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Editorial on the Research Topic
Women in gastrointestinal sciences: 2021

In this Research Topic, we feature the accomplishments of gastrointestinal (GI) tract
researchers who identify as female. Women account for less than 30% of scientists worldwide.
Gender biases and stereotyping may prevent women from pursuing careers in science. Women
who choose scientific careers may experience discrimination through lower pay, fewer resources,
and decreased recognition and advancement as compared to their male colleagues.

The GI tract, which includes the pancreas, liver, gallbladder, intestines, and colon,
consists of multiple organs that form a continuous tract from the mouth to the anus,
coordinating food intake and digestion. Herein, we highlight the work of female
scientists, covering multiple areas of GI research. Reviews address advancements in
the diagnosis of pancreatic intraductal neoplasms (Assarzadegan et al.), detail the
relevance of purinergic and adenosinergic signaling in pancreatobiliary diseases
(Faraoni et al.), and examine the role of a cystine/glutamate antiporter in GI cancer
(Jyotsana et al.). Clinical questions were explored in research articles analyzing how
pancreas fat contributes to metabolic risk of type 2 diabetes (Sequeira et al.) and in a
study probing the use of CT scans for osteoporosis screening in pancreatitis (McNabb-
Baltar et al.). In two cancer research articles, immunofluorescent techniques were
developed to define the emergence of enteroendocrine cells early in pancreatic
tumorigenesis (Caplan et al.) and to characterize a unique tumor microenvironment
in inflammation-induced colon cancer (Vega et al.). Studies of Acinetobacter
calcoaceticus revealed its adaptation to GI stressors and its proposed influence on
the gut epithelium through pro-inflammatory signaling pathways (Glover et al.).

Bailey-Lundberg (Figure 1) studies the interplay between the epithelium and immune
system in chronic inflammation and cancer with a major focus on pancreatic diseases. Her lab
uses genetically engineered mouse models to evaluate plasticity in acinar and ductal cells as
well as how signaling from the epithelium alters the immune and stromal microenvironment.
Most recently her lab has been focused on studying purinergic and adenosine signaling with
therapeutic implications for immunoprevention in pancreatic cancer.

Caplan (Figure 2) is a PhD candidate in the laboratory of Dr. Kathleen DelGiorno at
Vanderbilt University. Pancreatic cancer is set to become the second leading cause of cancer-
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FIGURE 1
Dr. Jennifer Bailey-Lundberg.

related deaths by 2030, however how it develops is still poorly
understood. Acinar-to-ductal metaplasia (ADM), a process in which
acinar cells transdifferentiate into ductal-like cells in response to
injury, is an early event in tumorigenesis. ADM vyields a
heterogeneous population of cells including hormone-producing
enteroendocrine cells rarely present in the normal pancreas. Leah
Caplan is studying the role of enteroendocrine cells in pancreatic
injury, repair, and tumorigenesis.

Dr. Mindy (Melinda) Engevik (Figure 3) is an Assistant
Professor at the Medical University of South Carolina. Her lab
focuses on the interaction between the gut microbiota and the
intestinal epithelium, with an emphasis on mucus-associated
microbes. Mindy complements her microbiology work with
intestinal organoids, which provides a novel reductionist
model of microbe-host interactions.

Jyotsana (Figure 4) is a Research Assistant Professor in the
DelGiorno Laboratory at Vanderbilt University. Applying her
skills as a bioengineer, she is utilizing clinically advanced lipid
nanoparticles as vehicles to package and deliver RNA
molecules to pancreatic tissue in vivo in models of
intraductal papillary neoplasms (IPMN) and pancreatic

FIGURE 2
Leah Caplan.
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FIGURE 3
Dr. Melinda Engevik.

cancer. Dr. Jyotsana aims to understand the molecular
mechanisms of IPMN and pancreatic cancer pathogenesis,
to identify novel therapeutic targets, and to efficiently and
safely target IPMN and pancreatic cancer. Dr. Jyotsana is a
recent recipient of a Department of Defense Partnering PI
Award in Pancreatic Cancer.

Shi (Figure 5) is an Associate Professor of Pathology at the
University of Michigan. She is a fellowship-trained and
board-certified
Hepatobiliary Pathologist and an NIH-funded physician-

Gastrointestinal, Pancreas, and
scientist. Her research interests are epigenetic regulation
and tumor microenvironment in pancreatic cancer
development and pancreas pathology. Dr. Shi has won the
Benjamin Castleman Award from the United States and
Canadian Academy of Pathology (USCAP) and is the
recipient of an NCI Mentored Clinical Scientist Research
Career Development Award (K08) and MERIT (Method to
Extend Research in Time) award (R37).

Sequeira (Figure 6) explored the use of a non-invasive test
of gut permeability during her doctorate and postdoctoral
studies. This test was investigated as a diagnostic and used to
assess how breakdown/digestion of food in the gut liberates
soluble nutrients (Digesta Group at Massey University). This

FIGURE 4
Dr. Nidhi Jyotsana.
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FIGURE 5
Dr. Jiaqi Shi.

test was endorsed in an editorial, with funding awarded for
this work (Return on Science Fund, Massey University).
Recently, Dr. Sequeira led a project as a Research Fellow
(University of Auckland, PANaMAH), investigating the use
of MRI and Spectroscopy to quantify fat storage in key
metabolic organs such as the liver and pancreas.

Shah (Figure 7) is an Associate Professor of Radiology at
The Ohio State University. Her career has focused on
abdominal imaging, specifically in hepato-biliary and
pancreatic disorders, and MRI imaging of the prostate and
bladder. Dr. Shah advocates for diversity and equity, serving
as Vice Chair for Diversity, Equity, and Inclusion, Associate
Director of the Women in Medicine and Science committee,
Chair-elect of the President and Provost’s Council on Women,
and acting as interim Director of Women’s Academic
Advancement. She also contributes her time by providing
faculty training as part of the President and Provost’s
Leadership Institute.

Vega (Figure 8) is a PhD candidate in Dr. Ken Lau’s
laboratory within the Department of Cell and Developmental
Biology and the Epithelial Biology Center at Vanderbilt

FIGURE 6
Dr. lvana Sequeira.
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FIGURE 7
Dr. Zarine Shah.

University. Her work leverages both experimental and
computational approaches to investigate epithelial-stromal
cell-cell interactions in intestinal inflammation. In her
publication featured in this Research Topic, she used single-
cell RNA-sequencing, multiplex immunofluorescence imaging,
and computational approaches to explore the colonic tumor
microenvironment in mouse models of advanced adenoma
and pre-invasive inflammation-induced cancer. Her goal is to
gain the independence, additional training, and expertise
required to launch her own laboratory as an independent
academic investigator in biomedical research.

FIGURE 8
Paige Vega.
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The Role of Cystine/Glutamate
Antiporter SLC7A11/xCT in the
Pathophysiology of Cancer
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SLC7A11/xCT is an antiporter that mediates the uptake of extracellular cystine in
exchange for glutamate. Cystine is reduced to cysteine, which is a rate-limiting
precursor in glutathione synthesis; a process that protects cells from oxidative stress
and is, therefore, critical to cell growth, proliferation, and metabolism. SLC7A11 is
expressed in different tissues and plays diverse functional roles in the pathophysiology
of various diseases, including cancer, by regulating the processes of redox homeostasis,
metabolic flexibility/nutrient dependency, immune system function, and ferroptosis.
SLC7A11 expression is associated with poor prognosis and drug resistance in cancer
and, therefore, represents an important therapeutic target. In this review, we discuss the
molecular functions of SLC7A11 in normal versus diseased tissues, with a special focus
on how it regulates gastrointestinal cancers. Further, we summarize current therapeutic
strategies targeting SLC7A11 as well as novel avenues for treatment.

Keywords: SLC7A11 (xCT), metabolism, cysteine (Cys), gastrointestinal tract, ferroptosis, oxidative stress,
Cancer therapy

INTRODUCTION

Amino acid metabolism is altered in many cancers, reflecting cancer cell uptake and altered
metabolic needs, and targeting these pathways is becoming an attractive approach to patient therapy
(1). The amino acid cysteine plays important roles in protein synthesis and in maintaining redox
balance (2-4). Intracellular cysteine can be produced de novo or recycled through protein
degradation (5, 6). However, under conditions of oxidative stress, such as in cancer, de novo
biosynthesis or a catabolic supply of cysteine is not sufficient to meet the high demand for
antioxidant synthesis. Therefore, most cancer cells rely on nutrient transporters that can import
extracellular cystine (the oxidized dimer form of cysteine) (7, 8). Solute Carrier Family 7 Member 11
(SLC7A11) or xCT is the functional light chain subunit of system x;, which is a sodium-
independent, chloride-dependent, anionic L-cystine/L-glutamate antiporter on the cell surface (9,
10). The SLC7A11 protein requires either of the two heavy chain subunits of SLC3A2 to import
extracellular cystine in exchange for intracellular glutamate, at a molar ratio of 1:1 (11, 12). The
SLC7A11 gene in humans is located on chromosome 4 and the SLC7A11 protein has orthologs in all
vertebrates (4, 11). With 12 transmembrane domains, the N- and C- termini of the SLC7A11
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SLC7A11 in Cancer Progression

protein reside in the cytoplasm (4). Unlike SLC3A2, which is a
chaperone protein for many other light subunits of
heterotrimeric amino acid transporter systems, SLC7AI1l is
specific for system x; and, therefore, serves as the primary
transporter for cystine and glutamate (4, 11, 13).

Extracellular cystine isimported into the cell through SLC7A11
and is converted to cysteine through a NADPH-consuming
reduction reaction in the highly reducing atmosphere of the
cytosol. Cysteine is further utilized to synthesize glutathione
(GSH), a tripeptide, through a two-step process (1. Formation of
v-glutamylcysteine from cysteine and glutamate catalyzed by
v-glutamylcysteine synthatase; 2. Formation of GSH from
v-glutamylcysteine catalyzed by glutathione synthetase)
(Figure 1) (4, 14, 15). SLC7A11 is a major regulator of
metabolic reprogramming in normal and cancer cells. This
mainly includes effects on nutrient dependency (glucose
metabolism and glutamine dependency), and intracellular redox

balance. Extracellular cysteine is also imported into cells through
an alanine-serine-cysteine transporter and can be synthesized de
novo via a trans-sulfuration pathway in some tissues (for example,
liver, kidney, and pancreas), however, SLC7A11 remains an
important transporter for cancer cells that are largely dependent
on extracellular cystine for survival (6, 16). In normal tissues,
SLC7A11 is primarily expressed in the brain with low levels in
most other tissues (17, 18). Slc7all knockout mice are viable,
fertile, healthy in appearance with no evident deleterious
phenotype, and live a normal lifespan (19, 20). SLC7A11 is
found upregulated in various human cancers (2, 4, 8, 21-23). It
is likely that de novo synthesis of cysteine and/or its import via
transporters other than SLC7A11 can fulfill the requirement of
intracellular cysteine in normal cells or tissues in the absence of
SLC7A11. Therefore, the dispensability of SLC7A11 in normal
systems and its high expression in various cancers makes it an
attractive therapeutic target for cancer treatment.
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FIGURE 1 | Function, Regulation, and Targeting of SLC7A11. System x; is a 1:1 cystine/glutamate exchange antiporter system comprised of light chain subunit
SLC7A11 and heavy chain subunit (oligosaccharide-bound, gray circle) SLC3A2. SLC7A11 imports extracellular cystine which is reduced to cysteine through a
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NADPH-consuming reaction. Cysteine is utilized in conjugation with glutamate, by y-GCL, to form y-glutamylcysteine. In the next step, GSH tripeptide is produced via
GS enzyme in conjugation with glycine. Intracellular cysteine can be synthesized by transsulfuration. Reduced GSH serves as a cofactor for enzymes such a GPX4
that protect cells from lipid peroxidation or ROS-induced damage. GSH is oxidized to GSSG via GPX4 and is recycled back to GSH at the expense of NADPH by
GR enzyme. Accumulation of lipid peroxides leads to ferroptosis. In cells with high SLC7A11 levels and cystine import, GPX4 reduces lipid peroxidation and
ferroptosis at the expense of GSH and protects cells from damage, allowing for cell proliferation, survival, and drug resistance. SLC7A11 is regulated at multiple
levels. Transcriptional activation of SLC7A11 is induced by factors such as NRF2, ATF4, KEAP1, ARID1, STAT3/5 and is negatively regulated by p53 and ATF3.
Epigenetic regulators (BAP1, BRD4 and HDAC inhibitors) negatively regulate SLC7A11 expression at the chromatin level. Post-transcriptionally, SLC7A11 is
regulated by various miRNAs. Post-translationally, SLC7A11 protein is stabilized via protein-protein interactions (OTUB1, CD44v, CD44v9) which complex with
SLC7A11 and inhibit proteasomal degradation. mTORC2 and AKT signaling inhibit SLC7A11 activity via phosphorylation. EGFR and IGF interact with SLC7A11
and maintain localization at the plasma membrane. SLC7A11 protein and function can be targeted via 1) direct inhibitors (e.g. erastin), 2) cysteinase, 3) immunotherapy, 4)
targeting SLC7A11 via sgRNA and siRNA, 5) targeting metabolic vulnerabilities in cells with high SLC7A11 levels. ROS, Reactive oxygen species; GCL, y-glutamylcysteine
synthetase; GSS, glutathione synthetase; GPX4, glutathione peroxidase 4; GR, glutathione reductase; GSH, reduced glutathione; GSSG, oxidized glutathione;
IKE, imidazole ketone erastin; GLUT, glucose transporter; sgRNA, single guide RNA; siRNA, small interfering RNA; ATF4, activating transcription factor 4;
KEAP1, Kelch-like ECH associated protein-1; NRF2, nuclear factor erythroid 2-related factor 2; p53, tumor protein p53; ATF3, activating transcription factor 3;
BAP1, BRCA1 associated protein-1; OTUB1, OTU deubiquitinase; ubiquitin aldehyde binding 1; mTORC2, mechanistic target of rapamaycin complex 2; miRNA,
micro-RNA; HDACI, histone deacetylase inhibitors; EGFR, EGF receptor; IGF, insulin growth factor; ARID1A, AT-rich interactive domain-containing protein 1A;
BRD4, bromodomain containing protein 4; NADPH, nicotinamide adenine dinucleotide phosphate.
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REGULATION OF SLC7A11 AT THE
MOLECULAR LEVEL

The expression of SLC7A11 can be modulated by various stress-
inducing conditions (metabolic stress, amino acid starvation,
genotoxic stress, hypoxia, viral infection) through transcription
factors, epigenetic regulators, protein stability, interaction with
other proteins, post transcriptional regulation, post-translational
regulation, and transporter activity (Figure 1) (4). Studies have
identified two transcription factors, nuclear factor erythroid 2-
realted factor 2 (NRF2) and activating transcription factor 4
(ATF4), that regulate stress-induced SLC7A11 transcription (24-
27). Under conditions of cell stress, the proteasomal degradation
of NRF2 is impaired resulting in its stabilization and
translocation to the nucleus. In the nucleus, NRF2 binds to
antioxidant response elements (AREs) present in gene promoter
regions and regulates the transcription of several antioxidant
response-associated target genes including SLC7A1l. The
translation of ATF4 mRNA is enhanced under cell stress
conditions but is otherwise repressed due to the presence of
untranslated open reading frames (uORFs) located in the 5’
untranslated region of ATF4 mRNA. Stress, including amino
acid deprivation, causes phosphorylated eukaryotic initiation
factor 200 (eIF20) to inhibit the translation of many mRNAs
including ATF4 uOREFs, liberating ATF4 translation and
increasing ATF4 protein production. ATF4 further binds to
amino acid response elements (AAREs) in promoter regions of
genes like SLC7A11 which allow the cells to adapt and respond to
stress (28). For example, we and others have observed that under
cystine starvation conditions, pancreatic cancer cells upregulate
SLC7A11 expression as a stress response (25). Under these
conditions, NRF2 and ATF4 interact and cooperatively
regulate SLC7A11 expression. In contrast to NRF2 and ATF4,
p53 has been shown to repress SLC7A11 expression, however,
the mechanism is unclear (29, 30). Recently, NRF2 and ATF4
deficiency was shown to reduce SLC7A11 levels resulting in
improved cancer cell survival under low glucose conditions.
Restoration of SLC7A11 in NRF2- or ATF4- deficient cells re-
sensitizes them to glucose starvation. Similarly, NRF2 activation
in cancer cells results in increased sensitivity towards glutamine
starvation and glutaminase inhibition, potentially due to
increased SLC7A11-mediated glutamate export (31).

In addition to the transcriptional regulation of SLC7A11
under conditions of cell stress, SLC7AI1 is also regulated via
post-transcriptional mechanisms (5, 32). For example, SLC7A11
mRNA can be degraded by nonsense-mediated mRNA decay or
negatively regulated by microRNAs (miR-27a, miR-26b, miR-
375) (33-35). Histone modifications and chromatin remodeling
also control SLC7A11 expression (5). BAP1 (BRCALI associated
protein-1) deubiquitates histone 2A mono-ubiquitination
(H2Aub) at lysine-119 on the SLC7A11 gene and is associated
with the transcriptional repression of SLC7A11 and ferroptosis
induction. Additionally, BAP1 deficiency in cancer cells is
associated with SLC7A11 upregulation and ferroptosis
resistance (36-38). Polycomb repressive complex 1 (PRC1) is a
ubiquitin ligase that mediates histone 2A mono-ubiquitination at

the SLC7A11 promoter and represses expression (31, 38). The
SWI/SNF complex is involved in chromatin remodeling.
ARID1A, a component of the SWI/SNF complex binds to the
SLC7A11 promoter and promotes NRF2 mediated
transcriptional activation. ARID1A deficiency is associated
with impaired cystine uptake and ROS induction (39, 40).

Finally, interaction with other proteins and post-translational
modifications can affect the expression and activity of SLC7A11.
For example, SLC3A2 is required to maintain SLC7A11 stability
(13). CD44 variant (CD44v) isoforms interact with and stabilize
SLC7A11 in cancer cells. CD44v maintains SLC7A11 protein
stability and CD44v deficiency compromises the cell surface
localization of SLC7A11, resulting in ROS induction and
inhibition of tumor formation (41, 42). It was found through
collaborative stable isotope labeling in cell culture (SILAC) and
mass spectrometric analysis of glioblastoma cells modified to
overexpress SLC7A11, that mTORC2 (mammalian target of
rapamycin complex 2) binds to the N-terminal cytoplasmic tail
of SLC7A11 and inhibits its transport activity via
phosphorylation at serine 26 (43). Epidermal growth factor
receptor (EGFR) was shown to interact with SLC7A11 protein
to maintain its localization at the cell membrane; increased
cystine uptake and enhanced glutamate export associated with
tumor growth and invasiveness has been observed in EGFR-
expressing glioma cells (44).

THE FUNCTIONAL ROLE OF SLC7A11 IN
CELLULAR STRESS AND
CARCINOGENESIS

Nutrient Dependency and Metabolic
Flexibility

In comparison to normal cells, cancer cells differentially depend
on certain nutrients for their survival and growth. Under certain
nutrient deficient conditions, cancer cells undergo cell death
whereas normal healthy cells survive because they are more
metabolically flexible (45, 46). Understanding the mechanisms
behind the limited metabolic flexibility, or nutrient dependency,
of cancer cells may allow for targeted strategies that effectively
kill cancer cells while sparing healthy cells. Glucose and
glutamine are the main nutrients that provide energy for the
biosynthetic machinery and various metabolic processes in most
cells. Under glucose-limited conditions, for example, cells often
increase their dependence on glutamine metabolism for survival
(45, 47-49).

SLC7A11 mediated cystine uptake is crucial to main redox
homeostasis and biomass incorporation in cells (2, 4). Cancer
cells increase SLC7A11 levels to enhance cystine import and
maintain ROS homeostasis (8, 50, 51) (Figure 2). Unlike glucose
and glutamine, which are taken up by their corresponding
transporters, imported cystine must first be reduced to cysteine
(52, 53). Because of the 1:1 exchange of cystine and glutamate
across the cell membrane, a large amount of glutamate is
exported with an upregulation of SLC7A11 (53). Glutamine is
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the most abundant amino acid in plasma. Once imported,
glutamine is converted into glutamate via glutaminase and
serves as a precursor for GSH synthesis, in addition to a role
in the tricarboxylic acid (TCA) cycle (via conversion to o-
ketoglutarate) (50, 51). Interestingly, high cystine levels in
culture medium were observed to induce cystine uptake in
cancer cells leading to greater glutamate export and, therefore,
increased glutamine dependency (54). It has been shown that
basal and claudin-low triple-negative breast cancer (TNBC) cell
lines are more dependent on glutamine. These cells lines are
SLC7A11-high and import more cystine than other breast cancer
subtype cell lines. Treatment with sulfasalazine, a
pharmacological inhibitor of SLC7A11, attenuates the growth
of xenograft tumors derived from these cell lines. This suggests
that SLC7A11-high cancers, like TNBCs, are more dependent on
glutamine (55). This is likely because they need more glutamate
to exchange for cystine due to higher SLC7A11 levels. Similarly,
several pancreatic cancer cell lines (for example, PANC-1, BxPC-
3 or HPAC) are glutamine dependent and results from Badgley
et al. show that glutamine dependent pancreatic cancer cells are
more sensitive to pharmacological and genetic inhibition of
SLC7A11 (56).

Many studies indicate that several SLC7A11-high cancers are
sensitive to glucose deprivation, however the exact mechanism
here remains an active area of research. The loss of SLC7A11 and
SLC3A2 has been shown to promote cancer cell survival under
glucose starvation conditions and SLC7A11 overexpression
promotes glucose starvation-induced cell death and vice versa
(50, 51). Additionally, glucose deprivation was observed to
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FIGURE 2 | Glucose and glutamine dependency in SLC7A1 119" cancers. Glutamine is the major precursor for glutamate. Glucose is the main supplier of 1) carbon
for the TCA cycle and 2) NADPH for GSH production. Under normal conditions (green circle) SLC7A11M9" cells exchange higher amounts of glutamate with cystine.
Large amounts of imported cystine are converted to cysteine for GSH production and ROS detoxification. However, higher export of glutamate leaves cells more
dependent on glucose and/or glutamine to feed the TCA cycle and oxidative phosphorylation/mitochondrial respiration. Under glucose deprived conditions (red
circle-right hatf), SLC7A11"" cells lack the required levels of carbon. Higher cystine import via SLC7A11 leads to higher GSH synthesis and a glucose-deficiency induced
depletion in NADPH. This results in ROS induction and enhanced cell death. Under glutamine deprived conditions (red circle-left half) in SLC7A1 119N cels,
higher glutamate export results in depletion of intracellular glutamate which feeds into the TCA cycle. This drives enhanced import of glutamine and glutaminase
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induce SLC7A11 expression in cancer cells. As both glutamine
and glucose are important for the TCA cycle, it has been
speculated that enhanced SLC7AI11 export of glutamate in
cancer cells makes them more dependent on glucose to
replenish the TCA cycle (5, 50, 51). However, more recent
studies show that cystine deprivation can rescue cancer cell
death resulting from glucose starvation. The intracellular
reduction of cystine to cysteine requires NADPH. This causes
SLC7A11-high cancer cells to be more dependent on the glucose
pentose phosphate pathway (a major provider of NADPH in
cells), which in turn is metabolically dependent on glucose
(Figure 2). Moreover, it has been shown that glucose
starvation-induced cell death in SLC7A11-high cancer cells can
be prevented by restoring NADPH levels. Altogether, these data
suggest that it is NADPH depletion associated with cysteine
generation that causes SLC7A11-high cancer cell death under
conditions of glucose starvation (Figure 2) (57, 58). Various lines
of experimental evidence have shown that genetic or
pharmacological inhibition of SLC7A11 has a pro-survival role
in cancer cells under conditions of glucose starvation. Further, a
loss of function screen identified SLC7A11 and SLC3A2 as the
top hits for proteins where loss/inactivation provides resistance
to glucose starvation (50). Collectively, these studies suggest that
enhanced glutamate export and NADPH investment in cancer
cells upregulate SLC7A11 levels and enhance dependency on
glucose and/or glutamine, though this may be cell line and
context dependent (Figure 2). Glucose and glutamine
abundance are typically limited in the tumor microenvironment
(59, 60). Therefore, SLC7A11 overexpression may promote tumor
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growth/survival but once the tumor is established, SLC7A11-high
tumors are more sensitive to glucose or glutamine deficiency in the
tumor microenvironment (Figure 2).

Oxidative Stress/Redox Homeostasis
Reactive oxygen species (ROS) are free oxygen radicals such as
superoxide (O3), hydroxyl radical (OH"), and hydrogen peroxide
(H,0O,) formed by reduction-oxidation (redox) reactions. ROS
and their products can serve as signaling intermediates that
contribute to molecular responses involved in normal biological
processes, for example, in stem cell renewal, immune responses,
and insulin synthesis (61). However, an unbalanced production
of ROS can affect normal physiology by damaging DNA, RNA,
proteins, and cellular organelles via lipid peroxidation and may
even result in cell death (4, 61). This occurs due to an
insufficiency of detoxifying mechanisms including glutathione
stores and antioxidant enzymes (62). This imbalance between
ROS production and the antioxidant defense has been implicated
in many pathologies including cancer, pulmonary hypertension,
retinal damage, and asthma (22, 63-65). SLC7A11 plays an
antioxidant role by supporting GSH generation via cystine
import (4, 9). GSH plays a vital role in many cellular functions
including maintaining an intracellular redox balance, reducing
hydrogen peroxide or oxygen radicals, detoxification of
electrophiles, storing cysteine, and regulating multiple other
cellular processes (15, 66). Cancer cells have higher levels of
ROS than normal cells, which promotes tumorigenesis, however,
too much intracellular ROS triggers cell death and inhibits tumor
progression. These increased ROS levels can be induced by
irradiation, cytotoxic compounds or inhibition of antioxidants
and the antioxidant defense system (67). Oxidative stress in the
tumor microenvironment is regulated by SLC7Al1l via
maintenance of the cystine/cysteine redox cycle across the cell
membrane. Residual cysteine from GSH synthesis is exported
and is rapidly oxidized to cystine. SLC7A11 plays a role in
continuous import of this extracellular cystine. This creates a
cystine/cysteine redox cycle across the membrane and creates a
reducing extracellular environment that supports cancer cell
growth and survival (4, 51).

Cell Death

Ferroptosis is an iron-dependent cell death which is
accompanied by iron accumulation and lipid peroxidation. A
ferroptosis-associated decrease in antioxidant capacity and
accumulation of lipid ROS in cells leads to oxidative cell death.
It differs from other forms of cell death in that those cells
undergoing ferroptosis have shrunken and dense mitochondria
but do not show plasma membrane blebbing, DNA
fragmentation, or Caspase-3 cleavage (68). In recent years,
ferroptosis has been associated with many pathologies
including cancer, neurological diseases, ischemia etc. SLC7A11
overexpression confers resistance to ferroptosis in cancer cells by
importing cystine for the synthesis of GSH and by relieving lipid
ROS stress by activation of glutathione peroxidase 4 (GPX4)
(22). GPX4 catalyzes the reduction of hydrogen and lipid
peroxides and protects cells from oxidative stress. Inactivation
of GPX4 leads to an accumulation of lipid peroxides and

ferroptosis (68-71). Therefore, SLC7A1l prevents cells from
undergoing ferroptosis by importing cystine and promoting
GSH synthesis. In acute liver failure, overexpression of
SLC7A11 plays a protective role in controlling the level of
lipopolysaccharide-D-galactosamine-induced hepatocyte acute
injury primarily through inhibiting ferroptosis (72). In
contrast, SLC7A11 enhances ferroptosis in myofibroblast
hepatic stellate cells, which can exacerbate liver injury (73).
Escaping cell death is one of the hallmarks of cancer. In 2012,
Li et al. showed that a specific mutation in p53 (3KR mutant that
cannot be acetylated on certain lysine residues) causes cancer
cells to lose the ability to induce cell cycle arrest or apoptosis.
However, it could still prevent tumor formation in vivo (74).
Jiang et al. later discovered that this mutation preserves the
tumor suppressive effect of p53 partly by suppressing SLC7A11
expression and inducing ferroptosis (29). Additional p53
mutations also link p53 regulation of SLC7A11 and ferroptosis
in cancer (75). Another tumor suppressor, BAP1, frequently
found lost or mutated in cancers, has been shown to repress
SLC7A11 expression thereby impairing cystine uptake and
promoting ferroptosis in cancer cells. Furthermore, SLC7A11
overexpression or treatment with ferroptosis inhibitors has been
shown to partly overcome the tumor growth suppression caused
by BAPI restoration in tumors (36, 76, 77). In addition to
ferroptosis, SLC7A11 inhibition has been linked to apoptosis
in murine melanocytes and cancer cells in a context dependent
manner. Unlike erastin (Figure 1), SLC7A11 inhibitor HG106
mainly induces apoptosis, likely by GSH depletion (78). The
exact mechanism behind the GSH depletion mediated induction
of ferroptosis vs apoptosis remains to be understood. There may
be cell and context dependent differences along with potential
off-target effects of the two drugs (34, 79, 80). Therefore, studying
the same cell line following treatment with erastin or HG106 may
provide insight into the mechanisms underlying these cell death
pathways. Studying apoptosis or ferroptosis deficient cells
following SLC7A11 inhibition will address some of these
unanswered questions.

Mutant-KRAS and SLC7A11

KRAS is one of the most commonly mutated oncogenes in many
cancers (for example, in pancreas and lung). Mutant KRAS has
recently been shown to promote SLC7A11 transcription via its
cooperation with NRF2 and/or ATF4 (Figure 3) (56, 78, 81).
Furthermore, inhibition of SLC7A11 via genetic or
pharmacological targeting attenuates mutant-KRAS associated
tumor growth in xenograft models via induction of lipid
peroxidation and ferroptosis (56). It has also been shown in
Slc7all deficient mice that oncogenic KRAS-driven pancreatic
adenocarcinoma (PDAC) tumor growth is significantly impaired
(56). Suppression of xCT was demonstrated to cause synthetic
lethality in mutant-KRAS lung adenocarcinoma (78). This
suggests that higher ROS levels in mutant-RAS driven cancers
enhance dependency on GSH production for survival and that
SLC7A11 associated ferroptosis suppression may support
mutant-KRAS driven cancer growth. Therefore, targeting or
co-targeting the SLC7A11/GSH axis will have therapeutic
benefit in mutant-KRAS driven tumors.

Frontiers in Oncology | www.frontiersin.org

12

February 2022 | Volume 12 | Article 858462


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Jyotsana et al.

SLC7A11 in Cancer Progression

NI

Mutant KRAS

survival. NRF2, Nuclear erythroid 2-related factor; RAL, RAS-related protein.

Glutamate

Glutamat Cystine
S RalGD wanee
tGsH biosynthesis
<Detoxification
SLC7A11 Cancer cell survival
(CNRr2 )
Cytoplasm

FIGURE 3 | Oncogenic KRAS and SLC7A11 in cancer. Mutations in KRAS induce SLC7A11 overexpression through activation of transcription factor NRF2 via
downstream signaling pathways including MAPK, PISBK/AKT and RAS-related protein pathways. This regulates expression of SLC7A11 and elevates intracellular
cysteine levels and GSH. This signaling plays an important role in sustaining oxidative balance in KRAS-mutant cancer cells and promotes their progression and

Cystine

SLC3A2
[ >

Cancer Immunity and SLC7A11

Several cancer immunotherapies have been shown to inhibit
SLC7A11 function and, in turn, induce ferroptosis in tumor cells.
For example, programmed death ligand-1 (PD-L1) blockade
therapy and CD8+ T cells increase ROS levels by releasing
interferon gamma (IFNYy) which promotes the binding of
transcription factor STAT1 to the SLC7A11 transcriptional
start site, downregulating expression. Similarly, interferon
regulatory factor 1 upregulation by IFNYy reduces SLC7A1l
transcription through Janus kinase (JAK) (82). Post-
immunotherapy radiotherapy synergizes with IFNy, further
promoting ferroptosis via SLC7A11 inhibition (83).
Suppression of SLC7A11 is also linked to T cell memory-
associated enhanced immune responses (22). Therefore,
targeting SLC7A11 in combination with immunotherapy may
work as an effective treatment strategy for certain cancers.

Resistance to Cancer Therapy
SLC7A11 overexpression is associated with resistance to
immunotherapy, as well as chemo- and radio-resistance,

including to drugs such as gemcitabine and cisplatin (84).
Enhanced GSH synthesis and inhibition of ferroptosis are
believed to promote SLC7All-associated drug and radio-
resistance, respectively. For example, SLC7A11l provides
resistance to BRAF and MEK inhibitors in BRAF'**°* mutant
melanoma, geldanamycin resistance in lung cancer, cisplatin
resistance in gastric cancer, temozolomide resistance in glioma
and gemcitabine resistance in pancreatic cancer (84-89).
Multiple studies have shown that this therapeutic resistance
can be reversed by direct targeting of SLC7A1l (90-92). In
head and neck cancer, for example, treatment with erastin or
sulfasalazine re-sensitizes cancer cells to cisplatin treatment (93).

Others

While high SLC7A11 expression may be detrimental for patient
outcomes in cancer, it also plays a role in healing in many tissues.
For example, low expression of SLC7AIll in cardiomyocytes
results in reduced levels of GSH, increased ferroptosis, and is
associated with cardiomyopathy and cardiac failure in mice (94).
Overexpression of STAT3 leads to increased expression of
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SLC7A11 and plays a protective role in an intestinal ischemia/
reperfusion-induced acute lung injury mouse model by reducing
ferroptosis (95). It was found that SLC7A11 mediated cystine
uptake is crucial for gastric chief cell plasticity and ROS
mitigation. CD44v9 stabilizes SLC7A11 for enhanced cystine
uptake in chief cells following parietal cell loss during gastric
injury (96). SLC7AL11 is significantly upregulated during liver
regeneration and overexpression in hepatocytes enhances
repopulation and recovery following toxic liver injury (97). In
contrast to these roles in healing, it was shown by Sprimont and
colleagues that ablation of Slc7all in the context of spinal cord
injury in mice is beneficial. Slc7all knockout mice have more
rapid body weight and motor recovery post-injury (98).

ROLES IDENTIFIED FOR SLC7A11 IN
NON-GASTROINTESTINAL
TRACT CANCERS

SLC7A11 expression correlates with tumor invasion and
metastasis in various non-gastrointestinal (non-GI) and
gastrointestinal (GI) tract cancers (22). In prostate cancer,
SLC7A11 expression is increased in the metastatic stroma and
is associated with poor prognosis. SLC7A11 knockdown leads to
an increase in ROS levels, inhibiting tumor cell invasion in the
context of co-culture with stromal cells (99). SLC7A11 has also
been shown to be important in breast cancer stem cell
maintenance and correlates with poor prognosis in patients
(55, 100). Overexpression of SLC7A11 provides cancer stem
cell-like properties to glioblastoma cells and is related to
accelerated tumor growth and enhanced chemoresistance (88).
SLC7AL11 serves as an independent indicator of poor prognosis
in acute myeloid leukemia (101) and an independent risk factor
in ovarian cancer (102). SLC7A1l overexpression is linked to
enhanced tumor proliferation and progression in melanoma and
poor overall survival and advanced pathology in papillary
thyroid carcinoma (103, 104). Sulforaphane (a sulfur
compound found in many vegetables) induces cell death in
small cell lung carcinoma via induction of ferroptosis. The
levels of SLC7A11 were found to be significantly lower in the
sulforaphane treatment group (105). Treatment with anti-
SLC7A11 siRNAs induces significant cell death in KRAS-
mutant lung adenocarcinoma cells (78). Likewise, SLC7A11
was found to be highly expressed in the cytoplasmic
membrane in non-small-cell lung carcinoma (NSCLC) and is
associated with poorer prognosis. Treatment of xenografted
NSCLC mice with sulfasalazine, a potent inhibitor of
SLC7A11, significantly prolonged their survival (21).
Administration of SLC7A11 targeting miR-5096 induces
ferroptosis in human breast cancer cells and lidocaine
treatment results in ferroptosis and ROS induction in both
breast and ovarian cancer cells (106). SLC7A11 has been found
to be involved in approximately 50% of glioma patient tumors.
Intracranially implanted SLC7A11 expressing tumor cells grow
faster, produce more glutamate toxicity, induce seizures, and

shorten overall survival (107). It was found that SLC7A11- and
ferroptosis-related gene signatures (lipid metabolism-associated
genes: ACSL4, ALOX5, ACACA, ZEB1, FADS2 and antioxidant
metabolism-associated genes: NOX1, GCLM) offer prognostic
value in bladder cancer and that targeting these genes is
therapeutically beneficial (108).

GASTROINTESTINAL TRACT CANCERS

Esophageal Cancer

Evaluation of 127 esophageal squamous cell carcinoma patients
who received radical chemoradiotherapy revealed SLC7A11 and
NRF2 overexpression in the tumor tissue. Overexpression of
SLC7A11 was associated with lymph node metastasis and shorter
overall survival in these patients (109).

Liver Cancer

Higher levels of SLC7A11 are associated with poor
differentiation and advanced disease stage in hepatocellular
carcinoma (HCC) (110, 111). Analysis of clinical data from
The Cancer Genome Atlas (TCGA) showed that SLC7A11
overexpression correlates with poor outcome in liver cancer
(112). SLC7A11 knockdown prevents HCC growth (113).
Interleukin-1B induces SLC7A11 expression in HCC cells and
is associated with HIFlow levels. This aKG- HIFlo cascade
upregulates PD-L1 and colony-stimulating factor-1 (CSF1),
which further increase HCC metastasis via infiltration of
tumor associated macrophages (TAMs) and myeloid derived
suppressor cells (MDSCs). Either depletion of TAMs or MDSCs,
treatment with a CSF1 inhibitor, an anti-PD-L1 antibody or
Anakinra (an IL1 inhibitor), or SLC7A11 knockdown, all result
in a reduction in HCC metastasis (114). xCT inhibition by
sulfasalazine or through siRNA targeting SLC7A11 leads to
reduced cell proliferation in vitro and in-vivo via reduction in
GSH levels and an increase in ROS by inhibiting the CD44v9-
SLC7A11 interaction (111, 113).

Gastric Cancer

Reduction of SLC7A11 expression using pharmacological
inhibitors (erastin, Jiyuan Oridonin A derivative a2,
levobupivacaine), miRNA (miR-375), long non-coding RNA
and siRNA has been shown to inhibit tumor progression
through induction of ferroptosis (115-118). Treatment with
miR-375 was shown to reduce the stemness of gastric cancer
stem cells (116). A local anesthetic, levobupivacaine, induces
ferroptosis in gastric cancer and suppresses cell proliferation
both in vitro and in vivo by elevating the levels of miR-489-3p
and suppressing SLC7A11 (117). Decreased expression of long
non-coding RNA SLC7A11-AS1 contributes to tumor
progression and is a poor prognostic indicator in gastric cancer
patients (118). Tanshione ITA, an active compound isolated from
the rhizome of Chinese herb Danshen has been shown to block
gastric cancer stem cells via ferroptosis induction and SLC7A11
downregulation (119). SLC7A11 inhibition via sulfasalazine
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reduced colony formation, proliferation, metastasis, and invasion
of gastric cancer cells in vitro (120).

Colorectal Cancer

Analysis of 21 different types of cancer in 7462 cancer samples
showed that both SLC7A11 and GPX4 are overexpressed in
colorectal cancer (CRC) (121). Elesclomol, a copper chelator,
suppresses CRC both in vitro and in vivo by inducing ROS
accumulation and is associated with downregulation of SLC7A11
protein levels via ubiquitination and degradation (122). CRC
stem cells have higher levels of cysteine, GSH, and SLC7A11 and,
therefore, exhibit lower levels of ROS as compared to CRCs.
Genetic and pharmacological inhibition of SLC7A1l in CRC
stem cells significantly attenuates their viability in vitro and
in vivo in comparison to CRCs (123, 124). Using two different
cell lines and a xenograft mouse model of CRC, it was shown that
2-Imino-6-methoxy-2H-chromene-3-carbothioamide (IMCA), a
benzopyran derivative, downregulates SLC7A11 levels leading to
increased ROS and ferroptosis in CRC cells. IMCA treatment
reduces CRC cell viability in vitro, inhibits the growth of
xenografted CRC cells in vivo, and is associated with a
decrease in the phosphorylation of mTOR and its downstream
target P70S6K (125).

Pancreatic Cancer

Pancreatic ductal adenocarcinoma (PDAC) is characterized
by a poor 5-year survival rate (~10%) due to inherent
chemoresistance, barriers to drug delivery, and a lack of early
diagnostics. SLC7A11 expression was found to be upregulated in
many pancreatic cancer cell lines (112). Recently, Badgley et al.,
demonstrated a role for SLC7A11 in PDAC. More than 90% of
PDAC cases harbor mutations in KRAS and mutant KRAS
signaling is linked to increased ROS production and, therefore,
increased dependency on cystine import via SLC7A11. Culturing
PDAC cell lines in cystine deficient conditions induces cell death
in more than 80% of cells, which is rescued by the addition of
antioxidant Trolox. Addition of system x; inhibitor imidazole
ketone erastin (IKE) has similar effects on the cell viability.
Cysteine starved PDAC cells undergo plasma membrane
destabilization and show significantly increased levels of lipid
peroxidation, a signature of cells undergoing ferroptosis.
Pharmacological or genetic inhibition of SLC7AI11 induces
ferroptosis and blocks PDAC growth in a genetically
engineered mouse model of PDAC (56). Daher et al. showed
that xCT knockout in two different PDAC cell lines (MIA PaCa-
2 and CAPAN-2) induces ferroptosis and significantly affects
growth and proliferation in vitro and in vivo when injected
subcutaneously in nude mice (126). Gene ontology analysis of 43
different ferroptosis regulators revealed that both SLC7A11 and
SLC3A2 are upregulated in pancreatic cancer samples and are
associated with gemcitabine resistance (64). Bioinformatic
analysis of PDAC samples from The Cancer Genome Atlas
(TCGA) found that lower expression of miR-139-5p, along
with higher expression of SLC7All is associated with poor
clinical outcomes. Overexpression of miR-139-5p is associated
with suppression of SLC7A11 in PDAC cells and can be

exploited for inhibition of cell proliferation, invasion, and
metastasis (127). One of the major contributors to PDAC
progression and metastasis are cancer-associated fibroblasts
(CAFs), which block drug delivery and create a hypoxic
microenvironment. Sharbeen et. al., found that PDAC-
associated CAFs are heavily dependent on SLC7A11 for cystine
uptake and GSH synthesis to balance ROS and oxidative stress in
tumors and, therefore, support PDAC tumor progression. High
stromal SLC7A11 levels in human PDAC samples are predictive
of poor overall survival independent of SLC7A11 expression in
the tumor cells themselves. SLC7A11 knockdown in CAFs
inhibited proliferation in both SLC7A11'" and SLC7A11M&"
PDAC and increased sensitivity to oxidative stress and
ferroptosis. Furthermore, treatment with nanoparticle-siRNA
targeting SLC7A11 significantly decreased PDAC tumor
growth (23).

TARGETING SLC7A11 IN CANCER

Thus far, SLC7A11 targeting strategies include either directly
inhibiting SLC7A11 transporter activity or indirectly targeting
SLC7A11-associated metabolic susceptibilities and pathways in
cancer. Direct targeting of SLC7A1l1 includes the use of
inhibitors: sulfasalazine (128, 129), erastin (130, 131),
imidazole ketone erastin (IKE) (132), sorafenib (133, 134), and
HG106 (78). These inhibitors induce ferroptosis by blocking
cystine uptake via SLC7A11 and fall under the category of class I
ferroptosis inducers. However, each one has its pros and cons.
For example, due to unfavorable pharmacological properties,
sulfasalazine treatment does not result in better outcomes in
Phasel/II clinical trials. However, when delivered as a zinc oxide-
sulfasalazine nanoparticle derivative, it has better tumor
retention with improved cytotoxic effects and no evident
damage to healthy cells (135). As a system x inhibitor and
ferroptosis inducer, the therapeutic potential of erastin has been
shown in multiple cancer types including breast cancer (130).
However, erastin is poorly soluble and metabolically unstable in
vivo and, therefore, cannot be used for clinical studies. An
analog, IKE, is metabolically stable and was shown to be
effective in genetically engineered mouse models of PDAC,
however, it has not yet been tested in the clinic. Both sorafenib
and sulfasalazine are FDA approved drugs that have been shown
to induce ferroptosis and inhibit tumor growth, however, in
addition to inhibiting SLC7A11, sorafenib acts as a multi-kinase
inhibitor and sulfasalazine blocks prostaglandin production
(136, 137). Because of these off target effects, both are
associated with adverse clinical events (128, 138). Therefore,
targeting metabolic vulnerabilities associated with SLC7A11 may
prove to be a better therapeutic strategy against cancer.

As previously mentioned, SLC7A11"8" cancer cells are more
vulnerable to glucose and glutamine starvation. CB-839, a
glutaminase inhibitor, has been shown to potently suppress
tumor progression in KEAPI1-mutant vs. wild type patient-
derived xenografts. KEAP1 mutation/inactivation leads to
NRF2 stabilization and results in the upregulation of
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NRF2-target genes including SLC7A11. KEAP1-mutant lung
cancers are characterized by high SLC7A11 expression levels
(139, 140). Similarly, KL-11743, a GLUT1/3 dual inhibitor
selectively inhibits SLC7A11™¢" tumor growth in cell lines and
in patient derived xenografts (141). High-throughput screening
of a number of compounds that inhibit glutamate export in triple
negative breast cancer cells suggests that capsazepine (CPZ) can
effectively inhibit SLC7A11 and increase intracellular ROS (142).
Similarly, in a screen of mutant KRAS lung adenocarcinoma
cells, HG106 was found to specifically inhibit SLC7A11 function
and decrease tumor burden in vivo via ROS induction and
mitochondrial and endoplasmic reticulum dysfunction (78).
Various glutamate analogues (L-Homocysteate, L-Quisqualate,
4-bromo-homoibotenate and S-4-Carboxy-phenylglycine
(CPG)) have been shown to affect the exchange between L-
cystine and glutamate across the cell membrane through system
x; (143). SLC7A11 activity can also be affected indirectly by
targeting its upstream regulators. For example, MEK inhibitor
AZD6244 and BAY-11-7085 inhibit NRF2, JQ-1 targets BD4,
AG879 targets receptor tyrosine kinase TrkA, and all indirectly
inhibit SLC7A11 expression (22). Paclitaxel enhances ferroptosis
by inhibiting SLC7A11 transcription (144). Various
immunotherapy approaches that reduce SLC7A11 expression
in vivo have promise. For example, anti-SLC7A11 DNA vaccines
that utilize plasmids to express full length SLC7A11 have been
shown to induce regression in lung metastases in 4T1-tumor
bearing mice (100). Virus-like particles (AX09-0M6) displaying
the 6™ extracellular loop of SLC7A11 common to both mouse
and human SLC7A11 disabled the self-renewal ability of breast
cancer stem cells (145). Finally, a bovine herpesvirus 4-based
vector delivering full length SLC7A11 DNA protected mice from
breast cancer metastases by targeting cancer stem cells (146).

FUTURE PERSPECTIVES

The redox status of cancer cells reflects many aspects of
carcinogenesis including cell growth, proliferation, migration,
metabolism, invasion, and metastases. Cancer progression and
tissue injury are often associated with a state of redox imbalance.
To survive under conditions of increased oxidative stress, cancer
cells adopt various strategies to produce antioxidants, for
example, upregulation of SLC7A11. SLC7A11 functions in a
variety of roles in cancer including metabolic reprogramming,
nutrient dependency, growth, proliferation, invasion, and drug
resistance (Figure 1). As SLC7A11 is dispensable in normal,
healthy cells and Slc7all knockout mice are viable with no
associated pathologies, targeting SLC7A11 poses a promising
therapeutic target. In recent years, the role of SLC7A11 has been
extensively studied in a variety of cancers including both GI and
non-GI tract cancers. However, there are many questions that
remain to be answered. A better understanding of the cell and
context dependent role of SLC7A11 under different conditions of
nutrient availability (for example, glucose and glutamine limiting
conditions) is needed (Figure 2). There are multiple studies that
highlight the various transcriptional and epigenetic factors that

regulate SLC7A11 expression, however, further studies are
required to understand whether SLC7A11 is also regulated via
other mechanisms, especially post translational mechanisms and
the existence of key interaction partners, etc. It would be
interesting to elucidate the contribution of SLC7A1l to
ferroptosis versus other forms of cell death (apoptosis, necrosis,
autophagy) following inhibition in a variety of cancers.
Identifying novel targets (synthetically lethal partners,
metabolic vulnerabilities, immunotherapies, chemotherapies,
signaling pathway inhibitors, upstream or downstream targets)
that can be co-targeted with SLC7A11 inhibition in cancer may
significantly improve the anti-cancer effects. For example,
because of higher dependency of SLC7A11-high cancers on
glucose and glutamine, combination targeting strategies
including drugs/inhibitors that target/block glucose or
glutamine metabolism would increase therapeutic efficacy.
Slc7all knockout and transgenic mouse models are ideal to
study the role of SLC7A11 in tumor progression and
maintenance. All currently available SLC7A11 inhibitors,
including sulfasalazine and erastin, have either off-target effects
or bioavailability issues. Utilizing biocompatible nanoparticles to
package and deliver these drugs would enhance their efficacy,
increase their bioavailability, and potentially eliminate associated
side effects. Therefore, more selective SLC7A11 inhibitors and
genetic targeting strategies, including small interfering RNAs
(siRNA) and small guide RNAs (sgRNA), would be ideal for
clinical purposes.
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Pancreatic ductal adenocarcinoma (PDAC) is one of the deadliest types of cancer
worldwide. There are many reasons for this dismal prognosis, including the advanced
stage at the time of diagnosis and the lack of effective therapeutic approaches. Intraductal
papillary mucinous neoplasms (IPMNSs) represent detectable and treatable precursor
lesions of PDAC. Our understanding of the pathology of IPMNs has evolved over the past
few decades, and new advances in diagnostic tools have emerged. The new World Health
Organization (WHO) classification scheme now recognizes the previously considered
variants of IPMNSs, such as intraductal oncocytic papillary neoplasms (IOPNs) and
intraductal tubulopapillary neoplasms (ITPNs), as distinct neoplasms. New imaging and
molecular diagnostic tests are being developed to recognize these PDAC precursor lesions
better. Here, we review the advances in diagnostic tools for IPMNs, IOPNs, and ITPNSs,
emphasizing the new (5th edition, 2019) WHO classification for pathological diagnosis,
molecular markers, new laboratory tests, and imaging tools.

Keywords: intraductal papillary mucinous neoplasm, intraductal oncocytic papillary neoplasm, intraductal
tubulopapillary neoplasm, pancreatic ductal adenocarcinoma, classification

INTRODUCTION

All cystic tumors of the pancreas were grouped decades ago. In 1978, Compagno et al. separated
mucin-producing neoplasms of the pancreas from serous cystadenomas (Compagno and Oertel,
1978a,b; Hodgkinson et al., 1978). In 1980, Ohhashi et al. (1982) first described what we now
recognize as intraductal papillary mucinous neoplasms (IPMNs). A few years later, Zamboni
and others separated IPMNs from mucinous cystic neoplasms (MCNs; Zamboni et al., 1999).

Intraductal papillary mucinous neoplasms are precursor lesions of pancreatic ductal
adenocarcinoma (PDAC), which has a dismal prognosis. PDACs predominantly arise from
two types of precursor lesions, pancreatic intraepithelial neoplasia (PanIN), and IPMNs. PanINs
are considered microscopic lesions (usually <5mm) and are not typically detected radiologically.
In contrast, IPMNs lead to cystic dilatation of the pancreatic duct, which imaging studies can
readily identify. IPMNs are the intraductal proliferation of mucinous epithelial cells, characterized
by abundant mucinous production and papillary epithelial growth. As a result of detailed
studies of the pathologic and genetic features of IPMNs in recent years, previously considered
variants of IPMN, intraductal oncocytic papillary neoplasms (IOPNs), and intraductal
tubulopapillary neoplasms (ITPNs) are now regarded as distinctive neoplasms as per the 2019
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5th edition of World Health Organization (WHO) classification
scheme (WHO Classification of Tumours Editorial Board, 2019).

Intraductal papillary mucinous neoplasms of the pancreas
originate from the pancreatic ductal system. Depending on
the pancreatic ductal sites affected, IPMNs can be divided into
three groups: (a) main-duct IPMNs (MD-IPMN), which originate
from the main pancreatic duct; (b) branch-duct IPMNs
(BD-IPMN), which originate from the ductal branches of the
main duct; and (c) mixed IPMNs which originate from both
the main and side-branches of the ductal system (Salvia et al.,
2004; Rodriguez et al, 2007). Depending on the level of
epithelial dysplasia, IPMNs are further classified into low grade
and high grade. IPMNs have been shown to progress from
low grade to high grade and eventually to invasive carcinoma,
which can be colloid or an invasive ductal adenocarcinoma
(Shimizu et al., 2013; WHO Classification of Tumours Editorial
Board, 2019). The overall incidence of an invasive carcinoma
associated with IPMN is low; however, they are seen in
association with about 60% of MD-IPMNs.

Pancreatic ductal adenocarcinoma can occur in the vicinity
of IPMN lesions. The term concomitant PDAC with IPMN
refers to a PDAC that is separated from the IPMN by an
uninvolved segment of pancreatic duct and with no areas of
transition in between. The frequency of concomitant pancreatic
cancer in IPMN patients range from 2.5 to 9.2% by various
studies. PDAC concomitant with IPMN are often significantly
smaller, less aggressive, and are associated with longer survival
compared to PDAC with no associated IPMN (Yamaguchi
et al., 2011; Tanaka, 2015).

Intraductal oncocytic papillary neoplasms, previously known
as an oncocytic variant of IPMNs, are rare cystic neoplasms
with intraductal growth. It was recently discovered that virtually
all IOPNs harbor specific fusion genes not found in any other
intraductal neoplasms, which helped establish that IOPNs should
be considered an entirely separate entity from the other IPMNss.
Invasive adenocarcinoma is seen in about 30% of IOPNs (Basturk
et al., 2016; Vyas et al., 2020).

Intraductal tubulopapillary neoplasms is another rare
intraductal neoplasm distinct from IPMN due to the lack of
mucin production, uniform high-grade nuclear atypia, and
tubule formation. They are often less cyst forming than IPMNs.
Invasive carcinoma is found in association with 70% of these
lesions (Basturk et al., 2017).

In the last decade, advances in understanding IPMNs, IOPNs,
and ITPNs have enabled early diagnosis and provided preoperative
risk measurements to prioritize those patients who will benefit
the most from surgical resection. This article will provide a
brief overview of the advances of the diagnostic tools for
IPMNs, IOPNs, and ITPNs, emphasizing the 5th edition of
WHO classification for pathological diagnosis, molecular markers,
new laboratory tests, and imaging tools.

IMAGING TOOLS

Cross-sectional and ultrasonographic imaging modalities used
to diagnose and assess IPMNs have their own merits and

limitations. Generally, imaging studies have two primary goals
in the evaluation of IPMNs. Firstly, imaging studies aim to
distinguish IPMN from other types of pancreatic cysts. Secondly,
radiologic investigations aim to recognize the involvement of
the main pancreatic duct to assess the risk of IPMN progressing
to high-grade dysplasia or invasive carcinoma. Another marker
used for the risk assessment of IPMN is the presence of mural
nodules within the pancreatic cyst or adjacent to it. Preoperative
radiological investigations are critical for identifying the
malignancy risk in IPMNs. In 2012, the Fukuoka guidelines
recommended considering the “high-risk stigmata® and
“worrisome features” as criteria for the immediate surgical
resection of IPMN (Tanako et al., 2012). Radiological and
clinical findings in patients with IPMNs with high-risk stigmata
include dilated main pancreatic duct (>10mm), obstructive
jaundice, and enhanced solid component. The worrisome features
on endoscopic ultrasound (EUS) examinations include large
cyst (>3 cm), thickened and enhanced cyst walls, abrupt dilatation
of main pancreatic duct (5-9mm), distal pancreatic atrophy,
non-enhancing mural nodules, and lymphadenopathy (Hecht
et al,, 2021).

Magnetic resonance with cholangiopancreatography (MRCP)
and multidetector computed tomography (MDCT) are reliable
and effective imaging modalities for assessing pancreatic cyst
size, morphology, and communication within the main pancreatic
duct. Both MRCP and MDCT are estimated to distinguish
between mucinous and non-mucinous cysts with 71-85%
accuracy. MDCT, particularly dual-phase pancreatic protocol
CT and gadolinium-enhanced MR, is effective for the initial
assessment of suspected IPMN. Both modalities have a 75-86%
accuracy in identifying lesions with high-grade dysplasia and
invasive carcinoma (Kitano et al, 2011; Morales-Oyarvide
et al.,, 2017).

Magnetic resonance with cholangiopancreatography is believed
to be more accurate than computed tomography (CT) for
evaluating pancreatic cysts. It allows superior visualization of
the anatomy of the ductal system and enables the detection
of internal septations and mural nodules. MRCP has a 91-100%
sensitivity and a specificity of 89% for assigning communication
with the main pancreatic duct (Sainani et al, 2009). A CT
scan is indicated in patients suspected of metastatic disease
and patients who may have a postoperative recurrence of PDAC.
A CT scan can assist in detecting calcifications and help assess
vascular involvement.

Endoscopic ultrasound is highly accurate in evaluating the
pancreatic parenchyma and the cystic component. It is an
effective modality for detecting mural nodules. For the
evaluation of mural nodules, contrast harmonic enhanced
EUS is superior to standard EUS as it has a specificity of
80% and a sensitivity of 100% (Alvarez-Sanchez and Napoléon,
2014). Contrast-enhanced harmonic EUS allows detection of
blood flow in the suspected mural nodule and can help
distinguish true mural nodules from mucin plugs with a
sensitivity of 89-96% and a specificity of 64-88% (Kitano
et al., 2011). Furthermore, EUS-guided fine-needle aspiration
(FNA) allows cytological sampling of any solid component
(Kitano et al., 2011). It can also be used for aspirating cyst
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fluid for subsequent protein, metabolite, molecular, and
cytologic evaluation.

Different endoscopic modalities can be used to characterize
suspected IPMN. Patulous “fish mouth” papilla extruding mucus
is a pathognomonic feature of IPMN involving the main
pancreatic duct. This classic sign can be observed via upper
endoscopy (Salvia al., 2004). Endoscopic retrograde
cholangiopancreatography with or without pancreatoscopy can
help obtain pancreatic juice and brushings for cytology. It can
also assist in the visualization of villous or papillary growths
along the ducts.

et

UPDATES IN THE 5TH EDITION OF
WHO CLASSIFICATION FOR
PATHOLOGICAL DIAGNOSIS OF
PANCREATIC INTRADUCTAL
NEOPLASMS

As mentioned earlier, because of the integrated understanding
of pathological and genetic features of the pancreatic intraductal
neoplasms, in the revised WHO classification scheme, IOPN
and ITPN are now considered distinct neoplasms and not
variants of IPMN. Also, the most recent WHO guidelines have
simplified the dysplasia grading system. The dysplasia grading
system has been simplified from a three- to now two-tiered
grading system for these neoplasms: low-grade and high-grade
dysplasia. The previously designated “intermediate-grade
dysplasia” is now included in low-grade dysplasia. Low-grade
neoplasms have mild to moderate atypia, well-oriented nuclei
without pseudostratification, simple papillae, and rare mitoses.
In contrast, high-grade neoplasms have marked atypia, complex
architecture with nuclear stratification, loss of nuclear polarity,
and mitoses that are brisk (WHO Classification of Tumours
Editorial Board, 2019). If a neoplasm contains both low-grade
and high-grade dysplasia, the highest grade is assigned to the
neoplasm. The presence of high-grade dysplasia has significant
clinical implications. High-grade neoplasms are at a higher
risk of having an associated invasive carcinoma, and the presence
of high-grade dysplasia in a surgically resected specimen is a
significant risk factor for recurrence in the remnant pancreas.
These updates are summarized in Table 1.

TABLE 1 | Summary of 5th edition of WHO updates compared to the previous
edition (4th edition).

WHO 4th Edition WHO 4th Edition

Oncocytic variant of IPMN IOPN is now considered a separate
entity
ITPN is now considered a separate
entity

Two-tiered dysplasia grading system

ITPN was considered a variant of IPMN

Three-tiered dysplasia grading system

® | ow-grade e | ow-grade (original intermediate
e |ntermediate grade is part of the spectrum of
* High-grade low-grade dysplasia)

¢ High-grade

GROSS FEATURES

Intraductal papillary mucinous neoplasms are grossly visible
(>5mm) intraductal epithelial neoplasms with excessive mucin
production. MD-IPMNs are typically found in the pancreatic
head but can also involve the entire main pancreatic duct.
BD-IPMNs mainly occur in the uncinate process as peripheral
multicystic lesions in an otherwise unremarkable pancreatic
parenchyma. It has been shown by various studies that MD-IPMNs
are significantly more likely to harbor high-grade dysplasia or
have an associated invasive carcinoma than the BD-IPMNs
(Rodriguez et al., 2007; Hirono et al., 2017; Attiyeh et al., 2018).
This finding has important clinical implications as MD-IPMNs
and BD-IPMN:s can often be distinguished by imaging modalities,
which provide a preoperative risk assessment for patients who
will benefit from surgical resection. Therefore, because of the
higher likelihood of high-grade dysplasia or an associated invasive
carcinoma, most MD-IPMNs are treated with surgical resection,
while most asymptomatic BD-IPMNs can be followed without
surgical intervention. Mural nodules can also be found in some
IPMNs. Compared to the flatter areas of an IPMN, mural
nodules are more likely to have epithelium with high-grade
dysplasia (Adsay et al., 2016). In addition, IPMNs more than
30mm are more likely to have high-grade dysplasia and associated
invasive carcinoma (WHO Classification of Tumours Editorial
Board, 2019). These features are clinically significant as they
can also provide preoperative risk assessments for those patients
who will likely benefit from surgical resection. It is estimated
that 20-40% of IPMNs are grossly multifocal. (Matthaei et al.,
2012) The multifocality of IPMNs can help differentiate them
from mucinous cystic neoplasms, which are often unifocal.

Intraductal oncocytic papillary neoplasms are often large
(average size of 5.5cm) intraductal solid nodules or papillary
projections with pancreatic duct dilatation but less intraductal
mucin accumulation (WHO Classification of Tumours Editorial
Board, 2019).

Intraductal tubulopapillary neoplasms are often solid, not
cystic, rubbery, or fleshy, nodular lesions in the dilated pancreatic
ducts with an average size of 4.5cm. They typically lack mucin
secretion (WHO Classification of Tumours Editorial Board, 2019).

HISTOPATHOLOGY

Histologically, the neoplastic epithelium of IPMNs can have
various directions of differentiation. The most seen differentiations
include gastric-foveolar, intestinal, and pancreatobiliary
(Figure 1). However, IPMNs can display a combination of
different differentiation. Gastric-foveolar differentiation is the
most common type and usually occurs in BD-IPMNs. The
neoplastic epithelium usually forms broader and thicker papillae
and is composed of columnar epithelium with basally placed
nuclei and overlying mucin caps resembling gastric-foveolar
epithelium (Figure 1A). The epithelium could be flat and
typically has only low-grade dysplasia (Ban et al., 2006).
Intraductal papillary mucinous neoplasm with intestinal
differentiation is the second most common type in which the
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FIGURE 1 | Representative histological pictures of intraductal papillary mucinous neoplasm (IPMN). (A) IPMN with gastric-foveolar differentiation. The epithelium is
flattened with basally placed nuclei and abundant mucin cap resembling gastric-foveolar epithelium. (B) An IPMN with intestinal differentiation forming villous papillae
resembling villous adenoma of the colon. The cells have basophilic cytoplasm with enlarged oval and hyperchromatic nuclei and scattered goblet cells. (C) IPMN
with pancreatobiliary differentiation. The neoplastic cells are cuboidal, have enlarged nuclei with amphophilic cytoplasm. (A-C) Original magnification 200x.

neoplastic epithelium forms long finger-like (villous) papillae
(Figure 1B). The neoplastic cells show tall-columnar cells with
elongated hyperchromatic nuclei. Pseudostratification with high-
grade dysplasia is often seen. All colloid carcinomas of the
pancreas arise from an intestinal-type IPMN (Adsay et al,
2004; Furukawa et al., 2005).

The neoplastic epithelium forms complex, thin, and branching
papillae in IPMNs with pancreatobiliary differentiation, the
least common form. The cytoplasm in these cells is amphophilic,
and they have enlarged nuclei and often prominent nucleoli
(Figure 1C). The neoplastic cells in IPMNs with pancreatobiliary
differentiation are more cuboidal (less columnar) than those
seen in other IPMN differentiation types. These often have
high-grade dysplasia (Adsay et al., 2002; Furukawa et al., 2005).

As delineated earlier, a two-tiered grading system (low- vs.
high grade) is now used to assign the degree of dysplasia to
these neoplasms. Studies have shown that the grade of dysplasia
has more clinical importance than the direction of epithelial
differentiation. High-grade neoplasms are more likely to have
an associated invasive carcinoma. The presence of high-grade
dysplasia in surgically resected neoplasm is associated with a
higher risk of progression in the remnant pancreas following
surgery (Rezaee et al., 2016; Amini et al., 2020).

In IOPNs, the neoplastic epithelium forms complex, thick
papillae with intraepithelial and intracellular lumina (Figure 2).
The neoplastic cells contain abundant eosinophilic cytoplasm,
and the nuclei are round with prominent nucleoli. IOPNs
almost always have high-grade dysplasia and are associated
with invasive carcinoma in about 30% of the cases (WHO
Classification of Tumours Editorial Board, 2019). Rarely, the
invasive component may show abundant mucin accumulation
(Wang et al., 2019). IOPNs with a predominantly solid pattern
can resemble acinar cell carcinoma or pancreatic neuroendocrine
neoplasms. Immunohistochemistry for BCL-10, trypsin, and
neuroendocrine markers is essential in this differential diagnosis.

Histologically, ITPNs are composed of tightly packed glands
and tubules, forming large intraductal nodules with smooth
contours (Figure 3). The neoplastic cells are cuboidal, with a
moderate amount of amphophilic to eosinophilic cytoplasm,
and they typically do not contain intracellular mucin. Invasive

carcinoma is seen in 70% of the cases but is usually limited
in extent. It is often difficult to determine the presence of an
invasive carcinoma as many of the neoplastic nodules lack a
peripheral rim of non-neoplastic epithelium. It is often helpful
to look for invasion in areas away from the periphery of the
nodules and search for individual cells and angulated small
glands that are embedded in a desmoplastic stroma (Yamaguchi
et al., 2009; Basturk et al., 2017). The differential diagnosis of
ITPN includes acinar cell carcinoma, which may have an
intraductal growth pattern. Unlike ITPNs, acinar cell carcinomas
have apical acidophilic granules and intraluminal secretions.
Immunohistochemistry for BCL-10 and trypsin can help in
this differential.

The differential diagnosis of IPMNs includes mucinous cystic
neoplasms (MCNs), other intraductal neoplasms, simple
mucinous cysts, and retention cysts (Figure 4 and Table 2).

Retention cysts are caused by dilatation of the pancreatic
ducts due to a downstream obstructive process. They are often
unilocular and lined by a flattened epithelium and lack the
florid papillary projections of IPMNs (Figure 4). If no obstructive
process is present, mucinous cysts larger than 1cm and do not
have characteristic histologic features of IPMN can be classified
as simple mucinous cysts (Krasinskas et al., 2017). MCNs typically
occur in women, almost always located in the tail or body, and
do not communicate with the duct system. They contain ovarian-
type stroma that can be demonstrated by immunohistochemistry
staining of PR and ER (Wilentz et al., 2000; Figure 4).

IMMUNOHISTOCHEMICAL MARKERS

While immunolabeling can be used in identifying the various
types of differentiation in IPMNs, this distinction is not as
clinically significant as the degree of dysplasia. Most IPMNs
are labeled with ductal markers, including pancytokeratin (AE1/
AE3), cytokeratins-7, 8, 19, and CEA. All types of IPMN
express MUC5AC. IPMNs with intestinal differentiation are
labeled with antibodies to cytokeratin 20 and CDX2. IPMNs
with pancreaticobiliary differentiation mark with MUCI and
IPMNs with gastric-foveolar differentiation show variable
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magnification 200x.

FIGURE 2 | Representative histological pictures of intraductal oncocytic papillary neoplasm (IOPN). (A) Low magnification shows intraductal papillary proliferation.
(B) Intermediate magnification shows the thick, complex papillae. (C) Higher magnification shows that the neoplastic cells have abundant and distinctly oncocytic
(eosinophilic) cytoplasm. The nuclei are round and often contain prominent nucleoli. (A) Original magnification 10x. (B) Original magnification 100x. (C) Original

FIGURE 3 | Representative histological pictures of intraductal tubulopapillary neoplasm (ITPN). (A) Low magnification shows small, tightly packed glands forming
intraductal nodules. (B) Higher magnification shows the cuboidal neoplastic cells with no significant mucin. (C) Another case of ITPN showing foci of comedo-type
necrosis resembling intraductal carcinoma of the breast. (A) Original magnification 10x. (B) Original magnification 200x. (C) Original magnification 100x.

expression with MUC6. For IOPNs, the immunohistochemical
markers expressed include EMA (MUC1), MUCS, hepatocyte-1
(Hep Par-1), and CD117 (Mattiolo et al., 2020). MUC2 and
MUCS5AC expression are limited to goblet cells. ITPNs are
most commonly labeled with MUC1 and MUC6, while
consistently negative for MUC5AC (WHO Classification of
Tumours Editorial Board, 2019). The various immunophenotypes
of these neoplasms are summarized in Table 3.

GENETIC ALTERATIONS

The new advances in molecular studies have revolutionized our
understanding of human neoplasms, including IPMNs. Various
genes have been identified as the driver genes following exome
sequencing of IPMNs. Somatic activating mutations in the KRAS
and GNAS genes are the most common alterations (Wu et al.,
2011). Other less common alterations include KLF4, PIK3CA,
p16/CDKN2A, RNF43, SMAD4, TGFBR2, TP53, and rarely BRAF
mutations (Schonleben et al., 2006; Fujikura et al., 2021) Gene

fusions such as ATPIBI-PRKACB and DNAJBI-PRKACA are
restricted to IOPNs (Singhi et al, 2020; Vyas et al, 2020).
Germline genetic alterations have also been reported in patients
with IPMNs. In a study by N. Roberts and colleagues, 23
(7.3%) of the 315 patients who had surgically resected IPMNs
showed deleterious variants in ATM, PTCHI, and SFU genes
(Skaro et al., 2019). Biallelic inactivation of the STKII gene
has been reported in IPMNs in patients with Peutz-Jeghers
syndrome (Sato et al.,, 2001). Identifying these genetic alterations
can be a valuable tool in studying these lesions, and potentially,
they can have diagnostic implications and increase diagnostic
accuracy. For example, while studying IPMNs, Wood et al
showed that the different foci of IPMN in the same pancreas
harbor different somatic alterations, which confirms the
multifocality of IPMNs (Pea et al., 2017; Fischer et al., 2019).

Distinct patterns of methylation have been reported in
IPMNs. Methylations of BNIP3, CDO1, EBF3, NXPHI, PTCHD?2,
and SOX17 are most reported in high-grade IPMNs than
low-grade IPMNs (Hong et al., 2012; Fujiyama et al.,, 2020).
Methylation profiling is now practiced for brain tumor
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FIGURE 4 | Representative histological pictures of retention cyst, simple mucinous cyst, and mucinous cystic neoplasm. (A) Retention cyst. Low magnification
shows a dilated pancreatic duct. (B) Higher magnification shows a flattened epithelium with no papillary projections. Note the background pancreas with extensive
atrophy and fibrosis. No ovarian-type stroma is seen. (C) Simple mucinous cyst. The cyst is lined by a benign mucinous epithelium and lacks an ovarian stroma.
(D) Mucinous cystic neoplasm. The cyst is lined by mucinous epithelium and unlike simple mucinous cyst or a retention cyst is associated with an ovarian-type
stroma. (A) Original magnification 10x; (B) Original magnification 100x; and (C,D) Original magnification 200x.

classification and is emerging for pancreatic neuroendocrine
neoplasms and has the potential to be used in EUS-FNA cyst
fluid as an adjunct tool in further classifying the cyst type.
MicroRNAs are currently recognized as biomarkers and
molecular targets of various diseases, including malignancies.
RNA markers can also be used as a diagnostic tool in the
EUS-FNA obtained cyst fluid. Approximately 80% of IPMNs
show high expression for microRNAs—miR-155 and miR-21.
The expression of these microRNAs is particularly noticeable in
advanced IPMNs and has been investigated as a potential diagnostic
approach in pancreatic cyst fluid as a marker for evaluating the
malignant transformation of IPMNs (Shirakami et al., 2021).
The use of microRNAs in different types of body fluids such
as urine, serum, or saliva has also been studied as biomarkers
for the early detection of pancreatic cancer (Ishige et al., 2020).
For example, urine miR-30e, miR-143, miR-223, and miR-204
levels and serum miR-21 and miR-34a have been proven useful
as potential minimally invasive biomarkers for the diagnosis of
PDAC (Debernardi et al, 2015; Alemar et al., 2016). The
combination of urine miR-143 with miR-30e achieved a sensitivity
of 83.3% and a specificity of 96.2% for diagnosing pancreatic

cancer in one study (Debernardi et al, 2015). The sensitivity
and specificity of miR-21 were 82.6 and 77.8%, and those of
miR-34a were 91.3 and 77.8% for discriminating PDAC from
control samples, respectively (Alemar et al, 2016). Combining
both serum and urine miR-1246 levels yielded a sensitivity of
85% for the diagnosis of pancreatic cancer (Ishige et al., 2020).
The expression of hsa-miR-21, hsa-miR-23a, hsa-miR-23b, and
miR-29c¢ is significantly upregulated in the saliva of pancreatic
cancer patients compared to control, showing sensitivities of 71.4,
85.7, 85.7, and 57%, respectively, and 100% specificity (Humeau
et al,, 2015). Salivary miR-3679-5p and miR-940 also show good
discriminatory power to detect respectable pancreatic cancer when
compared to healthy controls, with reasonable specificity (45 and
40%) and sensitivity (82.5 and 90%; Xie et al., 2015).

CYST FLUID ANALYSIS AND
CYTOPATHOLOGY

Cyst fluid can be characterized by protein analysis, metabolite
analysis, cytological analysis, and molecular analysis. Cyst fluid
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TABLE 2 | Differential diagnosis of IPMN.

Intraductal papillary mucinous
neoplasm

Mucinous cystic neoplasm

Retention cyst

Simple mucinous cyst

Demographics More common in elderly men (7th-8th More common in women (5th ~ F=M F=M
decade of life) decade) Any age Any age
Location Often head of the pancreas (>80%) Tail or body Anywhere in the pancreas Anywhere in the pancreas
(>90%)
Imaging Dilated main pancreatic duct or Multilocular or unilocular thick-  Unilocular cyst Unilocular cyst
multilocular cyst walled cyst
Mural nodules may correspond to No connection with the main
invasive carcinoma or high-grade pancreatic duct
dysplasia
Histology Papillary projections No connection with the main Downstream obstruction No obstructive process
With low-grade or high-grade dysplasia duct Lined by flattened epithelium, and  No papillary projections
Contain ovarian-type stroma lack papillary projections No ovarian-type stroma
(ER+, PR+)
Molecular KRAS KRAS No specific mutations KRAS
GNAS SMAD4 KMT2C
TP53/PIK3CA/PTEN TP53 BRAF
RNF43 RNF43
BRAF CDKNZ2A
KLF4 SMAD4
P16/CDKN2A TP53
SMAD4
TGFBR2
Cyst fluid analysis Elevated CEA levels (of >200ng/ml) Elevated CEA Variable CEA or amylase Variable CEA or amylase

High amylase level Low amylase

protein analysis includes CEA, mAB-Das 1, and amylase
(Cizginer et al, 2011; Jhala et al., 2020; Das et al., 2021).
Carcinoembryonic antigen (CEA) is the most studied protein
marker in pancreatic cyst fluid (Cizginer et al., 2011). Although
CEA cannot effectively distinguish between benign cysts and
those with high-grade dysplasia or invasive carcinoma, it can
effectively differentiate between mucinous and non-mucinous
lesions. A cyst fluid CEA threshold value of 192ng/ml is the
most widely used cut-off value. A value of >200 ng/ml strongly
supports a neoplastic mucin-producing cyst. However, it does
not help differentiate IPMN from MCN or low-grade from
high-grade IPMN. mAB-Das 1 is a monoclonal antibody that
reacts specifically with intestinal metaplasia of the lower
esophagus and normal colonic epithelium. This antibody has
been found to detect high-risk IPMN with a sensitivity of
89% and specificity of 100% (Das et al.,, 2021). High amylase
levels in cyst fluid can confirm communication with the main
pancreatic duct and suggest either a pseudocyst or IPMN.
CA 19.9 can be a useful biomarker for distinguishing mucinous
and non-mucinous lesions when CEA values are indeterminate.
The cytopathologic evaluation confirms the diagnosis and can
provide the degree of dysplasia. IPMNs often show thick
inspissated mucin and papillary projections, which are highly
characteristic when evident. The sensitivity of the cytological
analysis can be hampered because of the scant cellularity, the
heterogeneity of the lesion, insufficient aspirated volume, and
contamination of the fluid with gastric and duodenal
mucosal cells.

Molecular analysis on EUS-FNA obtained cyst fluid is
increasingly employed and can enhance the diagnostic accuracy
when used in combination with protein markers such as
VEGFA and CEA (Cizginer et al,, 2011; Carr et al.,, 2017).
Mutations in KRAS and GNAS are the two common gene
alterations seen in IPMN (Schmitz et al., 2021). KRAS mutations
are highly specific to mucinous lesions and are found in the
cyst fluid of more than 50% of IPMN cases (Nikiforova et al.,
2013; Singhi et al., 2018). Singhi et al. (2018) found that
the presence of TP53/PIK3CA/PTEN mutations was indicative
of high-grade dysplasia. Therefore, sequencing the cyst fluids
can be a highly sensitive and specific tool for diagnosing
the cyst type. GNAS gene alterations are believed to be specific
to IPMNs and are observed in the fluid of approximately
two-thirds of cases (Wu et al,, 2011; Kadayifci et al., 2017).
However, gene mutations do not indicate the risk of high-
grade dysplasia or invasive carcinoma. While these molecular
advances are promising when combined with clinical features,
they suffer from imperfection due to the underlying
heterogeneity of IPMNs.

Recently, we have reported that specific metabolites in the
cyst fluid can also be used as potential diagnostic biomarkers
to distinguish malignant from benign pancreatic cysts and
mucinous from non-mucinous cysts (Shi et al., 2021). We found
that (Iso)-butyrylcarnitine alone has a diagnostic accuracy of
89% to separate malignant from benign pancreatic cysts, and
5-oxoproline alone has a diagnostic accuracy of 90% to
differentiate mucinous from non-mucinous cysts (compared
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TABLE 3 | Immunohistochemical profile of IPMNs, IOPNs, and ITPNs.

IPMN Cytokeratins CK20 MuUC1 MuUC2 MUCS5AC MUC6 CDX2
Gastric + - - - + +/— -
Intestinal + + - + + - +
Pancreatobiliary + - + - + + -
IOPN + +in GCs + +in GCs + + +in GCs
ITPN + - + - - + -

GC, goblet cells.

to previously reported glucose which has an accuracy of 82%
in our study; Park et al, 2013).

CLINICAL RELEVANCE

Advances in our understanding of the pathology and molecular
features of IPMNs, IOPNs, and ITPNs have significant clinical
implications. Importantly, IPMNs are heterogeneous neoplasms
and can be multifocal. It is not practically possible to sample
all the foci. Hence, the preoperative cyst fluid analysis and
cytologic evaluation, while accurate for the sampled focus, are
inherently imperfect, particularly regarding the degree of
dysplasia. As a manifestation of IPMN multifocality, there is
a risk of synchronous or metachronous disease in the remaining
portion of a patient’s pancreas in those who have undergone
surgery. The risk is higher in MD-IPMNs and those with high-
grade dysplasia. Therefore, careful clinical follow-up is necessary
to rule out synchronous or metachronous disease in the remnant
pancreas (He et al.,, 2013). If not initially performed, it would
also be important to submit the entire lesion for histologic
evaluation to exclude the presence of invasive carcinoma.

Another issue of clinical concern is whether IPMN at the
resection margin is associated with the risk of progression or
recurrence. However, the studies are controversial. While some
data have shown that the presence of high-grade dysplastic
focus of >0.5cm at the resection margin is associated with
relapse, other data have shown that the dysplastic foci at the
resection margin may represent separate PanINs unrelated to
the IPMN (Pfliiger et al., 2020).

Understanding the genetics of precursor lesions will potentially
provide helpful guidance in targeting the tumors at an earlier
stage and enabling new and more effective therapeutic approaches.
These could prevent malignant transformation or perhaps treat
cancers arising from IPMNs. Discovering the KRAS mutation
as a driver in most IPMNs has identified potential targeted
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Adenosine 5'-triphosphate (ATP), other nucleotides, and the nucleoside analogue,
adenosine, all have the capacity to modulate cellular signaling pathways. The cellular
processes linked to extracellular purinergic signaling are crucial in the initiation, evolution,
and resolution of inflammation. Injured or dying cells in the pancreatobiliary tract secrete
or release ATP, which results in sustained purinergic signaling mediated through ATP
type-2 purinergic receptors (P2R). This process can result in chronic inflammation, fibrosis,
and tumor development. In contrast, signaling via the extracellular nucleoside derivative
adenosine via type-1 purinergic receptors (P1R) is largely anti-inflamsmatory, promoting
healing. Failure to resolve inflammation, as in the context of primary sclerosing cholangitis
or chronic pancreatitis, is a risk factor for parenchymal and end-organ scarring with the
associated risk of pancreatobiliary malignancies. Emerging immunotherapeutic strategies
suggest that targeting purinergic and adenosinergic signaling can impact the growth and
invasive properties of cancer cells, potentiate anti-tumor immunity, and also block
angiogenesis. In this review, we dissect out implications of disordered purinergic responses
in scar formation, end-organ injury, and in tumor development. We conclude by addressing
promising opportunities for modulation of purinergic/adenosinergic signaling in the
prevention and treatment of pancreatobiliary diseases, inclusive of cancer.

Keywords: biliary cancer, pancreatic cancer, immune suppression, hypoxia, CD73, CD39

INTRODUCTION

Relationships between inflammation, wound-healing, scarring, and cancer were first proposed
in the middle of the 19th century by Virchow (Dvorak, 1986). Currently, inflammation is
recognized as a canonical hallmark of cancer given roles linked to the various stages of
tumor development and in impacting responses to therapy (Greten and Grivennikov, 2019).
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Inflammation appears tightly regulated by the release of
inflammatory mediators inclusive of extracellular purines,
heterocyclic aromatic organic compounds, and fundamental
biochemical constituents of purinergic signaling (Miller and
Urey, 1959). ATP is the vital purine nucleotide generated
by glycolysis and oxidative phosphorylation and provides
the intracellular energy currency fundamental for biological
processes. Typical intracellular stores of ATP are in the range
of 5-8 mM; however, several stimuli trigger heightened levels
of ATP release by various cell types. This process increases
local extracellular ATP concentrations to tens or even hundreds
of micromoles per liter in inflamed or hypoxic tissues, such
as in the tumor microenvironment (Di Virgilio et al., 2018a).
Elevated extracellular ATP levels during pathophysiological
conditions, such as tissue stress, necrosis, hypoxia, platelet
activation, and vascular thrombosis, directly modulate
recruitment and function of innate immune cells by exerting
signals through purinergic receptors (Di Virgilio et al., 2018a).
In this review, we consider the implications of dysregulated
purinergic signaling in the evolution of pancreatobiliary
diseases and in cancer.

DELETERIOUS VS. BENEFICIAL
ELEMENTS OF PURINERGIC AND
ADENOSINE SIGNALING

Decades of research have indicated extracellular ATP is
pro-inflammatory, whereas the primary metabolite, adenosine,
is largely anti-inflammatory. Integrated ATP-directed purinergic
and adenosine-mediated signaling pathways appear imperative
for appropriate responses to injury, healing, and subsequent
tissue repair (Figure 1A).

Seminal work by Dr. Burnstock described novel ATP
receptors, which were denoted Purinergic-type 2 receptors
(P2R; Burnstock, 2006). In the extracellular environment,
ATP-mediated purinergic signaling is initiated when ATP binds
and activates P2R resulting in context and cell type-dependent
responses. To date, eight P2YR (P2Y,yy611121314) and seven
P2XR (P2X1-7) members have been identified in this family
(Figure 1B).

P2YRs are metabotropic receptors that act as G protein-
coupled receptors (GPCR), while P2XRs are nucleotide-gated
ion channels and are more commonly known as ionotropic
receptors (Idzko et al., 2014). Unlike P2YR that can bind
nucleoside tri- and di-phosphates, P2XR are
ATP-selective. P2XR affinity is generally in the low micromolar
range and highly sensitive to sudden changes in local ATP
concentrations. P2X7R is the exception and has a remarkably
high tetrabasic ATP activation threshold in the millimolar
range (North and Surprenant, 2000; Magistroni et al., 2019).
Active release of ATP to the extracellular compartment is
tightly mediated by connexins, pannexins, and exocytosis,
which are predominantly regulated by P2XR-dependent
feedback loops (Di Virgilio et al., 2020; Li et al, 2020).
Heightened ATP stimulation of P2X7 triggers opening of
a non-selective plasma membrane pore, known as a macropore,

several

which promotes the release of large hydrophilic molecules
(Di Virgilio et al., 2018b). Macropore activation and
conductance occur as a pathophysiological function of P2X7
(Pippel et al., 2017) and can result in membrane depolarization
and cell death (Harkat et al., 2017). Isoforms of P2X7R
have been described that impact macropore formation
including nfP2X7, an isoform with conformational changes
resulting in loss of the capacity for macropore formation
(Pegoraro et al., 2021). This isoform is localized to the
cytosol but can be translocated to the plasma membrane
after cellular exposure to high ATP concentrations (Barden
et al, 2003). Strategies to rescue macropore formation
are promising therapeutic avenues as these adaptations
are proposed to occur in tumor microenvironments
(Lara et al., 2020).

Adenosine, once available in the extracellular space, signals
through the Purinergic-type 1 receptor (PIR) family,
which consists of four GPCR: ADORA (AR, A,,R, AR,
and A;R; Figure 1A; Borea et al, 2018). P1 receptor
activation on epithelial or immune cells modulates intracellular
cAMP levels and contributes to anti-inflammatory and
immunosuppressive responses, dampening ATP-triggered
responses by P2 receptors and contributing to resolution of
injury (Figure 1B; Colgan, 2015).

Under homeostatic conditions, low levels of extracellular
ATP are rapidly converted through the catalytic actions of
ectonucleotidases. Tandem-linked enzymatic activities of
ectonucleoside triphosphate diphosphohydrolase 1 (ENTPD1/
CD39) decrease extracellular ATP and ADP levels through
conversion to AMP, followed by ecto-5"-nucleotidase (CD73)
catalyzed adenosine generation. Under hypoxic conditions,
adenosine signaling elicits tissue-protective effects and
coordinates reparative mechanisms through inhibition of
leukocyte cell recruitment and reduced production of
pro-inflammatory cytokines. Adenosine levels are in turn
regulated by cellular uptake by equilibrative nucleoside
transporters (ENTs; Eltzschig et al., 2005; Rose et al., 2011;
Wang et al., 2021a). In humans, nucleoside transporters are
encoded by SLC28 and SLC29. The SLC28 family includes
three human Concentrative Nucleoside Transporters (hCNT1,
hCNT2, and hCNT3) which have characteristic transporter
properties, whereas the SLC29 family comprises four human
Equilibrative Nucleoside Transporters (hENT1, hENT?2,
hENT3, and hENT4) which are regulators of nucleoside
pools and purinergic signaling (Pastor-Anglada and Pérez-
Torras, 2018). In addition to cellular uptake, adenosine levels
are regulated by the catalytic activity of adenosine deaminase
(ADA) that terminates extracellular and intracellular adenosine
signaling by irreversibly degrading adenosine to inosine
(Wiginton et al., 1981; Idzko et al.,, 2014). However, when
these processes are overwhelmed, sustained adenosine-
mediated signaling exacerbates immunosuppressive states,
resulting in immune exhaustion. Tumors arising in the
pancreatobiliary tract have elevated CD39 and CD73, placing
CD39 or CD73 inhibitors as high priority candidates for
reversing immune suppression in these lethal malignancies
(Sciarra et al., 2019).
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FIGURE 1 | Purinergic signaling mechanisms—receptors and ecto-enzymes. (A) Extracellular nucleotides, nucleosides and specific receptors. Extracellular ATP
initiates vascular and immune cellular signaling through purinergic-type 2 receptors (classified as P2X ligand-gated channels and P2Y —G protein-coupled
receptors). Enzymatic conversion of extracellular ATP to ADP/AMP by ENTPD1/CD39 modulates nucleotide/nucleoside signaling via ADP generation with binding
and activation of selective P2Ys receptors and/or followed by AMP conversion to adenosine (ADO) by NT5E/CD73. ADO initiates adenosinergic/nucleoside-
mediated signaling through purinergic-type 1 receptors P1R or can be degraded by ADA to inosine, resulting in termination of adenosine signaling. (B) Beneficial vs.
Deleterious Purinergic Signaling Responses in Physiological and Pathological States. With physiological quiescent conditions, low-level nanomolar concentrations of
extracellular ATP in the microenvironment are essential to fine-tune and preserve cell functionality. Tightly controlled ATP conversion and purinergic signaling enable
co-ordination of signals in the extracellular compartment allowing tissue-specific homeostatic functions (Left). In the setting of inflammation and other pathological
states, injured cells increase ATP release, which then achieve millimolar concentrations in the extracellular compartment, promoting cellular activation and strong
pro-inflammatory responses. Sustained inflammation alters the nature of purinergic signaling through P2 and P1 receptors and may promote chronic injury. In this
context, ADO generation can at first exhibit beneficial cytoprotective and anti-inflammatory functions through P1 receptors to help mitigate ATP exacerbated
signaling; however, in the presence of high CD39/CD73 expression and high substrate levels of extracellular nucleotides, consequent ADO signaling triggers tumor
immune escape, angiogenesis, excessive fibrosis and detrimental immunosuppression (Right).

Frontiers in Physiology | www.frontiersin.org 34 March 2022 | Volume 13 | Article 849258


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Faraoni et al.

Adenosinergic Signaling in Pancreatobiliary Diseases

HYPOXIA-DRIVEN ADENOSINERGIC
SIGNALING

Pancreatobiliary malignancies including cholangiocarcinoma
and pancreatic ductal adenocarcinoma have profoundly
hypoxic and immunosuppressive tumor microenvironments.
Hypoxia has been shown to enhance the invasive and
malignant properties of these malignant cells (Lee et al., 2016;
Yu et al, 2020). Their hypoxic microenvironments are
important in the context of nucleoside signaling as
hypoxia-mediated adenosine signaling is central for
immunosuppression and immune escape (Bastid et al., 2015;
Hayes et al., 2015). Under hypoxic conditions, P1-mediated
adenosine signaling is boosted by the concerted and
upregulated ecto-enzymatic activity of CD39 and CD73 on
epithelial cells. CD73 transcriptional activity is regulated by
a Hypoxia Response Element (HRE) located in the promoter
region of NT5E (CD73). This HRE element allows HIF-la
to directly regulate CD73 in epithelial cells under hypoxic
conditions (Synnestvedt et al, 2002). In addition, under
hypoxic conditions in epithelial cells, HIF-1a cooperates with
Spl to elevate expression of CD39 (Hart et al., 2010), which
is also regulated by HIF-1p/ARNT and AhR receptor responses
(Mascanfroni et al., 2015).

Hypoxia-dependent adenosine signaling also promotes
angiogenesis, which has implications for invasion and metastasis.
In human endothelial cells, hypoxic conditions enable HIF-2a
to directly regulate adenosine AR, and HIF-la to regulate
AR, ENTs, and associated receptors. This mechanism promotes
autonomous adenosine signaling and increased tissue
vascularization (Li et al., 2020). In addition, adenosine impacts
barrier-protective functions and RhoA activation in endothelial
cells (Hassanian et al, 2014). Hence, in pancreatobiliary
tumors, the adenosine rich stromal environment generated
by elevated CD39 and CD73 enables neoplastic cells to escape
CD8" T-cell and NK cell immune surveillance (Ohta et al.,
2006) and may facilitate cell invasion and metastatic
dissemination by transiently increasing tumor vascularity
(Ohta et al, 2006; Sun et al., 2010; Chiu et al., 2017;
Kjaergaard et al., 2018).

Controversial roles of tumor-derived extracellular adenosine
are emphasized at the interface of inflammation and cancer
where transient or chronic hypoxic events play key roles in
both inflamed areas of normal tissue and solid tumors. In
this regard, the A,,R has been shown to protect normal
tissues by promoting termination of inflammation but also
support tumor promotion by protecting cancerous tissues
from anti-tumor T cells. Tissue-protective mechanisms involve
the hypoxia-driven accumulation of adenosine which, via
cAMP, enhances A, R expression downregulating the
inflammatory response and preventing exacerbated tissue
damage after injury. An important characteristic of this
beneficial hypoxia-adenosinergic downregulation of activated
immune cells is that it acts in a delayed-negative feedback
manner, which is crucial for avoiding damaging ischemic
events and for the protection of normal tissues from overactive
immune cells (Ohta and Sitkovsky, 2001; Sitkovsky, 2009).

Conversely, deleterious effects of A, R signaling have been
described that rely on diminished TCR signaling and
IFN-gamma production (Ohta et al., 2006). Both events are
triggered by hypoxic-driven elevated intracellular levels of
cAMP which ends up misguiding anti-tumor T cells (Ohta
et al., 2006).

Hypoxic conditions haves remarkable influences in the
purinergic system by regulating CD39, CD73, and both the
P1 and P2 receptors; thus, it is important to highlight potential
therapeutic implications of weakening the hypoxia-A2-
adenosinergic immunosuppressive pathway in the TME
(Hatfield and Sitkovsky, 2020). Studies have shown that
modulating hypoxic conditions improves anti-tumor effects
in a metastatic model of orthotopically grown breast tumors
(Hatfield et al, 2015). Moreover, increased oxygenation
decreases levels of tumor-protecting extracellular adenosine
and reduces expression of HIF-1a dependent tumor-protecting
proteins (Hatfield et al., 2014).

INFLAMMATORY BILE DUCT DISEASES

Primary Sclerosing Cholangitis (PSC) is a cholestatic form of
liver disease, characterized by inflammation, thickening, and
abnormal fibrosis of the intrahepatic and extrahepatic bile
ducts. Risk factors for PSC include gut dysbiosis and inflammatory
bowel disease. PSC has the potential to evolve into biliary
cirrhosis and is a preneoplastic condition, predisposing to
cholangiocarcinoma, and colorectal cancer (Razumilava
et al.,, 2011).

The role of CD39 in PSC was recently highlighted in a
murine model of biliary injury and sclerosing cholangitis
induced by multidrug resistance protein 2 (Mdr2) deficiency
(Peng et al., 2017). Here, genetic deletion of CD39 resulted
in higher levels of hepatic CD8" T cells, liver injury, ductular
reaction, and scarring. Loss of CD39 resulted in elevated
ATP release in the gut, which activated DC and CD8" T
cells. Activated DC and CD8" T cells then trafficked to the
liver to target biliary epithelia, resulting in cholangitis and
periductular fibrosis (Figure 2; Peng et al., 2017). These
data are consistent with the complex mechanisms linking
intestinal inflammation and PSC. Notably, the role of CD39 in
limiting inflammation in this model is complicated by
discordant impacts on ATP- and adenosine-mediated
effects. As an example, subsets of bacterial species in
dysbiosis activate immune cells, which upregulate CD39
and traffic to the liver. This mechanism increases
intrahepatic levels of adenosine, perhaps resulting
aberrant immunosuppression, predisposing to cancers in
cholestatic liver disease (Longhi et al., 2017; Tripathi et al.,
2018; Vuerich et al., 2020).

To address this in the myeloid lineage, the role of CD39 in
liver fibrosis has been studied in myeloid-specific CD39-
deficient mice. After exposure to 3,5-diethoxycarbonyl-1.4-
dihydrocollidine (DDC), myeloid-specific CD397'~ mice
manifested worse liver fibrosis compared to wild-type mice,
indicating CD39 myeloid expression is protective in sclerosing
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FIGURE 2 | Purinergic signaling in cholestatic liver disease, biliary cirrhosis, and development of cholangiocarcinoma. Ectonucleotidase-expressing

immune cells, pancreatic acinar cells, and cholangiocytes help balance gut-derived ATP levels arising within the hepatopancreatobiliary tract. During
Inflammatory Bowel Disease (IBD) with associated gut dysbiosis, increased levels of ATP are secreted impacting physiological bile duct function and
provoking further cholestasis. Decreased intestinal ENTPDase8 promotes enhanced P2Y; activation and exacerbates the inflammatory phenotype. Immune
cells may lose CD39 expression, allowing systemic ATP accumulation with activation of dendritic cells, macrophages, and NK cells. This effect is pronounced
when in presence of CD39-deprived macrophages. The activated immune cells secrete pro-inflammatory signals when these cells arrive within the
pancreatobiliary tract promoting cholangiocyte inflammation. Primary Sclerosing Cholangitis (PSC) and Primary Biliary Cholangitis (PBC) are associated with
chronic ductular injury, impairing intestinal bile liver delivery, promoting backpressure to the liver, and exacerbating intestinal inflammation. Chronic
inflammation and intra bile duct fibrosis trigger duct obstruction, thickening, and scarring which leads to biliary cirrhosis. Decreased AR and elevated CD73

Cholangiocarcinoma initiation and development.

and AR expression amplify adenosine signaling which reduces CD8* T-cell tumor infiltration and enhances immune suppression, priming

cholangitis (Rothweiler et al., 2019). These data indicate at
early stages of biliary fibrosis, CD39 may be important for
scavenging nucleotides and decreasing extracellular ATP
levels to protect from sustained or chronic inflammatory
signaling, but the consequences of sustained elevated CD39 in
mediating long-term aberrant adenosinergic effects are to
be still determined.

Primary Biliary Cholangitis (PBC) is an autoimmune
cholestatic liver disease, which is characterized by damage
to the intrahepatic bile ducts resulting in cirrhosis in some
patients. PBC is slow progressing and associated with a
number of malignancies including pancreatic, breast, and
hepatocellular carcinoma. PBC is manifested by accumulation
of bile in the liver, portal inflammation, and antimitochondrial
antibodies (Ide et al., 2017). PBC can be managed with
ursodeoxycholic acid (UDCA), a hydrophilic bile salt
metabolized by the microbiome (Guarino et al, 2013).

The proportions of CD4*CD39* and CD8" T regulatory cells,
important for preventing autoimmune disease, are decreased
in these patients (Lan et al, 2006; Bernuzzi et al., 2010)
and CD4+CD39+ cells are significantly reduced in the
PBMCs of these patients compared to healthy controls. A
mouse model for PBC has been described using 16-week
chronic exposure to polyinosinic-polycytidylic acid (poly
I:C). In these mice, similar to observed findings in
human patients, CD39*CD4" and CD39* T regulatory cells
are decreased in spleens and livers and CD39" cells were
decreased in PBMC. However, CD73" cell numbers were not
altered. In addition to loss of CD39, the A,,R, but not any
other adenosine receptor, was decreased in the livers of
poly I:C treated mice, indicating loss of hepatic A,,R and
reduced anti-inflammatory adenosine signaling may
be associated with early progression of PBC (Figure 2;
Gong et al, 2021).
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BILE DUCT CANCER

Tumors arising in the bile ducts are considered rare, yet
highly lethal. Cholangiocarcinoma is considered aggressive
and highly invasive with poor prognosis. This malignancy
arises in the biliary tract and consists of two major subtypes:
intra- vs. extrahepatic cholangiocarcinoma. HIF-1a levels are
significantly elevated in cholangiocarcinoma cell lines compared
to normal biliary cells and HIF-la is important for
cholangiocarcinoma cell line proliferation, migration, and
invasion (Yu et al, 2020). ATP and adenosine have been
shown to have anti-proliferative and anti-motility effects
(Lertsuwan and Ruchirawat, 2017) in experiments conducted
using cholangiocarcinoma cell (CCA) lines. Purinergic receptor
expression levels in CCA cell lines were analyzed using qPCR
and P2 receptors were expressed in CCA cell lines and in
immortalized cholangiocytes, but in this study, adenosine
receptors were not identified. Further elucidation of these
mechanisms is needed, especially in the context of hypoxia,
to evaluate the mechanistic consequences of elevated purinergic
receptors in cholangiocarcinoma.

In contrast to in vitro studies, correlative immunohistochemical
analysis of patients with cholangiocarcinoma in two separate
cohorts has shown CD73 is elevated in cholangiocarcinoma
and has prognostic implications. Immunohistochemistry in the
first cohort showed CD73 staining in the majority of intra-
and extrahepatic cholangiocarcinoma tissues. Notably, in normal
hepatobiliary tissue, CD73 was expressed in the apical region
of cholangiocytes and pancreatic ducts, and in the canalicular
of hepatocytes (Sciarra et al, 2019). In the second cohort of
140 patients, elevated CD73 was highly correlated to lymphatic
metastasis, tumor size and negatively associated with tumor-
infiltrating CD8" T cells. These data suggest that inhibition of
CD73 is a promising modality for immunotherapy in patients
diagnosed with intra- or extrahepatic cholangiocarcinoma (Xu
et al., 2021).

In homeostatic biliary epithelia, the expression of hCNT3
is well represented and appears to be the major player in the
extracellular regulation of adenosine levels. Moreover, as this
receptor is regulated by A, R, it contributes to complete
purinergic control of bile flow which was started by ATP
secretion into the bile (Godoy et al, 2014). On the other
hand, in a subgroup of patients with biliary tract cancer, hENT1
expression correlated with overall survival, suggesting its
participation in the intracellular transport of gemcitabine may
play a role in predicting the subpopulation of patients who
could benefit from this therapy (Santini et al, 2011).

INFLAMMATORY PANCREATIC
DISEASES

Under normal physiologic conditions, pancreatic acinar cells
express P2X1, P2X4, P2Y,, and P2Y,. The role of these P2R
is thought to be related to signaling responses driven by
secretion of ATP at the luminal side. In addition, intercalated
pancreatic ducts expressing functional P2Rs, such as P2Y,,

P2Y,, P2Y,, P2Y,,, P2X4, and P2X7, respond and mediate
ductal secretion of bicarbonate-rich fluid (Hayashi et al.,
2016; Sciarra et al., 2019). ATP released by acini is hydrolyzed
to ADP/AMP and adenosine by ectonucleotidase expression
on ducts and both ADP and adenosine regulate ion
channels on pancreatic ducts (Burnstock and Novak, 2012;
Novak et al., 2020).

In acute pancreatitis, injured acinar cells undergo autophagy
or uncontrolled cellular death promoting the release of
trypsinogen, cytokines, and ATP to the extracellular space
allowing the activation and infiltration of several immune cells
to the injured site (Sendler et al., 2018; Mayerle et al., 2019;
Saluja et al., 2019). Heightened trypsinogen and ATP release
elevates induction of acinar cell p38 MAPK and NF-«kB pathways,
which further contribute to pancreatic inflammation (Dixit
et al, 2019). Elevated purinergic or adenosine signaling in
pancreatic ducts results in dysregulation of bicarbonate secretion
which alters the pH of pancreatic secretions provoking pancreatitis
(Figure 3). In addition, purinergic receptors expressed on
infiltrating neutrophils exacerbate pancreatitis. In a mouse
model of acute pancreatitis, P2X1 expressed on neutrophils
contributes to the inflammatory response and severity of
pancreatitis (Wang et al, 2020). Expression of purinergic
receptors and ectonucleotidases play an important role in
mediating the physiological and pathological function of the
pancreas, given their broad expression in epithelial, immune,
and stromal cells (Novak et al., 2020).

Chronic pancreatitis is an important risk factor for
development of pancreatic ductal adenocarcinoma and is
characterized by acinar injury, damage of the gland, sustained
inflammation, fibrosis, and loss of islet cells. Chronic pancreatitis
manifests in unrelenting abdominal pain, malnutrition,
pancreatogenic diabetes (type 3c diabetes), and exocrine and
endocrine insufficiency (Bhattamisra et al.,, 2019; Singh et al,,
2019; Illés et al., 2020; Wei et al., 2020; Cruz-Monserrate et al.,
2021). Risk factors include heavy alcohol abuse, tobacco smoking,
and genetic predispositions (Majumder and Chari, 2016; Singh
et al., 2019). Events that promote sustained pancreatic injury,
like chronic pancreatitis, result in excessive accumulation of
ATP which dysregulates the physiological state of the gland
and may be a key driver of neoplasia.

In vitro cultures of ethanol-induced toxicity on pancreatic
ductal epithelial cells exposed to micromolar concentrations
of ATP/ADP resulted in a protective effect via the P2Y, receptor.
ATP/ADP activation of the P2Y, receptor increased intracellular
levels of cAMP which is an important mechanism for maintenance
of ductal epithelial integrity in the presence of ethanol (Seo
et al, 2016). While a protective mechanism through P2R
purinergic signaling has been studied in pancreatic ducts, the
role of adenosine signaling in alcohol-associated pancreatitis
has not been described.

In addition, the role of purinergic signaling in the development
of pancreatogenic or secondary type 3C diabetes has not been
established (Hart et al, 2016). Experiments evaluating the
function of islets in models of insulin resistance, diabetes, and
obesity have shown increased production of ATP in diabetic
and obese mice. This has been shown to reduce anti-inflammatory
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FIGURE 3 | Purinergic signaling mechanisms in chronic pancreatitis and development of pancreatic cancer. Purinergic signaling mediates normal pancreatic
function by regulating ductal P2Rs-dependent bicarbonate fluid release and acinar CFTR-dependent exocrine pancreatic secretion. After acinar cell injury, increased
levels of ATP are secreted into the extracellular compartment primarily from acinar cells, increasing pancreatic trypsinogen levels and affecting normal pancreatic
function. In time, sustained ATP-derived inflammation and adenosine generation stabilizes pancreatic chronic injury and/or ongoing pancreatitis. Increased
expression of ductal CD73 elevates adenosinergic signaling triggering collagen deposition and further fibrotic development. Altered ductal cells undergo aberrant
purinergic signaling though P2Rs affecting glycolytic metabolism and cumulative pancreatic ADO signaling promotes CD8* T cell and Y$ T-cell depletion. These
factors promote an immunosuppressive environment ultimately priming the organ to malignant transformation, PDAC initiation, and progression.

secretion of IL-10 from islet-associated macrophages indicating DUCTAL ADENOCARCINOMA OF THE
increased ATP may have a pathogenic role in development of PANCREAS
type 3C diabetes (Weitz et al., 2020). Adenosine signaling also
regulates f3-cell survival and regeneration in inflammatory  Pancreatic ductal adenocarcinoma (PDAC) is one of the world’s
microenvironments as well as regulates insulin secretion and  most lethal malignancies. Risk factors include age, smoking,
lipid homeostasis through P1 receptors (Antonioli et al., 2015).  inherited predisposition due to a germline mutation, obesity,
Global deletion of CD39L (Entpd3™") and islet-specific  long-standing diabetes, chronic pancreatitis, and type 3 C
deletion of CD39L using Entpd3iofiesincre mice have been  diabetes (Xiao et al, 2016; Saluja and Maitra, 2019; Hart and
studied as this ENTPD is the dominant islet and p cell Conwell, 2020).
ectonucleotidase. Entpd3™~ mice are resistant to high fat Several purinergic P2Rs are widely expressed in pancreatic
diet-induced obesity and have elevated basal metabolic rates, cancer cell lines (Hansen et al., 2008). Among these, P2X5,
when fed a high fat diet associated with improved glucose was found elevated in human PDAC and associated with
tolerance. This phenotype was associated with higher  malignant behavior of cancer cells; however, the role of P2X5 in
uncoupling protein 1 (UCP-1) in brown adipose tissue. Studies  pancreatitis and tumor development is not yet well stablished
on Entpd3io¥lesinCre mijce show a similar phenotype indicating ~ (Zaccagnino et al., 2016) and there remains uncertainty regarding
Entpd3 in f cells is not protective against diet-induced obesity ~ the role of P2X7 in pancreatitis and PDAC initiation.
and insulin resistance (Sandhu et al., 2021). The potential An in vivo study using P2X7 inhibitors revealed a tumor-
role of purinergic and adenosine signaling in pancreatogenic ~ promoting function for this receptor and highlighted its
diabetes has a number of therapeutic implications and should  participation in stellate cell fibrosis and collagen deposition
be further explored. (Giannuzzo et al, 2016). Other P2 receptors including P2Y,,
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P2Y,, and P2Y,, were identified as increased in PDAC cell
lines and exerted tumor-promoting functions in the presence
of ATP (Qadir et al., 2018; Novak et al., 2020). Studies show
that P2Y, is associated with poor prognosis and its activation
promotes PDAC cancer progression by reprogramming cancer
cell metabolism and glycolysis (Hu et al.,, 2019). P2Y, effects
were prevented when genetically or pharmacologically inhibited,
providing enhanced evidence regarding mechanisms of
ATP-mediated PDAC progression through P2Y, receptor on
malignant epithelium (Choi et al., 2013; Hu et al, 2019).

Adenosine signaling is emerging as a critical mediator of
PDAC. Evaluation of adenosine P1 receptors from gene expression
analysis of PDAC tissues based on The Cancer Genome Atlas
(TCGA) show that both ADORA2A and ADORA2B expression
are increased in PDAC compared to normal tissues. Of interest,
ADORA2B is a marker of poor prognosis and ADORA2A has
better overall survival prognostic impact (Hayashi, 2019). Another
well-studied receptor in this disease is A;R, which promotes
the tumorigenic phenotype via ERK1/2 signaling pathway
(Gorzalczany et al., 2017).

In addition to P1 receptors, CD73 is elevated in pancreatic
cancer (Chen et al, 2020; Zhao et al, 2021). In pancreatic
cancer, adenosine generation mediated by the concerted activity
of CD39 and CD73 is correlated with lower infiltration of
CD8" T cells and y8* T cells, as well as stellate cell proliferation
and collagen production (Kiinzli et al., 2008; Chen et al., 2020;
Shevchenko et al., 2020). While correlative, these data indicate
that adenosine signaling promotes pancreas fibrotic development
by modulating ECM remodeling and immunosuppression
(Blocking CD73 Can Shrink Pancreatic Tumors, 2021).

High expression of CD73 has been described in tumor cells
in two independent cohorts of PDAC patients (Chen et al.,
2020; Zhao et al,, 2021). Elevated CD73 is associated with a
decrease in CD4', CD8', and CD21' tumor-infiltrating
lymphocytes and is associated with aggressive clinical behavior
(Zhao et al,, 2021). Histologic evaluation of CD73 in pancreatic
and PDAC tissues has shown CD73 is expressed in pancreatic
ducts and in PDAC tissue, but not acinar cell carcinoma (Sciarra
et al,, 2019). In genetically engineered mouse models of PDAC,
CD73 is highly expressed on neoplastic and invasive lesions
arising in pancreatic ducts and high CD73 is associated with
high adenosine levels in pancreata from these mice. Inhibition
of adenosine generation decreased tumor growth in spontaneous
and established models and is correlated with increased activated
CD8*, CD4" T cells and macrophages, implicating anti-CD73
immunotherapy in PDAC patients with high CD73 expression
(Singh et al., 2021). Further studies are needed to fully
comprehend the molecular mechanisms underlying CD73
function and adenosine generation in pancreatitis and PDAC
microenvironment modulation. CD39 and CD39L transcripts
are both increased in chronic pancreatitis and pancreatic cancer.
Pathologic analysis reveals both are localized in vascular and
stromal elements. In contrast to CD73, high expression of
CD39 is significantly associated with better long-term survival
in PDAC (Kiinzli et al.,, 2007).

Nucleoside transporter expression was found altered during
the progression from normal pancreatic epithelia to a malignant

state. Evidence suggests that functional hENTs may result in
increased gemcitabine uptake by pancreatic cells. Hence, reduced
expression of hENT1 implicates a link between protein expression
levels and chemoresistance (Nakano et al., 2007; Carter et al,,
2021). Moreover, in PDAC patients, its low expression correlates
with a significant reduction in progression-free survival and
disease-free survival when compared to patients with medium
to high levels of hENT1 expression (Farrell et al., 2009). Aberrant
expression of hENT2 was also observed in pancreatic cancer
cells and suggested to contribute to chemoresistance; however,
its participation is not yet fully elucidated (Alvarellos et al.,
2014). On the contrary, hCNT3 expression in pancreatic tumors
correlates with overall patient survival, with an increased
expression of the transporter usually associated with a longer
overall patient survival. The aberrant expression of hCNT3
was observed in pancreatic tumors and pancreatic cancer cell
lines and is of high relevance for pancreatic cancer patients
given its ability to transport a large variety of nucleoside-
derived drugs and, more importantly, gemcitabine for solid
tumors (Stecula et al., 2017).

THERAPEUTIC CONSIDERATIONS IN
PANCREATOBILIARY CANCERS

Therapeutic intervention has been proposed to correct the
pathophysiological levels of extracellular nucleotides and
nucleosides to restore CD39 or P2 receptor functionality in
chronic inflammatory states. Given space constraints and the
important recent developments in purinergic immunotherapy
and check point inhibition in cancer, may we refer the interested
reader to several reviews that cover the topics of augmenting
adenosinergic pathways and blocking ATP-mediated pathways
in the liver, pancreas, and GI tract in several inflammatory
disease states in order to limit cancer development (Eltzschig
et al., 2012; Burnstock et al, 2014; Longhi et al., 2017, 2021;
Vuerich et al., 2020).

Given the complex expression of purinergic mediators in
epithelial, stromal, and immune compartments, receptor blockade
may not only impair the specific signaling pathway but also
modulate the tumor microenvironment impacting other
purinergic receptors. Preclinical studies targeting the purinergic
system suggest that combined inhibition of more than one
member of the pathway may enhance anti-tumor immune
responses (Young et al., 2016; Moesta et al., 2020).

Firstly, metastatic dissemination and colonization are complex
processes linked to spread of tumor cells. In vivo lineage tracing
experiments indicate circulating pancreatic neoplastic epithelial
cells disseminate prior to establishment of a primary tumor.
In these in vivo experiments, inflammation appears as a potent
driver of epithelial dissemination or delamination (Rhim et al.,
2012, 2014; Hendley et al.,, 2016). Defining the role of purinergic
signaling coordinated between neoplastic epithelial cells, innate
or adaptive immune cells and the foreign parenchymal
microenvironment will be crucial to determining whether
immune mechanisms prevail and eliminate tumor cells before
these cells spread.
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Secondly, ectonucleotidases, P2 and P1 receptors are predicted
to play central roles in shaping the foreign microenvironment
by boosting ATP/AMP/adenosine conversion, favoring an
immunosuppressive niche. P2X1 negative neutrophils are key
players in the invasion of foreign liver tissues. After being
mobilized and recruited to metastatic sites, P2X1 negative
neutrophils exert immunosuppressive activities via Nrf2-supported
mitochondrial metabolism and predispose the foreign tissue as
a suitable site to successful metastatic colonization (Wang et al.,
2021b). In addition, purinergic signaling impacts T-cell memory
and exhaustion. These prior findings indicate that targeting CD39
has merit for augmenting checkpoint therapies for treating cancer
and chronic infections (Sun et al., 2010; Deaglio and Robson,
2011). These observations suggest that specific mechanisms
operate to modulate purinergic responses in memory T cells.
The response of memory T cells to adenosine and specific
receptor agonists might be modulated at the level of intracellular
cyclic-AMP and the signaling pathways it controls (Peter et al.,
2007). Furthermore, given the recent discovery of CD39*CD8*
T cells in regulating metastatic dormancy, understanding the
mechanisms of purinergic signaling in metastasis is critical
especially given the predicted duration of time from primary
tumor to metastatic disease in pancreatic cancer (Yachida et al.,
2010). These experiments also infer major implications for CD39
inhibitors, which may block metastatic spread of cancer cells
in experimental models (Sun et al, 2010).

In the context of checkpoint inhibitors, targeting CD39 is
likely to be more effective than single agents targeting CD73
(Beavis et al, 2012), due to reduced generation of
immunosuppressive adenosine, and also promoting the
accumulation of immunostimulatory ATP (Martins et al., 2009;
Vieira et al., 2014). ATP in the tumor microenvironment amplifies
TCR signaling in lymphocytes triggering anti-tumor CD8*
infiltration and activation (Boison and Yegutkin, 2019). In addition,
sustained ATP promotes long-term memory CD8" T cells critical
for adaptive immunity. CD39 blockade has been shown to reduce
tumor growth not only because of the diminished generation
of downstream adenosine (see below) but also by enhanced
P2X7-mediated NRLP3 inflammasome due to extracellular
accumulation of ATP (Li et al, 2019; Baeza-Raja et al., 2020).
In models of melanoma metastasis, tumor growth in the liver
is substantively inhibited in mice with CD39 null vasculature
or CD39 null bone marrow-derived cells. CD4'FoxP3* Tregs
expressing CD39 repressed anti-tumor immunity by NK cells
and pharmacologic inhibition of CD39 significantly limited
melanoma tumor growth. Thus, CD39 expression on Tregs
promotes metastatic growth and targeting this may provide a
strategy for secondary hepatic malignancies (Sun et al., 2010).

In contrast, adenosine is generated by CD39-CD73 expression
on Treg and memory T cells and inhibits effector T-cell
immunity, which opposes effects of ATP. Adenosine receptor
stimulation (A,,R or A,zR) on macrophages restrains production
of nitric oxide and pro-inflammatory cytokines. Thus, adenosine
receptors resolve inflammation and promote tissue repair, yet
in chronic inflammation and neoplasia, cumulative adenosine
signaling promotes transformation and immunosuppression
(Boison and Yegutkin, 2019).

When targeting adenosine receptors, it is important to
consider that AR and A,R have the capacity to form heteromers,
which implies a cross-communication between Gi and Gs
proteins (Navarro et al., 2018). These structures were shown
to act as sensors of adenosine concentration and modulate
adenosine signaling in such a way that there is either A|R or
A,R-mediated effects. Similar properties were described for
heteromers formed between A,,R and A,;R (Franco et al,
2021). Thus, these recent findings highlight the need to elucidate
whether heteromer formation is found in pancreatobiliary
cancers, as studying its peculiar signaling dynamic will
be essential to understand adenosine-mediated effects and
potentially propose them as targetable structures.

A challenging aspect when targeting purinergic or
adenosinergic receptors is most physiological and preclinical
studies to unravel receptor function and therapeutic effects
have been carried out in rodents, which, do not necessarily
represent the affinity and functioning of human receptors.
Hence, several compounds in preclinical platforms were selected
based on their affinity to human receptors, which do not
necessarily represent similar rodent receptor interaction. Indeed,
this aspect was analyzed for adenosine receptors and determined
that for some ligands the potency and selectivity are species-
dependent and proposed that a comprehensive characterization
of compounds and species-specific affinities are key to understand
whether they may be suitable ligands to pursue drug therapy
in the clinic (Alnouri et al., 2015).

Beneficial effects were observed when targeting CD73 and
A,,R alone or in combination with PD-1/PD-L1 inhibitors
(Allard et al., 2013; Mittal et al., 2014; Beavis et al., 2015;
Hay et al, 2016). Moreover, preliminary results of the first
phase 1/2a study of a CD73 inhibitor in combination with
the PD-1 inhibitor nivolumab induced partial responses or
stable disease in 28% of patients with various malignancies
(NCT02754141). Another phase 1 clinical trial recently evaluated
simultaneously inhibiting CD73 and PD-L1 in subjects with
select advanced solid tumors (NCT02503774), however, results
remain to be published.

Currently, several phase I/II studies are evaluating CD39
(NCT04336098) and A,4R blockade in combination with PD-1
(NCT03884556, NCT03207867), PD-L1 (NCT02655822)
inhibitors, or with standard chemo- or immunotherapy
(NCT04306900). Besides, in locally advanced or recurrent/
metastatic PDAC, several phase I clinical trials are being
conducted by targeting CD73 alone (NCT04148937) or in
combination with PD-1 (NCT04104672) and A,,AR inhibitors
(NCT03549000, NCT03454451; Table 1).

Lastly, the role of microbiome in regulating systemic ATP
or adenosine signaling in metastasis warrants further
analysis. Inosine derived from the microbiome was recently
described as a key mediator of immunosuppression and
response to checkpoint inhibitor immunotherapy (Mager et al.,
2020) and analysis of human PDAC microbiome has revealed
certain bacterial species are correlated with overall survival
(Riquelme et al., 2019). However, the role of gut bacteria in
altering local and systemic purinergic and adenosine signaling
in pancreatic diseases has not been well defined.
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TABLE 1 | Clinical trials evaluating the potential use of purinergic mediators as targets for hepatopancreatobiliary tumors.

Target Drug +/— combination therapy or Outcome Tumor Identifier Study phase Sponsor company
A2AAR NIR178 (A2AAR antagonist) in combination with  Patients with solid tumors NCT03207867  Phase Il Novartis Pharmaceuticals
PDRO001 (anti-PD-1 Ab) (including pancreatic cancer)
and Non-Hodgkin Lymphoma
A2AAR Ciforadenant (A2AAR inhibitor) in combination Patients with selected incurable NCT02655822  Phase I/lb Corvus Pharmaceuticals
with Atezolizumab (PD-L1 inhibitor) tumors
CD39 TTX-030 (anti-CD39 Ab) in combination with Patients with advanced tumors  NCT04306900  Phase I/lb Trishula Therapeutics
standard chemo- or immunotherapy
CD39 SRF617(anti-CD39 Ab) Patients with advanced solid NCT04336098 Phase | Surface Oncology
tumors
CD39 TTX-030 (anti-CD39 Ab) +/— anti-PD-1 Patients with Lymphoma or NCT03884556  Phase | Trishula Therapeutics
immunotherapy solid tumors
CD39 Monotherapy Patients with advanced solid NCT05234853  Phase | Purinomia Biotech, Inc
tumors
CD73 LYB3475070 (CD73 inhibitor) +/— Pembrolizumab  Patients with advanced solid NCT04148937  Phase | Eli Lilly and Company
tumors including PDAC
CD73 +/— A2AAR  NZV930 (anti-CD73 Ab) +/— PDR001 (anti-PD-1  Patients with advanced solid NCT03549000 Phase I/lb Novartis Pharmaceuticals
Ab) +/— NIR178 (A2A antagonist) tumors including PDAC
CD73 +/— A2AAR  CPI-006 (anti-CD73 Ab) +/— ciforadenant (oral Patients with selected NCT03454451  Phase I/lb Corvus Pharmaceuticals
A2A inhibitor) +/— pembrolizumab (anti-PD1 Ab)  advanced solid tumors
including PDAC
CD73 +/— PD-1 ABB680 in combination with Zimberelimab Patients with advanced PDAC ~ NCT04104672  Phase | Arcus Biosciences
(AB122), nab-paclitaxel and gemcitabine
CONCLUSION limiting scar formation and cell transformation, decreasing the

Purinergic signaling pathways have important roles in initiation,
progression and resolution of inflammation, yet sustained
activation appears to disrupt normal tissue homeostasis and
promote chronic inflammatory conditions and scar formation.
These factors elevate the risk of end-organ failure and
development of pancreatobiliary cancer. Beneficial ATP
inflammatory P2R-mediated effects might be overshadowed
in chronically inflamed tissues or neoplastic environments,
where enzymatic conversion of nucleotides through elevated
CD39 and CD73 may lead to excessive adenosine accumulation.
Instead of promoting resolution of inflammation and tissue
repair, this rather promotes A,;R-mediated or other aberrant
pathways important for cellular transformation and immune
suppression. In this context, it should be kept in mind that
outcomes are not only determined by extracellular bioavailability
of ATP and its nucleoside derivatives, but also by the expression
of other purinergic mediators and Pl or P2
receptor functionality.

Therapeutic strategies targeting CD39 or CD73 as well as
AR antagonism have the potential to reverse adenosine-
mediated immunosuppression, albeit only CD39 blockade will
boost ATP-mediated anti-tumor immunity. However, the
widespread expression of CD39, CD73, and purinergic receptors
on immune cells, myofibroblasts, and epithelial cells complicates
understanding of the mechanistic basis for purinergic and
adenosine signaling during chronic inflammation, fibrosis, and
tumor formation.

We propose that modulation of purinergic signaling represents
novel avenues for reversing inflammation, and by virtue of

risk of cancer. Once cancer has developed, then immunotherapy
strategies for treatment of pancreatobiliary malignancies show
great promise. Dissecting out the implications of these
propositions and determining the clinical timing of these
divergent approaches will require further study, attention to
personalized medicine, and innovative clinical trials.
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Objective: Prevalence of type 2 diabetes (T2D) is disproportionately higher in younger
outwardly lean Asian Chinese compared to matched Caucasians. Susceptibility to T2D
is hypothesised due to dysfunctional adipose tissue expansion resulting in adverse
abdominal visceral and organ fat accumulation. Impact on early risk, particularly in
individuals characterised by the thin-on-the-outside-fat-on-the-inside (TOFI) phenotype,
is undetermined.

Methods: Sixty-eight women [34 Chinese, 34 Caucasian; 18-70 years; body mass
index (BMI), 20-45 kg/m?] from the TOFI_Asia study underwent magnetic resonance
imaging and spectroscopy to quantify visceral, pancreas, and liver fat. Total body fat was
(TBF) assessed by dual-energy x-ray absorptiometry, and fasting blood biomarkers were
measured. Ethnic comparisons, conducted using two-sample tests and multivariate
regressions adjusted for age, % TBF and ethnicity, identified relationships between
abdominal ectopic fat depots with fasting plasma glucose (FPG), insulin resistance
(HOMAZ2-IR), and related metabolic clinical risk markers in all, and within ethnic groups.

Results: Despite being younger and of lower bodyweight, Chinese women in the cohort
had similar BMI and % TBF compared to their Caucasian counterparts. Protective
high-density lipoprotein cholesterol, total- and high-molecular weight adiponectin
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were significantly lower, while glucoregulatory glucagon-like peptide-1 and glucagon
significantly higher, in Chinese. There were no ethnic differences between % pancreas
fat and % liver fat. However, at low BMI, % pancreas and % liver fat were ~1 and
~2% higher in Chinese compared to Caucasian women. In all women, % pancreas
and visceral adipose tissue had the strongest correlation with FPG, independent of age
and % TBF. Percentage (%) pancreas fat and age positively contributed to variance
in FPG, whereas % TBF, amylin and C-peptide contributed to IR which was 0.3 units
higher in Chinese.

Conclusion: Pancreas fat accumulation may be an early adverse event, in TOFI
individuals, with peptides highlighting pancreatic dysfunction as drivers of T2D
susceptibility. Follow-up is warranted to explore causality.

Keywords: liver fat, pancreas fat, visceral adipose tissue, type 2 diabetes, magnetic resonance imaging and

spectroscopy

INTRODUCTION

Individuals with obesity have a 50- to 80-fold increased risk of
type 2 diabetes (T2D) compared to those with lean bodyweight
(Colditz et al., 1995). A decline in lean body mass and consequent
increase in body fat often increases with age (Alva et al,, 2017),
accompanied by altered beta-cell function and insulin resistance
(IR). Using body mass index (BMI) as a predictor, however, is
shown to potentially misclassify both low BMI (Reilly et al,
2018) and, on occasion, younger (Ramachandran et al., 2012)
individuals. Ethnicity is shown to be of importance since, at a
fixed BMI, Chinese individuals are shown to have 3-5% higher
total body fat (TBF) than Caucasians (Haldar et al., 2015).

Highlighted in large cohort studies (Lear et al., 2007; Nazare
et al., 2012; Chen et al., 2018; Jo and Mainous, 2018), including
in our recently published TOFI_Asia study (Sequeira et al.,
2020), visceral adipose tissue (VAT) is an important factor that
differs between these groups. In Chinese, typified by the thin-on-
the-outside-fat-on-the-inside (TOFI) phenotype, even modest
weight gain may differentially promote lipid deposition into VAT
(Hocking et al., 2013) which is associated with increased hepatic
IR (Tchernof and Després, 2013), and further promotes ectopic
fat infiltration into key metabolic non-adipose tissue organs such
as liver and pancreas (Rossi et al., 2011).

The need for phenotypic characterisation based on non-
adipose ectopic fat is now recognised to be vital to understanding
susceptibility to developing T2D (Neeland et al, 2019),
particularly in TOFI individuals (Sequeira et al., 2020). Decreased
levels of liver fat are associated with the normalisation of blood
glucose (Lim et al., 2011; Nazare et al.,, 2012; Zhyzhneuskaya
et al., 2018) with emerging evidence for the role of pancreas fat
(Lim et al., 2011; Taylor et al., 2018). Some studies have reported
increased pancreas fat in dysglycaemic individuals (Lingvay et al.,
2009; Ou et al,, 2013; Gaborit et al., 2014; Kim et al,, 2014; Lim
et al, 2014; Wang et al,, 2014; Macauley et al., 2015; Steven
et al., 2016) while others showed a negative correlation with
beta-cell function (Tushuizen et al., 2007; Heni et al., 2010;
Lim et al., 2011; Szczepaniak et al., 2012; Yokota et al., 2012;
Nowotny et al., 2018) albeit as yet inconsistent in cohorts with
prediabetes and diabetes (Tushuizen et al., 2007; Lé et al., 2011;

van der Zijl et al.,, 2011). Discrepancies between pancreatic fat
and beta-cell dysfunction may be in part due to methodological
differences in pancreas fat assessment, in addition to variable
glycaemic status in these early studies. A recent meta-analysis
attempted to define an upper limit for pancreatic fat percentage,
as weighted mean + 2 standard deviations (SDs), determined
from pooled data from nine studies in 1,209 healthy individuals
who underwent magnetic resonance imaging and spectroscopy
(MRI/S) (Singh et al., 2017). A limitation of the recommended
normal upper limit of 6.2% pancreas fat, as acknowledged by the
authors, are the different methods and quantitative approaches
used in the various MR studies which preclude comparisons.

An absence of published data on ectopic fat, particularly
pancreatic fat, in different ethnicities, and its contribution to
early dysglycaemia led us to undertake the current TOFI_Asia
MR study. We hypothesised that fat deposition in non-adipose
ectopic sites may be associated with the dysregulation of
glucose, and IR, with Chinese participants potentially more
susceptible to ectopic lipid infiltration when younger and at lower
bodyweight than Caucasians. Furthermore, to identify clinical
risk markers, and ectopic fat depots, that are associated with
and predictive of fasting plasma glucose (FPG) and IR. Notably,
while haemoglobin Alc (HbAlc) is a reliable marker of frank
T2D, it has limited sensitivity and specificity for identifying
prediabetes (Barry et al., 2017) and hence was not considered an
outcome measure.

MATERIALS AND METHODS

Ethical approval was received from the New Zealand Health and
Disabilities Ethics Committee (16/STH/23) and all research, and
study protocols, performed in accordance with Committee
guidelines. The study is registered with the Australian
New Zealand Clinical Trials Registry ACTRN12616000362493.

MR Study Population

To avoid potential confounding due to gender differences in
body composition, women (202; 108 Asian Chinese, 94 European
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FIGURE 1 | Flowchart illustrating enrolment and eligibility of 202 female participants from the TOFI_Asia study into the MR study. DXA, dual-energy X-ray

> \1 Caucasian liver spectroscopy Y,

Caucasian) from a larger mixed gender cohort the TOFI_Asia
study (Sequeira et al., 2020), recruited in our clinic, were
additionally invited for a MRI/S assessment of ectopic visceral,
pancreas, and liver fat respectively. The TOFI_Asia cohort
consisted of participants over a wide age and BMI range, of which
a random cohort of 70 women (20-70 years, BMI 20-45 kg/m?)
provided informed written consent to participate in the current
MR sub-study (Figure 1). Women were normoglycaemic or
had impaired fasting glucose (IFG), as defined by the American
Diabetes Association (2018), self-reported healthy with no
significant disease, no significant weight gain or loss (>10%)
in previous 3 months, and no contraindications for MRI/S
procedures. Imaging was successfully completed in 68 women (34
Chinese, 34 Caucasian). Two women were excluded due to acute
claustrophobic episodes during MRI.

Experimental Protocol

All women attended the Human Nutrition Unit following an
overnight fast. Bodyweight, height, waist/hip circumference,
and blood pressure were recorded and fasted blood samples
obtained as previously described (Sequeira et al., 2020). TBF
was determined by dual-energy X-ray absorptiometry (DXA)

(iDXA, GE Healthcare, Madison, WI, United States). MRI/S
scans were conducted fasted within 1 week of clinical assessments
using a 3T Magnetom Skyra scanner, VE 11A (Siemens,
Germany). Instruction for adherence to scan protocol and
imaging requirements, e.g., breath hold sequences, were given to
minimise motion-related artefact.

Analyses of Blood Biochemistry

Venous samples were centrifuged (Eppendorf, HH, Germany)
at 1,300 x g for 10 min at 4°C with plasma and serum
stored at —80°C until batch analyses. HbAlc was determined
by capillary electrophoresis (Cap2FP, IDF, France), FPG by
the hexokinase method, alanine amino transferase (ALT),
aspartate amino transferase (AST), and alkaline phosphatase
(ALP) by the International Federation of Clinical Chemistry
methods, and gamma glutamyl transferase (GGT) by the
Szasz method. Total cholesterol (TC) was analysed by
cholesterol esterase/cholesterol oxidase/peroxidase method,
triacylglycerol (TAG) by lipase/glycerol kinase method, high-
density lipoprotein cholesterol (HDL-C) by detergent/cholesterol
esterase/cholesterol oxidase/peroxidase method. Low-density
lipoprotein cholesterol (LDL-C) was calculated using the
Friedewald formula. Plasma insulin, C-peptide, glucagon, (total)
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amylin, gastric inhibitory peptide (GIP), and (total) glucagon-
like peptide-1 (GLP-1) were analysed using MILLIPLEX MAP
Human Metabolic Hormone Magnetic Bead Panel (Merck,
HE, Germany). Intra- and inter-assay coefficients of variation
(CV) for all analytes were <10 and <15%, respectively. Serum
total- and high-molecular weight (HMW) adiponectin was
measured by enzyme-linked immunosorbent assay (R&D
Systems Quantikine kit, Bio-Techne, Minneapolis, MN,
United States). IR, using the updated homeostasis model
assessment of insulin resistance (HOMAZ2-IR), was determined
by using the online HOMA Calculator (The University of Oxford
2013, Version 2.2.3).

Assessment of Body Composition by Dual-Energy
X-Ray Absorptiometry

Total body fat and lean (fat-free soft tissue) masses were
obtained from a full body DXA scan with participants measured
according to manufacturer’s standard protocols. DXA-percentage
(%) TBF was calculated as 100 x TBF mass/(total body lean
mass + TBF mass).

Assessment of Ectopic Fat by MRI/Magnetic
Resonance Spectroscopy

Fast sagittal localising images were acquired from diaphragm to
pelvis, using respiratory gating to reduce motion artefacts. A 3D
dual gradient-echo sequence (VIBE) was acquired to separate fat
and water signals using a 2-point Dixon technique: repetition
time/echo times/flip angle = 3.85 ms/1.27, 2.50 ms/9°. Three
blocks (11 s breath hold each) of forty 5 mm axial slices using
a field of view of 500 mm x 400 mm, matrix 320 x 256, were
acquired to cover the abdominal cavity using partial Fourier and
parallel imaging with total acceleration factor of 3.1. Following
the abdominal scan, the pancreas was located and imaged using
a higher resolution sequence, requiring a 11 s breath hold, to
acquire fourteen 5 mm axial slices with repetition time/echo
times/flip angle/signal averages = 5.82 ms/2.46, 3.69 ms/9°/1 with
a field of view of 500 mm x 400 mm, matrix 512 x 410, using
partial Fourier and parallel imaging with total acceleration factor
of 2.8. MRS with respiratory-gated sequence determined liver
fat content. Localiser images were obtained in the transverse,
coronal, and sagittal planes and a voxel (2 x 2 x 2 cm?)
placed in the right lobe of the liver, avoiding blood vessels and
the biliary tree. MRS of the selected voxel was acquired using
the stimulated-echo acquisition mode sequence with respiratory
triggering; echo time: 20 ms, repetition time: 3,000 ms and mixing
time: 33 ms, 1,024 data points collected with 50 averages. A water-
suppressed spectrum with 50 averages was also recorded to detect
weak lipid signals.

Magnetic Resonance Imaging and Spectroscopy
Image Analysis

Custom Matlab R2017a software (The MathWorks, Inc., Natick,
MA, United States) was used to separate the fat and water
contributions of the abdominal MRI and construct a fat fraction
(FF) map with noise bias correction at the L4-L5 intervertebral
disc space. The single FF map was separated into MR-VAT and
MR-subcutaneous adipose tissue (SAT) with Image ] (Schneider
et al., 2012), using the polygon tool to manually circumscribe

contours around each region. The single slice MR abdominal
adipose tissue (MR-AAT) measurement at the L4-L5 anatomical
location is shown to be concordant with fat mass measured at
all intervertebral spaces (Schweitzer et al., 2015; Linder et al,,
2016). MRI analysis was conducted independently by two trained
investigators, IS and WY. The intra-observer repeatability CV
for MR-VAT and MR-SAT, conducted by IS calculated from
10% of total scans was 0.2 and 0.1%, respectively, while the
inter-observer CV of all scans, between IS and WY, was 0.02
and 0.1%. Percentage (%) pancreas fat was determined by MR-
opsy (Al-Mrabeh et al, 2017) with thresholding applied to
eliminate potential inclusion of non-parenchymal tissue. Briefly,
two candidate pancreas (5 mm each) FF maps were created
from images in which the head, body, and tail of the pancreas
were clearly visualised. Three regions of interest (ROIs) were
placed in the head, body, and tail of each image, respectively, to
estimate pancreas fat; thresholding (1-20%) was also applied to
eliminate potential inclusion of non-parenchymal tissue within
the selected ROI. Percentage pancreas fat was calculated as the
average fat of both candidate pancreas FF images [39]. FF maps
obtained from three Caucasian women contained artefact and
were unable to be analysed, hence % pancreas fat was measured
in 65 women. As conducted for MR-AAT compartments, the
intra-observer repeatability % pancreas fat CV, from 10% of total
scans, was 3.4% and the inter-observer CV was 2.4%. Pancreas
volume (cm?®) was determined as previously described (Macauley
et al,, 2015), and volume divided by body surface area, using
the Dubois and Dubois method, to obtain pancreas volume
index (PVI) which accounts for potential effect of anthropometry
on measurements. Liver fat was calculated, using the SIVIC
software (Crane et al., 2013), from area under the curve of water
and fat peaks from non-water-suppressed spectra, corrected for
T2-weighting according to previous literature values (Hamilton
et al., 2011) and presented as percentage volume/volume from
67 women; the spectroscopy signal obtained from one Caucasian
woman could not be analysed. Liver fat >5.6% was considered
elevated, this cut off reported as the upper 95 percentile in healthy
subjects that corresponds to ~15% histological liver fat (Petdja
and Yki-Jarvinen, 2016). There is no global comparable cut oft
for % pancreas fat, particularly since our pancreas imaging in
this study has T1 weighting and will overestimate FF by a factor
of approximately 1.4 (de Bazelaire et al., 2004). To internally
compare % pancreas fat in our cohort of women we used an
arbitrary 4.5% cut off.

Statistical Analyses

Continuous variables are expressed as mean & SD in the
descriptive summary. Group comparisons were performed using
two-sample tests with level of significance set at P < 0.05. The
distribution of outcome measures (FPG and HOMA2-IR) was
assessed and log-transformation was applied to non-normally
distributed data if applicable. Relationships between the two
outcome measures with MR-VAT (cm?), % pancreas and % liver
fat were assessed using multiple linear regression models in all
women and for each ethnic group separately. The models were
adjusted for age and % TBE as well as ethnicity in the total
cohort. The interaction effect between ethnicity and the predictor
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TABLE 1 | Summary of metabolic risk factors of women enrolled in the TOFI_Asia MR study.

All (n = 68) Chinese (n = 34) Caucasian (n = 34) P value
Age (year) 44.4 £ 145 41.0+13.0 478 +15.4 0.05
Anthropometry
Bodyweight (kg) 73.7 £13.9 68.5+11.5 79.0 £ 14.2 0.001
Height (m) 1.64 +0.08 1.60 £+ 0.05 1.68 + 0.08 <0.0001
BMI (kg/m?) 273+ 4.4 26.7 + 4.2 28.0+4.5 0.24
Waist circumference (cm) 88.6 +12.9 85.6+11.1 91.7 +£13.9 0.05
Hip circumference (cm) 101.0+11.8 96.8 £ 9.0 105.3 £ 12.8 0.002
Systolic blood pressure, SBP (mmHg) 120 + 21 120 +£ 22 120 + 19 0.93
Diastolic blood pressure, DBP (mmHg) 64 + 10 65+ 12 64+ 8 0.61
Body composition - DXA
Total body fat, DXA-TBF (kg) 29.0 + 10.0 262 +7.2 31.8+11.7 0.02
Total body fat, DXA-TBF (%) 39.8+7.6 39.2+49 40.4 +£9.6 0.51
Body composition - MRI/S
Visceral adipose tissue, MR-VAT (cm?) 73.2£38.8 70.2+£31.2 76.3+45.4 0.52
Subcutaneous adipose tissue, MR-SAT (cm?2) 165.3 + 65.1 138.7 + 30.6 191.9+78.8 0.001
Abdominal adipose tissue, MR-AAT (cm?) 238.5+87.4 208.9 + 48.7 268.2 + 106.5 0.004
VAT:SAT ratio 0.445 + 0.3 0.51+0.2 0.398 £ 0.3 0.46
Pancreas fat (%)? 42+19 43+20 41+19 0.69
Liver fat (%)P 42+48 46+47 3.7+48 0.47
Pancreas volume (cm®)2 74.0+19.6 729 +£223 75.2+16.4 0.63
Pancreas volume index, PVI? 41.5+£10.7 424 +£12.0 40.6 £ 9.1 0.49
Blood biochemistry
HbA1c (mmol/mol) 34.7 £ 3.9 35.5+3.8 33.9+39 0.09
Fasting plasma glucose, FPG (mmol/L) 51+06 52405 5.1+0.7 0.52
Fasting plasma insulin (pg/ml) 537.7 + 363.1 578.1 £+ 350.3 497.4 + 376.4 0.36
HOMA2-IR 1.7 +141 1.8+1.0 16+1.2 0.37
HOMA2-8 129.9 + 68.3 138.4 +78.3 121.4 £ 56.3 0.31
Total cholesterol, TC (mmol/L) 4.8+09 45409 52409 0.004
Triglycerides, TAG (mmol/L) 1.1+£06 1.3+£07 1.0+ 05 0.09
HDL-cholesterol (mmol/L) 1.6+£04 14+04 1.8+04 0.001
LDL-cholesterol (mmol/L) 2.7+0.8 25407 29+09 0.02
TC:HDL-C ratio 3.2+08 3.3+0.8 3.0+08 0.38
Alanine amino transferase, ALT (U/L) 14.9 £ 101 14.7 £10.7 1561 +£9.6 0.88
Aspartate amino transferase, AST (U/L) 188+ 7.4 178 +54 19.9 £ 90 0.24
Alkaline phosphatase, ALP (U/L) 96.6 + 27.4 92.9 £ 26.0 100.4 + 28.6 0.27
Gamma glutamy! transferase, GGT (U/L) 23.1 £20.7 26.3 + 271 20.0 +10.5 0.21
Amylin (pg/mL) 29.1 £13.7 299 +13.8 28.3+13.8 0.63
C-peptide (pg/mL) 950.9 + 502.6 918.5 £+ 400.0 983.4 + 592.2 0.60
Gastric inhibitory peptide, GIP (pg/mL) 68.7 +37.9 71.5+40.8 66.0 + 35.2 0.55
Glucagon like peptide-1, GLP-1 (pg/mL) 136.2 +£ 455 147.6 + 46.2 1249+ 424 0.04
Glucagon (pg/mL) 57.9 +£32.0 65.6 + 33.1 50.1 £29.5 0.05
Total adiponectin (mg/L) 8.56+56.2 6.8+ 49 10.2 £ 5.0 0.006
HMW adiponectin (mg/L) 6.1 +3.9 48+ 36 7.5+39 0.005

Results are mean + SD. Statistical significance P < 0.05. Numbers as stated above each column except for superscripted values.

4Pancreas fat assessed in 31 Caucasian women.

bl jver fat assessed in 33 Caucasian women.

DXA, dual-energy x-ray absorptiometry; MRI/S, magnetic resonance imaging and spectroscopy; HbATc, haemoglobin A1c; HOMAZ2-IR, homeostasis model assessment

of insulin resistance; HOMAZ2-B, homeostasis model assessment of -cell function;, HMW, high-molecular weight.

of interest was tested in the models to assess ethnicity as a
potential effect modifier. All MR quantified non-adipose tissue
organ fat measurements were included in statistical analyses,
as no outliers were detected. Of the two outcome variables,
analyses were conducted on raw FPG data while HOMA2-IR was
normalised using log-transformation due to skewed distribution.

Univariate and multivariate regression analyses were conducted
to identify clinical risk markers that predicted the difference
in FPG and log HOMAZ2-IR. Associations between the clinical
risk markers and FPG, and log HOMA2-IR, were each assessed
using single predictor linear regression models, adjusted for
ethnicity. Those clinical risk markers that showed statistical
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significance at P < 0.1 were included in stepwise multiple linear
regression analyses using SAS version 9.4 (SAS Institute Inc.,
Cary, NC, United States). The software utilises a combination of
backward and forward selection techniques to retain independent
predictors that showed a significant effect (P < 0.05) to give a final
prediction model with risk markers that predicted FPG, and log
HOMA2-IR. Additionally, we also performed stepwise multiple
linear regression and the least angle regression (LAR) models
treating ethnicity as a potential predictor same as the clinical
markers that showed statistical significance at P < 0.1 in the
models. The results were cross-validated with the main analysis
using ethnicity-adjusted stepwise regression models.

RESULTS

Participant Characteristics

Mean age and BMI of the full cohort was 44.4 £ 14.5 years
and 27.3 4 4.4 kg/m?. The women were predominantly healthy
and normoglycaemic, with 19% (n = 13) with IFG with an equal
division of prediabetes between ethnicities (n = 7 Caucasian, n = 6
Chinese). Although significantly younger (P = 0.05), the Chinese
women were of similar mean BMI to Caucasian (P > 0.05,
Table 1) with lower mean bodyweight, height (both P < 0.001),
waist (P = 0.05), and hip circumference (P = 0.002).

Body Composition—Adipose Tissue

Compartments

Mean DXA-% TBF was 39.8 + 7.6% in the full cohort of women.
In accordance with lower bodyweight and stature, DXA-assessed
TBF mass (kg) was also significantly lower in Chinese (P = 0.02)
but when normalised as % of total soft tissue mass there were no
ethnic-specific differences in DXA-% TBF between the Chinese
and Caucasian women (Table 1). While MR-assessed SAT (cm?)
and MR-VAT (cm?) were again both numerically lower in these
smaller stature Chinese women, notably this difference was
highly significant for MR-SAT (P = 0.001, Figure 1) but not
for MR-VAT (P > 0.05) which was not significantly different
from the Caucasian subcohort. In turn, while mean MR-AAT
(cm?) was again significantly lower (P = 0.004) in smaller stature
Chinese than Caucasian women, there was greater contribution
of VAT (34 vs. 28%) than SAT (66 vs. 72%) to the abdominal fat
compartment in the Chinese subcohort (Figure 2).

Non-adipose Tissue Organ

Fat—Pancreas and Liver

Mean MRI-assessed % pancreas fat (determined in 65 of 68
women) was 4.2 = 1.9% (Table 1). Mean pancreas volume was
74.0 £ 19.6 cm?, and PVI was 41.5 & 10.7. Notably, 39% (n = 25;
mean age: 49 £ 12 years; BML: 28.7 + 4.4 kg/m?) of women
were identified with pancreas fat above our chosen threshold of
4.5% with mean pancreas volume and PVI of 77.3 & 18.6 cm®
and 41.5 & 9.6, respectively. Similarly, mean MRS-assessed %
liver fat (measured in 67 of 68 women) was lower than the
5.6% threshold (mean: 4.2 & 4.8%, Table 1) with 22% (n = 15;
mean age: 50.1 & 13.0 years; BMI: 28.9 + 3.6 kg/m?) of women

identified with elevated liver fat.13% of women (n = 9, mean age:
52.8 £ 12.2 years; BMI: 29.4 & 3.9 kg/mz) had both fatty liver and
pancreatic fat above the chosen cut offs.

Comparisons of organ fat between the two ethnic groups
showed no significant difference in mean % pancreas fat
(P > 0.05, Table 1). However, linear regression (Supplementary
Figure 1) revealed that at a fixed BMI in the lean range between
20 and 25 kg/m? Chinese women had ~1% higher predicted
pancreas fat than their Caucasian counterparts (range: 3-3.5
vs. 1.8-2.7%). Notably, there were similar numbers of Chinese
(n=13) and Caucasian (n = 12) women with % pancreas fat above
the chosen threshold, despite the Chinese subcohort being 2 BMI
units lower (mean BMI: 27.9 4+ 5.2 vs. 30.0 £ 3.3 kg/mz; P=0.35)
and 10 years younger (mean age: 44 & 11 vs. 54 £ 12 years;
P =0.06) than Caucasian. Mean pancreas volume and mean PVI
were not significantly different between ethnicities in the full
cohort (Table 1). Also similarly, no difference in either pancreas
volume (Chinese: 68.1 & 20.5 cm?; Caucasian: 77.3 £ 18.6 cm?)
or PVI (Chinese: 38.4 = 9.6; Caucasian: 41.5 4= 9.6) was observed
in Chinese and Caucasian women with pancreas fat above the
chosen 4.5% threshold.

Again, while there was no significant difference in mean %
liver fat between the two ethnicities, linear regression analysis
showed, as for % pancreas fat, that at a fixed BMI in the lean
range of between 20 and 25 kg/m? (Supplementary Figure 1)
Chinese women had ~2% higher predicted liver fat than their
Caucasian counterparts (range: 3-3.5 vs. 1.3-1.5%). Twice as
many Chinese (n = 10) had elevated liver fat (Caucasian, n = 5),
despite the Chinese subcohort being 3 BMI units lower (mean
BMI: 27.9 4 4.9 vs. 30.8 4 3.5 kg/m?; P = 0.10) and 10 years
younger (mean age: 44 & 12 vs. 55 & 12 years; P = 0.03) than
their Caucasian counterparts.

Blood Biochemistry

Mean concentrations of all blood biochemical markers were
within the normal range in the full cohort. However, TC
(P = 0.004), LDL-C (P = 0.02), HDL-C (P = 0.001), total-
(P =0.006), and HMW adiponectin (P = 0.005) were significantly
lower, while GLP-1 (P = 0.04) and glucagon (P = 0.05) were
significantly higher, in Chinese compared to Caucasian women.

Relationship Between Metabolic Risk

Factors

Associations between MR-VAT, % pancreas and % liver fat depots
with FPG and log HOMA2-IR were strengthened by age and %
TBE, and independent of ethnicity. The adjusted models showed
that despite significant improvement in the relationships with
addition of these covariates, the variance, i.e., beta coefficient,
attributed to the depots themselves weakened to non-significance
in the overall relationships (Table 2 and Supplementary Table 1).
FPG was significantly and positively associated with MR-VAT
(r = 047, P < 0.0001) and notably % pancreas fat (r = 0.46,
P < 0.0001) in the full cohort, unlike % liver fat (r = 0.21, P=0.09)
(Supplementary Figure 2). While both MRI measurements had
the strongest correlation with FPG, these relationships were
strengthened when linear models were adjusted for age, % TBF
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FIGURE 2 | Fat fraction maps obtained from abdominal MRI scans showing subcutaneous (SAT), visceral adipose tissue (VAT), and pancreas fat along with MR
spectroscopy of liver fat from two Chinese and two Caucasian women. Chinese women aged 45 years, BMI 23 kg/m? (A,E,l) and 47 years, BMI 32 kg/m? (C,G,K)
had lower SAT and higher pancreas fat compared to older BMI matched Caucasian women aged 51 years, BMI 23 kg/m? (B,F,J) and 56 years, BMI 34 kg/m?
(D,H,L), respectively. Notably, VAT, % pancreas and % liver fat were higher in both Chinese women compared with BMI matched Caucasian counterparts exhibiting

the TOFI profile.
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and ethnicity (both, r = 0.54, P < 0.0001). Interestingly, it
was age that explained the most significant variance in FPG
in both the adjusted models. Although non-significant for MR-
VAT (Table 2) the beta coefficient between % pancreas fat and
FPG (Table 2) remained statistically significant in all women.
The adjusted model improved the relationship between % liver
fat with FPG (r = 0.54, P = 0.009) with the most significant
independent predictors being age and % TBF in the full cohort
(Supplementary Table 1). Again, the only significant positive
relationship with log HOMAZ2-IR was observed in the full cohort
with MR-VAT (r = 0.24, P = 0.05). Adjusted models, however,

significantly improved relationships with IR and expectedly were
mainly driven by % TBF (Supplementary Table 1).

Independent Predictors of Fasting

Plasma Glucose and Insulin Resistance

Of the clinical risk markers, age and % pancreas fat positively,
while liver enzyme AST negatively, contributed to the variance
in the model for predicting FPG (P < 0.0001) (Table 3, with all
significant independent predictors Table 4). Notably, ethnicity
did not contribute to the model (P = 0.20). On the contrary,
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ethnicity explained the greatest variance in the model for IR (log
HOMAZ2-IR), which was higher in Chinese, followed by % TBE
amylin and C-peptide concentrations (P < 0.0001) (Table 3).

DISCUSSION

In the TOFI_Asia MR cohort, comprising healthy and
dysglycaemic Chinese and Caucasian women with similar
BMI and % TBF, we show the importance of phenotypic
characterisation of MRI/S quantified ectopic fat and highlight
the need for early markers of T2D risk, aligning with and in

on Cardiometabolic Risk Working Group on Visceral Adiposity
(Neeland et al., 2019). Multivariate analysis revealed MRI-
assessed % pancreas fat as a positive predictor of increased FPG,
and pancreatic glucoregulatory peptides amylin, that is involved
in muscle glycogenolysis (Young et al., 1993), and C-peptide,
a component of proinsulin, as predictors of IR. Additional
linear relationships with non-adipose % pancreas fat suggest
that it may be an early T2D risk marker, particularly in Chinese
characterised by TOFI, which contributes to increased IR and/or
declining beta-cell function to alter glucose metabolism and
requires further investigation.

Recent studies have demonstrated ethnic variability in

abdominal and visceral adiposity (Lear et al., 2007; Nazare et al.,
2012; Chen et al.,, 2018), including the wider TOFI_Asia study

accordance to the recent joint position statement from the
International Atherosclerosis Society and the International Chair

TABLE 2 | Relationships between fasting plasma glucose, and insulin resistance (log HOMA2-IR) with visceral adipose tissue, pancreas, and liver fat in the MR cohort.

FPG (mmol/L) log HOMA2-IR
B SE t P value Interaction B SE t P value Interaction
with with
ethnicity, ethnicity,
P value P value
Visceral adipose tissue, MR-VAT (cm?) 0.30 0.28
All 0.003 0.003 1.15 0.25 0.002 0.003 0.73 0.47
Chinese —0.001 0.004 —0.14 0.89 0.002 0.004 0.49 0.63
Caucasian 0.006 0.004 1.40 0.17 0.001 0.005 0.15 0.88
Pancreas fat (%) 0.76 0.19
All 0.08 0.04 1.99 0.05 0.008 0.05 0.16 0.87
Chinese 0.07 0.04 1.64 0.11 —0.01 0.05 —-0.30 0.77
Caucasian 0.10 0.09 1.15 0.26 0.03 0.11 0.30 0.77
Liver fat (%) 0.25 0.09
All —0.005 0.015 —0.295 0.77 —0.006 0.02 —-0.35 0.72
Chinese —0.02 0.02 —1.05 0.30 —0.03 0.02 —-1.14 0.26
Caucasian 0.01 0.02 0.42 0.68 0.01 0.03 0.40 0.69

Data are presented as beta coefficients for each metabolic risk factor with FPG and log HOMA2-IR. All models are adjusted for age and % total body fat. The models
for all women also additionally adjusted for ethnicity. The interaction effect between ethnicity and the predictor of interest was tested. Statistical significance at P < 0.05.
Pancreas fat determined from MRI scans in 65 women (31 Caucasian and 34 Chinese); liver fat determined from MRS scans in 67 women (33 Caucasian and 34 Chinese).

TABLE 3 | Stepwise linear regression models, adjusted for ethnicity, with significant independent metabolic risk factors that predict (i) fasting plasma glucose and (i)
insulin resistance (log HOMA2-IR) in women (n = 68) from the MR study.

B coefficient SE t P value
FPG (mmol/L)
Intercept 4.42 0.27 16.44 <0.001
Chinese 0.16 0.13 1.28 0.20
Age 0.01 0.005 2.58 0.01
Pancreas fat (%) 0.09 0.04 2.60 0.01
AST (UL —0.02 0.008 -2.35 0.02
log HOMA2-IR
Intercept —1.45 0.31 —4.75 <0.001
Chinese 0.30 0.11 2.71 0.009
DXA-%TBF 0.02 0.008 2.49 0.02
Amylin (pg/ml) 0.01 0.006 2.14 0.04
C-peptide (pg/ml) 0.001 0.0001 3.57 0.001

Summary of the Stepwise models are as follows (i) FPG: R? = 0.33, P < 0.0001 and (i) log HOMA2-IR: R? = 0.56, P < 0.0001. Models for each outcome include all
independent significant predictors (P < 0.10); details available in Table 4. Statistical significance was set at P < 0.05.

Frontiers in Physiology | www.frontiersin.org 53 March 2022 | Volume 13 | Article 819606


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Sequeira et al.

Pancreas Fat and Type 2 Diabetes Risk

TABLE 4 | Association between (j) fasting plasma glucose (FPG) and (i) insulin resistance (calculated using HOMA2-IR) with individual metabolic risk factors in n = 68

women that underwent MR imaging using single predictor regression models.

FPG (mmol/L) log HOMA2-IR

Beta coefficients (+95% CI) R? P value Beta coefficients (+95% CI) R? P value
Age (year) 0.02 (0.01, 0.03) 0.20 0.0002 —0.003 (-0.01, 0.01) 0.04 0.66
BMI (kg/m?) 0.04 (0.0083, 0.07) 0.07 0.03 0.06 (0.03, 010) 0.21 0.001
Waist circumference (cm) 0.01 (0.0083, 0.03) 0.09 0.02 0.02 (0.001, 0.03) 0.15 0.006
Systolic blood pressure, SBP (mmHg) 0.01 (0.004, 0.02) 0.14 0.002 0.01 (-0.003, 0.01) 0.06 0.20
Diastolic blood pressure, DBP (mmHg) 0.01 (-0.002, 0.03) 0.05 0.09 0.01 (—0.01, 0.02) 0.06 0.28
Total body fat, DXA-TBF (kg) 0.01 (-0.002, 0.03) 0.05 0.09 0.08 (0.01, 0.04) 0.21 0.0003
Total body fat, DXA-TBF (%) 0.03 (0.008, 0.05) 0.12 0.006 0.04 (0.02, 0.06) 0.23 0.0002
Visceral adipose tissue, MR-VAT (cm?) 0.007 (0.004, 0.01) 0.23 0.001 0.004 (0.0003, 0.008) 0.10 0.03
Pancreas fat (%) 0.14 (0.07, 0.20) 0.22 0.0002 0.05 (-0.03, 0.13) 0.07 0.27
Liver fat (%) 0.01 (-0.002, 0.03) 0.05 0.09 0.01 (-0.01, 0.02) 0.07 0.41
Fasting plasma insulin (pg/mL) 0.0003 (—0.0001, 0.001) 0.03 0.18 0.002 (0.001, 0.002) 0.82 <0.0001
Total cholesterol (mmol/L) 0.02 (-0.15, 0.19) 0.01 0.83 —0.05 (—-0.23,0.13) 0.04 0.56
Triglycerides, TAG (mmol/L) 0.25 (0.01, 0.50) 0.07 0.04 0.24 (—0.02, 0.50) 0.09 0.07
HDL-cholesterol (mmol/L) —0.27 (-0.64, 0.10) 0.04 0.14 —0.52 (-0.90, —0.14) 0.14 0.001
LDL-cholesterol (mmol/L) 0.03 (-=0.17, 0.23) 0.01 0.76 0.01(-0.20, 0.22) 0.04 0.94
Alanine amino transferase, ALT (U/L) 0.001 (-0.01, 0.02) 0.01 0.91 0.001 (-0.02, 0.02) 0.04 0.94
Aspartate amino transferase, AST (U/L) —0.02 (—0.04, 0.001) 0.06 0.06 —0.02 (—0.04, 0.002) 0.09 0.07
Alkaline phosphatase, ALP (U/L) 0.002 (—0.008, 0.008) 0.02 0.40 0.001 (—0.005, 0.007) 0.04 0.65
Gamma glutamyl transferase, GGT (U/L) 0.000 (—0.007, 0.007) 0.01 0.99 0.0002 (—0.008, 0.008) 0.04 0.95
Amylin (pg/mL) 0.01 (-=0.001, 0.02) 0.05 0.07 0.03 (0.02, 0.04) 0.40 <0.0001
C-peptide (pg/mL) 0.001 (0.0002, 0.001) 0.15 0.001 0.001 (0.001, 0.001) 0.47 <0.0001
Gastric inhibitory peptide, GIP (pg/mL) —0.001 (—0.005, 0.003) 0.01 0.71 0.004 (0.0003, 0.01) 0.10 0.03
Glucagon like peptide-1, GLP-1 (pg/mL) —0.001 (—0.005, 0.002) 0.02 0.43 0.01 (0.003, 0.01) 0.23 0.0001
Glucagon (pg/mL) —0.002 (—0.01, 0.003) 0.01 0.50 0.007 (0.002, 0.01) 0.14 0.007
Total adiponectin (mg/L) 0.0001 (—0.03, 0.03) 0.006 0.99 —0.02 (—0.05, 0.02) 0.06 0.30
High-molecular weight adiponectin (mg/L) 0.005 (—0.04, 0.05) 0.007 0.81 —0.03 (-0.07, 0.02) 0.06 0.21

Data are presented as beta coefficients (+95% confidence intervals) for each metabolic risk factor with (i) FPG and (i) log HOMA2-IR. Statistical significance at P < 0.10.

Each model is adjusted for Ethnicity

(Sequeira et al., 2020), and shown increased risk of dysglycaemia
associated with these compartments. Although accumulation of
pancreas fat is postulated to result in damage to the beta-cell in
preclinical studies (Lee et al., 2009), causal associations with beta-
cell dysfunction, and glucose intolerance in humans remains to be
established. The pancreas plays a key role in T2D, characterised
by chronic hyperglycaemia in the context of IR and/or beta-
cell dysfunction. Insulin secretion (IS) in response to a glucose
challenge is complex and dependent not only on co-existing
plasma glucose concentration but also beta-cell responsiveness
to changing glucose levels and the rate of insulin clearance,
both modulated by the prevailing IR (Del Prato et al., 2002). In
IR, increased beta-cell response to glucose and reduced insulin
clearance are adaptive mechanisms to maintenance normal
glucose tolerance.

Previous work in dysglycaemic individuals, including Chinese
and Caucasians, has reported increased pancreas fat (Lingvay
et al., 2009; Ou et al.,, 2013; Gaborit et al., 2014; Kim et al,
2014; Lim et al, 2014; Wang et al, 2014; Macauley et al,
2015; Steven et al., 2016) and decreased beta-cell function
(Tushuizen et al.,, 2007; Heni et al., 2010; Lim et al., 2011;
Szczepaniak et al, 2012; Yokota et al., 2012). There are,
however, inconsistent findings regarding the association between
pancreatic fat and glucose metabolism (Tushuizen et al., 2007;
Lé et al, 2011; van der Zijl et al, 2011), possibly due to

varied methodologies in determination of pancreas fat and/or
the heterogeneity in distribution of fat within the pancreas itself
(Schwenzer et al., 2008; Lee et al., 2009; Smits and van Geenen,
2011) which often precludes comparisons between studies. In
our current study we adopted the MR-opsy method (Al-Mrabeh
et al,, 2017), and though mean % pancreas fat was below the
threshold adopted for internal comparisons between ethnicities
in our cohort, a wide range was observed with pancreas fat
an important predictor of FPG compared to the other adipose
tissue compartments and liver. There were no ethnic differences
observed in mean pancreas volume or index; however, the mean
levels observed were concordant to those previously reported
(Macauley et al., 2015) in healthy normoglycaemic individuals.
Furthermore, a significant association between FPG with
pancreas and liver fat in the cohort was observed, notably with
some participants with raised FPG (>5.6 mmol/L) even when fat
infiltration in these organs was low to possibly demonstrate that
even small amounts of ectopic fat, likely representative of early
stage deposition, may increase T2D susceptibility. Intrahepatic
fat inhibits insulin suppression of hepatic glucose output to
consequently result in increased basal IS, which exacerbates liver
fat content and increases circulating plasma TAG concentration.
Exposure of pancreatic beta-cells to excess fatty acids, derived
from circulating and locally deposited TAG, inhibits glucose-
mediated IS with consequent increase in plasma glucose. The
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degree of beta-cell decompensation is thought to occur based on
a personal fat threshold which when exceeded exacerbates T2D
risk (Taylor and Holman Rury, 2015).

Alongside % pancreas fat and age, lower concentration of
AST predicted higher FPG in this MR study. Elevated liver
function enzymes ALT and GGT, but not AST, have previously
been associated with increased risk of T2D in meta-analyses
(Fraser et al., 2009; Kunutsor et al., 2013). However, AST, like
ALT, catalyses the transfer of amino groups to generate by-
products during gluconeogenesis and amino acid metabolism,
so it is not unexpected that lower concentrations may be
associated with variable FPG. The concordance of findings
reiterated in LAR and Stepwise regression analyses without
ethnicity included in the model (Supplementary Tables 2A,B)
additionally emphasises that % pancreas fat is indeed a strong
predictor of FPG. Furthermore, significant variability in IR in
the multiple regression models (also concordant with results
from Supplementary Tables 2A,B) was explained by % TBE
pancreatic glucose regulating peptides amylin and C-peptide.
While amylin decreases glucagon-stimulated hepatic glucose
output, and shown to regulate muscle glycogenolysis, this does
not occur during insulin-induced hypoglycaemic states (Aronoff
etal., 2004). It is notable that the most significant contribution to
variation in IR was ethnicity, with HOMA?2 assessed IR greater by
0.3 units in the Chinese.

Phenotypic characterisation also revealed that Chinese women
in the cohort although younger, and of lower bodyweight and
stature, had similar BMI, % TBE MR-VAT (cm?) and non-
adipose tissue % pancreas and % liver fat than the Caucasian
women. Conversely, abdominal SAT (cm?) was lower. Outwardly
lean, low BMI Chinese women were also observed with greater
propensity to TOFI than their lean Caucasian counterparts,
with fixed BMI cut-points of 20 and 25 kg/m? associated
with greater pancreas fat and greater liver fat content in the
Chinese subcohort. Also, lower protective circulating HDL-C and
glucose regulating total- and HMW adiponectin were observed in
Chinese than Caucasian women. Circulating peptides GLP-1 and
glucagon, also involved in glucose regulation, were also higher.
Although not possible to draw conclusions from this smaller
cohort, it is important to highlight that some of the observed
differences are in line with previous reports, in larger cohort
studies, showing that Asians are at a greater risk of T2D than
Caucasians due to differential fat partitioning (Lear et al., 2007;
Lé et al., 2011; Nazare et al., 2012; Chen et al., 2018).

Strengths of our study include a healthy, primarily
normoglycaemic, cohort from both ethnicities, in which
we evaluated relationships between body fat compartments
and ectopic lipid deposition in the absence of significant
comorbidities. Pancreas fat determined by the MR-opsy method
was averaged from the head, body, and tail of the pancreas to
account for potential heterogeneity in fat distribution and was the
most significant independent predictor of FPG in this cohort of
women. In the absence of gold standard clamp technique to assess
IR, the preferred HOMA2-IR method was used. Limitations
include T1-weighting of the pancreas fat acquisition, which will
overestimate the pancreatic fat, precluding direct comparison
with other studies, however, they are internally consistent in

comparing ethnicities. Causality cannot be confirmed from
associations observed in this cross-sectional study and hence
the authors are conducting longitudinal assessments in this
cohort of women. Also, that these observations are from a single
gender and may not be generalised to both genders due to
likely gender-specific differences in energy substrate-utilisation
patterns with dimorphism in glucose and fatty acid metabolism.
Nonetheless, methodologies used for data collection and analyses
are robust and validated.
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Pancreatic ductal adenocarcinoma (PDAC) is a devastating disease with a 5-year survival
rate of only 11%, due, in part, to late diagnosis, making the need to understand early
events in tumorigenesis critical. Acinar-to-ductal metaplasia (ADM), when not resolved, is a
PDAC precursor. Recently, we showed that ADM is constituted by a heterogenous
population of cells, including hormone-producing enteroendocrine cells (EECs: gamma,
delta, epsilon, and enterochromaffin cells). In this study, we employed histopathological
techniques to identify and quantify the abundance of EEC subtypes throughout pancreatic
tumorigenesis in mouse models and human disease. We found that EECs are most
abundant in ADM and significantly decrease with lesion progression. Co-
immunofluorescence identifies distinct lineages and bihormonal populations. Evaluation
of EEC abundance in mice lacking Pou2f3 demonstrates that the tuft cell master regulator
transcription factor is not required for EEC formation. We compared these data to human
neoplasia and PDAC and observed similar trends. Lastly, we confirm that EECs are a
normal cellular compartment within the murine and human pancreatic ductal trees.
Altogether, these data identify EECs as a cellular compartment of the normal
pancreas, which expands early in tumorigenesis and is largely lost with disease
progression.

Keywords: enteroendocrine cells, pancreas, pancreatic polypeptide (PP), serotonin, ghrelin, somatostatin

INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is a devastating disease and is predicted to become the
second leading cause of cancer-related deaths by the year 2030 (Rahib et al., 2014). While the 5-year
survival rate recently increased to 11%, progress is slow. This is due, in part, to late diagnosis and a
lack of knowledge of early events in tumorigenesis. Acinar-to-ductal metaplasia (ADM) is a
reparative program in which pancreatic acinar cells transdifferentiate into ductal cells in
response to injury or oncogenic mutation (Giroux and Rustgi, 2017). Recently, we combined
acinar cell lineage tracing in murine models and single cell RNA sequencing (scRNA-seq) and
revealed that ADM does not result in the formation of homogeneous ductal cells but seeds a
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heterogeneous population that includes tuft cells and
enteroendocrine cell (EEC) subtypes, identified by hormone
expression (DelGiorno et al., 2020a; Ma et al, 2021). These
ADM-derived EEC subtypes include gamma cells (pancreatic
polypeptide, PP), delta cells (somatostatin, SST), epsilon cells
(ghrelin, GHRL), and enterochromaffin cells (serotonin, 5-HT)
(Ma et al,, 2021). While these hormones are present in murine
islet development and in normal human islets (to varying
degrees), we define ADM populations as EECs due to
incorporation into ducts and their similarity to analogous
populations throughout the gut (Wierup et al, 2002; Ohta
et al,, 2011; Ma et al., 2021).

Under conditions of unresolved injury, ADM can serve as a
precursor for PDAC. Progression is a response to oncogenic
mutation(s), such as in KRAS, the most common mutation in
human pancreatic cancer, which is sufficient to drive the
formation of  precancerous lesions like  pancreatic
intraepithelial neoplasia (PanIN) (Hingorani et al, 2003).
Previous studies have documented endocrine-like cell
formation in murine and human PanIN and PDAC, however
these studies did not address the formation, abundance, and
dynamics of EEC subtypes throughout pancreatic tumorigenesis
(Chen et al., 1988; Farrell et al., 2017; Sinha et al., 2017). Here, we
identified and quantified the abundance of each EEC subtype
present in multiple autochthonous models of pancreatic
tumorigenesis and compared these findings to EEC abundance
in patient samples encompassing normal pancreas, ADM, PanlIN,
and PDAC. We found that EEC subtype abundance in mouse
models is highest in ADM and significantly decreases with disease
progression. This trend holds true in human disease, with
divergence between mouse and human observed primarily in
invasive adenocarcinoma. Further, we evaluated EEC subtype-
specific hormone expression and found it to be largely subtype-
restricted, apart from several bihormonal populations which have
not previously been described in pancreatic tumorigenesis. We
demonstrate that tuft cell master regulator transcription factor,
POU2FS3, is not required for EEC formation (Yamaguchi et al,
2014; Gerbe et al, 2016). Recently, we found that tuft cell
formation inhibits pancreatic tumorigenesis by modulating the
microenvironment with anti-inflammatory prostaglandins
(DelGiorno et al., 2020b). These data demonstrate that ADM-
derived populations can have a significant effect on disease
progression, suggesting that EEC subtype formation and
abundance could have a significant impact on tumor
formation and severity. Therefore, studying disease-associated
EEC subtypes may identify pathways to target or co-opt for
patient benefit.

MATERIALS AND METHODS

Mice

Mice were housed in accordance with NIH guidelines in
AAALAC-accredited facilities at the Salk Institute for
Biological Studies or Columbia University. The IACUC
committees at the Salk Institute or Columbia University
approved all animal studies. LSL-Kras®*”*; Ptf1a“"* (KC),

Enteroendocrine Cells in Pancreatic Tumorigenesis

LSL-Kras®"??"*;Pou2f3"";  Ptf1la“*’* (KPouC), and LSL-
Kras®2P/ +;Trp53R17 H:Pdx1Cre (KPC) mice have been described
previously (Hingorani et al, 2003; Hingorani et al, 2005;
DelGiorno et al., 2020b).

Human Samples

Distribution and use of all human samples was approved by the
Institutional Review Boards at Vanderbilt University and
Vanderbilt University Medical Center.

Histological Staining

Tissues were fixed overnight in zinc-containing, neutral-buffered
formalin (Fisher Scientific), embedded in paraffin, cut in 5 pm
sections, mounted, and stained. Sections were deparaffinized in
xylene, rehydrated in a graded series of ethanols, and then washed
in PBST and PBS. Endogenous peroxidase activity was blocked
with a 1:50 solution of 30% H,O,:PBS followed by microwave
antigen retrieval in 100 mM sodium citrate, pH 6.0. Sections were
blocked with 1% bovine serum albumin (BSA) and 5% normal goat
or rabbit serum in 10 mM Tris (pH 7.4), 100 mM MgCl,, and 0.5%
Tween-20 for 1h at room temperature. Primary antibodies were
diluted in blocking solution and incubated overnight. Information
on primary antibodies is provided in Supplementary Table S1.
Slides were then washed, incubated in streptavidin-conjugated
secondaries (for rabbit or mouse antibodies, Abcam, for rat or
goat antibodies, Vector) and developed with DAB substrate
(Vector). Immunofluorescence on paraffin-embedded tissues
followed the immunohistochemistry protocol until the blocking
step. Instead, tissues were blocked with 5% normal donkey serum
and 1% BSA in 10 mM PBS for 1 h at room temperature. Tissue
sections were stained with primary antibodies in 10 mM PBS
supplemented with 1% BSA and 0.1% Triton X-100 overnight
(Supplementary Table S1). Sections were then washed 3 x 15 min
in PBS with 1% Triton X-100, incubated in Alexa Fluor secondary
antibodies, washed again for 3 x 5 min, rinsed with distilled water,
and mounted with Prolong Gold containing Dapi (Invitrogen). All
slides were scanned and imaged on an Olympus VS-200 Virtual
Slide Scanning microscope.

Murine Co-Immunofluorescence

Quantification

Slides from normal C57 BL/6 and CD1 mice were stained with
antibody panels to quantify the presence of hormone+ cells in
normal murine ducts. Due to their rare occurrence, only the
number of intra- and interlobular ducts harboring a hormone+
cell were quantified, as opposed calculating the percentage of
hormone+ cell(s) relative to the total number of cells per duct.
Only ductal structures with clear lumens were counted.
Intercalated ducts were excluded due to their variability in 2D
appearance. The common bile duct was excluded due to its
different morphology, function, and similarity to the small
intestine.

Slides from 6-month-old KC mice were stained with antibody
panels to determine if single EECs express multiple hormones or
if hormones are EEC subtype restricted. Stained slides were
imaged using identical imaging parameters to compare results
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FIGURE 1 | Enteroendocrine cells as a cellular compartment of the normal murine pancreas. Immunohistochemistry for synaptophysin (brown) in the (A) small and
(B) large ducts of the normal pancreas, as well as in (C) the pancreatobiliary duct. |, islet. Scale bar, 50 pm.

between samples. To control for autofluorescence or channel
bleed through, a minimum intensity threshold was determined
for each antibody for each staining combination. Positive cells
were identified in luminal and PanIN structures, excluding islets
or islets closely adjacent to ductal lesions. For hormone co-
expression analysis, 100 positive cells were identified for each
hormone per mouse (n = 3) independent of the co-stained
hormone. Of note, only 236 gastrin+ cells were identified (per
mouse = 100, 100, 36 gastrin+ cells). Next, the cells positive for
each hormone were individually assessed for co-positivity based
on the previously set minimum thresholding. The number of co-
positive cells were combined, and the percentage of co-positivity
was calculated.

Pathological Scoring of Murine Samples

Stained slides from KC, KPouC, or KPC mice were scanned on an
Olympus VS-200 Virtual Slide Scanning microscope and
approximately 10, 10x images were captured per mouse per
stain (synaptophysin, somatostatin, pancreatic polypeptide,
serotonin, and ghrelin). Lesions with or without staining (1-6

per image depending on abundance) were randomly chosen and
were then graded by a pathologist (VV). The number of positively
stained cells and nuclei in each lesion was then counted and the
percentage of positive cells in that lesion determined.

A second pathologist subspecialized in liver and pancreas
diseases (VQT) blindly scored 114 previously scored regions of
interest. Concordance was noted for 72% of ROIs, and
discordances never surpassed one grade. Interobserver
agreement was tested in SPSS version 26 by transforming
ADM, PanIN-1A, PanIN-1B, PanIN-2, PanIN-3, and invasive
cancer into 1-2-3-4-5-6. Cohen’s k coefficient was 0.633 (ASD =
0.053), interpreted as substantial interobserver agreement. This
suggests that the first pathologist’s scoring is reliable and
constant, as prior studies have noted x coefficients ranging
from 0.13 to 0.43 in prior studies of PanIN interobserver
variability (Hruban et al., 2001; Longnecker et al., 2005).

Pathological Scoring of Patient Samples
Multiple samples from 11 patients with PDAC (n = 21 total
slides) were stained for EEC hormones and analyzed individually.
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FIGURE 2 | Characterization of enteroendocrine cell subtypes in the normal murine pancreas. Co-immunofluorescence for DAPI (blue), y Actin (cyan) and (A) insulin
(Ins, magenta) and synaptophysin (Syp, white), (B) glucagon (Gcg, magenta) and synaptophysin (Syp, white), (C) serotonin (5-HT, magenta) and PP (white), and (D)
ghrelin (GHRL, magenta) and SST (white) in ducts of pancreas, including the pancreatobiliary duct, or small intestines. Scale bar, 50 ym.
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Hormone+ cells (GHRL, SST, 5-HT, and PP) were identified in
lesions with ductal morphology; acinar and islet-associated
hormone+ cells were excluded from analysis. Lesions
harboring hormone+ cell(s) were then graded by a pathologist
(VQT) using both the stained slide and an H&E stain from the
same block. The lesion and the surrounding area were graded and
recorded. Morphologically normal pancreatic ducts were graded
and recorded as either normal or reactive. Lesions were classified
as ADM, PanINla, PanIN1b, PanIN2, PanIN3, or invasive
adenocarcinoma. The total number of lesions harboring at
least one hormone+ cell was calculated (e.g. 268 SST+ lesions
were identified in 21 slides). The percentage of each lesion grade
relative to the total number of lesions was calculated (e.g. 76 of the

268 SST+ cells are found in ADM which is 28.4% of SST+
lesions).

Statistical Analysis

Statistical analyses were performed in Prism (GraphPad).
Statistical significance was calculated by either two-tailed
unpaired t-tests assuming equal variance or one-way ANOVA.
Data are expressed as mean + standard deviation.

Image Processing

Images were captured with an Olympus VS-200 Virtual Slide
Scanning microscope and processed using Image]J or Fiji. Figures
were made using Adobe Photoshop and Illustrator.
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RESULTS

Enteroendocrine Cells Are a Cellular

Compartment of the Normal Pancreas
The presence of sporadic cells expressing islet-associated hormones
(insulin [INS], glucagon [GCG], SST, and PP) within the normal
pancreatic and pancreatobiliary ducts of rats and humans has been
reported on for decades (Chen et al, 1988; Park and Bendayan,
1992; Bouwens and Pipeleers, 1998; Li et al., 2016). However, some
of these populations may represent ductal-like enteroendocrine cells
(EECs) similar to those found throughout the gut rather than
solitary islet cells. To confirm the presence of solitary islet cells
or EECs in the murine pancreatic ductal tree, we conducted
immunohistochemistry (IHC) for pan-endocrine marker,
synaptophysin (SYP), on normal pancreata from CD1 (n = 5)
and C57 BL/6 (n = 5) mice and examined expression throughout
the ducts (Figure 1). We observed solitary SYP+ cells within the
epithelial lining of small and large ducts, as well as in the
pancreatobiliary duct, which forms from the convergence of the
main pancreatic duct and the common bile duct and empties into
the duodenum (Figure 1).

Recently, we reported the formation of multiple EEC subtypes
arising in injury-induced ADM (Ma et al.,, 2021). These EECs

include archetypal islet cell types (gamma and delta cells
expressing pancreatic polypeptide (PP) and somatostatin
(SST), respectively), as well as EECs found in the epithelial
lining of the stomach and intestines (delta cells,
enterochromaffin cells expressing (5-HT), and epsilon cells
expressing ghrelin (GHRL)) (Andersson-Rolf et al., 2000).
While the presence of gamma, delta, and enterochromaffin
cells in the normal rat pancreatic ductal epithelium has been
described, epsilon cell formation has not and studies in the
murine ductal tree are lacking (Park and Bendayan, 1992). To
assay for these cell types in normal murine pancreatic ducts, we
performed co-immunofluorescence (co-IF) for the previously
listed archetypal islet cell types including insulin (INS),
glucagon (GCG), SST, and PP, as well as serotonin (5-HT)
and ghrelin (GHRL)+ EECs, and cell membrane marker y-
actin, to confirm the localization of these cells within the ducts
(Figure 2). Consistent with previous reports, we observed INS+
and GCG+ cells in intra- and interlobular ducts (Figures
2A,B). INS+ cells were also observed in the pancreatobiliary
duct, however GCG+ cells were not (Figures 2A,B).
Additionally, INS+ cells, but not GCG+ cells, were co-
positive for SYP (Figure 2B and Supplementary Figure S1).
PP+ and SST+ cells were observed in intercalated, intra- and

Frontiers in Physiology | www.frontiersin.org

62

April 2022 | Volume 13 | Article 865452


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Caplan et al.

Enteroendocrine Cells in Pancreatic Tumorigenesis

A KC KPC
60 * 40 —
kkkk ek
° *%k
%40_ % 30+ *k *k
Q Q 3 :
ul . f20 e
7] . 7] s °
& 204 ® 3
= = 404
o
0- 0-
meta 1A 1B 2 3 meta 1A 1B 2
Metaplasia PanIN 1A
'_
19}
%]
8
x.
o
o
g
X
i
(208
w.
[OR
< |
[a )
o
o
[
O
<
o
o

adenocarcinoma in KPC mice. Arrows, positive cells. Scale bar, 50 pm.

B KC

FIGURE 4 | Delta and gamma cell abundance throughout pancreatic tumorigenesis. Quantification of (A) delta cells (SST+) or (B) gamma cells (PP+) in lesions from
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interlobular, and pancreatobiliary ducts consistent with
previous reports (Figures 2C,D) (Park and Bendayan, 1992;
Bertelli et al., 1994). Interestingly, 5-HT+ and GHRL+ cells
were mainly observed in the pancreatobiliary duct and
associated peribiliary glands, terminal structures that bud
from the main ducts located in the head of the pancreas
(Figures 2C,D). To assess the proportion of normal murine
pancreatic ducts containing hormone-expressing cells, we
calculated the percentage of intra- and interlobular ducts
harboring at least one SST+, PP+, 5-HT+ or GHRL+ cell
SST+ cells were found in 2.34% of ducts (n = 683), and PP+
cells were found in 2.86% of normal ducts (n = 593)
(Supplementary File S1). Alternatively, 5-HT+ and GHRL+
cells were not observed in any of the analyzed inter- and
intralobular ducts (n = 593 and 683, respectively)
(Supplementary File S1). These observations are consistent
with previous studies of the pancreatic ductal tree in humans
and other model systems, but also confirm the presence of
EECs in the murine ductal tree and describe the presence of

GHRL+ and 5-HT+ cells as largely restricted to the
pancreatobiliary duct in mice.

Synaptophysin Expression Is Most

Abundant in Early Stages of Tumorigenesis
We have recently shown that EECs arise in the injured pancreas
during ADM (Ma et al, 2021). To determine when EEC
formation occurs in pancreatic tumorigenesis, we conducted
IHC on pancreas tissue from 6 or 12-month old Kras®'?>;
Ptf1a“"* (KC) mice and Kras®*”;Trp53%7?";Pdx1-Cre (KPC)
mice with or without PDAC for pan-EEC marker SYP. Multiple
regions of interest were chosen and lesions spanning pancreatic
tumorigenesis (metaplasia, PanIN1a, PanIN1b, PanIN2, PanIN3,
and PDAC) were graded by a pathologist. The proportion of SYP-
positive cells was then calculated as well as the total number of
nuclei (hematoxylin) in each lesion to determine the relative
abundance of EECs. In total, 690 and 689 lesions from KC and
KPC mice, respectively, were analyzed. In 6-month-old KC
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FIGURE 5 | Enterochromaffin and epsilon cell abundance throughout pancreatic tumorigenesis. Quantification of (A) enterochromaffin cells (5-HT+) or (B) epsilon
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pancreata (n = 7 mice), metaplastic ducts were found to contain a specimens, we next extended our analysis to pancreata from KPC
significantly higher proportion of SYP+ cells as compared to  mice (n = 19).

PanIN1a lesions (10.76%, n = 105 vs 6.35%, n = 302; p < 0.001) Similar to the KC dataset, the KPC dataset is also composed
(Figures 3A,C and Supplementary File S1). As 6-month-old KC  primarily of metaplasia and PanINla, but additionally
mice typically do not develop high-grade lesions, we next  harbors more high-grade lesions and PDAC, presenting a
examined pancreata from mice aged 12 months (n = 5) where ~ more complete distribution of lesion grades throughout
more PanIN1b and PanIN2 lesions were observed. Consistent  pancreatic tumorigenesis. In total, pancreata from 19 KPC
with patterns identified in 6-month-old KC mice, we found SYP+  mice were analyzed including 10 mice with cancer. As shown

cells to be most abundant in metaplasia (6.82%, n = 58),  in Figures 3B-C, SYP+ cells are most abundant in metaplasia
decreasing with increasing PanIN grade (PanINla, 6.00%, n =  (7.72%, n = 301) and decrease with increasing lesion grade
203; PanIN1b, 3.79%, n = 12; PanIN2, 0%, n = 4; PanIN3, 0%, n = (PanINla, 5.59%, n = 281; PanIN1b, 4.39%, n = 22; PanIN2,

1) (Figures 3A,C and Supplementary File S1). SYP+ cells are  2.32%, n = 24; PanIN3, 1.89%, n = 61). Of the 10 mice with
more abundant in 6-month-old than in 12-month-old KC  cancer, only three pancreata had SYP+ cells associated with
pancreata in lesions of equivalent grade (Supplementary = PDAC. Whether these cells are cancerous or are associated
Figure S2A). To examine more high-grade lesions and PDAC  low grade lesions enveloped by the cancerous tissue is unclear
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(Figure 3D). Interestingly, we found that SYP+ cells are
significantly more abundant in metaplasia in KC mice than
in KPC mice (9.36%, n = 163 vs 7.72%, n = 301; p < 0.05),
although SYP+ cells are more abundant in KPC pancreata
later in disease progression (Supplementary Figure S2B).
Altogether, analysis of SYP expression in the KC and KPC
datasets demonstrates that EECs are significantly more
prevalent in low-grade lesions consistent with EEC
formation as an early event in tumorigenesis.

EEC Subtype Dynamics Throughout

Pancreatic Tumorigenesis

After confirming that injury-induced EEC subtypes are
present in neoplasia, we sought to determine the relative
abundance of these subtypes and their temporal dynamics
throughout tumorigenesis. Using the same IHC Ilesion
assessment and quantification methods described for SYP
quantification (Figure 3), we stained pancreata from 6 and
12-month-old KC mice and KPC mice with and without
PDAC for each EEC subtype specific hormone. As
anticipated, the proportion of each hormone-expressing
population per lesion grade followed similar dynamics
observed for SYP, with EEC subtype abundance decreasing
with increasing lesion grade (Supplementary File S1). For
SST expression, 442 and 344 lesions from 6 and 12-month-old
KC pancreata (n = 8 and n = 6, respectively) were combined
and analyzed as well as 661 lesions from KPC (n = 19) mice.
The percentage of SST+ lesions in KC pancreata was
significantly higher in metaplastic lesions as compared to
PanINla (5.49%, n = 155 vs 3.91%, n = 607; p < 0.001) and
PanIN1b (2.21%, n = 20; p < 0.05) (Figure 4A and
Supplementary File S1). Only 1 PanIN2 and 2 PanIN3
lesions were captured in the KC data set, all of which were
negative for SST. For KPC (n = 19), the percentage of SST+
cells in metaplastic lesions (3.64%, n = 329) was significantly
higher than PanINla (2.35%, n = 220; p < 0.01), PanIN1b
(0.89%, n=28; p <0.01), PanIN2 (0.11%, n=17; p < 0.01), and
PanIN3 (0.18%, n = 67; p < 0.001) (Figures 4A,C and
Supplementary File S1). Additionally, the percentage of
SST+ cells was significantly higher in PanINla lesions
versus PanIN3 (p < 0.01) further supporting the observed
downward trend. PDAC-associated SST+ cells were identified
in only two PDAC regions of interest (ROIs, out of 67) from
only two KPC mice (Figure 4D). These analyses demonstrate
that SST+ cells are most abundant in the metaplastic lesions of
KC and KPC pancreata, and that incidence decreases
throughout pancreatic tumorigenesis.

In our analyses we also found that the proportion of PP+
cells follow a similar trajectory to SST+ cells throughout
pancreatic tumorigenesis where abundance decreases as
lesion grade progresses. Lesions totaling 538 and 472 from
6 and 12-month-old KC mice (n = 9 and n = 8, respectively)
were assessed. The highest proportion of PP+ cells was
observed in the metaplastic lesions (6.07%, n = 220), which
was significantly higher than PanINla (4.01%, n = 717; p <
0.001) and PanIN1b (2.78%, n = 33; p < 0.005) (Figure 4B and

Enteroendocrine Cells in Pancreatic Tumorigenesis

Supplementary File S1). No PanIN2 or PanIN3 lesions were
identified in the KC data set. In the KPC pancreata (n = 19),
the proportion of PP+ cells in metaplastic lesions (5.57%, n =
336) were significantly higher than PanIN1a (3.85%, n = 236;
p < 0.005), PanIN2 (0.67%, n = 37; p < 0.001), and PanIN3
(0.59%, n = 84; p = 0.001) (Figures 4B,C and Supplementary
File S1). Additionally, the proportion of PP+ cells was
significantly higher in PanINla versus PanIN2 (p < 0.01)
and PanIN3 (p < 0.001) lesions further supporting the
observed downward trend of PP+ cells as lesion grade
progresses. Lastly, four PDAC ROIs (out of 51) from four
different KPC mice contained PP+ cells (Figure 4D).

5-HT+ cells exhibited similar dynamics to SST+ and PP+
cells throughout tumorigenesis. Lesions from 6 and 12-
month-old KC mice (n = 8 and n = 7, respectively) totaled
457 and 351. The percentage of 5-HT+ cells per lesion was
significantly higher in metaplastic lesions (6.18%, n = 233)
compared to PanINla (3.73%, n = 562; p < 0.001) and
PanIN1b (0.98%, n = 13; p < 0.005) (Figure 5A and
Supplementary File S1). No PanIN2 or -3 lesions were
identified in this KC data set. 572 total lesions were
analyzed from KPC pancreata with or without PDAC (n =
19) and displayed a similar trend to the KC data. Metaplastic
KPC lesions contained a significantly higher percentage of 5-
HT+ cells per lesion (4.54%, n = 290) compared to PanIN1la
(2.75%, n = 213; p < 0.001), PanIN1b (1.42%, n = 14; p < 0.05),
PanIN2 (0.89%, n = 14; p < 0.05), and PanIN3 (1.65%, n = 41;
p < 0.005) (Figures 5A,C and Supplementary File S1).
Interestingly, 34/88 5-HT+ PDAC ROIs were identified in
seven of nine tumor bearing KPC mice compared to SST (n =
2), PP (n = 4), and GHRL (n = 5) (Figure 5D). This
observation suggests differing roles for each hormone
throughout different stages of tumorigenesis.

Lastly, the dynamics of GHRL+ cells followed a similar
course as the previously described hormones. 374 and 296
lesions from 6 and 12-month-old KC mice (n =7 and n = 5,
respectively) were analyzed, and metaplastic ducts contained
a significantly higher proportion of GHRL+ positive cells
(4.34%, n = 122) as compared to PanINla (2.00%, n = 517;
p <0.001) and PanIN1b (1.00%, n = 18; p < 0.005) (Figure 5B
and Supplementary File S1). There were no PanIN2 or -3
lesions identified in this KC dataset. The KPC (n = 19) dataset
exhibited the same trend where the percentage of GHRL+ cells
significantly decrease as lesion grade increases. Metaplastic
KPC lesions contained a significantly higher percentage of
GHRL+ cells (5.19%, n = 337) as compared to PanINla
(2.25%, n = 168; p <0.001), PanIN1b (0.87%, n = 38; p <
0.001), PanIN2 (1.45%, n = 19; p < 0.01), and PanIN3 (0.41%,
n=70;p < 0.001) (Figures 5B,C and Supplementary File S1).
Additionally, the percentage of GHRL+ cells was significantly
higher in PanINla versus PanIN3 (p < 0.05) further
supporting the observed downward trend. GHRL+ cells
were identified in 5 PDAC ROIs (n = 64) from two
different KPC mice (Figure 5D). Altogether, the expression
of each EEC subtype hormone is most abundant in metaplasia
and significantly decreases with tumor progression. EEC
subtype abundance in 6- vs 12-month-old KC mice and
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**p < 0.01; **p < 0.001.

between KC and KPC mice varies by subtype (Supplementary
Figure S3).

PanIN Are Constituted by Distinct

Enteroendocrine Cell Subtypes

Our recently published scRNA-seq study of injury-induced
pancreatic ADM identified multiple EEC subtypes based on
individual hormone expression (Ma et al, 2021). Based on
these results, we hypothesized that hormone expression in
pancreatic tumorigenesis is largely EEC subtype restricted. To
test this hypothesis, we performed co-IF on 6-month-old KC

pancreata (n 3 mice) for the previously described EEC
hormones to determine if the EECs arising in tumorigenesis
represent distinct lineages. Pancreata in this analysis harbored
primarily ADM and PanIN1a lesions and were co-stained with 2-
hormone combinations and vy-actin which served as a
membranous marker. 100 non-islet associated, hormone
positive cells were identified for each staining panel per mouse
(300 total cells), then dual-hormone expression was identified
and quantified (see methods). Most hormone expression in 6-
month-old KC pancreata is subtype-restricted, with a co-
positivity rate of 2.3% or less (Figure 6). Only 0.67% of 5-
HT+ cells were co-positive for GHRL, and 2.33% GHRL+
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were co-positive for 5-HT (Figure 6A). Similar results were
observed between 5-HT and SST, with 0.33% of 5-HT+ cells
co-positive for SST, and 0% of SST+ cells co-positive for 5-HT
(Figure 6B). 0.67% of 5-HT+ and PP+ cells were co-positive
(Figure 6C). 1% of GHRL+ cells were co-positive for SST, and
0.67% of SST+ cells were co-positive for GHRL (Figure 6D). 0%
of PP+ cells were co-positive for GHRL, and 0.33% of GHRL+
cells were co-positive for PP (Figure 6E). This confirms our
hypothesis that hormone expression is largely EEC subtype
restricted.

In contrast, PP and SST showed a high degree of co-
expression with 81% of SST+ cells co-positive for PP, and
47.7% of PP+ cells co-positive for SST (Figure 6F). This

high degree of overlap could be due to the common lineage
trajectory identified for these two EEC subtypes in our previous
work or could be the formation of bihormonal ADM-derived
gamma cells similar to those in islets recently reported by Perez-
Frances et al. (Ma et al.,, 2021; Perez-Frances et al., 2021).
Additionally, our scRNA-seq data predicts that a subset of
enterochromaffin cells co-express gastrin, a hormone secreted
by G cells located in the antrum of the stomach and duodenum
(Yacoubetal., 1996; Ma et al., 2021). Co-IF analysis of 5-HT and
gastrin identified 15% of 236 gastrin+ cells positive for 5-HT,
and 9.33% of 300 5-HT+ cells as co-expressing gastrin
(Supplementary Figure S4). Together, these observations
support the hypothesis that EEC hormone expression is
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FIGURE 9 | Endocrine/Enteroendocrine cell subtypes in the ducts of the human pancreas. Co-immunofluorescence for hormones (A) INS (white) and SYP
(magenta), (B) GCG (white) and SYP (magenta), (C) GHRL (white) and SST (magenta), or (D) PP (white) and 5-HT (magenta), and y Actin (cyan) and DAPI (blue). Scale

primarily restricted to its respective subtype, but also identifies
dual PP-SST and 5-HT-gastrin expressing EECs in pancreatic
tumorigenesis.

POU2F3 Is Not Required for EEC Formation

Transcription factor POU2F3 is the master regulator of tuft cell
formation in normal organs and in pancreatic tumorigenesis
(Gerbe et al., 2016; DelGiorno et al., 2020b). Our scRNA-seq
study of pancreatic ADM identified Pou2f3 expression in a
progenitor cell population predicted to seed both tuft cells and
EECs (Figures 7A,B) (Ma et al., 2021). Comparison of our
dataset with a scRNA-seq study of Kras®'*"-induced ADM
suggests this population is present in pancreatic tumorigenesis
as well (Supplementary Figure S5A) (Ma et al, 2021;
Schlesinger et al,, 2020). To determine if POU2F3 is
required for EEC formation in pancreatic tumorigenesis, we
examined EEC abundance in the pancreata of Kras®'??;
Pou2f3""Ptf1a“* (KPouC, tuft cell knockout) mice aged
to 6 or 12-months (DelGiorno et al., 2020b). IHC staining
for POU2F3 demonstrates a lack of expression in KPouC
pancreata (Figure 7C). Additionally, COXI1, a marker of
mature tuft cells, is absent from the epithelium of KPouC
pancreata, consistent with a lack of tuft cell formation
(Figure 7D) (Grunddal et al.,, 2021; Ma et al., 2021; Manco

et al., 2021). Interestingly, SYP+ cells were identified in both
KC and KPouC pancreata indicating that EEC formation is not
prevented by the loss of POU2F3 (Figure 7D). Further, all EEC
subtype-specific hormones are also present in KPouC
pancreata and display the same general downward trend in
abundance as lesion grade increases (Supplementary Figure
$5). These data demonstrate that ablating Pou2f3 in the context
of an activating Kras®'?” mutation does not prevent EEC
formation.

Loss of POU2F3 Impacts EEC Subtype

Abundance

To determine if loss of POU2F3 affects the dynamics of EEC
subtype formation and abundance, we executed the same IHC
quantification strategy used for KC and KPC mice (Figures
3-5). SYP IHC staining of combined 6 and 12-month KPouC
pancreata (n = 13) exhibited the same trend as in the KC and
KPC models, with metaplastic lesions containing a
significantly higher percentage of SYP+ cells (11.10%, n =
139) as compared to PanINla (7.44%, n = 562; p < 0.001),
PanIN1b (3.47%, n = 28; p < 0.001), PanIN2 (0%, n = 15; p <
0.001), and PanIN3 (0%, n = 12; p < 0.001) (Supplementary
Figure S5B and Supplementary File S1). As compared to KC,
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FIGURE 10 | Enteroendocrine cell subtype dynamics throughout human pancreatic tumorigenesis. Co-immunofluorescence for (A) GHRL (magenta), (B) SST
(white), (C) 5-HT (magenta), or (D) PP (white) and yactin (cyan), and DAPI (blue) in human ADM lesions. (E) Co-immunofluorescence for SST (white), 5-HT (magenta), or
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(%) of EEC-containing graded lesions are displayed (11 patients); red = highest % of total; green = lowest % of total.

KPouC PanINla lesions contain a significantly higher
percentage of SYP+ cells (7.44%, n = 562 vs 6.21%, n
505; p < 0.01), while SYP+ cells are similarly abundant in
metaplasia and PanIN1b (Figure 7E). Differences were also
identified in EEC subtype abundance between the tuft cell+
(KC) and tuft cell knockout (KPouC) mice. Delta/SST+ cell
abundance is significantly lower in KPouC vs KC PanIN1b
lesions (0.68%, n = 37 vs 2.12%, n = 20; p < 0.01) (Figure 7F
and Supplementary File S1). In terms of PanINla, KPouC
mice have a significantly higher abundance of PP (5.07%, n =
617 vs 4.01%, n = 717; p < 0.001), GHRL (3.48%, n = 460 vs
2.00%,n=517; p <0.001),and 5-HT (5.09%, n = 420 vs 3.73%,
n = 562; p < 0.001) cells (Figures 7G-I and Supplementary
File S1). These differences may be attributed to the faster rate

of tumorigenesis in KPouC versus KC mice which is
supported by the identification of more PanIN2 and
PanIN3 lesions in KPouC pancreata (Supplementary File
S1) (DelGiorno et al., 2020b). Alternatively, POU2F3 or
tuft cells may play a role, directly or indirectly, in
specifying EEC subtype formation.

Enteroendocrine Cells as a Cellular
Compartment of the Normal Human

Pancreas

While the presence of solitary hormone secreting cells has been
described in the normal pancreas, injured pancreas, Type 1
diabetes, and cystic fibrosis, the characterization of EECs in
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the normal pancreas is incomplete (Chen et al., 1988; Brissova
et al,, 2018; Hart et al., 2018; Ma et al., 2021). To determine if
normal human ducts are populated by EECs, we assessed three
distinct regions (head, body, tail) of normal human donor
pancreata (n = 4) for the presence of SYP and EEC subtype
markers. As shown in Figure 8A, we identified SYP+ cells within
the epithelial layer of pathologically normal large ducts, as well as
in surrounding basal glands. Additionally, SYP+ cells were
identified in smaller, intra- and interlobular ducts throughout
the head, body, and tail of all pancreata, supporting the
observation that EECs are a cellular compartment of the
normal human pancreas (Figure 8B). To determine if human
pancreata are populated by the EEC subtypes described in this
study, we performed co-IF for GHRL, SST, PP, and 5-HT, as well
as INS (beta cells) and GCG (alpha cells) (Figure 9). Interestingly,
we identified solitary INS+ and GCG+ cells within ducts in the
head (INS, % pancreata; GCG % pancreata), body (INS, %
pancreata; GCG % pancreata), and tail (INS, % pancreata;
GCG 7% pancreata) (Figures 9A,B). Whether these cells are
associated with islets in another plane could not be
determined, however, these solitary cells are part of the single
layer epithelium of these ducts. Next, we assayed pancreata for
EEC subtype hormones and could identify expression in the head
(SST, %; PP, %; 5-HT, %), body (GHRL, Y%; SST, %s; PP, %; 5-HT,
%), and tail (GHRL, %; SST, %; PP, %s; 5-HT, %s) (Figures 9C,D).
Altogether all EEC subtype hormones were identified in the ducts
of normal human pancreata, supporting the identification of
EECs as a cellular compartment of the normal human
pancreas. Whether or not these cells have a distinct origin
from islets remains to be determined.

Dynamics of EEC Subtype Abundance in

Human Pancreatic Tumorigenesis

Expression of endocrine hormones has been reported in human
PanIN and PDAC, however the formation and dynamics of EEC
subtypes throughout tumorigenesis has not been assessed (Farrell
et al,, 2017; Sinha et al,, 2017; Chen et al., 1988; Sakaki et al.,
2002). Here, we performed co-IF for SST/y-actin/GHRL (n = 21
slides) and 5-HT/y-actin/PP (n = 20 slides) on human PanIN and
PDAC samples (n = 11 patients), as well as adjacent normal, and
identified ductal lesions containing hormone+ cells. These lesions
were then graded by a pathologist. Ducts were classified as normal
or reactive (Supplementary Figure S6A) and lesions were
classified by grade (ADM, PanINla, PanIN1b, PanIN2,
PanIN3, invasive adenocarcinoma). Additionally, ADM-like
ductal structures residing within a lobule harboring a higher
graded lesion were termed a “basal gland” of that lesion. These
glands are similar to the glands associated with the pancreatic and
common bile ducts, and therefore may be considered an
extension of the larger lesion (see Supplementary File S2 for
classification definitions) (Yamaguchi et al., 2015). As we cannot
confirm the origin of basal glands in our 2D analysis, these
structures were analyzed separately from their associated
ductal lesion (Supplementary Figure S6B and Supplementary
File S2).

Enteroendocrine Cells in Pancreatic Tumorigenesis

The percentage of each hormone+ lesion class (e.g. normal,
PanlN, etc.) relative to the total number of positive lesions for that
hormone were calculated and analyzed. Consistent with our
mouse data set, we observed similar dynamics throughout
tumorigenesis for each hormone analyzed. ADM lesions
represented the highest percentage of GHRL+ (25.8%), SST+
(28.4%), 5-HT+ (19.3%), and PP+ (19.3%) lesions relative to the
average of combined normal inter- and intralobular ducts (7.3,
9.6, 7.4, and 4.2%, respectively) and high grade (PanIN3, 4.5, 2.6,
5.5, and 7.3%, respectively) for each hormone (Figures
10A-D,F). In general, the relative proportion of hormone+
lesions decreased as lesion grade increased. Overall, KC and
KPC mouse data recapitulate EEC dynamics observed in
human tumorigenesis.

Upon further analysis of each individual hormone, we
observed notable differences in EEC dynamics within the
human data set as compared to mouse models. Of the non-
lesion ducts (normal and reactive main, inter-, and
intralobular), reactive interlobular ducts harbored the
highest percentage GHRL+ (15.7%), SST+ (18.7%), and
PPY+ (14.7%) lesions (Supplementary Figure S6A).
Additionally, we observed more hormone+ reactive inter-
and intralobular ducts as compared to their normal
counterparts (Figure 10F). Interestingly, we observed that
the percentage of 5-HT+ lesions is largely represented by
ADM and PanINla, with a notable, but less pronounced
increase in invasive adenocarcinoma (Figures 10E,F). Lastly,
the abundance of PP+ lesions most notably fluctuates over the
course of tumorigenesis, as compared to the other hormone+
lesions. While the proportion of hormone+ invasive
adenocarcinoma lesions is relatively high for each individual
hormone (10.1% of total GHRL+, 9.3% of total SST+, and
11.0% of total 5-HT+ lesions) we observed a more exaggerated
second peak of PP-harboring invasive adenocarcinoma lesions
(22.9% of total PP+ lesions) (Figures 10E,F). These
observations demonstrate the dynamic nature of EECs
throughout human tumorigenesis.

DISCUSSION

Early events in pancreatic tumorigenesis are poorly
understood. Here, we used histological methods to describe
and quantify the dynamics of EEC subtype (gamma, delta,
epsilon, and enterochromaffin cell) formation and abundance
throughout tumorigenesis in murine models and human
disease (Ma et al.,, 2021). We found, in both murine and
human pancreata, that EEC subtypes are most abundant in
ADM and PanINla lesions and that these cells decrease in
frequency with disease progression. In human disease we
observed a moderate resurgence of EEC subtype abundance
in invasive adenocarcinoma relative to pre-invasive lesions
suggesting that these cells may have different functional roles
in different stages of tumorigenesis. Additionally, we
quantified previously undescribed bihormonal EECs
(gastrin and 5-HT, SST and PP) in 6-month-old KC
pancreata, the latter of which has been described only in
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islets (Perez-Frances et al., 2021). This bihormonal expression
reflects either the maturation state of this population, or a
functional subclass of these EECs. We also show that tuft cell
master regulator transcription factor POU2F3 is not required
for EEC formation in KC mice but does affect the abundance
of EEC subtypes in early lesions. This could be due to the
direct actions(s) of tuft cell secretory products on EEC
formation or could be an indirect response to the stromal
changes that result from tuft cell loss (DelGiorno et al,
2020b). Collectively, these data demonstrate that EEC
subtype formation within Kras®’?’-induced epithelial
lesions is an early event in pancreatic tumorigenesis and
that these cells likely play different functional roles
throughout tumor progression.

Interestingly, we also observed differences in the
abundance of each EEC population throughout
tumorigenesis and between mouse models and human
disease. In mice, 34 of 88 PDAC ROIs contain 5-HT+ cells,
the highest of all subtypes analyzed. In human disease, ADM,
PanINla, and PanIN1b contain the highest proportion of 5-
HT+ lesions while other hormone+ lesions decrease in
PanIN1b. Additionally, the proportion of 5-HT+ lesions
moderately increase again in invasive adenocarcinoma.
Previous studies have shown that 5-HT supports pancreatic
tumor growth and modulates inflammation (Jiang et al., 2017;
Schneider et al., 2021; Wang et al., 2021). In the context of our
findings, predict that the increase in 5-HT+
enterochromaffin cells in ADM and early PanIN is a
reaction to metaplasia and initially inhibits tumorigenesis,
but in later stages supports the formation of more aggressive
lesions (Soll et al., 2010; Sarrouilhe and Mesnil, 2019). Further
studies are required to elucidate the function of 5-HT in
tumorigenesis and may also identify therapeutic routes for
early intervention.

In our analyses, we observed a relatively high proportion of
PP+ and SST+ EECs in normal and reactive pancreatic ducts
in the human data set, consistent with prior studies of the
normal human pancreatic ductal tree (Li et al., 2016). We also
observed an increase in PP+ gamma cells in invasive
adenocarcinoma relative to both pre-invasive PP+ lesions
and other hormone+ lesions. PP regulates endocrine and
secretion in the normal pancreas and can
stimulate certain neuronal pathways (Whitcomb et al,
1990). In pancreatic tumorigenesis, PP may control the
function of other secretory cells, such as tuft cells and the
EECs described here. However, the function of PP in cancer in
unknown and warrants further investigation. In contrast, SST
is known to inhibit secretory processes and other cellular
processes. SST analogs such as Octreotide and Lanreotide are
currently used for the treatment of multiple diseases,
including certain cancers (particularly neuroendocrine
tumors), which supports a role for SST in downregulating
pro-tumorigenic processes in the pancreas (Enzler and Fojo,
2017).

Finally, we report the presence of GHRL+ epsilon cells within
the peribiliary glands of the pancreatobiliary duct, a glandular
structure reported to serve as a possible progenitor niche, as well

we

exocrine
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tumorigenesis (Yamaguchi et al,, 2015). While considered a
differentiated cell type in the stomach and intestines,
functioning in glucose metabolism (among other roles),
GHRL+ cells have also been shown to be a progenitor
population in the developing islet (Wren et al, 2001; Tong
et al, 2010; Arnes et al,, 2012; Poher et al., 2018). Recently,
ghrelin was shown to downregulate ductal and fibrotic markers in
a genetic model of cholestasis, consistent with an anti-
inflammatory role in disease progression (Petrescu et al,
2020). Our data demonstrate that GHRL+ cells are more
abundant early in disease progression in both mouse and
human, and when coupled with these studies are consistent
with a role for ghrelin in mitigating tumorigenesis.

While the number of lesions included in this analysis is
extensive, we recognize that 2D histological methods may have
captured a single islet cell adjacent to the basement membrane of
the ductal epithelium. To limit this possibility, we took care to
exclude hormone+ cells not within the epithelial sheet in our
analyses. Additionally, without lineage tracing we recognize that
we cannot confirm the origin of these EECs (e.g. from acinar
cells), however we expect that inclusion into ADM and PanIN
would lead to similar functional effects despite cell of origin.
Furthermore, despite positive stains for various hormones,
evidence of hormone secretion has not yet been demonstrated,
and the physiological function of these EEC subtypes remains be
investigated.

Altogether, our study identifies and quantifies the
dynamics of EEC subtype formation throughout murine
and human pancreatic tumorigenesis. In contrast to the
endocrine-islet compartment of the pancreas, this
enteroendocrine compartment represents an understudied
population with a potentially huge impact on pancreas
function and disease progression. Further studies are
required to determine the individual and combined role(s)
of these EEC subtypes and their respective hormones.
Manipulation of these pathways alone or in combination
with standard chemotherapy may provide more efficacious
treatments for PDAC.
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The tumor microenvironment plays a key role in the pathogenesis of colorectal tumors and
contains various cell types including epithelial, immune, and mesenchymal cells.
Characterization of the interactions between these cell types is necessary for revealing
the complex nature of tumors. In this study, we used single-cell RNA-seq (scRNA-seq) to
compare the tumor microenvironments between a mouse model of sporadic colorectal
adenoma (Lrig1©™ERT2/*: Apc?*14/*) and a mouse model of inflammation-driven
colorectal cancer induced by azoxymethane and dextran sodium sulfate (AOM/DSS).
While both models develop tumors in the distal colon, we found that the two tumor types
have distinct microenvironments. AOM/DSS tumors have an increased abundance of two
populations of cancer-associated fibroblasts (CAFs) compared with APC tumors, and we
revealed their divergent spatial association with tumor cells using multiplex
immunofluorescence (MxIF) imaging. We also identified a unique squamous cell
population in AOM/DSS tumors, whose origins were distinct from anal squamous
epithelial cells. These cells were in higher proportions upon administration of a
chemotherapy regimen of 5-Fluorouracil/lrinotecan. We used computational inference
algorithms to predict cell-cell communication mediated by ligand-receptor interactions
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and downstream pathway activation, and identified potential mechanistic connections
between CAFs and tumor cells, as well as CAFs and squamous epithelial cells. This study
provides important preclinical insight into the microenvironment of two distinct models of
colorectal tumors and reveals unique roles for CAFs and squamous epithelial cells in the
AOM/DSS model of inflammation-driven cancer.

Keywords: cancer associated fibroblasts (CAF), colorectal cancer, tumor microenvironment, squamous cells,
adaptive immunity, stem cells, inflammation

INTRODUCTION

Polyp transition into colorectal cancer (CRC) can be modeled by
an evolutionary selection of mutations favorable to tumor cell
expansion (1-3). While the identities of these driver mutations
have been revealed (4-7), there exists a myriad of factors that can
influence mutational selection and tumor progression.
According to Virchow's idea that cancers are wounds that do
not heal, an aberrant wound healing process, where cells can
maintain a regenerative or even embryonal state, drives tumor
cell expansion. While aberrant cell states are eventually
permanently fixed by mutations in oncogenic pathways, the
initiation of these tumor-favorable states may be triggered by
interaction with an abnormal tumor microenvironment (TME),
the so-called sites of chronic irritation.

The role of the TME in CRC progression is well-supported by
observations of increased microenvironmental complexity in
CRC compared to less advanced lesions (8). More specifically,
the increased abundance of cancer-associated fibroblasts (CAFs)
in CRC is associated with more advanced disease, poor
prognostic outcomes, and disease recurrence (9-12). Mouse
models of CRC have also recapitulated this increased
complexity associated with advanced lesions, which has been
linked to growth factor, chemokine, and cytokine expression
from CAFs (13-16). Indeed, a recent human tumor atlas study
has identified “hubs” that consists of GREM1/RSPO3-expressing
CAFs possibly co-occurring with stem-like cancer cells (17).
However, there has been a lack of comparative studies
describing changes in TME occurring right at the juncture
between advanced adenoma and pre-invasive carcinoma. Here,
we compare mouse models of advanced adenoma and early
carcinoma to identify unique microenvironmental features that
accompany this critical transition.

In the Lrigl“ ™8™ *;Apc"* model, a single copy of Apc is
recombined in Lrigl-expressing stem cells, and tumors,
mirroring the sporadic tumorigenesis process, are initiated
when the second copy of Apc undergoes a stochastic loss-of-
heterozygosity event (18). Colonic adenomatous polyps are
generated from cells with these genetic perturbations in the
distal colon approximately 12 weeks after tamoxifen-induced
recombination; these tumors are histologically advanced but do
not progress to carcinoma (18). In contrast, distal colonic tumors
induced by chemical mutagenesis via azoxymethane (AOM) and
dextran sodium sulfate (DSS) results from B-catenin mutations
in colonic crypt cells (19, 20). These inflammation-induced
tumors also form approximately 12 weeks post-induction and

may lead to invasive carcinomas when left to progress (21). Our
goal was to utilize single-cell RNA-sequencing (scRNA-seq)
coupled with multiplex immunofluorescence (MxIF) to
characterize TME components and their interactions in these
two mouse models of colorectal tumorigenesis that differ in their
stage of progression. We found increased TME complexity in the
AOM/DSS model of CRC compared to the adenoma model
driven by APC loss, with increased diversity of CAFs and unique
squamous epithelial cells that can be modulated by
conventional chemotherapy.

RESULTS

scRNA-seq Reveals the Complexity of the
TME in AOM/DSS Colonic Tumorigenesis
We compared the cellular features between colonic tumors
generated from the Lrigl ™ ™ *Apc?*** (herein referred
to as APC tumors) mice, which is a model of advanced sporadic
colonic adenoma (18), to those generated by azoxymethane and
dextran sodium sulfate (herein referred to as AOM/DSS tumors),
which is a model of inflammation-driven CRC (19) (Figure 1A).
We harvested tumors at 12 weeks post-induction, as documented
previously to be a standard timepoint for these models and when
tumor formation is routinely detected. Both sets of tumors were
pedunculated and polypoid in nature, arose in the distal colon,
and exhibited similar adenomatous features typical of these
models (Figure 1B). To identify additional cellular and
molecular differences between these colonic tumors, we
performed inDrop scRNA-seq on multiple biological replicates
(different mice) of AOM/DSS tumors, APC tumors and tumor
adjacent colonic tissue, and wildtype (WT) normal colons (22).
Approximately 13,000 cells across all conditions passed quality
control and were co-embedded in UMAP space (Figures 1C-E).
Density peak clustering of cell transcriptomes and subsequent
automatic cell type annotation using the Mouse Cell Atlas
reference revealed cell populations consistent with known
biology (Figure 1C; Figures S1, S2) (23, 24). Normal colons
from both WT and tumor-adjacent regions were virtually
phenotypically identical, consisting of mostly epithelial cells
with a small lymphocyte population, which we characterize
below (Figures 1C, D, F). In contrast, tumors were composed
of a much richer microenvironmental milieu (Figures 1C, D, F).
Importantly, biological replicate data generated from different
mice largely intermixed, demonstrating rigor and
reproducibility (Figure 1E).
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FIGURE 1 | Cell type composition of wildtype, APC tumor, APC adjacent normal, and AOM/DSS tumor samples assessed by scRNA-seq. (A) Experimental timeline
for induction of APC tumors (top) and AOM/DSS tumors (bottom). (B) Representative H&E images of APC tumors and AOM/DSS tumors. Scale bars = 300 pm.
UMAP co-embedding of wildtype, APC tumor, APC adjacent normal, and AOM/DSS tumor scRNA-seq samples with (C) cell type clustering overlay, (D) sample type
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Thickness of branches represent level of enrichment sc-Unifrac distance values range from O to 1, with O representing complete overlap between two datasets sc-
Unifrac distance = 0.35.

Examining epithelial cell types, normal colonic cells (WT and
tumor adjacent) were composed of canonical stem, absorptive,
and secretory cell lineages (Figures 1C, D, F). Tumor cells were
largely distinct from normal epithelial cells. AOM/DSS tumors
were devoid of goblet cells, consistent with DSS-induced
inflammation that drives goblet cell loss (Figure 1F) (25). In
addition, both tumor types displayed the emergence of
metaplastic Paneth-like cells absent from the normal colon, as
documented previously (26).

Within the non-epithelial compartment, tumors were
enriched in neutrophils, macrophages, T cells, B cells, plasma

cells, endothelial cells, and fibroblasts, compared to normal
colonic samples (Figure 1F). We did not compare erythrocytes
since their presence depends on the isolation procedure. sc-
UniFrac analysis identified cell populations that were statistically
enriched in AOM/DSS tumors compared to APC tumors (23).
As expected, each tumor type was enriched in their respective
APC or AOM/DSS tumor cell type (Figure 1G). Normal
epithelial cells were further depleted in AOM/DSS tumors,
supporting their more advanced progression stage (Figure 1G).
Within the immune cell compartment, T cells and macrophages
were enriched in AOM/DSS tumors, while plasma cells and
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neutrophils were enriched in APC tumors. Two populations of
cancer-associated fibroblasts (CAFs), CAF1 and CAF2, were
enriched in AOM/DSS tumors compared to APC tumors, with
CAF2s being mostly exclusive to AOM/DSS tumors (Figure 1G).
In addition, an unexpected cell population expressing stratified
epithelial markers, such as Krt5 and Krt14, was present only in
AOM/DSS tumors. Together, these data highlight the expansion
of the stromal compartment in AOM/DSS tumors, consistent
with their more advanced state compared to APC tumors.

CAFs and T cells in AOM/DSS Tumors
Specify a Distinct Pro-Tumor TME

In addition to cell type annotation, we also examined molecular
differences within cell types. To examine T cell subtypes, we
performed sub-clustering on the T cells, population and
identified four distinct T cells clusters that are condition-specific
(Figures 2A-C). Normal colonic samples were expectedly
enriched for Cd8+ T cells, identified as intraepithelial
lymphocytes by expression of Itgae and Trdc, as observed
previously (26-28) (Figures 2D, E). These cells express Gzma
and Gzmb that play key roles in cytotoxicity, Cd38 marking
activation, and the killing effectors Klrel, Cd244 (when
expressed at the appropriate level), Nkg7, Klrdl, and Xcll (29-
31). In contrast, both tumor types contained low percentages of
cytotoxic cells, but contained substantial percentages of Cd4+ T
cells (Figures 2A-C). These cells expressed a different set of
activation markers (T¢f7, Lefl, 1I7r), and were also enriched for
regulatory genes such as Foxp3 and II2ra (CD25) (Figures 2D, E).
Tumors also contained a small population of proliferative T cells,
which signifies immune activity. Comparing between tumor
subtypes, AOM/DSS tumors possessed a unique population of
dysfunctional inflammatory T cells (Figures 2A-C). These cells
expressed markers of T cell exhaustion or anergy including Prdm]1,
Havcr2, and Cish (32, 33) (Figures 2D, E). Of note, Pdcdl, the
gene encoding the immune checkpoint protein PD-1 (34), was
highly upregulated in AOM/DSS tumor T cells. In contrast, Ctla4
expression, a marker of exhausted T cells but also Tregs, was
similar in APC and AOM/DSS tumor T cells (35). More
importantly, AOM/DSS T cells highly expressed Id2
downstream of TGFf signaling, which has been shown to lead
to RORa-dependent tumor-promoting inflammation, evident in
this population by high Rora and IlI17a expression (36)
(Figures 2D, E). Cd4 is downregulated but Trdc is
characteristically upregulated, implicating that these are not
Th17 cells, but are y3T cells that produce IL17 in an innate
fashion to promote inflammation (37, 38). Thus, aside from
immunosuppressive T cells, the TME of AOM/DSS tumor is
further augmented by dysfunctional T cells that potentially
induce tumor-promoting inflammation.

Within the B lymphocyte compartment, normal colonic
samples were skewed toward B cells, with only a minor
population of plasma cells, while both type of tumors exhibit
the inverse relationship skewed towards plasma cells
(Figures 1C, D, F). We did not notice any difference in
marker genes expressed in B cells or plasma cells across
normal colonic, APC tumor, and AOM/DSS samples

(Figure S3A). Although there was an expanded myeloid
compartment within both tumor types, we observed that
markers of neutrophils and macrophages were largely
consistent across normal colonic, APC tumor, and AOM/DSS
tumor samples (Figures 1C, D, F; Figure S3B), with a few
critical exceptions. Tumor associated macrophages were
enriched in M2 genes, Argl, Ilirn, and Tgfbl (Figure S3B).
Moreover, AOM/DSS tumor associated macrophages uniquely
express 1110 and Tnf, implicating heightened tumor-promoting
immunosuppression and inflammation. Taken together, both
tumor types displayed an expansion in plasma cell, macrophage,
and neutrophil compartments compared to normal colonic
samples contributing to a pro-tumor TME.

There are relatively few fibroblasts in normal colonic mucosa
compared to other cell types, and thus, they were not sampled in
whole tissue dissociations from wildtype colonic samples. In
contrast, we were able to detect one small population of CAFs,
CAF]I, in APC tumors, and two larger CAF populations, CAF1
and CAF2, in AOM/DSS tumors (Figures 1C, D, F). We used
differential gene expression analysis to identify marker genes that
were shared, as well as ones that distinguish the two fibroblast
populations (Figures 2F-I). Igfbp7, an insulin-like growth factor
binding protein and molecule involved in cell adhesion whose
high expression is correlated with poor prognosis in CRC, was
highly expressed in both CAF1 and CAF2 cells in APC and
AOM/DSS samples (39). The CAF2 population had upregulated
expression of tissue remodeling genes (Mmpl0, Mmp2, Mmp3,
Mmpl3, Timp2, Timp3) and immune-related genes, including
many cytokines and chemokines (1111, Il1rl1, Cxcl14, and Cxcl5)
(Figures 2F, G). We examined markers of recently described
inflammatory CAFs (iCAFs), and found CAF2s express CxclI12
and 1111 (Figure 2H) (40). Interestingly, iCAF markers II6 and
Cxcll were expressed at low levels in CAF1s from APC tumors,
but were induced in CAF1s in AOM/DSS tumors. Similarly, we
examined normal myofibroblast markers (Acta2, Tagln, and
Mylk) as well as myCAF markers (Acta2, Itgbl (CD29), and
Thyl (CD90)), and found high expression in CAFls
(Figures 2G, H) (31, 40). In addition to immune-related
functions, we observed expression of Greml, Sfrpl, and Wnt5a
in the CAF2 population, all of which are reported CAF markers
as well as secreted factors involved in BMP and WNT signaling,
respectively (41, 42) (Figures 2F, G). We aimed to identify
specific marker genes compatible with immunofluorescence
imaging with readily available antibodies to distinguish these
two fibroblast populations. Vim (Vimentin, VIM), Acta2
(smooth muscle actin alpha 2, SMA), and Pdgfrb (platelet-
derived growth factor receptor beta, PDGFRP) were
upregulated in CAFls, with lower expression in CAF2s, and
negligible expression in all other cell types, except for Vim
(Figure 2I). In contrast, CAF2s were marked by upregulation
of Tnc (tenascin-C, TNC), Pdgfra (platelet-derived growth factor
receptor beta, PDGFRP), and Collal (collagen type 1 alpha 1
chain). Consistent with findings that PDGF (platelet-derived
growth factor) receptors form homodimers or heterodimers
when bound to various PDGF ligands, Pdgfrb was expressed in
both CAF populations, with higher expression in CAF1s, while
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Pdgfra was exclusive to CAF2s (43). These results demonstrate
that the fibroblast compartment increases in complexity in
AOM/DSS tumors as compared to APC tumors, with
accompanied increased expression of tissue remodeling,
inflammatory, and secreted factor genes in a subset of CAFs.

Fibroblasts from the normal colon were not sampled from
whole tissue dissociations due to their paucity. Consequently, we
developed another dissociation strategy that enriches for stromal
cells. scRNA-seq using this strategy revealed substantial de-
enrichment of epithelial cells, and enrichment of immune,
glial, and endothelial cells, as well as five distinct mesenchymal
populations all expressing Vim (Figures S3C, D). Pericytes were
identified as a distinct cell population that expresses a set of four
previously defined marker genes (Abcc9, Kcnj8, Rgs5, Cspgd) as
well as Pdgfrb (31, 44, 45). These cells are distinct from
fibroblasts in that they express much lower levels of CAF1 and
CAF2 markers Acta2, Tnc, and Pdgfra (45). As described by
others, we identified telocytes by expression of Foxl1, Pdgfra, and
Whnt5a, and found that they also express Tnc (Figure S3D) (46).
Similarly, we identified myofibroblasts by high Acta2 expression,
along with expression of previously defined marker genes (Tagln,
Actg2, Myhll, Mylk) (31). These results demonstrate that the
normal colon also possesses fibroblastic counterparts to CAF1
(myofibroblasts) and CAF2 (telocytes), although they exist in
much lower numbers.

We hypothesized that CAFs may be activated in the context of
an altered tumor microenvironment. Thus, we queried
expression of signaling regulator genes comparing CAFs to
their normal counterparts. While several CAF2 genes were
maintained in telocytes (Cxcl12, Mmp2, Timp2) (Figure S3D),
many were simply not expressed in any normal colonic
fibroblasts (Mmp3, Mmpl10, Mmp13, Timp3, 1lIrl1, 1111, Cxcll,
Cxcl5) (data not shown). Furthermore, while Grem1, Sfrp, and
Whnt5a were co-expressed in CAF2s, only Wnt5a was expressed
in telocytes while the other two genes were expressed in the
Fibrol population in the normal colon. II6 was upregulated in
AOM/DSS CAF1s but it was not expressed in myofibroblasts, but
instead, was expressed in Fibrol cells. CAF2 marker Igfl was
more highly expressed in myofibroblasts than telocytes in the
normal colon, inverse to the relationship of CAF1 to CAF2.
Thus, we demonstrate that while counterparts of CAFs exist in
the normal colon, their expression of signaling regulators is
altered in tumors.

To determine whether CAF populations observed in mice
translate to human, we examined CAF1 and CAF2 gene
expression within fibroblast populations from human CRC
scRNA-seq datasets. Multiple populations of CAFs were
identified in a set of microsatellite stable (MSS) CRC samples
(Figure S3E) and an another set of samples consisting of broader
CRC subtypes (Figure S3F), with two datasets showing similar
results (17, 31). Distinct populations of CAF1 (ACTA2, TAGLN,
MYLK) and CAF2 (PDGFRA) analogs were identified, similar to
our mouse models of tumorigenesis. Normal human colonic
tissues and pre-cancerous colonic lesions contain a paucity of
fibroblasts consistent with our observations in the mouse (data
not shown) (26). Also consistent with our mouse models, CAF2

analogs expressed a rich set of signaling regulators including
CXCL12, GREM1, IGF1, IL11,and WNT5A, with a subset of cells
co-expressing WNT5A and GREMI and another subset co-
expressing CXCLI12 and IGFI. These results validate the
existence of CAF subpopulations in human CRCs correspond
to those found in mouse colonic tumors.

The CAF2 Population Spatially Associates
With Tumor Cells

We validated the presence and abundance of the CAF1 and
CAF2 populations using MxIF imaging (47). As both APC and
AOM/DSS tumors were induced by WNT signaling, increased
cytoplasmic and nuclear staining for B-catenin was observed in
tissue regions with characteristic tumor histologies (18, 48)
(Figure 3A). Within tumor regions, we used markers informed
by scRNA-seq analysis to identify CAF1 (SMA and VIM) or
CAF2 (TNC and PDGFRa) populations (Figure 2I). By visual
inspection, APC tumors were densely populated by epithelial
cells, while AOM/DSS tumors had expanded inter-glandular
stromal spaces occupied by non-epithelial cells (Figure 3A;
Figures S4, S5). Consequently, AOM/DSS tumors had
significantly higher levels of both fibroblast types compared to
APC tumors, as quantified by normalized counts of pixels
positive for markers of each CAF type (Figures 3A-C; Figures
$6-S8). Although the CAF2s were undetected as a population in
APC tumors by scRNA-seq, expression of CAF2 markers, Tnc
and Pdgfra, was detected at lower levels in the CAF1 population,
which is consistent with low protein expression of TNC and
PDGFRo. by immunostaining (Figures 2I, 3A-C). As opposed to
scRNA-seq where the spatial context is lost, MxIF revealed that
myofibroblastic CAF1s reside in the center of the inter-glandular
stromal regions, while PDGFRo+ CAF2s associate closely with
the epithelial layers, lining the glands (Figure 3D). This result
differs from the myCAF definition in pancreatic cancer, where it
is the myofibroblastic CAFs that associate more closely with
epithelial glands (49). These results validate our transcriptomic
data and support the differential abundance of CAF1 in APC
versus AOM/DSS tumors, while the CAF2 population is
dramatically increased in AOM/DSS tumors and has a distinct
spatial distribution.

AOM/DSS Tumors Consist of a Unique
Squamous Epithelial Component

To decipher how differences in the TME can affect tumor cells,
we examined gene programs that describe signaling pathways
activated in epithelial cell populations. As expected, WNT
signaling genes are upregulated in tumor cells from both
AOM/DSS and APC tumors when compared to normal
colonic stem and normal differentiated colonic epithelial cells
(Figure 4A). Consistent with increased stemness in tumors, the
stem cell marker Lgr5 was upregulated compared to normal cells,
while colonic identity and differentiation genes such as Cdx2 and
Krt20, were downregulated in both tumor types (50-58)
(Figures 4A, B). The AOM/DSS-specific squamous epithelial
cell population was devoid of WNT signaling and colonic
epithelial cell type markers (Figures 4A; Figure S2).
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and embryonic genes were uniquely upregulated in squamous
cells compared to all other epithelial cell populations, including
tumor cells (Figures 4C, D) (26). Notably, several genes related
to matrix composition and immune cell recruitment were
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FIGURE 3 | MxIF of cancer-associated fibroblasts to reveal their spatial distributions in APC and AOM/DSS tumors. (A) Representative stitched MxIF images of APC
tumors and AOM/DSS tumors immunostained for CAF1 (SMA, VIM) and CAF2 (TNC, PDGFRo) subtypes. Tumor regions are visualized using immunostaining for -
catenin. (B) Representative binary images (here, AOM/DSS tumor sample) and (C) quantification of CAF1 and CAF2 marker expression within tumor regions of APC
and AOM/DSS samples. n = 5 AOM/DSS tumors, n = 3 APC tumors “** indicates p < 0.001. (D) Visualization of CAF1 (SMA) and CAF2 (PDGFRa) subtype
proximity to B-catenin+ tumor cells in APC and AOM/DSS samples, including tumor regions and adjacent normal regions.

upregulated in squamous cells (Anxal, Ecml, Illrn, Itgb4), as
well as genes that are reported to be tumor suppressors
(Serpin5b, Phlda3) (59, 60). In contrast, HesI, a Notch target
gene normally associated with stemness and absorptive cell
differentiation, and Phlda2, a growth restriction gene in
development and a tumor suppressor, were upregulated in
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Rosa"™* traced cells within a single squamous cell region of an AOM/DSS tumor.

APC and AOM/DSS tumor cells, but not in squamous cells (61-
65). These observations are consistent with the association of
tumor cells with colonic stem cell identity. Interestingly, Tacstd2,
the gene encoding the TROP2 protein that is associated with
transition to dysplasia but also expressed in some normal tissues,
was highly upregulated in the squamous cell population as well
as in AOM/DSS tumor cells (66, 67).

ERN
RO o

500 pm

FIGURE 4 | Characterization of the squamous component present in AOM/DSS, but not APC, tumors. (A) Heatmap of genes related to WNT signaling and colonic
stem cells. Columns represent single cells, arranged by epithelial cell type clusters. (B) Dot plot showing colonic or squamous identity genes for epithelial cell clusters,
where clusters include cells from both APC tumor and AOM/DSS tumor samples. (C) Heatmap of fetal and embryonic programs. Columns represent single cells,
arranged by epithelial cell type clusters. (D) UMAPs of scRNA-seq data with expression overlay, indicated by the color gradient, of selected fetal and embryonic genes.
(E) Dot plot showing cell cycle meta-genes for each cell cycle phase in epithelial cell clusters. (F) CytoTRACE scores for epithelial cell types calculated from scRNA-seq
data. (G) Representative H&E image of multiple AOM/DSS tumors within the same animals, with a focus on squamous components (insets). (H) Representative MxIF
image of KRT14 in APC tumors and AOM/DSS tumors. Images were representative of n = 5 AOM/DSS tumors and n = 3 APC tumors. (I) Observation of Lrig7°=&7e;
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We aimed to elucidate the origin of the squamous cell
population that was unique to AOM/DSS tumors. As this
tumor type typically manifests in the distal colon, one possible
source of this population could be re-epithelialization of
damaged regions of columnar colonic epithelia by anal
epithelium, as speculated by other groups (68). However,
another potential origin could be the transdifferentiation of
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columnar to squamous epithelial cell identity (69). We first
observed that keratin expression (Krt5+, Krtl4+, Krtl7+,
Krt20-, Krt8-) in scRNA-seq data was consistent with a basal
squamous cell identity (Figure 4B). Trp63, a master regulator of
a stratified epithelial identity whose aberrant expression results
in embryonic subversion, squamous cell metaplasia, and
squamous cell carcinoma, was expressed exclusively in the
squamous population, along with other transcription factors
regulating squamous cell identity (Sox2 and PitxI) (70-73). We
examined cell cycle genes, and as expected, normal stem cells are
actively cycling, as are APC tumor and AOM/DSS tumor cells to
a lesser extent. (Figure 4E). Squamous cells cycle to the same
extent as tumor cells, indicative of their abnormal state. We used
CytoTRACE to predict epithelial cell stemness and found that
AOM/DSS tumor cells have the highest average CytoTRACE
score, followed by APC tumor and then normal stem cells,
consistent with higher stemness in tumor cells versus normal
stem cells (Figure 4F) (74). Paneth-like cells also have a high
score, consistent with these cells being an abnormal metaplastic
cell type in tumors. Additionally, the squamous cell population’s
average CytoTRACE score was similar to AOM/DSS tumor cells
and above that of normal colonic epithelial stem cells, indicative
of that these cells also have aberrant stemness similar to tumors.
We then sought to determine whether we could locate the
squamous cells spatially in tissue sections of AOM/DSS
tumors, and we found examples of stratified squamous cell
tissue that underlie pedunculated tumors in AOM/DSS, but
not APC tumors (Figure 4G). Importantly, we found more
than one instance where squamous components were found in
multiple tumors, both distal and more proximal in the colon,
within a single mouse, discounting the possibility that the
squamous cells were from the anal epithelium adjacent to the
tumor. Squamous components were positive for KRT14 staining,
consistent with scRNA-seq results (Figure 4H).We then used
lineage tracing from Lrigl ““**"2/*;Rosa™™"* mice, as Lrigl is a
colonic stem cell marker, to investigate whether the squamous
population might arise from transdifferentiation of columnar
epithelium (75). We first confirmed that LrigI is not expressed in
the AOM/DSS-specific squamous cell cluster, but only in the
tumor cell cluster, in our scRNA-seq data (Figure S9A). Next,
fluorescence imaging of Lrigl“?""* and Lrigl “"***"?/*;Rosa"™"'*
lineage traced mice revealed that LRIG1 is not expressed in
normal anal squamous epithelia (Figures S9B, C). However, the
same lineage tracing from AOM/DSS tumors resulted in YFP-
positive cells in the squamous component in one instance
(Figure 4I), suggesting a potential for rare cases of
transdifferentiation. However, we cannot discount the
possibility of leaky Cre recombinase activity, aberrant
expression of Lrigl in anal epithelium in the context of AOM/
DSS tumorigenesis, or other unknown factors. Moreover,
squamous components were not observed in all AOM/DSS
tumors, and in particular, those generated on a pure C57BL/6]
background. Although we were unable to determine the origin of
all squamous cells associated with tumors, we were able to
validate the existence of a squamous population unique to
AOM/DSS, but not APC, tumors, and whose transcriptomic

signature indicates these cells have high stem potential, are
actively cycling, and express several fetal and embryonic genes.

Chemotherapeutic Treatment Results in
Expansion of Squamous Cells and

Depletion of Stem Features in Tumors
We sought to determine how a chemotherapeutic regimen of

Fluorouracil (5-FU) and Irinotecan affects the AOM/DSS TME.
We treated AOM/DSS-induced tumor mice with a 5-FU and
Irinotecan regimen for 1, 3, and 6 days and performed scRNA-
seq on resulting tumors. To assess changes over the treatment
timeline, we consider day 1 replicates as an “early treatment”
timepoint, and days 3 and 6 as replicates for a “late treatment”
timepoint. While chemotherapy is expected to induce cell death
and tumor regression, our 5-FU/Irinotecan regimen coupled to
the harvest time points did not result in reduction in tumor size,
nor was there a reduction in cell numbers, which provides an
opportunity to observe chemotherapy-induced changes within
tumor cells. The tumor cells and squamous cells from days 1, 3,
and 6 timepoints occupied different UMAP spaces, while stromal
and immune cells from different timepoints largely overlapped
(Figures 5A, B). Compared to the early treatment timepoint, we
observed an expansion of squamous cells at late treatment
timepoints (6 and 11% of total epithelial cells in early
treatment, 21% and 27% of total epithelial cells in late
treatment) (Figure 5C). However, differences in
experimentalists and instrumentation prevent us from making
comparisons of squamous cell percentages in the 5-FU/
Irinotecan dataset to the untreated AOM/DSS dataset
(Figure 1F). Histologically, we also observed squamous cell
components located at the surface of the tumor, rather than
underlying the tumor as in untreated AOM/DSS tumors,
implicating a phenotypic transition (Figure 5D). Expansion of
squamous cells was accompanied by increased expression of
squamous identity transcription factors Trp63 and Sox2
(Figure 5E). Surprisingly, stem cell markers and associated
WNT signaling genes, including Lgr5, decreased in tumor cells
along the treatment timeline in a gradient-like manner
(Figure 5F); this corresponded with increase in differentiated
epithelial genes Krt20 and Krt8 (Figure 5E). Consistent with the
loss of stemness upon treatment, tumor cells displayed an
increase in cell cycle related genes at later timepoints and a
decreased predicted stem potential, as determined by
CytoTRACE score, whereas squamous cells increased
proliferation genes and stem potential (Figures 5G, H). Using
unsupervised differential gene expression analysis as well as
examining selected marker genes, we observed an upregulation
in antigen presentation (AP) genes in tumor cells from the day 6
timepoint, consistent with our previous finding of increased AP
as a function of differentiation (Figure 5I) (26). Interestingly,
squamous cells in day 3 and day 6 timepoints also upregulated
interferon-induced genes Ifi27 and Ifitm3, consistent with a
change in the immune microenvironment. Together, we found
that along a treatment timeline, 5-FU and Irinotecan treatment is
associated with expansion of squamous cells and decreased
stemness in tumor cells.
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FIGURE 5 | Changes in TME interactions within AOM/DSS tumors upon chemotherapy treatment. UMAP of scRNA-seq data from 5-FU and Irinotecan treated
AOM/DSS tumor samples with timepoint overlay (A) and cell type clustering overlay (B), by color. T1 and T2 indicate day 1 biological replicates (n = 2) that
correspond to the “early treatment” timepoint, while day 3 and day6 are biological replicates (n =2 ) for the “late treatment” timepoint. (C) Bar graph of cell type
proportions, broken down by sample type in timepoints of 5-FU and Irinotecan treated AOM/DSS tumor scRNA-seq data. (D) Representative H&E image of 5-
FU and Irinotecan treated AOM/DSS tumors. Scale bar = 100 um. (E) Dot plot showing colonic or squamous identity genes for epithelial cell clusters of 5-FU
and Irinotecan treated AOM/DSS tumor scRNA-seq data timepoints. (F) Heatmap of genes related to WNT signaling and colonic stem cells. Columns represent
single cells, arranged by epithelial cell type clusters in 5-FU and Irinotecan treated AOM/DSS tumor scRNA-seq data timepoints. (G) Dot plot showing cell cycle
meta-genes for each cell cycle phase in epithelial cell clusters of 5-FU and Irinotecan treated AOM/DSS tumor scRNA-seq data timepoints. (H) CytoTRACE
scores for epithelial cell types in 5-FU and Irinotecan treated AOM/DSS tumor scRNA-seq data timepoints. (I) Heatmap of select DEGs and marker genes
related to AP. Columns represent single cells, arranged by epithelial cell type clusters in 5-FU and Irinotecan treated AOM/DSS tumor scRNA-seq data
timepoints. (J) RL-scores for differentially expressed ligands in CAF cells with a receptor in squamous, AOM/DSS tumor, or APC tumor cells. (K) Ligands in CAF
cells with a receptor in squamous or cancer cells early and late after treatment by 5-FU + Irinotecan. (*) indicates that both receptor and ligand are differentially
expressed (adjusted p-value < 0.01) and that the log FC of the ligand is at least 0.5 for all samples of the same group.

To further evaluate how tumor cells may be influenced by the
TME, we analyzed differences in cell-cell communication of
AOM/DSS tumors as compared to APC tumors, and
moreover, we identified differences in cell-cell communication
among early vs late 5-FU/Irinotecan treatment timepoints in
AOM/DSS tumors. We made use of established receptor and
ligand (R-L) interactions from a prior knowledge database and,
similar to previous work, we quantified these interactions by a R-
L score based on the receptor and ligand expression (76, 77). We
searched for cell types expressing ligands that could bind
receptors expressed in the tumor cells (Figures S10A-D). We
observed that compared to all other cell types, CAF populations,
particularly CAF2s, dominate interactions with tumor cells by
providing ligands that are binding partners with receptors
expressed on tumor cells (Figure 5]J; Figures SI0A-D). Many
receptors expressed by tumor cells were also expressed by
squamous cells, resulting in similar scores, and suggesting that
they may experience similar signals from the TME. Consistent
with the observed increase in WNT related genes in tumor cells
(Figures 4A, 5F), we saw high scores for WNT-related
interactions (ligands Sfrpl and Wnt5a and receptors Fzd6,
Fzd7 and Lrp6) and significant BMP-related interactions (e.g.
from Bmp4 with Bmprla). Notably, Fgf7 is upregulated in acute
response to injury and thought to serve a protective role in DSS
treated mice, however, it is also known to increase cell
proliferation and may inadvertently act as a growth factor for
tumor cells in the AOM/DSS setting (78, 79). For squamous cells,
there was a significant Lamal-Rpsa interaction, which is an
interaction associated with metastasis as Rpsa enables tumors
to penetrate laminin tissue (80). These interactions were largely
mirrored in the 5-FU and Irinotecan treated cells, and the
treatment appeared to reduce the amplitude of these signatures
over time, possibly resulting in decreased stemness (Figure 5K).

DISCUSSION

We describe differences between the TMEs of AOM/DSS tumors
and APC tumors, as models for pre-invasive cancers and pre-
cancerous adenomas, respectively. Using single-cell and
computational approaches, we identified and validated two

CAF populations that are increased in AOM/DSS tumors, with
CAF2 being uniquely present and the main driver of differences
in cell-cell communication between the two colonic tumor
models. CAF2-derived ligands interact with receptors
expressed on AOM/DSS tumor cells to increase WNT
signaling, increase growth factor signaling, and remodel the
extracellular matrix. We also revealed a unique squamous cell
component in many AOM/DSS, but not APC, tumors, which are
found to increase upon a chemotherapeutic regimen of 5-FU
and Irinotecan.

While there are many different types of CAFs with diverse
functions, in general, increases in CAFs accompany cancer
progression (81). In CRC in particular, the consensus
molecular subtype 4 (CMS4) is characterized by mesenchymal
signatures (82), with the majority contributed by the presence of
CAFs (83-85). CMS4 CRCs are more advanced and have poor
prognoses (86, 87). There are a diverse set of mechanisms by
which CAFs promote CRC progression including WNT
modulation (17, 41, 88), inhibition of BMP signaling (89), or
inducing tumor-promoting inflammation (89). Our study
identifies two populations of CAFs, one of which (CAF2) was
not detected in APC adenoma by scRNA-seq, but was abundant
in AOM/DSS tumors. CAF2s closely associate with tumor cells,
which mirrors the major CAF dichotomy in pancreatic cancer,
where myCAFs closely associates with neoplastic cells while
iCAFs are located more distantly (49). However, the
phenotypes of these colonic CAFs seem to be distinct from
those of pancreatic cancers, as it is the CAF1s, which are located
more distantly to epithelial cells, that have more myofibroblastic
features and some iCAF gene expression such as II6 and Cxcll,
while CAF2s also express iCAF genes such as Il11, CxclI2 and
other chemokines (40). The induction of immune-related genes
in either CAF populations is specific to AOM/DSS tumors and
not APC adenomas, suggesting that immune-regulating function
of CAFs may only be activated in the context of DSS
inflammation. CAF2s, which are closely associated with
epithelium, parallel pericryptal fibroblasts or telocytes in the
normal gut (90). These cells provide signals that support a WNT
signaling niche to maintain stem cell renewal during normal
homeostasis (46), although Greml and Wnt5a seem to be
expressed in distinct stromal populations in the non-neoplastic
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mouse colon (91-93). Greml/Wnt5a co-expressing CAF2 may
inhibit BMP while simultaneously stimulate WNT signaling,
promoting stemness in more advanced tumors.

An unresolved question from this work is the origin of the
squamous cells in AOM/DSS tumors. Similar histological
findings of squamous cells in DSS colitis mouse models have
been reported and were speculated to be a metaplastic event
whereby the damaged colonic epithelium is re-epithelialized with
stratified squamous epithelium (68). Squamous cell lesions of
unknown origin have been observed in colonic polyps of CDX2-
knockout mice, and likewise in SMAD3-depleted and SMAD3-
knockout colonic tumors given DSS compared to DSS alone (94,
95). While squamous cell lesions could result from a simple re-
epithelialization event, an alternative explanation is
transdifferentiation of columnar colonic epithelial cells into
stratified squamous epithelia, a process in reverse of normal
colonic development. p63-positive pseudostratified embryonic
epithelial cells from the endodermal lining of the primitive distal
gut have been lineage traced to p63-negative adult colonic simple
columnar epithelia (71). This supports the notion that some
cancers, including colorectal cancer, may arise through
embryonic subversion (96). In line with these observations, our
data also showed an enrichment of fetal markers in the squamous
tumor component absent from epithelial cells from both AOM/
DSS and APC tumors, including genes expressed in primitive gut
(Trp63, Sox2, Pitx1), as well as metaplastic genes such as Tacstd2.
We attempted to determine the origin of squamous lesions in
AOM/DSS tumors using lineage tracing from Lrigl-expressing
epithelial cells, since Lrigl is not expressed in the anal epithelium
(75). We found rare lineage tracing events from Lrigl-expressing
cells to a squamous lesion in an AOM/DSS tumor. While this
result suggests the possibility of a transdifferentiation event, we
cannot rule out sporadic, induced expression of LrigI in the anal
epithelium during re-epithelialization. We also observed AOM/
DSS tumors, during a course of 5-FU and Irinotecan, expanded
their squamous component. These cells exhibited more
transcriptional similarity to tumor cells than those from
untreated tumors, suggestive of transdifferentiation. However,
this expansion could be due to the insensitivity of squamous cells
to chemotherapy-induced cell death or drug-induced
proliferation. Our L-R inference suggests that similar CAF-
tumor interactions exist for CAF-squamous interactions.
Moreover, we found that CAF2s lie in close proximity to not
only AOM/DSS tumor cells, but also squamous lesions within
tumors. The squamous transdifferentiation process has been
shown to affect tumor cell interaction with CAFs in pancreatic
cancer (69). We also found that differences in genetic
backgrounds contribute profoundly to the development of
squamous lesions, highlighting the complexity of factors that
influence their development. Our findings implicate a role of
squamous cells in colorectal tumorigenesis processes and
provides insight into adenosquamous carcinomas in humans, a
rare cancer type that is more aggressive and has a poorer
prognosis when compared to adenocarcinoma, in part due to
lack of mechanistic knowledge of their pathogenesis (97).

We also presented translationally relevant insights from our
mouse studies. While checkpoint immunotherapies can result in
long term responses, only a minority of cancer patients benefit
(98). A positive immunotherapy response is largely dependent a
favorable tumor microenvironment partly characterized by
infiltration of adaptive immune cells (99-102). Some
chemotherapies have been shown to stimulate the immune
microenvironment, and thus, may boost the efficacy of
immunotherapies when given as a combinatorial regimen. A
major immunogenic mechanism is chemotherapy-induced
immunogenic cell death, where tumor antigens and danger-
associated molecular patterns are released into the
microenvironment from a dying cell (103, 104). Our study
proposes an additional mechanism, where a chemotherapy
regimen of 5-FU and Irinotecan results in tumor cells with
decreased WNT signaling, increased differentiation, and
increased expression of AP machinery. MHC class I
upregulation has been previously observed in a subcutaneous
injection model of breast cancer under Irinotecan treatment
(105), lending additional support to our observations. How
this phenotype is achieved remains to be investigated, but a
possibility may be that the chemotherapy kills highly
proliferative stem cells while sparing less proliferative
differentiated cells. Previous studies from our lab and others
have demonstrated that tumor cell differentiation state controls
antigen presentation and cytotoxic versus suppressive immunity
(26, 106). However, cytotoxic T cells were not increased under 5-
FU and Irinotecan despite increased expression of antigen
presentation machinery, suggesting that additional
immunosuppressive mechanisms may be activated. Indeed,
previous studies show that Irinotecan treatment of AOM/DSS
tumors blocks the apoptosis of MDSCs (107). Whereas
chemotherapy regimens are non-targeted, further work in this
area is required to discover therapeutic approaches to precisely
establish and maintain a favorable immune microenvironment.

METHODS

Mouse Experiments

All animal experiments were performed under protocols
approved by the Vanderbilt University Animal Care and Use
Committee and in accordance with NIH guidelines. Animals of
C57BL/6J; 129 mixed or C57BL/6] backgrounds of the
appropriate size by weight (6-12 weeks old) were used at the
start of experiments. Mice were housed (2 to 5 per cage) in a
specific pathogen-free environment under a standard 12-hour
daylight cycle, and were fed a standard rodent Lab Chow and
provided water ad libitum. Littermate controls of both sexes were
used for experiments when possible.

For the APC tumor model, Lrigl“"*®%*; Apd"* mice were
induced as documented previously (18). For the AOM/DSS
tumor model, mice were injected twice with 10 mg/kg AOM
with one week apart. A week after the second injection, mice
were fed 2% DSS for a week, and then again after 3 weeks of rest.
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For both models, tissues were harvested 12 weeks after the initial
injection to initiate tumors, a timepoint where tumors are
consistently present.

For lineage tracing studies, Lrigl
mice were injected intraperitoneally (i.p.) for 3 consecutive
days with 2.5 mg tamoxifen (Sigma-Aldrich; T5648) in corn
oil. Mice were euthanized at the indicated timepoints for short
and long-term lineage tracing.

For 5-FU and Irinotecan treatment, AOM/DSS tumors were
first confirmed by colonoscopy after 12 weeks of induction. 50
mg/kg of Irinotecan hydrochloride (Millipore Sigma: 136572-09-
3) was delivered intraperitoneally on day 1, followed by 50 mg/kg
of 5-FU (Millipore Sigma: 51-21-8) on day 2, followed by 5 days
of rest. Three cycles of this chemotherapy regimen were
administered. Tissues were harvested according to timeline
after the last cycle of treatment was given.

CreERT2/+;Rosa2 6LSL-EYFP/+

Whole Tissue Single-Cell RNA-Sequencing
and Initial Processing

Dissociation of colonic tumors was performed in a two-phase
process. In the first stage, colon adenomas were dissected from
the distal colon and washed in ice-cold PBS. The tumors were
digested in DMEM containing 2 mg/mL collagenase type II at
37°C for 1 hour or until fragments had dispersed. The tumor
tissue suspension was washed in ice-cold PBS and filtered
through a 40 pm filter. Tumor epithelial crypts retained by the
filter were collected and resuspended in PBS while the flow-
through was discarded. The tumor epithelial fraction was filtered
again through a 100 pum filter to remove undigested fragments,
and the flow-through was collected. In the second stage, isolated
tumor epithelial crypts were further digested into single cells for
encapsulation similar to above. Normal colonic tissues were
digested according to a previous protocol (108). Single-cell
encapsulation, library preparation, and sequencing were
performed as previous (109). Raw sequencing data were
aligned using dropEst to mouse GRCm38.85 resulting in count
matrices (110). After obtaining the count matrices, we combined
the data for each sample and removed low-quality cells. We
defined low-quality as any cell with either less than 500 genes
detected or with greater 15% of counts mapping to
mitochondrial genes. In total, we retained sequencing data of
approximately 19,000 cells across all samples.

Colonic Stroma Enrichment for Single-Cell
RNA-Sequencing

Colon was isolated, flushed and washed briefly in DPBS (-ca/mg)
with 20mM HEPES (DPBSH). Tissue was chelated at 37°c for
20min with rotation in DPBSH with 5mM EDTA and 1mM
DTT. After, the tissue was shaken in 10ml volumes of DPBSH to
remove crypts. The remaining tissue (lamina propria and
stroma) was then minced into ~2mm” pieces and digested for
30min at 37°C in DPBSH with 1mg/ml collagenase and dispase.
Digest was then stopped by adding an equal volume of DPBSH
with 5% FBS and 2.5mM EDTA. Tissue was triturated using a
p1000 pipette and passed through a 70pum filter into a 50ml tube,
with 10 additional mL of DPBSH to rinse. Cells were pelleted at

500g and resuspended in 5ml of 40% percol and underlayed with
5ml of 90% percol, then centrifuged at 500g for 10 minutes with
no brakes to allow separation of cells. Layers at the top of the 40%
percol and 40%/90% interface were washed 3 times in DPBS and
loaded onto inDrop for encapsulation.

Single-Cell RNA-Sequencing Data Analysis
Analysis of pre-processed murine scRNA-seq data was carried
out in RStudio version 4.1.1 and Seurat version 4.0.4 (111).
Functions use default arguments unless specified. Batch effects
were minimal as seen from the intermixing of non-neoplastic
cells, and therefore, no batch corrections were performed. After
quality control and filtering steps, the following steps were
performed for the following datasets: 1) APC tumor (n=2),
AOM/DSS tumor (n=3), APC adjacent normal (n=2), and
wildtype colon (n=2) samples (~13,000 total cells). 2) 5-FU
and Irinotecan treated AOM/DSS tumor samples (n=2 for the
“late treatment” timepoint from day 3 and 6 post-treatment, and
n=2 for the “early treatment” timepoint from day 1 post-
treatment, ~7,000 total cells). 3) Normal mouse colon enriched
for fibroblasts (n=1), 1108 total cells, 465 of which are fibroblasts.
A Seurat object was created using the CreateSeuratObject
function and the number of genes, number of UMIs, and
percent mitochondrial expression for all cells in the dataset
were visualized. The NormalizeData, FindVariableFeatures (vst
method with 2000 features), and ScaleData (using all genes)
functions were used to normalize the data, find highly variable
genes (HVGs), and scale and center the data. Principle
component analysis (PCA) was performed using Seurat’s
RunPCA function using only HVGs as features for dimension
reduction. The jackstraw method (Seurat’s JackStraw function
with 30 PCs) and the ElbowPlot function were used to determine
the PCs to use for UMAP (Seurat’s RunUMAP function)
visualization. DPC clustering was performed on the APC,
AOM/DSS, APC adjacent, and wildtype dataset to determine
cell types, with the exception of subclustering of the T cells, for
which we used Seurat’s FindClusters function (112). For the 5-
FU and Irinotecan-treated samples, we used Seurat’s
FindClusters function as well as manual subclustering based on
sample type. To determine the appropriate number of clusters in
each sample, the clustering resolution parameter was adjusted,
and differential expression analysis was performed to identify
known cell types based on marker gene expression. We used
Seurat’s FindMarkers function with standard parameters and log
fold change thresholds above 2 to identify differentially expressed
genes. Cell cycle analysis was performed as previously described
(113). Sc-Unifrac was run with default parameters and using our
clustering data, rather than the default hierarchical clustering, as
previously described (23). The CytoTRACE web tool was used to
calculate predicted stemness of single cells (74). Gene lists for
metaplasia and damage, fetal and embryonic, and WNT
signaling were used as previously described (26).

Analysis of human scRNA-seq data was performed in Python
using scanpy, pandas, and numpy packages as previously
described (26). Briefly, raw scRNA-seq counts were normalized
by median library size, log-like transformed with Arcsinh, and Z-
score standardized per gene. Cells annotated as mesenchymal cell
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types were subset from the Samsung Medical Center dataset (31).
Similarly, cell annotated as mesenchymal from only
microsatellite stable (MSS) tumor status samples were subset
from the Broad Institute Human Tumor Atlas Network dataset
(17). UMAP visualization was based on normalized gene counts
for the two datasets. All UMAP plot coordinates for individual
cells were generated with the scanpy.tl.umap function. The input
to this function was the normalized dataset, their 40 principal
components, and a KNN graph with k equal to the square root of
the number of cells in the dataset. The scanpy.pl.umap function
was used to visualize select gene marker expressions as an overlay
onto UMAP coordinates.

Immunofluorescence Imaging and MxIF
Colonic tissue was isolated, washed with 1X DPBS, spread
longitudinally onto Whatman filter paper and fixed in 4% PFA
(Thermo Scientific). Fixed tissues were washed with 1X DPBS,
swiss-rolled, and stored in 70% EtOH until processing and
paraffin embedding (formalin-fixed paraffin embedded, or
“FFPE”), or were incubated in 30% sucrose in 1X PBS and
embedded in cryo embedding media (“fixed frozen”). Tissues
were sectioned at 5 or 7 um thick onto glass slides. FFPE tissue
slides were processed for deparaffinization, rehydration, and
antigen retrieval using citrate buffer (pH 6.0; Dako) for 20
minutes in a pressure cooker at 105°C followed by a 20-minute
bench cool down. Endogenous background signal was reduced
by incubating slides in 1% H,O, (Sigma-Aldrich) for 10 minutes,
before blocking for 30 minutes in 2.5% Normal Donkey Serum,
1% BSA in 1X DPBS prior to antibody staining. Primary
antibodies against selected markers were incubated on the
slides in a humidity chamber overnight, followed by three
washes in PBS or dilute blocking buffer, and 1 hour incubation
in Hoechst 33342 (Invitrogen), and compatible secondaries
(1:500) conjugated to Invitrogen AlexaFluor-488, -555, or -647.
Slides were washed in 1X DPBS or dilute blocking buffer,
mounted in 50% glycerol/50% 1X PBS and imaged using a
Zeiss Axio Imager M2 microscope with Axiovision digital
imaging system (Zeiss; Jena GmBH). Multiplexed imaging
using an immune cell-based antibody panel was performed by
using a multiplex iterative staining and fluorescence-inactivation
protocol, as previously described (47, 114), and imaged on an
Olympus X81 inverted microscope with a motorized
stage or Cytell Slide Imaging System (GE Healthcare) at
20X magnification. For histological analysis, slides were
processed and stained for hematoxylin and eosin using
standard approaches.

Quantification of CAF Subtypes in

MxIF Images

Stitched images were generated of tumor sections stained for
nuclei with Hoechst and with antibodies against VIM, SMA,
PDGFRo, TNC, and B-catenin. For each antibody target,
thresholding was used to generate a binary mask. Tumor areas
were outlined by identifying areas with strong B-catenin signal.

Within tumor areas, CAF1, CAF2, and B-catenin binary masks
were generated. CAF1 area was determined by overlaying binary
masks of VIM and SMA signal, while CAF2 area was determined
by overlaying binary masks of PDGFRo. and TNC. CAF1 and
CAF2 abundance was determined by normalizing the area of
positive signal in CAF1 and CAF2 binary masks, individually, to
the area of positive signal in the B-catenin binary mask. Example
quantification is shown in Figure $6, and all MxIF data and
masks are shown in Figure S7 for APC tumors and Figure S8 for
AOM/DSS tumors. Student’s t-test was performed to determine
statistical significance between 2 groups.

Computation of Receptor Ligand
Interaction Scores

In similar vein to previous work (76), the analysis aimed to
identify receptor-ligand (RL) interactions using prior knowledge
of their interactions and differential expression in cell-type pairs
of interest. Here quantified as a log transformed product of fold
changes (FC), RL-score = 10g2(FCriganaXFCreceptor). The
interaction was taken to be significant if both the receptor and
ligand were differentially expressed compared to background
(see below). A multiple hypothesis corrected p-value threshold of
0.01 was used and results were also filtered for effect size using a
cutoff of 0.5 log2 FC for ligands and cutoff of 0 (i.e. positive) for
receptors. These results were further restricted to only include
receptors and ligands where the filtering requirements were met
for all samples within a group (n=3 for AOM/DSS, n=2 for APC
and n=2 for early and late treatment by 5-FU + Irinotecan). A
prior knowledge graph of receptor-ligand interactions was
extracted from an online database (OmniPath) (77). The RL
interactions were subset to ones with known mode of action and
directionality. From this, lists of ligands and receptors were
compiled and their differential gene expression was calculated.
Gene expression was normalized on a cell by cell basis using the
default method in the r-package Seurat (115), i.e. dividing the
counts for each cell by the sum of counts, multiplying by 10000,
and taking the log2(x+1) transformation. Differential gene
expression and fold changes for different cell types was
calculated on a sample-by-sample basis by comparing the gene
expression of cells from one cell type and sample at a time against
the background expression among all other cell types and
samples. Differential gene expression was calculated with the
FindMarkers function in Seurat using the MAST method (116)
with filtering for fold change and percent gene expression set to
0. After computing p-values for all selected genes in all cell-types,
multiple hypothesis testing adjusted p-values were calculated
using the Benjamini & Hochberg method.
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Background: The gastrointestinal tract has been speculated to serve as a reservoir for
Acinetobacter, however little is known about the ecological fitness of Acinetobacter strains
in the gut. Likewise, not much is known about the ability of Acinetobacter to consume
dietary, or host derived nutrients or their capacity to modulate host gene expression. Given
the increasing prevalence of Acinetobacter in the clinical setting, we sought to characterize
how A. calcoaceticus responds to gut-related stressors and identify potential microbe-
host interactions.

Materials and Methods: To accomplish these aims, we grew clinical isolates and
commercially available strains of A. calcoaceticus in minimal media with different levels
of pH, osmolarity, ethanol and hydrogen peroxide. Utilization of nutrients was examined
using Biolog phenotypic microarrays. To examine the interactions of A. calcoaceticus with
the host, inverted murine organoids where the apical membrane is exposed to bacteria,
were incubated with live A. calcoaceticus, and gene expression was examined by gPCR.

Results: All strains grew modestly at pH 6, 5 and 4; indicating that these strains could
tolerate passage through the gastrointestinal tract. All strains had robust growth in 0.1 and
0.5 M NaCl concentrations which mirror the small intestine, but differences were observed
between strains in response to 1 M NaCl. Additionally, all strains tolerated up to 5% ethanol
and 0.1% hydrogen peroxide. Biolog phenotypic microarrays revealed that A.
calcoaceticus strains could use a range of nutrient sources, including
monosaccharides, disaccharides, polymers, glycosides, acids, and amino acids.
Interestingly, the commercially available A. calcoaceticus strains and one clinical isolate
stimulated the pro-inflammatory cytokines Tnhf, K¢, and Mcp-1 while all strains suppressed
Muc13 and Muc2.

Conclusion: Collectively, these data demonstrate that A. calcoaceticus is well adapted to
dealing with environmental stressors of the gastrointestinal system. This data also points to
the potential for Acinetobacter to influence the gut epithelium.

Keywords: Acinetobacter, intestine, organoid, Acinetobacter calcoaceticus, metabolism
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INTRODUCTION

Acinetobacter is a Gram-negative nonfermenting coccobacillus
that is widely distributed in nature. Certain Acinetobacter species
are classified as opportunistic pathogens and are commonly
associated with healthcare associated infections (Peleg et al.,
2008; Nemec et al., 2015; Mancilla-Rojano et al., 2020). The
Acinetobacter species that are considered to be pathogens include
A. baumannii, A. pittii and A. nosocomialis (Mancilla-Rojano
et al, 2020). These species cause infections like bacteremia,
ventilator-associated pneumonia, urinary tract infection,
meningitis, and wound infection. A. baumannii is the most
frequently isolated and best studied of the Acinetobacter
species. In contrast to A. baumannii, A. calcoaceticus has been
considered to have a lower virulence since colonization is more
frequently noted than infection (Glew et al., 1977). However, A.
calcoaceticus can still cause infection and understanding the
mechanism by which A. calcoaceticus interacts with the host
remains an important topic.

Acinetobacter species are capable of occupying several
ecological niches, including the mammalian intestine.
Acinetobacter species have been identified in the human fecal
microbiota and it has been speculated that the gut could serve as a
potential reservoir for Acinetobacter infection (Timsit et al., 1993;
Xavier et al., 1996; Ayats et al., 1997; Dijkshoorn et al., 2005; Roy
et al., 2010; Pandey et al., 2012; Aljindan et al., 2015; Cheng et al.,
2015; Li et al., 2015; Braun et al., 2017; Li et al., 2019). Consistent
with this hypothesis, A. baumannii can bind to rabbit small
intestinal glycosphingolipids (Madar Johansson et al., 2020) and
colonize the mouse gastrointestinal tract in a secretory IgA
dependent manner (Coron et al., 2017; Ketter et al., 2018).
Moreover, ampicillin treatment of mice has been shown to
elevate A. baumannii and A. calcoaceticus fecal levels,
suggesting that antibiotic selection could allow the outgrowth
of endogenous strains (Raplee et al, 2021). Apart from these
studies, little is known regarding the factors that influence
Acinetobacter colonization and little data exists on the effects
of A. calcoaceticus. The importance of Acinetobacter in the gut is
highlighted by the fact that Acinetobacter species are elevated in
certain disease states including ulcerative colitis, a subset of
inflammatory bowel disease (IBD) (Gophna et al., 2006; Lucke
et al., 2006; Leung et al., 2014; Kevans et al., 2015; Tang et al,,
2015; Sjoberg et al., 2017; Sekido et al., 2020; He et al., 2021; Qi
et al., 2022). In this study, we sought to examine the ability of A.
calcoaceticus strains to survive environmental stressors found in
the gut, interact with other gut microbes and utilize dietary
components. We also examined the reciprocal interactions of
A. calcoaceticus strains on the host using intestinal organoids.

METHODS

General Bacterial Culturing Techniques

Acinetobacter calcoaceticus ATCC 23055 (American Type
Culture Collection) and A. calcoaceticus CB1 (Carolina
Biological Supply) were purchased from commercial sources.
Four clinical isolates of A. calcoaceticus strains that were

Acinetobacter calcoaceticus in the Gut

isolated from ventricular fluid of pediatric patients were
provided by Dr. James Versalovic. All A. calcoaceticus strains
were cultured aerobically in brain-heart-infusion (BHI) medium
(ThermoFisher) at 37°C. Overnight cultures were sub-cultured
into M9 minimal media containing glucose at an optical density
(ODgoonm) = 0.1. To model environmental stressors, M9 media
was supplemented with NaCl (0.1, 0.5, or 1 M), H,0, (0.05, 0.1,
0.2%), or ethanol (1, 2.5 or 5%). M9 was also adjusted to varying
pH values (4, 5, 6, 7). Growth was monitored after 18 h
incubation by ODgponm.

To examine nutrient uptake, A. calcoaceticus strains were
added to M9 media lacking glucose at ODgponm = 0.1. Then
100 pL of this culture was added to each well of a 96-well Biolog
Phenotype Microarrays for Microbial Cells (PM1 and PM2
plates). Growth was monitored at 18 h by ODgynm on a
Synergy HT BioTek plate reader. Stool-based bioreactors were
generated as previously described (Engevik et al., 2021). Briefly,
stool samples were cultured anaerobically for 24h to allow
microbes to establish stable communities, then inoculated with
A. calcoaceticus strains at an ODggopm = 0.05. After 48 h of
incubation with A. calcoaceticus strains, samples were collected
for gDNA isolation. For imaging purposes, A. calcoaceticus
strains fluorescently  tagged with  CFDA-SE
(ThermoFisher) as previously described (Engevik et al., 2021).
Briefly, A. calcoaceticus strains were washed 2x with sterile PBS
and incubated for 1 h aerobically at 37°C with 10 uM CFDA-SE.
After the incubation, bacteria were washed 3-5x with sterile PBS
to remove any unused CFDA-SE. Bacteria were then ready for
incubation with organoids.

were

Organoid Generation

Intestinal organoids were generated from four adult (8-12 weeks)
C57B6/] mice as previously described (Engevik et al., 2013). The
jejunum was rapidly dissected, washed with ice-cold PBS (PBS;
Gibco) and opened longitudinally. The jejunum was then cut into
~1-cm length pieces and placed in a 15-ml conical tube
containing 5ml of ice-cold PBS, 43.4mM sucrose, 0.5 mM
DTT and 3mM EDTA (Gibco). The tissue was incubated at
4°C rocking for 30 min. Crypts were mechanically disrupted by
shaking in 5 ml of ice-cold PBS with D-sorbitol and sucrose and
collected following filtration with a 70-um cell strainer (Corning
cat# 431,751). Crypts were centrifuged, resuspended in Matrigel
(Corning), and incubated with complex media containing WNT,
R-spondin, Noggin and EGF. Organoids were passaged >2 times
to ensure no tissue fragments remained. Organoids were
differentiated and grown inside-out by adding split organoids
directly to complex media without Wnt and incubated at 37°C
with 5% CO?2 for 5 days before use.

For imaging purposes, live fluorescently tagged A.
calcoaceticus was incubated with inside-out organoids for 3 h.
Organoids were then washed with PBS, fixed with 4%
paraformaldehyde for 30 min, incubated in 30% sucrose/PBS
overnight and frozen embedded. Sections were stained with
phospho-ezrin, radixin, moesin (1:200 dilution, Rabbit Ab,
Cell Signaling #3726S) overnight at 4°C. After washing,
sections were incubated with donkey-anti-rabbit Alexa Fluor
555 (1:1,000 dilution, ThermoFisher # A31572) for 1h at
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0.20%
0.5514
<0.0001

H,0,
0.10%
0.2286

<0.0001

0.05%
0.163
0.0335
0.2975
0.0083
0.0199

0%
0.2819
0.2781
0.2543
0.0775
0.0833

5%
0.0204
0.0594
0.0003

<0.0001

ETOH

2.50%
<0.0001
0.0023
<0.0001

1%
<0.0001
<0.0001

0.0001
<0.0001
<0.0001

0%
0.079
0.31

pH 4
0.2573
0.0827
0.4756
0.2672
0.0017

pH

pH 5
0.4224
0.0133
0.6418
0.2652
0.0003

pH 6
0.0003
0.3755
0.7245
0.0002
0.0002

pH7
0.0148
0.1814

0.034
0.8767
0.2573

1™
<0.0001
0.0136
0.0013
<0.0001

0.5M
<0.0001
0.0126
0.9543
<0.0001

NaCl

0.1 M
0.1097
0.4824
0.0218
0.0131
0.3661

oM
0.1379
0.9269
0.2879

1

TABLE 1 | Two Way ANOVA statistics from bacterial growth in the presence of stressors. All comparisons were made against A. calcoaceticus ATCC 23055. Significant p values (o < 0.05) are colored in blue.

Strain
CB
3

0.002
0.0007
<0.0001

0.0393
0.0734
<0.0001

0.8335
0.1845
0.4996

T82

0.0018
<0.0001

0.577
0.1106

M5
X75

<0.0001

0.0002

<0.0001

Acinetobacter calcoaceticus in the Gut

room temperature and counter stained with Hoechst 33,342
(Invitrogen) for 10min at room temperature. Slides were
cover-slipped with mounting media (Life Technologies) and
imaged using a Zeiss AxioScan at x20 (Zeiss). The relative
fluorescence intensity of adhered bacteria was quantified using
FIJI (Formerly Image]) software (NIH) and reported as relative
fluorescence. Three regions of interests per image and four images
per slide were used for semi-quantitation of stain intensity.

For gene expression analysis, inside-out organoids were
incubated with live A. calcoaceticus strains adjusted to an
ODgoonm = 1.0 for 3h at 37°C (n = 4 different mouse
organoids; performed in replicates per mouse). After
incubation, organoids were centrifuged at 300 x g for 5min
and the organoid pellet was resuspended in 400 uL TRIZOL.
Organoids were stored in TRIZOL at —80°C until the RNA was
isolated.

RNA Isolation, cDNA Generation, gDNA

Isolation and qPCR

Total RNA was extractr’ed from organoids in TRIZOL according
to manufactures instructions, with the addition of glycogen.
cDNA was generated from 500 ng RNA via the Verso cDNA
synthesis kit (ThermoFisher #AB-1453). gDNA was isolated from
1 ml aliquots of stool-based bioreactors using the Zymo Quick-
DNA Fecal/Soil Microbe Kits according to the manufacturer’s
instructions. Quantitative real time PCR (qPCR) was performed
using a Bio-Rad CFX96 Real Time qPCR machine (Bio-Rad).
Forward and reverse primers were added to SYBR Green
mastermix (Genesee Scientific #17-501DP) and c¢DNA.
Epithelial genes were normalized to the housekeeping gene
18S and relative expression was calculated using the ddCT
method. Bacterial colony forming units (CFUs) were
calculated from CT values based on standard curves as
previously described (Engevik et al., 2013).

Statistics

Data are presented as mean + standard deviation, with points
representing individual bacteria strain growth rate with an = 4
(repeated 3 independent times). Comparisons within groups were
made with One-way Analysis of Variance (ANOVA) and
comparisons between groups were made with a Two-way
ANOVA (Table 1). All analyses were corrected for multiple
comparisons by controlling the False Discovery Rate.
GraphPad version 9.3 was used to generate graphs and
statistics (GraphPad Software, Inc. La Jolla, CA). A *p < 0.05
value was considered significant while n is the number of
experiments performed.

RESULTS

It has been speculated that the gut may be a site for Acinetobacter
colonization and thus could be a source of endemic infections
(Timsit et al., 1993; Xavier et al., 1996; Ayats et al, 1997;
Dijkshoorn et al., 2005; Roy et al., 2010; Pandey et al., 2012;
Aljindan et al,, 2015; Cheng et al., 2015; Li et al., 2015; Braun et al,,
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FIGURE 1 | Growth of (A) calcoaceticus in various pHs. Growth of A. calcoaceticus strains as measured by ODgoonm after 18 h of incubation. Growth was
examined in the following strains: (A) ATCC 23055, (B) CB1; clinical isolates: (C) M31602, (D) T82482, (E) M53152, and (F) X75,393). p < 0.05, One Way ANOVA.

2017; Li et al., 2019). To examine the efficiency of A. calcoaceticus
strains to withstand the conditions of the gastrointestinal tract, we
grew commercially available and clinical isolates of A.
calcoaceticus in minimal media at pH 7, 6, 5, and 4. Cultures
were seeded with ODggg,, = 0.1 and growth was considered to be
above an ODggonm = 0.2. As expected, we observed robust growth
of the commercially available A. calcoaceticus strains (ATCC
23055, CB1) and clinical isolates (M31602, T82482, M53152,
and X75393) in pH 7 media (Figures 1A-F; Table 1). We
observed growth (ODggonm > 0.2) of all strains at pH 6, pH 5,
and pH 4; although growth was significantly reduced compared to
pH 7. These findings suggest that A. calcoaceticus is well adapted
to withstand varying intestinal pHs.

The intestine harbors varying ranges of osmolarity, with the
small intestinal villi encountering 400-700 mM (Overduin et al.,
2014). To model the gut, we added increasing concentrations of
NaCl (0.1, 0.5 and 1 M) to minimal media and examined the
growth of A. calcoaceticus (Figures 2A-F; Table 1). All strains
were found to have similar growth at 0.1 and 0.5 M as media
controls. Decreased growth was observed at 1 M NaCl with all but
the T82482 strain. We observed that the ATCC 23055 strain
exhibited the most significant decline in growth (Figure 2A).
These data highlight that A. calcoaceticus can grow well in various
osmolarities which mirror the gut environment.

In the gut, commensal microbes such as Lactobacilli can
generate ethanol and hydrogen peroxide (Engevik and
Versalovic, 2017) and microbes occupying the same niche

must adapt to these stressors. To model the production of
localized ethanol and hydrogen peroxide, we supplemented
minimal media with ethanol (1, 2.5 or 5%) (Figures 3A-F;
Table 1) or hydrogen peroxide (0.05, 0.1 or 0.2%) (Figures
4A-F; Table 1). Impressively, all A. calcoaceticus strains could
grow in up to 5% ethanol. Our commercially available ATCC
23055 strain was the most sensitive strain to ethanol, exhibiting a
~2-fold decrease in growth in 1% ethanol compared to media
controls (Figure 3A). In contrast, clinical isolates T82482
(Figure 3D), M53152 (Figure 3E), and X75,393 (Figure 3F)
exhibited only a slight decline in growth at the higher ethanol
concentrations; suggesting that these clinical isolates are highly
resistant to ethanol. When A. calcoaceticus was treated with
hydrogen peroxide (Figures 4A-F), all strains could grow with
0.05 and 0.1% hydrogen peroxide. The commercially available
ATCC 23055 and CB1 were the most tolerant to 0.2% hydrogen
peroxide (Figures 4A,B); exhibiting a less than 2-fold decrease in
growth compared to the no hydrogen peroxide controls. In
contrast, the clinical isolates M31602 (Figure 4C), T82482
(Figure 4D), M53152 (Figure 4E), and X75,393 (Figure 4F)
were sensitive to 0.2% hydrogen peroxide and did not grow above
the seeded density of ODgpgpnm, = 0.1. Collectively, these data with
stressors indicate that A. calcoaceticus is well adapted for the
environmental stressors associated with gut colonization.

Next, we sought to examine the potential nutrient sources for
A. calcoaceticus within the intestine. To address this, we grew A.
calcoaceticus strains in minimal media lacking glucose in Biolog
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FIGURE 2 | Growth of (A). calcoaceticus at varying osmolarity. Growth of A. calcoaceticus strains as measured by ODggonm after 18 h of incubation. Growth was
examined in the following strains: (A) ATCC 23055, (B) CB1; clinical isolates: (C) M31602, (D) T82482, (E) M53152, and (F) X75,393). *p < 0.05, One Way ANOVA.

phenotypic microarrays (Figures 5, 6). Growth was considered to
be > 1.5 fold change. Compared to growth in a media without a
carbon source, A. calcoaceticus had improved growth in the
presence of glucose (Figure 5A). Since A. calcoaceticus had
improved growth with glucose, we first examined
monosaccharides (Figure 5A). ATCC 23055 and CB1 grew
well with L-arabinose, D-galactose, D-mannose, D-fructose,
D-tagatose, D-glucosamine, D-ribose, and N-acetyl-D-
glucosamine. Interestingly, clinical isolates M31602, T82482
and M53152 did not grow with arabinose and exhibited
strain-dependent growth with D-mannose, D-fructose,
S-tagatose, D-ribose and N-acetyl-D-glucosamine. M53152
alone grew with L-glucose, B-D-allose, D-fucose, and
L-sorbose, highlighting strain-specific nutrient preferences.
When we examined alcohol sugars (Figure 5B), we found that
all strains could use adonitol and no strains could use
D-mannitol, L-arabitol, i-erythritol, or dulcitol.

In terms of growth with disaccharides (Figure 5C), we found
that all strains used gentiobiose and no strains used lactulose or
turnanose. For the other disaccharides and trisaccharides, we
observed strain-dependent growth. For example, M53152 grew
with D-melbiose, D-trehalose, maltose, D-melibiose, sucrose,
D-cellbiose, D-raffinose, stachyose and maltotriose, while
T82482 only grew with D-palatinose, D-melezitose,
D-raffinose and stachyose. When we examined polysaccharide
utilization, we found very similar profiles between ATCC 23055
and M53152. Both strains were highly efficient at using laminarin,
mannan, pectin, a-Cyclodextrin, B-Cyclodextrin, y-cyclodextrin

and dextrin (Figure 5D). In general, most strains grew well with
dietary polysaccharides. In the nucleosides (Figure 5E) and
glycosides (Figure 5F) classification, we found strain-
dependent use of specific compounds. ATCC 23055 and
M53152 exhibited the highest fold change in growth with
chondroitin sulfate C, 2,3-butanedione and 3-hydroxy 2-
butanone.

Of the acids (Figure 6A), we found that all strains could use
a-keto-glutaric acid. ATCC 23055 and M53152 responded to the
largest number of acids, including B-methyl-D-glucuronic acid,
y-amino butryic acid, butryic acid, capric acid, 4-hydroxy benzoic
acid and acetamide. Unique profiles were observed with the other
acids examined depending on the strain. Even without a carbon
source, we found that all A. calcoaceticus strains had improved
growth with L-glutamine and ATCC 23055 and M53152 used
L-lysine, L-methionine, L-Ornithine, L-Phenylalanine and
L-valine (Figure 6B), indicating that select amino acids could
be used as an alternative to carbon. Tween can be employed as a
stool emulsifier and tween enemas have been used to treat fecal
mass obstructions (Wood and Katzberg, 1978). None of the A.
calcoaceticus strains responded to tween with improved growth
(Figure 6C). These data indicate that A. calcoaceticus can use a
wide range of nutrients sources, ranging from sugars to
amino acids.

In addition to stressors and nutrients, Acinetobacter species
encounter a complex community of micro-organisms when
colonizing the gastrointestinal tract. To confirm that A.
calcoaceticus could proliferate in this competitive environment,
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FIGURE 3| (A) calcoaceticus growth in percentages of ethanol. Growth of A. calcoaceticus strains as measured by ODgoonm after 18 h of incubation. Growth was
examined in the following strains: (A) ATCC 23055, (B) CB1; clinical isolates: (C) M31602, (D) T82482, (E) M53152, and (F) X75,393). *p < 0.05, One Way ANOVA.

we cultured stool-based bioreactors and introduced A.
calcoaceticus strains. After 48 h of culturing, we examined the
presence of A. calcoaceticus in the bioreactors by qPCR
(Supplementary Figure S1A). We found that all strains
effectively colonized the bioreactors, indicating that A.
calcoaceticus could be present within the intestinal milieu.
Next, we sought to examine how A. calcoaceticus interacted
with the intestinal epithelium. To test whether A. calcoaceticus
was able to stimulate epithelial responses, we incubated live A.
calcoaceticus strains with apical side-out intestinal organoids for
3 h. By immunostaining, we found that some A. calcoaceticus
microbes adhered to the organoids (Figure 7A). A similar level of
bacteria was observed on all organoids regardless of the strain
(Supplementary Figure S1B). Analysis of pro-inflammatory
cytokines by qPCR revealed that the commercially available
strains ATCC 23055 and CBI1 and one of our clinical isolates
T82482 increased the expression of Tnf (Figure 7B), Kc
(Figure 7C) and Mcp-1 (Figure 7D) compared to media
controls. The T82482 strain also increased the expression of
IL-1a  (Figure 7E). Inflammation is known to regulate
intestinal mucus, so we also examined adherent mucins Mucl
and Mucl3 and secreted mucins Muc2 in our organoid model.
T82482 was the only strain that upregulated Mucl (Figure 7F),

but all strains suppressed Mucl3 levels (Figure 7G) compared to
media controls. Likewise, all strains suppressed Muc2 expression
(Figure 7H). We also examined an antimicrobial protein secreted
by goblet cells, Relmp, and we observed that Relmf3 expression
was increased in response to T82482 (Figure 7I), suggesting that
goblet cells were not decreased in this model despite decreased
Muc2. Together these findings highlight that A. calcoaceticus
strains are adept at dealing with environmental stressors, are
able to consume multiple nutrient sources, colonize in the
presence of other microbes, and can elicit pro-inflammatory
signaling pathways.

DISCUSSION

The digestive tract is proposed to be a reservoir for Acinetobacter
spp. (Timsit et al., 1993; Corbella et al., 1996; Agusti et al., 2002;
Dijkshoorn et al., 2005; Thom et al., 2010; Lim et al., 2014). In this
study, we confirmed the ability of A. calcoaceticus strains to
withstand conditions that recapitulate the gastrointestinal tract
luminal environment and use various nutritional sources found
in the intestine. We identified that A. calcoaceticus strains are
fairly resistant to changing pH, osmolarity, ethanol and hydrogen
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peroxide levels. We also found that the majority of A.
calcoaceticus strains used glucose, L-arabinose, D-galactose,
D-mannose,  D-fructose  and  N-acetyl-D-glucosamine,
D-trehalose, adonitol, mannan, pectin, a-Cyclodextrin, [-
Cyclodextrin, y-cyclodextrin, dextrin, D-ribose and a-keto-
glutaric acid and L-glutamine. These data indicate that A.
calcoaceticus can use a wide range of nutrients sources.
Bioreactor experiments confirmed that A. calcoaceticus could
colonize with other gut microbes. This work adds to existing
research and suggests that Acinetobacter spp. are well adapted for
survival in the gastrointestinal tract.

Entry of Acinetobacter spp. into the gut has recently been
examined by Coron et al. (2017). The authors found that
intranasal administration of A. baumannii in mice, which
mimicked the major method by which ventilated patients in
ICUs commonly become infected with Acinetobacter, resulted in
digestive-tract colonization. This data suggests that patients could
become colonized with Acinetobacter spp. in hospital settings and
this gut colonization could be the precursor of severe infections.
Consistent with this notion, Corbella ef al. identified that patients
colonized with A. baumannii in their digestive system had a
positive association for blood infections with multidrug-resistant
A. baumannii strains compared to patients without colonization
(Corbella et al., 1996). Similarly, Medina et al. found that A.

baumannii gut colonization was an independent risk factor for
the development of A. baumannii respiratory infections (Medina-
Presentado et al., 2013). Wisplinghof et al. reported that the
portal of entry was not identified in 48.6% of the A. baumannii
bloodstream infections, suggesting that a significant proportion
of these infections could be due to intestinal carriage
(Wisplinghoff et al, 2000; Coron et al, 2017). Our work
complements these findings by demonstrating that
Acinetobacter  species are equipped to colonize the
gastrointestinal tract, where they could serve as a reservoir for
infection.

In animal models, A. baumannii colonized both the small and
large intestine (Coron et al., 2017; Ketter et al., 2018). In these
models, intestinal inflammation was not specifically examined.
However, our apical inside-out organoid model revealed that
certain strains of A. calcoaceticus stimulated pro-inflammatory
cytokines. This data can be interpreted in several ways. First, it is
possible that in the setting of a complex gut microbiota in vivo,
other microbes may dampen pro-inflammatory signatures
associated with Acinetobacter. Second, the existing in vivo
studies used A. baumannii and this study focused on A.
calcoaceticus. It is therefore possible that differences may exist
between the species. Third, our data suggests that pro-
inflammatory responses are strain dependent and these strain
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differences may also exist for A. baumannii strains. Future studies
using mouse models are warranted to fully dissect the
colonization capacity and epithelial crosstalk with A.
calcoaceticus.

Elevated levels of Acinetobacter in the setting of IBD has been
observed in several studies (Gophna et al., 2006; Lucke et al., 2006;
Leung et al., 2014; Kevans et al.,, 2015; Tang et al., 2015; Sjoberg
etal., 2017; Sekido et al., 2020; He et al., 2021; Qi et al., 2022). Two
studies found high abundance of Acinetobacter in pediatric
patients with newly diagnosed ulcerative colitis (Kevans et al.,
2015; Sjoberg et al., 2017); providing potential evidence that
Acinetobacter species could be contributing to the onset of
intestinal inflammation in genetically susceptible patients.
Another study found that Acinetobacter was enriched in the
mucosa-associated bacteria during active colitis in ulcerative
colitis patients (Tang et al, 2015). This study found that
Acinetobacter levels significantly correlated with microbial
pathways in actively inflamed colitis tissue, suggesting a
potential causal relationship between Acinetobacter and
intestinal inflammation. Another study identified Acinetobacter
in the CD14"CD11c + CD163low subset macrophages in the
lamina propia of ulcerative colitis patients (Sekido et al., 2020),
which indicates these microbes were able to bypass the epithelial
barrier. In our intestinal organoid model, we found that several A.
calcoaceticus strains stimulated pro-inflammatory cytokine

expression and suppressed mucin production. These findings
mirror what has been observed in ulcerative colitis patients
(Trabucchi et al.,, 1986; Raouf et al., 1992; Pullan et al., 1994;
Tytgat et al., 1996; Hanski et al., 1999; Heazlewood et al., 2008;
Zhao et al,, 2010; Larsson et al, 2011; Antoni et al, 2014;
Johansson et al, 2014; Wenzel et al, 2014). Our findings
provide further evidence for the potential link between
Acinetobacter, intestinal inflammation and IBD. In the future,
we plan to dissect the mechanisms of how A. calcoaceticus
initiates inflammation in more depth.

Another observation from our organoid model was that not
all the clinical isolates stimulated pro-inflammation cytokine
expression. Gram-negative bacteria such as Acinetobacter can
activate TLR4 on host cells via the cell wall component
lipopolysaccharide (LPS) (Pelletier et al, 2013). LPS is
comprised of lipid A, the core oligosaccharide, and the
O-specific antigen. Lipid A is considered the bioactive
component of LPS and is responsible for activating immune
responses (Pelletier et al., 2013). A. baumannii has been shown
to modify their lipid A with the addition of positively charged
residues including ethanolamine, phosphoethanolamine,
aminoarabinose, and glucosamine (Moskowitz et al., 2004;
Arroyo et al,, 2011; Basheer et al., 2011; Beceiro et al., 2011;
Llobet et al., 2011; Pelletier et al., 2013). These modifications
enhance the resistance of A. baumannii to the antibiotic
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FIGURE 7 | (A) calcoaceticus induces inflammatory responses in intestinal organoids. (A) Inside-out organoids incubated with live fluorescently tagged A.
calcoaceticus and immunostained with the apical marker phospho-Ezrin. gPCR analysis of organoids after 3 h of incubation examining expression of (B) Tnf, (C) IL-18,
(D) Mcp-1, (E) IL-1alpha, and (F) Muc1, (G) Muc13, (H) Muc2, and (I) Relmp.

colistin and suppresses their immunostimulatory capacity
(Pelletier et al.,, 2013). In addition to modifying LPS, some
clinical strains of A. baumannii have been identified with loss-
of-function mutations in genes in the LPS biosynthetic
pathway (Moffatt et al., 2010; Nagy et al.,, 2019); resulting
in strains which completely lack LPS. Although A. baumannii
can survive in the absence of LPS, these microbes have distinct
morphological defects and growth alterations under laboratory
conditions (Nagy et al., 2019; Beceiro et al., 2011; Bojkovic et
al., 2015; Powers et al., 2018; Boll et al., 2016). All of our A.
calcoaceticus strains were resistant to colistin (data not shown)
suggesting that some LPS modification might have occurred in
these microbes. Since we didn’t observe significant
morphological or growth differences between our strains,
we think that all our stains harbor LPS, but we speculate
that their may be different modifications between our A.
calcoaceticus strains which could account for the variability

in cytokine stimulation. We plan in future studies to examine
the LPS structures of our A. calcoaceticus strains.
Interestingly we noted differences between our commercially
available strains and clinical isolates in many of our results. For
example, the clinical isolates were more adapted at survival in
high concentrations of ethanol and NaCl than the lab adapted
strains. The growth of the clinical isolates was also not as robust as
the ATCC 23055 strain in utilizing many of the carbon sources,
such as glucose, L-arbinose, D-trehalose, GluNAc, galactose,
mannose and fructose. In our organoid model, we found that
lab adapted ATCC 23055 and CB1 and one clinical isolate T82482
stimulate multiple pro-inflammatory cytokines, while the other
strains had minimal stimulation of cytokines. A number of
groups have begun to question the adequacy of laboratory-
adapted reference strains to represent “real world”
pathogenesis (Fux et al, 2005). Some laboratory strains have
been sub-cultured for years, which may result in the loss of
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important pathophysiological characteristics or the dependence
on lab-specific media components. This limitation can be
overcome by including multiple strains, including clinical
isolates, and examining their collective behavior. While we did
note several differences, in general we found that all strains were
fairly resistant to environmental stressors (pH, osmolarity,
ethanol, and hydrogen peroxide) and we found several
common nutrient sources across strains. Based on these
studies, we believe that A. calcoaceticus species are well
adapted to colonize the gastrointestinal tract and can consume
a variety of nutritional sources. We also believe this work
highlights the benefits of incorporating clinical isolates into
future work.

There are several strengths in our study. To the best of our
knowledge, this is the only study that has examined the ability of A.
calcoaceticus to withstand conditions of the gastrointestinal tract and
the first show that A. calcoaceticus can colonize human stool
communities and modulate the gut epithelium. We incorporated
several clinical isolates, which has allowed us to identify some global
attributes of A. calcoaceticus. However, there are also several
limitations. This work was all done in vitro and in vivo studies
are necessary to truly identify the colonization capacity of A.
calcoaceticus. Although we hypothesize that A. calcoaceticus
activates TLR4 on the gut epithelium to drive inflammatory
signatures, this work did not identify a specific mechanism and
more work is needed to delineate how A. calcoaceticus modulates the
intestinal epithelium and immune cells.

In summary, we demonstrate that A. calcoaceticus strains can
withstand intestinal conditions and thrive with several dietary
sources. We believe these attributes make Acinetobacter spp.
ecologically fit for colonizing the gut. This information is
clinically important since the gut likely serves as a reservoir
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Objectives: CT scans are commonly performed in patients with chronic pancreatitis (CP).
Osteopathy and fractures are recognized in CP but no osteoporosis screening guidelines
are recommended. “Opportunistic” CT scan-derived bone density thresholds are
assessed for identifying osteoporosis in CP.

Methods: Retrospective pilot cohort study. CP subjects who had CT scans and dual-
energy x-ray absorptiometry (DXA) within 1 year were included. CT-derived bone density
was measured at the L1 level. Pearson’s correlation was performed between age and CT-
derived bone density in Hounsfield unit (HU). Univariate analysis using HU to identify
osteoporosis was performed at various thresholds of bone density. The discriminatory
ability of the model was evaluated with the area under the receiver operating characteristic
(ROC) curve (AUC). Several HU thresholds were tested.

Results: Twenty-seven CP subjects were included, of whom 11 had normal bone density,
12 osteopenia, and four osteoporosis on DXA. The mean age was 59.9 years (SD 13.0).
There was a negative correlation of age with HU (r = -0.519, p = 0.006). CT-derived bone
density predicted DXA-based osteoporosis in the univariable analysis (Odds Ratio (OR) =
0.97 95% Confidence Interval (Cl) 0.94-1.00, p = 0.03). HU thresholds were tested. A
threshold of 106 HU maximized the accuracy (AUC of 0.870).

Conclusions: CT scan may be repurposed for “opportunistic” screening to rule out
osteoporosis in CP. A larger study is warranted to confirm these results.

Keywords: chronic pancreatitis (CP), osteoporosis, DXA (dual-energy X-ray absorptiometry), opportunistic
screening, CT scan

Frontiers in Physiology | www.frontiersin.org 106

May 2022 | Volume 13 | Article 866945


http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2022.866945&domain=pdf&date_stamp=2022-05-31
https://www.frontiersin.org/articles/10.3389/fphys.2022.866945/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.866945/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.866945/full
http://creativecommons.org/licenses/by/4.0/
mailto:zarine.shah@osumc.edu
https://doi.org/10.3389/fphys.2022.866945
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2022.866945

McNabb-Baltar et al.

INTRODUCTION

Chronic pancreatitis (CP) predisposes to metabolic bone disease
(osteopenia and osteoporosis) and low trauma fracture. The
prevalence of osteoporosis or osteopenia in CP is estimated to
be 65% (Duggan et al., 2014). We have reported that CP subjects
are at high risk for osteoporotic fracture compared to other “high-
risk” gastrointestinal conditions for which screening guidelines
are in place (Tignor et al, 2010). Yet, only a fraction of CP
subjects receive dual-energy X-ray absorptiometry (DXA)
imaging testing (Srivoleti et al, 2021). Identification of
metabolic bone disease by DXA in CP may lead to
interventions that lower fracture risk. However, there are no
societal guidelines recommended for osteoporosis screening in
CP; thus, insurance carriers do not universally cover costs of DXA
“solely” for CP. Therefore, a cost-effective alternative screening
method may identify those at risk of fracture (Anderson et al.,
2018).

Opportunistic screening for osteoporosis with computerized
tomography (CT) scans has been proposed as a no added cost
strategy (Pickhardt et al., 2013; Zysset et al., 2015; Jang et al,,
2019). Opportunistic use of CT scan is not a substitute for DXA
scan but aids in the identification of subjects who are not,
otherwise, suspected to be at risk of fracture or osteoporosis.
There is grade-A evidence (Pickhardt et al., 2011; Pickhardt et al.,
2013; Pickhardt et al., 2015; Schreiber et al., 2015; Zysset et al.,
2015; Lee et al,, 2016; Gausden et al., 2017; Gerety et al., 2017) that
CT opportunistic screening is reproducible and valid compared
with DXA to identify osteoporosis (Wright, 2006).

Chronic pancreatitis subjects have numerous CT scans during
their lifetime for disease management, which potentially could be
repurposed for osteoporosis risk assessment (Mortele et al., 2011).
Retrieval of bone density data from CT scans ordered for other
indications requires no additional cost, subject time, equipment,
or radiation exposure. In addition, data can be obtained
retrospectively or prospectively (Wright, 2006; Buckens et al,
2015; Gausden et al., 2017; Lee et al., 2017; Lenchik et al., 2018).
Integration of opportunistic CT screening into the evaluation of
CP subjects could markedly expand screening efforts in the
population and improve our understanding of the burden of
bone disease in CP.

The aim of the pilot study was to investigate CT-derived bone
density thresholds from a cohort of CP subjects and test their
added value for predicting osteoporosis in DXA-derived bone
density measurements (lowest axial skeleton T-score). Diagnostic
performance of CT-derived bone density (sensitivity, specificity,
and accuracy) at different cut points for osteoporosis was
calculated to determine its feasibility as an option for
opportunistic screening in CP and is compared to thresholds
in the medical literature.

METHODS

Subjects with chronic pancreatitis, 18 years and older, followed at
the outpatient Pancreas Clinic at The Ohio State University who
underwent both a CT [Siemens scanner (SOMATOM Definition
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Flash, 128 slice CT] and DXA (GE scanner Lunar, Lunar Prodigy
or iDXA) scan within 1 year were identified for inclusion into this
retrospective pilot study. Using these criteria, we identified 27
subjects with both abdominal CT scans and DXA for analysis.
The correlation between CT-derived bone density measured in
Hounsfield Units (HUs) at the L1 vertebral level vs. DXA T-score
was assessed.

Demographics, laboratory, and imaging findings were
abstracted, including age, gender, race, smoking, excessive
alcohol use (defined as >2 drinks/day male; >1 drink/day
female), use of pancreatic enzyme replacement therapy
(PERT), diabetes, and vitamin A, D, and E values, when
available. Diagnosis of chronic pancreatitis was based on the
Cambridge classification (Axon et al., 1984). Study approval was
obtained from The Ohio State University Institutional Board
Review 2019H0353.

A region of interest (ROI) was drawn manually at the L1
vertebral body. It is the first non-rib-bearing vertebra and can be
seen on both abdominal and thoracic CT scans. The L1 vertebra
avoids most degenerative processes, and HU thresholds have
been determined for L1 with excellent interobserver agreement.
The HU value was determined by drawing an ellipse as large as
possible on the axial and the midsagittal reconstruction in the
anterior two-thirds of the vertebral body (Figure 1). This avoids
venous channels in the posterior vertebra and should only include
the trabecular bone. Additional images were assessed for occult
vertebral fracture. The average of the mean HU values from the
ROIs was recorded. Care was taken to note the model and voltage
of the CT image and standardization of images and reviewed by a
single abdominal radiologist (ZS).

DXA scan results were interpreted by a certified clinical
densitometrist (CCD) as per The International Society for
Clinical Densitometry (ISCD) guidelines and were recorded
for comparison. Osteoporosis, osteopenia, and normal bone
density were defined according to DXA results (Zysset et al,
2015).

Statistical Methods: Statistical analysis was conducted using
SAS, version 9.4 (SAS Institute, North Carolina, US). The means
and standard deviation (SD) were generated for continuously
coded variables, whereas frequencies and proportions were
generated for categorical variables. The association with CT-
derived bone densities at L1 was evaluated with Pearson’s
correlations for age. A univariable logistic regression model
was fit for osteoporosis to evaluate the contribution of L1
density. The discriminatory ability of the model was evaluated
with the area under the receiver operating characteristic (ROC)
curve (AUC), and the maximum of the sum of sensitivity and
specificity was used to determine the optimal L1 density threshold
for distinguishing between normal/osteopenia and osteoporosis.
Sensitivity, specificity, positive predictive value (PPV), and
negative predictive value (NPV) were calculated using different
thresholds to indicate osteoporosis, including a CT derived bone
density in HU threshold <110, <135, <160, all derived from
previously published literature and the threshold derived from
the ROC curve maximizing the sum of sensitivity and specificity
in our dataset. (Wright, 2006; Pickhardt et al., 2011; Pickhardt
et al,, 2013; Pickhardt et al., 2015; Schreiber et al., 2015; Zysset
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FIGURE 1 | (A) Sagittal image in bone windows demonstrating placement of an elliptical region of interest at L1 along the anterior aspect of the vertebral body. (B)
Axial image at the L1 level along the superior aspect, with an elliptical region of interest to measure CT-derived bone density in Hounsfield Units (HU).

ROI 1 (2D)
Mean: 113.63 HU
Min: 31.00 HU

Max: 203.00 HU
e

TABLE 1 | Summary of the population of CP subjects with both CT and DXA scans and within each of the three cohorts: normal, osteopenia, and osteoporosis.

Overall (n = 27)

Age (mean, SD) 59.9 13.0 62.7
Female (n, %) 7 259 2

White race (n, %) 22 81.5 10
Smoking (n, %) 19 70.4 8

Excessive alcohol use (n, %) 11 40.7 4

PERT use (n, %) 24 88.9 10
Diabetes 21 77.8 10
Vitamin D (mean, SD) 28.5 12.6 27.2
Vitamin A (mean, SD) 42.9 23.3 39.5
Vitamin E (mean, SD) 7.9 3.7 7.9

PERT, pancreatic enzyme replacement therapy.

et al,, 2015; Lee et al.,, 2016; Gausden et al., 2017; Gerety et al,,
2017; Jang et al., 2019). All tests were two-sided with a statistical
significance set at p < 0.05.

RESULTS

Demographics and Study Population

A total of 27 subjects were included in this study, of whom 11 had
normal bone density, 12 osteopenia, and four osteoporosis on
DXA. Table 1 shows the summary demographics of the study
population. The mean age was 59.9 years (SD 13.0). Overall, seven
subjects were female (25.9%), 2/11 with normal bone density
(18.2%), 3/12 with osteopenia (25.0%) and 2/4 with osteoporosis
(50.0%). The majority of the study population were white
(81.5%), smoking (70.4%), had diabetes (77.8%), and (88.9%)
were on PERT, including all the subjects with osteoporosis. The
mean levels of fat-soluble vitamins were also recorded and were
not statistically significantly different according to the bone
health cohorts. Figure 2 shows the correlation and scatterplot
of age- and CT scan-derived L1 HU density. Age (r = -0.519, p =

Normal (n = 11)

Osteopenia (n = 12) Osteoporosis (n = 4)

11.8 56.8 14.4 61.5 12.5
18.2 3 25.0 2 50.0
90.9 9 75.0 3 75.0
72.7 7 58.3 4 100.0
36.4 6 50.0 1 25.0
90.9 10 83.3 4 100.0
90.9 8 66.7 3 75.0
12.5 27.5 12.6 356.3 13.9
20.5 41.9 18.0 556.5 43.0
4.5 7.8 2.8 8.5 4.9

0.006) was associated with L1 density in a moderate negative
linear relationship.

CT-Derived Bone Density Compared to

Dual-Energy X-Ray Absorptiometry

Figures 3, 4 show the CT-derived bone density within each bone
health cohort. A univariable logistic regression model assessing
the association between HU and osteoporosis in CP was
performed. For every one unit of HU rise, the odds of
osteoporosis decreases by 0.03 Odds Ratio (OR) = 0.97 95%
Confidence Interval (CI) 0.94-1.0, p = 0.03. Figure 5 shows the
ROC curve (AUC of 0.87), where a threshold of 106 HU
maximizes the sum of sensitivity and specificity within this data.

Evaluation of CT-Derived Bone Density
Thresholds for Osteoporosis
Sensitivity, specificity, PPV, and NPV were assessed according to

various thresholds to indicate osteoporosis when applied to our dataset
(Table 2). Based on this, a threshold of 106 HU maximizes the sum of
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FIGURE 2 | Scatterplot of CT-derived bone density [measures in
Hounsfield Units (HU) at the L1 vertebra] in subjects with CP.

sensitivity and specificity. Values at or below 106 classify subjects as
having osteoporosis and values >106 as not having osteoporosis. A
highly accurate threshold to rule in osteoporosis is difficult to identify
with this pilot data as only four subjects had osteoporosis. The four
subjects with osteoporosis had L1 densities of 55, 75.7, 106, and 186.

DISCUSSION

To our knowledge, this is the first report of CT-derived bone
density screening in osteoporosis in CP. In this pilot study, we
have found that CT has the potential to be repurposed as a
screening tool in the setting of CP. We assessed multiple
thresholds described in the literature and found that a
threshold of 106 HU maximized the sum of sensitivity and
specificity. This value is similar to a threshold of 110 which
has been advanced as a cut point conferring high specificity to
rule in osteoporosis (Pickhardt et al.,, 2013). Since this dataset

TABLE 2 | Sensitivity, specificity, and positive and negative predictive values of
various L1 density thresholds indicate osteoporosis when applied to our
dataset. The 106 and 130 thresholds were derived from the OSU data, while the
other thresholds are found in the literature.

Threshold  Sensitivity (%)  Specificity (%) PPV (%) NPV (%)
<106 75 96 75 96
<110 75 91 60 95
<130 75 91 60 95
<135 75 90 50 95
<160 75 74 33 94
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FIGURE 3 | Boxplots of L1 density (HU) by DXA classification; diamonds
indicate the mean HU.

contained identical sensitivity values at each threshold, we do not
arrive at a cut point to rule out osteoporosis. A larger study is
needed to validate the findings.

People with CP have multiple risk factors for osteopathy,
including vitamin D malabsorption, malnutrition, exocrine
pancreatic insufficiency, smoking, alcohol abuse, and chronic
inflammation, and half are female, all of which contribute to bone
mineral density loss and fractures (Duggan et al., 2014; Hart et al.,
2021). In addition, several reports from our research group have
described fractures and osteopathy in CP subjects (Tignor et al.,
2010; Munigala et al, 2016; Hart et al, 2021). Since DXA
screening for osteoporosis is not universally covered by
insurance, an alternative strategy is needed to identify CP
subjects at risk for fracture. Opportunistic CT screening may
provide a viable, no-cost alternative.

More than 30 million CT scans were performed in the US in
2013, most of which contain information that can be repurposed
(Mettler, 2019). In this context, a low or no-cost alternative
screening method would be a major advancement in the field
of pancreatology. In essence, CT scans ordered for other
indications such as trauma and abdominal pain have been
repurposed to screen for osteoporosis by measuring linear
X-ray attenuation coefficient in Hounsfield Units (HUs). X-ray
attenuation is proportional to the atomic mass and atom density
of the tissue subjected to irradiation. For bone, HU is
proportional to the mineral density. HU is presented on a
grayscale for visualization and is easily determined numerically
for any planar region of interest (ROI) using radiology software in
routine clinical use. CT-derived HU measurements have been
shown to strongly correlate with bone mineral density in the
general population, and thresholds have been derived to rule in or
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FIGURE 4 | Scatterplot of L1 density (HU) by DXA classification.

rule out osteoporosis. A threshold of <110 HU indicates a risk for
osteoporosis (Pickhardt et al., 2013). Our pilot data are in-line
with prior data on a nonCP population.

Opportunistic CT screening is carried out at the L1 vertebrae.
This vertebra is the optimal site to draw an ROI and screen for
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FIGURE 5 | ROC curve associated with the logistic regression model for
osteoporosis shown in Table 2. An L1 density threshold of <106 to indicate
osteoporosis maximizes the sum of sensitivity and specificity within this data.

osteoporosis, especially since this level is in the field of view on
both thoracic and abdominal CT scans. Population-based, age-
related bone density measured at L1 is fairly constant and
predictable. Also, postmenopausal women and men have
similar trabecular L1 attenuation values (Jang et al., 2019).
Standardized protocols and methods have been established,
including measurements of HU at a standard 120 kilovolts
(kV) (the most common CT scan setting) (Garner et al,
2017). There is no significant difference between L1 HU
measurement for scans performed without or with IV contrast
material (Pickhardt et al., 2013; Pickhardt et al., 2016; Jang et al.,
2019) for middle-aged subjects or for the elderly. Variations in
HU at L1 without and with IV contrast have been reported, but
the clinical impact of this difference is not likely to be significant
when utilizing CT as an opportunistic screening tool for
osteoporosis in high-risk subjects such as those with CP.
(Wright, 2006; Pickhardt et al., 2016).

We report that HU can be used to screen for osteoporosis in
CP with a high correlation to T-scores on DXA, which
corroborates previously published literature in other patient
populations (Wright, 2006). CP subjects may receive multiple
CT scans during the course of their disease, either to assess
complications of CP or as a screening tool for early detection of
pancreatic cancer. These CT scans obtained as standard of care
can be used as an opportunistic screening tool to look for bone
loss, which would put these subjects at increased risk for fractures.
This can guide clinicians to obtain DXA scans for diagnosis and
allow timely treatment interventions to reduce further bone loss.

In our study, population age was moderately inversely
correlated with L1 HU, which provided biological plausibility
to our findings. Increased age has been associated with decreased
bone density (Barkaoui et al., 2017). Multiple factors can play a
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role in this change, including alterations in the dynamics of bone
cells, which can result in alterations in the bone formation and
resorption process, changes in the bone architecture, and
disparities in the concentration of deposited mineral, leading
to hypo-mineralized areas. Some changes in the calcium and
phosphate regulation also change with age including increases in
parathyroid hormones and decrease in the vitamin D3 active
metabolites. Finally, a decrease in physical activity and dietary
inadequacies will lead to bone loss (Kiebzak, 1991).

The major limitation of this pilot study is the small number of
subjects and those with osteoporosis. Given this, identifying a
threshold to rule in osteoporosis cannot be confidently
performed at this stage. Due to the limited sample size, we were
unable to control for confounders in the analysis. Also, since the
reported HU thresholds in the literature may not be applicable to
CP subjects, we tested established thresholds and derived CP-
specific thresholds for osteoporosis prediction. Factors that can
cause variability in HU measurement include variations in CT
manufacturers (coefficient of variation 4.9%), day-to-day
fluctuations, administration of contrast (can increase HU by 11
units), CT tube voltage (130 kV has an 18% lower HU value than
the standard 120 kV), and patient positioning (prone vs. supine)
(Wright, 2006). Since CT scans in our study came from one
academic center to account for this minor variability, the
manufacturer, voltage, and administration of contrast were
recorded and assessed for confounding. As opportunistic CT is
a screening and not a diagnostic tool, these known variations in HU
have been shown to have little impact (Wright, 2006).

To our knowledge, this is the first report of opportunistic CT
screening in CP. This screening method may be especially helpful
in the context of chronic pancreatitis where current societal
guidelines do not currently recommend DXA testing and
insurance carriers do not universally cover the expense. Despite
its limitations, this retrospective pilot cohort study adds important
evidence on expanding the use of opportunistic CT screening for
osteoporosis in chronic pancreatitis. CT-derived bone density is
correlated with age and T-scores on DXA. A larger cohort study in
CP is needed to validate these findings.
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