC by combining
EGFR-inhibition by cetuximab with inhibition of SLC1A5 through either
shRNA knockdown or pharmacological inhibition by L-γ-glutamyl-p-
nitroanilide (GPNA) [52]. The authors observed enhanced efficacy and sen-
sitization of resistant tumors with the combination in vitro and in vivo [52].
Building upon these promising results and in view of the 100-fold improve-
ment in potency of V-9302 over GPNA [51], combination therapy with V-
9302 and EGFR-targeted antibodies may result in even further improved ef-
ficacy. Experiments with this molecule are underway in our laboratory.
In addition, we are developing PET imaging tracers as biomarkers of
treatment to drugs targeting glutamine metabolism, including CB-839
and V-9302. We are exploring the combination of two PET imaging
tracers that report on different aspects of glutamine metabolism, 11C-
glutamine, which is taken up by the glutamine transporter ASCT2
(SLC1A5), and 18F-FSPG, which is taken up by the cystine-glutamate
transporter xCT (SLC7A11), as predictive and prognostic biomarkers
of tumor response. These PET tracers are being evaluated preclinically
as well as in our clinical trial (NCT03263429). The ability of PET imag-
ing prior to and following therapy to predict early response to treatment
with glutamine metabolism inhibitors is being studied. The possibility
of using these PET tracers to select patients who will respond to treat-
ment with these agents is a future area of investigation.
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