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CHAPTER |

INTRODUCTION

Overview

Cancer is the second leading cause of mortality in the United States and worldwide and
is growing in prevalence despite significant advancements in prevention and treatment. At the
turn of the last century, six “hallmarks of cancer” were highlighted: resisting cell death,
sustaining proliferative signaling, enabling replicative immortality, evading growth suppressors,
inducing angiogenesis, and activating invasion and metastasis®. These characteristics were
regarded as critical to the initiation and progression of cancer growth. However, over the past
two decades, the scientific field has advanced far beyond these six hallmarks and increasingly
realized the contribution of dysregulated host systems towards the evolution of cancer. There
are now ten putative hallmarks of cancer, several of which attribute host-tumor interactions
(Figure 1.1).
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Among the many players that have been implicated in the progression of cancer are
EphA2 receptor tyrosine kinase (RTK) and its primary ligand ephrin-Al. Under normal
physiological conditions, the EphA2/ephrin-Al signaling axis maintains a homeostatic balance
between cell-to-cell adhesion, migration, and proliferation. However, in cancer, this axis is
commonly dysregulated, and balance is disrupted. This balance is not only disrupted within
tumor cells that have altered expression of EphA2 and/or ephrin-Al, but also between tumor
cells and host cells that express EphA2 and ephrin-Al. Herein, we investigate EphA2/ephrin-Al
axis-mediated host-tumor interactions, specifically interactions with the host immune system
and endothelium, and how they contribute to progression of cancer in vivo. We discover that
EphA2 overexpression in the cancer cell leads to the recruitment of immunosuppressive
myeloid populations, which dampen the anti-tumor immune response and allow for tumor
immune escape. Conversely, we demonstrate that host deficiency of ephrin-Al provides a less
favorable metastatic niche that inhibits development of metastatic disease. Overall, these
studies suggest that EphA2 on the tumor cell and ephrin-Al in host tissues both impact the
development of cancer, and further investigations evaluating how to best target this signaling

axis may provide novel therapeutic strategies.

Lung and Breast Cancer

Lung and breast cancer are the top two most commonly diagnosed cancers in the United
States and worldwide and together make up almost a quarter of all new cases each year?. For
the year 2020, an estimated 228,000 and 271,000 new cases and 143,000 and 42,000 cancer-
related deaths in the United States will be attributed to lung and breast cancer, respectively.
Many of the environmental factors that contribute to these cancers are well-known, such as
smoking and exposure to asbestos related to lung cancer and body mass and hormone
replacement therapy related to breast cancer. In addition, certain genetic mutations are proven
risk factors for cancers, such as germline mutations in BRCA1 and BRCAZ2, which predispose
some women to breast and ovarian cancer. These insights have led to modern prevention and
anti-cancer treatment strategies.

Back in the early 1900s, the cornerstones of anti-cancer therapy were surgery,
radiotherapy, and chemotherapy, and all solid tumors were treated largely in similar fashion®.
However, during the second half of the 1900s, advancements in molecular biology led to the

discovery that cancer was not just one disease but included many different types and subtypes
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Figure 1.2. The evolution of anti-cancer therapy. (Adapted from (4))

that each had its own complex network of molecular drivers and enablers. These discoveries
eventually led to the development of targeted therapies and immunotherapies, which ushered in
the era of precision medicine (Figure 1.2). Precision medicine incorporates a cancer’s

histological and molecular subtype to tailor individualized treatments.

Histological and molecular classification

Both lung and breast cancer are categorized by histological and molecular subtypes.
Lung cancer is histologically divided into small cell lung cancer (SCLC), which comprise 15% of
lung cancers, and non-small cell lung cancer (NSCLC), which make up the majority of cases®.
SCLC is neuroendocrine in origin and typically responds well to chemotherapy regimens.
NSCLC can be further categorized based on cell of origin, for example, squamous cell
carcinoma, adenocarcinoma, and large cell carcinoma, which are identified by morphological
features and immunohistochemistry (IHC) staining. Historically, treatment regimens for NSCLC
were selected based on histological subtype. However, with advances in genome sequencing
and the advent of the precision medicine era, NSCLC is now more practically categorized into
molecular subtypes. This molecular classification is based on the concept that tumors often
harbor recurring genetic aberrations, such as mutations, amplifications, and deletions, that drive
the proliferation and survival of the cancer cells. These aberrations can be targeted more
specifically by drugs designed to inhibit the resultant mutant protein or downstream pathways,
compared to chemotherapy agents, which eliminate all rapidly dividing cells including normal
host cells®. For example, over half of all metastatic lung adenocarcinomas are driven by either

EGFR or KRAS aberrations (Figure 1.3). Monoclonal antibodies and small molecule inhibitors

3
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against epidermal growth factor receptor (EGFR), the protein encoded by EGFR, have shown
superior therapeutic benefit in patients with mutations in this gene, compared to chemotherapy
agents®. KRAS mutant lung cancer has been notably more difficult to target. Despite the
development of a specific inhibitor against the KRAS K12C mutation®, there is still no effective
targeted therapy for a majority of KRAS mutant cancers.

Similarly, breast cancer can be classified based on histological and molecular
characteristics. The vast majority of breast cancers arise in the epithelium of the mammary
gland and are thus categorized as carcinomas. Mammary carcinomas can further be divided
into subtypes based on cell of origin'®. For example, ductal carcinomas arise from epithelial
cells that line the mammary ducts and make up 60-80% of all mammary carcinomas. More
recently, IHC and gene expression profiling has led to two distinct but parallel molecular
classification systems. IHC-based profiling evaluates the protein expression of estrogen (ER),
progesterone (PR), and human epidermal growth factor receptor 2 (HERZ2) receptors and
identifies categories based on high and low expression of these biomarkers. For example,
hormone receptor positive cancers are generally ER+ and/or PR+, while triple-negative breast
cancers (TNBC) have low or negative expression of all three biomarkers. In contrast, global
gene expression profiling classifies breast cancers into luminal A, luminal B, basal-like, HER2-
enriched, claudin-low, and normal breast-like groups!!. While certain groups correspond with

IHC-profiled categories, this classification system is not exactly aligned with receptor biomarker



Molecular subtype Overall prevalence % ER+ % PR+ % HER2+ 9% TNBC

Luminal A 28-31% 91-100% 70-74% 8-11% 3-4%
Luminal B 19-20% 91-100% 41-53% 15-24% 4-9%
HER2-enriched 12-21% 29-59% 25-30% 66-71% 14-22%
Basal-like 11-23% 0-19% 6-13% 9-13% 73-80%
Claudin-low 7-14% 12-33% 22-23% 6-22% 61-71%

Table 1.1. Overall prevalence of molecular subtypes of breast cancer and expression of biomarker
receptors. (Summarized from (11))

expression (Table 1.1). TNBC, which makes up a high percentage of basal-like and claudin-low
tumors, is an aggressive subtype of breast cancer that lacks effective therapeutic options?t. In
addition, the invasive phenotype of this subtype confers a higher chance of metastasis and

diagnosis at a later stage compared to other subtypes of breast cancer.

Metastasis

Cancer metastasis is the dissemination of cancer cells from a primary tumor to a distant
site and is ultimately responsible for most cancer-related deaths. Patients diagnosed with stage
IV metastatic disease have a worse prognosis compared to those with lower stages of disease.
For example, the five-year survival for lung cancer patients diagnosed with localized disease
and regional spread is 57.4% and 30.8%, respectively; however, the five-year survival for
patients with distant metastases is 5.2%2. Similarly, among women with breast cancer, the five-
year survival for localized disease and regional spread is 98.8% and 85.5%, respectively,
compared to 27.4% for patients with distant spread*2. Interestingly, both lung and breast
cancers preferentially spread to the brain, bone, liver, and lung, but how and why these cells
travel to and colonize these particular organs is still largely unknown4-16,

Metastasis is a dynamic and complex process that requires tumor cells to undergo many
steps, including adopting invasive properties, intravasating into proximal vasculature, surviving
in circulation, evading immunosurveillance, extravasating from distant vasculature, and finally
adapting to selective pressures of a new environment!’1°, Each of these steps involves multiple
interactions among cancer cells themselves and between cancer cells and different types of
host stromal cells. First, tumor cells in the primary tumor gain migratory and invasive qualities
that allow them to break away from neighboring cells. They migrate through the stroma and
pass through basement membranes, while simultaneously evading destruction by local immune
cells, including macrophages. Second, they enter local vessels, either the blood or lymphatic
vasculature, through junctions between endothelial cells lining vessel walls. While in the blood
or lymph, these circulating tumor cells (CTCs) must survive the shear-stress of circulation and

escape peripheral immunosurveillance from circulating leukocytes. Those CTCs that survive
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Figure 1.4. The journey of a cancer cell from the primary tumor to a distant metastatic site.
(Adapted from (19))

circulation eventually adhere to the endothelium of another organ, typically within the capillaries
where size restriction of the vessel lumen limits CTC movement. Next, CTCs extravasate from
the vessel into a new metastatic niche. The tumor cells must overcome the new stressors
imposed by this new environment, which could include a novel immune response or restricted
nutrient or oxygen availability, in order to survive. The surviving tumor cells may become
senescent, in which case detectable metastases may never develop, or they may adapt in a
manner that promotes their proliferation in the new organ, forming observable metastases.

The journey that a cancer cell takes from a primary tumor to a metastatic lesion requires
molecular reprogramming within the cancer cell, as well as changes in host tissues that can be
co-opted by the cancer. While many studies have identified key mutations or shifts in gene
expression that enable metastatic processes, such as cancer cell epithelial-mesenchymal
transition (EMT) and transendothelial migration (TEM), the mechanisms by which tumor and
host cell interactions lead to cancer and metastasis require much more investigation. One group
of proteins that deserve greater investigation in this field of study is the Eph family of receptor

tyrosine kinases and their ephrin ligands.

Eph Receptors and Ephrin Ligands

The Eph RTK family comprises the largest group of surface receptors and are

categorized into EphA or EphB subclasses based on sequence homology and preferential

6



binding to their ephrin-A and ephrin-B ligands, respectively?®. In humans, nine EphA (EphA1l-
8,10) and five EphB (EphB1-4,6) receptors are expressed, along with five ephrin-A and three
ephrin-B ligands, all of which display promiscuous but preferential binding (Table 1.2). For
example, EphA2 RTK can bind to all five ephrin-A ligands but has the highest affinity for ephrin-
Al. Unlike most RTKs, Eph receptors can interact with ligands that are either soluble or
membrane-bound or even signal in the absence of ligand. With the many complex ways that
Eph receptors and ephrin ligands can initiate or relay signaling, there is no surprise that these
proteins are involved in a wide range of physiological and pathological processes.

Structure and signaling

EphA and EphB RTKs are similar in structure and contain an extracellular domain with
an ephrin-binding domain and fibronectin Il repeats, a transmembrane domain, and an
intracellular domain that contains the juxtamembrane region, a kinase domain, a sterile alpha
motif (SAM) domain, and a PSD95/DIg/Zz01 (PDZ)-binding motif (Figure 1.5). Conversely,
ephrin-A and ephrin-B ligands have differing structures. Ephrin-A ligands have an extracellular
Eph receptor-binding domain and a glycosylphosphatidylinositol (GPI) anchor without an
intracellular region, while ephrin-B ligands have an additional transmembrane domain and an
intracellular PDZ-binding motif (Figure 1.5).

Canonical Eph receptor and ephrin ligand (Eph/ephrin) signaling initiates upon binding of
the ligand on one cell to the receptor on a neighboring cell in trans?-22, This binding induces a

conformational change in both receptor and ligand that allows for oligomerization with

Eph receptor Preferential ephrin ligand binding

EphAl ephrin-A4 > Al > A3 > A2 > A5
EphA2 ephrin-A1 > A5 > A4 > A3 > A2
EphA3 ephrin-A5 > A4 > A2 > A3 > Al
EphA4 ephrin-A4 > A5 > A1 > A2 > A3 > B1-3
EphA5 ephrin-A1 > A3 > A4 > A2 > Al
EphA6 ephrin-Al1 > A4 > A2 > Al > A3
EphA7 ephrin-A5 > A3 > A4 > Al > A2
EphAS8 ephrin-A4,A5 > A1 > A3 > A2
EphA10* ephrin-Al1-5**
EphB1 ephrin-B2 > B1 >B3 > A4
EphB2 ephrin-B2 > B1 > B3 > Al-5
EphB3 ephrin-B2 > B1 > B3 > A4
EphB4 ephrin-B2 > B1 > B3 > A4
EphB6* ephrin-B2 > B1 > B3 > A4

Table 1.2. Eph receptors expressed in humans and their ephrin ligand binding preferences.
(Adapted from (23)) *inactive kinase; **binding affinities undetermined
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Figure 1.5. The structural elements of an Eph receptor and ephrin ligands. (Adapted from (24))

neighboring Eph/ephrin complexes and autophosphorylation of conserved tyrosine residues in
the juxtamembrane region?%6, This then exposes the kinase domain, rendering it into its active
form, and initiates a phosphorylation cascade along the intracellular region that allows for
recruitment and docking of downstream effector molecules with SRC homology 2 (SH2)
domains?5-28, Because both Eph receptors and ephrin ligands are membrane-bound in this
canonical pathway, this leads to a unique bidirectional signaling — “forward signaling” in the
receptor-bound cell and “reverse signaling” in the ephrin-bound cell (Figure 1.5). Forward
signaling of Eph receptors can regulate a diverse array of pathways. For example, EphA2
forward signaling has been shown to downregulate the RAS/PISK/AKT and RAS/RAF/MAPK
pathways?®*° and upregulate the RHO/RAC pathway?!32, Reverse signaling through ephrin-B
ligands via interactions with SRC family proteins has been well-studied?®*3; however reverse
signaling through ephrin-A ligands has been more difficult to investigate primarily due to an
absence of an intracellular domain.

There are various other ways that noncanonical signaling may occur through Eph
receptors. Instead of binding to ephrin ligands in trans, interactions can also occur in cis, which
attenuate traditional forward signaling®*-3¢. Ephrin ligands can also be cleaved from the cell
membrane and bind and activate Eph receptors in a soluble form3”3, In addition, both ephrin
and Eph receptors have also been found in extracellular vesicles, including exosomes, and
these vesicular Eph RTKs and ephrins have been shown to bind to and activate signaling in

target cells®**!, Hence, these proteins in soluble form or packaged in vesicles may induce



distant changes far from the cell of origin. To make things even more complicated, Eph
receptors can also signal in the absence of ligand binding and kinase activation through
crosstalk with other surface receptors. For example, EphA2 has been shown to dimerize with E-
Cadherin, EGFR, HER2, and integrins and alter downstream signaling®*42-%°, Thus, deciphering
the many different mechanisms by which Eph receptors and ephrin ligands can contribute to
physiological and pathological processes remains a challenge.

Roles in the cancer cell

The connection between Eph RTKs and cancer dates back to the discovery of the first
Eph receptor from a screen of a cancer cell line in 1987, coined erythropoietin-producing
hepatocellular receptor A1 (EphA1)“. Since then, almost every Eph receptor has been shown to
play a role in some form of cancer, whether it is tumor-promoting or tumor-suppressing or
sometimes both. Overexpression of Eph RTKs, especially EphA2, EphB2, and EphB4, have
been observed in a variety of solid tumors, including lung and breast cancer, and expression
levels of some Eph receptors are correlated with more malignant disease and worse
prognosis*’48, Additionally, somatic mutations have been detected in Eph RTKSs, such as
EphA3, EphA5, and EphB2474%-%5 However, Eph RTKs are not necessarily considered strictly
oncogenic. Expression of some Eph RTKs can also be lost or downregulated in cancers,
suggesting a more tumor-suppressive role*’.

These seemingly conflicting conclusions that imply Eph RTKs can play both tumor-
promoting and suppressing roles may be explained in part by the different signaling modalities.
Under most conditions in normal or cancer cells, ligand-dependent forward signaling promotes
an epithelial phenotype and suppresses migration, invasion, and growth. Thus, when ephrin
ligand and Eph receptor interactions are intact and the canonical forward and reverse signaling
pathways predominate, Eph RTKs produce more of a tumor-suppressive effect (Figure 1.6).
Conversely, in the absence or downregulation of ephrin expression relative to Eph RTK
expression or loss of key events in forward signaling, for example caused by mutations
rendering an inactive kinase, Eph RTKs participate more in ligand-independent signaling and
therefore play a more oncogenic role (Figure 1.6). These dual roles have been demonstrated in
many Eph RTKs, including EphA22047,

EphA2/ephrin-Al axis in the cancer cell
Most studies evaluating the relationship between EphA2 and ephrin-Al have been in the

context of the cancer cell. First, EphA2 has been shown to be intrinsically overexpressed in
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Figure 1.6. EphA2 ligand-dependent and independent signaling modalities in the cancer cell.
(Adapted from (56))

tumor specimens, including lung, breast, ovarian, prostate, urinary bladder, colorectal,
melanoma, and glioma tumors, compared to adjacent normal tissue?0474857-60 a5 well as in
drug-resistant cells®*-54, EphA2 overexpression has also been shown to transform normal cells
and promote growth and invasion®-%’. Second, EphA2 is able to engage in crosstalk with
oncogenic RTKs and enhance downstream oncogenic signaling in a ligand-independent
fashion. For example, EphA2 engages in cross-talk with EGFR in EGFR mutant lung cancer*>64,
as well as HER2 in HER2 amplified breast cancer®2. These oncogenic growth factor receptors
activate several signaling cascades, including PI3K/AKT signaling, which leads to AKT-
mediated phosphorylation of S897 near the N-terminus of EphA2 and subsequent increased
signaling through cell proliferation and survival pathways (Figure 1.6). Furthermore, the relative
overexpression of EphA2 in tumor tissue likely contributes to the greater amount of ligand-
independent forward signaling in cancer compared to normal tissues. Third, various methods
used to knockdown EphA2 expression in cancer cells, including RNA interference (RNAI)-
mediated silencing, have shown to decrease cell proliferation in vitro and tumor growth in
vivo3264.6568-71 ‘Thys all these studies suggest EphA2 plays a strong tumor-promoting role.
Interestingly, there are a few studies that highlight EphA2 as a tumor suppressor’>3, One study
demonstrated that while EphA2 suppresses cell growth signaling when ephrin ligand binding
occurs, proteolytic cleavage of the ligand binding domain can transform EphA2 from a tumor-
suppressing receptor to an oncogenic one. While much of the published literature highlights

EphA2’s oncogenic potential, it is critical to keep in mind that under some circumstances, it may
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play a tumor suppressive role.

Contrary to EphA2, ephrin-Al is often downregulated in tumor tissue compared to
adjacent normal?°47:4857-60_|n some studies, the oncogenic effects of EphA2 in cancer cells can
be attenuated by stimulation with ephrin-Al ligand, which leads to internalization of the EphA2
RTK, decreased EphA2 S897 phosphorylation, and subsequently decreased cell proliferation
and invasion®"4467.74-78 Therefore, under most circumstances, ephrin-Al expression within the
cancer cell can be appreciated as a tumor suppressor. However, like EphA2, ephrin-A1’s overall
role in cancer can be paradoxical. While ephrin-Al stimulation of cancer cells has tumor
suppressive effects, its impact on host tissues, particularly the endothelium, can become tumor-
promoting. Thus, understanding of the EphA2/ephrin-Al axis within cancer cells must be
complemented with studies of the EphA2/ephrin-Al axis in host-tumor interactions in order to
make sense of the paradoxes that arise and refine our overall understanding of the

EphA2/ephrin-Al axis in cancer.

Host-Tumor Interactions

Over the past several decades, the paradigm of cancer research and anticancer therapy
has shifted from a focus on solely targeting tumor cells to a broader approach of understanding
and remodeling the tumor microenvironment. The tumor microenvironment contains a diverse
population of host cells, among which include immune cells, endothelial cells, and fibroblasts
that are often hijacked by cancer cells to fulfill the tumor’s agenda for growth and metastasis.
While there are an infinite number of different host-tumor interactions that enable the initiation
and progression of cancer, we focus on two main fields of study that have led to breakthroughs
in anti-cancer therapies, investigations of tumor vasculature that have led to anti-angiogenic
agents and investigations of tumor immune evasion that have led to the development of immune

checkpoint inhibitors (ICls).

Cancer and the vasculature

The blood and lymphatic vessels of the host play critical roles in sustaining cancer
growth and promoting cancer progression. Here, we focus on blood vessels and the vascular
endothelial cells that line the inner walls of these vessels. Cancer cells in a small, developing
solid tumor initially draw nutrients from its immediate surroundings and pre-existing blood

vessels. However, as the solid tumor grows larger and its demand for nutrients and oxygen
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increases, it must co-opt the existing vasculature and induce angiogenesis, the formation of new
blood vessels from established vasculature. In order to sustain growth, tumor cells turn on the
“angiogenic switch” and secrete stimulatory angiogenic factors, including vascular endothelial
growth factor (VEGF), fibroblast growth factor (FGF), platelet-derived growth factor (PDGF),
transforming growth factor (TGF), and tumor necrosis factor (TNF)%7%-81, These factors bind to
receptors on endothelial cells such as VEGF receptor 2 (VEGFR2) and initiate signaling
cascades within endothelial cells that promote cell proliferation, migration, and assembly. Thus,
endothelial cells that were once senescent are now activated and recruited for tumor
angiogenesis.

The new tumor vessels serve the needs of the growing tumor in various ways. First, they
continue to provide nutrients and oxygen needed for cell survival and proliferation. However,
these new vessels are typically hastily constructed due to the surge of pro-angiogenic signals
from cancer cells and are thus abnormally tortuous, leaky, and poorly supported by pericytes®~
8, These abnormal tumor vessels not only are inefficient at nutrient, oxygen, and drug delivery,
but also allow increased opportunity for hematologic dissemination, particularly through gaps
between neighboring endothelial cells.

These discoveries regarding tumor angiogenesis and the critical role of VEGFR led to
the development and testing of anti-angiogenic agents targeting VEGFR. Despite the promise of
this novel therapeutic strategy, anti-angiogenic agents were largely a failure in most cancer
types except for renal cell carcinoma®*. Despite reducing tumor size, anti-angiogenic
monotherapy failed to control metastasis and improve overall survival and were plagued with
unacceptable toxicities. Thus, an emerging concept to improve targeting of tumor endothelium is
“vessel normalization”. This strategy proposes to reshape the abnormal tumor vasculature into
structures that are better supported by pericytes, have improved perfusion and drug delivery,

and limit extravasation and metastasis of cancer cells®.

EPHA2/ephrin-Al axis in tumor endothelium

Both EphA2 and ephrin-Al can be expressed in endothelial cells, in addition to cancer
cells. Ephrin-Al can be expressed in both developing and tumor vessels, and its soluble or
cleaved forms have been shown to promote angiogenesis in vitro and neovascularization in
vivo®-8° However, the ephrin-Al that stimulates tumor angiogenesis in vivo appears to
originate from cancer cells in a cleaved or secreted form, rather than ephrin-Al expressed
intrinsically in the endothelium®. Thus, EphA2 forward signaling in endothelial cells, rather

than ephrin-Al reverse signaling, contributes more towards the angiogenic phenotype. Although
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EphA2 is not highly expressed in the developing or adult quiescent vasculature, interestingly, it
is highly expressed in tumor vessels®*°!, This has been shown to occur through ephrin-A1-
dependent signaling of EphA2 in the endothelial cell, leading to downstream activation of RAC
via interaction with guanine nucleotide exchange factors (GEFs) VAV2 and VAV32892.93,
However, when EphA2 forward signaling is blocked either by EphA2 knockdown or with the
addition of decoy EphA2-Fc recombinant protein, VEGF-induced endothelial cell survival,
migration, sprouting, and angiogenesis were reduced®. EphA2’s essential role in endothelial
cell migration and assembly is further evident from studies using EphA2 knockout mice or
treatment with EphA2-Fc fusion proteins as decoy receptors, which have shown significantly
decreased angiogenesis in vivo®>=%. Thus, ephrin-Al from tumor cells and EphA2 on endothelial
cells form an important signaling axis that promotes tumor angiogenesis. Conversely, the impact

of endothelial ephrin-Al on tumor vasculature is less clear.

Cancer and the immune system

A relationship between cancer and the immune system has been evident since before
the 1900s, but its potential as a weapon against cancer was not fully realized until the past
recent decades'®. The rebirth of cancer immunotherapy began with cytokine therapy, including
interferon (IFN) and high-dose interleukin-2 (IL-2), and cancer vaccines, and it has now grown
to include adoptive T cell transfer such as chimeric antigen receptor (CAR)-T cells and ICIs. The
introduction of these novel classes of drugs as a mainstay of cancer treatment has
revolutionized the practice of oncology but has also revealed a greater need for basic research
in order to develop improved predictive biomarkers of response and increase the efficacy of
immunotherapies.

In 2013, Chen and Mellman proposed a model of the “cancer-immunity cycle,” a multi-
step process that includes the release of cancer cell antigens, antigen presentation by dendritic
cells (DCs), priming and activation of T cells, trafficking of T cells to tumors, and recognition and
killing of cancer cells by cytotoxic T lymphocytes (CTLs)¥. This model, though simplified,
provides an organized approach to identifying key players needed for an effective anti-tumor
response and the vulnerabilities that can be capitalized by cancer cells (Figure 1.7). First,
antigens released from cancer cell death are detected and processed by professional antigen-
presenting cells, typically DCs. These antigens may contain normal self-antigens and tumor-
associated antigens (TAAs), which can include antigens processed from overexpressed
proteins or neoantigens from mutated proteins from cancer cells. These DCs then traffic to the

draining lymph node where they present these antigens to naive T cells using their major
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Figure 1.7. Stimulatory and inhibitory factors that contribute to the anti-tumor adaptive immune
response. (Adapted from (101))

histocompatibility complex class Il (MHCII) molecules, as well as MHCI molecules for cross-
presenting DCs. If the antigen is recognized by a T cell receptor (TCR) and a secondary co-
stimulatory signal is present, the T cell becomes primed and activated against this antigen. The
activated T cell can then travel through the circulation and be recruited to the site of the tumor
with help of chemokines. Once T cells infiltrate the tumor, they can recognize the tumor cells
and, in the case of a cytotoxic CD8 T cells, selectively kill cancer cells by releasing granules
filled with cytotoxic enzymes. The death of these cancer cells provides additional antigens that
can fuel the cancer immunity cycle.

There are various ways that the tumor can escape this immunologic response (Figure
1.7). The best-studied examples thus far include inhibition of T cell activation through cytotoxic
T-lymphocyte antigen 4 (CTLA-4) signaling and exhaustion of T cell effector function through
programmed death 1 (PD-1) receptor signaling. Therapeutic anti-CTLA-4 (ipilimumab), anti-PD-
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1 (nivolumab, pembrolizumab), and anti-programmed death ligand 1 (PD-L1) monoclonal
antibodies (atezolizumab, avelumab, durvalumab) collectively make up the ICls that have
proven successful in the clinic. In addition to upregulation of immune checkpoint proteins, T
cells can become suppressed in other ways. For example, regulatory T cells (Tregs) and
myeloid-derived suppressor cells (MDSCs) are other immune cell types that are able to inhibit
effector T cell function!®?-194, |n addition, activated T cells may not be able to effectively traffic to
and infiltrate tumors due to lack of chemokine signals or presence of physical barriers from
extensive extracellular matrix production by the tumor. Despite the success of CAR-T cells and
IClIs, there are still many ways that tumors evade immune detection and attack.

EphA2/ephrin-Al axis in anti-tumor immunity

Relatively little is known about EphA2 and ephrin-A1’s impact on the tumor immune
microenvironment, but the literature suggests that the EphA2/ephrin-Al axis may play a greater
role than what is currently known. Because EphA2 is commonly overexpressed in cancer,
human EphA2-derived epitopes have been recognized as tumor-associated antigens by CD4
and CD8 T cells, particularly epitope EphA2sss-s91, Which induces immunoreactivity in CD8+ T-
cells via MHC I-restricted presentation in renal cell carcinoma (RCC) and glioma cells in vitros-
108 Several preclinical investigations have tested vaccinations with EphA2 peptide-pulsed DCs
in mouse tumor models'®11° Together, these studies have provided rationale for early phase
clinical trials to test the safety and efficacy of combination peptide vaccines with EphA2gss.ge1
plus other TAAs, as well as CAR-T cells targeting EphA2, in patients with gliomas, including
glioblastomas!!-11°,

Besides inducing immunologic responses, EphA2 and ephrin-Al may also regulate
immune cell trafficking, though this has not been studied in the context of cancer. Stimulation of
ephrin-Al-mediated EphA2 signaling in endothelial cells leads to increased expression of
adhesion proteins, such as E-selectin and vascular cell adhesion molecule 1 (VCAM-1), that
bind to leukocyte integrins*®. In parallel, EphA2 binding to ephrin-Al expressed on T cells
results in reverse signaling that promotes T cell adhesion to VCAM-1 and another vascular
adhesion protein intercellular adhesion molecule 1 (ICAM-1)". These results suggest that
EphA2 on the endothelium and ephrin-Al on T cells may regulate adhesion and
transendothelial migration of T cells. Alternatively, ephrin-Al can bind to EphAl and EphA4
expressed in T cells and mediate chemotaxis in vitro!'®-12°, In addition to in vitro investigations,
the impact of EphA2 on immune cell trafficking has been studied in lung injury and inflammation

mouse models; however, their effects remain equivocal and are likely model-dependent. For
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DCs B cells T cells
macrophages
EphA2 receptor + + + i
expression
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specific function and adhesion | receptor for herpesvirus
Ephrin-Al I_|gand + unknown + +
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Ephrin-A1l cell- Cell adhesion,
type specific Cell adhesion unknown | migration, and
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Table 1.3. EphA2 and ephrin-Al expression and roles in immune cells. “+” indicates confirmed
expression in indicated cell type, while “-“ indicates no expression in indicated cell type (adapted from

(23)).

example, Carpenter et al. report that EphA2 knockout mice have reduced vascular permeability,
immune cell infiltration, and chemokine production in a bleomycin-induced lung injury model*??,
while Okazaki et al. conclude that the same knockout mice have increased immune cell
infiltration and inflammatory cytokine production in Mycoplasma and ovalbumin-induced
inflammatory lung models'?2. Further in vivo studies are needed to clarify the effect of EphA2 in
the lung vasculature and immune environment.

Although EphA2 and ephrin-Al are both expressed in various subsets of immune cells,
little is known about their functions, particularly in the context of cancer (Table 1.3). However,
one recent study by Markosyan, et al. focused on the effect of EphA2 expressed in pancreatic
tumor cells on the anti-tumor response!?®. They found that EphA2 expression in pancreatic
ductal adenocarcinoma (PDAC) was inversely correlated with CD8 T cell infiltration. Using a
murine PDAC model, they discovered that CRISPR/Cas9-engineered knockout of EphA2 in
tumor cells increased tumor-infiltrating lymphocytes (TILs) and decreased granulocytic MDSCs,
indicating an overall shift in an enhanced anti-tumor response. Thus, although EphA2 may be a
source of immunogenic TAAs that can be leveraged to promote an anti-tumor response, as
mentioned in earlier studies, it may also have other effects that can inhibit an effective
response. Whether the EphA2/ephrin-Al axis promotes or inhibits anti-tumor immunity is likely
context and cell type dependent. These conflicting narratives mirror the paradoxes posed by the
same signaling axis in the context of the cancer cells, which propose both tumor-promoting and
tumor-suppressive roles. With these concepts in mind, the goal of future endeavors should
include refining the roles of EphA2 and ephrin-Al, not just within the microcosm of the cancer

cell, but also among the many complex interactions between host and tumor cells.
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Thesis Projects

Despite significant advancements in cancer research, prevention, and therapeutics,
cancer remains a major public health problem. Lung and breast cancer together make up a
significant proportion of overall cancer incidence and mortality. The EphA2 RTK and ephrin-Al
ligand signaling axis has long been implicated in solid cancers, including lung and breast
cancer, as well as other pathological processes, such as inflammation. The majority of research
on EphA2 has focused on its tumor-promoting effects in the cancer cells. However, some of
these studies have parsed out the differences between ephrin-dependent and independent
EphA2 signaling and hinted at EphA2’s dual role as a tumor-promoter and suppressor. In
addition, the EphA2/ephrin-Al signaling axis not only exists within tumor cells, but also in many
other cell types, such as endothelial and immune cells, and facilitates communication between
different cell types. Together, the many different mechanisms of signaling, expression across a
multitude of cell types, and various physiological contexts make the EphA2/ephrin-Al axis a
very challenging but intriguing topic of study.

This dissertation dives into this complex challenge and examines the role of
EphA2/ephrin-Al axis among host-tumor interactions. In the first half of this dissertation, we
concentrate on the role of tumor-specific EphA2 on the host immune response. We discovered
that EphA2 overexpression in murine NSCLC cells increased tumor burden in vivo but not in
vitro, due to suppression of the host T cell immune response. Further investigation into the
mechanism of immune evasion revealed that EphA2-overexpressing tumors released more
monocyte-attracting chemokines that likely contributed to the increased recruitment of
macrophages and potential MDSCs observed in the EphA2-overexpressing tumors. This
suggests that these immunosuppressive populations are responsible for the decreased CD8 T
cell infiltration and activity found in EphA2-overexpressing tumors.

In the second half of this dissertation, we evaluate the impact of host deficiency of
ephrin-Al on cancer growth and metastasis. Using ephrin-Al knockout mice, we discovered
that ephrin-Al deficiency in host tissues decreased lung metastasis of breast cancer cells,
despite not affecting primary mammary tumor growth. Assessment of primary tumor
endothelium and immune infiltrate did not reveal insightful differences between knockout and
wild-type mice. However, analyses of the secondary metastatic site demonstrated that ephrin-
Al-deficient lungs provide a less favorable metastatic niche for breast cancer cells. Together
these two parallel works consistently demonstrate that EphA2 and ephrin-Al play important

roles in modulating host-tumor interactions. Tumor-specific EphA2 can evoke a tumor-promoting
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effect through suppression of the host immune response, while ephrin-Al expressed in host
tissues can promote metastasis through facilitating cancer cell extravasation and adaptation to
the lung metastatic niche. These studies provide additional insight into the many complex
interactions that the EphA2/ephrin-Al axis regulates in the tumor microenvironment.
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CHAPTER Il

Tumor-specific EphA2 receptor tyrosine kinase inhibits anti-tumor immunity by

recruiting suppressive myeloid populations in NSCLC

Abstract

Given the success of both targeted and immunotherapies against cancer, there is
increasing utility for identifying targeted agents that also promote anti-tumor immunity. EphAZ2 is
a receptor tyrosine kinase that contributes to tumor growth and metastasis and has been
identified as a viable target for many solid cancers. Investigating EphA2’s impact on the host
immune system may advance our understanding of tumor immune evasion and the
consequences of targeting EphA2 on the tumor microenvironment. Here, we examine how
tumor-specific EphA2 affects the activation and infiltration of immune cell populations and the
cytokine and chemaokine milieu in non-small cell lung cancer (NSCLC). Effects of EphA2
overexpression in murine NSCLC cells were evaluated in both in vitro cell viability assays and in
vivo tumor models. Tumor immune infiltrate was assessed by flow cytometry. Cytokine and
chemokine expression was evaluated using NanoString technology and qRT-PCR. Although
EphA2 overexpression in NSCLC cells did not display proliferative advantage in vitro, it
conferred a growth advantage in vivo. Analysis of lung tumor infiltrate revealed decreased
natural killer and T cells in the EphA2-overexpressing tumors, as well as increased myeloid
populations, including tumor-associated macrophages (TAMs). T cell activation, particularly in
CDS8 T cells, was decreased, while PD-1 expression was increased. These changes were
accompanied by increased monocyte-attracting chemokines, specifically CCL2, CCL7, CCLS8,
and CCL12, and immunosuppressive proteins TGF- and arginase 1. Our studies suggest
EphA2 on tumor cells recruits monocytes and promotes their differentiation into TAMs that likely
inhibit activation and infiltration of cytotoxic lymphocytes, promoting tumor immune escape.
Further studies are needed to determine the molecular mechanisms by which EphA2 affects the

recruitment of these cell types and to test the function of these myeloid cells.
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Introduction

Targeted and immunotherapies have both emerged as cornerstones of anti-cancer
treatment over the past several decades. Despite these advancements, not all patients derive
durable clinical benefit from these therapeutic agents, and many efforts are underway to design
the best combinations of targeted therapies and immune checkpoint inhibitors (ICIs) that will
enhance responses while limiting toxicities'*#125. However, in order to effectively combine these
different treatment modalities, more research is needed to evaluate how one may impact the
other — in particular, how targeted agents may already be altering the host anti-tumor immune
response.

Despite the introduction of many novel therapies, lung cancer is still the most prevalent
cancer that occurs among men and women combined and the leading cause of cancer-related
death. A fraction of patients with NSCLC, the most common type of lung cancer, have
experienced clinical benefit from single-agent ICls and/or targeted agents, depending on the
mutational profile, but one of the major challenges has been strategizing which combination
therapies may be the most synergistic while least toxic and therefore should be tested in trials
fir5t126'127.

EphA2 receptor tyrosine kinase (RTK) is a cell-surface protein that is overexpressed and
implicated in the progression of many solid cancers including NSCLC, and it has become a
prominent target for anti-cancer therapy. Currently, agents targeting EphA2, including kinase
inhibitors, antibodies, peptide-drug conjugates, liposomal siRNA, chimeric antigen receptor
(CAR)-T cells, and dendritic cell (DC) vaccines, are being tested in various cancer clinical trials
around the world (NCT02252211, NCT04180371, NCT01591356, NCT01440998,
NCT03423992, NCT00563290, NCT00371254, NCT02575261, NCT01876212, NCT00423735).
Although the role of EphA2 within the cancer cell and tumor endothelium is well-studied*”°°, its
impact on the tumor immune microenvironment is largely unknown?4, Thus, we aim to evaluate
how EphA2 expression in the tumor affects the immune landscape in NSCLC.

To test the impact of tumor-specific EphA2, we overexpressed EphA2 in murine NSCLC
cells and found that EphA2 overexpression increases lung tumor burden in vivo. We examined
immune infiltrate of tumor-bearing lungs by flow cytometry and found that lungs with EphA2-
overexpressing tumors had decreased lymphocytic populations and activation of CD8 T cells
but had conversely increased myeloid populations, including TAMs and monocytes, and PD-1
expression in T cells. In addition, gene expression analysis of lung tumors revealed that EphA2

overexpression increased levels of monocyte-attracting chemokines and myeloid-associated
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immunosuppressive proteins. Together, these studies suggest that EphA2 in NSCLC cells
recruits monocytes and promotes their transformation into TAMs, which inhibit the activation of
anti-tumor T cells. This provides relevant insight into EphA2’s impact on the immune landscape

of NSCLC and the additional potential benefits of targeting EphA2 in cancer.

Materials and Methods

Cell culture

Lewis lung carcinoma (LLC) cells were a generous gift from Dr. Barbara Fingleton
(Vanderbilt University). Kras G12D mutant, Tp53 and Stk11/LKB1 knockout, GFP NSCLC cell
line (KPL) from the C57BL/6 background was previously generated in the lab*?8, Both cell lines
were maintained in DMEM (Corning #MT10013CV) supplemented with penicillin/streptomycin
(Gibco #15140163) and 10% FBS (Gibco #A3160502). Luciferase-expressing KPL cells were
generated by serial dilutions of KPL cells with lentiviral overexpression of the luciferase gene.
Stable EphA2 overexpression was generated by lentiviral transduction of pCDH vector
containing the human EphA2 cDNA sequence with subsequent puromycin selection (2 pg/ml)
for four days and was compared with empty vector pCDH control.

Western blotting

Cells were washed with PBS and lysed on ice with RIPA buffer supplemented with a
protease inhibitor cocktail (Sigma-Aldrich #4693124001) and phosphatase inhibitors (Sigma-
Aldrich #4906845001). Lysates were electrophoresed on a 12% SDS-polyacrylamide gel and
transferred to nitrocellulose membranes, which were blocked for a half hour with 5% nonfat dry
milk in TBS-T buffer. Membranes were incubated with primary monoclonal antibodies against
EphA2 (Cell Signaling Technologies #6997, 1/1000) and tubulin (Sigma-Aldrich #T4026,
1/2000) overnight at 4°C, followed by three washes with TBS-T and incubation with secondary
antibodies goat anti-rabbit IRDye 800CW (LI-COR #926-32211) and anti-mouse IRDye 680LT
(LI-COR #926-68020, 1/20,000) for 1 hour at room temperature. After washing with TBS-T, blots
were imaged using LI-COR Odyssey.

Cell viability assays

For MTT assays, cells were seeded at a density of 1000 cells per well in 100 yl media in

96-well plates. At each indicated time point, 20 pl of 5 mg/ml thiazolyl blue tetrazolium bromide
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(MTT) reagent (Thermo Fisher #M6494) in PBS was added per well and incubated at 37°C for 3
hours. Media was then aspirated, and 150 pl of isopropanol solution with 4mM HCI and 0.1%
NP-40 was added to each well and rocked at room temperature for 10 minutes. The absorbance
at 590 nm was read on a BioTek spectrophotometer and recorded using a Gen5 Microplate
Reader. Cell viability was presented as a relative fold change from day 1 values. Each assay
included six technical replicates and was repeated at least three independent times. For colony
formation assays, cells were seeded at a density of 400 cells per well in 2 ml media in 12-well
plates. After incubating for seven days, media was aspirated, and plates were washed x2 with
PBS on ice, fixed with methanol for 10 minutes, and stained with 0.5% crystal violet in methanol
for 10 minutes at room temperature. Plates were then rinsed under diH>O and let out to dry
overnight before image acquisition. Images were analyzed using NIH ImageJ, and colony
formation was presented as percentage of total area. Each assay included three technical

replicates and was repeated four times.

Animal models

Animals were housed in a non-barrier animal facility under pathogen-free conditions, 12-
hour light/dark cycle, and access to standard rodent diet and water ad libitum. Experiments
were performed in accordance with AAALAC guidelines and with Vanderbilt University Medical
Center Institutional Animal Care and Use Committee approval. Wild-type C57BL/6 mice were
purchased from Jackson Laboratory and bred to generate litters for experiments. Male athymic
nude (Foxn1™) mice were purchased from Envigo for experiments testing tumor growth and
immune infiltrate in the context of T cell deficiency. All other experiments utilized male and
female immunocompetent wild-type C57BL/6 mice. Mice were co-housed with one to four
littermates for at least two weeks prior to and during all experiments and compared with
littermate controls whenever possible. All mice used for tumor experiments were six to ten
weeks old at the onset on the experiment. Experimental cohorts were limited to litters that were
born within two consecutive weeks. Sample sizes are as shown in the figures. At experimental

endpoints, mice were euthanized by cervical dislocation.

Tumor models

For lung tumor colonization experiments, luciferase-expressing KPL cells suspended in
PBS were injected via tail vein into seven to ten-week-old wild-type C57BL/6 mice, and mice
underwent in vivo bioluminescence imaging with a PerkinElmer IVIS Spectrum several hours

post-injection to verify successful delivery to the lungs. For experiments comparing lung tumor
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growth between control and EphA2-overexpressing cells, 1x108 KPL cells were injected in each
mouse. For experiments equalizing tumor burden, either 4x10° vector control or 1x10°% EphA2-
overexpressing KPL cells were injected in each mouse. Mice were reimaged at one and two
weeks post-injection and sacrificed at day 14-16. Lungs were weighed, imaged for GFP+
tumors, and processed for flow cytometry analysis. For subcutaneous tumor implantations,
1x10° KPL cells suspended in a 1:1 mixture of PBS and Growth Factor-Reduced Matrigel
(Corning #354230) were injected subcutaneously into the dorsal flanks of six to eight-week-old
male and female mice. In experiments with athymic nude mice, tumors dimensions were
measured by digital caliper at given time points every other day, and volume was calculated
using the following formula: volume = length x width? x 0.52. Tumors were subsequently

harvested, weighed, and processed for flow cytometry at day 14 post-implantation.

Flow cytometry

Lungs and subcutaneous tumors were minced and dissociated in RPMI-1640 media
(Corning #MT10040CV) containing 2.5% FBS, 1 mg/ml collagenase IA (Sigma-Aldrich #C9891),
and 0.25 mg/ml DNase | (Sigma-Aldrich #DN25) for 45 minutes at 37°C. Digested tissue was
then filtered through a 70-um strainer, and red blood cells were lysed using ACK Lysis Buffer
(KD Medical #RGF-3015). Samples were washed with PBS and stained with Ghost Dye Violet
V450 (Tonbo Biosciences #13-0863) or V510 (Tonbo Biosciences #13-0870) to exclude dead
cells. After washing with buffer (0.5% BSA, 2mM EDTA in PBS), samples were blocked in
aCD16/32 mouse Fc block (Tonbo Biosciences #70-0161) and stained for extracellular proteins
using an antibody master mix made in buffer. After washing with buffer, cells were fixed with 2%
PFA. Flow cytometry data was obtained on a BD 4-laser Fortessa using BD FACS Diva
software v8.0.1 and analyzed using FlowJo software v10.6.1. Fluorescence minus one (FMO)
samples were used as gating controls when needed. Antibodies used in flow panels are detailed
in Table 2.1, and gating strategies used in analysis are detailed in Table 2.2. Each data point is

generated after analyzing at least 5x10° viable cells from a specimen from an individual mouse.

NanoString nCounter assay

Lung tumors were dissected and minced with surgical tools cleaned with RNaseZAP
(Sigma-Aldrich #R2020), and RNA was extracted using RNeasy Micro Kit (Qiagen #74004).
RNA concentration was assessed with a Nanodrop spectrophotometer, and RNA quality was
determined by the Agilent 2100 Bioanalyzer System. 20 ng of RNA from each of twelve mice,

six gender-matched littermate pairs, were used for input into nanoString nCounter hybridization
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Table 2.1. Antibodies used in flow cytometry analysis.

A DOC arge a a e atalog # orophnore D 0 RRID
MHCII I-E/A Tonbo Biosciences 75-5321 V450 1/250 AB 2621965
CD8a BD Biosciences 560469 V450 1/250 AB 1645281
CD45.2 Tonbo Biosciences 35-0454 V450 1/500 AB 2621965
CD19 Tonbo Biosciences 35-0193 FITC 1/250 AB 2621682
CD3e BD Biosciences 553061 FITC 1/250 AB 394594
CD44 Tonbo Biosciences 35-0441 FITC 1/250 AB 2621688
NK1.1 BD Biosciences 557391 PE 1/250 AB 396674
CD11b eBiosciences 12-0112-82 | PE 1/500 AB 2734869
CD25 eBiosciences 12-0251-81 | PE 1/500 AB_ 465606
CTLA-4 BD Biosciences 561718 PE 1/250 AB_10895585
CD3e BD Biosciences 561826 APC 1/500 AB 10896663
CD4 Biolegend 100516 APC 1/1000 AB_ 312719
F4/80 eBiosciences 17-4801-82 | APC 1/250 AB_2784648
CD3e Tonbo Biosciences 65-0031 PerCP-Cy5.5 1/250 AB 2621872
CD11b Tonbo Biosciences 65-0112 PerCP-Cy5.5 | 1/500 AB 2621885
CDllc BD Biosciences 560584 PerCP-Cy5.5 | 1/250 AB 1727422
F4/80 eBiosciences 45-4801-82 | PerCP-Cy5.5 | 1/250 AB 914345
Ly6C eBiosciences 45-5932-82 | PerCP-Cy5.5 | 1/250 AB_ 2723343
Ly6G(Grl) eBiosciences 45-5931-80 | PerCP-Cy5.5 | 1/500 AB_906247
Ly6G(Grl) Tonbo Biosciences 80-5931 rF710 1/1000 AB 2621999
CD8a Tonbo Biosciences 80-0081 rF710 1/500 AB 2621977
MHCII I-E/A Biolegend 107622 Ax700 1/1000 AB_493727
PD-1 BD Biosciences 565815 APC-R700 1/500 AB_2739366
CD4 Tonbo Biosciences 55-0041 PE-Cy5 1/2500 AB 2621816
CD11b Tonbo Biosciences 55-0112 PE-Cy5 1/5000 AB_ 2621818
CD3e BD Biosciences 552774 PE-Cy7 1/750 AB_394460
NKp46 eBiosciences 25-3351-82 | PE-Cy7 1/750 AB 2573442
CDllc BD Biosciences 561022 PE-Cy7 1/500 AB_ 2033997
CD69 BD Biosciences 552879 PE-Cy7 1/500 AB_394508
CD25 Tonbo Biosciences 60-0251 PE-Cy7 1/500 AB 2621843
CD45 BD Biosciences 557659 APC-Cy7 1/500 AB_ 396774

Table 2.2. Gating strategy used in flow cytometry analysis.
Cell population Gating strategy

KPL cells CD45-,GFP+,SSAN
Immune cells CD45+, GFP-
NK cells (nude mice) CD45+, GFP-, CD19-, NKp46+
B cells (nude mice) CD45+, GFP-, CD19+, MHCII+
Gri+ myeloid cells (nude mice) CD45+, GFP-, CD11b", Ly6G(Grl)+, MHCII-
Gr1- myeloid cells (nude mice) CD45+, GFP-, CD11b", Ly6G(Gr1)-
Macrophages (nude mice) CD45+, GFP-, CD11b", F4/80+, Ly6G(Gr1)-
DCs (nude mice) CD45+, GFP-, CD11c+, MHCII+, NKp46-, Ly6G(Grl)-

CDAT cells CD45+, GFP-, CD3e+, NK1.1-, CD4+, CD8a-
CDS8 T cells CD45+, GFP-, CD3e+, NK1.1-, CD4-, CD8a+
NK cells CD45+, GFP-, CD3e-, NK1.1+
Macrophages CD45+, GFP-, CD11b", F4/80+, Ly6C-
Monocytes CD45+, GFP-, CD11b", F4/80-, Ly6C+
DCs CD45+, GFP-, CD11c+, MHCII+,F4/80-
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and hybridized to the nanoString nCounter Mouse PanCancer Immune Profiling Panel probeset
(nanoString Technologies #XT-CSO-MIP1-12) to measure gene expression. Raw count data
was normalized by background correction, positive control correction, and housekeeping gene
correction and logz transformed using nanoString’s nSolver software v3.0. This software was
also used to generate pathway scores, differential gene expression analysis, and the volcano
plot. Heatmap was generated with normalized data standardized by gene using Microsoft Excel
2016.

RT-PCR

RNA was isolated and measured as detailed above and then converted to cDNA using
iScript cDNA Synthesis Kit (Bio-Rad #1708891). Quantitative RT-PCR was carried out with
TagMan Gene Expression Assay reagents, specifically TagMan Fast Advanced Master Mix
(Thermo Fisher #4444557) and probes (Table 2.3), using a StepOnePlus RT-PCR system
(Applied Biosystems). Reactions were run in triplicate and mouse Actb was used as a
housekeeping gene. Six gender-matched littermate pairs were used to validate nanoString hits,
and data was presented as fold change of EphA2-overexpressing tumor samples with respect to

their littermate control sample.

Table 2.3. TagMan RT-PCR probes.

Target gene Assay ID
Actb Mm02619580 g1l
Argl MmO00475988_m1
Cbharl MmO00500292_s1
Ccl2 MmO00441242 ml
Ccl7 MmO00443113 ml
Ccl8 MmO01297183 ml
Ccl12 MmO01617100 m1l
Ccr2 Mm99999051 gH
Csf1r MmO01266652_m1
Tgfbl MmO01178820 ml
Tgfb2 MmO00436955_m1
Tgfb3 MmO00436960 _m1

Statistical analysis

All graphs and statistical analysis were completed using GraphPad Prism software
v6.07. For comparisons of continuous variables between two groups, an unpaired, two-tailed
student’s t test with Welch correction or unpaired Mann-Whitney U-test was performed. For

comparisons of continuous variables over time between two groups, a two-way analysis of
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variance (ANOVA) was performed. For comparison of survival curves, a log-rank test was
performed. For RT-PCR analysis, a one-sample Wilcoxon signed rank test was performed. A P-
value less than 0.05 was considered statistically significant.

Results

EphA2 confers growth advantage to NSCLC in vivo but not in vitro

Because EphA2 has been shown to play both tumor-promoting and suppressing roles,
we investigated whether EphA2 overexpression in our murine NSCLC cell lines could impact
cell viability and tumor growth. We chose two NSCLC cell lines originating from the C57BL/6
background, LLC and a KRAS G12D mutant cell line containing loss of TP53 and STK11/LKB1
(KPL)*?8, both of which are common alterations found concomitantly with KRAS mutations in
human NSCLC samples??*1%, We stably overexpressed EphA2 in these cells (Figure 2.1A) but
found no changes in cell viability by MTT or colony formation assays in vitro, compared to vector
control cells (Figure 2.1B, 2.1C). We next determined if EphA2 overexpression could impact
tumor growth in vivo using two different models, subcutaneous implantation and tail vein
injection for generation of lung tumors in immunocompetent, wild-type C57BL/6 mice. In both
subcutaneous and lung tumor models, EphA2-overexpressing KPL cells grew dramatically
larger tumors in vivo, as shown by bioluminescence imaging and gross lung specimens (Figure
2.1D-F). In addition, survival of tail vein-injected mice was significantly worse in mice injected
with EphA2-overexpressing cells, compared to control cells (Figure 2.1G). Overall, these data
suggest host factors contribute to EphA2’s impact on in vivo growth, which is not apparent in

vitro.

EphA2 overexpression in NSCLC does not significantly impact tumor burden or immune
infiltration in nude mice

There are various host factors that may explain the discrepancy between our in vitro and
in vivo results regarding the impact of EphA2 in the NSCLC cell, one of which includes the host
immune system. Besides one study demonstrating that tumor-intrinsic EphA2 can inhibit anti-
tumor immunity in pancreatic cancer!?, the effect of EphA2 on the tumor immune
microenvironment has been largely unstudied. Thus, we set out to determine if the host immune
system plays a role in EphA2-mediated KPL tumor growth in vivo. To test whether the adaptive

or innate immune response may play a role, we first evaluated KPL tumor growth in athymic
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Figure 2.1. EphA2 confers growth advantage to NSCLC in vivo but not in vitro. (A) Confirmation of
EphA2 overexpression in KPL and LLC cells by western blot. (B, C) In vitro cell viability of KPL and LLC
cells with control and EphA2 overexpression by MTT and colony formation assays (n=4). (D)
Representative image of bioluminescence signal in control and EphA2-overexpressing KPL tumors 14
days after subcutaneous implantation. (E) Representative image of bioluminescence signal 14 days after
tail vein injection of control and EphA2-overexpressing KPL cells and quantification of bioluminescence
signal at indicated time points (**p<0.01, two-way ANOVA) (F) Representative gross specimens of GFP+
vector and EphA2-overexpressing KPL tumor-bearing lungs. (G) Survival of mice injected with vector or
EphA2-overexpressiong KPL cells via tail vein (**p<0.01, log-rank test). Data shown are averages + SD.

nude mice, which have defective T cell adaptive immunity. We did not observe significant
differences in tumor growth and weight between control and EphA2-overexpressing tumors in
nude mice (Figure 2.2A). In addition, we performed flow cytometry analysis on the tumors and
draining lymph nodes and found no differences in percentages of GFP+ KPL tumor cells and
tumor-infiltrating immune cells (Figure 2.2B). We also observed no significant differences in
subsets of immune cells, including natural killer (NK) cells, B cells, DCs, and myeloid cells, from

both the tumors and draining lymph nodes in the nude mice (Figure 2.2C, 2.2D). These results
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Figure 2.2. EphA2 overexpression in NSCLC does not significantly impact tumor burden or
immune infiltration in nude mice. (A) Tumor volumes over time and weights on day 14 post-
implantation of control and EphA2-overexpressing KPL subcutaneous tumors from nude mice. (B) Flow
cytometric analysis of GFP+ KPL tumor cells and total tumor-infiltrating immune cells, as well as (C)
tumor-infiltrating NK cells, B cells, DCs, macrophages, and Grl+ myeloid cells. (D) Similar flow cytometry
analysis of immune populations from draining inguinal lymph nodes. Data shown are averages = SD (n=4
mice per group).

suggest that EphA2-mediated KPL tumor growth in vivo may require suppression of T cell

adaptive immunity.

EphA2 overexpression in NSCLC decreases lymphocytic and increases myeloid infiltrate
in tumor-bearing lungs

We returned to our tumor model with immunocompetent C57BL/6 mice to examine the
tumor immune infiltrate, including the T cell populations. As before, wild-type mice were injected
via tail vein with control or EphA2-overexpressing KPL cells, and lungs were harvested for flow
cytometry analysis 14 days later. EphA2-overexpressing KPL tumor-bearing lungs had

significantly higher percentages of GFP+ KPL tumor cells compared to control (Figure 2.3A).
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Although the overall percentage of immune cells did not differ (Figure 2.3A), the lymphocytic
populations, particularly CD4 and CD8 T cells and NK cells, were significantly decreased in the
EphA2-overexpressing tumor-bearing lungs (Figure 2.3B). Conversely, myeloid populations,
including macrophages and monocytes, were increased, while there was no change in DCs
(Figure 2.3C). This data suggests that EphA2 in the tumor cell reshapes the tumor immune
microenvironment of the lung and shifts it from a lymphocytic to a more myeloid response. This
myeloid response presumably plays a greater tumor-promoting role and may suppress the anti-
tumor response primarily led by the T cells.
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Figure 2.3. EphA2 overexpression in NSCLC decreases lymphocytic and increases myeloid
infiltrate in tumor-bearing lungs. (A) Representative flow cytometry plots and quantification of GFP+
KPL and immune cells from vector control and EphA2-overexpressing tumor-bearing lungs on day 14
post-tail vein injection. (B) Similar flow plots and analysis of CD4 and CD8 T cells and NK cells, as well as
(C) quantification of DCs, macrophages, and monocytes. Data shown are averages + SD (n=3 mice per
group, *p<0.05; **p<0.01; ***p<0.001, two-tailed unpaired student’s t test with Welch correction).
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EphA2 overexpression in NSCLC suppresses tumor-infiltrating T cells

Although we found a decrease in lymphocyte populations in EphA2-overexpressing
tumor-bearing lungs, this result could also be explained by the dramatically greater tumor
burden in these lungs, compared to the control lungs, which contained less than a percentage of
KPL tumor cells (Figure 2.3A). Many previous studies have shown a correlation between tumor
bulk and the quality of immune infiltrate, though it is difficult to discern which is the cause and
which is the effect. In order to determine if tumor bulk contributes to the immune landscape we
observe in Figure 2.3, we repeated the tail vein experiment controlling for tumor bulk by injecting
four times the number of control KPL cells, compared to EphA2-overexpressing KPL cells. By
day 16, there was comparable amount of KPL tumor burden in control and EphA2-

overexpressing tumor-bearing lungs (Figure 2.4A). Flow cytometric analysis on these lungs did
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Figure 2.4. EphA2 overexpression in NSCLC suppresses tumor-infiltrating T cells. (A) Lung weights
and quantification of GFP+ KPL cells via flow cytometry from vector control and EphA2-overexpressing
tumor-bearing lungs with equalized tumor burden. (B) Flow cytometric analysis of total immune cells, CD4
and CD8 T cells, and NK cells in KPL-tumor bearing lungs. (C) Representative flow histograms of CD44
and CD69 expression on CD8 T cells and quantification of CD44, CD69, and CD25 activation markers on
CD4 and CD8 T cells. (D) Quantification of PD-1 and CTLA-4 exhaustion markers on CD4 and CD8 T
cells. Data shown are averages + SD (n=3-6 mice per group, *p<0.05; **p<0.01, two-tailed unpaired
student’s t test with Welch correction).
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not recapitulate results from the previous experiment, specifically no decrease in lymphocyte
populations in EphA2-overexpressing tumor-bearing lungs (Figure 2.4B). Interestingly, there
was an increase in CD4 T cells in the EphA2-overexpressing tumor-bearing lungs. These
findings indicate that the differences in immune lung infiltrate we previously observed were at
least partially due to increased KPL tumor burden from EphA2-overexpressing tumors
compared to control tumors.

Although the proportion of CD8 T cells did not differ when tumor burden between control
and EphA2-overexpressing KPL tumors were equalized, T cell activation status and effector
function may still be different. Tumor-infiltrating T cells with upregulated expression of activation
markers, such as CD44, CD69, and CD25, and downregulated expression of exhaustion
markers like PD-1 and CTLA-4 indicate a higher T cell functional status that mediates a stronger
and more enduring anti-tumor response!®13!, We examined the expression of activation
markers of T cells from KPL tumor-bearing lungs and found that EphA2 overexpression in the
tumor significantly downregulates surface activation markers CD44, CD69, and CD25 on CD8 T
cells (Figure 2.4C). Similar trends were also seen in CD4 T cells, though not significant (Figure
2.4C). In addition, tumor-specific EphA2 overexpression led to increased PD-1 expression in
both CD4 and CD8 T cells, though not CTLA-4 (Figure 2.4D). These results indicate that EphA2
overexpression in KPL tumors inhibits CD8 T cell activation and may promote T cell exhaustion

in the lung tumor microenvironment.

Gene expression profiling reveals higher expression of myeloid markers and
chemoattractants in EphA2-overexpressing tumors

In order to understand the mechanism by which tumor-specific EphA2 suppresses CD8
T cell activation, we performed gene expression profiling of dissected control and EphA2-
overexpressing lung tumors using nanoString’s Mouse PanCancer Immune Profiling Panel.
Gene pathway analysis yielded two significantly upregulated pathways in the EphA2-
overexpressing tumors, cancer progression and macrophage functions, consistent with our
observations on in vivo tumor burden and findings from flow cytometry (Figure 2.5A, 2.5B).
Differential expression analysis of individual genes revealed 95 genes that were significantly
different in expression between vector control and EphA2-overexpressing tumors with a
logzratio less than -0.5 or greater than 0.5 (Figure 2.5C).

Among these genes included a group of monocyte and macrophage surface markers
(Csflr, Ccr2, Itgam/CD11b, Mrc1/CD206), myeloid chemoattractants (Ccl2, Ccl7, Ccl8, Ccl12),
and immunosuppressive proteins (Argl, Tgfbl, Tgfb2, Tgfb3) (Figure 2.5D). CD11bis a
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Figure 2.5. Gene expression profiling reveals higher expression of myeloid markers and
chemoattractants in EphA2-overexpressing tumors. (A) Average pathway scores of vector control and
EphA2-overexpressing KPL tumors calculated from normalized gene expression data using nanoString
nSolver software. (B) Comparison of cancer progression and macrophage functions pathway scores
between control and EphA2-overexpressing samples. (n=6 mice per group, **p<0.01, unpaired Mann-
Whitney test) (C) Volcano plot of statistically significant differentially expressed genes. (D) Heatmap
depicting standardized expression of differentially expressed myeloid markers (green bar), myeloid-
attracting chemokines (pink bar), and immunosuppressive proteins (yellow bar). (E) RT-PCR validation of
nanoString hits. (n=6 mice per group, *p<0.05, one-sample Wilcoxon signed rank test). Data shown are
averages + SD.
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nonspecific myeloid marker, while CCR2, CSF1R, and CD206 are typically expressed in
inflammatory monocytes and macrophages, with CD206 specifically detected in tumor-
promoting M2 macrophages®*233, CCL2, CCL7, CCL8, and CCL12 all belong to the CCL
chemokine family and have been shown to bind to CCR2 expressed on circulating monocytes
and facilitate their recruitment!32-134, Additionally, arginase 1 (ARG1) and TGF-B are well-known
immunosuppressive proteins that are secreted in the tumor microenvironment by tumor-
promoting cells such as M2 TAMs and subsequently inhibit CD8 T cell effector function32133,
We validated a majority of these genes using RT-PCR (Figure 2.5E).

In summary, gene expression analysis provided evidence that tumor-specific EphA2
increases the levels of myeloid chemoattractants, monocyte/macrophage lineage cells, and
immunosuppressive proteins. We propose that EphA2 in the tumor cell upregulates expression
of chemokines in the tumor milieu that recruit circulating monocytes into the tumor, where they
differentiate into macrophages and are co-opted to serve tumor-promoting functions as
polarized M2 TAMs (Figure 2.6). These tumor-promoting functions include secretion of proteins,
such as arginase and TGF-B, that inhibit the expansion and activity of T cells, particularly anti-
tumor CD8 cytotoxic lymphocytes. This leads to a shift towards a more myeloid and less
lymphocytic infiltrate, as we observed in our flow cytometry studies, as well as decreased
activation and increased exhaustion in T cells. Ultimately, the effect of EphA2 in the tumor
dampens the anti-tumor immune response and perpetuates the vicious cycle of tumor immune

escape and growth.

] Monocytes

Recruitment from
circulation into tumor

ro YRENA & i o o . CSFIR "E
| Tumor cell deat‘\ ‘ . *
T Tumor growth ‘. 1 Arg1, TGFB *

.

1CD8 T cell activity f MDSCs, M2 TAMs

Figure 2.6. Proposed role of tumor-specific EphA2 on promoting NSCLC immune evasion.

33



Discussion

Our studies identify a novel mechanism that contributes to EphA2’s pro-tumor effect in
NSCLC. Although EphA2 has previously been shown to facilitate lung tumor growth and
metastasis through tumor cell-intrinsic mechanisms®* ™, this is the first study that we are aware
of that shows an immune-mediated phenotype. Despite these new insights, this work poses
several unanswered questions. First, which cell types are critical for the EphA2-mediated effect
on CD8 T cells? EphA2 overexpression in the cancer cell may directly upregulate myeloid-
attracting chemokine expression in the tumor cells, but it may also indirectly affect expression in
other stromal cells that can secrete these chemoattractants. Similarly, although we propose that
the monocytes and macrophages in EphA2-overexpressing tumors are responsible for the
higher levels of arginase and TGF-3, these immunosuppressive proteins can also be secreted
from cancer or stromal cells. Further studies utilizing single-cell techniques will be required to
elucidate the roles of each cell type in the tumor microenvironment. Additionally, the molecular
mechanisms by which tumor-specific EphA2 alters the chemokine milieu and immune
landscape of lung cancer may be very complex. EphA2 in the tumor cell can signal in an ephrin
ligand-dependent or independent manner®’, and it can even be packaged into extracellular
vesicles to initiate signaling from a distance®. Further molecular investigations are needed to
better understand the signaling modalities and downstream pathways in the cancer cell that
mediate this immune modulation.

Our findings are consistent with a recently published paper that demonstrated tumor cell-
intrinsic EphA2 inhibits anti-tumor immunity in pancreatic cancer through regulation of PTGS2,
the gene encoding cyclooxygenase-2 (COX2)!?3, Markosyan, et al. identified EphA2 from a
screen of The Cancer Genome Atlas (TCGA) dataset evaluating genes that were inversely
correlated with CD8A expression in human pancreatic adenocarcinomas, as well as other
markers of cytotoxic T lymphocytes (CTLs). They went on to evaluate the effect of knocking out
tumor cell-specific EphA2 in a mouse model of pancreatic cancer bearing a Kras G12D
mutation, loss of Tp53, and a YFP marker (KPCY) and found that EphA2 knockout significantly
increased T cell infiltration and activation, as we had observed in our murine KPL model of
NSCLC. Interestingly, they found that EphA2 knockout decreased numbers of granulocytic
MDSCs but did not affect macrophages. In addition, these authors identified Ptgs2 from a
RNAseq experiment examining the differentially expressed genes between EphA2 WT and KO
tumors.

We can draw many parallels between our investigations and the studies performed by
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Markosyan et al.; however, there are also some intriguing differences. Although both studies
demonstrate that tumor cell-specific EphA2 has a detrimental impact on T cell-mediated
immunity, one suggests that granulocytic myeloid cells play an intermediary role, while the other
suggest monocytic myeloid cells. In addition, Ptgs2 was not among the genes we found to be
differentially expressed between control and EphA2-overexpressing KPL tumors. Furthermore,
Markosyan et al. observed a decrease in tumor cell proliferation and in vivo tumor burden with
EphA2 KO, but we observed no differences in growth in vitro or in vivo when we knocked out
EphA2 in our KPL model via CRISPR/Cas9 (data not shown). Lastly, although the authors
observed inverse correlations between EPHA2 and CTL gene signatures in human pancreatic
cancer, we did not discover any consistent trends between EPHA2 and CD3E, CD8B, GZMB,
PRF1, or IFNG expression from the TCGA lung adenocarcinoma dataset (data not shown).
These discrepancies could be due to differences in cancer cell type and model and the EphA2
receptor/ephrin ligand balance in the tumor microenvironment, which can be very dissimilar
between the pancreas and lung. Although EphA2 is implicated in tumor growth and metastasis
of many types of solid cancers through ligand-independent signaling?®#8, it can also suppress
cell growth via ligand-dependent signaling through ephrin-Al, its primary binding partner® 777,
Because we observed no effect on cell viability in vitro or tumor growth in vivo with EphA2
knockout in our KPL lung model, perhaps EphA2 is playing a dual tumor promoter and
suppressor role in this cell line. Whereas, in KPCY pancreatic tumors, EphA2 is more of a tumor
promoter than suppressor. This would suggest that EphA2 is signaling differently in these two
tumor types, or at least in these two particular models, and may explain why the immune
phenotypes differ.

A note of caution that we feel compelled to point out is that our investigations rely heavily
on an overexpression system, which has been shown in published studies to yield artifactual
results*>1% and likely also observed in many unpublished works. We used the same lentiviral
vector to overexpress other genes in KPL cells, including a catalytically dead Cas9 (dCas9), and
found that regardless of the gene, overexpression appeared to increase tumor burden in vivo,
compared to vector control (data not shown). We then tried to overexpress EphA2 using a
retroviral vector and discovered that this unfortunately did not recapitulate results we observed
in tumor burden with the lentiviral vector (data not shown), though we did not evaluate the
immune landscape. We also engineered KPL cells with loss of function of EphA2 via
CRISPR/Cas9 and tested both single cell clones and multiclonal populations in vivo.
Unfortunately, we did not observe significant differences in tumor burden between sgEphA2 cell

populations and the sgLacz control cells (data not shown). After these observations, we were
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hesitant to continue this avenue of inquiry, as some of our original data may be confounded by
overexpression artifact. Despite this, we do believe a portion of our work reflects true biology,
and not all the data are a result of artifact. This sentiment arises from recently published works
that highlight EphA2’s role in inhibiting anti-tumor immunity*?%, as well as in monocyte and
macrophage function!#*-144 which provide some evidence of veracity of our studies. Discerning
which results can be attributed to EphA2 and which to artifact is unfortunately an exceedingly
challenging task. Our work not only highlights EphA2’s potential impact on anti-tumor immunity,

but also offers a cautionary tale of scientific rigor and reproducibility.
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CHAPTER Il

Host deficiency in ephrin-Al inhibits breast cancer metastasis

The work presented in this chapter is published with the same title in Faculty 1000
Research, March 2020144

Abstract

The conventional dogma of treating cancer by focusing on the elimination of tumor cells
has been recently refined to include consideration of the tumor microenvironment, which
includes host stromal cells. Ephrin-Al, a cell surface protein involved in adhesion and migration,
has been shown to be tumor suppressive in the context of the cancer cell. However, its role in
the host has not been fully investigated. Here, we examine how ephrin-Al host deficiency
affects cancer growth and metastasis in a murine model of breast cancer. 4T1 cells were
orthotopically implanted into the mammary fat pads or injected into the tail veins of ephrin-Al
wild-type (Efnal**), heterozygous (Efnal*"), or knockout (Efnal”) mice. Tumor growth, lung
metastasis, and tumor recurrence after surgical resection were measured. Flow cytometry and
immunohistochemistry (IHC) were used to analyze various cell populations in primary tumors
and tumor-bearing lungs. While primary tumor growth did not differ between Efnal**, Efnal*",
and Efnal’” mice, lung metastasis and primary tumor recurrence were significantly decreased in
knockout mice. Efnal” mice had reduced lung colonization of 4T1 cells compared to Efnal**
littermate controls as early as 24 hours after tail vein injection. Furthermore, established lung
lesions in Efnal” mice had reduced proliferation compared to those in Efnal** controls. Our
studies demonstrate that host deficiency of ephrin-Al does not impact primary tumor growth but
does affect metastasis by providing a less favorable metastatic niche for cancer cell colonization
and growth. Elucidating the mechanisms by which host ephrin-Al impacts cancer relapse and

metastasis may shed new light on novel therapeutic strategies.
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Introduction

Over the past several decades, the conventional dogma of treating cancer by focusing
on the elimination of rapidly dividing tumor cells has been gradually refined to include
consideration of the environment in which the tumor thrives — the tumor microenvironment. The
tumor microenvironment consists of both cancer cells and host stromal cells, such as
endothelial cells, immune populations, and fibroblasts. Prominent discoveries regarding tumor-
associated endothelium and immune cells have notably led to breakthrough therapeutic
strategies with anti-angiogenic agents and immunotherapies, respectively#-148, Thus,
understanding the host-tumor interactions involved in tumor growth and metastasis is critical for
the development and application of new anti-cancer therapies.

As a result of new advancements in targeted and immunotherapies, the majority of
patients with early stage disease have a very favorable prognosis. However, patients who later
develop distant metastasis or who are diagnosed with disseminated disease at the onset are
typically very difficult to treat effectively'*8, This is largely because our knowledge of how
cancer cells spread is still limited. Cancer metastasis is a dynamic and complex process that
requires tumor cells to undergo many steps, including adopting invasive properties,
intravasating into proximal vasculature, surviving in circulation, evading immunosurveillance,
extravasating from distant vasculature, and finally adapting to selective pressures of a new
environment!”18, Each of these steps involves multiple interactions between cancer cells and
different types of host stromal cells. As an example, breast cancer most commonly
metastasizes to the lung, bone, liver, and brain, but how and why these cells travel and colonize
these particular organs is still unknown!#16, A better understanding of how breast cancer
metastasizes to these distant sites is greatly needed in order to develop more effective
therapies and prevent spread of malignant disease.

Ephrin-Al is a cell surface protein that regulates cell adhesion and migration’>:88.154-
163,119,141,142,149-153 "and its role in cancer has recently been investigated in several different solid
tumors®-17° |t belongs to the group of ephrin ligands that interact with the largest family of
receptor tyrosine kinases (RTKSs), the Eph receptors, and regulates various developmental
processes, such as embryonic cardiovascular development and angiogenic remodeling?%:3357, |t
is expressed in various cell types, including epithelial, endothelial, and immune cells and is the
primary ligand for EphA2 RTK, which has been implicated in cancer growth and metastasis in
various solid tumors?20:23243357.171 ‘\While ephrin-Al expression in cancer cells has been shown to
be tumor suppressive’> 8154172 its role in the host, has not been fully investigated. Here, we use

ephrin-Al knockout mice to examine how ephrin-Al host deficiency affects cancer growth and
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metastasis in a murine model of breast cancer.

To test the impact of ephrin-Al host deficiency on cancer progression, we utilized an
orthotopic 4T1 mammary tumor model, as well as two different models of metastasis. While
primary tumor growth did not significantly differ between ephrin-Al wild-type (Efnal**),
heterozygous (Efnal*"), and knockout (Efnal’) mice, metastasis and primary tumor recurrence
were significantly decreased in Efnal’ mice. Results of analysis on tumor-infiltrating immune
cell populations and vascularity in the primary tumor did not evidently explain the differences in
metastasis between Efnal** and Efnal’” mice. However, tumor cell lung colonization was
reduced in Efnal” mice, and lung metastases in Efnal” mice were less proliferative than in
their wild-type counterparts, suggesting that the metastatic niche in Efnal” mice is less
hospitable for invading tumor cells. Together, our studies suggest that host deficiency of ephrin-
Al does not impact initial tumor growth but does affect metastasis through inhibiting cancer cell

extravasation and proliferation at the metastatic niche.

Materials and Methods

Animal models

Animals were housed in a non-barrier animal facility under pathogen-free conditions, 12-
hour light/dark cycle, and access to standard rodent diet and water ad libitum. Experiments
were performed in accordance with AAALAC guidelines and with Vanderbilt University Medical
Center Institutional Animal Care and Use Committee approval. All mice used in this study were
immunocompetent BALB/c mice. Ephrin-Al knockout (Efnal”) mice were previously
characterized by our lab'”®. To generate littermate controls, wild-type BALB/c mice were
purchased from Jackson Laboratory and mated with Efnal” mice to generate heterozygote
mating pairs. Efnal**, Efnal*" and Efnal’ animals were identified by PCR analysis of genomic
DNA using the following primers: Forward primer (5-TGGTTATATCCCCCCACCTCACAC-3)
and two allele-specific reverse primers (WT 5’-AAGGACTCCCATATCTCAGCGACG-3’) and
(KO 5-AGACTGCCTTGGGAAAAGCG-3’). Mice were co-housed with one to four littermates for
at least two weeks prior to and during all experiments and compared with littermate controls
whenever possible. All mice used for tumor experiments were six to ten weeks old at the onset
on the experiment. Experimental cohorts were limited to litters that were born within two
consecutive weeks and that also had at least one Efnal’” and Efnal** female littermate pair
and, when applicable, at least one Efnal*" female littermate. Sample sizes are as shown in the

figures and range from three to twelve mice per group. At experimental endpoints, mice were
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euthanized by cervical dislocation.

Cell culture

4T1 murine mammary adenocarcinoma cells were purchased from ATCC and
maintained in DMEM (Corning #MT10013CV) supplemented with penicillin/streptomycin (Gibco
#15140163) and 10% FBS (Gibco #A3160502). 4T1-GFP-luciferase clones were generated by
serial dilutions of 4T1 cells with lentiviral overexpression of GFP and luciferase genes.

Tumor models

To reflect human breast cancer, only female mice were used for tumor experiments. For
orthotopic mammary tumor implantations, 1x10° 4T1 cells suspended in a 1:1 mixture of PBS
and Growth Factor-Reduced Matrigel (Corning #354230) in a total volume of 100 ul were
injected through the nipple into the fourth mammary fat pads of six to eight-week-old female
mice. Tumor dimensions were measured by digital caliper at given time points every other day,
and volume was calculated using the following formula: volume = length x width? x 0.52. To
observe spontaneous lung metastases and primary tumor recurrence, mammary tumors were
resected at day 14 post-implantation, along with draining inguinal lymph nodes and surrounding
fat pads, and mice were ultimately sacrificed at day 32. At the time of surgical resection of
primary tumors on day 14, tumors were weighed and cut in half to provide tissue for both flow
cytometry analysis and cryosection staining. At the experimental endpoint on day 32, tumors
were weighed, and lung metastases were counted in a blinded manner. For lung colonization
experiments, 4T1-GFP-luciferase cells suspended in PBS were injected via tail vein, and mice
underwent in vivo bioluminescence imaging with a PerkinElmer IVIS Spectrum several hours
post-injection to verify successful and equal delivery of 4T1 cells. To observe gradual formation
of GFP+ metastases, 1x10° 4T1-GFP-luciferase cells were injected via tail vein, and mice were
sacrificed at day 17. GFP+ lung metastases were counted in a blinded manner. The left lung
lobe of each mouse was fixed in 10% formalin for subsequent formalin-fixed paraffin-embedded
(FFPE) processing, sectioning, and H&E staining, while the other lung lobes were processed for
flow cytometry analysis. To observe early colonization and proliferation of 4T1 cells, 5x10° 4T1-
GFP-luciferase cells labeled with CellTrace Violet dye (Invitrogen #C34571) were injected via
tail vein. At 24 hours, mice were sacrificed, and lungs were perfused with PBS and processed

for flow cytometry analysis.
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Immunohistochemistry (IHC) and Immunofluorescence (IF)

FFPE lung sections were prepared and stained for PCNA (1:100, BD Biosciences
#555567 raised in mouse, RRID: AB_395947) as described previously*’. Slides were blinded,
and the number of metastatic foci per section of lobe was quantified. Nuclear PCNA staining
was analyzed using ImageJ v1.520 with the IHC Profiler plugin'® and percentage of PCNA+
tumor cell nuclei were quantified. Each data point is an average of two sections of the left lung
from an individual mouse. To prepare cryosections, mammary tumors were frozen in OCT
Compound (Thermo Fisher Scientific #23-730-571) on dry ice and stored at -80°C. Sections (8
pm) were cut on a Leica Cryostat CM1950, fixed in 4% PFA, washed with PBS, permeabilized
with 0.3% Triton X-100 (Sigma-Aldrich #X100), and blocked using M.O.M. Mouse Ig Blocking
Reagent and Protein Concentrate (Vector Laboratories #PK-2200) per manufacturer
recommendations and with 2.5% goat serum (Sigma-Aldrich #G9023) in PBS. Slides were then
incubated over two nights at 4°C with primary antibodies against CD31 (1:150, Biolegend
#102501 raised in rat, RRID: AB_312908) and aSMA (1:150, Dako #M085129-2 raised in
mouse, RRID: AB_2811108) in blocking buffer. After washing with PBS, slides were incubated
for one hour at room temperature in secondary antibodies goat anti-rat Ax594 (1:500, Invitrogen
#A11007, RRID: AB_10561522) and anti-mouse Ax488 (1:500, Invitrogen #A11001, RRID:
AB_2534069), washed with PBS, and mounted with ProLong Gold Antifade Mountant with DAPI
(Invitrogen #P36931). Slides were blinded, and images were taken by an Olympus DP72
camera through a BX60 inverted fluorescence microscope and processed using CellSens
Dimension software. A total of 12-40 20x fields of view were analyzed from each section using
Imaged. For aSMA analysis, images were evaluated for colocalization with CD31 staining, and
data was displayed as a percentage of aSMA+ out of CD31+ area or integrated intensity. Each
data point is an average of all fields of view of two to three tumor sections from an individual

mouse.

Flow cytometry

Tumors and lungs were minced and dissociated in RPMI-1640 media (Corning
#MT10040CV) containing 2.5% FBS, 1 mg/ml collagenase IA (Sigma-Aldrich #C9891), and 0.25
mg/ml DNase | (Sigma-Aldrich #DN25) for 45 minutes at 37°C. Digested tissue was then filtered
through a 70-um strainer, and red blood cells were lysed using ACK Lysis Buffer (KD Medical
#RGF-3015). Samples were washed with PBS and stained with Ghost Dye Violet V510 (Tonbo
Biosciences #13-0870) to exclude dead cells. After washing with buffer (0.5% BSA, 2mM EDTA
in PBS), samples were blocked in aCD16/32 mouse Fc block (Tonbo Biosciences #70-0161)
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Table 3.1. Antibodies used in flow cytometry analysis

Antibody target Manufacturer

MHCII I-E/A
CD8a
CD11b
CD62L
CD44
CTLA-4
CD31
CD4
Ly6C
FoxP3
F4/80
CD3e
Ly6G (Gr1)
CD8a
PD-1
CD45
CD4
CD69
CD11b
EpCAM
CD11c
LyeC
CD25
CD11c
CD45

Tonbo Biosciences
BD Biosciences
Tonbo Biosciences
Tonbo Biosciences
Tonbo Biosciences
BD Biosciences
BD Biosciences
Biolegend

BD Biosciences
eBiosciences
eBiosciences
Tonbo Biosciences
Tonbo Biosciences
Tonbo Biosciences
BD Biosciences
Biolegend

Tonbo Biosciences
BD Biosciences
Tonbo Biosciences
Biolegend

BD Biosciences
eBiosciences
Tonbo Biosciences
Biolegend

BD Biosciences

Catalog #
75-5321
560469
35-0112
35-0621
50-0441
561718
561073
100516
560595
50-5773-82
45-4801-82
65-0031
80-5931
80-0081
565815
103109
55-0041
552879
55-0112
118215
561022
25-5932-80
60-0251
117323
557659

Fluorophore Dilution

V450
V450

FITC

FITC

PE

PE

PE

APC

APC

€660
PerCP-Cy5.5
PerCP-Cy5.5
rF710
rF710
APC-R700
PE-Cy5
PE-Cy5
PE-Cy5
PE-Cy5
PE-Cy7
PE-Cy7
PE-Cy7
PE-Cy7
APC-Cy7
APC-Cy7

1/250
1/250
1/250
1/100
1/5000
1/250
1/750
1/1000
1/500
1/100
1/250
1/250
1/1000
1/500
1/500
1/5000
1/2500
1/1000
1/5000
1/750
1/500
1/1000
1/500
1/500
1/500

Table 3.2. Gating strategy used in flow cytometry analysis

Cell population
CD8 T cells
CD4 T cells
Tregs
Monocytes
Macrophages
Granulocytes
Dendritic cells

Endothelial cells

Gating strategy

CD45+,CD3e+,CD4-,CD8a+
CD45+,CD3e+,CD4+,CD8a-
CD45+,CD3e+,CD4+,CD8a-,CD25+,FoxP3+
CD45+,CD11b+,Ly6G-,Ly6C+,F4/80-
CD45+,CD11b+,Ly6G-,Ly6C-,F4/80+
CD45+,CD11b+,Ly6G+,Ly6C-/+,F4/80-
CD45+,CD11¢c+,MHCII+,F4/80-
CD45-,GFP-,EpCAM-,CD31+
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RRID
AB_2621965
AB_1645281
AB_2621676
AB_ 2621697
AB_2621762
AB_10895585
AB_10563931
AB 312719
AB_1727554
AB_ 11218868
AB_914345
AB_2621872
AB_2621999
AB_ 2621977
AB_2739366
AB_312974
AB_2621816
AB_394508
AB_2621818
AB_1236477
AB_2033997
AB_2573502
AB_2621843
AB_830646
AB_396774



and stained for extracellular proteins using an antibody master mix made in buffer. After
washing with buffer, cells were fixed with 2% PFA. For FoxP3 intracellular staining, cells were
permeabilized using the FoxP3 Transcription Factor Staining Kit (Tonbo Biosciences #TNB-
0607-KIT) per manufacturer protocol. Flow cytometry data was obtained on a BD 4-laser
Fortessa using BD FACS Diva software v8.0.1 and analyzed using FlowJo software v10.6.1.
Fluorescence minus one (FMO) samples were used as gating controls when needed.
Antibodies used in flow panels are detailed in Table 3.1, and gating strategies used in analysis
are detailed in Table 3.2. Each data point is generated after analyzing at least 5x10° viable cells

from a specimen from an individual mouse.

Statistical analysis

All graphs and statistical analysis were completed using GraphPad Prism software
v6.07. For comparisons between two groups, an unpaired Mann-Whitney U-test was performed.
For comparisons between three groups, a Kruskal-Wallis H-test was performed, followed by
post-hoc Mann-Whitney U-tests evaluating differences between the knockout and either the
wild-type or heterozygote animals. A P-value less than 0.05 was considered statistically

significant.

Results

Ephrin-Al-deficient hosts have reduced metastasis in vivo

We initially investigated the impact of ephrin-Al host deficiency on primary tumor growth
by implanting 4T1 cells in a mixture of PBS and Matrigel orthotopically into the mammary fat
pads of syngeneic BALB/c female Efnal** and Efnal” mice. No difference in primary tumor
growth or weight at 21 days post-implantation was observed (Figure 3.1A). To test the impact of
ephrin-Al host deficiency on spontaneous metastasis, 4T1 cells were implanted orthotopically
as described above and surgically resected on day 14 post-implantation to allow for gradual
development of endogenous metastases by day 32 (Figure 3.1B). As expected, primary tumors
resected from Efnal** and Efnal’ mice were not different in size (Figure 3.1C), and this was
additionally verified with Efnal**, Efnal*", and Efnal” littermates (Figure 3.1D). However, at
the experimental endpoint, the number of visible lung metastases and lung weights were
significantly decreased in knockout mice (Figure 3.1E). Many of these mice not only harbored
lung metastases but also tumors that had regrown at the original site of the resected primary

tumor. Similar to our findings in lung metastases, the size of recurrent primary tumors was
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Figure 3.1. Ephrin-Al-deficient hosts have reduced metastasis and tumor recurrence but no
difference in primary tumor growth. (A) 4T1 primary tumor growth curves in age-matched female
Efnal** (WT) and Efnal’ (KO) mice and resulting tumor weights at day 21 post-implantation. (B)
Schematic diagram showing experimental procedure for evaluating spontaneous metastases. (C) 4T1
primary tumor growth curves in WT and KO mice and resultant tumor weights at time of surgical resection
on day 14. (D) 4T1 primary tumor growth curves in WT, heterozygous (+/-) and KO littermates and
resultant tumor weights at time of surgical resection on day 14. (E) Blinded quantification of visible lung
metastases and lung weights from WT and KO mice at experimental endpoint on day 32. (F) Weights of
recurrent 4T1 tumor at primary site 18 days after surgical resection. Data shown are averages = SD with
each data point representing an individual mouse (n=9-12 mice per group). *p<0.05, **p<0.01 (unpaired
Mann-Whitney U-test).

significantly reduced in knockout mice (Figure 3.1F). Together, these results demonstrate that
while host deficiency in ephrin-Al may not affect initial tumor growth, it can impact metastatic
spread and recurrence.

To complement our findings in our model of spontaneous metastasis, we evaluated the
impact of ephrin-Al host deficiency on experimental metastasis. 4T1 cells engineered to
express GFP and luciferase (4T1-GFP-luciferase) were injected into the tail veins of Efnal*"*,

Efnal*-, and Efnal™ littermates. In vivo bioluminescence imaging several hours after injection
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illustrated comparable signal across all mice (Figure 3.2AB), indicating ephrin-Al host
deficiency did not impact tumor cell trafficking and lodging within the lung, at least in this short
time frame. After harvesting the lungs 17 days later, we observed decreased GFP+ metastases
in Efnal” mice, compared to both Efnal** and Efnal*" littermates, which was additionally
confirmed by flow cytometry (Figure 3.2C, D). Similarly, histological analysis revealed fewer
metastatic foci in lungs from Efnal” mice (Figure 3.2E). These data align with our previous
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Figure 3.2. Ephrin-Al-deficient hosts have reduced cancer cell lung colonization. (A)
Representative image of bioluminescence signal in WT and KO littermates several hours after tail vein
injection of 1x10°% 4T1-GFP-luciferase cells. (B) Quantification of bioluminescence signal in WT, +/-, and
KO littermates. (C) Representative images of GFP+ surface lung metastases in WT and KO littermates 17
days after tail vein injection. (D) Blinded quantification of GFP+ lung metastases in WT, +/-, and KO
littermates and percentages of GFP+ 4T1 cells in the lung from flow cytometry analysis. (E)
Representative H&E staining of left lung lobes from WT and KO littermates and blinded quantification of
metastatic foci per lung section. Scale bar: 200 um. Data shown are averages + SD with each data point
representing an individual mouse (n=4-9 mice per group). *p<0.05, **p<0.01 (unpaired Mann-Whitney U-
test for comparisons between two groups, Kruskal-Wallis H-test with post-hoc unpaired Mann-Whitney U-
test for comparisons between three groups).

# of metastatic foci
per lobe section
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observations on endogenous metastasis and suggest that host deficiency in ephrin-Al inhibits

circulating cancer cells from colonizing the lung.

Tumor-infiltrating immune populations are not significantly different in ephrin-Al-
deficient hosts

Ephrin-Al is expressed in several types of host cells, including immune cells and
endothelial cells?*24171, Thus, we sought to determine how the ephrin-Al-deficient host immune
system and endothelium may mitigate metastasis. Among immune cells, ephrin-Al can be
expressed in B and T cells, monocytes, and macrophages?. The role of ephrin-Al in B cells is
largely unknown’®, However, in T cells, monocytes, and macrophages, ephrin-Al has been
shown to regulate cell adhesion and migration!17118.141,142155,156,177.178 ‘These immune cell
populations play a critical role in overall anti-tumor immunity and immunosurveillance. Dendritic
cells (DCs) and T cells, particularly CD8 cytotoxic T cells, are the primary drivers of the adaptive
anti-tumor response in solid tumors and increased infiltration of these cell types is correlated
with better prognosis and enhanced response to immunotherapies!®*’®. Conversely, regulatory
T cells (Tregs) suppress effector functions of T cells and typically inhibit the anti-tumor
responsel®®13 Between the two ends of this spectrum, myeloid populations, such as
monocytes, macrophages, and granulocytes, can either promote or suppress an anti-tumor
response, depending on their polarization and functionality0218°,

Because of ephrin-A1’s known role in adhesion and chemotaxis of immune cells, we
performed flow cytometry analysis on 4T1 primary tumors harvested from Efnal**, Efnal*", and
Efna’ littermates. To our surprise, we found no significant differences in total infiltrating immune
cells, CD4 or CD8 T cells, DCs, Tregs, or myeloid populations in Efnal**, Efnal*", and Efna’
littermates (Figure 3.3A, B). DCs were decreased in Efna’ mice, though not significantly with
these sample sizes. While there were no apparent differences in the immune microenvironment
of the mammary tumors, the immune microenvironment of the lung is distinct from that of the
mammary gland and may impact the metastatic niche. To investigate this, we performed flow
cytometry analysis on 4T1 tumor-bearing lungs generated from our model of experimental
metastasis. Similar to the results we obtained from the 4T1 primary tumors, we did not see
significant differences in immune populations in tumor-bearing lungs harvested from
Efnal**, Efnal*", and Efnal” littermates, except for a modest increase in macrophages in
knockout mice (Figure 3.3C, D).

Although the percentage of tumor infiltrating T cells in Efnal** and Efnal” mice is

comparable, their activation status and effector function may still be different. Tumor-infiltrating
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Figure 3.3. Tumor-infiltrating immune populations are not significantly different in ephrin-Al-
deficient hosts. (A) Flow cytometric analysis of total immune cells, T cells, and T regulatory (Treg) cells,
as well as (B) monocytes, macrophages, granulocytes, and dendritic cells, in 4T1 primary tumors
resected from WT, +/-, and KO littermates at day 14 post-implantation. (C, D) Similar analyses of immune
populations in tumor-bearing lungs harvested from WT, +/-, and KO littermates 17 days after tail vein
injection of 4T1-GFP-luciferase cells. Data shown are averages + SD with each data point representing
an individual mouse (n=3-7 mice per group). *p<0.05 (Kruskal-Wallis H-test with post-hoc unpaired Mann-
Whitney U-test).

T cells with upregulated expression of activation markers, such as CD44, CD69, and CD25, and
downregulated expression of antigen-naive markers like CD62L and exhaustion markers like
PD-1 and CTLA-4 indicate a higher T cell functional status that mediates a stronger and more
enduring anti-tumor responsel®3!, We assessed these markers on T cells in 4T1 primary

tumors and tumor-bearing lungs from Efnal** and Efnal™ littermates using flow cytometry.
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However, we did not observe consistent increases in activation or decreases in naive or
exhaustion markers in knockout-derived T cells (data not shown, included in Underlying data).
In summary, host deficiency in ephrin-Al does not significantly affect tumor-infiltrating immune
cells in both primary tumors and tumor-bearing lungs. Thus, the reduction of lung metastases in
Efnal” hosts in vivo is unlikely due to host immunity.

Tumor vascularity and pericyte coverage are not significantly different in ephrin-Al-
deficient hosts

In addition to the anti-tumor immune response, another host factor that can impact
metastasis is the tumor vasculature. Angiogenesis is the formation of new blood vessels from a
pre-existing network and is required for solid tumor growth and progression. Blood vessels can
supply nutrients that support tumor growth and provide an entry for hematological dissemination
and invasion!#>18! These new blood vessels are typically hastily constructed in response to the
high release of growth factors, such as vascular endothelial growth factor (VEGF), from tumor
cells®283, Thus, tumor vessels tend to be disorganized, leaky, and poorly covered by pericytes,
which normally support the integrity of the endothelium. Ephrin-Al is expressed in the vascular
endothelium and has been shown to promote angiogenesis in vitro and in several in vivo
models®790.95-97.182 Therefore, we hypothesized that tumors in Efnal” mice may have reduced
tumor vasculature and increased endothelial pericyte coverage compared to Efnal** controls.

To evaluate tumor vascularity and vessel function, we co-stained cryosections of 4T1
primary tumors from Efnal** and Efnal” littermates with CD31 and aSMA, markers for
endothelial cells and pericytes, respectively. Colocalization of aSMA with CD31 acts as an
indicator for functional endothelium within tumors. Surprisingly, we did not observe a change in
CD31+ area or intensity in 4T1 tumors from Efnal** and Efnal” littermates (Figure 3.4A, B).
Furthermore, pericyte coverage on tumor vessels remained the same in tumors from Efnal**
and Efnal” littermates (Figure 3.4A, C). Together, these data suggest that loss of ephrin-Al in

the host does not affect tumor vessel formation and function in the primary tumor.

Ephrin-Al-deficient lung microenvironment provides a less favorable metastatic niche
Our results from analysis of the immune infiltrate and vasculature of primary tumors,
coupled with the significant difference in experimental lung metastasis between Efnal** and
Efnal” mice, suggest that host factors critical to this metastatic phenotype are more likely to lie
downstream of the primary tumor site. These steps include tumor cell trafficking to the lung

vasculature, extravasation, and adaptation to new selective pressures of the lung
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Figure 3.4. Tumor vascularity and pericyte coverage are not significantly different in ephrin-A1-
deficient hosts. (A) Representative images of CD31 (red), aSMA (green), and DAPI (blue) staining on
cryosections of 4T1 primary tumors harvested from WT and KO littermates at day 14 post-implantation.
Scale bar: 100 um. (B) Quantification of CD31+ area and integrated intensity in arbitrary units (au) per
high power field (hpf) of view. (C) Quantification of aSMA colocalization with CD31 as a percentage of
aSMA+ over CD31+ stained area and integrated density. Data shown are averages + SD with each data
point representing an individual mouse (n=3-7 mice per group).

microenvironment. 4T1 cell trafficking to the lung was not significantly different between Efnal**
and Efnal” littermates after tail vein injections (Figure 3.2A, B). Thus, we aimed to evaluate
extravasation and adaptation to the lung metastatic niche in Efnal** and Efnal” hosts.

To test extravasation of 4T1 cells in vivo, we injected 4T1-GFP-luciferase cells labeled
with CellTrace Violet dye into the tail veins of Efnal** and Efnal” littermates. This dye is
retained only in the labeled tumor cells and diminished after subsequent cell divisions, enabling
guantification of short-term cell proliferation. At 24 hours after injection, we perfused the lungs
with PBS to flush out remaining cells in the pulmonary vasculature and processed the lungs for
flow cytometry. Decreased GFP+ 4T1 cells were found in ephrin-Al-deficient lungs compared to
wild-type controls (Figure 3.5A), suggesting that fewer cancer cells had extravasated into the
lung parenchyma at this timepoint. This result may be partly due to decreased vascularity of
ephrin-Al-deficient lungs at baseline. The percentage of CD31+ endothelial cells was slightly
lower in knockout lungs but not significantly so with this sample size (Figure 3.5B). Moreover,

this was not due to decreased proliferation of the 4T1 cells within the 24-hour timeframe, as the
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Figure 3.5. Ephrin-Al-deficient lung microenvironment provides a less favorable metastatic niche.
(A) Quantification of GFP+ 4T1 cells and (B) CD31+ endothelial cells by flow cytometry in perfused lungs
harvested from WT and KO littermates 24 hours post-tail vein injection. (C) Percentage of GFP+ 4T1 cells
in perfused WT and KO lungs that still contained CellTrace Violet dye, indicating reduced proliferation. (D)
Representative images of PCNA staining on FFPE sections of tumor-bearing lungs from WT and KO
littermates 17 days after tail vein injection of 4T1-GFP-luciferase cells. Higher magnification images and
blinded guantification of PCNA+ tumor cell nuclei shown. Scale bar: 50 um. Data shown are averages +
SD with each data point representing an individual mouse (n=3-6 mice per group). *p<0.05 (unpaired
Mann-Whitney U-test).

amount of retained CellTrace Violet dye was not higher in 4T1 cells that had extravasated in
knockout lungs compared to wild-type lungs (Figure 3.5C). Together, these data suggest that
extravasation of 4T1 cells is inhibited in knockout mice, compared to wild-type controls, and
ephrin-Al deficiency in the host lung may play a role in this process.

While decreased extravasation of tumor cells may explain in part the decreased lung
metastases in Efnal” mice, another possibility is that once tumor cells have extravasated and
established in the lung, they have reduced fitness of survival in ephrin-Al-deficient lungs,
compared to wild-type lungs. There are many stressors in the lung metastatic niche that could
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impact the adaptability of the tumor cell. We used tumor proliferation index as a marker to
evaluate how well tumor cells have adapted to a metastatic niche. Since no differences were
observed in proliferation of 4T1 cells that had newly extravasated into the lung parenchyma of
Efnal** and Efnal™ littermates within the short 24-hour timeframe (Figure 3.5C), we next
assessed proliferation of tumor cells in lung micrometastases that had established over 17 days
after tail vein injection (Figure 3.2). There was a significant decrease in cell proliferation in
metastatic foci established in Efnal’ mice, compared to Efnal** controls, as indicated by
PCNA staining (Figure 3.5D). These findings suggest that reduced tumor cell lung colonization
in Efnal” hosts is due to both decreased extravasation of cancer cells and decreased
proliferation in the metastatic niche.

Discussion

In conclusion, host deficiency in ephrin-Al inhibits metastasis by providing a less
hospitable metastatic niche for cancer cell extravasation and colonization of the lung. Our data
from 4T1 primary tumor specimens demonstrated no differences in primary tumor growth,
infiltrating immune cell populations, and vascularity. This led us to investigate the metastatic
process downstream from the primary tumors. We then found that lung colonization in knockout
mice was decreased compared to wild-type mice as early as 24 hours post-tail vein injection of
4T1 cells, in part due to decreased extravasation. Moreover, the metastases that established in
Efnal’” lungs were not only reduced in number but also less proliferative compared to those in
wild-type lungs. These studies offer insight on how host expression of ephrin-Al may impact
tumor growth and dissemination, but they also lead to additional questions.

Our ephrin-Al knockout model is not tissue-specific nor inducible, which creates
challenges in identifying specific mechanisms that contribute to our observed phenotype. For
example, ephrin-Al is highly expressed in embryonic stages of development and plays a known
role in neuronal and mammary development®”183-187 The transcriptional and epigenetic
changes that occur in utero and during early physiological development as a result of ephrin-Al
deficiency in various tissues may all contribute to the observed phenotype; however, dissecting
which changes are directly downstream of ephrin-Al and critical to metastasis may be quite
difficult. This challenge is further augmented when we consider the many cell types that can
express ephrin-Al, especially immune, endothelial, and epithelial cells. Additionally, ephrin-Al
on these cell types presumably interacts with EphA receptors on various stromal and tumor

cells. In the absence of host ephrin-Al, forward signaling in these EphA receptors may be
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reduced, or it may be conserved through compensatory interaction with other ephrin-A ligands.
If other ephrin-Al ligands do not compensate for the lack of ephrin-Al, perhaps EphA receptors
in these cells are available fore more ligand-independent signaling. These are all reasonable
hypotheses that may be supported with more molecular and biochemistry studies.

Many studies have demonstrated ephrin-A1’s role in immune cell adhesion and
migration. Although we did not observe significant differences in tumor immune infiltrate, this
does not preclude a role for ephrin-Al in these cell populations. Immune cells engage in a
complex network of crosstalk, and it is possible that loss of ephrin-Al in one cell type may mask
the effects it has in another. One intriguing difference we observed was an increase in
macrophages in Efnal” tumor-bearing lungs. However, we have not determined if this
difference occurs in the specific context of a stressor, such as tumor metastasis, or if knockout
mice have increased macrophages at baseline. Because ephrin-Al has been shown to impact
monocyte chemotaxis and adhesion to the endothelium, it is reasonable to hypothesize that
ephrin-Al may affect recruitment of monocytes from circulation into lung tissue where they
differentiate into macrophages. Macrophages in the lung are known to play a role in forming the
pre-metastatic niche and maintaining a metastatic niche!®. Though we demonstrate increased
macrophages in ephrin-Al-deficient lungs, it remains to be seen if these macrophages are
polarized towards an anti-tumor or a pro-tumor response. Nevertheless, this offers evidence of a
novel role of ephrin-Al in macrophage recruitment, differentiation or survival, which requires
further investigation.

In addition, ephrin-Al has been shown to regulate expression of adhesion molecules on
endothelial cells and promote angiogenesis. Modulation of surface expression of adhesion
proteins, such as ICAM-1 and VCAM-1, on endothelial cells impact binding to immune cells and
cancer cells'®?4, Thus, it is possible that ephrin-A1 on endothelial cells may mediate cancer cell
transendothelial migration through modulation of these adhesion proteins. While this result may
be consistent with published literature, in contrast to ephrin-A1’s known role in angiogenesis, we
did not observe differences in angiogenesis between tumors from Efnal** and Efnal’ hosts.
This discrepancy may be due to a couple reasons. First, most studies reporting on ephrin-A1’s
impact on angiogenesis have shown its effect through EphA receptor signaling on the
endothelial cell, not necessarily through ephrin-Al directly in the endothelium®”%5-°7, Loss of
ephrin-Al in the endothelium and other host tissues is unlikely to completely abrogate EphA
receptor signaling in the endothelium, as other ephrin ligands are able to promiscuously bind to
the same EphA receptors and may even compensate for the loss of ephrin-A1%. Second, some

of these studies use soluble ephrin-Al, instead of membrane-bound or cell-surface ephrin-Al.
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In our Efnal” model, both cell-surface, membrane-bound ephrin-A1l and soluble, secreted
ephrin-Al are lost in vivo, and these two forms of ephrin-Al have been shown to have
competing effects®®’.

The different forms of ephrin-Al, as well as the range of interactions with various Eph
receptors, show how potentially complex the molecular mechanisms can be when considering
host deficiency of ephrin-Al. A clue into this complicated investigation can be found in our data
obtained with ephrin-Al heterozygote controls. When comparing tumor metastasis and immune
infiltrate, results from Efnal*- mice were much more comparable to wild-type than knockout
littermate controls. This suggests that ephrin-Al has a genetically dominant effect — one wild-
type allele may be sufficient to induce the wild-type phenotype.

Although we focused our inquiries on primary mammary tumors and lung metastases,
there is much more to be explored. 4T1 cells, like human breast cancer, metastasize to other
organ sites, such as the bone, liver, and brain. The lungs in Efnal” hosts may or may not be
the only organ that provides a less favorable environment for colonizing tumor cells than those
in Efnal** hosts. We observed differences in recurrent primary tumor, in addition to lung
metastases, which may indicate that tumor cell apoptosis or senescence is altered in knockout
hosts. If this is the case, one may infer that primary tumors should also be smaller in knockout
mice. Although we did not observe differences in primary tumors, it is possible that the number
of 4T1 cells that were injected and the amount of Matrigel used to implant these cells, though
small, may have obscured these results.

While much of the published literature on ephrin-Al focuses on its tumor suppressive
role in the tumor cell, this novel study demonstrates that its role in the host tissues may be
tumor-promoting. This suggests that the function of ephrin-Al is cell-type dependent and that if
there is a way to target ephrin-Al in host tissues, rather than in the tumor, targeting host ephrin-
Al to inhibit metastasis may be a strategy worth considering. Further elucidating the
mechanisms by which ephrin-Al in host cells impact cancer relapse and metastasis may
enhance our understanding of the metastatic process and ultimately shed new light on novel

therapeutic strategies.

Data availability

Harvard Dataverse: Host deficiency in ephrin-Al inhibits breast cancer metastasis;

https://dataverse.harvard.edu/dataverse/hostEfnalmetastasis.
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https://dataverse.harvard.edu/dataverse/hostEfna1metastasis

This project contains the following underlying data:

Harvard Dataverse: 4T1 primary tumor dimensions and weights.
https://doi.org/10.7910/DVN/AGKDWYV. (4T1 primary tumor dimensions from digital caliper

measurements, volume calculations, and weights (related to Figure 3.1A, C, D.)

Harvard Dataverse: 4T1 recurrent primary and spontaneous lung metastases.
https://doi.org/10.7910/DVN/FUSJEY. (Spontaneous 4T1 lung metastases quantification and

recurrent primary tumor weights (related to Figure 3.1E, F.)

Harvard Dataverse: Images and quantification of 4T1-GFP-luciferase spontaneous lung
metastases. https://doi.org/10.7910/DVN/2ANDYX. (Experimental 4T1-GFP-luciferase lung
metastases quantification and images (related to Figure 3.2C-E.))

Harvard Dataverse: 4T1-GFP-luciferase bioluminescence images and quantification post-tail
vein injection. https://doi.org/10.7910/DVN/39D0OYR. (4T1-GFP-luciferase bioluminescence

guantification and images (related to Figure 3.2A, B).)

Harvard Dataverse: 4T1 primary tumor flow cytometry. https://doi.org/10.7910/DVN/ZRX2RG.

(Flow cytometry files (fcs), gating and analysis (wsp), and panels (xIsx) containing immune
profiling of 4T1 primary mammary tumors from Efnal **, Efnal *", and Efnal " littermate mice
(related to Figure 3.3A, B))

Harvard Dataverse: 4T1-GFP-luciferase tumor-bearing lung flow cytometry.
https://doi.org/10.7910/DVN/S06NQ1. (Flow cytometry files (fcs), gating and analysis (wsp), and

panels (xIsx) containing immune profiling of 4T1-GFP-luciferase tumor-bearing lungs from Efnal
** Efnal ", and Efnal " littermate mice (related to Figure 3.2D, 3C, D).)

Harvard Dataverse: 4T1-GFP-luciferase 24-hr lung colonization flow cytometry.
https://doi.org/10.7910/DVN/G7TAAE. (Flow cytometry files (fcs), gating and analysis (wsp), and

panels (xIsx) containing profiling of 24-hr 4T1-GFP-luciferase tail vein injected lungs from Efnal
** and Efnal " littermate mice (related to Figure 3.5A-C).)

Harvard Dataverse: CD31 and aSMA images and quantification of 4T1 primary tumors.
https://doi.org/10.7910/DVN/MOYPEY. (4T1 primary tumor CD31 and aSMA staining

guantification and images (related to Figure 3.4A-C).)

Harvard Dataverse: PCNA images and quantification of 4T1-GFP-luciferase lung metastases.
https://doi.org/10.7910/DVN/BAJKEM. (Lung metastasis PCNA staining quantification and
images (related to Figure 3.5D).)
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Data are available under the terms of the Creative Commons Zero “No rights reserved” data

waiver (CCO 1.0 Public domain dedication).
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CHAPTER IV

CONCLUSIONS AND FUTURE DIRECTIONS

Conclusions

In the last several decades, remarkable advancements have been made to target
genomic alterations of cancer cells, as well as aspects of the tumor microenvironment, such as
the host vasculature and immune system. Despite these novel treatment strategies, progress in
improving both progression-free survival and quality of life of cancer patients has been relatively
incremental compared to the billions of dollars in both public and private funding, as well as the
resources and sacrifices that have been poured into research. Complete responses to therapy
are still quite rare. Nevertheless, both basic and translational research are indispensable for the
continued progress towards the cure for cancer. Only with our utmost dedication and
professional discipline to continue collaborative and rigorous research will we be able to win
more battles in the war against cancer.

This thesis sought to examine the EphA2/ephrin-Al axis in host-tumor interactions.
These studies not only reveal novel insight into how tumor-specific EphA2 impacts the host
immune system and how host-specific ephrin-Al impacts tumor metastasis, but also further
elucidates the complexity of regulatory networks involved in host-tumor interactions. However,
this thesis falls short of identifying the molecular mechanisms involving EphA2 and ephrin-Al in
the tumor microenvironment, and more investigations are required on this front. In addition,
these experiments were conducted with the utmost rigor, which has led to tangential discoveries
of how seemingly minor factors can lead to significant issues in reproducibility of data. This work
not only provides a basis for continued investigation of the EphA2/ephrin-Al axis in host-tumor

interactions, but also a cautionary lesson in the rigor and reproducibility of science.

Future directions
This work builds upon decades’ worth of research on the Eph receptor and ephrin ligand
family. Despite these new contributions, this thesis perhaps raises more questions than
answers, opening up many exciting avenues of inquiry. A selection of these questions is

discussed below.
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What underlying molecular mechanisms mediate EphA2 and ephrin-A1’s impact on the
tumor microenvironment?

As reviewed in Chapter I, the various cell types that express EphA2 and ephrin-Al and
the different signaling modalities that occur in these cells make it incredibly challenging to
pinpoint mechanisms that contribute to an in vivo phenotype. In the first project that models
tumor-specific overexpression of EphA2 in NSCLC, we found that EphA2 overexpression did
not significantly increase cell viability of KPL and LCC cells in vitro, suggesting that the balance
between tumor-promoting, ligand-independent signaling and tumor-suppressing, ligand-
dependent signaling is maintained even in the presence of exogenous EphA2 overexpression
(Figure 2.1B, 2.1C). However, whether this balance is maintained in three-dimensional (3D)
tumoroid growth in vitro has not been explored. In fact, how EphA2/ephrin-Al engagement
changes from 2D to 3D culture remains largely unknown. One may speculate that 3D culture
would increase the opportunity of canonical EphA2/ephrin-Al ligand-dependent signaling due to
increased areas of cell-to-cell contact; however, tumoroid cultures also depend on exogenous
growth factors, such as EGF, which activate RTK signaling and potentially more ligand-
independent EphA2 signaling.

In addition to factors that may modulate EphA2/ephrin-Al signaling in a 3D growth
system, there is an abundance of other factors to consider when utilizing an in vivo model. Both
EphA2 and ephrin-Al are expressed in normal lung epithelium, albeit at lower levels than in
tumors®*"t, How do EphA2/ephrin-Al interactions between tumor and normal epithelium differ
from interactions among tumor cells? What about interactions between tumor cells and other
stromal cells that express EphA2 or ephrin-Al, including endothelial cells, immune cells, and
fibroblasts? These are all questions that are difficult to examine but may be addressed, at least
in part, by using single-cell and spatial techniques. For example, multiplexed
immunofluorescence (mIF) in theory could be leveraged to identify tumor and different stromal
populations, as well as cell surface EphA2 and ephrin-Al expression. Analysis of
phosphoresidues on EphA2, particularly S897 and Y588/Y594, may help determine if EphA2 is
signaling in a more ligand-independent or dependent fashion, respectively. Furthermore, EphA2
can be packaged into extracellular vesicles and facilitate signaling in a manner that does not
require cell-cell contact®®18°, Preliminary data demonstrate that EphA2 overexpression in a
human KRAS mutant NSCLC cell line increases the amount of EphA2 packaged into
extracellular vesicles (Figure 4.1). Thus, overexpression of EphA2 in the cancer cell may induce

a plethora of signaling changes in the tumor microenvironment.
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Figure 4.1. EphA2 expression is higher in extracellular vesicles derived from EphA2-
overexpressing H23 NSCLC cells. (A) Schematic depicting isolation of microvesicles (MVs) and
exosomes from H23 control (H23-Vector) and EphA2-overexpressing cells (H23-EphA2). (B) Histogram
depicting sizes of isolated MVs and ultracentrifuged exosomes (UC-Exos). (C) Western blot showing
protein expression of EphA2, positive vesicle marker HSP70, and negative vesicle marker GM130 from
whole cell lysate (WCL), conditioned media (CM), MVs, and UC-Exos derived from H23-Vector and H23-
EphAZ2 cells. (Courtesy of Aaron Lim, Kim Rathmell lab)
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Deficiency of ephrin-Al in host tissues can also lead to a diverse array of signaling
changes. In ephrin-Al KO animals, canonical signaling between ephrin-Al and EphA2 is
completely abrogated. This not only results in the absence of ephrin-Al reverse signaling and
soluble ephrin-Al stimulation but may also increase opportunity for EphA2 to engage with other
ephrin ligands or signal in a ligand-independent manner. Interestingly, in ephrin-A1 KO mice, we
found dramatically higher cell-surface EphA2 expression in host lung epithelial and endothelial
cells, compared to WT littermates (Figure 4.2A). Furthermore, 4T1 cells injected via tail vein and
harvested from lungs of ephrin-A1 KO mice also trend towards increased EphA2 expression,
compared to those from WT littermates (Figure 4.2B). When ephrin-Al binds to EphA2, this
typically leads to endocytosis of the EphA2/ephrin-Al complex; hence, the observed increase in
EphA2 surface expression in ephrin-Al KO host cells may be due to the lack of ephrin-Al-
mediated internalization of the receptor or loss of feedback inhibition. In addition, increased
EphA2 expression in 4T1 cancer cells from KO hosts appears counterintuitive given the
metastasis phenotypes observed in KO versus WT littermates (Chapter Ill). Based on the
current literature, one would hypothesize that increased EphA2 expression on tumor cells in
ephrin-Al KO mice would lead to greater tumor growth. However, we instead see decreases in
the number of lung metastases and in cell proliferative index in metastatic lesions in KO mice
(Chapter Il). Thus, the conventional reasoning that suggests EphA2 overexpression in tumor
cells leads to greater ligand-independent signaling, which leads to increased cancer growth and
progression, may not always be true. Instead, factors in the host tissues likely modulate the
relationship between EphA2 tumor expression and tumor burden in vivo. Ironically, this

observed discrepancy in EphA2’s role in the tumor cell is perfectly consistent with the
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Figure 4.2. EphA2 surface expression is higher in cells derived from ephrin-A1 KO mice. (A)
Representative flow histograms and quantification of EphA2 median fluorescence intensity (MFI) on lung
epithelial cells (EpCAM+, GFP-, CD45-, CD31-) and ECs (CD31+, EpCAM-, GFP-, CD45-) from ephrin-
Al WT and KO littermates. (B) Quantification of EphA2 MFI on 4T1 cells (GFP+, CD45-, CD31-) 24 hours
after tail vein injection into WT and KO littermates. Data shown are averages + SD (n=4-5 mice per group,
***n<0.001, unpaired Mann-Whitney test).
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controversial discoveries surrounding EphA2’s dual role as a tumor promoter and tumor
suppressor. Our findings indicate that ephrin-Al ligand expression in host tissues influences
which role EphA2 plays in the tumor cell, though further molecular studies must be performed to
explore this host-tumor interaction. One preliminary experiment that could be done is to
overexpress or knockout EphA2 in the cancer cells and evaluate their ability to grow tumors and
metastases in vivo in ephrin-Al KO versus WT hosts. This may provide further insight into
whether the reduced metastases we observe in the KO mice is partially due to tumor-specific
EphA2.

How well do these findings on EphA2 and ephrin-Alin these mouse models generalize to
other cancer types and translate to human pathophysiology?

The two projects that encompass Chapters Il and Il both focus on only one cancer type,
lung and breast cancer, respectively. Naturally, a future direction would be to investigate if these
findings were specific to the cancer cell lines and mouse models we utilized, or if they can be
generalized to other cancers. Besides NSCLC cell lines, we have a number of other murine
cancer cell lines, such as MMTV-PyMT, EQ771, 4T1, B16, RENCA, and CT26, in which EphA2
expression can be modulated and tested in vivo in immunocompetent syngeneic mice. Ideally,
these studies would also be complemented with a spontaneous tumor model; however, the
generation of an inducible tissue-specific EphA2 knockout mouse would be needed. In addition,
RENCA and CT26 cells are both derived from the Balb/c background, on which we have our
ephrin-Al knockout mouse model. Investigations on ephrin-Al in host tissues would not only
benefit from exploration of other tumor types, but also the generation of an inducible ephrin-Al
KO since ephrin-Al has been shown to impact developmental processes.

An even more important question perhaps is whether our findings in mouse models are
relevant to human cancers. Our experiences have shown that host-tumor interactions involving
EphA2 and ephrin-Al may be regulated differently in human cancer cells and tumors, compared
to their murine counterparts. For example, previous work demonstrated that PD-L2 is
upregulated by cytokines, such as IFN-y and TNF-a, in human KRAS mutant NSCLC cell lines,
and knockdown of EphA2 by siRNA or shRNA downregulated cytokine-induced PD-L2
expression'®. However, we discovered that murine NSCLC cell lines, both KPL and LLC, do not
express PD-L2 at baseline, and PD-L2 expression was not induced by IFN-y, TNF-qa, or IL-4 in
these cells (data not shown). In addition, tumor cells derived from murine lung tumors and
analyzed by flow cytometry do not express PD-L2 either; although, PD-L2 expression was seen

on immune cells derived from the tumors, including macrophages and DCs (data not shown).

60



This data suggests that PD-L2 is not expressed in murine lung cancer cells, which makes
evaluation of tumor-intrinsic EphA2’s regulation of PD-L2 challenging to perform in vivo.

One published study found that EPHA2 mRNA expression inversely correlated with
cytotoxic T cell markers in pancreatic tumors archived by the TCGA!?%, Despite these promising
results and our data using the murine KPL NSCLC model, we did not observe consistent trends
between EPHA2 and CD3E, CD8B, GZMB, PRF1, or IFNG expression from the TCGA lung
adenocarcinoma dataset (data not shown). Similarly, because we found reduced breast cancer
metastases in ephrin-A1 KO mice compared to WT littermates, we analyzed EFNA1 gene
expression in publicly available datasets containing breast tumor and adjacent normal samples.
However, we did not observe a consistent trend between EFNA1 expression in adjacent normal
tissue and stage of disease (Figure 4.3), though we did not control for other clinical
characteristics. The human data discussed in this section, although not consistent with our
murine studies, are only correlative by nature. Future evaluation of the EphA2/ephrin-Al axis in

human tumor samples would require more granular data.
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Figure 4.3. EFNA1 mRNA expression in adjacent normal tissue from breast cancer patients with
early versus advanced stage disease. Comparison of adjacent normal EFNA1 expression between
early (I, I) and late stage of disease (lll, 1V) using publicly available processed microarray
(GSE109169%°1) and RNAseq data (GSE62944192). Data shown are averages + SD (unpaired, two-tailed
student’s t test with Welch correction).

Knowing how complex EphA2 and ephrin-Al interactions are in the tumor
microenvironment, what is the best way to target this axis?

As we and others have demonstrated, EphA2 and ephrin-Al interactions in the tumor
microenvironment are exceedingly complex. Therefore, efforts to target EphA2 in cancer have
faced notable barriers. For example, MEDI-547, a first-in-class EphA2-targeting antibody-drug
conjugate (ADC), was halted in phase 1 trials due to unacceptable hemorrhage and coagulation

related toxicities!®3. This ADC was engineered to deliver auristatin, a microtubule inhibitor,
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specifically into EphA2-expressing cancer cells. These toxicities were thought to be partially due
to the ADC’s unintended targeting of EphA2 on the endothelium or an off-target effect on
another protein, rather than nonspecific toxicity from auristatin®-141%, The fact that this agent
previously promised high efficacy with no observed toxicities in preclinical models!®¢-19 put
failed miserably in trials is yet another testament to the differences in EphA2’s effect between
the mouse and human.

Another drug that has been tested for targeting of EphA2 is dasatinib, a small molecule
tyrosine kinase inhibitor (TKI) originally developed to inhibit BCR-ABL and SRC family kinases
and was discovered to have off-target inhibition on EphA21%92%, This quality, along with the fact
that it is already approved for treatment of leukemia, has led to several trials testing dasatinib in
patients with EphA2-expressing solid tumors (NCT01440998, NCT00895960, NCT00563290,
NCT01876212, NCT00371254, NCT00423735). However, several phase Il trials have shown
that dasatinib provides no clinical benefit in pancreatic cancer, glioblastoma, and melanoma?°~
203 It is possible that dasatinib as a conventional TKI primarily inhibits the kinase activity of
EphA2, which is typically activated as a result of ligand-dependent signaling, rather than ligand-
independent, tumor-promoting signaling.

Despite the failures in the clinic thus far, EphA2 remains an attractive target, and several
alternative strategies of targeting EphA2 are currently being developed and tested. These
strategies primarily target cell-surface EphAZ2 to facilitate drug delivery into tumor cells, rather
than aim to inhibit EphA2 signaling. Currently, EphA2-directed peptide-drug conjugates?®,
nanoparticles®*2%, and CAR-T cells'**!* are under development and testing in trials, and
whether they are more efficacious or less toxic than their previous EphA2-targeting counterparts
remains to be seen. What we have learned from previous trials is that the binding specificity of
an agent to EphA2 on tumor cells is critical for limiting toxicities, and the mechanism by which it
may inhibit EphA2 signaling is equally important. Based on the unanticipated outcomes of
targeting EphA2 in patients, it is apparent that we require a better understanding of not only
EphAZ2 in the tumor cell, but also EphA2 and perhaps ephrin-Al in host tissues.

Concluding remarks
The discoveries presented in this thesis provide novel insight into EphA2 and ephrin-

A1’s roles in the tumor microenvironment. Yet, much more work is needed to fully understand all

the implications of the EphA2/ephrin-Al axis in human cancer. In this era of modern medicine,
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the basic research and scientific reasoning behind anti-cancer treatment strategies and agents
lag behind the clinical ambition to test these strategies and agents — the efforts to target EphA2
in cancer are no exception. Thus, it is imperative that we and the greater scientific community
continue to dive deeper into the mechanisms that drive the onset and progression of cancer and
seek an even better understanding of its underlying complexities in order to achieve the next
breakthroughs in anti-cancer treatment.
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APPENDIX A

Eph receptor tyrosine kinases in tumor immunity

The work presented in this appendix is published with the same title in Cancer
Research, November 20162

Abstract

The family of Eph receptor tyrosine kinases and their ephrin ligands regulate a diverse
array of physiological processes, such as axonal guidance, bone remodeling, and immune cell
development and trafficking. Eph/ephrin interactions have also been implicated in various
pathological processes, including inflammation, cancer, and tumor angiogenesis. Because Eph
receptors play prominent roles in both the immune system and cancer, they likely impact the
tumor immune microenvironment, an area in which Eph receptors remain understudied. Here,
we provide the first comprehensive review of Eph receptors in the context of tumor immunity.
With the recent rise of cancer immunotherapies as promising therapeutic interventions, further
elucidation of the roles of Eph receptors in the tumor immune microenvironment will be critical

for understanding and developing novel targets against tumor immune evasion.

Introduction

Over the past several decades, the paradigm of cancer research and anticancer therapy
has shifted from a focus on solely targeting tumor cells to a broader approach of understanding
and remodeling the tumor microenvironment. The tumor microenvironment contains a diverse
population of host cells, among which include immune cells that are often hijacked by cancer
cells to fulfill the tumor’s agenda for growth and metastasis. Recently, increasing attention has
been directed towards investigating cancer cell evasion of immune destruction, and

breakthroughs in this field have led to novel strategies for imnmunotherapy.
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Overview of tumor immunity

In 2013, Chen and Mellman proposed a model of the “cancer-immunity cycle,” a multi-
step process that includes the release of cancer cell antigens, antigen presentation, priming and
activation of T-cells, trafficking of T-cells to tumors, and recognition and killing of cancer cells by
cytotoxic T-lymphocytes (CTLs)%. This model of tumor immunity, though simplified and lacking
other important players like natural killer cells, provides an organized approach to identifying
vulnerabilities capitalized by cancer cells. The best-studied examples thus far include inhibition
of T-cell activation through cytotoxic T-lymphocyte antigen 4 (CTLA-4) and exhaustion of T-cell
effector function through programmed death 1 (PD-1) receptor signaling. Therapeutic anti-
CTLA-4 (ipilimumab) and anti-PD-1 monoclonal antibodies (nivolumab, pembrolizumab) have
proven successful in the clinic. However, these checkpoint inhibitors are collectively only
approved for melanoma, renal cell carcinoma (RCC), non-small cell lung cancer, and Hodgkin
lymphoma. Typically, only 15-40% of patients respond favorably to checkpoint inhibitor
monotherapy?°6-2% though response rates up to 61% have been reported for combination
ipilimumab and nivolumab therapy?®. Thus, it is clear that other critical factors in tumor

immunity have yet to be characterized and explored as targets.

The Eph receptor tyrosine kinase family

The Eph receptor tyrosine kinase (RTK) family comprises the largest group of surface
receptors and are categorized into EphA or EphB subclasses based on sequence homology
and preferential binding to their ephrin-A and ephrin-B ligands, respectively?°. In humans, nine
EphA (EphA1-8,10) and five EphB (EphB1-4,6) receptors are expressed, along with five ephrin-
A and three ephrin-B ligands. Unlike most RTKs, Eph receptors interact with ligands that are
often membrane-bound, allowing both “forward signaling” in the receptor-bound cell and
“‘reverse signaling” in the ephrin-bound cell (Figure A.1A). In addition to “forward signaling,” Eph
receptors can signal in the absence of ligand binding and kinase activation through cross-talk
with other RTKs, such as HER23242, Eph receptors are involved in a wide range of
physiological and pathological processes, including inflammation and cancer. Although their
roles in immune cell development, migration, and activation?®%21° as well as their involvement in
tumorigenesis, tumor angiogenesis, and cancer stem cells, have been reviewed extensively, the

junction between these two areas has yet to be rigorously examined*’?11:212, Here, we attempt to
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bridge this gap and provide the first comprehensive review of Eph RTKs in the context of tumor

immunity.
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Figure A.1. Eph receptors and ephrin ligands —roles in the cancer-immunity cycle. (A) Structural
elements of an Eph receptor and ephrin ligands. (B) Graphical summary of potential roles of Eph
receptors in the cancer-immunity cycle. EphA receptors are sources of immunogenic TAAs and may
interact with ephrins in the vasculature to regulate lymphocyte trafficking to tumor cells. Additionally,
EphB receptors may serve as co-stimulation molecules that activate T cells against tumor cells.
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Eph receptor-derived tumor-associated antigens

The first Eph receptor identified as a tumor-associated antigen (TAA) was EphA3213,
which is overexpressed in several malignancies, including melanoma. In this study, a CD4+ T-
cell clone isolated from a melanoma patient with an exceptionally favorable clinical course was
found to recognize an EphA3 epitope and elicit selective immunoreactivity against melanoma
cell lines.

Subsequently, EphA2 has become the best-studied source of TAAs in the Eph family
(Figure A.1B). At baseline expression levels, EphA2 typically binds its main ligand ephrin-Al
and facilitates epithelial cell-to-cell adhesion. However, when overexpressed in many solid
tumors, such as melanoma, glioma, RCC, and breast and lung cancer, EphA2 signals in a
ligand-independent fashion through cross-talk with EGFR and HERZ2, and promotes tumor
growth and angiogenesis®?163,

Multiple EphA2-derived epitopes are recognized by human CD4+ or CD8+ T-cells!05214,
One particular epitope (EphAZ2gs3.s91) from the C-terminus of human EphA2 induces significant
immunoreactivity in CD8+ T-cells via MHC |-restricted presentation against RCC and glioma cell
lines in vitro'©5197.108 Reactive T-cell clones were isolated from both healthy donors and patients
with glioma or RCC; however, they were only identified after ex vivo expansion and antigen
stimulation. Whether these EphAZ2gs3.g91-Specific T-cells are generated spontaneously and
confer antitumor activity in humans remains unknown. Further investigation will likely require a
more direct and sensitive method of detecting specific T-cell clones while minimizing ex vivo
manipulation.

These early studies led to several preclinical investigations adopting vaccinations with
EphA2 peptide-pulsed dendritic cells (DCs) in mouse tumor models of syngeneic glioma,
sarcoma, melanoma, and colorectal carcinoma'®®110215 Additionally, ephrin-Al has been used
to activate DCs in a rat glioma model?'®. The data from these preclinical models suggest that
these DC vaccines induce immune responses and decrease tumor burden, though the findings
invite further investigation. In these studies, antigen-specific cytotoxic T-cell clones were
isolated from vaccinated animals, and in vivo depletion of CD8+ T-cells blocked the reduction in
tumor size induced by vaccination. However, both primary tumor and metastasis models in
these cases were non-orthotopic and not ideal representations of human disease. Furthermore,
none of the studies analyzed tumor-infiltrating immune populations or reported on the effects on
survival. Interestingly, the mouse EphA2 peptides used to stimulate DCs in these studies are

not homologous to EphAZ2gs3.801 in humans. This highlights the differences in MHC molecules
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across species and their different binding affinities for peptides, which becomes a significant
barrier to translating these models into treatments for patients. Thus, future research in this area
will likely benefit from using humanized mouse models.

A few studies mentioned abovel®1% have led EphA2 to become a prominent target for
immunotherapy in glioma and provided rationale for clinical trials to test the safety of
combination peptide vaccines with EphAZ2gss.801 plus other TAAS in patients with
gliomas!!t112115 Reports on toxicity and preliminary efficacy demonstrate that the peptide
vaccinations are generally well-tolerated and elicit clinical and immunologic T-cell responses.
However, the data contains wide interpatient variability and does not control for key confounding
factors, such as prior chemotherapy and/or radiation regimens, that can have a notable impact
on immune function. Later phase trials will hopefully provide greater insight on the efficacy of
combination peptide vaccines in patients with glioma. Currently, a vaccine trial testing a group of
TAAs, including EphA2ss3-501, in combination with dasatinib, an inhibitor of Src and EphA2, is
ongoing in patients with melanoma (NCT01876212). Despite these advances, EphA2gs3.s01 and
other TAAs used in peptide vaccines can only be presented and potentially induce responses in
patients with the MHC | haplotype HLA-A2. This greatly limits the patient population that may
respond to such therapies.

Although the discussion thus far has focused on CTL function in relation to TAA
immunogenicity, a few studies also examine the roles of other immune cell subsets, such as
CDA4+ T-cells. For example, Tatsumi et al. identifies MHC ll-restricted EphA2 epitopes and
examines the immunoreactivity of CD4+ T-cell subsets from RCC patients against these
peptides'®. They found that Th1l polarization of CD4+ T-cells is greater in patients with stage |
disease, while Th2 polarization and regulatory T cell (Treg) differentiation, both generally
considered to be immunosuppressive and tumor-promoting responses, are increased in patients
with more advanced disease. In in vivo models, Yamaguchi et al. provide preliminary evidence
that CD4+ T-cells can partially mediate antitumor responses induced by EphA2 peptide-pulsed
DCs!9215 Further elucidation of the effects of EphA2 peptide and DC vaccines on T-cell
subsets, as well as novel investigations on other immune cell populations, will broaden our

understanding of the mechanisms and advance development of these anticancer therapies.

Eph receptor-mediated immune cell trafficking

Besides inducing immunologic responses, Eph receptors can regulate immune cell

68



trafficking. EphA2 is expressed on endothelial cells and may mediate lymphocyte adhesion to
vessel walls, the first step in lymphocyte extravasation. Expression of both EphA2 and its main
ligand ephrin-Al is upregulated in activated endothelium in vitro, and stimulation of EphA2
signaling through ephrin-Al binding leads to increased expression of adhesion proteins, such as
E-selectin and VCAM-1, that bind to leukocyte integrins'!¢. Conversely, EphA2 binding to
ephrin-Al on T-cells results in reverse signaling that promotes T-cell adhesion to VCAM-1 and
another vascular adhesion protein ICAM-1%'7 (Figure A.1B). However, these interactions have
not been tested in a co-culture system or transendothelial migration model. Although cursory
evidence suggests that EphA2 signaling may be modulating the NF-kB pathway to affect
expression of adhesion proteins?!8, further mechanistic studies are needed to elucidate the
signaling pathways downstream of both EphA2 and ephrin-Al that may lead to changes in
lymphocyte adhesion to endothelial cells. Furthermore, since these in vitro studies were
conducted in the context of atherosclerosis, whether the adhesion induced by EphA2 and
ephrin-Al binding facilitates lymphocyte extravasation through activated tumor vessels remains
to be investigated.

In addition to in vitro investigations, the interaction between ephrin-Al and EphA2 has
been studied in various lung injury and inflammation mouse models???18; however, their effects
on lung vasculature remain equivocal and are likely model-dependent. For example, Carpenter
et al. report that EphA2 knockout mice have reduced vascular permeability, immune cell
infiltration, and chemokine production in a bleomycin-induced lung injury model?*8, while
Okazaki et al. conclude that the same knockout mice have increased immune cell infiltration and
inflammatory cytokine production in Mycoplasma and ovalbumin-induced inflammatory lung
models compared to their wild-type counterparts?2. Further in vivo studies are needed to clarify
the effect of EphA2 in the lung vasculature.

Two other binding partners of ephrin-Al are EphAl and EphA4, which are expressed in
T-cells and mediate T-cell chemotaxis in vitro!20219220 (Figure A.1B). Ephrin-A1l stimulation of
CD4+ and CD8+ T-cells promotes chemotaxis in response to stromal cell-derived factor 1a
(SDF-1a)/CXCL12 and macrophage inflammatory protein 3 (MIP-38)/CCL19 in vitro. EphAl is
expressed on CD4+ and CD8+ T-cells and facilitates migration of both T-cell subsets via
recruitment of FAK-like kinase Pyk2, Src kinase Lck, Rho-GEF Vavl, and PI3K?'%220, On the
other hand, EphA4 is not expressed on CD8+ T-cells but facilitates CD4+ T-cell migration
through activation of Vavl and Src kinases Lck and Fyn, as well as potential dimerization with
EphA120220 Surprisingly, administration of a pan-Src inhibitor appears to increase T-cell

chemotaxis in response to CCL19 and CXCL122'9220, These chemokines both regulate
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lymphocyte homing, though CXCL12 in particular is overexpressed in several types of cancer
and can promote tumor growth, metastasis and angiogenesis through signaling of its receptor
CXCR4 on cancer cells??!, Thus, evaluation of EphA receptor roles in T-cell recruitment to
tumors, especially those that are driven by CXCL12/CXCR4, may provide additional insight in
the immune microenvironment of these tumors.

Although the association between EphA receptors and T-cell trafficking is well-
established, some evidence suggests that EphB receptors regulate monocyte migration.
Interactions between ephrin-B2 on endothelial cells and EphB4 expressed on monocytes inhibit
their chemotaxis and transendothelial migration??222%, Though these studies are framed in the
context of atherosclerosis, ephrin-B2 also plays a crucial role in angiogenesis through regulation
of VEGFR signaling?*4?2°> and may affect monocyte trafficking through the tumor vasculature. In
addition to T-cell and monocyte recruitment, there is sparse literature on Eph/ephrin
involvement in trafficking of other immune cells, mainly B-cells??® and dendritic cells??’.

Although these investigations examining Ephs/ephrins in immune cell chemotaxis and
migration have not utilized cancer models, much of the understanding gained from this work can
be easily applied and tested in the context of tumor immunity. EphA/ephrin-Al interactions
between lymphocytes and endothelial cells may play a role in lymphocyte infiltration of tumors,
while EphB/ephrin-B2 may have similar functions in monocytes and tumor-associated
macrophages. Additional research in Eph/ephrin interactions in the immune system will help
redress inconsistencies in our current understanding and perhaps reveal novel targets in the

tumor microenvironment or treatment strategies.

Eph receptors in immune cell activation

The balance between costimulatory and inhibitory signals from DCs to naive T-cells can
direct the fate of T-cells towards differentiation into a tumor fighting or immunosuppressive
subclass, like Tregs, or apoptosis, leading to immune tolerance of tumor cells. Although little is
known about EphB/ephrin-B interactions in facilitating T-cell trafficking, their role in T-cell
costimulation has been well-characterized??®-23! (Figure A.1B).

In murine T-cells, in vitro stimulation of EphB receptors by ephrin-B1, B2, or B3 leads to
EphB co-localization with the T-cell receptor (TCR) complex and T-cell activation, indicated by
MAPK pathway signaling, T-cell proliferation, IFN-y secretion, and cytotoxic activity?28-230,

Likewise, stimulation of EphB6 expressed on human T-cells with ephrin-B2 yields similar
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results?*!, EphB6 activation leads to increased expression of T-cell activation markers CD25
and CD69 and secretion of several proinflammatory cytokines, including IFN-y and TNF-q,
though not IL-2, the main cytokine upregulated in T-cells by canonical antigen-presenting cell
costimulation. The traditional costimulatory B7 molecules on DCs induce IL-2 transcription in T-
cells and their survival, whereas other costimulatory receptors, such as those in the TNF
receptor family, promote proliferation and differentiation without affecting IL-2 levels. Thus,
EphB6 appears to function similarly to this last group of costimulatory receptors and, because it
promotes IFN-y secretion and cytotoxic activity, may promote CTL differentiation. Further
evidence of this is demonstrated in EphB6 knockout mice that have impaired T-cell activation
and function and reduced TCR downstream signaling proteins, such as activated ZAP-70, LAT,
PLC-y, and Erk1/2%%2,

Despite the evidence presented in these studies, EphB/ephrin-B involvement in T-cell
activation is likely more complex. For example, other EphB receptors expressed on T-cells,
such as EphB4, may share redundant functions with EphB6 in stimulating T-cell proliferation45.
Moreover, the concentration of available ephrin-B1 and B2 may modulate costimulatory
function. Kawano et al. show that high concentrations of ephrin-B1 and B2, though not ephrin-
B3, can inhibit instead of stimulate T-cell activation through EphB4 signaling?. Nguyen et al.
report that ephrin-B2 and EphB2 expressed on mesenchymal stromal/stem cells (MSCs) can
suppress T-cell activation via interaction with EphB4 and ephrin-B1 on T-cells, respectively?3.
The collective interactions of EphBs and ephrin-Bs between T-cells and MSCs increase
expression of TGF-B1, indoleamine 2,3-dioxygenase (IDO), and inducible nitric oxide synthase
(iNOS), all three of which are immunosuppressive factors that can promote tumor immune
evasion®®,

Besides EphB/ephrin-B involvement in T-cell costimulation and suppression, very little is
known about the roles of other Eph receptors in activating immune cells, except scant evidence
suggesting that EphA2 expressed on dendritic cells may help activate B-cells?3®. Given the
overwhelming evidence of EphB/ephrin-B engagement in T-cell costimulation, the activation of
T-cells against TAAs and their differentiation into tumor-suppressing CTLs may be affected by
EphB/ephrin-B interactions. Further investigation in this area using cancer models may provide
insight into how we may capitalize on Eph/ephrin relationships to accentuate the antitumor

immune response.
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Concluding remarks

Eph receptors are sources of immunogenic TAAs and have critical functions in the
immune system that likely impact the tumor immune microenvironment (Figure A.1B). Thus,
modulating Eph receptor activities, in principle, could be leveraged to improve tumor immune
therapies. However, much is still unknown about how Eph receptors regulate tumor immunity.
First, many of the studies investigating Eph receptors in immune responses have yet to be
translated in cancer models. Second, since the EphA2 receptor is often not mutated in human
cancer, it is unclear if the immune system distinguishes EphA2 peptide-MHC complexes on
tumor cells from those on normal tissue. Third, Eph receptor kinase inhibitors have been
developed’*2¥, but their impact on the immune system is unknown. Finally, while EphA2 is
expressed on dendritic cells??’, its role in tumor immunity remains to be investigated. In
summary, although there is abundant literature on Eph receptors and ephrins in cancer biology,
as well as immunology, this family of RTKs is highly understudied in the context of tumor
immunity. This gap in our current knowledge identifies a distinct opportunity for new discoveries
that may advance our understanding of the tumor microenvironment and pave the way for novel

immunotherapeutic targets.
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APPENDIX B

Thrombocytopenia in patients with melanoma receiving immune checkpoint

inhibit therapy

The work presented in this appendix is published with the same title in Journal of
Immunotherapy for Cancer, February 2017238

Abstract

Immune checkpoint inhibitors, including antibodies against programmed death 1 (PD-1)
and cytotoxic T-lymphocyte antigen 4 (CTLA-4), are being used with increasing frequency for
the treatment of cancer. Immune-related adverse events (irAEs) including colitis, dermatitis, and
pneumonitis are well described, but less frequent events are now emerging with larger numbers
of patients treated. Herein we describe the incidence and spectrum of thrombocytopenia
following immune checkpoint inhibitor therapy and two severe cases of idiopathic
thrombocytopenic purpura (ITP). A 47-year-old female with recurrent BRAF mutant positive
melanoma received combination anti-PD-1 and anti-CTLA-4. Two weeks later, she presented
with mucosal bleeding, petechiae, and thrombocytopenia and was treated with standard therapy
for ITP with steroids and intravenous immunoglobulin (IVIG). Her diagnosis was confirmed with
bone marrow biopsy, and given the lack of treatment response, she was treated with rituximab.
She began to have recovery and stabilization of her platelet count that ultimately allowed her to
be retreated with PD-1 inhibition with no further thrombocytopenia. A second patient, a 45-year-
old female with a BRAF wild-type melanoma, received anti-PD-1 monotherapy and became
thrombocytopenic 43 days later. Three weeks of steroid treatment improved her platelet count,
but thrombocytopenia recurred and required additional steroids. She later received anti-CTLA-4
monotherapy and developed severe ITP with intracranial hemorrhage . Her ITP resolved after
treatment of prednisone, IVIG, and rituximab and discontinuation of checkpoint inhibition. In a
retrospective chart review of 2,360 patients with melanoma treated with checkpoint inhibitor
therapy, <1% experienced thrombocytopenia following immune checkpoint inhibition, and of
these, most had spontaneous resolution and did not require treatment. Thrombocytopenia,

especially ITP, induced by immune checkpoint inhibitors appears to be an uncommon irAE that
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is manageable with observation in mild cases and/or standard ITP treatment algorithms. In our
series, the majority of patients had mild thrombocytopenia that resolved spontaneously or
responded to standard corticosteroid regimens. However, in two severe cases, IVIG and
rituximab, in addition to steroids, were required. Checkpoint inhibition was resumed successfully
in the first patient but rechallenge was not tolerated by the second patient.

Background

Immune checkpoint inhibitors, including antibodies against programmed death 1 (PD-1)
receptor, are quickly becoming a staple in our arsenal of anti-cancer agents. PD-1 signaling
normally inactivates effector T cells when bound to its ligands PD-L1 and PD-LZ2; thus, inhibition
of this pathway reinvigorates T cell antitumor responses?®. Nivolumab and pembrolizumab are
monoclonal antibodies that block PD-1 and have demonstrated substantial benefit in melanoma,
non-small cell lung cancer, renal cell carcinoma, Hodgkin lymphoma, and numerous other
cancers?%,

Although inhibitors of PD-1 provide significant therapeutic benefit, many immune-related
adverse events (irAEs) have emerged with these therapies. The most common irAEs include
dermatologic toxicities and thyroid dysfunction?07:241.242_QOther clinically significant toxicities
include colitis, hypophysitis, pneumonitis, and hepatitis?4-243, These events arise from
dysregulation of self-tolerance that is normally mediated by PD-1/PD-L1 interactions?**,
Additionally, anti-PD-1 (specifically nivolumab) may be combined with ipilimumab, an antibody
against cytotoxic T-lymphocyte antigen 4 (CTLA-4), which when bound to costimulatory
molecules on antigen-presenting cells inactivates T cells. Ipilimumab works synergistically with
anti-PD-1 agents and improves antitumor efficacy but also increases the frequency and severity
Of irAESZO7’24l’242.

Recently, cases of hematologic irAEs were reported with anti-PD-1 therapy, specifically
autoimmune hemolytic anemia and immune thrombocytopenic purpura (ITP)?45-248_ Although
cases of thrombocytopenia induced by either pembrolizumab or ipilimumab alone have been
reported, its incidence, spectrum of severity, and development of ITP have not been
established?**2*°, Given the rapid rise of immunomodulatory therapy use in numerous cancers,
there is a clear need to identify and characterize these hematologic irAEs. Here, we report two
cases of severe ITP resulting from checkpoint inhibitor therapy and the largest multi-institutional

case series of thrombocytopenia induced by checkpoint inhibitor therapy.
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Case presentations

A 47-year-old patient presented in 2011 with stage Ilb melanoma on her left forearm,
which was removed by wide local excision with a concurrent negative sentinel lymph node
biopsy. Four years later, she presented with recurrent metastatic melanoma with a BRAFV600M
mutation. She initially responded to combination BRAF and MEK inhibition but developed
progressive disease within five months. Two weeks later, she received her first infusion of
combination ipilimumab and nivolumab. She developed bleeding from mucosal areas and
petechiae fifteen days following her first dose of combination checkpoint inhibitor therapy with
severe thrombocytopenia (PLT < 5000/uL) and an elevated immature platelet fraction of 15.4%
(0.9 to 7.0% normal range). She had no history of autoimmune or coagulation disorders, and the
remainder of her laboratory evaluation was unrevealing. She was presumed to have new-onset
ITP and was started on methylprednisolone and intravenous immunoglobulin (IVIG) (Figure
B.1). After five days of steroids and IVIG without significant improvement in her platelet count, a
bone marrow biopsy revealed a hypercellular marrow with increased megakaryocytes (Figure
B.2), further supporting the diagnosis of ITP. Her treatment was escalated to weekly rituximab

with addition of a single dose of romiplostim, a thrombopoietin analog. Seven days after steroids
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Figure B.1. Checkpoint inhibitor-induced ITP refractory to glucocorticoids subsequently responds
to second-line treatment.
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Figure B.2. Bone marrow from patient with
checkpoint inhibitor-induced ITP before
rituximab treatment. H&E stained section of the
bone marrow biopsy, 100 x magnification. The bone
marrow is moderately hypercellular for age with
trilineage hematopoiesis and increased
megakaryocytes (black arrows) with a range of
morphologies and mild clustering. These findings,
coupled with the patient's peripheral
thrombocytopenia and elevated IPF, are compatible
with a diagnosis of ITP.

and IVIG, and two days after rituximab, her platelet counts began to improve, reaching normal
range (137,000 to 397,000/uL) by one week, and she subsequently did not require additional
platelet transfusions (Figure B.1). Between her second and third infusion of rituximab, she
transiently relapsed to a platelet count of 54,000/uL. She received a total of four doses of
rituximab in accordance with standard therapy for ITP. Eight days after her last dose, she was
rechallenged with nivolumab monotherapy and subsequently experienced a partial response
with no relapse of her ITP.

A second patient, a 45-year-old female with a BRAF wild-type melanoma, received
nivolumab as neoadjuvant therapy in a clinical trial and became thrombocytopenic (49,000/uL)
43 days later. She was asymptomatic and was treated with prednisone for three weeks, with
elevation of platelet levels to baseline (307,000/uL). However, thrombocytopenia recurred with a
platelet nadir of 28,000/uL, and she required an additional 12-week steroid taper before her
platelets recovered. She later developed metastatic disease to the brain and underwent
resection of a large frontal lesion, as well as gamma knife irradiation to several smaller lesions.
Due to limited treatment options, she was administered ipilimumab monotherapy, eight months
after receiving nivolumab. Within eight days, her platelet count decreased from 75,000 to
8,000/uL, and two days later, she developed hemorrhage in her intracranial metastasis with no
detectable platelets. Her ITP ultimately resolved after treatment with prednisone, IVIG, and
rituximab and discontinuation of ipilimumab.

To assess the incidence and clinical patterns of thrombocytopenia, including potential
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cases of ITP, following immune checkpoint inhibition, we performed retrospective reviews of
electronic medical records at Georgetown Lombardi Cancer Center, Memorial Sloan Kettering
Cancer Center, Moffitt Cancer Center, MD Anderson Cancer Center, and Vanderbilt-Ingram
Cancer Center. Patients with melanoma were included if they experienced thrombocytopenia
following treatment with a checkpoint inhibitor that was clinically diagnosed as ITP or was not
attributable to another cause. The project was approved by IRBs of respective institutions with
waiver of consent. Statistical analysis was performed using R version 3.3.0.

We assessed the frequency of thrombocytopenia induced by treatment with checkpoint
inhibitors across these five institutions and identified 11 cases, several presumed to be ITP
based on clinical diagnostic criteria. A total of 2,360 patients with melanoma receiving
checkpoint inhibitor therapy were reviewed, suggesting an incidence of well under 1%. These
patients were Caucasian men (58%) or women (42%) with melanoma; none had a previous
diagnosis of ITP or a history of thrombocytopenia prior to initiation of treatment. Various
checkpoint inhibitor regimens were represented (Table B.1). The average time to onset of
checkpoint inhibitor-induced thrombocytopenia was 70 days (range, 12 to 173 days), and the
average platelet count was 61,000/uL (range, <5,000 to 104,000/uL) with an average decrease
of 70% from baseline (range, 38 to 99%). No significant differences were found among the
differing checkpoint inhibitor regimens.

Of the 11 patients, four required immunosuppressive treatment with corticosteroids, and
two of those cases were refractory to steroids. A higher percentage of patients treated with
ipilimumab (single agent or combined with nivolumab) required immunosuppressive treatment
(75%, 3 of 4) compared to those treated with anti-PD-1 monotherapy (14%, 1 of 7). The majority
of patients displayed no clinical signs or symptoms of thrombocytopenia and required no
therapies with spontaneous resolution (Table B.1). Our first case described in detail above had
the most severe episode of thrombocytopenia with confirmed ITP by bone marrow biopsy.

Conclusions

Thrombocytopenia, especially ITP, induced by immune checkpoint inhibitors appears to
be a relatively uncommon irAE that is manageable with standard treatment algorithms. In our
series, the majority of patients had mild thrombocytopenia that resolved spontaneously or
responded to standard corticosteroid regimens. However, in two severe cases, steroids, IVIG,

and rituximab were administered with ultimate recovery. In the first case, nivolumab
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monotherapy was resumed with excellent tolerance. On the other hand, the second patient
relapsed with subsequent immune checkpoint inhibition.

Primary ITP is a disorder caused by the formation of autoantibodies targeting platelet
antigens, leading to thrombocytopenia®!. ITP is a diagnosis of exclusion and may be
challenging given the lack of specific testing and a wide differential diagnosis. ITP is thought to
occur after an inciting event activates or alters the immune system, such as an infection,
hematopoietic malignancy, or pharmacologic immune checkpoint inhibition?>2, However, most
cases are idiopathic in etiology. A majority of acute cases (50-90%) are responsive to standard
corticosteroid and IVIG therapy, though a fraction of cases require second-line treatment,
usually involving a combination of rituximab and a thrombopoietin agonist®2. In mouse models,
there is loss of peripheral self-tolerance through alteration of immune homeostasis and
evidence of regulatory T cell (Treg) deficiency associated with ITP?%*, Comparison of bone
marrow between patients with ITP and normal donors revealed that those with ITP have lower
levels of Tregs and abnormal levels of Thl and Th17 cells?>2, Recent work demonstrated that
patients with chronic ITP exhibit lower levels of PD-1 expression in total peripheral blood
samples, compared with healthy controls?>°2%¢, A single case report showed that a patient who
developed nivolumab-induced ITP had higher PD-1 expression on B cells?*’.

Our experience suggests that thrombocytopenia, including ITP, may rarely complicate
immune checkpoint inhibitor therapy but is usually mild and can resolve spontaneously or with
standard treatment algorithms. The onset of ITP varies substantially, though a majority occurs
within the first 12 weeks after initiation of checkpoint inhibition, consistent with other irAEs?>"-2%°,
Although our observations on checkpoint inhibitor rechallenge after resolution of ITP are limited,
our experience suggests that increased clinical vigilance should be used, especially with

ipilimumab.
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