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ABSTRACT OF THE DISSERTATION

Comparative Analysis of Primary and Liver Fibroblasts Reveals MET as a Unique Target in
Pancreatic Cancer Metastasis
by
Rima Singh
Doctor of Philosophy in Biological Sciences
University of California, Irvine, 2025

Associate Professor Christopher J. Halbrook, Chair

Pancreatic ductal adenocarcinoma (PDAC) is a deadly disease with a dismal 5-year survival of
only 13.4%. PDAC is expected to become the second leading cause of cancer-related deaths by
the end of 2030 in the US. Chemotherapy remains standard of care with most patients developing
resistance during the course of treatment. The challenge in treating PDAC lies in the complex
physiology of the tumor which is characterized by highly dense stroma and infiltration of
heterogeneous stromal and immune cell populations. These populations engage in extensive
crosstalk and support tumor growth, immune evasion, and ultimately drive resistance to
treatments. Accordingly, immense efforts have been made in the field to understand the biology

of PDAC tumors and the tumor microenvironment (TME), mostly focused on the primary tumor.

However, the deadliness of PDAC is attributed to its metastatic nature with a worrisome 3.2% 5-
year survival after the tumor cells disseminate to a distant organ. This contrasts with the survival
rate of more than 40% for patients diagnosed at earlier stage which often makes them eligible for

surgical resection. Liver remains the most common organ of metastasis in PDAC. This study
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aims to compare and characterize the distinct stromal and immune cell populations that exist
within liver metastatic PDAC. This study shows that a distinct fibroblast population in the liver
or liver CAFs exists in this metastatic niche while not observed in primary tumors. This project
also looks at the metabolic heterogeneity displayed by PDAC cells. My data suggest that PDAC
cells incline toward redox metabolism while establishing a niche in the liver possibly due to
higher nutrient availability as compared to hypoxic and nutrient poor pancreas. Next, analysis of
intercellular communication using CellChat shows an upregulation of the HGF-MET signaling
axis, specifically in the liver and not in the pancreas. Further investigation shows disruption of

downstream signaling including MAPK, AKT, and STAT3 upon MET inhibition.

Pharmacological and genetic inhibition of MET in cancer cells lead to reduced tumor growth and
increased survival in mice. Lastly, this project also encompasses some key observations in
immune cell compartments including T cells and myeloid cells suggesting alternative
mechanisms of immune surveillance in the liver vs pancreas. Overall, this study suggests tailored

treatment strategies to target metastatic PDAC.
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CHAPTER 1: INTRODUCTION

1.1 Pancreatic Ductal Adenocarcinoma (PDAC) overview

Pancreatic Ductal Adenocarcinoma (PDAC) is an aggressive cancer of the exocrine pancreas
with a dismal 5-year survival rate of 13.4%. It has recently surpassed breast cancer to become the
third leading cause of cancer related deaths in the United States (2,3). PDAC cases are on the rise
in the US (4), yet there has been limited advancement in therapeutic strategies. High lethality in
PDAC is mostly attributed to the late diagnosis of the disease due to lack of specific symptoms
(5). Most patients are diagnosed when the disease has progressed to distant metastasis, most
frequently to the liver. In addition, no major risk factors have been conclusively identified in
PDAC apart from germline mutations in DNA repair genes BRCAI and BRCA2 (6). However,
PDAC cases with BRCA mutations make up a minority of the overall PDAC diagnosed cases (7).
Further complicating this complex disease is the heterogeneity of tumor cells and tumor
microenvironment (TME) created from oncogenic signaling and consists of stromal and immune
cells (8). Collectively, cancer cell heterogeneity and the various TME components work together

to create tumor progressing environment which is hard to target clinically.

1.1.1 Initiation of PDAC

Similar to other cancers, PDAC progression is accompanied by accumulation of mutations in

oncogenic and tumor suppressive genes (9). The exocrine pancreas consists of a system of acinar



and ductal cells. Here, acinar cells produce and secrete digestive enzymes which are transported
to the main pancreatic duct via a network of ductal cells (10). Both acinar and ductal cells have
been shown to harbor the potential to be the cells of origin in PDAC (11-13). Mutation in
oncogenic KRAS is thought to be the driver of tumor formation in ~90% of PDAC cases (14).
Activation in KRAS usually leads to two types of precursor lesions: 1) pancreatic intraductal
epithelial neoplasia (PanIN) and cystic lesions 2) intraductal papillary mucinous neoplasm
(IPMN) (7,15,16). The mutations commonly associated with these two types of precursor lesions

are discussed in detail below.

1.1.2 Genetic drivers of PDAC

Germline mutations in BRCA1/2 genes are found in a minority of PDAC cases (17). However,
majority of PDAC patients have somatic mutation in the oncogene KRAS (v-Ki-ras2 Kirsten rat
sarcoma viral oncogene homolog). KRAS is often considered the driving mutation in PDAC as it
often leads to formation of the two precursor lesions mentioned above- PanINs and IPMNs
(5,18,19). PanINs are microscopic lesions found in most PDAC patients. Thus, by definition
these lesions cannot be detected in abdominal imaging making early diagnosis of this aggressive
disease difficult. Initially it was thought that multiple low-grade PanINs start to develop in about

20% adults in their 50s where it can take an average of 35 years to progress to malignancy (20).

However, recent studies have shown that PanIN lesions with KRAS mutations occur in more
than half of healthy adults in their 30s (21). IPMNs, on the other hand, are macroscopic
precursor lesions that can arise within the main pancreatic duct or in the branches. Most of the

early diagnosis of PDAC are attributed to patients with IPMNs which are visible in imaging



scans and often diagnosed accidentally in imaging for unrelated conditions. IPMNs, in addition
to activation in KRAS, also experience loss of function in tumor suppressor gene RING type E3
ubiquitin ligase (RNF43) and gain of function mutation in G-protein alpha subunit Gas (GNAS)
(22-24). Both PanINs and IPMNs undergo low grade to high grade transformation in a series of
mutation accumulation including CKN2A4, and SWI/SNF (25-28). Finally, mutations in other
tumor suppressor genes like SMAD4 and TP53 result in progression of high-grade lesions to
malignant PDAC (29-31). Multiple studies suggest that mutations in SMAD4 and TP53 are
usually only found in high grade lesions or PDAC suggesting late onset of these mutations

(9,32).

1.1.3 Current therapeutic options

Most PDAC patients are diagnosed at a metastatic stage when malignant cells have colonized
other parts of the body including liver, lungs, and peritoneum (33). Patients who are diagnosed
early (around 15-20%) remain the best candidates for surgical resection followed by adjuvant
chemotherapy. However, majority of PDAC patients are diagnosed at the metastatic stage with
systemic chemotherapy as the sole standard of care treatment (34,35). It is important to note that
surgical resection of PDAC tumors is often accompanied by removal of parts of pancreas along
with the duodenum (36,37). This results in significant side-effects and compromised metabolism
in most patients. Therefore, younger patients with robust health are often considered the best
candidates for surgical resection with routine monitoring. Regardless of eligibility to surgical
resection, all patients diagnose with PDAC undergo systemic chemotherapy treatment regimens.
Gemcitabine and FOLFIRINOX (38) are the two most common chemotherapy treatments used in

the US. FOLFIRINOX is a combination of 5-fluorouracil, leucovorin, irinotecan, and oxaliplatin.



In addition to gemcitabine and FOLFIRINOX, other options for PDAC treatment include
gemcitabine + erlotinib (39) and gemcitabine + nab-paclitaxel (40). It is important to note that
the choice of chemotherapy regimen depends on many factors including patient’s age and
comorbidities (41), but remain largely at the discretion of the oncologist with no biomarker
based selection tools available. Regardless of first line therapy, the majority of these patients end
up developing resistance to these treatment regimens. Sadly, there is no standard second line of
treatment for PDAC. Further treatment options involve symptom management, targeted
therapies, and eligibility of patients to any ongoing clinical trials. Patients with germline
BRCA1/2 mutation have been shown to benefit from poly (ADP-ribose) polymerase (PARP)
inhibitors (42). Mutations in mismatch repair genes or high microsatellite instability can be
targeted by immune checkpoint inhibitors (43). Additionally, there has been extensive research
to identify new actionable drug targets. These targets have included both mutations in cancerous
cells and/or tumor supporting components of PDAC TME. It is impossible to understand the
challenges in treating PDAC without understanding the individual components of the PDAC
TME. Some of these populations that are known to play a vital role in PDAC are discussed in

detail below.

1.2 PDAC TME

The PDAC TME is characterized by abundant stromal and immune cells that surround the
malignant cells. It has been shown that some patient tumor samples consist of 90% stroma and
only around ~10% cancerous PDAC cells (44). Therefore, there has been an extensive effort to
study the tumor microenvironment of PDAC in a comprehensive manner. Phenotypically, the

PDAC tumors are highly fibrotic due to the presence of vast number of fibroblasts, also called



cancer associated fibroblasts (CAFs) (45). Conversely, myeloid cells, macrophages in particular,
are the most abundant immune cell type present (46). Most of these macrophages have been
described and shown to have pro-tumorigenic role in PDAC. In addition, the PDAC tumors
exhibit collapsed vasculature due to high interstitial pressure (47). Lastly, there is a wide range
of intratumoral heterogeneity described within the PDAC cells (48—52). The PDAC TME is

discussed below in detail.

1.2.1 Cancer cell heterogeneity

Many other tumors have presented with subtypes that can be used to inform clinical treatment
strategies. Efforts to understand the transcriptional state of PDAC:s cells led to classification of
PDAC cell subtypes. One of the first major characterization of PDAC cells was done by
Collisson et al., where they utilized primary PDAC patient samples along with human and
murine PDAC cell lines to identify molecular sub-types. Their analyses yielded 3 major
subtypes- classical, quasimesenchymal, and exocrine-like, with each subtype harboring distinct
gene signature (48). These subtypes also had varied response to therapeutic treatments. It is
important to note that PDAC tumors are often characterized by heavy stromal and immune
involvement, therefore, making genetic characterization of only the cancer cells difficult (30,53).
This issue was resolved by Moffit and colleague where they used a virtual microdissection
strategy, applied blind source separation to PDAC microarray data, and separated tumor cells
from other stromal components. This study led to classification of PDAC cells to 2 main sub-
groups- “classical” and “basal” (49). They further characterized these sub-types to predict patient
outcomes. Their data showed higher disease progression and poor overall survival in patients

with basal sub-type with only 11 months of median survival as compared to 19-month survival in



patients with classical-like tumors. In alignment with the Moffit et al., classification of classical
and basal, Maurer et al., used micro dissected epithelial tissues and found similar sub-type and
gene signatures (51). A further comprehensive study used laser captured microdissection of
PDAC tumors and performed whole genome sequencing and transcriptomic sequencing (52).
Their characterization showed 5 major sub-types: “classical-A”, “classical-B”, “hybrid”, “basal-
A”, and “basal-B.” Overall, these studies showed the wide range of heterogeneity in PDAC
tumors between patients and within the same patient tumor highlighting one of the many

challenges in treating this devastating disease.

1.2.2 Cancer-associated fibroblasts

Cancer-associated fibroblasts (CAFs) represent the most abundant stromal cell population within
the (PDAC) tumor microenvironment. CAFs are the most significant contributor to the
desmoplasia frequently found in PDAC tumors (45). This desmoplasia is characterized by
extensive deposition of extracellular matrix components such as collagen and fibronectin,
ultimately leading to the pronounced fibrotic nature of these tumors (54). Beyond their structural
role, multiple studies have shown that CAFs actively participate in dynamic and reciprocal
crosstalk with malignant epithelial cells as well as various immune cell subsets within the tumor
stroma (55-57). These interactions have been shown to promote tumor progression, immune
evasion, and therapy resistance (Fig.1.1) (58—61). Notably, PDAC cells can engage in metabolic
coupling with CAFs, wherein CAFs supply critical nutrients such as proline, alanine, GIcNAc
and many other metabolites and amino acids that support cancer cell survival and proliferation
under nutrient-deprived conditions of the pancreas (62—-64). Given their multifaceted roles, CAFs

have emerged as a major focus of investigation in PDAC research. Similar to tumor cells, CAFs



exhibit significant heterogeneity and phenotypic plasticity, with the capacity to transition
between distinct subtypes in response to TME cues (65—67). This complexity underscores the
necessity of delineating CAF subpopulations and their context-dependent functions to inform the
development of more targeted therapeutic strategies. Accordingly, multiple efforts have been
made to target these stromal cells in an effort to make PDAC tumors more accessible to
therapeutic agents. Unfortunately, these efforts have failed miserably at pre-clinical or clinical
levels (68—72). Below we discuss the origin of CAFs and some of the prominent CAF sub-types

that have been described in the field.

Origin of CAFs

The origin of CAFs in PDAC has remained a pressing question that researchers have spent many
years trying to answer. The normal pancreas is known to house multiple fibroblast populations
with distinct functions. These include pancreatic stellate cells (PSCs) which have been described
to have similar roles as the hepatic stellate cells in the liver (73,74). These PSCs are lipid
droplets that can be rich sources of vitamin A (75,76). Other stromal populations in pancreas
include perivascular and parenchymal fibroblasts (77). Previously, stellate cells were considered
the only source of abundant CAFs present in PDAC (78). However, research advances and
mouse models showed that stellate cells give rise to a minor, but important, subset of CAFs in
PDAC (79). This was shown by the Sherman group where they performed lineage tracing on
Fabp4+ stellate cells and showed that these stellate cells make up minority of CAF sub-
population in PDAC. It is also now known that perivascular fibroblasts expressing Glil give rise
to 30-50% of CAFs in both PanINs and PDAC in murine models. In contrast, parenchymal

fibroblasts marked with expression of Hoxb6 do not play a significant role in tumorigenesis (80).



In addition, these fibroblasts do not have a well-defined role in adult pancreas even though this is
a crucial population in embryonic pancreas development. Lastly, WT1 (Wilms tumor 1)
expressing mesothelial cells have also been shown to contribute to a specific CAF sub-type with
an immune-suppressive phenotype (81). Using other techniques like bone marrow
transplantation has revealed that there is no significant contribution of bone marrow progenitors

to the CAF populations (82).

Inflammatory CAF (iCAF)

Inflammatory or iCAFs, along with myofibroblast CAFs, were the first sub-type of CAFs
identified and characterized in PDAC by Ohlund and colleagues (83). Using three-dimensional
co-culture system, they showed quiescent PSCs can give rise to iCAFs. Transcriptionally, these
CAFs upregulate expression and release of cytokines such as IL6 and IL.11 which can have
immunosuppressive roles in cancer (84-86). These anti-inflammatory cytokines result in the
polarization of myeloid derived suppressor cells (MDSCs) that further impair anti-tumor
immunity by inhibiting cytotoxic T cells (CTLs). Spatially, these CAFs reside on the periphery
of tumors between cancer cell islands (83). This enables iCAFs to remain in close proximity to
CTLs and block them from interacting with malignant cells. iCAFs release of IL6 can also
facilitate cancer cell progression. IL6 binds to receptor IL6RA which results in the dimerization
of GP130 signaling complex. Phosphorylation of GP130 results in the activation of janus kinase-
signal transducer and activator of transcription (JAK-STAT) pathway (87). Activation of this

pathway results in cell growth and proliferation.

Myofibroblast CAFs (myCAFs)



myCAFs are the most abundant CAF subtype present in PDAC TME. They are transcriptionally
described by increased expression of a-SMA (83,88). Additionally, when first described,
myCAFs were found to be present in close proximity to neoplastic cells surrounding the cancer
organoids. myCAFs are essentially involved in producing extensive amount of extracellular
matrix which primarily consists of collagen and hyaluronic acid (HA) (89-91). HA is a
glycosaminoglycan with main characteristic to retain water molecules (92). This leads to
increased interstitial fluid pressure and collapsed blood vessels. This is further accompanied by
poor vasculature, reduced nutrient supply and over all a hypoxic environment. Conversely,
cancer cells engage in crosstalk with myCAFs through hedgehog (Hh) signaling pathway and
facilitate the deposition of dense extracellular matrix (93—97). Further, this desmoplasia also
creates a physical barrier around the tumor cells and can prevent infiltration of therapeutic drugs
from entering the tumor vicinity. Drug delivery has been a major challenge in PDAC due to the
substantial fibrotic nature of this tumor (34). Early research suggested that targeting PDAC
stroma by inhibiting Hh signaling can result in reduced tumor proliferation (98). However,
subsequent studies showed that stromal ablation leads to worse overall survival due to increased

angiogenesis and easier access to metastasize by PDAC cells (99-102) .

Antigen presenting CAF (apCAF)

A distinct subtype of cancer-associated fibroblasts (CAFs), termed antigen-presenting CAFs
(apCAFs), exhibits a transcriptional profile that partially overlaps with that of mesothelial cells,
suggesting a potential mesothelial lineage origin. While the precise functional roles of apCAFs
within the pancreatic ductal adenocarcinoma (PDAC) tumor microenvironment remain

incompletely understood, these cells are characterized by the expression of genes associated with



antigen presentation, including major histocompatibility complex class II (MHC-II) molecules
(103,104). The immunological implications of this phenotype are still under investigation;
however, emerging evidence indicates that apCAFs are capable of inducing the polarization of
naive CD4" T cells toward an immunosuppressive regulatory T cell (Treg) phenotype. Their data
suggest that mesothelial cells turn off mesothelial genes and in turn, upregulate fibroblastic
features in response to cytokines such as interleukin-1 (IL-1) and transforming growth factor
(TGF-B) (81). These Tregs, in turn, contribute to tumor progression by dampening cytotoxic T
lymphocyte (CTL)-mediated anti-tumor responses, thereby fostering an immune-privileged

environment conducive to cancer growth and therapy resistance.

1.2.3 Immune cells

Immune cells within the tumor microenvironment represent a critical component of the host

defense mechanism against malignancies. However, PDAC is characterized by an exceptionally
immunosuppressive TME, with notably low infiltration of effector immune cells. Paradoxically,
despite the paucity of cytotoxic lymphocytes, PDAC harbors a substantial population of immune

cells that instead facilitate tumor progression and immune evasion (105).

Among these, myeloid-derived cells—including tumor-associated macrophages (TAMs),
myeloid-derived suppressor cells (MDSCs), and dendritic cell subsets—constitute the most
abundant immune cell population in PDAC, playing a pivotal role in promoting tumorigenesis,
remodeling the extracellular matrix, and suppressing adaptive immune responses (5). The

frequency of cytotoxic CD8" T lymphocytes is markedly reduced, further impairing antitumor
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immunity, and contributing to the poor clinical efficacy of immune checkpoint inhibitors in
PDAC.

While there are few T cells present in the PDAC TME, the T-cell compartment is largely
dominated by immunosuppressive Tregs, which inhibit effector T-cell activation through direct
cell—cell interactions and secretion of inhibitory cytokines such as IL-10 and TGF-f (106). This
skewing toward an immunoregulatory phenotype establishes a profoundly tolerogenic
environment that limits the potential for effective immune-mediated tumor clearance.

The subsequent sections provide a detailed characterization of the immune cell subsets present in
the PDAC TME, their phenotypic profiles, and their mechanistic roles in driving disease

progression and therapeutic resistance.

Macrophages

Myeloid cells constitute the most prevalent immune cell population within the tumor
microenvironment of PDAC. A substantial body of evidence has demonstrated their
predominantly pro-tumorigenic functions in this malignancy. Oncogenic KRAS—a hallmark
genetic alteration in PDAC—drives the secretion of granulocyte—macrophage colony-stimulating
factor (GM-CSF), which in turn recruits myeloid-derived suppressor cells (MDSCs) to the TME
(107,108). These MDSCs exert potent immunosuppressive effects, notably through the inhibition
of cytotoxic CD8* T lymphocytes, thereby impairing antitumor immune surveillance. Myeloid
cells can differentiate into macrophages, which under physiological conditions play essential
roles in innate immunity, pathogen clearance, antigen presentation, tissue repair, and
maintenance of homeostasis. In the context of PDAC, these macrophages—termed tumor-

associated macrophages (TAMs)—exhibit marked phenotypic heterogeneity. Two primary TAM
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polarization states have been characterized: the classically activated, pro-inflammatory M1

phenotype and the alternatively activated, immunosuppressive M2 phenotype (109,110).

M1 macrophages, typically marked by high inducible nitric oxide synthase (iNOS) expression,
produce inflammatory cytokines and reactive nitrogen species that can restrict tumor growth.
Conversely, M2 macrophages promote tumor progression by facilitating immune evasion,
angiogenesis, and extracellular matrix remodeling, while expressing high levels of
immunosuppressive and pro-tumor markers such as arginase-1 (ARG1), CD204, and CD206.
Notably, the hypoxic microenvironment of PDAC has been implicated in skewing TAM
polarization toward the M2-like phenotype (111). Furthermore, phenotypic plasticity enables
TAMs to transition between M1 and M2 states in response to dynamic microenvironmental cues
(105). Specifically, pathways like Notch signaling, JAK/STAT, phosphatidylinositol 3-kinase
(PI3K-AKT), nuclear factor kappa b (NF-kb), and Hh signaling pathway have been shown to

play critical role in the polarization of TAMs (112).

Clinically, a high TAM density correlates with poor overall survival in PDAC patients (113).
Preclinical studies have shown that depletion of myeloid cells can significantly reduce tumor
burden in murine models, underscoring their functional relevance in disease maintenance (114—
117). Beyond their immunomodulatory roles, myeloid cells also contribute to therapeutic
resistance. Specifically, they secrete deoxycytidine, which competes with the anti-metabolite
gemcitabine—the current standard chemotherapeutic agent for PDAC—for cellular uptake and

metabolic activation, thereby diminishing its cytotoxic efficacy (118).
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As previously discussed, cancer cells in PDAC are vastly outnumbered by other types of stromal
and immune cells. PDAC cells also experience a highly nutrient deficient environment due to
lack of proper vasculature. To maintain a symbiotic relationship with cancer cells, TAMs can
also fuel their metabolism by releasing numerous pyrimidines (111).

Collectively, these findings highlight the multifaceted role of myeloid cells in PDAC
pathogenesis, immune evasion, and treatment resistance, positioning them as promising targets

for therapeutic intervention.

T cells

PDAC is broadly characterized by poor infiltration of cytotoxic CD8" T lymphocytes, a feature
that contributes significantly to its profoundly immunosuppressive TME. However, considerable
heterogeneity exists in T-cell abundance across PDAC tumors, reflecting inter- and intra-tumoral
variability in immune composition. Instead of robust cytotoxic infiltration, the PDAC TME is
typically enriched in immunosuppressive T-cell subsets, particularly Tregs, as well as other pro-

tumorigenic populations such as Th17 and Th22 cells (119-122).

Several therapeutic strategies have been developed to selectively target immunosuppressive T-
cell subsets, most notably Tregs, in an attempt to restore antitumor immunity. Unfortunately,
these approaches have generally yielded disappointing results. The depletion of Tregs has been
shown to trigger compensatory mechanisms, particularly the recruitment and expansion of
immunosuppressive myeloid cells, thereby sustaining the overall immunosuppressive niche
(123). Furthermore, Tregs serve as an important source of transforming growth factor-p (TGF-f),

a cytokine essential for the activation and maintenance of myCAFs. Elimination of Tregs
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inadvertently disrupts this stromal support, dismantling the physical barrier provided by
myCAFs, which paradoxically can enhance tumor progression. These findings underscore the
intricate interdependence between immune and stromal compartments in PDAC and highlight

the inherent challenges in therapeutically targeting individual immune populations in isolation.

Despite the general scarcity of CD8" T cells within PDAC tumors, their presence is strongly
associated with improved clinical outcomes. Preclinical evidence from Li et al. demonstrated this
principle using autochthonous KPC mouse models of PDAC. By stratifying tumors based on T-
cell abundance, they identified “T cell-high” and “T cell-low” groups. Mice harboring “T cell—
high” tumors exhibited a reduced metastatic burden and displayed significantly enhanced
responses to immunotherapy, including immune checkpoint blockade (124). These findings
suggest that although CD8* T-cell infiltration is limited in most PDAC tumors, when present at

sufficient levels, it can profoundly influence disease progression and therapeutic efficacy.

Taken together, these observations highlight the dual nature of T-cell biology in PDAC—where
suppressive subsets foster tumor progression and immune evasion, whereas cytotoxic CD8" T
cells, though rare, are key determinants of favorable prognosis and treatment responsiveness.
This dichotomy reflects the complexity of immune regulation in PDAC and emphasizes the need
for integrated therapeutic strategies that can both enhance effector T-cell function and modulate

immunosuppressive networks within the TME.
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B cells

Most immunotherapeutic strategies in cancer have historically focused on T cell-mediated
antitumor immunity, particularly through the enhancement of cytotoxic CD8* T-cell function and
checkpoint blockade therapies. However, emerging evidence has begun to highlight the critical

yet underappreciated role of B cells within the TME (125-128).

B cells, traditionally regarded for their capacity to generate humoral immune responses, have
been shown to exhibit remarkable phenotypic and functional heterogeneity in the context of
cancer. On one hand, the differentiation of B cells into plasma cells and subsequent antibody
production has been correlated with favorable prognosis and improved therapeutic response in
several malignancies, including PDAC. These antibodies can facilitate antitumor immunity
through mechanisms such as antibody-dependent cellular cytotoxicity and opsonization, thereby

complementing T cell-driven immune responses (129).

Conversely, B cells can also adopt immunoregulatory roles that suppress antitumor immunity.

Certain B-cell subsets are capable of secreting immunosuppressive cytokines, such as IL-10 and
TGF-B, which inhibit effector T-cell responses and foster a tolerogenic environment. Regulatory
B cells (Bregs), in particular, share functional similarities with regulatory T cells, exerting broad

immune-suppressive effects that promote tumor progression (130).

In the specific context of PDAC, transcriptional reprogramming of B cells has been implicated as

a determinant of their functional fate within the TME. Work by Mirlekar et al. demonstrated that

IL-35 production by B cells induces a stable immunosuppressive program in naive B cells
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through the upregulation of transcription factors such as BCL6 and PAXS5. This transcriptional
rewiring favors an immune-suppressive state that limits antitumor immunity. Importantly,
targeting BCL6 disrupted this suppressive program, resulting in enhanced infiltration of
antibody-secreting plasma cells within the PDAC TME. Such findings suggest that manipulating
B-cell plasticity may represent a novel strategy to augment plasma cell-mediated antitumor

responses and enhance the efficacy of immunotherapy in PDAC (131).

Collectively, these observations emphasize the multifaceted roles of B cells in PDAC—ranging
from tumor-promoting immunoregulators to potent mediators of antitumor immunity. This
duality underscores the necessity of broadening the scope of immunotherapy research beyond T
cells to include B-cell biology, which may yield new therapeutic opportunities for overcoming

immune resistance in PDAC.

1.2.4 Vasculature

PDAC is characterized by a profoundly hypovascular architecture, frequently exhibiting
collapsed blood vessels and markedly reduced perfusion. This phenomenon arises largely from
the pronounced desmoplastic reaction typical of PDAC, wherein CAFs generate extensive
fibrotic stroma. The excessive deposition of ECM components, such as collagen and hyaluronan,
leads to substantial accumulation of interstitial fluid within the tumor. This elevated interstitial
fluid pressure compresses intratumoral blood vessels, resulting in vascular collapse and severely

impaired perfusion (132—-135).
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One of the major therapeutic challenges in PDAC stems from this compromised vascular
network, which significantly limits the delivery and penetration of chemotherapeutic agents.
Consequently, poor drug distribution contributes to treatment resistance and suboptimal clinical
outcomes.

Recent spatial mapping studies have provided critical insights into the organization of the
vascular compartment in PDAC. Notably, researchers have employed imaging mass cytometry
on a well-defined cohort of patient tumor samples to investigate the spatial relationships between
endothelial cells and other cellular components of the TME. Their findings revealed a negative
spatial association between endothelial cells and malignant ductal cells, indicating that tumor
cells are frequently located at substantial distances from blood vessels. Moreover, endothelial
cells were observed to exhibit spatial avoidance of most cancer cells and immune cell

populations (136).

Interestingly, an exception to this pattern was noted in their proximity to CD44"e" macrophages,
suggesting a preferential spatial association. This observation may reflect the
immunosuppressive role of certain macrophage subsets in PDAC, which can create a
microenvironment conducive to tumor growth while facilitating immune evasion. The close
vascular—-macrophage relationship could therefore represent a niche that supports tumor

progression by balancing nutrient supply with local immunosuppression.

Collectively, these findings underscore the complex interplay between the fibrotic stroma,

vascular dynamics, and immune cell spatial organization in PDAC, with important implications

for understanding drug delivery barriers and designing stroma-targeted therapeutic strategies.
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1.3 HGF-MET signaling axis

The hepatocyte growth factor (HGF)-MET signaling axis plays a pivotal role in regulating
diverse cellular processes, including proliferation, motility, invasion, survival, and migration.
MET, also known as c-MET, is a receptor tyrosine kinase whose only known ligand is
hepatocyte growth factor (HGF). Under physiological conditions, HGF-MET signaling is
essential for maintaining tissue homeostasis, regulating embryonic development, organ

regeneration, and wound healing (137,138).

Aberrant activation of the HGF-MET pathway, however, has been widely implicated in
oncogenesis. Dysregulation of this axis has been reported across a range of malignancies,
including thyroid cancer, renal cell carcinoma (RCC), hepatocellular carcinoma (HCC), and
pancreatic ductal adenocarcinoma (PDAC) (139-150). Oncogenic MET activation can arise from
multiple mechanisms, such as receptor overexpression, gene amplification, mutations, or
excessive HGF production within the tumor microenvironment. These alterations drive
uncontrolled cellular proliferation, epithelial-to-mesenchymal transition (EMT), angiogenesis,

and metastatic dissemination.

The oncogenic potential of the HGF-MET pathway is largely mediated through its ability to
engage multiple downstream signaling cascades. Notably, MET activation stimulates the
MAPK/ERK pathway, promoting cell cycle progression and proliferation; the PI3K/AKT
pathway, enhancing survival and resistance to apoptosis; and the STAT3 pathway, which

regulates transcriptional programs associated with immune evasion, angiogenesis, and tumor-
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promoting inflammation (151). Together, these pathways form an intricate signaling network

that fuels tumor progression and contributes to therapeutic resistance.

Given its central role in tumor biology, the HGF-MET axis has emerged as an attractive
therapeutic target. Several classes of inhibitors—including small-molecule tyrosine kinase
inhibitors (TKIs), monoclonal antibodies against MET, and HGF-neutralizing agents—are under
investigation in preclinical and clinical settings (152). Although challenges such as resistance
mechanisms and patient stratification remain, targeting HGF-MET signaling continues to hold
promise as a strategy to disrupt oncogenic signaling and improve treatment outcomes across

multiple cancers, including PDAC. This section discusses the HGF-MET signaling axis in detail.

1.3.1 Hepatocyte Growth Factor (HGF)

Hepatocyte growth factor (HGF), also referred to as hepatotropin, was first identified in 1984
during investigations aimed at isolating mitogenic factors that could stimulate hepatic
regeneration following injury, such as viral hepatitis or partial hepatectomy involving up to 70%
liver resection (153). Biochemically, HGF is a heterodimeric protein with a molecular weight of
approximately 84 kDa on SDS-PAGE, consisting of an a-chain (69 kDa) and a -chain (34 kDa)
covalently linked by a disulfide bond (154). Structurally and functionally, HGF is classified as a
pleiotropic growth factor that exerts diverse biological effects through its exclusive receptor, the

c-MET tyrosine kinase (138,155-157).

Physiologically, HGF is indispensable for liver regeneration, where it initiates tightly regulated

proliferative signaling cascades in response to hepatic stress or tissue loss. Serum and hepatic
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concentrations of HGF rise markedly during episodes of hepatic injury, reflecting its role as an
early mediator of regenerative signaling. Although mesenchymal cells represent the principal
source of HGF under homeostatic conditions, during acute or chronic hepatic insult, HGF
production can also be induced in extrahepatic organs, including the spleen, lungs, and kidneys.
This upregulation occurs in response to systemic stress hormones and inflammatory mediators
such as norepinephrine and prostaglandins, which facilitate rapid mobilization and delivery of

HGF to the injured liver (158).

Beyond its role in hepatic regeneration, HGF has been implicated in tissue protection and repair
across multiple organ systems. In the liver, HGF contributes to recovery in the context of chronic
injuries such as cirrhosis and viral hepatitis, while in extrahepatic settings it has been associated
with pathophysiological processes including pulmonary fibrosis (159) and chronic kidney
disease (160—-162) . Importantly, HGF also functions as a potent trigger for anti-apoptotic factors,
particularly during acute injury states. In fulminant hepatitis, aspiration pneumonia, and acute
myocardial infarction, HGF signaling has been shown to limit tissue damage by triggering the
release of anti-apoptotic proteins, notably Bel-xL, thereby preventing cell death and enhancing

tissue survival (163).

Together, these findings establish HGF as a multifunctional growth factor with roles extending
beyond liver regeneration to encompass tissue protection, repair, and survival across multiple
organ systems, highlighting its potential as a therapeutic target in regenerative medicine and

disease intervention.

20



1.3.2 MET

The mesenchymal—epithelial transition factor (MET), also known as ¢c-MET, is a receptor
tyrosine kinase and the sole high-affinity receptor for HGF. During embryogenesis, MET is
indispensable for processes such as gastrulation, angiogenesis, bone remodeling, and myoblast
migration (164). In adults, c-MET expression is particularly enriched in the liver, where it is
strongly upregulated during hepatic regeneration, reflecting its role in tissue repair and organ

homeostasis (165).

Structurally, MET is a glycosylated heterodimeric protein consisting of an extracellular a-chain
and a transmembrane -chain. Upon HGF binding, MET undergoes dimerization, which
promotes autophosphorylation of intracellular tyrosine residues. This conformational shift
stabilizes the SEMA domain—the HGF-binding interface—and initiates recruitment of adaptor

proteins that propagate multiple downstream signaling cascades (166,167).

To prevent aberrant activity, several negative regulatory mechanisms govern MET signaling.
Protein kinase C suppresses phosphorylation in a PLCy-dependent manner, while tyrosine
phosphatases such as density-enhanced phosphatase 1 (DEP1) and leukocyte common antigen-
related phosphatase (LAR) dephosphorylate kinase domains. Additionally, activated MET can be
targeted for ubiquitination and proteasomal degradation via the E3 ubiquitin ligase Cbl

(168,169).

When these regulatory mechanisms are disrupted, MET becomes constitutively active, a

phenomenon observed in multiple malignancies, including thyroid carcinoma, renal cell
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carcinoma, hepatocellular carcinoma, and pancreatic ductal adenocarcinoma (PDAC). Such
aberrant MET activation supports tumorigenesis by promoting sustained proliferation, survival,
invasion, and epithelial-mesenchymal transition (EMT) (142). Accordingly, the HGF—MET axis
has become a major therapeutic focus, with small-molecule tyrosine kinase inhibitors and
neutralizing antibodies under active clinical development.

In PDAC, MET activation has been primarily studied in primary tumors, where it contributes to
growth and chemoresistance (170—172). However, the precise function of MET in the metastatic
cascade—particularly in dissemination, colonization, and survival in distant organs—remains

incompletely understood, representing an important area for ongoing investigation.

1.3.3 Downstream c-MET signaling

As described above, the binding of HGF to its receptor MET leads to dimerization and
autophosphorylation of the tyrosine residues in the transmembrane portion of the receptor. This
leads to the recruitment of adaptor proteins such as growth factor receptor bound protein-2
(GRB2), Src-homology-2-containing (SHC). This further activates effector molecules such as
PI3K and STATS3. Importantly, c-MET can also activate RAS leading to the activation of
mitogen activated protein kinase (MAPK) (173). This is particularly interesting in the context of
PDAC because of the previously described role of KRAS activation in this specific cancer. This
further signals the activation of v-raf murine sarcoma viral oncogene homolog B1 (RAF) kinase
leading to the downstream activation of MAPK effector kinase (MEK) and eventually, MAPK
which then translocates into the nucleus and starts the transcription of genes responsible for cell
proliferation and cell progression. This pathway is well studied and its role in PDAC is well

known. In addition to MAPK activation, c-MET can also activate PI3K via GRB2 associated
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binding protein 1 (GAB1). This pathway is primarily responsible for promoting cell survival
(174,175). Lastly, STAT3 can also directly bind to phosphorylated c-MET which results in the
phosphorylation of STAT3 and its translocation to the nucleus (176—178). The involvement of c-
MET in activating multiple important cell proliferation pathways simultaneously highlights the
significance of this pathway and how its disruption can lead to uncontrolled cell division,

malignancy, cell motility, and metastases.

1.3.4 MET Inhibitors in clinic

Due to the well described role of c-MET in malignancies, multiple attempts have been made to
inhibit this tyrosine kinase receptor in various cancers either using a small molecule inhibitor
approach or a monoclonal antibodies that inhibit the interaction between c-MET and its ligand
HGF. This has been particularly useful in cancers where cancer cells experience and rely on

MET amplification for uncontrolled growth and survival. Conversely, high MET expression is
associated with increased metastasis and poor survival (179). Crizotinib and cabozantinib were
the first 2 c-MET inhibitors that were approved for advanced RCC and non-small cell lung
carcinoma (NSCLC) by the US Food and Drug Administration (FDA) (180). The full list of FDA
approved c-MET inhibitors as of 2025 is presented in Table-1. The c-MET inhibitors can be
classified into 3 classes- Class I and class II use an adenosine triphosphate (ATP) competitive
approach where these inhibitors serve as analogs for ATP which is required for phosphorylation
of c-MET. Class I inhibitors are considered for specific to the binding site of c-MET. Class II
inhibitors, on the other hand, are less selective and have multiple targets. Lastly, class I1I
inhibitors are non-ATP competitive inhibitors (181). This dissertation specifically focuses on the

small molecule inhibitor cabozantinib which is an oral tyrosine kinase inhibitor. For patients, its
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approved dosage ranges from 60mg tablet to 140mg capsule taken daily. Cabozantinib can also
target other receptor tyrosines such as vascular endothelial growth factor receptor (VEGF),
rearranged during transfection (RET), tyrosine-protein kinase receptor UFO (AXL), and KIT

(182).

24



Table 1: Table 1 shows the list of FDA approved c-MET inhibitors as of March 2025. Also listed in the

table are the type of drug, the year they were approved in, and the type of cancer they are currently

approved and being used for in clinic.

DRUG TYPE YEAR OF TYPE OF CANCER
APPROVAL
Crizotinib Small molecule inhibitor 2011 NSCLC, Anaplastic Large cell
lymphoma, Inflammatory
myofiborblastic tumors
Cabozantinib Small molecule inhibitor 2012 Thyroid cancer, RCC, HCC, NET

Capmatinib Small molecule inhibitor 2020 NSCLC
Amivantamab Antibody 2021 NSCLC
Tepotinib Small molecule inhibitor 2021 NSCLC
Telisotuzumab Antibody drug conjugate 2025 NSCLC
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Figure 1.1 CAFs in PDAC: PDAC cells establish a complex niche with multiple types and sub-types of
immune and stromal cells. These populations engage in complicated interactions with each other and
with the malignant PDAC cells. iCAFs release multiple immune-suppressive cytokines such as IL6 that
foster the proliferation of immunosuppressive MDSCs which can inhibit a potential immune response.
The excessive amount of extracellular matrix is deposited by myCAFs leading to the collapse of
vasculature due to high interstitial pressure. apCAFs can polarize naive CD4 T cells to exhibit a
regulatory phenotype. The most abundant immune cell type present in PDAC are TAMs that can
suppress CD8 T cells. The TAMs have also been shown to be the key source of deoxycytidine in the

TME that directly contributes to gemcitabine resistance in patients.

26



CHAPTER 2: MATERIALS AND METHODS

Study approvals: All procedures were performed at the University of California, Irvine in
compliance with the Institution Animal Care and Use Committee (AUP-23-084) and the
Institutional Biosafety Committees (BUA-R315). Patient specimens were obtained de-identified

through UCI 08-70 or the UCI Experimental Tissue Repository.

Cell culture: The KPC-FC1245 cell line was a gift from Dr. David Tuveson (Cold Spring Harbor
Laboratory). PATCS53 cells were obtained from ATCC. PDAC cells were maintained in high-
glucose DMEM (Gibco) supplemented with 10% FBS (Corning). Primary fibroblasts were
established by outgrowth from tissue pieces as described (183) and maintained in DMEM with
20% FBS. All cells were routinely tested for mycoplasma contamination using MycoAlert PLUS

(Lonza). Cabozantinib was obtained from ChemGood. HGF was obtained from Peprotech.

Orthotopic surgery: Orthotopic transplantation into the pancreas was performed using 50,000
KPC FC1245 cells prepared in a 1:1 ratio with Matrigel and media (DMEM + 10% FBS). Mice
were anesthetized with isoflurane and area for surgery was prepared using aseptic techniques. A
2-inch incision was made subcutaneously and intraperitoneally, then 50uL of tumor cell

suspension was injected into the tail of the pancreas.

Hemi-spleen surgery: For liver tumor seeding, the spleen was accessed through a Laparotomy

then expressed through the skin. The spleen was then ligated into two halves inferior to the hilar

vessels using medium sized ligating clips and a clip applicator. After making an incision on the
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spleen, the lower half was tucked back into the peritoneum. A cell suspension with KPC FC1245
cells followed by a layer of PBS were loaded in a syringe and injected at a 30-degree angle right
underneath the spleen capsule. After injecting the full volume, the needle was left inside the
spleen to avoid any fluid escape. Another ligation clip was placed to ligate the superior hilar

vessels and the remaining spleen was removed using scissors.

Murine Single Cell Transcriptomics: Tumors were removed and minced using a scalpel. Further
dissociation was achieved with enzymatic digestion with collagenase V for pancreas tumor and
collagenase IV for liver tumors (1mg/mL DMEM) for 30 mins on a MACS tissue dissociator.
Tumor suspension was then filtered through 500-um, 100-um, and 40-um mesh to obtain single
cells. Dead cells were subsequently removed using MACS Dead Cell Removal Kit (Miltenyi
Biotec.). Single cell DNA libraries were prepared and sequenced at the UCI Genomics Research
and Technology Hub. Cell Ranger version (chemistry 3’ v3, pipeline version 3.1.0) was used
with default settings with an initial expectation of 10,000. Cell Ranger software was used for
alignment and quantification. For downstream analyses, R studio version 4.1.1 was used. Seurat
version (5.2.1) was used as previously described (184). Briefly, QC was performed to exclude
cells containing less than 200 or more than 2000 genes. Data were normalized using
LogNormalize with a scale factor of 10,000 followed by scaling. PCA was run on the filtered
data. Clusters were defined based on the gene expression using FindAllMarkers. The code is

publicly available on GitHub (https://github.com/halbrook/HalbrookLab).

Human Single Cell Transcriptomics: Human single cell RNA sequencing atlas data was

utilized from the following prior study(185). Briefly, this atlas included 172 primary tumors and
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25 metastatic biopsies, the majority of which were from liver metastatic PDAC tissues. Tissues
were a mix of treated and untreated samples. Raw data were aligned to the same human
reference genome and batch correction was performed with Harmony package. Seurat v4 was
used to cluster data and cell types were assigned based on major lineage markers such as
KRT18/19 for ductal identity, and DCN, LUM, COLIAI for CAFs. Ductal cells and CAFs were
clustered separately, and DotPlot visualizations were used for specific genes of interest.
Classical, basal, or hybrid identify in ductal subpopulations was determined by scoring of gene

signatures.

Histology: Mice were sacrificed by CO; asphyxiation then tissue was quickly harvested and
fixed overnight at room temperature with Z-fix solution (Anatech LTD). Tissues were processed
using a Leica ASP300S Tissue Processor, paraffin embedded, and cut into 5 um sections.
Immunohistochemistry was performed by deparaffinizing and rehydrating tissues then
performing antigen retrieval with a Sodium Citrate Buffer (10mM Sodium Citrate, 0.05% Tween
20, pH 6.0). Blocking was performed with serum free protein block (Dako), then PDGFRf3
(Abcam, #32570, 1:300) and Cytokeratin 19 antibody (Abcam, #ab133496, 1:500) were used as
primary antibodies. After washing, Rabbit-on-Rodent HRP Polymer (Biocare Medical) was used
as secondary antibody, then chromogen deposited using DAB plus (Dako). Slides were then
counterstained with hematoxylin. Hematoxylin and eosin staining were performed per
manufacturer’s instructions. Immunohistochemistry for PDGFRJ} (Abcam, #32570) or MASP1
(ThermoFisher, #PA5-47992) was performed separately with standard conditions on a Discovery
ULTRA stainer (Roche) and antibodies were detected with DAB, and counter stained for nuclear

detection. Brightfield images were taken on a Leica THUNDER microscope.
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Fluorescence ISH : Five-micron sections were cut from adjacent or pancreatic cancer metastatic
liver biopsy tissues onto charged slides. Slides were then baked at 60°C for 30 minutes,
deparaffinized with xylene for 10 minutes, dehydrated in 100% ethanol for 2 minutes, and
washed with 0.1% Tween-20 RNAse-free 1x phosphate-buffered saline (PBST). RNA scope
Multiplex Fluorescent Detection v2 kit assay was performed according to manufacture
instructions (Advance Cell Diagnostics; ACD). Briefly, slides were incubated with hydrogen
peroxide for 10 minutes at room temperature followed by target retrieval at 98°C for 15 minutes.
Slides were then blocked with the Co-Detection antibody diluent for 30-60 minutes and
incubated with Pan cytokeratin (PanCK) (Invitrogen, #53-9009-82, 1:400) for 16 hours at 4°C.
The following day tissue sections were post-fixed with neutral buffered formalin and treated with
the ProteasePlus Reagent for 13 min at 40°C in a hybridization oven. Amplification and signal
enhancement (AMP) were performed for either a single probe (C1) or two different probe (C1
and C2) combinations. UPP1-C1 was a 1x probe and DCN-C2 was a 50x probes. Probes were
diluted in ACD probe diluent per manufacturer’s instructions and slides were incubated with
them at 40°C for 2 hours. Following two washes with RNA scope washing buffer, the signal for
each probe was amplified with AMP reagents, horseradish peroxidase, and tyramide signal
amplification kit at 40°C. Slides were then incubated with anti-mouse or anti-rabbit secondary
Alexa Fluor 488 IgG (H + L) antibody (1:400) for 1 hour at room temperature. Tissue sections
were counterstained with DAPI for 15 minutes at room temperature and washed three times with
PBST before being mounted with ProLong Diamond Antifade mounting medium. Images were

taken on a white light laser confocal STELLARIS (Leica) microscope.
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Immunofluorescence: Immunofluorescence for MASP1 (ThermoFisher, #PA5-47992, 1:100),
PDGFRf (Abcam, #32570, 1:300), or aSMA (Sigma, #A2547, 1:1000) was performed as
previously described (Steele et al., Nature Cancer, 2020). Briefly, slides were deparaffinized and
underwent citric acid retrieval in a microwave for 20 minutes. After cooling slides were blocked
in 20% donkey serum for 30 minutes at room temperature. Following this, primary antibodies
were added at 4°C for 16 hours. Tissue sections were counterstained with DAPI for 15 minutes
at room temperature and washed three times with PBST before secondaries were added (Jackson
Immuno donkey secondaries at 1:400 in PBS were used against goat, mouse or rabbit) for 45
minutes at room temperature and then slides were mounted with ProLong Diamond Antifade
mounting medium. Images were taken at 20x or 40x on a white light laser confocal STELLARIS
(Leica) microscope. Images were quantified with HALO software and at least 5 large-scale
regions (N=3 Primary PDA, N=4 Liver metastasis) were analyzed for each 40X tile scanned
image (average number of cells per high power field were averaged for each patient within these

regions).

CellChat Network Analysis: Differential cell-cell communication analysis was conducted using
the CellChat framework. Specifically, intercellular communication probabilities between each
cell-type pair were inferred independently for liver and pancreas tumor, utilizing the curated
interaction database provided by CellChatDB. Subsequently, differential communication strength
between the two conditions was computed for each cell-type pair to identify context-specific

alterations in signaling networks.

Bulk RNA Sequencing: Primary fibroblasts and CAFs were brought up in culture and upon
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reaching 70-80% confluency, RNA was harvested using RNeasy Plus Mini kit (Qiagen, #74126).
RNA quality was verified using Nanodrop. Samples were sent for sequencing. Quality was
ensured using RIN (above 8). FastQFiles were then aligned using STAR, bedgraphs were
generated, and RNA counts were obtained in tpm format. Downstream analyses were performed
in R studio. Briefly, differential expression of genes was performed to generate Venn diagram

and z-scores were obtained to plot heatmaps.

ELISA: Serum free conditioned media was harvested from primary fibroblasts. ELISA was
performed using the Human HGF Quantikine ELISA kit (R&D, #DHG00B) and following

manufacturer’s instructions.

Western Blotting: Cells were lysed with 1X RIPA lysis buffer (Sigma-Aldrich Cat# 20188)
supplemented with protease inhibitors (cOmplete™, EDTA-free Protease Inhibitor Cocktail,
Sigma-Aldrich Cat# 11873580001) as well as phosphatase inhibitors (PhosSTOP™, Roche Cat#
4906845001). Protein quantification of cleared lysates was performed using a bicinchoninic acid
(BCA) assay kit (Pierce™ BCA Protein Assay Kits, ThermoFisher Cat# 23227). Lysates were
subsequently electrophoresed and immunoblotted with the indicated primary antibodies:
Phospho-Met (Tyr1234/1235) (1:1000, Cell Signaling Technology Cat# 3077T); Met (1:1000,
Cell Signaling Technology Cat# 3127); p44/42 MAPK (Erk1/2) (1:1000, Cell Signaling
Technology Cat# 4695S); Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (1:1000, Cell
Signaling Technology Cat# 4370S); B-Actin (1:5000, Santa Cruz Biotechnology Cat# sc-47778);
Vinculin (1:5000, Cell Signaling Technology Cat# 13901S). Nitrocellulose membranes(Bio-Rad)

were then incubated with the appropriate HRP-conjugated secondary antibodies: Anti-rabbit IgG,
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HRP-linked Antibody (1:10,000, Cell Signaling Technologies Cat# 7074S); Anti-mouse IgG,
HRP-linked Antibody (1:10,000, Cell Signaling Technologies Cat# 7076S); or IRDye 800CW
Goat anti-Mouse IgG Secondary Antibody (1:15,000, Licor, 926-32210). Imaging was
performed on a Thermo iBright Imaging System using an enhanced chemiluminescence (ECL)
kit (SuperSignal™ West Femto Maximum Sensitivity Substrate, Thermo Fisher Cat# 34095) or

on a Li-Cor Odyssey CLx.

Cell Signaling Assays: PATC53 and PATCS53 sgMet cells were grown in DMEM+10% FBS
(Gibco) they reached 75% confluence. PATCS3 plates were then switched to serum free DMEM
for 12 hours prior to the assay. Serum free media was aspirated and plates were washed with
PBS (Gibco) then subjected to treatments. Here, cells were treated with 1um cabozantinib
(ChemGood Cat# C-1333) or vehicle (0.5% DMSO) for 20 min then treated with 1ng/mL human
HGF (Peprotech Cat#100-39-10UG) or vehicle (water) then incubated at 37°C for the times

indicated in the figure legend for each assay.

Condition Media Assays: Liver fibroblasts, Liver CAFS, and PDAC CAFs were grown in
DMEM+10% FBS (Gibco) they reached 75% confluence. Cells were washed with PBS then
serum-free DMEM was added. Media was allowed to condition for 48 hours, then filtered
through a 0.45uM filter. PATC53 and PATCS53 sgMet cells were grown in DMEM+10% FBS
(Gibco) until they reached 75% confluence. PATCS53 plates were then switched to serum free
DMEM for 12 hours prior to the assay. Serum free media was aspirated and plates were washed
with PBS (Gibco) then incubated in serum free DMEM at 37°C. After 20 minutes, DMEM or 3:1

conditioned media — serum free DMEM was and incubated at 37°C for the time indicated in each
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figure legend. The conditioned media+Vehicle condition was incubated with DMEM+0.5%
DMSO for 20 minutes at 37°C. For Cabozantinib treatment experiments, 1pum drug (or
0.5%DMSO) was added for 20 minutes at 37°C prior to treatment with 3:1 conditioned media or

fresh DMEM.

CRISPR/Cas9 editing of PDAC Cell lines: Genetic targeting of MET in PDAC cell lines was
achieved using CRISPR/Cas9 method described previously (186). Briefly, sgRNA sequences
targeting MET or Met were selected from the human and mouse GeCKOv2 CRISPR knockout
pooled library, respectively. Overlapping oligonucleotides were purchased, annealed,
phosphorylated, then ligated into the overhangs of PX459 V2.0 vector (Addgene plasmid
#62988) that was digested with Bbsl. The resulting CRISPR/Cas9 plasmid was transformed into
chemically competent Stbl3 cells, miniprepped for plasmid DNA, and sequence-verified. sgRNA
oligonucleotide pairs hAMET-PX459F CACCgCACATGGCAGATCGATCCAT and hMET-
PX459R AAACATGGATCGATCTGCCATGTGc or mMET-PX459F
CACCgCACATGGCAGATCGATCCAT mMET-PX459R
AAACTGAATAAGTCGACGCGCTGCc were used. PDAC cells were transiently transfected
using Lipofectamine 3000 according to the manufacturer’s instructions. Cells were selected with
2ug/mL puromycin for 72 hours, where a parallel non-transfected control plate was observed to
be completely killed. To select clones, polyclonal pools were seeded into 96-well plates at a
density of 1 cell per well. Individual clones were expanded and editing efficiency assessed via

western blot.

Mouse tumor treatments: C57BL/6J mice were injected with KPC FC1245 (250k/mouse).
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Tumors were established for 6 days before mice were randomized into vehicle or treatment arms.
Mice (n= 5-7 per group) were treated with vehicle or cabozantinib (ChemGood #C-1333)
(30mg/kg) every day for 12 days via oral gavage. After 12 days of treatment, mice were

sacrificed and liver tissues were harvested upon sacrificing the mice.

Data availability: scRNA sequencing data and bulk RNA sequencing data will be uploaded to
GEO upon acceptance of manuscript. Human single cell RN Aseq atlas is uploaded to Zenodo

(https://zenodo.org/records/14199536). Other data will be provided upon reasonable request.

Statistics & Reproducibility: All experiments were run a minimum of two times with at least 3
biological replicates. Statistics were performed using Graph Pad Prism 8 (Graph Pad Software
Inc). Groups of 2 were analyzed with two-tailed students t test, groups greater than 2 were
compared using one-way ANOVA analysis with Tukey post hoc test. All error bars, group
numbers, and explanation of significant values are presented within the figure legends. The
following values are used to denote significance; * P <0.05; ** P <0.01; *** P <0.001; **** P
<0.0001. Sample sizes were determined by previous experiments performed in our groups. No

data were excluded from the analyses.
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CHAPTER 3: COMPARATIVE ANALYSES OF PRIMARY PDAC &

LIVER METASTASIS

ABSTRACT

The tumor microenvironment drives many malignant features of pancreatic ductal
adenocarcinoma (PDAC). The fibroblasts within pancreatic tumors promote tissue remodeling,
immune suppression, and resistance to therapy. However, the interactions between stromal
populations and pancreatic cancer cells are less understood in the liver, the most frequent site of
PDAC metastasis. To address this, I employed single cell transcriptomics to compare primary
pancreatic vs. liver PDAC lesions. My data revealed a unique population of fibroblasts present
specifically in the metastatic site that I named- Liver CAFs. Further experiments revealed liver
CAFs as prominent source of HGF in the liver tumor niche. Here, I report that the expression of
hepatocyte growth factor (HGF) in fibroblasts and its receptor MET in cancer cells are both
markedly increased in the PDAC liver niche. Using functional assays, I validated that mitogenic

MET signaling is activated in PDAC cells by liver-derived fibroblasts.

BACKGROUND

Pancreatic Ductal Adenocarcinoma (PDAC) remains one of the deadliest major cancers (187).
The diversity of cell populations within pancreatic tumors have been shown to provide numerous
avenues supporting cancer growth and survival (5). Cancer associated fibroblasts (CAFs) often
constitute the majority of overall cellularity within the dense stroma, driving an intense

fibroinflammatory reaction (188). This characteristic tissue remodeling by CAFs impairs drug
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and nutrient diffusion within primary PDAC tumors (45,98), but also acts to restrain metastasis
(99,100,102). Accordingly, there have been extensive efforts to understand the varied,

occasionally paradoxical, roles of CAFs in the pancreatic tumor microenvironment.

Early efforts to understand the stroma during pancreatic tumorigenesis predominantly identified
CAFs as an expansion of a pancreatic stellate cell population based on features reminiscent of
liver stellate cells, such as vitamin A droplet accumulation. However, a compendium of work has
uncovered a remarkable heterogeneity among CAFs within pancreatic tumors. Recent lineage
tracing of Fabp4" cells suggests that only a small, but functionally important, subset of
pancreatic CAFs are derived from a stellate cell origin (79). In contrast, up to half of the PDAC
CAF population can arise from Glil* pancreas resident fibroblasts (80). Regardless of origin,
pancreatic CAFs have been shown to have functional phenotypes that include myofibroblast
CAFs (myCAFs) responsible for stromal remodeling, inflammatory CAFs (iCAFs) that modulate
immune suppression, antigen-presenting CAFs (apCAFs) characterized by high MHC II
expression, and senescent CAFs that have been shown to have pro-tumorigenic role. Pancreatic
CAFs can also be separated into functionally distinct roles by CD105 expression. Moreover,
CAF heterogeneity fuels spatially distinct immune hot “reactive” and matrix rich “deserted” sub-

tumor microenvironments that often co-exist within individual pancreatic tumors (124).

Importantly, the volume and diversity of CAFs allow for a multitude of avenues to dynamically
interact with PDAC cells in a way that actively supports tumor growth. For example; IGF1,
GASG6, and LIF released from CAFs provide paracrine signals to PDAC cells that support

numerous pro-tumor pathways (189). Further, CAFs can directly supply metabolites including
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lipoproteins, amino acids, nucleotides, and glycosylation intermediates to support PDAC
metabolism which is notoriously dysregulated by poor nutrient availability within the pancreatic
tumor microenvironment. Similarly, Netrin G1™ CAFs support PDAC progression through the

modulation of glutamine metabolism while suppressing an anti-tumor immune response (190).

Many of these crosstalk pathways between pancreatic CAFs and cancer cells have been
investigated as therapeutic targets to improve the poor prognosis of PDAC patients. However,
only 20% of patients diagnosed with this deadly malignancy present with early stage disease
where surgical resection, combined with (neo)adjuvant chemotherapys, is the preferred treatment
approach (34). In contrast, 80% of PDAC patients present with metastatic disease, with the liver
being the most frequently colonized secondary organ (33). In addition, the liver also represents
the most frequent site of distant recurrence in patients who have undergone primary tumor
resection. The liver harbors its own diverse resident fibroblast populations (191). While some of
these liver-resident fibroblasts exhibit similarity to some that are found in the pancreas, such as
hepatic stellate cells, CAFs that arise in the PDAC liver niche interact with different cell
populations encountered in their microenvironment as compared to CAFs found in primary
pancreatic tumors (192,193). Consequently, approaches developed to target stromal-cancer
crosstalk that have been derived from studying pancreatic CAFs may or may not retain

therapeutic benefit in metastatic disease.

To address this, we set out to contrast the phenotype of CAFs in liver tumors vs. pancreatic

tumors derived from PDAC. Leveraging single cell RNA sequencing of murine tumors derived

from the same cancer cells, we identify that the majority of the CAFs isolated from liver PDAC
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do not correspond to transcriptomic profiles that describe CAFs present in primary PDAC. Using
the receptor-ligand pairing tool CellChat, we identify a putative HGF-MET crosstalk axis that is
exclusive to liver CAFs and PDAC cells. Isolating primary human fibroblasts, we functionally
demonstrate that liver-derived fibroblasts release HGF that can activate mitogenic signaling
pathways in PDAC cells. Finally, we demonstrate that both pharmacological and genetic MET
targeting markedly impair the growth of liver PDAC in immune competent mice. Collectively,
these data demonstrate that programming of cancer-associated fibroblasts is influenced heavily
by the tissue from which they arise. This leads to potential opportunities to develop new

approaches tailored to target stromal-cancer crosstalk in an organ-specific fashion.

MAIN RESULTS

Fibroblast populations in the liver are expanded in the PDAC metastatic tumor niche:

To compare the changes in the stromal compartment between the pancreas and liver in response
to the presence of PDAC, I performed histology on matched tissues from the autochthonous
Kras™/tSL-G12D. Typ537/LSL-RIT2H.pix | .Cre (KPC) murine PDAC model vs. wildtype mice. In both
the liver and the pancreas, PDAC lesions are accompanied by an expansion of the stroma within
tumor region (Fig. 3.1a) as shown by hematoxylin and eosin staining where hematoxylin stains
the nucleus (purple) and eosin stains the cytoplasm and surrounding structures such as collagen
(pink). To further confirm the desmoplasia, I performed immunostaining for the pan-fibroblast
marker Platelet-derived Growth Factor Receptor (PDGFR). Here, I observed that fibroblasts are
readily present across the normal liver and that their numbers are markedly expanded in PDAC
metastatic lesions, similar to the stromal expansion seen in primary pancreatic tumors vs. normal

pancreas (Fig. 3.1b,c¢). I, next, wanted to verify is this phenotype is conserved in patient samples.
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To do that, I did in situ hybridization for the human fibroblast marker Decorin (DCN) in human
PDAC liver biopsy samples, which revealed an abundance of fibroblasts across nearby normal
liver tissues that remain closely associated with the epithelial cells (Fig. 3.1d). Collectively,
these data suggest that the abundant fibroblast populations in the liver have potential to serve
many of the pro-tumorigenic roles that have been previously ascribed to pancreatic CAF

populations.

Single-cell transcriptomics show liver CAFs are distinct from pancreatic CAF populations.

Previous studies have consistently found that single cell sequencing of pancreatic biopsies
underrepresent fibroblast populations in samples obtained from tumor resections (194). As liver
PDAC metastasis specimens are nearly always obtained via biopsy, even large collections of data
such as our Human Pancreatic Cancer Single-Cell Atlas have complicated studying liver PDAC
CAFs in detail. Finally, the genetic diversity across patients with very few paired primary and

liver metastatic lesions limits the ability to compare stromal cells between tumor sites.

I leveraged comparative murine allograft models by either injecting syngeneic KPC FC1245
PDAC cells into the liver of C57BL/6J mice via a hemi-splenic injection method or injected the
same PDAC cells orthotopically into the pancreas and harvested the tumors on day 18 and day
15, respectively (Fig. 3.1e). These tumors, then, underwent physical and enzymatic digestion
followed by three rounds of filtration to obtain a single cell suspension. To gain insight into
global programming of the pancreas vs. liver PDAC lesions we performed 10X chromium single

cell RNA sequencing on the total cell population dissociated from microdissected tumors. After
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aligning the data, using the Louvain algorithm, I clustered the cells from both tumor sites
together in an unbiased manner which yielded 38 different clusters (Supplemental Fig. 1a). The
major cell types were annotated using canonical markers (Supp. Fig. 1b,c) allowing me to
identify eleven different populations of epithelial, immune, and stromal cells in these tumors.
These populations were largely represented across both tumor sites (Supplemental Fig. 1d),
however the fractional distribution of the populations captured varied (Supplemental Fig. 1e).
However, there was sufficient transcriptional overlap that I was able to directly compare the two
sites. Thus, while single cell transcriptomics are not necessarily a quantitative measure of
absolute cell numbers, these trends can nonetheless inform some of the potential differences in

the immune infiltration in the pancreatic vs. liver PDAC tumor microenvironment.

Importantly, we captured a sufficient population of fibroblasts between the pancreatic and liver
PDAC lesions to enable further sub-clustering. Within the total fibroblast population, I identified
11 sub-populations (Supplemental Fig. 2a) that largely mapped to the previously described
myCAF, iCAF, and apCAF transcriptional subtypes that have previously been described.
However, beyond a cluster of clearly proliferating fibroblasts which was identified by the
expression of proliferation and cell cycle genes, one population was clearly distinct and did not
share transcriptional overlap with other reported pancreatic CAF subtypes such as senCAFs.
Splitting the object by tumor site we find that this population is exclusively present in PDAC
liver tumors (Fig. 3.1f) and hence, we named it liver CAFs. Comparing the ratio of different
CAFs between the two sites, I found that these liver CAFs account for approximately half of the
non-proliferating stromal object (Fig. 3.1g). Using transcriptional characterization of CAF sub-

populations by top gene expression, we found previously established markers of CAF
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populations such as 1/6 in iCAFs, Acta2? in myCAFs, and Msin in apCAFs, and additionally, I
was able to define putative marker genes for liver CAFs that include Masp!, Frzb, Epha4, and
Ptchl (Fig. 3.1h). Of these, we observed that the specificity of Maspl expression in murine liver
CAFs vs. pancreatic CAFs is mirrored in the CAFs found in human liver metastasis vs. primary
CAF populations in the compendium of human single cell data (Fig. 3.1i). Lastly, I validated
MASP1 using staining and saw that the expression is indeed specific to liver vs. pancreatic CAFs

in murine and human PDAC (Supplemental Fig. 2b-d).

Collectively, these data establish that the stromal populations associated with liver PDAC lesions
are distinct from those that have been extensively characterized in primary pancreatic tumors.
Accordingly, I inferred that liver CAFs will also employ mechanisms to shape the
microenvironment of the metastatic niche unique from those that have been identified by

studying pancreatic CAFs.

PDAC cells display preferential metabolic programming in liver vs pancreas tumors

To determine how liver CAFs communicate with cancer cells, I proceeded to define the PDAC
cell populations present between our syngeneic murine liver and pancreas tumors. Out of initial
20 clusters, (Supplemental Fig. 3a) [ was able to consolidate these 20 clusters into 6 clusters on
the basis of the gene overlap. I next wanted to perform pathway analyses using different pathway
databases. I found 4 main populations that displayed clear themes by pathway analysis of
upregulated genes in each cluster (Fig. 3.2a) and two minor populations with unclear functions.
Further investigating top genes associated with these pathways, I found that the two largest

populations separated based on different metabolic preferences: glycolysis, or redox metabolism
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centered around protection from oxidative stress that I termed “Redox” (Fig. 3.2b-d,
Supplemental Fig. 3b). The other two main populations were either centered on proliferation, or
an enrichment of genes associated with extracellular interaction that I termed “ECM-related”.
Given their unclear function, I termed the remaining minor populations “Epithelial 57, and

“Epithelial 6”.

Interestingly, I observed that with the exception of Epithelial 5, all the other PDAC cell
populations can be observed in both pancreatic and liver allografts (Fig. 3.2d). However, the
distribution of the PDAC subclusters between tumor sites varied dramatically (Fig. 3.2e). Here, |
observed that the pancreatic tumors demonstrated fairly even heterogeneity, with glycolytic,
redox, and ECM-related populations in approximately equal proportion among the non-
proliferating cells. In contrast, the vast majority of PDAC cells in liver tumors show a gene
expression program centered on redox metabolism, potentially due to higher availability of
oxygen and nutrient availability in the liver vs. the hypoxic and nutrient-challenged environment

of the primary pancreatic tumors (Fig. 3.2f).

To validate the metabolic preferences of PDAC cells residing in the liver vs. the pancreas, I
compared the expression of the master redox protein NRF2 (NFEZ2[2) and canonical downstream
NRF?2 targets in our murine and published human datasets. Here, I observed a clear upregulation
of NFE2L2, GCLC, GCLM, and NQOI in the liver PDAC populations compared to those
isolated from pancreatic tumors (Fig. 2f). Interestingly, the preference of redox metabolism in
liver resident PDAC cells is conserved regardless of basal, classical, or hybrid transcriptional

subtype (Supplemental Fig. 3¢) which was verified using the human single cell atlas publicly

43



available. Knocking down Nfe2/2 using small interfering RNA (siRNA) in KPC cells and then
injecting in mice significantly increased survival when compared with mice receiving the
wildtype KPC cells. This data taken together with increased expression in redox genes
specifically in the liver suggest that pancreatic cancer cells either reprogram their metabolism in
response to the nutrient availability and organotrophic factors, or the initial establishment of
tumors in these different environments selects for specific metabolic populations that that we

have previously shown co-exist within PDAC.

The HGF-MET signaling axis is specifically upregulated in the liver metastatic tumors

With defined stromal and cancer epithelial clusters, I next proceeded to probe the potential
interactions between these populations within the liver PDAC lesions. To accomplish this, I
leveraged the ligand-receptor interaction tool CellChat (195) to build a liver PDAC signaling
network (Fig. 3.3a) and a pancreatic PDAC signaling network (Supplemental Fig. 4a). My data
showed key differences in the number of interactions and interaction strengths between different
populations in liver vs. pancreatic tumors. I also noticed that stromal populations appear to be the
dominate source of signal (Fig. 3.3a). Interestingly, in liver PDAC lesions, liver CAFs are the
most active source of signaling to other populations (Fig. 3.3b). I then looked at the most
significantly upregulated signaling pathways between stromal and cancer cells. Comparing these
different pathways and focusing our analysis on unique signaling pathways showing significant
communications and identified to be outputs from liver CAFs and input by PDAC populations, I
identified that the Hepatocyte Growth Factor (HGF) pathway fits these criteria (Fig. 3.3¢). In

contrast, several other pathways that derive signals from stromal populations are conserved
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between liver and pancreatic PDAC tumor networks including PTN and IL6 (Supplemental Fig.

4b).

HGF, as discussed in previous chapter, is produced by mesenchymal cells, including both
pancreatic and liver CAF populations. HGF is the only known ligand to the tyrosine kinase
receptor c-MET. Using the Seurat wrapper function plotGeneExpression, I validated that liver
CAFs are by far the most abundant source of Hgf expression among all the populations, and the
expression of the Met receptor is exclusive to the PDAC populations (Fig. 3.3d). Further
visualizing the distribution of the HGF pathway across these cell populations by chord diagram,
the data showed that liver CAFs are indeed the primary sender of the HGF signal to multiple
epithelial clusters as depicted in the chord diagram (Fig. 3.3e) whereas myCAFs and iCAFs only
make minor contributions. Finally, we validated that the HGF ligand expression is upregulated in
liver PDAC CAFs vs. primary pancreatic CAFs (Fig. 3.3f), and the expression of the MET
receptor is upregulated in liver PDAC cells vs. pancreatic PDAC cells in murine datasets. This
trend is conserved in humans as I validated HGF and MET expression in fibroblasts and cancer

cells, respectively in our human single cell atlas.
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Human liver fibroblasts produce HGF to activate MET-ERK signaling in PDAC cells

To functionally examine the signaling promoted by liver vs. pancreatic fibroblast populations in
human models, I established several primary fibroblast cultures from surgical resections that
included a primary PDAC specimen (PDAC CAF), a liver-metastatic colorectal tumor (Liver
CAF), and nearby normal liver tissue (Liver Fibroblast). I first collected RNA and performed
bulk RNA-sequencing to compare these populations (Fig. 3.4a). Principal Component Analysis
(PCA) showed distinct clustering of all three fibroblast populations (Supplemental Fig. 5a). The
liver CAFs and liver fibroblasts cluster closer together as compared to the PDAC CAFs.
Differential gene expression and analyzing the overlap of gene signatures among the three
groups showed more similarity between the two liver-derived fibroblasts than PDAC CAFs
(Supplemental Fig. Sb). Unbiased clustering based on the z-scores of the top 50 differentially
expressed genes which also included MASP1, further corroborated that fibroblasts tend to cluster

on the organ of origin (Supplemental Fig. 5c).

Using the bulk RNA sequencing data, I compared specific gene expression between these
fibroblast groups. First, I looked at the expression of pan-fibroblast markers. Here, I found the
expression of the fibroblast marker gene PDGFRA to be largely similar across both CAFs and
the liver fibroblast cultures (Fig. 3.4b). In comparison, I observed that both the liver CAF marker
MASP]I and expression of HGF are markedly upregulated in both liver-derived fibroblasts and
CAFs vs. PDAC CAFs (Fig. 3.4¢). I next validated that the differences in HGF' gene expression
translated to a difference in protein production and release using an enzyme linked
immunosorbent assay (ELISA) on conditioned media harvested from the fibroblast cultures. As

expected, I observe dramatically higher production of HGF by both liver-derived fibroblast and
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CAF populations vs. primary PDAC CAFs (Fig. 3.4d).

HGF is known to be the only ligand for its receptor c-MET. This binding results in
autophosphorylation of this tyrosine kinase and activating multiple downstream pathways
including ERK (MAPK), AKT, and STAT3. The increased production of HGF by CAFs and
fibroblasts in the liver, can dramatically alter these downstream signaling networks.

To determine if the HGF released by liver-derived fibroblasts has a functional impact on human
pancreatic cancer cells, I treated the human PDAC cell line- PATC53 with fibroblast conditioned
media and examined MET activation (Fig. 3.4e). Indeed, I observed that the conditioned media
from both human Liver-CAF and human adjacent normal liver fibroblasts resulted in increased
MET phosphorylation vs. PDAC CAF conditioned media. Investigating potential downstream
implications of MET activation in PDAC cells, I next treated PATCS53 cells with human
recombinant HGF and observed an increase in ERK and AKT1 activation (Fig. 3.4f). This
activation of MET, ERK, and AKT1 by HGF can be disrupted by treatment with the
pharmacological MET inhibitor cabozantinib (XL-184). Importantly, I observe MET, ERK,
AKT1 and STATS3 activation in PATCS53 cells when treated with liver fibroblast conditioned
media. Here I also show that this activation can be reduced by treatment with cabozantinib (Fig.
3.4g). Interestingly, the ERK and STAT3 activation by fibroblast conditioned media is only
partially disrupted by MET inhibition, suggesting that other upstream pathways are likely being

stimulated in parallel.

Since cabozantinib is known to target other receptors such as VEGFR and RON due to shared

homology, I wanted to eliminate the possibility of other receptors getting activated in the

phenotype I observed. To further investigate the role of MET in activating mitogenic pathways
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and use a different approach to target c-MET, I genetically targeted MET using CRISPR editing.
Here, I observe that partial loss of MET is sufficient to promote dramatic compensatory rewiring
of mitogenic pathways downstream of MET in PATCS53 cells (Fig. 3.4h). This includes a
marked upregulation of the total protein levels of ERK, AKT, and to a lesser extent, STAT3 in
sgMET PATCS3 cells. Importantly, despite the increased overall protein levels, the activation of
these pathways in response to treatment with liver fibroblast conditioned media is greatly
diminished in sgMET vs. parental control. Again, I observe some ERK activation in sgMET
relative to AKT, further suggesting the presence of other factors such as potential fibroblast-

produced EGFR ligands may also be present.

Collectively, these data show that human liver-derived fibroblast populations are uniquely
equipped to activate MET signaling in PDAC cells. MET activation drives multiple mitogenic
signaling pathways that play centrally important roles in PDAC. Importantly, MET activation by
stromal HGF can be targeted by clinically available pharmacological inhibitors such as

cabozantinib.
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Figure 3.1: PDAC stromal expansion in liver shows distinct fibroblasts from primary tumors
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Figure 3.1:

Stromal expansion occurs in PDAC liver lesions with distinct fibroblasts from pancreatic
tumors. A. Hematoxylin and Eosin (H&E) staining of normal tissue pancreas or liver tissues
from wildtype mice compared with PDAC primary and liver metastatic tumors from KPC mice.
B. Representative immunohistochemistry of the pan-fibroblast marker PDGFRDb in tumor tissue
vs. normal liver and pancreas. C. Quantification of PDGFRb" area in (B) (n=3 liver samples, n=4
pancreas). D. Fluorescent ISH staining for the fibroblast marker Decorin (DCN, red) coupled
with IF for the epithelial marker Pan-Cytokeratin (PanCK, green) in primary human PDAC and
liver metastasis. E. Schematic illustration of experimental design for single cell RNA sequencing
comparing pancreas vs. liver PDAC tumors. Here, syngeneic KPC cells are injected in mice
orthotopically to form tumors in the pancreas or via hemi-spleen injection to seed tumors in the
liver and processed for sequencing. F. Uniform manifold approximation and projection (UMAP)
plot showing the fibroblasts populations present in either pancreas or liver PDAC lesions. G.
Ratio of the distribution of cells between myCAF, apCAF, iCAF, cycling, or Liver CAF sub-
populations in either pancreas or liver PDAC tumors. H. Top 5 heatmap of genes that separate
fibroblast sub-populations. I. Dot plot representation of the gene expression of the Liver CAF
marker MASP1 between fibroblast populations present in pancreas or liver lesions in murine or
human PDAC. Scale bar = 100uM. Error bars are mean +SD, ** P <0.01; *** P <0.001 by two-

tail student’s t test.
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Figure 3.2: PDAC cells display preferential metabolic programming between tumor sites
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Figure 3.2:

PDAC cells display metabolic heterogeneity and differential preferences between pancreas and
liver tumors. A. Analysis of overrepresented genes in the main PDAC clusters grouped in
distinct biological pathways centered on glycolysis, redox metabolism, extracellular matrix-
related genes, or proliferation. B. Heatmap of highly expressed genes within each PDAC
subpopulation. C. Violin plots showing expression of representative genes that distinguish the
main PDAC clusters including Slc2al and Gapdh (Glycolysis), Gsta4 and Gcele (Redox), or
Col4a2 and Has2 (ECM-related). D. UMAP and bar graph (E) representation of PDAC
population distribution between pancreas and liver lesions. F. Dot plot representation of redox
metabolism genes NFE2L2, GCLC, GCLM, and NQO1 between liver and pancreas PDAC cells

from human or mouse tumors.
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Figure 3.3: A paracrine HGF-MET signaling axis is upregulated in liver PDAC lesions
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Figure 3.3:

A paracrine HGF-MET signaling axis is upregulated in liver PDAC lesions. A. Circle plot
depiction of the CellChat aggregated cell-cell communication network showing number of
ligand-receptor interactions (left) and strength these interactions (right) between each indicated
two populations in murine PDAC liver lesions. B. Isolated signaling from Liver CAFs to stromal
and cancer populations in the liver niche. C. Top signaling pathways with the most outgoing or
incoming signaling in PDAC liver, with HGF highlighted (red arrow). Violin plots showing gene
expression of the ligand HGF (D) and the HGF receptor MET by stromal and PDAC sub-
populations. E. The HGF signaling pathway visualized by chord diagram showing different CAF
sub-populations signaling to the cancer cells, line width is proportional to interaction strength. F.
Dot plot representation of the HGF gene expression between fibroblasts isolated from pancreas
or liver PDAC lesions in mouse and human tissues. G. Dot plot representation of the MET gene
expression between cancer cells isolated from pancreas or liver PDAC lesions in mouse and

human tissues.
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Figure 3.4: Human liver fibroblasts release HGF to activate mitogenic MET signaling in PDAC
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Figure 3.4:

Human liver fibroblasts release HGF to activate mitogenic MET signaling in PDAC cells. A.
RNA was isolated and sequenced from primary fibroblast cultures that were established from a
resected liver colorectal metastasis (Liver CAF), the paired nearby normal liver tissue (Liver
Fibroblast), or a primary PDAC tumor specimen (PDA CAF). B. Quantification of the fibroblast
marker gene PDGFRA across fibroblast populations. C. Quantification of Liver CAF marker
MASPI1 and HGF gene expression across fibroblast populations. D. Quantification of HGF
released by fibroblasts into conditioned media by ELISA. E. Western blot analysis of MET
activation in human PDAC cell line PATCS53 by a 3:1 ratio of conditioned media - fresh
complete media from different fibroblast cultures as compared to HGF (1ng/mL) after 30
seconds. F. Western blot analysis of MET (30 seconds), STAT3, AKT, and ERK (15 minutes) in
PATCS53 PDAC cells treated with either HGF (1 ng/mL), the MET inhibitor cabozantinib (1pM)
or combination. G. Western blot analysis of MET (30 seconds), STAT3, AKT and ERK (15
minutes) in PATC53 PDAC cells treated with either 3:1 liver fibroblast conditioned media:fresh
media or fresh media alone or in combination with the MET inhibitor cabozantinib (1uM) or
vehicle. H. Western blot analysis of MET, ERK, AKT, and STAT3 in sgMET vs. parental
control PATCS53 PDAC cells treated with a 3:1 ratio of liver fibroblast conditioned media:fresh
media or fresh media. B-ACTIN was used as a loading control in all conditions. Error bars are
mean +SD; ** P < 0.01; *** P <0.001; **** P <(0.0001, by one-way Anova with Tukey post

hoc.

56



ions

in PDAC lesi

ions

tion of cell populat

iza
B.

Character

Supplementary Fig. 1

Cell Lineage Markers

Total Captured Cells

T
e - - e e °
‘0.0...0. .
.c.‘.c e O .
.‘o .. .
‘ .
D ] o v . .
...‘..‘.. °
. e . .
. e
. e . .o
.. . 90 -0 - -060
QQ”O L
Y
.
e e e e e e o« . e
. .
C e Y
..'... o‘.c
. . e . ) ‘
e e v - - 00
. e @ . 0..‘
S I ]
—
2 & 8 0 0o & 0o B 5 g2
582328323823 %%
£ T 8 S5k 3 m Qs 3 2
© > k] 8 a 3 =
Q s 0 < L w £
Q o w @
T o &

>
v{avﬁe’\?&é\
ce0@

025 50 75 100

Krt19

L1111y

N © AN O H &
@«Q@o&%&&@}y PR

o
A
Q‘?z

o
-
O 5

\\&« & '33_(\»8 ROWR

Q@

<

SR

&

O
(&)
‘-9'\

&
S

10

10

R

Percent Expressed

(&)

-1

5-

Jlllllllx %

Itgam

!

3
2
1
0

ll‘l{l¢J¢L

|

44
0

I

|¢1¢Iii

L ~ - °

|one uolssaidxg

-
—]
—
||?
c—F
5 —
< —
—t
—
—
o
]
—

L

- —A
S —
—
—
—
—

{

L

v

“ —
& |
—
—

l

—

- ~ o

|9A87 uoissaldx3

w
©
o
o
c
IS
o
=
1]
=
-
T T T T |
o [te] o [Ye) o
S ~ i q S
- o =] <) IS
S|199 Jo uonnquisia
1]
0
[} —
. = g 2
=->% = 3 1)
T O g [} 20 8
T258< PR
8025822835 ¢
2S00 P 0EER®
S 0L2>Cc 00000
WUWILSwWwrFro<anoo
o o o o 0 0 o ° po
12}
© to
o
3]
=
c - M
L b " re
=l . Fe
o
F2
;
re
. o
p <
o res
o
g Fe
5 ;‘
® [°
&S
FS
]
. = ° °
(] _

57



Supplemental Figure 1:

Characterization of cell populations in PDAC lesions. A. UMAP plot of 38 different clusters
calculated by Seurat representing all cells captured from single cell RNA sequencing of murine
pancreas and liver PDAC tumors. B. Dot plot representation of marker genes used to define
clusters in (A). C. Violin plots validating key defining genes- Cd3e, Dcn, ltgam, Krt19, G0s2,
H2-Ebl, Pecaml, Cd79a, Rgs5, Try4, and AssI used to identify each population. D. UMAP split
by tumor site of identified cell lineages. E. Fractional distribution of cell populations between

liver and pancreas tumors.
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Supplemental Fig. 2: MASP1 is expressed in liver, not pancreatic, fibroblasts
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Supplemental Figure 2:

MASPI is expressed in liver, not pancreatic, fibroblasts. A. UMAP plot of 12 different clusters
of PDAC fibroblasts. B. IHC staining on serial murine PDAC liver and pancreas tumors for the
pan-fibroblast marker PDGFR and liver CAF marker MASP1. C. Representative co-
immunofluorescence staining for MASP1 (green), PDGFR (red), fibroblast marker SMA (blue),
and DAPI (white) in primary human PDAC tumor and metastatic liver core biopsies. D.
Quantification of MASP1* fibroblasts in primary human PDAC vs. liver metastasis, n= 4 per

group, ** P <0.05 by two-tailed student’s t test.
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Supplemental Fig. 3: Murine PDAC cell clustering and human correlation
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Supplemental Figure 3:

Murine PDAC cell clustering and human correlation. A. UMAP of the 20 clusters of the
PDAC cell object. B. Dot plot representation of key genes that were used to collapse clusters and
denote sub-populations. C. Dot plot representation of redox metabolism genes NFE2L2, GCLC,
GCLM, and NQOI in KRT19 expressing human PDAC cells separated into Basal, Classical, or

Hybrid transcriptional subtypes.
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Supplemental Fig. 4: HGF is not a feature of the pancreatic tumor signaling network
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Supplemental Figure 4:

HGF is not a feature of the pancreatic tumor signaling network. A. Circle plot depiction of the
CellChat aggregated cell-cell communication network showing number of ligand-receptor
interactions (left) and strength of these interactions (right) between each indicated two
populations in murine PDAC pancreatic tumors. B. Top signaling pathways with the most

outgoing or incoming signaling in PDAC pancreatic tumors.
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Supplemental Fig. 5: Fibroblast Transcriptomics and sgMET PDAC signaling
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Supplemental Figure 5:

Fibroblast Transcriptomics. A. Principal Component Analysis (PCA) performed on RNA
sequencing data of human PDAC CAFs, Liver CAFs, and Liver Fibroblasts. B. Venn diagram
depiction of the upregulated genes identified by differential expression gene analyses between
the three fibroblasts lineages. C. Heat-map showing top 50 differentially expressed genes across

all samples and groups, highlighting MASPI in RED.
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CHAPTER 4: TARGETING MET IN PRECLINICAL AND CLINICAL

SETTING

BACKGROUND

The HGF-MET signaling axis represents a critical pathway in both development and disease. c-
MET, a receptor tyrosine kinase, is activated exclusively by its cognate ligand HGF. Upon ligand
binding, c-MET undergoes dimerization and autophosphorylation of its intracellular tyrosine
residues, which serves as a docking platform for adaptor proteins and downstream effectors
(176). These initiates multiple intracellular signaling cascades, including the RAS-MAPK,
PI3K—-AKT, and STAT3 pathways, collectively regulating cell proliferation, motility, invasion,

and survival (179).

Physiologically, HGF/c-MET signaling is indispensable during embryogenesis, where it governs
processes such as gastrulation, myoblast migration, angiogenesis, and organogenesis. In adults,
this pathway remains quiescent under homeostatic conditions but becomes reactivated in
response to tissue injury, playing a pivotal role in wound healing and liver regeneration.
Dysregulation of this pathway, through overexpression, amplification, or aberrant activation of c-
MET, has been implicated in oncogenesis across multiple malignancies, including renal cell
carcinoma, thyroid cancer, hepatocellular carcinoma, and PDAC (152). Elevated c-MET
expression is frequently correlated with tumor aggressiveness, therapy resistance, and poor

clinical prognosis.
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Given its central role in tumor progression, the HGF/c-MET axis has emerged as an attractive
therapeutic target. Several approaches, including small-molecule tyrosine kinase inhibitors,
monoclonal antibodies, and ligand antagonists, are under clinical investigation to attenuate

aberrant c-MET signaling and improve patient outcomes.

C-MET is a proto-oncogene located on the chromosome 7q21-31 and encodes for the protein C-
MET (167). HGF secreted by mesenchymal cells, mostly fibroblasts, binds to c-MET causing its
intracellular domains to auto-phosphorylate. This binding leads to the recruitment of other
proteins such as GRB2 and GAB1 further activating multiple crucial pathways such as ERK,
STAT3, and AKT. These downstream proteins can translocate into the nucleus and initiate

transcription of genes involved in cell cycle, cell progression, and cell survival.

Two approaches have been explored in targeting c-MET for therapeutic benefits- 1) small
molecule inhibitors and 2) monoclonal antibody. Crizotinib and cabozantinib were the first two
small molecule inhibitors that have also received FDA approval (181). Since then several other
drugs have received FDA approval and are currently being used in clinic to treat various cancers

such as RCC, thyroid cancer, NSCLC, and some types of gliomas.

In this project, I used the c-MET inhibitor cabozantinib (also known as XL-184 and cabometyx)
to study its efficacy in liver metastatic PDAC. Cabozantinib targets 3 receptors including- MET,
AXL, and VEGFR. Currently, cabozantinib is FDA approved to treat the following types of

cancers: 1) metastatic pancreatic neuroendocrine tumor, 2) advanced RCC (in combination with
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nivolumab), 3) HCC (if the patient has previously been treated with sorafenib), and 4) locally

advanced or metastatic thyroid cancer (resistant to VEGFR targeted therapy).

There have been toxicity issues related to cabozantinib due to its higher half-life (~4.5 days in
humans) and multiple receptor targeting (196). The receptor VEGFR is known to be involved in
formation, proliferation, and motility of endothelial cells, and subsequently angiogenesis- the
process of formation of vascular networks (197). Therefore, off-targeting of this receptor leads to
leaky vasculature and fatal hemorrhages have been reported in patients under cabozantinib.
Hepatic toxicity has also been reported in many cases with elevation in enzymes such as ALT
and AST. Other cabozantinib related side effects include adrenal insufficiency, osteonecrosis of
the jaw, dysregulated or inefficient wound healing, thyroid dysfunction, diarrhea, disruption of
gut lining, hypocalcemia, loss of appetite followed by weight loss etc (198). Despite the drug
toxicity, cabozantinib has shown promising results in various clinical trials and therefore, has

been FDA and EMA (European Medicine Agency) approved.

My data showed increased c-Met expression in tumors harvested from liver PDAC vs primary
tumors. This trend was conserved in human patient samples as well. To investigate the effects of
c-Met inhibition in mice, I used the pharmacological inhibitor cabozantinib to inhibit Met. Mice
were injected with KPC tumors in the liver and after letting the cells establish a tumor niche, I
randomized the mice into two groups: 1) Vehicle and 2) Treatment with cabozantinib. Mice
started receiving their designated treatments orally on day 06. This was done to allow the cancer
cells to seed and establish a tumor niche. After 12 days of treatments, mice were sacrificed, and

liver tissues were harvested to measure tumor size. Our data show significant reduction in tumor
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weight in mice that received cabozantinib as compared to the control group. These data suggest a

newer approach in treating liver metastatic PDAC.

RESULTS

MET inhibition impair growth of liver PDAC tumors in mice

My data demonstrated that HGF production by liver stromal cells has functional consequences
on pancreatic cancer cells in culture; this has the potential to be even more impactful in liver
PDAC tumors given their increased MET expression we have observed on PDAC cells in the
liver niche. Accordingly, I examined the impact of the MET inhibitor cabozantinib on liver
PDAC tumors. To accomplish this, I established syngeneic KPC-FC1245 tumors in the livers of
mice C57BL/6J through hemispleen injections. After letting tumors establish for 6 days, I
randomized mice onto treatment arms with either cabozantinib or vehicle (30mg/kg) via daily
oral gavage (Fig. 4.1a). This dosage was decided based off previous published pre-clinical
studies (199). I monitored the mice every day and found no significant weight loss in the animals
in this 16-day study (Fig. 4.2a). On day 16, mice were sacrificed, and liver tissues were
harvested. All liver harvested from control mice presented with clear macroscopic tumor lesions,
whereas the majority of cabozantinib treated mice showed no obvious tumors (Fig. 4.1b,c,
Figure 4.2b,c). These observations were mirrored by a markedly lower liver mass in the
cabozantinib treatment group vs. vehicle control (Fig. 4.1d). To quantify microscopic malignant
lesions, I further validated this finding by immunostaining for cytokeratin-19 (CK-19) as a
marker for PDAC cells. Here, I observed that cabozantinib treated liver tissues showed either no
tumors or a few small tumor masses within the liver tissue (Fig. 4.1e,f). In contrast, as expected

the livers of vehicle treated mice were largely comprised of CK19" tumor cells. I, next,
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performed a similar 16 day experiment to study the effects of cabozantinib on primary PDAC.
To do so, I established orthotopic tumors using syngeneic KPC cells in mice and randomized the
mice into 2 groups- vehicle and treatment with cabozantinib. My data showed reduced primary
tumors in mice that received cabozantinib as compared to the vehicle treated mice. Interestingly,
cabozantinib did not lead to complete clearance of tumors in any of the mice as we observed in
our hemi-spleen tumors. Nevertheless, I report reduced tumors in the primary and metastatic site

upon treatment with cabozantinib.

Reduction in tumor weight is specific to MET inhibition

As previously pointed out, most pharmacological MET inhibitors, including cabozantinib also
inhibit other MET family receptor tyrosine kinases including VEGFR and RET. To demonstrate
the specific impact of targeting MET on PDAC liver tumor growth, I targeted MET expression in
KPC FC1245 cells with CRISPR editing. Here, I was able to obtain a robust loss of MET
expression in sgMet clonal cell lines (Fig. 4.2d). I selected 4 sgMet clonal lines that individually
grew slightly slower than the parental FC1245 control (Fig. 4.2¢), again demonstrating an
important role for MET on PDAC biology. However, this defect was less obvious in a cocktail of

the 4 sgMet clonal lines that I combined to use for in vivo studies.

I then established syngeneic liver tumors in mice C57BL/6J mice through hemispleen injections
of sgMet KPC-FC1245 or parental controls (Fig. 4.1g). These mice were sacrificed and liver
tissue were harvested at Day 16. Here, we observed that the majority of sgMet tumors lacked
gross macroscopic lesions that were observed in all the parental KPC-FC1245 tumors (Fig.

4.1h,i, Fig. 4.2f,g). This was further reflected in a significantly lower liver mass in the sgMet
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compared to the control tumors (Fig. 4.1j). Assessing CK19 immunostaining, we observed that
parental controls showed the liver tissue is largely replaced by PDAC cells, whereas the CK19*
sgMet tumors were either small or not seen (Fig. 4.1k,1).

Collectively, these data confirm that MET signaling is a key pathway promoting the growth of
liver PDAC tumors. Importantly, this pathway can be leveraged to impair tumor growth using

clinically available pharmacological inhibitors such as cabozantinib.
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Figure 4.1 MET inhibition impairs the growth of liver PDAC tumors
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Figure 4.1:

MET inhibition impairs the growth of PDAC in the liver. A. Schematic of experimental design
for pharmacological MET inhibition. Here, KPC-FC1245 PDAC cells were implanted into the
liver via hemi-spleen injections. 6 days later mice were randomly divided onto vehicle or
30mg/kg cabozantinib treatment arms p.o. daily for 12 days. B. Representative images of liver at
endpoint from vehicle or cabozantinib treated mice. C. Quantification of the number of liver
tissues that in (B) contained observable macroscopic tumors at harvest or appeared grossly
normal. D. Liver mass of vehicle or treated group at endpoint ( n=5 vehicle, n=7 cabozantinib).
E. Representative IHC for Cytokeratin-19 (CK19) from liver tissue sections treated with vehicle
or cabozantinib. F. Quantification of percent CK19" cells per section, n= 4 per group. G.
Schematic of experimental design for genetic Met targeting. Here, control or sgMet KPC-
FC1245 PDAC cells were implanted into the liver via hemi-spleen injections and mice were
sacrificed 16 days later. H. Representative images at endpoint of livers implanted with control or
sgMet KPC cells. I. Quantification of the number of liver tissues that contained observable
macroscopic tumors at harvest or appeared grossly normal. J. Mass of control or sgMET
implanted livers at harvest (n=4 control, n=6 sgMet). K. Representative CK-19 THC staining of
control or sgMet FC1245 implanted liver tissues. L. Quantification percent CK19" cells per
section (n=4 control, n=5 sgMet). Scale bars are 1cM for gross tissues, S00uM for low
magnification IHC, 50uM for high IHC magnification. Error bars are mean +SD; ** P < 0.01;

*x%k P <0.001; **** P <0.0001 by two-tail student’s t test.
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Fig. 4.2: In vivo data supplements and sgMet validation
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Figure 4.2: In vivo data supplements and murine sgMet validation. A. Body weight of vehicle
and cabozantinib treated mice throughout the experiment outline in Figure 4.1a. B. Gross liver
images of remaining vehicle and (C) cabozantinib treated mice harvested at the endpoint of the
experiment. D Western blot showing extent of MET loss sgMet KPC FC1245 cells in 10
different clonal populations vs. parental control, later pooled clones highlighted in red. B-ACTIN
was used as the loading control. E. Growth curves of 4 selected sgMet FC1245 clones, the 4
clones pooled together (cocktail), and parental FC1245 cell line as relative cell number (from
t=0) over 64 hours analyzed by Cytation5 imaging. F. Gross liver images of mice injected with

control FC1245 or (I) sgMET FC1245 taken at the endpoint.
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Cabozantinib related drug toxicity

My 16-day study showed reduced tumors with no overall impact on mice after treatment with
cabozantinib. I then performed a survival study after injected mice with KPC cells via hemi-
spleen injections. The mice maintained their weight until D18-D20. However, the mice in the
treatment group started dropping weight rapidly. Upon performing necropsy on these mice, the
livers in these mice were free of tumors but had compromised tissue structure. This is in
alignment with hepatic impairment and hepatic toxicity that is often reported in patients treated
with cabozantinib. My data show a significant increase in survival in mice treated with
cabozantinib vs vehicle. However, drug efficacy and toxicity when used for longer duration

remain questionable.

Current undergoing clinical trials on cabozantinib

The sensitivity of PDAC cells to MET inhibition has been reported in the context of primary
pancreatic tumors. I used clinically available MET inhibitor cabozantinib to demonstrate the
therapeutic potential in liver metastatic pancreatic cancer. This drug is currently approved to treat
patients with renal cell carcinoma, thyroid cancer, and hepatocellular carcinoma where it has
demonstrated clinical efficacy. Cabozantinib was also recently approved for the treatment of
pancreatic neuroendocrine tumors after phase 3 trial showed 13.8 month of progression free
survival compared to 4.4 months in the placebo group (200). Cabozantinib was explored in
combination with gemcitabine in a small cohort of PDAC patients and showed some response
that would warrant further investigation. However, dose limiting toxicities were an issue in this

phase 1 trial and a maximum tolerated dose could not be obtained (201). A similar observation
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was made on this project where survival study needed to be halted due to tolerability issues in
mice. To overcome this, alternative approaches need to be tested in PDAC. For example,
combining cabozantinib with immunotherapy or other targeted agents may offer a less toxic
therapeutic strategy. This approach is currently under evaluation in clinical trials in PDAC,
including cabozantinib + atezolizumab (NCT04820179), cabozantinib + pembrolizumab
(NCT05052723), and cabozantinib + erlotinib (NCT03213626). Accordingly, while there is
potential for MET inhibitors to be used in PDAC, the right contexts will need to be found and

tested in further trials.

KRAS inhibitors have been an active area of investigation in multiple cancer types including
NSCLC and PDAC (202). Multiple KRAS inhibitors targeting common mutations such as G12C
and G12D are currently in clinical trials. MRTX1133 which targets the PDAC specific G12D
mutation in the gene KRAS showed promising results in pre-clinical setting and is currently in
the first phase of clinical trial (203). Other KRAS inhibitors such as sotorasib and adagrasib are
currently FDA approved for solid tumors with mutation in G12C (usually found in KRAS
mutated NSCLC) (204). Preclinical results suggest that resistance to KRAS inhibitors in NSCLC
is driven by amplification or overexpression in c-MET (205). Therefore, this opens an
opportunity to study the effects of combinatorial treatment to overcome KRAS inhibition
resistance. It is believed that KRAS inhibitors will be the future of PDAC treatments. The
emerging role of c-MET in KRAS mutated cancer has sparked an interest among clinicians in

combining RAS inhibitors with MET inhibitors.

Given my observations, we expect that cabozantinib could be an ideal application as a first line
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single agent or in combination regimens with other targeted agents as chemotherapy is unlikely
to have a durable response in PDAC liver metastasis. Further, given the frequency of recurrence
in the liver, after curative intended tumor resection, a sequential treatment strategy such as
adjuvant treatment cabozantinib following standard of care chemotherapy may be effective to

eliminate disseminated cells before they can establish a liver tumor niche.
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CHAPTER 5: ADDITIONAL FINDINGS AND FUTURE DIRECTIONS

BACKGROUND

The TME of PDAC is highly complex and composed of dynamic interactions among malignant
epithelial cells, stromal populations, and infiltrating immune cells. Although CAFs and ECM
components constitute the majority of the PDAC stroma, immune cells form a crucial and

functionally diverse compartment that profoundly shapes tumor biology (105).

Oncogenic KRAS, a hallmark driver mutation in PDAC, orchestrates immune evasion by
inducing secretion of cytokines and growth factors such as GM-CSF, which in turn recruits
MDSCs and TAMs to the TME (107,108). Similarly, subsets of CAFs, including apCAFs, have
been shown to modulate adaptive immunity by promoting the conversion of naive CD4* T cells

into Tregs, thereby contributing to a profoundly immunosuppressive niche (81).

Myeloid cells, particularly macrophages, represent the most abundant immune population within
PDAC tumors. Tumor-secreted cytokines and chemokines polarize macrophages toward an M2-
like phenotype, characterized by pro-tumorigenic functions such as immune suppression,
angiogenesis, and metabolic support for cancer cells. Both tissue-resident macrophages and
monocyte-derived macrophages have been identified as sources of TAMs in PDAC. Importantly,
macrophages not only suppress cytotoxic T cell activity but also provide essential nutrients that

sustain tumor cell metabolism, further reinforcing malignant progression.
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Therapeutic strategies targeting the myeloid compartment have shown promise in preclinical
models. For instance, blockade of CD11b, a key integrin expressed on myeloid cells, has been
demonstrated to deplete immunosuppressive myeloid populations and sensitize tumors to
immune checkpoint blockade (116,117). Based on these encouraging findings, CD11b inhibition
is currently being evaluated in clinical trials. Another immunomodulatory approach involves
CD40 agonists, which activate dendritic cells (DCs) and enhance priming of CD8* T cells,
thereby promoting antitumor immunity (206,207). While early-phase trials with CD40 agonists
have yielded only modest clinical responses and were limited by toxicity, they nonetheless

highlight the potential of targeting dendritic cell biology in PDAC.

Collectively, these findings underscore the pivotal role of immune cell programming in PDAC
progression. The interplay between malignant, stromal, and immune populations establishes a
highly immunosuppressive TME that remains a significant barrier to effective therapy. A deeper
mechanistic understanding of immune regulation in PDAC is essential to guide the development
of combinatorial therapeutic strategies aimed at overcoming immunosuppression and improving

patient outcomes.

There has been extensive research on the TME of primary PDAC. It is known that myeloid cells
are the primary source of immune suppression and chemotherapy resistance. Accordingly, efforts
have been made to target myeloid cells to sensitize PDAC cells to chemotherapy and
immunotherapy. However, it is not known if a similar myeloid cell dependent immune
suppression mechanism take place in a metastatic organ such as the liver. To determine the

mechanism of immune suppression in metastatic PDAC, I further analyzed the single cell
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sequencing data between primary PDAC and liver PDAC. I re-scaled and re-clustered the
myeloid and T cell clusters. After carefully filtration of CD45+ cells, I further classified and
defined different sub-types of T cells and myeloid cells. My data show that, similar to the CAFs,
there are key differences in the immune populations that get established in the primary vs
metastatic niche in PDAC. This further stresses the importance of designing and having

treatments specific to the organ of metastases rather than the niche found in primary tumor.

MAIN RESULTS

Distinct myeloid cell populations in the liver vs primary PDAC

Myeloid cells were the most abundant immune cell type present in our single cell sequencing
data. This is an accurate reflection of human PDAC tumor microenvironment. To further classify
and characterize these myeloid cells, I re-normalized and re-scaled the myeloid cluster. Using
differential expression gene signature, I labeled the distinct myeloid clusters (Fig. 5.1). The data
showed various sub-clusters of macrophages including MHCII high and Arg high macrophages
(Fig. 5.1a). [ was able to identify a cluster of dendritic cells in my dataset. I also found a
population of undifferentiated monocytes in the liver which usually represent as MDSCs in the
primary PDAC. In addition, I was able to cluster of Kupffer cells in the liver. Kupffer cells are
resident macrophage population in the liver and are also known to be the largest tissue resident
population in human body. This population of innate immune cells is usually the host’s first line
of defense against pathogens entering the liver either through portal vein or arterial circulation
(208). In addition, Kupffer cells can also provide protection to the hepatic tissue in times of drug
induced liver toxicity or fibrosis. However, it has been shown that Kupffer cells can contribute to

chronic inflammation as a stress response in conditions such as alcoholic or non-alcoholic fatty
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disease (NAFD) and non-alcoholic steatohepatitis (NASH) (209). It has also been shown that
these Kupffer cells, along with circulating monocytes, can give rise to TAMs in episodes of
malignancy such as hepatocellular carcinoma (HCC) (210). My data show reduction in MHCII
high macrophages in the liver as compared to the pancreas. However, this is compensated by the
abundance of Kupffer cells in the liver (Fig. 5.1b). I also noted higher proportion of
undifferentiated monocytes in the liver as compared to primary PDAC. This suggests enrichment
of alternative subsets of myeloid cells in the metastatic site vs primary PDAC and therefore,
possibly alternative cell crosstalk between these populations. The functional role of these
myeloid cells in the liver and their relationship with PDAC cells remain an active area of

investigation.

Increased number of T cells in the liver as compared to primary PDAC

After classifying myeloid cells, I performed a similar analysis on T cells. Using commonly used
gene signatures, [ was able to cluster and label naive, CDS8, NK, Tregs, and double negative T
cells. Similar to other cancer cells and fibroblasts, there was a cluster with active cell cycle genes
that I labeled cycling T cells. My data also suggest higher expression of certain genes defining
cytotoxicity such as Cd8, Ifng (Interferon gamma), and Gzmb (Granzyme B) upon comparing the
gene expression. Conversely, I also noted higher expression of stem-like progenitor exhausted
(Tpex) genes such as Slamf6 and Tcf7 in the liver T cells vs primary pancreas. Tpex are known
to be a memory like T cells with self-renewal ability and long life. Tpex are usually the result of
chronic stimulation of the T cell receptor (TCR) and therefore, can give rise to terminally
exhausted T cells (211). It has also been shown that presence of Tpex cells can be indicative to a

positive response to check point blockade therapy in certain tumors (212,213). Some of these
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results were verified at protein level by performing cytometry by time of flight (CyTOF).

CyTOF is a mass cytometry technique which stains antigen on cells using metal conjugation
instead of fluorophores as done in the traditional flow cytometry. This technology allows panels
with multiple markers without having to worry about spectral overlap and compensation issues. |
used a 29-marker panel to compare immune differences between primary PDAC and liver PDAC
tumors. Preliminary results from this experiment confirm some of the phenotype observed in our
single cell dataset. For example, I see a higher number of B cells and CD8 T cells in liver tumors
vs primary pancreas tumor. Additionally, there is also an increased percentage of activated CD8
T cells as noted by the expression of CD44 in liver tumors vs pancreas. However, this
experiment requires heavy optimization in panel designing and sample preparation. Nevertheless,

this is exciting data and opens additional avenues for further research and experimentation.
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Figure 5.1 Myeloid populations in primary vs metastatic PDAC
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Figure 5.1 Myeloid clusters in primary vs metastatic tumors. A. UMAP displaying distinct
myeloid clusters including monocytes, macrophages, dendritic cells, and Kupffer cells. B.
Fractional distribution of the different myeloid sub-populations between primary PDAC and

liver PDAC.
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Figure 5.2 T cell variability in primary vs metastatic PDAC. A. UMAP displaying different
sub-clusters of T cells including CD8, Tregs, cycling T cells, NK, naive, and double negative T
cells. B. Increased expression of activation (/fng, Gzmb, and Cd44) and exhaustion (Slamf6 and
Tcf7) in liver vs pancreas. C. CyTOF quantification and comparison of CD3+ T cells, CD8+T

cells, and B cells between primary PDAC and liver lesions.
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DISCUSSION AND FUTURE DIRECTIONS

Desmoplasia has long been recognized as a characteristic feature of PDAC (214). Accordingly,
pancreatic fibroblasts have been extensively studied to understand how they remodel the
pancreas to support carcinogenesis and PDAC progression. These insights have led to better
understanding of how CAFs coordinate with malignant epithelial and immune cells to create an
environment permissive to PDAC growth. Among the first characterized stromal-PDAC
crosstalk pathways was the activation of hedgehog signaling in CAFs by ligands released from
malignant epithelial cells that promote stromal expansion and fibrosis (97). While disruption of
this signaling axis has thus far proven disappointing in the clinical setting potentially either due
to loss of a tumor restraining populations, or enrichment of more immune suppressive

fibroblasts, this illustrates the central impact that CAFs mediate in PDAC biology.

The stromal populations in PDAC liver tumors have also been suggested to have tumor-
promoting and restraining functions (79). In this study, I sought to directly compare how
different immune and stromal populations that arise in response to the same PDAC cells program
liver lesions vs. pancreatic tumors. Here, | verified that the expansion of stroma associated with
tumorigenesis in the pancreas is also observed in regions of the tumor-bearing liver. Using single
cell RNA sequencing we observed that the vast majority of liver CAFs show transcriptional
profiles distinct from those that map onto fibroblasts that occur in primary pancreatic tumors.
Thus, although pancreatic fibroblasts have often been compared to liver fibroblasts, as stellate
populations have been isolated from both organs, liver fibroblasts are clearly different from those

found in the pancreas even when exposed to signals from the same cancer cells.
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Importantly, this also indicates that stromal-cancer support networks between PDAC cells and
CAFs are highly variable between tumor sites. Here, I observe that HGF expression is a feature
of normal and cancer-associated fibroblast populations in the liver. Accordingly, the mitogenic
signaling provided by MET activation in PDAC cells likely plays important roles in both the
establishment and maintenance of the liver metastatic tumor niche. The role of HGF-MET
signaling axis has emerged as a potential target in PDAC under the context of pancreatic stellate
cells in primary tumors (171,172,215). Here, targeting HGF or MET was shown to potentiate
response to several treatment approaches and inhibit metastasis of primary tumors. However, the
focus on isolated pancreatic stellate cells in this study might overstate the impact of this axis in
primary tumors as stellate-derived CAFs are a minority population in PDAC. HGF-MET
signaling has also been identified as a signaling axis in liver iCAF populations, although the
therapeutic potential remained unknown (193). Here, I confirm that the HGF expression in
fibroblast populations from both human and mouse PDAC liver tumors and fibroblasts isolated
from nearby normal human liver tissue is markedly higher than that found in primary pancreatic
tumors. Accordingly, this HGF-MET crosstalk likely plays an important role in both

establishment and maintenance of the liver metastatic niche.

As I sought to compare the interactions across many different populations of cells in pancreatic
and liver PDAC lesions, the number of fibroblasts captured from liver tumors occluded any
confident in-depth characterization of potential subpopulations that likely co-exist within the
CAFs present in the metastatic niche. However, recent studies probing the programming of
CAFs in liver metastasis have suggested that Hgf'is expressed by iCAFs or vascular-associated

metastasis-associated fibroblasts (VMAFs) (192). This data also supports the extensive literature
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of normal liver fibroblast HGF production in the context of wound-healing and tissue repair
(179). My data show liver-derived fibroblasts are able to activate canonical mitogenic signaling
pathways downstream of MET including ERK, AKT, and STAT3 phosphorylation in PDAC
cells in a MET-dependent fashion. Interestingly, I find that STAT3 is not activated in PATC53
PDAC cells by HGF alone and pharmacological inhibition of MET in vitro does not completely
reduce ERK or STATS3 activity suggesting a potentiation of these pathway with other signaling
molecules or metabolites released from liver fibroblasts. Despite this complexity, MET
inhibition is clearly sufficient to potently impair the ability of PDAC cells to grow within the

liver.

Single cell transcriptomics studies have nearly universally observed that PDAC sub-population
heterogeneity within tumors does not correspond to the transcriptional subtypes defined from
bulk RNA sequences approaches (216). In our datasets, [ was able to define four main PDAC
cell sub-populations with functionally relevant gene signatures that are present in both tumor
sites. Interestingly, despite establishing tumors with the same initial population of PDAC cells,
we observed a profound preference for programming centered on redox metabolism in the cells
residing in the liver. This could be influenced by the stark differences in the metabolic state
encountered between the hypoxic nutrient poor pancreatic tumor microenvironment (217) as
compared to the liver, which serves as a primary anabolic hub and the center of gluconeogenesis.
Indeed, metastatic PDAC cells have been shown to exhibit preferential metabolic pathway
utilization (218), and this can serve to allow preferential seeding in one organ over another (219).
Further, our lab has already identified that differential metabolic programming can co-exist in

both human and murine PDAC, and recent work has shown clonal metabolic states are key to
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metabolic adaptation (220). In addition, I cannot conclude if there is plasticity between these
populations or this over representation of redox metabolism preference in liver tumors is selected
during seeding, although the dominance of specific clonal populations in PDAC metastasis has

been reported using elegant genetic barcoding (221).

While this project uncovered some key differences between primary and metastatic PDAC, some
key questions remain unanswered. Here, I identified and characterized HGF expressing liver
CAFs in liver which are clearly distinct from primary PDAC CAFs. Knowing that liver is home
to multiple fibroblast populations, the progenitor of liver CAFs remain an unsolved mystery.
Resident liver fibroblasts such as hepatic stellate cells and portal fibroblasts are known to expand
and get activated during times of tissue injury or even malignancies. Circulating mesenchymal
cells can also enter the hepatic tissue and give rise to fibroblasts. More investigation is required

to identify the progenitor of liver CAFs.

This project also focuses on the metabolic preferences of PDAC cells that seem to alter with the
organ of seeding. Here, I report PDAC cells relying on glycolysis, oxidative phosphorylation,
and ECM proteins for nutrient recycling which is in alignment with previous findings. This is
also mirrored by the hypoxic and nutrient deprived nature of the pancreas. However, PDAC cells
showed preference for redox metabolism while expanding a niche in the liver. This could be due
to well-oxygenated and nutrient rich conditions encountered in the liver. Both the murine and
human single cell data showed increased expression of the redox master regulator NFE2L2 along
with other downstream genes in the liver. Knocking down Nfe2/2 in PDAC cells increased

survival in mice. It is known that KRAS can regulate Nfe212 and metabolic homeostasis which is
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often times dysregulated in malignancies. Here, I also show that disruption of MET axis can
affect downstream mitogenic signaling including RAS proteins such as MAPK. If this disruption

can also affect NRF2 and other downstream proteins remain unknown.

Lastly, this project also highlights key differences in other populations and sub-populations such
as the myeloid cells and T cells. How these immune cells rewire their crosstalk with each other
and with cancer cells in the liver require more investigation. Tools like CellChat can unveil the
distinct signaling pathways between the primary and metastatic site. Depleting immune
populations such as myeloid cells or B cells can provide important information about
mechanisms of immune surveillance and suppression in the liver vs pancreas. Additionally, the
presence of higher number of CD8 T cells in the liver raise an important question of whether
PDAC metastasis in the liver can be sensitized to immunotherapy which has failed to yield

promising results in treating primary tumor.

Overall, this project looks at changes in tumor microenvironments of primary vs metastatic organ
in PDAC. My data show a novel stromal population in the liver that upregulates HGF-MET
signaling axis to promote tumorigenesis. Inhibiting this axis resulted in smaller tumors and
increased survival in mice. In addition, I also see key differences in other compartments such as
myeloid and T cells. This is exciting data that suggest taking in consideration, along with

primary tumor, the organ of metastasis and its environment when treating this deadly disease.
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