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Abstract

This thesis describes fibroblast growth factor signaling in the development of resistance
to tyrosine kinase inhibitor therapy in solid and hematologic malignancies, and in the
maintenance of cancer-protective bone marrow stroma. Cell-extrinsic protection is
emerging as a universal concept in cancer therapy. This promises to revolutionize the
approach to targeted therapy, which previously centered on sequential employment of
single inhibitors, or on drug combinations targeting several cell-intrinsic oncogene-

activated pathways.

In this thesis, I demonstrate (i) that FGF2 enables persistence and outgrowth of
gastrointestinal stromal tumor and chronic myeloid leukemia in the presence of
imatinib, and of FLT3-ITD positive acute myeloid leukemia in the presence of
quizartinib, (ii) provide evidence of clinical significance in all three malignancies, and
(iii) define a role for FGF2 in the autocrine promotion of growth and maintenance of a
cancer-protective phenotype in human bone marrow stromal cells. This includes the
finding that FGF signaling promotes the production of exosomes in human bone
marrow stroma, and the novel finding that FGF2 is conveyed from stroma to leukemia
cells via exosomes. This work reveals FGFR signaling as a targetable pathway with the

potential to modulate the microenvironment to prevent resistance.

Xix



1 Introduction

In this thesis, I will present my findings on the role of FGF2 (fibroblast growth factor 2)
in microenvironment-mediated resistance to tyrosine kinase inhibitor therapy. The
thesis will be divided into two parts; the first focusing on the paracrine protective
function of FGF2 on three different cancers, and the second introducing FGF2 as an

autocrine regulator of protective bone marrow stromal cells.

My research has demonstrated that FGF2 confers protection to a number of
malignancies during exposure to tyrosine kinase inhibitor therapy. These malignancies
arise in different organ systems, namely the bone marrow in the case of Acute and
Chronic Myeloid Leukemias (AML and CML), and autonomic pacemaker cells of the
gastrointestinal tract in the case of Gastrointestinal Stromal Tumor (GIST). A common
feature of these malignancies is that their proliferation and survival is driven by
mutational activation of receptor tyrosine kinases. I will discuss the individual receptors
and their role in oncogenesis in introductory chapters pertaining to each malignancy. In
this chapter, I will introduce receptor tyrosine kinases as oncogenes and targets for
therapy. I will discuss the impact of tyrosine kinase inhibitors on cancer therapy and on
provoking a paradigm shift in basic cancer research. Short-lived responses and the
development of resistance remain the most widespread challenges to this therapeutic

approach. The discussion here will focus on the role of cell-extrinsic factors in



protection and resistance. In addition to my own findings, FGF2 has been implicated in
several types of therapy resistance. I will first provide an overview of fibroblast growth
factor signaling, including a description of the ligand and receptor families, physiologic
roles of FGF signaling, and then discuss pathologic dysregulation of these signaling

pathways.

The second part of my thesis research focused on identifying the source, mode of
delivery, and autocrine effect of FGF2 in bone marrow stroma. To this end, I will
discuss the concept of the protective bone marrow niche in leukemia and its role in
therapy resistance. Finally, I will introduce exosomes as versatile conveyors of
cytokines, growth factors and nucleic acid between cancers cells and surrounding
tissue. I will again comment on implications for therapy resistance and discuss

exosomes as potential targets for cancer therapy.

1.1 Tyrosine kinases in cancer

In 1911, Peyton Rous discovered that tumors on the legs of chickens resulted from
infection with a virus[1]. Several years later, Varmus and Bishop demonstrated that the
oncogenic effect of the virus was due to a protein transcribed from viral RNA, but not
viral in origin. The sequence encoding this oncogene had been acquired by the virus

from cellular DNA[2]. The viral protein was named v-Src, and its cellular analog c-Src.



While the tyrosine kinase activity of the cellular form of Src was tightly regulated, the

viral form became oncogenic through a constitutively activating mutation[3].

The human proteome contains more than 520 kinases and 130 phosphatases, exerting
tight and reversible control on protein phosphorylation. Both of these enzyme
categories can be subdivided into tyrosine- or serine/threonine-specific, based on their
catalytic specificity. In addition, some possess dual specificity for both tyrosine and
serine/threonine. The tyrosine kinase family numbers more than 90 genes in the human
genome; 58 encode transmembrane receptor tyrosine kinases divided into 20
subfamilies, and 32 encode cytoplasmic, non-receptor tyrosine kinases in 10
subfamilies[4]. Kinases transfer a phosphate group from ATP to a tyrosine or
serine/threonine residue on a protein. These phosphorylation events form the basis for
intracellular signal transduction and are involved in pathways that promote growth

and survival, cell cycle progression, differentiation, and apoptosis.

Tyrosine kinases can be broadly divided into two classes — receptor tyrosine kinases
and intracellular kinases[5]-[7]. Receptor tyrosine kinases are single-pass
transmembrane proteins with an extracellular ligand binding domain and an
intracellular kinase domain. The aminoterminal extracellular part of the receptor
contains globular domains such as immunoglobulin (Ig)-like domains, fibronectin type
[1I-like domains, cysteine-rich domains, and EGF (epidermal growth factor)-like

domains. The cytoplasmic portion consists of a juxtamembrane region, the tyrosine



kinase domain, and a carboxyterminal region. The tyrosine kinase domain contains the
ATP-binding pocket, which contains an N-terminal and a C-terminal lobe connected by
a hinge region. ATP binds in the cleft formed between the N- and C-lobes. A flexible
activation loop (A-loop) starting with a conserved amino acid sequence Asp-Phe-Gly
(DFG) controls access to the active site and undergoes a phosphorylation-dependent
structural change that allows the kinase to become active[8], [9]. Normal activation is
achieved by cytokines or growth factors binding to the extracellular domains of two
receptors and inducing dimerization or oligomerization[10]. Ligands for receptor
tyrosine kinases may either be monomers that allow binding of two receptors
simultaneously, or may be dimers themselves. Receptors usually come together as
homodimers, but heterodimers have been reported in a number of cases. Dimerization
brings the two intracellular kinase domains into close proximity, allowing one to
phosphorylate the A-loop of the other. This initial phosphorylation activates the kinase,
resulting in additional auto- and trans-phosphorylation events. Phosphorylated

tyrosine residues then serve as docking sites for a variety of downstream mediators[5].

Non-receptor tyrosine kinases are often associated with receptors. They respond to
ligands that activate their respective receptors, including peptide hormones[11],
cytokines[12], and immune signals[13] Other intracellular tyrosine kinases are activated
by cell adhesion, calcium influx, or at a specific phase of the cell cycle. Dimerization is

necessary for some but not all non-receptor tyrosine kinases. For example, JAK (janus



kinase) family kinases form homo- or heterodimers upon binding to cytokine
receptors|[7], [14], [15], whereas Src family kinases do not need to dimerize, but depend

on the removal of an inhibitory phosphorylation to become active[16].

Tyrosine-phosphorylated residues on receptor and non-receptor tyrosine kinases serve
as docking sites for Src homology-2 (SH2) and protein tyrosine-binding (PTB) domain-
containing proteins[17]. This results in a cascade of phosphorylations and in the release
of messenger molecules, greatly amplifying the signal initiated by one ligand molecule.
Multiple cytoplasmic signaling pathways, including the Ras/Raf mitogen-activated
protein kinase pathway, the phosphoinositol 3’-kinase/Akt pathway, the signal
transducer and activator of transcription 3 pathway, the protein kinase C pathway, and
scaffolding proteins may be activated[18]. The signaling cascade ultimately reaches the
nucleus, where it induces transcription of a specific subset of genes. In normal cells,
activation of a signaling pathway is tightly regulated at many levels. The action of
tyrosine phosphatases is directly opposed to that of tyrosine kinases, removing
phosphorylations and returning proteins to an inactive state[19]. Besides this, other
mechanisms for inhibition of receptor tyrosine kinases include ligand-induced receptor

endocytosis, initiation of negative feedback loops, and heterodimerization with kinase-



dead receptors[20].
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1.1.1 Oncogenic activation of tyrosine kinases

Mutation or overexpression of over half of the known receptor tyrosine kinases has
been associated with human malignancies. A tyrosine kinase can turn into an oncogene
through several mechanisms, all resulting in constitutive activation of a pathway that is
normally tightly regulated. Constitutive activation of a tyrosine kinase can result from
genetic alterations. Mutations may be introduced by gene transfer from a virus,
genomic rearrangements creating fusion proteins, gain-of-function point mutations, or
small deletions. Commonly, gain-of-function mutations include deletion of, or
mutations within, the extracellular domain, changes in the kinase domain, or alterations

of the C-terminal region[21].

A non-mutated receptor kinase may become transforming if it or its ligand are
aberrantly or excessively expressed. Overexpression of the receptor leads to constitutive
kinase activation by increasing the concentration of dimers/ oligomers. This mechanism

has been described for HER2/neu/ErbB2[22] and EGFR[23], which are often amplified in

breast and lung cancer, respectively.

Lastly, a tyrosine kinase may be aberrantly activated even in absence of mutation or
overexpression if negative regulators in the signaling pathway are dysfunctional. For
example, the tyrosine phosphatase PTEN is mutated in several human cancers. PTEN

acts as a tumor suppressor by downregulating the proliferative or mitogenic signals



transmitted germline mutations of PTEN are predisposing to a familial cancer
syndrome, Cowden disease. Cancers in Cowden syndrome include breast cancer,

thyroid cancer, brain tumors, and multiple hamartomas[24].

Tyrosine kinases not only act as tumor initiators or principal drivers of growth; they
may also contribute accessory functions such as promoting vascularization. Vascular
Endothelial Growth Factor Receptor (VEGFR) is expressed primarily in endothelium.
The ligand, VEGEF, is expressed in developing vasculature and in response to damage or
hypoxic stress. High VEGER levels have been detected in glioblastoma, adenocarcinoma
of the gastrointestinal tract, and some leukemias. Similarly, the ligand is detected in

high levels in solid tumors surrounding areas of hypoxia and necrosis[25].
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Figure 1.1.2 Oncogenic activation of tyrosine kinases on the example of BCR-ABL.
In the case of BCR-ABL, the uncontrolled phosphorylation and activation of signaling mediators
results in chronic myeloid leukemia, or CML.



1.1.2 Tyrosine Kinase Inhibitors

Inhibition of a deregulated, oncogenic tyrosine kinase can prevent the proliferation of
tumor cells in vivo and is in some cases sufficient to slow or halt tumor progression.
The degree of initial success of a tyrosine kinase inhibitor depends on several

considerations:

1) Does the targeted kinase drive or contribute to proliferation and survival of the
cancer cell?

2) How potent and specific is the inhibitor?

3) Are there toxic effects resulting from either off-target inhibition of other kinases
or from inhibition of the wild type form of the targeted kinase in normal cells?

4) What is the clinically achievable dose (considering solubility, tissue distribution,

cell permeability and metabolism) of the inhibitor?

In short, the design and clinical implementation of an inhibitor requires the
identification of a dysregulated protein or pathway, the characterization of the patient
population whose disease is driven by this abnormality and who is thus likely to benefit
from therapy, and subsequently the design or appropriation of safe and effective
compounds for this application. Tyrosine kinase inhibitors are now the standard of care
for several types of cancer. Insights into the biology of signal transduction pathways

and rational design of small molecules to inhibit those pathways have significantly
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improved progression-free survival and overall survival. Importantly, these therapies
also often produce fewer adverse effects than conventional chemotherapy and thereby

help to maximize patients’” quality of life[26].

To date, 28 small molecule kinase inhibitors have been approved by the US Food and
Drug Administration (Figure 1.4.1), with 15 of these approvals occurring between
January 2012 and February 2015. The vast majority are tyrosine kinase inhibitors. Most
small molecule tyrosine kinase inhibitors perturb ATP binding through interaction with
the cleft between the C-lobe and N-lobe of the ATP binding site. Kinase inhibitors are
irreversible or reversible. The former covalently bind to a cysteine residue close to the
ATP-binding site. The latter can be further divided into four main types based on the
conformation of the binding pocket and the DFG motif they preferentially bind. Type I
inhibitors are ATP-competitive and bind the active forms of kinases. Type II inhibitors
bind the inactive forms of kinases. Type III inhibitors bind an allosteric pocket adjacent
to the ATP binding site. Type IV inhibitors bind an allosteric site distant from the ATP
pocket. 26 of the 28 approved inhibitors are reversible and most are type I or type II

inhibitors[27], [28].

The dogma that the kinase domain and ATP binding site in particular were too
conserved to allow specific targeting was first challenged in the 1980’s with the
development of specific EGFR inhibitors[29] and has been almost completely eroded by

now. However, the high sequence similarity does pose considerable challenge to the
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development of potent inhibitors against desirable targets and minimal interactions
with other kinases. A large number of inhibitors interact with more than one target.
Promiscuous inhibitors are controversial, since they, as in the case of midostaurin[30],
have proven to be useful clinical therapies. Indeed, it may become clear that instead of
absolute specificity, inhibitors with a favorable selectivity profile will be more suitable

for cancer treatment.

Small molecule drugs are not the only means of inhibiting a tyrosine kinase. Other
types of targeted therapy include monoclonal antibodies and antisense inhibitors of
growth factor receptor. The inhibition of BCR-ABL and KIT by imatinib represents the
paradigm for tyrosine kinase inhibitor therapy, and will be discussed in chapters 2.1.2

and 2.2.2.
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Figure 1.1.3 FDA-approved small molecule tyrosine kinase inhibitors (July 2016).
Adapted from[27], [28]
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1.1.3 Resistance to TKI therapy

In clinical trials, highly selective or specific blocking of only one kinase has repeatedly
been associated with limited or sporadic responses. This restricted efficacy remains a
major challenge and prompts inquiry into the mechanisms of resistance. The problem
underlying all types of resistance is the failure of initial therapy to eradicate a sufficient
number of cells to prevent disease recurrence. Even in cases where the therapy succeeds
in shrinking the bulk of the tumor, a population of cells that survives, called minimal
residual disease (MRD), often remains and finds refuge in protective
microenvironments. Not surprisingly, MRD levels above a certain threshold predict
relapse in acute lymphoblastic leukemia (ALL) and acute myeloid leukemia (AML)[31],
[32]. In ALL, the level of MRD is inversely proportional to the length of remission[33].
Cells that survive in a protective niche are continually exposed to the selective pressure
of therapy. This eventually leads to the development of acquired resistance in the

surviving cells and outgrowth of the MRD population, causing disease relapse.

Acquired resistance may develop either through secondary mutations in the targeted
kinase (for example BCR-ABL T315I[34], EGFR T790M[35], and various mutations in
HER?2, PIK3CA and AKT), or through upregulation of bypass pathways
(overexpression of MET or HER3, activation of IGF-1R, deletion or silencing of
PTEN)[36]. Further examples will be given in chapters 2.1.3, 2.2.3, and 2.3.3, where

resistance of specific cancer types to tyrosine kinase inhibitors are discussed.

14



1.1.1.1 Environment-mediated resistance

Environment-mediated resistance, where cancer cells are transiently protected from
apoptosis or growth inhibition, is a major contributor to MRD[37]. This form of drug
resistance is induced by signaling events that are initiated by factors present in the
tumor microenvironment. These factors can be soluble cytokines, chemokines and
growth factors secreted from tumor stroma, or cell adhesion-mediated processes
induced by tumor cell integrins interacting with fibroblasts or components of the

extracellular matrix[38]-[40].

Contact-dependent environment-mediated resistance is recognized as an important
mechanism in hematologic malignancies. In a mouse model of AML, alpha4betal
integrin was shown to promote MRD, and blocking this interaction in addition to
standard therapy resulted in a 100% survival rate[37], [41]. In a group of patients with
AML, high alpha4betal integrin levels were correlated with poor outcome. When AML
cells with high integrin expression were isolated and cultured in vitro, they proved to
be sensitive to chemotherapy, indicating that this is a case of environment-dependent
protection[42]. Interestingly, another group found increased alpha4betal integrin
expression in relapsed compared to primary AML, suggesting that higher expression

may have been selected for during treatment[41].
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Studies in the past assumed that major changes necessary for environment-mediated
protection took place primarily in the tumor cells themselves. Stromal cells were
expected to play a passive role, for example by providing a scaffold for malignant cells
to adhere to and activate survival signaling. However, stroma experiences considerable
selective pressures due to two reasons: First, stroma is exposed to the same abnormal
conditions as the tumor, including hypoxia, altered nutrient delivery, and of course
chemotherapy. Second, in addition, stroma is exposed to any factors secreted by tumor
cells. These conditions cause the stroma to become increasingly abnormal and to
develop a cooperative relationship with the tumor that contributes to protection and the
development of resistance[25]. In support of this mechanism, human bone marrow
stroma from healthy donors only protects myeloma cells from mitoxantrone if the two
cell types are co-cultured[43]. Interleukin 6 and stromal cell-derived factor 1, both of
which have been shown to mediate resistance to several cytotocix agents in various
malignancies in vitro[44]-[46], are both expressed more highly in tumor-associated

stroma than in normal bone marrow stroma([47].

1.1.1.2 Approaches to overcoming environment-mediated resistance

In an important review, Hanahan and Weinberg reasoned that six hallmarks of cancer
are necessary for malignancy: autocrine promotion of growth, insensitivity to growth
inhibitors, evasion of apoptosis, limitless replicative potential, sustained angiogenesis,

and tissue invasion and metastasis. In addition, the authors noted that tumors exist in a
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complex interplay with surrounding tissue, including vasculature, fibroblasts, and
immune cells. They therefore envisioned cancer therapy as a multi-pronged approach
that would target several of these hallmarks in both cancer cells and surrounding

tissues[48].

Limited clinical studies have used compounds that block environment-mediated
protective signaling as secondary treatments, with the goal of overcoming resistance
after primary therapy. Because microenvironmental protection precedes acquired
resistance, these strategies would probably be more effective if used as an initial,
preventative treatment in conjunction with the primary therapy. Adhesion-mediated
protection has been targeted with some success in mouse models of multiple myeloma,
where a blocking antibody against alpha4 integrin showed strong synergy in reducing

tumor burden in combination with melphalan chemotherapy[49].

Targeting stroma-mediated paracrine resistance pathways with tyrosine kinase
inhibitors has shown promising results in preclinical models using cell lines or patient
specimens. A VEGFR antagonist can prevent interleukin-6 (IL-6) production in stroma
co-cultured with myeloma cells, leading to a loss of stromal protection from
dexamethasone chemotherapy[50]. IL-6 has been demonstrated to mediate
chemoresistance in several types of cancer either in an autocrine or in a paracrine

manner. It is of particular relevance to the research presented in this thesis that FGFR
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inhibitors have also been shown to block the production of IL-6 by bone marrow

stromal cells[51], [52].

1.2 Fibroblast growth factor signaling

Fibroblast growth factors (FGFs) and their receptors are involved in angiogenesis,
wound healing, and embryonic development. FGFs are important for both the
maintenance of differentiation potential in stem cells and for precursor differentiation
along various lineages. I will limit my discussion to a brief introduction of FGF receptor
and ligand family members and a more detailed account of FGF2 trafficking, as this is
of relevance in my research. Although I will discuss the role of FGF receptors and
ligands in cancer and therapy resistance in this chapter, please also reference chapter
1.3.1 for the role of FGF2 in the maintenance and functional regulation of mesenchymal
stem cells, which is likely inextricably linked to environment-mediated resistance, as

discussed in chapter 1.1.

1.2.1 FGF receptor family

FGF receptors are single pass transmembrane tyrosine kinases that consist of a ligand
binding extracellular domain, a transmembrane domain, and an intracellular tyrosine
kinase that is separated into two parts by an insertion domain. There are four highly
homologous Fgfr genes in mammals. Except for the Fgfr4 gene, all Fgfrs encode

multiple splice variants[53]. Fgfrl in particular has been speculated to encode up to 256
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different splice isoforms. Splice sites affect both the intracellular and the extracellular
domains. FGFR3 and FGFR4 have three Ig-like domains, whereas FGFR1 and FGFR2
can have two or three depending on splicing. The major splice variants of FGFR1, 2 and
3 differ in the second half of Ig-loop III, and are thus named IIIb and Illc. These changes

dictate varying ligand affinity and specificity[54].

The FGF signaling complex contains several cofactors with essential regulatory
functions. Heparan sulfate plays two roles in FGF signaling. Extracellular matrix
heparan sulfate acts as a depot for FGF that stabilizes and limits access to receptors.
Heparan sulfate in the cell membrane is an integral part of the FGF receptor complex. It
interacts with receptor and ligand and has been shown to determine ligand affinity and
specificity, as well as downstream signaling. Heparan sulfate promotes complex

formation with FGFR1 and FGF2 that has 2:2:2 stoichiometry[55].

Endocrine FGFs (see 1.2.2) bind to the same FGFRs as paracrine/autocrine homologues,
but only in presence of membrane-anchored proteins called Klotho co-receptors. As an
example, alphaKlotho binds to FGFR1 and forms a new binding site at the joint
interface, which binds FGF23[56]. FGF23 controls mineral metabolism, specifically
phosphate secretion in the kidney. BetaKlotho, on the other hand, controls high affinity
binding of FGF19 and FGF21 to FGFR4 and regulates cholesterol/bile acid, lipid and
glucose metabolism in adipocytes[57]. Interestingly, the Klotho co-receptors not only

change the affinity of FGF receptors to accommodate endocrine FGFs, they also redirect
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downstream signaling away from mitogenic pathways and towards metabolic

signaling[58].
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Figure 1.2.1 FGF receptor and ligand family members.
Arrows display the affinity of ligand FGF2 for FGF receptors. Splice isoforms dictate varying

ligand affinity. Heparan sulfate proteoglycan binds ligands and acts a a co-receptor, promoting
FGF receptor complex formation.
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1.2.2 FGF ligands and FGF2 trafficking

The first two members of the fibroblast growth factor family, FGF1 (also called acidic
FGF) and FGF2 (also called basic FGF), were discovered in the 1970s and named for
their ability to stimulate fibroblast proliferation and their respective isoelectric
points[59], [60]. Subsequently, 20 more members were identified on the basis of
sequence homology[61]. It soon transpired that ‘fibroblast growth factor’ was not a
fitting name for all members of this vast family, given that receptors for some of the

FGFs are not even expressed by fibroblasts.

The FGF family can be divided into paracrine/autocrine- and endocrine-acting FGFs.
The first group comprises FGF1-10, FGF16-18, FGF20 and FGF22. The second group
comprises FGF19, FGF21 and FGF23. There is also a small group of non-canonical FGFs,
FGF11-14, which do not bind FGF receptors at all, but exert their function by interacting

with ion channels[62]-[64].

FGEF2 occurs as low and high molecular weight isoforms, translated from a common
mRNA by the use of alternative translation-initiation codons. The low molecular weight
(LMW) isoform of FGF2 is 18 kDa in size. LMW FGF2 is found in both the nucleus and
the cytoplasm and can also be secreted. High molecular weight (HMW) FGF2 varies in
weight between 22 and 34kDa depending on the translation initiation site. HMW FGF2

is found in the nucleus and exerts its function independent of FGFRs[65], [66]. Most
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FGFs have an N-terminal signal peptide for endoplasmic reticulum (ER) import and
classical secretion. However, several FGFs, including FGF1 and FGF2, do not have a
signal peptide and are secreted in an unconventional manner[67]. FGF2 interacts with
phosphoinositides at the inner plasma membrane and oligomerizes to form a
membrane pore. Subsequently, heparan sulfate on the outer plasma membrane can act
as traps for FGF2 molecules, resulting in immobilization on the cell surface[68]. Two
reports exist of FGF2 release by microvesicles. The first study found that after serum
stimulation, FGF2 clusters under the plasma membrane and is subsequently released by
microvesicle budding. FGF2 did not appear to be bound by heparin, but appeared to be
contained inside vesicles[69]. The second study found that astrocytes produce
extracellular structures that contain FGF-2 and VEGF, together with £31- integrin. Based
on size and content, the authors classified the structures as microvesicles, but could not

exclude exosomes[70].

1.2.3 FGF Signaling Pathways

Important downstream signaling pathways of all four FGFRs include PLC-gamma,
MAPK and PI3K. Only PLC-gamma can bind directly to phosphorylated residues at the
C-terminus of the FGFRs[71]. MAPK and PI3K pathway components need to be
recruited with the help of the membrane-anchored adaptor protein FGF receptor

substrate 2alpha (FRS2alpha)[72]. CRK, an adaptor protein that recruits ERK, has also
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been reported to bind to FGFRs[73].
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Figure 1.2.2 FGFR and downstream signaling.

A complex is formed among the FGF ligand, heparan sulfate (not shown), and FGFR to cause
receptor dimerization and transphosphorylation at several tyrosine residues in the intracellular
portion of the FGFR. Subsequent downstream signaling occurs via the intracellular receptor
substrates FRS2 and PLCy, leading ultimately to upregulation of the Ras-dependent MAPK and
Ras-independent PI3K—Akt signaling pathways.
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1.2.4 Physiologic roles of FGF signaling

In the embryo, FGFs and FGFRs are expressed in cell- and location-specific, tightly
regulated patterns that change rapidly as development proceeds[74]. In adult
organisms, components of FGF signaling are expressed in a cell type-specific manner
and are important for tissue homeostasis and function. Abnormal expression of FGFs
and FGFRs is associated with developmental disorders and adult pathologies.
Interestingly, therapeutic manipulation of the FGF signaling axis has been attempted
either with antagonists (in cancer) or with agonists or ectopic delivery of FGF (in

traumatic injury).

Both FGF1 and FGF2 have been extensively studied in wound healing. FGF1 induces
macrophages, epithelial cells and endothelial cells to secrete cytokines and migrate
towards the area of injury[75]. Both FGF1 and FGF2 promote growth and differentiation
of fibroblasts and angiogenesis[76]. In addition, FGF1 suppresses collagen production
and therefore prevents scar formation[77], [78]. Recombinant FGF2 has been used to
accelerate the healing of fresh and chronic wounds in several clinical trials in China and
has shown success in diverse wound types, such as burn trauma, skin ulcers,
chronically ischemic tissue and peripheral artery disease. FGF1 has also been shown to
elicit modest nerve regeneration after spinal cord injury. FGF7, which only binds
FGFR2b, has been used to promote healing of mouth sores after chemotherapy and

irradiation[61].

25



FGF signaling is essential for cardiomyocyte homeostasis. Connexin 43, which is
required for the maintenance of gap junctions, is phosphorylated in response to FGF
stimulation[79]. FGF has shown cardioprotective effects in animal models of heart
failure as well as in some clinical trials[80], [81]. FGF2 improved left ventricle function
in pigs with chronic myocardial ischemia[82] and suppressed the progression of heart
failure in rats[83]. In patients with coronary heart disease, infusion of recombinant
FGF2 improved myocardial function and reduced angina. However, a larger, double-
blind placebo-controlled trials did not confirm these findings, and further studies are
needed to determine the efficacy of FGF in the treatment of patients with heart

failure[84].

Endocrine FGFs are emerging as novel targets for therapies against obesity, diabetes,
and cardiovascular disease. The endocrine-acting FGF21 has been shown to regulate
energy homeostasis through activating of FGFR1 on adipocytes[85]. FGF21 is released
by the liver, but also by other tissues, in response to both starvation and obesity. When
administered to mice, both FGF21 and FGF19 dramatically reversed obesity and type 2
diabetes[86]. Studies of tissue-specific FGFR1 knockout mice revealed that this
regulation depends on FGFR1 activation on adipocytes[87], and that FGF21 promotes

adiponectin release from adipocytes[88].
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For further details on the role of FGFs, and FGF2 in particular, on hematopoiesis and
the maintenance of the bone marrow microenvironment, please see the last paragraph

in chapter 1.3.

1.2.5 FGF receptor knockout mouse models

Knockout models of FGFR1 are generally lethal during late embryogenesis[89]. The
only exception is a model with genetic modification in exon 8, preventing expression of
the IIIb splice variant. This mouse model displays no obvious phenotype[90]. By
contrast, genetic modification that prevents the expression of Illc is lethal due to
gastrulation defects. Embryonically lethal models of FGFR1 knockout reveal that FGFR1
is required for early postimplantation growth of the embryo, as well as axial

organization, mesodermal patterning and limb bud formation[91].

Knockout of FGFR2 results in death during early embryogenesis, with abrogated
growth of the inner cell mass, no visceral endoderm or placental formation[92]. Genetic
modification that prevents the expression of FGFR2 IIIb leads to death at birth, with
impaired limb growth and severe dysgenesis of multiple organs[93]. FGFR2 Illc-
deficient mice, on the other hand, are viable but exhibit delayed ossification of the skull

and dwarfism in the long bones and axial skeleton[94].

Interestingly, FGFR3 knockout mice are viable and exhibit bone overgrowth and

decreased bone mass, as well as early arthritis and deafness[95], [96]. Knockout of the
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I1Ib isoform leads to no obvious phenotype, while lack of Illc recapitulates the skeletal

overgrowth and decreased bone mineral density[96].

Finally, the knockout mouse model of FGFR4 is morphologically normal[97].

1.2.6 Receptor and ligand dysregulation in cancer

Overexpression of FGF ligand or receptor, as well as mutations in FGF receptors, has
been reported in many cancers including head and neck, prostate, hepatocellular
carcinoma, melanoma, lung, breast, bladder, and endometrial cancer (Table 1.4.1 and
[98], [99]). Activating point mutations in FGFR3 have been found in over 60% of non-
invasive bladder cancer[100]. In addition, mutations of FGFRs can prevent receptor
endocytosis[101]. Alternative splicing may also promote tumorigenesis. FGFRIIIb is
typically expressed on mesenchymal cells and IIlc on epithelial cells. When Illc is
expressed in bladder and prostate cancers, it leads to autocrine activation and increased
invasiveness[102]. Amplification of chromosome 8p11-12, the region which
encompasses Fgfrl, is also frequent in prostate cancer and more rarely in breast cancer.

FGFR2 overexpression has also been reported in breast cancer[98].

FGFRs are expressed on all cells of hematopoietic origin, and dysregulated receptor
expression has been reported in several hematologic cancers. Multiple myeloma is the
most extensively studied example. 15 to 20% of multiple myeloma cases harbor a

t(4;14)(p16.3;q32) translocation, bringing Fgfr3 under the influence of an IgH enhancer
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region and leading to FGFR3 overexpression[103]. Although the clinical implications
are still unclear, in vitro FGFR3 overexpression has been shown to promote multiple
myeloma cell proliferation and survival[104]. A number of confirmed activating
mutations in FGFR3 are also found in multiple myeloma. Interestingly, endothelial cells
isolated from the bone marrow of multiple myeloma patients also express more FGFR2
and FGF2 compared to normal human umbilical vein endothelial cells, indicating an
autocrine and paracrine function of the FGF system in this disease[105], [106]. The 8p11
myeloproliferative syndrome (EMS), also called stem cell leukemia/lymphoma (SCLL),
is defined by a translocation that involves the kinase domain of Fgfrl and most
frequently the zinc finger gene ZNF198. The disease is characterized by a BCR-ABL-
negative myeloproliferative syndrome concurrent with a precursor T cell lymphoma,

and often progresses to acute myeloid leukemia[107].

Elevated production of FGF ligands has been associated with high grade disease and
disease progression (Table 1.4.2 and [108]). For example, in prostate cancer, FGF8 and
its receptors are overexpressed and create an autocrine signaling loop that leads to
proliferation and dysplasia and independence from tumor stroma. High levels of FGF8
are associated with decreased patient survival. FGF8 also contributes to bone
metastases in prostate cancer and is enriched in castration-resistant or chemotherapy
refractory disease[109]-[111]. Further examples pertaining to FGF2 overexpression will

be provided below.
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Table 1.2.1 Summary of genetic aberrations in FGFRs in solid tumors and hematologic
malignancies.
(SQC - squamous cell carcinoma, Adeno — adenocarcinoma, EMS — 8p11 myeloproliferative
syndrome). Adapted from [98], [99].

Gene Aberration Cancer type
FGFR1 Mutation Breast (rare), Lung (rare), Melanoma (rare), Glioblastoma
(rare)
Amplification Lung (10-20% SQC & 3% Adeno), Breast (10-15%), Ovarian
(~5%), Bladder (3%), Rhabdomyosarcoma (3%),
Osteosarcoma (5%), Esophageal (9% SQC), Head & neck (10—
17% SQC), Prostate (rare)
Translocation Lung (0.3-0.6% SQC), Glioblastoma multiforme (3%), EMS,
CML (rare)
FGFR2 Mutation Lung (3% SQC), Endometrial (10-16%), Gastric cancer (rare),
Melanoma (rare), Cervical (rare)
Amplification Gastric (4-10%), Breast (~4%)
Germline Second intron SNP: increased incidence of breast cancer
SNP
Translocation Lung (0.3% SQC), iCCA (~16%), Metastatic breast (rare),
Metastatic prostate (rare)
FGFR3 Mutation Lung (3% SQC), Bladder (50-60% non-muscle invasive type,
10-15% invasive type), Cervical (5%), Prostate (3%),
Spermatocytic seminoma (7%), Multiple myeloma (rare),
Head & neck (rare), Seborrheic keratosis (39%), Testicular
(rare)
Translocation Lung (1-3.5% SQC), Lung (0.5% Adeno), Bladder (6%
muscle-invasive), Glioblastoma (3-7%), Multiple myeloma
(15-20%), Leukemia
FGFR4 Mutation Rhabdomyosarcoma (8%), Glioblastoma multiforme (rare),
Endometrial (rare), Lung (rare), Breast (rare)
Amplification Colorectal (5%), Prostate (18% of T1 tumors, 29-41% of T2-T4

tumors)
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1.1.1.3 Roles of FGF2 in malignancy

Although, as indicated above, many members of the FGF and FGFR families have been
associated with malignancy, FGF2 is the most studied ligand and has been revealed as
an important regulator of cell growth and differentiation. Several studies have shown

that FGF2 is a key oncogenic factor in the tumor microenvironment[108].

FGF2 has long been recognized as a potent pro-angiogenic factor. FGF2 stimulates
endothelial cells in a paracrine manner after release from tumor and stromal cells. In
addition, FGF2 plays an autocrine role in endothelial cells. Endothelial cells primarily
express FGFR1, and activation by FGF2 leads to endothelial cell proliferation,
migration, protease production and angiogenesis[112], [113]. Importantly, FGF2 has
been shown to compensate for VEGF-induced angiogenesis in the setting of VEGFR
inhibition[114]. In addition to supporting tumor vasculature, FGF2 may contribute to
cancer progression by acting directly on tumor cells. FGF2 is overexpressed and/or
released from tumor, endothelial, or stromal cells, and thus acts in an autocrine or
paracrine manner on cancer cells. FGF2 secreted by stromal fibroblasts induces tumor

cell proliferation. In addition, FGF2 has an autocrine role in activating tumor

fibroblasts[108].

Growing evidence points to FGF2 as an important factor in hematopoiesis and

hematologic malignancies. Again, FGF2 directly induces stem cell proliferation and
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differentiation, but also promotes proliferation of stromal cells in the bone marrow.
FGF2 stimulation of stem or neoplastic cells can be autocrine or paracrine. For example,
lymphoma cells express both FGF2 and FGFRs. In Hodgkin lymphoma, increased
expression of FGF2 and FGFRs is associated with poor prognosis and
chemoresistance[115], [116]. In ALL, urinary FGF2 levels are elevated before induction
chemotherapy, variable during therapy, and normal when complete remission is
achieved[117]. A large study found elevated FGF2 levels in the plasma of patients with
ALL, AML, CML, CLL, and myelodysplastic syndrome (MDS)[118]. Another report
demonstrated significantly elevated FGF2 levels in newly diagnosed AML. Induction
chemotherapy again resulted in decreased FGF2 levels[119]. In MDS, FGF2 levels in the
serum are significantly higher in patients whose disease is at high risk for leukemic
transformation[120]. A summary of studies investigating the clinical relevance of FGF2
levels in hematologic malignancies is provided in table 1.4.2. In bone marrow stroma,
FGF2 induces the production of IL-6, which in turn stimulates the production of FGF2.
In several cancer types, IL-6 and FGF2 appear to be involved in paracrine and autocrine
feedback loops that promote disease progression and chemoresistance[52], [116], [121].
As already mentioned in chapter 1.1.3.2, targeting this crosstalk may be a promising
approach to target environment-mediated resistance. Further evidence pertaining to

FGF2 in therapy resistance will be provided below.
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Table 1.2.2 Studies evaluating FGF2 as a prognostic biomarker in cancer patients with
hematological tumors.
Adapted from [108]. Reproduction permitted under the Creative Commons Attribution License

(CCAL).
Cancer Type Specimen FGF2 Expression Pattern Prognosis/ Associated with
Type
Acute Untreated, Increased 1.4 fold in -
Lymphoblastic treated tumors vs. normal
Leukemia (ALL)  plasma controls
Untreated Increased 8 fold in -
urine tumors vs. normal
controls
Acute Myeloid Untreated, Increased 1.2 fold in -
Leukemia (AML) treated tumors vs. normal
plasma controls
Untreated BM  Increased 1.6 fold in No significant correlation
biopsy tumors vs. normal between FGF2 and MVD
controls
Chronic Untreated, Increased levels in 54% of -
Lymphocytic treated tumors vs. normal range
Leukemia (CLL)  plasma in healthy controls
Untreated, Increased 9 fold in -
treated tumors vs. normal
plasma controls
Urine Increased 2 fold in -
tumors vs. controls
Peripheral Increased 64 fold in No significant correlation
blood (cell tumors with high risk vs.  between FGF2 and factors other
lysates and normal controls than stage of disease
plasma)
Chronic Myeloid Untreated, Increased levels in 44% -
Leukemia (CML) treated tumors vs. normal range
plasma in healthy controls
Untreated, Increased 1.6 fold in -
treated tumors vs. normal
plasma controls
Hairy Cell Untreated, Increased FGF2 levels in -
Leukemia (HCL) treated serum 44% of tumors vs. normal
and BM range in healthy controls
aspirates
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Hodgkin's
Lymphoma

Multiple
Myeloma

Non-Hodgkin's
Lymphoma

Lymph node
tissue

TMA (NS)

Untreated,
treated serum

BM aspirates

Plasma cells

Untreated,
treated serum

Untreated,
treated serum

Biopsy

BM biopsy

Untreated,
treated serum

85% tumors positive

Increased 246 fold in PO
tumors vs. normal lymph
node controls Increased
10 fold in GO tumors vs.
normal lymph node
controls

FGEF2 levels in tumors
were normal

Increased FGF2
expression in tumors
(13.5 pg/ml) vs. absent in
controls

Increased 6.7 fold in
active MM patients vs.
non-active ones

Increased FGF2 levels in
tumors vs. controls.
Decreased 0.3 fold in
treated patients with CR
vs. untreated patients

Increased 2 fold in
tumors vs. controls. No
correlation between FGF2
at diagnosis and after
treatment

Positive expression in
23.1% of tumors

7% positive FGF2 in
tumors

Increased in untreated
tumors vs. controls; no
significant change in
FGEF2 relative to
untreated sample values

No significant change in FGF2
levels relative to pre-therapy
values

No significant correlation
between FGF2 and BM
neovascularization

Significant correlation between
FGF2, VEGF, HGF, and B2M

Correlated with bulky disease

Decreased 0.5 and 0.4 fold
months OS and PFS
respectively, in FGF2 positive
vs. negative tumors; correlated
with bulty disease
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1.1.1.4 FGF2 in therapy resistance

High levels of FGF2 in serum and tumor are associated with relapse and/or recurrence
in several cancers including bladder, breast, esophageal and Hodgkin lymphoma[108].
In a rat model of metastatic prostate cancer, the increased resistance of metastases over
primary disease to chemotherapy with paclitaxel, doxorubicin and 5-fluorouracil was
dependent on extracellular FGF2 produced by the metastatic microenvironment[122].
Other evidence that FGF2 may be involved in clinical drug resistance is provided by
studies on fludarabine resistance in chronic lymphocytic leukemia (CLL)[123]. FGF2
levels in patient-derived or cell line CLL cells correlate with fludarabine resistance in
vitro. Addition of exogenous FGF2 induces or further potentiates resistance when

added to FGF-low or -high CLL cells, respectively.

FGF2 has been found to alter the levels of Bcl-2 and Bax family proteins to modulate the
threshold for drug-induced apoptosis. Bcl-2 and its homologues are apoptosis
regulators that regulate the permeability of mitochondrial outer membranes. They can
be either pro-apoptotic (Bax, BAD, Bak among others), or anti-apoptotic (Bcl-2 and Bcl-
XL among others). Bcl-2 and Bcl-XL are upregulated by FGF2 in small cell lung cancer
cells, where FGF2 mediates resistance to etoposide[124]. FGF2 also interacts with other
anti-apoptotic proteins. Endothelial cells upregulate the expression of survivin in
response to FGF2, which is associated with protection from multiple chemotherapeutic

drugs[125]-[127].
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It is becoming clear that FGF2 is not only protective against broad-acting
chemotherapeutic agents, but also in several instances of tyrosine kinase inhibitor
therapy. In non small cell lung cancer cell lines, EGFR inhibitor treatment with gefitinib
increases the expression of FGFR2 and FGFR3 and well as FGF2. This leads to autocrine
reactivation of the ERK pathway, leading to cell survival and invasion, and reducing
the sensitivity gefitinib[128], [129]. FGFR activation is also an escape mechanism in
human lung cancer cells resistant to afatinib, another EGFR inhibitor[35]. In a similar
study of human melanoma cell lines, prolonged exposure to the B-RAF inhibitor
vemurafenib induced secretion of FGF2 and led to FGFR3 activation and re-activation
of the MAPK pathway[130]. In this thesis, I will describe FGF2-induced resistance to
tyrosine kinase inhibitors in three additional cancers. Collectively, these reports
strengthen the literature in support of FGF2 as an important mediator of protection and

resistance in multiple settings.

Nevertheless, it is important to note that FGF2 is likely not unique in this capacity. A
study of 41 receptor tyrosine kinase-driven human cancer cell lines found that most
cells could be rescued from sensitivity to their respective tyrosine kinase inhibitors by
exposure to one or more receptor tyrosine kinase ligands. The ligands HGF, FGF and
neuregulin 1 were the most broadly protective. Many tested cell lines could be rescued
from treatment sensitivity by as many as four different ligands. These ligands had in

common that they induced reactivation of the PI3K-AKT and/or MAPK pathways. This
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report confirms a recurrent theme in resistance against tyrosine kinase inhibitors — the
compensation for signaling downstream of the targeted kinase through activation of
another, ligand-dependent receptor[131]. This argues strongly that we should take into
account the expression of not only the driving oncogenic kinase, but that of other
receptors and their ligands to inform treatment strategies that anticipate resistance
mechanisms. Strategies to narrow down the set of potentially protective signaling
pathways should include consideration of receptors previously implicated in resistance,
such as MET and AXL, as well as consideration of the receptor expression profile in the

given cancer.

1.1.1.5 FGEFR inhibitors

With the exception of AZD4547 and to a lesser extent BGJ398 and PD173074, most FGFR
inhibitors, including dovitinib (CHIR258), nintedanib (BIBF 1120), lenvatinib, brivanib,
orantinib (TSU-68) and lucitanib (E3810), inhibit multiple receptor tyrosine kinases[99].
Indeed, the first generation of FGFR inhibitors, which includes brivanib, lucitanib,
orantinib and nintedanib, was designed to target VEGEFR or platelet-derived growth
factor receptors (PDGFRs). These agents exert antiangiogenic and anti-tumor effects
through the inhibition of VEGFR and FGFR. Since FGFR has been found to compensate
for VEGFR in promoting angiogenesis[114], the dual activity may be fortuitous in
preventing resistance. On the other hand, these multi-targeted inhibitors are often less

potent against FGFRs over the other kinases and exhibit multiple side effects. Several
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companies are developing FGFR-selective inhibitors, including the covalent irreversible
inhibitors named FGFR inhibitors 2 (FIIN-2) and 3 (FIIN-3). FIIN-2 and 3 can inhibit the
gatekeeper mutants of FGFR1 and 2, which confer resistance to first-generation
inhibitors[132]. The first irreversible inhibitor (TAS-120) is now being evaluated in a

phase I clinical trial for patients with solid tumors or multiple myeloma[133].

Dovitinib is a multi-target inhibitor of FGFR1-3, VEGFR1-3 and PDGFR. Phase I
studies suggested that dovitinib has a tolerable safety profile at therapeutic
doses. Dovitinib was evaluated in a phase II trial of HER2-negative metastatic
breast cancer with FGFR1 amplification. The results showed limited activity with

responses correlating with the level of FGFR1 amplification[134].

Lucitanib is an inhibitor of FGFR1-3, VEGFR1-3 and PDGEFR. A phase I/Ila
demonstrated responses in FGFR1 amplified breast cancer, and in tumors often
responsive to VEGFR inhibitor therapy such as renal cell and thyroid cancer.
Further phase II trials in patients with breast cancer and other solid tumors

showing FGFR dysregulation are ongoing[135], [136].

AZDA4547 is a newer FGFR inhibitor, with over 100-fold selectivity of FGFRs over
VEGEFR. A phase I trial in patients with advanced solid tumors is ongoing, and a
phase II trial to test the efficacy of AZD4547 in combination with an aromatase

inhibitor is currently recruiting patients with ER+ breast cancer. AZD4547 is also
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included in a phase II/III trial that employs genomic screening to assign therapies

in NSCLC and squamous cell lung cancer[137].

BG]J398 is a selective FGFR inhibitor with some activity (70-100-fold difference)
against VEGFR. Safety and efficacy are being evaluated in a phase I trial in
patients with advanced solid tumors harboring FGFR1, 2 or 3 mutations or
amplifications. Preliminary results are encouraging, as a lung cancer patient with
FGFR1 amplification exhibited a 33% reduction in tumor size. The most recent
adverse events were gastrointestinal events and fatigue. A frequent observation
in clinical trials using more selective FGFR inhibitors has been
hyperphosphatemia due to inhibition of FGF23 signaling in the kidney. AZD4547

also had this effect[138]-[140].

JNJ-42756493 is a selective and highly potent FGFR inhibitor that in initial phase
I studies exhibited concerning side effects, but whose tolerability was improved
on an intermittent schedule. Among 23 patients with advanced solid tumors
harboring FGFR alterations, four had confirmed responses (glioblastoma,
urothelial and endometrial cancers) and 16 patients had stable disease. Further

studies are ongoing[141], [142].

INCB05828 is another potent inhibitor of FGFR1, 2 and 3 currently under

evaluation in a phase I clinical trial for advanced malignancies[143].
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In addition to kinase inhibitors, several strategies have been developed to block ligand-
receptor interaction, including antibodies against FGFs or FGFRs, ligand traps, and
ligand mimetics. The advantage of monoclonal antibodies is their isoform specificity,
which should minimize common side effects associated with inhibition of all FGFRs.
Despite promising results in in vitro models and animal studies, very few monoclonal
antibodies have progressed to clinical trials. The FGFR3 antibody MFGR1877S is one of
the few that has been evaluated in two separate phase I trials; one in t(4;14) multiple
myeloma, and one in advanced solid tumors. In multiple myeloma, MFGR1877S was
well-tolerated, and although no objective responses were observed, stable disease was
observed in 3 patients[144]. A preliminary report on the solid tumor study documented

long-lasting stabilization in 4 of 10 patients with bladder cancer[145].

1.3 Bone marrow microenvironment

In solid malignancies, the tumor microenvironment has long been recognized as an
essential accessory to the establishment, growth, and dissemination of disease. This
paradigm applies to leukemias as well, where abnormalities in a stem or progenitor cell
alter the homeostasis between supportive cells and normal blood cell progenitors.
Leukemias originate from a hierarchy of neoplastic stem cells that differ in self-
renewing capacity. Neoplastic or leukemic stem cells (LSCs) arise from transformed
normal hematopoietic stem cells (HSCs) or from hematopoietic progenitor cells that

have re-acquired self-renewal capacity during transformation.
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HSCs have to balance enormous production needs (over 500 billion blood cells are
produced every day) with the need to regulate precise percentages of blood cell types in
the circulation. It is estimated that humans possess approximately 10,000 HSCs, with
about 1000 contributing to hematopoiesis at any given time[146]. The healthy bone
marrow microenvironment is uniquely adapted to support HSCs, creating what is
known as the stem cell niche. In addition to HSCs, the bone marrow contains
mesenchymal stem cells (MSCs), osteoprogenitors, osteoblasts, osteocytes, and
chondrocytes, as well as other stromal cell populations that may regulate
hematopoiesis, such as neuronal cells, glial cells, and adipocytes. The bone marrow is
also highly vascularized, and endothelial cells contribute to the maintenance of HSCs

(Figure 1.4.2 and [147]).

HSC are found predominantly close to vasculature, and this location has implicated
stromal cells in the perivascular region as niche cells[148]. Perivascular stromal cells are
a heterogeneous population characterized by high CXCL12 expression, a chemokine
that plays a crucial role in maintaining HSC function. CXCL12 positive stromal cells can
be divided into three overlapping sub-populations: CXCL12-abundant reticular (CAR)
cells, nestin-GFP positive stromal cells and leptin receptor positive stromal cells[149]. In

addition to CXCL12, these cells express SCF and angiopoietin[150].

The cell populations discussed in the previous paragraph can be considered the

immediate progeny of MSCs. Thus, MSCs are defined as self-renewing cells that can
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generate cells of osteoblast, chondrocyte, adipocyte, and fibroblast lineages. Currently,
no strategy exists to prospectively identify a pure MSC population. However, minimal
criteria for the characterization of MSCs have been defined by the Mesenchymal and
Tissue Stem Cell Committee of the International Society for Cellular Therapy: MScs
must be plastic-adherent in culture, must express CD73, CD90 and CD105, and must
lack expression of CD11b, CD14, CD34, CD45, CD79alpha, and HLA-DR, and must
have full differentiation capacity[151]. Recently, the requirement for MSCs to be
adherent has been called into question, as mesenchymal progenitors were expanded in
suspension, and appeared to maintain a less committed phenotype than those cultured
on plastic[152]. In human bone marrow, CD146 marks a population of stromal cells that
is enriched for MSCs[153]. PDGFRalpha and CD51 have more recently been identified

as markers of human MSCs. These cells support HSC expansion in vitro[154].
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Figure 1.3.1 Hematopoietic stem cells (HSCs) in the bone marrow niche.

HSCs are found mainly adjacent to sinusoids in the bone marrow, where endothelial cells and
mesenchymal stem cells promote HSC maintenance by producing SCF, CXCL12 and probably
other factors. Perivascular stromal cells, which probably include CXCL12-abundant reticular (CAR)
cells contribute to this niche. It is likely that other cells also contribute. These probably include
cells near bone surfaces in trabecular-rich areas. Other cell types that regulate HSC niches include
sympathetic nerves, non-myelinating Schwann cells, macrophages and osteoclasts. The
extracellular matrix and calcium also regulate HSCs. Osteoblasts do not directly promote HSC
maintenance but do promote the maintenance and perhaps the differentiation of certain
lymphoid progenitors by secreting CXCL12 and probably other factors. Early lymphoid restricted
progenitors thus reside in an endosteal niche that is spatially and cellularly distinct from HSCs.
Adapted and reprinted by permission from Macmillan Publishers Ltd: Nature [154], copyright
2014.
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1.3.1 FGF signaling in hematopoiesis

FGFs can regulate hematopoiesis directly by acting on hematopoietic cells, and
indirectly by stimulating stromal cells to produce hematopoietic cytokines[155]. FGF2
induces proliferation of bone marrow stromal cells and promotes the release and/or
synthesis of cytokines that stimulate megakaryopoiesis[156]. This is supported by the
observation that an IL-6 blocking antibody abrogates the FGF2-induced enhancement of
megakaryocyte colony formation[157]. FGFs play important roles in MSC
differentiation and have been implicated both in adipogenesis and osteogenesis[158].
The osteogenic transcription factor Runx2 can be upregulated by FGF2, FGF4, and
FGF8[159]. In addition, FGF2 can induce alkaline phosphatase activity and promote
mineralization[160]. In terms of adipogenic differentiation, FGF1, FGF2, and FGF10
have been shown to promote adipogenesis when adipogenic conditions are
provided[161]. Therefore, FGF2 exerts dual roles in regulating adipogenic and
osteogenic differentiation. Importantly, FGF2 also promotes the maintenance of MSC
self-renewal capacity, including extended lifespan in vitro, longer telomere length, and

pluripotency.

FGF2 KO mice exhibit normal steady state hematopoiesis. However, a study showed

that HSCs in these mice are unable to recover fully from myeloablative insults. The
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authors propose that FGF2 expands and maintains stromal cells, including perivascular
Nestin+ supportive stromal cells, that facilitate HSC expansion by secreting SCF, and
exit from quiescence by downregulating CXCL12 via mir-31. Upregulated SCF levels
activate KIT, which is highly expressed by FGF2-induced HSCs. FGF2 is revealed as an
important regulator of stress hematopoiesis, undergoing a dramatic upregulation after

marrow insult, and leading to an expansion of MSCs and subsequently HSCs[162].

As indicated above, bone marrow endothelial cells are an important part of the stem cell
niche. FGF signaling plays an important role in maintaining endothelial integrity.
Endothelial cell-specific knockout of FGFR1/2 leads to impaired endothelial integrity
and exposure of HSCs to peripheral blood, which augments their differentiation and

compromises long-term self-renewal capacity[163].

1.3.2 Mesenchymal stem cells in the leukemic niche

LSCs localize to the same niche as their non-neoplastic counterparts, and thus compete
with normal HSCs. MSCs control the fate of LSCs similarly to HSCs, including
quiescence, resistance to apoptotic stimuli and resistance to drugs. These pathways are
regulated most efficiently when LSCs are in contact or in close proximity to MSCs[164].
For example, CD44, which binds extracellular matrix proteins, is essential for the
homing and establishment of CML and AML in several mouse models[165]. The

addition of an anti-CD44 monoclonal antibody to dasatinib led to a reduction of CML
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blasts, suggesting that dislodged leukemia cells are more sensitive to
chemotherapy[166]. Direct cell-to-cell contact inhibits leukemic cell proliferation and
activates survival pathways leading to protection from chemotherapy[167]. As
indicated in chapter 1.1.3.1, cell-contact mediated protection can also promote resistance

to tyrosine kinase inhibitors.

Interestingly, the bone marrow microenvironment can even be the initiator of abnormal
HSC behavior. Mice lacking retinoic acid receptor (RAR) gamma have increased
granulocyte/macrophage progenitors. However, when wild-type HSCs were
transplanted into these mice, the mice still developed myeloproliferation[168]. It was
later shown that increased TNFalpha secretion in the bone marrow contributed to the
aberrant proliferation. In another mouse model, Dicerl, which is required for
microRNA processing, was disrupted in osteoprogenitors. Mice developed a
myelodysplasia-like syndrome and several progressed to AML with new genetic
abnormalities[169]. These data are the first evidence that stromal cells can be the

inciting abnormality.
1.4 Exosomes in cancer

Extracellular vesicles, including exosomes and microvesicles, are emerging as a form of
intercellular communication with important roles in physiological processes as well as

in cancer. Extracellular vesicles can transfer proteins, RNA transcripts, microRNAs, and
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even DNA to neighboring cells or to distant tissues. Microvesicles can be as large as 0.2-
1 um in diameter, while exosomes are typically much smaller, ranging in size from 0.04-
0.1 um[170]. These two classes of extracellular vesicles are formed through distinct
mechanisms. Microvesicles are shed from the plasma membrane by budding and
fission. Conversely, exosomes do not initially form at the plasma membrane (Figure
1.4.3 and [171]). They are produced through inward budding in a late endosome called
the multivesicular body assisted by ESCRT (endosomal sorting complex required for
transport) machinery. The multivesicular body is re-routed to the cell surface, where it
fuses with the plasma membrane and releases the exosomes[172]. Several markers,
including CD63, CD81, CD?Y, tsg-101, syndecan-1, MHC molecules, ALIX, and HSP70,
have been used to identify exosomes at different stages of their biogenesis[170]. In
addition to the ESCRT-mediated exosome biogenesis described above, ceramide and
nSMase2 (neutral sphingomyelinase 2; the rate limiting enzyme of ceramide

biosynthesis) seem to be able to mediate exosome formation, loading, and release[173].

Both microvesicles and exosomes have been implicated in cancer progression.
Microvesicles shed from cancer cells have been shown to activate fibroblasts and alter
the tumor microenvironment, as well as stimulating tumor angiogenesis[174], [175].
Likewise, exosomes have been implicated in mediating the communication between
stromal cells and surrounding cancer cells, and the education of bone marrow-derived

cells, which in turn affects the development of the pre-metastatic niche[176], [177].
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Extracellular vesicles generated by some cancer cells contain signaling molecules such
as Ras and EGFR[178], [179], and different RNA species that regulate the expression of
proteins that stimulate cell growth and survival[180]. Two studies in glioblastoma were
the first to demonstrate that extracellular vesicles could transfer functionality from one
cancer cell to another. In the first study, microvesicles from patient sample glioblastoma
were taken up by the U87 glioblastoma cell line and stimulated their growth, likely
through translation of oncogenic RNA transcript contained in the vesicles[181]. The
second study showed that not only transcript, but functional protein, in this case the
growth-promoting EGFRVIII receptor, could be transferred via extracellular vesicles,
and promote accelerated growth in U87 cells[182]. This suggests that extracellular
vesicles may help the propagate the oncogenic phenotype among heterogeneous cell

populations in a tumor.

Extracellular vesicles can also have a significant impact on the function and behavior of
cells in the tumor microenvironment. For example, vesicles shed from breast cancer
cells are taken up by normal mammary epithelium and fibroblasts and enhance their
proliferation, survival, and anchorage-independent growth[183]. In gastrointestinal
stromal tumor, oncogenic KIT-containing exosomes have been shown to activate
signaling in normal smooth muscle progenitor cells to support tumor invasiveness[184].
Interestingly, the transfer of information via extracellular vesicles between cancer cells

and the microenvironment is reciprocal. For example, stromal cells associated with
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breast cancer release vesicles that contribute to chemoresistance and tumor re-
initiation[177]. Another study demonstrated that exosomes secreted from fibroblasts
associated with oral cavity squamous cell carcinoma contain TGFbeta receptor II, which
contributes to TGFbeta-responsiveness in cancers cells at the edge of the tumor,

resulting in growth arrest, increased metastatic capacity and drug resistance[185].

Extracellular vesicles have been heavily implicated in the creation of the pre-metastatic
niche. For example, exosomes from metastatic melanoma cells increased vascular
leakiness and enhanced the metastasis of melanoma cells in a mouse xenograft[186]. A
similar role for extracellular vesicles was found in a model of metastatic pancreatic
ductal carcinoma[176]. Extracellular vesicles also seem to determine tropism of various
cancers for different metastatic organ sites. The presence of different integrins on
vesicles regulated uptake in different organs, suggesting that they could serve as

metastatic markers[187].

1.4.1 Exosomes in the hematopoietic niche

The role of exosomes in leukemias is not as well studied as their role in solid
malignancies. Nevertheless, the limited studies have highlighted a possible role in
leukemia development and progression. Exosomal microRNA in the serum is correlated
with AML xenograft growth kinetics and can serve as a minimally invasive early

biomarker of AML[188]. Another study found that leukemia patients develop severe
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bleeding as a result of diffuse activation of the clotting cascade. Tissue factor has been
found in extracellular vesicles of patients with advanced malignancies[189]-[191].
Primary AML and AML cell lines release exosomes that can be taken up by murine OP9
bone marrow stromal cells. The exosomes transfer IGF-1R mRNA to the stromal
cells[192]. Recently, a study showed that CLL-derived exosomes are incorporated into
endothelial and mesenchymal stem cells, and that this transfer causes an inflammatory
phenotype in the recipient cells and transforms stromal cells into cancer-associated

fibroblasts. The endothelial cells also showed increased angiogenic potential[193].

It has been established that mesenchymal stem cells are a rich source of extracellular
vesicles, and that these vesicles share some of the unique properties of MSCs
themselves[194]. For example, MSC-derived exosomes reduce pro-inflammatory
cytokines in patients with treatment-refractory graft-versus-host disease[195]. In
addition, extracellular vesicles derived from MSCs elicit cardioprotection and decrease
the damage caused by ischemia in animal models of ischemia and reperfusion
injury[196]. Despite these findings, little is known about MSC-derived exosomes in
cancer. However, initial reports suggest that they may play a role in therapy resistance.
In multiple myeloma, exosomes from bone marrow stromal cells have been found to
provide protection from apoptosis when myeloma cells are exposed to bortezomib.
Stromal exosomes alter the expression and activity of p38, p53, c-Jun, N-terminal kinase,

and the AKT pathway[197]. This study is the first indication that exosome-mediated
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crosstalk between leukemia and bone marrow stromal cells is reciprocal and can
contribute to drug resistance, however, the function of MSC-derived exosomes in

hematopoietic malignancies remains otherwise largely unexplored.

1.4.2 Regulation of exosome biogenesis and release

As exosomes are derived from the endocytic pathway, endocytosis can be considered
the first step in exosomal biogenesis. Cancer cells frequently express abnormal levels of
transmembrane receptors and associated structural and signaling components. The
plasma membrane is highly dynamic, and receptors have a high turnover rate[101]. As
receptors are marked for recycling or degradation, they enter the endocytic pathway,
transitioning from early endosomes to multivesicular bodies and potentially to
exosomes for subsequent release. Indeed, the rate of endocytosis of lipid rafts is directly
correlated with the rate of exosome release. Cancer cell-specific properties such as lipid
composition of the plasma membrane, receptor expression and activation status and
reactions to hypoxia are all likely to influence the quality and quantity of exosome
biogenesis[198]. There is great interest in inhibiting exosome-mediated enhancement of
metastasis. The focus has been on blocking the production of exosomes by tumor cells
in a relatively unspecific manner. For example, it has been shown that exosomes from
4T1 cancer cells are released in a Rab27a-dependent manner, and inhibition of Rab27a
results in decreased primary tumor growth and metastatic potential[199]. However,

silencing of Rab27a and b inhibits production of exosomes in many cell types including
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HeLa cells[200]. Even less specifically, exosome production can be inhibited by blocking
H/Na and Na/Ca channels. Blocking of Ca-channels can be achieved with amiloride.
Amiloride has been shown to inhibit exosome biosynthesis in vitro and in vivo, and in
combination with cyclophosphamide, reduced the activity of myeloid-derived
suppressor cells[201]. Beyond this, we have not yet capitalized on our understanding of

the exosome biogenesis pathway to develop strategies that specifically target one cell

type.
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Figure 1.4.1 Overview of EV biogenesis and functions.

A. Exosome biogenesis. Exosomes are derived from multivesicular bodies (MVBs). Exosome generation is initiated through inward
budding of early endosomes leading to MVB formation. Exosomes are released when MVBs fuse with the cell membrane to release
their cargo. ESCRT proteins, together with additional factors such as syntenin and syndecans, mediate the biogenesis of MVBs and the
sorting of specific cargo to MVBs. Rab proteins regulate maturation and fusion of MVBs with the plasma membrane. Fusion of the
MVB and release of exosomes are regulated and are known to require phospholipase D, calcium and Rabs 11 and 27A and B. B.
Exosome constituents. Exosomes are composed of a lipid bilayer, and they contain specific receptors on their surface reflecting their
cells of origin (i. e. tetraspanins and integrins). Exosomes can be identified by the presence of specific ESCRT components such as
tsg101 and Alix. They also contain various molecules including protein, lipid, DNA and RNA (including miRNAs bound to Argonaute-2
(Ago2). Adapted and reprinted by permission from John Wiley and Sons: Cellular Microbiology [171], copyright 2014.
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2. Paracrine mechanisms of FGF-mediated resistance

This chapter is based on three manuscripts describing the paracrine protective action of
FGF2 on three different cancer types. Data not included in the original publications is

shown in sections 2.1.3.2 and 2.1.3.8.
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2.1 Crosstalk between KIT and FGFR3 Promotes Gastrointestinal Stromal Tumor

Cell Growth and Drug Resistance.

Nathalie Javidi-Sharifi, Elie Traer, Jacqueline Martinez, Anu Gupta, Takehiro Taguchi,
Jennifer Dunlap, Michael C. Heinrich, Christopher L. Corless, Brian P. Rubin, Brian J.

Druker, Jeffrey W. Tyner

This manuscript was published in Cancer Research on March 1, 2015 in volume 75(5)

pages 880-891.
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2.1.1 Abstract

Kinase inhibitors such as imatinib have dramatically improved outcomes for patients
with gastrointestinal stromal tumor (GIST), but many patients develop resistance to
these treatments. Although in some patients this event corresponds with mutations in
the GIST driver oncogenic kinase KIT, other patients develop resistance without KIT
mutations. In this study, we address this patient subset in reporting a functional
dependence of GIST on the FGF receptor FGFR3 and its crosstalk with KIT in GIST cells.
Addition of the FGFR3 ligand FGF2 to GIST cells restored KIT phosphorylation during
imatinib treatment, allowing sensitive cells to proliferate in the presence of the drug.
FGF2 expression was increased in imatinib-resistant GIST cells, the growth of which
was blocked by RNAi-mediated silencing of FGFR3. Moreover, combining KIT and
FGFR3 inhibitors synergized to block the growth of imatinib-resistant cells. Signaling
crosstalk between KIT and FGFR3 activated the MAPK pathway to promote resistance
to imatinib. Clinically, an IHC analysis of tumor specimens from imatinib-resistant
GIST patients revealed a relative increase in FGF2 levels, with a trend toward increased
expression in imatinib-naive samples consistent with possible involvement in drug
resistance. Our findings provide a mechanistic rationale to evaluate existing FGFR

inhibitors and multikinase inhibitors that target FGFR3 as promising strategies to

57



improve treatment of patients with GIST with de novo or acquired resistance to
imatinib.
2.1.2 Introduction

1.1.1.6  GIST clinical perspective

Gastrointestinal stromal tumors (GIST) are the most common mesenchymal neoplasms
of the gastrointestinal tract with 5,000 to 6,000 new cases in the United States each year.
They originate from interstitial cells of Cajal or their stem cell precursors, also known as
GI pacemaker cells as they interface between autonomic nerves and smooth muscle cells
of the GI tract[202]. GISTs occur throughout the GI tract with the most common
locations being the stomach (60%), jejunum and ileum (30%), and colorectum (less than
5%). Approximately Y4 of gastric and ¥z of intestinal GISTs are metastatic, most
commonly to the abdominal cavity and liver. GISTs usually occur in adults over 50. The
most common symptom of GIST is GI bleeding. If possible, tumors are resected. In cases
of unresectable or metastatic disease, tyrosine kinase inhibitors against KIT and/or

PDGEFRA achieve complete or partial remission in the majority of patients.

1.1.1.7 Oncogenic signaling in GIST

The importance of the receptor tyrosine kinase KIT was first established when germline
loss-of-function point mutations proved deleterious for normal hematopoiesis and

mast-cell development, melanogenesis, gametogenesis, and development of the
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interstitial cells of Cajal[203]. Gain of function mutations in KIT are associated not only
with GIST, but also with several other highly malignant tumors in humans, such as
mast-cell and myeloid leukemias, seminomas, and dysgerminomas. KIT mutations in
GIST cluster in exon 11, which encodes the juxtamembrane domain of KIT. The
mutations cluster around the autophosphorylation sites at Tyr568 and 570, leading to
de-repression and autophosphorylation in absence of ligand[204]. KIT is highly
expressed and carries activating mutations in most cases of GIST. The majority of GISTs
with wild-type KIT have activating mutations in PDGFRA[205], [206]. Activation of the
PI3K pathway downstream of mutant KIT/PDGFRA is essential for GIST cell growth
and survival[207]. In addition, MAPK pathway signaling is activated downstream of
KIT, and plays a pivotal role in tumorigenesis through the stabilization of the

transcription factor ETV1 and activation of an oncogenic transcriptional program[208].
1.1.1.8 TKI therapy in GIST

Until fifteen years ago, GIST was regarded as a chemotherapy-resistant disease, with
little to no improvement in survival with the use of conventional chemotherapy[209].
The introduction of targeted tyrosine kinase inhibitor (TKI) therapy has revolutionized
the clinical management of GIST and exemplifies the success of targeted therapy in
solid tumors. 80% to 90% of patients with GIST with unresectable or disseminated
disease initially attain at least disease stabilization, or complete or partial response to

imatinib[210]. A dose of 400 mg per day is the current firstOline treatment for patients
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with metastatic GIST, unless the tumor harbors a gatekeeper mutation in exon 18 of
PDGFRA (D842V) which confers resistance to imatinib. In patients with KIT exon 9
mutations, increasing the dose to 800 mg per day has shown a significant improvement
in progression-free survival[210]. Imatinib is now also routinely used in a neoadjuvant

or adjuvant setting[211].

1.1.1.9 Resistance to TKI therapy in GIST

Nearly 50% of GIST cases treated with imatinib develop secondary resistance in the first
2 years. Most frequently, secondary resistance is due to acquisition of additional
mutations in KIT or PDGFRA that decrease the binding affinity for imatinib[207], [212].
However, another mechanism that is likely to account for acquired resistance in a
subset of GISTs is activation of pathways other than KIT and PDGFRA, thereby
bypassing the inhibitory effects of KIT/PDGFRA-targeted small molecules. One third of
the patients can be stabilized by increasing the imatinib dose to 800 mg per day[213].
Sunitinib is the standard of care for patients who progress on or cannot tolerate
imatinib[214]. Regorafenib has been approved for third-line treatment of GISTs that
progressed on imatinib and sunitinib after demonstrating improved progression-free

survival compared to imatinib re-challenge or placebo[215], [216].

Masitinib is under evaluation as a second-line therapy in comparison to sunitinib. Initial

results are promising and a phase III trial is recruiting patients. Ponatinib is another
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multi-kinase inhibitor that targets KIT, PDGFRA, BCR-ABL, and FGFRs and was first
studied in CML, and now is being evaluated for GIST. The management of patients
with a PDGFRA D842V mutation remains a particular challenge. Crenolanib is an
inhibitor of Imatinib-resistant PDGFRA kinases including D842V in GIST patients; a
phase II trial has been initiated to treat this population. Inhibitors of downstream
pathway kinases (PI3K and MAPK) are under evaluation. Heat shock protein (HSP)
protects KIT from degradation and agents targeting HSP 90 are under investigation for

Imatinib resistant GISTs.

A group of KIT/PDGFRA wild-type patients show high expression of IGF-1R in their
tumors. This is due to deficient succinyl dehydrogenase (SDH) complex function[217].
Therefore, lisitinib, a TKI against IGF-1R, was investigated in a phase II trial in wild-
type GISTs. No objective response was observed, however, this could be because

patients without SDH deficiency were included in the trial.

Here, we delineate a new resistance mechanism to imatinib in a resistant GIST cell line

with no secondary KIT or PDGFRA mutations. We demonstrate dependence on FGFR3
in multiple GIST cell lines and show that resistance can be induced in sensitive lines by
exposure to FGF2. Resistance could be overcome by combined inhibition of FGFRs and

KIT, providing new actionable targets in imatinib-refractory disease.
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2.1.3 Results

1.1.1.10 FGFR3 dependence in GIST cell lines

GIST T1 cells harbor a heterozygous deletion of KIT exon 11 and consequently exhibit
high sensitivity to imatinib with potent suppression of cell proliferation at
concentrations ranging from 100 to 1,000 nmol/L.[218] The GIST 10R cell line grew out
as a colony after 2 months treatment of GIST T1 cells with 10,000 nmol/L imatinib.
Consequently, GIST 10R cells exhibit no IC50 at concentrations of imatinib up to 10,000
nmol/L, although an IC25 is still apparent at 100 nmol/L (Figure 2.1.1 A). Interestingly,
GIST 10R cells do exhibit reduced phosphorylation of KIT and its downstream signaling
molecules after exposure to 1,000 nmol/L imatinib (Figure 2.1.1 B), and no secondary
mutations were found in KIT, indicating that drug resistance in GIST 10R cells must be
due to alternative mechanisms. The fact that inhibition is equal at equal concentrations
of imatinib is likely due to the fact that GIST 10R does not carry additional mutations in
KIT that should render this primary drug target less susceptible to inhibition. In
addition, comparative RNA sequencing between GIST T1 and 10R revealed no point
mutations or remarkable changes in gene expression that would explain drug resistance
in these cells. To investigate possible alternative therapeutic targets in these cells, we
transfected GIST T1 and 10R cells with a panel of siRNAs that collectively target the
entire tyrosine kinase gene family in addition to NRAS and KRAS (93 genes total; refs.

19, 20). As expected, siRNA against KIT significantly reduced the relative number of
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proliferating GIST T1 cells (Figure 2.1.2 A). We also observed a significant reduction in
proliferation after silencing of colony stimulating factor 1 receptor, tyrosine kinase 2
(TYK2), and FGFR3. Polo-like kinase 1 plays a critical role in mitosis in all cells and was
used as a positive control for effective siRNA-mediated silencing. Interestingly, GIST
10R cells retained residual sensitivity to KIT silencing (Figure 2.1.2 B); however,
silencing of TYK2 and FGFR3 reduced growth more significantly. To confirm
reproducible and significant sensitivity to silencing of these genes, we independently
assessed cell proliferation after silencing of KIT, FGFR3, and TYK2 compared with
nontargeting siRNA. We confirmed the differential effect of KIT siRNA on GIST 10R
and T1 cells (Figure 2.1.2 C). KIT silencing significantly impacted both cell lines, but this
impact was much less pronounced in GIST 10R cells than in GIST T1 cells. We also
confirmed that both cell lines were sensitive to FGFR3 silencing to a comparable degree.
For reference, FGFR3 phosphorylation and expression levels are compared in all cell
line models in Figure 2.1.1 C. Expression of FGFR3 after treatment of GIST 10R and T1
cells with four individual siRNA duplexes also resulted in reductions of GIST cell
viability (Figure 2.1.3). To determine whether this impact on relative number of viable
cells was predominantly an effect on cell growth or an induction of apoptosis, we also
stained cells with Annexin V after silencing of KIT, FGFR3, or TYK2. Although we
observed minor increases in Annexin V staining after silencing of each gene, these

changes were markedly less than the reduction observed in overall numbers of viable
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cells, indicating that reduced cell growth is largely responsible for the observed

phenotype (Figure 2.1.1 D).

1.1.1.11 TYK2 dependence in GIST cell lines

After observing sensitivity to TYK2 knockdown in both GIST T1 and 10R cells (Figure
2.1.2), we sought to define the connection between TYK2 signaling and other relevant
targets, such as KIT and FGFR3. We were able to confirm that both TYK2 and STAT1
were activated after treatment with FGF1 (Figure 2.1.4 A), as well as FGF2 (Figure 2.1.4
B). TYK2 phosphorylation was not increased following stimulation with SCF (Figure
2.1.4 C). Although JAKSs were first identified as components of cytokine signaling, there
are reports of JAK kinase association with RTKSs, such as EphA4[219]. We therefore
asked whether TYK2 was directly associated with FGFR3. Indeed, we observed an
association of TYK2 with FGFR3 by co-immunoprecipitation (Figure 2.1.4 D). In
contrast, TYK2 did not co-IP with KIT in this setting (Figure 2.1.4 E). Although we
cannot exclude a possible interaction between KIT and TYK, overall, these results

support a role for TYK2 in FGF signaling.

1.1.1.12 Crosstalk between KIT and FGFR3

We next sought to understand the role of FGFR3 in maintenance of GIST T1/10R cell
growth. First, we treated both cell lines with 1,000 nmol/L imatinib for 2 hours and then

detected the active, phosphorylated forms of KIT and FGFR3, as well as total protein, on
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an immunoblot analysis (Figure 2.1.5 A). Surprisingly, in both cell lines, we observed a
reduction in phospho-KIT and phospho-FGFR3 after imatinib treatment. To confirm
that the reduction in phospho-FGFR3 was not due to an off-target effect of imatinib, we
silenced KIT in GIST 10R and again assessed FGFR3 phosphorylation by immunoblot
analysis (Figure 2.1.5 B). Phosphorylation was again reduced, indicating that FGFR3
activation in GIST cells is dependent on KIT activity. Next, we asked whether the
connection between KIT and FGFR3 was reciprocal, so that FGFR3 inhibition or
silencing would affect KIT activity. We treated GIST 10R cells with the FGFR inhibitor
PD173074 at 1,000 nmol/L for 2 hours and performed immunoblot analyses (Figure 2.1.5
C). Phospho-FGFR3 and total FGFR3 protein levels were markedly reduced after
treatment with PD173074. Importantly, KIT is not a reported target of PD173074, yet
phospho-KIT was reduced after treatment in both cell lines. To rule out direct inhibition
of KIT as the source for reduced phosphorylation, we silenced FGFR3 using siRNA in
GIST 10R cells and assessed KIT phosphorylation by immunoblot analysis (Figure 2.1.5
D). Again, phospho-KIT was reduced after FGFR3 silencing, suggesting that reciprocal
crosstalk exists between KIT and FGFR3 in GIST cells. In addition, we stimulated KIT
and FGFR3 by the addition of ligand for each receptor (SCF and FGF2, respectively) and
observed increased phosphorylation for both KIT and FGFR3 in GIST 10R and, to a
lesser degree, in GIST T1 (Figure 2.1.5 E and F). Although FGF1 is the prototypic ligand

of FGFR3, FGF2 also binds and activates FGFR3[55]. We observed a similar increase in
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phosphorylation of FGFR3 and KIT in response to FGF1 (Figure 2.1.6 A); however,
FGF2 elicited a more dramatic protective effect after imatinib treatment (Figure 2.1.7 A-
C) compared with FGF1 (Figure 2.1.6 B). We thus chose to conduct subsequent

experiments using FGF2.

Reciprocal crosstalk between two RTKs may result from indirect interaction (mediated
by a common downstream kinase), or direct interaction through the formation of
heterodimers or other receptor clustering. To test the hypothesis that the crosstalk
between KIT and FGFR3 is direct, we co-transfected HEK 293 cells with plasmids
containing KIT and FGFR3 wild-type cDNA. We performed immunoprecipitation with
a KIT-specific antibody, followed by immunoblotting for FGFR3 (Figure 2.1.5 G). We
observed co-immunoprecipitation of KIT and FGFR3, suggesting a direct interaction
between these RTKSs. The reverse co-immunoprecipitation was not successful, likely

because there is no antibody suitable for immunoprecipitation of FGFR3 available to us.
1.1.1.13 FGF2-mediated protection of imatinib-sensitive GIST cells

We reasoned that presence of ligand, in particular FGF2, in the cell culture media might
dampen the response of GIST T1 cells to imatinib. Consequently, we treated GIST T1
cells with a gradient of imatinib concentrations with or without a constant
concentration of ligand (Figure 2.1.7 A). In the absence of ligand, GIST T1 cells were

extremely sensitive to imatinib, with an IC50 of 40 nmol/L. In the presence of SCF, the
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IC50 was increased slightly, however, at higher concentrations of imatinib, cell
proliferation was not improved. In contrast, the addition of FGF2 increased cell
proliferation in the presence of imatinib dramatically, with no IC50 even at
concentrations as high as 10,000 nmol/L. Of note, the combination of FGF2 and SCF
conferred a further increase in viability at low concentrations of imatinib. Similar results
were observed using a different, KIT-sensitive GIST-derived cell line, GIST 882 (Figure
2.1.7 B). We also cultured GIST T1 cells with 1,000 nmol/L imatinib in the presence or
absence of 10 ng/mL SCF or FGF2 (Figure 2.1.7 C). Viable cells were counted every 2 to
3 days for 19 days. As expected, culture with SCF did not confer any growth advantage
over cells cultured with imatinib and a vehicle control. The addition of FGF2, however,
increased the number of viable cells starting at day 4. Importantly, cells not only
persisted in the culture, but, after a lag phase, continued to divide and exceeded the
number initially plated on day 0. We hypothesized that the desensitization of GIST cells
to imatinib is indeed mediated through the interaction between KIT and FGFR3, and
not the result of an alternative survival pathway replacing KIT signaling. To this end,
we measured GIST T1 cell growth after KIT silencing in the presence or absence of FGF2
with the hypothesis that presence of KIT protein would be required for FGF2 rescue
(Figure 2.1.7 D). As predicted, rescue of cell growth by FGF2 was ineffective after KIT
knockdown, indicating that FGF2 rescue requires presence of both KIT and FGFR3. We

also showed that inhibition of FGFR3 by PD173074, which inhibits GIST T1 cell
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proliferation with an IC50 of 300 nmol/L, can be partially reversed by the addition of
SCF (Figure 2.1.8) and that SCF rescue is ineffective after silencing of FGFR3 (Figure
2.1.7 D). To test whether desensitization to imatinib is, indeed, mediated by FGFR3, we
performed siRNA knockdown of FGFR1, FGFR2, and FGFR3 in GIST T1, and
subsequently treated with imatinib and FGF2 Figure 2.1.7 E). Knockdown of FGF
receptors was confirmed via real-time RT-PCR (Figure 2.1.9). FGF2 rescue of imatinib
sensitivity remained effective after FGFR1 and FGFR2 silencing; however, FGFR3
silencing ablated the response to FGF2, implicating FGFR3 but not FGFR1 or FGFR2 in
FGF2-mediated drug resistance. We next treated GIST T1 cells with 0, 50, or 500 nmol/L
imatinib and stimulated cells with SCF or FGF2. At baseline, KIT phosphorylation was
responsive to both SCF and FGF2 stimulation. The response to SCF was conserved in
the context of 50 nmol/L imatinib treatment, but was markedly decreased after
treatment with 500 nmol/L imatinib. In contrast, FGF2 still restored KIT
phosphorylation at 500 nmol/L (Figure 2.1.7 F). To ensure that this observation was not
specific to the cell line GIST T1, we repeated this experiment in the cell line GIST 882
(Figure 2.1.7 G). Again, we observed that KIT phosphorylation in GIST 882 was
completely ablated at 500 nmol/L imatinib without FGF2 stimulation, but could be
partially restored by the addition of FGF2. We subsequently sought to determine the
effects of FGF2 stimulation on downstream signaling in the setting of imatinib

treatment (Figure 2.1.7 H). Analysis of AKT and MAPK pathway activation revealed
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that both pathways are inhibited after imatinib treatment. However, although AKT
phosphorylation remained inhibited after the addition of FGF2, MEK1/2 and ERK1/2

phosphorylation was restored.

1.1.1.14 Synergy between FGFR and KIT inhibition in resistant GIST cells

We hypothesized that combination treatment using imatinib and the selective FGFR
inhibitor PD173074 may restore imatinib sensitivity in resistant GIST cells. Accordingly,
we performed dose-response curves in the imatinib-resistant GIST 10R cells using
imatinib and PD173074 alone as well as a constant, equimolar ratio combination of the
two drugs (Figure 2.1.10 A). We then determined the combination index (CI) for each
dose point using the Chou-Talalay method to quantify synergy. Figure 2.1.10 B shows
CI values plotted against the log of drug dose. Over the entire dosing curve, the CI
values ranged from 0.0005 to 0.004, indicating an extremely high degree of synergy

between the two drugs.

We next wanted to determine whether signaling pathways activated downstream of
FGFR3 might also exhibit synergy with KIT inhibition. To this end, we treated GIST 10R
cells with combinations of imatinib and PLX-4720, a B-Raf inhibitor (Figure 2.1.11),
AZD-6244, a MAPK inhibitor (Figure 2.1.10 C), and PI103, a PI3K inhibitor (Figure
2.1.10 D). Combination of imatinib with inhibitors of the RAF/MAPK pathway exhibited

significant synergy at all concentrations tested. In contrast, combination of imatinib
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with inhibitors of the PI3K-AKT pathway did not result in synergy with imatinib.
Combined treatment with imatinib and AZD-6244, in particular, led to a decrease in cell
growth similar to that observed after imatinib and PD173074 treatment, suggesting that

the MAPK pathway is a key mediator of imatinib resistance in GIST 10R cells.

1.1.1.15 MAPK signaling in imatinib resistance

We performed immunoblot analysis to assess phosphorylation of AKT, c-Raf, MEK, and
ERK in GIST 10R and T1 cells after 2-hour treatment with 1,000 nmol/L imatinib (Figure
2.1.12 A). In both cell lines, AKT phosphorylation was equivalently reduced after
treatment. However, we observed divergent effects on MAPK pathway activation.
Phosphorylation of c-Raf was reduced less markedly in GIST 10R compared with GIST
T1 cells. Even more strikingly, phosphorylation of MEK and ERK was abolished in GIST
T1 after imatinib treatment, but increased in GIST 10R. To determine whether this
feedback mechanism could be solely regulated at the receptor level, or whether it might
also be regulated after direct inactivation of the downstream PI3K signaling, we treated
GIST 10R cells with the PI3K inhibitor PI103 and asked whether the same increased
phosphorylation of MAPK signaling resulted (Figure 2.1.12 B). No increase in c-Raf,
MEK, or ERK phosphorylation was observed after inhibition of PI3K. To assess whether
FGF receptors are involved in mediating this MAPK feedback mechanism, we inhibited
KIT and FGEFRs, either by the dual inhibitor CHIR-258 (dovitinib; Figure 2.1.12 C), or by

a combination of imatinib and PD173074 (Figure 2.1.12 D). We found that MAPK
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activation was abrogated in both cases, providing a mechanistic basis for the synergy

observed in Figure 2.1.10.

1.1.1.16 FGF2 levels in GIST patient samples

Because our data suggest that FGF2 can promote imatinib resistance in GIST cells, we
wanted to determine whether FGF2 levels are higher in GIST 10R than GIST T1 cells
and whether this may underlie the resistance of GIST 10R cells to imatinib. It is well
recognized that FGF2 associates with heparan sulfate in the extracellular matrix. We
were thus unable to detect it in supernatant but found it present in cell lysate.
Evaluation of FGF2 protein levels did reveal increased levels of FGF2 in GIST 10R cells
compared with GIST T1 (Figure 2.1.13 A). Subsequently, we investigated whether
silencing of FGF2 in GIST 10R cells changes cell growth when compared with treatment
with nontargeting siRNA. Indeed, we observed a significant decrease in cell growth
after GIST 10R cells were treated with FGF2 siRNA (insert in Figure 2.1.13 B). We next
asked whether siRNA-mediated knockdown of FGF2 would resensitize these cells to
imatinib. Silencing of FGF2 dramatically shifted the IC50 for imatinib in GIST 10R cells
(Figure 2.1.13 B), indicating that FGF2 contributes to imatinib resistance in GIST 10R
and that the inhibition of FGF signaling restores the response to imatinib in a resistant
GIST cell line. Knockdown of FGF2 expression was confirmed via real-time RT-PCR
(Figure 2.1.14). We sought to examine whether increased levels of FGF2 correlated with

KIT activation in GIST patient samples. We obtained a panel of six frozen tissue
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specimens from GI stromal tumors with confirmed activating mutations in KIT exon 11.
Five of the tumors were treatment naive at the time of biopsy, while one patient had
received 4 to 5 weeks of imatinib before the tumor being removed. The treatment was
discontinued 3 to 4 days before surgery. We performed immunoblot analyses for
activated KIT and FGFR, as well as FGF2 levels in these samples (Figure 2.1.13 C) and
observed increased FGF2 in specimen TB-7248, which had been exposed to imatinib.
The pan-phospho-FGFR antibody yielded immunoblot analyses with lower background
and was thus chosen here for use on tumor lysates. Concurrent with high FGF2 levels,
we observed a high degree of phosphorylated KIT and FGFR. This observation is
consistent with our model of FGF2-mediated reactivation of KIT. We sought to validate
these findings in a larger number of GIST samples by performing IHC staining for FGF2
on ten sections of formalin-fixed paraffin-embedded tissue (Figure 2.1.13 D). An
illustration of the quantification process is provided in Figure 2.1.15. Samples not
previously exposed to treatment were segregated by mitotic rate and tumor size
according to the Fletcher risk table into low-risk and intermediate/high-risk categories.
Figure 2.1.13 E-G provides examples of IHC staining in treatment naive, low-risk
disease, as well as two cases of imatinib exposed tumor samples. Overall, low risk was
associated with low FGF2 staining, whereas intermediate/high-risk and treatment
exposure or resistance were associated with elevated levels, warranting further study of

FGF2 levels in even larger cohorts of primary GIST patient specimens in the future.
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1.1.1.17 FGF2 in infiltrating immune cells

Increased FGF2 levels in imatinib pre-treated and resistant GIST could be due to intra-
tumoral upregulation, upregulation in tumor-associated smooth muscle or fibroblasts,
or a result of tumor infiltration by FGF2-expressing immune cells. FGF2 is expressed in
bone marrow stroma and contributes to therapy resistance against imatinib and
AC220in CML and FLT3-ITD positive AML, respectively([220] and chapter 2.3). FGF2 is
also found in mast cells and can be released through degranulation[221]. We therefore
performed immunofluorescence staining of paraffin-embedded GIST tissue for FGF2
together with markers for immune cells to determine the source of FGF2 (Figure 2.1.16).
Co-staining of FGF2 and CD45, a marker of all myeloid lineage immune cells, revealed
overlapping signal in samples from imatinib pre-treated samples, but not in resistant
samples. Immune cell infiltration and FGF2 staining was minimal in untreated samples.
We next stained for FGF2 together with the neutrophil marker CD15, and observed the
same pattern. In pre-treated samples (example in Figure 2.1.16 A), FGF2 was localized
to tumor-infiltrating neutrophils, while in imatinib resistant samples (example in Figure
2.1.16 B), FGF2 staining was tumor-intrinsic. Although we are not aware of reports of
FGF2 expression in neutrophils, studies show that neutrophils express several FGFRs,
most prominently FGFR2, and respond to FGF2 with chemotaxis, transendothelial

migration, and priming[222]. Therefore, the expression of FGF2 in response to damage
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produced by chemotherapy may recruit further FGF2-positive cells to the tumor

microenvironment, creating a protective conditions for the cancer cells under attack.

2.1.4 Discussion

Our study describes for the first time a functional cooperation between FGFR3 and KIT
in human GIST and analyzes the molecular mechanisms that underlie this cooperation.
The findings provide insight into the protective potential of FGF signaling in GIST and
into the signal transduction pathways that mediate resistance to small-molecule
inhibitors of KIT in these tumors. Moreover, this represents a new mechanism of
resistance in this setting that can account for GIST patients progressing on imatinib in

the absence of a secondary resistance mutation in KIT.

1.1.1.18 MAPK signaling in GIST

Here, we present one of the first accounts of FGF2-mediating resistance to targeted
therapy. Recently, activation of FGFR3 and the downstream MEK/ERK pathway was
also implicated in resistance to a targeted agent, the B-RAF inhibitor vemurafenib, in
melanoma([130]. The protective effect of FGF2 in this setting is mediated by the MAPK
pathway and downstream activation of ribosomal protein S6 kinase 2[124], [223].
Similarly, an autocrine signaling loop was identified in NSCLC, where FGFRs and their
ligands were coexpressed and provided an alternative pathway to EGFR signaling in

cells treated with gefitinib[224]. This correlates well with our finding that MAPK
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pathway members are preferentially activated after FGF2 stimulation in the presence of
imatinib in GIST T1 cells. Similarly, this pathway remained active in GIST 10R cells
during imatinib treatment, and these cells could be resensitized by combined imatinib
and MAPK inhibitor treatment. The Raf/MEK/ERK signaling pathway is already
recognized as an important driver of cell proliferation, survival, and angiogenesis in
GIST, as evidenced by an ongoing phase II multicenter trial of the Raf inhibitor
sorafenib in imatinib- and sunitinib-resistant GIST. Selective inhibition of this pathway
also inhibited proliferation and induced apoptosis and cell-cycle arrest in patient-
derived GIST xenograft lines[225]. Taken together with our observations, this
underscores the potential of the Raf/MEK/ERK signaling pathway as potential future
targets of molecular therapy in GIST. Shortly after publication of this manuscript,
another study demonstrated FGF-mediated reactivation of MAPK signaling as a
resistance mechanism in GIST. This study found downregulation of negative regulators
of the FGF signal transduction pathway, such as DUSP6 and Sprouty (SPRY) proteins in
GIST cells after imatinib treatment. This suggests that low FGF signaling activity is due
to high levels of ERK activity in untreated GIST cells, and that inhibition of KIT results
in relief of feedback inhibition and increased responsiveness to FGF ligands. The same
study demonstrated improved efficacy of imatinib when combined with the FGFR

inhibitor BGJ398 in patient-derived mouse xenografts[226].
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Interestingly, a recent paper showed that TYK2 is required for the full activation of
ERK1/2 after FGF2 stimulation. JAK/STAT activation has been observed in GIST with
conflicting relevance for cell survival[212], [227] and TYK2 specifically is involved in

mediating FGF-induced drug resistance[228].

1.1.1.19 Heterogeneous receptor crosstalk

We propose that, in addition to preferential activation of the MAPK pathway, FGFR3
activation partially restores KIT activity. In the setting of overexpression of both
receptors, we demonstrated an interaction between the two receptors. Although these
data are supportive of a direct interaction between KIT and FGFRS3, this is only one
mechanism potentially underlying the crosstalk observed in GIST cells, and other
possibilities such as the involvement of downstream mediators should not be
discarded. Receptor crosstalk and heterodimerization to circumvent targeted therapy
have been explored extensively in the setting of EGFR inhibition. EGFR can interact
with other RTKs such as MET, ERBB2, and IGF-1R. These mechanisms were identified
at the clinical and preclinical level in NSCLC and breast cancer. Overexpression and
activation of EGFR can promote transphosphorylation of MET in lung and epidermal
carcinoma cell lines. Activation of MET occurs in an EGFR-ligand dependent manner in
the setting of EGFR overexpression, or independently of ligand in glioblastomas
expressing a constitutively active EGFR variant. Xenograft models of glioblastoma

require targeting of both EGFR and MET to achieve growth inhibition[229]. The
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crosstalk between KIT and FGFR3 we present in this paper involves two hitherto
unconnected signaling pathways, which are highly relevant to human cancers. Our
findings are consistent with the biology reported for crosstalk in other systems.
Although no previous reports exist of transactivation between KIT and FGFR3, there is
evidence that FGFRs can crosstalk with other RTKs. For example, the cytoplasmic
domains of FGF receptors and EphA4 can interact and transphosphorylate each

other[230].

1.1.1.20 Clinical trials of FGFR inhibitors in GIST

In light of the propensity of FGF2 to desensitize GIST cells to the short- and long-term
effects of imatinib, we suggest that FGF2 expression in treated tumors provides the
basis for the development of resistance. Future studies should determine the
mechanism of FGF2 upregulation and examine the dynamics of FGF2 expression with
imatinib treatment. This would provide valuable information to identify patient
populations who may be at risk of FGF-mediated resistance, either by constitutive
overexpression or by sustained upregulation in response to therapy. Our observations
are an added incentive to pursue targeted treatment that combines inhibition of KIT
with antagonism of protective signaling from autocrine loops or the tumor stroma. This
strategy could be especially powerful with screening to identify patients at risk for

microenvironment-induced resistance. A current trial evaluates a pan-FGFR inhibitor
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BGJ398 in combination with imatinib in untreated advanced GIST (NCT02257541), but

no results are available yet.

In summary, we show for the first time that the FGFR3 pathway crosstalks with KIT,
and that FGF2 mediates survival and outgrowth of GIST cells during imatinib
treatment. We further elucidate the molecular mechanisms of FGF2-mediated drug
rescue. Our data suggest that incorporation of FGFR3 inhibitors to combination
therapeutic regimens may be beneficial in overcoming clinical resistance to targeted

therapies for some patients with GIST.
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Figure 2.1.1 Response of GIST cell lines to imatinib.

A, GIST T1 and 10R cells were treated with a dose gradient of imatinib for 48h. The percentage
of living cells was assessed via MTS assay and normalized to vehicle treated controls. B, GIST T1
and 10R cells were treated with 1uM imatinib for 2h before lysis and analysis of phospho- and
total KIT, phospho- and total AKT, and phospho- and total MEK (arrow denotes band
corresponding to MEK), and B-actin by immunoblot. C, GIST T1, 10R, and 882 cell lysates were
analyzed for phospho- and total FGFR3 and B-actin by immunoblot. D, Target validation
comparing the effect of KIT, FGFR3, and TYK2 silencing on apoptosis of GIST cells (as determined
by Annexin V staining). The bars represent the mean £ s.e.m. between independent experiments,
each containing 3 replicates (n=3). The P values for the t tests are indicated by asterisks (*): *.01
<P<.05; **,001 <P<.01; ***P<.001
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Figure 2.1.2 GIST cell sensitivity to siRNA-mediated knockdown of the receptor tyrosine kinome

and target validation.

A, the cell line GIST T1 was transfected with siRNA pools individually targeting each member of
the receptor tyrosine kinome. The cell viability was calculated by normalizing the cell
proliferation (as determined by the MTS assay) after 96 hours of treatment to the median plate
value. B, the imatinib-resistant cell line GIST 10R was treated and analyzed analogous to GIST T1
in A. C, target validation comparing the effect of KIT, FGFR3, and TYK2 silencing on proliferation
of GIST cells (as determined by the MTS assay). The bars represent the mean ) + SEM between
independent experiments, each containing three replicates (n = 3). The P values for the t tests
are indicated by asterisks: 0, 0.01 P < 0.05; 00, 0.001 P < 0.01; 000, P < 0.001. Viability measures
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for all tested siRNA constructs can be found in Table 2.1.
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Table 2.1.1 Raw siRNA screening results.

GIST cells were incubated with 1 uM siRNA from an siRNA library individually targeting each
member of the tyrosine kinase family as well as N-RAS, K-RAS, and single and pooled non-specific
siRNA controls. Cell viability was determined by MTS assay at day 4 post-transfection. T-tests
compare the averages of 3 wells for each individual siRNA to the average value for non-specific
siRNA.

GIST 10R GISTT1

GENE VIABILITY S.E. T-TEST GENE VIABILITY S.E. T-TEST
ABL1 54.199147 12.996323 0.162034 ABLL 110.453552 11.829257 0.587068
ABL2 62.200914 12.237678 0.1907%4 ABL2 97.145110 12.437642 0.967966
TNK2 87.369299 4.156724 0.540892 TNK2 100.727741 2171145 0.889110
ALK 52.037912 2.211095 0.010718 ALK 82.919952 4.706872 0.346897
AXL 90.946715 1.798207 0.525923 AXL 102.174796 25.947564 0.851313
BLK 90.141223 3.454169 0.439850 BLK 167.632220 3.423164 0.053868
BMX 119.353239 4.540757 0.152575 BMX 174387538 3.212982 0.043234
BTK 113.438469 2.775573 0.045129 BTK 96.646326 3.163089 0.916928
TP53RK 93.257324 1.114245 0.764280 TP53RK 35.131096 4.804994 0.035489
CSF1R 62.334844 5.494367 0.007790 CSF1R 23.937780 11.499719 0.010326
CSK 118.222388 1.085112 0.090043 (19 158.195685 19.078867 0.186247
DDR1 116.682557 8.184607 0.280135 DDR1 142.094297 13.023212 0.279711
DDR2 100.059454 11.951745 0.812769 DDR2 131.568374 6.652861 0.168080
STYK1 90.401285 17.424488 0.856320 STYKL 75.370886 1.892725 0.289158
EGFR 157.429200 9.954692 0.062586 EGFR 257.608466 13.468299 0.032898
EPHAL 139.946197 10.395656 0.115205 EPHAL 148.845417 7.485080 0.161668
EPHA2 119.974743 14.564031 0.353199 EPHA2 105.762031 4034724 0.744152
EPHA3 126.288759 17.951444 0.323482 EPHA3 39.332500 1.393610 0.069196
EPHA4 137.183168 29.193887 0.352185 EPHA4 73.173149 5.262518 0.372080
EPHAT 142516972 29.444393 0.310072 EPHA7 90.474164 4612303 0.630510
EPHA8 106.828667 4.581502 0.173874 EPHAE 131.632161 12.071412 0.251641
EPHB1 108.165980 2.209413 0.188878 EPHB1 130.500248 12.475189 0.313115
EPHB2 105.137537 3.596461 0.416885 EPHB2 157.564181 10.013596 0.123606
EPHB3 99.789406 5.082749 0.722497 EPHB3 124917742 16.020416 0.336466
EPHB4 109.795344 2.518402 0.245625 EPHB4 145.713494 4505683 0.1543%6
EPHB6 115.026850 3.280885 0.177811 EPHB6 142.906463 15.843185 0.014243
ERBB2 106.135163 4953826 0.431698 ERBB2 172262121 7.143545 0.077920
ERBB3 100.578044 4.880770 0.680460 ERBB3 140.665389 3.699197 0.085379
ERBB4 114.895792 8.284005 0.311456 ERBBA 108.309580 6.304185 0.708674
FER 57.235965 9.240955 0.134266 FER 52.162201 4364787 0.095711
FES 133.278816 5.017919 0.075132 FES 156.194997 20.836801 0.035150
FGFR1 90.044075 6.713076 0.735708 FGFR1 95.423541 26.511190 0.873680
FGFR2 101.333429 8.062735 0.708997 FGFR2 122372766 29.581753 0.217999
FGFR3 86.549674 2.615463 0.428955 FGFR3 34.537648 13.763793 0.009256
FGFR4 125.529832 2.848478 0.047160 FGFR4 68.093355 5.456650 0.254662
FGR 78.976423 4.395671 0.210491 FGR 108.350209 17.010871 0.769961
FLT1 95.654887 2.843957 0.960783 FLT1 53.651646 8.872469 0.189826
FLT3 88.391304 9.498601 0.662513 FLT3 93.316677 7.231557 0.854813
FLT4 116.871199 4.004019 0.176532 FLT4 115.182992 11.568292 0.561731
FRK 92.155441 4.089117 0.801659 FRK 76.100305 2.871968 0.300938
FYN 104.818438 1.235911 0.261044 FYN 68.112586 5.141761 0.273340
HCK 108.165777 4.516488 0.138881 HCK 109.314732 4.800838 0.654509
IGF1R 100.554221 5.306317 0.162075 IGF1R 98.985992 5.554429 0.875174
INSR 64.021584 1.201968 0.057011 INSR 144.868148 9.980038 0.221986
ITK 103.708830 2.383008 0.343905 ITK 199.734236 16.030589 0.078729
JAK1 94.983628 5.192484 0.969518 JAK1 42.169731 7.487872 0.052911
JAK2 73.536888 3.044353 0.026453 JAK2 97.154184 4924543 0.844645
JAK3 66.157225 2.352011 0.021264 JAK3 85.750411 7.848824 0.620913
KDR 68.271820 2.165916 0.026170 KDR 108.585855 11.008884 0.719809
KIT 92.741199 7.428937 0.587842 KIT 18.129921 5.086818 0.021140
LMTK2 98.742223 1.904364 0.524965 LMTK2 57.863749 2.074238 0.167071
LcK 75.273591 1.904015 0.056832 LeK 101.056155 5.178020 0.800947
LTK 106.067989 1.490529 0.168246 LTK 137.360388 24.801004 0.432572
LYN 93.498757 2.227901 0.761311 LYN 198.145928 22614593 0.125487
MATK 105.158934 2.340570 0.280434 MATK 177170733 18.568688 0.155803
MERTK 100.460148 5.177563 0.541647 MERTK 142.454267 7.107121 0.160829
MET 91.257588 1.584839 0.595042 MET 72.141860 1.763555 0.271830
MST1R 74.310891 2.861367 0.041723 MST1R 30.954340 2.412070 0.046355
MUSK 87.884908 7.032125 0.393245 MUSK 66.213334 12.454584 0.111088
NTRK1 103.234344 3.239000 0.251910 NTRK1 96.218778 16.460498 0.950502
NTRK2 111.044%45 4.123328 0.027249 NTRK2 113.293356 10.887449 0.633806
NTRK3 110.023704 3.253719 0.047057 NTRK3 219.626949 6.817043 0.030228
PDGFRA 86.739476 2.159385 0.201536 PDGFRA 62.025066 6.101944 0.242917
PDGFRB 73.554301 5.015724 0.018729 PDGFRB 62.799583 3.784634 0.184380
PTK2 55.660349 8.456934 0.006245 PTK2 30.727903 5.215381 0.028819
PTK2B 109.138220 3.565278 0.046187 PTK2B 129.734669 10.982739 0.355257
PTKE 111999473 6.345057 0.155649 PTKE 191.085489 16.669841 0.108800
PTK? 112.844579 1528331 0.074320 PTK7 135153848 14.196242 0.329722
PTKS 90.654063 4.684035 0.360044 PTKS 114.650844 9.504497 0.549853
PTKSL 91.474647 4.328550 0.281375 PTKSL 66.453178 5.808730 0.103416
RET 115.977136 1.606418 0.101712 RET 144.938300 4.777253 0.158267
ROR1 108.365476 0.650302 0.156650 ROR1 69.092548 0.859322 0.212192
ROR2 124122270 5.757140 0.033460 ROR2 224.373183 | 26.224908 0.098741
ROS1 78.400393 4.901618 0.017629 ROS1 32.303751 3.276480 0.044438
RYK 94.889764 3.294861 0.948155 RYK 66.932054 3.003864 0.163007
SRC 98.794960 3.123227 0.440059 SRC 97.859226 10.766874 0.985874
SYK 99.235681 4.545200 0.597887 SYK 126.926691 10.499579 0.406201
TEC 113.278692 3.982445 0.020172 TEC 199.445502 16.902144 0.085830
TEK 95.807297 5.522499 0.854855 TEK 55.369830 3.146900 0.156007
TE 96.300050 5.340494 0.520271 TIE 51.336493 4005220 0.075919
TNK1 93.617962 5.191832 0.891997 TNK1 166.479722 10.410534 0.032861
TXK 84.588545 4.564675 0.042768 XK 54.735346 19.588455 0.105308
TYK2 86.423205 3.010993 0.437914 TYK2 -20.294042 24991982 0.080079
TYRO3 114.977496 1.912068 0.108310 TYRO3 93.086854 18.793068 0.107516
YES1 95.115048 4.668640 0.995253 YES1 61.782378 5.867500 0.182767
ZAP70 89.622980 4.965049 0.077949 ZAP70 60.971160 6.968816 0.258249
NRAS 123.412414 1.444071 0.068580 NRAS 117.899285 12.710776 0.570577
KRAS 89.456485 7.161601 0.470955 KRAS 91.554479 2.559433 0.761972
EPHAS 104.470927 5.271862 0.514012 EPHAS 84.864572 10.497174 0.504695
EPHAG 68.493017 1.537585 0.060652 EPHAG 25.642827 5.082676 0.030317
SRMS 92.464597 2,005078 0.780707 SRMS 55.990906 2131731 0.108127
AATK 125.728877 5.132925 0.009328 AATK 111.012601 8.872097 0.348250
LMTK3 93.939279 7.838877 0.555451 LMTK3 76.213659 22.315567 0.399028

[NON-SPECIFIC| 95.138311 6.597348 N.A. NON-SPECIFIC | 98.302348 16.932041 N.A.
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Figure 2.1.3 Testing of individual FGFR3 siRNA duplexes.

GIST cells were transfected with non-specific siRNA or siRNA duplexes targeting three different
regions of FGFR3 (#5, 6, 7, 8). After 4 days, cells were subjected to an MTS assay to measure cell
viability. Values represent percent mean (normalized to non-specific control wells) + SEM. (n=3).
The P values for the t tests are indicated by asterisks (*): *.01 < P <.05; **.001 < P <.01; ***P <
.001
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Figure 2.1.4 TYK2 signaling downstream of FGFR3.

A, GIST T1 cells were stimulated with 100 ng/ml FGF1 for O, 5, 10, or 15 minutes and cell lysates
were subjected to immunoblot analysis using antibodies specific for phospho- and total TYK2,
phospho- and total STAT1, and B-actin. B, GIST T1 cells were stimulated with 100 ng/ml FGF2 for
0, 5, or 15 minutes and cell lysates were subjected to immunoblot analysis using antibodies
specific for phospho- and total TYK2, phospho- and total STAT1, and B-actin. C, GIST T1 cells were
stimulated with 100 ng/ml SCF or FGF1 for 15 minutes and cell lysates were subjected to
immunoblot analysis using antibodies specific for phospho- and total TYK2, phospho- and total
STAT1, and B-actin. D, GIST T1 cells were exposed to 100ng/ml FGF2 or SCF for 15 minutes. Cell
lysates were immunoprecipitated with 1gG isotype control or antibody against TYK2. Whole cell
lysates as well as immunoprecipitates were subjected to immunoblot analysis using an antibody
specific for FGFR3. E, GIST T1 cells were exposed to 100ng/ml SCF or FGF1 for 15 minutes. Cell
lysates were immunoprecipitated with IgG isotype control or antibody against TYK2. Whole cell
lysates as well as immunoprecipitates were subjected to immunoblot analysis using an antibody
specific for FGFR3.

83



<
4
x
w
s £ : o
A B T B C D T
GIST 10R TN 2 o
o ceTh = GIST 10R €
imatinib + -+ c X
PD173074 +
p—
p-KIT . e p-KIT | S — [ _,’ (o it
. > |- T —
p-FGFR3 | ¥ p-FGFR3
KIT o — | - KT &=
= o [BS] =]
i e s
—> e I3 == .
— KT | -
p-FGFR3 (=R gy | . p-KIT | - PKIT o=
p-FGFR3
FGFR3 [ = o= | | e FGFRS EI KIT | - — KIT (S S
B-actin [weme— — | B-actin | se—— B-actin | CHDE. B-actin El
E F G
GISTT1 GIST 10R GIST T1 GIST 10R Input 1P IP
SCF(min) 0 5 15 0 5 15 FGF2(min) 0 5 10 15 20 0 5 10 15 20 FGFR3,KIT — + 119G KIT
p-KIT | P - - p-KIT | == S - o ——
KIT | S——— | ——— PR——— ) - FGFR3 —
. R — e — KIT | s e . — — .-
—> —> —
— | — G - - > . [+ - Y — E - ~
) o
p-FGFR3 p-FGFR3 ot
—— E— — T =
FGFR3 | e o FGFR3‘ - “‘ | _— = = |
[ — | | B-actin I————I | |

B-actin | |

Figure 2.1.5 Crosstalk between KIT-and FGFR3-signaling after inhibition or stimulation.

A, GIST cell lines were treated with 1 mmol/L imatinib (+) or medium (-) for 2 hours. Levels of
total and phospho-KIT and FGFR3 as well as b-actin were assessed by immunoblot analysis.
Phospho-FGFR3 bands are indicated by arrows. B, GIST cell lines were treated with siRNA against
KIT or a nontargeting control pool (nt siRNA) for 96 hours and cell lysates were subjected to
immunoblot analysis. C, GIST cell lines were treated with 1 mmol/L of the FGFR-inhibitor
PD173074 (+) or media (-) for 2 hours. Levels of total and phospho-KIT and FGFR3 as well as b-
actin were assessed by immunoblot analysis. D, GIST cell lines were treated with siRNA against
FGFR3 or a nontargeting control pool (nt siRNA) for 96 hours and cell lysates were subjected to
immunoblot analysis. E, GIST T1 and 10R cell lines were stimulated with 100 ng/mL SCF for 0, 5,
or 15 minutes and cell lysates were subjected to immunoblot analysis. F, GIST T1 and 10R cell
lines were stimulated with 100 ng/mL FGF2 for 0, 5, 10, 15, or 20 minutes and cell lysates were
subjected to immunoblot analysis. G, HEK 293 cells were transfected with plasmids for the
overexpression of KIT and FGFR3. After 48 hours, cell lysates were immunoprecipitated with 1gG
isotype control or antibody against KIT. Whole-cell lysates as well as immunoprecipitates were
subjected to immunoblot analysis using an antibody specific for FGFR3.
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Figure 2.1.6 FGF1 restores KIT phosphorylation and rescues GIST cells from imatinib inhibition.
A, GIST T1 cells were treated with media alone or FGF1 (100 ng/ml) for 5 or 15 minutes. Cell
lysates were subjected to immunoblot analysis using antibodies specific for total or phospho-KIT
and FGFR3 as well as B-actin. B, GIST T1 cells were treated with a dose gradient of imatinib in the
presence of 10ng/ml SCF, FGF1, SCF+FGF1, or media (no ligand). After 48 h, viability was assessed
by MTS assay and normalized to ligand treatment in the absence of drug. The bars represent the
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Figure 2.1.7 FGF2 rescues GIST cell lines from KIT inhibition in an FGFR3-dependent manner.

A, GIST T1 cells were treated with a dose gradient of imatinib in the presence of 10 ng/mL SCF,
FGF2, SCF+FGF2, or media (no ligand). After 48 hours, viability was assessed by the MTS assay
and normalized to ligand treatment in the absence of drug. B, GIST 882 cells were treated and
analyzed analogous to GIST T1 in A. C, resistance in the presence of FGF2 leads to outgrowth of
GIST T1 cells in a 20-day culture with imatinib. Cells were cultured with 1 mmol/L imatinib and
10 ng/mL ligand. Viable cell counts were obtained by flow cytometry using Pl exclusion. Data are
representative of three experiments. D, GIST T1 cells were transfected with nontargeting, KIT, or
FGFR3 siRNA and cultured for 48 hours before the addition of 10 ng/mL FGF2. After an additional
48 hours, viability was assessed by the MTS assay and normalized to no treatment. E, GIST T1
cells were transfected with siRNA-targeting members FGFR1, FGFR2, or FGFR3 or with
nontargeting siRNA, and cultured for 48 hours. Cells were treated with imatinib (1000 nmol/L) in
the presence of FGF2 (10 ng/mL) and cell viability was assessed after an additional 48 hours. F,
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GIST T1 cells were treated with a dose gradient of imatinib for 2 hours and then stimulated with
media alone or media containing SCF (100 ng/mL) or FGF2 (100 ng/mL) for 5 minutes. Cell lysates
were subjected to immunoblot analysis. G, GIST 10R cells were treated with a dose gradient of
imatinib for 2 hours and then stimulated with media alone or media containing SCF (100 ng/mL)
or FGF2 (100 ng/mL) for 5 minutes. Cell lysates were subjected to immunoblot analysis. Phospho-
FGFR3 bands are indicated by arrows. H, GIST T1 cells were treated with imatinib for 24 hours,
and stimulated with FGF2 (100 ng/mL) for 5 minutes. Phosphorylation was assessed using
antibodies specific for total and phospho AKT, MEK1/2, ERK1/2, and b-actin. The bars represent
the mean * SEM between replicates (n 174 3). The P values for the t tests are indicated by
asterisks: 0, 0.01 P < 0.05; 00, 0.001 P < 0.01; 000, P < 0.001.
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Figure 2.1.8 SCF rescues GIST cells from FGFR inhibition.

GIST T1 cells were treated with a dose gradient of PD173074 in the presence of 10ng/ml SCF,
FGF2, SCF+FGF2, or media (no ligand). After 48 h, viability was assessed by MTS assay and
normalized to ligand treat ment in the absence of drug. The bars represent the mean + SEM
between replicates (n=3).
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Figure 2.1.9 FGFR expression levels after siRNA knockdown.
GIST cells were transfected with non-targeting or FGFR siRNA and cultured for 48 h. RNA
expression level was quantified by real time RT-PCR.
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Figure 2.1.10 Combination of FGFR inhibitor or MAPK pathway inhibitors with imatinib restores
sensitivity in GIST 10R cells.

A, GIST 10R cells were treated with combinations of imatinib with PD173074 (FGFR inhibitor; 1:1
ratio). Cells were cultured in drug dilutions for 48 hours and viability was quantified by the MTS
assay. B, combination indices were calculated for each concentration point of each drug curve.
Asterisks mark combinations that show significant synergy (upper limit of interaction index below
1). C, GIST 10R cells were treated with combinations of imatinib with AZD-6244 (MEK inhibitor;
1:1 ratio). Cells were cultured in drug dilutions for 48 hours and viability was quantified by the
MTS assay. D, GIST 10R cells were treated with combinations of imatinib with P1103 (PI3K
inhibitor; 1:10 ratio). Cells were cultured in drug dilutions for 48 hours and viability was
guantified by the MTS assay.
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Figure 2.1.11 Combination of B-Raf inhibitor with imatinib.

GIST 10R cells were treated with combinations of imatinib with PLX-4720 (B-Raf inhibitor; 1:1
ratio). Cells were cultured in drug dilutions for 48 h and viability was quantified by MTS assay.
The bars represent the mean + SEM between replicates (n=3).
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Figure 2.1.12 The MAPK pathway is upregulated downstream of FGFRs in resistant GIST cells in
response to imatinib.

A, GIST T1 and GIST 10R cells were treated with imatinib for 2 hours and cell lysates were
subjected to immunoblot analysis using antibodies specific for total or phospho-AKT, C-RAF,
MEK1/2, ERK1/2, or b-actin. B-D, GIST 10R cells were treated with the PI3K inhibitor P1103 (B),
the multikinase inhibitor CHIR-258 for 2 hours and cell lysates were subjected to immunoblot
analysis (C), or a combination of imatinib and PD173074 (D).
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Figure 2.1.13 FGF2 is overexpressed in GIST 10R cells and a pretreated patient sample.
A, cell lysates from untreated GIST 10R and GIST T1 cells were subjected to immunoblot analysis
using antibodies specific for FGF2 or b-actin. Recombinant FGF2 is included for comparison.
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Sample blot is shown. FGF levels on immunoblot analyses were quantified as bioluminescence
units relative to actin and normalized to levels in GIST T1 cells for comparison. B, GIST 10R cells
were transfected with nontargeting or FGF2 siRNA and cultured for 48 hours. An imatinib
gradient was added to cells and viability was assessed after another 48 hours. For comparison,
viability was normalized to the effect of the respective siRNA alone. The effect of siRNA alone on
viable cell number is shown in the inset. The bars represent the mean + SEM between replicates
(n = 3). GIST 10R cells were transfected with nontargeting or FGF2 siRNA and cultured for 96
hours. Viability was determined by the MTS assay. The P value is indicated: 00, 0.001 P < 0.01. C,
frozen GIST tissue samples were prepared for immunoblot analysis and probed with antibodies
specific for total and phospho KIT, FGFR, FGF2, or b-actin. D, GIST tumor FFPE samples were
subjected to IHC staining for FGF2. Staining was quantified using ImageScope software. 0, 0.01 P
< 0.05. E, example of IHC staining for FGF2 on a treatment naive, low-risk tumor sample. F, IHC
staining for FGF2 on a tumor sample after short-term exposure to imatinib. G, example of IHC
staining for FGF2 on an imatinib exposed, resistant tumor sample.
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Figure 2.1.14 FGF2 expression levels after siRNA knockdown.
GIST cells were transfected with non-targeting or FGF2 siRNA and cultured for 48 h. RNA
expression level was quantified via real time RT-PCR.
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Figure 2.1.15 lllustration of patient tissue analysis using the Aperio ScanScope CS Slide Scanner.
A, Whole tumor tissue selected for analysis. B, Results of analysis using the nuclear-9 algorithm.
C, Unmarked tissue. D, Annotated tissue after analysis.
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Figure 2.1.16 FGF2 is present in neutrophils in pre-treated GIST samples and in tumor cells in a
resistant sample.

A, Example of a pre-treated, imatinib-responsive GIST tumor FFPE sample subjected to
immunofluorescence staining for FGF2 shown in green and neutrophil marker CD15 shown in
red. B, Example of an imatinib-refractory GIST tumor FFPE sample subjected to
immunofluorescence staining for FGF2 shown in green and immune cell marker CD45 shown in

red.
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2.2.1 Abstract

Development of resistance to kinase inhibitors remains a clinical challenge. Kinase
domain mutations are a common mechanism of resistance in chronic myeloid leukemia
(CML), yet the mechanism of resistance in the absence of mutations remains unclear.
We tested proteins from the bone marrow microenvironment and found that FGF2
promotes resistance to imatinib in vitro. Fibroblast growth factor 2 (FGF2) was uniquely
capable of promoting growth in both short- and long-term assays through the FGF
receptor 3/RAS/c-RAF/mitogen-activated protein kinase pathway. Resistance could be
overcome with ponatinib, a multikinase inhibitor that targets BCR-ABL and FGF
receptor. Clinically, we identified CML patients without kinase domain mutations who
were resistant to multiple ABL kinase inhibitors and responded to ponatinib treatment.
In comparison to CML patients with kinase domain mutations, these patients had
increased FGF2 in their bone marrow when analyzed by immunohistochemistry.
Moreover, FGF2 in the marrow decreased concurrently with response to ponatinib,
further suggesting that FGF2-mediated resistance is interrupted by FGF receptor
inhibition. These results illustrate the clinical importance of ligand-induced resistance to
kinase inhibitors and support an approach of developing rational inhibitor

combinations to circumvent resistance.
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2.2.2 Introduction

1.1.1.21 CML clinical perspective

Chronic myelogenous leukemia (CML) was first described by two pathologists, Rudolf
Virchow and John Hughes Bennett, in 1845[231], [232]. Their reports are seminal in the
field of leukemia as a whole, as they were the first to include a microscopic examination
of their patients” blood. Although Bennett’s observation slightly predated Virchow’s,
the latter introduced the term “weisses Blut”, later amended to “leukhemia”. CML
accounts for approximately 20% of all cases of adult leukemia. CML is a neoplastic
disorder of hematopoietic stem cells, where an excess of white blood cells is found in
the bone marrow and the peripheral blood. During the chronic phase of the disease,
cells undergo normal maturation. Without treatment, the disease transitions to an acute
or blast phase within approximately 4 years. In this phase, cells originating from the

malignant progenitor loose the ability to terminally differentiate[233], [234].

1.1.1.22 Oncogenic signaling in CML

The vast majority of CML cases harbors a translocation between chromosomes 9 and
22[235], [236]. This translocation juxtaposes the breakpoint cluster region on
chromosome 22 with the ABL tyrosine kinase from chromosome 9. This results in the
fusion protein BCR-ABL, in which the first exon of ABL is replaced by BCR sequences

usually of a length of 902 or 927 amino acids[237]. BCR-ABL has increased tyrosine
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kinase activity compared to normal ABL[238], [239]. The fusion protein is able to
transform hematopoietic progenitor cells in culture, confer ligand-independent growth
to IL-3-dependent cell lines, and recapitulate the disease phenotype of CML in

mice[240], [241].

BCR-ABL kinase activity confers altered adhesion to stromal cells and extracellular
matrix[242], increased proliferation, and decreased apoptosis to a hematopoietic stem or
progenitor cell, leading to a massive increase in myeloid cells and premature release of
myeloid progenitors from the bone marrow([243]. The RAS pathway has been
implicated in BCR-ABL mediated proliferation[244], and STAT-5 activation leads to
upregulation of the antiapoptotic protein BCL-XL. The AKT pathway may also promote

survival by promoting inactivation of the proapoptotic protein BAD[245].

1.1.1.23 TKI therapy in CML

Before the introduction of imatinib, treatments available to patients were limited to
hydroxyurea, interferon o (IFN-a) or allogeneic stem cell transplantation. Since only a
fraction of patients responded to this type of chemotherapy, and transplant donors
were limited, only 20% of patients could be cured using old regimens[233], [234]. For
patients in blast crisis, the median survival was two to three months[246], [247].
Imatinib was the first drug designed to inhibit BCR-ABL kinase activity and was

initially found to have significant activity in preclinical models[248], [249]. In a phase III

101



randomized trial comparing imatinib to IFN-o and Ara-C, 97% of patients randomized
to imatinib had a complete hematologic response, although the majority of patients still
had detectable BCR-ABL transcript levels by RT-PCR[250], [251]. Shortly thereafter,

imatinib was established as first-line treatment of CML.

1.1.1.24 Resistance to TKI therapy in CML

Several mechanisms of resistance to imatinib have been described. A useful
classification is to separate cases where BCR-ABL continues to be inhibited from cases
where BCR-ABL maintains or regains kinase activity. The first group includes
decreased drug uptake, increased drug efflux, or upregulation of signaling molecules
such as the Ras-Raf-MEK-ERK and Src family kinase pathways. The second group
includes amplification or overexpression of BCR-ABL or point mutations in the ABL
kinase domain[34]. Point mutations are the most common mechanism of imatinib
resistance in CML. More than 100 different mutations have been described in the ATP-
binding site, the catalytic loop and the activation loop. Four amino acid replacements
account for 60% of point mutations found at relapse: Thr315Ile (‘gatekeeper’ mutation),

Tyr253Phe, Glu255Lys.Val, and Met351Thr([252].

The second generation BCR-ABL inhibitors dasatinib, nilotinib, and bosutinib have
been approved by the FDA in response to the problem of acquired resistance[246], [253].

Unfortunately, none of them is effective against the gatekeeper mutation. Ponatinib, a
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third generation BCR-ABL inhibitor, showed efficacy. Ponatinib was rationally
designed to bypass the steric restrictions of the T315] mutation, allowing it to fit in the
binding pocket of BCR-ABL, and has shown impressive clinical activity in patients with
mutated BCR-ABL kinase domain[254]. Unfortunately, FDA approval was revoked due

to adverse effects in phase III trials.

In contrast, a subset of CML patients are resistant to imatinib, dasatinib and nilotinib
and do not have mutations of the kinase domain. In these patients, the mechanism of
resistance is unclear, and thus there have been no clear strategies to develop novel
therapies for these patients. Recent evidence suggests that the bone marrow
microenvironment provides a sanctuary for leukemia cells and may provide important
survival cues for leukemia cells[255]. The bone marrow microenvironment comprises
soluble proteins, extracellular matrix, and specialized cells, including fibroblasts,
osteoblasts, and endothelial cells, that promote the survival of hematopoietic cells

within specialized niches[256].

We hypothesized that the marrow microenvironment may be involved in mediating
resistance to imatinib—particularly in the absence of mutations of the BCR-ABL kinase
domain—so we tested cytokines, growth factors, and soluble proteins that are
expressed by cells in the bone marrow microenvironment for their ability to protect

CML cells from imatinib.
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2.2.3 Results

1.1.1.25 FGF2-mediated protection of CML cells

Selected proteins present in the microenvironment (Agarwal et al, manuscript in
preparation) were plated at 3 concentrations: 100 ng/mL, 10 ng/mL, and 1 ng/mL with
the CML cell line K562 in the presence of 1 uM imatinib. Viability was assessed with an
MTS assay and the results were ranked according to greatest viability at 100 ng/mL
(Figure 2.2.1 A). The 2 most protective proteins in this initial assay were FGF2 and
FGF1. To confirm these findings, we repeated the assay at lower doses comparing some
of the most protective proteins (FGF2, FGF1, and IFN-y) along with proteins previously
reported to be important in mediating resistance in CML including interleukin-6[257],
G-CSEF[258], granulocyte macrophage colony-stimulating factor[259], and placental-
derived growth factor (data not shown)[260]. We confirmed that FGF2 was the most

protective protein in 48-hour culture (Figure 2.2.1 B).

We reasoned that short-term improvement in viability may be overcome by longer
imatinib exposure, so we tested the effects of FGF2 in long-term cell culture. K562 cells
were cultured with 1 uM imatinib in media alone or supplemented with 10 ng/mL
FGF2. We also tested IFN-y because it was protective in our short-term assay and G-
CSF for comparison. Media, IM, and growth factors were replaced every 2-3 days. After

a few weeks, only FGF2-supplemented K562 cells were able to slowly resume growth
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and expansion, indicating an acquired imatinib resistance (Figure 2.2.1 C). Notably, this
resistance did not occur immediately but on average took about 3-4 weeks. FGF2-
mediated growth was highly significant by 2-way analysis of variance, and resistant

cells continued to grow indefinitely in FGF2-supplemented culture.

1.1.1.26 FGFR3 mediates FGF2 protection

To evaluate the mechanism of FGF2-mediated resistance, we examined the effect of
FGER inhibitors in combination with FGF2 and imatinib. K562 cells were grown in
media alone or with 10 ng/mL FGF2 and exposed to increasing gradients of the selective
FGER inhibitor PD173074 or the JAK/FGEFR inhibitor AZD1480. Both inhibitors were
able to block FGF2-mediated protection from imatinib in a dose-dependent manner
(Figure 2.2.2 A-B). There was a modest increase of K562 viability with FGF2 in the
absence of imatinib that was blocked by FGFR inhibition, but PD173074 itself had no
adverse effect on K562 viability in the absence of FGF2 (Figures 2.2.2 and 2.2.3).
Similarly, preincubation of FGF2 with blocking antibodies prevented binding and

subsequent activation of FGFR, and thus protection from imatinib (Figure 2.2.2 C).

Because multiple FGFRs are expressed on K562 cells, we used siRNA pools targeting
FGFR1-4 to knockdown expression of each receptor and then treated cells with imatinib
in the presence or absence of FGF2. FGF2 protected K562 cells from imatinib in the

context of FGFR1, FGFR2, and FGFR4 silencing; however, K562 cells treated with
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siRNA targeting FGFR3 did not exhibit FGF2-mediated protection, indicating that FGF2
binds FGFR3 to mediate this protective effect (Figure 2.2.2 D; Figure 2.2.5). Further
confirmation that FGFR3 was specifically activated and responsible for protection was
obtained by using siRNAs targeting the tyrosine kinome[261], [262]. In the presence of
FGF2 and imatinib, siRNAs targeting both ABL1 and FGFR3 significantly decreased
viability (Figure 2.2.2 E), providing genetic evidence that BCR-ABL and FGFR3 are
critical survival pathways in the presence of IM and FGF2. As expected, in the absence
of FGF2 and imatinib, siRNA targeting ABL1 was the only siRNA that significantly

reduced viability of K562 cells (Figure 2.2.5).

1.1.1.27 Synergy between FGFR and BCR-ABL inhibition

We next turned our attention to the long-term resistant cultures depicted in Figure 2.2.1
C, henceforth denoted as K1-K5. Because the resistant cells were grown in continuous 1
uM imatinib concentration, we wanted to evaluate a range of both IM and PD173074
concentrations to test for synergy of these inhibitors. We created a 64-well matrix with
an imatinib gradient on 1 axis overlaid with a PD173074 gradient on the other, and then
evaluated viability in triplicate after 48 hours of treatment. Viability of long-term
cultures was assessed 48 hours after fresh media, FGF2, and imatinib were replaced.
The results are depicted as surface plots (Figure 2.2.3 A-D), and the data are presented
again in linear form to highlight the response to each drug individually and in fixed

combination (Figure 2.2.3 E-H).
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As anticipated, unmanipulated K562 cells respond uniformly to increasing doses of
imatinib, and PD173074 had no effect on their growth (Figure 2.2.3 A E). When K562
cells were cultured with FGF2 and imatinib for 48 hours, there was an expected increase
in viability at lower concentrations of imatinib (~1 pM), which was attenuated by FGFR
inhibitor (Figure 2.2.3 B,F). Of the long-term cultures, 4 of 5 developed dependence on
FGEF2 signaling (K1 shown, similar data for K3 and K4 in Figure 2.2.4) and became
sensitive to PD173074, yet profoundly insensitive to imatinib, even at high
concentrations (Figure 2.2.3 C,G). The combination of imatinib and PD173074 was
highly synergistic in these long-term cultures (Table 2.2.1), indicating that both BCR-
ABL and FGFR3 are important for survival when FGF2 is present. This was also
confirmed genetically with siRNA (Figure 2.2.5). In contrast, a single long-term culture,
K2, remained sensitive to imatinib, but only at higher doses than the parental K562 cells
(Figure 2.2.3 D,H). K2 was far less sensitive to FGFR inhibition alone but there was

synergy between the 2 compounds at higher doses of imatinib (Table 2.2.1).

Ponatinib is a recent ABL inhibitor that was rationally designed to circumvent the
gatekeeper T315] mutation,[263] yet ponatinib is also a multikinase inhibitor with
activity against FGFR[264], [265]. Therefore, we predicted that ponatinib would be
uniquely effective against FGF2-dependent long-term cultures (K1, K3-K5). We
compared the ABL inhibitors imatinib, dasatinib, nilotinib, and ponatinib (Figure 2.2.3

I-L) and found that ponatinib was indeed the only drug effective against FGF2-
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dependent cultures (K1 shown, K3 and K4 in Figure 2.2.4). Notably, ponatinib only
became effective around 10 nM, which is near the reported half maximal inhibitory
concentration (IC50) of ponatinib against cell lines with FGFR overexpression[264]. In
contrast, the IC50 of ponatinib for BCR-ABL is much lower and comparable to
dasatinib[263]. Thus, ponatinib efficacy cannot be rationalized solely by its inhibition of
BCR-ABL, which occurs at least 10-fold lower (Figure 2.2.3 I) than the doses of efficacy

noted here (between 10 and 100 nM).

1.1.1.28 MAPK signaling in FGF2-mediated imatinib resistance

We then analyzed potential downstream signaling pathways using a phospho-kinase
array to determine the mechanism of survival in these long-term cultures. In parental
K562 cells, imatinib decreased both phospho-STAT5 and phospho-ERK1/2 signal
(Figure 2.2.6 A) consistent with the known regulation of these pathways by BCR-
ABL[266]. In FGF2-dependent cultures, phospho-STATS5 remained suppressed —
consistent with inhibition of BCR-ABL by imatinib—yet phospho-ERK1/2 was partially
restored. This suggested that activation of the mitogen-activated protein kinase
pathway was important for survival. We did not identify activation of any other

signaling pathways using the phospho array.

FGFR3 and downstream signaling pathways were analyzed by western blot. As

expected, K562 cells treated with imatinib have reduced phospho-BCR-ABL, phospho-
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STAT5, RAS-GTP, phospho-c-RAF, phospho-MEK, and phospho-ERK (Figure 2.2.6 B,
lane 2 compared with lane 1). Surprisingly, the addition of FGF2 in short-term culture
was able to restore some phosphorylation of BCR-ABL and STATS5. Inhibition by
PD173074 reversed this effect (Figure 2.2.6 B, lanes 3 and 4). In contrast,
phosphorylation of BCR-ABL and STAT5 were absent in long-term FGF2-dependent
culture K1 (Figure 2.2.6 B, lane 5), whereas RAS-GTP and downstream kinases were
phosphorylated. The amount of total FGFR3 protein was also reduced, consistent with
proteolysis and internalization of the FGFR3 receptor after binding by FGF2[267].
Addition of PD173074 specifically inhibited RAS/c-RAF/MEK/ERK, indicating
dependence of this pathway on FGF2-FGFR3 stimulation (Figure 2.2.6 B, lane 6

compared with lane 5).

In contrast, in the single K2 culture, there was restoration of phospho-BCR-ABL and
downstream phospho-STATS5 signaling despite 1 uM imatinib (Figure 2.2.6 B, lane 7).
RAS and downstream pathways were reactivated, but this did not occur downstream of
FGFR3 because there was no relation to PD173074 treatment (Figure 2.2.6 B, lane 8).
Because KD mutations are a well-described mechanism of resistance in CML[34], [268],
we sequenced the ABL KD but found no mutations in K2 or any of the long-term
cultures (data not shown). We also sequenced the FGFR3 receptor and found no
activating mutations to explain the development of resistance. Of note, the total amount

of BCR-ABL protein also increased in K2, yet messenger RNA levels did not
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dramatically increase in these cells by quantitative polymerase chain reaction (data not

shown).

1.1.1.29 FGF2 in bone marrow biopsies of CML patients with TKI resistant disease

Ponatinib was recently evaluated in a phase I clinical trial and found to be surprisingly
effective in patients without KD mutations[254]. We suspected that if FGF2 promoted
resistance in these patients, it would be relatively increased in bone marrow samples
compared with ponatinib-responsive patients with KD mutations. We collected
available bone marrow biopsies from patients on the ponatinib clinical trial at our
institution and evaluated FGF2 expression by immunohistochemistry (IHC). Most
patients were previously treated with multiple ABL inhibitors and the majority
responded to ponatinib treatment, with the exception of 1 patient who only had a
transient response to ponatinib and is presented separately (Table 2.2.2). Bone marrow
samples from patients undergoing joint replacement surgery were used as normal
controls. The FGF2 staining was quantified using Aperio ImageScope software (Figure

2.2.9).

Consistent with previous reports, we found that FGF2 in normal marrow is expressed
primarily in the supportive marrow stromal cells (Figure 2.2.8)[269], [270]. Bone marrow
samples from CML patients at diagnosis had a modest but statistically significant

increase in FGF2 staining compared with normal controls (Figure 2.2.8 D). Ponatinib-
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responsive patients without KD mutations had increased FGF2 in their marrow
compared with patients with mutations (P = .033). Qualitatively, FGF2 was increased in
supportive stromal cells, but also present in hematopoietic progenitors (arrows, Figure
2.2.8 B). The presence of FGF2 in some CD45+ hematopoietic cells was confirmed with
immunofluorescence (Figure 2.2.11). Interestingly, ponatinib treatment decreased
marrow FGF2 staining concurrently with clinical response to ponatinib (Figure 2.2.8 B-C
as representative examples), and FGF2 returned to a predominantly stromal
localization, similar to normal controls. This decrease was statistically significant in
comparison with ponatinib-responsive patients with KD mutations (Figure 2.2.8 E). To
further analyze the protective effects of FGF2 in primary cells, we plated CML CD34+
cells in methocult in the presence of FGF2 and imatinib. We found that at 5 uM
imatinib, FGF2 10 ng/mL was able to increase CFU-GM colony number in all samples
tested. To normalize for the variable response to imatinib between patient samples, we
evaluated the average increase in c[130]olony number promoted by FGF2, which was

statistically significant (P =.016).

2.2.4 Discussion

Activation of FGFRs is known to be a driver in numerous malignancies, including
FGFR1 fusions in 8p myeloproliferative neoplasms[271], [272], t(4;14) translocation with
FGFR3 upregulation in multiple myeloma[273], [274], FGFR3 mutations in bladder

carcinoma(275], and most recently FGFR1/FGFR3 fusions in glioblastoma[276].
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However, it is becoming more apparent that ligand activation of FGFR is also an
important mechanism of resistance to kinase inhibitors. Autocrine secretion of FGF2
and activation of FGFR1 was recently reported to promote resistance to gefitinib in lung
cancer cell lines[128], [129], and activation of FGFR3 by either exogenous FGF2 or
FGFR3 activating mutations in melanoma cell lines was shown to promote resistance to
B-RAF inhibitors. A recent screen tested the ability of secreted ligands to promote
resistance to kinase inhibitors in multiple cell lines and found that FGF2, hepatocyte
growth factor, and neuregulin 1 were the most “broadly active” ligands[131], defining a

class of ligands that can drive resistance to kinase inhibitors.

FGF2 was not just protective in short-term culture, but, more importantly, FGF2
effectively promoted imatinib resistance in long-term culture as well (Figure 2.2.1). The
development of imatinib resistance took about 1 month, suggesting that either a small
subpopulation of cells was capable of using FGF2 as a growth molecule and/or a
genetic/epigenetic event was required to resume growth in the presence of FGF2. Most
of the long-term cultures (K1, K3-K5) became dependent on FGF2-FGFR3 signaling, and
as a result were very sensitive to PD173074 treatment (Figure 2.2.3) or removal of FGF2
ligand (data not shown). However, a single long-term culture, K2, was able to restore
BCR-ABL signaling in the presence of FGF2 and 1 uM imatinib, and had increased BCR-
ABL protein (Figure 2.2.6). Of note, the K2 long-term culture was sensitive to FGFR

inhibitors at earlier time points during outgrowth (data not shown), suggesting that
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FGF2 can also act indirectly as a bridge to reactivation of BCR-ABL, although notably

this did not occur through mutation of BCR-ABL itself.

1.1.1.30 FGF2 upregulation in stress hematopoiesis

FGF2 is produced by bone marrow stromal cells (Figure 2.2.8) and plays an active role
in hematopoiesis in vitro[155], [156], [277], [278]. FGF2 is thought to be secreted from
stromal cells into the extracellular matrix where it binds to proteoglycans and promotes
hematopoiesis[279]. We found that FGF2 was significantly increased in the bone
marrow of patients without KD mutations who subsequently responded to ponatinib
treatment (Figure 2.2.8). Most of the increased FGF2 in these patients was localized in
stromal cells and thus it is likely that FGF2 acts in a paracrine manner, similar to other
reported models of ligand-induced resistance.42 In support of the paracrine model, we
did not find any increased production of FGF2 in long-term resistant K562 cultures.
However, by immunofluorescence, there was some detectable FGF2 in some
hematopoietic cells themselves (Figure 2.2.8 B; Figure 2.2.11), which could either be
internalized FGF2 from adjacent stroma or produced by the cells themselves, so we

cannot formally exclude an autocrine mechanism in patients.

The events that trigger increased expression of FGF2 in the marrow are not yet clear,
but recent studies suggest a potential mechanism. FGF2 knockout mice were initially

described to have a mild phenotype with respect to normal hematopoiesis[280], but
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recent studies have identified FGF2-FGEFR signaling as critical for stress
hematopoiesis[162], [281], [282]. In stress hematopoiesis, FGF2 stimulates expansion of
both supportive marrow stromal cells and hematopoietic stem/progenitor cells to
regenerate the marrow. There is evidence that stress hematopoiesis is a frequent event
in CML, because up to 35% of CML patients treated with imatinib (and newer agents)
develop transient cytopenias[283]. In contrast, cytopenias are far less prominent in
imatinib-treated patients with gastrointestinal stromal tumors[284], suggesting that this
is not purely a drug effect. We examined FGF2 in the marrow of newly diagnosed CML
patients treated with imatinib and found a highly variable, but consistent increase in
FGF2 from marrow biopsies taken 6-18 months after initiation of imatinib (2.2.10). We
suspect that FGF2 likely decreases in most patients as they return to normal marrow
homeostasis and has no clinical impact. However, we propose that in some patients a
sustained feed-forward FGF2 expression can promote FGF2 expression in stromal cells
in an autocrine manner and survival of CML cells in a paracrine manner (the CML cells
themselves may induce FGF2 expression), eventually leading to overt imatinib
resistance (Figure 2.2.8 G). In this proposed model, the normal regeneration of the
marrow after imatinib treatment is hijacked by CML cells, similar to what has been
described in other malignancies[25]. Ponatinib overcomes FGF2-mediated resistance
and also interrupts the feed-forward FGF2 loop in the stroma, leading to a

normalization of FGF2 expression (Figure 2.2.8 C,E).
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1.1.1.31 Combined BCR-ABL and FGFR inhibitors in clinical trials

In the recent phase I and II ponatinib trials, an impressive 62% and 49% of patients
without detectable KD mutations achieved a major cytogenetic response.8,9 Taken
together with our data, this suggests that FGF2-mediated resistance potentially accounts
for a substantial number of resistant patients. Although ponatinib is clinically effective
for these patients, the recent discovery of serious arterial thrombotic events in 11.8% of
patients[254] prompted the US Food and Drug Administration to suspend sales of
ponatinib, and clinical trials were put on hold. The mechanism of increased thrombotic
events remains unclear; however, this makes rational combinations of selective kinase
inhibitors (such as ABL and FGFR inhibitors) an attractive option to treat patients

without T315I mutations and avoid toxicity of multikinase inhibitors.

Our results also provide a strong rationale to define the critical ligand-RTK pathways of
resistance in other kinase-driven malignancies. This is of particular clinical relevance in
the case of protective ligands such as FGF2 and hepatocyte growth factor, because
effective inhibitors[285], [286] are available to interrupt these survival signals, and many
more are in development. In comparison with CML, malignancies driven by activated
kinases such as FLT3, HER2, B-RAF, and epidermal growth factor receptor tend to have
an initial response to kinase inhibitors, but the majority of patients develop
resistance[287]-[292]. Compared with CML, mutations of the KD tends to be a less

frequent mechanism of resistance in other malignancies, and ligand-RTK pathways are
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thus more likely to mediate resistance. Identification of critical ligand-RTK pathways of
resistance has the potential to rationally develop combinations of kinase inhibitors that
circumvent resistance. This is critical if we are to achieve durable responses, akin to that

of CML, in malignancies that routinely develop resistance to kinase inhibitors.

116



A E-_ B
25 E Viability after 1uM imatinib [ 10ng/m
oD
So F 5 1 1ng/mi

FeF1/ 3 4 — ong
== 5 | 2 stdev

IFN-g € 3

3

Y

5]

= 2

8

g_: 1
IL-6 ==

R LT OLEL NS K K K &
—_— FEKVYYEFLPEHEST

0O

Long-term culture

g —= Media alone (N=5)
o]  — FGF210ngmi (N=5)
7 == IFN-g 10ng/mi (N=2)
6+ —o— G-CSF 10ng/ml
5
4«
3
24
1

p<0.0001

Viable cells/ml (millions)

M highest viability O A
M lowest viability

days

Figure 2.2.1 Microenvironmental screen identifies FGF2 as a protective molecule for K562 cells
in the presence of imatinib; FGF2 promotes long-term K562 outgrowth and imatinib resistance.
A, K562 cells were added to a 384-well plate containing cytokines, chemokines, growth factors,
and small proteins to screen for factors that would promote growth in the presence of 1 uM
imatinib. Viability was measured using MTS reagent and the results sorted according to viability
at 100 ng/mL concentration. The highest 2% of values are indicated in red and lowest 2% in white,
with gradients indicating subsequent highest and lowest values, respectively. B, K562 cells were
cultured in 10, 1, and 0.1 ng/mL of recombinant proteins plus 1 puM imatinib. Viability was
assessed after 48 hours with MTS reagent and data plotted as percent of the respective untreated
control. All wells were plated in triplicate with standard deviation indicated in error bars. The red
line represents 2 standard deviations of imatinib-treated K562 cells (11.8%, n = 9). C, K562 cells
were cultured in 1 uM imatinib alone and with FGF2, IFN-y, or G-CSF as indicated. Fresh media,
imatinib, and cytokines were replaced every 2-3 days over the indicated time. Viable cells were
analyzed using Guava ViaCount. EGF, epidermal growth factor; GM-CSF, granulocyte macrophage
colony-stimulating factor; IGF, insulin-like growth factor; IL, interleukin; Neg, negative control;
OSM, oncostatin M.
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Figure 2.2.2 FGF2 protection of K562 cells is mediated by FGFR3.

K562 cells were cultured in media without and with 10 ng/mL FGF2 and exposed to a titration of
FGFR inhibitors. A, PD173074: 25, 50, or 100 nM or B, AZD1480: 0.5, 1, or 2 uM and in
combination with 1 uM imatinib as indicated. Viability was measured by MTS assay after 48
hours. Cells not exposed to imatinib were normalized to untreated K562 cells. Imatinib-treated
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cells were compared with their respective untreated control (eg, media alone, FGF2, 25 nM
PD173074). C, Blocking FGF2 Ab (Millipore bFM-1) at 100 pg/mL, 10 pg/mL, or 1 pug/mL was added
to media with or without 10 ng/mL FGF2 and preincubated for 1 hour at 37°C. K562 cells were
then added with or without 1 uM imatinib and viability measured by MTS. Viability is presented
as the percent of untreated control for each condition. D, K562 cells were electroporated with
siRNAs targeting FGFR1, FGFR2, FGFR3, FGFR4, and a nonspecific (NS) control. After 48 hours, the
cells were pelleted and resuspended in media with or without FGF2 + 1 uM imatinib and viability
assessed by MTS after 48 hours. At 48 hours, a portion of the cells were lysed and analyzed by
Western Blot for FGFR3 to evaluate protein expression (lower panel and supplemental Figure 2
for guantitative polymerase chain reaction). *Indicates P < .01 by Student t test. E, K562 cells
were electroporated with pools of siRNAs targeting the tyrosine kinome as described
previously[261], [262] and incubated with 10 ng/mL FGF2 and 1 uM imatinib. Viability was
assessed after 72 hours by MTS; the dark gray horizontal line indicates 2 standard deviations
below the mean for all siRNAs. ABL1 and FGFR3 siRNA are denoted as the only 2 siRNA pools that
reduced viability below 2 standard deviations.
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Figure 2.2.3 Long-term imatinib resistance occurs via FGF2-dependent or -independent
mechanisms, and FGF2-dependent resistance can be overcome by FGFR inhibition.

A-D, K562 cells with and without 10 ng/mL FGF2 and 2 long-term imatinib-resistant K562
outgrowths in 10 ng/mL FGF2 (Figure 1, denoted as K1 and K2) were exposed to a matrix of an
imatinib gradient (0, 0.01, 0.04, 0.1, 0.4, 1.1, 3.3, 10 uM) combined with the FGFR inhibitor
PD173074 (PD; 0, 0.001, 0.004, 0.01, 0.04, 0.11, 0.33, 1 uM). Viability was measured after 48
hours and average viability graphed as a surface plots using untreated as reference with colors
denoting 20% increments. E-H, Viability from surface plots indicating drug curves to imatinib (IM)
alone, PD173074 alone, and combination to highlight synergy. Calculation of the combination
index for relevant drug concentrations is included in Table 2.2.1. I-L, K562 cells with and without
10 mg/mL FGF2, K1, and K2 in 10 mg/mL FGF2 were exposed to indicated concentrations of
imatinib, dasatinib (DAS), nilotinib (NIL), and ponatinib (PON). Viability was measured after 48
hours. All experiments were done in triplicate with average viability scaled to untreated condition
(100%). Error bars represent standard deviation.
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Figure 2.2.4 Long-term imatinib resistance via FGF2-dependent mechanism can be overcome
by FGFR inhibition.

A-B, The long-term imatinib-resistant K562 outgrowths in 10ng/ml FGF2 (K3 and K4) were
exposed to a matrix of an imatinib gradient (0, 0.01, 0.04, 0.1, 0.4, 1.1, 3.3, 10 uM) combined
with the FGFR inhibitor PD173074 (0, 0.001, 0.004, 0.01, 0.04, 0.11, 0.33, 1 uM). Viability was
measured after 48 hours and average viability graphed as a surface plots using untreated as
reference. C-D,) Viability from surface plots indicating drug curves to imatinib, PD173074, and
combination to highlight synergy. e-f) K3 and K4 in 10mg/ml FGF2 were exposed to indicated
concentrations of imatinib, dasatinib, nilotinib and ponatinib. Viability was measured after 48
hours. All experiments were done in triplicate with average viability scaled to untreated condition
(100%). Error bars represent standard deviation.
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Table 2.2.1 Calculation of combination indexes to evaluate synergy.

Viability data as presented in Figure 2.2.3 E-H, representing K562, K562 + 10 ng/ml FGF2, K1 + 10
ng/ml FGF2, and K2 + 10 ng/ml FGF2 treated with fixed combination of Imatinib and PD173074,
were analyzed by Chou Talalay method to calculate the combination index. Values less than 1
indicate synergy. The data is color coded with green representing numerical values >1 (no
synergy), yellow indicates values from 0.1-1 (intermediate synergy), and orange indicates values
<0.1 (highly synergistic). The script for running the R program was kindly provided by James
Korkola of the Gray lab.

Combination Index

Imatinib PD173074

(nM) (nM) K562 K562+FGF2 K1 K2

123 12 0.231603201 0.165316116 -
370 37 0.317336224 0.154081803

1111 111 0.393802049 | 0.04386517  0.175817111
3333 333 0.069363995 0.131950487
10000 1000 0.254916735 0.325633491
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Figure 2.2.5 FGF2 protection of K562 cells is mediated by FGFR3 in long-term cultures.

A, The FGF2-dependent K3 long-term culture was electroporated with pools of siRNAs targeting
the tyrosine kinome[261], [262] and incubated with 10 ng/ml FGF2 and 1 uM imatinib. Viability
was assessed after 72 hours by MTS. The red line indicates two standard deviations of the mean
for all siRNAs. FGFR3 siRNA is denoted in red as the siRNA pools that reduced viability below 2
standard deviations. B, A control electroporation of K562 with pools of siRNAs targeting the
tyrosine kinome with K562 cells in media alone. SiRNA targeting BCR- ABL (pooled siRNA against
ABL1) reduced viability indicating effective knock-down with siRNA and is indicated in red.
Without the selective pressure of imatinib and available FGF2, there was no change in viability
with siRNA targeting FGFR3. C, Tagman primers were used to evaluate mRNA of FGFR1-4 in K562
cells electroporated with targeted siRNAs. GusB was used to calculate the ACT for each FGFR.
FGFR3 was the most abundant FGFR transcript in K562 cells whereas FGFR2 was of such low
expression that the data could not be reliably interpreted and was excluded. The AACT was
calculated for FGFR1, 3, and 4 and plotted with standard deviation. A value of 0 indicates no

change in expression. Each QPCR reaction was run in triplicate following manufacturers protocol
(Life Technologies, Grand Island, NY).
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Figure 2.2.6 FGF2-dependent resistance is mediated by activation of FGFR-RAS-RAF-MEK-ERK
pathway, whereas FGF2-independent resistance is mediated by reactivation of BCR-ABL.

A, Untreated K562 cells, K562 cells treated for 24 hours with 1 uM imatinib, and K1 cells after 1
month of culture in 10 ng/mL FGF2 and 1 uM imatinib were lysed and used to probe a human
phospho-kinase array (Proteome Profiler, RnD). The dots corresponding to pERK1/2 and pSTAT5
are indicated. B, K562 cells were treated for 48 hours in the indicated conditions under short-
term culture conditions. The long-term cultured cells were grown continuously in imatinib and
FGF2 as described in Figure 1. Cell lysates were collected 48 hours after replacement of media,
FGF2, and inhibitor (IM and PD173074). The cells were then lysed as described with western blot
analysis as in Methods. RAS-GTP was evaluated at 24 hours using immunoprecipitation.
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Figure 2.2.7 Western blot of activated pathways in K562 cells and long-term imatinib-resistant
cultures.

K562 cells and resistant K1-K4 long-term imatinib-resistant cultures were treated for 48 hours in
the indicated conditions. The cells were then lysed as described with Western blot analysis per
Materials and Methods. Ras-GTP was evaluated at 24 hours using immune-precipitation.
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Figure 2.2.8 FGF2 is increased in the bone marrow of patients without KD mutations and
decreases with ponatinib treatment.

Bone marrow core biopsies obtained from normal controls (surgical joint replacement patients),
CML patients at diagnosis, tyrosine kinase inhibitor resistant patients before ponatinib therapy
(pre-ponatinib), and responsive patients post-ponatinib were collected and evaluated for FGF2
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by IHC as described in Methods. Representative images of A, normal control, B, pre-ponatinib
marrow of a patient without KD mutation, and C, the same patient post-ponatinib. FGF2 is
normally expressed in marrow stroma (A); arrows indicate nonstromal areas of increased FGF2
in resistant patients (B). D, IHC images from normal controls, patients at diagnosis, and pre-
ponatinib patients who responded to ponatinib (with and without KD mutations) were analyzed
with Aperio ImageScope software to quantify FGF2 staining. The line indicates the median value.
Statistically significant differences were evaluated using a 2-tailed Student t test. E, Paired IHC
analysis of pre- and post-ponatinib bone marrow of patients treated with ponatinib (same as D).
Patients without KD mutations had an average decrease of 15.9% in FGF2 staining, whereas
patients with KD mutations were more variable. The differences pre- and post-ponatinib were
analyzed by the 2-tailed Student t test for significance. A single patient without KD mutations
who failed imatinib, dasatinib, nilotinib, and ponatinib is plotted with a dotted line for
comparison (see Table 1). F, CD34+ cells from newly diagnosed CML patients were resuspended
in methocult H4534 + FGF2 10 ng/mL and + 5 uM imatinib. Cells were plated in triplicate, cultured
for 14 days, and then CFU-GM colonies were counted. The data are presented as the percent of
untreated control (control or FGF2). The differences between control and FGF2 were analyzed by
2-tailed Student t test for significance. *P < .05. G, Model of FGF2 paracrine protection of CML
cells based upon data in this article and previous publications regarding FGF2 autocrine/paracrine
stromal cell signaling.

127



Table 2.2.2 Patient characteristics.
Bone marrow biopsies from patients who responded to ponatinib were evaluated both before
therapy and after response to ponatinib. A single patient who developed resistance to ponatinib
within 6 months of therapy is shown for comparison. The clinical characteristics are listed as well
as the quantitation of the FGF2 present in the marrow by Aperio ImageScope software (Figure
2.2.9). BOS, bosutinib; TKI, tyrosine kinase inhibitor.

Age Gender

56 M

67 M

31 M

54 M

68 M

62 M

70 F

47 M

53 M

45 M

59 F

Nonresponder
37 F

KD mutation

None

None

None

L248V

F317L/F359V

F359V/M244V

F359C
T315I1
T315I1
T315I1
T315I1

None

Previous
TKIs

IM, DAS

M,
DAS,
NIL

IM, DAS

M,
DAS,
NIL

M,
DAS,
NIL

M,
DAS,
NIL,
BOS

IM, NIL
IM, DAS
IM, DAS
IM, DAS
IM, DAS

M,
DAS,
NIL

Prior
years of
therapy

3
2

AW W

%FGF2
preponatinib

49.8
46.4

55.4
26.6

43.0

36.6

40.1
22.7
41.3
30.6
49.8

19.2

%FGF2 A
postponatinib

35.1 -14.7
249 -21.5
43.8 -11.7
40.0 13.4
46.9 3.9
30.2 -6.5
37.6 -2.5
37.6 15.0
36.8 4.5
21.6 -9.1
40.0 -9.8
19 0.2
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Table 2.2.3 Bone marrow biopsies were repeatedly stained by IHC and quantitated for FGF2.
Bone marrow core biopsies from selected patient samples representing different analysis groups
were evaluated for FGF2 by IHC as described in Methods. The percent FGF2 staining from each
run are listed as well as the average and standard deviation. When multiple samples were
available for analysis, the average staining was always used.

Patient Treatment FGF2 Average Standard
quantitation Deviation
Normal control 32.7 29.6 2.9
27.0
29.1
IM responder 33.1 36.1 4.3
39.1
No KD mutations pre-ponatinib 55.6 49.8 8.2
44.0
post-ponatinib 35.3 35.1 0.2
35.0
KD mutations pre-ponatinib 447 43.0 24
41.3
post-ponatinib 47.3 46.9 0.6
46.4
T315I pre-ponatinib 32.6 30.6 2.8
28.6
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Figure 2.2.9 Examples of quantitation of FGF2 staining with Aperio ImageScope software.
Bone marrow core biopsies from A, normal control (surgical joint replacement patient), B, a CML
patient at diagnosis, and C, a resistant patient without kinase domain (KD) mutations prior to
ponatinib therapy were evaluated for FGF2 by IHC as described in Methods. The images were
then quantitated for FGF2 staining using Aperio ImageScope software. Cells were automatically
identified by nuclear hematoxylin stain and intensity of FGF2 staining indicated by blue (no
staining), yellow (1+), orange (2+) and red (3+). Intact marrow was designated for quantitation
with trabecular bone, edges, and crushed marrow excluded from analysis. The yellow line
indicates the area selected for analysis.

130



6 months after imatinib

60+
A
s - AL A
tgv 40+ | La
E . "
£ > —ng®
o
[ B
Q 204 : ° E
2
C 1] L) Ll
a 2
o
- @q‘p &
> &
D ¢
G N

Figure 2.2.10 FGF2 increases in the marrow of patients who respond to imatinib.

Bone marrow biopsies of patients who responded to imatinib (no resistance) were evaluated for
FGF2 by IHC as described in Methods and compared to FGF2 of normal controls and CML patients
at diagnosis. Bone marrow biopsies of a CML patient at A, diagnosis and the same patient B, 6
months after initiating imatinib. Quantitation of FGF2 staining was 31.8% at diagnosis and
increased to 46.8% after 6 months, however the overall cellularity of the marrow also decreased
over that time as well. ¢) Comparison of normal controls, CML patients at diagnosis, and CML
patients after response to imatinib (IM). Bone marrow biopsies at response ranged from 6-18
months after initiation of imatinib. The differences between patient samples were analyzed by
2- tailed t-test for significance. * indicates p value of <0.05.
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Figure 2.2.11 Immunofluorescence identifies bone marrow cells which co-express CD45+ and
FGF2.

Bone marrow samples from normal controls and resistant CML patients were incubated
overnight at 4°C with 1:500 rabbit primary antibody to FGF2 (SC-79, as described in Methods)
and 1:200 mouse anti-CD45 antibody (HPA000440, Sigma-Aldrich, St. Louis, MQO) overnight in
Dako Antibody Diluent with Background Reducing Reagents. The following day the slides were
washed and incubated with 1:200 Alexa Fluor 488 anti-rabbit antibody and 1:200 Alexa Fluor 594
anti-mouse antibody (Cell Signaling, Danvers, MA) for one hour at room temperature followed
by DAPI staining to stain the nuclei (blue). The slides were mounted in NPG (n-propyl gallate) to
preserve immunofluorescent signal. A, Normal marrow with anti- FGF2 alone (green) as a control.
The FGF2 staining pattern is similar to Figure 2.2.8. B, Resistant CML sample prior to ponatinib
stained with FGF2 (green), CD45 (red) and DAPI (blue). FGF2 is mostly restricted to CD45- stroma
but two cells are indicated with arrows that clearly have both CD45+ and FGF2. These cells also
have a clearly visible nucleus.
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2.3 FGF2 from the bone marrow stroma promotes resistance to FLT3 inhibitors in
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2.3.1 Abstract

Potent FLT3 inhibitors, such as quizartinib (AC220), have shown promise in treating
acute myeloid leukemia (AML) with FLT3 internal tandem duplication (ITD) mutations,
however, responses are not durable and resistance develops within months. Evidence
suggests that the bone marrow microenvironment provides sanctuary to leukemia cells.
Selected microenvironmental proteins were tested for their ability to protect FLT3-ITD+
MOLM14 cells from AC220. FLT3 ligand (FL) and fibroblast growth factor 2 (FGF2)
were found to be the most protective. FL directly attenuated AC220 inhibition of FLT3,
consistent with previous reports. In contrast, FGF2 promoted resistance through
activation of FGFR1 and downstream MAPK pathway, and resistant cells responded
synergistically to combined FGFR1 and FLT3 inhibition. Removing FL or FGF2 from
ligand-dependent resistant cultures transiently restored sensitivity to AC220, but
accelerated the acquisition of secondary resistance through mutational and non-
mutational re-activation of FLT3 and RAS/MAPK signaling. FLT3-ITD AML patients
treated with AC220 developed increased expression of FGF2 in marrow stromal cells
over time, with FGF2 expression peaking during early resistance, prior to overt clinical
relapse and/or detection of resistance mutations. Thus we propose a two-step model in
which initial resistance is mediated by extrinsic FGF2 and/or FL from the

microenvironment, followed by evolution of ligand-independent resistance. These
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results support a strategy of early combination therapy that targets early survival
signals from the bone marrow microenvironment, in particular FGF2, to improve the

depth of response in FLT3-ITD AML.

2.3.2 Introduction

1.1.1.32 FLT3 ITD AML clinical perspective

Over 20% of AML patients under the age of 60 carry an internal tandem duplication
(ITD) in the transmembrane domain of the FMS-like tyrosine kinase 3 (FLT3) gene[293].
The presence of FLT3-ITD is associated with poor prognosis and high risk of relapse
after chemotherapy or stem cell transplant[294]. FLT3-ITD+ AML characteristically
relapses after a shorter first remission than other subtypes[295]. Patients who are
refractory to induction chemotherapy or who relapse after a remission of less than 6
months have an expected long-term survival of 0-3%. Patients who attain a remission of
6 months or longer can expected to achieve a second remission in 20% of cases and have
a 5-10% chance of long-term survival[296]. Several FLT3 inhibitors have been developed
and evaluated in clinical trials. While a rapid clearance of blasts in the peripheral blood
is frequently achieved, most inhibitors only attain limited effects on bone marrow

blasts.
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1.1.1.33 Oncogenic signaling in FLT3 ITD AML

FLT3 is a class Il receptor tyrosine kinase expressed on early hematopoietic stem and
progenitor cells, and is important for hematopoiesis. FLT3 is activated by its ligand,
FLT3 ligand (FL), which promotes receptor dimerization and growth via activation of
STAT5, Ras/MAPK and Akt pathways[297]. FLT3 is frequently mutated in acute
myeloid leukemia (AML). The most common genetic alteration is the internal tandem
duplication (ITD) in the juxtamembrane domain of the protein[298], which disrupts the
autoinhibitory mechanism of the juxtamembrane domain and results in chronic FLT3
activation[299]. FLT3-ITDs are present in ~20% of newly diagnosed AML and lead to
increased risk of relapse[294], [300]. FLT3 is also frequently mutated by point mutations
in the activation loop of the protein, most commonly at D835, and is present in ~10% of
newly diagnosed AML[301], [302], however, the prognostic significance of these kinase

domain mutations (KDMs) is less clear.

1.1.1.34 TKI therapy in FLT3 ITD AML

The multi-kinase inhibitor midostaurin demonstrated some encouraging activity
against FLT3-ITD+ AML. The administration of midostaurin resulted in a greater than
50% reduction of peripheral blood or bone marrow blasts in 42% (FLT3 wild type) and
71% (FLT3-ITD) of patients[303]. Studies combining midostaurin with conventional

chemotherapy or with a hypomethylating agent also demonstrated enhanced
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antileukemic activity[304], [305]. Lestauranib, an inhibitor of Trk receptors, JAK2 and
FLT3, showed activity in phase I and phase II trials[291], but no improvement in
remission rates due to poor FLT3 inhibition in vivo when following salvage
chemotherapy[295]. Sorafenib, an inhibitor of VEGFR, PDGEFR, Raf and FLT3, achieved
remarkable initial responses, however, the response was lost in most patients after 72

days[306].

Recently, a more potent FLT3 inhibitor, quizartinib (AC220), was developed and
demonstrated a 50% composite complete remission rate in phase II clinical trials[307].
AC220 is now in phase III trials in comparison to salvage chemotherapy in relapsed
FLT3-ITD AML. However, despite a higher response rate, the durability of AC220
response is still quite limited, and most patients develop resistance after a few months

of therapy.

1.1.1.35 Resistance to TKI therapy in AML

Similar to resistance in CML, FLT3 point mutations have been shown to decrease
affinity of AC220 for its target, leading to clinical resistance[306], [308], [309]. In
particular, mutations of the “gatekeeper” residue F691L and mutations in the activation
loop (the region around D835) confer resistance to AC220 both in vitro and in vivo[308].
In contrast, resistance also occurs in the absence of FLT3 mutations, although the nature

of this resistance is less clear.

137



Recently, the ligand for FLT3 (FL) was also found to promote resistance to FLT3
inhibitors[310]. FL ligand expression increases during therapy with FLT3 inhibitors,
providing one potential explanation of why leukemia cells in the bone marrow are
relatively more resistant to FLT3 inhibitors[310]. However, FL is likely not the only
component of the bone marrow microenvironment that provides sanctuary to leukemia
cells. We hypothesized that other proteins from the bone marrow microenvironment
would promote resistance to FLT3 inhibitors and tested known microenvironmental
cytokines, growth factors, and soluble proteins for their ability to protect MOLM14 cells
from AC220 treatment. Fibroblast growth factor 2 (FGF2) was one of the most effective
proteins in promoting survival of MOLM14 cells in the presence of AC220, and led to
resistance in extended cultures. FGF2 is highly expressed by bone marrow stromal cells
and plays an active role in hematopoietic colony formation in vitro[155], [156], and

hematopoiesis in vivo[162], [281].

We recently identified FGF2 as a microenvironmental protein that can promote
resistance to imatinib in CML in the absence of kinase domain mutations[220].
Moreover, FGF2 has been implicated in promoting resistance in multiple kinase-driven
solid tumors[129]-[131], [219], suggesting that FGF2/FGFR activation is a conserved
mechanism of resistance. Here, we determine the mechanism of FGF2-mediated

resistance in FLT3 ITD AML and contrast it with resistance induced by FL.
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2.3.3 Results

1.1.1.36 FGF2- and FL-mediated protection of AML cells

To screen for microenvironmental factors that protect AML cells from FLT3 inhibitors,
we cultured MOLM14 cells with graded concentrations of selected proteins expressed
in the bone marrow microenvironment (Agarwal et al., manuscript in preparation) in
the presence of 10 nM AC220. Viability was assessed after two days by MTS assay and
averaged over all concentrations (1, 10, and 100 ng/ml). Proteins that increased viability
>2 standard deviations are highlighted in red (Figure 2.3.1 A). The most protective
molecule in this screen was FL, which has been previously reported to attenuate the
effect of FLT3 inhibitors[310], providing an internal positive control. Two of the other
top hits in our screen were FGF2 and FGF1, also known as basic FGF and acidic FGF
respectively. We confirmed the results using lower concentrations (1 ng/ml and 0.1
ng/ml) and found again that FL. and FGF2 were the most protective overall (Figure 2.3.1
B). We focused our attention on FGF2, which is highly expressed in bone marrow([220],

and FL as two distinct mechanisms of ligand-mediated resistance.

To test the protective effects of FGF2 and FL over a longer duration, MOLM14 cells
were cultured over many weeks with 10 nM AC220, media, FL, and FGF2 replaced
every 2-3 days. Addition of FL or FGF2 promoted outgrowth in all replicates (N=4) at

around 6 weeks (Figure 2.3.1 C). In contrast, only 2/4 replicates cultured in media
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without FGF2 or FL developed resistance, and it took nearly 12 weeks, providing strong
evidence that continuous exposure to protective ligand accelerates development of

resistance (see also Figure 2.3.10).

1.1.1.37 FGFR1 mediates FGF2 protection

To test if FGF2 protects cells through activation of an FGF receptor (FGFR), we treated
MOLM14 cells with the pan-FGFR inhibitor PD173074 in the presence of FGF2 and
AC220. Even at doses as low as 25 nM, PD173074 was able to attenuate the protective
effect of FGF2 (Figure 2.3.2 A). Since FGF2 is capable of binding multiple FGFRs[55], we
measured the relative expression of FGFRs 1-4 by Tagman qPCR and found that FGFR1
was the most highly expressed FGFR in MOLM14 cells (Figure 2.3.3). siRNA targeting
blocked the protective effect of FGF2 in the presence of AC220 (Figure 2.3.2 B), and
efficiently reduced mRNA levels and protein expression (Figure 2.3.3 B and Figure
2.3.2. Q). In contrast, siRNAs targeting FGFR2, FGFR3, and FGFR4 had no effect on
FGF2 protection (Figure 2.3.2 B). To further test the role of FGFR1, we took advantage of
the fact that BaF3 cells do not express FGFRs 1-4[311]. BaF3 cells were initially
retrovirally transfected with FLT3 ITD[312], and then subjected to a second retroviral
infection with either an empty pMX vector or pMX containing human FGFR1. The cells
were selected by puromycin and expression of FGFR1 confirmed by Western blot
(Figure 2.3.2 D). When FLT3 ITD-dependent BaF3 cells were exposed to quizartinib,

FGF2 was only protective when FGFR1 was also expressed (Figure 2.3.2 F vs. 2.3.2 E),
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again indicating that FGF2 signals through FGFR1 to exert its protective effect. We
tested whether FGF2 protected two other FLT3 ITD AML cell lines (MOLM13 and MV-
4-11) with lower FGFR expression from AC220 (Figure 2.3.4). We found no significant
protective effect in these lines, again confirming that FGFR expression is a prerequisite

for FGF2-mediated protection.

1.1.1.38 FGF2 protects a subset of FLT3 ITD AML patient samples

FGFR1 is the most highly expressed FGFR in cytogenetically normal AML, with
expression comparable to FLT3 and AXL, another receptor tyrosine kinase reported to
mediate resistance in FLT3 ITD AML[313], [314] (Figure 2.3.4). To test if FGF2 protects
primary AML samples from AC220, we cultured fresh and thawed frozen viable
primary AML cells with media alone (no ligand) or supplemented with FGF2. The cells
were then treated with a gradient of AC220 and viability was assessed after 72 hours.
FGF2 was highly protective of a subset of primary AML samples (example shown in
Figure 2.3.2 G) and increased viability of AC220-treated samples in a dose-dependent

and statistically significant manner (Figure 2.3.2 H).

1.1.1.39 Combined inhibition of FLT3 and FGFR overcomes resistance

MOLM14 cells grown in continuous 10 nM AC220 with FGF2 or FL eventually resumed
exponential growth despite the presence of AC220 (Figure 2.3.1 C) and are henceforth

referred to as FGF2- or FL-dependent resistant cultures. We tested the sensitivity of
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these resistant cells to titrations of both AC220 and the FGFR inhibitor PD173074 by
creating a 64-well matrix with a gradient of AC220 on one axis, and overlaying a
gradient of PD173074 on the other axis. Viability was assessed after 48 hours by MTS
and the results are shown as a surface plot of all 64 conditions, with corresponding
linear graphs of AC220, PD173074, and an equimolar combination of AC220 and
PD173074 to highlight synergy (Figure 2.3.5 A-C). Naive MOLM14 cells were
exquisitely sensitive to AC220 at low nM concentrations but were not affected by
PD173074 treatment in the absence of FGF2 (Figure 2.3.5 A, see also Figure 2.3.6). In
contrast, FGF2-dependent resistant cultures were protected from AC220 at higher
AC220 concentrations, and the addition of PD173074 was highly synergistic in
overcoming this protection (Figure 2.3.5 B and Table 2.3.1). FL-dependent resistant
cultures had a shifted AC220 dose-response curve (Figure 2.3.5 C), but resistance was
overcome by higher doses of AC220 (>10 nM), and PD173074 had minimal additional

effect.

1.1.1.40 MAPK signaling in FGF2-mediated resistance

To explore the mechanism of resistance in FGF2- and FL-dependent resistant cultures,
we first evaluated the FLT3 gene for known resistance mutations in the activation
loop[308]. A single Y842C mutation was found in one FGF2-supplemented culture, but
the remainder of the FGF2-dependent resistant cultures did not have mutations to

explain AC220 resistance. We then performed Western blot analysis to analyze
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phosphorylated FLT3 (pFLT3) at multiple sites, as well as the MAPK pathway, which is
downstream of both FLT3 and FGFR1. AC220 treatment of naive MOLM14 cells
effectively abrogated pFLT3 at all phosphorylation sites, pSTAT5, and pERK1/2 (lanes 1
and 2, Figure 4A). The single FGF2-dependent resistant culture that developed a Y842C
mutation had partial reactivation of FLT3 despite the presence of AC220 (FGF2 R-1, lane
3). FL-dependent resistant cultures also had partial restoration of pFLT3, consistent
with previous reports[310] (lanes 7-10). In contrast, FGF2-dependent resistant cultures
R-2 to R-4 maintained phosphorylation of ERK but there was little pFLT3. To test if
alternative kinase pathways might be altered in either FGF2- or FL-dependent resistant
cultures, we used a phospho-kinase array to assess 46 phosphorylated proteins, but
found that only the MAPK signaling pathway was consistently restored in all FGF2-

and FL-dependent resistant cultures (Figures 2.3.8 and 2.3.9).

1.1.1.41 FLT3 and MAPK pathway mutations in FGF2 outgrowth cultures

To evaluate whether FGF2- and FL-dependent resistant cultures remained dependent
on ligand after four months of outgrowth, we split the FGF2- and FL-dependent
cultures and removed ligand from one subset (Figure 2.3.10 B-C). Media and AC220
were replaced every 2-3 days and the number of viable cells was measured with media
change. The time when cells resumed exponential growth is indicated in gray and
plotted on a timeline with the initial extended culture experiment to allow comparison

(Figure 2.3.1 C). The single FGF2-dependent culture with the FLT3 Y842C mutation
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quickly resumed exponential growth, about one week after FGF2 was removed (Figure
2.3.10 B). The remainder of FGF2- and FL-dependent cultures also developed resistance
after FGF2 was removed, and resumed exponential growth after about one month. Of
note, resistance after removal of FGF2 or FL developed more rapidly than initial
resistance (~2 months) in the presence of FGF2 or FL (Figure 2.3.10 B, C). The cultures
were evaluated for FLT3 activation loop mutations by Sanger sequencing at early
timepoints in resistance (4 and 6 months, Figure 2.3.11), and then again after 8 months
using a next-generation sequencing panel of 43 genes frequently mutated in AML. Most
of the FGF2- and FL-supplemented cultures did not have detectable resistance
mutations during initial resistance, but removing FGF2 or FL greatly accelerated the
acquisition of mutations. In addition, we identified frequent activating mutations of the
RAS pathway, suggesting a strong selective pressure to reactivate RAS/MAPK
signaling. The frequency of the KRAS G13D mutation was particularly notable and we
suspect this mutation is present at a low level in the naive MOLM14 cells, since 2/659
reads contained this mutation, although below the sensitivity of the assay to call a true

mutation.

To confirm that the observed FLT3 mutations drive resistance, we compared the
sensitivity of these cultures to multiple FLT3 inhibitors, including crenolanib, a FLT3
inhibitor that is not blocked by mutations in the activation loop[315]. The D839V and

Y842C mutated cultures were resistant to AC220, sorafenib and ponatinib, but uniquely
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sensitive to crenolanib (Figure 2.3.10 D). In contrast, resistant cultures without FLT3
mutation remained resistant to crenolanib (single example shown, FL R-1). All resistant
cultures remained sensitive to higher doses of FLT3 inhibitors suggesting the continued
importance of partial FLT3 signaling (Figures 2.3.5 and 2.3.10). In agreement with this
result, after withdrawal of cytokine, most resistant cultures had partial restoration of
FLT3 phosphorylation in addition to reactivation of MAPK signaling by Western blot
(2.3.12), providing further evidence that the primary routes of resistance are mediated

by FLT3 and RAS/MAPK.

1.1.1.42 FGEFR inhibitors in stromal co-cultures

FGF2 is expressed in normal bone marrow stroma[220], [269]. We evaluated if FGFR
inhibitors could block the protective effects of FGF2-expressing stroma in co-culture
with MOLM14 to overcome FGF2-mediated resistance. We used the human bone
marrow stromal cell lines HS-5 and HS-27a, which are derived from the same person
but have distinct functional characteristics[316]. HS-5 also expresses much higher
amounts of FGF2 compared to HS-27a (Figure 2.3.13 A). We cultured MOLM14 cells in
media alone, with 10 ng/ml FGF2, or in transwells above HS-5 and HS-27a. The cells
were then treated with 10 nM AC220, 250 nM PD173074, or a combination, and assessed
for viability after four days. PD173074 alone had no effect on MOLM14 cell viability
(data not shown). MOLM14 cells cultured with recombinant FGF2 or in transwells over

HS-5 stroma were protected from effects of AC220 treatment, but protection could be
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overcome by concomitant PD173074 treatment. In contrast, the protective effect of HS-
27a was less substantial than HS-5, and was unchanged with addition of PD173074
(Figure 2.3.13 B). Since FGF2 is also reported to be an autocrine growth factor for
stromal cells[162], [281], we removed the transwells and assessed viability of the
underlying HS-5 and HS-27a cells. Only HS-5 growth was significantly attenuated by
addition of PD173074 (Figure 2.3.13 C). In summary, addition of FGFR inhibitor
overcomes protective effects of FGF2-expressing stromal co-cultures and also prevents

autocrine growth of FGF2-expressing stroma.

1.1.1.43 FGF2 in bone marrow stroma during AC220 treatment

To test expression of FGF2 in FLT3-ITD AML patients, bone marrow core biopsies from
patients on the AC220 trial at our institution were collected prior to treatment, during
response to AC220, and at development of resistance. Clinical characteristics of patients
with multiple bone marrow biopsies available for analysis are shown in Table 2.3.2. The
marrow biopsies were stained for FGF2 by IHC. A normal bone marrow biopsy from a
surgical hip repair is shown for comparison in Figure 2.3.14 A and a representative
patient series is shown in Figure 2.3.14 B, with the peripheral blood and bone marrow
leukemia burden shown above the stained bone marrow biopsies. Of note, in this
particular patient an acquired FLT3 D835 mutation was detected at day 158. FGF2 was
primarily expressed in the marrow stroma and not hematopoietic cells (CD45+) by

immunofluorescence (Figure 2.3.15). The FGF2 staining was quantitated by Aperio
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ImageScope software for all 10 patients during therapy and is shown in Figure 7C.
FGF2 increased significantly during response to AC220, peaked with early resistance,
and then decreased again after overt clinical resistance. We also investigated FLT3
mutations at the time of resistance: three of five patients acquired mutations in FLT3
during therapy; one patient had a D835 mutation prior to AC220; and three patients
were bridged to allogeneic transplant (Figure 2.3.14 C and Table 2.3.2). Since FL
expression is reported to be increased with FLT3 inhibitor treatment[310], we attempted
FL staining by IHC with two different antibodies for comparison but were unable to

obtain reliable staining for quantification.

2.3.4 Discussion

Although FLT3-ITD AML initially responds well to FLT3 inhibitors, the durability of
response is short and resistance develops in about 4 months. Mutations in the activation
loop of FLT3 are the most commonly described mechanism of clinical resistance to
AC220([306], [308], [309] and in vitro mutagenesis screens were able to predict many of
the mutations that develop clinically[308]. However, this approach still fails to address
non-mutational mechanisms of resistance, including extrinsic mechanisms of resistance
from the bone marrow microenvironment that can promote leukemia cell survival in
the absence of kinase domain mutations. While FLT3 inhibitors induce a rapid clearance
of leukemia blasts from the peripheral blood, the leukemic blasts within the bone

marrow respond more slowly, providing strong clinical evidence that the leukemia cells
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in the marrow are relatively protected from AC220. This protective effect has been
reproduced in vitro using either marrow stromal cells[317]-[319], recombinant FL[310],

and now recombinant FGF2.

We noted that FGF2- and FL-mediated resistance initially promoted resistance largely
in the absence of mutations, but continued culture or removal of ligand greatly
accelerated development and outgrowth of resistance mutations. This is analogous to
the residual AML blasts that remain in the marrow at low level and then begin to
proliferate in the marrow prior to overt clinical resistance. Taken together, our data
supports a two-step model of resistance, where ligands from the microenvironment
initially blunt the effect of FLT3 inhibitors, allowing leukemia cells time for survival and
adaptation, which is then followed by microenvironment-independent resistance and

clinical relapse.

1.1.1.44 Ligand-mediated protection and acquired resistance

Although recombinant FGF2 and FL promote resistance, the mechanism of protection is
distinct. FGF2 bound to FGFR1, and FGF2/FGFR1 signaling in extended cultures led to
increased dependence upon the FGFR1/MAPK signaling pathway for cell survival, as
evidenced by the strong synergy between AC220 and the FGFR inhibitor PD173074. We
investigated if there might be a direct interaction between FGFR1 and FLT3 using

immunoprecipitation, but found no significant interaction (Figure 2.3.16). In
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comparison, FL-dependent resistant cultures partially restored FLT3 and downstream
MAPK signaling despite the presence of AC220. Removal of FGF2 and FL from ligand-
dependent cultures resulted in mutational and non-mutational activation of both FLT3
and the MAPK pathway. Taken together, either partial restoration of FLT3 signaling or
activation of the MAPK pathway through a compensatory pathway is sufficient for
initial resistance and restores signaling homeostasis in the cells[310], [319], [320], which
then leads to sustained activation through direct mutational or non-mutational

mechanisms.

1.1.1.45 Predicting ligand-mediated resistance pathways through receptor expression and

physiologic damage response pathway analysis

It is becoming apparent that ligand-activation of FGFR is an important mechanism of
resistance in cancers with activation of other oncogenic kinases. Autocrine secretion of
FGF2 and activation of FGFR1 was recently reported to promote resistance to the EGFR
inhibitor gefitinib in lung cancer cell lines[128], [129]. Similarly, activation of FGFR3 by
either exogenous FGF2 or FGFR3 activating-mutations in melanoma cell lines was
shown to promote resistance to B-RAF inhibitors[130]. FGF2 also promotes resistance to
BCR-ABL inhibitors in CML[321] and KIT inhibitors in gastrointestinal stromal

tumors[226], [322] providing evidence that this is a conserved pathway of resistance.
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FGF2 is not uniquely capable of promoting resistance, however. A recent screen tested
the ability of multiple ligands to promote resistance to kinase inhibitors in multiple
cancer cell lines and found that FGF2, hepatocyte growth factor (HGF), and neuregulin
1 (NRG1) were the most “broadly active” ligands capable of promoting resistance to
kinase inhibitors[131]. In particular, paracrine resistance to vemurafenib has been
shown in B-RAF-mutated melanoma and resistant patients had increased serum HGF,
as well as increased HGF expression in the stromal cells adjacent to the melanoma([323].
Growth arrest-specific 6 (GAS6) ligand-dependent activation of the receptor AXL is
another mechanism of resistance that has recently been described[324], including in
FLT3 ITD AML[313], [314]. Primary AML cells express both FGFR1 and to a lesser
extent AXL, suggesting that different ligands are capable of mediating resistance in
FLT3 ITD AML. Our results support the importance of ligand-RTK interaction as a
general mechanism of kinase resistance; and FGF2 in particular as an important
member of a class of ligands expressed in the tumor microenvironment that promote

resistance.

Our results also suggest that targeting early survival pathways in treatment are more
likely to reduce the residual leukemia in the microenvironment, and reduce the
opportunity for subsequent development of resistance mutations. More potent FLT3
inhibitors are likely to overcome FL-mediated resistance, but early interruption of FGF2

signaling is also likely to be important since FGF2 expression in the bone marrow
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stroma increases during AC220 treatment, providing even more external survival cues
over time. Expansion of FGF2-expressing stroma is consistent with the recent discovery
that FGF2 is an autocrine growth factor for marrow stroma (normally activated during
stress hematopoiesis[162], [281] and our results suggest that this stress response is

hijacked by residual AML cells for survival.

1.1.1.46 Clinical trials of FGFR inhibitors in AML

In CML, patients treated with ponatinib, which targets both BCR-ABL and FGFR,
exhibited reduction of FGF2-expressing stromal cells over time, indicating that the
stroma itself can be effectively targeted in patients[220]. Thus, FGFR inhibition can
block both FGF2 paracrine survival signals to leukemia cells, and FGF2 autocrine
signals to stroma, making the marrow stroma itself a therapeutic target by remodeling
the leukemia cell niche. Optimally, clinical trials using a combination of FGFR inhibitors
and novel FLT3 inhibitors that remain active against the common FLT3 activation loop
mutations would 1) overcome paracrine FGF2-mediated resistance, 2) attenuate
autocrine-stimulated expansion of FGF2-expressing stroma, and 3) circumvent
development of the most common mutations that lead to resistance and relapse. This

strategy has the potential to improve the durability of response to FLT3 inhibitors.
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Figure 2.3.1 Microenvironmental screen identifies FL and FGF2 as protective molecules for
MOLM14 cells, and they accelerate development of resistance in extended cultures.

A, MOLM14 cells were added to a 384-well plate containing cytokines, chemokines, and growth
factors to screen for proteins that promote growth in the presence of 10 nM AC220 (quizartinib).
Viability was measured using MTS reagent, and averaged over all concentrations (1, 10, and 100
ng/ml), and the results sorted according to highest average viability. Average viability >2 standard
deviations above the mean are highlighted in red and by an *. B, MOLM14 cells were cultured in
lower concentrations of recombinant proteins (1, and 0.1 ng/ml) in 96-well plates plus 10 nM
AC220. Viability was assessed after 48 hours with MTS reagent and data plotted as percent of the
respective untreated control. All wells were plated in triplicate with standard deviation indicated
in error bars. C, MOLM14 cells were cultured continuously in 10 nM AC220 with FL, FGF2, or
media alone as indicated (N=4 for each). Fresh media, AC220 and cytokine were replaced every
2-3 days over the indicated time period. Viable cell numbers were analyzed every 2-3 days with
Guava ViaCount.

152



A B [1 Media c
N ] Media 60 @ FGF2 10 ng/mi
. 30{ J [ FGF210ng/ml T . . N
2 _ T .
-4 é * siRNA: NS FGFR1
B £ 40
c 204 c
3 3 FGFR1/| S
2 o ——
§ § 20
e 101 < ACHN | s——
a o
0 0 T T T T T
°© 25 50 100 ggNa ¥ & I D
PD173074 (nM) L L& L& L
D E F pMX FGFR1
- 100 4
Baf3 FLT3 ITD plus: 2
;.E 80 - -& Media
PMX  pMX c - FGF2 10 ng/mi
neg FGFR1 ; 60
FGFR1 - 2 404
) 2 e
(]
S G T T T 1 0 T T T 1
0 1 10 100 1000 0 1 10 100 1000
AC220 (nM) AC220 (nM)
G 15-00615 H Primary FLT3 ITD AML samples
150 T 1
- g ) v
3 © noligand 2 T | v
§ [ FGF21ng/ml 5 . a v v
g 100 A FGF210ng/mi § 100 v
E S# FGF2 100 ngimi 2 a” A8 7
= @ 0% u]
N s o
£ O, s ﬁ*
g r.é‘_..;,JjA_‘».h;Hl- @ 50 A A
S . g 0g0 050 Apa
0 500 1000 -
AC220 (nM) 0 T T T r
no ligand FGF2 FGF2 FGF2

1 ngimli 10ngml 100 ng/mi

Figure 2.3.2 FGF2 protection of MOLM14 cells is mediated by FGFR1.

A, MOLM14 cells were cultured in media alone or media supplemented with 10 ng/ml FGF2,
treated with 10 nM AC220, and exposed to doses of the FGFR inhibitor PD173074: 25, 50, 100
nM as indicated. Viability was measured by MTS assay after 48 hours and AC220 treated cells
were compared to their respective untreated control (media alone, FGF2, 25 nM PD173074, etc.)
B, MOLM14 cells were electroporated with siRNAs targeting FGFR1, FGFR2, FGFR3, FGFR4 and a
non-specific (NS) control. After 48 hours the cells were pelleted and resuspended in media with
or without FGF2 -/+ 10 nM AC220 and viability was assessed by MTS after 48 hours. * indicates
p<0.01 by t test. C, MOLM14 cells were analyzed by Western blot for FGFR1 to evaluate protein
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expression after siRNA (see supplemental Figure S1 for QPCR after knock-down). D, BaF3 cells
expressing FLT3 ITD were retrovirally transfected with either empty pMX vector (pMX neg) or
vector containing FGFR1, selected with puromycin, and analyzed by Western blot to show FGFR1
expression. The Baf3 cells with FLT3 ITD and E, empty pMX vector or F, pMX with FGFR1 were
then treated with a gradient of AC220 in either media alone or supplemented with 10 ng/ml
FGF2. Viability was assessed after 48 hours with MTS reagent and data plotted as percent of the
respective untreated control. All cell line experiments were performed in triplicate, error bars
indicate standard deviation. Fresh primary AML samples containing FLT3 ITD (5) and thawed
frozen viable FLT3 ITD AML samples (see methods) were plated with media alone (no ligand) or
with FGF2 at 1, 10 and 100 ng/ml concentration. The cells were then exposed to a gradient of
AC220 and viability was measured after 72 hours by MTS. G, An example of FGF2-mediated
protection during AC220 exposure in a primary AML sample. H, The area under the curve was
calculated for 21 patient samples in the absence or presence of FGF2 ligand (see 2G) and graphed
with mean and standard error of the mean shown. One-tailed t-tests were performed with p
values indicated by *<0.05, **<0.005, and ***=0.0007.
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Figure 2.3.3 FGFR1 is the most highly expressed FGFR in MOLM 14 and siRNA knock down of
FGFR mRNA.

A, Relative mRNA expression of FGFR1-4 was evaluated by QPCR and normalized relative to
control mRNA GusB (value of 1). B, Tagman primers were used to evaluate mRNA of FGFR1-4 in
MOLM14 cells electroporated with targeted siRNAs. GusB was used to calculate the AACT for
each FGFR. The AACT was calculated for FGFR1, 2, 3, and 4 and plotted with standard deviation.
A value of 0 indicates no change in expression. Each QPCR reaction was run in triplicate following
manufacturers protocol (Life Technologies, Grand Island, NY).
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Figure 2.3.4 FGF2 protection from FLT3 inhibitors is dependent upon FGFR expression.

Three FLT3 AML cells lines were treated with AC220 in media alone or with 10 ng/ml FGF2: A,
MOLM14, B, MOLM13, and C, MV-4-11. The human AML MOLM13 cell line was generously
provided by Dr. Yoshinobu Matsuo (Fujisaki Cell Center, Hayashibara Biochemical Labs, Okayama,
Japan) and cultured in RPMI with 20% FBS instead of 10%. The human AML cell line MV-4-11 was
obtained from the American Type Culture Collection (Manassas, VA, USA) D, Relative mRNA
expression of FGFR1-4 was evaluated by QPCR and normalized relative to control mRNA GusB
(value of 1). All experiments run in triplicate, error bars indicate standard deviation. E, A test-
sample set of cytogenetically normal AML samples (GDS3329, N=79[325]) was queried for
relative expression of FGFRs 1-4, FLT3, AXL and MET. The percentile rank expression for all
samples is shown using a box-and-whiskers plot.
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Figure 2.3.5 FGF2-dependent resistant cultures respond synergistically to combined FLT3 and
FGFR inhibition.

A, Naive MOLM14 cells in media alone were exposed to a matrix of an AC220 gradient (0, 1.4, 4,
12, 37, 111, 333, 1000 nM) combined with the FGFR inhibitor PD173074 (0, 1.4, 4, 12, 37, 111,
333, 1000 nM) and compared to B, FGF2- and C, FL-dependent resistant MOLM14 cells (Figure
2.3.1 C) in the same conditions. Viability was measured after 48 hours and average viability
graphed as surface plots with gray scale denoting 20% increments. Separate graphs at right
indicate viability in response to titrations of AC220 alone, PD173074 alone, and equimolar
combination to highlight synergy. Calculation of the combination index for relevant drug
concentrations is included in supplemental Table 2 and synergy is indicated by an *. All
experiments were done in triplicate with average viability scaled to untreated condition (100%).
Error bars represent standard deviation.
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Table 2.3.1 Calculation of combination indexes to evaluate synergy.
Viability data as presented in Figure 2.3.5 B and C, representing AC220 and PD173074, were
analyzed by Chou Talalay method to calculate the combination index using CompuSyn software.
Values less than 1 indicate synergy. The data is color coded with green representing higher
numerical values (no synergy) with yellow and orange indicating increased synergy (values <0.1
are highly synergistic).

Combination Index

AC220 PD173074 FGF2 FL
(nM) (nM) long-term long-term
1.4 1.4 0.15253
4.1 4.1
12 12 0.65655
37 37 0.63201
111 111 0.34308
333 333 0.53615
1000 1000 0.35692
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Figure 2.3.6 Matrix of AC220 and PD173074.

Naive MOLM14 cells in media supplemented with A, 10ng/ml FGF2 or B, FL were exposed to a
matrix of an AC220 gradient (0, 1.4, 4, 12, 37, 111, 333, 1000 nM) combined with the FGFR
inhibitor PD173074 (0, 1.4, 4, 12,37, 111, 333, 1000 nM). Only the cells with supplemented FGF2
had response to combination of AC220 and PD173074.

159



A

AC220 10 nM
FGF2 10ng/ml

FL 10ng/ml
FLT3 mutation:

pFLT3
Y589/591

pFLT3
Y842

pFLT3
Y969

total FLT3

pSTATS

STATS

FGFR1

PERK

total ERK

FGF2

FL

actin

Figure 2.3.7 FGF2 and FL restore downstream FLT3 signaling, particularly the MAPK pathway.

A, Naive MOLM14 cells were treated for 24 hours -/+ 10 nM AC220 (first two lanes) and compared
to FGF2- and FL-dependent resistant cells (grown continuously in FGF2 or FL, lanes 3-10). The
FGF2- and FL-dependent resistant cells were harvested 24 hours after addition of fresh media,
AC220. The cells were then lysed as described with Western blot
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Figure 2.3.8 STAT5 and ERK are downstream targets of FLT3.

A, Untreated MOLM14 cells were incubated in media alone or media supplemented with 10
ng/ml FGF2 and then were left either untreated or treated with 10 nM AC220 for 24 hours. The
cells were lysed and used to probe a human phospho-kinase array per manufacturer’s instruction
(Proteome Profiler, RnD). Each phospho-protein in the array contains a pair of spots. The pSTAT5
(two different antibodies) and the pERK spots are highlighted in red and blue, respectively, to
demonstrate the effects of AC220 on these two phospho-proteins. B, The phospho-protein
signals from panel A were quantified for each spot, values averaged (two spots per phospho-
protein), then normalized to the positive and negative controls on the blots. The data is
presented as percent of the positive control for each sample tested.
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Figure 2.3.9 Resistant long-term cultures have very similar phosphorylated proteins to naive
MOLM14 cells.

A, Untreated MOLM14 cells, a long-term resistant culture that developed a D839V mutation,
three FGF2-supplemented long-term cultures, three FL-supplemented long-term cultures were
lysed and used to probe a human phospho-kinase array per manufacturer’s instruction
(Proteome Profiler, RnD). Each phospho-protein in the array contains a pair of spots. The pSTAT5
(two different antibodies) and the pERK spots are highlighted in red and blue, respectively. Naive
MOLM14 and resistant cells have largely the same phosphorylation pattern, particularly with
respect to pERK. B, The phospho-protein signals from panel A were quantified for each spot,
values averaged (two spots per phospho-protein), then normalized to the positive and negative
controls on the blots. The data is presented as percent of the positive control for each sample
tested.
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Figure 2.3.10 Removing FL or FGF2 from FGF2- or FL-dependent resistant cultures results in
ligand-independent resistance mediated by mutation of FLT3, MAPK pathway genes, or
through a non-mutational mechanism.
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The time to development of exponential growth was plotted over time for the extended cultures
in Figure 1C and time to acquisition of mutations by either Sanger or deep next-generation
sequencing (average read depth ~1500) is indicated by arrows. If a mutation could not be
detected it is indicated with -. All mutations detected by next-generation sequencing that were
not present in naive MOLM14 cells are shown on the right. Of note, the KRAS G13D C>T mutation
was detected in 2/659 reads in the naive MOLM14 cells and thus may be present at very low
level. A, MOLM14 cells cultured in media alone (no ligand) developed exponential growth later
than FGF2- and FL-dependent cultures (panels B and C) and were found to have resistance
mutations, D839V and D835H, shortly after resuming exponential growth. B, FGF2-dependent
and C, FL-dependent resistant cultures (cultured continuously in 10 ng/ml FGF2/FL and 10 nM
AC220) were split at 4 months and 1x10’ cells placed into fresh media without recombinant
protein with 10 nM AC220. Fresh media and 10 nM AC220 were replaced every 2-3 days over the
indicated time period and viable cell number was analyzed using Guava ViaCount and plotted
over time. D, Naive MOLM14 cells, resistant cells with the FLT3 D839V mutation, FGF2-mediated
resistant R1 cells with FLT3 D842C mutation, and non-mutated resistant MOLM14 cells (FL R1
after FL subtraction) were exposed to a gradient of FLT3 inhibitors: quizartinib, crenolanib,
sorafenib, and sunitinib and viability was measured after 48 hours by MTS assay. Experiments in
panel D were done in triplicate with average viability scaled relative to untreated cells (100%)
and error bars represent standard deviation.
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Figure 2.3.11 Identification of FLT3 point mutations by Sanger sequencing.

Primers were used to amplify the FLT3 kinase domain and for sequencing as previously
described[308]. Sanger sequencing was performed and alignment to the native FLT3 sequence
performed with Sequencher Software (Gene Codes Corporation, Ann Arbor, MI, USA).
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Figure 2.3.12 Removing FL or FGF2 from long-term resistant cultures results in partial
reactivation of FLT3 either through point mutation or non-mutational activation.
Control MOLM14 cells were treated for 24 hours -/+ 10 nM AC220 (first two lanes). Long-term
resistant cultures grown in absence of ligand (Figure 2.3.1 C) are shown in lanes 3 and 4. Long-
term cultured cells grown continuously in FGF2 or FL were transitioned to fresh media and AC220
without ligand are shown in lanes 5-12. Mutations of FLT3 tyrosine kinase domain are indicated
if present. All cells were prepared as per Materials and Methods.
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Figure 2.3.13 FGFR inhibitors overcome the protective effects of FGF2-expressing stroma (HS-
5) in co-culture assays.

A, The human stromal cell lines HS-5 and HS-27 were analyzed for FGF2 expression by Western
blot and labeled as in Figure 6D. B, MOLM14 cells were cultured in media alone, 10 ng/ml FGF2,
or in 1 um transwells over HS-5 or HS-27a stromal cell lines. The cells were treated with 10 nM
AC220 and/or 250 nM PD173074 as indicated and MOLM14 cells were analyzed for viable cell
number after 4 days. Viable cells were plotted as percentage of untreated control. C, The
corresponding stromal cells from the transwell co-culture experiments were also evaluated by
MTS assay for viability. Results are shown relative to the untreated condition. All experiments
were done in triplicate, error bars represent standard deviation, and * indicates p<0.05.
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Figure 2.3.14 Bone marrow FGF2 increases during AC220 treatment and peaks prior to
development of resistance.

A, Normal bone marrow biopsy (hip replacement) stained by immunohistochemistry (IHC) for
FGF2 indicating stromal expression of FGF2 as described in Materials and Methods. B, Graph of
peripheral blood and marrow blast percentage over time of representative patient treated with
AC220. Response to therapy is indicated with green, early relapse in marrow indicated in
yellow/orange, and peripheral blood relapse indicated in red. Sequential bone marrow biopsies
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from this patient were stained for FGF2 by IHC and are shown below. This patient developed a
FLT3 mutation at D835, which was detected at day 158 as indicated. C, Quantification of marrow
FGF2 by IHC of all evaluable patients treated with AC220. The marrows were analyzed with Aperio
ImageScope software to quantify total number of cells and percent that expressed FGF2. The line
indicates the median value. Statistically significant differences were evaluated using a 2-tailed t-
test. * indicates p<0.05. The number of patients and the presence or absence of FLT3 mutations
are indicated below. Table 2.3.2 provides more detail about each patient. * indicates p<0.05. D,
Model of FGF2 paracrine-mediated protection of leukemia cells.

169



Table 2.3.2 Patient characteristics studied by immunohistochemistry (IHC).

Patients treated with AC220 on phase Il clinical trial with multiple bone marrow biopsies that
were evaluable by IHC. Duration of AC220 considered continued decrease or stability in total
marrow leukemia blasts. Marrows with increased leukemia blasts considered resistance
(marrows usually one month apart). D835 mutations determined by PCR-based test (indicated as
D835) or direct sequencing with mutated amino acid indicated (e.g. D835N). N/A indicates there

were no D835 studies performed. Abbreviations:

Salv=Salvage, and Allo SCT=Allogeneic stem cell transplant.

Ind=Induction,

Age Prior therapies  AC220 D835 D835 Clinical outcome
response  mutation mutation
(months) pre-AC220 post-AC220
60 Ind 2 None N/A Allo SCT
66 Ind, Cons, Salv 3.5 None ND Allo SCT
66 Ind, Cons 4 None None Allo SCT
78 Decitabine 3 None D835V Resistance: 4 months
62 Ind, Cons 3 None D835V and Resistance: 4 months
D835N
69 Ind, Cons 4 None D835Y Resistance: 5 months
71 Ind, Cons 5 None None Resistance: 6 months
70 Ind, Cons 2 None N/A Resistance: 4 months
56 Ind, Salv 3.5 D835 D835 Resistance: 4 months
60 Allo SCT 2 None None AC220 intolerance
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Figure 2.3.15 FGF2 is localized to bone marrow stromal cells and not in hematopoietic cells.
All patient specimens were obtained with informed consent of the patients on protocols
approved by the Institutional Review Board of Oregon Health & Science University.
Immunofluorescence for FGF2 (green) and CD45 (red) was performed as previously
described{Traer, 2014 #193}. Representative bone marrow core biopsy sections of 4 FLT3-ITD
AML patients are shown (see Figure 7).
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Figure 2.3.16 FGFR1 and FLT3 do not interact directly.
MOLM14 cell lysates were incubated with protein A beads coupled to anti-FLT3 antibody or
control polyclonal antibody. The starting material (input) is shown in lane 1; the supernatant in
lanes 2 and 3; and the immunoprecipitated protein in lanes 4 and 5. FLT3 immunoprecipitates
with antibody but FGFR1 remains in the supernatant fraction.
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3 Autocrine Function of FGF2 in Bone Marrow

Stroma

This chapter is based on one manuscript describing the secretion and delivery of FGF2
from bone marrow stroma to leukemia cells, and the autocrine function of FGF2 in

maintaining a protective stromal phenotype.
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3.1 FGF2 Regulates Release of Leukemia-Protective Exosomes from Bone Marrow

Stromal Cells

Nathalie ]avidi—SharifiT, Jacqueline Martinez', Isabel English, Shelton Viola, Danielle

Jorgens, Brian Druker, and Elie Traer
*These authors contributed equally to this work.

Work not submitted for publication concerning signaling pathways downstream of

FGFR1 involved in exosome production is presented in section 3.1.3.8.

174



3.1.1 Abstract

Bone marrow stromal cells communicate with leukemia cells and provide a protective
niche during various forms of chemotherapy, including tyrosine kinase inhibitor (TKI)
treatment. Protective signaling initiated by cytokines and growth factors in this niche
may eventually lead to resistance and disease relapse. We previously identified
fibroblast growth factor 2 (FGF2) as a protective signal in several types of leukemia and
other malignancies during TKI therapy. FGF2 has previously been implicated as an
autocrine regulator of bone marrow stromal growth and function. Here, we
demonstrate that exosomes secreted by stromal cells in part account for the protective
effect of stroma-conditioned media, and that FGF2 is contained in these exosomes.
FGFR inhibition leads to reduced expansion of FGF2-expressing stroma and decreases
secretion of FGF2-containing exosomes, resulting in attenuated protection of leukemia
cells. We conclude that exosomes are important purveyors of protective signaling in the
leukemia microenvironment. FGFR-inhibition may be a clinically relevant option to

modulate stromal function and overcome microenvironment-mediated resistance.

3.1.2 Introduction

Tyrosine kinase inhibitors have revolutionized the treatment of chronic myeloid

leukemia (CML) and show promise in acute myelogenous leukemia (AML) therapy.
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However, resistance to single-agent therapy in AML develops within a few months.
Cell-intrinsic resistance is often due to secondary mutations in the targeted kinase that
prevent drug binding. In absence of these secondary mutations, resistance is frequently
attributed to ligands in the tumor microenvironment that activate alternative survival
pathways[131], [326]. This type of environment-mediated resistance, which also protects
cells from the initial cytotoxic or cytostatic effects of therapy, may be essential for the

development of any type of acquired resistance[266].

1.1.1.47 FGF2 in maintenance of MSC function

Mesenchymal stem cells (MSCs) are part of the bone marrow stroma and contribute to
the niche that is important for normal hematopoiesis as well as for the maintenance of
leukemic stem cells (LSCs)[255], [327]. The crosstalk between MSCs and LSCs has been
implicated in cancer resistance, both to cytotoxic chemotherapy and to targeted agents.
Previous studies into the mechanisms of resistance focused on soluble cytokines and
growth factors secreted by normal stroma as the main paracrine protective agents[328].
However, evidence is mounting that hematologic malignancies are associated with
profound phenotypic changes in the neighboring stromal cells, including altered
differentiation potential and acquisition of features similar to cancer-associated

fibroblasts[193], [329], [330].
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We and others have demonstrated that fibroblast growth factor 2 (FGF2) protects
hematologic malignancies from the effects of tyrosine kinase inhibitor (TKI)
therapy[219], [220], [322]. In addition, FGF2 is essential for stress hematopoiesis after
chemotherapy or irradiation[162], [281]. Despite its important roles in physiology and
pathology, several aspects of FGF2 biology are poorly understood. FGF2 is not a classic
secreted cytokine, and several mechanisms for cell-contact independent delivery have
been proposed(Phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2)-dependent
oligomerization of fibroblast growth factor 2 (FGF2) triggers the formation of a lipidic
membrane pore implicated in unconventional secretion[67], [68], [331]. Additionally,
while FGF2 directly stimulates myeloid colony formation, there are also reports
suggesting that FGF2 indirectly regulates hematopoiesis by stimulating stromal cells to

produce cytokines.

In addition to soluble cytokines and direct cell-to-cell interactions, exosomes are
increasingly understood to act as versatile messengers between stroma and leukemia
cells. To date, inhibition of exosome secretion has not been proposed as a therapeutic
target, and indeed no cell type-specific inhibitors exist. We present evidence that
exosomes secreted by bone marrow stromal cells contain FGF2 and protect leukemia
cells from the effects of targeted therapy. Further, FGFR signaling functions in an

autocrine manner to promote the secretion of exosomes by stromal cells. Our findings
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suggest that FGFR inhibition may be an attractive therapeutic target with the potential

to disrupt the protective stroma-leukemia interaction and prevent drug resistance.

3.1.3 Results

1.1.1.48 Stromal cell extracellular vesicles protect leukemia

We previously noted that FGF2 is upregulated in bone marrow stromal cells of patients
who developed resistance to TKI therapy in both CML and AML with internal tandem
duplication in the receptor tyrosine kinase FLT3 (FLT3 ITD)[220]. The human stromal
cell line HS-5 expresses high levels of FGF2 in addition to other soluble cytokines such
as IL-5, IL-8 and HGEF[316]. Since FGF2 is not a classically secreted cytokine, we
hypothesized that the protective capacity of HS-5 conditioned media could be localized
to the pelleted fraction after ultracentrifugation. HS-5 conditioned media was cleared of
detached cells and large cell fragments by initial centrifugation and then
ultracentrifuged at sufficient speed to sediment small extracellular vesicles (ECVs). The
conditioned media was separated into a supernatant (5100) and a pellet fraction (P100).
We compared the protective effect of unfractionated conditioned media, as well as S100
and P100 fractions on the proliferation of two leukemia cell lines, MOLM14 (FLT3 ITD+
AML) and K562 (CML), in the presence of their respective TKIs, quizartinib and
imatinib (Figures 3.1.1 A and 1B). In both instances, the protective capacity of the 5100

fraction was lower than complete conditioned media or P100. We observed no
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significant difference in the capacity of complete conditioned media versus P100 to
rescue proliferation of K562 after exposure to imatinib (Figure 3.1.1 A). Moreover, the
P100 fraction protected MOLM14 cells even more effectively from the effects of
quizartinib than complete conditioned media (Figure 3.1.1 B). These results indicate that

the protective effect of HS-5 conditioned media is partly mediated by ECVs.

We next asked whether ECVs produced by HS-5 cells could be taken up by K562 and
MOLM14 leukemia cells. Fluorescent confocal microscopy of HS-5 ECVs stained with a
red lipophilic tracer (Dil) and added to K562 or MOLM14 cells (Figure 3.1.1 C) stained
with a green lipophilic tracer (DiO) showed that ECVs were endocytosed whole and
localized to the intracellular vesicle transport pathway. These experiments demonstrate

that protective factors from bone marrow stroma can be conveyed to leukemia cells via

ECVs.

1.1.1.49 FGF2 in stromal cell exosomes

As previously noted, we found high levels of FGF2 in the cell lysate of HS-5, while a
non-protective stromal cell line from the same donor, HS-27, expressed no FGF2 (Figure
3.1.2 A). Having observed the strong protective effect of the pelleted fraction of HS-5
conditioned media, we now quantified FGF2 in 5100 and P100 fractions of both HS-5
and HS-27 by Western Blot (Figure 3.1.2 B). As expected, FGF2 was not detected in the

supernatant fractions, but remained in the pelleted fraction of HS-5 even after a wash
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step. No FGF2 was detected in either supernatant or pellet of H5-27 conditioned media.
This is in contrast to cytokines in HS-5 conditioned media that are found in the 5100
fraction, such as stem cell factor, interleukin (IL)-6, IL-8, IL-11, macrophage colony-
stimulating factor, and granulocyte macrophage colony-stimulating factor - all of
which have been reported to contribute to the protective effect on leukemia cells[318],
[328]: We compared the cytokine profiles of HS-5 5100 and P100 using a Luminex bead-
based multiplexing assay (Figure 3.1.2 C). Of all cytokines included in the assay, only

FGF2 was significantly enriched in the pellet fraction.

While ultracentrifugation separates soluble cytokines from insoluble factors, we wanted
to determine whether a specific vesicle population or extracellular matrix (ECM)
components conferred the protection. We therefore collected fractions of HS-5 P100 on a
discontinuous sucrose gradient and quantified FGF2 and various cell compartment-
specific molecular markers by immunoblot (Figure 3.1.2 D and pictorial in Figure 3.1.3
D). FGF2 was most highly enriched in the 15-30% sucrose fraction, which also contained
the exosome-specific markers CD9 and tsg101. Conversely, fibronectin, an ECM
component, did not co-localize with FGF2. Lamin A/C, calreticulin and Bcl-XL, markers
of nuclear, endoplasmic reticulum and mitochondrial fractions respectively, were
present at low levels in the starting material and were recovered in the 45-60% sucrose

fraction. This fraction likely also contains larger microvesicles and apoptotic bodies.

Since FGF2 can be immobilized on the cell surface via heparan sulfate, it may be bound
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to the exosome exterior or may be contained as cargo within the exosome. Proteins in
organelles or vesicles are protected from proteases such as Proteinase K. We therefore
incubated recombinant FGF2, exosomes isolated from HS-5 or HS-27 cells, as well as
whole HS-5 cells with Proteinase K and probed for FGF2 by immunoblot (Figure 3.1.2
E). While recombinant FGF2 was entirely degraded, we observed a residual band at the
molecular weight of undigested FGF2 in both HS-5 exosomes and whole cells. We
repeated this experiment using only HS-5 exosomes, exposing either to Proteinase K
alone or Proteinase K and a membrane-disrupting detergent, 0.1% Triton X-100. We
again observed that a fraction of FGF2 was protected from digestion while exosomes
remained intact, but not after the addition of 0.1% Triton X-100. We noted that the
exosomal transmembrane proteins CD9 and tsg101 were degraded upon addition of
Proteinase K with or without detergent. We concluded that FGF?2 is localized both to the

exosome membrane and the vesicle interior.

1.1.1.50 Protective stromal cells overproduce extracellular vesicles

In addition to the qualitative differences between conditioned media fractions from HS-
5 and HS-27 cells, we suspected that extracellular vesicles might be more numerous in
HS-5 conditioned media. Exosomes and other small vesicles can be quantified and
characterized according to size, surface marker expression, content, and appearance on
electron microscopy. We chose several orthogonal methods to quantify vesicles in

conditioned media. First, we used nanoparticle tracking analysis to quantify and
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compare ultracentrifuged conditioned media of HS-5 and HS-27 (Figure 3.1.3 A). We
consistently observed over twofold excess of vesicles produced by HS-5 compared to
HS-27 cells. In parallel, we employed a new flow cytometry-based technique using two
fluorescent dyes that bind hydrophobic proteins and nucleic acids (Figure 3.1.3 B).
Particles that contained both protein and nucleic acid were quantified in HS-5 and HS-
27 conditioned media and again confirmed to be more numerous in HS-5. Both flow-
based quantification as well as tracking analysis revealed a reproducible two-to-

threefold higher particle count in HS-5 compared to HS-27 conditioned media.

Although several new techniques such as the ones described above are emerging for the
quantification of small particles, electron microscopy still remains the gold standard.
We therefore performed negative stain transmission electron microscopy on HS-5 and
HS-27 ultracentrifuged conditioned media (Figure 3.1.3 C). Vesicles in both samples
exhibited the cup-shape appearance characteristic for exosomes, and lipid bilayers were
visible at high magnification. Vesicle shape and size (round, 30-100 nm diameter) also
conformed to the definition of exosomes. Quantification of exosomes on electron
microscopy confirmed an over 1.5-fold enrichment of exosomes in HS-5 conditioned

media over HS-27.

Finally, we performed sucrose gradient fractionation of HS-5 and HS-27 conditioned
media and detected cell compartment and exosome-specific markers by immunoblot

(Figure 3.1.3 E). Exosomes are expected to equilibrate primarily at the 15-30% sucrose
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interface (Figure 3.1.3 D). Indeed, we found that the exosomal marker CD9 appeared in
this fraction in both HS-5 and HS-27 samples. Although contaminants such as
fibronectin, lamin A/C, calreticulin and Bcl-XL were more abundant in HS-27 starting
material, CD9 was detected at much lower intensity and another exosomal marker,
tsg101, could not be detected at all in HS-27 conditioned media. Actin was also more
abundant in all vesicle fractions of HS-5 conditioned media, indicating that HS-5 cells
may overproduce extracellular vesicles of varying sizes; however, FGF2 appears to be
contained preferentially in exosomes over other vesicles. Overall, each quantification
method revealed that HS-5 cells produce more extracellular vesicles, including a
population that is consistent with the definition of exosomes as determined by size,

appearance and molecular cargo.

1.1.1.51 FGF signaling regulates stromal cell growth and function

We previously observed that the protective effect of FGF2 on leukemia cells exposed to
TKI could be eliminated by adding an FGFR inhibitor[220]. In Figures 3.1.1 and 3.1.2,
we mapped the protective capacity of HS-5 cells to exosomes and demonstrated that
FGF2 is contained in these vesicles. We hypothesized that if FGF2 delivered by
exosomes was the main mediator of HS-5 protection, the addition of FGFR inhibitor
PD173074 should block the protection. However, when adding the combination of HS-5
conditioned media and PD173074 to MOLM14 cells exposed to quizartinib, we

observed only a minor reduction in protection compared to conditioned media alone
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(Figure 3.1.4 A). Since HS-5 cells express high levels of both FGF2 (Figure 3.1.2 A) and
FGFR1 (Figure 3.1.4 B), we suspected that FGFR signaling might regulate their
protective phenotype in an autocrine manner. We therefore pre-treated HS-5 cells with
PD173074 and added conditioned media to MOLM14 cells in the presence of
quizartinib. Pre-treatment with an FGFR inhibitor led to a marked reduction in

conditioned media protection (Figure 3.1.4 A).

We next sought to examine more closely the effect of FGFR inhibition on stromal cell
growth and cellular phenotype. We confirmed that there was no significant decrease in
viability or proliferation in either HS-5 or HS-27 cells after 72h exposure to PD173074
(Figure 3.1.4 C). However, when HS-5 cells were exposed to PD173074 continuously for
15 days, cell doubling time decreased dramatically (top panel Figure 3.1.4 D). In
contrast, HS-27 cell doubling was unaffected by FGFR inhibition (bottom panel Figure
3.1.4 D). Lastly, we noted a pronounced change in morphology in HS-5 cells exposed to
PD173074. HS-5 cells became less refractive and larger after FGFR inhibition (Figure
3.1.4 E). Size differences were quantified using CellProfiler software (Figure 3.1.4 F).
Addition of PD173074 had no effect on HS5-27 morphology or size (Figure 3.1.4 E and
data not shown). Taken together, these results indicate that FGFR inhibition alters HS-5
cell growth dynamics, morphology, and protective capacity, but has no effect on FGF-

low, non-protective HS-27 cells.
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While we and others have demonstrated the importance of FGF signaling for stromal
cell lines and ex vivo cultures, the endogenous expression of FGF2 and its receptors in
stroma from AML patients is unknown. We utilized a collection of primary patient
stroma cultured from leukemia patient bone marrow biopsies to determine the
expression levels of FGF2 and FGFR family members by quantitative RT-PCR (Figure
3.1.4 G). We found that FGFR1 and FGF2 transcripts were present in primary stroma
samples, while other FGFR family members were not expressed. We found a positive
correlation between FGFR1 and FGF2 expression (Figure 3.1.4 H, r>=0.5683 and p<0.0001
on nonparametric correlation). The finding both receptor and ligand are abundantly
expressed in human stroma suggests that autocrine function of FGF2/FGFR1 signaling

identified in our cell line model may be relevant to patients.

1.1.1.52 FGFR inhibition decreases stromal cell production of exosomes

Since FGFR inhibition did not kill HS-5 stromal cells but instead altered their
morphology and protective capacity, we hypothesized that it might also decrease the
production of protective extracellular vesicles. Consequently, we exposed HS-5 cells to
different concentrations of PD173074 and measured vesicle production by nanoparticle
tracking analysis (Figure 3.1.5 A). After 48 hours, we observed a dose-dependent
decrease in the number of vesicles after FGFR inhibitor treatment. Notably, we saw a
significant decrease in vesicle number as early as 6 hours after drug exposure (Figure

3.1.5 B). Given this short timeframe and the negligible effects of PD173074 on cell
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proliferation during this time (Figure 3.1.4 C), these results suggest that FGFR inhibition
results in a genuine reduction in vesicle production or release, rather than a secondary

decrease due to inhibited cell growth.

Scanning electron microscopy of HS-5 cells revealed abundant budding of vesicles in
untreated cells, while fewer nascent vesicles appeared on the cell surface of PD173074-
exposed cells (Figure 3.1.4 C). We subjected conditioned media collected from HS-5 and
HS-27 cells exposed to FGFR inhibitor to immunoblot analysis and found a reduction in
exosome markers tsg101 and CD?9, as well as exosomal FGF2 exclusively in HS-5 cells
(Figure 3.1.4 D). We found a reduction of FGFR phosphorylation after PD173074
treatment, as well as an increase in FGFR1 receptor levels (data not shown).
Intracellular levels of the exosome marker tsg101 remained unchanged after PD173074
treatment (data not shown). After sucrose fractionation of PD173074-treated and
untreated HS-5 conditioned media, we found that the most profound reduction of
exosomal markers and FGF2 occurred in the expected 15-30% interface fraction (Figure
3.1.5 E). We conclude that exosome production or secretion in HS-5 cells is dependent

on FGFR activity and can be significantly reduced by FGFR inhibitor treatment.

1.1.1.53 FGFR1/FGF?2 inhibition decreases exosome production

FGFR1 is the most abundant FGFR family member in HS-5 cells (data not shown) and in

human bone marrow stroma (Figure 3.1.4 G). We therefore chose FGFR1 as the most
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likely mediator of vesicle release and protective conditioned media production in HS-5
cells. Although PD173074 is considered a specific FGFR inhibitor, it has residual
activity against other receptor kinases, such as IGF1R and insulin receptor. PD173074 is
a more potent inhibitor of FGFR1, 2 and 3 over 4, but neither this drug nor any other
currently available small molecule is truly selective for individual FGFR family
members. We therefore aimed to demonstrate that reduced vesicle production in HS-5
is a result of FGFR1 inhibition by modulating receptor expression. We generated HS-5
CRISPR-Cas9 knockout cell lines for FGFR1 and FGF2. Without clonal selection, we
observed partial loss of FGFR1 or FGF2 expression in each of the four guide constructs
(Figure 3.1.6 A). Interestingly, we found that knockout of FGF2 led to increased FGFR1
levels, similar to the effect of FGFR inhibition with PD173074 (data not shown).
Conversely, we found that knockout of FGFR1 led to a dramatic reduction in FGF2

levels.

We next probed for exosomal markers in cell lysates and conditioned media of FGFR1
and FGF2 knockout cell lines (Figure 3.1.6 B). Again, we observed a partial reduction in
FGFR1 and FGF2 expression in cell lysates. Secretion of exosomes into conditioned
media was evaluated by quantification of CD9 and tsg101 levels (Figure 3.1.6 C).
Knockout of FGFR1 resulted in a 23% reduction of tsg101 and no reduction of CD9
compared to untreated HS-5 cells, while knockout of FGF2 led to an approximate 10-

fold reduction of tsg101 and threefold reduction of CD9. We conducted two
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experiments to evaluate the protective capacity of conditioned media collected from the
knockout cell lines. First, we exposed MOLM14 cells to 10nM quizartinib and overlaid a
serial dilution of conditioned media (Figure 3.1.6 C). Conditioned media protection was
concentration-dependent and significantly reduced in FGFR1 and FGF2 knockout cells
compared to untreated HS-5 cells. Next, we plated MOLM14 cells in 50% conditioned
media and added a concentration gradient of quizartinib (Figure 3.1.6 D). Again,
protection was significantly reduced in media collected from FGFR1 or FGF2 knockout

cells.

Having observed a decrease in vesicle secretion as early as 6 hours post FGFR inhibition
(Figure 3.1.5 B), we chose siRNA/shRNA-mediated knockdown to investigate the short
term effects of FGFR1/FGF2 loss. Flow-based particle analysis using Virocyt showed a
reduction in particle counts after knockdown of FGFR1 and FGF2 (Figure 3.1.6 F, G).
These experiments demonstrate that transient knockdown of FGFR1 or FGF2 is
sufficient to reduce vesicle production in HS-5 cells. In addition, vesicle production
remains inhibited in stable knockout cell lines, indicating that FGFR1 and FGF2 are

essential for this process.

1.1.1.54 PLCgammal/PKC pathway in exosome release

Having observed that genetic or pharmacological inhibition of FGFR1 decreases

exosome production in HS-5 cells, we hypothesized that activation of a pathway
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downstream of FGFR1 may promote exosome biosynthesis and/or release. One of the
well-established FGFR signaling intermediaries is phospholipase C, a membrane-
associated enzyme that cleaves phospholipids into diacyl glycerol (DAG) and inositol
1,4,5-triphosphoate (IPs). Secretory vesicle trafficking involves several steps that are
controlled by DAG, including the fission of vesicles at the trans-Golgi network, the
generation and maturation of multivesicular bodies, and the docking and fusion at the
plasma membrane[332]-[335]. Previous reports have shown that DAG kinase o (DGKa)
expression decreases the production of FasL-containing exosomes by T lymphocytes,
and that inhibition of DGKa enhances the production[336]-[338]. DAG also activates
protein kinase C (PKC), an enzyme which is recruited to the plasma membrane or to a
number of intracellular compartments upon activation. PKC controls the endocytosis,
trafficking and recycling of several receptor tyrosine kinases, notably EGFR, ErbB2,
VEGFR and MET[339]-[342]. This may be a relevant mechanism for the regulation of
endocytosis and subsequent routing to multivesicular bodies of FGFR1. Although PKC
has not previously been shown to phosphorylate FGFR1, FGFR1 does possess C-
terminal serine/threonine phosphorylation sites that are known to be important for
regulation of endocytosis[343]. We therefore sought to test the roles of PLC and PKC in

exosome release in HS-5 cells.

We first confirmed that FGFR1 and PLC interact directly in HS-5 cells by performing co-

immunoprecipitation. Precipitation of FGFR1 led to immobilization of a small fraction
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of the cellular PLC pool (Figure 3.1.7 A). However, FGFR1 did not co-
immunoprecipitate with Rab11 or Rab27B, two Rabs associated with exosome
biogenesis. We further wanted to determine whether FGF2 stimulation would lead to
activation of PLC and PKC. We therefore exposed HS-5 cells to FGF2 or to PD173074 for
30 minutes and probed for phosphorylation of downstream signaling mediators on
immunoblot. We observed increased phosphorylation of PLC upon FGF2 exposure, and
decreased phosphorylation after treatment with an FGFR inhibitor (Figure 3.1.7 B).
While MAPK phosphorylation behaved as expected, decreasing with inhibitor and
increasing with ligand treatment, PKC phosphorylation was increased in both inhibitor

and ligand samples compared to untreated.

We next examined the role of the PLC-PKC pathway in exosome production. A rise in
intracellular calcium is necessary for regulated exocytosis of secretory granules and
exosomes[344]. We therefore used the cell-permeable calcium ionophore ionomycin as a
positive control for the regulation of exosome release. PD173074, which we confirmed
as a negative regulator of exosome production in previous figures, served as a negative
control. Phorbol 12-myristate 13-acetate (PMA) is a mimic of DAG and activates PKC.
Over a timecourse of 72 hours, both PMA and ionomycin led to increased exosome
production/release (Figure 3.1.7 C). PD173074 attenuated exosome production.
Interestingly, this was not rescued by combined treatment with ionomycin, indicating

an inhibition of early exosome biogenesis rather than release. Consistent with this, we
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observed decreased vesicle concentrations after siRNA-mediated knockdown of PKC§,
the most abundant PKC isoform in HS-5 cells (data not shown) (Figure 3.1.7 D). While
knockdown of PLCy or FGFR1 did not significantly decrease vesicle production,
combined knockdown with PKCd achieved a more profound decrease in vesicle
concentration. Of note, none of the siRNA conditions reduced HS-5 cell viability over

the course of the experiment (data not shown).

Although short-term treatment of HS-5 cells with PKC inhibitor midostaurin did not
reduce viability or proliferation (72-hour treatment, data not shown), we found that
long-term culture in up to 500 nM midostaurin attenuated the growth of HS-5 cells
(Figure 3.1.7 D). We re-plated equal numbers of these long term cultures without drug
and collected conditioned media over the course of 3 hours. Media collected from cells
grown in 500 nM midostaurin had significantly less protective effect on MOLM14 cells

cultured with 100 nM AC220 compared to normal HS-5 media (Figure 3.1.7 E).

3.1.4 Discussion

Here, we demonstrate that exosomes are a major component of protective stromal cell
conditioned medium. Exosomes have been identified as important mediators between
surrounding tissue and tumor and have previously been implicated as paracrine
effectors of MSCs. Cells in the tumor stroma, which includes bone marrow MSCs in

leukemia, and their products play an important role in sustaining proliferative
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signaling in cancer cells, evading growth suppressors, and supporting cancer stem
cells[25]. In hematologic malignancies, the bone marrow niche is known to be altered in
favor of leukemia stem cells (LSCs) over normal hematopoietic stem cells[167]. Stromal
cells derived from AML patient bone marrow biopsies exhibit altered gene expression
and cytokine secretion[329]. This altered microenvironment can protect leukemia cells
from virtually any type of therapy[317], [319], [328]. These cells are protected by
adhesion-dependent mechanisms, or through paracrine stimulation by soluble factors

[266].

1.1.1.55 Reciprocal exosome exchange between cancer and stroma

Most efforts have been focused on characterizing the delivery of cancer-derived
exosomes to normal tissue, and the suppression of normal function by microRNA
contained in exosomes[186], [193], [330], [345]. However, we found reciprocal exchange
of exosomes between leukemia and stromal cells (Figure 1 and data not shown). In
various disease models, exosome function appears to be similar to MSCs themselves,
such as reducing the size of myocardial infarctions, facilitating the repair of kidney
injury, and modulating immune responses[194]. MSC-derived exosomes have also been
implicated in oncogenesis, promoting multiple myeloma cell growth and resistance to
bortezomib[197]. Primary AML patient-derived bone marrow stroma exosomes are
enriched for TGFB1 and miR-155 and miR-375, all of which are independent risk factors

for disease recurrence[346].
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1.1.1.56 Biology of FGF2 secretion

FGF2, a growth factor we previously found associated with resistance to targeted
therapy in CML and AML[220], localizes to the exosomal fraction of HS-5 conditioned
media. The finding that FGF2 is contained in exosomes is of special interest since FGF2
in serum and bone marrow supernatant has been implicated in hematologic malignancy
progression and development of therapy resistance[103], [347]. Since the FGF2
transcript lacks signal sequences for endoplasmic reticulum translocation and
integration into the classic secretory pathway, the mode of paracrine delivery is still
unclear. Prior to the findings shown here, isolated reports suggested that FGF2 might be
contained in extracellular vesicles[70], [348]. Alternatively, FGF2 has been reported to
self-assemble into a pore-like structure on the cell membrane and mediate its own
translocation with the help of extracellular heparan sulfate[68], [349]. Notably, high and
low molecular weight isoforms of FGF2 may have different intracellular localization
and mechanisms of export[69], [350]. Since our proteinase protection experiments
demonstrated partial digestion of FGF2, it is possible that, as reported, the low
molecular weight isoform is secreted and immobilized to the cell membrane via
heparan sulfate, while the high molecular weight isoform remains cytoplasmic and is

packaged inside the vesicle.
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1.1.1.57 Clinical application of exosomes

We found that combining an FGFR inhibitor with conditioned media from HS-5 cells
only minimally reduced the protection conferred to leukemia cells exposed to a TKL
Thus, the protective effect of exosomes is not limited to paracrine delivery of FGF2 and
activation of FGFRs on the recipient cells. HS-5 exosomes are likely to contain a
complex mixture of cytokines and microRNAs that contribute to protection. This
complexity presents a challenge to therapeutically target exosome-mediated resistance.
The most promising approach may be to target the cells producing protective exosomes,
or the mechanism of production itself. While the biology of exosome biogenesis is well
studied, we are not aware of any previous attempts to inhibit exosome production in a
specific cell type. Receptor-mediated endocytosis is the first step of exosome biogenesis.
This step may represent a neglected opportunity to target vesicle release given the
heterogeneity of receptor expression and activation among cell types and the
abundance of small molecule inhibitors against these receptors. In our stromal cell line
model, FGFR inhibition decreases production of extracellular vesicles. We found that
FGFR inhibition increased FGFR1 levels, consistent with previous reports that small
molecule kinase inhibitors alter receptor cycling and lead to accumulation at the cell
membrane. Similar to our observations, epidermal growth factor receptor has been
shown to be released on extracellular vesicles, and this release is increased after ligand

stimulation[178], [179]. Likewise, overexpression of oncogenic HER2 in breast cancer
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cell lines resulted in qualitative differences in microvesicle content[351], suggesting a

role for activated receptor tyrosine kinases in exosome production and secretion.

In summary, our finding that FGF2 has an autocrine function in regulating stromal cell
proliferation and maintenance of a protective phenotype, combined with evidence for
FGFR1/FGF2 expression in bone marrow stroma of AML patients, suggests that
targeted inhibition of FGFRs could create a microenvironment that is less conducive to

the development of TKI resistance.

195



>
v/

K562 exposed to 1uM imatinib MOLM14 exposed to 100nM AC220

ns *ok
T 1

£<) 501 ! " ! =) 601 T 1T 1
2 2
2 4 8
c c
) ) 40
© 30+ ©
2 S
§ S 201
© ©
s 10 ko
° °
a 0- o
\
&

C

[ S S S SSSSESSSSSSS 1 HS-5

exosomes
OO G labeled with Dil
Q Oo°
O

‘ ‘ | K562 or MOLM14

labeled with Dil

K562 + HS-5 exosomes MOLM14 + HS-5 exosomes

Figure 3.1.1 Extracellular vesicles secreted by HS-5 cells are internalized by and protect
MOLM14 cells treated with AC220 and K562 cells treated with imatinib.

A, Proliferation of K562 cells after exposure to 1 YM imatinib and conditioned media fractions
collected from HS-5 cells. B, Proliferation of MOLM14 cells after exposure to 100 nM AC220 and
conditioned media fractions collected from HS-5 cells. Proliferation was measured using MTS
reagent after 48 hours. Values were normalized to untreated cells. All wells were plated in
triplicate and error bars indicate standard deviation. S100, HS-5 secreted soluble protein fraction;
P100, HS-5 extracellular vesicle fraction. All experiments were done in triplicate, error bars
represent standard deviation, p values are indicated by *<0.05, **<0.005, and ***=0.0007. C,
MOLM14 and K562 cells were stained with DiO (green) tracer, washed, and immobilized on Poly-
D-lysine coated chamber slides. HS-5 P100 fraction was stained with Dil (red) tracer and added
to the cells for a 24-hour incubation. Slides were stained with Dapi (blue) and imaged by confocal
fluorescent microscopy.

196



A HS-5 HS-27 B Recombinant FGF2 HS-5 conditioned media HS-27 conditioned media

FGFRA k (Wash) (Wash)

(ng/mL) 100 50 10 SM S100 P100 P100 SM S100 P100 P100

— -
——
— Gy F
) — e
Actin
| —
FOF2 | 1
— ———
©
3 D
£ s.m. 0-7.5 7.5-15 15-30 30-45 45-pellet
o
Q
_5 fibronectin
%
s
“ lamin A/C
o
c
@
5 FGFR1
@ - o
A PRI R RN
NSRS L3
N -— e s— e | actin
Recombinant HS-5 HS-27 HS-5
FGF2 exosomes exosomes cells - -— tsg101
Prot K - + - + + +
- == .—"‘
-
FGF2 . — CD9
HS-5 exosomes - - BCL-XL
$
Cx &
> - O |
& < O @
& & TS FGF2
—-— tsg101 calreticulin

“ a | cpo

FGF2

Figure 3.1.2 FGF2 is enriched in exosomes from HS-5 bone marrow stromal cells.

A, Western blot analysis of FGF2 in HS-5 and HS-27 whole cell lysates. B, HS-5 and HS-27 cells
were incubated in R10 media for 3 hours. Cell supernatant was cleared of cells and
ultracentrifuged at 100,000g for 2 hours at 4 degrees C. Starting material (SM), soluble protein
(5100), and ECV (P100) fractions were lysed and analyzed by Western blot, using 10, 50, and 100
ng/mL recombinant FGF2 as controls. C, HS-5 conditioned media fractions were lysed in 0.1%
NB40 and analyzed by ELISA on a bone marrow cytokine multiplex panel. D, HS-5 P100 fraction
was further fractionated on a subsequent sucrose density gradient. Sucrose layer interfaces (0-
7.5%, 7.5-15%, 15-30%, 30-45%, and 45%-pellet) were lysed and processed for Western blot
analysis. Blots were probed with antibodies against the exosomal markers CD9 and tsg101, as
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well as cell compartment markers fibronectin, lamin A/C, BCL-XL, and FGFR1 and FGF2. E,
Following sucrose gradient purification, HS-5 and HS-27 exosomes, recombinant FGF2 and HS-5
cells were exposed to Proteinase K and analyzed by Western blot (top panel). In a separate
experiment, HS-5 exosomes were exposed to Proteinase K with or without detergent (0.1% Triton
X-100), and samples were subjected to Western Blot analysis using antibodies against tsg101,
CD9 and FGF2.
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Figure 3.1.3 HS-5 cells secrete more exosomes than HS-27 cells.

Equal number of HS-5 and HS-27 cells were plated in RPMI with exosome-depleted FBS for 24
hours. The extracellular vesicle fraction was collected by ultracentrifugation at 100,000g for 2
hours at 4 degrees C and the pellet was resuspended in PBS. A, vesicle concentration was
measured by nanovesicle tracking analysis. B, Vesicles were incubated with a proprietary
combination of fluorescent dyes that stain both nucleic acid and protein and analyzed by flow
cytometry (Virocyt). C, Transmission electron micrograph of HS-5 and HS-27 vesicles (left).
Vesicles were quantified by counting in three 2x2¥m areas per sample (right). All experiments
were done in triplicate, error bars represent standard deviation, p values are indicated by *<0.05,
**<0.005. D, Illustration of sucrose density gradient used to fractionate pelleted fraction of
conditioned media. E, HS-5 and HS-27 P100 fractions were obtained by ultracentrifugation, and
the exosome fraction was further purified by a subsequent sucrose density gradient. Sucrose
layer interfaces (0-7.5%, 7.5-15%, 15-30%, 30-45%, and 45%-pellet) were lysed and processed for
Western blot analysis. Blots were probed with antibodies against the exosomal markers CD9 and
tsg101, as well as cell compartment markers fibronectin, lamin A/C, BCL-XL, and FGFR1 and FGF2.
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Figure 3.1.4 FGF2 is an autocrine growth factor in bone marrow stromal cells, and FGFR
inhibition attenuates growth.
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A, MOLM14 proliferation after 42h treatment with 100 nM AC220. HS-5 conditioned medium
was collected over 3h after cells had been grown in medium or 250 nM PD173074 for one week.
MOLM14 cells were resuspended in conditioned medium, and AC220 +/- 250 nM PD173074 was
added. Proliferation was measured by MTS assay and values were normalized to untreated cells.
Error bars represent standard deviation, p values are indicated by *<0.05, **<0.005, and
**%=0.0007. B, Western blot analysis of FGFR1 and actin in HS-5 and HS-27 whole cell lysates. C,
HS-5 and HS-27 cells were plated in triplicate on 96 well plates in a gradient of FGFR inhibitor
PD173074. Proliferation was measured using MTS reagent after 72 hours. Error bars indicate
standard deviation. D, HS-5 and HS-27 cells were incubated in R10 (UT), R10 + 10 ng/mL
recombinant FGF2 protein, or R10 + 250 nM PD173074 (PD). cell Cell counts were obtained every
3 days over a 15-day period, with fresh media and cytokine added after 3 days. E, HS-5 and HS-
27 cells were incubated in R10 (UT) or R10 + 1 uM PD173074 for 1 week. Brightfield microscopy
images were obtained using 10X magnification. F, HS-5 cells were incubated in 4-well glass
chamber slides in R10 (untreated), R10 + 10 ng/mL recombinant FGF2 protein, or 250 nM
PD173074 (PD). Cells were stained with lipophilic tracer Dil, incubated for 24 hours, fixed, then
stained with DAPI. Immunofluorescent images were taken at 10X and images were analyzed on
Cell Profiler software. Cell size is expressed in ¥m2. G, Primary bone marrow stromal cells
cultured from the red blood cell pellet of leukemia patient samples (n=42) were lysed for RNA
extraction and cDNA synthesis. Tagman gPCR analysis was performed using FGFR1, FGFR2,
FGFR3, FGFR4, and FGF2 Tagman primer assays. H, FGFR1 and FGF2 gPCR values (2*-ACT) were
plotted against each other. Linear regression produced a line fit with r2=0.5683 and slope
significantly non-zero with p<0.0001.
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Figure 3.1.5 FGFR inhibition decreases exosome production in FGF2-expressing stroma.

A, Equal numbers of HS-5 cells were exposed to varying concentrations of PD173074 for 48 hours.
Conditioned media was collected and extracellular vesicles were pelleted by ultracentrifugation.
After resuspension in PBS, vesicles were quantified by nanoparticle tracking analysis. Error bars
indicate standard deviation and p values are indicated by *<0.05. B, HS-5 cells were incubated in
R10 (UT) or 1uM PD173074 (PD) for 2, 6, and 24 hours. Conditioned media was collected and
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extracellular vesicles were pelleted by ultracentrifugation. After resuspension in PBS, vesicles
were quantified by nanoparticle tracking analysis. Error bars indicate standard deviation and p
values are indicated by *<0.005. C, HS-5 cells were plated in glass dishes in either R10 only (UT)
or 1 uM PD173074 for 72 hours and imaged by electron microscopy. D, HS-5 and HS-27 cells were
incubated in R10 (UT) or 1 uM PD173074 for 72 hours. Whole cells lysates were analyzed by
Western blot and probed for exosome markers CD9 and tsg101 and FGF2. E, HS-5 cells were
plated in R10 (UT) or 1 uM PD173074 for 72 hours. P100 fractions was obtained by
ultracentrifugation, and the exosome fraction was further purified by a subsequent sucrose
density gradient and ultracentrifugation. Sucrose layer interfaces (0-7.5%, 7.5-15%, 15-30%, 30-
45%, and 45%-pellet) were lysed and processed for Western blot analysis. Exosome fractions
(15-30% and 30-45% sucrose) were confirmed by co-expression of exosome markers CD9 and
tsg101, as well as cell compartment markers fibronectin and calreticulin, and FGFR1 and FGF2.
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Figure 3.1.6 Silencing of FGFR1 or FGF2 expression in HS-5 cells attenuates the protective
phenotype and decreases exosome production.

A, FGFR1 or FGF2 genes were knocked out in HS-5 cells by lentiviral CRISPR/Cas9 genome editing.
Each gene was targeted with two single guide RNA sequences (labeled 1,2). Western blot analysis
of whole cell lysates shown with antibodies against FGFR1, FGF2, and actin. B, Conditioned media
from HS-5 cells and CRISPR/Cas9 HS-5 cells was harvested for exosome purification by
ultracentrifugation and sucrose density gradient. Whole cell and exosome lysates were analyzed
by Western blot with antibodies against FGFR1, tsg101, CD9, FGF2, and actin. C, Densitometry of
exosome lysate bands normalized to cellular actin. D, Conditioned media was harvested from HS-
5 cells, FGFR1 CRISPR/Cas9 HS-5 cells, and FGF2 CRISPR/Cas9 HS-5 cells after 72 hours. MOLM14
cells were plated in 100 nM AC220 and R10 or on a 1:10 gradient of conditioned media.
Proliferation was measured using MTS reagent after 48 hours. E, MOLM14 cells were plated in
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R10 or conditioned media on an AC220 gradient. Proliferation was measured using MTS reagent
after 48 hours. Error bars indicate standard deviation. All experiments were done in triplicate and
p values are indicated by *<0.05, **<0.005, ***=0.0007. F, Model showing both paracrine and
autocrine pathways of FGFR1 stimulation by FGF2 in bone marrow stromal cells. The paracrine
pathway mediates survival of leukemia cells in the bone marrow during targeted therapy.
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Figure 3.1.7 Activation of PLC/PKC by FGFR1 promotes exosome production in HS-5 cells.

A, Whole cell lysate and immunoprecipitates of FGFR1 from HS-5 lysate were analyzed on
immunoblot for FGFR1, PLCy, Rab1l and Rab27B. B, HS-5 cells were treated with 250 nM
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PD173074 (PD), 10 ng/ml FGF2, or media (ut) for 30 minutes. Cell lysates were prepared for
immunoblot analysis and blots were probed with antibodies against phospho- or total PLCy,
phospho- or total PKC,and phospho- or total p44/p42 MAPK.C, HS-5 cells were cultured with 1
uM PD173074, ionomycin or PMA for 24, 48, or 72 hours. Extracellular vesicles were harvested
by ultracentrifugation, and cells and vesicles were prepared for immunoblot analysis. Band
intensities of CD9 in extracellular vesicles were normalized to cellular actin as a relative measure
of exosome production. D, HS-5 cells were transfected with siRNA against PKC, PLCy, FGFR1, or a
combination of two. After 72 hours, conditioned media was collected for vesicle quantification
using the ViroCyt. Error bars indicate standard deviation. All experiments were done in triplicate
and p values are indicated by *<0.05, **<0.005. E, HS-5 cells were cultured with varying
concentrations of midostaurin. Cell counts were obtained every 3 days over a 7-day period, with
fresh media and cytokine added after 3 days. F, HS-5 cells cultured in midostaurin for two weeks
were replated at equal density, allowed to adhere over night, washed, and left to produce
conditioned media over 3 hours. MOLM14 cells were plated in 100 nM AC220 and R1,0 or on a
1:10 gradient of conditioned media. Proliferation was measured using MTS reagent after 48
hours.
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4 Materials and Methods

4.1 Cell culture and reagents

GIST T1 cells were treated with 10,000 nM imatinib for 2 months and GIST 10R grew
out as a resistant colony. The cells were expanded and sequenced for KIT(exon 11-21)
and PDGFRA, PDGFRB(exon 12,14 and 18). No secondary mutations were found in any
of these receptor tyrosine kinases. MOLM14 cells were generously provided by Dr.
Yoshinobu Matsuo (Fujisaki Cell Center, Hayashibara Biochemical Labs, Okayama,
Japan)[352]. BAF3 cells with retrovirally introduced FLT3 ITD were created as
previously described[312]. The cells were then retrovirally transfected with empty pMX
vector or human FGFR1 cloned into a pMX vector; and transfected cells were selected
with 1ug/ml puromycin. The human stromal cell lines HS-5 and HS-27a were kindly
provided by Dr. Beverly Torok-Storb (Fred Hutchinson Cancer Research Center, Seattle,
WA). The human CML cell line K562 was obtained from the American Type Culture
Collection (Manassas, VA) and maintained in RPMI1640 media supplemented with 10%
fetal bovine serum, 100 U/mL penicillin/100 pg/mL streptomycin, and 2 mM 1-
glutamine at 37°C in 5% CO2, except MOLM13, which was grown in RPMI
supplemented with 20% FBS (R20) and GIST T1, GIST 10R, and GIST 882 cells, which

were supplemented with 15% FBS.
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411 Proliferation assay

For proliferation assays, cells were plated in 96-well format and incubated for 48 hours
with drug and 96 hours with siRNA, unless indicated otherwise. Viability assays were
performed with CellTiter 96 AQueous One Solution Cell Proliferation Assay from
Promega Corporation (Madison, WI, USA). Graphical and statistical data were
generated using either Microsoft Excel or GraphPad Prism (GraphPad Software, Inc., La
Jolla, CA, USA). Synergy Calculations were performed in the free software environment
R for statistical computing and graphics using a script provided by Laura Heiser and
Jim Korkola. Calculation of the CI values is based on the Chou-Talalay method for drug
combination[353]. Recombinant SCF, FGF1, and FGF2 were purchased from Peprotech.
Ligands were supplied at 10ng/ml for viability readouts. Unless indicated otherwise,
MTS assays were performed 48 h after the addition of ligand. To detect receptor and
downstream signaling activation, ligands were supplied at 100ng/ml for the indicated

time before harvesting cell lysates for immunoblotting.

4.1.2 Transwell assay

HS-5 and HS-27 cells were plated at 1x105 cells in 6-well plates in 2 ml media. 1 ¥m
transwells were then placed over the stromal cells and 1x105 MOLM14 cells were plated
in 2 ml media (4 ml total). The co-cultures were then treated with AC220 10 nM and

PD173074 250 nM individually or in combination. After two days, the transwells with
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MOLM14 were removed and 2 ml fresh media and inhibitor added to stroma below.
The co-cultures were incubated for another 2 days and MOLM14 cells assessed for
annexin-5 staining by GuavaNexin (Millipore). The underlying stromal cultures were
evaluated by MTS assay for viability. Co-cultures were performed in triplicate for each

condition.

4.2 Exosome isolation

HS-5 cells were grown in R10 to 90-100% confluence in 15 cm dishes. Each plate was
washed in 8 ml PBS, and 12 ml exosome-depleted R10 was added for an overnight (16
hour) incubation. The conditioned media was collected, cleared of cells (2 X 2000g spin
for 10 min), and spun in an ultracentrifuge at 100,000g for 2 hr at 4°C. The resulting
supernatant (5100) was poured off, and 100 ul PBS was added to the pellet (P100). This
was shaken for 4 hr at 4°C at 2000 rpm. P100 was used fresh or stored at -80 C with 10%

DMSO.

4.3 Sucrose density gradient

In an ultracentrifuge tube, we layered varying sucrose densities (60%, 45%, 30%, 15%,
7.5%, and 0%). P100 from HS-5 or HS-27 was added to the top of the tube, and the tube
was ultracentrifuged at 100,000g for 90 min at 4°C. The interfaces (45-60, 30-45, 15-30,
7.5-15, 0-7.5) were collected with a micropipette and washed separately in PBS in an

ultracentrifuge (100,000g for 2 hr at 4°C).
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4.4 Exosome quantitation

Exosomes were quantitated either by Nanosight LM10 or by Virocyt Virus Counter

3100, according to respective manufacturers’ protocols.

4.5 Transmission Electron Microscopy

Stromal cell exosomes were isolated and purified by sucrose density gradient as
indicated above, then washed in filtered PBS. 10ul of the preparation was deposited
onto glow discharged carbon formvar 400 mesh copper grids (Ted Pella 01822-F) for 3
min, rinsed 15 secs in water, wicked on Whatman filter paper 1, stained for 45 secs in
filtered 1.33% (w/v) uranyl acetate, wicked and air dried. Samples were imaged at
120kV on a FEI Tecnai Spirit TEM system. Images were acquired as 2048x2048 pixel, 16-
bit gray scale files using the FEI's TEM Imaging & Analysis (TTA) interface on an Eagle

2K CCD multiscan camera.

4.6 Fluorescent confocal microscopy

MOLM14 and K562 leukemia cells were stained with lipophilic tracer DiO (Thermo
Fisher) according to manufacturer’s protocol. HS-5 P100 was stained separately with
lipophilic tracer Dil (Thermo Fisher). DiO-stained cells were combined with Dil-stained
P100 and incubated for 24 hours. Cells were washed and added to poly-D-lysine coated
chamber slides and DAPI-stained. Z-stack imaging was performed on an Olympus IX71

inverted microscope.

211



4.7 Proteinase K digestion

Exosomes were isolated and purified by sucrose density gradient as described above.
Samples were incubated at room temperature with 5 ug/ml proteinase K for 1 hour.

Digestion was terminated by adding Laemmli sample buffer with 2-mercaptoethanol
and boiling samples for 5 minutes. Immunoblot analysis was performed as described

above.

4.8 Cell morphology analysis

HS-5 and HS-27 cells were grown to 90% confluence in 8-well chamber microscope
slides in the following conditions for 72 hours: R10; R10 supplemented with 10 ng/mL
FGF2; or 250 nM PD173074 in R10. Cells were stained with lipophilic tracer Dil, washed,
then stained for DAPI. Cells were imaged at 10X on a Zeiss Axio Observer fluorescent
microscope using AxioVision software. Images were uploaded into Cell Profiler
software and analyzed for statistical significance between untreated and treated

conditions.

4.9 siRNA and kinase inhibitors

The RAPID siRNA library has been previously described[261], [262]. All siRNAs were
from Thermo Fisher Scientific Dharmacon RNAi Technologies and cumulatively target
the entire tyrosine kinase gene family as well as NRAS and KRAS (93 genes targeted

total). Each well contained a pool of four siRNAs. Cells were aliquoted at 66 pL per well
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in a 96-well plate and 34 uL of siRNA/OptiMEM/siRNA mixture was added to each
well. Oligofectamine and siRNA were used at a ratio of 1:6. MOLM14 cells were
washed in PBS, resuspended in siPORT (120 mM Trehalose, 20 mM HEPES, 1 mM Myo-
Inositol, 1 mM KCl, 1 mM MgCl2, 1 mM K2HPO4, 0.4 mM KH2PO4, 2.14 mM KOH and
1 mM Glutathione[262] at 1:6 dilution, and electroporated using a square wave protocol
(350V, 1.5 seconds, 2 pulses, 0.1s interval) in a BioRad Gene Pulser XCell (Hercules, CA,
USA). After 48 hours, FGF2 and quizartinib were added and viability was assessed with

MTS after another 48 hours.

For assessment of cell viability and proliferation, cells were subjected to the MTS assay
after 96 hours. PD173074, AZD-6244, and PI-103 were purchased from Selleck. Imatinib,
dasatinib, nilotinib, ponatinib, AC220 and CHIR-258 were purchased from LC

Laboratories (Woburn, MA).

4.10 Inducible shRNA

TRIPZ inducible lentiviral FGF2 and FGFR1 shRNA were purchased from Thermo
Fisher Scientific Dharmacon RNAi Technologies (Waltham, MA, USA), along with
Dharmacon’s trans-lentiviral ShARNA packaging kit with calcium phosphate transfection
reagent and HEK293T cells. HS-5 and HS-27 cells were transfected with either GIPZ
control, FGFR1 TRIPZ, or FGF2 TRIPZ inducible shRNA according to manufacturer’s

protocol. Following puromycin selection, induction of TurboRFP/shRNA expression
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was performed by incubating cells in R10 supplemented with 1 ug/mL doxycycline
(Fisher). Cells were incubated for 48 hours, washed in PBS, and re-incubated with
exosome-depleted R10 and 1 pg/mL doxycycline. Cell supernatant was collected for

exosome isolation, and cells were harvested for immunoblot analysis.

4.11 CRISPR/Cas9 targeted genome editing.

The vector lentiCRISPRv2 was obtained from Addgene. This plasmid contains two
expression cassettes, hSpCas9 and the chimeric guide RNA. Guide RNA sequences
were obtained from genscript and manufactured by Fisher Scientific. The vector was
digested and dephosphorylated, the plasmid was gel-purified and Oligos were ligated
after annealing and phosphorylation. Plasmid was amplified in Stbl3 bacteria, purified,
and lentivirus was generated in HEK293T cells. HS-5 cells were transduced and selected
in puromycin for 5 days. Cells were cultured for an additional 5 days before assessing

knockout.

4.12 Long-term resistant cultures

K562 cells were initially resuspended in 10 mL of fresh media at a concentration of 1 x
106 cells/mL. Media was supplemented with fibroblast growth factor 2 (FGF2),
interferon-y (IFN-vy), granulocyte colony-stimulating factor (G-CSF) at 10 ng/mL as

indicated, and 1 uM imatinib. Media, recombinant protein, and IM were replaced every
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2-3 days. Cell viability was evaluated every 2-3 days using Gauva ViaCount reagent

and cytometer (Millipore, Billerica, MA).

MOLM14 cells were initially resuspended in 10 ml of fresh media at a concentration of
1x106 cells/ml. Media was supplemented with FGF2 or FLT3 ligand (FL) at 10 ng/ml
and 10 nM quizartinib. Media, recombinant protein, and quizartinib were replaced
every 2-3 days. Cell viability was evaluated every 2-3 days using Guava ViaCount

reagent.

4.13 Blocking antibodies

FGF2 was diluted in media at 10 ng/mL and then blocking antibody (Ab) clone bFM-1
(Millipore) was added and incubated for 30 minutes at 37°C before addition of K562

cells and IM. Viability was assessed as described.

4.14 Immunoblotting

Cells were washed with PBS and lysed with 1 x Cell Signaling Lysis Buffer (Cell
Signaling Technology). Protein concentration was determined by BCA assay (Thermo
Scientific), and 30pg sample/lane was mixed with 3x SDS loading buffer containing [3-
mercaptoethanol. Samples were separated by standard SDS-polyacrylamide gel
electrophoresis and transferred onto polyvinylidene fluoride (PVDF) membranes

(Millipore) and subjected to immunoblot analysis with antibodies specific for KIT,

phospho-KIT, FGFR3, TYK2, phospho-TYK2, STAT1, phospho-STAT1 (Cell Signaling
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Technology), as well as phospho-FGFR3 (Y724), FGF2 (Santa Cruz Biotechnology), and
(-actin (EMD Biosciences). For immunoprecipitation, 500ug protein was incubated with
2ug primary antibody overnight at 4 °C. Antibodies used were rabbit polyclonal anti-
TYK?2 (Cell Signaling Technology), mouse monoclonal anti-KIT (Santa Cruz
Biotechnology), and rabbit and mouse isotype control antibodies (Santa Cruz
Biotechnology). Samples were incubated for 1h with immobilized Protein A agarose
bead slurry IPA300/S (Repligen) at 4 °C. Samples were subsequently prepared for

immunoblotting as described above.

4.15 Patient tissue samples

All patient specimens were obtained with informed consent of the patients on protocols
approved by the Institutional Review Board of Oregon Health & Science University.

This study was conducted in accordance with the Declaration of Helsinki.

4.15.1 GIST samples

To prepare fresh-frozen GIST tissue samples for immunoblotting, tissue was dissected
on dry ice using a razor blade. Four shavings per sample were sonicated three times for

3 seconds in 2x Cell Signaling Lysis Buffer.

4.15.2 Primary AML samples

Frozen viable cells from 18 FLT3 ITD AML patients were washed in IMDM with 20%

heat-inactivated FBS and then cultured overnight in RPMI with 25% FBS, 100 U/mL

216



penicillin/100 pg/mL streptomycin, 2 mM L-glutamine, 10 ng/ml IL-3, 10 ng/ml SCF, 10
ng/ml G-CSF, and 10 ng/ml GM-CSF[354]. The cells were washed the following day.
Fresh FLT3 ITD AML mononuclear cells were purified over Ficoll gradient as
described[355]. 7x106 cells were plated in 96-well plates with R10 alone or
supplemented with FGF2; and then treated with AC220. Viability was measured after

72 hours by MTS.
4.15.3 Primary bone marrow stromal culture

Primary bone marrow patient samples (how obtained?) were cleared of plasma and run
on Ficoll. Red pellets were incubated on ice for 20 minutes with red blood cell lysis
buffer ACK. Remaining cells were plated on 15 cm dishes in MEM-a supplemented
with 20% FBS, L-glutamine, pen-strep, and fungizome. Adherent stromal cells were

obtained from long-term (2 week) culture.

4.16 Real time RT-PCR

RNA was isolated from cells using the RNeasy Mini kit (Qiagen). RNA was transcribed
to cDNA using Superscript Il reverse transcriptase (Life Technologies), using undiluted
RNA. Subsequently, cDNA was diluted 1:4 and quantified via real-time RT-PCR
following the TagMan Gene Expression Assay protocol (Life Technologies). Samples

were plated in triplicate, and every assay included a water control.
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4.17 Sequencing

Primers were used to amplify the FLT3 kinase domain and for sequencing as
described[308]. Next-generation sequencing of resistant MOLM14 cells was performed

as previously described[356].

4.18 Immunohistochemistry and Image Analysis

Antigen retrieval was performed by boiling samples in Dako Citrate buffer (10 mM
sodium citrate, pH 6.0) for 30 minutes (Dako, Carpinteria, CA). Rabbit polyclonal anti-
FGF2 Ab (SC-79) from Santa Cruz Biotechnology (Dallas, TX) was diluted 1:500 in Dako
Ab Diluent with Background Reducing Reagents and incubated overnight at 4°C. The
following day, secondary biotinylated anti-rabbit Ab (Vector Labs, Burlingame, CA)
was added at 1:500 dilution and incubated for 1 hour at room temperature. Secondary
Ab was detected using an avidin/biotinylated enzyme conjugate kit (Vectastain ABC
kit;Vector Labs) according to the manufacturer’s recommendations. The slides were
dehydrated and mounted with Permount (VWR, Radnor, PA). Slides were scanned
with an Aperio ScanScope AT microscope using x20 objective (Vista, CA). The FGF2
staining was then quantitated with Aperio ImageScope software using a macro kindly
provided by Dr Brian Ruffell in Dr Lisa Coussens’ laboratory at Oregon Health &

Science University.
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4.19 Stromal cell cytokine ELISA

Stromal conditioned media fractions were prepared as described and incubated in 0.1%
NP-40 for 30 min. Samples were spinned at 3,000 rpm for 10 mins to collect the
supernatant. 50 ul supernatant was incubated with the magnetic beads overnight and
samples were processed following manufacturer's instructions for a Luminex Multiplex

magnetic beads 30-ples Assay (Life Technology).

4.20 Colony assays

All studies using human cells were approved by the Oregon Health & Science
University Institutional Review Board and patients provided written informed consent
before study participation. Previously isolated CD34+ cells (immunomagnetic beads;
Miltenyi Biotech, Bergisch-Gladbach, Germany) were thawed and cultured overnight in
Iscove modified Dulbecco media (Invitrogen, Carlsbad, CA) with 10% BIT9500 (Stem
Cell Technologies, Vancouver, Canada), 10-4 M B-mercaptoethanol, 1 ng/mL G-CSEF, 50
pg/mL leukemia inhibitory factor, 0.2 ng/mL granulocyte macrophage colony-
stimulating factor, 0.2 ng/mL stem cell factor, 0.2 ng/mL macrophage inflammatory
protein 1a, 1 ng/mL interleukin-6 (Stem Cell Technologies), and 100 U/mL penicillin/100
ug/mL streptomycin (Invitrogen). The cells were then plated in Methocult H4534 (Stem

Cell Technologies) in triplicate with IM and FGF2 as indicated. Colony forming units—
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granulocyte macrophage (CFU-GM) colonies were counted after 2 weeks of incubation

at 37°C in 5% CO2.

4.21 Statistical analyses

For cell proliferation assays, a Student t test was carried out for each treatment
condition compared with untreated cells or appropriate controls. The P values for the t
tests are indicated by asterisks: *, 0.01 <P <0.05; *¥, 0.001 <P <0.01; ***, P <0.001. To
determine the significance of combination indices to indicate synergy, upper and lower
confidence limits were calculated. Data points for combinations with upper confidence

limits below 1 were considered synergistic.
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5 Summary and Conclusions

My thesis research evolved from the undetermined resistance of a gastrointestinal
stromal tumor cell line to encompass several other malignancies in what I believe to be
a broadly applicable mechanism. My work, integrated with observations made by
others, indicates that fibroblast growth factor signaling is a physiologic damage
response pathway that can be upregulated in many settings and many tissues, not only
in response to cytotoxic chemotherapy or irradiation, but also kinase inhibitor therapy.
While fibroblast growth factor signaling is essential for maintenance of tissue
homeostasis and cellular function, as I and others have found to be the case in bone
marrow stroma[162], it also creates a milieu that is permissive to survival and
outgrowth of resistant disease. Here, I will summarize my findings presented in the
previous four chapters, touch on concepts I have found particularly intriguing, and

finally suggest future work

5.1 Crosstalk between KIT and FGFR3 Promotes Gastrointestinal Stromal Tumor

Cell Growth and Drug Resistance.

Our inquiry into imatinib resistance in GIST started with a cell line generated by Dr.
Brian Rubin from the commonly utilized cell line GIST T1. The new cell line, GIST 10R,
had been grown in imatinib, and displayed no known mechanism of resistance on

mutation or transcription analysis (Figure 2.1.1). This is of interest because the same is

221



true for a small subgroup of GIST patients, whose disease becomes refractory to
imatinib despite no secondary mutations in KIT or upregulation of any known bypass
pathway. We were hopeful that the GIST 10R cell line would serve as a model system

for this disease group.

Upon siRNA-mediated knockdown of the tyrosine kinome, we observed that GIST 10R
as well as its parent cell line GIST T1 was dependent on FGFR3 expression (Figures 2.1.2
and 2.1.3). We further discovered signaling crosstalk between KIT and FGFR3 (Figure
2.1.5). While we demonstrated that the two receptors might interact directly, we were
not able to distinguish between direct crosstalk and a downstream mediator. We
considered TYK2, a JAK family kinase that was essential for viability in both GIST cell
lines. While we found evidence that TYK2 was activated by FGF2 stimulation and
interacted directly with FGFR3, we found no evidence for activation after KIT
stimulation, and no direct association with KIT (Figure 2.1.4). In addition, JAK
inhibitors showed no synergy with imatinib in GIST 10R cells (data not shown). We also
considered focal adhesion kinase (FAK), an intracellular kinase that can be activated by
receptor tyrosine kinases as well as by extracellular matrix signaling, and that has been
implicated in microenvironment-induced resistance. However, we found no evidence
for interaction either with KIT or FGFR3, and no decrease in viability upon inhibition of
FAK (data not shown). Thus, the signaling mediator between KIT and FGFR3, if there is

one, remains to be discovered. Another candidate worthy of investigation would be
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PKC, which fulfills the requirement of being activated downstream of both receptors
and being able to modulate the activity of receptor tyrosine kinases by both inhibitory

and activating Ser/Thr phosphorylations.

We next demonstrated that the crosstalk between KIT and FGFR3 could be exploited by
GIST cells to maintain growth during imatinib exposure (Figure 2.1.7). In particular,
activating of the MAPK pathway appeared to be essential for survival (Figure 2.1.12).
This has been a theme in all settings of tyrosine kinase inhibitor resistance that I have
studied to date. Likewise, the receptor crosstalk could be targeted in imatinib-resistant
cells by combined inhibition of KIT and FGFRs, which re-sensitized cells and achieved
remarkable synergy (Figure 2.1.10). Finally, we provided evidence that FGF2 is
upregulated in GIST tumors undergoing imatinib treatment, possibly due to FGF2-
expressing infiltrating immune cells, and that some cases of resistant disease develop
autocrine FGF2 production (Figures 2.1.13 and 2.1.16)). These efforts were somewhat
hampered by the difficulty in obtaining high numbers of GIST biopsies. Ideally, these
would have been sequential biopsies before and during treatment, as well as after the
onset of resistance. We decided that it was more feasible to examine the dynamics of
FGF2 expression in human tissue in readily accessible bone marrow biopsies (see the
next two manuscripts). Shortly after publication of this manuscript, a study identified
FGFR1-depdent MAPK reactivation by FGF2 as a resistance mechanism in patient-

derived GIST xenografts[226]. These data served as pre-clinical support for a clinical
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trial to examine the effect of imatinib in combination with FGFR inhibitor BGJ398 for

patients with advanced, treatment-naive GIST (NCT02257541). This trial is still ongoing.

5.2 Ponatinib overcomes FGF2-mediated resistance in CML patients without kinase

domain mutations.

The finding that FGF2 protects CML cells originated from a microenvironmental screen
in which cytokines and growth factors were evaluated for their propensity to promote
proliferation in cells exposed to imatinib (Figure 2.2.1). As in GIST, this effect was
mediated by FGFR3 and led to reactivation of MAPK signaling (Figures 2.2.2 and 2.2.6).
Unlike in GIST, where a resistant cell line had already been generated, CML cells were
first cultured with imatinib and FGF2 for approximately three weeks, at which time
they resumed exponential growth. With the exception of one culture, which re-activated
BCR-ABL in the presence of imatinib, all long-term cultures displayed imatinib
resistance that could be overcome by combined inhibition of BCR-ABL and FGFRs

(Figures 2.2.3 and 2.2.4).

For this study, we had the opportunity to obtain bone marrow biopsies from CML
patients enrolled in a trial for Ponatinib, a tyrosine kinase inhibitor that targets FGFRs
as well as BCR-ABL. These patients had relapsed on imatinib and at least one other
kinase inhibitor. Relapse was attributed either to a secondary mutation in BCR-ABL, or

to a BCR-ABL-independent pathway. We obtained serial bone marrow biopsies: at
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diagnosis, upon relapse but before Ponatinib, and after Ponatinib treatment had been
initiated. We found that FGF2 expression was upregulated in CML patients, both
treated and untreated, compared to normal controls (Figure 2.2.8). As discussed in
chapter 1.2.5 of the introduction, this is a common feature in several hematologic
malignancies and likely stems from activation of a stress response by bone marrow
stroma that has become disrupted by leukemic stem cells. Furthermore, patients who
relapsed without secondary mutations in BCR-ABL had dramatically increased FGF2
levels (Figure 2.2.8). In this group, Ponatinib treatment resulted in downregulation of
FGF2 (Figure 2.2.8). Immunohistochemistry and immunofluorescence showed that
FGF2 was localized to stromal cells as opposed to hematopoietic progenitors or
leukemic blasts, although the staining pattern was diffuse in biopsies taken upon
relapse (Figure 2.2.11). The observation that FGF2 levels decreased after FGFR
inhibition was the first indication that stromal cells might have an autocrine positive
teedback loop. We further explored this hypothesis in the final manuscript described in

this thesis.

5.3 FGF2 from the bone marrow stroma promotes resistance to FLT3 inhibitors in

acute myeloid leukemia

Already suspecting that FGF2 might serve as a protective growth factor in multiple
settings of tyrosine kinase inhibition, we performed another microenvironmental screen

on FLT3-ITD positive AML cells exposed to the FLT3 inhibitor AC220. This time, we
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found that in addition to FGF2, FLT3 ligand (FL) could protect cells in the short term
and promote outgrowth of resistant cultures in the long term (Figure 2.3.1). In another
slight twist to the story, FGFR1 instead of FGFR3 was the most highly expressed
receptor and mediated the protective effect of FGF2 (Figure 2.3.2). Our studies as well
as others indicate that receptor expression level is a useful initial indicator for relevance

to protective signaling.

Having access to a database of primary AML frozen viable cell samples, we sought to
test the protective effect of FGF2 in a suitable subset. We selected samples with
sensitivity to AC220 (IC50 more than two standard deviations below the mean), and
with expression of FGFR1, which we had identified as the most highly expressed FGFR
member in AML, by RNAseq. Despite the difficulty inherent in assessing viability of
primary frozen samples, we found that approximately 24% of samples responded to
FGF2 with a significant increase in viability (Figure 2.3.4). However, we found no
correlation between degree of response and FGFR1 expression levels (data not shown),
indicating that other factors besides receptor transcription levels determine the

activating of protective pathways.

We again found that MAPK pathway reactivation was a feature of all resistant cultures,
both those grown in FGF2 and in FL (Figure 2.3.7). In this study, we wanted to simulate
the effects of a transient increase in FGF2 and FL in response to therapy, and ask

whether ligand withdrawal would still permit outgrowth of resistant cultures. Indeed,
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we found that cultures returned to exponential growth on average within less than a
month, while initial outgrowth had required on average 2 months. This outgrowth
experiment resulted in a good representation of resistance mechanisms seen in the
patient population: All cultures grown without ligand or with FGF2 eventually
developed secondary mutations in FLT3. Several cultures grown in FL also developed
these mutations. 12/17 cultures in addition developed mutations in the MAPK pathway,
specifically in KRAS and NRAS. We suspect that the KRAS mutation G13D pre-existed
in naive MOLM14 cells since it was detected in the majority of resistant cultures (Figure
2.3.10). This experiments strongly argues that 1) ligand-induced resistance cultures
recapitulate the landscape of resistance mechanisms seen in the clinic and may be a
more physiologic alternative to mutagenesis screens, and 2) resistance induced by
microenvironmental factors is a two-step process; first allowing disease to linger in the
presence of inhibitors, and then providing time and opportunity for the development of

mutations that cause true resistance.

5.4 FGF2 Regulates Release of Leukemia-Protective Exosomes from Bone Marrow

Stromal Cells

In the last two studies, we had detected FGF2 expression in bone marrow stromal cells.
We found the changing levels of FGF2 in response to treatment and relapse intriguing
and wondered whether there was a mechanism regulating the expression and release of

FGF2 that could be targeted to therapeutic benefit. We worked with two well-
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characterized human stromal cell lines, HS-5 and HS-27. These lines were isolated from
the same patient, but display different morphology and properties[316]. The HS-5 cell
line has long been known to produce conditioned media that supported hematopoietic
cells in culture and induced resistance to several kinds of chemotherapy[43], [318],
[319]. Several cytokines produced by HS-5 have been implicated in chemoresistance,
but FGF2, which is also dramatically enriched in HS-5 over HS-27, was not one of them.
We found that FGF2, which is not a classically secreted cytokine, was contained in
exosomes secreted by HS-5 cells (Figure 3.1.2). In addition, HS-5 cells produced
approximately twice the number of extracellular vesicles compared to HS-27 (Figure
3.1.3). From previous work, we suspected that the autocrine FGF2-FGFR1 loop may
regulate HS-5 protective properties. We confirmed this by demonstrating that HS-5 cells
cultured with an FGFR inhibitor produced less protective conditioned medium (Figure
3.1.4). Surprisingly, FGFR inhibition resulted in a decrease in exosome production
(Figure 3.1.5). We confirmed that this effect was specific to signaling through FGF2 and
FGFR1 by inhibiting expression of these proteins either by siRNA, inducible shRNA, or
CRISPR-Cas9 knockout (Figure 3.1.6). These experiments met with complications, as
long-term disruption of FGFR signaling led to senescence. This was also the case in the

culture of bone marrow stroma isolated from FGF2 knockout mice (data not shown).
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5.5 Future Directions

At this time, several lines of inquiry are still open with regard to the connection
between FGFR signaling, exosome production, and protective phenotype. Although we
have demonstrated that the PLC-PKC pathway may mediate exosome production
downstream of FGFR1, several intriguing questions remain open. Diacylglycerol, a
metabolite of PLC, is implicated in exosome production and release[336]-[338]. DAG
kinase further metabolizes and inactivates DAG. To test whether DAG is an important
mediator of exosome biogenesis in HS-5 cells, we could combine a DGK inhibitor with

FGFR inhibition and measure exosome release.

Another possible connection between FGFR activation and exosome biogenesis is
represented by PKC. PKC has been shown to regulate endocytosis and intracellular
trafficking of many receptor tyrosine kinases[340]-[342]. FGFR1 contains at least one C-
terminal Ser/Thr phosphorylation site that is important for endocytosis[343], but PKC
has not been demonstrated to interact with this site. An initial experiment would be

detection of Ser/Thr phosphorylation on FGFR1 after PKC inhibition or knockdown.

What other components of HS-5 conditioned media are modulated by FGFR inhibition?
This remains an important question to be answered. Given the strong connection
between FGF2 and IL-6, my first step would be to assess IL-6 production after FGFR

inhibition in HS-5 cells. Of course, the expression of other known protective cytokines,
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such as IL-8 and HGF, should also be assessed. There is also to interesting possibility
that entire activated receptor complexes could be transferred from stroma to leukemia
cells. This has been observed in several instances, for example in GIST, where oncogenic

KIT activates downstream pathways in tumor-associated smooth muscle cells[184].

Our findings reveal two important concepts that should be validated in additional
models of cancer and therapy resistance: 1) Exosomes released from cells in the
microenvironment protect cancer cells during therapy, and 2) Tyrosine kinase receptor
activation is coupled to exosome release, which can therefore be modulated by tyrosine
kinase inhibitors. Advances in technology will soon enable us to identify exosome
populations secreted by a specific tissue or even cell type through the use of modified
flow cytometry. With the help of this tool, we will be able to test the hypothesis that a
population of protective exosomes is present or enriched in cancer therapy resistance in
mouse models or human studies. In addition, we will be able to monitor the success of
tyrosine kinase inhibitor treatment with the goal of reducing protective exosome

secretion.

5.6 Outlook

Overall, my thesis research has succeeded in refining the question I had in mind at the
beginning: how to choose combination therapy to overcome or prevent the

development of resistance to tyrosine kinase inhibitors? The use of tyrosine kinase
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inhibitors to reprogram the tumor microenvironment is a new approach to this
problem, and believe that combination therapies that target cancer-intrinsic oncogenic
drivers in addition to extracellular protective signaling will become and important area

of research.

In future studies and application of our findings to the clinic, an understanding of tissue
homeostasis will be essential, as many damage response pathways, like FGF-signaling
outlined in this thesis, are bound to serve a dual role as essential guardians of stem cell
pools and cancer-sheltering conspirators. Further research should thus focus on
identifying the optimal timing for this intervention, as well as the most advantageous
point of interference between cancer-microenvironmental crosstalk. Consideration of
timing is especially important when a microenvironment modulator is proposed as an
addition to cytotoxic chemotherapy. A better understanding of the dynamics of
protective signaling will be necessary to prevent resistance without causing irreversible
damage to normal stem cell populations. Potentially, that danger can also be
circumvented by finding a unique targeting point in the cancer-microenvironment
interaction. My research revealed FGFR inhibition has a possible point of contact to
prevent the production of protective vesicles, however, this may not be the only point at
which crosstalk between stroma and cancer can be successfully targeted. For example, a
component downstream of FGFR, such as PKC, which appears to regulate vesicle

release, may be another promising target. Another possibility is identifying signaling
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originating from cancer cells that transform or stimulate stroma to adopt a protective

phenotype.
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