creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86t AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Metok ELIChH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aeles 212 LWS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

12
B
m
Tl
>
ﬂ—‘
1%
{0
i
A

Microenvironmental Regulation of
Tumor Resistance to Anti-IGF-1R
Monoclonal Antibody

FAED A QAT EA SLEEZA ] s
A AFFEAE WA WA 287 %

201749 2€

o] A A



Microenvironmental Regulation of
Tumor Resistance to Anti-IGF-1R

Monoclonal Antibody
FRAEDRFAIAJAATEA GLEEFA ]
RS IR e IR o - e A B

AxTF o] &

of

o] EES FHUANIEEOR AFY
2016 114

Al n sk
orstal We) e AT

o] A A

oA MY HALBY EEL AFF

T L=

2016\d 124

4 € % (]D
7443 (]D
4 € (]D
i 4 (D

9 9 (Q)




Abstract

Microenvironmental Regulation of
Tumor Resistance to Anti-IGF-1R
Monoclonal Antibody

Ji-Sun Lee

College of Pharmacy

The Graduate School
Seoul National University

Drug resistance is a major impediment to a large repertoire of anticancer
therapies. Hence, the rational design of anticancer therapies should include strategies
that circumvent treatment-associated drug resistance. Recent studies have
demonstrated the importance of the tumor microenvironment (TME) to innate
resistance to molecularly targeted therapies.

In this study, | investigated the role of the TME in innate resistance to
insulin like growth factor receptor-1 (IGF-1R) targeting therapy based on
monoclonal antibody (mAb) that has shown limited clinical efficacy. Anti-IGF-1R
mADb treatment stimulated tumor progression with distant cancer metastasis and
decreased survival in mouse models harboring orthotopic tumors of human cancer
cell lines. In this models, increased tumor angiogenesis and stromal cell infiltration
within the TME were concomitantly observed.

Next | performed co-culture experiments with human cancer, vascular

endothelial (VE) cells, fibroblasts and monocytes and found that IGF-1R ablated



cancer cells recruited fibroblast and monocytes. Once fibroblasts and monocytes
recruited to cancer cells, they were shown to stimulate angiogenic abilities of VE
cells.

From the signaling pathway array using protein lysates from IGF-1R
blocked cancer cells, we found that anti-IGF-1R mAb treatment stimulated signal
transducer and activator of transcription 3 (STAT3)-dependent transcriptional up-
regulation of IGF-2 in cancer cells, enabling communication with fibroblast and
monocytes through their insulin like growth factor receptor 2 (IGF-2R). Upon the
interaction with IGF-1R ablated cancer cells, fibroblasts and monocytes produced
potent proangiogenic cytokine, CXCLS8.

Silencing IGF-2 or STAT3 expression in cancer cells or IGF-2R or CXCL8
expression in stromal cells markedly inhibited communication between cancer and
stromal cells and vascular endothelial cells’ angiogenic activities. Moreover, tumor
tissue derived STAT3 knocked down cancer cells revealed impairment of anti-1GF-
1R mAb’s ability to recruit stromal cells.

In conclusion, IGF-1R blockade reprograms cancer cells to produce IGF-2,
which alters the TME, thereby stimulating tumor angiogenesis and metastasis.
Targeting the STAT3/IGF2/IGF-2R/CXCLS8 intercellular signaling loop may

overcome the adverse consequences of anti-IGF-1R mAb-based therapies.
Keywords: tumor microenvironment (TME) / drug resistance / insulin like
growth factor receptor 1 (IGF-1R) / insulin like growth factor-2 (IGF-2) / signal

transducer and activator of transcription 3 (STAT3)

Student number: 2011-31107
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. INTRODUCTION



1. Molecular targeted cancer therapy

There are three common therapeutics to treat cancers: classical
chemotherapeutics and radiation therapy, molecular targeted therapy,
immunotherapy (Figure 1). Chemotherapeutic agents and radiation therapy usually
induce DNA damages which result in apoptosis. Those include alkylating agents,
antimetabolites and topoisomerase inhibitors. Targeted therapy is to block specific
target molecules, which are mainly involved in signaling pathways propagated only
in cancer cels, finally inhibit cancer cell proliferation. Immunotherapies focus on
enhancement of immune systems against the tumor.

The most serious disadvantage of conventional chemotherapy is systemic
side effects throughout the body, as this therapy harms not only rapidly growing
cancer cells, but also healthy cells. Most cancer patients who take conventional
chemotherapy suffer from systemic side effects, including hair loss, nausea, fatigue,
anxiety and depression. Although those symptoms rarely threaten to kill, they exert
bad influence on patients’ daily lives, producing another psychological problems. To
overcome the systemic side effects and enhance the quality of patients’ lives,
research for therapeutic strategies that kill only vigorously proliferating cancer cells
have been pursued. During the cancer progression from benign hyperplasia to
invasive and metastatic tumor, cancer cells obtain several genetic and epigenetic
abnormalities to maintain the active proliferation and spread to other organs. This
suggests that by blocking those molecular defects, proliferation and spread of cancer
cells can be repressed while normal cells are not affected by the therapy, and this is
the main concept of molecular targeted cancer therapy [1-3].

Because of the genetic complexity of cancer, growth of cancer cells can be

inhibited by the inactivation of a single oncogene: this phenomenon is referred to as
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Figure 1. Common treatments for cancer.

Chemotherapy and radiotherapy results in apoptosis by inducing DNA damages.
Targeted therapy blocks signaling pathways involved in Ras or PI3K/Akt pathway-
regulated cell cycle propagation. Representative immunotherpay invovles
checkpoint inhibitors which block interaction between antigen presenting cells or
cancer cells and cytotoxic T cells which exerts anti-tumor immunity.

Reference: Sawyers, C., Targeted cancer therapy. Nature, 2004. 432(7015): p. 294-
7.
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“oncogene addiction”. From genetically engineered mouse models, various
oncogene have been reported and therapeutic agents targeting them also have been
suggested (Table 1). For example, induction of c-MYC oncogene in hematopoietic
lineage promotes T cell leukemia and myeloid leukemia [4, 5]. Among molecular
targeted therapies, the most powerful therapeutic agents that shifted paradigm of
cancer therapeutics is the small molecule kinase inhibitor, imatinib mesylate
(Gleevec). This targeted agent showed neerly perfect clinical success in chronic
myeloid leukemia (CML) and gastrointestinal stromal tumors (GIST). Imatinib
effectively blocks the activity of mutant kinase fusion protein, Bcr-Abl, constitutive
active Abl kinase in CML. Imatinib also has other targets, including KIT and PDGFR
which have been known to drive GIST [6].

Molecular targeted cancer therapies can be categorized to small molecule
inhibitor or monoclonal antibody. Small molecule inhibitor targets tyrosine kinase
domain and block their kinase activity that governs cell proliferation and survival.
For example, Gleevec is able to bind the catalytic cleft of the Bcr-Abl tyrosine kinase
which activate Ras pathway, the PI3 kinase-Akt/PTB pathway, the JAK-STAT
pathway, and transcription factors including Jun, Myc, and NF-Kb. This drug is the
first successful molecular targeted drug approved by FDA. On the other hand,
monoclonal antibody targets cell surface receptors which signals for proliferation
upon ligand binding. By binding to the cell surface receptor, monoclonal antibody
interrupt binding of the endogenous ligand and sometimes induces degradation of
antibodies. Emergence of those successful targeted therapeutic anticancer drugs
encouraged many other attempts at identifying new molecular target for cancer

therapy and numerous drugs that target only cancer cells are discovered.



Oncogene Cancer Type Approved targeted therapy Reference

ABL CML Imatinib  (Gleevec), Nilotinib [7-9]
(Tasigna), Bosutinib (bosulif),
Ponatinib (Iclusig)

KIT GIST Imatinib  (Gleevec), Nilotinib [6, 10]
(Tasigna)
HER2 Breast, ovarian, Trastuzumab (Herceptin), [11, 12]
NSCLC Lapatinib (Tykerb), Pertuzumab
(Perjeta)
EGFR NSCLC, Gefitinib  (lressa), Erlotinib  [13-17]
glioblastoma, (Tarceva), Cetuximab (Erbitux),
colon, pancreas Afatinib (Gilotirf),
Necitumumab (Portrazza),

Panitumumab (Vectibix)

ALK ALCL, NSCLC Crizotinib (Xalkori), Ceritinib [18-20]
(Zykadia), Alectinib (Alecensa)

BRAF Melanoma, thyroid Vemurafenib (Zelboraf), [21]

carcinoma Dabrafenib (Tafinlar)

PIBKCA  Colon, breast, lung  Idelalisib (Zydelig), Buparlisib [22-24]
(BKM120)

MEK Melanoma Trametinib (Mekinist), [25, 26]
Cobimetinib (Cotellic)

VEGFR NSCLC, GBM, Bevacizumab (Avastin), [27-29]

breast Ramucirumab (Cyramza)

ALCL, anaplastic large-cell lymphoma; CML, chronic myeloid leukemia; GIST,

gastrointestinal stromal tumor; NSCLC, non-small-cell-lung cancer; GBM,




glioblastoma multiform

Table 1. Preclinically reported oncogenes and their targeted therapy.
Representative targeted therapeutic agents for preclinically identified oncogenes

are listed.



2. Insulin-like Growth Factor (IGF) axis in cancer

therapeutics

The insulin-like growth factor (IGF) axis is regulated by a complex
interplay between ligands, cognate receptors, and binding proteins [30-32]. Unlike
insulin whose expression is highly limited to pancreatic beta cells and regulated
according to levels of glucose in serum, IGF-1 and IGF-2 are widely expressed in
many tissues, playing as growth factors through autocrine and paracrine manners
[32]. IGFs also exert activities of insulin, including increase in glucose metabolism
in fat, increase in glucose transport, inhibition of lipolysis, and increasing lipid,
glycogen, and protein synthesis, but with only 1 to 2% of insulin [33]. Circulating
IGFs is regulated in a complex fashion by a family of six IGF binding proteins
(IGFBP). By binding to IGFs, these proteins prolong half-lives of circulating IGFs
and also limit access to the receptors. IGFBPs are susceptible to degradation by
various protease, secreted by malignant cells, suggesting that transformed cells have
increased local IGFs bioactivity related to neoplastic characteristics [34]. Another
members of IGF axis are receptors, including insulin receptor (IR) and IGF receptor
(IGFR) which belong to tyrosine kinase class of membrane receptors [35]. IR exists
in two isoforms; the ‘B’ isoform recognizes only insulin, but the ‘A’ isoform, which
is the isoform that is most commonly expressed by tumors, recognizes both insulin
and IGF. Each IR and IGFR gene product is processed and forms alpha- and beta-
chains that associate to form a “half’ receptor; two half receptors then associate to
form a holoreceptor. Besides, heterodimer also can be formed by association of each
different half receptors, and this is called hybrid receptor. Most cancer cells display
various hybrid receptors because they own both the IR and IGFR genes, enabling

amplified mitogenic effects of IGFs (Figure 2). Upon binding of IGFs to the alpha



subunit of IGFR or hybrid receptors with IR, beta subunit is autophosphoryated and
this acts as docking sites for the insulin receptor substrate (IRS)1-4 and other proteins,
activating phosphoinositide-3 kinase (PI13K) and mitogen activated protein kinase
(MAPK) signaling pathways. PI3K subsequently activates AKT, then inhibits
apoptosis by interaction with Bcl2-antagonist of cell death (BAD), mouse double
minute 2 (Mdm2) and also stimulates protein synthesis by activating mTOR. As its
final tumor promoting result, this signaling axis has been proposed as one of the most
promising targets for anticancer therapies. Most clinical reagents that block IGF axis
belong to three main classes: monoclonal antibodies (mAbs) against IGF-1R, mAbs
against IGF, and IGF-1R tyrosine kinase inhibitors (TKIs). Anumber of clinical trials
with IGF-1R-targeted therapies, mostly using monoclonal antibodies, have sought to
abrogate IGF-1R function in various cancers [36-39]. However, the overall response
rate to the therapy has been below expectations and enthusiasm for the therapy has
declined [40-45]. Accordingly, efforts have focused on understanding mechanisms
underlying resistance against anti-IGF-1R mAb-based therapies. Several preclinical
studies have proposed mechanisms underlying emergent resistance to the anti-1GF-
1R therapies. For application to Ewing’s sarcomas, resistant cells switch from IGF-
1/IGF-1R to IGF-2/IR-A dependency to maintain sustained activation of Akt and
Erk1/2, proliferation, migration and metastasis [46]. In pancreatic neuroendocrine
tumors (PNET), IR serves as a second signaling receptor for IGF-2, contributing to
resistance to anti-IGF-1R therapy [47]. In IGF-1R TKI-resistant rhabdomyosarcoma
cell line, overexpression and constitutive activation of platelet-derived growth factor
receptor alpha (PDGFa) contributes signaling bypass upon IGF-1R signaling
blockade [48]. Integrin and epidermal growth factor receptor (EGFR) signaling are
also reported to have critical role in inherent resistance of cancer cells to

cixutumumab, a fully human IgG1 mAb against IGF-1R [49].
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Figure 2. Schematic diagram of IGF axis, their main downstream pathways,
and main biological end points.

Binding of ligand to receptors induces autophosphorylation of beta subunit of
receptors, signals to adaptor proteins, such as IRS-1 and SHC. This in turn, activates
oncogenic pathways, including PI3K/Akt pathway and MAPK pathway, resulting
tumor development and progression.

Reference: Pollak, M., The insulin receptor/insulin-like growth factor receptor family as a

therapeutic target in oncology. Clin Cancer Res, 2012. 18(1): p. 40-50.
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3. Tumor Microenvironment (TME)

Solid tumors exhibit an organ-like structure, consisting of various cell types,
including cancer cells, tumor-associated fibroblasts, infiltrating immune cells and
endothelial cells [50, 51] (Figure 3). As is important for maintaining normal tissue
homeostasis, bidirectional communication between cancer cells and their
microenvironment influences on tumor initiation and progression. Cancer was
previously viewed as a heterogeneous disease including mutations in tumor cells;
however, many evidence suggest that heterogeneity of tumors also arise from their
microenvironmental conditions, including cellular and matrix composition [52, 53].
When primary tumor grows, intercellular interactions present in normal tissue are
interrupted as tumor is able to circumvent normalizing signals from the
microenvironment, and in turn, the microenvironment provide the tumor-promoting
environment [54].

As one of the cancer hallmarks, a wide variety of immune cells are
infiltrated in tumor region [53], and those cells who have tumor promoting activities
are mainly tumor associated macrophages (TAM), myeloid derived suppressor cells
(MDSCs), and regulatory T cells (Tregs). TAMs secrete a plethora of pro-
tumorigenic proteases, cytokines and growth factors, supporting tumor growth,
angiogenesis and invasion [55-58]. Monocytes recruited to tumor region by
chemoattractants such as colony stimulating factor-1 (CSF-1) and the chemokine
CCL-2 differentiates into macrophages then produces vascular endothelial growth
factor (VEGF), activating angiogenic switch. Moreover cancer cells become
invasive by paracrine loop of macrophage-expressed epidermal growth factor (EGF)
and epithelial cell-expressed CSF-1 loop. TAMs also participates in

immunosuppression by enhanced recruitment of Tregs and inhibition of cytotoxic T

10



cell proliferation. MDSCs are produced as a result of aberrant myelopoiesis under
disease state and play an important role in evasion and suppression of the host
immune system [59, 60]. MDSCs express high levels of inducible nitric oxide
synthase (iNOS) and arginase 1, and subsequently induce shortage of L-arginine
which is necessary to T cell proliferation. MDSCs also suppress cytotoxic T cells by
producing reactive oxygen species (ROS), nitric oxide (NO), and peroxynitrite.
Above this, MDSCs promote tumor vascularization and inhibit M1 macrophage
polarization and NK cell cytotoxic activities.

Fibroblasts are present in connective tissue and synthesize extracellular
matrix (ECM) and basement membrane components and play multifunctional roles
in modulating immune responses and mediating homeostasis [51, 61-63]. Cancer
associated fibroblasts (CAF) are highly accumulated in the TME and have distinct
role in mediating tumorigenesis from normal fibroblasts. CAFs are activated by
growth factors and cytokines in TME, including transforming growth factor-p (TGF-
), monocyte chemotactic protein (MCP1), platelet-derived growth factor (PDGF)
and fibroblast growth factor (FGF). CAFs affects cancer progression through ECM
remodeling, secretion of soluble factors, regulation of motility and stemness, tumor
metabolism remodeling, and preparation of metastatic niche [64].

Endothelial cells which are activated by tumor cell-derived angiogenic
factors, including VEGF, FGF, angiopoietin, interleukin-8, and placental-like growth
factor (PIGF) are main cellular player of tumor angiogenesis [52, 65]. Once activated,
endothelial cells not only proliferate and migrate themselves, but also recruit bone-
marrow-derived angiogenic cells (BMC) and pericytes, enhancing tumor

vascularization.
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Figure 3. Multiple stromal cell types converge to support a tumorigenic primary

Angiogenesis

niche.

As cancer cells rapidly proliferate, they acquire ability to evade immune response
and induce hypoxia, inflammation to the stroma, enabling change of normal stromal
cells. Finally, tumor microenvironment consists of various cell types to provide
tumor-promoting environment by immune suppression, angiogenesis, providing
nutrients and signals to proliferate.

Reference: Quail, D.F. and J.A. Joyce, Microenvironmental regulation of tumor progression

and metastasis. Nat Med, 2013. 19(11): p. 1423-37.
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4. TME-mediated drug resistance

The emergence of clinical drug resistance has become the major
impediment to the successful treatment of cancer, making understanding of
mechanism of resistance is necessary to improve the efficacy of anticancer therapy.
There are two main categories for drug resistance mechanisms: de novo and acquired
resistance [66]. While acquired resistance develops over time as genetic changes
accumulate, de novo resistance is phenotypic characteristics in place prior to drug
treatment. In early days, drug resistance mechanism was studied at a single cell level
and revealed that changes affect expression of certain genes encoding proteins that
influence uptake, metabolism, and export of drug are important determinants of drug
resistance [67]. In addition, substantial evidence suggests that drug resistance
develop not only in unicellular event but also in interplay between various types of
cellular components of TME [67-69]. Drug resistance which is mediated by TME
occurs in two pathways (Figure 4): tumor stroma secretes cytokines, chemokines and
growth factors to regulate the response of cancer cells to the drug, which is called
soluble factor-mediated drug resistance (SFM-DR); and sometimes tumor cell
integrins adhere to stromal fibroblasts or to components of the ECM, receiving
signals from the TME, which is called as cell adhesion-mediated drug resistance
(CAM-DR) [66].

A variety of stromal cells secrete soluble factors to enhance resistance of
cancer cells by paracrine signaling pathway. Hepatocyte growth factor (HGF)
secreted from CAFs activates its cognate receptor, MET, then reactivates MAPK and
PI3K-AKT signaling pathways, inducing innate resistance to RAF inhibitor in BRAF
mutant melanoma [70]. Dual inhibition of RAF and either HGF or MET shows

reversal of resistance to the RAF inhibitor, suggesting the importance of
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communication between tumor-stroma in development of drug resistance. In
mammary tumors, Taxol treatment induced influx of macrophages to tumor region
and recruited macrophages produce cathepsin protease. This in turn prevent tumor
cells from Taxol-induced cell death. Inhibition of cathepsin in mouse mammary
tumor models shows increased response rate to Taxol [71]. CAFs also have been
reported to produce PDGF-C and promote angiogenesis in tumor. This leads to the
development of resistance to anti-angiogenic therapy [72]. Sometimes, drug
resistance needs direct contact between stromal and cancer cells through adhesion
molecules. Recruited macrophages bind to cancer cells through receptor vascular
cell adhesion molecule-1 (VCAM-1) and protect cancer cells from proapoptotic
signals [73].

On the strength of substantial studies of TME-mediated tumorigenesis and
drug resistance, several clinical therapies target tumor stroma have been developed.
The most well characterized target of stromal cells is vascular endothelial growth
factor receptor (VEGFR) which is expressed on mainly vascular endothelial (VE)
cells. As VE cells play an important role for angiogenesis, providing oxygen and
nutrients to cancer cells, inhibition of this signaling pathway were expected to inhibit

cancer progression.
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Figure 4. Tumor-stroma communication is the basis of EMDR.

Cancer and stroma interact through soluble factors, such as SDF-1, IL6 or cell
adhesion molecules, including VCAM1 or ICAM1. Final results of this interaction
is inhibition of apoptosis and stimulation of proliferation, enabling cancer cells
acquire resistance to antitumor therapies.

Reference: Meads, M.B., R.A. Gatenby, and W.S. Dalton, Environment-mediated drug

resistance: a major contributor to minimal residual disease. Nat Rev Cancer, 2009. 9(9): p.

665-74.
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Il. PURPOSE OF THIS STUDY
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The IGF-1R signaling axis activates a number of oncogenic pathways
involved in survival, proliferation and metastasis of cancer cells. Preclinical studies,
using mouse models which possess manipulated IGF-1R axis, corroborated
malignant potential of this signaling pathways [74-76], thus leading to development
of therapeutic agents targeting this pathway. However, clinical efficacies of those
therapeutic agents are low and IGF-1R signaling pathway is losing pharmaceutical
companies’ attention as a therapeutic target. Although mechanisms of resistance to
anti-IGF-1R therapies has been reported, it is still lack of understanding of
development of resistance in context of interaction between tumor and their
microenvironment. As communication between cancer cells and their TME owe big
parts in tumorigenesis and development of drug resistance, understanding of
resistance mechanism in the view of tumor and their niche is necessary to propose
more effective therapeutic strategies to target the IGF-1R pathway.

Based on previously reported studies that illuminated the importance of
communication between cancer cells and their microenvironments in the
development of drug resistance, | hypothesized that stromal cells may affect cancer
cells under the IGF-1R targeting therapy, resulting resistance. In this study, | tried to
evaluate the efficacy of anti-IGF-1R mAbs in mouse models of breast, lung, and
head and neck cancer to which clinical anti-IGF-1R therapies are applied. Then, |
tried to elucidate the changes of the TME under the anti-IGF-1R therapy. Finally, |
identified the molecular mechanisms of interaction between cancer and stromal cells
which responsible for resistance to anti-IGF-1R therapy. Eventually, the main
purpose of this study is to illuminate the role of tumor microenvironment mediate

the resistance to anti-IGF-1R therapy.

17



1. MATERIALS AND
METHODS
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1. Cell culture and reagents

Human head and neck squamous cell carcinoma (HNSCC) cell line (686LN)
was kindly provided by Dr. Jeffrey Myers (MD Anderson Cancer Center, Houston,
TX). Human non-small cell lung carcinoma (NSCLC) cell line (H1299) was
purchased from the American Type Culture Collection (Manassas, VA, USA).
MDAMB231D3H2LN (MDA231)-Luciferase (Luc) cell line was obtained from
Caliper Life Science (Alameda, CA, USA). Human fibroblast Wi38 cells were kindly
provided by Dr. John V. Heymach (MD Anderson Cancer Center, Houston, TX) and
MRC-5 cells were purchased from the Korean Cell Line Bank (Seoul, Republic of
Korea). Human monocyte THP-1 cells were kindly provided by Dr. Kyu-Won Kim
(Seoul National University, Seoul, Korea). Mouse endothelial cells (SVECs) and
mouse breast cancer cell line (4T1) were kindly provided by Dr. Mien-Chie Hung
(MD Anderson Cancer Center, Houston, TX). Cells were cultured in DMEM,
DMEM/F-12 or RPMI1640 medium supplemented with 10% FBS. Human umbilical
vein endothelial cells (HUVECs) were purchased from Invitrogen and grown in
vasculife basal medium supplemented with vasculife VEGF life factors (Lifeline cell
technology, Frederick, MD, USA). Cells were kept in 37°C with 5% CO2.

Cixutumumab (IMC-A12), a fully human IgG1 mAb, was provided by
ImClone Systems (New York, NY, USA). Human recombinant IGF-2, human
recombinant CXCLS8, and neutralizing antibodies against to the IGF-2 or IGF-2R
were obtained from R&D Systems (Minneapolis, MN, USA). Transfection with
expression vector, siRNA, or sShRNA vectors was performed using Lipofectamine
2000 (Invitrogen, Grand Island, NY, USA) or Fugene 6 (Promega, Madison, WI,
USA). Small interfering RNA (siRNA) for negative control #1 and CXCL8 were

purchased from GenePharma (Shanghai, China), and negative control #2 were
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purchased from Bioneer (South Korea). Sequence for sSiRNAs was shown in table 2.
Matrigel for mouse experiment, migration assay, and tube formation assay was
obtained from BD Biosciences (San Jose, CA, USA). Head and neck cancer tissue
array HN242a was purchased from US Biomax Inc. (Rockville, MD). All other
materials were purchased from Sigma-Aldrich (St. Louis, MO, USA)

2. Mouse studies

All mouse study procedures were performed in accordance with protocols
approved by the Institutional Animal Care and Use Committee of Seoul National
University. Mice were cared for in accordance with guidelines set by the Association
for Assessment and Accreditation of Laboratory Animal Care and the US Public
Health Service Policy on Human Care and Use of Laboratory Animals. For
orthotopic tumor models, MDA231 (2 x10° cells per mouse in 40 pl containing
Matrigel), H1299 (1x10° cells per mouse in 100 pl of phosphate-buffered saline),
and 686LN (2 x10° cells per mouse in 40 ul containing Matrigel) were injected into
nude [H1299; 686LN; MDA 231; Fig 4 (1st group)] or non-obese diabetic
(NOD)/severe combined immune-deficient (SCID) (MDA231; Fig4 2nd) mice at
mammary fat pad, lung, or tongue sites. When the solid tumors of MDA231 reached
to a volume of 100 mm3, mice were treated with cixutumumab (10mg/kg,
intraperitoneally, once weekly). For orthotopic tumor models of H1299 or 686LN,
mice were treated with cixutumumab one week or 3 days after the orthotopic
injection, respectively. To establish MDAZ231 orthotopic tumors in mice, in which
the human lymphoid system is reconstituted, the NOD/SCID/JAK3 null mouse
model [77] was employed. Human cord blood was obtained from normal full-term

deliveries. Informed consents were obtained according to Institute guidelines, and
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these works were approved by Seoul Metropolitan Government Seoul National
University Boramae Medical Center (IRB No. 16-2014-80) and Seoul National
University (IRB No. E1409/002-001) Institutional Review Board. Briefly,
NOD/SCID/Jak3 null mice were preconditioned with busulfan (30 mg/kg body
weight) and then human CD34* hematopoietic stem cells purified from human cord
blood were transplanted. Peripheral blood from the retroorbital sinus and the spleen
samples obtained at 4 weeks after transplantation or at the time of sacrifice,
respectively, were analyzed by flow cytometry for the presence of human cells
expressing the CD45 human leukocyte antigen. Fluorescent isothiocyanate (FITC)-
or allophycocyanin (APC)-conjugated monoclonal antibodies (mAbs) against
human or mouse CD45 (eBioscience, San Diego, CA) were added to splenocytes or
peripheral blood mononuclear cells, incubated for 30 minutes at 4°C, washed twice,
and analyzed using a FACS Calibur flow cytometer (BD Biosciences, San Jose, CA).
For orthotopic tumor models from MDA231 cells with reduced expression of STAT3,
mixture of cancer cells and Wi38 fibroblast cells (1x10° cells: 5x10° cells/mouse in

30 ul containing Matrigel) were injected into nude mice at mammary fat pad.

3. Immunofluorescence and immunohistochemistry

(IHC) assays

Cells were grown on coverslips and fixed in methanol, blocked with 3%
BSA solution, incubated with primary antibodies (IGF-2, Santa Cruz Biotech; 1:200
dilution) and incubated with fluorescence conjugated secondary antibodies (Alexa
488 conjugated goat antibody, Invitrogen; 1:1000 dilution). Samples were
counterstained with 10 ug/ml DAPI (4’ ,6-diamidino-2-phenylindole) to detect all

nuclei. For immunostaining of tumor tissue, mice were anesthetized by
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intraperitoneal injection of Zoletil (Virbac) and Rompun (Bayer) and tumor tissues
were dissected and embedded in Optimum Cutting Temperature compound
(OCT;Sakura) or fixed with paraformaldehyde and embedded in paraffin. For
immunofluorescent staining, 4 pum frozen sections were fixed in 4%
paraformaldehyde for 30 min, permeabilized with 0.3% triton X-100 for 15 min, and
blocked in protein block solution (Dako) for 30 min. Primary antibodies (CD34
and IGF-2, Santa Cruz Biotech; F4/80, Serotec; 1:100 dilution) were diluted in 3%
BSA solution and incubated overnight at 4 °C. Then, samples were washed twice
with PBST and incubated with fluorescence conjugated secondary antibodies (Alexa
488 conjugated goat antibody, Alexa 594 conjugated rat antibody, Invitrogen; 1:1000
dilution) for 1 h. Next, samples were counterstained with DAPI. For IHC, 4 um
paraffin sections were rehydrated, blocked, and incubated with antigen retrieval
buffer (Vector laboratories) at 95 °C for 20 min. Samples were incubated with
primary antibodies (Luciferase, Abcam; CD45, Serotec; F4/80, Serotec; F4/80,
Thermo; FSP-1, Abcam; Iba-1, Wako; VEGFR1, Abcam; human mitochondrion;
Abcam; 1:100 dilution in 3% BSA solution) overnight at 4 °C, washed twice with
PBST, and incubated with appropriate biotinylated secondary antibodies for 1 h at
room temperature. Staining were revealed using Diaminobenzidine substrate kit
(Vector laboratories). Slides were counterstained with hematoxylin and examined

using Nuance fluorescence microscope (Perkin Elmer).

4. Establishment of silenced stable cell line

For stable knockdown cell line establishment, shRNA bacterial glycerol
stock complementary to each human gene coding sequences (IGF-2, NM_000612;

IGF-1R, NM_000875.2; IGF-2R, NM_000876; STAT3, NM_003150) were
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purchased (Mission shRNA, Sigma) and the DNA construct (in PLKO.1 lentiviral
vector backbone) was isolated from bacterial culture. Lentiviral production was
performed by transfection of HEK293T cells using fugene 6 (promega).
Supernatants were collected 24-48 h after transfection, and then filtered through 0.22
um syringe filter. Cells were infected with lentivirus with 8 pug/ml polybrene for 24
h and then medium was replaced with fresh growth media containing puromycin (1-

2 ug/ml) for selection.

5. Isolation of primary monocytes

Primary cells were isolated from 686LN xenografted tumors. After the
dissection of tumors, single cells were isolated using tumor tissue dissociation kit
(Miltenyi Biotech) then initially positively sorted using CD11b microbeads using a
MACS seperator and MS columns (Miltenyi Biotech). CD11b+ population were
further sorted using a FACS Avria cells were isolated using magnetic beads (Miltenyi
Biotech). Macrophages were sorted using FACS Aria (BD Biosciences). Cells were
labeled with fluorochrome-conjugated antibodies, PE/Cy7 anti-mouse Ly-6G,

PerCP/Cy5.5 anti-mouse CD11b (Biolegend).

6. In vitro migration and tube formation assay

For transwell (8.0 um pore size, corning) migration assay, outer membrane
was coated with 0.05% gelatin. The indicated cells (1x10° cells for THP-1 cells;
4x10* cells for other cells) were seeded onto the upper wells and CM from cancer
cells or NIH3T3 cells were used as chemoattractant. Cells were incubated for 12-20
h, and the incubation time was dependent on types of the cell lines. After the

incubation, membrane was stained with hematoxylin solution and mounted onto the
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slide glass. The number of stained cells per field was counted using a microscope at
100x magnification. CM was collected from cells that had been treated with
cixutumumab for 6 days, and medium was exchanged with serum-free medium for
24 h. CM was concentrated using the Amicon Ultra-4 centrifugal filter device. For
tube formation, 96-well plate was coated with Matrigel (BD Bioscience) then
HUVEC (1x10* cells per well) cells with CM was seeded and incubated. Tube

formation was checked after 6-10 h using a microscope.

7. RT-PCR and real-time PCR analysis

Total RNA was isolated from cells or mice using TRIzol® reagent
(Invitrogen) and transcribed using a PrimeScript 1st strand cDNA synthesis kit
(Takara, Otsu, Shiga, Japan) according to the manufacturers’ protocols. For reverse
transcriptase polymerase chain reaction, cDNA was amplified using gene-specific
primer sets (Table 3) with EconoTag® 2x Master Mix (Lucigen, Middleton, WI,
USA). PCR products were identified using electrophoresis on 1.5 % agarose gels
containing RedSafe (Intron, South Korea). Quantitative real-time PCR was
performed in triplicate on Light Cycler 480 (Roche Diagnostics, Indianapolis, IN,
USA) using Light Cycler® SYBR Green | Master (Roche), and data were analyzed
on the basis of threshold cycle values of each sample and normalized with beta-actin.

Primer sets used in real-time PCR was shown in Table 4.

8. Western blotting and RTK array

Cells were collected with RIPA lysis buffer (50 mM Tris-HCI pH7.4, 150
mM NacCl, 1% NP-40, 0.25% sodium deoxycholate, 1 mM EDTA), containing 1 mM
NazVOs, 100 mM NaF, 10 mM NaPP, and protease inhibitor cocktail (Roche).
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Protein lysates were recovered by centrifugation at 13000 rpm at 4 °C, and then
protein concentrations were determined by the BCA assay kit (Thermo Scientific,
Rockford, IL, USA). Proteins were separated by SDS-PAGE and transferred to
PVDF membranes (Bio-Rad, Hercules, CA, USA). The membranes were incubated
with primary antibodies against IGF-1, IGF-2, IGF-1R, IGF-2R, actin, IR (Santa
Cruz Biotech., Santa Cruz, CA, USA), tubulin, STAT3, phospho-STAT3 (Y705)
(Cell signaling technology, Denvers, MA, USA), FAK (BD), and phosphor-FAK
(Y397) (Millipore, Billerica, MA, USA). After removing the primary antibody,
membranes were incubated with HRP-conjugated secondary antibodies. The signals
were visualized using SuperSignal West Femto Chemiluminsecent Substrate
(Thermo Scientific). For RTK signaling array, H1299 cells were treated with 25
ug/ml cixutumumab for 6 days followed by assay using PathScan ® RTK signaling
antibody array kit (Cell signaling technology) according to the manufacturers’

protocols.

9. ELISA

ELISA was performed by coating 96-well plates with 1 mg per well of anti-
IL-8 (R&D systems). Before the subsequent steps in the assay, the coated plates were
washed twice with 1X PBS containing 0.05% Tween-20 (PBST). All reagents and
coated wells used in this assay were incubated for 2 h at room temperature.
Following exposure to the medium, the assay plates were exposed sequentially to
each of the biotin-conjugated secondary antibodies, as well as AP and ABTS
substrate solution containing 30% H,O,. The plates were read at an absorbance of
405 nm. Appropriate specificity controls were included, and all samples were run in

duplicate.
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10. Plasmids and luciferase assay

pGL3-1GF-2 promoter reporter plasmids (P3) were kindly provided by Dr.
P. Elly Holthuizen (Utrecht University, Utrecth, The Netherlands). IGF-2 promoter
4 region was inserted into the Xho I-Hind 11 restriction site of the pGL3 basic
reporter vector (Promega). pRL-Tk renilla reporter plasmid was purchased from
promega. Cells pretreated with cixutumumab for 6 days were seeded into 24 wells
the transfected with each reporter vectors and pRL-Tk vectors. 48 h after transfection,
luciferase activity was measured using Dual-Glo Luciferase Assay System
(Promega). Transfection efficiency was determined by normalizing the reporter

activity with Renilla luciferase activity.

11. Cell proliferation/viability assay

8 x 10° cells were seeded into 24-well dishes, and cell numbers were
assessed using a hemocytometer on days 2, 4, and 6. Four replicate wells were used
for each analysis. For cell viability assay, cells were seeded into 96-well dish and
treated with cixutumumab (25 pg/ml) for various time. Viability of THP-1 cells were
measured by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy phenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS) assay. Viability of other cells were measured by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The

data are presented as the means + SD compared with the control group.

12. Statistical analysis

26



Statistical comparisons between two groups were performed with unpaired
Student’s t-test, and two-sided P-value of less than 0.05 was considered statistically
significant. For survival curve analysis, two-tailed p values were calculated using the

Mantel-Cox log-rank test.
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Target Sense Antisense

Negative control # ~ UUCUCCGAACGUGUC ACGUGACACGUUCGG

ACGUTT AGAATT

CXCL 8#1 GAAGAGGGCUGAGA  UGAAUUCUCAGCCCUC
AUUCATT UUCTT

CXCL8 #2 GCCAGAUGCAAUACA AUCUUGUAUUGCAUC
AGAUTT UGGCTT

Table 2. Sequence for siRNA.
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Target Sense Antisense

ABCCl1 AGCCGGTGAAGGTTGTG TGACGAAGCAGATGTGGAA
TAC G

ABCG2 GCAGATGCCTTCTTCGTT TCTTCGCCAGTACATGTTGC
ATG

Actin ACTACCTCATGAAGATC  GATCCACATCTGCTGGAA

E-Cadherin GGCCAGCCATGGGCCCT CACCTTCAGCCAACCTGTT
TGG T

ESA GCTCGTGTGTGAACACT ACGCGTTGTGATCTCCTTCT
GCT

IGF-1 TGCTCACCTTCACCAGC GTGTGGCGCTGGGCAGGG
TCTGCCA ACAGA

IGF-1R TGGGCCAAGAGTGAGAT GTATTCAGCCTCCTCCTTC
C

IGF-2 TCGTGCTGCATTGCTGCT GCTCACTTCCGATTGCTGG
TACCG CCAT

IGF-2R AGAAGCCTTAATTTGCA TGCTTCTCAGCAATAGAAC
CAG A

IR AACCAGAGTGAGTATGA CCGTTCCAGAGCGAAGTGC
GGAT TT

MCP-1 GAGATCTGTGCTGACCC GACCCTCAAACATCCCAGG
CAA

MMP-1 ATTCTACTGATATCGGGG ATGTCCTTGGGGTATCCGTG
CTTTGA TAG

N-Cadherin GAATCGTGTCTCAGGCT GTAACACTTGAGGGGCATT
CCAAG GTC

Slug GAGCATACAGCCCCATC GCAGTGAGGGCAAGAAAA
ACT AG

Snail GCGAGCTGCAGGACTCT TCCAAG
AAT GAAGAGGCTGAAGTA

TGF-bl GGACTATCCACCTGCAA CGGAGCTCTGATGTGTTGA
GAC A

VEGF CTACCTCCACCATGCCA  TCTCTCCTATGTGCTGGCCT
AT

VEGFR-2 TATAGATGGTGTAACCCG TTTGTCACTGAGACAGCTT
GA GG

Vimentin CTTCGCCAACTACATCG  GCTTCAACGGCAAAGTTCT
ACA C

Table 3. Primers for RT-PCR.
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Target

sense

antisense

CXCL2

CXCLS8

IL-10
IL-11

IL-12

IL-13

IL-18

IL-1b

IL-2

IL-6

MCSF

SDF-1

VEGF

Actin

CGCCCAAACCGAAGTCATA
G
ACTGAGAGTGATTGAGAGT
GGAC
GAACCAAGACCCAGACATC
GGACTGCTGCTGCTGCTGA
AG
TCGGCAGGTGGAGGTCAGC

AACATCACCCAGAACCAGA
AG
CCTCCTGGCTGCCAACTCT

TGATGGCTTATTACAGTGGC
AATG
CAAGAATCCCAAACTCACC
AG
GTGTTGCCTGCTGCCTTC

TTGGGAGTGGACACCTGCA
GTCT
CCGCGCTCTGCCTCAGCGA
CGGGAAG
CCTGGTGGACATCTTCCAG
GAGTACC
GCGAGAAGATGACCCAGAT
C

AGACAAGCTTTCTGCCCA
TTCT
AACCCTCTGCACCCAGTT
TTC
CATTCTTCACCTGCTCCAC
CACGGAAGGACTGTCTCT
AAC
CGCAGAATGTCAGGGGAA
GTAGG
CAGAATCCGCTCAGCATC
C
GAAGCGATCTGGAAGGTC
TGAG
GTAGTGGTGGTGGGAGAT
TCG
CGTTGATATTGCTGATTAA
GTCC
AGTGCCTCTTTGCTGCTTT
C
CCTTGGTGAAGCAGCTCT
TCAGCC
CCTGTTTAAAGCTTTCTCC
AGGTACT
GAAGCTCATCTCTCCTATG
TGCTGGC
GGATAGCACAGCCTGGAT
AG

Table 4. Primers for real-time PCR.
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V. RESULTS

31



1. Increased cancer metastasis after blockade of IGF-

1R.

Therapeutic efficacy of anti IGF-1R mAbs has been evaluated in various
types of cancers including breast cancer, NSCLC, and HNSCC [44, 45, 78-80]. To
estimate the response of tumor to an IGF-1R blockade, I treated a fully human 1gG1
mADb (cixutumumab) to immune-deficient mice bearing orthotopic tumors of
representative human cell lines with luciferase (Luc) expression for breast cancer,

NSCLC, and HNSCC.

1.1. Increased metastasis after anti IGF-1R mAb treatment in orthotopic breast
cancer model

Cixutumumab treatment significantly inhibited tumor growth of MDA231-
Luc tumor bearing nude mice in the first group over the 4 weeks when compared
with vehicle-treated control group (Figure 5). At time of sacrifice, no detectable
metastatic tumor nodules were observed. Next, | evaluated the persistence of the
anti-proliferative effect of the cixutumumab treatment in the second group of
NOD/SCID mice bearing MDA231-Luc tumor. 7 weeks after the cixutumumab
treatment, bioluminescence imaging analysis surprisingly revealed metastatic
tumors (Figure 6). When the primary tumors were surgically removed, more clear
bioluminescence signal in the lung was observed (Figure 6). IHC analysis of the
lungs using anti-luciferase and anti-human mitochondria protein antibodies further
confirmed that tumors in this tissue were metastatic tumors originated from the
orthotopically injected MDA231-Luc cells (Figure 7). Microscopic analysis of
hematoxylin and eosin (H&E) stained lung tissue revealed that cixutumumab-treated

group showed a 100% metastatic lung tumor incidence with greater level of
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multiplicity and volume (Table 5). There were no detectable metastatic tumor

nodules in other organs.
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Figure 5. Effects of cixutumumab on primary tumor growth in orthotopic
breast tumor models.

MDAZ231-Luc cells were injected into mammary fat pad of Balb/c nude mice (n=9
per group) and the mice were treated with cixutumumab (10 mg/kg, intraperitoneally,
once weekly). Tumor volumes were measured over 4 weeks of drug treatment. Data
are presented as the mean tumor volume + S.D. *P<0.05 and **P<0.01 by two-sided

Student’s t-test. Cixu, cixutumumab; Con, control.
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Figure 6. Effects of cixutumumab on tumor metastasis in orthotopic breast
tumor models.

MDAZ231-Luc cells were injected into mammary fat pad of NOD/SCID mice (n=5
per group) and the mice were treated with cixutumumab (10 mg/kg, intraperitoneally,
once weekly) for 7 weeks. Top: experimental schedule. Middle: representative

bioluminescence images visualizing the tumor cells on week 0 and week 7. Bottom:

35

A& gk



bioluminescence images of a representative mouse in each group after killing. White
arrows indicate luciferase signal of metastatic tumors. Cixu, cixutumumab; Con,

control.
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Figure 7. IHC analysis of metastatic lung tumors in orthotopic breast tumor
models.

Representative images of excised lungs are presented to confirm the presence of
metastasis by anti-luciferase and anti-human mitochondria protein immunostaining.
White arrows indicate luciferase signal of metastatic tumors. Cixu, cixutumumab;

Con, control.
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Mouse Lung nodules Volume (mm?3)
1 0 0
2 92.71
Con 3 0 0
4 0 0
5 0 0
1 2 34.79
2 10 30.64
Cixu 3 15.57
4 1 36.4
5 8 4.69

Table 5. Microscopic analysis of metastatic tumors in MDA tumor bearing mice.

The number and volume of metastatic lung nodules of group 2 mice were scored.

Cixu, cixutumumab; Con, control.
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1.2. Response to anti IGF-1R mADb in lung cancer models

Next, | evaluated the response to cixutumumab in lung cancer model using
human NSCLC cell line, H1299 cells. In mouse model with H1299-xenografted
tumors, treatment of cixutumumab significantly reduced survival rate when
compared to vehicle-treated mice (Figure 8). As increased metastatic tumor was
observed in breast cancer model, | performed bioluminescence imaging analysis in
vehicle or drug-treated mice for 4 weeks to monitor tumor metastasis in this model.
While bioluminescence images clearly showed primary lung tumor, metastatic tumor
could not be seen in other organ. Ex vivo bioluminescence image revealed spleen
metastasis in cixutumumab-treated group. IHC using anti-human mitochondria
protein antibody also confirmed that this metastatic tumors were derived from
inoculated cancer cells (Figure. 9). Therefore, anti-IGF-1R mAb treatment induced

metastatic tumors and decreased survival of tumor-bearing mice.
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Figure 8. Survival of cixutumumab-treated mouse bearing xenografted tumors.
H1299-Luc tumor-bearing mice were treated with cixutumumab (10 mg/kg,
intraperitoneally, once weekly) and monitored for survival analyses. Survival graph
showed decreased survival of mice with cixutumumab treatment. P=0.045 by two-
sided Mantel-Cox log-rank test. Solid line indicates percent survival; dashed line

indicates 95 % confidence intervals. Cixu, cixutumumab; Con, control.
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Figure 9. Response to cixutumumab in orthotopic lung tumor models.

(Left) Representative bioluminescence images 28 days after the treatment
visualizing the metastatic tumor burden in the spleen. (Right) Representative images
of excised spleen are presented to confirm metastatic tumors using anti-human

mitochondria immunostaining. Cixu, cixutumumab; Con, control.
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1.3. Increased metastasis after cixutumumab treatment in orthotopic HNSCC
tumor models

Next, | evaluated the response to anti-IGF-1R mAb in HNSCC tumor
models. Cixutumumab treatment also decreased survival of mice bearing 686LN
orthotopic tumors (Figure 10), but other mice bearing the same tumor in a different
group showed a significant decrease in tumor growth rate after the cixutumumab
treatment (Figure 1la, b). It was consistent that cixutumumab decreased primary
tumor growth shown in orthotopic breast tumor models. Then, metastatic phenotype
was evaluated in a second group in which the primary orthotopic tumors were
surgically removed after 2 weeks treatment of cixutumumab (Figure 12a).
Consistently with previous findings, bioluminescence images (Figure 12b) and IHC
(Figure 12c) analyses revealed spleen metastasis in these mice at 5 weeks after the
tumor resection. Unlike drug-treated group, control mice showed no metastases in
any organs. Collectively, anti-IGF-1R mAb accelerated tumor progression in

immune deficient mice bearing tumors and this was not limited to specific cancer

types.
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Figure 10. Survival of cixutumumab-treated mouse bearing tongue tumors.

686LN-Luc cells were orthotopically injected into NOD/SCID (for monitring
survival analysis) or Balb/c nude mice (for bioluminescence imaging, n=8 per group)
and the mice were treated with cixutumumab (10 mg/kg, intraperitoneally, once
weekly). Left: experimental schedule. Right: survival graph with decreased survival
of mice with cixutumumab treatment. P<0.0001 by two-sided Mantel-Cox log-rank

test. Solid line indicates percent survival; dashed line indicates 95% confidence

intervals.
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Figure 11. Effects of IGF-1R blockade to survival and tumor growth in HNSCC
mouse models.

(a) Representative bioluminescence images visualizing the tumors. (b) Total photon
flux of primary tumor region was quantified. Data are presented as mean relative
unit of photons per second + S.D. *P<0.05 by two-sided Stuent’s t-test. Cixu,

cixutumumab; Con, control.
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Figure 12. Effects of IGF-1R blockade to metastasis in HNSCC mouse models.
(a) Two weeks after cixutumumab treatment (10 mg/kg, intraperitoneally, once
weekly) of 686LN-Luc tumor-bearing Balb/c nude mice (n=10 per group), the
primary tumors were surgically removed. (b) Representative bioluminescence
images visualizing the tumors are shown. (c) Excised spleen was immunostained
with anti-luciferase antibody to confirm the metastatic tumors derived from 686LN-

Luc cells. Cixu, cixutumumab; Con, control.
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1.4. Increased metastasis by cixutumumab treatment in humanized mice with
orthotopic breast tumors models

Nude or NOD/SCID mice are immune-compromised and do not represent
clinical patients’ condition, thus immune-competent hosts may not show the same
results which are observed from previous animal experiments (Figures 5-12). To
mimic clinical patients’ condition, | evaluated the efficacy of cixutumumab in
NOD/SCID/JAK3 null mice reconstituted with human-acquired lymphoid system.
The reconstitution of human lymphoid system was accomplished by transplantation
of human CD34 positive hematopoietic stem cells purified from human cord blood
as described previously [77]. Flow cytometry analysis in the peripheral blood cells
collected at 4 weeks after transplantation and in the splenocytes collected at the time
of killing confirmed the presence of human CD45+ leukocytes (Figure 13). For the
orthotopic breast tumor models, MDA231-Luc cells were injected into mammary fat
pad of humanized mice and treated with cixutumumab. As with the findings in the
immune-compromised mice, bioluminescence imaging and IHC analyses showed
lung and lymph node metastasis in cixutumumab-treated group (Figure 14).
Therefore, increased metastasis upon cixutumumab treatment was also reproduced
in lung tumor models with human lymphoid system. This implies that progression
of tumors in anti-IGF-1R mAb-treated mice has no relevance to anti-tumor immunity
from interaction between antigen presenting cells and cytotoxic T cells. These results
also mirror the low clinical efficacies of anti-IGF-1R drugs [41]. As cixutumumab
showed inhibitory effects of tumor growth in NSCLC and HNSCC models,

decreased survival seems to come from the increased metastasis.
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Figure 13. Reconstitution of human lymphoid system in humanized mice.

(Top) 4 weeks after the transplantation with human CD34 positive hematopoietic
stem cells, peripheral blood was collected and the presence of human CD45 positive
leukocytes was analyzed by flow cytometry. (a, Bottom) At the time of sacrifice,
single cells were isolated from the spleen of each mouse and analyzed by flow

cytometry.
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Figure 14. Increased cancer metastasis by cixutumumab in mice with human

leukocytes.
MDAZ231-Luc cells were orthotopically injected into NOD/SCID/JAK3null mice

with acquired human immune system (n=2 per group) and the mice tissues and anti-
luciferase immunostaining images of excised lung. Scale bar, 50 um; x 400

magnification. White arrows indicate luciferase signal of metastatic tumors. Cixu,

cixutumumab; Con, control.
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2. Alteration of TME under the IGF-1R blockade.

2.1. IGF-1R blockade does not induce aggressive phenotype of cancer cells in
vitro.

To find out the mechanisms of increased tumor metastasis upon
cixutumumab treatment, | first hypothesized that this effect was mediated by the
induction of aggressive phenotype of cancer cells itself upon IGF-1R blockade. To
prove this hypothesis, | treated cancer cells which were used in previous mouse
models with cixutumumab and evaluate its effect on cell proliferation and migration
abilities. Cixutumumab treatment of cancer cells in vitro completely abolished the
IGF-1R expression (Figure 15, top) without any effects on cell proliferation (Figure
15, bottom). Treatment of cixutumumab for short term (6 days) or long term (24 days)
did not induce significant changes on migration (Figure 16a) and expression of MMP
genes which were known to be involved in the metastasis (MMP-2 and MMP-9; Fig.
16b) of cancer cells. It is well reported that the epithelial-mesenchymal transition
(EMT) contributes to cancer cell metastasis and the emergence of drug resistance
[81-85]. However, 6 and 24 days cixutumumab treatment failed to induce consistent
changes in various EMT and stemness markers (E-cadherin, N-cadherin, vimentin,
snail, slug, TGF-B, ABCC1, ABCG2 and ESA) in H1299 and MDA231 cells (Figure
17). Therefore, enhanced cancer metastasis by cixutumumab may not arise from

change of cancer cells’ aggressiveness upon IGF-1R blockade.
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Figure 15. Proliferation of cancer cells under the cixutumumab treatment.

(a, Top) Each cancer cells were treated with cixutumumab for six days, and protein
expression of IGF-1R was examined by Western blotting. (a, Bottom) Cell numbers
were counted on 2, 4, 6 days treatment of cixutumumab. Value indicate the mean +

S.D.
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Figure 16. Migration of cancer cells under the cixutumumab treatment.

(a) Migration assay using transwell. Cancer cells were treated with cixutumumab for
6 or 24 days and seeded in the upper well and incubated in conditioned media from
NIH3T3 cells for 16-20 h. Each bar represents the mean relative unit (RU) + S.D of
three identical wells of a single representative experiment. (b)) mRNA levels of
MMP-2 and MMP-9 in cixutumumab treated cancer cells were analyzed by real-time

PCR. Cixu, cixutumumab (25 pg/ml); Con, control.
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Figure 17. Cixutumumab-induced transcriptional changes of EMT and cancer
stemnesss markers.

H1299 and MDAZ231 cells were treated with cixutumumab for 6 or 24 days, and the
expression of each marker genes was determined by real-time PCR. Each bar
represents the mean relative unit (RU) + S.D of three identical wells of a single
representative experiment. *P<0.05, **P<0.01, and ***P<0.001 by two-sided

Student’s t-test. Cixu, cixutumumab (25 pg/ml); Con, control.
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2.2. The IGF-1R blockade alters infiltration of stromal cells into tumors.

For the failure of cixutumumab in inducing direct changes on cancer cells’
phenotypes, it was hypothesized that IGF-1R blockade may alter the TME to tumor-
promoting environment. Contribution of stromal cells, including TAM, CAF,
endothelial cells, and other stromal cells to cancer progression has been reported by
previous studies [63, 64, 86]. Therefore | analyzed the infiltration of each stromal
cells by IHC for each representative marker with primary tumor tissue from each
mouse model experiments. In the primary tumor tissue from mouse bearing
orthotopically injected MDA231 cells, cixutumumab treatment revealed increased
infiltration of VEGFR positive VE cells, CD45 positive leukocytes, F4/80 or Iba
positive macrophages and fibroblast specific protein 1 (FSP-1) positive cancer-
associated fibroblasts (Figure 18). Primary lung tumors from nude mice bearing
orthotopically injected H1299 cells also showed increased infiltration of
macrophages, VE cells, fibroblasts in drug treated group (Figure 19a), which means
infiltration of stromal cells is not cell-specific events. Moreover, humanized mice
which are closer to the patients’ condition showed similar enhanced infiltration of
each stromal cells by cixutumumab treatment (Figure 19b). These results implies

that cixutumumab induces infiltration of stromal cells, facilitating cancer metastasis.
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Figure 18. Effects of cixutumumab on stromal cell recruitment in MDA-Luc
orthotopic tumors.

Excised primary injected tumors from MDAZ231-Luc orthotopic tumor models were
immunostained with several antibodies to verify the recruitment of endothelial cells
(anti-VEGFR), leukocytes (anti-CD45), macrophages (anti-F4/80, anti-lba-1), and
fibroblasts (anti-FSP-1) in mammary fat pad. Each bar on the graph below indicates
the number of positive cells per field of view (FOV). *P < 0.05, **P < 0.01, and ***P

< 0.001 by two-sided Student's t-test. Cixu, cixutumumab; Con, control.
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Figure 19. Effects of cixutumumab on stromal cell recruitment in H1299-Luc
orthotopic tumors and MDA-humanized mouse tumors.

(a) Representative H&E staining and immunostaining images of excised primary
lung tumors from H1299 orthotopic tumor models. (b) Representative H&E staining
and immunostaining images of excised primary injected tumors from humanized
mouse model. Red arrows indicate stained cells. Scale bar: 100 pm for H&E staining,

50 um for immnunostaining, 400x magnification, Cixu: cixutumumab; Con: control.
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3. IGF-1R blockade stimulates tumor angiogenesis

through fibroblast and macrophages.

3.1. IGF-1R blockade fails to enhance angiogenic activity of VE cells.

As IGF-1R blockade induced tumor metastasis and increased infiltration of
VE cells, | hypothesized that cixutumumab stimulates tumor angiogenesis and
renders cancer metastasis. First, | evaluated the direct effect of cixutumumab by
treatment drug with VE cell line, HUVECs. However, IGF-1R blockade did not
stimulate the migration, tube formation and proliferation of HUVECs (Figure 20a,
b). Various genes involved in the angiogenesis (VEGF, VEGFR-1, bFGF, PDGF-A
and PDGF-B) of HUVECs remained unchanged after the drug treatment (Figure 20c).
Because IGF-1R blockade showed no effects on angiogenic ability of VE cells, |
next determined whether angiogenesis is stimulated by tumor secreted pro-
angiogenic factors [87, 88].

Indirect effects mediated by drug-treated cancer cells were examined by co-
culture system or treatment of conditioned media from cancer cells. However, co-
culture with drug-pretreated H1299 cells or conditioned media from those cells did
not affect migration ability of HUVECs (Figure 21a). Consistently, the gene
expression of the aforementioned angiogenic factors was not significantly increased
in the cixutumumab-treated cancer cells (Figure 21b). These results indicate that
neither autocrine production of VE cells nor direct communication between VE and

cancer cells appeared to cause the tumor angiogenesis.
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Figure 20. Direct effects of cixutumumab on HUVECs.

(a) Representative images of migration and tube formation assay of cixutumumab-
treated HUVECs. (b) MTT assay for viability of HUVECs upon cixutumumab
treatment. Each bar represents the mean + S.D of five identical wells of a single
representative experiment. (c) Real-time PCR analysis of angiogenic factors in
HUVECs treated with cixutumumab for six days. Bars indicate the mean relative
unit + S.D of three replicates of a single representative experiment. Bars indicate
the mean relative unit (RU) + S.D of three replicates of a single representative

experiment. Cixu: cixutumumab; Con: control.
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Figure 21. Effects of cixutumumab on angiogenesis-stimulating abilities of
cancer cells.

(a) HUVECs were seeded in the top chamber of the transwell insert and allowed to
migrate for 6 h. Left: cixutmumab-treated H1299 cells were seeded in the bottom
chambers of the transwell. Right: CM from cixutumumab-treated H1299 cells were
filled in the bottom chambers of the transwell. (b) Real-time PCR analysis of
angiogenic factors in indicated cancer cells treated with cixutumumab for 6 days.
Bars indicate the mean relative unit (RU) + S.D of three replicates of a single

representative experiment. Cixu: cixutumumab; Con: control.
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3.2. IGF-1R blockade of cancer cells stimulates fibroblasts and macrophages.

Increased infiltration of fibroblasts and macrophages was observed in the
primary tumor tissue treated with cixutumumab (Figure 18 and 19). As IGF-1R
blockade showed no effects on VE cells, analysis was then carried out on the effects
on these cells. First, | evaluated the direct effects of cixutumumab on proliferation
and migration of fibroblast cell line (Wi38) and monocyte cell line (THP-1). MTT
or MTS assay for each cell line revealed no significant effects on cell proliferation
of Wi38 and THP-1 cells (Figure 22a). Cixutumumab-treated Wi38 and THP-1 cells’
migration activities remained same in transwell migration assay (Figure 22b).

To analyze the indirect effects of cixutumumab mediated by cancer cells, |
co-cultured H1299 cells and Wi38 or THP-1 cells in transwell. As a results, Wi38
and THP-1 cells migrate toward cixutumumab-pretreated H1299 cells, whereas the
cixutumumab-pretreated stromal cells had a minimal impact on H1299 cell
migration (Figure 23a). CM from cixutumumab-treated cancer cells, including
H1299, MDA231 and 686LN cells also increased the migration of Wi38 and THP-1
cells compared with CM from untreated cancer cells (Figure 23b). To test whether
this effect is limited to pharmacological ablation of IGF-1R by mAbs, | treated CM
from H1299 cells with impaired expression of IGF-1R by shRNA and observed the
similar effects of CM from drug-treated cancer cells (Figure 23c). Thus, ablation of

IGF-1R in cancer cells affects migration of fibroblasts and monocytes.
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Figure 22. IGF-1R blockade in fibroblasts and monocytes does not affect
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o

proliferation and migration.

(a) MTT (Wi38) and MTS (THP-1) assays using cixutumumab-treated cells. Each
bar represents the mean + S.D of five identical wells of a single representative
experiment. (b) Indicated cells were treated with cixutumumab for 6 days, and
migration ability was determined by transwell migration assay. Left: Representative
images of the migration assay for each cell type. Right: Each bar represents the mean

relative unit (RU) + S.D of three identical wells of a single representative

experiment. Cixu: cixutumumab (25 pg/ml, six days for cell treatment); Con: control.
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Figure 23. IGF-1R impaired cancer cells enhance migration of fibroblasts and
monocytes.

(a) Co-culture of cancer cells and stromal cells. Left: Wi38 or THP-1 cells were
seeded in the top chamber of the transwell insert. Cixutumumab-treated H1299 cells
were seeded in the bottom chambers of the transwell. Indicated stromal cells were
allowed to migrate for 16-20 h. Right: H1299 cells were seeded in the top chamber
of the transwell insert. Cixutumumab-treated Wi38 or THP-1 cells were seeded in
the bottom chambers of the transwell. H1299 cells were allowed to migrate for 16 h.
(b) Wi38, MRC-5 and THP-1 cells were seeded in the top-chamber of the transwell
insert. The bottom chambers were filled with CM from cixutumumab-treated cancer
cells. Cells of upper wells were allowed to migrate for 16-20 h. (¢) The bottom
chambers were filled with CM from H1299 cells with reduced IGF-1R expression.
Wi38 cells were seeded in the top-chamber of the transwell insert and allowed to
migrate for 16 h. Each bar represents the mean relative unit (RU) +SD of three or
four identical wells of a single representative experiment. *P < 0.05, and **P < 0.01
by two-sided Student's t-test. Cixu: cixutumumab (25 pg/ml, six days for cell

treatment); Con: control.
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3.3. Interaction between cixutumumab-treated cancer cells and stromal cells
induced tumor angiogenesis.

From several co-culture assays, it was figured out that IGF-1R blocked
cancer cells induce migration of fibroblast and macrophages not the VE cells,
suggesting that the stromal cells recruited in the TME potentially could have
influenced VE cells. Indeed, Wi38 cells exposed to cixutumumab-treated cancer
cells significantly increased HUVECs’ migration and tube formation when compared
with vehicle-treated control cells (Figure 24).

I further confirmed this angiogenesis-stimulating effect of interaction
between cancer cells and stromal cells using isolated primary cells. Ly6G
negative/CD11b positive macrophages were isolated from tumors in nude mice
bearing 686LN tumors. This population highly express macrophage surface marker,
F4/80, compared to the Ly6G positive/CD11b positive populations (Figure 25).
When co-cultured with cixutumumab-pretreated mouse breast cancer cell line (4T1-
Luc) cells, migration of the primary macrophages increased (Figure 26a), and these
cells also enhanced migration of mouse endothelial cells, SVECs (Figure 26b). To
test the neutralizing effect of cixutumumab in mouse cells, | treated same dose of
drug with 4T1 cells and SVECs, showed degradation of IGF-1R of these cells
(Figure 26¢).

Collectively, these findings suggest that IGF-1R blockade can promote
communication between cancer and stromal cells, thereby promoting tumor
angiogenesis. Therefore, increased metastasis upon cixutumumab treatment in
mouse models can be explained by indirect stimulation of VE cells for angiogenesis
through the interaction between IGF-1R blocked cancer cells and

fibroblasts/macrophages.

63



H1299
(pretreated)

[t

¥ wizg

— HUVEC— HUVEC
CsrEcscace H

Wi38

w
)

wk

A% ]
1

Migration (RU)
Tube formation (RU)

o
1

OCon mECixu

Figure 24. Cancer cells and fibroblasts communication stimulates VE cells.

Cixutumumab-treated H1299 cells were co-cultured with Wi38 cells in the transwell
for 24 h. Left: HUVECSs were seeded in the new top-chamber and allowed to migrate
for 6 h. Right: HUVECs were seeded onto a Matrigel-coated 96 well plate, and
incubated with CM from Wi38 cells for 10 h. Each bar represents the mean relative
unit (RU) £SD of three or four identical wells of a single representative experiment.
**P < 0.01, and ***P < 0.001 by two-sided Student's t-test. Cixu: cixutumumab (25

pg/ml, six days for cell treatment); Con: control.
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Figure 25. Isolation of primary macrophages from mouse tumor tissue.

Gating strategy of isolation of macrophages from 686LN tumor-bearing mice. Top:
CD11b positive population after the MACS separation using microbeads were
further sorted using flow cytometry for granulocyte marker (Ly6G) and macrophage
marker (F4/80). Ly6G negative/CD11b positive cells showed increased macrophage
population compared to the Ly6G positive/CD11b positive cells. Bottom: After
sorting the Ly6G negative/CD11b positive cells, the purity was analyzed at the same
condition and confirmed high purity consistent macrophage population. Numbers in
the dot plot indicates percentage of the gated population. MFI: mean fluorescence

intensity.
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Figure 26. Increased angiogenesis by interaction between IGF-1R blocked
cancer cells and isolated primary macrophages.

(a) Cixutumumab-treated 4T1-Luc cells were seeded in the bottom chambers of the
transwell and primary macrophages were incubated in the top chamber of the
transwell for 24 h. (b) Primary macrophages were co-cultured with cixutumumab-
treated 4T1-Luc cells for 24 h. SVECs were seeded in the new top chamber and
allowed to migrate for 6 h. (c) The 4T1 and SVEC cells were treated with
cixutumumab for one, two and three days, and IGF-1R protein levels were
determined by Western blotting. Each bar represents the mean relative unit (RU)
+SD of three or four identical wells of a single representative experiment. **P < 0.01,
and ***P < 0.001 by two-sided Student's t-test. Cixu: cixutumumab (25 pg/ml, six

days for cell treatment); Con: control.
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4. Cancer interacts with stromal cells through IGF-

2[1GF-2R pathway.

Next, I investigated the factors involved in cixutumumab-induced stromal
cell recruitment. | hypothesized that the IGF axis could have contributed to the
stromal cell recruitment, based on previous findings including: (1) signaling bypass
through the IR in intrinsic/adaptive resistance to anti-IGF-1R therapies [46, 47], (2)
counterbalance of the antiangiogenic effects of IGF-1R inhibitors via IGF-2
production [89] and (3) IGF-induced integrin-Src signalling module as a resistance
mechanism against anti-IGF-1R monoclonal antibody-based anticancer therapies

[49].

4.1. IGF-1R blockade activates transcription of IGF-2 in cancer cells.

To evaluate the relevance of IGF axis in resistance to anti-IGF-1R mADbs, |
evaluated the mRNA expression of IGF-1, IGF-2, IGF-1R and IR under the
cixutumumab treatment in cancer and stromal cell lines. Real-time PCR analysis
revealed that increased IGF-2 transcription by cixutumumab treatment in cancer
cells (Figure 27). Consistent protein levels of IGF-1, IR, and IGF-1R were also
confirmed by western blotting in both cancer cells and stromal cell lines (Figure 28).
As IGF-2 is a secreted growth factor, increased protein level of IGF-2 by
cixutumumab was evaluated by western blotting of CM from cancer cells (Figure
29a). To visualize the increased production of IGF-2 upon IGF-1R blockade,
cixutumumab treated cancer cells were immunofluorescence stained and confirmed
increased expression of IGF-2 in cytosol area (Figure 29b). There are four promoter
regions on IGF-2 gene and it has been reported that P3 and P4 driven IGF-2 mRNA

level is increased in many human tumors [90, 91]. Luciferase assay also showed
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greater levels of activity of IGF-2 promoters in the cixtumumab-treated cells than in
vehicle-treated cells (Figure 30). Furthermore, IGF-1R shRNA-transfected H1299
cells also showed transcriptional increase in IGF-2 expression (Figure 31a). Further
increase in IGF-2 secretion in cellular media was also confirmed by western blotting
(Figure 31b). These data confirmed increased transcription of IGF-2 in
cixutumumab-treated cancer cells, indicating that IGF-2 can be an important

mediator of interaction with stromal cells.
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Figure 27. mRNA expression of ligand and receptor for IGF axis upon
cixutumumab treatment.

Indicated cancer cells and stromal cells were treated with cixutumumab for six days
(25 pg/ml) and expression of ligands and receptors of the IGF axis were determined
by real-time PCR. Each bar represents the mean relative unit (RU) £SD of three
independent experiments. *P<0.05, **P < 0.01, and ***P < 0.001 by two-sided

Student's t-test. Cixu: cixutumumab; Con: control.
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Figure 28. Protein expression of IGF-1R, IR and IGF-1 upon cixutumumab

treatment.

Indicated cancer cells and stromal cells were treated with cixutumumab for six days
(25 pg/mi) and western blotting for protein expression of IGF-1R, IR and IGF-1 was
performed from cell lysates. Each graph below blots shows densitometric analysis
quantifying the expression levels of the indicated proteins. Each bar represents the
mean relative unit (RU) £SD of three independent experiments. ***P < 0.001 by

two-sided Student's t-test. Cixu: cixutumumab; Con: control.
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Figure 29. Increased IGF-2 production of cixutumumab-treated cancer cells.

(a) CM from cixutumumab-treated cancer cells were analyzed by Western blotting
to confirm IGF-2 secretion during cixutumumab treatment. Lower blots present
Coomassie Blue staining as a loading control. Graph below shows densitometric
analysis of three independent Western blot assays. (b) IGF-2 immunofluorescence
staining in cixutumumab-treated MDA231 cells (Scale bar: 10 pum 400x
magnification). *P<0.05 and ***P < 0.001 by two-sided Student's t-test. Cixu:

cixutumumab (25 pg/ml, six days); Con: control.
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Figure 30. IGF-2 promoter activities of IGF-1R blocked cancer cells.

Indicated cells were treated with cixutumumab for six days (25 pg/ml), and each
promoter activity was determined by luciferase assay. Left: P3 promoter, Right: P4
promoter. The values indicate the mean relative luciferase unit (RLU) +SD. *P<0.05

and **P < 0.01 by two-sided Student's t-test. Cixu: cixutumumab; Con: control.
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Figure 31. Expression of IGF-2 in shRNA-mediated IGF-1R knockdowned
cancer cells.

(a) IGF-1R expression was stably reduced by shRNA in H1299 cells, and the
expression of IGF-2 and IGF-1R was determined by real-time PCR (b) IGF-1R
knockdowned cancer cell lysates were analyzed from IGF-1R expression and their
CM was also analyzed for IGF-2 expression by western blotting. **P < 0.01 by two-

sided Student's t-test. Sc: scramble.
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4.2. IGF-2 delivers signal to stromal cells through IGF-2R.

While IGF-2 production from cixutumumab-treated cancer cells increased,
HUVECs showed modest increase (Figure 27) and its mRNA level was not
detectable in Wi38, MRCS5 and THP-1 cells (Figure 32). Interestingly, stromal cells
(Wi38, MRC5 and THP-1) that were directly recruited by drug treated cancer cells
exhibited prominent IGF-2R expression when compared with HUVECs (Figure 32).
Considering that cixutumumab-treated cancer cells failed to stimulate HUVECs
(Figure 21), IGF-2R can be a receptor for signals from drug treated cancer cells.

| therefore assessed the role of IGF-2 and IGF-2R in cancer-stroma
communication. | established IGF-2 stable knockdown H1299 cell lines using
shRNA (Figure 33a) and analyzed the effect of IGF-1R blockade on their
proliferation. Cell counting assay revealed that cixutumumab treatment induced a
minimal change on the proliferation of IGF-2 knockdown H1299 cells (Figure 33b).
In stable knockdown cells, IGF-2 transcription was not increased by cixutumumab
as expectedly (Figure 34a). CM from the H1299 cells with IGF-2 knockdown was
significantly less effective at inducing Wi38 and THP-1 migration than the CM from
the vehicle-treated cells (Figure 34b). These results imply that increased IGF-2 upon
IGF-1R blockade does not show autocrine effect of cancer cell proliferation, but
affect recruitment of fibroblasts and monocytes.

Next, | established IGF-2R stable knockdown Wi38 and THP-1 cells to
evaluate the role of IGF-2R in communication between cancer and stromal cells
(Figure 35a). shRNA-induced knockdown of IGF-2R expression significantly
suppressed the migration of Wi38 and THP-1 cells under treatment of CM from IGF-
1R blocked cancer cells (Figure 35b). Therefore, these findings indicate that
intercellular IGF-2/IGF-2R interactions mediate the recruitment of stromal cells by

cancer cells during IGF-1R blockade.
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Figure 32. Expression of ligand and receptors in stromal cells.
IGF-1, IGF-2, IR, IGF-1R, and IGF-2R levels in indicated cell lines were compared
by RT-PCR and western blotting.

75



EV
shiGF2 #1
shiGF2 #2

kDa
— 25

IGF-2 | "

Tubulin |[— —— — |_ 4

—*-Con “*Cixu

— EV - shiGF-2 #1 - shIGF-2 #2

S 80 & 60 S 80

ted > >

%- 80 E 40 E 60

o 40 o o 40

£ % € 2 € 2

| = [ = =

= 0 = 0 = 0

S o 2 4 6 § o 2 4 8 8§ 0o 2 4 s
Days after treatment Days after treatment Days after treatment

Figure 33. Proliferation of IGF-2 knockdown cells upon cixutumumab
treatment.

(a) IGF-2 knock-down was confirmed by western blotting. (b) Cell proliferation
assay in empty vector (EV) or shiGF-2-transfected H1299 cells treated with

cixutumumab (25 pg/ml). EV: empty vector; Cixu: cixutumumab; Con: control.
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Figure 34. Role of IGF-2 in mediating communication between cancer cells and
stromla cells.

(a) Empty vector (EV) or shlGF-2 transfected stable cells were treated with
cixutumumab and expression of IGF-2 was determined by RT-PCR. (b) Wi38 or
THP-1 cells were seeded in the top-chamber of the transwell insert. The bottom
chambers were filled with CM from cixutumumab-treated H1299 cells transfected
with empty vector or shiGF-2. Wi38 or THP-1 cells were allowed to migrate for 16-
20 h. *P < 0.05 and **P < 0.01 by two-sided Student's t-test. RU: relative unit; EV:
empty vector; Cixu: cixutumumab (25 pug/ml, six days for cell treatment); Con:

control; CB: Coomassie blue staining.
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Figure 35. Role IGF-2R in mediating interaction between cancer and stromal
cells.

(a) IGF-2R expression was stably reduced by shRNA in Wi38 and THP-1 cells as
demonstrated by Western blotting (Left) and densitometric analysis (Right). (b) IGF-
2R knockdown Wi38 or THP-1 cells were seeded in the top-chamber of the transwell
insert. The bottom chambers were filled with CM from cixutumumab-treated H1299
cells. Wi38 or THP-1 cells were allowed to migrate for 16-20 h. *P < 0.05 and **P
< 0.01 by two-sided Student's t-test. RU: relative unit; EV: empty vector; Cixu:

cixutumumab (25 pg/ml, six days for cell treatment); Con: control.

78



5. Ablation of IGF-1R increases IGF-2 transcription
via STATS3 activation.

5.1. IGF-1R blockade induces STAT3 phosphorylation in cancer cells.

I investigated the mechanisms that mediate the cixutumumab-induced IGF-
2 transcription. By using a human phospho-receptor tyrosine kinases (RTKS)
signaling array Kkit, it was shown that there was a markedly increased STAT3
phosphorylation at tyrosine 705 residue in cixutumumab-treated H1299 cells when
compared with the control cells (Figure 36a). Increased phosphorylation of STAT3
upon cixutumumab treatment was also confirmed in MDA and 686LN cells by
western blotting (Figure 36b). Consistently, sShRNA-mediated IGF-1R knockdown
in H1299 cells also induced increase in STAT3 phosphorylation at the same residue
(Figure 37), thus indicating that IGF-1R blockade-induced STAT3 phosphorylation
is not limited to anti-IGF-1R mADs.

As STAT3 signaling pathway was reported to regulate IGF-2 gene
transcription in myoblast [92], | determined the role of STAT3 in induction of IGF-
2 by IGF-1R blockade by establishment of STAT3 stable knockdown cell lines
(Figure 38a). In STAT3 stable knockdown cells, IGF-2 promoter activities were not
increased upon cixutumumab treatment (Figure 38b). Moreover, western blot and
RT-PCR analyses revealed that cixutumumab-induced IGF-2 expression were
abrogated in H1299 cells in which STAT3 expression had been silenced by shRNA
transfection (Figure 39). It has been reported that integrin/Src signaling is activated
by cixutumumab [49], and Src activates STAT3 [93], therefore STAT3 activation
during the cixutumumab treatment could have been mediated by integrin/Src
signaling. Western blotting revealed that FAK was phosphorylated at tyrosine 397 in
IGF-1R ablated cancer cells (Figure 40).
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Figure 36. Cixutumumab-induced phosphorylation of STAT3 in cancer cells.

(a) Protein lysates from cixutumumab-treated H1299 cells were incubated with
phospho-RTK arrays. Spots are in duplicate, with each pair corresponding to a
specific phospho-RTK. The pair spots in the corners are positive controls. (b) STAT3
phosphorylation was analyzed by western blotting in cixutumumab-treated (25
ug/ml, six days) H1299, MDA231 and 686LN cell lines. Cixu: cixutumumab; Con:

control.
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Figure 37. Loss of IGF-1R expression by sShRNA increases phosphorylation of

STATS.
Expression of IGF-1R in H1299 cells were knocked down by shRNA, and

phosphorylation of STAT3 was determined by western blotting. Con: control.
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Figure 38. STAT3 regulates IGF-2 promoter activity in response to IGF-1R
blockade.

(a) Knockdown of STAT3 in H1299 cells were confirmed by western blotting. (b)
Luciferase assay for IGF-2 promoter activity. Left: P3 promoter. Right: P4 promoter.
Each bar represents the mean relative luciferase unit (RLU) +SD of four identical
wells of a single representative experiment. **P < 0.01 and ***P < 0.001 by two-

sided Student's t-test. Cixu: cixutumumab (25 pg/ml, six days); Con: control.
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Figure 39. Transcriptional regulation of IGF-2 by STAT3 in response to IGF-
1R blockade.

The effect of cixutumumab on IGF-2 expression in H1299 cells with reduced STAT3
expression was determined by RT-PCR and Western blotting. Cixu: cixutumumab

(25 pg/ml, six days); Con: control.
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Figure 40. Phosphorylation of FAK by IGF-1R blockade.

(a) H1299 and MDAZ231 cells were treated with cixutumumab (25 pg/ml, six days)
and phosphorylation of FAK was determined. (b) IGF-1R expression was decreased
by shRNA transfection and increase in FAK phosphorylation was determined by

western blotting. Cixu: cixutumumab (25 pg/ml, six days); Con: control.
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5.2. STAT3 knockdown inhibits interaction between cancer and stromal cells.

To evaluate the knockdown of STAT3 on cellular behaviors, | performed
several co-culture experiments and animal studies. H1299 cells with reduced STAT3
expression revealed a significantly decreased ability to recruit Wi38 cells (Figure
41a) and to mediate Wi38 cells’ stimulation of HUVEC migration and tube formation
(Figure 41b) on cixutumumab treatment.

| further established orthotopic breast cancer model with STAT3 knocked-
down MDA231 cells. In cixutumumab-treated mice, STAT3 knockdown tumor
showed decrease in mMRNA and protein expression of IGF-2 (Figure 42), supporting
STAT3-mediated IGF-2 transcription under IGF-1R blockade. To analyze the effect
of STAT3 expression on recruitment of stromal cells, primary tumor tissues were
immunofluorescence stained using anti-F4/80 antibodies for macrophages and anti-
CD34 for endothelial cells. STAT3 knockdown in cancer cells showed significant
decrease in infiltration of F4/80 positive macrophages and CD34 positive VE cells
(Figure 43) when compared with control tumors. Collectively, STAT3 is a key player
in cixutumumab-induced IGF-2 transcription, stromal cell infiltration and tumor

angiogenesis.
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Figure 41. Effects of STAT3 knockdown in cancer cells on behaviors of stromal
cells.

(a) Wi38 cells were seeded in the top-chamber of the transwell insert. Cixutumumab-
treated H1299 cells transfected with empty vector or shSTAT3 expression were
seeded in the bottom chambers of the transwell. Wi38 cells were allowed to migrate
for 16 h. (b, Left) Empty vector- or shSTAT 3-transfected H1299 cells were treated
with cixutumumab and co-cultured with Wi38 cells in the transwell. After 24 h,
HUVECs were seeded in the new top-chamber insert, and cell migration was
analyzed after 6 h. (b, Right) HUVECs were seeded onto Matrigel, and incubated
with media from Wi38 cells for 10 h.
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Figure 42. Expression of IGF-2 in STAT3 knockdown tumors upon
cixutumumab treatment.

MDAZ231 cells stably transfected with either an empty vector or an expression
carrying shSTAT3 were mixed with Wi38 cells (ratio 2:1), orthotopically injected
into BALB/c-nude mice (n=3-5 per group), and treated with cixutumumab (10 mg/kg,
intraperitoneally, once weekly) for five weeks. IGF-2 expression in the excised
primary tumors was assessed by real-time PCR (Left) and densitometric
quantification of western blotting (Right). Data are presented as mean densitometric
guantification of western blotting or mRNA level + S.D. *P < 0.05, ** P< 0.01,
and ***P < 0.001 by two-sided Student's t-test. RU: relative unit; FOV: field of view;

EV: empty vector; Cixu: cixutumumab; Con=control.
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Figure 43. Response of STAT3 knockdown tumors to cixutumumab in mice.

The excised primary tumors were assessed by immunofluorescence staining using
anti-F4/80 (Left) and -CD34 (Right) antibodies (Scale bar: 50 pm, 100x
magnification). *P < 0.05 and ***P < 0.001 by two-sided Student's t-test. RU:
relative unit; FOV: field of view; EV: empty vector; Cixu: cixutumumab;

Con=control.



6. Stromal cell-derived CXCL8 stimulates tumor

angiogenesis.

6.1. Increased production of CXCL8 from stromal cells upon interaction with
cixutumumab-treated cancer cells.

Next step was to illuminate whether infiltrated stromal cells secrete soluble
factors to recruit VE cells by analyzing Wi38 and THP-1 cells for the expression of
key cytokines involved in pro-tumorigenic environment [94]. When incubated with
CM from cixutumumab-treated cancer cells, Wi38 and THP-1 cells consistently
increased CXCLB8/IL8 transcription (Figure 44). Increase in CXCL8 transcripts was
also observed in co-culture systems (Figure 45).

CXCL8 has been reported to be a small cytokine with potent
chemoattractant and proangiogenic functions [95-98], and exhibit a wide range of
actions on various types of cells including VE cells [64, 99, 100]. HUVECs express
CXCR1 and CXCR2, and respond to CXCL8 [101, 102] and I also confirmed the
HUVECSs’ responsiveness to CXCL8 by migration and tube formation assay (Figure
46). ELISA assay also confirmed the secretion of CXCL8 from Wi38 cells that were

co-cultured with cixutumumab-treated MDA231 cells (Figure 47).
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Figure 44. CM-induced CXCLS8 in stromal cells.

Wi38 or THP-1 cells were serum starved for 24 h, and then stimulated with CM from
cixutumumab-treated cancer cells (final concentration to 1 %). mRNA levels of
several cytokines were analyzed by real-time PCR analysis. *P < 0.05, ** P< 0.01,
and ***P < 0.001 by two-sided Student's t-test. RU: relative unit; Cixu:

cixutumumab (25 pg/ml, six days for cell treatment); Con=control.
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Figure 45. Coculture-induced CXCLS8 in stromal cells.

Wi38 or THP-1 cells were co-cultured with cixutumumab-treated cancer cells in the
traswell for 24 h, and the mRNA level of each target was determined by real-time
PCR. *P < 0.05 and ***P < 0.001 by two-sided Student's t-test. RU: relative unit;

Cixu: cixutumumab (25 pug/ml, six days for cell treatment); Con=control.
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Figure 46. Response of HUVECs to CXCLS8.

Left: Migration assay with rhCXCL8. HUVECs were seeded in basal media with or
without rhCXCL8 (10 ng/ml) in the upper well and incubated for 6 h for migration.
Right: HUVECs were seeded in basal media with or without rhCXCL8 onto a
Matrigel-coated 96 well plate, and incubated for 10 h. Each bar represents the mean
relative unit (RU) +SD of three identical wells of a single representative experiment.

** P< 0.01 and ***P < 0.001 by two-sided Student's t-test. RU: relative unit;
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Figure 47. Secretion of CXCL8 upon coculture with cixutumumab-pretreated
cancer cells.

Wi38 cells were co-cultured with cixutumumab-treated MDA231 cells, and CXCL8
secretion was determined by ELISA. Each bar represents the mean relative unit (RU)
+SD of three identical wells of a single representative experiment. *P < 0.05 by two-
sided Student's t-test; Cixu: cixutumumab (25 pg/ml, six days for cell treatment);

Con=control.
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6.2. CXCLS8 from stromal cells stimulates tumor angiogenesis.

Previous results suggest that intercellular IGF-2/IGF-2R interaction
stimulates CXCLS8 production form fibroblasts and monocytes. To evaluate whether
CXCLS8 production is mediated by IGF-2 from cancer cells, I stimulated Wi38 and
THP-1 cells with rhiIGF-2 and observed increase in CXCLS8 transcripts (Figure 48).
Next, | blocked IGF-2R expression by sShRNA or neutralizing antibody in Wi38 cells
to prove the role of IGF-2R mediated CXCL8 increase. When IGF-2R expression is
ablated, CM from cixutumumab-trated cancer cells failed to increase CXCL8
transcripts (Figure 49). This was in line with that CM from H1299 cells with a
reduced IGF-2 expression failed to stimulate CXCL8 transcription in Wi38 cells.
When Wi38 cells were incubated with CM and IGF-2 neutralizing antibody,
cixutumumab-treated cancer cells’ CM could not induce CXCLS8 transcription
(Figure 50).

Therefore, | then assessed whether CXCLS8 released from stromal cells
plays a functional role in stimulating angiogenesis. Previously Wi38 cells incubated
with cixutumumab-treated H1299 cells showed significantly increase in HUVECs’
migration when compared with control cells (Figure 24). When CXCL8 expression
in Wi38 cells was reduced by siRNA (Figure 51a), the ability of Wi38 cells to induce
HUVEC migration was significantly decreased (Figure 51b). These findings
suggested that macrophage- and fibroblast-induced CXCL8 secretion via
communication between cancer and stromal cells may induce the recruitment of

endothelial cells, leading to vascular formation.
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Figure 48. IGF-2-induced CXCLS8 transcription in stromal cells.

Wi38 or THP-1 cells were treated with rhIGF-2 (100 ng/ml, 24 h), and CXCLS8
MRNA levels were examined by real-time PCR. Each bar represents the mean
relative unit (RU) £SD of three identical wells of a single representative experiment.

***P<(0.001 by two-sided student t test. RU: relative unit.
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Figure 49. Effects of IGF-2R knockdown in stromal cells on CXCL8
transcription upon IGF-1R blockade.

IGF-2R expression was reduced by shRNA or neutralizing antibody (10 pg/ml) in
Wi38 cells and followed by treatment with CM from cixutumumab-treated cancer
cells for 24 h. CXCL8 mRNA levels were determined by real-time PCR. Each bar
represents the mean relative unit (RU) +SD of three identical wells of a single
representative experiment. *P<0.05 and ***P<0.001 by two-sided student t test. RU:
relative unit; EV: Empty vector; Cixu: cixutumumab (25 pg/ml, six days for cell

treatment); Con: control.
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Figure 50. Effects of IGF-2 knockdown in cancer cells on CXCLS8 transcription
upon IGF-1R blockade.

Wi38 cells were incubated with CM from cixutumumab-treated H1299 transfected
with empty vector or shiGF-2 (Left) or IGF-2 neutralizing antibody (5 pug/ml) and
CM from cixutumumab-treated H1299 cells (Right). After 24 h, CXCL8 mRNA
levels were examined by real-time PCR. Each bar represents the mean relative unit
(RU) £SD of three identical wells of a single representative experiment. *P<0.05,
**P<(.01, and ***P<0.001 by two-sided student t test. RU: relative unit; EV: Empty

vector; Cixu: cixutumumab (25 pg/ml, six days for cell treatment); Con: control.

97



S 10 ,
1’4
< 08 1
Z
¥ 06 -
£
= 04 4 1T
O 02 H
2
O 00 ~—4
#1 #2
siCXCLS8
(pretreated)
25 25 -
SRS )
Wi38/siCXCL8 r =2
Exchange g 1.5 1
upperwell S 1
g
T\ HUVEC [ D o5 |
= 0 0
Wi38/siCXCL8 siCon siCXCL8 siCon siCXCL8

set #1 set #2

Figure 51. Stromal cells’ stimulation of angiogenesis through CXCLS8.

(a) Wi38 cells were transfected with negative control siRNA or siCXCLS8, and
knock-down of CXCL8 was confirmed by real-time PCR. (b) Transfected with each
siRNA were seeded in the bottom chamber and co-cultured with cixutumumab-
treated H1299 cells in the transwell. After 24 h, the top-chambers were removed, and
HUVECs were seeded in the new top-chamber. HUVECs were allowed to migrate
for 6 h. Each bar represents the mean relative unit (RU) +£SD of three identical wells
of a single representative experiment. **P<0.01 and ***P<0.001 by two-sided
student t test. RU: relative unit; Cixu: cixutumumab (25 pg/ml, six days for cell

treatment); Con: control.
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7. Increased infiltration of stromal cells under

cixutumumab clinical trial

I investigated whether findings up to this point can be practically applied to
understanding the mechanisms of cixutumumab resistance in human patients. To this
end, | analyzed F4/80 positive macrophages, FSP-1 positive fibroblasts, and VEGFR
positive VE cells along with the IGF-2 expression in HNSCC tissues resected from
patients (n=6) undergoing a clinical trial with cixutumumab. Compared with
HNSCC tissues from head and neck cancer tissue array (US Biomax Inc.), all six
samples from cixutumumab-treated patients showed markedly increased numbers of
macrophages, fibroblasts, and VE cells along with IGF-2 expression (Figure 52 and
53). Although additional studies utilizing a larger number of cases are required, these
findings suggest that the cixutumumab-induced increases in tumor-associated
macrophages and fibroblasts may play a role in IGF-2 expression and predict

resistance to IGF-1R mAb-based therapies in cancer patients.
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Figure 52. Clinical relevance of TME in HNSCC patients with cixutumumab

treatment.

IHC analyses on IGF-2 expression, VEGFR+ vascular endothelial (VE) cells,

F4/80+ macrophages, and FSP-1+ fibroblasts in the tissue samples from patients

with HNSCC either naive or treated with cixutumumab for three weeks.

Representative images are shown.
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Figure 53. All images of immunostaining for IGF-2, VEGFR1, FSP-1, F4/80 in

HNSCC patient tissue samples.

Inserted words indicate specific region of tumors. Lar: Larynx; Nos: Nose; Ton:

Tongue.
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V. DISCUSSION
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Molecularly targeted therapies have come into the spotlight because of its
potent therapeutic efficacies in some clinical cases with minimal side effects.
However, most targeted drugs shorted of people’s expectations in that exhibited only
transitory efficacy, and resistance eventually develops. Genetic or epigenetic
changes in tumor cells have been reported to contribute to cell-autonomous
mechanisms of resistance to anticancer drugs. However, recent studies have
enlightened the role of the TME in development of innate resistance to anticancer
drugs [69-71, 103-106]. Most TME-mediated drug resistance occurs from
interaction between cancer and stromal cells through secreted factors or cell adhesion
molecules, providing cancer cells with stimulating signals for proliferation, survival
and metastasis. As potent partnership between tumor and stroma receives attention,
various therapeutic strategies targeting those tumor-promoting stromal cells have
been suggested. This implies that studying progression and resistance of cancers in
the view of TME is necessary to provide more effective therapies.

In this study, | suggest that IGF-1R-targed approaches induce a milieu that
activates tumor angiogenesis, thus advancing cancer metastasis and promoting a
tumor’s adaptive-evasive response to the therapy. This study proves the following
findings: 1) IGF-1R ablation by treatment with anti-IGF-1R mAb cixutumumab
stimulates cancer cells to activate STAT3, leading to increase in IGF-2 transcription
(Figure 54-1); 2) IGF-2 attracts monocytes and fibroblasts via utilization of IGF-2R
on those cells (Figure 54-2); and 3) recruited monocytes and fibroblasts produce a
wide variety of proangiogenic cytokines, most notably CXCL8 (Figure 54-3), which
act as stimulators for VE cells (Figure 54-4), resulting in increased tumor
angiogenesis and thus facilitating cancer metastasis (Figure 54-5). This provide
mechanistic understanding of the interplay between tumors and their healthy

counterparts within the TME in the emergence of adaptive-evasive abilities in the
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Figure 54. Schematic model of events noted in the TME on treatment with IGF-
1R-targeted therapy.

IGF-1R blockade by mADbs in cancer cells leads to STAT3 activation, resulting in
IGF-2 production (1). IGF-2 secreted from cixutumumab-treated cancer cells
recruits monocytes and fibroblasts in the TME through IGF-2/IGF-2R interaction
(2). Recruited stromal cells stimulated the production of the proangiogenic cytokine,
CXCL8 (3). CXCLS8 attracts endothelial cells (4). Increased tumor angiogenesis

upon IGF-1R blockade promotes cancer metastasis (5).
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face of an IGF-1R ablation.

Although IGF-1R signaling has been demonstrated as potent target of
molecular targeted therapy by preclinical studies, final disease progression in the
face of IGF-1R-targeted therapies has been reported in clinical trials. In this study,
anti-IGF-1R mAb treatment in mice bearing orthotopic tumors of human cancer cells
induced a period of stable disease followed by spontaneous metastasis and a reduced
life span, which is debatably similar to the observations in clinical trials with
figitumumab in combination with chemotherapy [44]. As IGF-1R degradation was
confirmed after short-term or prolonged drug treatment in vitro and in vivo, this
resistance is not a failure in the IGF-1R blockade. As mechanisms of resistance to
anti-IGF-1R therapies, several studies have implicated cross talk via alternative
epithelial RTKs, such as EGFR, IR, PDGF-f and HER2 [46-48, 107], or non-
receptor transmembrane signalers, such as integrins [49], in cancer cells. However,
studies for stromal cells’ response to induce resistance to the anti-IGF-1R therapy
has not been reported. In this study, anti-IGF-1R mAb induced infiltration of various
stromal cells, including VE cells, macrophages and fibroblasts into primary tumors
as proved by IHC analysis of mouse tumor tissues. These observations were in line
with the well-established importance of communication among various cell types
within the TME in mediating anticancer drug resistance [108]. Therefore, resistance
to anti-IGF-1R therapy is not only likely due to activities in the tumor cells but also
due to the complex interplay between tumor cells and their neighboring heterologous
stromal cells within the TME.

The interaction between tumors and stromal cells in the TME is mediated
through cell adhesion molecules and/or soluble factors [69]. For example, CCL2
secreted from both tumor and stromal cells was reported to mediate interaction

between inflammatory monocytes and tumor cells [104]. These interaction between
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cancer cells and their microenvironments sometimes inhibit the proliferation of
cancer cells mostly in initial tumor formation process. However, as tumors progress,
stromal cells also changes by several factors such as inflammation and hypoxia and
elicits tumor-promoting condition such as maintenance of cancer stemness, and
resistant to anticancer therapeutics. It has been reported that mesenchymal stem cells
of the tumor-associated stroma is stimulated by tumor-derives IL-1 and secretes
prostaglandin E2 (PGE2). Then PGE2 exerts autocrine stimulation to induce a group
of cytokines by MSCs and paracrine stimulation to induce cancer stem cell formation
[109]. In colorectal cancer metastasis, TGF-B-stimulated CAFs is known to trigger
GP130/STAT3 signaling in tumor cells, thus facilitating survival of metastatic cells
[110]. Those studies proved a complex interplay between cancer and stromal cells
which affects various steps of cancer progression from cancer initiation to recurrence
of cancer. IGF-2 levels have been implicated in drug-resistance in anti-IGF-1R
inhibitors [46] and anti-EGFR monoclonal antibody [111], and this implies that IGF-
2 can be a mediator of interaction between cancer and stromal cells. Indeed,
transcriptional up-regulation of IGF2 in cancer cells after IGF-1R blockade by mAb
was confirmed in this study. These results identify the importance of the intercellular
IGF-2/IGF-2R system in cancer cell communication with the TME showing that: 1)
macrophages and fibroblasts but not ECs migrate toward cixutumumab-treated
cancer cells or CM obtained from the cancer cells; 2) IGF-2R expression is observed
in macrophages and fibroblasts but not in HUVECSs; and 3) the ability of cancer cells
to chemoattract stromal cells is inhibited by silencing IGF-2 or IGF-2R expression
in cancer cells or stromal cells, respectively. However, anti-IGF-1R mAb-treated
cancer cells did not show any increased proliferation and migration (Figure 15 and
16), suggesting that secreted IGF-2 from cancer cells does not exert autocrine effects

under the IGF-1R blockade. As IGF-2 has been reported to be overexpressed in many
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cancers and exert the mitogenic effects [112-116], IGF-2 itself can contribute to
tumorigenesis through its own signaling pathway. IGF-2 also can bind to IR-A to
promote tumorigenesis and IR expression levels of cancer cells were not affected by
cixutumumab (Figure 28). Consistent cellular proliferation under the cixutumumab
may be explained by insufficient signaling effect to exert IGF-2’s action in IGF-1R
abolished status or the difference in ratio between IR-Aand IR-B in individual cancer
cells.

Subsequent experiments, including RTK arrays with cixutumumab-treated
cancer cells’ lysates and shRNA mediated knockdown, identified that up-regulated
IGF-2 expression is primarily, if not solely, a result of cixutumumab-induced STAT3
activation. Transcription of IGF-2 is regulated by genomic imprinting: in its maternal
allele, zinc finger protein CTCF binds to imprinting control region (ICR),
suppressing IGF-2 transcription [117-119]. Diseases such as cancer and Beckwith-
Wiedemann syndrome (BWS) showed dysregulated IGF-2 transcription arise from
loss of imprinting [116, 120-123]. Transcription of IGF-2 is also dysregulated by
several transcription factors, such as E2Ff3, ZFP57, and STAT3 [92, 124, 125].
Although sophisticated transcriptional mechanism of IGF-2 needs to be investigated,
recent studies reported STAT3-mediated transcription of IGF-2 in induction of
resistance to histone deacetylase inhibitors (HDIs). Treatment of HDIs induced
direct binding of STAT3 to promoter of IGF-2, inducing IGF-2 transcription and
activation of IGF-1R signaling cascade [126]. Moreover, acetylated STAT3 also
increased the transcription of DNA methyltransferase 1 (DNMT1). DNMT1 then
induced hypermethylation of ICR of IGF-2 and inhibited binding of the CTCF,
resulting in loss of imprinting [127]. From those studies, it is possible that activated
STAT3 upon cixutumumab may increase IGF-2 transcription by two ways: direct

binding to promoter and loss of imprinting.
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STAT3-mediated resistance development to anti-IGF-1R mAb is
meaningful in that role of STAT3 in regulation of response to therapy has now been
actively investigated [128, 129]. In metastatic breast cancer cells, STAT3-dependent
overexpression of Bcl2 confer a survival advantage, resulting resistance to
chemotherapy [130]. Cisplatin-resistant gastric cancer cells also showed activated
status of STAT3 and inhibition of STAT3 increased sensitivity to chemotherapy [131].
Involvement of STAT3 in resistance to chemotherapy has also been reported in
clinical study. When compared STAT3 activity in chemo-naive tumors and chemo-
resistant tumors from patients who treated with platinum- and taxane-based
chemotherapy, recurrent tumors display higher levels of STAT3 phosphorylation
[132]. STAT3-mediated development of drug resistance is not limited to
chemotherapy: it is also involved in resistance to the molecular targeted anticancer
drugs. In clinical study, patients’ outcome to the cetuximab treatment, an anti-EGFR
mADb, was different between positive phospho STAT3 and negative phospho STAT 3-
stained patients [133]. In lung cancer cells resistant to gefitinib, an anti EGFR TKI,
STAT3-induced Akt activation was reported to be a novel resistance mechanism
[134]. Similar findings linking STAT3 with resistance against the molecular targeted
therapy have been reported in MEK inhibitors or B-RAF inhibitors [135, 136].
Moreover, it is reported that oncogene-addicted cancer cells showed positive
feedback associated STAT3 activation, which finally induced resistance to various
anticancer therapies [129, 137]. Considering previous reports for STAT3-mediated
resistance and results from this study, STAT3 is a key player to develop the resistance
to various anticancer therapies by activation of their target genes. However, it seems
that STAT 3-mediated drug resistance not involve always same target genes, as seen
in no changes of VEGF transcription under the IGF-1R blockade in this study (Figure
21). This can be explained by the difference in pathways that lead STAT3 activation
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upon each treatment.

We further demonstrated that the small cytokine CXCL8 which serves as a
shared ligand of CXCR1 and CXCR2 [138], is significantly up-regulated in
macrophages and fibroblasts in response to the IGF-2/IGF-2R interaction,
subsequently inducing VE cell recruitment. Although IGF-2R is a scavenger receptor
that regulates IGF-2 levels by endocytosis-mediated degradation [37], the action of
IGF-2 through IGF-2R transmembrane signaling has also been demonstrated in
previous studies [139-145]. CXCLS8 is one of the major activators of the PI3K/Akt
and ERK pathways and acts as a potent proangiogenic chemokine and
chemoattractant for a wide range of cells, including endothelial cells [95-97, 146].
In addition, CXCLS8 is involved in the initiation of tumor-associated inflammation,
neovascularization, and tumor progression [98, 147]. Therefore, increased CXCL8
production in the TME potentially contributes to tumor angiogenesis and cancer
progression. Thus, an attractive hypothesis is that increased epithelial IGF-2
production leads to macrophage and fibroblast chemotaxis, which subsequently
stimulates CXCL8 expression in stromal cells through the IGF-2/IGF-2R axis,
resulting in endothelial cell recruitment and cancer cell migration. In support of the
supposition, our data using paraffin-embedded tissues from HNSCC patients in a
cixutumumab clinical trial showed significant increases in tumor-associated
macrophages, CAFs, vascular endothelial cells, and IGF-2 expression. Given that
the downstream intracellular targets of CXCL8 include STAT3, increased CXCL8 in
the tumor stroma promotes a positive intercellular feedback loop between CXCL8
and IGF-2 production. Previous studies have suggested that tumor-derived IGF-2
contributes to wvasculogenesis by augmenting the recruitment of endothelial
progenitor cells (EPCs) through its interaction with IGF-2R [139]. Therefore, IGF-2

secretion could have induced mobilization of EPCs and BM progenitor cells to the
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TME, leading to an increased vasculature in cixutumumab-treated xenograft tumors.
However, in this study, HUVECs did not show increased tube formation and
migration activity under coculture with cixutumumab-pretreated cancer cells (Figure
21). This may be due to limited expression of IGF-1R, IR, and IGF-2R in HUVECs
(Figure 32). Although in vitro experiments concluded that cixutumumab-treated
cancer cells does not attract VE cells but it is possible that IGF-1R blocked cancer
cells can activate the vasculogenesis through secretion of IGF-2. Further studies
including various VE cells or primary cells may investigate the delicate mechanism
of angiogenesis under the IGF-1R blockade.

To uncover the molecular mechanism between cancer cells and stromal
cells, I used in vitro coculture system and incubation with CM, using representative
cell lines. However, characteristics of each stromal cells can be different from cell
lines. Although I confirmed consistent angiogenesis-stimulating effect in coculture
between cancer cells and isolated macrophages, this study still has limitation to
represent the real event occurs in tumor region. Further confirmation for interaction
between cancer and stromal cells through IGF-2/IGF-2R in mouse model system is
required. Moreover, tumor microenvironment in different anatomical site may be
different from each other. This study showed similar involvement of same types of
stromal cells in orthotopic mouse tumor models, indicating that different anatomical
sites did not affect the communication. But, the molecular mechanism of
communication can be dependent on site of each tumors. Collectively, this study
investigate the molecular mechanism in which mostly in vitro systems, thus further
study should focus on modeling of tumor microenvironment closer to real condition.

In conclusion, this study identifies anti-IGF-1R mAb-induced cancer-
stromal cell communication via STAT3-dependent IGF-2 production in cancer cells

and a positive IGF-2/CXCL8 feedback loop through the intercellular IGF-2/IGF-2R
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system. Although additional validation studies using corroborated clinical samples
from IGF-1R targeted therapies must be performed, current study reveals malignant
progression of tumors in the face of an IGF-1R blockade through IGF-2 secretion in
the TME. Given that several approaches to developing anti-IGF-2 mAb and STAT3
inhibitors for cancer treatment are ongoing in clinical trials [148], this study will
have a clinical impact. Clinical trials are warranted to assess whether therapeutic
strategies targeting STAT3 or IGF-2 would circumvent tumor angiogenesis and pro-
invasive consequences, overcoming innate resistance to anti-IGF-1R mAb-based

therapies.
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