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1 Introduction

Melanoma incidences are on the rise both worldwide and in Norway. Although prognosis is
good for early-stage melanoma, once the cancer spreads survival drops dramatically. Currently,
treatment of late-stage melanomas consists of immunotherapy and targeted treatment of the
mitogen-activated protein kinase (MAPK) pathway. However, many patients do not respond,
develop resistance, or are not eligible for current therapy. It is therefore important to identify
approaches to determine response and examine new targets or strategies to enhance therapeutic
regimens. This thesis has investigated the potential of employing an ex vivo drug efficacy assay
using lymph node metastases harvested from melanoma patients and patient-derived xenografts
(PDX) as preclinical models to measure response to targeted treatments. Additionally, the
therapeutic potential of two proteins, tyrosine protein kinase receptor UFO (AXL) and immune
checkpoint protein B7 homolog 3 (B7-H3), both upregulated in melanoma and associated with
aggressive cancer characteristics and lower survival, was investigated. Inhibition or reduced
expression of these proteins was examined either alone or in combination with inhibitors of the

deoxyribonucleic acid (DNA) damage response (DDR) pathway or chemotherapy.

To present the themes related to the articles, the following introduction consists of subjects such
as a general introduction to cancer and metastasis, cell signaling mechanisms, the DDR pathway
and immune regulation in cancer, before melanoma specific epidemiology, mutations and

treatments are described.

1.1 Cancer

Cancer is a group of diseases that arises due to genomic or epigenetic alterations, leading to
abnormal proliferation or failure to undergo apoptosis which ultimately may result in the
formation of mass(es) of tissue, called tumors. Tumors can be classified as benign or malignant.
Tumors of the former classification are not capable of invading surrounding tissue or other parts
of the body. Malignant tumors, however, acquire the ability to grow into or invade nearby
tissues and travel via the blood and lymph system to extravasate at distant sites, in a process

termed metastasis. Metastasis is accountable for nearly all cancer-related mortalities (1).

Cancer will affect one in three people during their lifetime. In Norway, 33 352 people were

diagnosed with cancer in 2018, where the most common sites were prostate, breast, lung and
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colon (2). For most cancers, incidence increases with age, contributing to constantly heightened
number of cancers cases each year due to overall longer life span of the population. In addition,
the prevalence of people living with cancer is increasing due to improved treatment options and
earlier diagnosis. Nevertheless, 11 016 cancer-related deaths were reported in Norway in 2017

(2), making cancer the second most common cause of death, after cardiovascular diseases (3).

Cells turn cancerous due to a series of aberrations in the DNA, arising in an evolutionary
manner. DNA alterations can be introduced by inherited genes or throughout a person’s
lifetime, either spontaneously or caused by exposure to specific environmental factors such as
cigarette smoke, ultraviolet radiation and dietary habits. Although the DNA alterations are
individual to each patient, certain mutations are frequently observed and are found to be drivers
of cancer progression, known as oncogenes. Oncogenes are gain-of-function mutations, which
result in a gene product with increased function. Oppositely, loss-of—function mutations
resulting in decreased or complete lack of function in genes coding for tumor-suppressor
proteins that prevent uncontrolled proliferation or repair DNA damage, are also common in
cancers. Recently, the Cancer Genome Atlas published an overview of common mutations in
cancers and verified that there were prevalent mutations in genes of the MAPK and
phosphoinositide 3-kinase (PI3K) pathways (4). Furthermore, they reported frequent mutations
in genes coding for tumor-suppressor proteins associated with DDR, DNA repair and the cell
cycle, such as 7P53 and CDKN2A (encoding cell cycle regulators INK4 family members
pl16™K4 and p144RF) (4).

Furthermore, cancer cells acquire survival advantages through co-operation with surrounding
cells. The extended hallmarks of cancer, described by Hanahan and Weinberg in 2011 (5),
highlight characteristics that are common denominators for cancer cells to thrive. The hallmarks
comprise of the following capabilities: sustaining proliferative signaling, evading growth
suppressors, activating invasion and metastasis, enabling replicative immortality, inducing
angiogenesis and resisting cell death. In addition, two emerging hallmarks, avoiding immune
destruction and tumor-promoting inflammation, and two enabling characteristics, genome
instability and mutation and deregulating cellular energetics, have been proposed. Importantly,
the hallmarks were never intended to portray all the characteristics a cancer cell must have at
any given time. Rather, the hallmarks of cancer describe features cancer cells must possess over
the course of becoming oncogenic. Additional characteristics have been suggested as hallmarks

of cancer, with the ability to de-differentiate as perhaps the most prominent suggestion (6).
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Unlike many of the current hallmarks describing sustained and immortal growth, de-
differentiation is not usually shared between benign and metastatic tumors. Additionally, de-
differentiation may be important in cancer survival in response to cellular stress, for instance in
melanoma (7). Hallmarks relevant for this thesis, such as activating invasion and metastasis,
sustaining proliferative signaling, resisting cell death, and avoiding immune destruction, will

be discussed in the following paragraphs.

1.2 Metastasis

Metastasis is a sequential process where cancer cells escape their primary site and travel to
distant sites in the body, as illustrated in Figure 1. To colonize other organs, the metastatic cells
have to undergo several changes and adaptions. Namely, they have to able to infiltrate adjacent
tissue, migrate into nearby vessels (intravasation), survive in the circulatory system and migrate
out of the vessel (extravasation), before proliferating in a new environment at a distant site. The
vast majority of cells fail to complete this process, and it is estimated that less than 0.02% of

disseminated tumor cells metastasize (8).

Already in 1889, Stephen Paget proposed a “seed and soil” theory which states that the pattern
of metastasis is not random and that tumor cells (the seeds) exhibit an inclination towards
metastasizing to certain organs (the soil) (9). In line with this, studies have determined that
tumor cells release factors that promote the formation of microenvironments in distant organs
that contribute to the survival of cancer cells upon their arrival at these sites (termed pre-
metastatic niches) (10). The released factors are comprised of growth factors, hormones, and
cytokines that may travel freely or be transported in extracellular vesicles and may influence
non-cancerous cells, such as fibroblasts and immune cells, to facilitate in the progression of the

pre-metastatic niche (11).

Two models for how cells spread to distant organs have been proposed. In the linear progression
model, cells metastasize only when they have acquired several mutations to be able to thrive in
the new environment. This leads to minimal genetic distinction between the primary and the
metastatic tumor (12). Oppositely is the parallel-progression model, where metastatic cells
disseminate at an early stage of tumor progression and develops in parallel to the primary tumor,

leading to high genetic diversity between a patient’s tumors (12).
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Figure 1. Overview of the metastatic process. The figure illustrates the steps of the metastatic cascade and
include cells and vesicles that aid the tumor cells in the process. The figure is modified from Anderson R.L. et al,
Nat Rev Clin Oncol, 2019 (13) and is licensed under a Creative Commons Attribution 4.0 International License

(https://creativecommons.org/licenses/by/4.0/).

The metastatic process has been linked to the epithelial-to-mesenchymal transition (EMT) in
epithelial cells. During EMT, cells lose the polarity and cell-cell junctions associated with an
epithelial phenotype and display characteristics representing an invasive and motile
mesenchymal phenotype (14). EMT occurs in the initiation of metastasis, before the reverse
process, mesenchymal-to-epithelial transition (MET), occurs upon colonization of the distant
organ. Not only does EMT allow cells to metastasize, the process is also associated with

resistance to therapy (14).

16



1.3 Cell signaling

Cells respond and adapt to signals from the external environment and thus alter internal
signaling to process the information they receive. Membrane receptors receive signals and
transmit these into the cells. Some of these receptors are also capable to act as enzymes, of
which one subclass are the receptor tyrosine kinases (RTK), consisting of twenty subfamilies
(15). The RTKs are single-pass transmembrane proteins. Once activated by growth factors,
RTKs dimerizes with other RTK proteins and autophosphorylates to induce downstream
signaling resulting in various outcomes such as proliferation, differentiation, migration and cell
death (15). For instance, RTK proteins are responsible for activating main signaling pathways
involved in cancer proliferation and survival, such as the MAPK cascades and the PI3K
pathway. Dysregulation of the MAPK cascades and the PI3K pathway are central in many
cancers and consist of several clinically employed or potential therapeutic targets, and will thus

be introduced below.

MAPK cascades

The MAPK cascades are comprised of several serine-threonine kinases that are named after the
principal MAPK component, such as extracellular signal-regulated kinase 1 and 2 (ERK1/2,
ERK/MAPK), p38 (p38/MAPK) and c-Jun N-terminal kinase (JNK, JNK/MAPK) (Figure 2).
The MAPK components are activated in succession through phosphorylation of their upstream
MAPK kinase kinases (MAPKKK) and MAPK kinases (MAPKK). The MAPK may be
regulated by dual-specificity phosphatases (DUSP) that dephosphorylates and inactivates the
MAPK (16). Only some of the abundant MAPKKK, MAPKK and MAPKSs are presented in
Figure 2.

17
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Figure 2. The MAPK cascades. The figure illustrates the MAPK cascades which, when activated, may lead to
signaling pathways that results in the transcription of genes involved in proliferation, differentiation or survival.
Green circles with P depict phosphorylation events and square arrowheads illustrate inhibition. RTK — Receptor

tyrosine kinase, GDP — guanosine diphosphate, GTP — guanosine triphosphate.

The ERK/MAPK pathway is activated by stimuli such as growth factors binding to RTKs (17).
Once activated, RTKs recruit adaptor proteins, for example growth factor receptor bound
protein 2 (GRB2). The SRC homology (SH) 2 and SH3 domains of GRB2 binds son of
sevenless (SOS), a protein responsible for exchanging guanosine diphosphate (GDP) for
guanosine triphosphate (GTP) to c-rat viral oncogene homolog (RAS), thus converting RAS to
its active conformation (18). The GTPase RAS consists of three related family members, which
are found mutated in a third of all cancers and may lead to constitutive active downstream
signaling (19) (Figure 3B). However, targeting RAS by small-molecular inhibitors has proven
difficult as the proteins lack an active site for the inhibitors to bind. Efforts to target the binding
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of RAS to farnesyl, which sequesters RAS to the plasma membrane, proved fruitless as the
mechanism was compensated by alternative prenylation by geranyl-geranyl in the most
commonly RAS mutated members, KRAS and NRAS (20). Downstream of RAS is the
MAPKKK RAF proto-oncogene serine/threonine kinase (RAF), which is recruited to the
plasma membrane and phosphorylated by GTP-bound RAS through a RAS-binding domain
(RBD) on RAF. The serine/threonine protein kinase RAF consists of three members, ARAF,
BRAF and CRAF (21). The RAF proteins dimerize, resulting in a catalytically active kinase
conformation that phosphorylates and activates its downstream target (Figure 3A), the MAPKK
MEK1/2. BRAF is commonly mutated in cancers, which may result in constitutive active kinase
signaling independent of RAS (Figure 3C and 3D). Activation of MEKI1/2 in turn
phosphorylates and activates ERK1/2, which ultimately results in the transcription of genes

involved in proliferation. Mutations in the ERK/MAPK pathway in melanoma are described in

Section 1.6.
A Growth-induced, B Constitutive C Non-V600 D V600
Ras-dependent Ras-dependent B-Raf mutants B-Raf mutants
B/C-Raf dimers B/C-Raf dimers (Self-dimers) (monomers)

Figure 3. RAF dimerization in normal and BRAF mutated events. In non-malignant cells (A) and in RAS
mutated cells (B), RAS-dependent dimerization of (predominantly) BRAF and CRAF is required for downstream
signaling. In oncogenic signaling driven by BRAF non-V600 mutations (C), BRAF proteins may dimerize
independently of RAS, while BRAF V600 mutants (D) may attribute to downstream signaling as a monomer. Red
stars depict mutations. The figure is from Durrant D. and Morrison D.K., Br J Cancer, 2018 (19) and is licensed
under a Creative Commons Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/).

RBD — RAS-binding domain.

The p38/MAPK and JINK/MAPK pathways are mainly activated in response to inflammatory
cytokines and cellular stresses, for instance DNA damage, oxidative stress and radiation (22).
These external stimuli will activate GTPases, such as RAC and CDC42, to initiate a MAPK

cascade that phosphorylates p38 or JNK. p38 is comprised of four isoforms, p38a, p38p, p385
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and p38y, that share a great degree of homology and downstream effectors, but are expressed
at various sites in the body (22). p38/MAPK downstream signaling is mediated through
transcription factors, such as cyclic AMP-dependent transcription factor (ATF2), heat shock
proteins and regulatory molecules that are involved in inflammation, chemotactic cell migration
and cell differentiation (23). Although p38/MAPK has been implicated in reduced tumor
growth, it may also play a pro-oncogenic role in cancer cells (24). This is also the case for INK
signaling. One of the main outcomes of JNK/MAPK is apoptosis through activation or
transcription of pro-apoptotic proteins such as cellular tumor antigen p53 (p53), Bcl-2-
associated death promoter (BAD) or Bcl-2-associated X protein (BAX) (24). On the other hand,
JNK signaling may also result in cell survival through the activator protein 1 (AP-1) (25).

PI3K pathway

The PI3K pathway (Figure 4) is important in many aspects of proliferation and survival and is
often mutated and activated in cancers (4). PI3K consists of three classes that have distinct
function and regulation (26). Upon RTK activation and autophosphorylation, the p85
(regulatory) and pl110 (catalytic) subunits of class IA PI3K will be recruited to the cell
membrane to produce phosphateidylinositol-3,4,5-biphosphate (PtdIns(3,4,5)P>, PIP3) by
phosphorylation of PtdIns(4,5)P2, PIP2). PIP3 phosphorylates and activates protein kinase B
(AKT).

The tumor-suppressor protein phosphatase and tensin homolog (PTEN) is responsible for
dephosphorylating PIP3 to abolish downstream signaling. Additionally, PI3K subunit p110
may be activated by RAS to drive downstream signaling (26). Through phosphorylation,
activated AKT in turn enhances or inhibits activation of several proteins involved in cell
survival and cell cycle progression, such as cyclin-dependent kinase inhibitor 1 (p21WAFVCIPT),
glycogen synthase kinase 3 (GSK3), mouse double minute 2 homolog (MDM2) and BAD (27),
resulting in cell survival. Furthermore, AKT phosphorylates mammalian target of rapamycin

(mTOR), leading to enhanced protein synthesis and proliferation through the S6 kinase (27).
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Figure 4. The PI3K pathway. The figure illustrates the PI3K pathway that results in the phosphorylation of AKT,
which regulates other proteins resulting in enhanced cell survival and cell cycle progression. Green circles with P

depict phosphorylation events and square arrowheads illustrate inhibition. RTK — receptor tyrosine kinase.

There is a substantial amount of crosstalk between the PI3K and ERK/MAPK pathways through
various mechanisms, such as negative feedback loops, cross-activation or inhibition or pathway
convergence (28). For example, AKT may regulate BRAF, which can promote melanocyte
transformation (29). Interactions between PI3K and ERK/MAPK are also prominent in

melanoma treatment resistance, which is described in Section 1.6.
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Receptor tyrosine kinase AXL

Deriving its name from the Greek word “anexelekto”, meaning uncontrolled, RTK AXL was
first characterized in 1991 as a transforming gene in chronic myelogenous leukemia (30).
Together with tyrosine-protein kinase receptor TYRO3 (TYRO?3) and tyrosine-protein kinase
MER (MER), AXL forms the TAM-family. The TAM-family members are structurally alike,
with an N-terminal extracellular domain, a transmembrane domain and an intracellular tail (31).
The extracellular region is comprised of two fibronectin type III domains and two
immunoglobulin (Ig)-like domains (Figure 5A) (31). For AXL, the tyrosine kinase domain
includes an adenosine triphosphate (ATP) binding site that docks the tyrosine binding and SH2
domains on intracellular signaling proteins. Additionally, the cytoplasmic tail of AXL contains
several tyrosine residues that may be phosphorylated, which represents activation of the protein
(32). Three of these, Y698, Y702 and Y703, are conserved among the TAM-family members
and are phosphorylated in response to ligand binding (32).
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Figure 5. The domains of TAM-family proteins and GAS6. The figure illustrates the domains of A) TAM-
family member proteins and B) the ligand GAS6. Ig — immunoglobulin, FNIII — fibronectin type III, TK — tyrosine
kinase, Gla —y-glutamic acid-rich domain, EGF — epidermal growth factor repeat, LamG — laminin G-like, SHBG
— sex binding hormone globulin. The figure is inspired by Wu, G, et al, Cell Death Dis., 2017 (33).

The TAM-family shares the ligand growth arrest-specific protein 6 (GAS6) with AXL having
the highest affinity (34). GAS6 contains a y-glutamic acid-rich domain (Gla) (Figure 5B), which
is y-carboxylated in a vitamin K-dependent process (Figure 6). Subsequently, GAS6 may bind
phosphatidylserines (PtdSer), which are commonly found on the inner part of the plasma
membrane but are flipped to the on the outer leaflet under certain conditions, such as apoptosis

(35). There are ambiguous reports of the importance of the y-carboxylation process and PtdSer-
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binding of GAS6 to activate the TAM-family proteins. However, it seems that these
mechanisms are important for increasing binding affinity to the TAM-family proteins and thus,

yields a higher activation (36-38).
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Figure 6. GAS6 and AXL activation. The figure shows the activation of GAS6 by vitamin K-dependent y-
carboxylation and binding to phosphatidylserines (PtdSer). These processes optimize binding of GAS6 to AXL,
which leads to AXL dimerization with other GAS6:AXL complexes and activation through autophosphorylation.

Green circles depict phosphorylation events.

When GAS6 binds, GAS6:AXL complexes will dimerize, leading to autophosphorylation and
activation of AXL. Additionally, other TAM-receptors or RTKs (e.g. fibromyalgia-like tyrosine
kinase 3 (FLT3)) may dimerize with AXL to activate the proteins (39) (Figure 7A).
Additionally, ligand-independent activation by dimerization with other transmembrane
receptors (e.g. epidermal growth factor receptor (EGFR)) or extracellular binding of AXL
proteins present on neighboring cells may occur (40) (Figure 7B). Ligand-independent
activation of AXL may be more pronounced when AXL is overexpressed and could thus be a
more prominent activation process in conditions where AXL is highly expressed, such as cancer

(41).
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Figure 7. AXL activation. AXL activation may be A) ligand-dependent through dimerization and
autophosphorylation with other AXL proteins (left), the other TAM-family members TYRO3 or MER (middle) or
other RTKs, such as FLT3 (right) or B) ligand-independent through dimerization with other transmembrane

receptors, such as EGFR (left) or AXL proteins present on other cells (right). Prot S - Protein S.

In normal cells and tissues, AXL is universally expressed and is found in endothelial cells,
macrophages, platelet cells, skeletal muscle, brain, heart, kidney, liver and testis (42). AXL can
be cleaved both on the extracellular and intracellular domain (43, 44). A disintegrin and
metalloproteinase domain-containing proteins (ADAM) 10 and 17 are known to cleave AXL
on its extracellular domain to yield a soluble isoform (sAXL), which has been found elevated
in cancers and vascular and immunogenic diseases (44-49). sAXL has been reported to bind
GASG present in the blood and may act as an inhibitor of the protein (43). Oppositely, ligand-
independent activation through dimerization with the extracellular soluble AXL domain could
occur. The intracellular domain is cleaved by y-secretases and may be transported into the

nucleus, a process suggested to play a role in chemoresistance (44).

AXL may activate several pathways important for tumor progression (Figure 8). For instance,
AXL activation results in augmented signaling through the MAPK cascades p38/MAPK and
ERK/MAPK to increase proliferation and migration (50). In addition, it is shown that the p85
subunits of PI3K interact with AXL by binding to tyrosine 779 and 821 on its intracellular tail
(51). Inhibition or reduced expression of AXL results in decreased activation of PI3K (52, 53),
which is an important signaling pathway in cell survival, as described previously. In line with

this, knockdown of AXL is shown to increase activation of BAD and induce apoptosis (54).
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The TAM-family proteins have been found to be important in preventing auto-immunity by
dampening pro-inflammatory cytokine production through Toll-like receptors and tumor
necrosis factor (TNF)-a signaling (55) (Figure 8). In line with this, TAM-family knockout or
inhibition in vivo resulted in an over-active immune system through enlarged lymphoid organs
and enrichment of immune cells (56), and induced the anti-metastatic potential of natural killer
(NK) cells (57). AXL may therefore aid in preventing a successful immune response in cancers.
In line with this, AXL inhibition is currently being tested in clinical trials in combination with

immunotherapy.
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Figure 8. AXL signaling. The figure shows an overview of downstream events of AXL activation by GAS6. TLR

— Toll-like receptor. Green circles depict phosphorylation events.
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AXL expression is positively correlated with expression of transcription factors of EMT, such
as zinc finger protein SNAI1 (SNAIL), zinc finger protein SNAI2 (SLUG), twist-related protein
(TWIST) and zinc finger E-box-binding homeobox 2 (ZEB2), and the mesenchymal marker
vimentin (58, 59). Furthermore, AXL is inversely linked to microphthalmia-associated

transcription factor (MITF) (60), a transcription factor involved with cell differentiation.

Additionally, AXL expression may be induced by treatment and its expression is associated
with reduced sensitivity to several inhibitors (61). There are various proposed mechanisms
underlying AXL-mediated treatment resistance. For example, AXL contributes to PI3K
inhibitor resistance by PI3K-independent mTOR activation through dimerization with EGFR
(62). It is further shown that AXL confers treatment resistance to various chemotherapeutic
drugs. For instance, AXL expression promoted cisplatin resistance in esophageal cancer by
inhibiting tyrosine-protein kinase ABLI (c-Abl)/tumor protein p73 (p73) signaling (63),
doxorubicin resistance in breast cancer by promoting B-catenin expression through AKT/GSK3
signaling (64), and gemcitabine resistance in pancreatic cancer by modulating the immune
response (65). Furthermore, inhibition of AXL is shown to result in accumulation of DNA
damage (66). It has been reported that small-molecular inhibitors or monoclonal antibodies
targeting AXL together with inhibitors targeting BRAF, vascular endothelial growth factor
(VEGF), EGFR, WEEI1-like protein kinase (WEEI), Poly [ADP-ribose] polymerase (PARP)
or chemotherapy result in decreased proliferation compared to corresponding monotherapies

(66-71).

AXL is rarely amplified or mutated in cancers, but its protein expression is often upregulated
(61). AXL expression is heightened in tumors and is correlated with drug resistance, increased
metastatic potential and increased mortality (72-74). Several AXL inhibitors and antibodies are
currently in phase I or II clinical trials, alone or in combination with immunotherapy
(NCT03184571), EGFR inhibitors (NCT02424617) or chemotherapy (NCT03649321,
NCT03607955).
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1.4 The cell cycle and DNA damage response

The cell cycle

The essential role of the cell cycle is to accurately copy the chromosomes and precisely
segregate the duplicates to yield two identical daughter cells. The cell cycle is divided into four
phases; G1, S (DNA synthesis), G2 and M (mitosis), as illustrated in Figure 9. The G1, S and
(G2 phases are grouped as the interphase, where the cells grow and replicate before cell division
in the M phase. In the G1 phase the cells are metabolically active and will grow, but not divide.
DNA synthesis occurs in the S phase, while the G2 phase includes continued growth and protein
synthesis in preparation for the cell division that takes place in the M phase (75). However,
most normal cells reside in a non-dividing state, which may be temporary (quiescence) or

permanent (senescence) (76).

The progression through the cell cycle needs to be heavily regulated to prevent uncontrolled
cell division and is managed by both external and internal signals. There are various regulatory
points throughout the cell cycle that determine if the progression is as intended. The major cell
cycle checkpoint is the restriction point, occurring in late G1, which controls the progression to
the S phase (77). Unfavorable conditions in the gap phases (Gl and G2), may halt the

progression into the next phase, turn cells quiescent or senescent, or lead to apoptosis (78).

In addition to being controlled by extracellular growth factors and nutrient demands, the cell
cycle is administered by internal signals that make sure all the events occur at the intended time
and order. Flaws in the cell cycle progression, such as an incompletely replicated genome or
damaged chromosomes, arrest the cell cycle until the error has been amended (79). Central to
the regulation of the cell cycle are the cyclin-dependent kinases (CDKs). The CDKs themselves
are tightly regulated by phosphorylation, by binding of their activating partners, the cyclins,
and their inhibitors, the cyclin-dependent kinase inhibitors (CKIs) (75). Overview of central

CDKs, cyclins and CKIs are displayed in Figure 9.

27



AF%C\‘L p53 P 16

P2l <«— p53

IAF1/CIP1

Figure 9. The cell cycle and its regulation. An overview of the cell cycle with central cyclins, CDKs and CKIs.
Additional regulators are p53 that may activate p21WAF/CIP! and retinoblastoma (RB) that binds the transcription
factor E2F. Phosphorylation of RB by cyclin D/CDK4/6 and cyclin E/CDK2 releases E2F, resulting in the
transcription of genes coding for instance for cyclin A and cyclin E. Square arrowheads depict inhibition, the three

red rings illustrate the major checkpoints in the cell cycle and green circles depict phosphorylation events.

Furthermore, the tumor-suppressor p53, often termed “the guardian of the genome”, is a
transcription factor that responds to various stress signals, such as DNA damage and oncogenic
activity (80). Many of its target genes are involved with processes such as cell cycle arrest
and/or apoptosis. For example, p53 may increase expression of p21WVAFVCPL (iphibitor of
CDK4/6, CDK2 and CKD1 binding to their respective cyclins) to promote G1 or M arrest. In
addition, p53 may activate the pro-apoptotic protein BAX which results in the release of
cytochrome c from the mitochondria (81). This in turn, can result in the cleavage and activation

of caspases, proteases that are a vital part of apoptosis by degrading cellular components.
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DNA damage response

The cells are continuously exposed to variables that can lead to DNA damage. These events
may be external, such as ultraviolet radiation or chemical exposure, or internal, such as
accumulation of reactive oxygen species (82). Coping with DNA damage is crucial to maintain
genomic integrity. Thus, cells contain several proteins that detect and activate pathways in
response to DNA damage that lead to DNA repair, cell cycle arrest or apoptosis. Inadequate
regulation of the DNA damage response (DDR) may lead to accumulation of DNA damage in
the daughter cells, which is common in cancer (83). Maintaining genomic instability is one of
the enabling characteristics in the hallmarks of cancer (5). DNA damage may present itself in
various manners, such as base modifications and single or double-stranded breaks, which result
in the activation of different repair and signaling pathways (84). Of these, DN A double-stranded
breaks might be the most obstructing as it incapacitates processes such as DNA replication and
may cause chromosomal translocations (85). DNA double-stranded breaks are often caused by
ionizing radiation. In response to DNA damage, the ataxia-telangiectasia mutated (ATM) and
ATM- and Rad3-Related (ATR) kinases activate serine/threonine-protein kinase CHK (CHK)
1 and CHK2 (83). While there is substantial crosstalk between the ATM and ATR pathways,
ATM is mainly activated in response to double-stranded breaks caused by radiation and
genotoxicity and activates CHK2, while ATR activates CHK1 in response to for instance
oxidative damage and blocked replication (86). Within minutes of double-stranded breaks,
ATM may additionally phosphorylate H2A histone family member X (H2AX), which attracts
DNA repair proteins to the damaged site and induce a positive feedback loop that activates
other H2AX and ATM proteins (87). In parallel, downstream effects of ATM and ATR
signaling through CHK1 and CHK2 may include activation of p53 and inhibition of M-phase
inducer phosphatase 3 (CDC25C) activity to induce apoptosis or cell cycle arrest (88).

Using DDR inhibitors to treat cancer patients may seem counter-intuitive, as obstructing
mutations in central genes of the DDR pathways is found in several types of cancers (89).
Additionally, a predisposition for cancer is seen in individuals with germline mutations in
principal components of DNA repair and the DDR pathways (90). While genomic instability
by excluding one of the two DDR pathways may offer evolutionary advantages for cancer cells,
it also makes them heavily reliant on the other. Thus, inhibiting the remaining DDR pathway
can lead to cell death in cancer cells, while normal cells that have both DDR pathways intact

are able to survive. This phenomenon is an example of synthetic lethality (Figure 10). This

29



principle is exploited for example in the use of PARP inhibitors for BRCA1/2 mutated breast
and ovarian cancers. BRCA /2 mutations render the cells deficient in homologous repair, while
inhibition of PARP result in an inability to facilitate DNA repair, and thus, inhibition of PARP
in BRCA1/2 mutated cells may result in cell death (91).
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Figure 10. Synthetic lethality in cancer cells. Oncogenic stress may lead to the loss of DNA damage response
(DDR) pathways (depicted as A in the figure) that can be exploited to induce synthetic lethality by inhibiting the
remaining DDR pathway (depicted B), which may result in cell death. Figure inspired by O’Connor M.J.,
Molecular Cell, 2015 (92).

Additional targets of the DDR pathway include blockade of the ATM/ATR-CHK1/CHK2
pathways (93). For instance, ATR inhibitor VE-822, is currently in clinical trials alone
(NCT02487095) or in combination with chemotherapy (NCT02723864). Although treatment
with CHK1 inhibitor LY2603618 in combination with chemotherapy increased progression-
free survival (but not overall survival) compared to chemotherapy alone in non-small cell lung
cancer (NSCLC), continued treatment was halted due to adverse effects (94). Likewise,
treatment with CHK1/CHK2 inhibitor AZD7762 resulted in cardiac toxicity (95). Further,
LY2603618 in combination with chemotherapy did not improve overall survival compared to

chemotherapy alone in pancreatic cancer (96).
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1.5 Immune system and cancer

Parts of this chapter is based on the following reviews: Flem-Karlsen et al., B7-H3 in Cancer -
Beyond Immune Regulation. Trends in Cancer, 2018 (97) and Flem-Karlsen et al., B7-H3

immune checkpoint protein in human cancer. Current Medicinal Chemistry, 2019 (98).

The immune system protects the body from pathogens and stress. Additionally, the immune
system is crucial in battling cancer, where inflammation and immune evasion has emerged as
hallmarks of cancer progression (5). The immune system consists of an intricate system of cells
and soluble factors that work together to maintain or restore body homeostasis. Especially
important in cancers are the T cells, especially T cell surface glycoprotein CDS positive (CD8")

cytotoxic T cells that detect and eliminate malignant cells (99).

Naive T cells are activated when the major histocompatibility complex (MHC) on antigen-
presenting cells (APC) bind the T cell receptor. This interaction is regulated by immune
checkpoint proteins that administer a secondary activation or inhibition signal. Several of these
signals can be provided by proteins of the B7 family present on APCs. B7 family binding either
act inhibitory or stimulatory on the T cells depending on the B7 family member and which
receptor it binds (100). For instance, the T lymphocyte activation antigens CD80 (B7-1) and
CD86 (B7-2) may bind T cell-specific surface glycoprotein CD28 (CD28) on the T cell to
induce a co-stimulatory signal to activate the immune system. Oppositely, the same proteins
can bind cytotoxic T lymphocyte protein 4 (CTLA-4) resulting in an inhibition of T cell activity
(101). In the past few years, therapeutic focus for many cancers has been on developing
inhibitors that target several immune checkpoint proteins. The aim of this treatment is to remove
the breaks on T cell activation, leading to a mobilized immune response that may improve the
detection and destruction of cancer cells by the immune system. To date, the focus has
principally been on targeting programmed cell death protein 1 (PD-1) and CTLA-4,
transmembrane proteins present on T cells that may bind B7 family members to regulate T cell
activation (102), in addition to targeting B7 family member programmed cell death 1 ligand 1
(PD-L1, also known as B7-HI). PD-1 inhibitory antibodies prevent the PD-I
immunosuppressive role by blocking its binding to both PD-L1 and programmed cell death 1
ligand 2 (PD-L2, also known as B7-DC), while PD-L1 inhibitory antibodies prevent
immunosuppression by blocking PD-1/PD-L1 interaction. Targeting immune checkpoint

proteins has been demonstrated to be a successful therapeutic strategy in many forms of cancer,
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with some patients obtaining long-lasting responses. Favorable outcomes of immune
checkpoint inhibitors are especially prominent in cancers with a high degree of somatic
mutations, such as melanoma and lung cancer (103), However, many patients experience little
beneficial effects, and/or develop resistance to immunotherapy, emphasizing the need to find

clear biomarkers to distinguish patients who will respond to this treatment (104).

B7 family of immune checkpoint proteins

The B7 family is part of the immunoglobulin (Ig) superfamily. It consists of ten known
members that contains Ig constant- (IgC) and Ig variable- (IgV) like domains, a transmembrane
domain and a cytoplasmic tail (105). Many of the B7 family proteins are found to bind receptors
of the CD28/CTLA-4 family through their Ig-like domains (101). Figure 11 shows the B7

family members present on APCs and their co-inhibitory receptors on T cells.
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Figure 11. B7 family and their co-inhibitory receptors on T cells. The figure illustrates the B7 family members
present on antigen-presenting cells (APC) and their co-inhibitory receptors on T cells. Current immunotherapeutic
antibodies in clinical use (targeting CTLA-4, PD-1 and PD-L1) or clinical trials (targeting B7-H3) are indicated
with a grey antibody molecule. The figure is modified with permission from Flem-Karlsen, K. ef a/, Curr Med

Chem, 2019 (98).
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B7-H3: an immunoregulatory and pro-oncogenic protein

In normal cells, B7-H3 messenger ribonucleic acid (RNA) (mRNA) is present in most tissues.
However, the protein is expressed at low levels, suggesting a tight post-transcriptional
regulation (106). B7-H3 is mainly present on the cell surface but is also detected in the cell
nucleus (107). Furthermore, we have previously observed B7-H3 expression in intracellular
and extracellular vesicles (108). The protein has been observed as a soluble isoform (sB7-H3)
generated from alternative splicing (109) or cleavage by matrix metalloproteinases (MMP) of

the membrane-bound protein (110).

B7-H3 is proposed to have an immune regulatory role and is expressed on APCs, T cells, NK
cells, macrophages and dendritic cells (106, 111, 112). The binding partner(s) of B7-H3 are
currently unknown. B7-H3 has been found to bind activated T cell surface glycoprotein CD4
positive (CD4") and CD8" T cells and is proposed as both a T cell co-stimulatory and co-
inhibitory protein (113). This suggests that B7-H3 may have at least two binding partners on
the T cells and that the opposing regulation of the immune response may depend on which
protein it binds. In line with this, B7-H3 is found to both enhance inflammation (114) and
suppress the immune response (115). This interpretation is strengthened by the fact that other

B7 family members can act both co-inhibitory and co-stimulatory.

B7-H3 expression is increased in cancer cells and B7-H3 is emerging as a pro-tumorigenic
protein independently of its immune regulatory roles. Apart from a few opposing results, reports
state an association between high expression of B7-H3 and increased metastasis and tumor
grade, and thus reduced overall survival (98). Overexpression of B7-H3 in vitro and in vivo has
resulted in increased cell proliferation, migration and invasion, while the opposite is observed
when B7-H3 expression is decreased or when cells are treated with an inhibitory B7-H3
monoclonal antibody (116-118). B7-H3 expression is found to induce activation and signaling
through major cancer pathways such as PI3K and signal transducer and activator of

transcription 3 (STAT3) (119, 120) (Figure 12).
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Figure 12. B7-H3 signaling. The figure illustrates the interaction between B7-H3 and its unknown ligand(s) in
addition to downstream signaling. sSB7-H3 — soluble B7-H3, ROS — reactive oxygen species. The figure is reused

with permission from Flem-Karlsen, K. et a/, Trends Cancer, 2018 (97).

Furthermore, B7-H3 expression has been associated with treatment resistance to chemotherapy
and targeted therapies (98). We have previously demonstrated that abolished B7-H3 expression
increases sensitivity to dacarbazine (DTIC) chemotherapy and ERK/MAPK and PI3K
inhibitors in melanoma cells, and PI3K inhibitors in breast cancer cells (108, 121). B7-H3 is
shown to mediate paclitaxel chemotherapy resistance in breast cancer cells by upregulating the
tyrosine protein kinase JAK (JAK)2/STAT3 pathway. Additionally, B7-H3 is reported to
mediate chemoresistance to oxaliplatin chemotherapy in colorectal cancer cells by upregulating
aerobic glycolytic enzyme hexokinase 2 through STAT3 signaling (122). Others and we have
shown that B7-H3 expression is associated with a higher glycolytic rate (108, 121, 123). B7-
H3 may induce aerobic glycolysis by upregulating reactive oxygen species and stabilizing

hypoxia-induced factor 1 (HIF-1) (124).
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B7-H3 may promote EMT by activating the transcription factors mothers against
decapentaplegic homolog 1 (SMAD1) and SLUG through PI3K and JAK/STAT3 signaling
(125, 126). B7-H3 can also regulate expression of cytokines and metalloproteinases that
promote metastasis, such as interleukin (IL)-8, MMP-2, TIMP metalloproteinase inhibitor

(TIMP)-1 and TIMP-2 (116, 127).

Due to its high expression on cancer cells compared to normal cells, B7-H3 represents a
potential biomarker as well as a therapeutic target. B7-H3 monoclonal and bi-specific
antibodies are currently in phase I/II clinical trials in patients with B7-H3 positive cancer cells,
alone or in combination with CTLA-4 antibody ipilimumab (NCT02381314) or PD-1 antibody
MGAO012 (NCT03729596) or pembrolizumab (NCT02475213). Further, recent studies have
shown potential for B7-H3 chimeric antigen receptor (CAR) T cell therapy (128). In line with
this, a phase I/II clinical trial utilizing B7-H3 CARs has been initiated (NCT04077866).

1.6 Melanoma

Melanoma is a type of cancer that develops from melanocytes, which are melanin-producing
cells primarily located in the skin. Melanocytes produce melanin to protect cell nuclei from
ultraviolet radiation (129). Once produced, melanin is contained in organelles called
melanosomes, which can be transported to nearby keratinocytes, the predominant cell in the
outer layer of the skin, resulting in skin pigmentation (129). In many cases, excess ultraviolet
radiation (or in some cases, somatic mutations or inherited genes) turn melanocytes malignant,
resulting in the formation of a tumor type, melanoma, which if it spreads, is notorious for its
heterogeneity and treatment resistance. Melanomas are classified according to the TNM system,
which considers characteristics of the tumor and the number and location of metastases, if any,
to determine stage (130). The clinical stage groups range from 0-IV, where stage III and IV
comprise cases where the cancer has metastasized to regional lymph nodes or distant sites,

respectively (Figure 13).
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Figure 13. Progression of melanoma. The development from a benign nevus to metastatic melanoma. The figure
is modified with permission from Miller, A. J., Mihm, M.C., N Engl J Med, 2006 (131), copyright Massachusetts
Medical Society.

Epidemiology and risk factors

Norway has one of the highest melanoma incidences in the world, with over 2000 new cases
per year (2). The Norwegian Cancer Registry reports a 20% increase in melanoma cases in the
last five-year period (2013-2017) compared to the previous one (2008-2012) and the incidence
is expected to rise (Figure 14) (132).

Several factors contribute to the development of melanoma, with the most prevalent being
exposure to ultraviolet radiation through natural sunlight and tanning beds and increased age
(131). While many cancers arise among older adults and the elderly, melanomas have a high
incidence among young adults (2). Especially how an individual respond to ultraviolet radiation
plays a role in the risk of developing melanoma, which depends on factors such as skin
pigmentation and number of nevi. Additionally, around 5-10% of melanomas are mainly caused
by inherited germline mutations, most notably in CDKN24 and CDK4 (133). This also includes
mutations in MCIR, which may lead to fair skin and red hair and alter the pigment production,

which increases sensitivity to ultraviolet radiation (133).
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Figure 14. Past and projected yearly incidence of melanoma in Norway. The Figure shows 5-year intervals of
the yearly incidence of melanoma from 1985-2019 and the projected yearly incidence from 2020-2034 based on
gender. The projected incidence is calculated by Oslo Economics using data from the Cancer Registry of Norway.

The figure is modified from (134) with permission by the authors.

An important prognostic factor of melanoma is the vertical depth of the primary tumor (Breslow
depth) (131). If operated, patients with primary melanomas below 1 mm Breslow thickness and
no metastasis have a high survival rate (Table 1). Additional prognostic factors include lactate
dehydrogenase (LDH) levels, ulceration and mitotic number (130). However, the most
important prognostic factor is metastasis, particularly if the melanoma cells have spread to

distant organs. Five-year survival grouped by metastatic spread is presented in Table 1.

Table 1. Five-year relative survival in melanoma

Relative survival, %
Stage Female Male
Localized 95.1 91.0
Regional 67.1 67.1
Distant 39.8 22.9
Uknown 74.0 57.2
Overall 91.7 85.5

Table 1. Five-year relative survival in melanoma. The table list the percentage five-year relative survival in

melanoma patients in Norway grouped the spread of the cancer and by gender. Data is from the Cancer Registry

of Norway (2).
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Molecular classification and signaling

Melanomas have a high prevalence of mutations, where most are due to mutagenic exposure
from ultraviolet radiation (135). There have currently been suggested four molecular subtypes
of advanced melanoma, based on mutations in oncogenes or tumor-suppressor genes resulting
in cell proliferation. The molecular subtypes are based on mutations in BRAF, NRAS, NF1, or

none of these genes (136).

About half of melanoma patients harbor a mutation in the BRAF gene, which codes for a protein
that is part of the signaling cascade ERK/MAPK, as described in section 1.3. About 90% of the
BRAF mutations are at position 600 (BRAFY®%), which is part of the activation segment of the
kinase domain (137). The most common of these is substitution of valine (V) to glutamic acid
(E) (BRAFY®YE) 'while substitutions to lysine (BRAFY'K) aspartate (BRAFY'P) or arginine
(BRAFY®OR) are also found. These mutations result in a constitutively active protein, leading
to increased kinase activity and increased ERK/MAPK signaling (138). Further, approximately
20% of melanoma patients have a mutation in the NRAS gene, also resulting in a constitutively
active ERK/MAPK signaling pathway, where the most commonly mutated site is the glutamine
in position 61 (NRAS®®!) (136). It was long thought that the BRAF and NRAS mutations were
mutually exclusive. However, sequencing efforts have identified incidences where both these
mutations preside in the same tumors, even within the same cell (139). Another important
signaling pathway is PI3K, and PIK3CA (activator of the PI3K pathway) is mutated in 6% of
melanomas (140)*. Additionally, mutations in the tumor-suppressors 7P53 (encoding p53),
PTEN (negative AKT regulator) and NF'I (negative RAS regulator) are found in 17%, 15% and
17% of melanomas, respectively (140)*. Mutations in NF'/ may coexist with BRAF or NRAS

mutations (141).

In addition to these common mutations, transcriptional profiling of melanoma cells has
generated two groups based on their molecular signatures. The groups are defined by one
having a high proliferative ability and a low invasive rate (proliferative phenotype), while the
other displaying a low proliferative rate and a high invasive capacity (invasive phenotype)
(142). The proliferative phenotype is characterized by high expression of MITF and its target
genes, such as transcription factor SOX-10 (SOX10) and melanoma antigen recognized by T

cells 1 (MELAN-A) (143).

*Data from the skin cutaneous melanoma datasets from TCGA (PanCancer Atlas) and Broad (Cell 2012) as
presented in cbioportal.org.
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Oppositely, the invasive phenotype has a high expression of the WNT inhibitors WNTS5A,
Dickkopf-related protein (DKK) 1 and DKK3, and a reduced expression of WNT/B-catenin
target genes, such as MITF (144). Additionally, the invasive phenotype shows upregulation of
RTKs, including AXL (145). It has been shown that melanoma cells are able to switch between
these two phenotypes, facilitating the cells’ needs to grow or invade or as a response to cellular
stress, such as hypoxia and treatment (142). Thus, phenotype switching has been found to be
important in therapy resistance, where either intrinsically or acquired high levels of AXL and
WNTS5A and low levels of MITF result in reduced response to MAPK inhibitors (60, 146).
Interestingly, while most treatment-naive melanoma biopsies in a study demonstrated MITF"eh/
AXL™ expression (57%), followed by MITF'*Y/AXL"eh expression (26%), a subset showed
MITF"e/AXLME expression (17%) (147), suggesting a high population of treatment resistant

cells in the two latter populations.

Furthermore, efforts have been made to profile melanomas by gene expression signatures to
predict clinical outcome (148). For example, Jonsson et al characterized four subtypes in stage
IV melanomas. These were termed high immune, proliferative, pigmented and normal-like that
had distinct expression of genes involved with high or low expression of immune response
genes, melanin synthesis or epidermis development, respectively (149). These gene expression
profiles were later adjusted to two groups in primary melanomas, were the
proliferative/pigmented subtypes had lower survival compared to the high immune/normal-like
(150). Although not currently employed in the clinic, genetic signatures like these may aid in
determining prognosis and clinical-decision making, in line with PAMS50 profiling recently

approved in Norway for luminal B breast cancers.

Treatment

Melanoma patients with operable melanomas receive treatment in the form of complete
resection of the tumor. If the primary tumor is over 0.8 mm in diameter or is ulcerated, sentinel
node diagnostics is performed and the draining lymph nodes are resected. In cases where the
sentinel node tumor is equal to or larger than 1 mm, complete resection of the lymph nodes is
performed. Recently, adjuvant treatment with PD-1 inhibitor pembrolizumab or nivolumab or
BRAF and MEK inhibition using dabrafenib and trametinib was approved for treatment in

Norway for stage III melanoma patients with completely resected tumors. This decision was
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based on studies showing increased progression-free survival in patients receiving such

adjuvant treatment (151-153).

If inoperable stage III melanoma or in the case of distant metastases, the treatment options for
melanoma patients have been limited. Historically, the principal therapy has been the
chemotherapy drug DTIC, which has a low response rate (154). However, DTIC may still be
administered today in the event of relapse or contraindications of current first- and second-line

therapies.

Introduction of the BRAFY% inhibitors vemurafenib and dabrafenib, approved by the Food
and Drug Administration (FDA) in 2011 and 2013, respectively, have improved treatment
responses in BRAF mutated metastatic melanomas. Though the initial response is often
monumental, nearly all patients relapse within twelve months (155, 156). To increase the
efficiency and remission period, BRAF inhibition is currently given in combination with MEK
inhibition. There are currently three combinations of BRAF and MEK inhibitors approved for
clinical use. The response and survival rates of these drug combinations, as depicted from the
COMBI-v/COMBI-d (157), coBRIM (158) and COLOMBUS (159, 160) studies, are listed in
Table 2.

Table 2. BRAF and MEK inhibitors in clinical use

BRAF MEK Overall PFS, OS, 2-year  S-year
Study name inhibitor inhibitor response months months survival survival

COMBI-v/-d | Dabrafenib Trametinib  68% 11,4 25,6 52,0% 34,0%
coBRIM Vemurafenib Cobimetinib  70% 12,3 22,3 48.,3% N/A
COLOMBUS | Encorafenib Binimetinib  63%* 14,9 33,6 57,6% N/A

Table 2. BRAF and MEK inhibitors in clinical use. The table describes the overall response and survival rates
of the BRAF and MEK inhibitor combinations in clinical use. PFS - Progression-free survival, OS - Overall
survival, N/A - Not available. *Number from blinded independent committee review, overall response by local

review was 75%.

BRAF inhibition is not suitable for patients lacking a BRAF mutation. The drug may lead to a
paradoxical activation of the ERK/MAPK pathway through dimerization of BRAF to CRAF,
which can lead to tumor growth. Even kinase-dead BRAF or BRAF lacking the RAS binding
site due to alternative splicing may dimerize with other RAF proteins to drive ERK/MAPK
signaling (161). In fact, it is shown that the BRAF/CRAF heterodimers may activate MEK to a
larger degree than homodimers (162).
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Currently, first-line treatment for metastatic melanomas is immunotherapy using immune
checkpoint inhibitors, which is applicable for patients regardless of BRAF mutation status. Due
to their immunogenic nature caused by a high degree of somatic mutations (163), melanomas
are particularly suitable for immunotherapy and this treatment has shown promising results,
with seemingly lasting results for a portion of the patients (164). Inmunotherapy show response
later than small-molecular inhibitors, meaning that BRAF inhibition as first-line treatment may

be applicable for BRAF mutated patients presenting with a high tumor-burden.

Ipilimumab, a monoclonal antibody targeting CTLA-4, was approved for treatment of
melanoma by the FDA in 2011 as the first immunotherapy to be used in the clinic, and showed
increased survival compared to DTIC chemotherapy. Long-term follow up data show an overall
survival of 26% (164). Furthermore, targeting PD-1 using pembrolizumab or nivolumab
demonstrated increased survival compared to CTLA-4 blockade (165, 166), and these inhibitors
are the first-line treatment option in Norway today for inoperable or metastatic melanoma.
Combined treatment with ipilimumab and nivolumab in stage IV melanoma patients has
demonstrated additional improved response rates and longer survival compared to nivolumab
monotreatment, but at the cost of increased toxicity (164). Although immunotherapy has
improved response and survival rates, not all patients respond to the treatment and a subset of
patients initially responding develop resistance. Additionally, immunotherapy not suitable for
patients with certain diseases, such as serious autoimmune disorders, highlighting the necessity
of alternative therapy options for patients ineligible for current first- and/or second-line

treatment options.

Treatment resistance

A challenge in melanoma treatment is that the cancer cells do not respond or become resistant
to therapy. The resistance mechanisms may be innate or acquired, meaning that the cells harbor
intrinsic characteristics that prevent the treatment from working or develop resistance

mechanisms after a period of treatment response, respectively.

Around 30% of melanoma patients treated with BRAF and MEK inhibitors do not show
objective response (Table 2). Innate ERK/MAPK inhibitor resistance can be mediated by copy
number alterations in CCND/ (encoding cyclin D1) (167), and loss of PTEN or NF'1 (168, 169)
in addition to mutations in AKT3, PI3KCA, RAC and CDKN24 (168, 170, 171) (Figure 15).
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Overexpression of AXL, MITF and COT has also been conferred with innate BRAF resistance
(60).
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Figure 15. Innate resistance to BRAF inhibition. The figure illustrates innate mechanisms of resistance to BRAF
inhibition and includes mutations (*) in PI3K, AKT3, PTEN, CCNDI, CDKN2A, RAC and CDK4 in addition to
upregulation (green arrow) of AXL, cyclin D1, MITF, and COT.

During treatment with ERK/MAPK inhibitors, the cells may adapt and alter in various ways to
induce resistance (Figure 16), leading to a great degree of heterogeneity in resistance
mechanisms, both intratumorally and between patients (172). Mechanisms of acquired
resistance may be reliant on genetic alterations. These can be within the ERK/MAPK pathway
to reactivate ERK/MAPK signaling, such as NRAS, MEK or NFI mutations or alternative
splicing or amplification of mutant BRAF (173, 174). Additionally, mutations in the PI3K
pathway or overexpression of MITF may increase survival in BRAF inhibited cells (172).

Further, upregulation of serine/threonine protein kinase COT or RTKs, such as EGFR, platelet-
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derived growth factor receptor  (PDGFR), insulin-growth factor 1 receptor (IGF1R) and AXL
may lead to activation of the MAPK pathway despite the presence of MAPK inhibitors (173,
175).
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Figure 16. Acquired resistance to BRAF inhibition. The figure illustrates mechanisms of acquired resistance to
BRAF inhibition and includes mutations (*) in NRAS, NF1, PI3K or AKT, upregulation (green arrow) of receptor
tyrosine kinases (RTK), MITF or COT or alternative splicing or amplification of BRAF. Additionally, extracellular
factors such as changes in the extracellular matrix (ECM) and growth factors released from fibroblasts may aid in

BRAF inhibition resistance.

Acquired resistance towards ERK/MAPK inhibitors can also depend on cell extrinsic and
microenvironmental changes. An example of this is cancer-associated fibroblasts that secrete

growth factors that reduce the ERK/MAPK response in cancer cells (176). Further, fibroblasts
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may promote alterations in the matrix stiffness, leading to niches of melanoma cells and cancer-

associated fibroblasts that develop resistance to BRAF inhibitors (177).

Around 40% of melanoma patients do not show objective response to treatment with nivolumab
and ipilimumab (164). For the immune system to successfully target and kill the tumor cells,
several criteria must be met, as depicted in the cancer immunity cycle (Figure 17). Briefly, the
immune cells must be able to distinguish and detect the antigens presented on the cancerous
cells to activate the T cells. Further, the T cells must be transported to the proximity of the
tumor and be able to infiltrate the tumor area and sufficiently kill the tumor cells, even within

a microenvironment that may be immune inhibitory.
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(CTLs, cancer cells)
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Figure 17. The cancer immunity cycle. The figure illustrates the events that must take place for successful
recognition and killing of cancer cells by the immune system, divided into seven major steps. The parentheses
indicate the cell types and biological processes involved in each step. The figure is reused with permission from
Chen D.S. and Mellmann I., Immunity, 2013 (178). APC — Antigen presenting cells, CTL — cytotoxic T
lymphocytes.
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There are proposed innate and acquired mechanisms of resistance towards immunotherapy
related to each step of the cancer immune cycle. Innate mechanisms include lack of antigen-
presentation to the immune cells and can occur for instance through deletion of genes coding
for MHC proteins (179). Patients that did not respond to ipilimumab had loss of genes in the
interferon (IFN)-y pathway (180). Further, ERK/MAPK, PI3K or -catenin signaling may result
in decreased response to immunotherapies (181-183). Additional factors that have been
associated with innate resistance is a lack of lymphocytes and/or macrophages in the tumor
vicinity caused by lack of chemokines essential for T cell functioning or a high expression of
immunosuppressive cells, such as T regulatory cells or immune suppressive macrophages (184-
186). In line with this, studies have found that patients with a high quantity of CD8" T cells
present in the tumor vicinity have favorable response to PD-1 monoclonal antibody treatment
(187). Further, a high mutational burden has been suggested as a positive predictive biomarker

of immunotherapy response (188).

The mechanisms of acquired immunotherapy resistance consist in many cases of similar
examples as those of innate resistance, for instance mutations in JAK leading to lack of IFN-y
signaling (189). It is shown that immunotherapy resistant cells have upregulated levels of
immune checkpoint markers in addition to the presence of immunosuppressive cells that aid in
turning a tumor “cold” (i.e. lacking immune cell infiltration). For example, T cell function is
shown to be exhausted by upregulation of T cell immunoglobulin and mucin domain-containing
molecule 3 (TIM3) in NSCLC patients resistant to PD-1 antibody therapy (190). Additionally,
expression of T cell regulatory proteins V-domain Ig suppressor of T cell activation (VISTA,
also known as B7-H5) and PD-L1 is found to be upregulated after ipilimumab treatment (191).
It has further been suggested that targeting T cell inhibitory protein lymphocyte-activation gene
3 (LAG-3) in combination with nivolumab is beneficial for melanoma patients who have
progressed on anti-PD-1/PD-L1 treatment (192) and this combination is currently in clinical

trials (NCT01968109).

45



46



2 Aims

The main aims of this thesis was to develop patient-derived preclinical models to predict
responses to targeted therapies in melanoma and elucidate the potential of novel treatment

strategies.
The specific aims of the study were:

e To develop an ex vivo drug efficacy assay (Paper I) and investigate its potential to
determine targeted treatment responses in cells harvested directly from melanoma

patient lymph node metastases or patient-derived xenografts (Paper I and Paper II).

e To investigate whether AXL contributes to proliferation, migration and signaling in
melanoma cell lines (Paper II) and correlate the levels of its soluble isoform in blood

samples harvested from melanoma patients to clinical outcomes (Paper III).

e To examine the impact of reduced expression or activity of AXL in combination with

inhibitors of the DNA damage response pathway (Paper II).

e To delineate the molecular mechanisms of how B7-H3 expression contributes to

chemotherapy resistance (Paper IV).
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3 Summary of publications

3.1 Paperl

A three-dimensional ex vivo viability assay reveals a strong correlation between response
to targeted inhibitors and mutation status in melanoma lymph node metastases.

Florenes VA, Flem-Karlsen K, McFadden E, Bergheim IR, Nygaard V, Nygard V, Farstad
IN, Oy GF, Emilsen E, Giller-Fleten K, Ree AH, Flatmark K, Gullestad HP, Hermann R,
Ryder T, Wernhoff P, M&landsmo GM.

Translational Oncology. 2019 Jul;12(7):951-958.

In this study, we established a three-dimensional ex vivo drug efficacy assay to examine drug
response in 38 freshly harvested melanoma lymph node metastases and 21 patient-derived
xenografts. A strong correlation was observed between BRAF inhibitor response and BRAF
mutations status. Furthermore, five of thirteen NRAS mutated tumors demonstrated increased
growth potential when treated with BRAF inhibition. Importantly, two tumors that were
diagnosed as BRAF wild-type by routine diagnostics exhibited a strong response to BRAF
inhibition. Upon re-evaluation and next-generation sequencing, one tumor was found to carry
a complex BRAFV6%°E mytation, while the other harbored a BRAFV60EK0IN qoble mutation.
In an effort to unravel genes involved with innate resistance to treatment, we sequenced 21
patient samples and one patient-derived xenograft, but observed no mechanisms of resistance
apart from NRAS mutated tumors being resistant to BRAF inhibition. Further, with the ex vivo
drug efficacy assay, we were able to demonstrate concordance between ex vivo drug response
in patient material and tissue from patient-derived xenografts, showing the potential of using
patient-derived xenografts and the ex vivo drug efficacy assay as models for personalized cancer

treatment.
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3.2 Paperli

Targeting AXL and the DNA damage response pathway as a novel therapeutic strategy
in melanoma.

Flem-Karlsen K, McFadden E, Omar N, Haugen MH, Oy GF, Ryder T, Gullestad HP,
Hermann R, Malandsmo GM, Flgrenes VA.

Manuscript in second revision, Molecular Cancer Therapeutics.

Upregulated receptor tyrosine kinase AXL has been found in various forms of cancer and is
correlated with metastasis and treatment resistance. In this study, we observed reduced
proliferation and ERK/MAPK and PI3K signaling in cells treated with small-molecular
inhibitor of AXL, BGB324, or in cells with transiently reduced AXL expression.

Currently, AXL is being studied as a relevant therapeutic target and small-molecular inhibitors
targeting AXL are currently in clinical trials. Interestingly, recent studies have shown that AXL
expression reduces sensitivity to chemotherapy and PARP inhibition (69, 193, 194). Based on
these studies, we investigated the combined targeting of AXL and the DNA damage response
pathway, mainly CHK1 and CHK2 proteins. In melanoma cell lines, we observed that
combining BGB324 with small-molecular inhibitors of CHK1/CHK2 (AZD7762) or ATR (VE-
822) resulted in reduced proliferation, results that were verified using transiently knocked down
models of either AXL or CHK1/CHK2. This effect was also observed when inhibiting AXL
and CHK1/CHK2 in the ex vivo drug efficacy assay demonstrated in Paper I and in vivo.
Further, combined inhibition of AXL and CHKI1/CHK2 resulted in cell cycle arrest and
increased apoptosis in addition to downregulation of DNA damage response proteins. These
results indicate that targeting AXL and the DNA damage response pathway may be
therapeutically beneficial and should be further investigated.
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3.3 Paper il

Soluble AXL as a marker of disease progression and survival in melanoma.
Flem-Karlsen K, Nyakas M, McFadden E, Wernhoff P, Farstad IN, Flerenes VA, M@landsmo
GM.

Manuscript in second revision, PLOS ONE.

Receptor tyrosine kinase AXL can be cleaved by the metalloproteinases ADAM 10 and ADAM
17, which results in a soluble isoform of 80-85 kDa. Soluble AXL is present in human blood
and is found to be elevated in cancers, such as hepatocellular and renal cell carcinoma and in
inflammatory diseases. We have previously observed that soluble AXL levels were increased
in effusions from ovarian carcinoma, malignant mesothelioma and breast cancer patients

compared to benign effusions.

In this study, we aimed to examine the levels of soluble AXL in blood samples drawn from
patients and relate these levels to disease progression and survival. Further, we investigated
soluble AXL levels in the media of melanoma cell lines in response to small-molecular
inhibitors targeting AXL or ERK/MAPK proteins. In line with what was observed in Paper 11,
higher cellular AXL expression in response to AXL inhibition was observed, while in this
paper, we found that this was coupled with reduced soluble AXL levels. We demonstrated that
AXL inhibition stabilized the protein, thus resulting in increased cellular expression and
decreased soluble levels. Interestingly, soluble AXL levels mirrored the cellular expression,
and could thus potentially be used to examine AXL expression in tumors. Additionally, soluble
AXL levels were increased in stage IV compared to stage III melanoma patients, showing that
soluble AXL could be related to disease burden. Soluble AXL levels was associated with
survival in stage IV patients treated with anti-CTLA-4 antibody ipilimumab for seven weeks.
However, blood samples drawn before treatment initiation and at week four of treatment did
not show correlation between soluble AXL levels and survival. Measuring soluble AXL levels
may thus be an easily available method to predict AXL tumor expression, which may be

associated with aggressive cancer characteristics, such as increased stage and metastases.
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3.4 Paper |V

p38 MAPK activation through B7-H3-mediated DUSP10 repression promotes
chemoresistance.

Flem-Karlsen K, Tekle C, Qyjord T, Flerenes VA, Malandsmo GM, Fodstad @, Nunes-
Xavier CE.

Scientific Reports. 2019 April;9(1):5839.

B7-H3 is an immune checkpoint protein of the B7 family, is upregulated in cancer and is
associated with poor survival. We have previously observed that B7-H3 expression increases
proliferation and the glycolytic levels in melanoma cells. Additionally, we demonstrated that
melanoma cells with stably reduced B7-H3 expression or treated with an inhibitory B7-H3
antibody had increased sensitivity to DTIC chemotherapy and to small-molecule inhibitors
targeting ERK/MAPK or PI3K pathways: vemurafenib (BRAF inhibitor), binimetinib (MEK
inhibitor), everolimus (mTOR inhibitor), or triciribidine (AKT inhibitor).

In this study, we examined how B7-H3 is associated with chemotherapy resistance in melanoma
cells. To do so, we treated melanoma cells with the chemotherapeutic drugs DTIC and cisplatin
and observed that B7-H3 knockdown cells had increased sensitivity to the treatment in vitro
and in vivo compared to B7-H3 expressing cells. Importantly, reduced B7-H3 expression in
DTIC-resistant melanoma cells resensitized the cells to DTIC treatment. By gene expression
analysis, we identified that B7-H3 knockdown cells had increased expression of DUSP10 as
compared to B7-H3 expressing cells. DUSP10 is a phosphatase that dephosphorylates and
inactivates p38/MAPK. In line with this, B7-H3 knockdown cells treated with chemotherapy
had decreased p38/MAPK activation. p38/MAPK is a crucial pathway to uphold cell survival
in response to cellular stress, such as genotoxicity. Decreasing DUSP10 expression in shB7-H3
cells resulted in higher p38/MAPK activation and less sensitivity to DTIC. These results
indicate that B7-H3 mediates chemoresistance by reducing DUSPI10 levels to induce

p38/MAPK signaling.
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4 Methodological considerations

Within its natural habitat, cell behavior is dependent on many factors that are difficult to
recapitulate. The sterile and rigorous setting of a laboratory is not always representative for the
diverse and complex properties of a cell. To highlight this, many drugs that seem to function in
a preclinical setting do not make it to final development. In fact, only 3.4% of oncologic drugs
proceed through preclinical and clinical testing to approval (195). In this chapter, pitfalls and
strengths of the various model and experimental systems employed in the articles will be

discussed.

4.1 Model systems

In vitro cultures and alterations to cell lines

Much of the work in this thesis is performed on melanoma cell lines grown as monolayers.
Cancer cell lines are established by expanding cancer cells of solid tumors in culture flasks or
wells in appropriate growth mediums and are often used in cancer research as an accessible,
affordable and easy model to monitor mechanisms and investigate the effect of treatment. Cell
lines may be propagated effortlessly, which gives researchers material for large-scale analyses.
Additionally, by using in vitro cultures, researchers can reduce the number of animals employed

for in vivo experiments.

However, using in vitro cultures comes with a number of challenges. In its natural habitat,
cancer cells have established complex relationships with each other and the body’s immune
system, which is difficult to replicate within a laboratory setting. In vitro cultures lack
surrounding structure and only provide cell-cell interaction in a two-dimensional form. Many
cell types, such as fibroblasts and endothelial cells, have shown to interact with tumors to alter
and refine signaling and treatment response (196), processes that are lost in cell culture flasks.
For example, studies in our lab have shown that co-culturing cancer cells with fibroblasts result
in less sensitivity towards BRAF inhibitors (197). Additionally, no forms of hormonal impulses
or interaction with the immune system is present. Thus, many of the phenotypic characteristics

of the tumor are lost.
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Melanomas are known for being heterogeneous, however, growing cells in vitro highly selects
for the cells that are most capable to adapting to this kind of growth, thus losing the natural
diversity within the tumor. In line with this, it has been shown that melanoma cell lines have a
higher degree of BRAF or RAS mutations compared to patient tumors (198). The homogeneity
within a cell line may also be an advantage, as it standardizes the cell line and should make
experiments easy to replicate. However, studies have shown that cell lines evolve and develop
new mutations in culture (199). Additionally, cell-line misidentification and cross-
contamination are an issue. For example, the cell line MDA-MB-435 was long thought to be a
breast cancer cell line but is now known to be derived from the melanoma cell line M14 (200).
These disadvantages may also be illustrated by the HeLa cell line, the first human cell line to
be established from the cervical tumor of Henrietta Lacks in 1951. HeLa cells grow rapidly, are
widely employed and have been found to contaminate a range of other cell lines. A recent study
demonstrated high heterogeneity in HeLa cells collected from thirteen different labs (201),
indicating genetic drift of the cells. Alterations in in vitro cultures may be one of the factors
contributing to the low reproducibility between laboratories. To minimize these challenges,
maintaining strict culture conditions is vital. Additionally, using cells at a low passage number
to prevent genetic drift, checking the cells for mycoplasma contamination and short tandem

repeat fingerprinting to ensure the use of the correct cell line is good practice.

Several of the cell lines used in the articles have been established in-house and originate from
patient melanoma metastases surgically removed at the Norwegian Radium Hospital. Most of
the in-house cell lines have been harvested from lymph node metastases, while Melmet 1
originate from a subcutaneous metastasis. The FEMX-1 cell line corresponds to cells harvested
from a mouse engrafted with a patient melanoma metastasis, while FEMX-V corresponds to
the fifth passage in mice injected intravenously (202, 203). Patient material is employed with
patient consent and the patient material used in these studies are approved by the Regional

Committee for Medical Research Ethics of South-East Norway.

In Paper IV, we employed established lines with short hairpin knocked down B7-H3 expression
(119). Additionally, we have transiently knocked down expression of AXL, CHK1, CHK2
(Paper II) and DUSP10 (Paper IV) using small interfering RNAs (siRNA). The transfection
procedure may alter signaling and produce off-target effects (204). Therefore, we used two
different siRNAs targeting the same protein and performed the same procedure with control

cells, except with a non-targeting control. Although the control conditions are thought to have
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negligible effects, it is likely that these manipulations have an impact on the cells. An example
of this is demonstrated in Paper III, where the control knock down cells showed a large decrease
in proliferation when they were treated with CHK1 and CHK2 inhibitor AZD7762. We
hypothesize that this is due to the toxic nature of the reagents necessary for transient
transfection, and that targeting the DDR pathway in addition to the transfection resulted in
reduced proliferation. In retrospect, establishing stably knocked down expression of all our

most studied proteins (e.g. AXL) would be beneficial, although this process is time consuming.

Cells that were going to be used for immunoblots of phosphorylated AXL (pAXL) expression
were treated with AXL ligand GAS6 and vitamin K for one hour before cell lysis. Without this
pre-treatment, pAXL expressions were too low for visualization on the immunoblot. Due to the
cost of the ligand, continuously treating cells for all AXL-related experiments with GAS6 and
vitamin K was not feasible, although it would be more biologically relevant. As GAS6 is
released from fibroblasts, co-culturing the cancer cells with fibroblasts could have been an

approach to establish a stable supply of GAS6.

Spheroid models

Cells may be cultured as three-dimensional spheroids. This solves some of the issues with two-
dimensional culturing, as cells will retain a three-dimensional structure and cell-cell contact,
which is more physiologically relevant. Importantly, structure-specific factors such as nutrient
and oxygen levels are maintained, which will yield populations within the spheroid that are not
present in monolayers, for example areas of hypoxic cells (205). Spheroids are shown to be
more resistant to chemotherapy compared to monolayers (206), which may be caused by the
quiescent cell populations that are less sensitive to treatment, but remain an important cell
population for cancer relapse. It has been shown that spheroids with a diameter over 500 uM
structures into a necrotic rim with a surrounding layer of quiescent cells and an outer rim of
proliferating cells (207). By plating 15.000-20.000 cells per well, we generated spheroids that
were around 1000 uM in diameter (data not shown), which would indicate that the spheroids
could acquire these tumor-like structures. However, due to the short plating time in the ex vivo
assay (5 days), these areas most likely do not develop. Cell suspensions may be promoted to
form spheroids by using low-adhesion plates, hanging drop plates or gravitational approaches
(e.g. spinner flasks) (208). These methods rely on the self-aggregation of the cells, meaning

that the spheroid structure and size may vary between different cells. Scaffolds such as matrigel
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or collagen mimic the extracellular matrix to stimulate spheroid formation (209). Scaffolds
allows the researcher to add growth factors and other molecules to resemble the
microenvironment of the tissue of interest. However, output assays may not be compatible with
the scaffold system. In our articles, we have cultured established cell lines and disaggregated
lymph node metastases harvested directly from patients operated at the Norwegian Radium
Hospital as spheroids in a scaffold-free system. Using round-bottom wells, we have generated
spheroids to determine treatment response to relevant drugs. We chose to employ round-bottom
wells as they are relatively affordable, allow for culturing of a chosen number of cells, are easy
to treat with drugs and are compatible with cell viability assays. Figure 18 shows an overview
of the workflow of the ex vivo drug efficacy assay.
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Figure 18. Workflow of the ex vivo drug efficacy assay. The figure illustrates the workflow of the ex vivo drug
efficacy assay from disintegration of the resected melanoma lymph node metastasis to the measurement of cell

viability to determine drug effect. Figure by Science Shaped ©.

From the surgical removal of the lymph node metastases, a varying number of cells surrounding
the tumor may be excised and thus cultured together with the cancer cells. Importantly, immune
cells in the tumor vicinity may be present in the samples. However, the extent of non-malignant
cells that are present will be diverse between each patient sample and may depend on the
practice of the surgeon and location of the tumor. Further, the cells most able to adapt to the
changed surrounding will grow the fastest. Thus, many of the non-malignant cells might perish
quickly and be outgrown by the proliferative cancer cells. In our ex vivo drug efficacy assay,
we have added small-molecular inhibitors at the same time as the cells. This was done to ensure
penetrance of the drug to the cells. However, by adding inhibitors after the spheroids have
formed, the ex vivo drug efficacy assay may have more closely mimicked the biological

approach. The drug efficiency of these two approaches should be further explored.

Further discussion and focus on the results of the spheroid drug sensitivity assay can be found

in Section 5.1.
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In vivo models

Utilizing the lives of other animals and causing them discomfort to conduct research is not
something that should be taken lightly, and thus, all animal experiments should be carefully
planned and based on data from experiments in cell cultures or spheroid models. /n vivo models
may be used to demonstrate the effect of a treatment in a living organism. In our studies, we
have employed mice with diminished immune systems, which increases the chance of tumor
growth and allows for rapid development of tumors. However, using immune-deficient mice
means that not all aspects of the tumor microenvironment is mimicked and that drugs could be
processed differently or have other pharmacokinetic differences compared to mice with
competent immune systems. In addition, the cells implanted into the mouse are human cells
while the microenvironment is that of the mouse. Melanoma cells were injected or implanted
subcutaneously, thus forming artificial tumors into the flanks of the mice. In some of our
treatment experiments, we only utilized one flank, while in others both flanks were engrafted.
Although injecting cells into both flanks to simulate two separate tumors can reduce the number
of animals, the experience within the department is that in some instances, only one tumor will
grow. Growing tumors subcutaneously does not reproduce the tumors natural metastatic
cascade and is in many cases not the ‘natural’ place for these cells. Although orthotopic
engraftments are thought to better replicate the human tumor, subcutaneous models are easier
to engraft and monitor. However, a recent study demonstrated close genetic similarity between
the subcutaneous and orthotopic models, even though the DNA methylation pattern varied

somewhat between them (210).

To establish PDXs in Paper I we employed female NOD scid gamma (NSG) mice, which carries
the NOD.Cg-Prkdc*““112rg™ "'/Sz]1 strain. This makes them the most immunodeficient mouse
strain available with absent or defective production of cells within the adaptive and innate
immune system. Patient lymph node metastases were surgically removed and subcutaneously
engrafted onto the flanks of mice. The success rate of our melanoma engraftments was 77%,
which is in line with what others have previously experienced (211). Compared to engraftments
of cell lines, PDXs have the asset that they maintain the tumor heterogeneity. For instance, it is
shown that the cell population in neuroblastoma PDXs remain stable and resemble the original
tumor for up to eight passages (212). As shown with cell lines, melanoma PDX models also
have increased mutational rate of BRAF and NRAS compared to the original tumor (198).

Additionally, this study observed divergent mutations in the same PDX model expanded in
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different mice, suggesting that intratumoral heterogeneity can result in the growth of varying
clones. In line with this, we observed contrasting melanin content and response rates to
treatment in the ex vivo drug efficacy assay of the same tumor sample passaged into two mice

(Figure 19).
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Figure 19. Melanin content and drug response in Melmet 256B. Patient-derived lymph node Melmet 256B was
passaged into two NSG mice that subsequently resulted in divergent A) melanin content and B) cell viability in

response to small-molecular inhibitor treatment in the ex vivo drug efficacy assay (unpublished data).

This indicates that which part of the tumor that is propagated in mice is meaningful for tumor
signaling and growth pattern. Further, the rapidly proliferating zones may more often be chosen
as the necrotic areas are discarded. This may also suggest that engrafting PDX models for
several passages may result in genetic drift and that PDX tumors should be employed at a
relatively low passage number. In line with this, we observe a decrease in the number of days
the tumor required until it was around 1000 mm?® and thus ready to passage from the first
passage to the ones following (Figure 20). After the first passage, however, the time to passage
stayed relatively consistent. It has been shown that PDX tumors up to five passages
demonstrated similar histological and morphological phenotypes, even under the influence of
BRAF inhibition (213). Additionally, there has been observed similar histology between the
original tumor biopsy and the second passage of a head and neck squamous cell carcinoma
xenograft (214). This indicates that PDX models used at a low passage sufficiently recapitulates

patient tumors.
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Figure 20. Time to passage of PDXs in NSG mice. The figure illustrates how many days until the tumor was
passaged onto new mice (unpublished data). The mean tumor volume at passage was 1000m?3. Each dot represents
the mice with the tumor passaged and the bars represent the median value of the group. The color corresponds to
a certain PDX model. End means the last passage before the model was considered established and tumor samples

stored in a biobank.

For the in vivo treatment studies, female athymic nude foxn1™ mice were chosen. Through
breeding, these mice have a loss of the FOXNI gene, resulting in loss of the adaptive immune
system as the T cell maturation in the thymus is removed, while the innate immune system is
retained. However, established cell lines and PDX models that have grown in NSG mice
generally show a good take in nude mice. In our experiments, we observed a high take rate
(from 77% and upwards) in established cell lines and previously passaged PDX models from
NSG mice. Nude mice have the advantage of being hairless and have a calm disposition,

allowing for easier handling and monitoring of the tumors.
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4.2 Experimental systems

Treatment with small-molecular inhibitors and chemotherapy

To determine the effect of inhibiting the activity of the proteins of interest, we have employed
small-molecular inhibitors targeting AXL (BGB324), CHKI1 and CHK2 (AZD7762), ATR
(VE-822), BRAF (vemurafenib) and MEK (cobimetinib). Treating cells with small-molecular
inhibitors may inactivate the target efficiently and rapidly and can thus be a straightforward
approach to investigate the effect of blocked activation of a protein. However, the
pharmacology of the inhibitors must be examined; the inhibitors might have off-target effects,
and how they act might be influenced by cell specific factors such as membrane permeability.
To exclude the possibility of off-target effects, we supplemented the results using the most
prominent inhibitors with experiments where the targets were transiently knocked down. This
is especially important for inhibitors that still are still being investigated in clinical trials and
are used at high concentrations, such as BGB324. In Paper II, we were troubled by the fact that
CHK1/CHK2 inhibitor AZD7762 displayed some selectivity towards AXL (215). A publication
has even called for using AZD7762 as a AXL inhibitor (216). In line with this, in Paper II, we
found that AZD7762 reduces pAXL expression. However, treatment with ATR inhibitor VE-
822 also reduced pAXL signaling, indicating a general mechanism of targeting the ATM/ATR-
CHK1/CHK2 pathway. Additionally, short exposure (10 minutes) to AZD7762 and VE-822
did not reduce pAXL levels to the extent of BGB324 treatment, indicating that the inhibitors
do not affect AXL activity directly.

Drugs are often diluted in dimethyl sulfoxide (DMSO), which may be toxic to the cells. To
account for this toxicity, control cells were treated with the same amount of DMSO as the
treated cells. In paper 1V, we used the chemotherapeutic agents DTIC and cisplatin to treat
melanoma cells. Chemotherapy treatment is rarely employed in the treatment of melanoma
nowadays, however, chemotherapy treatment allowed us to induce stress signaling pathway
p38/MAPK in the melanoma cells. This was utilized as a method to observe alterations in the

cellular stress response to modifications in B7-H3 expression.
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Measurements of cell viability and proliferation

Cell viability/proliferation assays may be used to determine cell sensitivity towards treatments.
Many cell viability assays rely on the measurement of energy molecules, such as ATP (Cell
Titer Glo) or NAD(P)H (MTS), to give rise to luminetric or colometric changes which may be
measured using light absorbance. The assumption behind these assays is that there is a direct
correlation between the amount of energy molecules and the number of viable cells. The assays
are easy to employ and relatively affordable, but they are toxic to the cells and must be utilized
at the endpoint of an experiment. Further, the assays are heavily reliant upon the metabolic
activity of cells, and is thus best used in highly metabolic cells. The assays do not provide
information to why the metabolic activity of the cells have changed, and further analysis
measuring factors such as cell cycle progression and apoptosis should be explored. In addition,
the compounds themselves are yellow-colored which may yield signals that must be accounted
for in the read-out. Finally, drugs used to treat cells may interact with the dye to give incorrect

measurements.

A non-toxic method is to measure cell proliferation in response to cell variations or drugs by
continuous photographs of the cell culture plates by the Incucyte FLR and Incucyte Zoom
instruments. The corresponding program determines cell confluence by calculating the
percentage of the well that is covered by cells. However, as the measurement is highly
dependent on the morphology of the cells, using the Incucyte system is best when comparing

changes or treatments within the same cell line.

Protein detection

To analyze differences in protein expression, we have employed several protein analysis
methods, such as western blotting, simple western technology, immunohistochemistry and
enzyme-linked immunosorbent assays (ELISA). A common drawback with all these methods
is that they are heavily reliant on the quality of the antibodies used. Additionally, the output of
these methods is static in that they only show the protein expression in a sample at a single time.
This can be circumvented by running several samples in a time-dependent manner; however,

these samples could thus be subjected to technical errors that misrepresent the results.

One of the most common molecular biology methods is western blotting, which is an accessible,

although time-consuming approach, to detect protein expression. The method is affordable and
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allows for analysis of many samples simultaneously. However, researchers are unable to detect
heterogeneity within the samples, as only the average protein expression will be shown. Thus,
western blotting can be supplemented with immunofluorescence, immunohistochemistry or
flow cytometry to investigate alterations in protein expressions throughout the cell population.
In addition, the output of western blotting can be very subjective, as it might be difficult to
interpret small changes between groups when the bands are visualized. To limit subjective

interpretation, bands can be quantified by image processing programs.

4.3 Statistical analyses

In science, it is common to calculate the p value of a certain quantitative measurement. This
value will determine how likely it is if the observed result is simply due to chance or if there is
a valid effect. A p value of 0.05, meaning that there is a 5% possibility of the observed result
being merely due to chance, is an arbitrary value that is considered the threshold for determining
statistically significant results. The use of the p value is deeply integrated into the scientific
community. However, many researchers now call for a change in the practice of how p values
are used (217). It is believed that the p values often are over-fitted and misinterpreted.
Additionally, in biological systems, small differences may be crucial, while big differences may
be irrelevant and the p value does not account for this. Thus, to determine if a change is real,

using several methods to observe the same outcome is good practice.

In Paper II, we calculated the synergistic effect of BGB324 and AZD7762. To do so, we
employed the Chou-Talay method, which is based on a median-effect equation of drug response
(218). Drug combination effects can be antagonistic, additive or synergistic, reflected by a score
of >1, 1 or <1, respectively. Antagonism means that the drugs have less response together than
the added effect of the monotherapies, while synergy means that the effect of the drug
combination is greater. Additive effect means that the drug responses are equal to that of the
drugs independently added together. To determine the synergy using Chou-Talay, a dose-curve
for each drug is added. Determining IC50 values for BGB324 was challenging, as inhibiting
the protein at the top non-toxic level (2uM) did not lead to more than 20-30% decrease in
proliferation. This is line with what other researchers at our lab has observed (data not shown).
However, increasing the concentration to 3uM dramatically decreased cell viability, likely
explained by off-target effects and was thus not inserted into the equation. In hindsight,

measuring cell viability at several BGB324 concentrations between 2uM and 3uM would be
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beneficial to yield the most optimal dose-response curve to calculate its synergistic effect with

AZD7762.

4.4 Ethical considerations

In the studies included in this thesis, there are two main ethical considerations; the harvesting

of patient material and subsequent use of patient information and the use of animal models.

In regards of patient material, we employed the use of melanoma lymph node metastases
harvested from patients operated at the Norwegian Radium Hospital. In parallel, patient
information was collected. Before the surgery, the patients receive a written agreement form
stating the objectives of the study. The patients have the opportunity to not be included in the
study and this is clearly stated in the agreement form. Patients are a vulnerable group and it is
important to inform them of their rights regarding their participation. In addition, the patients
have the opportunity to withdraw their agreement without any questions asked, at any time. It
is also clearly stated that participation in the study will not affect their treatment options. The
patient information is kept in restricted files at the hospital network where a limited number of
people involved with the project have access. Patient information that is to be used is made
anonymous and is not presented in a way where anyone can track the information back to the

patient.

The project also employs mice models. It is unfortunate to utilize living beings in the name of
research. However, there is to date no other satisfactory alternative method that can compete
with this whole-body testing of treatments. All experiments are carefully and thoroughly
planned and investigated in vitro before the experimental set-up is moved to animals. In this
manner, we aim to minimize the amount of animal experiments. All animal studies have been
approved by The Norwegian Animal Research Authority and kept according to the Norwegian
Welfare Act. The animals are monitored several times a week and weighed at least once a week
before treatment, and at least twice a week on treatment. Any animals showing signs of distress
or weight loss over 15% are immediately euthanized to minimize suffering. To increase the
animals’ quality of life they are never kept in cages alone and are given stimulating objects such

as paper tissues and cardboard houses.
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5 Discussion

5.1 Personalized cancer treatment

Personalized cancer treatment refers to the aim of tailoring therapy regimen for a patient by
considering factors such as genetic or phenotypic profiles, tumor site and other characteristics.
By these factors, clinicians can subgroup patients, which may guide treatment strategies and
reduce side effects and costs of suboptimal drugs. Personalized treatment has been employed
for many years, for example through blood type matched transfusions or Herceptin treatment
for receptor tyrosine-protein kinase erbB-2 (HER2) positive breast cancer patients. With new
methods, such as genomic analyses, the field of personalized treatment has gained increased
potential. A challenge with personalized cancer treatment is to balance the wish to perform
analyses with the cost and time of doing them. For example, next generation sequencing of
tumors could identify oncogenic drivers, but the observed aberrations may not be actionable
targets and may thus be an unnecessary cost. A recent study illustrated that targeted therapy by
repurposing anticancer drugs may have a clinical benefit (219), and show the potential of
subgrouping therapy based on the driver mutations and not strictly by cancer type. Furthermore,
the vast amount of data collected for each patient will have to be handled appropriately,
maintaining patient confidentiality. Together, the patient data will accumulate to large-scale
biological databases, which requires massive storage capacity, in addition to personnel capable

of analyzing the data.

At present, rather few diagnostic elements are considered when determining prognosis and
treatment decisions for melanoma patients. Many of these are descriptive of the tumor, such as
histological type, tumor depth, infiltration level, mitotic numbers and ulceration. Melanomas
have a high number of somatic mutations compared to other cancers (135), but some commonly
mutated genes that act as cancer drivers have been identified (136). Today, routine diagnostics
examine resected tumors for BRAF and NRAS mutations, which may guide clinical decisions.
Importantly, mutational discrepancy intratumorally and between primary tumor and metastases
has been found (220) and thus, a single biopsy might not provide full view of the mutational
status of the tumor. First-line treatment for metastatic melanomas today is immunotherapy, but
if tumors regress or patients are ineligible for immunotherapy, BRAF inhibition together with

MEK inhibition is the preferred therapy for patients with BRAFY*°FK mytated tumors.
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In Paper I, we observed that two patients who were diagnosed with wild-type BRAF by the
routine diagnostic in-house polymerase chain reaction (PCR) assay responded well to BRAF
inhibition in the ex vivo assay. Upon further analyses, it was revealed that the tumor cells indeed
harbored BRAF mutations. One had a double BRAFYEKEOIN mytation. Based on the
BRAFY®E mutation, it suggests a constitutively active BRAF and that this patient would
benefit from BRAF inhibition, in line with the results from the ex vivo assay. The BRAFK60IN
mutation is associated with a RAS-independent oncogenic BRAF protein, and cells that contain
this class of BRAF proteins are suggested to be sensitive MEK inhibition (221). It may be
possible that a BRAF inhibitor would not bind the protein if the mutated lysine to arginine on
codon 601 interferes with the drug. However, both lysine and arginine have positively charged
side chains of relatively same size and this suggests that BRAF inhibition would still be eligible
for this patient. The other patient had tumor cells with a complex BRAFY*E mutation. Instead
of the common codon alteration from GTG to GAG due to nucleotide changes at base pair 1799,
these cells had a rare variant where both base pair 1799 and 1800 were altered to alanines,
resulting in a GAA codon. GAA also corresponds to an alteration to a glutamine (as is the case
for the BRAFY®"F mutation), indicating that BRAF maintains its oncogenic properties and that
BRAF inhibition would be a valid treatment option for this patient, which is in line with the
results obtained from the ex vivo assay. These examples highlight cases where patients might
benefit from a higher degree of precision diagnostics and personalized cancer treatment.
Additionally, it shows that utilizing an ex vivo drug efficacy assay may supplement molecular

testing of the tumors.

Identifying other common mutations in melanomas, such as NRAS or NF1, does not currently
yield actionable targets and may be done to subgroup patients for clinical trials. However, NRAS
mutations are associated with decreased survival (222) and may be an indicator of the need of
increased follow-up. In addition, mutations in CDKN2A and loss of PTEN are associated with
treatment resistance and lower response to BRAF inhibitors and may thus be examined to

identify patients that may need increased follow-up.
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Using patient-derived xenografts and ex vivo assays to guide
clinical decisions.

By the use of preclinical models, the aim is to predict patient response to therapy and foresee
the trajectory of the patient tumor. Establishing such models could help guide and support
clinical decisions and limit side effects by reducing administration of unneeded drugs.
However, this is difficult, due to factors such as genetic drift and lack of complete recapitulation
of the tumor microenvironment. Two examples of models that have been established to

investigate patient response to treatment is the use of PDXs and ex vivo assays.

PDX models are shown to recapitulate the patient’s response to several treatment regimens
(223), highlighting its potential as a model to determine treatment response. However, as
discussed in Section 4.1, PDX models face many challenges such as lack of a functional
immune system. Further, time to engraftment may be long, and in many cases, patients do not
have sufficient time to wait for PDX results before treatment initiation. We have observed a
variation in primary engraftment time from 36 to 344 days, with a median of 97 days (passage
0-1, Figure 20). This suggests that most patients will commence treatment before the PDX
tumor is established in mice. However, a study observed that many PDXs from stage I1IC and
IV melanomas reached the third passage in mice before patients succumbed from the disease
(224), highlighting a potential for PDX-based treatment models to aid in recruitment for clinical
trials. Furthermore, another study mentions that 5.3% of their engrafted tumors were established
within two weeks (225). In this study, the authors engrafted tumor cells from a patient with
clear cell adenocarcinoma and managed to predict response to both first-line and second-line

treatment prior to the occurrence in the patient.

We have exclusively engrafted stage III melanoma cells in our studies. The recently approved
adjuvant treatment regiments for this patient group suggest that PDX models may have time to
engraft before treatment initiation. However, using PDX models for treatment predictions in
melanoma is challenging as the models are established in immunocompromised mice and will
thus not respond to immunotherapy. Efforts to generate mice that carry a functional human
immune system (i.e. humanized mice) are currently in progress, although facing challenges

such as graft-versus-host disease (226).

Utilizing an ex vivo assay to predict treatment response can limit some of the issues with PDX

models, such as long engraftment periods and animal welfare concerns. Of the 71 patient
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samples we have investigated in the ex vivo assay, 15 did not yield an adequate signal in the
cell viability assay, resulting in an establishment rate of 79% (data not shown). Additionally,
some tumors were discarded before plating in the ex vivo assay, due to the absence of viable
cells. In Paper I and II, we demonstrated that there was generally good concordance between
the ex vivo drug efficacy assay and the PDX models, showing that the ex vivo assay may be a
valid replacement for PDX models. Still, the issue with lacking immune system is a problem in
the ex vivo assay. An approach to solve this issue could be to plate immune cells harvested from
patient blood together with the tumor cells or co-culture the patient tumor with established

immune cell lines, although these approaches would have to be further studied and optimized.

Utilizing patient-derived material in drug efficacy assays has been proposed as a method to
identify response to various chemotherapeutic drugs (214). For instance, it has been
demonstrated less response to chemotherapy in patient-derived breast cancer spheroids
harvested from patients who did not show pathological complete response to the treatment
(227). Further, a recent article predicted chemotherapy response in ovarian cancer and correctly
demonstrated response in 26 of 35 patients (228). However, four patients were projected as
non-responders in the drug efficacy assay but had clinical benefit of the chemotherapy. It has
been suggested that it is improbable that a drug will have effect in a patient if the patient’s
tumor cells do not respond to the treatment when directly exposed to the drug at high
concentrations (229). Therefore, incorporating ex vivo drug efficacy assays in the clinic may
aid in determining patients who will not respond to certain therapies and thus reduce
unnecessary side effects and treatment costs. In line with this, an ex vivo assay accurately
predicted a melanoma patient that did not respond to BRAF inhibition by measuring
phosphorylated ERK1/2 expression (230). However, this study also demonstrated reduced
phosphorylated ERK1/2 levels in four patients who neither did respond to BRAF inhibition.
This highlights the need for large prospective studies to determine if ex vivo drug efficacy
assays are specific enough to be implemented in the clinic. Additionally, establishing the
optimal culturing conditions and read-out methods of treatment response is needed to advance

the spheroid assays.

In our studies we have employed low-adhesion plates to generate spheroids to be used in the ex
vivo drug assay. Another three-dimensional culture type is organoids, which can be established
from cells with stem cell-like properties, including cells from some types of cancer (e.g.

epithelial and neural cancers). Organoids have been shown to recapitulate tumors genetically
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and structurally (231) and have the advantage that they can be kept in culture long-term. As
they are established through developmental processes, they may be used to examine cancer
progression and is shown to better recapitulate the original tumor compared to spheroids (232).
Cell viability assays using organoids have been established in 384- or 1536-well plates (231),
even as co-cultures with fibroblasts (233), allowing for screening of a large number of drugs
and concentrations simultaneously . However, melanomas are not epithelial-based and do not
form organoids. Thus, generating spheroids is currently the favorable method for melanomas

and other solid, non-epithelial tumors for drug discovery ex vivo.

5.2 Therapeutic relevance of targeting AXL

AXL expression is often upregulated in cancers and is associated with lower overall survival
and aggressive cancer characteristics as described in Section 1.3. Thus, AXL poses as a
potential therapeutic target in several cancers, including melanoma, and several small-
molecular inhibitors and antibodies have been engineered to target AXL (234-236).
Interestingly, AXL has gained focus as an important contributor to phenotype switching (or
EMT in epithelial-derived cancers), which is associated with treatment resistance (237). A
mechanism of resistance towards targeted therapy is overexpression of RTKs to overcome
treatment pressure by reactivating or bypassing the inhibited pathway. Examples include
induced expression of receptor tyrosine-protein kinase erbB-3 (HER3) in response to PI3K
inhibition in breast cancer (238) and induced EGFR expression in response to MAPK inhibitors
in colorectal cancer (239). AXL has been found to dimerize with HER3 and especially, EGFR
(62). Further, AXL overexpression has shown to result in less sensitivity towards EGFR
inhibitors (240, 241). Thus, targeting AXL and EGFR together may be beneficial. However, it
has been stated that melanomas are less reliant on EGFR signaling compared to other cancers
(e.g. colorectal cancer) and in a panel of ten melanoma cell lines only three expressed EGFR
(242). However, in Paper II, we demonstrated that only three out of ten melanoma cell lines
expressed AXL as well. Two cell lines overlap between the panels and the expression of EGFR
and AXL coincide in these cells. This could indicate that a subset of melanomas display high
expression of these RTKs and may indicate mesenchymal-like treatment resistant cells. AXL
is inversely correlated with MITF and studies have found that also a high MITF expression was
correlated with innate resistance to MAPK inhibitors. In line with this, treatment with a MITF

inhibitor has shown to increase sensitivity to MAPK inhibitors (243). Although loss of MITF
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results in increased AXL, it is not known if the inverse relationship is true. In Paper II, we
observed lower invasion in cells treated with an AXL inhibitor, indicating a less invasive
phenotype. However, we also observed slightly decreased proliferation, suggesting that the
cells do not accumulate MITF to yield the proliferative phenotype. A MITF"/AXLieh
expression is associated with the invasive and treatment resistance phenotype and low response
to MAPK inhibitors (60). This rather suggests an option for treatment with a combination of
AXL and MAPK inhibitors for patients with low MITF expression. Accordingly, a clinical trial
is investigating the combination of AXL inhibition together with MAPK inhibitors in
melanoma (NCT02872259).

Current experience from clinical trials indicate that BGB324 is very well tolerated by patients
alone or in combination with pembrolizumab or erlotinib ((244, 245) and personal
communication with Dr. Marta Nyakas), meaning that even small benefit to survival from
combining BGB324 treatment with standard therapy would argue for using AXL inhibitors in

the clinic.

Combined inhibition of AXL and the DNA damage response
pathway

Inhibition of AXL signaling increases DNA damage and reduces the expression of proteins
involved with DNA repair (69) and the accumulation of CHKI1 in the nucleus (70). AXL
expression has further been suggested to protect cancer cells from fork collapse, a process
mediated through the DDR pathway (66). These data indicate that AXL contribute to cell
survival by managing DNA repair or the DDR. In line with this, in Paper II we observed
downregulated expression of proteins involved with DDR following combined treatment with
AXL and CHK 1/2 inhibitors. In addition, AXL expression has been shown to reduce sensitivity
to chemotherapies, PARP and WEE]1 inhibitors (69, 70, 193, 194). These data suggest that
targeting AXL in combination with these therapies might be clinically beneficial. A question is
whether the resistance towards chemotherapies, cell cycle and DNA repair inhibitors is
mediated by phenotype switching (or EMT for epithelial-based cancers) or if it is an AXL-
specific mechanism. In support of the first, transcriptional changes demonstrating EMT and
induced AXL expression was observed in cisplatin resistant NSCLC cells (246).
Overexpression of AXL has been suggested to be the driving force of EMT in breast cancer

cells and suppression of AXL heightened chemotherapy response (247). However, another
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report state that EMT-derived therapy resistance is independent of AXL, despite demonstrating
that AXL inhibition increases sensitivity to taxanes and inhibitors of aurora kinase and polo-
like kinase 1 in mescenchymal cells (194). Furthermore, in Paper II we observed reduced AXL
phosphorylation in response to inhibition of DDR proteins (CHK1/2 and ATR). It has been
suggested that CHK 1/2 inhibitor AZD7762 also has affinity for AXL and may thus be employed
as an AXL inhibitor (216). However, as we also observed reduced phosphorylation of AXL in
ATR inhibited cells, and found similar proliferation responses in knock down cells as in
inhibited cells, it indicates that there may be a currently unexplored mechanism that

downregulated AXL activation in response to DDR inhibition.

5.3 Soluble AXL levels as a biomarker of cancer
aggressiveness

Studies have shown that AXL ligand GAS6 may bind sAXL in human plasma and serum (248).
This would indicate that shedding of SAXL results in decreased AXL signaling as it sequesters
the activating ligand and that increased sAXL would be associated with a favorable outcome.
Additionally, studies employing an engineered AXL extracellular domain with increased
binding affinity for GAS6 have shown that the variant binds GAS6 and results in decreased
therapy resistance (249). On the other hand, elevated sSAXL levels are associated with increased
cancer stage and lower survival (47, 49). We recently reported that SAXL levels were increased
in patient effusions from ovarian carcinoma, malignant mesothelioma and breast cancer
compared to benign reactive effusions (250). In line with this, a prominent increase in sAXL
levels was observed in blood samples when comparing stage III and stage [V melanoma patients
in Paper III. Currently, disease relapse is observed through computerized tomography (CT)
scans. CT scans expose the patients to x-rays and its use has been shown to attribute to radiation-
induced cancer (251). Thus, to limit its use would be beneficial. In paper III, SAXL levels
showed good sensitivity and specificity as a biomarker of stage IV melanoma and could thus
further be studied as a marker of progressive disease. However, the blood samples of the stage
IV melanoma patients were first drawn at the start of treatment. It would be beneficial to study
the SAXL levels over time, starting with stage III melanoma patients, to identify if sAXL
measurements in blood samples could substitute or supplement CT scans to measure disease

progression.
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There are currently no approved biomarkers of immunotherapy response in melanoma,
although PD-L1 expression in the tumor and a high mutational burden has been suggested as
predictive markers (252). However, due to complex signaling and alterations in tumor-immune
interactions, it has been suggested that dynamic biomarkers (i.e. biomarkers measured over
time) may be more accurate in determining immunotherapy response (253). In Paper III, we
measured sAXL levels in the blood of stage IV melanoma patients before or on treatment with
ipilimumab to examine if SAXL levels could be associated with survival. A correlation between
increased sAXL and lower survival was observed only after 7 weeks of ipilimumab treatment,
and not at earlier time points (before treatment and at 4 weeks of treatment). This indicates that
a threshold level of sAXL needs to be exceeded and highlights the importance of dynamic
biomarkers. The difference in sAXL levels associated with survival was not dramatic.
Therefore, categorizing patients based only on sAXL levels would be difficult due to somewhat
overlap between the two groups. Thus, sAXL could potentially be used in a panel with other

markers to increase the specificity and sensitivity of the assay.

A question is whether testing AXL expression as a biomarker could have been performed by
quantitative PCR (qPCR) of tumor cells instead of by enzyme-linked immunosorbent assays
(ELISA) of blood samples. qPCR-based methods are already employed in routine diagnostics
for melanoma to test for BRAF and NRAS mutations, and would therefore be a cost-effective
and convenient method. However, this method is restricted as it cannot easily measure
biomarkers over time. Additionally, AXL mRNA expression has been found to not correlate
with AXL protein expression in dendritic cells and macrophages (254). In line with this, we
observed dissimilarities in the mRNA and protein expression in cells harvested from patients
(data not shown). These data suggest that AXL is post-transcriptionally regulated and that
measuring sAXL levels are more accurate to determine AXL cellular expression compared to

mRNA expression approaches.

5.4 Therapeutic relevance of targeting B7-H3

Expression of B7-H3 is commonly detected in cancers and is associated with a negative
prognostic impact, as described in Section 1.5. Importantly, B7-H3 is usually not detected in
normal cells, highlighting its potential as a specific target of cancer cells and indicating that
targeting B7-H3 may have few side effects. On the other hand, B7-H3 expression is suggested

to be induced in response to inflammation in non-cancerous cells (255). Cancer cells may
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release factors to induce an inflammatory microenvironment (256), implying that B7-H3
expression may be upregulated in normal cells in cancer patients. Although monoclonal and
bispecific antibodies targeting B7-H3 has been generated and tested in phase I/II clinical trials,
final results are yet to be communicated. However, interim reports have stated that a B7-H3
monoclonal antibody was tolerated well in patients, with no dose-limiting toxicities (257).
Interestingly, recent studies demonstrated that B7-H3 CAR T cells had antitumor efficacy in
several cancer types (128, 258, 259), highlighting B7-H3 as a potential target using CAR T cell
therapy. Accordingly, a clinical trial using B7-H3 CAR T cells for recurrent or refractory
glioblastoma is expected to commence soon (NCT04077866).

B7-H3 has been proposed to have both immune regulatory and pro-oncogenic functions. In the
models employed in Paper IV, the immune system is lacking, thus we have examined the tumor-
promoting role of B7-H3 independent of the immune system. Previously, we have observed
that inhibited or knocked down expression of B7-H3 results in increased sensitivity to
ERK/MAPK and PI3K pathway inhibitors and chemotherapy (108), indicating that targeting
B7-H3 together with these inhibitors may be beneficial. In Paper IV, we explored the stress
response through p38/MAPK signaling associated with chemotherapy and observed that
expression of B7-H3 accentuates p38/MAPK signaling through repression of p38/MAPK
phosphatase DUSP10. Interestingly, the p38/MAPK pathway may be activated through T cell
receptor signaling (260). In line with this, B7-H3 augments p38/MAPK signaling in the brain
tissue of mice with bacterial meningitis (261). Thus, examining B7-H3 activation of

p38/MAPK in immune competent mice would be interesting.

As chemotherapy is rarely employed in treatment of melanomas, p38/MAPK activation through
B7-H3 signaling should be examined in cancers that are more relevant. This may be especially
important as B7-H3 is shown to decrease drug sensitivity to a range of chemotherapeutic drugs
and small-molecular inhibitors with various mechanisms of actions, indicating a general

mechanism of B7-H3 signaling to mediate therapy resistance.

Furthermore, B7-H3 may promote EMT and is shown to induce invasion (262) and expression
of the mesenchymal signature (N-cadherin, vimentin) and decrease expression of the epithelial
marker E-cadherin (263, 264). B7-H3 is found to increase the stem cell population through
activation of MEK1/2 by binding the major vault protein (MVP) (265). EMT is found to induce
a stem-cell like population, highlighting the role of B7-H3 in EMT. It is found that B7-H3
mediates resistance to chemotherapies through the JAK2/STAT3 (119) and PI3K pathways
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(266, 267), in addition to p38/MAPK as demonstrated in Paper IV. Upregulation of these
pathways are associated with EMT (268, 269), indicating that drug resistance mediated through
B7-H3 expression could be a measure of the mesenchymal-like phenotype. Studies of B7-H3
in phenotype switching or EMT would be beneficial to determine if B7-H3 is involved in these

Processes.

Sensitization to various treatments through inhibited activity or reduced expression of B7-H3
indicates the potential of targeting B7-H3 to enhance therapeutic responses. Interestingly, in
Paper IV we observed resensitization to DTIC in resistant cells with knocked down expression
of B7-H3. This suggests that B7-H3 may be an important target in treatment resistant tumors

and this potential should be further studied in melanoma as well as other cancers.
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6 Concluding remarks and future
perspectives

New treatment options in the past decade have revolutionized melanoma therapy resulting in
longer survival and better patient care. Despite this, many patients do not respond to, are not
eligible for or develop resistance towards the current treatment options. Thus, it is important to
detect ways to enhance the benefit of the available treatment options and investigate biomarkers
or other indicators that can predict responders and non-responders. Additionally, discovering
new therapeutic targets and new combinations to augment treatment responses and ways to
overcome resistance mechanisms is essential. The use of preclinical models, such as ex vivo
assays and PDXs, may be important for this work and could be implemented to aid in

identifying therapeutic responses.

In Paper I, we aimed to examine the competency of using an ex vivo drug efficacy assay to
predict treatment response to vemurafenib in tumor cells harvested from stage III melanoma
patients with surgical resection of their lymph node metastases. We found that there was a good
concordance between vemurafenib response and BRAF mutation status. Additionally, we
detected a subset of BRAF mutated cells that did not respond to vemurafenib, although we did
not expose mutations associated with innate resistance. However, this work was only performed
on a group level, and it would be interesting to associate a patient’s clinical response to
treatment response in the ex vivo assay to evaluate the feasibility of the ex vivo assay as a
treatment predictor. This approach has recently gained interest since stage III melanoma
patients with complete resection of their lymph node metastases from August 2019 receive
adjuvant treatment with immunotherapy or targeted therapy. Most patients will receive
immunotherapy as first-line treatment, thus developing the ex vivo assay to distinguish immune
responses will benefit the assay. Either co-culturing the tumor cells with immune cell lines or
adding immune cells from the respective patients’ blood may be approaches to evaluate.
Additionally, expanding the assay to 384- or 1536-well plates (compared to the current 96-well
plates) would allow for screening of more drugs, combinations and concentrations and could

be useful for drug discovery and preclinical research.

By using the ex vivo drug efficacy assay to examine new targeted treatment combinations, we
demonstrated in Paper II that cells harvested from patients had a slight decrease in viability
after treatment with AXL inhibitor BGB324, and more prominent decrease in viability after the
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combination of BGB324 and CHK1/2 inhibitor AZD7762. It would be particularly compelling
to examine the effect of AXL inhibition on DNA damage, as we did not detect the link between
AXL inhibition and H2AX activity that others have reported. This may be caused by the fact
that different methodological approaches have been utilized (i.e. we used flow cytometry and
immunoblot compared to others that used immunofluorescence) or that there are cancer-type or
cell-type specific mechanisms. However, we did observe inhibited CDC25C activity after
BGB324 treatment, indicating DNA damage. Furthermore, it could also be of interest to
examine the effect of AXL and DDR inhibition related to phenotype switching.

In Paper III, we demonstrated that SAXL levels were detected in plasma and serum from stage
IIT and IV melanoma patients. We detected higher sAXL levels with increased stage,
highlighting a potential to employ sAXL levels a biomarker of cancer aggressiveness. To
warrant this, SAXL levels should be measured at several time points in stage III melanoma
patients who are thus followed to determine if SAXL levels can be employed as a biomarker of
disease progression. Additionally, sAXL levels were correlated with survival in patients after
seven weeks of ipilimumab treatment. However, if sAXL should have any potential as a
biomarker of ipilimumab response, it should probably be included in a panel with other markers

to increase sensitivity and specificity.

In paper IV, we detected decreased sensitivity to DTIC and cisplatin in B7-H3 expressing cells,
indicating that B7-H3 aids in treatment resistance to chemotherapy. We found that B7-H3
knockdown results in the upregulation of p38/MAPK phosphatase DUSP10. It would be
interesting to determine the molecular mechanism underlying this regulation. Further, DUSP10
may also negatively regulate the JNK pathway, thus examining JNK signaling in regards to B7-
H3 expression and stress signaling is compelling. Especially, it would be important to
investigate how B7-H3 mediates stress response in an immune competent setting. Crucial to
understanding B7-H3 biology is to identify its binding partner(s). This could unravel the
molecular mechanisms underlying B7-H3 tumor promoting and immune stimulatory and

inhibitory functions.
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A Three-dimensional Ex Vivo
Viability Assay Reveals a Strong
Correlation Between Response to
Targeted Inhibitors and Mutation
Status in Melanoma Lymph
Node Metastases’

Ghack for

Abstract

Although clinical management of melanoma has changed considerably in recent years, intrinsic treatment
resistance remains a severe problem and strategies to design personal treatment regimens are highly warranted.
We have applied a three-dimensional (3D) ex vivo drug efficacy assay, exposing disaggregated cells from 38
freshly harvested melanoma lymph node metastases and 21 patient derived xenografts (PDXs) to clinical relevant
drugs for 7 days, and examined its potential to evaluate therapy response. A strong association between
Vemurafenib response and BRAF mutation status was achieved (P < .0001), while enhanced viability was seen in
some NRAS mutated tumors. BRAF and NRAS mutated tumors responded comparably to the MEK inhibitor
Cobimetinib. Based on the ex vivo results, two tumors diagnosed as BRAF wild-type by routine pathology
examinations had to be re-evaluated; one was subsequently found to have a complex V600OE mutation, the other a
double BRAF mutation (V600E/K601 N). No BRAF inhibitor resistance mechanisms were identified, but PIK3CA and
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NF1 mutations were identified in two highly responsive tumors. Concordance between ex vivo drug responses
using tissue from PDXs and corresponding patient tumors demonstrate that PDX models represent an indefinite
source of tumor material that may allow ex vivo evaluation of numerous drugs and combinations, as well as
studies of underlying molecular mechanisms. In conclusion, we have established a rapid and low cost ex vivo drug
efficacy assay applicable on tumor tissue from patient biopsies. The 3D/spheroid format, limiting the influence
from normal adjacent cells and allowing assessment of drug sensitivity to numerous drugs in one week, confirms
its potential as a supplement to guide clinical decision, in particular in identifying non-responding patients.

952 3D Ex Vivo Assay in Melanoma Therapy Prediction  Flgrenes et al.
Translational Oncology (2019) 12, 951-958
Introduction

Clinical management of melanomas has changed noticeably in recent
years due to development of small-molecular inhibitors (BRAFi)
targeting the BRAFYV®°F mutated protein and the use of
immunotherapy [1]. Unfortunately, whereas initial responses are
frequently observed in patients eligible to BRAFi treatment, nearly all
relapse within one year [2,3]. Intrinsic BRAFi resistance is seen in
approximately 20% of the patients and is associated with
overexpression of cyclin D1 and COT, loss of PTEN and NFI,
stromal expression of hepatocyte growth factor and RACI and
HOXD8 mutations [4]. Reports have also indicated co-existence of
clones harboring either BRAF or NRAS mutation [5,6] or BRAF/
NRAS double-mutations within the same cells [7]. The majority of
mechanisms of acquired BRAFi resistance include NRAS and MEK1/
2 mutations, BRAFY*°" amplification and alternative splicing of
BRAF. In addition, dysregulation of PI3-kinase/Akt signaling and
overexpression of receptor tyrosine kinases have been shown to have
an impact [3]. To overcome acquired resistance, patients have been
offered BRAFi in combination with MEK inhibitors (MEKi).
Although progression-free survival is improved, most patients will,
however, eventually experience disease progression [2,8,9].

Tumor cell lines grown as monolayer cultures (2D) have
traditionally been used as a first step to evaluate the efficacy of
anticancer therapies. This approach does, however, not adequately
recapitulate the complex biology of the tumors [10-13]. To date, the
use of patient derived xenograft (PDX) models have been recognized
as the cornerstone for evaluating the potential of novel anti-cancer
therapy [14,15] and several studies have demonstrated a strong
correlation between treatment responses in PDXs and patient
outcome [14,16,17]. The use of PDX models has, however, its
limitations and is not well suited as routine assays of response
prediction in individual patients. Most importantly, variability in
engraftment and latency time clearly exceed what can be accepted in a
clinical setting. Likewise, loss of human tumor environment and
immune responses, costs and ethical considerations, limit extensive
use of PDXs in routine diagnostics [18,19].

As a compromise between 2D-cultures and PDXs, several studies
have demonstrated that growth as 3D-cultures more accurately mimic
tumor tissue architecture, development of hypoxia, and expression of
genes associated with tumorigenesis and therapy response [13,20,21]
and thus outperform drug response predictions in 2D assays. One
example is the use of organoids, established from patient tumor tissue,
which has emerged as promising preclinical models to study drug
efficacy, in particular in cancers of epithelial origin [22-24]. In
melanomas, the use of human cell lines grown in 2D or 3D cultures

[22,25,26], as well as animal models, have been the standard assays to
evaluate the performance of novel drugs, and to our knowledge, no
assays have been developed where patient tumor cells are utilized for
drug sensitivity assessments (review in [27]). In the present study, we
have developed and demonstrated clinical feasibility of an ex vivo drug
sensitivity assay using fresh tumor tissue from melanoma lymph node
metastases. The cells were kept in 3D, avoiding influences from
stromal cells, and drug responses were evaluated after one-week
exposure. Proof-of-principles was demonstrated by evaluating the
sensitivity to BRAF-MEK-ERK inhibitors, and comparing the
output with molecular data. Based on data from the drug sensitivity
test, two tumors were found misclassified as BRAFwt according to
routine diagnostic examinations. Upon subsequent NGS, both
tumors were confirmed to have less common BRAF mutations. In
conclusion, we have demonstrated that the ex vivo drug sensitivity
assay is a fast and low-cost method showing potential to provide
functional information that can supplement the molecular data.
Ultimately this may enhance the diagnostic precision and assist in
clinical decision-making.

Materials and Methods

Patients

Randomly collected treatment naive melanoma lymph node
metastases, resected at the Norwegian Radium Hospital, Oslo
University Hospital were included. The study was approved by the
Regional Committee for Medical Research Ethics of South-East
Norway (2014/2208, 2015/2434). Informed consent was obtained
from all patients according to national guidelines.

Ex vivo Drug Response Assay

Patient tumor tissue and PDXs were mechanically disaggregated
and treated with collagenase (125 U/ml) and 2.5 mg/ml DNase
(Sigma Aldrich, St. Louis, MO, USA) for one hour. To remove debris
and large cell clumps the suspensions were filtered through 100 pm
nylon Cell Strainer (BD Falcon, Franklin Lakes, NJ, US) and washed
in ice-cold PBS. If required, red blood cells were removed by ACK
lysis buffer (Lonza, Verviers, Belgium). The cells were washed in cold
PBS and re-suspended in RPMI-1640 medium (Lonza) supplement-
ed with 5% fetal calf serum (FCS) (Sigma Aldrich), 2 mM L-
glutamine, and penicillin/streptavidin (50 U/ml of each) (Lonza). To
analyze for drug response, approximately 20,000 viable cells (assessed
by Trypan Blue exclusion), resuspended in RPMI-1640 containing
5% FCS and antibiotics, were plated per well in 96-wells round
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bottom low adhesion plates, allowing spheroids to form (Nunc A/S,
Roskilde, Denmark). Drugs were added immediately after seeding.
After 5 days of treatment with Vemurafenib (Selleck Chemicals,
Houston, TX, USA) and/or Cobimetinib (Selleck Chemicals), effect
on viability was assessed using the CellTiter-Glo® Luminescent Cell
Viability Assay (Promega, Madison, WI, USA) and reported as
percentage viable cells in treated as compared to untreated control
samples. For each patient sample, three technical replicates were
analyzed. Several drug concentrations were initially applied, (data not
shown), and 2 uM Vemurafenib and 50 nM Cobimetinib, were
chosen as standard. Of the obtained tumor tissue, approximately 30%
had to be discarded due to lack of viable cells in the biopsy, little
material or lack of viability in control cells after analyses. However,
PDX models could still be made from some of the latter and used in
the ex vivo drug efficacy assay.

Molecular Analyses

DNA was extracted from 21 melanoma lymph node metastases and
one PDX by the AllPrep DNA/RNA Mini Kit and AllPrep DNA/
RNA/miRNA Universal kit (Qiagen, Hilden, Germany). Prior to
extraction, cryo-sections were made and stained with hematoxylin/
eosin. Only samples with >10% tumor cells were subjected to
molecular analysis. The Ion Torrent PGM™ was used for sequencing
with two different panels: the Ion AmpliSeq™ Cancer Hotspot Panel
v2 covering ~2800 hotspot mutations in 50 genes, and the Oncomine
Comprehensive Panel covering hotspot mutations in 73 genes, full
exon coverage of 26 genes and copy number aberrations in 49 genes
(Thermo Fisher Scientific, Inc., San Francisco, CA, USA).

The Torrent Suite Variant Caller version 5.0 was run using panel-
optimized parameters from AmpliSeq.com for Ion AmpliSeq Cancer
Hotspot Panel v2. Using hgl9 as reference, single nucleotide
substitutions that exceeded a 5% variant allele frequency threshold
were identified. The variants were functionally annotated with
ANNOVAR, using RefSeq as the underlying gene model [28] and
using information from the 1000 Genomes Project [1000genomes.
org] and the Cartalogue of Somatic Mutations in Cancer [cancer.
sanger.ac.uk/cosmic]. Detected mutations were in addition checked
using the Integrative Genomics Viewer (IGV) [29]. BRAF VO00E/K
and NRAS mutation status were additionally established for all
samples by an in-house PCR based assay used in routine diagnostics.
Data supporting the findings are stored at Services for sensitive data
(TSD) — University of Oslo. Access can be arranged by contacting the
corresponding author (VAF) upon request.

In vivo Studies

To establish PDX models, melanoma lymph node metastases
obtained from surgery were implanted subcutaneously into NOD
SCID gamma mice (success rate 77%). Briefly, tumor tissue was cut
into pieces of about 2 mm?® and implanted subcutaneously in the
flanks of >6 months old female mice. The first passage was named PO.
Totally 21 PDX models have been established, of which 16 were from
patient tumors analyzed for drug effects ex vivo.

Prior to in vive treatment, the PDXs were re-implanted in the
flanks of 6-8-week-old female atymic nude foxn!™ mice and
underwent two additional passages before treatment was initiated
with bilateral implantation into new mice. After four weeks, the mice
were randomized into a control (6 mice) and a treatment group (8
mice) each having an average tumor —volume distribution of 135
mm?. The latter group was given 50 mg/kg Vemurafenib twice daily
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by oral gavage for 14 days. Controls were given 10% DMSO in 0,5%
methylcellulose orally for the duration of the treatment. Tumor
diameters were measured twice a week by digital calipers and tumor
volume calculated by the formula 0.5 x length x width®. Data is
presented as average tumor volume + standard error of the mean (S.
E.M.). All mice were bred at the Department of Comparative
Medicine, The Norwegian Radium Hospital and kept according to
regulations of the Norwegian Welfare Act. Experiments involving
animals were approved by the Norwegian Animal Research Authority
(FOTS application number 8554).

Statistical Analysis

Statistical significance was determined by the Student's two-tailed
#-test using GraphPad Prism version 7.0 (GraphPad Software, San
Diego, CA, USA).

Results

Ex Vivo Assessment of Patients Own Tumor for Response to
Vemurafenib Reveals A Close Correlation to Known BRAF/
NRAS Mutation Status in Metastatic Melanoma

Here we aimed to establish a 3D ex vivo drug efficacy assay using
freshly harvested melanoma tissue samples. As a proof of concept, the
BRAFi Vemurafenib was chosen as test drug and the results correlated
to BRAF mutation status. Tissue from 38 treatment naive melanoma
lymph node metastases were disaggregated and cells plated as
spheroids in the presence or without 2 tM Vemurafenib for five
days before viability was assessed. 50% reduction in viability was
chosen as a stringent cutoff to discriminate between responders/non-
responders. As shown in Figure 1, the assay verified a strong
association between response and diagnostically detected BRAF
mutation status (P < .0001). Of the 21 BRAF Y°*°F mutated tumors,
12 (57%) were clearly responsive, whereas three were borderline
responsive (Melmets-326, -376, -363), and six did not respond to
the treatment. These numbers are in agreement with clinical
experiences demonstrating an objective response to BRAF inhibition
in approximately 50% of patients with metastatic melanoma [30].
None of the BRAF wild-type tumors responded to Vemurafenib
while several of the BRAFwt/NRASmut tumors (in particular
Melmets-328, -349, -365,), showed a marked increase in viability
when tested in the ex vivo assay (Figure 1).

It is not expected that BRAF wild-type and NRAS mutated tumors
will benefit from BRAFi treatment. Therefore we also tested the effect
of the MEKi Cobimetinib. The effect of Vemurafenib and
Cobimetinib was overall comparable in the BRAF mutated tumors
(10 cases), but two tumors (Melmet-363, Melmet-376) that were
borderline responsive to Vemurafenib, responded to Cobimetinib. Of
the NRAS mutated tumors, four of seven clearly responded to
Cobimetinib. Surprisingly, in two NRAS mutated (Melmel-388,
Melmet-432), and to a minor extent in one BRAF mutated tumor
(Melmet-397), the effect of MEKi was reversed when combined with
BRAFi (Table 1).

Comparable Ex Vivo Treatment Responses in Patient Derived
Tumor Cells And Corresponding PDXs

It has been previously documented that melanoma PDXs reliably
reflect treatment responses seen in patients [14,31]. We therefore
aimed to examine whether therapy effects using patient tumor cells
and cells derived from the corresponding PDXs (n = 16) were
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Figure 1. Viability of patient derived melanoma samples analyzed ex vivo for response to Vemurafenib. Lymph node metastases from 38
patients were disaggregated and cells plated and exposed to 2 uM Vemurafenib for 5 days as described in “Materials and Methods".
Viability was assessed using CellTiter-Glo® Luminescent Cell viability assay and results presented as percentage viable cells compared to
untreated controls and correlated to BRAF mutation status (P < 0.0001, Student’s two-tailed t-test). 50% reduction in viability was chosen
as cutoff for response/non-response. Gray bars; BRAF mutated, black bars; NRAS mutated, white bars; Double wild-type.

comparable in the ex vivo assay. In addition, five PDXs where patient
tumors had not been analyzed were included. The PDX tumors were
handled and exposed to treatment ex vivo as the patient samples.
Despite minor variations, a good concordance was maintained
throughout PDX-passages (Table 2 and data not shown). For some
PDXs, however, later passages seemed to respond more similar to cells
derived directly from the patient's tumor (Melmet-347, Melmet-

Table 1. Relative viability of melanoma lymph node metastases analyzed ex vivo after treatment
with Vemurafenib and/or Cobimetinib

Patient No. Mutation Relative viability (% of control) !
Vemurafenib Cobimetinib Vemurafenib/Cobimetinib
2 pM) (50 nM) (2 uM + 50 nM)
Melmet-339 BRAF 34 38 na*
Melmet-347 BRAF 31 29 n.a.
Melmet-363 BRAF 52 39 n.a.
Melmet-368 BRAF 64 52 n.a.
Melmet-376 BRAF 52 40 n.a.
Melmet-380 BRAF 16 16 14
Melmet-381 BRAF 26 10 16
Melmet-382 BRAF 30 35 29
Melmet-396 BRAF 24 17 20
Melmet-397 BRAF 36 32 48
Melmet-352 NRAS 81 78 n.a.
Melmet-360 NRAS 127 55 n.a.
Melmet-367 NRAS 91 117 n.a.
Melmet-369 NRAS 74 40 n.a.
Melmet-388 NRAS 89 48 83
Melmet-399 NRAS 86 49 55
Melmet-432 NRAS 108 42 73
Melmet-370 Wi/ Wt 70 92 n.a.

1 .
Percentage survival.
* n.a. = Not analyzed.

381). Furthermore, in two cases (Melmets-350 and -356) several
PDX passages showed no sign of viability in the controls when
cultivated ex vivo.

Table 2. Viability of melanoma lymph node metastases and PDXs analyzed ex vivo after treatment
with Vemurafenib (2 pM)

Patient No. Mutation Relative viability (% of control)!

Lymph PDX passage™

node

Lowest Highest

Melmet-334 BRAF n.a* 52 (4) - (n.a.)**
Melmet-347 BRAF 31 64 (1) 13 (3)
Melmet-350 BRAF 59 - (0) - 1)
Melmet-351 BRAF n.a. 57 ) 56 6)
Melmet-356 BRAF 102 - ) - (4)
Melmet-363 BRAF 52 43 7) 28 (8)
Melmet-376 BRAF 52 33 (2) 43 ©)
Melmet-380 BRAF 16 26 0) 42 3)
Melmet-381 BRAF 30 87 (4) 11 7)
Melmet-382 BRAF 35 17 () 18 )
Melmet-389 BRAF n.a. 61 0) 12 )
Melmet-393 BRAF n.a. 30 (3) 20 6)
Melmet-358 NRAS 132 86 (0) 107 5)
Melmet-365 NRAS 201 122 1) 116 (5)
Melmet-367 NRAS 91 118 (7) n.a. (n.a.)
Melmet-369 NRAS 74 169 (0) 271 (3)
Melmet-388 NRAS 89 67 (0) 125 (7)
Melmet-256 Wi/Wr 83 86 0) 80 7)
Melmet-370 Wt/ Wt 70 98 (1) 103 (10)
Melmet-374 Wt/Wr n.a. 79 3) 103 5)
Melmet-404 Wi/Wr 116 77 (0) 103 1)

! Percentage survival.

2 Number of passages in parentheses.

3 PDX for Melmet-350, -356 not analyzed due to control sample not growing.
* n.a. = Not analyzed due to limited tumor material available.

** Only one PDX passage analyzed.
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Figure 2. Antitumor efficacy of Vemurafenib /in vivo. Melmet-382
PDX was treated with Vemurafenib (50 mg/kg) given twice daily by
oral gavage for 14 days. Control mice were given 10% DMSO in
0,5% methylcellulose orally. Tumor volume was measured twice a
week and results presented as relative volume related to tumor
volume at initiation of the treatment. Error bars represent +=S.E.M.

As a final confirmation step, PDX of Melmet-382 (passage 4) was
examined iz vivo for response to Vemurafenib. As was observed in the
ex vivo assay performed on patient- and PDX-derived material, a
strong significant response was achieved (Figure 2).

Targeted Sequencing of Patient Tumor Samples Combined
with Ex Vivo Drug Sensitivity Assessment Provide Precise
Diagnostic Information

In attempt to reveal molecular mechanisms of treatment response,
targeted sequencing (IonTorrent™ Oncomine and/or Cancer Hotspot
Panel) was performed on 21 of the patient samples and one PDX. The
sequence data were filtered against databases for common mutations
(1000 Genomes) and known cancer mutations (COSMIC).
Following variant calling, non-synonymous mutations were reported
(Figure 3 and Table S1 for complete list of mutations). As expected,
BRAFY%E (6206) was the most common mutation followed by
CDKN2A (33%) and NRAS (29%). It appeared that the mutation
load was higher in NRAS compared to BRAF mutated tumors. The
Melmet-323 tumor, found highly responsive to BRAFi (viability,
25% of control) was shown to have a rare dinucleotide BRAF
mutation yielding a complex V600OE variant (c.1799_1800TG >
AA). This tumor had previously been diagnosed as BRAF/NRAS
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wild-type by a PCR based assay routinely used for diagnostic evaluation.
Likewise, the PDX from Melmet-389 (patient tissue not analyzed)
diagnosed as BRAF wild-type showed remarkable response to Vemur-
afenib when analyzed ex vivo. In this case, targeted sequencing revealed a
double BRAF mutation (V600E and K601 N). Two other tumors
carrying double BRAF mutations, BRAF YOOOR/KOOIE (\felmer-363) and
BRAF VO0OE/S60SR (N felmet-273), were found borderline sensitive and
resistant, respectively.

Interestingly, despite that aberrations in the PI3K/Akt pathway and
NF1 mutations have been associated with BRAFi resistance, two highly
responsive BRAF V" mutated tumors (Melmet-380, Melmet-381)
were shown to have a PIK3CA (p.H1047R) or NF1 mutation (Melmet-
380). Other candidate genes with suggested impact on treatment
response [32,33] and found affected included three TP53, two IDH1 and
one EZH2 mutations (Figure 3 and Table S1).

Discussion

Despite promising molecular anti-cancer targets, lack of model
systems and/or biomarkers identifying responders have clearly limited
the success of targeted therapy. Melanoma is one of the most
heterogeneous cancer forms and differences in BRAF mutation status
have been observed between primary tumors and corresponding
metastases, between different metastases as well as intra-tumorally
[34,35]. This makes it difficult to identify patients likely to benefit
from targeting therapy based solely on molecular screening of a single
biopsy. During the last decades, various 3D-culture systems [36,37]
and organoid models, the latter in particular from epithelial derived
cancers [23], have been developed to assess response to anti-cancer
treatment. However, no ex vivo assay based on the patient's own
tumor cells has, to the best of our knowledge, so far been established
in routine diagnostics [23,38]. In the current study, we applied a
modified version of the ATP-based tumor sensitivity- [39] and
extreme drug resistance assays [40] that we previously successfully
have used to predict primary platinum resistance in ovarian cancer
patients [41]. Here, when melanoma lymph node metastases were
analyzed for response to Vemurafenib ex vivo, two important
observations were made. First, a strong correlation between response
and verified BRAF status were achieved in the sense that all patients
that responded to the treatment harbored a BRAF mutation, whereas
this was not the case for any of the NRAS or BRAF wild-type tumors.
Second, and in agreement with intrinsic resistance seen in the clinic,
not all BRAF mutated tumors responded to the treatment.
Furthermore, ex vivo analysis of tumor material harvested from
various passages of corresponding PDXGs retained the response profile
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seen in the matching patient tumor samples, as was also seen when
treating the PDX in vivo.

Numerous studies have concluded that permanent cancer cell lines
grown as adherent 2D-cultures poorly reflect the complexity of a solid
tumor [12]. Furthermore, most melanoma cell lines have been
derived from highly proliferative tumors [42], exposed to high
selection pressure due to BRAF or NRAS mutations and loss of
CDKN2A [43],. This may partly explain the high failure rate of novel
targeted therapy since the test system usually has been based on the
use of such cell lines. During the course of this study, we aimed to
establish adherent 7z vitro cell lines from some of the tumors and
PDXs. In cases where we successfully were able to establish
permanent cell lines, they all seemed to be highly proliferative
(personal observation) and to harbor BRAF or NRAS mutations. In
addition, we experienced, as also has been reported by others [42],
that the primary cultures were easily over-grown by fibroblasts. In
contract, stromal cells will not grow anchorage-independently making
the 3D assay superior to the more time consuming establishment of
stably growing cell cultures in 2D.

Studies have suggested that assay-guided therapy more accurately
identifies ineffective than effective drugs [44,45]. Using the stringent
50% reduction in viability as cutoff to discriminate between
responders and non-responders [46], all NRAS mutated or wild-
type tumors were resistant to Vemurafenib, and some showed
increased viability as compared to controls. The latter is in accordance
with studies showing paradoxical reactivation of MAPK signaling and
increased proliferation when wild-type or NRAS mutated tumors are
treated with BRAFi [47].

In accordance with clinical observations [48], approximately 60%
of the BRAF mutated tumors responded in the 3D assay. In
agreement with a recent study, in which melanoma tissue was
cultured as micro tumor fragments [49], complete loss of viability
following BRAF or MEK inhibition was, however, not achieved, a
finding that may be explained by intra-tumor heterogeneity and/or
the presence of normal cell infiltration.

Both pre-clinical and clinical studies have demonstrated that
combined BRAF and MEK inhibition may be beneficial for patients
with BRAF mutated tumors. Moreover, selective MEK inhibition has
shown efficacy in NRAS mutated melanoma (reviewed in [49]). In
the current study, response of BRAF mutated tumors to Vemurafenib
and/or Cobimetinib was in most cases comparable, and in accordance
with previous studies [50], half of the NRAS mutated tumors
responded to MEK inhibition. Response to MEK inhibition was,
however, less pronounced in NRAS mutated tumors than response to
BRAF inhibition in BRAF mutated tumors. Of particular note, in a
recent study [51], BRAFi were shown to amplify the effect of MEKi
in NRAS mutated melanomas whereas in another study [49], an
antagonistic effect of combining MEK and mutated BRAF inhibition
was observed. In support of the latter, in three cases (two NRAS and
one BRAF mutated) the combined treatment was less efficient than
the mono-treatments. Taken together this clearly demonstrates that
there is a need to extend the current molecular examinations with
functional tests reporting on drug sensitivity to provide precise
diagnostics for guidance of clinical treatment decisions.

Two tumors, originally diagnosed as BRAF wild-type by PCR-
based in-house routine pathology examination, showed excellent
response to Vemurafenib in the ex vivo assay. Based on this, targeted
sequencing was performed and both were found to be BRAF
mutated. Several reasons may explain the discrepancy such as the

Flarenes et al.

Translational Oncology Vol. 12, No. 7, 2019

sensitivity of the molecular analyses or intra-tumoral heterogeneity. In
support of the former, one tumor was found to harbor a complex
BRAF mutation that was not analyzed for in the diagnostic assay.
Furthermore, in support of heterogeneity, a study by Saint-Jean et al.
[52] demonstrated that seven percent of melanomas diagnosed as
BRAF wild-type by the first biopsy examination, revealed BRAF
mutations following analysis of repeated biopsies. Likewise, a recent
meta-analysis revealed intra-tumoral discrepancy in BRAF status
among patients with metastatic melanoma [53]. The current cohort
of samples consisted exclusively of stage III lymph node metastases
that were not offered treatment besides removal of the malignant
lesion. Some, however, developed distant metastases (stage IV) and
five of these (two sensitive and three resistant from the ex vivo assay)
received BRAFi treatment. In contrast to responses observed in the ex
vivo assay the general clinical response was in all cases poor. For three
patients a mixed response was observed; some metastases declined
whereas some grew progressively, a finding strongly supporting
melanoma heterogeneity. Together, these results strongly suggest
more thorough molecular analysis of cases where discrepancy between
ex vivo viability results and clinical diagnosis is observed and
underscores the necessity, in a diagnostic setting, to examine multiple
biopsies from each tumor [34]. The ex vivo assay will, however, to some
extent account for intra-tumor heterogeneity as a larger fraction of the
lesion is disaggregated and examined for drug sensitivity. It should be
mentioned also that a meta-analysis comprising more than 15,000 tumors
demonstrated that drug resistance could be foreseeable with high accuracy
using various assays, whereas sensitivity, on the other hand, was less
predictable [38], as also supported by our findings.

Except for mutated NRAS being strongly associated with BRAFi
resistance, no other mechanisms of resistance were revealed.
Aberrations in the PI3K/Akt pathway as well as NF1 mutations
have been associated with BRAFi resistance [4]. This is in contrast to
our findings demonstrating co-existence of PIK3CA mutations and
one NF1 mutation in two of the most BRAFi responsive tumors. In
agreement with our findings, however, it has been claimed that
oncogenic PIK3CA mutation does not play a major role in
Vemurafenib resistance [54], and a study by Krauthammer et al.
suggested that loss of NF1 not necessarily is associated with BRAFi
resistance [55].

The high success rate of establishing melanoma PDX models, and
their ability to reliably recapitulate patient tumor architecture,
genotype and response to treatment, have made them powerful tools
to develop new and improved therapeutic strategies [14,56,57]. In a
study by Einarsdottir et al. [58], PDX models in passage three were
claimed to develop fast enough to guide treatment decisions.
Although the use of PDXs in routine diagnostic may not be a
realistic goal due to variability in engraftment, latency period, number
of animals required and costs [14], they may provide an unlimited
resource of tumor cells for both small-scale as well as large-scale ex
vivo drug screening. Here we demonstrated that PDXs assessed for
treatment responses using the ex vivo assay show a high degree of
concordance with results observed when analyzing the corresponding
patient tumors directly, or when treating PDXs in vivo, supporting
previous observations that early PDX passages resemble the original
tumor [59]. In agreement with our findings, short-time ex wivo
cultures of breast cancer PDXs were recently found to predict in vivo
drug responses [60]. When analyzing several PDX passages for
treatment response ex vivo, concordance was in most cases achieved,
indicating PDX stability [61]. Notably, although cells from the
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parental tumors in general were easy to cultivate ex vivo, serial PDX-
passages from two of the tumors showed no sign of viability,
suggesting dependence of factors provided by the host or tumor
stromal cells. However, in general, in cases where the amount of
tumor material is scarce, PDX models may be established and used as
an indefinite source of tumor material for ex vivo drug testing.

In conclusion, the presented data strongly support the potential of
the ex vivo assay to provide valuable functional information in the
patient tumor. The fast and reliable analyses, combined with the low
cost, make the assay attractive to supplement molecular data in
clinical decisions. Furthermore, the findings underscore the impor-
tance of considering intra-tumor heterogeneity as well as heteroge-
neity between various metastases in the individual patients when
analyzing drug effects ex vivo. Finally, we hypothesize that analyzing
drug effects ex vivo will be of particular importance in pinpointing
patients that are not likely to respond to targeted therapy.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.tranon.2019.04.001.
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Abstract:

Receptor tyrosine kinase AXL is found upregulated in various types of cancer, including melanoma,
and correlates with an aggressive cancer phenotype, inducing cell proliferation and epithelial-to-
mesenchymal transition. Additionally, AXL has recently been linked to chemotherapy resistance and
inhibition of AXL is found to increase DNA damage and reduce expression of DNA repair proteins. In
light of this, we aimed to investigate if targeting AXL together with DNA damage response proteins
would be therapeutically beneficial. Using melanoma cell lines, we observed that combined reduction
of AXL and CHK1/CHK?2 signaling decreased proliferation, deregulated cell cycle progression,
increased apoptosis and reduced expression of DNA damage response proteins. Enhanced therapeutic
effect of combined- as compared to mono-treatments was further observed in a patient-derived
xenograft model and, of particular interest, when applying a three-dimensional ex vivo spheroid drug-
sensitivity assay on tumor cells harvested directly from 27 patients with melanoma lymph node

metastases.

Together, these results indicate that targeting AXL together with the DNA damage response pathway
could be a promising treatment strategy in melanoma and that further investigations in patient groups

lacking treatment alternatives should be pursued.

Keywords: AXL Receptor Protein Tyrosine Kinase, Targeted Molecular Therapy, DNA Damage,
CHK1, CHK2, Melanoma
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Introduction:

The incidence of melanoma is increasing worldwide (1). While the prognosis of early stage disease is
very good, once the cancer progress survival drops dramatically, with over 20 000 melanoma-related
deaths in Europe annually (2). Approximately 50% of all melanomas harbor activating BRAF
mutations, with BRAFV*’F being the most prevalent. The development of BRAFY®Y inhibitors
vemurafenib and dabrafenib has led to targeted treatment options for patients with these mutations.
However, almost all patients develop resistance within a year, often due to reactivation of the MAPK
pathway or other receptor tyrosine kinases independently of BRAF (3,4). Lately, immune checkpoint
inhibitors, like monoclonal antibodies targeting PD-1 and CTLA-4, have shown promising therapeutic
effects (5). Yet, only a portion of the patients respond, signifying the importance to identify alternative

therapeutic strategies.

The receptor tyrosine kinase AXL; a 138 kDa single-pass transmembrane protein of the TYRO3,
AXL, MERTK (TAM)-family, has been found overexpressed, both as mRNA and protein, in a wide
range of cancers (6-8), including melanoma (9). AXL is reported to play a role in cancer progression,
and has been shown to promote cell proliferation, migration, invasion and epithelial-to-mesenchymal
transition (EMT) (10-13). Additionally, AXL is shown to mediate resistance to BRAF and MEK
inhibitors (14,15), as well as immunotherapy (16). All the TAM-family members are activated by the
vitamin K-dependent ligand Growth arrest-specific protein 6 (GAS6), with AXL having the highest
affinity for the ligand (17). In addition, AXL can be activated independently of GAS6 through
aggregation of the protein or by heterodimerization with non-TAM receptor tyrosine kinases (18).
Activated AXL undergoes homodimerization and autophosphorylation to induce downstream effects
that activate proteins involved in the PI3K, MAPK 14 (p38/MAPK) and MAPK1 (ERK/MAPK)
pathways (12,13,19).

Recently AXL expression was found to reduce the sensitivity to chemotherapies, as well as to PARP
inhibitors (20-22). In ovarian cancer cell lines, an association between AXL and cisplatin resistance
has been observed (23). Additionally, inhibited AXL expression has been found to induce DNA
damage and reduce the expression of DNA damage repair proteins (21). Together, these data suggest a
link between AXL and the DNA damage response (DDR) pathway. Central to the DDR are the
serine/threonine specific kinases CHK1 and CHK2 that are activated by ATR or ATM, respectively, in
response to single-stranded (ATR) or double-stranded (ATM) DNA-breaks. CHK1 and CHK?2
transduce signals to effectors such as TP53 (p53), CDC25C, BRCA1 and RADS1, ultimately leading
to DNA repair, cell cycle arrest and/or apoptosis (24).

In this study, we assessed how dual inhibition of AXL and CHK1/CHK2 altered proliferation, signal
transduction, apoptosis and cell cycle distribution in melanomas. We discovered that targeting or

inhibiting expression of AXL and CHK1/CHK2 in combination reduced cell proliferation and induced
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cell cycle arrest and apoptosis. We further showed that the combined treatment was superior to mono-
treatment in a patient-derived xenograft (PDX) model and when analyzing drug sensitivity utilizing
cells harvested directly from melanoma lymph node metastases in a 3D ex-vivo drug-efficacy assay.
Together, these data suggest that dual targeting of AXL and DDR pathway is a promising treatment
strategy for melanomas that should be further investigated in patients having developed resistance and

where few treatment alternatives are available.

Materials and methods:

Cell lines and patient material

Melanoma cell lines were established from subcutaneous (Melmet 1) or lymph node (Melmet 5, FEMX-
1 and HHMS) metastatic lesions of patients treated at the Norwegian Radium Hospital, Oslo University
Hospital (25,26). WM115, WM902B, WM983 and WM 1366 cells were a kind gift from Meenhard
Herlyn, the Wistar cell line collection (Philadelphia, PA, USA). The melanoma cell lines MDA-MB-435
and MeWo were obtained from American Type Culture Collection (Manassas, VA, USA). All cells were
routinely checked for mycoplasma by PCR in-house. Melmet 1 and WM1366 cell lines were STR
fingerprinted (April 2018) by Genetica Cell Line Testing (Burlington, NC, USA). The melanoma cells
were grown in RPMI-1640 (Sigma Aldrich, St. Louis, MO, USA) supplemented with 5% fetal bovine
serum (FBS) (Sigma Aldrich, St. Louis, MO, USA) and 2 mM L-glutamine (Lonza, Basel, Switzerland).
Cells were maintained in a humidified incubator at 37°C and with 5% CO,. All cells were used within 20
passages of thawing.

Melanoma lymph node metastases were obtained from patients operated at the Norwegian Radium
Hospital, Oslo University Hospital. Patient material was collected with written informed consent in
accordance with the Declaration of Helsinki. The study was approved by the Norway Regional Committee

for Medical and Health Research Ethics (approval number 2014/2208 and 2015/2434).

Immunoblet, protein analysis and antibodies

Protein extracts and immunoblots were performed as described (27), with the following exceptions:
Proteins were lysed in a buffer containing 1% Triton X-100, 50mM Hepes (pH 7.4), 150mM NacCl, 1.5Mm
MgCl,, ImM EGTA, 100mM NaF, 10mM Na Pyruvate, ImM Na3;VO4 and 10% Glycerol, with addition
of 10 uL/mL protease and phosphatase inhibitor cocktails (cOmplete Mini and PhosSTOP™, Roche,
Mannheim, Germany). Antibodies used were: pAXL (#5724), AXL (#8661), pAKT (#9271), AKT
(#9272), pERK (#9101), pp38 (#9211), p38 (#8690), pSRC (#12432), SRC (#2108), pp53 (#9284), p53
(#2524), CDKNI1A (p21) (#2947), pCDC25C (#9528), CDC25C (#4688), pCHK1 (#2341), CHK1
(#2360), pCHK?2 (#2661), CHK?2 (#6334), (all diluted 1:1000, Cell Signaling, Boston, MA, USA), ERK2
(D2) (#sc-1647, 1:1000, Santa Cruz Biotechnology, Dallas, TX, USA) and a-tubulin (DM1A) (#05-829,
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1:50 000, Millipore, Burlington, MA, USA). Protein bands were visualized by SuperSignal™ West Dura
Extended Duration Substrate (Thermo Fisher Scientific, Waltham, MA, USA) and exposed in a Syngene
G Box. If not otherwise specified, protein lysates were made from cells that had been subjected to 400
ng/mL GAS6 (R&D, Minneapolis, MN, USA) and 10 pg/mL Vitamin K (Sigma Aldrich, St. Louis, MO)
for 60 minutes. USA Simple Western immunoassay was performed according to the manufacturer
protocol and run on the Peggy Sue™ machine (ProteinSimple, San Jose, CA, USA). Antibodies used were
AXL (1:100, #8661 Cell Signaling, Boston, MA, USA) and B-actin (1:300, #4967 Cell Signaling, Boston,
MA, USA). Data was analyzed using the Compass Software (Protein Simple, San Jose, CA, USA).

Reagents

BGB324 (previously known as R428, first described in (28)) was a kind gift from BerGenBio (Bergen,
Norway). AZD7762 (first described in (29)) and VE-822 (first described in (30,31)) was purchased from
Selleck Chemicals (Huston, TX, USA). Inhibitors, diluted in DMSO, were used at concentrations and

time periods indicated, with controls receiving the same amount of DMSO as the treatment groups.

RNA interference

Cells were transfected with 100 nM siRNA using Lipofectamine® 2000 in Opti-MEM Media (Thermo
Scientific, Waltham, MA, USA) according to manufacturers protocol using the following siRNAs
targeting AXL: 3 unique 27mer siRNA duplexes (Cat: SR319445, Origene, Rockville, MD, USA) and
ON-TARGETplus Human AXL siRNA (Cat: J-003104-13-0002, Dharmacon, Lafayette, CO, USA),
CHK1: ON-TARGETplus Human CHEKI siRNA (Cat: J-003255-10-0002 and J-003255-11-0002,
Dharmacon, Lafayette, CO, USA), and CHK2: ON-TARGETplus Human CHEK2 siRNA (Cat: J-
003256-17-0002 and J-003256-18-0002, Dharmacon, Lafayette, CO, USA). ON-TARGETplus Non-
targeting Pool Control siRNA (Cat: D-001810-10-05, Dharmacon, Lafayette, CO, USA) was used as

control. Cells were left for 48 hours before they were used in further experiments.

In vitro proliferation and Caspase-3/7 cleavage

For analyzing the effect on proliferation, cells were plated at 15-25% confluency in 96-well or 6-well
culture plates and left overnight before treatment with drugs for 72 hours. Cell confluence was visualized
by IncuCyte FLR or IncuCyte Zoom Kinetic Imaging System (Essen Bioscience, Ann Arbor, MI, USA)
light scanning microscopes. For colony formation assays, 500 or 1000 cells were plated in 6-well culture
plates overnight before drug-containing media was added. After 21 days, colonies were fixated with ice-
cold methanol before being stained with 0.05% crystal violet and counted using the GelCount™ machine
(Oxford Optronix, Abingdon, UK).

Caspase-3/7 cleavage was determined using the CellPlayer™ 96-well Caspase-3/7 reagent (Essen
Bioscience Ann Arbor, MI, USA) according to manufacturer’s protocol. In brief, cells were plated to yield

10-20% confluency. The following day, drugs and 2.5 pM caspase-3/7 reagent was added. Caspase-3/7
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cleavage, yielding fluorescent signals, was visualized by IncuCyte FLR or IncuCyte Zoom Kinetic
Imaging System (Essen Bioscience, Ann Arbor, MI, USA) light scanning microscopes. Fluorescence was

related to the confluence of the respective well at the respective time points.

Flow cytometry

Cells were plated at 30% confluency in 6-well plates overnight before incubation with BGB324 and/or
AZD7762 for 24 hours. Control cells were treated with DMSO. Harvested cells were fixated in 70% ice-
cold methanol and stored at -20°C for at least 24 hours. Cells were then labeled with 2.4 uL./mL Hoechst
33258 (Sigma Aldrich, St. Louis, MO, USA) or 500uL propidium iodide Cycloscope™ Reagent
(Cytognos, Salamanca, Spain) and incubated for 10 minutes shielded from light. H2AX staining was
performed on fixed cells resuspended and blocked in detergent buffer (0.1% Nonidet P40 (Igepal CA-
630), 6.5mM Na,HPOs, 1.5mM KH,POj4, 2.7mM KCL, 137mM NaCl, 0.5mM EDTA PH 7.5 with 4%
nonfat milk) before primary incubation with YH2AX antibody (1:500, Abcam, Cambridge, UK) and
secondary incubation with Alexa Flour® 647 antibody (1:500, Abcam, Cambridge, UK). Cells were
labeled with 2.4 pL/mL Hoechst 33258 (Sigma Aldrich, St. Louis, MO, USA). Analysis was performed
using the LSRII flow cytometer (BD Biosciences, San Jose, CA, USA) and analyzed by FlowJo® v10
software (Ashland, OR, USA).

Invasion and migration assays

To measure cell invasion, 50 pg matrigel (BD Biosciences, San Jose, CA, USA) was added to Falcon®
Transparent PET Membrane 24-well 8.0 pm cell culture inserts (Corning, Corning, NY, USA). Newly
split cells were incubated with 0.1 mCi/mL *H-Thymidine (Nerliens Mezansky, Oslo, Norway) for 24
hours. Thereafter, 50 000 serum-starved *H-Thymidine labeled cells/well were plated in the inserts, in
RPMI-1640 media (Sigma Aldrich, St. Louis, MO, USA) containing drugs, but without serum. Five
percent FBS was added to the bottom well in addition to drugs in the same concentration as the top well.
Cells were harvested by scraping from the bottom and top of the matrigel with a cotton swab that was
further inserted into tubes containing 4 mL Aquasafe 300 scintillation fluid (Zinsser Analytic, Frankfurt,
Germany). The invasive ability was determined by comparing *H-Thymidine-radioactivity as a measure
of number of cells on the bottom of the matrigel membrane divided by the total radioactivity of cells from
top and bottom of the membrane.

Migration was measured by plating 50 000 cells/well in 96-well culture plates and scratching the wells
the following day by The WoundMaker™ 96-well pin block (Essen Biosciences, Ann Arbord, MI, USA)
before adding drug. Cell migration was determined using the Incucyte FLR or Incuzoom Zoom Kinetic
Imaging System (Essen Biosciences, Ann Arbor, MI, USA), that scan the cells every three hours, and

with the respective software calculating cell confluence.
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EXx vivo drug sensitivity assay

Melanoma lymph node metastases obtained following surgery were disaggregated for one hour by 125
units collagenase type 2 (Sigma Aldrich, St. Louis, MO, USA) and 2,5 mg/mL DNase (Sigma Aldrich,
St. Louis, MO, USA). To remove aggregates and debris the cell suspensions were filtered through 100
uM filters (WVR, Radnor, PA, USA). If necessary, red blood cells were removed using ACK lysing buffer
(Lonza, Basel, Switzerland). Live cells (15.000-20 000 per well) were seeded in Nunc™ 96-Well
Polystyrene Round Bottom Microwell plates (Thermo Scientific, Waltham, MA, USA) in RPMI-1640
(Sigma Aldrich, St. Louis, MO, USA) medium supplemented with 5% FBS, 2 mM L-glutamine, 100
units/mL penicillin and 0.1 mg/mL streptomycin (all Lonza, Basel, Switzerland) and allowed to form
three-dimensional spheroids. Drugs were added at indicated concentrations immediately after seeding and
the cells incubated for 5 days before viability was measured using the CellTiter-Glo® Luminescent Cell
Viability Assay (Promega, Madison, WI, USA), and analyzed by Fluoroscan Ascent Fl (Thermo
Scientific, Waltham, MA, USA). The ex-vivo assay was performed once for each patient sample, with at

least three technical replicates per condition.

In vivo studies

Eight week old female athymic (foxnl nu) nude mice were injected subcutaneously with 2x10° Melmet 1
cells in the right flank. When the tumors reached a volume of approximately 50 mm?® the mice were
randomized into four groups containing 6-8 mice in each group. 50 mg/kg BGB324 diluted in 0.5%
Hydroxypropyl Methylcellulose/0.1% Tween-80 was given twice daily by oral gavage and 25 mg/kg
AZD7762 diluted in 11.3% (2-Hydroxypropyl)-B-cyclodextrin was given intravenously three times a
week. Treatment duration was fourteen days. Groups not receiving BGB324 and/or AZD7762 were
administered drug vehicles in the same manner as treatment groups. Treatment toxicity was monitored by
weight loss measured twice daily on treatment and twice weekly off treatment. Mice with >15% reduced
weight were euthanized. Tumor diameters were measured twice a week by digital calipers and tumor
volume calculated by the formula 0.5 x length x width?. In line with governmental regulations, the mice
were euthanized when the tumors reached a diameter of 16 mm and/or a volume of 2000 mm?. In vivo
data is presented as average tumor volume + standard error of the mean (SEM). All mice were bred at the
Department of Comparative Medicine, The Norwegian Radium Hospital, housed in rooms with
alternating light/dark cycles of 12 hours, had ad libitum access to food and water and were kept according
to regulations of the Norwegian Animal Welfare Act. Animal experiments were approved by the

Norwegian Animal Research Authority (FOTS approval number 8554).

Statistical analysis
All values represent data average + standard deviation (SD) or SEM. Statistical significance was
determined by student two-tailed t-test when comparing two groups or one-way ANOV A when comparing

three groups. Significance over various time points in the animal experiments was determined by area
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under the curve (AUC) analysis. The statistical analyses were performed using GraphPad Prism version
7.0 (GraphPad Software, San Diego, CA, USA). P-values of less than 0.05 were considered significant
and marked with asterisks, where p<0.05 = *, p<0.01 = ** and p<0.001 = ***, Synergism was calculated
by the CalcuSyn Software (Biosoft, Cambridge, UK) using the Chou-Talalay CI method (32).
Experiments were performed at least three times with at least three technical replicates in each experiment,

if not otherwise specified. Immunoblots were performed at least twice with independent lysates.

Results:
Decreased expression or inhibition of AXL reduced proliferation and MAPK and PI3K signaling

Ten melanoma cell lines were first examined for AXL expression by Simple Western immunoassay
(Supplementary Figure 1A). Of the three AXL expressing cell lines (Melmet 1, WM 1366 and MeWo),
the two with the highest expression (Melmet 1 and WM1366) were chosen for further studies. The
impact of AXL on proliferation was investigated following transfection with two different short
interfering RNAs (siRNA). As shown in Figure 1A, silencing AXL decreased proliferation and
reduced colony formation as compared to scrambled siRNA control. The effect on proliferation was
further confirmed following treatment with the specific small-molecular AXL inhibitor BGB324 (28)
(Figure 1B). A BGB324 concentration of 2 uM was chosen as a higher dose (3 uM) drastically
reduced proliferation, suggesting off-target effects at this dose (Supplementary Figure 1B). Due to the
role of AXL in epithelial-to-mesenchymal transition (EMT) (33), we next investigated the effect of
AXL inhibition on migration and invasion. As shown in Supplementary Figure 1C, treatment with

BGB324 for 24 hours reduced migration and invasion in both cell lines.

To investigate the effect of targeting AXL on cell signaling, we first confirmed that GAS6 activates
AXL, as demonstrated by increased Tyrosine 702 phosphorylation (Supplementary Figure 1D). This
phosphorylation site is found responsible for the general activation of the protein (34). BGB324
reduced AXL activation in a dose dependent manner in both cell lines (Figure 1C). Of particular note,
BGB324 increased the total AXL protein level, suggesting an attempt to rescue the reduced AXL
signaling. Next, the impact of AXL inhibition on downstream signaling pathways was examined. As
demonstrated in Figure 1C, BGB324 treatment in GAS6 stimulated cells decreased phosphorylation of
AKT, ERK and particularly SRC, but not p38. These effects were confirmed in siAXL transfected
cells (Figure 1D).
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Combined targeting of AXL and the DNA damage response pathway reduced viability and

tumor growth in melanoma cell lines and patient-derived models.

The newly discovered link between AXL signaling and DNA damage response (DDR) (21,35) spurred
us to investigate the effect of combined inhibition of AXL and the DDR. As shown in Figure 2A and
2B, co-treatment with BGB324 and the CHK 1/2 inhibitor AZD7762 synergistically decreased
proliferation in both Melmet 1 and WM1366 cells. The effect was validated using a three-dimensional
(spheroid) drug efficacy assay in Melmet 1 cells (Figure 2C). To rule out the possibility of off-target
effects, we treated the AXL negative cell line WM 115 with BGB324 and/or AZD7762 in vitro and
using the spheroid drug sensitivity assay and only observed reduced proliferation mediated by the
AZD7762 treatment (Figure 2D), suggesting no off-target effects of the BGB324 treatment. Further,
reduced proliferation was also observed in siAXL cells treated with AZD7762 compared to treated and
untreated scrambled control transfected cells (Figure 2E). The transfected cells were more responsive

to AZD7762 than untransfected cells (Figure 2A), possibly due to the added stress of the transfection.

To elucidate if the effect was dependent on either CHK1 or CHK2 signaling, we diminished CHK1 or
CHK2 expression by siRNA before treating the cells with BGB324. Reduced expression of CHK1 or
CHK2) resulted in slight to no change in proliferation compared to scrambled control transfected cells
(Figure 3A and 3B). In both cell lines, siCHK1 transfected cells responded with decreased
proliferation in combination with BGB324 compared to BGB324 treated and untreated control
transfected cells. This was only significant in cells where CHK 1 was completely eradicated (siCHK 1
#1), indicating that even a low expression of CHK1 is enough to partly protect the cells from growth
inhibition. There was also lower proliferation in siCHK2 transfected cells treated with BGB324
compared to BGB324 treatment alone, however only significant for one of the siRNA molecules
(siCHK2 #1). Reducing expression of either CHK1 or CHK?2 did not lead to as pronounced decrease
in proliferation as AZD7762 treatment, neither alone nor in combination with BGB324, suggesting
that signaling through both proteins must be abolished to maximize the response. To examine this
hypothesis, we reduced the expression of both CHK1 and CHK2 and observed reduced proliferation in
the siCHK 1 and siCHK2 cells comparable to AZD7762 mono-treatment (Figure 3C and 3D). The
proliferation of the combined siCHK 1 and siCHK2 transfected cells was further reduced when the
cells were treated with BGB324, yielding results in concordance with cells treated with BGB324 and
AZD7762.

Further, we aimed to determine if reduced proliferation was only dependent on diminished activation
of the CHK1/2 proteins or if similar effect could be observed when the activation of other DDR
proteins was lowered. Thus, we inhibited signaling of ATR, mainly working upstream of CHK1, but
also shown to activate CHK2 (36), using the ATR inhibitor VE-822 (30,31) in combination with
BGB324 (Figure 3E). In both cell lines, combinatorial treatment with VE-822 and BGB324
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significantly inhibited cell proliferation compared to each mono-treatment. This illustrates that other
proteins in the DDR pathway also could be targeted together with AXL and cause reduced cell
proliferation. Overall, these data demonstrate that inhibiting or reducing the expression of AXL in
combination with CHK1 and CHK2 or other proteins in the DDR pathway result in decreased cell
viability.

The observed effect on proliferation upon simultaneous targeting of AXL and the DDR encouraged us
to examine if this could also reduce proliferation in patient samples. To this end, cells harvested
directly from 27 melanoma lymph node metastases were treated with BGB324 and AZD7762 alone or
in combination and analyzed for effect on viability using the ex vivo drug sensitivity assay. As shown
in Figure 4A, the mean effects of the mono-treatments were slightly reduced compared to control,
however these results were not significant. BGB324 and AZD7762 in combination, however,
significantly decreased the viability compared to either mono-treatment. Of note, cells from three of
the patient tumor samples showed increased viability when treated with AZD7762 alone, and in two of
them, the viability was not reduced following combined treatment. Finally, the superior effect of the
combined treatment was confirmed in the mouse Melmet 1 xenograft model (Figure 4B and 4C).
Whereas the mono-treated mice displayed insignificant reductions in tumor volume, mice treated with
the combination showed significantly decreased relative tumor volume and prolonged survival time
compared to untreated controls or following mono-treatments. No significant weight loss was

observed, indicating that the treatments were well tolerated (Supplementary Figure 2).
Combined inhibition of AXL and CHK1/CHK2 leads to cell cycle arrest and increased apoptosis

Due to the observed effects on proliferation and viability we aimed to investigate how reduced AXL
and CHK1/2 activity alone and in combination affected cell cycle progression and apoptosis. As
shown in Figure 5A and Supplementary Figure 3A, BGB324 treatment had no effect on cell cycle
progression in any of the cell lines. AZD7762 treatment, on the other hand, slightly increased the S-
phase fraction in Melmet 1 cells at both 24 and 48 hours post-treatment, but had minimal effect in
WM1366 cells. Combining the two inhibitors, however, resulted in a considerable S phase arrest in
Melmet 1 cells at 24 hours, and S phase and G2/M phase arrest at 48 hours. Co-treatment of WM 1366
cells led to G2/M arrest at both 24 hours and 48 hours, whereas S-phase arrest was only observed after

48 hours.

In addition, in both cell lines a marked sub-G1-peak, suggesting apoptosis or necrosis, was observed
(Supplementary Figure 3B) following combined treatment with BGB324 and AZD7762. To analyze if
this reflected apoptosis, cleavage of CASP3 (caspase-3) and CASP7 (caspase-7) was examined using a
kit yielding a fluorescent signal upon cleavage. As shown in Figure 5B, left panels, mono-treatments
slightly increased cleavage of caspase-3 and -7, while this was significantly augmented following the

combined treatment. Caspase-3 cleavage was further confirmed by western blot analysis (Figure 5B,
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right panels), demonstrating caspase-3 cleavage induced by AZD7762 and further increased in cells
receiving the combined treatment. However, no caspase-3 cleavage was observed in BGB324 treated
cells as examined by western blot. This is in contrast to the BGB324-induced cleavage of caspase-3
and -7 observed by the apoptosis assay, suggesting that caspase-7 cleavage plays a more prominent

role following BGB324 treatment.

Further, we investigated the molecular effects of BGB324 and/or AZD7762 treatments by western blot
analyses. As seen in Figure 5C, both compounds alone and in combination reduced the
phosphorylation of AXL and increased the expression of total AXL. This is in agreement with
previous reports demonstrating that AZD7762 may reduce AXL phosphorylation (37). Also in line
with previous reports (38), AZD7762 increased phosphorylation of CHK1 and CHK?2 in both cell
lines, indicating activation of the DDR pathway. In addition, AZD7762 increased Serine 216
phosphorylation of CDC25C, a downstream effector of CHK1 and CHK2. While BGB324 treatment
alone did not show any effect on CHK1 and CHK2 phosphorylation compared to control, CDC25C
was greatly phosphorylated. Phosphorylation and total expression of CHK 1, CHK2 and CDC25C was

reduced in the combined treatment.

Previous reports have suggested that BGB324 induces activation and expression of H2ZAFX (H2AX)
(21). This was not evident in our cell lines (Figure 5C). H2AX phosphorylation and expression was,
however, observed in AZD7762 treated cells and further increased following combined treatment. The
H2AX immunoblot results were verified by flow cytometry for WM 1366 cells (Supplementary Figure
30).

BGB324 alone had no effect on expression of the DDR proteins p53 or CDKNI1A (p21WVAFVCirly in any
of the two cell lines, whereas AZD7762 and the combination increased p53 protein levels as well as
Serine 15 phosphorylation in Melmet 1 cells (p53 wild-type). Surprisingly, increased Serine 15
phosphorylation of p53 was also observed in the p53 mutated cell line WM1366 after treatment with
AZD7762 alone and in combination with BGB324. In both cell lines, AZD7762 increased the
expression of p21WVAFVCiPl and this was further augmented when the two inhibitors were combined.
While both mono-treatments decreased PI3K and MAPK signaling, enhanced reduction when
combined was only seen in PI3K signaling in Melmet 1 cells (Supplementary Figure 3D). These data
were also observed in cells treated with BGB324 and/or VE-822 (Supplementary Figure 3E).
Importantly, VE-822 treatment reduced pAXL expression (Supplementary Figure 3E), which was also
observed in AZD7762 treated cells (Figure 5C). Further, short (10 minutes) exposure to AZD7762 or
VE-822 monotherapy did not reduce pAXL expression to the extent of BGB324 treatment
(Supplementary Figure 3F).
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Together, our data indicates that targeting AXL in combination with the DDR pathway reduces
proliferation, leads to downregulation of DDR response proteins and ultimately results in apoptosis.

Thus, targeting AXL together with the DDR could be a beneficial treatment option in melanoma.

Discussion

AXL has been observed overexpressed in various types of cancer and linked to aggressive tumor traits,
poor prognosis and drug resistance (33,39). In melanoma, acquired resistance to MAPK inhibitors
(14,40) and immunotherapy (16) has been associated with increased AXL expression, making AXL an
interesting target to overcome treatment resistance. AXL has also emerged as a promising therapeutic
strategy in other types of cancers, and currently the AXL inhibitor BGB324 is in phase I/II clinical
trials alone or in combination with chemotherapy (NCT02488408), erlotinib (NCT02424617),
pembrolizumab (NCT03184558 and NCT03184571) or dabrafenib and trametinib (NCT02872259).

In accordance with a previous report (41), AXL was found expressed in 30% of the examined
melanoma cell lines, and reducing (42,43) or inhibiting (20) AXL expression modestly reduced
proliferation, migration and invasion. Inhibition of AXL led to decreased AXL-Tyrosine 702
phosphorylation, indicating less activation of the protein (44). Furthermore, AXL has been found to
activate the PI3K and MAPK pathways to induce pro-survival and proliferative signals (13). In
accordance with this, we observed less proliferation and reduced phosphorylation of SRC, AKT and
ERK upon diminished expression or inhibition of AXL. It has been shown that SRC activity is
dependent on partnerships with receptor tyrosine kinases such as EGFR and PDGFR (45). These
receptor tyrosine kinases are closely related to AXL and the substantial decrease in pSCR expression
at even low levels of BGB324 treatment indicate that SRC activity may be dependent on AXL
signaling as well. In contrast to what has been observed by others (46), no effect on p38/MAPK
signaling was observed, potentially due to cell line or cancer type specific differences in p38/MAPK

mediated stress signaling.

Recently, inhibition of AXL signaling was found to induce DNA damage (21,35) and it has also been
proposed that AXL protect cancer cells from fork collapse (35), which is mediated by ATR/ATM-
CHK1/2 signaling. In the current study, we neither observed activation of H2AX nor CHK1/2
following BGB324 treatment, suggesting that inhibiting AXL does not induce DNA damage in our
melanoma cell lines. On the other hand, BGB324 led to increased inhibitory phosphorylation (Serine
216) of CDC25C, implying cell cycle arrest. CHK 1/2 signaling was not activated by BGB324
treatment, suggesting that CDC25C is inhibited independently of CHK 1/2, for instance through
phosphorylation by MARK3 (c-TAK1), p38/MAPK, CAMK2A, and PRKA (AMPK), as has been
reported by others (47,48). Additionally, CHK 1/2-independent phosphorylation of CDC25C-Serine
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216 must also hold true for AZD7762 treated cells as this inhibitor blocks the downstream signaling of
CHK1/2 by acting as an ATP competitor (29).

Because of a prior article describing effects of AXL on DDR (21), we speculated whether treatment
with BGB324 in combination with a DDR inhibitor could be a beneficial therapeutic strategy in
melanoma. In support of this, we found that targeting AXL together with CHK1 and CHK?2 inhibited
proliferation and viability in cell cultures, PDX models and patient material. Decreased proliferation
was coupled with cell cycle deregulation and increased apoptosis. These data are in accordance with a
previous finding showing that inhibition of AXL in combination with WEE]1, a regulator of cell cycle
progression downstream of CHK1/2, reduced tumor growth and increased apoptosis in small cell lung
cancer cells (49). While knockdown of CHK 1 or CHK?2 resulted in reduced proliferation in
combination with BGB324, the effect was not as pronounced as when inhibiting or reducing the
expression of both CHK1 and CHK2. This suggests that redundancy, crosstalk and overlapping roles
of CHK1 and CHK2 (50) protect the cells from growth inhibition when targeting only one of the

proteins.

It has previously been shown that AZD7762 treatment reduces AXL phosphorylation (37), a finding in
accordance with our results. A direct influence of AZD7762 on AXL phosphorylation might suggest
that the inhibitory effect on proliferation when combining the two inhibitors solely is caused by
decreased AXL activity. In a kinase screen of AZD7762, the drug also showed selectivity towards
AXL, although it was ten times lower for AXL than CHK1/2 (29). To rule out the possibility of
AZD7762 affecting AXL signaling, we diminished CHK 1 or CHK2 expression, or treated cells with
an ATR inhibitor (VE-822), in combination with BGB324. These experiments led to similar results as
when using the AZD7762 and BGB324 inhibitors. Importantly, decreased pAXL expression was also
observed in cells treated with VE-822, suggesting that there is some unknown mechanism of the DDR
pathway that indirectly or directly targets AXL signaling. This interpretation in strengthened by the
observation that AZD7762 or VE-822 did not reduce pAXL expression to that of BGB324 treated
cells in a short (10 minutes) exposure to the drugs. These data demonstrates that the observed
consequences of the combined treatment is not due to off-target effects of the AZD7762 inhibitor.
Surprisingly, in the scrambled transfected control cells, we observed lower proliferation when the cells
were treated with AZD7762 (Figure 2E) compared to the same treatment in untransfected cells (Figure
2A). This effect was not observed in control transfected cells treated with BGB324 (Figure 3A). We
do not know the reason for this, but it is shown that lipofectamine treatment increases DNA damage
and induces cellular stress (51,52). Thus, we speculate that DNA damage and cellular stress produced
by the transfection will sensitize the cells for the AZD7762 treatment hindering DDR and inducing
cellular toxicity. Despite this, cellular proliferation was even further decreased after treatment with

AZD7762 in combination with AXL knockdown.
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We show here that while AZD7762 treatment resulted in activation and expression of DDR proteins
such as CHK1, CHK2 and CDC25C, combined treatment with BGB324 diminished the expression of
these proteins, implying that AXL facilitates the DDR. In line with this, AXL inhibition in
combination with inhibitors of the DNA repair protein PARP or the cell cycle regulator WEEI has
shown to reduce the expression of DDR and DNA repair proteins (21,49). Further, previous reports
have shown that accumulation of p53 and p21WVAFVCP! following DNA damage is associated with
reduced expression of CHK1 (53), CHK?2 (54) and CDC25C (55), which was also observed in this
study. We do not know, however, if the accumulation of p53 and p21WVAF/CP! precedes the
downregulation of DDR protein expression, or if the downregulation of these proteins promotes

| WAFI/Cipl activation and/or expression. p53 and p21WAFVCP! aetivation and/or

increased p53 and p2
expression play a role in triggering apoptosis, and in line with this, we observed that the combined
inhibition of AXL and CHK1/2 led to apoptosis through cleavage of caspase-3 and-7. AZD7762
treatment caused a more pronounced increase in caspase-3 cleavage, as assessed by immunoblot, than
BGB324 treatment, while the caspase-3 and -7 cleavage was approximately similar in the two mono-
treatments as measured by the fluorescent reagent. This indicates that BGB324 activates caspase-7 to a

larger degree than AZD7762 treatment.

The observed effects on cell viability upon combined AXL and CHK1/2 targeting in cell lines, was
further verified using disaggregated cells from melanoma lymph node metastases in an ex vivo drug
efficacy assay. The added effect of the combined treatment relative to the mono-treatments was less
pronounced in the ex vivo assay, probably due to the presence of non-malignant cells in the lymph
node metastases or by cells that do not express AXL. Despite this, the assay clearly distinguishes
patient-derived tumor cells with different sensitivity to the applied drugs. Previously, we have
confirmed platinum chemotherapy resistance in ovarian cancer patients (56), and recently we
demonstrated concordance between response to the mutated BRAF inhibitor vemurafenib and
BRAF/NRAS mutation status when analyzing tumor cells from melanoma lymph node metastases in
the ex vivo assay (57). Together, these data show that the ex vivo assay is able to reflect patient
response to various drugs, and should be further evaluated as a supplement to guide treatment in

patients having developed resistance against standard treatment regimes.

To conclude, AXL is shown to be upregulated in melanoma and its expression is associated with
treatment resistance, making AXL an interesting target to overcome resistance to therapy. In this
study, we investigated the effect of targeting AXL together with the DDR and found that this
combination resulted in reduced cell proliferation and tumor growth. We show that dual inhibition of
AXL and the DDR result in cell cycle retention and increased apoptosis through downregulation of
CHKI1, CHK2 and CDC25C, suggesting that AXL facilitate the DDR. These data strongly suggest that
targeting AXL together with the DDR may be a promising treatment strategy for melanoma and
studies to further investigate this possibility is highly warranted.
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Figure legends

Figure 1: Effects of diminished AXL expression or activity on cell proliferation and signaling.

A) Proliferation of Melmet 1 and WM 1366 cells with siRNA-mediated silencing of AXL expression
measured by IncuCyte Live imaging 72 hours after plating (n=3) (left panels) or by colony formation
21 days after plating (right panels). Colony formation shows an average of two independent
experiments for Melmet 1 cells and three independent experiments for WM 1366 cells. B) Melmet 1
and WM1366 cells treated with 2uM BGB324 (AXL inhibitor) reduced proliferation as measured by
the IncuCyte Live imaging system (n=3). Representative immunoblot analysis of indicated proteins
following C) treatment with indicated concentrations of BGB324 for 24 hours and D) siRNA-
mediated AXL silencing. Control cells were treated with C) DMSO or D) scrambled siRNA.
Immunoblots were performed at least twice with independent lysates. p<0.05 = *, p<0.01 = ** and

p<0.001 = ***,
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Figure 2: Inhibition of AXL and CHK1 and CHK?2 signaling reduced proliferation in melanoma

cell lines.

A) Dual treatment with 2 uM BGB324 and 1 pM AZD7762 reduced average proliferation in Melmet 1
and WM1366 melanoma cell lines. B) Combination index (CI) values as estimated by the Chou-
Talalay method using average proliferation of indicated doses of BGB324 and AZD7762. CI< 1
indicates synergy. C) Proliferation of Melmet 1 cells treated with 2 pM BGB324 and/or 1 uM
AZD7762 measured by the 3D spheroid assay correlates to what is observed in vitro. D) Proliferation
measured by Incucyte Live imaging system (left panel) and using the 3D spheroid assay (right panel)
in the AXL-negative cell line WM115 treated with BGB324 and/or AZD7762. E) Silenced AXL
expression in combination with 1 uM AZD7762 reduced proliferation. A equals p value = 0.07.
Proliferation was measured 72 hours after drug addition by the Incucyte Live imaging system (in
vitro) or after 5 days using CellTiter-Glo® Luminescent assay (3D spheroid assay). Control cells were
treated with DMSO. Experiments show an average of three biological replicates + SEM. p<0.05 =
*and p<0.01 = **,

Figure 3: Treatment with BGB324 and siCHK1 and/or siCHK2 or the ATR inhibitor VE-822

reduced cell proliferation.

A) siRNA-mediated silencing of CHK1 (left panels) or CHK2 (right panels) before treatment with
BGB324 reduced proliferation in melanoma cell lines. B) Immunoblot of CHK1 or CHK?2 protein
expression in cells transfected with siRNAs targeting either CHK1 (right panels) or CHK?2 (left
panels). C) Diminished expression of both CHK1 and CHK?2 further reduced proliferation in
combination with BGB324 treatment. D) Immunoblot of CHK1 and CHK2 expression in cells
transfected with siCHK 1 and siCHK2. E) Proliferation after drug addition of BGB324 and indicated
doses of the ATR inhibitor VE-822. All proliferation data was measured by Incucyte Live imaging and
the data shows average values relative to control cells calculated 72 hours after drug addition of at
least three independent experiments + SEM. BGB324: 2 uM. Control cells were treated with DMSO.
p<0.05 =*, p<0.01 = ** and p<0.001 = ***, A equals p value = 0.0512.

Figure 4: Dual inhibition of AXL and CHK1/2 reduced cell viability in patient tumor samples

and inhibited tumor growth in vivo.

A) Lymph node metastases from melanoma patients were disaggregated, cells were plated as spheres
and treated with 2 uM BGB324 and/or 2uM AZD7762 for five days. Cell viability was measured by
CellTiter-Glo® and related to control samples treated with DMSO (n=27 patients). B) Tumor volume
relative to the volume at day of treatment initiation of Melmet 1 xenografts treated with 50 mg/kg
BGB324 twice daily and/or 25 mg/kg AZD7762 three times a week for two weeks. Controls were

treated with drug vehicle(s). There were 6-8 mice per group. C) Kaplan-Meier survival curve showing
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percentage mice in B) still alive as function of time. The experiment was terminated at day 62 and all

mice still alive (n=9) were censored. p<0.05 = *and p<0.01 = **,

Figure 5: Combined treatment of BGB324 and AZD7762 leads to cell cycle arrest and apoptosis

with reduced expression of cell cycle regulators.

A) Cell cycle distribution of Melmet 1 and WM 1366 treated with BGB324 and/or AZD7762 for 24 or
48 hours measured by Hoechst 33258 incorporation and analyzed by Flow Cytometry. The data is
shown as average of three independent experiments for 24 hours and two independent experiments for
48 hours + SEM. B) Average apoptosis measured by fluorescence staining of a caspase-3/-7 reagent
by IncuCyte Live imaging. Fluorescent intensity was related to number of cells in each well and to
control 72 hours after treatment with BGB324 and/or AZD7762 (left panels). Apoptosis experiments
show an average of three biological experiments + SEM. Protein expression in total lysates of Melmet
1 and WM1366 cells treated with BGB324 and/or AZD7762 as shown by a representative immunoblot
for proteins indicated (right panels). C) Protein expression in total lysates of Melmet 1 and WM1366
cells treated with BGB324 and/or AZD7762 for 24 hours as shown by a representative immunoblot
for proteins indicated. Immunoblots were performed at least twice with independent lysates. In all
experiments, control cells were treated with DMSO. Concentration of BGB324: 2 uM and AZD7762:
1 uM. p<0.05 = *, p<0.01 = ** and p<0.001 = ***,
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Abstract:

Receptor tyrosine kinase AXL is a one-pass transmembrane protein upregulated in cancers
and associated with lower survival and therapy resistance. AXL can be cleaved by the A
Disintegrin and Metalloproteinases (ADAM)10 and ADAM17, yielding a soluble version of
the protein. Elevated soluble AXL (sAXL) has been reported to be associated with disease
progression in hepatocellular carcinoma, renal cancer, neurofibromatosis type 1 and
inflammatory diseases. In the present work, we analyzed sAXL levels in blood from
melanoma patients and showed that SAXL increases with disease progression. Additionally,
increased sAXL levels were found correlated with shorter two-year survival in stage [V
patients treated with ipilimumab. Furthermore, we showed that SAXL levels were related to
the percentage of cells expressing AXL in resected melanoma lymph node metastases. This
finding was verified in vitro, where sAXL levels in the cell media corresponded to AXL
expression in the cells. AXL inhibition using the small-molecular inhibitor BGB324 reduced
sAXL levels, while the cellular expression was elevated through increased protein stability.
Our findings signify that quantification of SAXL blood levels is a simple and easily assessable
method to determine cellular AXL levels and should be further evaluated for its use as a

biomarker of disease progression and treatment response.
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Introduction:

Melanoma is among the cancers with the highest increase in incidence worldwide (1).
Treatment of melanoma is challenging due to high intratumoral heterogeneity and therapy
resistance (2-4). Currently, immunotherapies, such as monoclonal antibodies targeting CTLA-
4 and PD-1, have become first line treatment. While the response is quite favorable in a
fraction of the patients, these treatments are costly and come with significant side effects and
there is currently no method for identifying non-responding patients (5). Additionally, small-
molecular inhibitors targeting the ERK/MAPK pathway, which comprise BRAF and MEK
inhibition may be suitable for patients with BRAF mutated tumors. However, many patients
become resistant, leading to disease progression (6). Thus, there is a need for biomarkers to

select therapy and monitor treatment resistance and disease recurrence in melanoma patients.

Receptor tyrosine kinase AXL constitutes the TAM family together with TYRO3 and MER
(7). The TAM family members share GAS6 as their ligand, although AXL has the highest
binding affinity. Upon ligand binding, the receptor dimerizes and autophosphorylates, leading
to activation of downstream signaling pathways such as PI3K and ERK/MAPK (8). Induced
expression of AXL is observed in several cancer forms and correlates with disease
progression and decreased survival (9, 10). Additionally, AXL has been implicated in
treatment resistance to immunotherapy, targeted therapies and chemotherapy, where higher

expression of AXL is observed in resistant compared to sensitive cells (11-15).

AXL is a one-pass transmembrane protein, with its extracellular portion consisting of two
immunoglobulin-like domains and two fibronectin type III domains (16). Proteolytic cleavage
of the N-terminal domain of AXL by the metallo-endopeptidases A Disintegrin and
Metalloproteinases (ADAM)10 and ADAM17 (17), sheds a ~80-85 kda extracellular fraction

(17, 18) known as soluble AXL (sAXL). sAXL is present in human serum and has been
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demonstrated to be elevated in hepatocellular (19) and renal cell carcinoma (20). Further, we
recently reported that SAXL levels were higher in patient effusions from ovarian carcinoma,
malignant mesothelioma and breast cancer compared to benign reactive effusions (21).
Additionally, we found that sSAXL levels were elevated in effusions from high-grade versus
low-grade serous ovarian carcinomas (21). On the other hand, an engineered AXL decoy
receptor consisting of the extracellular domain has been found to act as a decoy by binding

GASG, resulting in decreased metastatic potential (22).

We aimed to investigate the feasibility of using SAXL in serum and plasma as a biomarker for
disease progression in metastatic melanoma and examine if sSAXL levels could be related to
tumor burden. We showed that the level of SAXL mirrors the levels of cellular AXL in
melanoma cell lines and blood samples, and that treatment with the AXL inhibitor BGB324 or
ERK/MAPK inhibitors reduced the levels of SAXL in cell media. Of particular interest,
increased sAXL levels in blood samples from melanoma patients were correlated with disease
progression. Furthermore, we found that elevated sAXL levels in stage IV melanoma patients
treated for seven weeks with ipilimumab significantly correlated with disease progression and

reduced survival.

Together, our data suggest that SAXL blood levels may be exploited as an easily assessable
marker to monitor cellular AXL expression and that increased levels of sSAXL in late-stage

patients should be further evaluated as a marker of treatment failure and disease progression.

Page 4 of 21



Results:

SAXL is present in media from melanoma cell lines and the levels are reduced by AXL

or MAPK inhibition

We observed sAXL in the media of four melanoma cell lines with AXL protein expression
(Fig 1A and B), while no sAXL was detected in the AXL-negative cell line Melmet 369 (S1A
and B Fig). The cellular protein expression of AXL reflected the amount of sSAXL in the
media of the respective cell line. To determine if the level of SAXL detected was expressed as
a soluble isoform or contained within extracellular vesicles, we deprived media of
extracellular vesicles by ultracentrifugation before measuring sAXL levels (S1C Fig).
Following removal of extracellular vesicles, the levels of sSAXL were reduced by ~20%

indicating that the soluble isoform is the main contributor to sAXL.

Recently, AXL has been found to be cleaved by ADAM10 and ADAM17 to yield sAXL (17).
In support of this, treatment with GW280264X, an inhibitor of ADAM10 and ADAM17,
abolished the levels of sSAXL in Melmet 1 and A375 cell media (Fig 2A) (p value = 0.0104
and 0.0001, respectively), and increased AXL cellular levels, without affecting cell
proliferation (S2A and B Fig). To determine if reduced AXL activity altered the amount of
SAXL, we treated Melmet 1 and A375 cells with BGB324, a small-molecular inhibitor
targeting AXL (23). The results showed increased cellular expression of AXL, while sAXL
levels in the media were reduced by 30-40% following BGB324 treatment (Fig 2B and C) (p
value Melmet 1 = 0.006 and A375 = 0.004), without affecting proliferation (S2C Fig) The
increased cellular expression of AXL was not caused by increased transcription, as no
increase in AXL mRNA levels following treatment with BGB324 was observed (S2D Fig). It
has been reported that BGB324 induces mRNA expression of the ADAM inhibitor TIMP1

(24). Although this implies that BGB324 may reduce ADAM10/17 activity and thereby cause
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less cleavage of AXL and increased membrane expression of the protein, we did not observe
increased TIMP1 protein levels upon BGB324 treatment in our cell lines (Fig 2C).
Furthermore, it was recently proposed that treatment with an AXL inhibitor could increase the
protein stability (25). Accordingly, we observed elevated AXL expression in cells treated with
BGB324 and the protein synthesis inhibitor cyclohexemide compared to cyclohexemide alone
(Fig 2D). These data showed that inhibiting AXL activity results in increased protein stability

and reduced cleavage of the protein.

Reduced sAXL levels were also observed in the media of cells treated with the ERK/MAPK
inhibitors vemurafenib or cobimetinib (Fig 3A and B) (p value Melmet 1 = 0.05 and 0.02 and
A375=0.002 and 0.002, respectively), without having an effect on cell proliferation (S2C
Fig). Interestingly, TIMP1 expression was reduced in vemurafenib and cobimetinib treated
cells, while AXL cellular levels were unchanged (Fig 3C). This suggests that the reduced
sAXL levels in vemurafenib and cobimetinib treated cells are not effectuated by increased
TIMP1 expression, in contrast to previous reports (17). When treating cells with BGB324,
vemurafenib and cobimetinib in combinations, no change in SAXL levels were observed

between mono- and combination therapies (S3 Fig).

SAXL levels increase with disease progression and confers with cellular AXL protein

expression

To examine if SAXL could be detected in blood from melanoma patients, we collected blood
samples from patients at the time of lymph node resection (stage III disease) or at the start of
ipilimumab treatment (stage IV disease) (n=160 and 50, respectively). sAXL was detected in
all samples analyzed, with a range of 7.9 to 84.5 ng/mL. Patient characteristics are detailed in

Table 1A and 1B. As seen in Fig 4A, mean sAXL expression increased from 26.6 ng/mL
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(95% CI =24.3-28.9 ng/mL) in patients at lymph node resection to 54.1 ng/mL (95% CI =
50.7-57.6 ng/mL) in patients at the start of ipilimumab treatment (p value < 0.0001), with an
area under the curve of 0.9256 (S4A Fig). To evaluate whether there were differences in
TIMP1 levels between stage III and IV melanoma patients, we analyzed publically available
TCGA data and found no change in TIMP1 mRNA levels (S4B Fig). The level of sSAXL in
stage III patients was not associated with overall survival, Breslow tumor thickness,
ulceration, age or gender (S4C Fig and S1 Table ). To examine if the level of sSAXL coincide
with the protein expression of AXL in tumor cells, paraffin embedded sections from 36 lymph
node metastases were stained with an AXL antibody (S5 Fig). The immunohistochemistry
scores were compared with the respective sSAXL levels in the patient blood samples drawn at
the same time as lymph node surgery. Of these, 6 of the 36 lymph node metastases showed no
AXL staining, while 21, 25 and 11 displayed staining in the membrane, cytoplasm and the
nucleus, respectively. The staining localizations were combined and patients with tumors
expressing high levels of AXL (expression in >10% cells) had a corresponding higher plasma
level of sAXL (Fig 4B) (p value = 0.0231). Additionally, we observed higher sAXL levels in
patients with NRAS mutation compared to NRAS wild type (Fig 4C) (p value = 0.0143),
conferring with a previous report showing higher AXL cellular levels in NRAS mutated
melanoma cell lines (26). The data indicate that the levels of sSAXL mirror the expression of

cellular AXL.

SAXL levels correlate with survival in stage IV melanoma patients treated with

ipilimumab

We further analyzed the level of SAXL in serum from patients who underwent ipilimumab
treatment. Blood from a total of 53 patients was harvested at three time points; before the start
of treatment (baseline), at 4 weeks (second course) and at 7 weeks of treatment (third course)

(Table 1B). Of the patients who started ipilimumab treatment, 25 of 50 had received previous
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therapy, where dacarbazine was the most prevalent. AXL has been linked to treatment
resistance (27, 28), with higher AXL levels in chemotherapy resistant cells (29). Therefore,
we analyzed whether there was a change in the baseline sSAXL levels in previously untreated

versus treated patients. However, no difference was observed between these groups (Fig 5A).

Further, we aimed to examine if SAXL levels were associated with survival in stage IV
melanoma patients treated with ipilimumab. There was no change in the expression of SAXL
in serum drawn at baseline and week 4 when comparing patient survival two years after start
of treatment (Fig 5B and C). Interestingly, in serum drawn from patients at week 7 of
ipilimumab treatment (Fig 5D and S6 Fig), sAXL levels were increased in the patients who
died within two years (71 ng/mL, 95% CI = 61.4-81.2 ng/mL) compared to those who were
still alive (58.1 ng/mL, 95% CI = 51.8 ng/mL-64.4 ng/mL) (p value = 0.03). Higher sAXL
levels were additionally observed in patients with more than two (69.0 ng/mL, 95% CI =
61.7-76.3 ng/mL) compared to patients with 0-2 metastases (52.6 ng/mL, 95% CI =44.0-61.1

ng/mL) (p value = 0.023) (Fig 5E).

In this study, we found that sAXL levels mirror the levels of cellular AXL in melanoma cell
lines and patient samples. Further, we showed that sSAXL levels increase with disease
progression, and that stage IV patients who had higher levels of SAXL at week 7 of
ipilimumab treatmenthad shorter two-year survival. Together, these data demonstrated the
potential of measuring SAXL in blood as a non-invasive method to monitor cellular AXL
levels and showed that sAXL may be used to predict disease progression in melanoma

patients.
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Discussion:

In the present study, we observed that inhibition of AXL by the small-molecular inhibitor
BGB324 resulted in reduced levels of sAXL, and increased the expression of the cellular
protein. However, increased expression of AXL was not observed in cells treated with
vemurafenib or cobimetinib, despite displaying decreased levels of SAXL. It has been
previously reported that the MEK inhibitor PD325901 reduces the catalytic activity of
ADAMI10 and ADAM17, through increased mRNA expression of TIMP1 (17). Likewise,
BGB324 in combination with an EGFR inhibitor has been shown to increase the mRNA
expression of TIMP1 in glioblastoma cells (24). In contrast to this, we observed reduced
TIMP1 expression in ERK/MAPK inhibited cells. Furthermore, we observed no increase in
TIMP1 protein expression after BGB324 treatment, suggesting cell specific mechanisms to be
responsible for the AXL cleavage in these cells. For instance, inhibition of ubiquitination and
increased protein stability has been reported associated with AXL cell surface accumulation
in response to AXL inhibition in breast and lung cancer cells (25). This is in accordance with
our results, demonstrating increased AXL expression in cells treated with BGB324 in

combination with the protein synthesis inhibitor cycloheximide.

We have previously observed that although the protein expression of AXL is increased in
BGB324-treated cells, the activity is decreased compared to control cells (Flem-Karlsen, in
revision). Thus, the membrane-bound, but kinase inactive, AXL may decrease downstream
signaling by binding and sequestering its ligand GAS6. Further, the extracellular domain of
AXL may activate the receptor present on other cells ligand-independently (30). Hence,
treatment with AXL inhibitors may prevent excessive proliferation not only through
downregulation of their respective pathways, but also by decreased activation of AXL on

other cells.
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The addition of an engineered extracellular domain of AXL has been shown to reduce disease
progression and therapy resistance by acting as a decoy of GAS6 (22, 31). However, these
studies have generated libraries of AXL mutants with a high affinity for GAS6 to act as an
inhibitor of the GAS:AXL pathway. Although sAXL is found to bind GAS6 in serum and
plasma, only a fraction of SAXL was bound to GAS6, indicating a surplus of AXL (32). This
suggest that excess SAXL may activate membrane-bound AXL through AXL
homodimerization. Furthermore, GAS6 activation of AXL has been suggested to play a less

dominant role in settings where AXL is overexpressed (33), such as in cancer.

In line with a previous publication in hepatocellular carcinoma (34), we observed a positive
correlation between the expression of cellular AXL and the level of sSAXL in media from
melanoma cell lines. These data indicate that measuring sSAXL could be exploited to
determine the amount of cellular AXL expressed in the tumor cells. No correlation between
sAXL in serum and the mRNA expression in the respective tumor was reported in renal
cancer (20). It has additionally been reported that AXL mRNA expression was similar in
dendritic cell and macrophages, despite one having abundant, while the other had minimal
AXL protein expression (35). This suggests a tight post-transcriptional regulation of the

protein, highlighting the necessity to relate sSAXL levels to the protein expression of AXL.

AXL expression has been linked to metastasis, treatment resistance and poor survival (8, 28)
(36), thus monitoring the levels of AXL in patients may be a tool to determine if the patient
tumors display aggressive tumor characteristics. We observed higher sAXL levels in
melanoma patients at stage IV compared to stage III. Our observed result is in concordance
with others, showing higher sAXL levels in later-stage hepatocellular and renal cancers (19,
20). Currently, disease relapse is monitored through CT scans, which expose the patients to
radiation. SAXL levels predicted melanoma stage with good sensitivity and specificity and

could be evaluated as a biomarker of disease progression which may reduce the need for CT
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scans. sAXL was detected in serum and plasma from stage III and stage IV patients,
respectively, meaning that the comparison between these two groups must be done with
caution. However, SAXL expression in serum versus plasma from Alzheimer patients has
been reported to yield significantly similar levels (37). Additionally, sAXL has been reported
to show consistency across a range of parameters, such as different storage conditions, buffer

types, freeze/thaw cycles and dilutions, highlighting the stability of this protein in blood (38).

There are currently no approved biomarkers of immunotherapy response in melanoma. In this
study, we showed that the level of SAXL in serum samples measured after 7 weeks of
treatment (third course) with ipilimumab was higher in patients who died within two years.
Additionally, we showed that the levels of sSAXL mirror the levels of cellular AXL.
Measuring sAXL levels could thus be a measure of the amount of tumor cells that display the
treatment resistant AXL"&" phenotype, highlighting the potential to distinguish patients that
have increased stage and less response to treatment. Additionally, AXL is reported to be
involved in signaling which leads to immune suppression (39). Thus, the higher sAXL levels
in patients with poor prognosis suggest that the patients had lower immune activation and that
single-agent immune therapy might not be sufficient. In line with this, AXL inhibition in
combination with PD-1 inhibitor pembrolizumab is currently in phase Ib/II clinical trial for
treatment of metastatic melanoma (NCT02872259). Our data suggest that measuring sAXL
levels may be an easy method to identify patients that need more aggressive treatment
regimens and/or closer follow-up. Importantly, sSAXL levels may be evaluated from routine
blood samples and may be measured over time to monitor alterations in AXL expression.
However, it may be difficult to determine treatment response on sSAXL levels alone, due to
somewhat overlap between the two groups in ipilimumab treated patients at seven weeks. To
increase specificity and sensitivity, SAXL should be further studied in a panel together with

other markers that are associated with cancer aggressiveness.
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In stage III patients, no correlation was observed between sAXL levels and overall survival.
In these patients, the levels of SAXL released from the tumor cells may be too low compared
to the overall sAXL expression released from normal cells to be able to distinguish patients
based on survival. Thus, measuring sAXL levels in combination with other markers may

prove more beneficial to increase the assay sensitivity for this group of patients.

In conclusion, we observed higher sAXL levels in late-stage melanoma patients compared to
patients at an earlier stage, and sAXL levels were linked to a higher number of metastases and
lower survival at week 7 of treatment. Furthermore, we observed a correlation between
cellular AXL expression and sAXL levels in melanoma cell lines and patient samples,
suggesting that measuring sSAXL may be used as an easy assessable marker to determine
disease progression and aggressiveness. Thus, monitoring disease progression of both Stage
IIT and IV melanoma patients may reduce the number of required CT scans and thereby, the

amount of radiation for each patient over time.

Materials and methods:

Patient material and cell lines

Blood samples were obtained from melanoma patients treated at the Norwegian Radium
Hospital, Oslo University Hospital. Samples were either drawn at the time of lymph node
metastasis resections, for patients with stage III disease, or before- and at week 4 (at second
course) and week 7 (at third course) for stage IV patients treated with 3 mg/kg ipilimumab.
Ipilimumab was given every third week up to four courses. Patients with inflammatory diseases
were excluded from receiving ipilimumab. Peripheral venous blood was drawn into Vacuette®
Na-Citrate 3,2% tubes (Med-Kjemi AS, Asker, Norway) for plasma samples and Vacuette®

Serum Gel tubes (Med-Kjemi AS, Asker, Norway) for serum samples. After coagulation at
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room temperature, tubes were centrifuged at 2,500 g for 20 minutes for plasma and 1,500 g for
10 minutes for serum, and the samples were stored at -80°C in multiple aliquots. Metastatic
lymph node melanoma specimens were obtained from stage Il melanoma patients who
underwent surgery at the Department of Plastic and Reconstructive Surgery, The Norwegian
Radium Hospital, Oslo University Hospital between 1990 and 2016. The histologic diagnosis
was based on World Health Organization criteria, and the pathologic staging was performed
according to the tumor, node and metastatic classification system AJCC7. Patient material was
collected in accordance with the Declaration of Helsinki with informed consent and was
approved by the Norway Regional Committee for Medical and Health Research Ethics
(application numbers 2014/2208, 2015/2434 and 2013/1518). NRAS and BRAFV600EK
mutations were determined by routine diagnostics by an in-house PCR based assay. Melanoma
cell lines Melmet 1, Melmet 369, Melmet 382 and Melmet 388 were established from
metastatic lesions of patients treated at the Norwegian Radium Hospital, Oslo University
Hospital. A375 was obtained from American Type Culture Collection (Manassas, VA, USA).
Melmet 1, A375 and Melmet 382 cells are BRAFV®%F mutated, while Melmet 369 and Melmet
388 cells are NRAS?®! mutated. Extensive sequencing data of the tumors Melmet 369, Melmet
382 and Melmet 388 cell lines were generated from are available at Flarenes et al, Transl
Oncol, 2019 (40). The cell lines were routinely checked for mycoplasma, and Melmet 1 and
A375 were STR fingerprinted. Cells were grown in RPMI-1640 (Sigma Aldrich, St. Louis,
MO, USA) supplemented with 5% fetal bovine serum (FBS, Sigma Aldrich, St. Louis, MO,
USA) and 2 mM L-glutamine (Lonza Bioscience, Basel, Switzerland) and kept at 37°C and 5%

COa.
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Immunoblot and protein analysis

Protein lysates were lysed in a buffer comprising of 1% Triton X-100, 50mM Hepes (pH 7.4),
150mM NaCl, 1.5Mm MgCl,, ImM EGTA, 100mM NaF, 10mM Na Pyruvate, ImM Na3;VO4
and 10% Glycerol, with addition of 10 pL/mL protease and phosphatase inhibitor cocktails
(cOmplete Mini and PhosSTOP™, Roche, Mannheim, Germany). Protein quantification was
determined by Bradford analysis (Bio-Rad Laboratories AB, Sundbyberg, Sweden). 25ug
protein/lane was run on SDS polyacrylamide gel electrophoresis (PAGE) before the protein
was transferred to a PDVF immobilon membrane (Millipore, Bedford, MA). Membranes were
blocked with 5% non-fat milk in 0.1% TBS-T (150 mM NaCl, 25 mM Tris-Cl, (pH 7.5), 0.01%
Tween 20), before incubation with primary antibodies overnight at gentle agitation. Antibodies
used were: AXL (#8661) and TIMP1 (D19E6, #8946) (1:1000, Cell Signaling, Boston, MA,
USA), and a-tubulin (DM1A) (#05-829, 1:50.000, Millipore, Burlington, MA, USA). The
following day, membranes were washed 3x10 minutes in 0.1% TBS-T, hybridized with
secondary antibody (HRP-conjugated anti-rabbit or anti-mouse (Promega)) with gentle
agitation for one hour at room temperature before 3x10 minutes washes in 0.1% TBS-T.
Protein bands were visualized by SuperSignal™ West Dura Extended Duration Substrate

(Thermo Fisher Scientific, Waltham, MA, USA) and exposed in a Syngene G Box.

Reagents

BGB324 was a kind gift from BerGenBio (Bergen, Norway). Vemurafenib and cobimetinib
were purchased from Selleck Chemicals (Huston, TX, USA) and GW280264X was purchased
from Aeobious Inc. (Gloucester, MA, USA). Cycloheximide solution (#C4859) was purchased
from Sigma Aldrich (St. Louis, MO, USA). The inhibitors were diluted in DMSO and used at
concentrations and time periods as indicated. Control groups received the same amount of

DMSO as treated groups.
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Cell confluence

To determine the number of cells per well, cells were plated at 15-25% confluency in 96-well
or 6-well plates and left overnight before treatment with drugs (or DMSO for control cells) and
400 ng/mL GAS6 and 10 pg/mL Vitamin K for 24 hours. Percent cell confluency was
determined by IncuCyte FLR or IncuCyte Zoom Kinetic Imaging System (Essen Biosciences,

Ann Arbor, MI, USA).

Immunohistochemistry staining

To determine the protein expression of AXL in the melanoma lymph node metastases standard
method immunohistochemistry was performed. Formalin-fixed, paraffin-embedded tissue
specimens were deparaffinised with xylene and rehydrated in graded ethanol. Antigen retrieval
was performed by boiling for 20 minutes at 97°C in Target Retrieval Solution buffer (pH 6,0:
Dako, Glostrup, Denmark) in microwave oven. After quenching endogenous peroxidase with
3% H20:2 in methanol for 30 minutes, the slides where incubated over night at 4° with
polyclonal antibody against AXL (#AF154, R&D Systems, Minneapolis, MN, USA) and
labelled with the Envision Detection System (Dako, Glostrup, Denmark) for 1 hour at room
temperature. The slides where developed with 3,3 -ddiaminobenzidine tetrahydrochloride
(DAB Plus; Dako, Glostrup, Denmark) and counterstained with 10% Mayer hematoxylin,
dehydrated, and mounted. AXL staining was evaluated by a pathologist (INF) blinded to
patient characteristics. As no commonly accepted scoring system for in situ AXL expression is
available, this was done semi-quantitatively with a subjective grading system for the proportion
of tumor cells showing a positive reaction. In general, the pattern of AXL expression varied
significantly among samples; the AXL protein could be located mostly to the cell membrane, in
the cytoplasm or in nuclei, and in some samples, all expression patterns were present. The

percentage of tumor cells showing membrane, cytoplasmic and/or nuclear staining was
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combined and recorded as <10%, 10-40% and over 50% for each sample. For analysis, AXL
expression were divided into high (>10%) and low (<10%), which generated two equally sized

groups, in line with a previous publication (41).

Enzyme-linked immunosorbent assay (ELISA)

The level of soluble AXL was quantified using Human Ax] DuoSet® ELISA (Cat no. DY 154,
R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s protocol. Plasma or
serum samples were diluted 1:50 in reagent diluents, while cell media was undiluted. Media
was removed of cells and apoptotic vesicles by centrifugation at 2000 g for 10 minutes before
freezing. Cell culture supernatants abolished of extracellular vesicles were centrifuged at
100.000 g for 70 minutes by a Type Ti70 rotor (Beckman Coulter, Brea, CA, USA).

Samples were related to a sample standard of two-fold dilutions from 4000 pg/mL to 62.5
pg/mL and were measured in technical duplicates. Soluble AXL concentrations in Fig 1A were
related to cell numbers counted manually by hematocytometer and presented as concentration
(pg/mL)/10° cells to account for variations in cell numbers. The other ELISA experiments are
presented as concentration (ng/mL). The ELISA samples were normalized and quantitated
using a second order polynomial standard curve by GraphPad Prism version 7.0 (GraphPad

Software, San Diego, CA, USA).

Statistical analysis

Values of cell-based experiments represent average of three independent experiments +
standard error of the mean (SEM), if not otherwise noted. Statistical significance was
determined by student two-tailed t-test using GraphPad Prism version 7.0 (GraphPad Software,
San Diego, CA, USA). P-values of less than 0.05 were considered significant and marked with

asterisks, where * =< 0.05, ** =< 0.01 and *** <0.001. Immunoblots were performed at least
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twice with independent lysates. Statistical analysis of patient samples was performed applying
the SPSS-PC package (Version 25) using the Mann-Whitney U test (2-tier analyses) or the
Kruskal Wallis H test (>2-tier analyses). Overall survival (; OS) was calculated from the date of
diagnosis to recurrence or death, respectively. Univariate survival analyses of OS were
executed using the Kaplan-Meier log-rank test. SAXL levels were classified as high vs. low

based on the median value.
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Figure legends:

Fig 1. sAXL mirrors AXL levels in cell lines

A) Levels of sSAXL as measured by ELISA in the media of melanoma cell lines Melmet 1,
A375, Melmet 382 and Melmet 388 related to 1*10° cells. Error bars indicate SEM (n=3) and
B) Corresponding cellular AXL levels as measured by immunoblot. a-tubulin was used as

loading control.

Fig 2. AXL inhibition results in reduced sAXL levels and augmented AXL expression

through increased protein stability.

sAXL levels in the media of Melmet 1 and A375 cells treated with A) 3 uM
ADAM10/ADAM17 inhibitor GW280264X and B) 2 uM BGB324. sAXL levels were

determined by ELISA. For B, the control cells are the same as in Figure 3A and B. The
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figures show average sAXL levels + SEM of three independent experiments. Immunoblot
analyses showing protein expression of C) AXL and TIMP1 following treatment with 2 pM
BGB324 and D) AXL following treatment with 2uM BGB324 and/or 5 ng/mL protein
synthesis inhibitor cycloheximide (CHX). Cells were treated with BGB324 for 24 hours
and/or CHX for indicated times before harvesting. a-tubulin was used as loading control. * =
p value <0.05, ** =p value <0.01 and *** = p value < 0.001 calculated using student two-

tailed t-test.

Fig 3. MAPK:i results in reduced sAXL without affecting AXL expression.

sAXL levels in the media of Melmet 1 and A375 cells treated with A) 1uM vemurafenib and
B) 50nM cobimetinib and C) AXL and TIMP1 cellular levels in the corresponding cell lines
as visualized by representative immunoblots. Cells were treated with the inhibitors for 24
hours before media or cells were harvested. SAXL levels were determined by ELISA and
show average sAXL levels + SEM of three independent experiments. For A and B, the control
cells are the same as in Figure 2B. a-tubulin was used as loading control for the immunoblot.

* =p value < 0.05 and ** = p value < 0.01 calculated using student two-tailed t-test.

Fig 4. sAXL levels increases during melanoma progression and correlates with cellular

AXL levels.

A) sAXL levels measured by ELISA in blood harvested from patients either at time of lymph
node resection (stage III) or at the start of ipilimumab treatment (stage IV) (n= 160 and 50,
respectively). Error bars represent mean + 95% confidence interval (CI). B) sAXL levels in
36 plasma samples related to immunohistochemical (IHC) staining of AXL in the respective
lymph node metastases. Percent IHC staining expression was divided into two similar sized
groups of <10% and >10% AXL staining (n= 17 and 19, respectively). C) sAXL levels in

plasma drawn from stage III patients at lymph node resection related to NRAS mutation
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status. B) and C) are displayed as box and whiskers plot + range. SAXL levels were
determined by ELISA from plasma samples run in technical duplicates, where each point

represents one patient. * = p value < 0.05 and *** = p value <0.001.

Fig 5. sAXL levels are increased in patients with shorter two-year survival after seven

weeks of ipilimumab treatment.

A) sAXL levels measured by ELISA in plasma samples in previously treated versus untreated
patients at the start of ipilimumab treatment. sSAXL levels in serum samples from stage IV
patient harvested B) before the start, C) at week 4 or D) at week 7 of ipilimumab treatment
grouped according to survival after two years. E) sAXL levels in serum harvested at week 7
of ipilimumab treatment related to number of metastases. SAXL levels were determined by
ELISA and run in technical duplicates. The figures are displayed as box and whiskers plot +

range, where each point represents one patient. * = p value < 0.05.
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Supplementary Methods:

mRNA expression from TCGA data:

The mRNA expression profiles for TIMP1 and AXL gene were analyzed and compared for stage
IIT and stage IV melanoma using Skin Cutaneous Melanoma data (SKCM) from The Cancer

Genome Atlas (TCGA Research Network: https://www.cancer.gov/tcga). SKCM raw count data

(n=470) was downloaded from recount2: analysis-ready RNA-seq gene and exon counts datasets
(1) and Bioconductor package recount (2). TCGA clinical data, including the melanoma stage 111
and stage IV information, was retrieved from NIH, National Cancer Institute, GDC Data portal
(3). Prior analyze, count data was normalized by log2 transformation (log2 + 1). The mRNA
expression profiles in stage III and stage IV were visualized in boxplots (4) and statistically

analyzed using Wilcoxon signed-rank test in R (5).

Quantitative real-time PCR:

cDNA was purified by QIAquick PCR Purification Kit (Qiagen) following the manufacturer’s
instructions. qPCR reaction was run in duplicates using 8.8 ng cDNA, 300 nM primer, 200 nM
FAM490 labeled probe ( Roche) and 1x PerfeCTa g-PCR SuperMix (Quanta BioSciences). Bio-
Rad CFX Connect™ Real Time PCR machine (Bio-Rad) was used to perform the PCR and data
was analyzed by the Bio-Rad CFX Manager software. AXL mRNA levels were related to

housekeeping gene YARS.

References:

1. Collado-Torres L, Nellore A, Kammers K, Ellis SE, Taub MA, Hansen KD, et al. Reproducible RNA-
seq analysis using recount2. Nature biotechnology. 2017;35(4):319-21.

2. Collado-Torres L, Nellore A, Jaffe AE. recount workflow: Accessing over 70,000 human RNA-seq
samples with Bioconductor. F1000Res. 2017;6:1558.



3. Grossman RL, Heath AP, Ferretti V, Varmus HE, Lowy DR, Kibbe WA, et al. Toward a Shared
Vision for Cancer Genomic Data. The New England journal of medicine. 2016;375(12):1109-12.

4, Wickham H. ggplot2: Elegant Graphics for Data Analysis: Springer International Publishing;
2016.
5. R Core Team. R: A language and environment for statistical computing. R Foundation for

Statistical Computing, Vienna, Austria Available online at https://wwwR-projectorg/. 2018.

Supplementary figure legends:

S1 Fig. sAXL levels mirror AXL cellular levels and is not primarily contained within

extracellular vesicles.

A) sAXL levels in the media of Melmet 369, Melmet 382 and Melmet 388 +SEM, and B) the
corresponding AXL protein expression measured by immunoblot (N=2). GAPDH was used as
loading control. C) AXL levels in the media of Melmet 1 and A375 cells with or without
depletion of extracellular vesicles by ultracentrifugation + SEM (n=3). sAXL levels were

measured by ELISA.

S2 Fig. Treatments does not alter proliferation or mRNA expression in melanoma cells.

A) Proliferation measured by Incucyte and B) Representative immunoblot of AXL protein
expression of Melmet 1 and A375 cells treated with 3uM ADAM10/17 inhibitor GW280264X.
a-tubulin was used as loading control for the immunoblot. B) Proliferation in Melmet 1 (top
panel) and A375 (bottom panel) cells treated with 2 uM BGB324, 1 uM vemurafenib or 50 nM
cobimetinib. Proliferation is measured by the Incucyte imaging system. C) Relative mRNA
levels of AXL in Melmet 1 and A375 cells treated with 2uM AXL inhibitor BGB324. The data
shows average values related to untreated control cells + SEM of three independent experiments.

Cells were treated with the inhibitors for 24 hours before they were harvested.



S3 Fig. Combinations of BGB324, vemurafenib and cobimetinib does not alter sSAXL

expression compared to monotherapies

sAXL levels in Melmet 1 (left panel) and A375 (right panel) cells treated with 2 uM BGB324, 1
uM vemurafenib and/or 50 nM cobimetinib for 24 hours. Control cells and monotreatment of
BGB324, vemurafenib and cobimetinib are the same as the ones presented in Figures 2B, 3A and
3B. sAXL levels were determined by ELISA and show average values + SEM of three

independent experiments.

S4 Fig. sAXL levels increase with disease progression.

A) Area under the curve (AUC) comparison between the levels of sSAXL in patients at the start of
ipilimumab treatment and at the time of lymph node resection. B) TIMP1 mRNA expression in
stage III and IV melanomas from publically available TCGA data. C) Kaplan Meier plot of
sAXL levels in blood divided in sAXL low (n=80 and high (n=80) from patients with stage III

melanoma correlated with overall survival.

S5 Fig. Immunohistochemistry staining of AXL.

IHC staining showing examples of <10%, 10-50% and >50% AXL positive tumor cells in
sections from stage III melanoma patients. <10%: Some cells in the lymph node metastasis
(middle and right part of the picture) show faint cytoplasmic or nuclear staining. Stronger
staining is seen in endothelial cells of lymphatic vessels (orig. magnif. X200). 10-50%: More
cells in the metastasis (left part) show stronger staining, mainly cytoplasmic (orig. magnif.
x100). >50%: More than half the cells in the metastatic node show relatively strong cytoplasmic

and membrane staining (orig. magnify. X100).



S6 Fig. sAXL levels are increased in patients with shorter two-year survival.

AUC comparison between the levels of SAXL in patients who were alive or dead two years after

ipilimumab treatment
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Immunoregulatory protein B7-H3 is involved in the oncogenic and metastatic potential of cancer
cells, as well as in drug resistance. Resistance to conventional chemotherapy is an important aspect of
: melanoma treatment, and a better understanding of how B7-H3 enhances drug resistance may lead
. tothe development of more effective therapies. We investigated the in vitro and in vivo sensitivity of
. chemotherapeutic agents dacarbazine (DTIC) and cisplatin in sensitive and drug resistant melanoma
. cells with knockdown expression of B7-H3. We found that knockdown of B7-H3 increased in vitro and
© invivo sensitivity of melanoma cells to the chemotherapeutic agents dacarbazine (DTIC) and cisplatin,
in parallel with a decrease in p38 MAPK phosphorylation. Importantly, in B7-H3 knockdown cells we
observed an increase in the expression of dual-specific MAP kinase phosphatase (MKP) DUSP10, a
MKP known to dephosphorylate and inactivate p38 MAPK. DUSP10 knockdown by siRNA resulted
. inareversion of the increased DTIC-sensitivity seen in B7-H3 knockdown cells. Our findings highlight
. the potential therapeutic benefit of combining chemotherapy with B7-H3 inhibition, and indicate that
: B7-H3 mediated chemoresistance in melanoma cells is driven through a mechanism involving DUSP10-
mediated inactivation of p38 MAPK.

B7-H3, a member of the B7 family of immune checkpoint proteins, is upregulated in many different cancer types',
. and B7-H3 targeted therapy is currently being tested in several clinical trials®. B7-H3 has been found to favor
: tumor growth, cell proliferation, migration, invasion, and drug resistance®=, although many aspects regarding
* its oncogenic potential are still unknown. For instance, B7-H3 has been involved in various signal transduction
. pathways, including the JAK/STAT, PI3K/Akt, and the mitogen activated protein kinase (MAPK) Raf/MEK/ERK
. pathways?, but their relation with chemoresistance is not fully understood.

The MAPK pathways regulate various cellular processes, such as proliferation, differentiation, apoptosis and
© stress responses, and include four major pathways, as defined by their MAPK effector: ERK1/2, ERK5, JNKs and
. p38s MAPK®. The p38 MAPK pathway is mainly activated by stress signals such as UV light, osmotic shock and
: cytokines’”. When activated, the p38 MAPK pathway can phosphorylate a wide range of proteins. This include
. activating phosphorylation of various transcription factors that may, amongst many physiological processes, lead
© to the maintenance of a tumor aggressive phenotype and/or resistance to chemotherapy®.

: The MAPKs are activated by phosphorylation by upstream kinases and inactivated by dephosphorylation

of a group of dual specificity phosphatases called MAP kinase phosphatases (MKPs). MKPs include 10 active

. enzymes that show different specificity towards subgroups of MAPKs and have different localization patterns

. which permits a tight regulation, spatially and temporally, of the MAPK signaling. The MKPs can be divided into

. three groups: 1) the nuclear MKPs DUSP1, DUSP4, DUSP2, and DUSP5; 2) the cytoplasmic, ERK1/2-specific

© MKPs DUSP6, DUSP9, and DUSP7; and 3) the stress-activated, p38/JNK-specific MKPs: DUSP8, DUSP10, and
: DUSP16’.

Melanomas have classically been treated with chemotherapy, including DNA alkylating, platinum-based,

and microtubule-interacting agents'’. However, low response rates, high toxicity and resistance are commonly

found''. In the past years, therapies with small-molecule inhibitors or antibodies targeting immune checkpoint
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Figure 1. Melanoma cells with decreased B7-H3 expression have increased sensitivity to dacarbazine (DTIC)
and cisplatin chemotherapy. (A) Immunoblot verifying the lentiviral knockdown of B7-H3 in MDA-MB-435
and FEMX-I cells. In cells were B7-H3 expression was decreased (short hairpin B7-H3, shB7-H3), the

ability to form colonies in response to (B) DTIC and (C) Cisplatin chemotherapy treatment was reduced
compared to control short hairpin scramble (shSCR) cells. Results show the average of three independent
experiments + SEM.

proteins or BRAF have become more prominent'?, but treatment resistance is frequent'’. Despite the recent
advances in melanoma treatment, dacarbazine (DTIC) chemotherapy is still being widely used even though its
response rate as a single agent is only 10-20%'*!°. Thus, improvement in melanoma therapy is highly needed.
DTIC treatment combined with targeted therapy may improve the overall response, and is a promising way for-
ward for treatment of metastatic melanoma'¢.

Inhibiting expression of B7-H3 has been found to increase cell and tumor sensitivity to various chemothera-
peutic agents*!7-?!. In this study, we investigated the mechanism behind B7-H3 mediated resistance to DTIC and
cisplatin, using melanoma as a model. We identified modulation of p38 MAPK activation by DUSP10 as a novel
mechanism of B7-H3-mediated chemoresistance.

Results

Reduced B7-H3 expression increases in vitro and in vivo sensitivity of melanoma cells to
chemotherapy. We have previously observed in in vitro proliferation assays that cells with decreased expres-
sion of B7-H3 display increased sensitivity to DTIC and small anti-cancer drugs, including molecular inhibitors*.
However, the mechanism by which B7-H3 induces resistance to therapy is still unknown. To determine if the
B7-H3 associated drug resistance might involve effects asserted by stress signaling, we treated melanoma cells
with two chemotherapeutic agents, DTIC and cisplatin. The melanoma cell lines FEMX-I and MDA-MB-435 had
stably reduced B7-H3 expression by short hairpin RNA (shRNA), as previously described (Fig. 1A; and in refer-
ence’). Diminished B7-H3 protein expression reduced the colony-formation ability of the cells upon treatment
with both DTIC and cisplatin (Fig. 1B,C). This effect was also observed in vivo utilizing nude mice. Subcutaneous
injection of cells with knocked down B7-H3 expression led to decreased relative tumor volume compared to
control cells (Fig. 2A,B), and was further decreased when the mice were subjected to DTIC treatment (Fig. 2A).
Of the DTIC treated mice 6/10 animals had regrowth at 100 days, while tumors in mice injected with B7-H3
knockdown cells showed regrowth in only 1/11 animals (Fig. 2A). Thus, melanoma cells with low expression of
B7-H3 are more sensitive to DTIC and cisplatin chemotherapy.
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Figure 2. Tumor volume is reduced in vivo in shB7-H3 cells upon chemotherapy treatment. Mice were injected
subcutaneously with 5 x 10° MDA-MB-435 melanoma control cells (shSCR) and cells having diminished B7-H3
expression (shB7-H3). Upon B7-H3 knockdown, the relative tumor volume was reduced compared to control
cells in response to (A) Dacarbazine (DTIC) (n=20-22 in each group) and (B) Cisplatin (n =5-6 in each
group) chemotherapy treatment. Results show the relative tumor volume of the tumors + SEM.

Chemotherapy resistance is abrogated in cells with reduced expression of B7-H3. Interestingly,
we observed 1.228-fold (SD =+ 0.136265, p-value 0.004) higher B7-H3 expression in FEMX-V DTIC resistant
(DR) cell line as compared to the sensitive parental cell line (Fig. 3A). Next, we investigated if reducing B7-H3
expression could increase sensitivity to chemotherapy in cells with induced drug resistance. To this end, we used
the FEMX-V DTIC resistant (DR) cell line stably transduced with shRNA to reduce the B7-H3 expression as
previously described (Fig. 3A). Upon DTIC treatment, the ability of FEMX-V shB7-H3 DR cells to form colonies
was reduced to the level of FEMX-V sensitive control shSCR cells (Fig. 3B). Similarly, in xenograft experiments
(Fig. 3C) the tumor growth curves were similar for mice injected with FEMX-V shB7-H3 DR cells to that of mice
injected with FEMX-V sensitive cells. These data reinforce the notion that reducing B7-H3 expression inde-
pendently abrogates the DTIC resistance of melanoma cells.

DUSP10 expression is increased in shB7-H3 cells, and correlates with lower p-p38 MAPK lev-
els. Inattempts to reveal the molecular basis of the involvement of B7-H3 in the drug resistance of FEMX-V
DR cells, we performed a comparative DNA microarray gene expression analysis on FEMX-V DR control
(shSCR) and shB7-H3 cells. Top differentially expressed genes with log2 value +-1 and p-value less than 0.05 are
listed in Supplementary Table 1. Interestingly, one of the up-regulated genes was the dual-specific phosphatase
DUSP10 (log2 Ratio =1.052, p-value =0.000124284). DUSP10 is a MAP kinase phosphatase known to dephos-
phorylate and negatively regulate p38 MAPK?®. Up-regulation of DUSP10 mRNA expression was validated by
qPCR (Fig. 4A). Additionally, we observed up-regulation of DUSP10 in FEMX-I shB7-H3 cells, and to a less
extent in MDA-MB-435, shB7-H3 cells (Fig. 4A). To test the involvement of DUSP10 in regulating p38 MAPK
activation, we analyzed p38 MAPK activation status in shSCR and shB7-H3 FEMX-I cells treated with DTIC or
cisplatin. Both drugs induced p38 MAPK activation. Notably, this activation was lower in shB7-H3 knockdown
cells compared to control cells treated with DTIC or cisplatin (Fig. 4B,C), suggesting that B7-H3 protein expres-
sion is involved in p38 MAPK activation.

Increased drug sensitivity in shB7-H3 cells is reversed upon siRNA-induced down-regulation of
DUSP10. To analyze if DUSP10 levels affected the sensitivity to chemotherapy, we knocked down DUSP10
by siRNAs in shSCR and shB7-H3 FEMX-I cells. We observed a lower DTIC-induced activation of p38 MAPK in
FEMX-IshB7-H3 cells compared to the shSCR cells, in consistence with higher DUSP10 expression (Figs 4A and 5A).
Upon DUSP10 silencing, p38 MAPK activation was increased in both shSCR and shB7-H3 cells treated with
DTIC. Moreover, the increased DTIC and cisplatin drug sensitivity achieved by B7-H3 knockdown was abrogated
upon DUSP10 silencing (Fig. 5A,B and Supplementary Fig. 2). These results suggest that the increased chemosen-
sitivity displayed by shB7-H3 cells is mediated through increased expression of DUSP10.

Discussion

B7-H3 expression is associated with tumor progression and epigenetic regulatory activity in cutaneous mela-
noma®%. B7-H3 expression in melanoma cells is also associated with sensitivity to various anti-cancer agents®, here
including cisplatin. The mechanisms by which B7-H3 promotes drug resistance are largely unknown, although
various pathways, such as JAK/Stat and PI3K/mTOR have been proposed to be involved®**!. In this study, we
have identified the p38 MAPK pathway as a major effector of B7-H3-mediated resistance to chemotherapy and
unveiled a novel B7-H3-associated regulation of p38 MAPK activation in melanoma cells. This regulation is
mediated, at least in part, through the downregulation of the MAP kinase phosphatase DUSP10. Whether this
B7-H3-DUSP10-p38 regulatory axis could be operative in other tumor types requires further studies. In this
regard, p38 MAPK inactivation has been also observed in breast cancer cells upon knockdown of the B7-protein
B7-H1/PD-L1%.

Our results suggest that B7-H3 suppresses the expression of DUSP10 at the mRNA level, which in turn leads
to higher p38 MAPK activation and increases tumor cell resistance to chemotherapy (Fig. 6). Thus, in our model,
pharmacological inhibition of p38 MAPK would be beneficial and increase chemosensitivity of melanoma cells. It
would be of interest to identify candidate DUSP10 transcription factors potentially repressed by B7-H3. DUSP10

SCIENTIFIC REPORTS |

(2079) 9:5839 | https://doi.org/10.1038/s41598-019-42303-w 3



www.nature.com/scientificreports/

< N
. )
(\é\\\“ é((o %(9,\
()
FOC R ‘
A & &M &

B7-H3/a-tubulin

B7-H3

a—tubulin

B =
> 150
§ - DR
E -# DR shSCR
S 100 4 -+ DR shB7-H3
> —= Sensitive
5 N
S 50 1\
(=]
2 :
8 ¢ . . , .
g o 10 20 30 40
DTIC [ug/mL]
C

g - DR
% - DR shSCR
> 104 -+ DR shB7-H3
g —~ Sensitive
S
- T
o 5
=
®
T
x o T T T ]

0 5 10 15 20

Days

Figure 3. Reduced B7-H3 levels abolish dacarbazine (DTIC) resistance in DTIC resistant cells. FEMX-V cells
with sensitivity (FEMX-V sensitive) or induced resistance to DTIC (FEMX-V DR), where knocked down for
B7-H3. (A) Representative immunoblot of B7-H3 and a-tubulin expression in the four FEMX-V cell variants.
(B) When these cells were subjected to DTIC treatment, little effect of DTIC was seen in the ability of drug
resistant DR and DR shSCR cells to form colonies. FEMX-V DR shB7-H3 cells, however, displayed a reduced
capacity to form colonies. Results show the average of two independent experiments & SEM. (C) This effect was
also seen in vivo, where FEMX-V shB7-H3 cells and FEMX-V sensitive cells displayed reduced relative tumor
growth £ SEM compared to FEMX-V DR and FEMX-V DR shSCR cells (n =7-8 in each group).

is a stress-activated, JNK/p38-specific MKP widely expressed, reported to be involved in cancer progression
and in the regulation of immune response’. Overexpression of DUSP10 in human colorectal cancer (CRC) cells
resulted in reduced tumor formation in immune deficient mice, and high DUSP10 expression was associated with
better survival in CRC patients®*. Our in vitro and in vivo results also suggest an anti-oncogenic role for DUSP10
in melanoma. In addition, our findings support the existence of a B7-H3-DUSP10-p38 axis important for cell
proliferation which is independent of the immune system.

Interestingly, up-regulation of DUSP10 in prostate cancer cells correlated with inactivation of p38 MAPK and
decreased production of the inflammatory cytokine IL-6%°, and DUSP10 was found to down-regulate the release
of cytokines (IL-6 and TNF) by regulating p38 MAPK pathway in macrophages®’. We have previously found
B7-H3 expression to correlate with IL-8 secretion in melanoma cells®. Whether this phenomenon is mediated
through DUSP10 needs further investigation.

In melanoma, activation of p38 MAPK has been associated with various cellular functions, including suppres-
sion of anti-tumor immune responses?, and resistance to chemotherapy?®, and p38 MAPK inhibition has been
found to suppress inflammation-induced metastasis®’. Here, we observed activation of p38 MAPK in melanoma
cells treated with either DTIC or cisplatin, indicating that these drugs affect cell proliferation through similar
pathways. Inhibition of p38 MAPK is getting increased attention as a promising therapeutic approach in cancer™®.
Relevant to this, there are currently many clinical trials with various p38 MAPK inhibitors either alone or in com-
bination with other chemotherapeutic agents in different types of cancers®*2. p38 MAPK inhibition increased the
sensitivity to cisplatin in colorectal cancer®, and to taxanes in breast cancer cells*. It would be interesting to test
whether these mechanisms could be dependent on B7-H3 expression.
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Figure 4. DUSP10 is induced in shB7-H3 cells and correlates with lower activation of p38 MAPK signaling
by dacarbazine (DTIC) and cisplatin. (A) Mean fold change in gene expression of DUSP10 by qPCR of
FEMX-V sensitive and DTIC resistant (DR), FEMX-I and MDA-MB-435 control (shSCR) and shB7-H3 cells.
Representative immunoblot of phospho-p38 (p-p38), p38, and GAPDH levels in FEMX-I shSCR and shB7-H3
melanoma cells treated with: (B) 5 pg/mL DTIC or (C) 10 pg/mL cisplatin treatment. Right panels in B and C,
average of three independent immunoblot values of p-p38 levels divided by p38 levels = SEM.

Our findings support the idea that inhibiting B7-H3 may be a promising therapeutic concept in combina-
tion with chemotherapy. However, our in vitro and mouse xenograft models have limitations, and only reflect
the B7-H3 tumor-intrinsic role. As B7-H3 is an immune checkpoint protein that prevents T cell activation, its
inhibition could also affect immune function in the melanoma tumor microenvironment. Additional studies
in immune competent mouse models would be necessary to assess the role of B7-H3 as an immune checkpoint
protein and the potential of B7-H3 inhibition to promote both the anti-tumor immune response and sensitivity
to chemotherapy in melanoma. Moreover, p38 MAPK signaling has been shown to induce the proliferation of
regulatory T cells, thus dampening the immune response®. As B7-H3 expression correlates with the number of
regulatory T cells®® and is known to exhibit a co-inhibitory signal on the immune system?, it would be interesting
to investigate the activation of p38 MAPK by B7-H3 expression in immune competent models.

Materials and Methods

Cell cultures and silencing. FEMX-I and FEMX-V cell lines were established from a metastatic lymph
node harvested from a melanoma patient operated at The Norwegian Radium Hospital*®. FEMX-1 cells corre-
sponds to the first generation of brain metastasis, and FEMX-V cells corresponds to the fifth generation, estab-
lished by disaggregation, single cell formation and intraveneous re-injection in nude mice of the harvested cells
as previously described®. MDA-MB-435 was acquired from ATCC. FEMX-V DTIC drug resistant (FEMX-V DR)
cell lines were described previously*’. B7-H3 knockdown in FEMX-V DR cells were made as reported for FEMX-I
and MDA-MD-435 cells®, using HuSH 29mer shRNA constructs against B7-H3 (shB7-H3; sequence shRNA-2,
5" TCGTGTGCTGGAGAAAGATCAAACAGAGC-3’) and control plasmid pRS nontarget TR30003 (shSCR;
sequence 5'-GCACTACCAGAGCTAACTCAGATAGTACT-3’) (both from Origene Technologies). All cells were
grown in RPMI-1640 (Sigma Aldrich) with addition of 10% fetal bovine serum and 2 mM L-glutamine. DUSP10
knockdown was performed by transfection of specific siRNAs using Lipofectamine 3000 (Thermo Fisher) fol-
lowing manufacturer’s protocol. DUSP10 siRNAs (siDUSP10 #1, SI03119998; siDUSP10 #2, SI03118178) were
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Figure 5. Reduced DUSP10 expression decreases chemosensitivity in shB7-H3 cells. (A) Left panel;
Immunoblot analysis of phospho-p38 (p-p38), p38, and GAPDH expression upon DTIC treatment and right
panel; average of three independent immunoblot values of p-p38 levels divided by p38 levels + SEM in FEMX-I
shSCR and shB7-H3 cells upon DUSP10 knockdown by siRNA. (B) Average proliferation of three independent
experiments = SEM of FEMX-I shSCR and shB7-H3 cells with DUSP10 knockdown and DTIC treatment as
measured by the Incucyte FLR imaging system 72 h after treatment.

Stress/
chemotherapy

7-H3

Extracellular [24]
00000000JO0000000000000000!
8888800000000 000000000000000088888

Intracellular
l MEKK
l MKK
1DUSP10 l

Altered
chemotherapy
response

Figure 6. Schematic figure of how B7-H3 affects p38 MAPK signaling through modulation of DUSP10. In
response to DTIC treatment, cells expressing B7-H3 have a lower level of DUSP10, which results in higher
activation of p38 MAPK and resistance to chemotherapy. In cells with reduced B7-H3 levels, DUSP10 levels are
higher and thus, p38 MAPK activation is lower, which leads to chemotherapy sensitivity. Upon reduction of
DUSP10 levels, this sensitivity is eliminated.

from Qiagen (Thermo Scientific), and siNS (non-specific) siRNA (J-003104-13) was from Dharmacon. The final
concentration of Lipofectamin3000 and siRNAs were 2 pl/mL and 50 nM, respectively. DUSP10 knockdown was
verified 72 h post-transfection at mRNA level by RT-qPCR, as described below.

RNA isolation, DNA microarray and qPCR. The RNA was prepared for microarray analysis using the
lumina™ TotalPrep™ RNA amplification kit (Thermo Scientific) according to manufacturer’s protocol. The con-
centration of the samples was measured using NanoDrop spectrophotometer (Thermo Scientific) and the quality
of the finished cRNA was assessed using the Bioanalyzer (Agilent Genomics). 1.5 ug biotin labeled cRNA was
hybridized onto Illumina Human-6 Expression BeadChips (Illumina) using the Whole-Genome Gene Expression
Direct Hybridization Assay (Illumina) according to manufacturer’s protocol. After scanning, the results were
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quality checked in Ilumina BeadStudio, and raw data were quantile normalized in log2 scale. The DNA microar-
ray analyses were performed at the Genomics core facility, Oslo University Hospital (OUH), Norway. Total RNA
was isolated for RT followed by gPCR using QuantiTect Primers (Qiagen) for DUSP10 and HPRT as a housekeep-
ing gene as described previously in reference®!.

Reagents, immunoblot and antibodies. Decarbazine (DTIC) (Lipomed GmbH) and cisplatin (Accord
Healthcare) were used at indicated concentrations, during the indicated times. Dimethyl sulfoxide (DMSO) was
used as a control. Whole cell protein extracts were prepared by total cell lysis and immunoblot was performed as
described previously in reference’. Antibodies used for Western blotting were: B7-H3 (1:1000, AF1027, R&D),
phosoho-p38 (#9211), p38 (#8690), GAPDH (#5174) (1:1000, Cell Signaling) and a-tubulin (1:50000, CP06,
Millipore). Protein concentrations from total cell lysates were measured using Pierce® BCA Protein Assay Kit
(Thermo Scientific). Immunoblot expression levels were quantified using Image]. Uncropped blots are provided
in the Supplementary Information.

Cell proliferation and colony formation. To assess cell proliferation, 5000 cells/well were seeded on
96-well plates and the cell confluence was measured every three hours by the IncuCyte FLR or IncuCyte Zoom
imaging microscopes (Essen Biosciences). The cells were treated with indicated drugs at indicated concentrations
21h post-plating and were scanned for 72 h after adding the drugs. DMSO was added to control cells. For colony
formation assays, 500 or 1000 cells/well were seeded on 6-well plates in media containing DMSO or indicated
drugs. The cells were treated with drugs for 48 h, and plates were processed after 7 days. Colonies were counted
after they were fixed with methanol and stained with 0.05% crystal violet.

In vivo studies. The in vivo studies were performed using female nude athymic (fox1nu) mice bred at the
Department of Comparative Medicine, Institute for Cancer Research, OUH Radiumhospitalet. When the animals
were 6-8 weeks of age, 5 x 10° cells were injected subcutaneously into both flanks of the nude mice. The treatment
was initiated when the tumors were between 5-6 mm in diameter and consisted of a single treatment of 250 mg/
kg DTIC or 10 mg/kg Cisplatin administered intravenously. Solvent was administered for control mice. Tumors
were measured twice a week and the tumor volume was calculated by the formula 0.5 x length x width?. The data
is presented as the average & standard error of the mean (SEM) of three independent experiments. All animals
were kept according to regulations of the Norwegian Animal Welfare Act and the experiments were approved by
the Norwegian Animal Research Authority and conducted according to the FELASA guidelines (FOTS applica-
tion number 1748 and 2499).

Statistical analysis. Data shows average values +- SEM for the average of three representative experiments
and in vivo experiments. All experiments were performed in technical and biological triplicates, if not otherwise
specified. Data was analyzed by Graphpad Prism 7.0 (Graphpad Software), where significance was calculated
using two-tailed students t-test. P values of less than 0.05 were considered significant and were marked with an
asterisk.

Conclusions

By using melanoma cells resistant to DTIC, we found that knocking down B7-H3 in these cells abolished the
acquired resistance. These findings support the idea that inhibiting B7-H3 may be a promising therapeutic con-
cept in combination with chemotherapy. Furthermore, we observed a parallel upregulation of the mRNA levels
of the dual-specific MAPK phosphatase DUSP10 in the B7-H3 knockdown cells. Consistently, lower p38 MAPK
activation upon chemotherapy was observed in cells with reduced B7-H3 expression in parallel with increased
sensitivity. Moreover, the increased sensitivity of B7-H3 knockdown cells was abolished by DUSP10 knockdown
by siRNA. Taken together, we have discovered a novel mechanism that contributes to B7-H3-mediated drug
resistance through attenuating DUSP10 expression thereby activating p38 MAPK in melanoma cells.
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Supplementary figure legends

Figure S1) qPCR analysis of DUSP10 expressionin FEMX-I cells.

gPCR verifying DUSP10 knocked down in FEMX-I shSCR and shB7-H3 cells using two
different siRNAs (siDUSP10 #1 and siDUSP #2).

Figure S2)Reduced DUSP10 expression decreases cisplatin chemosensitivity in
shB7-H3 cells.

Average proliferation of three independent experiment £SEM of FEMX-IshSCR and
shB7-H3 cells with DUSP10 knockdown and indicated concentrations of
cisplatintreatment as measured by the Incucyte FLR imaging system 72 h after
treatment.
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