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Abstract

Steady improvements to the five-year survival rate for patients with pancreatic ductal
adenocarcinoma (PDAC) have largely been due to improvements in patient care as
opposed to effective treatments across all disease stages. Limited treatment efficacy in
PDAC is due in part to its signature immunosuppressive desmoplasia. In the past 20
years, cancer-associated fibroblasts (CAFs) have gained attention for their therapeutic
potential as they have been shown to be the main contributors to PDAC'’s fibrotic nature.
However, recent studies on CAF ablation exposed deleterious consequences in pre-
clinical models, confusing the field as to whether CAFs are altogether pro-tumorigenic
(Ozdemir et al., 2014; Rhim et al., 2014). This prompted a new era towards elucidating
the functional roles of CAFs. Current literature has typically categorized much of CAF
functions as tumor permissive; however, quiescent fibroblasts in healthy organs—which
give rise to CAFs in a cancer context—are activated in wound repair and tissue
homeostasis. Current literature supports the notion that fibroblasts transition from tumor-
restraining to tumor-promoting as tumorigenesis progresses, however the tumor-

restraining mechanisms of fibroblasts in the pancreas are unknown.

In this dissertation, we show how kit ligand (KITL, also known as stem cell factor) derived
from normal pancreatic mesenchyme has implications in tissue homeostasis and tumor-
suppressive features. Through single-cell transcriptomics and analysis of tissue
architecture, we show that mesenchymal cells in healthy pancreas and PDAC are found
in distinct spatial subpopulations positioned to interact with diverse cell types; from this,
we observed the loss of KITL as mesenchymal cells transition to CAFs in tumorigenesis.
In vivo genetic manipulation in mouse models, allowed us to assess the impacts of

mesenchymal KITL in the pancreas. Loss of mesenchymal KITL led to an increase of



leukocytes in normal pancreas, and an increase in ductal marker expression upon
caerulein-induced acute pancreatitis, as evidence for acinar-to-ductal metaplasia (ADM).
Murine tumor models also showed that KITL loss caused faster tumor growth and
shortened survival compared to control models. Collectively, these data suggest that

stromal KITL has tumor-suppressive functions by maintaining tissue equilibrium.



Chapter I. Introduction

A. Pancreatic Ductal Adenocarcinoma

|. Pancreas and Its Associated Diseases
Tucked beneath the stomach, the pancreas is surrounded by other related gastrointestinal

organs (liver, gall bladder, and small intestine) and vascularized by the celiac and superior
mesenteric arteries. lIts structure consists of the “head” (which touches the duodenum of
the small intestine); the uncinate process, the “neck” or “body” found in the center of the
pancreas, and the thin end aptly named the “tail’. This organ continuously grows in the
human body until age 30, which plateaus then declines in volume as humans age (Saisho

et al., 2007).

Pancreas
Duct of Wirsung

Tail

®

Duodenum

Beta cell

Alpha cell
Delta cell

PP cell

W

Figure 1.1. Key anatomical features of the human pancreas. A, Anatomy of the pancreas with
some of its surrounding organs, gallbladder and spleen. B, Cellular organization of exocrine and
endocrine cells in the pancreas. C, Section of human pancreas showing an islet with four endocrine
cell types: alpha, beta, delta, and PP cells. Scale bar, 100 um. Reprinted from Diabetologia,
Organisation of the human pancreas in health and in diabetes, Atkinson et al., 2020, with
permission from Springer Nature.



The pancreas connects to the duodenum through the pancreatic duct (also named Duct
of Wirsung), wherein digestive enzymes—Iipase, protease, and amylase—produced by
exocrine cells (i.e. acinar cells) flow to further catabolize food. Among other vital functions,
the pancreas is also involved in regulating blood sugar levels via its endocrine cells called
islet cells, which are clustered together and sporadically found throughout the organ.
These islet cells consist of alpha, beta, delta, pancreatic polypeptide (PP), and epsilon
cells that produce hormones such as glucagon, insulin, somatostatin, pancreatic
polypeptide, and ghrelin, respectively (Atkinson et al., 2020; Campbell & Newgard, 2021).
(Interestingly, "sweetbread” is the etymological meaning for the word “pancreas,” yet its

literal Greek translation is “all whole flesh,” potentially describing this organ’s odd texture.)

Like all organs, the pancreas is not immune to damages that can lead to diseases. Type
1 and 2 diabetes, hyper- and hypoglycemia are commonly known diseases associated
with pancreas dysfunction, all of which are highly prevalent in the United States; as of
2020, 11.6% of the total U.S. population have diabetes (Andes et al., 2020). Pancreatitis,
or inflammation of the pancreas, may be acute or chronic. It is commonly caused by
alcohol consumption and gallstones (excess cholesterol from a high-fat diet can
significantly contribute to gallstone formation); however, one may have increased risk due
to family history (e.g. hereditary pancreatitis). Further complicating matters, these
diseases have overlapping symptoms with a more lethal condition—cancer. Pancreatic
cancer can be subdivided into two groups distinguished by their cell-of-origin: pancreatic
neuroendocrine tumors (PNET) and exocrine tumors, with the latter including pancreatic

ductal adenocarcinoma.



Healthy Pancreatitis

Gallbladder
P

Inflamed
pancreas

Pancreas

Duodenum

Digestive enzymes and Digestive enzymes
hormones produced by trapped in acinar cells
pancreas
Diabetes Pancreatic Cancer

Damaged endocrine cells

Inflamed
pancreas

Duodenum

Dysregqlated insulin Tumor region with
production or uptake necrotic center

Figure 1.2. Pancreatic Diseases. Healthy pancreatic functions include release of digestive
enzymes and hormones produced by exocrine and endocrine cells, respectively (top left). Loss of
healthy tissue homeostasis in the pancreas results in damaged tissue and inflammation that can
lead to pancreatitis, diabetes, and pancreatic cancer. Created with Biorender.

Pancreatic ductal adenocarcinoma (also known as pancreatic adenocarcinoma,
shortened as PDA or PDAC), an aggressive pancreatic exocrine tumor driven by
oncogenic KRAS mutations, is the third leading cause of cancer deaths in the United

States as of 2024 (Common Cancer Sites - Cancer Stat Facts, n.d.). Its 5 year-survival
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rate has increased from 10% in 2020 to 12.8% in 2024 due to improved efforts in patient
care and developments in combination neoadjuvant and adjuvant systemic
chemotherapies, with FOLFIRINOX (5-fluorouracil (5-FU), leucovorin, irinotecan, and
oxaliplatin), gemcitabine, and nab-paclitaxel (Conroy et al., 2011; Hoff et al., 2013; Klatte
et al., 2023; Springfeld et al., 2023). Pancreaticoduodenectomy (or Whipple surgery), first
successfully performed in 1935, is still the best way to improve overall survival (OS); with
Whipple surgery, patients can increase their 5-year survival rate between 20 to 25% (Syed
Nabeel Zafar, 2024). However, this option is available to only 15 to 20% of patient cases
as this requires the disease to be at a localized stage (primary site only), whereas at least
80% of patients have been diagnosed with regional to distant stages PDAC (Cancer of

the Pancreas - Cancer Stat Facts, n.d.).

Il. Early Detection Methods of PDAC

Patients are typically caught at later stages due to limited methodologies in early detection.
These methodologies are specifically imaging modalities (e.g. abdominal ultrasound,
magnetic resonance imaging (MRI), computed tomography (CT), and endoscopic
ultrasound (EUS)) that vary in each of their diagnostic accuracy and precision, impacted
by tumor size and image quality (Wu et al., 2022). Expensive systems, such as CT and
MRI scans, are more sensitive than the accessible standard abdominal ultrasound,
reducing the chances of a patient being earlier identified. As of the 2010s, there has been
significant expansion and progress in novel screening methods including liquid biopsies
and the implementation of artificial intelligence to improve imaging modality sensitivity.
Most of the success in early detection, however, comes from improved studies in
understanding genetic and lifestyle risk factors. Hereditary pancreatitis, germline

mutations associated with other diseases such as breast and ovarian cancer (e.g. BRCA1,



BRCA2, FANCC, PRSS1) (Earl et al., 2020; Grant et al., 2015) and new onset diabetes
are highly associated or correlated with increased risk of PDAC (Pannala et al., 2009).
Patients with these genetic factors are recommended for early enhanced screening,
around 10 years younger than the general population (e.g. patients with BRCA mutations
are recommended to be screened with MRI and mammography around age 30 rather than
in their 40s) (BRCA Gene Changes, 2024). Lifestyle risk factors including smoking, high
fat diet, excessive alcohol consumption, and diabetes are all highly associated or
correlated with increased risk of PDAC. Parallel to early detection, cancer treatments

have also improved.

lll. Past to Present PDAC Therapies

Prior to chemotherapy, PDAC patients were either treated via surgery or radiotherapy.
Early exploration into adjuvant therapies for patients with resectable PDAC began in the
1980s, when the Gastrointestinal Tumor Study group published in 1985 that patients who
were treated with fluorouracil (5FU) survived for an additional nine months in contrast to
patients who did not receive 5FU-based chemoradiotherapy (Gaskill et al., 2021).
Unfortunately, later studies could not replicate these findings. However, studies have
successfully shown and replicated that PDAC patients with resectable tumors survived for
longer than their control counterparts when provided with systemic chemotherapy,
whether with gemcitabine or FOLFIRINOX. It is now recommended standard clinical
practice, based off the American Society of Clinical Oncology (ASCO) Guidelines, to
provide patients with potentially curable PDAC six months of adjuvant treatment if they

have not received perioperative therapy (Khorana et al., 2019).



Fluorouracil analogues
FOLFIRINOX (meta-analysis shows

Erlotinib (in {shownto have survival advantage
combination with superiority over in combination
Gemcitabine gemcitahine) gemcitabine alone)  with gemacitabine
I ! | L I >
1996 | 2005 [ 2011 | 2014
1990 2000 2010
2013

Nah-paclitaxel
(in combination with

gemcitabine
2015

Liposomal irinotecan
(in combination with
5-fluorouracil for
second-line therapy)

Figure 1.3. Timeline of USA FDA Approvals for Metastatic Pancreatic Cancer Treatment.
FOLFIRINOX and fluorouracil analogues combined with gemcitabine treatment are included due
to their common use, despite without specific FDA approval of combinatory treatments. Reprinted
from The Lancet Oncology, Current and emerging therapies for patients with advanced pancreatic
ductal adenocarcinoma: a bright future, Christenson, Jaffee, and Azad, 2020, with permission from
Elsevier.

The success of anti-CTLA4 antibody ipilimumab as the first approved immune checkpoint
blockade (ICB) treatment for multiple cancers—such as colorectal cancer, esophageal
cancer, hepatocellular carcinoma, melanoma, non-small cell lung carcinoma, renal cell
carcinoma, and mesothelioma—in 2021 led to cautious optimism for ICB therapies as a
potential PDAC treatment (Korman et al., 2022). Frustrating for all, PDAC’s genetic
landscape and tumor microenvironment (TME) produces a naturally immune-suppressive
environment and is thus resistant to most ICB therapies. Currently, only PDAC patients
with unique and sporadic mismatch repair-deficient (MMR-D) genomic subtypes show
promising results when treated with ICB therapies (Ebia et al., 2023; Z. |. Hu et al., 2018;
O’Connor et al., 2024). Around the early 2020s, pre-clinical and clinical studies in PDAC
patients have shown that novel monotherapy of KRAS-mutant inhibitors led to anticancer

activity, and in mice, combination of KRAS inhibition with ICBs showed greater efficacy in



tumor reduction and tumor elimination (Mahadevan, LeBleu, et al., 2023; Mahadevan,
McAndrews, et al., 2023; Strickler et al., 2023). Notwithstanding the great enthusiasm
over the initial success of these KRAS-mutant inhibitors, discussions regarding intrinsic
drug resistance loom as patient response to current inhibitors were mixed (Zhang et al.,
2022). Additionally, it is possible that KRAS inhibitor-based treatments may,
understandably, require adjustments according to tissue- or tumor-of-origin (Zeissig et al.,
2023). Because of this—and considering that KRAS mutations are insufficient to trigger
low-grade neoplasms to PDAC—it is gravely important to understand the intricacies of this
disease that lead to its immunosuppressive environment to find successful combinatory

treatments.

B. PDAC Development and Desmoplasia

|. Development
Unlike other solid tumors such as colorectal and uterine cancer, PDAC is characterized by

a select few genomic drivers that design PDAC’s stepwise morphological dedifferentiation
and progression (Kinnersley et al., 2024). Up to 95% of patients have a KRAS mutation
(lacobuzio-Donahue et al., 2012) and is often considered as PDAC’S first genetic event
as KRAS mutations have been found in both low-grade pancreatic intraepithelial
neoplasms (PanIN) and intraductal papillary mucinous neoplasms (IPMN) (Collet et al.,
2020; Morris et al., 2010). Both precursor lesions, which can develop from acinar or ductal
cells, require combinatory mutations of TP53, SMAD4, and/or CDKN2A to worsen as high-
grade cancerous lesions. TP53 mutations, for example, can be found between 50 to 75%
in all PDAC patients (Scarpa et al., 1993). This stepwise tumorigenic progression creates
an immune-evasive TME due to direct and indirect effects of PDAC’s signature oncogenic

mutations.
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Figure 1.4. Genetic and environmental perturbations of PDAC tumorigenesis. Exocrine or
endocrine cell-Kras mutations combined with loss of tumor-suppressor gene functions activate
epithelial and mesenchymal alterations in support of tumorigenesis. Reprinted from Nature
Reviews Cancer, KRAS, Hedgehog, Wnt, and the twisted developmental biology of pancreatic
ductal adenocarcinoma, Morris IV et al., 2010, with permission from Springer Nature.

KRAS®?P-mutated human and murine PDAC (hPDAC and mPDAC, respectively) cells
have been shown to produce granulocyte-macrophage colony-stimulating factor (GM-
CSF), which leads to the accumulation of Gr-1+CD11b+ myeloid-derived suppressor cells
(MDSCs) that suppress CD8+ T cells (Bayne et al., 2012; Pylayeva-Gupta et al., 2012).
The deletion of CDKN2A coincides with a co-deletion of type | interferon (IFN) cluster, as
both these regions are found in chromosome 9p21.3, resulting in immune evasion (Barriga
etal., 2022). Indirectly, the continuous evolution of these neoplasms (particularly PanINs)
over time conjures chronic inflammation, inducing a tumor-specific fibro-inflammatory

reaction described as desmoplasia.
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ll. Desmoplasia and its Impact on Tumorigenesis
Diagnostically disregarded until around the 1980s, desmoplasia and its individual

components are now nominated as potential drug targets for PDAC therapies.
Desmoplasia is the growth of fibrous connective tissue that consists of dense extracellular
matrix (ECM), immune cells, and activated fibroblasts aptly named as cancer-associated
fibroblasts (CAFs). Within the ECM is an abundance of collagens, integrins,
proteoglycans, and glycoproteins that appear to have both tumor-promoting and tumor-
suppressing functions. In both human and murine PanIN and PDAC ECM, there is a
robust increase in type |, lll, and IV collagens; hyaluronic acid; glycoproteins fibrillin-1
(FBN-1), fibronectin (FN1), fibroinogens (FGA, FGB, and FGG), periostin (POSTN), and
others (Linder et al., 2001; Ohlund et al., 2013; Tian et al., 2019). Patients with higher
extracellular matrix components of hyaluronic acid and type | collagen were correlated
with lower median overall survival in comparison to patients with lower expression of
stated ECM components (Whatcott et al., 2015). The aberrant abundance of these high
molecular weight ECM components creates a physical barrier with high interstitial
pressure, resulting in vascular dysfunction, limiting the flow of oxygen, nutrients, and
therapies at the intended carcinogenic site (DelGiorno et al., 2020; DuFort et al., 2016;
Provenzano et al., 2012). PDAC cells adapt to this hypoxic and nutrient-depleted milieu
through metabolic changes, producing highly adaptable, aggressive, and resilient cancer
cells that further drives PDAC’s therapeutic resistance and metastatic potential. For
example, in hypoxic conditions, PDAC cells activate a family of transcription factors known
as hypoxia-inducible factors (HIFs) that can induce glycolytic gene expression (via HIF-
1a), and promote invasion and metastasis via the RhoC-ROCK pathway (via HIF-3a) (C.-
J. Huetal., 2003; X. Zhou et al., 2018). Additionally, both human PDAC and murine PDAC

show desmoplastic reactions coinciding with accelerated growth in liver metastases,
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strengthening the argument for desmoplasia’s importance in PDAC progression (Zhong et

al., 2017).

It is now understood and appreciated that desmoplasia stimulates and sustains PDAC’s
chemoresistance and aggressiveness as much as its own cancer cells. Yet, much of the
initial work studying PDAC and its evolution focused more on its cell-of-origin, ignoring its
fibrotic component (Jamieson, 1975; Pour et al., 1977). Despite decades of effort, the
field could neither improve patient responses to chemotherapy nor understand
determinants of tumor growth, leading to the larger question whether PDAC’s cancer cell-
extrinsic desmoplastic reaction is important, if not vital, to disease progression and therapy

resistance.
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Figure 1.5. Early PDAC event of oncogenic KRAS mutation coincides and produces a
desmoplastic reaction. Collective evidence in over 30 years show that oncogenic KRAS
mutations in pancreatic epithelial cells are an early event in PDAC tumorigenesis, and alters the
tumor microenvironment towards a fibro-inflammatory response that supports in tumor-promotion.
Created with Biorender and PowerPoint.
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The first question was whether desmoplasia preceded or succeeded tumorigenesis.
Findings that KRAS mutations were a frequent and early event in PDAC tumorigenesis
(Kanda et al., 2012; Smit et al., 1988) coincided with observations of fibrosis and
overexpression of growth factor ligands and receptors, such as fibroblast growth factors
(FGF) and transforming growth factor beta (TGF-B) (Greten et al., 2001; Korc, 1998).
Within the three-stage theory of tumorigenesis (Pitot, 1993), this proposed that
desmoplastic development occurred in the “promotion” stage, wherein cellular crosstalk
through ligand-receptor interactions mediate gene expression changes towards a more
cancerous environment. Recent evidence has also shown in mouse models that extrinsic
signaling by oncogenic Kras in epithelial cells leads to fibroblast activation and immune-
suppressive myeloid cell recruitment, all before acinar-to-ductal metaplasia (ADM)
formation, therefore causally linking Kras mutations and features of desmoplasia (Velez-
Delgado et al., 2022). This collection of studies also opened the possibility that other cells
within either the parenchyma or stroma supported the creation of desmoplasia, organically
leading to the next question: which cells are the major contributors to the formation of

desmoplasia?

C. Cancer-Associated Fibroblasts
Myofibroblasts, fibroblasts with markers and contractile nature of smooth muscles, are the

keystone to wound healing and—when activated by cancer-cell derived ligands such as
TGF-B—a major contributor to desmoplasia (Dimanche-Boitrel et al., 1994; Moore et al.,
1989; Racine-Samson et al., 1997; Simon-Assmann et al., 1988). The same cells were
also observed to precipitate desmoplastic reaction in PDAC, and the field specifically
pointed to pancreatic stellate cells (PSCs, described in a later section) as the source of

myofibroblasts; this initial finding was built on the basis that hepatic stellate cells (HSCs)—
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a morphological and functional proxy to PSCs—were activated into myofibroblasts in
hepatocellular carcinomas (HCCs) (Ooi et al., 1997; Schmitt-Graff et al., 1991; Yen et al.,
2002). To distinguish from myofibroblasts activated in wound healing circumstances or
other inflammatory diseases, “cancer-associated fibroblasts” (CAFs) appeared in the
literature around the early to mid-2000s to categorize myofibroblasts modified in a cancer
cell-dependent manner (Micke & Tman, 2004; Rosenthal et al., 2004). Considering that
cancer-associated fibroblasts are the major contributors and regulators of ECM
components, CAFs clearly play a leading role in developing this desmoplastic
environment. Yet for such a leading player in PDAC tumorigenesis, the multitude of
nuanced functions CAFs hold leaves the field perplexed about this dynamic cell type and

its potential as a therapeutic target.

|. Fibroblasts and CAFs: Back to Basics

Fibroblasts are mesenchymal cells that can originate from the mesoderm, neural crest,
and bone marrow (Ogawa et al., 2006; Plikus et al., 2021); found throughout the body,
these cells have a variety of functions that are dictated according to temporal and spatial
residence. During development, these mesenchymal cells have conserved roles
supporting homeostasis (Attali et al., 2007; Ting et al., 2005) that are preserved in
adulthood to regulate tissue architecture. For example, the activation of Hedgehog (Hh)
signaling pathway in LeprB+ dermal papilla fibroblasts triggers growing hair follicles (Liu
et al., 2022). Fibroblastic reticular cells (FRCs) also support the immune system by
providing extracellular matrix pathways in lymph nodes—as if directing traffic—creating
more efficient interactions between leukocytes and antigens (Fletcher et al., 2011). In
addition to these roles in healthy, non-perturbed tissues (and referred to earlier), fibroblast

activation occurs to support all four phases of wound healing: hemostasis, inflammation,
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proliferation, and remodeling (Gharbia et al., 2023; Schultz

require adjustments in the ECM for proper repair.
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Figure 1.6. Cells in wound healing. Fibroblasts, among other cells in the wound healing process,
directly and indirectly support through all four phases of wound repair. Reprinted from Frontiers in
Bioengineering and Biotechnology, Role of fibroblasts in wound healing and tissue remodeling on
Earth and in space, Cialdai, Risaliti, and Monici, 2022. Permission not required by copyright.

But in a cancer-context, CAFs are chronically activated in a dysregulated wound healing

process to support tumorigenesis (Auciello et al., 2019; Dumont et al., 2013; Olivares et

al., 2017). Due to their shared lineages, there is a large overlap of biomarkers between

acutely activated fibroblasts for wound repair and cancer-associated fibroblasts, including

fibroblast activation protein (FAP), alpha smooth muscle actin (aSMA), vimentin (VIM),

and fibroblast-specific protein 1 (FSP1) (C. Han et al., 2020; Yang et al., 2023).
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Naturally, many within the PDAC field proposed to ablate cancer-associated fibroblasts
altogether, either through inhibition of the Hh pathway or targeted ablation of aSMA-
expressing fibroblasts, hypothesizing a diminished desmoplastic reaction would improve
PDAC outcomes by reducing the abundance of tumor-promoting factors CAFs produce,
such as matrix components and growth factors. Unfortunately, these hypotheses were
proven false with pre-clinical methods, wherein CAF ablation led to poorly differentiated
tumors and shorter survival compared to control mice with PDAC, adding further confusion

and complication to their functionality in the TME (Ozdemir et al., 2014; Rhim et al., 2014).
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Figure 1.7. Heterogeneous functions of PDAC CAFs. Tumor-promoting functions of CAFs
include metabolomic support, modulation of the tumor immune microenvironment (TIME), and
activation of mitogenic, survival and metastatic signaling pathways. Tumor-suppressing functions
of CAFs include pro-differentiation cues and reduction of regulatory T cells. Reprinted from Cancer
Discovery, Fibroblast Heterogeneity in the Pancreatic Tumor Microenvironment, Helms, Onate, and
Sherman, 2020. Permission not required by copyright.

Additionally, in stark contrast to initial findings that the Hh pathway promotes

tumorigenesis and desmoplasia (Bailey et al., 2008; Thayer et al., 2003), Hedgehog
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inhibitor clinical trials were largely unsuccessful (Catenacci et al., 2012; De Jesus-Acosta
et al., 2020; Ko et al.,, 2016). In retrospect, these hypotheses were perhaps overly
optimistic (or somewhat naive) as ablation of whole populations with biological functions
in tissue homeostasis and wound repair might suggest that these CAFs have the potential
for anti-tumorigenic functions. But at the time, CAFs were largely viewed as a monolith
with the sole purpose of cancer growth. These unexpected findings illuminated the greater

complexity of this cell population, warranting further investigation.

ll. CAF Subtypes

In order to reconcile these seemingly incongruent findings, the scientific community
collectively launched multiple studies across different cancers affected by cancer-
associated fibroblasts supported by the advancement of single-cell technologies,
particularly single-cell RNA sequencing (scRNA-seq). Researchers were limited by the
lack of specific and all-encompassing CAF markers to capture all known and unknown
CAF populations; thus cells-of-interests were negatively selected against a combination
of epithelial cell adhesion molecule (EpCAM), CD45, CD31, or nerve/glial antigen 2 (NG2)
in respective genetically-engineered mouse models (GEMMSs) of breast cancer (MMTV-

PyMT mice) and PDAC (KPC mice) (Bartoschek et al.; Elyada et al.).

Work from Elyada et al. observed what appeared to be three different CAF functional
subtypes—myofibroblastic CAFs (myCAFs), inflammatory CAFs (iCAFs), and a novel
functional subtype the authors named as antigen-presenting CAFs (apCAFs).
Corroborated by the same group’s earlier findings (Ohlund et al., 2017), myCAFs have
higher gene expressions of ACTA2 (gene for aSMA) and TAGLN (gene for transgelin),
with differentially expressed genes directed towards smooth muscle contraction (as
expected) and extracellular matrix organization, akin to myofibroblasts found in wound
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healing. iCAFs, on the other hand, were distinguished with higher gene expressions of

cytokine /L6 and other inflammatory chemokines such as CXCL1, CXCL2, and CXCL12.
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Figure 1.8. PDAC cancer-associated fibroblast subtypes. Elyada et al. categorize three
different CAF subtypes based on function in murine and human PDAC: myCAFs (myofibroblastic
CAFs); iCAFs (inflammatory CAFs); and apCAFs (antigen-presenting CAFs). Reprinted from
Cancer Cell, Activated fibroblasts in cancer: Perspectives and challenges, Caligiuri and Tuveson,
2023. Permission not required by copyright.

Expectedly, the iCAF population was found to have upregulated gene expressions in
inflammatory pathways including IL6/JAK/STAT3 and IFN-y response. Lastly, apCAFs
were distinctly clustered due to their unique expression of MHC class Il family-related
genes, which are found in “professional antigen-presenting cells”: dendritic cells,
macrophages, and B cells (Kambayashi & Laufer, 2014). These three functional subtypes

of murine PDAC CAFs were also found in human PDAC tissues.
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In breast cancer, Bartoschek and colleagues also observed at least three distinct subtypes
of cancer-associated fibroblasts that appear to cluster according to spatial residence and
cell lineage: vascular CAFs (vCAFs), matrix CAFs (mCAFs), and developmental CAFs
(dCAFs). vCAFs were labeled as such for their increased gene expressions associated
with vascular regulators (e.g. Espas? and Nr2f2). This cluster also expressed genes
associated with endothelial cells (e.g. PECAM1 and CD34) and localized in perivascular
regions, but were distinct from endothelial cells, using vCAF markers Nidogen-1 and

Desmin.
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Figure 1.9. Breast cancer CAF subtypes. Bartoschek et al. categorize at least three different
CAF subtypes based on biomarkers and function in murine and human breast cancer: mCAFs
(matrix CAFs vCAFs (vascular CAFs); and dCAFs (developmental CAFs). Created with Biorender.

The authors also observed greater abundance of vCAFs at the tumor core of MMTV-PyMT
mice in contrast to the tumor periphery as the cancer progressed. mCAFs are discrete
from vCAFs as they express ECM-associated genes including Lum, Col14a1, Fbin1, and

Lox. Additionally, the authors showed that 89% of fibroblasts from healthy murine
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mammary glands expressed mCAF markers (Fibulin-1 and PDGFRa), and are markedly
reduced as murine breast cancer develops, implicating an inverse relationship between
mMCAFs and vCAFs. Lastly, developmental CAFs expressed ECM-associated genes
distinct from mCAF ECM-associated genes and possessed gene expressions geared

towards the epithelial compartment.

While the mCAF subtype found in Bartoschek and colleagues’ work appears analogous to
the myCAF subtype found in Ohlund’s and Elyada’s works, intriguingly mCAFs in breast
cancer also expressed chemokine CXCL 14, indicating that this CAF subtype could impact
immune response—a function that Ohlund’s and Elyada’s findings more assign to the
inflammatory CAFs. Other works related to CAFs in different cancers resulted in similar
findings to Ohlund’s and Elyada’s myCAF/iCAF categorization (Forsthuber et al., 2024),
but due to Bartoschek et al., it is plausible that these CAF functional subtypes are dynamic
(possibly transient) rather than fixed, and are dependent upon tissue, spatial, temporal,

and ancestral cues.

lll. CAF Lineages

Simultaneously, others in the field sought to investigate cancer-associated fibroblast
lineages as a potential means to explain the heterogeneity previously observed. In PDAC,
CAFs were originally thought to derive from only pancreatic stellate cells (PSCs), but the
past decade has challenged this belief. Previous work from Sherman and colleagues
focused on fatty acid binding protein 4 (Fabp4) as a novel marker for pancreatic stellate
cells (Sherman et al., 2014). This seminal discovery led to the establishment of Fabp4-
Cre;Rosa™™¢ GEMM, which lineage trace PSCs with green fluorescent protein (GFP);

from this, researchers observed that, using podoplanin (PDPN) or platelet-derived growth
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factor receptor alpha (PDGFRa) as pan-CAF markers, only a minority of PDAC CAFs were
derived from PSCs, and corroborated in human PDC, much to the field’s surprise (Helms
et al., 2022). Helms'’s study also included the specific ablation of PSC-derived CAFs in
orthotopic models of murine PDAC to understand its impact in tumorigenesis and
observed reduced tissue stiffness due to decreased abundance of ECM components such
as tenascin C. This suggested that different CAF lineages may have specific roles within
the tumor microenvironment that cannot necessarily be fulfilled by CAFs of other origins.
The authors did note a difference in PSC-derived CAF frequencies between p53-mutated
murine PDAC (i.e. R172H) versus p53-null murine PDAC; hence, CAF cell-of-origin alone

is insufficient to explain CAF heterogeneity.

Coinciding studies from Marina Pasca di Magliano’s group also analyzed pancreatic CAFs
with sophisticated dual-recombinase GEMMSs, focusing on Gli1 and Hoxb6 as fibroblast
markers (Garcia et al., 2020). The authors selected these markers as they were earlier
established to express in subpopulations of normal fibroblast in the pancreas (Larsen et
al., 2015; Mathew et al., 2014). Garcia and colleagues showed that 1) Gli1+ and Hoxb6+
fibroblasts reside in different, seemingly non-overlapping regions of the pancreas; and 2)
not all resident fibroblasts in the pancreas activate in PDAC, as Gli1+ fibroblasts expanded
and transitioned to CAFs in mPDAC whereas Hoxb6+ fibroblasts did not. In a
KPF;Gli1¢ER:RYFP GEMM, wherein mice have Kras®'?® and p53 null mutations, Gli1+
fibroblasts contributed to an average of 70% of PDAC cancer-associated fibroblasts (using

aSMA to distinguish CAFs).
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Figure 1.10. Contributions of Gli1+ and Hoxb6+ fibroblasts in healthy murine pancreas and
murine PDAC. Lineage-tracing of Gli1+ and Hoxb6+ fibroblasts from murine healthy pancreas to
PDAC tumorigenesis showed different spatial and numerical contributions in normal mesenchyme
and cancer-associated mesenchyme. Reprinted from Cellular and Molecular Gastroenterology and
Hepatology, Differential Contributions of Pancreatic Fibroblast Subsets to the Pancreatic Cancer
Stroma, Garcia et al., 2020. Permission not required by copyright.

These Gli1+ cells also happen to reside near the vasculature and ductal cells. On the
other hand, Hoxb6+ fibroblasts were dispersed throughout the pancreas. Additionally, in
a murine PanIN model (i.e. pancreatitis-induced KF GEMM), only 2% of platelet-derived
growth factor beta (PDGFR[3+) positive activated fibroblasts were Hoxb6+, while 14% of
PDGFRB+ were double-positive for Gli1+. Lastly, not all Gli1+ fibroblasts in early
pancreatic lesions were aSMA+, nor were all aSMA+ cells double positive for Gli1+,
indicating other resident fibroblasts—including Gli1+ fibroblasts—give rise to myCAFs at
the earlier stages of tumorigenesis. Extensive work from Helms and Garcia ultimately
showed that 1) PSCs were only one of the fibroblast lineages that contribute to PDAC
CAFs; 2) different CAF lineages may have overlapping functions with one another with
respect to their spatial organization within the pancreas and proximity to cancer cells
(hence some can appear myCAF, iCAF, or apCAF); and, 3) unique CAF functions may be

partially derived from their lineage.
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Although not fully discussed, both works indicated that CAF heterogeneity can also be
explained by varied concentrations of signaling gradients (Steele et al., 2021) or by tumor
genotype (Vennin et al., 2019). Rather than viewing CAF functional subtypes and CAF
lineages as mutually exclusive phenomena, both perspectives can elucidate the
heterogeneity the field has observed over the past two decades. For the purposes of this
dissertation, the focus will be given to pancreatic stellate cells and their prospective

specific functions within the PDAC milieu.
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Figure 1.11. Fibroblast lineages in healthy murine pancreas and their contributions to the
murine PDAC CAF population. Pancreatic stellate cells (PSCs), Gli1+ fibroblasts, and Hoxb6+
fibroblasts, potentially with other resident fibroblasts, coexist within the parenchymal and
perivascular regions of murine pancreas. In PDAC, these fibroblasts have varying numerical
contributions to the CAF population. Created with Biorender.
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D. Stellate Cells: A “fibroblast” and beyond

Stellate cells in the liver and pancreas are aptly named for their star-like appearance. First
discovered in the liver by Carl von Kupffer in 1876 (Geerts, 2001; Kupffer, 1876), these
cells store lipid droplets that were confirmed a century later to be vitamin A in the form of
retinyl esters (Blomhoff et al., 1985; Wake, 1971). This unique feature not found in other
fibroblasts-like or mesenchymal cells enabled scientists to study these cells in vitro by
isolating hepatic stellate cells (HSCs) from rat, mouse, and human through density
gradient centrifugation (Chen et al., 1989; Friedman et al., 1992; Margreet Leeuw et al.,
1984). In an in vitro setting, HSCs from all three species lost their lipid droplets and, over
time in culture, acquired a myofibroblastic phenotype, producing collagen IV, laminin, other
ECM proteins, and matrix metalloproteinases (MMPs) (Geerts et al., 1989; Sherman,

2018), hinting at their function in extracellular matrix production, maintenance, and liver
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Figure 1.12. Stellate cell functions. Pancreatic and hepatic stellate cells (PSCs and HSCs), in
the context of wound healing and cancer, release their lipid droplets and produce a fibro-
inflammatory response akin to other fibroblasts, including ECM deposition and inflammatory
signaling. Created with Biorender.
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As a result, scientists hypothesized that stellate cells may also explain pancreatic fibrosis,
leading to the discovery of pancreatic stellate cells (PSCs) (Apte et al., 1998). Whilst
stellate cells do express FAP like other fibroblasts (X. M. Wang et al., 2005), hinting
functional similarities to one another, as of 2024 there appears to be no other vitamin A-
storing stellate cell in other organs, which suggests unique ancestral origins and functions

in comparison to other fibroblasts.

|. Pancreatic Stellate Cells
Pancreatic stellate cells are quiescent tissue-resident mesenchymal cells consisting of

about 4% of the normal pancreas and appear to be distributed throughout the organ
(Jaster, 2004). Based on pancreatitis and PDAC studies, PSCs can be activated from
their normal quiescent state through TGFBR/SMAD, mitogen-activated protein kinase
(MAPK), phosphoinositide 3-kinase (PI3K), and Hh signaling pathways (Masamune &
Shimosegawa, 2009). Within the TGFB/SMAD signaling pathway, Galectin-1 and Hic-5
have been found to support the activation of PSCs (L. Gao et al., 2020; Tang et al., 2018).
Other growth factors and cytokines including PDGFs, tumor necrosis factor-alpha (TNFa),
and interleukins 1 and 6 (IL-1 and IL-6, respectively) also awaken PSCs to manifest its
fibrotic nature (Apte et al., 1999; Mews et al., 2002; Schneider et al., 2001). Specific
functions of PSCs have been illuminated through studies in fibrosis, in both pancreatitis
and cancer. [n vivo pancreatitis models have shown acinar cell-derived TGF( activates
PSCs to produce type | collagen, and confirmed in human tissue (Haber et al., 1999).
Highlighting their wound healing capacity, activated PSCs have also been shown to
contribute to pancreatic regeneration after acute pancreatitis (Zimmermann et al., 2002).
In cancer, PSC tumor-promoting roles include PSC-mediated alanine secretion to support

cancer cell-metabolism and PSC-derived extracellular vesicles (EVs) with components
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upregulating proliferation and migration (Sarkar et al., 2023; Sousa et al., 2016). PSCs
and HSCs both exhibit myofibroblastic features when activated, but to truly address if
PSCs and HSCs functioned alike, Buchholz and colleagues analyzed primary human
HSCs, PSCs, and skin fibroblasts through RNA oligonucleotide micro-arrays (Buchholz et
al., 2005). Human HSCs and PSCs had only 29 differentially expressed genes (DEGs),
while skin fibroblasts had 88 and 73 DEGs between HSCs and PSCs, respectively. There
were also 36 differentially expressed genes that were found in both HSCs and PSCs that
were not expressed in skin fibroblasts, e.g. collagen 3a1 (COL3A1), collagen 4a1
(COL4A1), and netrin 4 (NTN4). In contrast, forkhead box F1 (FOXF1) and IKAROS family
zinc finger 5 (IKZF5) were overexpressed only in HSCs, while HIF1A was overexpressed
in PSCs. Even lecithin retinol acyltransferase (LRAT), the most robust lineage tracing
model for hepatic stellate cells, is strangely not expressed in PSCs (Mederacke et al.,

2013; Sherman et al., 2014).
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Reprinted from Journal of Experimental
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developing liver, Lee et al., 2020, with permission
from Rockefeller University Press.
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stem cells in adults, which include endothelial cells, perivascular stromal cells, and leptin
receptor positive (LEPR+) mesenchymal cells through the expression of either CXCL12
or kit ligand (KITL), also known as stem cell factor (SCF) (Comazzetto et al., 2019; Ding

et al., 2012; Ding & Morrison, 2013; Greenbaum et al., 2013).

But in utero, the liver is the primary organ responsible for hematopoietic stem cell
expansion and maturity (Mikkola & Orkin, 2006). However, it was unclear as to which cells
supported this particular function. Lee and colleagues were able to parse through
genetically modified mouse models and flow cytometry that, similar in the bone marrow
niche, immature hematopoietic stem cells require KITL/SCF. More importantly, hepatic
stellate cells and endothelial cells within the perisinusoidal space are the main providers
of KITL/SCF, and hematopoietic stem cells require KITL/SCF from both sources.
Considering the tantalizing amount of literature highlighting the similarities and differences
between these sibling cells, it is a fascinating time to hypothesize what seemingly discrete
roles each cell plays in their respective organs-of-residence that may be applied to the
other cell, in a different context. Pancreatic stellate cells do not have any association with
hematopoietic stem cell maintenance, but it is understandable to suspect that PSCs
express KITL/SCF—at least transiently—for the purposes of pancreatic development and

homeostasis.

E. KITL/SCF and c-KIT signaling pathway

c-KIT was discovered through its retrovirus. v-kit, found in the Hardy-Zuckerman 4 feline
sarcoma virus, has structural features reflective of receptor tyrosine kinases (RTKs), which
hinted at its cellular origin (Besmer et al., 1986). A year later it was discovered to share

sequences with human proto-oncogene c-KIT, officially symbolized as KIT (Yarden et al.,
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1987). lts murine ortholog was discovered whilst studying mutations affecting embryonic
development and hematopoiesis, which coincided with additional unexpected phenotypes
such as a white coat color and sterility (Geissler et al., 1988). Soon after, scientists
discovered kit ligand (KITL), also known as stem cell factor (SCF), when it was shown that
mice that harbored c-KIT mutations expressed the same or similar phenotypic alterations
in mice that harbored mutations found in the S/ locus (Copeland et al., 1990; Williams et

al., 1990; Zsebo et al., 1990).

|. KITL/SCF

Typically expressed in fibroblasts and endothelial cells, Kit ligand/stem cell factor has a
total of nine exons (conserved among rat, mouse, and human species) that can be
alternatively spliced at its sixth exon; an unspliced KITL mRNA maintains a proteolytic
cleavage site that produces a soluble isoform, while an alternatively spliced mRNA
produces a membrane-bound isoform (Lennartsson & Rénnstrand, 2012; Martin et al.,
1990). Both isoforms activate the c-KIT signaling pathway to varying degrees of signal
strength. For example, in vitro studies have shown that both soluble and membrane-
bound KITL/SCF support hematopoietic expansion; however, the membrane-bound
KITL/SCF from a murine stromal cell line continued to maintain hematopoietic progenitor

cells significantly longer than soluble KITL/SCF (Toksoz et al., 1992).

KITL/SCF expression, similar to all other genes, is regulated by a series of combinatory
mechanisms that include cis-acting factors (i.e. mechanisms that affect genes within the
same locus, such as promoters, enhancers, silencers, and epigenetic marks) and frans-
acting factors (i.e. mechanisms that affect genes throughout the entire genome, such as

transcription factors, histone acetyltransferases, and histone deacetylases). Both factors,
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which are affected by cell-intrinsic and cell-extrinsic mechanisms, can express or repress

gene expression depending upon the factors that come into play.

Creation of membrane-bound KITL

c-Kit binding domain Transmembrane domain

Exon 6, alternatively spliced

¢-Kit binding domain Transmembrane domain

Creation of Soluble KITL

c-Kit binding domain Transmembrane domain

Exon 6 maintained,
Proteolytic cleavage site present

c-Kit binding domain

Figure 1.14. Structure of membrane-bound and soluble KITL/SCF. Kit ligand (or stem cell
factor) can exist either in membrane-bound form or in soluble isoform, depending on its mMRNA
splice variant. Membrane-bound KITL mRNA is alternatively sliced in exon 6, whereas soluble
KITL mRNA is not. Adapted from Lennartsson and Rénnstrand, 2012. Created with Biorender.
Upstream of the KITL/SCF transcription initiation site are cis-acting transcription factor
binding motifs: 1) a TATA box consensus sequence; and 2) three overlapping GGCGGG
motifs; these two motifs are binding sites for transcription factors Transcription Factor Il D
(shortened as TFIID, a general transcription factor) and SP1, respectively 32, Although a
TATA box is not necessary to initiate transcription, this sequencing motif allows greater
stabilization of TFIID to land at the intended genomic site to further support the RNA

Polymerase Il preinitiation complex, suggesting the importance of KITL/SCF expression.

SP1, while also a ubiquitously expressed transcription factor, is associated with tissue-
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specific changes in hematopoiesis (Gilmour et al., 2014), further linking KITL/SCF in
hematopoietic development. It has also been shown that HIF-1a and transcription factor
POU3F2 can also upregulate its expression (Z.-B. Han et al., 2008; Kobi et al., 2010); and,
in normoxia, KITL/SCF can induce HIF-1a in hematopoietic cells (Pedersen et al., 2008),

suggesting a potential positive feedback loop between KITL/SCF and HIF-1a.

. C-KIT
Figure 1.15. Structure of c-KIT receptor.
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Medical Journal, KIT and
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Permission not required by
copyright.
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C-KIT belongs to the type lll receptor tyrosine kinase family, also known as the PDGF
family, and consists of four domains: extracellular, transmembrane, juxtamembrane, and
intracellular.  Its extracellular domain comprises five immunoglobulin-like (lg-like)
domains, with domains 4 and 5 supporting its dimerization process when in contact with
KITL/SCF. The two subdomains found at the intracellular level, tyrosine kinase domain 1
and 2, are separated by a kinase insert sequence. Like its ligand, this RTK has alternative
splicing regions, producing at least four known isoforms in humans and two known

isoforms in mice, but the impacts of these isoforms are still debated. The mechanisms of
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c-KIT gene expression are nuanced as its promoter regions include one Myb binding motif
that appears to be essential for c-KIT expression, and another that represses expression
(Vandenbark et al., 1996). Additionally, interaction between cyclin-dependent kinase p21
and transcriptional repressor Zbtb18 have been shown to co-suppress c-KIT expression

in hematopoietic stem cells (N. Wang et al., 2024).

lll. Signaling Cascade

The c-KIT signaling cascade requires two c-KIT monomers, using its Ig-like domains 1
through 3, to tightly bind to a KITL/SCF homodimer (Reber et al., 2006). c-KIT Ig-like
subdomains 4 and 5 come together from each monomer to stabilize this structure,
improving intracellular domain protein interactions where the tyrosine kinase regions
reside, allowing for efficient activation and transphosphorylation (Philo et al., 1996). There
are currently eight known tyrosine phosphorylation sites (Feng et al., 2015). Initiating site
Y568 can bind to the Src family kinases, CBL, SHP2, LNK, and APS; and initiating site
Y570 binds to SHP1. Sites Y703 (binding partner of GRB2), Y721 (binds to PI3K subunits
p85 and p110), and Y730 (binds to PLC-gamma) are located in the kinase insert
sequence. Sites Y823 and Y900, which also interact with the Src family kinases, are found
in the last tyrosine kinase domain near its carboxyterminal tail. All phosphorylation sites
activate downstream signaling pathways: Y703 further activates the MAPK signaling
pathway; Y721 and Y900 activates the PI3K pathway; and Y730 activates the PLC-gamma

and JAK-STAT pathways.
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Gene transcription, Praliferation, survival, Proliferation, Recepior

proliferation adhesion differentiation downragulaiion
Phospho-site. YS68/570, Phosphio-site: Y721, Y800 Fhospho-site: YSB&/570,  Phospho-site:
Y703, Y938, Y730 YSBB8/570, Y936

Figure 1.16. c-KIT signaling cascade and phosphorylation sites. Dimerization of c-KIT after
binding to KITL/SCF activates downstream signaling pathways associated with cellular processes
such as gene transcription (MAPK pathway), proliferation (MAPK, PI3K, PLCy, JAK-STAT), survival
(PI13K), adhesion (PI3K), and differentiation (PLCy and JAK-STAT). c¢-KIT signaling is
downregulated by the SHP-1 pathway. Reprinted from Diabetologica, A survival Kit for pancreatic
beta cells: stem cell factor and c-KIT receptor tyrosine kinase, Feng et al., 2015, with permission
from Springer Nature.

Initiating sites Y568 and Y570 have dual roles by both interacting with all the above
pathways associated with proliferation, differentiation, apoptosis inhibition, and survival,
as well as its own receptor downregulation (Wollberg et al., 2003). The last c-KIT
phosphorylation site Y936, found in its carboxyterminal trail, has also been associated

with receptor downregulation (Masson et al., 2006).
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IV. Roles in Tissue Development and Homeostasis
The c-KIT signal transduction pathway has been implicated in hematopoiesis,

angiogenesis, pigmentation, reproduction, and regeneration. This transduction pathway
has been reported to support in capillary tube formation of human umbilical vein
endothelial cells specifically through the PISK/AKT and ERK1/2 pathways (Matsui et al.,
2004). In liver regeneration, c-KIT-mediated signal transduction triggers hepatocyte and
bile epithelial cell production (Matsusaka et al., 1999). c-KIT+ hepatocytes increased in
number after partial hepatectomy, that coincided with an increase of binuclear hepatocytes
as part of the liver’s regeneration process (Yushkov et al., 2011). More importantly, there
is growing evidence for its role in pancreatic tissue maturation. In human fetal pancreatic
development, c-KIT+ cells also expressed cytokeratin 19 (a ductal marker), and appeared
to reside in ductal regions and islet clusters, while its ligand was expressed throughout the
entire organ (Li et al., 2006), upon analysis of isolated human islet-epithelial clusters.
Additionally, the authors observed that in vitro the KITL/c-KIT axis increases islet-epithelial
cluster proliferation and differentiation, by the enhancement of Pdx-1 gene and protein
expression, and by activation of the Akt-phosphorylation pathway. Other in vitro studies
have also highlighted this pathway’s capacity to promote beta cell differentiation and

regeneration (Gong et al., 2012; Rachdi et al., 2001).

V. Roles in Cancer
The c-KIT signaling pathway is known mostly for its oncogenic properties. Cancers

impacted by c-KIT include gastrointestinal stromal tumors (GIST), melanoma, small cell
lung carcinoma, testicular carcinoma, acute and chronic myeloid leukemia (AML/CML),
chronic, and mastocytosis. These cancers either have overexpression of c-KIT receptor
or constitutively activating mutations of c-KIT, eliminating the use of its ligand. However,
GIST still produce soluble KITL/SCF, which may select for weaker activating c-KIT
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mutations in exon 11 (Théou-Anton et al., 2006). Imatinib was the first tyrosine kinase
inhibitor used for CML treatment, aimed to target BCR-ABL fusion protein and PDGF
receptors. Since c-KIT is part of the PDGF kinase family, it was hypothesized that imatinib
may also be effective for GIST patients (Demetri et al., 2002; Heinrich et al., 2000).
Imatinib successfully inhibited wild-type c-KIT and some exon 11 mutations, but other

mutations were resistant (Frost et al., 2002).

F. Rationale and Hypothesis

There are limited effective treatments for pancreatic ductal adenocarcinoma due to its
immunosuppressive fibrotic nature, as well as limited opportunities for early intervention.
Therapeutic potential may lie in cancer-associated fibroblasts, which are the main
effectors of pancreatic desmoplasia, with both pro- and anti-tumorigenic functions.
However, successful development of therapies requires understanding of precise
mechanisms that underlie the varying functions of CAFs. Pancreatic stellate cell-derived
CAFs, although a minor contributor to the total PDAC CAF population in both murine and
human PDAC, show non-redundant functions in comparison to alternatively derived tissue

resident CAFs, suggesting mesenchymal lineage can also impact CAF functions.

Hepatic stellate cells are the only other stellate cells existing outside of the pancreas. Its
lipid-storing properties and shared myofibroblastic phenotype in fibrosis implies shared
ancestral origins, with further implications regarding other functions. In the liver, hepatic
stellate cell-derived Kit ligand (also known as stem cell factor) plays a significant role in
the expansion and maintenance of hematopoietic stem cells during development. The
KITL/c-KIT signaling pathway is also important in the organization of pancreatic

development, wherein neuroendocrine cells in the pancreas require c-KIT signaling
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transduction for beta cells differentiation. However, it is unclear whether pancreatic

stellate cells express KITL and for what purpose.

We hypothesize that pancreatic stellate cells in healthy pancreas express KITL and its
expression supports the maintenance of healthy tissue homeostasis through paracrine
interactions with ductal and endothelial cells. Additionally, we hypothesize that activation
of pancreatic stellate cells during tumorigenesis leads to KITL loss. Therefore, ablation of
PSC-derived KITL may lead to more aggressive tumor growth. We will investigate PSC
functions by comparing PSCs in healthy and tumor pancreata at tissue and single cell

resolution.
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Chapter II.
Impacts of Mesenchymal KITL in Pancreatic Tissue
Homeostasis and Pancreatic Ductal Adenocarcinoma

A. Abstract

Components of normal tissue architecture serve as barriers to tumor progression.
Inflammatory and wound-healing programs are requisite features of solid tumorigenesis,
wherein alterations to immune and non-immune stromal elements enable loss of
homeostasis during tumor onset. The precise mechanisms by which normal stromal cell
states limit tissue plasticity and tumorigenesis, and which are lost during tumor
progression, remain largely unknown. Here we show that healthy pancreatic
mesenchyme expresses the paracrine signaling molecule kit ligand (shortened as KITL,
also known as stem cell factor), and identify loss of mesenchymal KITL during
tumorigenesis as tumor-promoting. Genetic inhibition of mesenchymal KITL in the
contexts of health, injury, and cancer together indicate a role for KITL signaling in
maintenance of pancreas tissue architecture, such that loss of the stromal KITL pool
increased tumor growth and reduced survival of tumor-bearing mice. Together, these
findings implicate loss of mesenchymal KITL as a mechanism for establishing a tumor-

permissive microenvironment.

This chapter is adapted from a manuscript published in bioRxiv (2024) and published in Cancer
Discovery (2025) as a Brief Report titled, “Stromal KITL/SCF maintains pancreas tissue
homeostasis and restrains tumor progression.”

M. Kathrina Ofiate, Chet Oon, Sohinee Bhattacharyya, Vivien Low, Canping Chen, Xiaofan Zhao,
Frank Arnold, Zigiao Yan, Sneha Pramod, Yan Hang, Yu-Jui Ho, Scott W. Lowe, Seung K. Kim,
Zheng Xia, Mara H. Sherman. doi: https://doi.org/10.1158/2159-8290.CD-24-1079.
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B. Introduction
While much of cancer research has been directed toward illuminating genetic, epigenetic,

cellular, and tissue-level mechanisms of tumor progression (Gued;j et al., 2012; Jakobsen
et al., 2024; Salas-Escabillas et al., 2024; Schwitalla et al., 2013; Shiozawa et al., 2011;
P. Wang et al., 2017), there is an increasing appreciation for the mechanisms of tissue
homeostasis as a means of tumor restraint. Mechanisms maintaining tissue homeostasis
and limiting tumorigenesis include epithelial-epithelial interactions, such as regenerative
or competitive epithelial functions (Brown et al., 2017; Gallini et al., 2023; Pineda et al.,
2019); epithelial-immune interactions, wherein innate (Blaisdell et al., 2015; Cui Zhou et
al., 2022) or adaptive (DuPage et al., 2011; Goto et al., 2024) immune cells clear mutated
cells or early pre-invasive lesions; and, epithelial-mesenchymal interactions, with
evidence that mesenchymal elements like normal tissue fibroblasts can restrain growth of
transformed epithelial cells (Brigger et al., 2020; Cukierman, 2021; Kaukonen et al.,
2016). These epithelial cell-extrinsic processes through juxtacrine or paracrine signaling
collaborate with epithelial cell-intrinsic tumor suppressor gene products to synergize a
combination of genetic, cellular, and tissue-level checks and balances on cancer
development. Literature in the past two decades has paid particular attention in
understanding both the epithelial cell-intrinsic mechanisms of tumor suppression and the
anti-tumor functions of the innate and adaptive immune systems. However, mechanisms
on the tumor restraining potential of the normal mesenchyme largely have not been

identified.

Fibro-inflammatory reactions induced by the tissue mesenchyme alter tissues towards a
tumor-permissive state (Mueller & Fusenig, 2004; Quail & Joyce, 2013). Local or systemic
cues, including paracrine signaling from transformed epithelial cells or diverse sources of
tissue damage, cause alterations to resident mesenchymal cells—such as the transition
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from quiescent fibroblasts to activated myofibroblasts—and changes to or accumulation
of immune cells. This wound healing reaction can promote plasticity in the epithelial
compartment and overcome intrinsic barriers to tumor formation and growth (Gupta et al.,
2019). Though normal primary fibroblasts can suppress hyperplastic growth of mammary
epithelial cells in vivo, tumor outgrowth is supported by activated, myofibroblastic stroma
(M. Hu et al., 2008; Kuperwasser et al., 2004). The causality between inflammation and
cancer has been appreciated for some time (Tlsty & Coussens, 2006), and recent studies
of patient tissues have begun to identify specific mechanisms by which inflammatory
insults promote cancer development. For example, environmental pollutants result in an
accumulation of IL-1p producing macrophages in the lung, and this inflammatory signaling
drives plasticity in the lung epithelium to promote tumorigenesis (Hill et al., 2023). Further
study of the specific signals engaged by healthy or inflamed tissue components to restrain
or promote tumorigenesis, respectively, may point to new avenues for early cancer

intervention.

The recent discovery that normal, adult human pancreas tissue harbors up to hundreds of
KRAS mutant pre-invasive lesions impels the field to understand intracellular and
intercellular mechanisms restraining neoplastic progression in the pancreas (Braxton et
al., 2024; Carpenter et al., 2023). To assess a role for mesenchymal cell state alterations
in the transition from a homeostatic to tumor-permissive tissue context, we performed
transcriptional profiling of healthy and cancer-associated pancreatic mesenchyme using
an established fate mapping mouse model (Helms et al., 2022). These experiments
focused on pancreatic stellate cells (PSCs), tissue-resident mesenchymal cells that serve

as cells of origin for a sub-population of PDAC CAFs.
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We found that this mesenchymal lineage in normal human and murine pancreas tissue
expresses KITL—this lineage has lipid storage capacity and co-expresses the leptin
receptor (LEPR), with parallels to LEPR-positive mesenchyme previously implicated in
tissue homeostasis in the bone marrow (Ding et al., 2012) and brown adipose tissue
(Haberman et al., 2024). Mesenchymal KITL expression is lost during tumor evolution
and acquisition of a cancer associated fibroblast (CAF) stromal phenotype, with functional

significance for tissue state and tumorigenic potential.

39



C. Contributions
Figure 1:

A, B, C, and E were designed, performed, and quantified M.K. OnRate

D and F were performed by S. Bhattacharyya

Figure 2:

A, B, C, and D were performed and analyzed by C. Chen (in silico), M.K. Onate (in vivo),
and X. Zhao (in silico)

E was performed by C. Oon; analyzed by C. Oon and F. Arnold; quantified by C. Oon

F was performed and analyzed by C. Oon and S. Pramod

G, H, and | were performed, analyzed, and quantified by S. Bhattacharyya

J, K, and L performed by S. Bhattacharyya; analyzed and quantified by M.K. Onate

M was performed by W. Kang (MSKCC Molecular Cytology); designed and quantified by
M.K. Onate

N and O were performed by M.K. ORate
Figure 3:

A, B, and C were performed and analyzed by C. Oon, with support from Azenta Life
Sciences

D and E were performed, analyzed, and quantified by Y. Han and Z. Yan

F, G, H, J, Kand L were performed and quantified by S. Bhattacharyya

| was performed by S. Bhattacharya and M.K. Onate
Figure 4 was performed, analyzed, and quantified by M.K. Onate

Supplementary Figure 1:
A and E were performed and analyzed by C. Chen (in silico), M.K. Onate (in vivo), and

X. Zhao (in silico)
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B, C, and F were performed by S. Bhattacharyya

D was performed and analyzed by Y. Ho

Supplementary Figure 2:

A was performed and analyzed by C. Chen, M.K. Onate (in vivo), and X. Zhao

B, C, and D were performed by C. Oon; analyzed by C. Oon and F. Arnold; quantified by
C. Oon

E was performed by S. Bhattacharyya; analyzed and quantified by M.K. ORate

F was performed by W. Kang (MSKCC Molecular Cytology); designed and quantified by

M.K. Onate

Supplementary Figure 3:

A was performed, analyzed, and quantified by C. Oon; analyzed by F. Arnold; created by
M. Sherman (figure)

B was performed, analyzed, and quantified by C. Oon

C and D were performed and analyzed by C. Oon, with support from Azenta Life

Sciences

Supplementary Figure 4:
A, B, and C were performed, analyzed, and quantified by Y. Han and Z. Yan
D and E were performed, analyzed, and quantified by M.K. Ofiate

F was performed, analyzed, and quantified by C. Oon
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D. Materials and Methods

Human tissue samples

All experiments with human patient-derived material were performed with approval of the
Oregon Health & Science University and Memorial Sloan Kettering Cancer Center
Institutional Review Boards. Sections from formalin-fixed, paraffin-embedded human
PDAC patient tissue samples harboring benign adjacent pancreas tissue were donated to
the Oregon Pancreas Tissue Registry program with informed written patient consent in
accordance with full approval by the OHSU Institutional Review Board, or were obtained
with informed consent of biospecimen collection with full approval by the MSKCC
Institutional Review Board. Prospective collection of benign human pancreas tissue was

performed with full approval by the MSKCC Institutional Review Board.

Animals

All experiments involving mice were reviewed and overseen by the Institutional Animal
Care and Use Committees at OHSU and MSKCC in accordance with National Institutes
of Health guidelines for the humane treatment of animals. Male and female mice were
used for all experiments, with ages specified in the experimental sections to follow.
Littermate controls were used whenever possible. Animals included in pancreatitis and
PDAC experiments were assessed daily based on score sheets with criteria including
body condition scoring and physical examination to ensure humane treatment. Orthotopic
tumors were grown to a maximum diameter of 1.0 cm based on institutional guidelines.
Maximal burden was not exceeded with any animal. The following mice were used in this
study, all purchased from the Jackson Laboratory: C57BL/6J (000664), Rosa26™'m¢
(007676), Fabp4-Cre (005069), Kitl"* (shortened as Kitl", 017861), Trp53™ (017767),
KrasfSFG120 (023590). The Pdx1-FIpO mouse strain was kindly provided by Dr. Michael

Ostrowski (Medical University of South Carolina).
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Pancreatitis Induction

Acute pancreatitis was induced in male and female mice at 8 weeks of age by
intraperitoneal injection of caerulein (80 ug/kg, Sigma-Aldrich C9026) 8 times per day with
one (1) hour between injections for two (2) consecutive days, consistent with prior studies
(Collins et al., 2012). Mice were then euthanized two (2) days after the final caerulein

injection and pancreata were collected.

Orthotopic Transplantation of PDAC cells
The 6419c5, FC1199, and FC1245 cell lines were derived from autochthonous PDAC in

the KrastSt-G12D+ Trp53LSL-R172H+Pdx1-Cre genetically engineered mouse model of pure
C57BL/6J background, and were kindly provided by Dr. Ben Stanger (6419c¢5, University
of Pennsylvania) and Dr. David Tuveson (FC1199 and FC1245, Cold Spring Harbor
Laboratory). Male or female mice at 8-10 weeks of age were anesthetized and
orthotopically implanted with 5 x 10* (6419¢5) or 5 x 103 (FC1199, FC1245) PDAC cells in
a 50% Matrigel solution into the body of the pancreas. Tumor progression was monitored
longitudinally by high-resolution ultrasound using the Vevo 2100 imaging system. Mice
were euthanized and tumors collected either when the first mouse of the experiment
reached humane endpoint, or at different time points when each individual mouse in the

experiment reached humane endpoint.

Single-cell RNA-seq
Cell isolation

To isolate healthy PSCs, pancreata were harvested from Rosa26™m¢"* Fabp4-Cre mice at
6-9 weeks of age, trimmed to remove any associated adipose tissue, minced with scissors,
digested with 0.02% Pronase (Sigma-Aldrich), 0.05% Collagenase P (Sigma-Aldrich), and

0.1% DNase | (Sigma-Aldrich) in Gey's balanced salt solution (GBSS; Sigma-Aldrich) at
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37°C for 10 minutes. Pancreata were further mechanically dissociated via serological
pipette before returning to chemical dissociation at 37°C for five (5) minutes. The resulting
cell suspension was filtered through a 100 um cell strainer nylon mesh. Cells were
washed with GBSS, pelleted, and subject to red blood cell lysis via ACK lysis buffer
(Thermo Fisher Scientific) for three (3) minutes at room temperature. Then, cells were
washed in cold FACS buffer (PBS containing 2% FBS), pelleted, and resuspended in
FACS buffer. Cells were kept on ice as a single-cell suspension, then GFP-positive cells

were isolated by FACS using a BD FACSAria lll or BD FACSymphony S6.

To isolate CAFs, 8-week-old Rosa26™™™m¢* Fabp4-Cre mice were orthotopically implanted
with FC1245 PDAC cells as described above. At 21 days post-implantation, pancreata
were harvested, and any apparent normal pancreas tissue was trimmed away from the
PDAC specimen. Tumors were briefly minced, placed in digestion media (DMEM with 1
mg/mL Collagenase IV, 0.1% soybean trypsin inhibitor, 50 U/mL DNase, and 0.125 mg/mL
Dispase), and incubated at 37°C for one (1) hour. Whole tissue digests were centrifuged
at 450 x g for five (5) minutes, then resuspended in 10 mL pre-warmed 0.25% Trypsin and
incubated at 37°C for 10 minutes. Cold DMEM (10 mL) was added to the suspension,
which was then passed through a 100 um cell strainer. Cells were centrifuged as above,
washed with DMEM containing 10% FBS and centrifuged again, then centrifuged as
above and resuspended in 1 mL ACK red cell lysis buffer. Cells were incubated at room
temperature for three (3) minutes, then 9 mL FACS buffer added and cells centrifuged as
above. Pelleted cells were counted and resuspended at 1 x 107 cells/mL in FACS buffer,
CD16/CD32 Fc block (BD 553141) added 1:20 and incubated at room temperature for two
(2) minutes, then biotinylated PDPN antibody (BioLegend 127404) was added 1:200. Cell

suspensions were incubated on ice for 30 minutes. Cold FACS buffer was added, cells
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centrifuged at 300x g for five (5) min at 4°C, and cell pellets were resuspended in 500 pL
cold FACS buffer containing 1:1000 APC-streptavidin (BD500 554067) and incubated for
30 minutes on ice protected from light. Cold FACS buffer (2 mL) was added, cells were
pelleted as above and resuspended in cold FACS buffer containing SYTOX Blue Dead
Cell Stain (Invitrogen S34857). Cells were incubated for 30 min on ice, washed with FACS
buffer, pelleted, and resuspended in cold FACS buffer. GFP-positive, PDPN-positive cells

were isolated by FACS using a BD FACSAria lll or BD FACSymphony S6.

Sequencing and analysis

The isolated pancreatic mesenchymal cells were immediately used for single-cell RNA-
seq library preparation. Single cell capture and cDNA library generation were performed
using the 10x Genomics Chromium Next GEM single-cell 3’ library construction dual index
kit v3.1 (1000215) according to the manufacturer’s instructions. Libraries were pooled
prior to sequencing based on estimated cell number in each library per flow cytometry cell
counts. Sequencing was performed on the lllumina NovaSeq 6000 platform at the OHSU
Massively Parallel Sequencing Shared Resource, sequencing 20,000 read pairs/cell.
Sequenced reads were aligned to the mm10 mouse reference genome, and the unique
molecule identifier (UMIs) for each gene in each cell were counted using the Cell Ranger
(10x Genomics). Then, resulting gene expression matrices were imported into R (version
4.0.3) and analyzed the data using the Seurat (Hao et al., 2021) pipeline (version 4.0.1).
Genes had to be expressed in at least three cells to be considered for downstream
analyses. Cells were filtered to retain those that contained at least 1,000 minimum unique
genes expressed, no more than 5,000 unique genes, more than 200 total UMIs, and less
than 10% of counts mapped to the mitochondrial genome. Batch correction was
performed to integrate the samples from different conditions using the reciprocal PCA
(RPCA) integration workflow within Seurat (Stuart et al., 2019). The first 30 principal
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components were selected for downstream analysis, based on the elbow point on the plot
of standard deviations of principal components. UMAP was generated using the
RunUMAP function with the same first 30 principal components used in clustering

analysis.

Pseudotime trajectory analysis was performed to elucidate the differentiation pathways of
normal pancreatic and cancerous cells using Monocle 3 (v.1.3.7) (Cao et al., 2019). To
achieve this, single-cell RNA-seq datasets were integrated using Harmony (v.0.1.1)
(Korsunsky et al., 2019) to correct for batch effects, enabling a unified visualization of
cellular heterogeneity across samples. Subsequent trajectory inference with Monocle 3
was conducted using default parameters to order cells in pseudotime, thus highlighting
the dynamic progression of cellular states. To visualize gene expression patterns along
the trajectories, the ‘plot_cell_trajectory’ function was utilized, specifically focusing on the

expression of Kitl in the harmony-adjusted dimensional space.

Mouse mesenchymal cell isolation

Primary mPSCs were isolated from wild-type C57BL/6J (000664) mice from The Jackson
Laboratory at 8-9 weeks of age. Our isolation protocol is adapted from previously
described methods (Apte et al., 1998; Zhao et al., 2016) with some minor modifications.
Healthy pancreatic tissues from eight (8) male mice were pooled, trimmed, and digested
in Hank’s balanced salt solution (HBSS; Sigma Aldrich, H8264) containing 0.5 mM of
magnesium chloride hexahydrate (MgCl, x 6H20; Sigma Aldrich, M9272), 10 mM HEPES
(Cytiva, SH30237.01), 0.13% Collagenase P (Roche, 11213873001), 0.1% Pronase
(Sigma Aldrich, 10165921001), and 0.001% DNase (Roche, 04716728001) for seven (7)

minutes in shaking water bath (120 cycles/min) at 37°C. Remaining connective and
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adipose tissues were removed before the second incubation at 37°C in a shaking water
bath (80 cycles/min) for an additional seven (7) minutes. Digested tissues were then
filtered through a 250 um nylon mesh (Thermo Fisher Scientific, 87791) and centrifuged
at 450 x g for 10 minutes at 4°C. Cell pellet was washed in Gey’s balanced salt solution
(GBSS) containing 120 mM salt (NaCl; Sigma Aldrich, S3014) and 0.3% BSA (Fisher
Scientific, BP9703100) before repeating the same centrifugation step above. Upon
removing the wash buffer, cells were resuspended in GBSS + NaCl containing 0.3% BSA,
to which equal volume of 28.7% solution of Nycodenz (ProteoGenix, 1002424) in GBSS -
NaCl were added and mixed well. The cell suspension in Nycodenz is then gently layered
beneath GBSS containing 120 mM NaCl and 0.3% BSA using a long needle and subjected
to centrifugation at 1400 x g for 20 minutes at 4°C. Primary quiescent PSCs were carefully
harvested from the interface using sterile pipette and washed with GBSS + NaCl
containing 0.3% BSA. Cells were pelleted and plated into multiple wells of a 6-well dish
in Iscove’s modified Dulbecco’s medium (IMDM; Cytiva, SH30228.02) containing 10%
FBS (VWR, 97068-085) and 1% Antibiotics-Antimycotic (Thermo Fisher Scientific, 15240-
062). Cell culture was maintained in a humidified atmosphere at 37°C with 5% CO. and
subjected to verification using gPCR and immunostaining upon treatment with 20 ng/mL

recombinant TGF-B1 (R&D Systems 7666-MD-005) over the course of 7 days.

To isolate PDGFRa+ mesenchymal cells from healthy mouse pancreas, five (5) normal
pancreata from wild-type male C57BL/6J mice were pooled and subjected to primary
mouse pancreatic stellate cell isolation as described above. The FACS protocol is

provided in the “Flow cytometry” section below.
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Human mesenchymal cell isolation

Normal benign pancreas tissue was obtained from patients undergoing surgical resection
for pancreatic disease. Tissue samples were collected in ice-mold MACS Tissue Storage
Solution (Miltenyi Biotech, 130-100-008) and processed immediately. PSCs were isolated
by density centrifugation as described previously (Vonlaufena et al., 2010). The resected
tissue was trimmed of adipose tissue, transferred to 20 mL of digestion solution containing
Collagenase P, Pronase, and DNase in GBSS as described above for mouse PSC
isolation, and incubated at 37°C for seven (7) minutes in a shaking water bath. After the
initial incubation, the partially digested tissue was transferred to a dish, finely minced with
scissors, and subject to an addition 7-minute incubation. The digested tissue was then
transferred to a 50 mL Falcon tube, thoroughly pipetted, and filtered through a nylon mesh
to obtain a single cell suspension. The cell suspension was centrifuged at 450 x g for 10
minutes at 4°C and the resulting pellet was washed in GBSS + NaCl containing 0.3%
bovine serum albumin (BSA). The wash and centrifugation steps were repeated as
described. The pellet was resuspended in 9.5 mL of GBSS + NaCl containing 0.3% BSA,
and 8 mL of a 28.7% Nycodenz solution in GBSS — NaCl was added and mixed thoroughly.
A gradient was prepared by layering 6 mL of GBSS + NaCl with 0.3% BSA over the
Nycodenz-cell suspension in a round bottom polycarbonate centrifuge tube. The sample
was centrifuged at 1400 x g for 20 minutes at 4°C. PSCs separated into a distinct fuzzy
band just above the interface between the BSA solution and the Nycodenz layer. This
band was carefully harvested using a pipette without disturbing the gradient layers. The
harvested cells were washed in GBSS + NaCl with 0.3% BSA, centrifuged at 450 x g for

10 minutes.
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To isolate additional pancreatic mesenchyme, the cells below the interface band from the
gradients described above were harvested, resuspended in GBSS + NaCl with 0.3% BSA,
and centrifuged at 450 x g for 10 minutes. Cells were resuspended in 1 mL of IMDM
culture medium and blocked for 15 minutes with human FcR blocking reagent (Miltenyi
Biotech, 130-059-901, 1:200 dilution). Post-blocking, the cells were washed with 1 mL of
GBSS 595 + NaCl with 0.3% BSA and centrifuged again at 450 x g for 10 minutes. The
cell pellet was resuspended in 120 pL of IMDM culture medium (Cytiva, SH30228.01), and
20 pL each of anti-human CD45 (Miltenyi Biotech, 130-118-780), CD326/EpCAM (Miltenyi
Biotech, 130-061-101), Cytokeratin (Miltenyi Biotech, 130-123-094), and CD31 (Miltenyi
Biotech, 130-091-935) MicroBeads were added. The suspension was incubated for 30
minutes at 4°C. Following incubation, the cells were washed with one (1) mL of GBSS +
NaCl with 0.3% BSA and centrifuged at 450 x g for 10 minutes. The pellet was
resuspended in 1 mL of IMDM culture medium. A magnetic column was prepared using
a MACS separator (Miltenyi Biotech, 130-042-202) and washed with two (2) mL of IMDM
culture medium. The labeled cell suspension was applied to the column and allowed to
flow through completely. The CD45-negative, cytokeratin-negative, CD31-negative, and
CD326-negative flow-through was collected and centrifuged at 300 x g for 10 minutes.
Gene expression analysis was performed on freshly isolated cells, with a sampling of each
fraction plated on coverslips and imaged to validate stellate cell and fibroblast morphology.
To culture-activate primary human pancreatic mesenchymal cells, the cells were seeded
onto collagen-coated coverslips (Corning, 354089) immediately after isolation. Serum-
free conditioned media was collected from MIA PaCa-2 human PDAC cells, concentrated
using a Vivaspin 3 kDa concentration unit (Cytiva, 28-9323-58), and mixed 1:1 with fresh
complete IMDM containing 20% FBS and 2% glutamine, and added to the plated cells.

Media was replenished every two (2) days for a total of 14 days.
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Stable Kitl knock down and overexpression in pancreatic stellate cells

Kitl knock down (shKitl) and overexpression (Kitl OE) mPSC-1 cell lines were generated
using Mission Lentiviral shRNA (Millipore Sigma, Clone ID: TRCN0000067872) and Kitl
open reading frame lentivirus (Genecopoeia, EX-Mm03868-Lv158) respectively. Vector
PLKO.1 Neo (shCirl; Addgene, 13425) and Egfp open reading frame (Egfp OE;
Genecopoeia, EX-EGFP-Lv158) were included as controls. Immortalized mPSC-1 cells
were transduced with specified lentiviral particles for 48 hours prior to selection with 1
mg/mL Geneticin (Fisher Scientific, 10131035) for 4 days. KITL protein and transcript
expression were then quantified using qPCR and ELISA to assess silencing and
overexpression efficiency. Stable cells were maintained in a humidified atmosphere at
37°C with 5% CO and routinely passed in DMEM (Thermo Fisher Scientific, 11965118)
containing 10% FBS (VWR, 97068-085) 1 mM sodium pyruvate (Thermo Fisher Scientific,

11360070), and 1% Antibiotics-Antimycotic (Thermo Fisher Scientific, 15240-062).

RNA-sequencing of shKitl and Kitl OE pancreatic stellate cells
Total RNA was isolated using RNeasy Microkit (Qiagen, 74004) per manufacturer’s

instructions and quantified using NanoDrop microvolume spectrophotometer before
submission for bulk RNA sequencing. RNA library preparation, sequencing, and analysis
were conducted at Azenta Life Sciences (South Plainfield, NJ, USA) as follows. Total RNA
samples were quantified using Qubit 2.0 Fluorometer (Life Technologies, Carlsbad, CA,
USA) and RNA integrity was checked using Agilent TapeStation 4200 (Agilent
Technologies, Palo Alto, CA, USA). ERCC RNA Spike-In Mix (Cat: #4456740) from
ThermoFisher Scientific, was added to normalized total RNA prior to library preparation
following manufacturer’s protocol. Total RNA underwent polyA selection and RNA
sequencing libraries preparation using the NEBNext Ultra Il RNA Library Prep Kit for

lllumina using manufacturer’s instructions (NEB, Ipswich, MA, USA). Briefly, mMRNAs were
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initially enriched with Oligod(T) beads. Enriched mRNAs were fragmented for 15 minutes
at 94°C. First strand and second strand cDNA were subsequently synthesized. cDNA
fragments were end repaired and adenylated at 3’ends, and universal adapters were
ligated to cDNA fragments, followed by index addition and library enrichment by PCR with
limited cycles. The sequencing library was validated on the Agilent TapeStation (Agilent
Technologies, Palo Alto, CA, USA), and quantified by using Qubit 2.0 Fluorometer
(Invitrogen, Carlsbad, CA) as well as by quantitative PCR (KAPA Biosystems, Wilmington,
MA, USA). The sequencing libraries were multiplexed and clustered onto a flowcell on
the lllumina NovaSeq instrument according to manufacturer’s instructions. The samples
were sequenced using a 2x150bp Paired End (PE) configuration at an average of 30
million reads per sample. Image analysis and base calling were conducted by the
NovaSeq Control Software (NCS). Raw sequence data (.bcl files) generated from lllumina
NovaSeq was converted into fastq files and de-multiplexed using lllumina bcl2fastq 2.20

software. One mismatch was allowed for index sequence identification.

After investigating the quality of the raw data, sequence reads were trimmed to remove
possible adapter sequences and nucleotides with poor quality. The trimmed reads were
mapped to the reference genome GRCm38.91 (mm10) available on ENSEMBL using the
STAR aligner v.2.5.2b. The STAR aligner is a splice aligner that detects splice junctions
and incorporates them to help align the entire read sequences. BAM files were generated
as a result of this step. Unique gene hit counts were calculated by using feature Counts
from the Subread package v.1.5.2. Only unique reads that fell within exon regions were
counted. The gene hit counts table was used for downstream differential expression
analysis. Using DESeq2, a comparison of gene expression between the groups of

samples was performed. The Wald test was used to generate p-values and Log2 fold
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changes. Genes with adjusted p-values < 0.05 and absolute log2 fold changes > 1 were
called as differentially expressed genes for each comparison. Volcano plot visualization
of significant DEGs were performed in Galaxy (Galaxy C., Nucleic Acids Res, 2022) using
the ggplot2 R package. Significant gene labels from top gene ontologies categories were

included.

Functional enrichment analysis was performed using EnrichR (Chen et al., Bioinformatics,
2013) on the statistically significant set of genes by implementing Fisher exact test
(GeneSCF v1.1-p2). Significance of tests was assessed using adjusted p-values defined
by enrichR. Enrichment bar plots were generated using srPlot (Tang et al., PLoS One,
2023) to include Top 10 upregulated and downregulated gene ontology (GO) categories.
A similar approach was used for conserved functional analysis, with significance
determined by p values < 0.05, as defined by EnrichR. To screen for the conserved GO
categories, we compared the upregulated GO terms in shKit/ with the downregulated GO
terms in Kitl OE, and conversely, the downregulated GO terms in shKitl with the

upregulated GO terms in Kitl OE.

Immunohistochemistry, immunofluorescence, and lipid staining
Mouse and human tissue sample staining

Standard protocols were performed for IHC. Briefly, tissue samples were fixed overnight
in 10% neutral-buffered formalin (Sigma-Aldrich, HT501128-4L) and submitted to MSKCC
Laboratory of Comparative Pathology or Molecular Cytology Core Facility for paraffin
embedding, sectioning and H&E sectioning. Sectioned tissues were deparaffinized using
CitriSolv (Fisher Scientific, 22-143-975) and rehydrated in ethanol series (Decon labs,

2701) before undergoing antigen retrieval using citrate or tris-based antigen unmasking
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solution (Vector laboratories, H3300, H3301). The slides were then blocked with 8% BSA
(Fisher Bioreagents, BP9703100) for 1 hour at room temperature and incubated in primary
antibodies at 4°C overnight. Primary antibodies for aSMA (Cell Signaling Technology,
19245S), PDPN (eBio 8.1.1 Invitrogen, 14538182), GFP (Thermo Fisher, A10262; Abcam,
ab1218; Rockland Immunochemicals, 600-101-215), pan-cytokeratin (Thermo Fisher
Scientific, MA5-13156), CD31 (R&D AF3628 or Abcam ab7388), biotinylated anti c-KIT
(R&D BAF1356), Vimentin (Cell Signaling Technology 5741 D21H3 XP), CD45 (R&D
Systems, AF114), CD68 (R&D Systems, MAB101141), NG2 (EMD Millipore, MAB5384),
CD105 (R&D Systems, MAB1320) or pancreatic amylase (Thermo Scientific PA5-25330)
were diluted at 1:200-1:400 in 8% BSA in PBS. The next day, slides were washed with
PBS (Biotum, 22020) and incubated in a-chicken Alexa Fluor 488 (Thermo Fisher
Scientific, A32931), a-rabbit Alexa Fluor 647 (Fisher Scientific, A21245), a-Syrian hamster
Alexa Fluor 647 (Abcam, ab180117), or a-mouse Alexa Fluor 555 (Fisher Scientific,
A21424) secondary antibodies 697 at 1:200-1:400 dilution for 1 hour at room temperature.
Tissue slides were washed with PBS and mounted with Vectashield mounting media

containing DAPI (Vector laboratories, H-1200-10).

For phospho-c-KIT staining, fresh-frozen, OCT-embedded tissue sections were washed
with TBST (Santa Cruz Biotechnology, sc-362311) to dissolve OCT. Samples were then
permeabilized with 1% FBS (Thermo Scientific, A4766801) in PBS-T, 0.1% Triton X-100
(Sigma-Aldrich, X100-500ML). The slides were blocked with 5% FBS in PBS for 30
minutes at room temperature, then incubated in primary antibodies for two (2) hours at
room temperature, before incubating further at 4°C overnight. Primary antibodies for
human p-c-KIT (Y703) (Thermo Scientific, 710762) and human Vimentin (Thermo

Scientific, PA1-16759) were diluted at 1:50 and 1:100, respectively, in 1% FBS in PBS.
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Primary antibody for mouse p-c-KIT (G Biosciences, ITA0925) was diluted at 1:50 in 1%
FBS in PBS. The next day, slides were washed with 1% FBS in PBS-T, 0.1% Triton X-100
and incubated in a-chicken Alexa Fluor 488 (Invitrogen, A78948), a-rabbit Alexa Fluor 594
(Invitrogen, A21207), or a-rat Alexa Fluor 488 (Invitrogen, A21208) secondary antibodies
at 1:100-1:200 dilution for two (2) hours at room temperature. Tissue slides were further
stained with DAPI (Thermo Fisher Scientific, 62248) at 1:1000 dilution for 30 minutes at
room temperature, washed with PBS, and mounted with Vectashield Vibrance mounting

media (Vector Laboratories, H-1700-2).

All images were acquired on a Carl Zeiss LSM880 laser-scanning confocal inverted
microscope using 20x, 40x, or 63x objective. Whole slide scans were completed by
MSKCC Molecular Cytology Core Facility. Image analysis was performed using QuPath
quantitative pathology and FlJI/Imaged open-source software. Where applicable, co-

localization analysis was performed using the JaCoP plugin in ImageJ.

Cell staining and imaging

Cells seeded in chamber slides were fixed in 4% paraformaldehyde for 15 minutes and
permeabilized with 0.1% Triton X-100 for 10 minutes before undergoing blocking in 5%
BSA for one (1) hour at room temperature. Sample slides were then probed with aSMA
primary antibodies (ThermoFisher, MA5-11547) overnight at 4°C followed by standard
Alexa Fluor 647-conjugated secondary antibody (Fisher Scientific, A21235) incubation for
an hour at room temperature. Upon repeating standard washing steps, slides were
mounted for imaging using Vectashield mounting media containing DAPI (Vector
laboratories, H-1200-10). For lipid staining, cells seeded in chamber slides were stained

with Nile Red (MCE, HY-D0718) at 1 uM final working concentration for 10 minutes and

54



counterstained with DAPI (Thermo Fisher Scientific, 62248). Nile Red signals were

detected at excitation/emission wavelengths 559 nm/635 nm.

Two-plex fluorescence in situ hybridization

Transcript expression on tissues, except where RNAscope was indicated, was performed
using the Thermo Fisher Scientific ViewRNA ISH Tissue Assay kit (two plex) for use on
mouse and human tissue samples. Briefly, samples were first permeabilized with
controlled protease digestion, followed by incubation with proprietary probe-containing
solution, according to the manufacturer’s instructions. During incubation, samples had to
remain fully submerged. After hybridization with the probe, samples were washed,
followed by sequential hybridization with the preamplifier and amplifier DNA. In
accordance with the manufacturer’s instructions, hybridizations were performed with the
preamplifier, amplifier and fluorophore. Mounting medium with DAPI (Vectashield Hardset

mounting media with DAPI) was used to mount samples.

RNAscope combined with immunohistochemistry

Paraffin-embedded tissue sections were cut at five (5) um and kept at 4°C. Samples were
loaded into Leica Bond RX, baked for 30 minutes at 60°C, dewaxed with Bond Dewax
Solution (Leica, AR9222), and pretreated with EDTA-based epitope retrieval ER2 solution
(Leica, AR9640) for 15 minutes at 95°C. The probe mKitL (Advanced Cell Diagnostics,
ready to use, no dilution, 423408) was hybridized for two (2) hours at 42°C. Mouse PPIB
(ACD, Cat# 313918) and dapB (ACD, Cat# 312038) probes were used as positive and
negative controls, respectively. The hybridized probes were detected using RNAscope
2.5 LS Reagent Kit — Brown (ACD, Cat# 322100) according to manufacturer’s instructions
with some modifications (DAB application was omitted and replaced with Fluorescent

CF594/Tyramide (Biotium,92174) for 20 minutes at room temperature.
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After the run was finished, slides were washed in PBS and incubated in five (5) ug/mL
4’ 6-diamidino-2-phenylindole (DAPI) (Sigma Aldrich) in PBS for five (5) min, rinsed in
PBS, and mounted in Mowiol 4—88 (Calbiochem). Slides were kept overnight at -20°C

before imaging.

After the slides were scanned, coverslips were removed and slides were loaded into Leica
Bond RX for double immunofluorescence staining. Samples were pretreated with EDTA-
based epitope retrieval ER2 solution (Leica, AR9640) for 20 minutes at 100°C. The double
antibody staining and detection were conducted sequentially. The primary antibodies
against GFP (2 ug/mL, chicken, abcam, ab13970) and CD31 (CD31/A647 (0.08, rb,
abcam, ab182981) were incubated for one (1) hour at room temperature. For rabbit
antibodies, Leica Bond Polymer anti-rabbit HRP (included in Polymer Refine 765
Detection Kit (Leica, DS9800) was used; for the chicken antibody, a rabbit anti-chicken
(Jackson ImmunoResearch303-006-003) secondary antibody was used as a linker for
eight (8) minutes before the application of the Leica Bond Polymer anti-rabbit HRP for
eight (8) min at room temperature. The Leica Bond Polymer anti-rabbit HRP secondary
antibody was applied followed by Alexa Fluor tyramide signal amplification reagents (Life
Technologies, B40953 and B40958) were used for immunofluorescence detection. After
the run was finished, slides were washed in PBS and mounted in Mowiol 4-88

(Calbiochem). Slides were kept overnight at -20°C before imaging.

CODEX
Antibody panel development, CODEX staining and imaging

To construct an antibody panel visualizing pancreatic architecture in FFPE mouse samples
using CODEX (Goltsev et al., 2018), conventional IHC staining was performed to screen
for antibodies binding canonical markers of pancreatic epithelial cells (E-cadherin, Novus
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Biologicals #NBP2-33006 clone 1A4(asm-1); Amylase, Cell Signaling Technology #3796
clone D55H10], endothelial cells (CD31, Cell Signaling Technology #14472 clone 4A2),
stromal cells (Vimentin, Cell Signaling Technology #70257 clone D3F8Q; aSMA, Cell
Signaling Technology #77699 clone D8V9E), leukocytes (CD45, Cell Signaling
Technology #46173 clone D21H3) and lineage reporter (GFP, Rockland Immunochemicals
#600-101-215 polyclonal). Identified antibody clones were then conjugated with
oligonucleotide barcodes using Antibody Conjugation Kit (Akoya Biosciences). Prior to
CODEX imaging, each conjugated antibody was validated following manufacturer

instructions and tissue staining patterning was confirmed with published literature.

CODEX staining and imaging was performed as described in user manual
(https://www.akoyabio.com/wp-content/uploads/2021/01/CODEX-User-Manual.pdf).  In
brief, five (5) ym FFPE pancreas sections were mounted onto 22 mm x 22 mm glass
coverslips (Electron Microscopy Sciences) coated in 0.1% poly-L-lysine (Sigma) and
stained with using CODEX Staining Kit (Akoya Biosciences). A cocktail of above-
conjugated antibodies was incubated with tissue overnight at 4°C. The next day,
fluorescent oligonucleotide-conjugated reporters were combined with Nuclear Stain and
CODEX Assay Reagent (Akoya Biosciences) in sealed light-protected 96-well plates
(Akoya Biosciences). Automated fluidics exchange and image acquisition were performed
using the Akoya CODEX instrument integrated with a BZ-X810 epifluorescence
microscope (Keyence) and CODEX Instrument Manager (CIM) v1.30 software (Akoya
Biosciences). The exposure times were as follows: E-cadherin, barcode BX006, 600 ms;
Amylase, barcode BX031, 250 ms; Vimentin, barcode BX025, 300 ms; aSMA, barcode
BX052, 250 ms; CD31, barcode BX002, 350 ms; CD45, barcode 799 BX007, 400 ms;

GFP, barcode BX041, 250 ms. All images were acquired using a CFl plan Apo | 20x/0.75
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objective (Nikon). “High resolution” mode was specified in Keyence software to reach a

final resolution of 377.44 nm/pixel.

Processing of CODEX images and analysis

Image stitching, drift compensation, deconvolution, z-plane selection, and background
subtraction were performed using the CODEX processor v1.7 (Akoya Biosciences) per
manufacture instruction (https://help.codex.bio/codex/processor/technical-notes).
Individual channel images were then imported into ImageJ v1.53t for analyses as
described below. Total pancreatic areas were annotated by sum of Amylase+ and
Ecadherin+ region. Immune cells were defined by DAPI and CD45 double positivity while
vasculature area was annotated by CD31+ region. Vimentin and aSMA signal were used
to mark total and activated fibroblast cells, respectively. GFP positivity was used to track

PSC lineage-derived cells.

Flow cytometry

To analyze c-KIT expression, normal pancreas tissues were harvested from wild-type
C57BL/6J mice aged 6-9 weeks and digested as described above. Following ACK lysis,
cells were incubated with CD16/CD32 antibody (BD Biosciences, 553141) to block Fc
receptors for two (2) minutes at room temperature. Cells were then stained with the
following for 30 minutes on ice: SYTOX Blue Dead Cell Stain (Invitrogen S34857);
biotinylated m-SCF R/c-KIT antibody (R&D Systems BAF1356). Cells were then washed
with cold FACS buffer, pelleted, then stained with PE/Cy7 Streptavidin (Biolegend,
405206), anti-mouse CD31 APC (Invitrogen 17-0311-82), anti-mouse EpCAM (CD326)
FITC (Invitrogen 11-5791-82) for 30 minutes on ice, before cells were washed with FACS

buffer, pelleted, then resuspended in cold FACS buffer for flow cytometry.
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To analyze epithelial cells, immune cells, and c-KIT, pancreata from C57BI/6J mice aged
6-9 weeks old were harvested and digested as described above. After ACK lysis, cells
were incubated with CD16/CD32 antibody (BD Biosciences 553141) for two (2) minutes
at room temperature. Cells were then stained with SYTOX Blue and a biotinylated c-KIT
antibody on ice for 30 minutes on ice, were washed with cold FACS buffer, pelleted, then
stained with PE/Cy7 Streptavidin (Biolegend 405206), anti-mouse CD45 PE-Cyanine 5
(Invitrogen 15-0451-82), anti-mouse EpCAM (CD326) FITC (Invitrogen 11-5791-82) for 30
minutes on ice. Cells were washed with FACS buffer, pelleted, then resuspended in cold

FACS buffer for flow cytometry.

To isolate PDGFRa+ mesenchymal cells from healthy mouse pancreas, five (5) normal
pancreata from wild-type C57BL/6J were pooled and subjected to primary mouse
pancreatic stellate cell isolation as described above. The isolated cells were first stained
with Zombie NIR dye (Fisher Scientific, 50-604-714) for five (5) minutes at room
temperature to exclude dead cells. Next, cells were blocked with CD16/CD32 (BD
Biosciences, 553141) for 10 minutes at 4°C to prevent non-specific antibody binding, then
incubated with anti-mouse PDGFRa PE (BioLegend, 135905) at a 1:100 dilution for 20
minutes at 4°C. Upon staining, the cells were washed with FACS buffer containing HBSS
(Thermo Fisher Scientific, 14175095) and 0.5% BSA (Fisher Bioreagents, BP9703100),
sorted using a BD Biosciences Symphony S6 cell sorter and then processed for RNA

isolation.

Gene expression analysis by qPCR

Total RNA was isolated using RNeasy Microkit (Qiagen, 74004) per manufacturer’s

instructions and quantified using NanoDrop microvolume spectrophotometer. 500 ng to 1
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Mg of RNA was reverse transcribed using iScript reverse transcriptase supermix (Bio-Rad,

1708841) to produce cDNA. Real-time PCR was performed using Power SYBR Green

PCR master mix (Thermo Fisher Scientific, 4367659). Gene specific primer pairs were

designed using the NCBI Nucleotide database or acquired from Millipore Sigma. Gene

expression is normalized to reference gene Rplp0. Primer pair sequences were as follows:

Rplp0 Forward 5’-GTGCTGATGGGCAAGAAC-3’,

Reverse 5-AGGTCCTCCTTGGTGAAC-3’;

mKitl Forward 5-TTATGTTACCCCCTGTTGCAG-3',

Reverse 5- CTGCCCTTGTAAGACTTGACTG-3’;

mKit Forward 5-GAGACGTGACTCCTGCCATC-3’,

Reverse 5-TCATTCCTGATGTCTCTGGC-3’;

mActa2 Forward 5-AGCCATCTTTCATTGGGATGGA-3’,

Reverse 5-CATGGTGGTACCCCCTGACA-3’;

mPdpn Forward 5’-AGATAAGAAAGATGGCTTGC-3’,

Reverse 5-AACAACAATGAAGATCCCTC-3’;

mPdgfra Forward 5-GCAGTTGCCTTACGACTCCAGA-3’,

Reverse 5-GGTTTGAGCATCTTCACAGCCAC-3’;

mPcdhga12 Forward 5-ACAATGCCCCTGAAGTAGCC-3',

Reverse 5'- TCCAGTGCGAGGTGAGTTTC-3';

mCdh26 Forward 5-CCTCGTCGTTGTTGTGGAGA-3’,

Reverse 5'- CTCTGAGGGTGAAAGGCTGG-3';
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mitga1 Forward 5-GGCAGTGGCAAGACCATAAGGA-3’,

Reverse 5'-CATCTCTCCGTGGATAGACTGG-3’;

mirf5 Forward 5-CCTACAGAACCACTCTTGCCTG-3’,

Reverse 5'- CCTTGTGGGTTGCTGATGGTGA-3’;

mLrrc15 Forward 5-TTCAGCCACCTGAACCAGTTGC-3’,

Reverse 5- GTCCTGTAGAGCATTGGTGTGG-3’;

hFABP4 Forward 5'- ACGAGAGGATGATAAACTGGTGG -3,

Reverse 5- GCGAACTTCAGTCCAGGTCAA-3’;

hPDGFRA Forward 5- GACTTTCGCCAAAGTGGAGGAG -3/,

Reverse 5-AGCCACCGTGAGTTCAGAACGC -3’;

hCOL1A1 Forward 5-CATGGAGACTGGTGAGACCT-3/,

Reverse 5- GCCATACTCGAACTGGAATC 867 -3’;

hKITLG Forward 5-CTGGAGACTCCAGCCTACACTG-3/

Reverse 5- CTGCCCTTGTAAGACTTGGCTG -3'.

ELISA quantikine assay

Immortalized parental and shKitl mPSC-1 cells were seeded into 6 well dish at 3 x 10°
confluency in growth media containing DMEM (Thermo Fisher Scientific, 11965126), 10%
VWR Seradigm FBS (VWR, 97068-085), 1 mM Sodium Pyruvate (Thermo Fisher
Scientific, 11360070), and 1% Antibiotics-Antimycotic (Thermo Fisher Scientific, 15240-
062). Primary PSCs were seeded in a 6-well dish at 1 x 10* confluency in Iscove’s

modified Dulbecco’s medium (IMDM; Cytiva, SH30228.02) containing 10% FBS (VWR,
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97068-085) and 1% Antibiotics-Antimycotic (Thermo Fisher Scientific, 15240-062).
Conditioned media were collected at indicated time points and concentrated using
Vivaspin Turbo 20 3K MWCO concentrator (Cytiva, 28932358) in accordance with
manufacturer’s protocol. Concentrated supernatants were quantified using Pierce BCA
Protein Assay Kit (Thermo Fisher Scientific, 23225) and mouse KITL protein quantification
was performed using Mouse SCF Quantifikine ELISA Kit (R&D Systems, MCKO0O0)

according to manufacturer’s protocol.

Cell proliferation assay

Human and mouse PDAC, macrophage and endothelial cells were seeded into 96-well
white walled plates at a density of 5 x 102 cells per well. All cells were maintained in
DMEM (Thermo Fisher Scientific, 11965126) containing 10% FBS (VWR, 97068-085)
except for human endothelial cells, which were cultured in endothelial cell media (Cell
applications, 213-500). The following day, cells were washed with PBS (Cytiva
SH30028.FS) and treated with recombinant KITL/SCF at final concentration of 100ng/mL:
human SCF (R&D Systems, 255-SC-010) or mouse KITL/SCF (R&D Systems, 455-MC-
010). Plates were replenished with recombinant KITL/SCF daily and collected for read
every 24 hours for three (3) continuous days. Proliferation assay was performed using
CellTiter-Glo Luminescent Cell Viability Assay reagent (Promega, G7572) per

manufacturer’s protocol and read using a GloMax plate reader.

Statistical analysis

No statistical methods were used to predetermine sample sizes. The experiments were
not randomized. For animal studies, a minimal number of mice was selected based on
preliminary studies, with an effort to achieve a minimum of n = 3, mostly n = 5-10 mice per
treatment group for each experiment. Age-matched mice were selected for experiments.
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For histological staining quantification, analyses were performed in a blinded fashion. For
batch-processed images, image analyses were done in an unbiased manner using image
analysis software. Some western blots and RT-gPCR assays were performed by a
researcher blind to the experimental hypothesis. Animals were excluded if an animal
needed to be removed from an experiment early for reasons seemingly unrelated to tumor
burden. All experiments were performed and reliably reproduced at least two independent
times. GraphPad Prism 10 was used to generate graphs and for statistical analyses.
Statistical significance was calculated for two unmatched groups by unpaired t-test with
Welch’s correction or Mann-Whitney test. One- or two-way ANOVAs were used for more
than two groups as specified, followed by Tukey’s multiple comparisons tests; experiments
that did not fulfill normal distribution requirements were calculated with Brown-Forsythe
and Welch one- or two-way ANOVA. Datasets are presented as mean £ S.E.M. Pvalues

under 0.05 were considered significant.
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E. Results

To assess stromal evolution during stepwise tumorigenesis, we applied a previously
established fate mapping approach (Helms et al., 2022) to analyze the contributions of
PSCs to the stroma of normal pancreas tissue, pancreatic intraepithelial neoplasia
(PanINs), and invasive PDAC. To this end, we generated a dual recombinase genetically
engineered mouse model of the genotype Kras SFC12D*Tip53FRT*:Pdx1-
FlpO;Rosa26m™™m¢"*:Fabp4-Cre (Figure 2.1A) and assessed the presence of GFP+ stroma,

indicating a lipid-storing origin.
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Figure 2.1. Pancreatic stellate cells contribute to the stromal microenvironment throughout
tumorigenesis. A, Genetic schema of Kras"™SFC"20/4 Trp53FR1* Pdx-FIpO;Rosa26™ ™+ ;Fabp4-Cre
murine model.

While GFP+ PSCs were found in normal pancreas tissue as expected, very few were
positive for PDPN, a cell surface marker upregulated upon fibroblast activation in PDAC.
We found GFP+PDPN+ and GFP+aSMA+ cells associated with low grade PanlIN lesions
as well as invasive cancer in this model (Figures 2.1B & 2.1C), with a significant increase
in PSC-derived fibroblastic cells in the context of PDAC compared to pre-invasive lesions.
In normal pancreas tissue and in tumors, PSCs or PSC-derived CAFs had a spatial

distribution similar to the reported tissue distribution of stellate cells in the liver, the other

tissue in the body where these mesenchymal cells reside.
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Figure 2.1. Pancreatic stellate cells contribute to the stromal microenvironment throughout
tumorigenesis. B, Representative images (above) and quantification (below, n = 3) of IHC staining
for GFP (green) and Podoplanin (PDPN, magenta) among normal pancreas, PanIN lesions, and
PDAC lesions. Scale bar, 10 um. Data are represented as mean + SEM. Brown Forsythe and
Welch One-way ANOVA test was used. ns = not significant, *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001.

65



C DAPI GFP a-SMA Composite

93]
@
P
3]
c
@

Health

PanlIN

PDAC

Ak
‘ *
100 ns % 150+ |—|
80 | > %%k NS
- . T o —
4 o < 5 100-
= C = L)
i & 60 o £ - @
3 E =] g
g ?-; 40 . d @
55 & = 907
25 x 8
&= E 20 - d & |E
0 —————y T 0 ——p—— !
& ) &
’\@Q}% -\O(f’ ‘\00‘9 C}G’b éd'\“ éo':‘
¥ =) = L8 @ @
~ @ @ o
& & o S
é&@""‘ T & &

Figure 2.1. Pancreatic stellate cells contribute to the stromal microenvironment throughout
tumorigenesis. C, Representative images (above) and quantification (below, n = 3) of IHC staining
for GFP (green) and a-SMA (yellow) on normal pancreas, PanIN lesions, and PDAC lesions. Scale
bar, 20 ym. Data are represented as mean + SEM. Brown Forsythe and Welch One-way ANOVA
test was used. ns = not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Hepatic stellate cells (HSCs) are found in perivascular regions in close proximity to
endothelial cells, and adjacent to neighboring parenchymal cells (Mederacke et al., 2013).
We found PSCs in normal pancreas tissue similarly to localize in perivascular regions, and
in the tissue parenchyma spatially poised for cell-cell communication with epithelial cells
(Figure 2.1D). This spatial distribution was conserved upon differentiation to a CAF
phenotype, as GFP+ CAFs were found both immediately adjacent to and distant from

endothelial cells in the genetically engineered PDAC model (Figure 2.1E).
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Figure 2.1. Pancreatic stellate cells contribute to the stromal microenvironment throughout
tumorigenesis. D, Representative images of IHC staining for GFP (green) and CD31 (magenta)
within mouse normal pancreas (n = 5). Scale bar, 10 ym.

Parenchymal region

Similar results were observed in an orthotopic model wherein PDAC cells derived from the
KrastSL-G12D/4 Trp 53LSL-R172H+Pdx 1-Cre (KPC) autochthonous model were implanted into
syngeneic Rosa26™™m¢"* Fabp4-Cre hosts (Figure 2.1F). These observations indicate that
PSCs contribute to the stromal microenvironment throughout pancreatic tumorigenesis
and are spatially distributed to engage in direct cell-cell contact with both endothelial cells

and epithelial cells in healthy and cancerous pancreas tissue.
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Figure 2.1. Pancreatic stellate cells contribute to the stromal microenvironment throughout
tumorigenesis. E, Representative images of IHC staining for GFP (green) and CD31 (magenta)
within GEMM pancreata (n = 3). Scale bar, 20 um. F, Representative images of IHC staining for
GFP (green) and CD31 (magenta) within pancreata of KPC-derived orthotopically implanted PDAC
in Rosa26™"m¢”*:Fabp4-Cre mice (n = 3). Scale bar, 10 ym.
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We next assessed alterations in expression of cell surface ligands or receptors in this
mesenchymal lineage during pancreatic tumorigenesis. We reasoned that paracrine
signaling factors important for normal tissue architecture may be lost from the

mesenchyme during the transition from normal tissue homeostasis to cancer. To identify
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candidate paracrine factors associated with normal mesenchymal function whose loss
may be tumor-permissive, we analyzed the transcriptional profiles of PSCs and PSC-
derived CAFs. To this end, we sorted GFP+ PSCs and GFP+PDPN+ CAFs from healthy
pancreas tissue and PDAC, respectively, and performed single-cell RNA-seq (scRNA-seq)
to assess gene expression differences in this cellular compartment within and across
tissue states. As expected, these cells in normal pancreas and PDAC were pervasively
positive for mesenchymal markers Vim and Eng and almost all positive for pan-tissue
fibroblast markers Pi16 or Col15a1 and universal fibroblast markers Col4a1 and Hspg2

(Buechler et al., 2021) (Figure 2.2A).

Figure 2.2. Mesenchymal KITL loss within PSCs accompanies pancreatic tumorigenesis.
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A, UMAP (uniform manifold approximation and projection) visualization of expression of the

indicated genes in normal pancreatic stellate cells (PSCs) and PSC-derived cancer associated
fibroblasts from scRNA-seq data (n = 2 replicates pooled from n = 5 mice per arm).
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Figure 2.2. Mesenchymal KITL loss within PSCs accompanies pancreatic tumorigenesis.
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A, continued, UMAP (uniform manifold approximation and
projection) visualization of expression of the indicated genes in
normal pancreatic stellate cells (PSCs) and PSC-derived cancer
associated fibroblasts from scRNA-seq data (n = 2 replicates
pooled from n = 5 mice per arm).

Though not all cells expressed one of these two universal fibroblast markers, we note that

PSCs are not strictly fibroblasts albeit fibroblast-like. While PSCs and PSC derived CAFs

are partially perivascular as described above, these cells lacked expression of classical

pericyte markers such as Cspg4 (encoding NG2) and Rgs5 (Supplementary Figures

2.S1A & 2.S1B) and, despite detectable transcript, expressed low to absent CD105

(encoded by Eng) at the protein level (Supplementary Figure 2.51C). CD105 expression

at the protein level was rather low and sparse with the models and reagents used here.

We also noted expression of established markers of perivascular reticular cells (Cheng et
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al., 2019; Prados et al., 2021), specialized fibroblastic cells of lymphoid tissues, including

Cd34, Cd29/Itgb1, and Ly6a (Figure 2.2A).
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Supplementary Figure 2.S1. scRNA-seq reveals gene expression programs in PSCs and
PSC-derived CAFs. A, UMAP (uniform manifold approximation and projection) visualization of
Cspg4 and Rgs5 gene expression in scRNA-seq dataset of pancreatic stellate cells (PSCs) and
PSC-derived cancer associated fibroblasts (CAFs) isolated from healthy pancreas and orthotopic
tumors, respectively. B, Representative images of IHC staining for GFP (green) and NG2 (red) in
healthy murine pancreas from Rosa26™"™¢"*;Fabp4-Cre mice. Scale bar, 10 um. C, Representative
images of IHC staining for GFP (green) and CD105 (red) in healthy murine pancreas. Scale bar,
10 um.
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A sub-population of these cells in normal tissue also expressed adhesion molecules
associated with endothelial cell identity, including Pecam1, which was also observed
sporadically among HSCs in normal liver upon analysis of a previously published scRNA-
seq dataset (Figure 2.2.A, Supplementary Figure 2.51.D).
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Supplementary Figure 2.S1. scRNA-seq reveals gene expression programs in PSCs and
PSC-derived CAFs. D, UMAP visualization of Lrat, Col1a1, Pecam1 and Vwf gene expression
from a previously published scRNA-seq dataset hepatic stellate cells fate-mapped using Lrat-Cre
and enriched by density centrifugation.

However, these cells did not express other endothelial markers such as Vwf (Figure 2.2A,
Supplementary Figure 2.S1D) and seem to express far lower levels of both CD31 and
CD105 (encoded by Pecam1 and Eng, respectively) than bona fide endothelial cells given
the limited overlap of these markers with GFP at the protein level by
immunohistochemistry (Figure 2.1C, Supplementary Figure 2.51C). That said, these
results may indicate a shared precursor for stellate cells and endothelial cells late in
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development. Interestingly, the sub-population in normal pancreas tissue lacking
universal fibroblast markers expressed Vim, Eng, and genes generally associated with a
macrophage identity, such as Csf7r and Adgre1 (encoding F4/80) (Supplementary Figure
2.S1E). However, when we stained for GFP and macrophages in pancreas tissues we
detected no overlap (Supplementary Figure 2.S1F), suggesting that this sub-population of
cells in normal pancreas tissue may be fibrocyte-like or otherwise express some

macrophage-associated genes without assuming a macrophage identity.
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Supplementary Figure 2.S1. scRNA-seq reveals gene expression programs in PSCs and
PSC-derived CAFs. E, UMAP visualization of Csf1r and Adgre1 gene expression in pancreatic
stellate cells (PSCs) and PSC-derived cancer associated fibroblasts scRNA-seq dataset (n = 2
replicates pooled from n = 5 mice per arm). F, Representative images of IHC staining for GFP
(green) and CD68 (red) in normal pancreas tissue from Rosa26™"¢* Fabp4-Cre mice (n = 3 mice).
Scale bar, 50 ym.

In the context of cancer, PSCs gained expression of immune modulatory cytokines such

as /16 and //33 as expected for CAFs (Donahue et al., 2024) and pervasively expressed
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extracellular matrix (ECM) components such as Col1a1 and Col1a2 (Figure 2.2B). These

results validate activation of PSCs to a CAF phenotype in PDAC.
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Figure 2.2. Mesenchymal KITL loss within PSCs accompanies pancreatic tumorigenesis.
B, UMAP visualization of //6, 1133, Col1a1, and Col1a2 gene expression from normal pancreatic
stellate cells (PSCs) and PSC-derived cancer associated fibroblasts scRNA-seq dataset (n = 2
replicates pooled from n = 5 mice per arm).

We next focused on paracrine signaling factors expressed in healthy pancreatic

mesenchyme and lost in PDAC which may represent barriers to tumor progression. We

noted expression of Kitl (also known as stem cell factor or SCF) in normal pancreas tissue
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but lost in CAFs (Figure 2.2C), supported by pseudo-time analysis (Figure 2.2D). KITL
expression has not previously been reported in normal pancreas tissue, and was of
interest to us in light of the significance of KITL-positive mesenchyme in the perivascular
niche of the bone marrow, where stromal KITL is crucial for normal tissue structure and

function (Ding et al., 2012).

Figure 2.2. Mesenchymal KITL loss within PSCs accompanies pancreatic tumorigenesis.
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Right, Monocle 3 trajectory analysis was used to depict expression of the Kit/ gene along the
inferred pseudotime trajectory. Cells are colored based on Kitl expression levels, with values
ranging from low (black) to high (yellow), revealing the temporal expression patterns of Kit/ (n = 2
replicates pooled from n = 5 mice per arm).
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Further, HSCs in the developing liver are critical sources of KITL to support the
hematopoietic stem cell niche (Lee et al., 2020), providing precedent for functionally
significant KITL production by stellate cells. KITL-positive mesenchyme in the bone
marrow express leptin receptor (LEPR), and we detected low levels of Lepr expression

among normal PSCs by scRNA-seq (Supplementary Figure 2.S2A).
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Supplementary Figure 2.82. Kitl is expressed by healthy pancreatic mesenchyme and
reduced upon activation to a CAF phenotype. A, UMAP visualization of Lepr gene expression
in normal pancreatic stellate cells (PSCs) and PSC-derived cancer associated fibroblasts scRNA-
seq dataset (n = 2 replicates pooled from n = 5 mice per arm).

We validated these findings by isolating primary PSCs from healthy pancreas tissue and
activating them to a CAF phenotype in culture: These cells expressed Kitl and Lepr in their
normal tissue state but progressively lost expression of both factors upon activation to a

CAF-like state upon exposure to a stiff growth substrate with or without recombinant TGF-

B (Figure 2.2E, Supplementary Figures 2.S2B-D).
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Supplementary Figure 2.82. Kitl is expressed by healthy pancreatic mesenchyme and
reduced upon activation to a CAF phenotype.
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pancreatic stellate cells fixed at indicated time point (n= 3 biological replicates). Scale Bar: 100
pm.
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Supplementary Figure 2.82. Kitl is expressed by healthy pancreatic mesenchyme and
reduced upon activation to a CAF phenotype. D, qRT-PCR of Kitl, Acta2 and Pdpn in primary
mouse pancreatic stellate cells (mPSCs) treated with recombinant KITL at the indicated time point.
Immortalized mPSC-1 cell line was included as a reference point. Data represents technical
triplicates plotted as mean + SD. Significance was determined by ordinary one-way ANOVA; *P <
0.05, **P < 0.01, **P < 0.001, ****P < 0.0001.
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E, Left: gqRT-PCR analysis of Kitl in
quiescent (Day 0) and culture-activated
(Day 7, on plastic) primary pancreatic
stellate cells (PSCs). Data represents
biological triplicate.

Right: Quantikine ELISA KITL
measurement of supernatant collected
from primary PSCs in pre-activated
(Day 2) and activated state (Day 10)
after 48 hours incubation with media
change on Day 8 to harvest for Day 10
sample. Immortalized ImPSC-1
included as reference point. Data
represents biological triplicate.

For comparisons more than two groups,
significance was determined by

ordinary one-way ANOVA. Data are represented as mean + SEM; ns = not significant, *P < 0.05,
**P <0.01, **P < 0.001, ****P < 0.0001.
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We next validated expression of Kitl in intact murine pancreas tissue. To further
understand Kit/ expression patterns in the pancreatic mesenchyme, we used standard
density centrifugation to isolate PSCs from the gradient interface (Apte et al., 1998) and
also isolated PDGFRa+ pancreatic fibroblasts from the lower layers of the gradient (Garcia
et al., 2020). We found significantly higher Kitl expression in PSCs than in conventional
tissue fibroblasts (Figure 2.2F), which may contribute to the substantial contribution of

these PDGFRa-expressing fibroblasts to early pancreatic neoplasia.

Figure 2.2. Mesenchymal KITL loss within PSCs accompanies pancreatic tumorigenesis.
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< 197 0.001, ***P < 0.0001.
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E) 0 j ﬁ o2e pancreas tissue, we collected benign
- | |
mKit/ mPdgfra pancreas from surgical resection specimens
e UV+PSCs and performed density centrifugation to

e Pdgfra+ fibroblasts . o
isolate PSCs from the gradient interface

(Vonlaufena et al., 2010), then performed negative selection for EpCAM, CD45, and CD31
on remaining cells to collect mesenchymal cells from the lower layers of the gradient. We
analyzed gene expression across these freshly isolated fractions, plating a small sampling
on coverslips to image and validate, and found that human PSCs expressed higher levels
of KITLG than non-PSC components of the pancreatic mesenchyme, though we note that

degree of difference varied among patients (Figures 2.2G & 2.2H).
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Figure 2.2. Mesenchymal KITL loss within PSCs accompanies pancreatic tumorigenesis.
G, Representative brightfield images of primary human PSCs and other mesenchyme. Scale bar,
50 um.
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To further validate our findings from mice, we cultured human PSCs from these benign
resection specimens and activated them to a CAF-like phenotype by exposure to a stiff
growth substrate with or without PDAC cell conditioned media. Human PSC activation
featured a significant reduction in KITLG expression (Figure 2.2l), further supporting the
notion that normal pancreatic mesenchyme expresses Kitl/KITLG but this factor is lost as

these cells transition to a CAF state in the tumor microenvironment.
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Figure 2.2. Mesenchymal KITL loss within PSCs accompanies
pancreatic tumorigenesis. I, gRT-PCR analysis of KITLG in
quiescent (Day 0) and conditioned media activated (Day 14)

15 * primary human PSCs. Data represents biological triplicate. For
421 comparisons more than two groups, significance was determined
o0 ns ns by ordinary one-way ANOVA. Data are represented as mean +
S SEM; ns = not significant, *P < 0.05, **P < 0.01, ***P <0.001, ****P
0§ 1.0 <0.0001.
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20 ° We next assessed patterns of Kitl expression in intact
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[} . . e
14 0.0 pancreas tissues. By RNA in situ hybridization (ISH, due to
QO X D - . . .
& \\’\ O lack of specific antibodies, using branched cDNA
O W .y . -
N hybridization), we detected Kit/ expression in mesenchymal
Q

cells of normal pancreas tissue which share markers with PSCs, while Kitl expression was
lost among CAFs in PDAC (Figure 2.2J). We also combined RNA ISH for Kit/ (here using
RNAscope, compatible with protein co-staining) with immunohistochemistry (IHC) for GFP
on pancreas tissue from Rosa26™m¢"* Fabp4-Cre mice and confirmed Kit/ expression in

fate-mapped PSCs (Figure 2.2J).
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Figure 2.2. Mesenchymal KITL loss within PSCs accompanies pancreatic tumorigenesis.
J, Representative image (top left) of RNA FISH staining for Fabp4 (green) and Kitl (red) in murine
normal pancreas (n = 3). Scale bar, 10 ym. Bottom left, representative RNAscope staining of GFP
(green) protein and Kitl (red) mRNA in PDAC from the GEMM depicted in 2.1A (n = 3). Scale bar,
10 um. Right, quantification for Fabp4+ cells (Fapb4+ or GFP+) and Kitl between murine normal
pancreas and mPDAC. Unpaired test was performed for comparisons between two groups. Data
are represented as mean + SEM; ns = not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ***P <
0.0001.
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Specificity of our Kitl probe was confirmed by reduction in mesenchymal Kit/ signal in
pancreas tissues from Kitl"":Fabp4-Cre mice (Supplementary Figure 2.S2E). We
extended these analyses to human pancreas tissue, and performed RNA ISH for KITLG
(shortened as KITL) and mesenchymal marker VIM. While benign human pancreas
harbored KI/TL-positive mesenchyme, CAFs within human PDAC showed reduced KITL
expression, consistent with observations in mice (Figure 2.2K), though we note that
KITL/VIM frequency was highly variable in benign adjacent regions and this difference did
not reach statistical significance. Human pancreas tissue showed minimal expression of

KITL in CD45-positive leukocytes (Supplementary Figure 2.S2F).
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Supplementary Figure 2.82. Kitl is expressed by healthy pancreatic mesenchyme and
reduced upon activation to a CAF phenotype. E, Representative images of RNA FISH staining
for Fabp4 (green) and Kit/ (red) mRNA in murine normal pancreas between Fabp4-Cre control and
Kitl"":Fabp4-Cre mice (n = 3), quantified below. Scale bar, 10 um. Unpaired test was performed
for comparisons between two groups. Data are represented as mean + SEM; ns = not significant,
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 2.2. Mesenchymal KITL loss within PSCs accompanies pancreatic tumorigenesis.
K, Representative images and quantification of RNA FISH staining for VIM (green) and KITL (red)
in human PDAC tissues between benign adjacent and PDAC regions (n = 3). Scale bar, 20 ym.
Unpaired t-test was performed for comparisons between two groups. Data are represented as
mean + SEM; ns = not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Supplementary Figure 2.S2. Kitl is expressed by healthy pancreatic mesenchyme and
reduced upon activation to a CAF phenotype. F, Representative images of RNA FISH staining
for KITL and IHC for CD45 on human benign pancreas tissue or PDAC (n = 5), quantified below.
Scale bar, 50 ym. Unpaired t-test was performed for comparisons between two groups. Data are
represented as mean + SEM; ns = not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001.
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As perivascular mesenchyme is a critical source of KITL in other tissues (Ding et al., 2012;
Lee et al., 2020), we assessed the spatial distribution of mesenchymal Kit/ expression by
combining Kitl RNA ISH with IHC for CD31 and GFP on pancreas tissues from
Rosa26mmG* Fabp4-Cre mice. We found that PSCs express Kitl in both perivascular
regions and when not adjacent to endothelial cells (Figure 2.2L), suggesting that KITL

from PSCs is poised to signal to multiple neighboring cell types.
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Figure 2.2. Mesenchymal KITL loss within PSCs accompanies pancreatic tumorigenesis.
L, Representative images (left) and quantification (right) of RNAscope staining for Kit/ (red) mRNA
expression, GFP (green) and CD31 (magenta) in murine normal pancreas from
Rosa26™m6"*:Fabp4-Cre mice (n = 3). Scale bar, 20 uym. Unpaired t-test was performed for
comparisons between two groups. Data are represented as mean + SEM; ns = not significant, *P
<0.05, *P < 0.01, **P < 0.001, ***P < 0.0001.

To assess the stage of pancreatic tumorigenesis at which mesenchymal Kitl expression is
lost, we combined RNA ISH for Kitl and IHC for GFP (to indicate PSCs and PSC-derived
CAFs) on tissues from KrasfSF-G12D% Trp 53R Pdx1- FIpO;Rosa26™m¢"* Fabp4-Cre mice
and noted retention of Kitl expression among GFP-positive stromal cells associated with
low-grade PanlIN lesions identified by a pathologist (Figure 2.2M), suggesting that loss of
stromal Kitl accompanies late stages of pancreatic tumorigenesis. Expression of Kitl by

some GFP-negative cells was noted within these areas of low-grade PanIN as well.
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Figure 2.2. Mesenchymal KITL loss within PSCs accompanies pancreatic tumorigenesis.
M, Representative images and quantification of RNAscope staining for GFP (green) protein and
Kitl (red) mRNA in GEMM low grade PanlIN (n = 3). Scale bar, 20 ym. Data are represented as
mean + SEM.

Consistent with production of KITL protein in healthy pancreas, small numbers of phospho-
c-KIT-positive cells were identified in murine and human benign pancreas (Figures 2.2N
& 2.20), only detectable on fresh-frozen and not formalin-fixed tissues (see Methods).
Together, these analyses revealed expression of Kit/ by a lineage of healthy pancreatic
mesenchyme in mice and humans which is lost upon transition to a CAF phenotype in

invasive cancer.

o

Normal pancreas

DAPI Vim p-cKit (Y703) MERGE

Benign Adj.

hPDAC

Figure 2.2. Mesenchymal KITL loss within PSCs accompanies pancreatic tumorigenesis.
N, Representative image of IHC staining for phosphorylated-c-KIT (Y721, red) in normal murine
pancreas (n = 3). Scale bar, 10 um. O, Representative images of IHC staining for Vimentin (VIM,
green) and phosphorylated-c-KIT (Y703, red) in benign adjacent and human PDAC tissues (n = 3)
Scale bar, 10 ym.
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Supplementary Figure 2.S3. Stromal KITL promotes regulation of pancreas tissue
architecture.
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we generated loss- and gain-of-function
systems in cell culture by knocking down or overexpressing Kitl in immortalized PSCs
(Auciello et al., 2019) using shRNA or introduction of the Kitl ORF, respectively

(Supplementary Figure 2.S3A).
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Supplementary Figure 2.S3. Stromal KITL promotes regulation of pancreas tissue
architecture. A, continued:
Schema depicting KITL

. . - CAF
expression of immortalized
murine PSCs cultured in vitro. Tumorigenesis
3 = > L
.'l ,-/ \'.I' A
PSCs in culture express low KITL CAF
expression § transcriptional
but detectable levels of Kit/ program
A
) ' PSC in culture
(Figure 2.2.E), so we reasoned ! (approximation)
that gene expression changes
@

observed with Kitl
overexpression would reflect downstream transcriptional programs in healthy
mesenchyme while Kitl knockdown would reflect consequences of gene expression

changes upon transition to a CAF state.

Supplementary Figure 2.S3. Stromal KITL promotes regulation of pancreas tissue
B architecture.

B, qRT-PCR of c-KIT in quiescent (Day 0) and activated (Day 7)

cKit primary pancreatic stellate cells (PSCs) with immortalized ImPSC-
1 included as reference point. Data represents biological triplicate
ns plotted as mean + SEM. Significance was determined by ordinary
- . = ianifi *P <
— one-way ANOVA; ns = not significant, *P < 0.05.
2000+ * ’ ns
c
2 o In culture, PSCs express low but detectable levels of Kit
8 1500-
g (encoding c-KIT) (Supplementary Figure 2.S3B), the
< 1000 , o
% paracrine signaling partner for KITL, such that PSC
% 500+ monoculture seemed a reasonable in vitro model to begin
o
o 0- assessing how KITL signaling impacts pancreatic
N A
cho 00'3\ 00'5\ mesenchyme. To this end, we analyzed the transcriptional
\@ %) )
{oaQ ®¢\Q profiles of Kitl-knockdown and Kitl-overexpressing PSCs,
&
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together with appropriate controls, by RNA-seq. We prioritized gene expression changes
resulting from Kitl overexpression as this cell line is activated and therefore CAF-like,
though Kitl knockdown was indeed achievable. Restoring Kitl expression caused
upregulation of genes involved in cell adhesion and extracellular matrix or collagen
organization, including integrins, laminins, cadherins, and protocadherins (Figures 2.3A &
2.3B), suggesting potential involvement of stromal KITL in regulation of normal tissue
architecture. Conversely, Kitl knockdown led to upregulation of genes involved in
inflammatory processes, including genes involved in complement or interferon signaling,

together with downregulation of cell adhesion genes.

Figure 2.3. KITL regulates PSC state and pancreas tissue homeostasis.
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A, Volcano plot of all upregulated, non-significant, and downregulated differentially expressed
genes (DEGs) as defined by the Wald test (p.adj <0.05 and log2FC >1) from Kitl/ overexpression
(Kitl OE) ImPSC-1 bulk-RNA seq dataset with representative gene labels included. Data represent
3 biological repeats.
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B Egfp vs Kitl OE
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Figure 2.3. KITL regulates PSC state and pancreas tissue homeostasis. B, Gene ontology
(GO) analysis of upregulated and downregulated genes in immortalized pancreatic stellate cells
(ImPSC-1) overexpressing Kitl. Top 10 enrichment categories ranked by adjusted p-values plotted
in each direction.

Specific inflammatory and architectural genes modulated by KITL restoration were
regulated in the opposite direction by Kitl knockdown, supporting a specific role for KITL
(Figure 2.3C). We note, though, that a substantial group of genes positively regulated by
Kitl signaling were expressed at a very low level in control cells and were not significantly

downregulated further upon Kit/ knockdown (Supplementary Figure 2.S3C). These results

89



suggest that mesenchymal KITL may maintain pancreas tissue homeostasis, prompting

us to move into in vivo modeling of KITL function.

Figure 2.3. KITL regulates PSC state and pancreas tissue homeostasis.
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C, qRT-PCR analysis of
indicated differentially
expressed genes in
ImPSC-1 expressing
stable Kit/ knockdown
(shKitl) or
overexpression (Kitl
OE). PLKO vector
(shCtrl) and
fluorescence
overexpression (Egfp
OE) serves as
respective control.

Supplementary Figure 2.S3. Stromal KITL promotes regulation of pancreas tissue

architecture.

C: Volcano plot of all
upregulated, non-significant, and
downregulated differentially
expressed genes as defined by
the Wald test (p.adj <0.05 and
log2FC >1) from Kitl knock down
(shKitl) ImPSC-1 bulk-RNA seq
dataset with representative gene
labels included.

Data is representative of 3
biological repeats
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Supplementary Figure 2.S3. Stromal KITL promotes regulation of pancreas tissue
architecture.
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C, continued: Gene ontology (GO) analysis of upregulated and downregulated differentially
expressed genes (DEGs) in immortalized pancreatic stellate cells (ImPSC-1) with Kitl stable
knockdown. Top 10 enrichment categories ranked by adjusted p-values plotted in each direction.

To assess the relevance of mesenchymal KITL signaling for pancreas tissue architecture,
we analyzed the consequences of conditional Kit/ loss using Kitl"";Fabp4-Cre mice
compared to Fabp4-Cre controls in the settings of homeostasis and tissue injury. First,
we analyzed these tissues under normal, homeostatic conditions, and crossed in a
Rosa26mmG”* gllele to enable visualization of PSCs based on GFP expression in these
tissues. Based on our transcriptional profiing results, we compared tissue
microenvironments in Rosa26m"me* Kitl": Fabp4-Cre mice compared to
Rosa26mmC*:Fapp4-Cre controls and using co-detection by indexing (CODEX), a

barcode-based, multiplexed imaging approach (Goltsev et al., 2018).
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Supplementary Figure 2.S4. Stromal KITL promotes pancreas tissue homeostasis.
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While total VIM-positive and CD31-positive cell abundance was not different between
genotypes (Supplementary Figures 2.54A & 2.54B), we observed clear changes to the
perivascular niche with loss of mesenchymal Kitl including an increase in GFP-positive

mesenchyme adjacent to endothelial cells (Figure 2.3D).
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Figure 2.3. KITL regulates PSC state and pancreas tissue homeostasis.
D, Representative images of CODEX staining (left) and quantification (right) for GFP (green) and
CD31 (red) in normal pancreas from Fabp4-Cre or Kitl"":Fabp4-Cre mouse model (n= 3-4 mice per
arm). Scale Bar, 100 um. Unpaired t-test was used. Data are represented as mean + SEM; ns =
not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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We also observed an increase in CD45-positive leukocytes within normal pancreas tissue
when stromal Kitl was perturbed (Figure 2.3E). We also noted a trend towards decreased
aSMA-positive, VIM-positive cells with Kit/ perturbation (Supplementary Figure 2.S4C)—
as fibroblasts are aSMA negative in normal pancreas tissue, this likely reflects a reduction
in contractility of vascular smooth muscle cells. To assess potential cellular receivers of
mesenchymal KITL which participate in paracrine signaling, we stained pancreas tissues

from Rosa26™7m¢"*;Fabp4-Cre mice for GFP, VIM, and KITL receptor c-KIT (shortened as

KIT).

Figure 2.3. KITL regulates PSC state and pancreas tissue homeostasis.
E, Representative images of CODEX composite staining (top) and quantification (bottom) for CD45
(white) in normal pancreas from Fabp4-Cre or Kitl"";Fabp4-Cre mouse model (n= 4 mice per arm).
Scale Bar, 50 ym. Unpaired t-test was used. Data are represented as mean + SEM; ns = not
significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Supplementary Figure 2.S4. Stromal KITL promotes pancreas tissue homeostasis.
C, Representative images of CODEX staining (left) and quantification (right) of 1295 a-SMA and
Vimentin (VIM) between healthy pancreata of Fabp4-Cre control and Kit!"";Fabp4-Cre mice (n = 4

mice per arm).

KIT-positive cells were found adjacent to GFP-positive mesenchyme, consistent with the
potential for cell-cell communication (Figure 2.3F). As PSCs are localized in perivascular
regions as well as next to pancreatic epithelium, but KIT-positive cells were few in number
in pancreas tissue, we reasoned that acinar cells were unlikely to be the cellular source of
KIT but that CD31-positive endothelial cells and cytokeratin-high ductal epithelial cells may

be relevant KIT-positive cell populations.

DAPI GFP KIT VIM MERGE

Healthy pancreas

Figure 2.3. KITL regulates PSC state and pancreas tissue homeostasis.
F, Representative images of IHC staining for GFP (green), c-KIT receptor (KIT, red), and VIM
(magenta) in healthy murine pancreas from Rosa26mTmG/+;Fabp4-Cre mice. Scale bar, 10 uym.
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Consistent with this notion, IHC demonstrated KIT expression by sub-populations of ductal
epithelial cells and few endothelial cells (Figures 2.3G & 2.3H). To confirm these results,
we analyzed KIT expression by flow cytometry with co-stains for CD45 (immune cells),
CD31 (endothelial cells), or EpCAM (epithelial cells), reasoning that KIT-positive cells

negative for these three additional markers represent KIT-positive mesenchyme.

()
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Figure 2.3. KITL regulates PSC state and pancreas tissue homeostasis.
G, Representative images of IHC staining for CD31 (green) and c-KIT receptor (KIT, red) in healthy
murine pancreas. Scale bar, 10 ym. H, Representative images of IHC staining for panCK (white)
and c-KIT receptor (KIT, red) in healthy murine pancreas. Scale bar, 10 um.

KIT-positive cells were found in the EpCAM-324 positive fraction, consistent with a ductal
epithelial identity, and were rarely but measurably positive for CD31 or CD45
(Supplementary Figures 2.54D & 2.S4E), consistent with our IHC. We also noted a KIT-
expressing population negative for these markers, which may be a population of
mesenchymal cells expressing KIT. We also note that the fairly high proportion of KIT-

positive cells among live cells in our flow cytometry experiments likely reflects substantial
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acinar cell death during preparation of single cell suspensions, as acinar cells appear to

be negative for KIT and we have likely therefore enriched for KIT-positive cells.

Supplementary Figure 2.S4. Stromal KITL promotes pancreas tissue homeostasis.
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D, Flow cytometry analysis and quantification of c-KIT receptor, EpCAM, and CDA45 in healthy
pancreata of C57BL/6J age-matched male mice (n = 3 replicates from a total of n = 5 mice divided

among samples).
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E, Flow cytometry analysis and quantification of c-KIT receptor, EpCAM, and CD31 in healthy
pancreata of C57BL/6J age-matched male mice (n = 3 replicates from a total of n = 5 mice divided

among samples).
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In light of the observed patterns of c-KIT expression, we treated several cell types
including PDAC cells and endothelial cells with recombinant KITL in culture, but did not
observe changes in cell viability over time (Supplementary Figure 2.S4F). Together, these
results suggest that paracrine signaling via KITL influences neighboring cell types and

acellular features in an intact tissue context.

Supplementary Figure 2.S4. Stromal KITL promotes pancreas tissue homeostasis.
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In light of measurable albeit modest differences to tissue structure upon loss of
mesenchymal Kitl, we assessed the consequences of this KITL pool in the setting of tissue
damage. For this, we subjected Kit/"":Fabp4-Cre mice and Fabp4-Cre controls to acute
pancreatitis by administering repeated injections of the cholecystokinin analog caerulein,
or saline as a vehicle control, once every hour for 8 hours, for two days. As expected, in
control mice, caerulein induced a mild inflammation characterized by edema and

leukocyte accumulation evident by hematoxylin and eosin staining (Figure 2.31).

| Fabp4-Cre Kitl""- Fabp4-Cre

e 4 '

e

Figure 2.3. KITL regulates PSC state and pancreas tissue homeostasis.
I, Representative H&E images between caerulein-treated Fabp4-Cre and Kitl"";Fabp4-Cre mice.
Mice were treated hourly for 8 hours for two days; pancreata were harvested on Day 4. Scale bar,
100 um.

However, in Kitl conditional knockout mice, caerulein led to far more pronounced tissue
inflammation, as well as greater alterations to the epithelial compartment which we
speculated may represent metaplasia or altered epithelial plasticity. To assess this, we

co-stained tissues from caerulein-treated mice with amylase (acinar cell marker) and pan-

cytokeratin (ductal cell marker), which indicated an increase in ductal marker expression
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in the inflamed Kit/ conditional knockout mice (Figure 2.3J) along with evidence of

amylase/pan-cytokeratin co-staining of individual cells.

Figure 2.3. KITL regulates PSC state and pancreas tissue homeostasis
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J, Representative images of
IHC staining for panCK (green)
a : @ and Amylase (red) between

' 5 caerulein-treated Fabp4-Cre
and Kitl"":Fabp4-Cre mice.
Scale bar, 10 ym. PanCK
quantification (n = 3 mice per
arm). For comparisons of two
groups, unpaired t-test was
used. Data are represented as
mean £ SEM; ns = not
significant, *P < 0.05, **P <
0.01, **P < 0.001, ***P <
0.0001.

Inflammation was more pronounced in the Kitl conditional knockout mice, evidenced by
increased abundance of CD45+ leukocytes and CD68+ macrophages in the pancreas

compared to control mice (Figures 2.3K & 2.3L). Together, these results implicate
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mesenchymal KITL in regulation of pancreas tissue homeostasis such that KITL

downregulation promotes inflammation and perturbation of normal tissue architecture.
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Figure 2.3. KITL regulates PSC state and pancreas tissue homeostasis. K, Representative
IHC images (left) and quantification (right) for CD45 staining between caerulein-treated Fabp4-Cre
and Kitl"":Fabp4-Cre mice. Scale bar, 100 ym. L, Representative images (left) and quantification
(right) for CD68 staining in caerulein- treated Fabp4-Cre and Kitl"":Fabp4-Cre mouse pancreas.
Scale bar, 100 ym. Unpaired t-test was used. Data are represented as mean + SEM; ns = not
significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 24, Mesenchymal KITL restrains pancreatic tumor growth.
A, Average tumor area (mm?2) between Fabp4-Cre control and Kit/"";Fabp4-Cre mice, injected with
KPC-derived murine PDAC cells 6419¢c5 (n = 7 mice per arm). Slopes tabulated via simple linear
regression analysis. B, Tumor weights (g) at experimental endpoint between Fabp4-Cre control
and Kiti":Fabp4-Cre mice, injected with KPC-derived murine PDAC cells 6419¢5 (n = 7 mice per
arm). C, Representative H&E images of Fabp4-Cre control and Kit/"":Fabp4-Cre mice injected with
KPC-derived murine PDAC cells 6419c5, at the same experimental endpoint. Scale bar, 1mm. Data
are represented as mean = SEM.

We next addressed the potential of stromal KITL to regulate pancreatic tumor growth. We
performed orthotopic implantation of KPC-derived PDAC cells from a pure C57BL/6J
background into syngeneic Kitl"";Fabp4-Cre mice or Fabp4-Cre controls. Despite the

aggressive nature of this mouse model, we found that loss of mesenchymal Kit/

101



significantly accelerated tumor growth (Figure 2.4A) and increased tumor weights and
tumor burden at experimental endpoint (Figures 2.4B & 2.4C). We then repeated these
experiments using moribundity as an experimental endpoint instead of a fixed timepoint.
Consistent with the tumor growth measurements, survival studies revealed that loss of
mesenchymal Kitl significantly shortened survival compared to mice in KITL expressing

hosts (Figure 2.4D).
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Figure 24, Mesenchymal KITL restrains pancreatic tumor growth.

D, Kaplan—Meier plot depicting percent probability of survival between Fabp4-Cre control and
Kitl":Fabp4-Cre mice, injected with KPC-derived murine PDAC cells 6419¢5 (n = 7 mice per arm).
Log-rank P value = 0.0072.

We characterized the mesenchymal compartment of these tumors by staining for PDPN
(pan-CAF marker) and aSMA (myofibroblast-like CAF marker) and found similar CAF
abundance in tumors across genotypes (Figure 2.4E), which is compatible to the notion
that mesenchymal KITL regulates tissue homeostasis but is lost in an established tumor
microenvironment. Proliferation and apoptosis were also similar across tumor genotypes
at experimental endpoint (Figures 2.4F & 2.4G), further supporting a role for KITL in early

tumor progression. A tumor-restraining role for stromal KITL was also observed in an

independent PDAC model (Figures 2.4H-J), except that tumor weights at humane

102



endpoint were not different in this model. As implantable models involve introduction of
cells which have already undergone malignant transformation into pancreas tissue, these
results suggest that mesenchymal KITL expression represents a tissue barrier to PDAC
progression at least in part independent of epithelial cell-intrinsic tumor suppression

mechanisms.

Figure 2.4. Mesenchymal KITL restrains pancreatic tumor growth. E, Representative images
of IHC staining and quantification of aSMA and podoplanin on tumors from Fabp4-Cre control mice
and Kitl"";Fabp4-Cre mice, injected with KPC-derived murine PDAC cells 6419¢5 (n = 3 mice per
arm). Zoomed-out image scale bar, 200 um. Zoomed-in image scale bar, 50 pm.
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Figure 2.4. Mesenchymal KITL restrains pancreatic tumor growth.
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F, Representative image of IHC staining and quantification of cleaved caspase-3 (ccas3) on Fabp4-
Cre control mice and Kit!"":Fabp4-Cre mice, injected with KPC-derived murine PDAC cells 6419¢c5
(n = 3 mice per arm). Scale bar, 10 ym. G, Representative images of IHC staining and
quantification of Ki67 on Fabp4-Cre control mice and Kit/"";Fabp4-Cre mice, injected with KPC-
derived murine PDAC cells 6419¢5 (n = 3 mice per arm). Scale bar, 10 um. All data are represented
as mean + SEM. For comparisons of two groups, unpaired Mann-Whitney test was used. *P < 0.05,
**P <0.01, **P < 0.001, ****P < 0.0001; ns, not significant.
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H, Average tumor area (mm?) between Fabp4-Cre control mice and Kit/"";Fabp4-Cre mice, injected
with KPC-derived murine PDAC cells FC1199 (n = 5 mice per arm). Best-fit slopes tabulated via
simple linear regression analysis. I, Tumor weights (g) at humane endpoint from Fabp4-Cre control
mice and Kitl"";Fabp4-Cre mice, injected with KPC-derived murine PDAC cells FC1199 (n = 5 mice
per arm). All data are represented as mean + SEM. For comparisons of two groups, unpaired
Mann-Whitney test was used. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, not significant.
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Figure 2.4. Mesenchymal KITL restrains pancreatic tumor growth.
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J, Kaplan—Meier plot depicting percent probability of survival between Fabp4-Cre control mice and
Kitl":Fabp4-Cre mice, injected with KPC-derived murine PDAC cells FC1199 (n = 5 mice per arm).
Log-rank P-value = 0.0019. For comparisons of two groups, unpaired Mann-Whitney test was
used. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, not significant.

F. Discussion
In this study, we provide evidence that a cell population in normal pancreatic mesenchyme

expresses KITL/SCF; that stromal downregulation of KITL is an accompanying feature of
pancreatic tumorigenesis, as CAFs derived from these KITL-positive cells retain a lineage
label but do not retain KITL expression; and that, functionally, stromal KITL is a barrier to
tumor progression in pancreas tissue. The recent reports of abundant, KRAS-mutant, pre-
invasive lesions throughout examined cohorts of PDAC-free human pancreas tissues
(Braxton et al., 2024; Carpenter et al., 2023) compared to the relatively low frequency of
PDAC across the general population indicates the pervasive relevance of tumor
suppression mechanisms in the adult pancreas. These mechanisms likely include
epithelial cell-intrinsic mechanisms promoting genome stability and susceptibility to
immune surveillance; functions of the immune system, potentially including clearance of
highly mutated epithelial cells with tumorigenic potential; and functions of the non-immune

stroma. Within the non-immune stroma, mesenchymal components—fibroblasts in
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particular—are broadly implicated in maintenance of normal tissue structure or
architecture as well as support of healthy tissue homeostasis via production of soluble
factors, basement membrane, and ECM components. Perturbation of fibroblast
phenotypes to an activated state is an anatomically conserved feature of many solid
cancers and some inflammatory conditions (Buechler et al.,, 2021). While activated
fibroblasts in disease states generally express ECM components and immune-modulatory
factors, granular features of fibroblast activation programs are tissue- and disease-
specific. Though activated fibroblasts in cancer carry out diverse functions to promote
tumor progression, normal fibroblasts serve to restrain tumor formation in promoting the
ordered tissue structure that must be overcome to enable cancer formation or progression.
We propose KITL as a tumor-restraining stromal mechanism in the pancreas, raising the
possibility that specific effectors downstream of KITL signaling may hold utility for cancer
progression. Though this study suggests that inhibition of effectors downstream of stromal
KITL have potential relevance for cancer prevention, we speculate that a therapeutic
window prevents use of receptor tyrosine kinase inhibitors such as imatinib—which inhibits
c-KIT—from having a meaningful negative impact on normal pancreas tissue
homeostasis, consistent with the excellent safety profile of imatinib (Druker et al., 2001).
Future efforts will aim to investigate the significance of KITL signaling in the specific
context of low-grade PanIN lesions, as these are the lesions found in adult human

pancreas (Braxton et al., 2024; Carpenter et al., 2023).

While our study was restricted to the pancreas, these findings fit within a broader context
of prior studies implicating mesenchymal KITL and/or LEPR-positive mesenchyme as
critical regulators of healthy tissue homeostasis and normal tissue function in diverse

organ sites. As briefly discussed above, LEPR-positive mesenchymal cells in the bone
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marrow associate tightly with endothelial cells and form a niche critical for hematopoietic
stem cells (Ding et al., 2012). Interestingly, upon tissue damage such as irradiation or
chemotherapy requiring regeneration of hematopoietic stem cells, LEPR-positive
mesenchymal cells differentiate into adipocytes which in turn produce KITL to enable a
functional niche and support hematopoietic regeneration (B. O. Zhou et al., 2017).
Complementary mesenchymal and signaling components were recently shown to support
normal tissue homeostasis and suppress inflammation in brown adipose tissue (BAT):
LEPR-positive mesenchyme supports adaptive thermogenesis and restrains inflammation
in BAT (Haberman et al., 2024), while endothelial cell-derived KITL/SCF signals to KIT on
brown adipocytes to promote homeostatic lipid accumulation when thermogenesis is
inhibited (AlZaim et al., 2023). As the stellate cells under investigation in our study are
also lipid-storing cells, these studies raise the possibility that lipid-storing stromal cells
engage KITL signaling to promote tissue homeostasis and limit inflammation more broadly

across organs.

Figure 2.5.
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Chapter Ill. Conclusions, Limitations, and Future Directions
Since cancer-associated fibroblasts are not as tumor-permissive as once thought, we look

to normal mesenchyme functions attributed to healthy tissue homeostasis and tissue
organization as a basis for its tumor-restraining capacity. Previous study established that
pancreatic stellate cells, initially thought to be the origin of all CAFs in pancreatic ductal
adenocarcinoma, are a small sub-population in this disease, and revealed that fibroblast
lineage results in different CAF contributions to the tumor milieu. Thus, it is reasonable to
suspect that different fibroblast lineages also have non-redundant applications in the
maintenance of healthy tissue homeostasis. In this dissertation, by comparing pancreatic
stellate cells in healthy and in cancer-associated mesenchyme, we identify ligand
KITL/SCF expressed in the healthy pancreas and is lost in a cancer setting. We validate
this loss in both mouse models and human tissues. Further, we interrogate the role of
pancreatic stellate cell-derived KITL through in vivo studies, which include gene
manipulation of murine models of health, inflammation, and cancer, and in vitro exploration

of primary, immortalized, and activated PSCs.

A. Temporal and Spatial Organization of Pancreatic Stellate Cells
Ouir first results explore the temporal and spatial organization of pancreatic stellate cells

in healthy tissue, low-grade neoplastic lesions, and PDAC lesions of mouse pancreas.
Using PDPN and aSMA, our findings validate that PSCs, quiescent or activated as CAFs,
are numerically minor in healthy tissue and PDAC lesions (Figures 2.1B & 2.1C).
Furthermore, PSC-derived CAFs appeared relatively infrequent in low-grade PanIN
lesions, prompting whether there is a sequential order of fibroblast activation with respect
to mesenchymal lineage that is pertinent to tumorigenesis (referred to later). Perhaps our

results suggest that PSC-derived CAF functions are more significant for later stages of
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tumorigenesis. We also report that PSCs reside in both the perivascular and parenchymal
regions, as delineated by endothelial marker CD31 (Figures 2.1D & 2.1F). While this
dissertation focused on mesenchymal KITL roles in the pancreas irrespective of its spatial
context, we show that nearly all perivascular PSCs express Kitl, whereas around half of
parenchymal PSCs express Kitl in Rosa26™¢"*;Fabp4-Cre mice (Figure 2.2L). This data
prompted questions on the relationship between mesenchymal cells and endothelial cells
through the KITL-cKIT axis, as we also observed differences in the perivascular niche
between  Ro0sa26m'm¢*:Fabp4-Cre  control and Rosa26™™m¢*Kitl":Fabp4-Cre
experimental mice (Figure 2.3D). One possibility to explain the increase of PSCs adjacent
to endothelial cells in the Kit/”"model is a contact-dependent compensation mechanism
activated by a weakened structure of the perivascular region due to reduced tissue
scaffolding, since perivascular stromal cells can provide structural support through ECM
components (Avolio et al., 2017; Sbierski-Kind et al., 2021). Ultimately, these results
propose that spatial residence of PSCs, specifically the specialized perivascular niche,

may be affecting its KITL expression, and in turn, its function.

B. Strengths and Limitations of Single cell Technologies
Single cell technologies allowed us to interrogate the differences between pancreatic

stellate cells in healthy pancreata and PSC-derived CAFs from orthotopic transplantation
models, providing candidate autocrine, juxtacrine, or paracrine factors with the potential
for tumor suppression or restraint. From this, we produced the first scRNA-seq dataset
focused on PSCs. Single cell sequencing data is limited by technical, biological, and
computational challenges (Kiselev et al., 2019): individual cells are treated as biological

replicates, not technical, reducing its reproducibility; miniscule amounts of RNA from each
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individual cell causes low signal-to-noise ratio; and, parameters within each clustering

method heavily impact analysis and clustering resolution.

Figure 3. Secondary clustering analysis of scRNA-seq reveals distinct populations of
pancreatic stellate cells from healthy and PDAC murine pancreata.
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A, Secondary clustering analysis of sScRNA-seq identifies a total of 20 functionally distinct clusters
compiled from all pancreatic stellate cells from both healthy murine pancreata and murine PDAC
pancreata (GFP_normal = PSCs from healthy pancreata; GFP_tumor = PSC-derived CAFs from
tumor pancreata).

However, we reasoned that reviewing potential factors within the largest cluster with the
greatest number of cells would mitigate these problems as it would suggest that most
stellate cells in the normal mesenchyme expressed these sets of genes (Figures 3A &
3B). This same cluster was nearly non-existent in the cancer-associated context,
strengthening our hypothesis that the cluster we selected to delve into indicated healthy
mesenchymal functions (Figures 2.3A & 2.3B). We later provide evidence throughout this

thesis that KITL is expressed in PSCs and that PSC activation during tumorigenesis

coincides with loss of mesenchymal KITL.
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Figure 3. Secondary clustering analysis of scRNA-seq reveals distinct populations of
pancreatic stellate cells from healthy and PDAC murine pancreata.
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B, Pancreatic stellate cell (PSC) secondary clustering analysis groups (defined here as Cluster
IDs) are organized by cell count from each condition (GFP_normal = PSCs from healthy
pancreata; GFP_tumor = PSC-derived CAFs from tumor pancreata). More than 800 cells from
both conditions combined were grouped in Cluster 1.

C. RNA as a measurement of KITL expression
As alluded to earlier, we show evidence in support of the notion that PSCs in healthy

pancreas express KITL, which is then lost during tumorigenesis. KITL expression in intact

tissues was measured by RNA ISH and RNAscope to capture Kitl/KITLG RNA expression
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in mouse and human tissues, respectively (Figures 2.2J, 2.2K, & 2.2M). The power of this
strategy enables spatial visualization of KITL RNA expression in vivo, implicating PSCs in
KITL-mediated paracrine interactions with epithelial, endothelial, and immune cells.
Nevertheless, this strategy is also limited by its ability to accurately assess mesenchymal
KITL protein expression, as mRNA expression does not always correlate with protein
expression. In our work, we indirectly assess KITL protein expression in both mouse
healthy pancreas and human PDAC tissues through expression of phosphorylated c-KIT
(Figures 2.2N & 2.20). However, to address if our PSCs express KITL protein, isolation
of GFP+ mesenchymal cells in healthy pancreas between Rosa26™™m¢*:Fabp4-Cre
control and Rosa26™™¢*Kitl"".Fabp4-Cre experimental mice followed by western blot
analysis (or other means of protein expression analysis or updated versions of ELISA
assays) for KITL and FABP4 can sufficiently address if our stellate cells express KITL, and
also validate the success of our Kitl knock out genetic model. Unfortunately, collecting
sufficient protein from primary pancreatic stellate cells for a standard western blot is limited
by the low numbers of viable PSCs that are collected from the pancreas. However, neither
of these experimental designs would ascertain if there were a difference in KITL
expression between perivascular and parenchymal PSCs. This question may be
addressed by flow cytometry, observing for GFP, KITL, and CD31, but this approach is
limited by antibody availability. And while this method may succeed, it captures only
membrane-bound KITL on PSCs, which allows speculation on only KITL-mediated

interactions at close contact, not of its farther influences as a soluble ligand.

Combinatory spatial platforms, such as GeoMx Digital Spatial Profiler (DSP) (NanoString
Technologies), which allows for both transcriptomic and proteomic analyses in either FFPE

or fresh frozen tissue section by combining ISH/IF techniques with high-plex gene
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expression analysis, may support in this endeavor. The advantages to these platforms
allow flexible, biology-driven profiling, and providing more protein and gene expression
data in one slide than a standard RNAscope. For example, one can first use
immunofluorescence data to select regions-of-interest—in our context, we can select for
markers that target PSCs—then collect all gene expression data from that region. By
distinguishing PSCs as our region-of-interest in our mouse models, we can observe for
any KITL-mediated downstream ftranscriptomic or proteomic changes (such as
phosphorylated c-KIT activity) in epithelial, endothelial, or immune cellular compartments
that surround the mesenchyme. Using these spatial platforms, we can then observe for
phosphorylated c-KIT expression and KITL expression (RNA or protein, dependent upon
availability GeoMx oligo-labeled antibodies), then assess the extent of spatial
colocalization within a niche poised for crosstalk. From this, we can analyze cellular
composition of the selected niche. These orthogonal approaches will provide a more
comprehensive understanding of mesenchymal KITL expression, activity, and niche in the

pancreas.

D. Complementary in vitro methods assessing murine KITL

expression
Our complementary in vitro experiments may be perceived as an overtly reductionist

approach in detecting Kitl mRNA, wherein newly isolated primary PSCs from mouse
pancreas are artificially activated into a CAF-like state, either by exposure to plastic
(Figure 2.2E) or by treatment of recombinant TGF-B (Supplementary Figures 2.2B-D).
Additionally, our interrogation of cell-intrinsic consequences of KITL signaling on PSCs
may not be ideal, as we created loss- and gain-of-function systems on immortalized PSCs,
not primary PSCs (Figures 2.3A-C; Supplementary Figures 2.S3A-D). While we ensured

appropriate controls to account for the physiological difference, we are cognizant that
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neither of these methods do not accurately reflect an in vivo setting, therefore
interpretation of these results could be challenging. Isolation and bulk RNA-seq of GFP+
mesenchymal cells in Rosa26™m¢*;Fabp4-Cre control and Rosa26™¢"*Kitl"": Fabp4-
Cre experimental mice, in healthy and PDAC settings, would be an infallible method of
assessing Kitl expression and cell-intrinsic consequences of KITL signaling, allowing for

cleaner analysis and interpretation.

E. Alternative Sources of pancreatic KITL
It is possible that there are other sources of KITL in the pancreas. We also show that a

subset of CD45+ cells in the human pancreas tissues express KITL mRNA
(Supplementary Figure 2.S2F), however we observed more KITL+ mesenchymal cells
than KITL+ leukocytes. We do note that data from RNAscope assay may also suggest
that endothelial cells in the murine pancreas express Kitl mMRNA (Figure 2.2L). Since
reports have described endothelial-derived KITL expression and function (Ding et al.,
2012), itis plausible that pancreatic endothelial cells in our system also express our ligand-
of-interest. It would be meaningful to address if endothelial cells in the pancreas express
KITL, considering that the KITL-c-KIT signaling axis can support angiogenesis (Fang et
al., 2012; Matsui et al., 2004; Shan et al., 2023), highlighting the importance of the KITL/c-
KIT transduction pathway in the maintenance of healthy vasculature. If this were the case,
it is consequential in our work to address whether endothelial or mesenchymal cells are
the major contributors of KITL in the pancreas, and if KITL source matters in paracrine
interactions, in order to parse the mechanisms of multiple functions that were disrupted
by PSC-derived KITL loss. Using the same Kitl9% knock-in model from Ding and
colleagues, we can observe if pancreatic endothelial cells (and other cells such as PSCs)

express GFP in healthy pancreata of mice via flow cytometry. If pancreatic endothelial
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cells do express KITL, genetic perturbation of KITL in pancreatic endothelial cells in mouse
models can be an avenue worth exploration. While there are currently no established
models that enable fate tracing specifically of pancreatic endothelial cells, endothelial cells
can be fate traced, thus KITL excision is viable with a dual recombinase GEMM. One
such example could be a Pdx1-FIpO;Pecam-1FSF-CREA Kt/ model, which targets CD31.
Other potential endothelial cell markers include Tek2 (gene for Tie2) and Cdhb (gene for
vascular endothelial cadherin), as these Cre mouse models already exist, although without

the FRT-stop-FRT (FSF) cassette.

F. Implications of gradual loss of mesenchymal KITL in PDAC
Our data also suggests that complete mesenchymal KITL loss occurs at later stages of

pancreatic tumorigenesis (Figure 2.2K & 2.2M, Supplementary Figure 2.S2F). Although
our experimental conditions include human benign adjacent tissue sections, its
microenvironment is merely a substitute for understanding the microenvironment in early
pancreatic neoplasms in humans. To address this, we can investigate datasets wherein
human pancreas tissues are derived from donors with no known pancreas diseases. One
such example is from Carpenter and colleagues (Carpenter et al., 2023); this seminal work
shows that the adult healthy pancreas, regardless of age, harbor early PanINs, which
vastly outnumber PDAC cases in frequency, implicating the necessity of fibro-
inflammatory reactions to exacerbate precancerous lesions into cancer. Datasets like this
provide an excellent opportunity to compare mesenchymal KITL expression between adult
healthy pancreas in contrast to PDAC tissues. This will provide a more accurate picture
on the temporal loss of mesenchymal KITL, along with the potential for novel candidate
biomarkers associated with reduced mesenchymal KITL that indicate a more tumor-

permissive environment.
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G. Genetic, Epigenetic, and Proteomic Factors controlling

mesenchymal KITL expression
If loss of mesenchymal KITL in PDAC tumorigenesis is found to be a gradual process

through validation experiments with human benign tissues (as specified in the above
paragraph), it is important to study the mechanisms of mesenchymal KITL expression.
What about the differences between mesenchymal cells (e.g. pancreatic stellate cells) in
low-grade neoplastic lesions versus cancer-associated fibroblasts in PDAC that lead to
KITL loss? Are there any differences between PSCs in PanINs versus CAFs in PDAC?
Are these mesenchymal cells in early PanIN lesions more akin to activated fibroblasts in
a wound healing response as opposed to CAFs? Epigenetic profiling of pancreatic stellate
cells or fibroblasts—including DNA methylation and chromatin accessibility assays—in
normal, wound-activated, and early- versus late- cancer-activated states can illuminate
the nuances among these varied microenvironments. Isolation of pancreatic
mesenchymal cells from control, acute pancreatitis, early- and late-PDAC mouse models
for epigenetic profiling, with great attention to the Kit/ locus, may answer these questions.
We can also look to genetic profiling of murine Kit/ and human KITL in PSCs by searching
for Kitl/KITL promoter, enhancer, and silencer regions, reviewing known and candidate
transcription factors and other regulatory proteins, then assessing regulatory protein
activity in the Kitl/KITL locus. Previously it has been shown that growth differentiation
factor 9 (GDF9), a member of the TGF- superfamily, reduces KITL expression in human
granulosa cells (Tuck et al., 2015). While PSCs and granulosa cells may have varying
receptor and transcription factor expression due to their cellular differences, this report
proposes that the TGF-B signaling pathway may contribute in the reduction of PSC-
derived KITL, corresponding to the gradual loss of mesenchymal KITL in PDAC

tumorigenesis.
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Post-translational modifications to KITL can also be a factor of mesenchymal KITL loss in
PDAC. It is possible that mesenchymal KITL may still be transcribed and translated but
degraded before its formation as either a membrane-bound or a soluble isoform. Mass
spectrometry can allow us to observe changes in KITL protein between primary murine
PSCs versus PSC-derived murine CAFs by identifying protein fragments and degradation

products, such as ubiquitinated KITL and KITL fragments in lysosomes.

H. Fibroblast lineage contribution and function in the presence of

early mesenchymal KITL loss
Since both our previous work (Helms et al., 2022) and work from di Magliano’s group

(Garcia et al., 2020) elucidated that fibroblast lineages have different numerical and
functional properties in healthy and cancer environments, it would be interesting to
address whether disrupted pancreatic stellate cell-derived KITL changes the pancreatic
mesenchyme landscape, which may impact downstream changes in the tumor
microenvironment. For example, it is currently unknown if there is a sequential order of
fibroblast activation with respect to fibroblast lineage—and if this impacts tumorigenesis.
Perhaps a reason as to why pancreatic stellate cell KITL loss significantly accelerates
tumor growth and reduces survival in mouse models is because of PSC-derived CAF
activation (associated with PSC loss of KITL) appears to occur at later stages of
tumorigenesis. PSC KITL loss in the normal tissue potentially propels the environment to
mimic a more aggressive stage of the disease. Elaborate mouse models that combine
lineage tracing of KITL loss in Fabp4+ cells with Gli1+ cells will allow us to explore these
questions. Studies should include exploration on fibroblast composition in healthy
pancreas and tumor pancreas. Tumor pancreas models could include orthotopic models

(using slow- and fast-growing PDAC cancer cells) and tumors of different genotypes (e.g.
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p53 R172H vs p53 hemizygous loss vs p53 null mutation), as we’ve previously shown that

different tumor genotypes can impact CAF functions.

|. Mesenchymal KITL and the Immune Compartment
Itis pertinent for human PDAC therapies to shift its immunosuppressive microenvironment

towards an anti-tumor immune microenvironment, but this Herculean task has proved
challenging. Our results further highlight this issue as we parse mesenchymal functions
in PDAC. Both in vitro and in vivo models of mesenchymal KITL loss indicated changes
in fibro-inflammatory processes. Kitl knock down in immortalized PSCs compared to
control result in an increase of gene expressions related to inflammatory processes
(Supplementary Figures 2.S3C & 2.83D). In healthy pancreas, our experimental
Kitl"": Fabp4-Cre model shows an increase in CD45+ leukocytes compared to Fabp4-Cre
control mice (Figures 2.3E & 2.3K). We also observe an increase in CD68+ macrophages
in our experimental model in contrast to our control model (Figure 2.3L). But our data
show with orthotopic models that stellate cell loss of KITL expression resulted in

accelerated tumor growth and lower survival (Figures 2.4A-D & 2.4H-J).

This reemphasizes two lessons: 1) increased leukocyte infiltration does not equate to
improved pancreatic cancer outcomes; and, 2) the type of immune cells involved matter.
Assessment of immune cell types in our Kit/"":Fabp4-Cre model compared to controls in
healthy and tumor pancreata are necessary to anticipate developments in the
inflammatory niche as cancer progresses. Flow cytometry and multiplex IHC can
elucidate immune cell types involved in this process, particularly markers associated with
regulatory T cells (Trg) and tumor-associated macrophages (TAMs), due to increased
expression of both CD45+ and CD68+ markers in our experimental models as well as their
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activity in weakening anti-tumor immunity (Beatty et al., 2015; Clark et al., 2007). PDAC
is also characterized by the accumulation of immunosuppressive myeloid-derived
suppressor cells (MDSCs) (Bayne et al., 2012; Siret et al., 2020), which can differentiate
into TAMs (Kumar et al., 2016). However, perturbation of mesenchymal KITL is not
equivalent to true tumor conditions, therefore we must include other immune markers
involved in immune dysregulation when investigating healthy pancreata. Such markers
include CD11b+, Gr-1+, CD25+, FOXP3+ (Glaubitz et al., 2022; Kataru et al., 2009) and
other immune cells (i.e. neutrophils, eosinophils) seen in chronic pancreatitis are eligible
immune types to investigate (Leppkes et al., 2016; Manohar et al., 2018), as pancreas of
Kitl"".Fabp4-Cre experimental models expressed a more aggressive inflammatory
response after caerulein treatment, reflecting chronic pancreatitis. Furthermore, it is
important to investigate innate immune cells such as mast cells, NK cells, and dendritic
cells, as they are known to express and are regulated by c-KIT signaling (Tsai et al., 2022).
Mesenchymal loss of KITL may severely impact functions of these innate immune cells,
dysregulating normal tissue immune homeostasis. For example, the KITL/c-KIT axis has
been implicated dendritic cell regulation and equilibrium (Barroeta Seijas et al., 2022;
Simonetti et al., 2019). These results should then be validated by analysis of human
benign adjacent pancreatic tissues, and adult healthy pancreas, which have recently been

shown to harbor PanINs (Carpenter et al., 2023)

J. Mesenchymal KITL maintains tissue architecture
Additionally, in the context of inflammation, mesenchymal KITL appears to restrain

epithelial plasticity, as Kit/"":Fabp4-Cre experimental mice upon caerulein treatment
expressed more of the ductal marker panCK in the pancreas, compared to Fabp4-Cre

control mice (Figure 2.3J). This overlap of both ductal marker panCK and epithelial marker
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amylase found throughout pancreata of experimental mice is indicative of acinar-to-ductal
metaplasia (ADM), considered to be an early step in pancreatic tumorigenesis. This
suggests that one of the purposes of epithelial-mesenchymal interactions through the
KITL/c-KIT signaling axis is to maintain normal tissue architecture. Pancreatic organoids
may be a useful model for this hypothesis. To replicate acute pancreatitis in an in vitro
setting, treatment of cytokines—such as IL-1pB, IL-6, IL-8, TNF-a—to pancreatic organoids
may mimic acute pancreatitis in an in vitro setting, as these cytokines have increased
expression in acute pancreatitis that leads to a hyperinflammatory response reflective of
this disease (Malheiro et al., 2024). Cytokine-induced organoids are either treated with or
without exogenous KITL, then quantified for differences in ductal and epithelial markers,

whether by immunofluorescence or flow cytometry.

K. “All Models are Wrong...”: Mouse Models

Scientific inquiry requires control of all conditions, which, as a human being first and a
scientist second, sounds comically absurd to say the least. British statistician George E.
P. Box described it best when he said, “all models are wrong”. Models, such as the
genetically modified mouse models used in this dissertation, are not an accurate reflection
of human biology. The anatomy between the two species is quite distinct: whereas the
human pancreas is described as “compact,” comprising of discrete regions (e.g. head,
uncinate process, neck, body, tail), the mouse pancreas is “mesenteric’—stretched and
dispersed between other gastrointestinal organs due to mesenteric fat and connective
tissue (Liggitt & Dintzis, 2018). This could suggest that stromal components and adipose
tissue may have a greater impact on homeostasis and disease development in murine
pancreas than in human pancreas, a perspective that cannot be taken lightly in the context

of this dissertation. Interestingly, human acinar and islet cells tend to accumulate lipid
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droplets, whereas rodent acinar and islet cells (whether from mouse or rat) do not appear
to accumulate lipid droplets, regardless of age or dietary changes (Tong et al., 2020). This
distinctive feature of human acinar and islet cells may provide a partial explanation
regarding the challenge of producing murine PDAC models that are reliably metastatic, as
it has been shown that lipid droplets are a key energetic source for invasive migration
(Rozeveld et al., 2020). However, the other half of Box’s aphorism, “... but some [models]
are useful,” reminds us that models provide important knowledge and insight to the
mechanisms we endeavor to illuminate, so long as we are conscientious in the

applications of one’s findings onto other systems.

L. Potential KITL/c-KIT tumor-promoting capacity in PDAC

Much of scientific literature paints the c-KIT signaling pathway as a mechanism for
tumorigenesis (Heinrich et al., 2000; Mazzoldi et al., 2019). In PDAC, evidence has shown
that patients that expressed both KITL and c-KIT had significantly lower survival than other
patients (Yasuda et al., 2006), associating c-KIT activation with overall lower PDAC
survival. However, the authors explored the potential mechanisms underlying this
association through reductionist in vitro methods, wherein immortalized pancreatic cancer
cells were treated with recombinant KITL. On the other hand, our use of sophisticated
mouse models and improved imaging technologies to interrogate human PDAC tissues
distinguishes that KITL source matters; we also note that temporal events are important
since it appears that mesenchymal KITL loss is gradual. Furthermore, Yasuda and
colleagues used both c-KIT high (PANC-1, SW1990) and c-KIT low (BxPC-3, Canpan-2,
MIA PaCa-2) expressing PDAC cells, and only c-KIT high expressing cells showed an
increase in invasiveness, while invasiveness in ¢c-KIT low expressing cells did not change
relative to controls. In fact, there was a reduction in invasiveness for MIA PaCa-2;

however, the reduction did not appear to be statistically significant. One could only
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surmise from this result that PDAC with high expression of c-KIT would be impacted by
KITL treatment. But the fact remains that we are uncertain if the in vitro concentrations of
KITL are reflective of in vivo settings. It is also unanswered whether the same invasive
patterns would been seen in a heterogeneous cancer cell population, which may have a
mixture of c-KIT high and c-KIT low expressing cancer cells. Data from the Human Protein
Atlas Network (collected from TCGA) show that there is relatively little expression of c-KIT
protein in pancreatic adenocarcinoma. Thus, it appears that c-KIT signaling in PDAC
cancer cells is unnecessary for tumorigenesis. What our results show, rather, is that
mesenchymal KITL expression and the c-KIT signaling pathway is poised towards

regulation of healthy tissue homeostasis and normal tissue function.

M. Dysfunctional Mechanisms from mesenchymal KITL loss as

Evidence for Liver Metastasis and Disease
Itis reasonable to suggest that HSCs in the adult liver express KITL/SCF, considering that

the findings from this dissertation were directed by the fact that hepatic stellate cells in the
developing liver express KITL. Thus, it is critical to assess for 1) hepatic stellate cell-
derived KITL in the adult liver; 2) loss of hepatic stellate cell-derived KITL in PDAC liver
metastasis; and 3) compensatory mechanisms in the liver due to HSC-derived KITL loss.
If point 1 were confirmed, and point 2 were consistently observed, it is plausible to consider
loss of KITL as a candidate biomarker for PDAC liver metastasis. If KITL in blood serum
is undetectable even in healthy adults, it may still be possible to evaluate homeostatic
mechanisms, such as inflammation and immune cell function. For example, clinicians
may be able to elucidate functions of immune cells from patient blood serum. In particular,
the c-KIT signaling pathway is critical for mast cell function, as it is one of the few immune
cells (including natural killer cells and dendritic cells) to express c-KIT receptor post-
differentiation (Matos et al., 1993; Ray et al., 2010; Simonetti et al., 2019; Tsai et al., 2022).
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Additionally, mast cells are known to reside within the hepatic vasculature in human and
rodent liver (Jarido et al., 2017; Johnson et al., 2016), and that the liver filters blood,
suggesting that other mast cells circulating the body will enter the liver. Observing for
functional changes in mast cells (or other immune cells) as another barometer included in
liver functional tests may provide researchers and clinicians nuanced insight on a patient’s

liver health.

That said, this conclusion would be dependent upon point 3. For example, if other cells
within the liver express KITL to compensate for loss of HSC-derived KITL (perhaps hepatic
endothelial cells), determining early or non-invasive indications of liver metastasis through
KITL protein expression may be moot. However, as previously mentioned in Chapter lll,
Section E, the cellular source of KITL may matter. Thus, homeostatic functions associated
with the c-KIT pathway in the liver may still be disrupted, requiring further investigation on
the role of KITL in PDAC liver metastasis. Lastly, it would be important to address if liver
metastasis developed from other primary cancers, such as breast and lung, also resulted
in hepatic stellate cell-derived KITL loss. Mesenchymal KITL loss in the liver could be

used as a candidate marker for pan-cancer liver metastasis.

N. Anti-stromal/fibrotic Cancer Treatments as Treatments for other

Fibroinflammatory Diseases
While malignant solid tumors are the most lethal form of disease associated with a fibro-

inflammatory response, other non-cancerous diseases (categorized as fibroinflammatory
diseases) including idiopathic pulmonary fibrosis, cirrhosis, rheumatoid arthritis, Crohn’s
disease, etc. are either caused by or result in an overactive fibro-inflammatory reaction.
Fibrosis and persistent inflammation may not be the original causes of these diseases.

However, tissue architecture is often disrupted from scarring, which can result in chronic
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conditions that can ultimately lead to organ failure and death. Thus, it is reasonable to
suggest that anti-stromal/fibrotic cancer treatments may also be used for other
fibroinflammatory diseases, as these treatments may resolve aberrant and chronic tissue
scarring, therefore allowing other treatments to target the underlying mechanisms for each
specific disease and improving tissue architecture of the organ(s) affected. It may also be
possible to use anti-fibrotic treatments initially intended for non-cancerous
fibroinflammatory diseases, such as nintedanib and pirfenidone (for idiopathic pulmonary
fibrosis), to malignant solid tumors such as lung adenocarcinoma, colorectal cancer, and
PDAC. Lastly, exploration into mesenchymal KITL functions in pancreatic cancer are still
at its nascent stage; nonetheless, based on evidence from this dissertation, one can
anticipate that mesenchymal KITL functional roles in maintaining healthy tissue

architecture could also be applied to non-cancer fibroinflammatory diseases.

O. Concluding Remarks
This dissertation elucidates the impacts of pancreatic stellate cell loss of KITL in normal

murine pancreas and in pancreatic tumorigenesis, implicating that mesenchymal KITL
expression and the c-KIT signaling pathway is poised towards regulation of healthy tissue
homeostasis and normal tissue function. Pursuit toward KITL was due to previous findings
from Sean Morrison and Lei Ding, wherein mesenchymal KITL/SCF regulate
hematopoietic stem cell expansion and maturity. In another context, LEPR+ mesenchymal
cells have been shown to promote bone marrow innervation and regeneration (X. Gao et
al., 2023). There may be underlying biological factors as to why it appears that
mesenchymal cells, especially those that reside within the perivascular space, maintain
normal tissue homeostasis and activate tissue (re)organization through juxtacrine and
paracrine interactions via growth factors such as KITL/SCF. This dissertation also reminds

us that normal tissue homeostasis is a form of tumor-restraint, which the field should
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explore as another avenue for both cancer treatment and prevention. Lastly, we have
reason to suspect that mesenchymal KITL, specifically from pancreatic stellate cells, may
partially explain the more aggressive fibro-inflammatory responses found in later stages
of PDAC that is lacking in adult healthy pancreas with precancerous lesions, since genetic
inhibition of KITL expression in our murine PSCs showed an increase of CD45+ immune
cells in healthy pancreas (Figure 2.3E), and altered epithelial plasticity in the context of
acute pancreatitis, in comparison to control mice (Figures 2.3 J-L). This harkens back to
the importance of understanding how fibroblast lineage can resolve discrepancies of
tumor-promoting and tumor-suppressive features seen in cancer-associated fibroblasts.
The dissertation, and continuation of this work, contributes to deciphering the non-immune
stromal functions of the tumor microenvironment, with the hope this will advance PDAC

early detection, therapies, and the new frontier of cancer prevention.
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