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ABSTRACT OF THE DISSERTATION
Dynamics of Epithelial Differentiation Following Intestinal Villus Injury
by
Takahiro Erick Ohara
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Professor Thaddeus S. Stappenbeck, Chair
Professor Marco Colonna, Co-Chair
Millions of finger-like structures called villi line the small intestine, providing an enormous
surface area for rapid and efficient nutrient absorption. Collapse of the villus architecture, known
as villus atrophy, is often observed in response to pathogen invasion, inflammation, medications,
and ischemia due to loss of intestinal epithelial cells, resulting in symptoms of diarrhea and
malabsorption. Though removal of the inciting agent generally allows for near complete tissue
recovery, some individuals take longer to restore their villi, a condition known as persistent
villus atrophy, for reasons that are unknown. How intestinal villi cope with tissue damage and re-
establish their structure remains poorly understood, yet their capacity to do so is vital for
survival. Here, I developed a robust and highly reproducible injury-repair model that specifically
targets the villus compartment of the small intestine. This system, which entails a single
intraperitoneal injection of the double-stranded RNA analog poly(I:C) in mice, mimics key
aspects of acute viral gastroenteritis and displays a consistent repair and regeneration pattern
following injury. Using this model, I identified a transient, damage-induced epithelial cell type

covering the surface of atrophic villi. Intriguingly, these atrophy-induced villus epithelial cells
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(aVECs) possessed a fetal-like transcriptional profile, yet were terminally differentiated and
lineage-committed. The primary function of aVECs was to quickly re-establish the intestinal
barrier after villus damage. I further determined yes-associated protein (Y AP), one of the major
transcriptional mediators of the Hippo signaling pathway, as a crucial regulator of aVEC
function. In the absence of YAP, aVECs were unable to properly restore the intestinal barrier
post-injury. As a result, villus regeneration was markedly hampered in Y AP-deficient mice.
Finally, I found evidence of aVEC-like cells in human disease states with villus injury, such as
Crohn’s and celiac disease. Given that aVECs were derived from progenitor cells in the crypt, I
defined a key repair mechanism involving the activation of a fetal-like program during injury-
induced differentiation, a process I term “adaptive differentiation”. Thus, I propose adaptive

differentiation as an important healing mechanism in high turnover tissues such as the intestine.
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Chapter 1

Introduction



1.1 Introduction

Architecture of Epithelial Barriers

In 1896, the American architect Louis Sullivan coined the phrase, “form follows
function,” a design principle that the shape of a building should reflect its intended purpose. This
idea not only impacted modern architecture but also product design and software engineering.
We see examples of this everywhere in nature, where Sullivan got his inspiration. While he
specifically referenced eagles, clouds, and rivers in his essay, “The Tall Office Building
Artistically Considered,” the tissues in our body and the organelles in our cells also exemplify
this philosophy (Friedman and Nunnari, 2014; Junt et al., 2008; Russell et al., 2000).

Epithelial barriers, such as the skin, lung, and intestine, line our body surfaces and
interface with the external environment. They each possess a unique tissue architecture that
supports their distinct functions (Figure 1.1). The skin, whose primary role is to withstand
mechanical stress, is multi-layered with an epidermis, dermis, and hypodermis (Vig et al., 2017).
The lung is the site of gas exchange and accomplishes this through highly vascularized saccules
(Whitsett et al., 2019). The intestine maximizes its absorptive capacity through folding of the
mucosa and through finger-like structures called villi (Walton et al., 2016). Thus, the three-
dimensional structure of each organ is uniquely suited to efficiently carry out its functions.

Notably, the surface epithelium is integral to the structure and function of these tissues.
At the forefront are the specialized differentiated epithelial cells. In the skin, the epidermis is a
stratified squamous epithelium composed of keratinocytes that function in resisting mechanical
pressure, preventing water loss, and excluding toxins (Simpson et al., 2011). In the lung, a
simple squamous epithelium predominantly covered by type I pneumocytes mediates the

exchange of oxygen and carbon dioxide (Knudsen and Ochs, 2018). In the intestine, a highly
2



polarized simple columnar epithelium consisting largely of enterocytes and goblet cells enables
the absorption of nutrients and secretion of mucus on the luminal side (Allaire et al., 2018).
Given their vital functions, epithelial cells are crucial for maintaining tissue homeostasis.
Damage to the epithelium results in collapse of the tissue architecture and potentially organ
failure. Furthermore, epithelial damage is a hallmark of many diseases in barrier tissues.

Therefore, it is no surprise that the restoration of the epithelial barrier has become an
important therapeutic goal. In fact, nearly all barrier tissues have the capacity to regenerate due
to the presence of tissue stem cells, which can self-renew and replenish lost differentiated cells
(Fuchs and Blau, 2020). Even before tissue stem cells were identified, Howard Green at the
Massachusetts Institute of Technology developed the first stem cell-based therapy using cultured
keratinocytes (Fuchs, 2018). Since then, cultured epithelial autographs have been utilized to treat
burn patients for several decades (Atiyeh and Costagliola, 2007). In the gut, successful mucosal
healing is regarded as an endpoint for disease activity and remission in patients with
inflammatory bowel disease (IBD) (Dave and Loftus, 2012). With the advent of intestinal
organoid culture systems, organoid-based therapy is currently underway for the treatment of IBD
and short bowel syndrome (Nakamura and Sato, 2018; Sato et al., 2009; Sugimoto et al., 2021).
Besides transplanting cultured cells, methods to directly reprogram cells toward the epithelial
lineage in vivo has also shown efficacy in a preclinical mouse model (Kurita et al., 2018).

The epithelial layer does not function alone—it is supported by a network of extracellular
matrix proteins, stromal cells, immune cells, vessels, and nerves. During development, epithelial-
mesenchymal interactions govern the morphogenesis of epithelial tissues and ectodermal
appendages (Arias, 2001). During homeostasis, multiple cell types contribute to the stem cell

niche and regulate stem cell activity (Li and Xie, 2005). The hair follicle stem cell niche is one of
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the best studied, and the cell types that make up the niche continues to grow. Aside from the
dermal papilla, recent studies have identified regulatory T cells, lymphatic capillaries, and
sympathetic nerves as components of the stem cell microenvironment (Ali et al., 2017; Gur-
Cohen et al., 2019; Shwartz et al., 2020). In comparison, the stem cell niche in the airway and
intestine is less characterized and remains to be further elucidated. Specific PDGFRa" stromal
cell populations have been identified in both tissues to support stem cell function (Shoshkes-
Carmel et al., 2018; Zepp et al., 2017). T-helper cells also modulate intestinal stem cell renewal
and differentiation (Biton et al., 2018). The progeny of stem cells, including transit-amplifying
cells and terminally differentiated cells, can feedback to the stem cell compartment (Hsu et al.,
2014; Sato et al., 2011). Having multiple niche constituents likely enables precise control over
stem cell activity and prevents stem cell failure should any of these malfunction.

In this dissertation, I will examine how barrier tissues restore their architecture after
injury with an emphasis on the epithelial layer. Specifically, I will focus on the small intestine,
an organ that is lined by millions of crypt-villus units. Villi are finger-like structures that project
into the lumen of the gut. They provide an enormous surface area that maximizes nutrient
digestion and absorption. Crypts are small invaginations that house stem and progenitor cells.
While there is an extensive body of work understanding how the crypt compartment respond to
and recover from injury, very little is known regarding how intestinal villi cope with damage.
Despite the importance of these structures for our development and well-being, the cellular and
molecular processes involved in rebuilding damaged villi remain poorly understood. By
understanding villus repair in the context of the three-dimensional structure of the tissue, I hope

to provide a framework for which we can identity where this process might fail in disease.



The Intestinal Epithelium

The intestinal epithelium is tasked with the challenge of balancing its absorptive function
with its role in host defense. An important feature of the intestinal epithelium is that it constantly
renews every 4-5 days (Umar, 2010). Fueling this high turnover rate are the intestinal stem cells
(ISCs) and transit-amplifying (TA) cells that reside in the crypt. Specifically, ISCs divide
approximately every 24 hours at the base of the crypt and give rise to TA cells (Pennings et al.,
2018). TA cells then undergo additional bouts of cell division before exiting the crypt and
committing to the various intestinal epithelial cell (IEC) lineages of the intestine, including
absorptive enterocytes, mucus-secreting goblet cells, hormone-producing enteroendocrine cells,
chemosensory tuft cells, and anti-microbial peptide-producing Paneth cells (Beumer and Clevers,
2021). With the exception of Paneth cells, these differentiated cells migrate along the surface of
villi. The colon, which lacks villi, instead feature deeper crypts that house both proliferative and
differentiated cells along the length of the crypt. Once epithelial cells reach the tip of the villus in
the small intestine or the luminal surface in the colon, they undergo cell death and extrusion
through a process termed anoikis (Patankar and Becker, 2020). We illustrate this in Figure 1.2.

The organization of the epithelium is tailored to meet the specific demands of the
different regions of the intestinal tract. In the duodenum, villi are long, and the epithelium mainly
consists of enterocytes that specialize in the absorption of dietary nutrients (Thompson et al.,
2018). Along with the jejunum, which is the region after the duodenum, it is the principal site for
the absorption of carbohydrates, lipids, and amino acids (Goodman, 2010). In the distal small
intestine, also known as the ileum, villi are shorter, and goblet cells are more prevalent to
provide lubrication for the passage of stool towards the colon. The ileum is also the main site for

the absorption of vitamin B12, bile salts, and any remaining nutrients not absorbed by the
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proximal intestine (Tappenden, 2014b). Paneth cells, which secrete anti-microbial peptides such
as defensins and lysozyme, are present throughout the small intestine at the base of the crypt
interspersed between ISCs (Clevers and Bevins, 2013). In contrast, the colon lacks Paneth cells
and contains a high density of goblet cells (Peterson and Artis, 2014). All IECs originate from
ISCs, which are distinguished by the expression of LGRS at the crypt base (Barker et al., 2007).
Several important signaling pathways have been elucidated to govern the intestinal
epithelium’s high self-renewal capacity, heterogeneity, and gradient of differentiation along the
crypt-villus axis. Wnt-R-spondin signaling, in particular, is crucial for maintaining the stem and
progenitor cells of the crypt. Essential Wnt ligands are produced by subepithelial stromal cells
and constitute the ISC niche (Degirmenci et al., 2018; Shoshkes-Carmel et al., 2018). These
ligands confer a basal competency unto ISCs, enabling R-spondin-driven ISC self-renewal (Yan
et al., 2017). Loss or inhibition of Wnt signaling causes rapid cessation of proliferation and
disruption of tissue integrity (Shoshkes-Carmel et al., 2018; van Es et al., 2012). Furthermore,
hyperactivated Wnt signaling leads to adenoma formation and tumorigenesis (Romagnolo et al.,
1999; Su et al., 1992). Counteracting the effects of Wnts is Hedgehog and Bmp signaling, which
contribute to the differentiation of IECs (Vanuytsel et al., 2013). Hedgehog ligands secreted from
the epithelium induce underlying stromal cells to produce Bmps, which feedback to the
epithelium to maintain differentiation (Madison et al., 2005). Loss of Hedgehog or Bmp
signaling in the gut results in epithelial hyperplasia and ectopic crypt formation (Batts et al.,
2006; Madison et al., 2005). Bmp signaling has also been demonstrated to regulate hormone
expression of enteroendocrine cells (Beumer et al., 2018). Notch signaling, which is essential for
maintaining ISCs, dictates cell fate decisions through lateral inhibition (Sancho et al., 2015;

VanDussen et al., 2012). Activation of Notch signaling in progenitors drives the absorptive cell
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fate whereas Notch inhibition induces the secretory cell fate (Noah and Shroyer, 2013). Blocking
the Notch cascade with a y-secretase inhibitor converts proliferative crypt cells into post-mitotic
goblet cells (van Es et al., 2005). Last, but not least, EGF is a crucial component of the intestinal
organoid culture system, and the EGF receptor is highly expressed by ISCs (Sato et al., 2009).
EGF signaling is considered to promote stem cell proliferation in vivo (Beumer and Clevers,
2016). The current paradigm is that all of these pathways converge to establish a differentiation
gradient along the crypt-villus axis, with pro-proliferative signals mediated by Wnts and EGFs
being the highest at the crypt and pro-differentiation signals mediated by Bmps and Hedgehog
being the lowest at the crypt. What maintains and regulates these signaling gradients are still
unclear, but additional regulatory factors including Wnt and Bmp inhibitors likely play a role.
Until recently, there has been a long-standing debate as to what cell(s) provide essential
Wnt ligands for ISC maintenance. Multiple different Wnt ligands are produced by various cell
types in the gut (Gregorieff et al., 2005). Given that Paneth cells are located adjacent to ISCs and
express WNT3A along with other niche factors, they were proposed to serve as a major
constituent of the stem cell niche (Sato et al., 2011). In fact, Paneth cell-derived WNT3A is
essential for the growth of intestinal organoids (Farin et al., 2012). However, WNT3A and
Paneth cells are largely dispensable for the maintenance of ISCs in vivo (Durand et al., 2012;
Farin et al., 2012). Myofibroblasts express Wnt ligands and were initially candidates for the stem
cell niche (Miyoshi, 2017; Valenta et al., 2016). However, Wnt secretion from epithelial cells
and myofibroblasts appears to be non-essential for ISC identity and function (San Roman et al.,
2014). The breakthrough came when subepithelial fibroblasts known as telocytes, marked by the
expression of PDGFRA, FOXL1, and GLI1, were discovered to secrete essential Wnt ligands,

making them the long sought-after ISC niche cells (Degirmenci et al., 2018; Shoshkes-Carmel et
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al., 2018). While questions remain as to which specific Wnt ligands are crucial for ISC
maintenance, these studies illustrate an important role for fibroblast populations located right

beneath the epithelial layer in regulating stem cell renewal and intestinal homeostasis.

Adaptive Cellular Responses in the Gut

While much is known about the homeostatic turnover of the intestinal lining since the
landmark studies of Cheng and Leblond (Cheng and Leblond, 1974), details of how the
epithelium responds to stress, injury, and environmental changes are currently an area of intense
research. Recent studies have uncovered a remarkable capacity for the intestinal epithelium to
adapt to various local and systemic perturbations, thus enabling host survival and fitness.

Intestinal adaptation after extensive intestinal resection in short bowel syndrome offers a
classic example. Following loss of a large portion of the small bowel due to disease, ischemia,
trauma, or some other reason, the remnant bowel undergoes a significant structural and
functional compensatory response in order to maximize nutrient absorption (Tappenden, 2014a).
This generally involves enhanced crypt proliferation and increased villus length (Rubin and
Levin, 2016). The mechanisms responsible for this response are likely multiple. Notably,
glucagon-like peptide-2 (GLP-2), which is secreted by enteroendocrine L cells, increase in levels
following resection, and exogenous treatment of GLP-2 alone enhances crypt and villus height
(Ljungmann et al., 2001; Tsai et al., 1997). An analog of GLP-2, teduglutide, is approved for
clinical use in adults with short bowel syndrome (Seidner et al., 2013). Since GLP-2 also acts on
the enteric nervous system (ENS), these studies suggest a potential enteroendocrine-ENS-

epithelium axis in driving resection-associated intestinal adaptation (Bjerknes and Cheng, 2001).



The type of food that we eat and the amount of calorie that we consume have wide-
ranging effects on our health. It is well-established that calorie restriction promotes changes in
metabolic processes that enhance tissue health and animal lifespan (Hwangbo et al., 2020). On
the contrary, obesity promotes tissue dysfunction and is a major risk factor for diseases such as
cardiovascular disease, fatty liver disease, type 2 diabetes, and cancer (Goossens, 2017).
Importantly, recent studies have revealed that nutrient-sensing and metabolic pathways can
control the self-renewal capacity and cell fate choices of ISCs (Alonso and Yilmaz, 2018).
During calorie restriction, mTORI signaling is reduced in Paneth cells, leading to the production
of cyclic ADP ribose, which augments the function of neighboring ISCs (Yilmaz et al., 2012).
Additionally, Paneth cells and ISCs form a metabolic partnership wherein Paneth cells, which
rely on glycolysis, produce lactate to maintain the function of ISCs, which display high
mitochondrial activity (Rodriguez-Colman et al., 2017). In the case of obesity, mice fed with a
high-fat diet display increased numbers and function of LGR5" ISCs due to robust induction of
PPAR-delta signaling in these cells (Beyaz et al., 2016). Together, these findings provide a
mechanistic link between diet and tissue fitness through the regulation of adult stem cells.

The intestinal epithelium must carefully balance its primary function in nutrient
absorption and its role in pathogen defense. Emerging evidence reveals a dynamic interplay
between IECs and immune cells to mediate these processes. During infection by parasitic
helminths such as Nippostrongylus brasiliensis and Heligmosomoides polygyrus, tuft cells
secrete IL-25 to activate group 2 innate lymphoid cells (ILC2s), which then signal to the crypt
compartment via IL-13 to promote the differentiation of more tuft cells and goblet cells (von
Moltke et al., 2016). In this way, a tuft cell-ILC2 circuit is established to limit parasitic infection

in the gut. Tuft cells appear to directly sense helminth-derived metabolites, specifically
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succinate, to trigger this circuit (Nadjsombati et al., 2018; Schneider et al., 2018). Recently, it
was also shown that yd T cells signal to the intestinal epithelium in response to changes in
nutrient availability. Specifically, switching from a high protein diet to a high carbohydrate diet
in mice triggers a carbohydrate transcriptional program in IECs in a yd T cell- and IL-22-
dependent manner (Sullivan et al., 2021). Interestingly, tuft cells were implicated in inducing this
carbohydrate transcriptional program as well, albeit the mechanism is still unclear (Sullivan et
al., 2021). It will be interesting to see how these results fit with other studies that suggest that
enterocytes dynamically shift their metabolic program along the villus axis (Moor et al., 2018).
The intestine also harbors a large community of microorganisms that are key to many
aspects of health. A large majority of these microbes are bacteria, but viruses, fungi, and
protozoa also reside in the gut and contribute to host fitness in unique ways (Valdes et al., 2018).
How the intestine adapts to fluctuations in the microbiome during development and our adult life
is a key area of research. The intestinal epithelium is now recognized as a central player in
responding to microbial signals and shaping the host immune system (Soderholm and Pedicord,
2019). Through expression of various pattern recognition receptors, including toll-like receptors
(TLRs), NOD-like receptors (NLRs), and RIG-I-like receptors (RLRs), IECs can directly sense
the presence of microbes and relay that information to underlying immune cells (Fukata and
Arditi, 2013). This microbiota-IEC crosstalk is essential for defending against pathogens,
producing antimicrobial peptides, inducing regulatory T cell differentiation, generating IgA
producing plasma cells, and mounting a robust immune response (Okumura and Takeda, 2017).
Lastly, the intestine is vulnerable to a wide variety of insults that can breach the epithelial
barrier. These may include certain medications, infectious agents, and inflammatory stimuli. The

ability to withstand damage signals and repair the injury are adaptations that ensure the survival
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of the animal (Jessen et al., 2015). In examining various injury contexts in the gut, one major
theme that has emerged over the years is the importance of cell plasticity (Blanpain and Fuchs,
2014). Many studies have uncovered a high degree of cell plasticity among IECs, particularly in
their ability to dedifferentiate and re-acquire stem cell features, thus ensuring a constant pool of
ISCs at all times (Beumer and Clevers, 2016). Mechanistically, it is thought that the broadly
permissive chromatin landscape of IECs endows them with fate flexibility (Kim et al., 2014).
Thus, even when ISCs are destroyed by injury, the intestinal epithelium can quickly adapt to ISC
loss by having other cells take over their function (Tian et al., 2011). Interestingly, various
stromal cell populations, including group 3 innate lymphoid cells (ILC3s) and PDGFRA™
fibroblasts, and cell-extrinsic signals, including gp130 ligands, have been shown to mediate this
adaptive response (Greicius et al., 2018; Murata et al., 2020; Romera-Hernandez et al., 2020;
Taniguchi et al., 2015). Additionally, IECs display unique responses to superficial injuries to the
intestinal barrier through a process traditionally referred to as restitution (Lacy, 1988). When an
ulcer or wound forms in the intestinal mucosa, a proliferation-independent mechanism of repair
occurs whereby wound-associated epithelial (WAE) cells arise from the crypts adjacent to the
injury and cover the surface of the wound to re-establish the barrier (Seno et al., 2009). In
particular, prostaglandin E2 (PGE2) production from mesenchymal cells in the wound bed
appears to direct WAE cell formation (Miyoshi et al., 2017). Therefore, depending on the
context, location, and severity of injury, IECs can acquire unique capabilities owing to signals
from the mesenchyme in order to repair wounds and restore tissue architecture. All of the
adaptive cellular responses described here provide IECs with the capacity to cope with various

perturbations that can occur in the gut, thus ensuring tissue homeostasis and host survival .
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Dysregulation of Adaptive Cellular Responses in Disease

The understanding of how IECs adapt to a variety of conditions and how host and
microbial factors contribute to these responses have important implications for regenerative
medicine and personalized therapy for a number of intestinal and extra-intestinal diseases.
Impairment in these adaptive responses is largely thought to underly disease pathology.

Inflammatory bowel disease (IBD) is a group of disorders characterized by chronic
inflammation of the digestive tract. There are two main types of IBD. The first one, known as
ulcerative colitis, is restricted to the colon and affects mainly the mucosal and submucosal layers
of the intestine with crypt loss and ulceration (Gajendran et al., 2019). The second type, known
as Crohn’s disease, can involve any part of the gastrointestinal tract, though is most prevalent in
the terminal ileum. Unlike ulcerative colitis, Crohn’s disease can affect all the layers of the gut,
featuring transmural inflammation, granulomas, and fistulas (Gajendran et al., 2018). The
etiology and pathogenesis of IBD is unknown, but is largely thought to involve a complex
interplay between the microbiota, host genetics, and environmental factors (Zhang et al., 2017).
Impaired function of the epithelial layer can cause a cascade of events, with enhanced intestinal
permeability, perturbed immune homeostasis, and further damage to the epithelium (Coskun,
2014). Whether epithelial dysfunction is a cause or an effect of IBD is not known, but several
IBD-associated genes are unique to the function of IECs (McCole, 2014). Importantly, mucosal
healing—that is, restoration of the epithelial architecture—is considered to be a successful
endpoint in achieving long-term remission in IBD patients (Dave and Loftus, 2012; Schnitzler et
al., 2009). Understanding how epithelial cells respond to injury in normal conditions and
identifying how this process can go awry in disease will be important moving forward. Recently,

we have shown that consumption of a western diet and smoking can exacerbate IBD-like
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pathology in mice by triggering defects in Paneth cells (Liu et al., 2021; Liu et al., 2018). In
addition, we found that a specific strain of fungus, Debaryomyces hansenii, is abundant in
inflamed mucosal tissues of Crohn’s disease samples, and the presence of D. hansenii impairs
wound healing in mice through upregulation of type I interferon and CCL5 (Jain et al., 2021).
These findings identify new players in IBD pathogenesis and reveal novel therapeutic targets.

Irritable bowel syndrome (IBS) is a common gastrointestinal disorder that is
characterized by abdominal pain and diarrhea and/or constipation (Vahedi et al., 2010). The
etiology of IBS is poorly understood. It is considered to be a form of intestinal dysmotility, and
stress is a well-known trigger of IBS and IBD flares (Lind, 1991; Sun et al., 2019). Stress itself
can cause alterations in gastrointestinal motility, antimicrobial immunity, and microbial
composition (Rengarajan et al., 2020). Interestingly, this study found that abnormal opening of
goblet cell-associated passages (GAPs) was the root cause of stress-induced bacterial
translocation in the gut (Rengarajan et al., 2020). IBS can also be triggered after an episode of
acute gastroenteritis known as post-infectious irritable bowel syndrome (PI-IBS). The
mechanisms underlying the development of PI-IBS is also poorly understood, but several studies
implicate a defect in epithelial integrity and an increase in enterochromaffin cell numbers as
possible underlying factors (Thabane and Marshall, 2009). While anti-TNF-alpha-based
therapies have been proven effective in certain IBD patients (Peyrin-Biroulet, 2010), there are
currently no therapies for IBS outside of lifestyle modifications and symptomatic relief.

Celiac disease is another common immune-driven disorder with a complex
pathophysiology characterized by damage to the small intestinal villi. In contrast to IBD and
IBS, the trigger of celiac disease and the genetic underpinnings are well-defined. Celiac disease

is caused by ingestion of wheat gluten, which induces an inflammatory response in the small
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intestine (Alaedini and Green, 2005). Overt inflammation results in villus atrophy, crypt
hyperplasia, and infiltration of intra-epithelial lymphocytes (Green and Jabri, 2003). Keeping
patients on a gluten-free diet is the most effective treatment option (Tye-Din et al., 2018).
Despite this, celiac disease remains a global disease that is increasing in prevalence, affecting
people of all ages. The immunological basis for celiac disease remains poorly understood, and
many questions remain regarding why some people with or without genetic predisposition
develop (or not develop) the disease. Furthermore, over one-third of patients (recent numbers
suggest this may be higher) experience a refractory form of celiac disease that is resistant to
treatment (i.e., a strict gluten-free diet) (Lebwohl et al., 2014; Rubio-Tapia and Murray, 2010).
These patients present with persistent villus atrophy for reasons that are unclear (Fernandez-
Banares et al., 2021). Surprisingly, little known in regard to how villi normally heal after injury.
Understanding this process will be crucial given that there is a significant association between
mucosal recovery and reduced mortality in celiac disease patients (Rubio-Tapia et al., 2010).
Finally, colorectal cancer is one of the most commonly diagnosed cancers in both men
and women and is the second most common cause of cancer death in the United States (Siegel et
al., 2020). Mutations in tumor suppressor genes drive cancer progression, with specific genes
involved in the adenoma-carcinoma sequence (Armaghany et al., 2012). Most notably, the
adenomatous polyposis coli (APC) gene is the most commonly mutated gene in colorectal cancer
(Armaghany et al., 2012). An inherited condition known as familial adenomatous polyposis
(FAP), caused by mutations in APC, is characterized by formation of numerous adenomatous
polyps in the distal intestine (Jasperson et al., 1993). How mutations in the APC gene confer
IECs with a selective growth advance in the gut is not well understood. Interestingly, pathways

that are upregulated during injury-induced repair and regeneration, such as the Hippo-YAP
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pathway, appears to be absolutely required for the initiation of APC-associated tumors
(Gregorieff et al., 2015). This is consistent with the notion that “cancer is a wound that never
heals,” which suggests that adaptive mechanisms of tissue repair can be hijacked by cancer cells

to gain selective advantages over non-cancerous cells (Byun and Gardner, 2013).
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1.2  Figures
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Figure 1.1. Tissue architecture of epithelial barriers

Epithelial barriers such as the skin, airway, and intestine possess a unique tissue architecture that
enables their functions. The skin’s main function is to resist mechanical tension and it achieves
this by having a multilayered structure with an epidermis, dermis, and hypodermis. The airway’s
main function is to exchange oxygen and carbon dioxide. It achieves this by forming aggregates
of saccules that, combined, greatly increases the surface area for gas exchange. The epithelial
surface in the airway is also very flat and located adjacent to the extensive capillary network in
the lung. The gut’s main function is to absorb dietary nutrients. It maximizes this function by
extensively folding the epithelial surface through formation of structures called villi. Structures

called microvilli found on the apical surface of the epithelium also augments the absorptive area.
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Figure 1.2. Structure and turnover of the intestinal epithelium

The intestinal epithelium renews every 3-5 days. This high turnover rate is driven by the actively
cycling stem and progenitor cells in the crypt. At the base of the crypt are stem cells interspersed
between Paneth cells. As stem cells move up the crypt compartment, they become transit-
amplifying (TA) progenitor cells that undergo additional rounds of cell division. At this stage,
TA cells make the decision to commit to one of the various intestinal lineages of the gut,
including absorptive enterocytes, goblet cells, enteroendocrine cells, and tuft cells. Once they
exit the crypt, TA cells mature into one of these lineages and line the surface of the villus.
Intestinal epithelial cells migrate along the villus axis, eventually reaching the tip of the villus

where they undergo anoikis, a type of programmed cell death, and shed off into the lumen.
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Chapter 2

Modeling Intestinal Villus Injury-Repair Using Poly(I:C)
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2.1 Introduction

The intestinal epithelium forms a crucial barrier to a broad spectrum of potentially
harmful and immunogenic substances within the gut lumen. Small breaches to the barrier can be
swiftly repaired due to the constant turnover the epithelium. However, in more severe injuries
that disrupt the mucosal architecture, additional mechanisms of repair may be demanded.
Understanding these repair processes in animal models has provided valuable insights as to what
could potentially go awry in disease with impaired healing or predisposition for tumor formation.

Various injury models have been developed for both the small intestine and colon. In the
small intestine, damage induced by ischemia-reperfusion, intestinal resection, and irradiation
have been extensively utilized over the years, as these have direct clinical relevance (Gonzalez et
al., 2015; Kim et al., 2017; Sangild et al., 2014). Among these, irradiation-induced injury is
perhaps the most widely used due to its simplicity and reproducibility. A diphtheria toxin-
mediated LGR5" ISC ablation model has also garnered attention to study stem cell regeneration
(Metcalfe et al., 2014). Infection by the enteric helminth H. polygyrus and other related
pathogens have been used to induce type 2 immunity as well as to disrupt the crypt niche (Nusse
et al., 2018; Urban et al., 1991; von Moltke et al., 2016). In the distal intestine, many models
have centered on recapitulating aspects of inflammatory bowel disease, one of the most complex
and prevalent human enteropathies today (Kiesler et al., 2015). Among these, dextran sodium
sulfate (DSS)-induced colitis is by far the most widely adopted model for the same reasons as the
irradiation injury system—it’s simple, short, and reproducible (Chassaing et al., 2014). However,
it is important to note that no single model faithfully captures the complexity of the human

disease. Other models such as infection by Citrobacter rodentium and Clostridium difficile have
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been utilized to study the immune response to enteric pathogens (Best et al., 2012; Crepin et al.,
2016). Ultimately, which model to choose heavily depends on the research question.

One of the major issues in the field has been a paucity of animal models to study how
intestinal villi recover after damage in the small intestine. While various crypt injury models
exist, as described above, there is surprisingly very few systems to capture the injury-repair
process of the villus compartment despite the importance of these structures for animal
development and health. Furthermore, villus damage (also known as villus atrophy) is commonly
observed in a wide variety of human enteropathies with multiple possible etiologies (Jansson-
Knodell et al., 2018). In children, villus atrophy is associated with increased morbidity,
mortality, growth failure, and cognitive dysfunction (Keusch et al., 2014). While ischemia-
reperfusion injury can effectively trigger villus collapse, this model requires surgical
intervention, and the intestine can easily become necrotic and irreparable (Guan et al., 2009).
Non-steroidal anti-inflammatory drugs (NSAIDs) frequently damage the small intestinal lining,
but they largely induce mucosal ulcers and crypt loss with variable effects (Beck et al., 2000).
Villus atrophy is perhaps most notable for being a hallmark feature of celiac disease, which is a
gluten-induced enteropathy (Caio et al., 2019). While removing gluten from the diet generally
allows for tissue recovery in these patients, over one-third of individuals take longer to restore
their villi, a condition known as persistent villus atrophy, for reasons that are unknown (Lebwohl
et al., 2014; Rubio-Tapia and Murray, 2010). Animal models for celiac disease have greatly
improved in recent years but require complex genetics that make mechanistic studies challenging
(Abadie et al., 2020; Ju et al., 2015). Simpler models using a villus-specific pathogen such as

rotavirus or a pro-inflammatory cytokine such as TNF trigger some level of damage but not
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enough to cause villi to breakdown (Parker et al., 2019; Zou et al., 2018). Therefore, there is a
great need for an acute villus atrophy model that is both simple and reproducible.

Exposed to a high concentration of commensal bacteria at steady state as well as facing
constant threats from potentially pathogenic organisms, IECs must be able to recognize a diverse
array of microbes through pattern recognition receptors (Fukata and Arditi, 2013). One family of
pattern recognition receptors, the toll-like receptors (TLRs), signals through IECs and are critical
for maintaining intestinal homeostasis (Burgueno and Abreu, 2020). Dysregulated TLR signaling
can result in chronic intestinal inflammation and is associated with the development of cancer
(Abreu, 2010). Moreover, a single injection of the TLR4 agonist lipopolysaccharide or the TLR3
agonist poly(I:C) induces rapid villus IEC apoptosis in the small intestine (Williams et al., 2013;
Zhou et al., 2007). Among these TLR agonists, poly(I:C), which is a double-stranded RNA
analog, triggers robust cell death, villus atrophy, and diarrhea in mice, mimicking key aspects of
acute viral gastroenteritis (McAllister et al., 2013). Poly(I:C) acts directly on IECs and engages
in TLR3-TRIF-caspase 8-dependent apoptosis (Figure 2.1; Gunther et al., 2015; McAllister et
al., 2013). Given these findings, we hypothesized that poly(I:C)-induced damage can be used as

a potential model to examine how intestinal villi repair and regenerate after severe injury.
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2.2  Materials and Methods

Animals

C57BL/6], Tlr3”, Lgr5-EGFP-IRES-CreERT2, and Rosa-LSL-tdTomato mice were obtained
from the Jackson Laboratory. Experiments that called for only wild-type mice used 8-week-old
C57BL/6J male mice. All other experiments involving specific genetic strains used 7- to 10-
week-old male and female mice. Mice were housed under specific-pathogen-free conditions and
maintained on a 12 h light/dark cycle. All animal studies were conducted in compliance with

protocols approved by the Washington University Institutional Animal Care and Use Committee.

Animal procedures

For intraperitoneal injections, the following reagents were prepared and administered at the
indicated dose. 1 mg/mL poly(I:C) HMW (InvivoGen) was made according to the
manufacturer’s instructions and 20 mg/kg was injected. Dibenzazepine (DBZ, STEMCELL
Technologies) was finely suspended in 0.5% hydroxypropyl-methylcellulose (Methocel E4M,
Linda Samuelson lab) and 0.1% Tween 80 in water using a mortar/pestle to make 10 pmol/mL.
Five days prior to poly(I:C) injection, two doses of 100 umol/kg DBZ were given 6 h apart.

Tamoxifen (Sigma) was dissolved in corn oil to make 20 mg/mL and 75 mg/kg was delivered.

Histology and immunostaining

The proximal small intestine was examined for histological studies. Intestinal tissues were
pinned out and fixed in 10% neutral buffered formalin overnight at 4°C. Fixed samples were
washed in 70% ethanol three times and embedded in 2% agar (Sigma). This was followed by

paraffin embedding, sectioning, and hematoxylin/eosin/Alcian blue/PAS staining. Unstained
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paraffin sections were de-paraffinized in xylene and rehydrated in isopropanol three times each.
Antigen retrieval was performed in Trilogy solution (Sigma) for 20 min under boiling water. For
immunohistochemistry (IHC), sections were additionally treated with 3% H202 in methanol to
quench endogenous peroxidase activity. Slides were incubated in blocking solution (1%
BSA/PBS containing 0.1% Triton X-100) for 1 h at room temperature before overnight treatment
with primary antibodies diluted in blocking solution at 4°C. The following day, slides were
treated with secondary antibodies diluted in blocking solution for 1 h at room temperature. For
immunofluorescence (IF), sections were counterstained with Hoechst 33258 (Invitrogen) for 15
min and mounted in Fluoromount medium (Sigma). For IHC, sections were treated with
VECTASTAIN Elite ABC-HRP Kit (Vector Laboratories), developed with DAB Peroxidase
Substrate Kit (Vector Laboratories), counterstained with CAT hematoxylin (Biocare), and
mounted in Cytoseal XYL (Thermo Scientific). Washes were performed in PBS. The following
primary antibodies were used in this chapter: rabbit anti-cCasp3 (Cell Signaling 9664) and rabbit
anti-RFP (Rockland 600-401-379). The following Thermo Fisher highly cross-absorbed IgG

secondary antibodies were used: goat anti-rabbit Biotin and donkey anti-rabbit Alexa Fluor 594.

Primary epithelial culture

The establishment, maintenance, and differentiation of mouse IECs as spheroids were previously
described (Miyoshi and Stappenbeck, 2013; Miyoshi et al., 2017). In brief, intestinal crypts were
harvested by collagenase type I (Gibco) digestion, and stem cell spheroids were grown in 50% L-
WRN conditioned medium in Matrigel (Corning 354234) and passaged every 3 days via
trypsinization. To induce epithelial differentiation, dissociated stem cells were grown in

differentiation medium containing 10 uM EPa4 receptor antagonist (R&D Systems) and
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supplemented with 50 ng/mL EGF (PeproTech) for 24 h. Poly(I:C) HMW (InvivoGen) was
added on the day of passage and cell viability was determined 18 h after treatment with

CellTiter-Glo 3D Cell Viability Assay reagents (Promega) using the Cytation 5 instrument.

RNAscope in situ hybridization

Intestinal tissues were fixed in 4% PFA overnight at 4°C and then incubated in 20% sucrose/PBS
overnight at 4°C. Fixed samples were cryo-embedded in O.C.T. compound (Fisher Scientific)
and sectioned at 7 pm on a cryotome. /n situ hybridization was carried out on frozen sections
using a RNAscope 2.5 HD Assay-RED Kit (ACDBi0) according to the manufacturer’s

instructions. The following ACDBio mouse probe was used in this chapter: Olfm4 (311831).

Imaging and quantification

Images were acquired with an Olympus BX51 microscope (bright-field) or a Zeiss Axio Imager
M2 Plus wide field fluorescent microscope. The lengths of well-oriented villi and crypts were
measured using the cellSens software (Olympus). For histology-based quantifications, each data
point represents an average value across 30-100 villi/crypts in the proximal small intestine per

animal (see figure legend for exact number). Images were processed with Adobe Photoshop CC.

Statistics and reproducibility

Statistical analyses were performed in GraphPad Prism 8 or 9. P-values are indicated in the plots
or figure legends with p < 0.05 denoted as significant. Data are expressed as mean =+ standard
deviation (SD). An unpaired two-tailed Student’s #-test was used when comparing two groups; a

one-way ANOVA was used when comparing three or more groups; and a two-way ANOVA was
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used when comparing groups with two experimental variables. Data from independent
experiments were pooled when possible. Otherwise, data are representative of at least two
independent experiments. Animals that had near 0% weight loss one day after poly(I:C) injection
(<10% of all mice) were excluded from the study as these mice did not exhibit intestinal damage.

Further statistical details and quantification methods can be found in the figure legends.
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2.3 Results

Poly(I:C) injection rapidly triggers IEC death and villus atrophy in the proximal small intestine
In line with previous studies, a single intraperitoneal injection of poly(I:C) in mice
rapidly triggered caspase-3 cleavage and apoptosis of villus epithelial cells (VECs) in the
proximal small intestine with minimal damage to crypts (Figure 2.2A,B). At steady state, [ECs
undergo a type of programmed cell death known as anoikis as they reach the very tip of the villi
(Patankar and Becker, 2020). Within 3 hours post-injection (HPI), there was elevated levels of
dying IECs represented by cleaved caspase-3 staining, not just at tip of the villi but also along the
sides. By 6 HPI, the villi began to collapse as dead IECs were shed into the lumen and epithelial
apoptosis continued to reach to the lower villus. By 12 HPI, nearly all of the VECs appeared to
be lost. Throughout this time, there was minimal cell death in the crypt (Figure 2.2A,B). Thus,

poly(I:C) induces rapid and severe damage to the villus compartment of the small intestine.

Poly(I:C) acts directly on differentiated IECs without bias toward a specific lineage

The mechanism of cell death in this model is proposed to be independent of bone
marrow-derived cells and rather a direct effect of poly(I:C) on IECs through TLR3-TRIF-
caspase-8 activation (Gunther et al., 2015; McAllister et al., 2013). While the evidence for this is
convincing, it has not been definitively proven using epithelial-specific TLR3 or TRIF knockout
animals. Using our primary intestinal spheroid culture system, we tested the direct effect of
poly(I:C) on IECs in two culture conditions: (1) L-WRN media that promotes stemness and (2)
PTGERA4-inhibited serum-free media that promotes differentiation (Miyoshi and Stappenbeck,
2013; Miyoshi et al., 2017). Similar to what we see in vivo, poly(I1:C) preferentially killed

differentiated spheroids over stem cell spheroids in a dose-dependent manner (Figure 2.3A).
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This effect was completely dependent on TLR3 expression (Figure 2.3A). As enterocytes
constitute the largest proportion of IECs (Moor et al., 2018), we next examined whether
poly(I:C)-induced villus injury relied on the abundance of this cell population by administering
the Notch y-secretase inhibitor dibenzazepine (DBZ) prior to injury (Figure 2.3B). Mice treated
with DBZ exhibited marked secretory cell hyperplasia, as previously reported (Kim et al., 2014;
VanDussen et al., 2012), yet experienced a similar degree of villus atrophy following poly(I:C)

injection (Figure 2.3C), revealing a nondiscriminatory effect of poly(I:C) on VECs.

Intestinal villi repair and regenerate robustly following poly(I:C)-induced injury

Remarkably, villus injury was short-lived in this model. Pronounced villus atrophy was
observed by 24 HPI. After this time, crypt depth increased and villi rapidly regenerated in a
reproducible fashion, reaching ~50% of their original length by 48 HPI and ~75% by 72 HPI
(Figure 2.4A,B). The robust regenerative response was likely due to the intact stem cell
compartment. To test this, we examined the stem cell response to poly(I:C)-induced injury. By in
situ hybridization, we first detected no change in the expression of Olfm4 in the crypt (Figure
2.5A), suggesting that ISCs are spared from damage. Moreover, lineage tracing LGR5" ISCs
using Lgr5¢eER: R26R"Tomat mice by tamoxifen induction prior to poly(I:C) injection revealed a
robust stem cell-mediated regenerative response (Figure 2.5B). Taken together, the consistent
timing and location of damage induced by poly(I:C) provided a unique opportunity to study the

repair and regeneration of intestinal villi without impacting the stem cell compartment.
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2.4 Discussion

Villus atrophy caused by small bowel injury is observed in a variety of enteropathies
(Jansson-Knodell et al., 2018). Removal of the causative agent is imperative for disease
management, yet a significant number of patients present with chronic symptoms and persistent
villus atrophy despite treatment efforts (Congdon et al., 1981; Pink and Creamer, 1967).
Therapies designed around enhancing endogenous mechanisms of villus recovery may provide
clinical benefit for such patients, yet our understanding of this process is limited. One major
challenge has been a lack of simple and robust mouse models that injure intestinal villi. The
weaknesses of current models are that they require surgical intervention, minimally induce villus
blunting, show progressive and irreversible villus loss, or involve complex genetics that prohibit
wider usage (Abadie et al., 2020; Gonzalez et al., 2015; Jung et al., 2019; Zou et al., 2018).

Here, we adopted a poly(I:C)-mediated injury model in mice, in which repair and
regeneration of villi reproducibly occurs. The advantage of this model is its simplicity, requiring
only a single injection of a commonly utilized laboratory reagent. Additionally, adult mice
tolerate systemic poly(I:C) injection incredibly well, though mice that lack an adaptive immune
system do not (Kim et al., 2007). This allows investigators to study the process of villus injury-
repair in a wide array of genetic strains, enabling detailed mechanistic studies. Furthermore, the
consistent location and timing of damage induced by poly(I:C) helps reduce variability.

As a synthetic analog of double-stranded RNA, poly(I:C) is often used to mimic a viral
infection. As such, poly(I:C)-induced villus atrophy can be reproduced with intraperitoneal
injection of purified genomic double-stranded RNA obtained from rotavirus (Zhou et al., 2007).
Therefore, this injury system likely models aspects of acute viral gastroenteritis. Reports of viral-

mediated villus damage in humans have been observed in HIV, norovirus, rotavirus, and
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astrovirus infections (Batman et al., 2007; Bishop et al., 1973; Sebire et al., 2004; Woodward et
al., 2017). It remains unclear whether a similar pronounced level of villus atrophy is also
observed in humans with viral gastroenteritis due to the short course of illness and lack of
histological documentation in these settings. In addition, the relevance of this model may extend
beyond viral infections. RNA released from necrotic or injured cells in the absence of a viral
pathogen can activate TLR3-dependent signaling and augment inflammatory responses in
mucosal tissues (Cavassani et al., 2008; Kariko et al., 2004; Murray et al., 2008).

Why the proximal small intestine is vulnerable to poly(I:C)-induced damage remains an
open question. One possible explanation is that the expression of TLR3 is highest in that region.
However, TIr3 mRNA appears to be highly expressed in IECs throughout the entire length of the
intestine (Gunther et al., 2015). Interestingly, 7/r3 expression goes up with age and is distributed
asymmetrically towards the basolateral side of IECs (Pott et al., 2012; Stanifer et al., 2020).
Another possible explanation is that the proximal small intestine is uniquely susceptible to
chemical exposure after systemic injection. Consistent with this, intraperitoneal injection of both
TNF and lipopolysaccharide preferentially damages the proximal small intestine (Lau et al.,
2011; Parker et al., 2019; Piguet et al., 1998; Williams et al., 2013). Retro-orbital sinus injection
of poly(I:C) also induces villus atrophy specifically in the proximal region (McAllister et al.,
2013). Interestingly, when TNF is delivered chronically (by delivery of a TNF-expressing
plasmid) or in 7nfRE mice, in which Tnf mRNA is stabilized, gut pathology is localized to the
ileum, similar to what occurs in Crohn’s disease (Kontoyiannis et al., 1999; Parker et al., 2019).

Finally, why differentiated IECs are more susceptible to poly(I:C)-induced cell death
compared to stem and progenitor cells is still unclear. Since the intestinal epithelium is a high-

turnover system, and VECs are replaced every 3-5 days, rapid induction of cell death and
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shedding may be a way to immediately clear out the virus without relying on the immune

system. On top of this, stem cells may possess intrinsic anti-viral properties. Indeed, various stem
cell populations have been shown to intrinsically express high levels of interferon-stimulated
genes (ISGs), making them resistant to viral infection (Wu et al., 2018). Expression of these
ISGs decreases upon differentiation, at which point the cells become interferon-responsive (Wu
et al., 2018). This suggests that stem cells possess intrinsic mechanisms of viral resistance. In the
context of the poly(I:C) injury model, the difference in susceptibility of crypt and villus IECs to
poly(I:C) may be in part due to the differential regulation of NF-«B signaling in these cells. Mice
lacking Ikbkb (IKK-B) but not lkbka (IKK-a) had increased crypt apoptosis following poly(I:C)
injection (McAllister et al., 2013). Thus, activation of canonical NF-«B signaling in the crypt

appears to protect stem and progenitor cells from undergoing poly(I:C)-induced cell death.
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2.5 Figures
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Figure 2.1. Schematic of epithelial cell death induced by double-stranded RNA

(A) In the intestine, double-stranded RNA such as poly(I:C) or a viral genome enters epithelial
cells and is sensed by TLR3, a pattern recognition receptor. TLR3 and its adaptor protein TRIF
activates caspase-8, leading to induction of the apoptotic pathway. (B) Cell death induced by

dsRNA is prominent in villus epithelial cells, while crypt epithelial cells are largely spared.
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Figure 2.2. Poly(I:C) induces robust villus injury in the proximal small intestine

(A) Poly(I:C) was injected intraperitoneally and the proximal small intestine was analyzed.
Immunohistochemistry (IHC) for cleaved-caspase 3 (cCASP3) (brown) at the indicated hours
post-injection (HPI). Bar: 100 um. Images are representative of at least 3 animals. (B) Average
number of cCASP3™ cells across 50 villi/crypts was plotted as mean + SD. n = 4 mice/group.

Significance was determined by two-way ANOVA and Sidak’s multiple comparisons test.
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Figure 2.3. Poly(I:C) preferentially kills differentiated epithelial cells over stem/progenitor
cells and does not discriminate between absorptive and secretory lineage cells
(A) Poly(I:C) treatment of wild-type or TIr3”" intestinal epithelial spheroids at different doses.
Stem cell spheroids were grown in L-WRN conditioned media and differentiated spheroids were
grown in serum-free media. Poly(I:C) was added to the media on the day of passage and treated
for 18 h. Cell viability was determined by CellTiter-Glo assay. n = 4 experiments. Values were
normalized to media only control and plotted as mean = SD. Significance was determined by
two-way ANOVA and Sidak’s multiple comparisons test. (B) Schematic for dibenzazepine
(DBZ) experiment. DBZ was injected twice 5 days prior to poly(I:C) injection. (C) Alcian blue
and PAS staining of the intestine before and after poly(I:C)-induced injury. After DBZ injection,
there is robust induction of secretory cells. Following poly(I:C) injection, there is still prominent
villus atrophy in these mice. Bar: 200 pm. Images are representative of at least 3 animals.

42



800+ — Villus
-= Crypt

600+

400+

Length (um)

Hours post-injection

Figure 2.4. Robust villus repair and regeneration following poly(I:C)-induced injury
(A) H&E images of the proximal small intestine at the indicated time points. Bar: 100 um.
Images are representative of at least 3 animals. (B) Average villus/crypt length across 50

villi/crypts at the indicated time points was plotted as mean + SD. n = 4 mice/group.
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Figure 2.5. Intestinal stem cells are spared from poly(I:C)-induced injury

(A) RNAscope in situ hybridization for Olfin4 in the homeostatic (0 HPI) and atrophic (24 HPI)
intestine. Each red dot represents a single mRNA molecule. Bar: 100 um. (B) Lineage tracing of
LGRS5" intestinal stem cells (ISCs). LGR5" ISCs were labeled with tamoxifen 12 h prior to
poly(I:C) injection (represented by tdTomato expression in red) in Lgr5¢ER/R26RM om0 mice

and subsequently fate-mapped. Bar: 200 um. Images are representative of at least 3 animals.
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Chapter 3

Identification of an Atrophy-Induced Villus Epithelial Cell Type
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3.1 Introduction

The mouse intestinal epithelium offers an excellent system to explore the dynamic
regulation of cell turnover and differentiation during injury-induced repair. In the small intestine,
distinct zones of proliferation and differentiation are organized into crypt-villus units. Highly
active ISCs and TA cells are located in the crypt (Barker et al., 2007). The differentiated
epithelial lineages, with the exception of Paneth cells, line villi and are replaced every 3-5 days
(Gehart and Clevers, 2019). Among the differentiated lineages, enterocytes and goblet cells
make up the majority of VECs (Allaire et al., 2018). These cells are columnar in shape and are
highly polarized, which enables most of its function to be directed toward the gut lumen.
Enterocytes possess microvilli on their apical surface, which further increases the surface area
available for nutrient uptake (Crawley et al., 2014). As part of the brush border, microvilli are
surrounded by a glycocalyx matrix that is enriched in hydrolytic enzymes and carrier proteins
involved in both the terminal steps of nutrient digestion and the initial steps of nutrient
absorption (Egberts et al., 1984). Loss of microvilli, as seen in microvillus inclusion disease
(MVID) and congenital microvillus atrophy (CMVA), causes life-threatening watery diarrhea
and malabsorption in infants (Pecache et al., 2004; Vogel et al., 2016). Goblet cells contain
mucin granules apically and are responsible for the production and maintenance of the mucus
barrier (Specian and Oliver, 1991). Loss of goblet cells or dysregulation of mucin synthesis leads
to exacerbation or spontaneous development of colitis (Nowarski et al., 2015; Van der Sluis et
al., 2006). Therefore, the proper polarity and maturation of differentiated IECs is crucial for
intestinal homeostasis. Together, [ECs are tasked with the challenge of balancing its primary role

in nutrient absorption while concurrently serving as a barrier to the harsh external environment.
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Breakdown of the intestinal barrier is observed in a variety of pathologies, often triggered
by damage to villus epithelial cells (VECs). Several enteric viruses, such as rotavirus, astrovirus,
and certain coronavirus strains, have tropism for mature VECs (Ingle et al., 2021; Pensaert et al.,
1970; Ramig, 2004). Rotavirus infection in children can result in total villus atrophy (Bishop et
al., 1973). Transmissible gastroenteritis virus, a type of coronavirus, causes severe villus atrophy
in suckling pigs, with close to 100% mortality rate (Xia et al., 2018). Hypoxic injury and
endoplasmic reticulum (ER) stress can lead to the immediate death of villus enterocytes and
goblet cells (Hinnebusch et al., 2002; Kaser et al., 2008). In fact, aberrant mucin assembly in
goblet cells triggers ER stress, leading to diminished goblet cell numbers and spontaneous colitis
(Heazlewood et al., 2008). Furthermore, excessive mucosal inflammation can result in
widespread enterocyte destruction (Di Sabatino et al., 2003; Moss et al., 1996). Two classic
examples of inflammatory enteropathies are celiac disease and Crohn’s disease. In celiac disease,
the key genetic underpinnings (human leukocyte antigen (HLA)-DQ2 and HLA-DQS) and the
environmental trigger (gluten) are well-known (Caio et al., 2019). Crohn’s disease is much more
complex and is generally thought to involve a combination of host genetics, environmental
factors, and microbial dysbiosis for disease manifestation (Gajendran et al., 2018). Ischemia-
reperfusion injury, which is encountered in surgical and trauma patients, can also profoundly
damage the villus compartment (Mallick et al., 2004). This is likely due to the countercurrent
shunting of oxygen in the villus—that is, oxygen levels decrease from the crypt to the tip of the
villus, making the villus highly sensitive to oxygen changes (Shepherd and Kiel, 1992; Zheng et
al., 2015). Finally, various medications have been reported to induce villus atrophy. These
include the immunosuppressive drugs azathioprine, mycophenolate mofetil, methotrexate, and

NSAIDs (Bosca et al., 2008; Ducloux et al., 1998; Kwo and Tremaine, 1995; Ziegler et al.,
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2003). Whatever the etiology, severe loss of differentiated IECs provoked by these assaults can
be detrimental, leading to collapse of the villus structure and an impaired absorptive capacity.

Toward understanding key features of small bowel enteropathies, such as Crohn’s and
celiac disease, multiple studies have identified disease-associated IECs with marked suppression
of mature epithelial features. Patients with Crohn’s disease have decreased microvilli length and
reduced expression of microvilli genes, even in uninflamed regions of the gut (VanDussen et al.,
2018). Similar changes in microvilli length were also observed in celiac disease biopsies (Shiner
and Birbeck, 1961). Significant reduction of brush border enzymes, including several types of
disaccharidases, dipeptidases, and alkaline phosphatase, was seen in both Crohn’s and celiac
disease patients (Arvanitakis, 1979; Mercer et al., 1990; Prasad et al., 2008). Transcriptomic
analyses of Crohn’s and celiac disease mucosal samples identified a prominent reduction of
enterocyte-related metabolic programs (Dotsenko et al., 2021; Haberman et al., 2014; Loberman-
Nachum et al., 2019). While loss of normal enterocytes as a result of injury may partially explain
these findings, histological analyses reveal the presence of immature-type IECs lining the
damaged or inflamed intestine (Arvanitakis, 1979; Loberman-Nachum et al., 2019). Whether
these disease-associated cells are beneficial or pathological remains to be determined. Moreover,
whether these epithelial alterations are a result of epithelial dedifferentiation, incomplete
epithelial maturation, or an adaptive response to injury is not clear. There are currently no
systems to induce or model these cells, making it difficult to study their features and functions.

Recent advances in spatial and single-cell transcriptomics have made it easier to define
new cell types and states in normal tissues. In humans, a unique BEST4/OTOP2" absorptive cell
type has been identified (Parikh et al., 2019; Smillie et al., 2019). These cells are thought to

maintain luminal pH through expression of ion channels (Ito et al., 2013; Tu et al., 2018).
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Paneth-like cells in the colon have also been described in humans using single-cell technologies
(Wang et al., 2020). Furthermore, epithelial lineages that were once thought to be a
homogeneous population of cells turns out to have multiple subtypes. Tuft cells, which are the
chemosensory cells of the gut, can be divided into an immune-related type and a neuronal type
(Haber et al., 2017). Two subtypes of goblet cells, designated as canonical and non-canonical
goblet cells, have also been recently identified (Nystrom et al., 2021). Non-canonical goblet cells
express genes associated with enterocytes, while canonical goblet cells possess unique functions
depending on their location within the crypt or luminal surface (Nystrom et al., 2021). In
addition, enterocytes shift their gene expression program as they migrate and traverse across the
villus axis (Moor et al., 2018). Together, these studies reveal that there are distinct functional
zones within different compartments of the intestine (e.g. villus bottom vs. villus top, crypt vs.
surface), and that these local functions are carried out by specialized subtypes of IECs.
Application of single-cell technologies to disease states have also yielded incredible
insights to disease pathogenesis. Single-cell profiling of ulcerative colitis and Crohn’s disease
samples have enabled careful dissection of cell-type-specific responses to inflammation
(Elmentaite et al., 2020; Parikh et al., 2019; Smillie et al., 2019). In mice, a unique “revival”
stem cell population has been identified following irradiation-induced injury (Ayyaz et al.,
2019). These cells expand in response to damage in a Y AP-dependent manner and regenerates
the epithelium (Ayyaz et al., 2019). We therefore set out to utilize these powerful techniques to

define the dynamics of epithelial differentiation in the poly(I:C) intestinal villus injury model.
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3.2 Materials and Methods

Animals

C57BL/6J, Krt20-T2A-CreERT2, Lgr5-EGFP-IRES-CreERT2, Bmil-CreER, and Rosa-LSL-
tdTomato mice were obtained from the Jackson Laboratory. Experiments that called for only
wild-type mice used 8-week-old C57BL/6J male mice. Pregnant C57BL/6J female mice were
used to obtain embryos. All other experiments involving specific genetic strains used 7- to 10-
week-old male and female mice. Mice were housed under specific-pathogen-free conditions and
maintained on a 12 h light/dark cycle. All animal studies were conducted in compliance with

protocols approved by the Washington University Institutional Animal Care and Use Committee.

Animal procedures
For intraperitoneal injections, the following reagents were prepared and administered at the
indicated dose. 1 mg/mL poly(I:C) HMW (InvivoGen) was prepared in saline and 20 mg/kg was

injected. 20 mg/mL tamoxifen (Sigma) was prepared in corn oil and 75 mg/kg was delivered.

Histology and immunostaining

The proximal small intestine was examined for histological studies. To prepare sections for
paraffin embedding, intestinal tissues were pinned out and fixed in 10% neutral buffered
formalin overnight at 4°C. Fixed samples were washed in 70% ethanol three times and embedded
in 2% agar (Sigma). This was followed by paraffin embedding and sectioning. Unstained
paraffin sections were de-paraffinized in xylene and rehydrated in isopropanol three times each.
Antigen retrieval was performed in Trilogy solution (Sigma) for 20 min under boiling water.

Slides were incubated in blocking solution (1% BSA/PBS containing 0.1% Triton X-100) for 1 h
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at room temperature before overnight treatment with primary antibodies diluted in blocking
solution at 4°C. The following day, slides were treated with secondary antibodies diluted in
blocking solution for 1 h at room temperature. For immunofluorescence (IF), sections were
counterstained with Hoechst 33258 (Invitrogen) for 15 min and mounted in Fluoromount
medium (Sigma). Washes were performed in PBS. The following primary antibodies were used
in this chapter: goat anti-Ace2 (R&D Systems AF933), rabbit anti-EpCAM (Abcam ab71916),
rabbit anti-Fabpl (Novus Biologicals NBP1-87695), goat anti-Pdgfra (R&D Systems AF1062),
goat anti-IL-33 (R&D Systems AF3626), rabbit anti-Cldn4 (Thermo Fisher 36-4800), rabbit anti-
Muc2 (Santa Cruz sc-15334), guinea pig anti-Krt20 (Progen GP-K20), rabbit anti-Aldolase B
(Abcam ab75751), goat anti-Mmp7 (R&D Systems AF2967), rabbit anti-Chromogranin A
(Abcam ab15160), rabbit anti-Dcamkl1 (Abcam ab37994), rabbit anti-RFP (Rockland 600-401-
379), rat anti-BrdU (recognizes CldU, Abcam ab6326), and mouse anti-BrdU (recognizes IdU,
BD Biosciences 347580). The following Thermo Fisher highly cross-absorbed IgG secondary
antibodies were used in this chapter: donkey anti-mouse Alexa Fluor 594, donkey anti-rabbit
Alexa Fluor 488/594, donkey anti-rat Alexa Fluor 488, donkey anti-goat Alexa Fluor 488/594,
and donkey anti-guinea pig Alexa Fluor 488. For transmission electron microscopy (TEM),
intestinal tissues were fixed in 2% PFA/2.5% glutaraldehyde in 100mM cacodylate buffer and

subsequently processed and imaged as previously described (Miyoshi et al., 2017).

RNAscope in situ hybridization
Intestinal tissues were fixed in 4% PFA overnight at 4°C and then incubated in 20% sucrose/PBS
overnight at 4°C. Fixed samples were cryo-embedded in O.C.T. compound and sectioned at 7 um

on a cryotome. /n situ hybridization was carried out on frozen sections using a RNAscope 2.5
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HD Assay-RED Kit (ACDBio) according to the manufacturer’s instructions. The following
ACDBio mouse probes were used in this chapter: Ace2 (417081), Msin (443241), Clu (427891),
and Alpi (436781). For co-staining with fluorescent antibodies, sections were treated with the

appropriate antibodies using the IF protocol above following in situ hybridization staining.

Imaging and quantification

Bright-field images were acquired with an Olympus BX51 microscope. Fluorescent images were
acquired with a Zeiss Axiovert 200M inverted microscope and a Zeiss Axio Imager M2 Plus
wide field fluorescent microscope. Live spheroid images were acquired with a Zeiss Cell
Observer inverted microscope with color camera. Epithelial cell height was measured with the
cellSens software (Olympus). For histology-based quantifications, each data point represents an
average value across 30-50 well-oriented villi/crypts in the proximal small intestine per animal

(exact number is in the figure legends). Images were processed with Adobe Photoshop CC.

Laser-capture microdissection (LCM)-microarray

Intestinal tissues were fixed in methacarn (60% methanol, 30% chloroform, 10% glacial acetic
acid) for 4 h at room temperature and processed for paraffin embedding. Paraffin blocks were
sectioned at 7um on a microtome. Sections were de-paraffinized in xylene, rehydrated in a series
of ethanol washes (70/95/100%), and briefly stained with methyl green (Vector Laboratories).
Laser capture microdissection (LCM) was performed using CapSure Micro LCM Caps (Applied
Biosystems) on the Arcuturus PixCell Ile system with an Olympus IX51 microscope base. RNA
extraction and cDNA synthesis/amplification were carried out using the Arcturus PicoPure RNA

Isolation Kit (Applied Biosystems) and Complete Whole Transcriptome Amplification Kit
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(WTAZ2, Sigma) according to the manufacturer’s instructions. Amplified cDNA products were
purified with the QIAquick PCR Purification Kit (Qiagen), and quality was assessed with the
Agilent 2100 Bioanalyzer. Agilent mouse 8x60K v2 microarray chips (Agilent-074809) were
used for hybridization. Data normalization, principal component analysis (PCA), and differential
gene expression analysis were performed on the Partek software and visualized with Graphpad
Prism 8/9. Gene ontology (GO) analysis was carried out with ToppGene Suite and Enrichr (Chen
et al., 2013; Kuleshov et al., 2016). Gene set enrichment analysis (GSEA) of the Crohn’s disease
(Haberman et al., 2014), celiac disease (Dotsenko et al., 2021; Loberman-Nachum et al., 2019),
and fetal spheroid (Mustata et al., 2013) signatures (the entire gene list or the top 300 genes in
respective studies) were processed using the GSEA v3/4 software (Subramanian et al., 2005).

Normalized enrichment scores (NES) and false discovery rates (FDR g-value) are displayed.

Fluorescence-activated cell sorting (FACS)

A standardized protocol for the isolation, dissociation, and sorting of IECs was previously
described (Magness et al., 2013). The first 5 cm of the proximal small intestine was used for cell
isolation. For downstream qRT-PCR analysis, poly(I:C)-damaged tissues from at least 2 mice
were pooled together. Briefly, intestinal tissues were incubated in 30mM EDTA, first on ice for
20 min with 1.5mM DTT and second at 37°C for 10 min without DTT, and then shaken to lift the
epithelium. After removal of the muscle layer, single cell dissociation was performed using an
enzymatic cocktail containing Img/mL Collagenase/Dispase (Roche) and 0.2mg/mL DNase I
(Roche) at 37°C for 10 min with intermittent shaking. The cell suspension was additionally
subjected to vigorous pipetting and filtered through 70pm and 40um strainers. Cells were

washed in 10% FBS/PBS and resuspended in FACS buffer containing 2% BSA, 2mM EDTA,
58



and 25mM HEPES in PBS. 10uM Y-27632 (R&D Systems) was added to every solution
throughout the experiment. SYTOX-Red (Invitrogen) was used to assess cell viability. Flow

cytometry and cell sorting were carried out on the Beckman Coulter MoFlo instrument.

Quantitative real-time PCR (qRT-PCR)

50,000 KRT20-tdT" and KRT20-tdT ™ cells from Krt20<°ER/R26R!4Tomato mice were sorted
directly into Buffer RLT Plus containing B-mercaptoethanol. Total RNA was isolated using the
RNeasy Plus Micro Kit (Qiagen). cDNA was synthesized using iScript Reverse Transcription
Supermix reagents (Bio-Rad). qPCR was performed using iTaq Universal SYBR Green
Supermix reagents (Bio-Rad) on a StepOne Real-Time PCR System (Applied Biosystems).

Expression levels were normalized to B2m. Primers used in this chapter are listed in Table 3.1.

Single-cell spheroid growth assay

Generation of 50% L-WRN conditioned media for intestinal spheroid culture was previously
described (Miyoshi and Stappenbeck, 2013). 10,000 KRT20-tdT" and KRT20-tdT™ cells from
Krt20€ER/R26R!4Tomato mice were sorted into 50% L-WRN media, spun down, and resuspended
in 40uL Matrigel (Corning 354234). Cells were cultured in 50% L-WRN media containing
10uM ROCK inhibitor for 6 days (media was changed once on day 3). Spheroid efficiency was

calculated as the number of spheroids on day 6 over the number of seeded cells (10,000).

Single-cell RNA-sequencing (scRNA-seq) and analysis
FACS purified IECs were resuspended in 10% FBS in DMEM/F12 for single-cell capture and

sequencing. Single-cell libraries were constructed using Chromium Single Cell 3° v3 reagents
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(10x Genomics) and sequenced on a NovaSeq6000 S4 system (Illumina) with ~50,000 reads per
cell. Demultiplexing, alignment, and unique molecular identifier counting were performed with
Cell Ranger v4.0. For downstream analysis, filtered gene-barcode matrices generated by Cell
Ranger were read into the Seurat package (v3.2.2) on RStudio (v1.3.1056) (Butler et al., 2018).
Single-cell transcriptomes from pediatric Crohn’s disease patients and healthy controls were
obtained from the Gut Cell Survey (Elmentaite et al., 2020) and analyzed in Seurat. Plots
generated were adjusted with ggplot2 and Adobe Illustrator CC. In Seurat, low-quality cells with
high (>9,000) and low (<500) unique gene counts and high mitochondrial counts (>20%) were
first filtered out. The resulting data was log-normalized, and paired samples were integrated.
PCA scores were computed on scaled data based on 2,000 of the most highly variable features.
The first 15 PCs were used for graph-based clustering (resolution = 0.2-0.3), which was
visualized with UMAP-based dimensional reduction (Becht et al., 2018). FindMarkers was used
to identify cell types. Immune cells (<1% of total cells) were removed from analysis. Gene
expression levels were plotted with FeaturePlot, VInPlot, and Dotplot functions. Enrichment of

the fetal spheroid and aVEC signatures were determined with the AddModuleScore function.

Statistics and reproducibility

Statistical analyses were performed in GraphPad Prism 8 or 9. P-values are indicated in the plots
or figure legends with p < 0.05 denoted as significant. Data are expressed as mean =+ standard
deviation (SD). An unpaired two-tailed Student’s #-test was used when comparing two groups; a
one-way ANOVA was used when comparing three or more groups; and a two-way ANOVA was
used when comparing groups with two experimental variables. Data from independent

experiments were pooled when possible. Otherwise, data are representative of at least two
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independent experiments. Animals that had near 0% weight loss one day after poly(I:C) injection
(<10% of all mice) were excluded from the study as these mice did not exhibit intestinal damage.

Further statistical details and quantification methods can be found in the figure legends.

Data and Code Availability

All sequencing data have been deposited in Gene Expression Omnibus (GEO) under the

accession codes GSE168439 (for LCM-microarray) and GSE169718 (for scRNA-seq).
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3.3 Results

Villus atrophy is accompanied by a transient loss of mature enterocyte features

To assess the dynamics of epithelial differentiation in the poly(I:C) model throughout the
injury-repair process, we first examined the expression pattern of ACE2, a brush border protein
and a marker of mature enterocytes, the dominant cell type on villi (Camargo et al., 2009; Zang
et al., 2020). During the injury phase (6 HPI), ACE2" enterocytes were shed into the lumen and
lost. We defined the atrophy phase (24 HPI) as the nadir of villus height, during which
rudimentary villi were covered with epithelial cells that lacked ACE2 protein and mRNA
expression (Figure 3.1A-C). These cells were prominent on atrophic villi in the proximal small
intestine, where injury was most severe (Figure 3.1D). Expression of a second enterocyte marker
FABP1, involved in lipid metabolism (Gajda and Storch, 2015), was similarly downregulated
during the atrophy phase (Figure 3.1E). Atrophy-associated epithelial cells were significantly
shorter than normal enterocytes (Figure 3.1F), indicating an altered differentiation state. These
epithelial changes were transient as ACE2" and FABP1" columnar-shaped enterocytes quickly
reappeared on villi during the regenerative phase (>48 HPI; Figure 3.1A-C and 3.1E).

A reduction of mature enterocyte features occurs in a variety of infectious and
inflammatory small bowel enteropathies (Holmes and Lobley, 1989). To determine the scope of
the overall transcriptional program present during poly(I:C)-induced villus atrophy, we
performed microarray analysis of laser-capture microdissected (LCM) epithelial cells from
homeostatic and atrophic villi (Figure 3.2A,B). Atrophy-induced VECs (hereafter aVECs)
possessed a distinct bulk transcriptional state compared to homeostatic VECs (Figure 3.2C).
Among the top differentially expressed genes, brush border-related genes were especially

downregulated, while repair-associated genes were highly upregulated in aVECs (Figure 3.2D).
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As such, pathways related to wound healing, such as extracellular matrix (ECM) re-organization
and cell migration, were induced in aVECs, whereas pathways linked to intestinal absorption and
enterocyte metabolism were suppressed (Figure 3.2E). Consistent with these changes,
transmission electron microscopy showed that while homeostatic VECs were tall with well-
formed microvilli, aVECs were small, had poorly developed microvilli, and contained extensive

lipid droplets (Figure 3.2F), suggesting a reduced absorptive capacity (Igbal and Hussain, 2009).

Villus injury triggers a disease-associated epithelial cell type

To test the hypothesis that an aVEC-like state is present in human diseases with injured
villi, we compared the transcriptional signature of aVECs in mice to bulk RNA-sequencing
datasets of Crohn’s and celiac disease biopsies. We found that two established epithelial
biomarkers of Crohn’s disease, Duox2 and Lcn2 (Csillag et al., 2007), were among the most
highly upregulated genes in aVECs (Figure 3.2D). Gene set enrichment analysis (GSEA)
showed significant correlation of a Crohn’s disease signature and the aVEC dataset (Figure
3.3A; Haberman et al., 2014). We also found significant correlation of two celiac disease
signatures with the aVEC dataset, and this correlation was dependent on active disease status
with gluten-induced villus atrophy (Figure 3.3B-D; Dotsenko et al., 2021; Loberman-Nachum et
al., 2019). Therefore, the aVEC signature induced upon poly(I:C)-mediated villus injury can be

identified in the transcriptomes of mucosal specimens from multiple human enteropathies.

aVECs possess a fetal-like transcriptional program
During epithelial regeneration, ISCs have been shown to express a fetal-like signature

(Gregorieff et al., 2015; Nusse et al., 2018; Wang et al., 2019; Yui et al., 2018). Surprisingly, we
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found components of a fetal program in the transcriptome of aVECs (Figure 3.4A). GSEA
demonstrated significant correlation of this program with the overall bulk transcriptome of
aVECs (Figure 3.4B; Mustata et al., 2013). We validated that two of the fetal markers, Ms/n and
Clu, were indeed expressed in the fetal intestinal epithelium and reflective of the fetal signature
(Figure 3.4C,D). /n situ hybridization confirmed that Ms/n and Clu mRNAs were strongly
detectable in aVECs but not expressed in the uninjured epithelium (Figure 3.4E,F). Outside of
the epithelial layer, Msin was also expressed in mesothelial cells (Rinkevich et al., 2012), and
Clu was also expressed in endothelial cells as previously reported (Andersen et al., 2007).

We further tested the hypothesis that aVECs possess a fetal-like transcriptional program
by single-cell RNA sequencing (scRNA-seq) of [ECs isolated during homeostasis and poly(I:C)-
induced villus atrophy (Figure 3.5A,B). Uniform manifold approximation and projection
(UMAP) of the integrated dataset identified all major intestinal cell lineages, including three
enterocyte clusters reflective of their position on the villus axis (Figure 3.6A,B; Moor et al.,
2018). Enterocytes were particularly enriched in the homeostasis sample, while crypt-based and
secretory cells were enriched in the atrophy sample (Figure 3.6C). We validated that in both
conditions, epithelial cell procurement by EDTA treatment was complete (Figure 3.6D).

Interestingly, we detected highest expression of fetal markers and enrichment of a fetal
signature in the villus-top enterocyte cluster (cluster 7) (Figure 3.7A,B). In fact, there appeared
to be two distinct populations in cluster 7 with the majority of cells possessing the fetal signature
in the atrophy sample (Figure 3.7C), consistent with the LCM-microarray data. We validated
that IL-33 was expressed in aVECs but not in homeostatic VECs (Figure 3.7D). However, we

also identified several villus-tip markers, including CLDN4 (Tamagawa et al., 2003), that were
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expressed by aVECs and homeostatic VECs near the top of villi (Figure 3.7E). These results
suggest that transcriptionally aVECs most closely resemble enterocytes in the villus-top zone.
Given these findings, we further re-clustered cluster 7 and identified two major sub-
clusters as expected. One cluster belonged to homeostatic villus-top enterocytes (cluster 7a) and
the other cluster represented aVECs (cluster 7b and 7c). Through this analysis, aVECs were
identified as altered versions of Alpi* enterocytes and Muc2* goblet cells, both enriched for fetal
markers such as Ly6a, Msin, and Clu (Figure 3.8A). aVECs did not express many of the
enterocyte zonation markers present in homeostatic VECs, including purine catabolism genes
characteristic of villus-top enterocytes, and were instead enriched for ECM, cell adhesion, and
fetal genes (Figure 3.8B). Together, these results show that aVECs fall within the enterocyte and

goblet cell lineages and resemble most closely to normal enterocytes in the villus-top zone.

aVEC-like cells are present in Crohn’s disease samples

As aVECs can be defined in mice at single-cell resolution, we next applied these
signatures to a recent sScCRNA-seq atlas for Crohn’s disease (Elmentaite et al., 2020). Analysis of
the epithelial cell composition in newly diagnosed Crohn’s disease patients and healthy controls
yielded 10 clusters, including distinct subsets of enterocytes similar to the original study (Figure
3.9A,B). Overall, there was a reduction in the relative abundance of absorptive cells and an
increase in crypt-based and secretory cells in Crohn’s disease mucosal samples (Figure 3.9C).
Notably, we observed an expansion of a unique LCN2" enterocyte-like population (cluster 9) in
Crohn’s disease samples that also expressed high levels of DUOX2 (Figure 3.9D,E).

Along with a subset of Crohn’s disease-associated DUOX2" goblet cells, LCN2*

enterocytes were enriched for a cell population that shared several markers with aVECs,
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including ITGB6, LAMC?2, PLAUR, and ANXAI (Figure 3.10A). In addition, these DUOX2"
cells were enriched for both aVEC and mouse fetal signatures (Figure 3.10B,C), suggesting that

an aVEC-like cell type may be present in Crohn’s disease and possibly in other enteropathies.

aVECs express lineage-specific markers and are terminally differentiated

Multiple mechanisms have been proposed for how the intestinal epithelium repairs after
injury, such as the reversion of differentiated cells to a stem-like state (Beumer and Clevers,
2016). Due to the prominent fetal signature in aVECs, we next tested the stem and lineage
properties of these cells. Though aVECs lack expression of many genes associated with the
highly specialized functions of mature enterocytes (i.e., ACE2/FABP1), these cells nevertheless
maintain either an enterocyte or goblet cell identity consistent with our single-cell data: Alpi
transcripts and MUC2 were expressed in discrete cells on atrophic villi (Figure 3.11A).
Furthermore, aVECs expressed the pan-differentiation marker K7z20 (Figure 3.11B). This
marker showed complete co-localization with Ms/n and Clu mRNAs in aVECs (Figure 3.11C).

To assess the extent to which cell differentiation processes were affected during villus
repair, we performed immunostaining to evaluate the presence and allocation of all the major
intestinal cell lineages (Figure 3.12). Unsurprisingly, ALDOB" enterocytes were absent on
atrophic villi but reappeared on regenerating villi. MUC2" goblet cells, while present, had a
diminutive theca during villus atrophy, and later during regeneration, co-expressed the Paneth
cell marker MMP7, featuring an intermediate cell phenotype. CHGA™ endocrine cells and
DCLK1" tuft cells were found at similar frequencies on atrophic and regenerating villi. By one-
week post-injury, all epithelial lineages largely restored back to homeostatic conditions. Thus,

besides a transient increase in intermediate cells during villus regeneration, a cell type commonly

66



induced in the setting of parasitic infection (Kamal et al., 2002), the distribution of differentiated
epithelial cell lineages remained largely intact following injury. Interestingly, the differentiation
profile of IECs during villus atrophy (i.e., expression of KRT20/MUC2/A4/pi and absence of
enterocyte protein markers) closely reflect that of the fetal intestine (Guiu et al., 2019).

Clu is expressed in aVECs as we described, but is also a defining marker of the recently
identified revSC population, which drives epithelial regeneration after loss of LGR5" ISCs to
intestinal damage (Ayyaz et al., 2019). Given the close link between the fetal program and
regenerative stem cells, we wondered whether aVECs were endowed with stem cell capacity or
truly represented a differentiated cell population. To test if aVECs contained stem cell potential,
we transiently labeled KRT20-expressing VECs at homeostasis and during atrophy by tamoxifen
induction of tdTomato (Krt20°*ER/R26R"Tm mice; Figure 3.13A). Flow cytometry analysis
demonstrated that an average 73% of IECs were tdTomato (tdT)" at homeostasis and 18% during
atrophy (Figure 3.13B). We validated that KRT20-tdT* aVECs were enriched for the fetal
markers Msln and Clu with reduced expression of Ace2 compared to KRT20-tdT* homeostatic
VECs (Figure 3.13C). To functionally test for stemness, we cultured sorted tdT" and tdT~ cells
in Matrigel/L-WRN conditioned media (Miyoshi and Stappenbeck, 2013). KRT20-tdT* aVECs
and homeostatic VECs (as a control) failed to form any spheroids, suggesting a lack of stem cell
capacity (Figure 3.13D,E). In contrast, KRT20-tdT cells showed robust spheroid-forming

efficiency regardless of injury status as expected of intestinal crypt cells (Figure 3.13D,E).

Progenitor cells transiently differentiate into aVECs following injury
In response to ISC damage, rare CLU" cells in the crypt are thought to expand and give

rise to revSCs (Ayyaz et al., 2019). To determine the source of aVECs, we first examined
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epithelial turnover dynamics by injecting the thymine analogs CldU and IdU prior to injury and
during villus atrophy, respectively. These data support the hypothesis that dividing progenitors
migrate over damaged villi to become aVECs, which are then replaced by newly emerged IECs
during villus regeneration (Figure 3.14A). Consistent with this picture, lineage tracing showed
that the recent progeny of LGR5" ISCs were the dominant source of aVECs relative to BMI1*
cells and LGR5" ISCs (Figure 3.14B,C). While we cannot exclude the possible contribution of a
rare CLU" cell population, our findings favor a model in which TA progenitor cells differentiate
into aVEC:s after injury and acquire a fetal-like profile. Since this program of repair does not
involve a cell type conversion, we termed this process “adaptive differentiation”.

The short-lived nature of the aVEC population was further corroborated by the fact that
KRT20-labeled cells were absent three weeks post-injury in Krz20"ER/R26R oMt mice
(Figure 3.15A). Tracking the fate of Msin" cells by in situ hybridization showed that aVECs
sloughed off at the villus tip during the regenerative phase (Figure 3.15B). Taken together, we

demonstrate that TA cells adaptively differentiate into aVECs and transiently cover injured villi.
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3.4 Discussion

Using a poly(I:C)-mediated injury model in the small intestine, we defined an aVEC
population that covers severely damaged villi. Morphologically, aVECs lacked many features
typical of mature enterocytes. aVECs were primitive in their appearance with a short cuboidal
morphology and diminished brush border. They contained many large fat droplets, which could
be a result of lacking the proper machinery to metabolize lipids (Cruz-Garcia and Schlegel,
2014). Importantly, they were reminiscent of surface epithelial cells associated with intestinal
injury and disease (Kent and Moon, 1973; Kerzner et al., 1977; Schuffler and Chaffee, 1979). By
cross-comparing our aVEC transcriptional dataset with that of Crohn’s and celiac disease, we
determined that aVEC-like cells were present in human enteropathies. Thus, poly(I:C)-induced
villus injury transiently triggers a disease-associated epithelial cell type, offering a unique
opportunity to further characterize these cells and examine their role in intestinal biology.

In spite of bearing little resemblance to mature IECs, aVECs were differentiated by all
accounts. First, aVECs possessed an Alpi* enterocyte or Muc2™ goblet cell identity based on
their transcriptomes. Interestingly, villus IECs in the fetal epithelium have features of epithelial
differentiation, yet retain the capacity to serve as precursors to adult intestinal stem cells (Guiu et
al., 2019). In contrast, in the injured adult intestine, aVECs did not possess stem cell capacity in
vitro or in vivo. Using a thymidine incorporation assay, aVECs were clearly post-mitotic. When
cultured in stem cell media, aVECs did not grow into spheroids. And when lineage-traced,
aVECs never re-entered the crypt and acquired a stem-like state to regenerate the epithelium.

Therefore, it was a surprise to find that aVECs possessed a fetal-like profile, which was
largely thought to be a defining feature of regenerative stem cells (Nusse et al., 2018; Wang et

al., 2019). While studies so far associate this damage-induced state with stemness and
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regeneration (Beumer and Clevers, 2021; Nusse et al., 2018; Sprangers et al., 2021), our data
suggest that it can also be observed under certain contexts of epithelial differentiation. It is
therefore likely that proximity to niche factors in the crypt is crucial for determining stem cell
function in the adult intestine (Fuchs et al., 2004; Gehart and Clevers, 2019). Once a cell exits
the crypt niche and enters the villus compartment, the surrounding microenvironment likely
forces it to undergo cell differentiation. Given that the boundaries between the crypt and villus
are mostly intact in the poly(I:C) injury model, we speculate that all the major signaling
pathways involved in establishing epithelial proliferation and differentiation during homeostasis,
such as the WNT, BMP, and Notch pathways, are still in place even during villus atrophy.

Interestingly, many genes that were upregulated in aVECs were also induced in Crohn’s
and celiac disease biopsies. This suggested that the lack of mature enterocyte features was not
the only commonality between aVECs and disease-associated epithelial cells. The upregulated
genes included fetal markers as well as many genes related to pathways involved in wound
healing. We will examine the functional role of this reparative program in the next chapter.

By combining spatial transcriptomics with single-cell technology, we were able to obtain
a high-resolution view of the various cell states in the atrophic intestine. Previously, LCM and
scRNA-seq was combined to understand the heterogeneity of enterocytes along the villus axis
(Moor et al., 2018). Similarly, we used LCM data to guide our single-cell analysis and validated
our results with single-molecule in situ hybridization and immunostaining. LCM is particularly
useful for understanding IEC biology as these cells are easy to micro-dissect under the
microscope. The ability to characterize these cells in a fixed tissue also minimizes artifacts often
associated with tissue dissociation and reduce sampling bias that could result from only

collecting surviving cells (Haber et al., 2017; Machado et al., 2021). This is especially a problem
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with the differentiated intestinal populations, which are programmed to die once they are lifted
from the basement membrane (Grossmann et al., 2001). Despite this, scRNA-seq provides a
level of resolution that LCM simply cannot achieve—the ability to transcriptionally profile
single cells. Additionally, scRNA-seq enables the ability to see how cells relate to one another
with dimensionality reduction (Sun et al., 2019). Thus, using this technology, we were able to
determine the heterogeneity of the aVEC population and assess their relation to homeostatic
IECs. To our surprise, aVECs clustered very closely to villus-top enterocytes, which are
enterocytes found near the tip of the villi. Whether this is due to the spatial positioning of aVECs
(as these cells are technically covering the top of atrophic villi) or some other biological
phenomenon remains to be known. Villus-top enterocytes are characterized by the expression of
AP-1 transcription factors, EGFR, and purine catabolism gene (Moor et al., 2018). It has been
suggested that a specific stromal population in the villus tip region, defined by the expression of
LGRS, is required for controlling the villus-tip program (Bahar Halpern et al., 2020).
Additionally, enterocytes may possess a unique transcriptional profile in the villus tip zone
because that is where normal cellular shedding occurs (Patankar and Becker, 2020). Activation
of AP-1 transcription factors and EGFR signaling in these cells may help promote changes in
cell adhesion, cell-cell junction, and actin cytoskeleton to maintain barrier integrity within that
zone (Galvagni et al., 2013; Li et al., 2003; Malliri et al., 1998; Tran et al., 2012).

Another surprise from the scRNA-seq analysis was the fact that aVECs possessed either
an enterocyte or goblet cell identity. In fact, atrophic villi were also lined with enteroendocrine
and tuft cells at expected frequencies. However, we only saw induction of a fetal program in the
enterocyte and goblet cell lineages. This suggests that the allocation of the various intestinal

lineages occurs normally even after villus injury but only the enterocyte and goblet cell
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populations can acquire a reparative phenotype. Why enteroendocrine and tuft cell lineages fail
to acquire fetal characteristics during atrophy is an open question. One reason is that they do not
possess the transcriptional machinery to induce such a program. Another possibility is that these
cells are so rare and specialized that they are not active participants of repair. Interestingly, both
enteroendocrine and tuft cells are thought to interact with nerve cells, suggesting that they are
wired differently from enterocytes or goblet cells (Banerjee et al., 2018; Kaelberer et al., 2018).
Importantly, none of the current models of cell reprogramming adequately explains how
aVECs form, as these cells originate from immature progenitors. While a fetal-like
reprogramming of IECs has been demonstrated before in various crypt injury models, these
settings appear to involve a cell type conversion—that is, loss of stem cell and differentiation
features and gain of fetal characteristics (Gregorieff et al., 2015; Nusse et al., 2018; Yui et al.,
2018). In contrast, aVECs are better described as progenitor-derived cells that exit the cell cycle,
undergo lineage commitment, and acquire a fetal-like program but fail to fully mature into
normal enterocytes or goblet cells. Thus, the reparative program was likely prioritized over the
normal differentiation program during their exit from the crypt. These cells are likely not
identical to fetal IECs as not all fetal markers were expressed by aVECs, including TROP2 and
CNX43 (Fernandez Vallone et al., 2016). Given that we do not see evidence of reprogramming
during aVEC formation, we propose “adaptive differentiation” to explain the process by which
stem and progenitor cells differentiate and adapt to the wounded environment to promote tissue

repair. We believe this paradigm may be conserved in other organs with high cell turnover rates.
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3.5

FABP1

Figure 3.1. Transient suppression of enterocyte markers following villus injury
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(A) Immunofluorescence (IF) for EpCAM (green) and ACE2 (red) at the indicated time
points/injury-repair stage. Bar: 100 um (B) Average number of ACE2" cells across 30 villi was
plotted as mean + SD. n = 5 mice/group. Significance was determined by one-way ANOVA and
Tukey’s multiple comparison test. (C) RNAscope in situ hybridization for Ace2 in a
representative villus at the indicated time points. Each red dot represents a single mRNA
molecule. Bar: 25 pm. (D) IF for EpCAM (green) and ACE2 (red) in the small intestine from the
duodenum to the proximal jejunum at 24 HPI. Bar: 200 pm. (E) IF for FABP1 (red) at the
indicated time points. Bar: 100 um. (F) Average epithelial cell height across 50 villi based on
H&E images was plotted as mean = SD. n = 4 mice/group. Significance was determined by

unpaired ¢-test. I[F and RNAscope images are representative of at least 3 animals.
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Figure 3.2. Characterization of villus atrophy-induced epithelial changes
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(A) Schematic of laser-capture microdissection (LCM)-microarray experiment. Villus epithelial
cells (VECs) from 4 mice/group were collected. (B) Example of an LCM experiment showing
isolation of villus epithelial cells (VECs) from the homeostatic and atrophic intestine.
Arrowheads indicate captured cells. (C) Principal component analysis of bulk transcriptomes
from homeostatic VECs and atrophy-induced VECs (aVECs). (D) Volcano plot showing
differentially expressed genes between homeostatic VECs and aVECs. Significant genes (p <
0.01 and fold-change > 2) were color-coded red or blue. (E) Gene ontology (GO) analysis of the
top 500 upregulated and downregulates genes in atrophy-induced VECs (aVECs) compared with
homeostatic VECs. (F) Ultrastructure of homeostatic VECs and aVECs. Dashed line represents
the epithelial-stromal border. Note that aVECs possess shorter microvilli (inset) and contain

many lipid droplets (arrowheads). Bar: 5 um. Images are representative of at least 3 animals.
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Figure 3.3. Villus injury induces a disease-associated epithelial cell type

(A and B) Gene set enrichment analysis (GSEA) of genes upregulated or downregulated in
Crohn’s disease (A) and celiac disease (B) in aVECs (Atrophy) compared with homeostatic
VECs (Homeostasis). (C and D) GSEA of genes upregulated or downregulated in celiac disease
patients on a gluten-free diet (C) or post-gluten challenge (D) in aVECs compared with

homeostatic VECs. NES = normalized enrichment score (NES), FDR = false discovery rate.

NES =-2.75
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Figure 3.4. aVECs acquire a fetal-like transcriptional program

(A) Heatmap of select fetal markers from the aVEC LCM-microarray dataset. Values were row
normalized. n=4 mice/group. (B) GSEA of a fetal spheroid signature in aVECs compared with
homeostatic VECs. (C and D) IF/RNAscope in situ hybridization for EpCAM (green) and Msin
or Clu (red) in E16.5 intestines. Each red dot represents a single mRNA molecule. (E and F)

RNAscope for Msin and Clu in the homeostatic and atrophic intestine. All bars: 100 pm.
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Figure 3.5. scRNA-seq workflow for IECs from the homeostatic and atrophic intestine
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(A) Schematic of single-cell RNA sequencing (scRNA-seq) protocol. Intestinal epithelial cells
(IECs) from the homeostatic and atrophic intestine were isolated by EDTA treatment,
enzymatically dissociated, and sorted based on the gating strategy shown. Sorted IECs were
submitted for scRNA-seq using the 10x Genomics system. (B) Uniform manifold approximation
and projection (UMAP) visualization of scRNA-seq libraries from two independent homeostasis

samples and two independent villus atrophy samples reveals minimal batch-to-batch variation.
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Figure 3.6. Analysis of scRNA-seq data
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(A) UMAP visualization of IECs from the homeostatic (4,892 cells) and atrophic (3,650 cells)
intestine colored by sample (left) and cell type (right). Clusters were annotated based on
expression of known and top marker genes. (B) Dot plot of cell type-specific and enterocyte
zonation markers in the homeostasis vs atrophy IEC scRNA-seq dataset. (C) Proportion of
stem/progenitor cells, absorptive enterocytes, and secretory cells (i.e., Paneth, goblet,
enteroendocrine, and tuft cells) in the homeostatic and atrophic intestine based on scRNA-seq
clusters. (D) IF for EpCAM (green) and PDGFRa (red) in the homeostatic and atrophic intestine

post-EDTA treatment shows efficient isolation of villus and crypt epithelial cells. Bar: 200 um.
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Figure 3.7. Fetal markers are enriched in atrophy-associated IECs that transcriptionally
resemble homeostatic villus-top enterocytes the most

(A) Expression of select fetal markers was overlaid on the UMAP plot. Highest expressors were
concentrated in a subset of villus-top enterocytes (cluster 7, dashed circle). (B and C) Enrichment
analysis of a fetal spheroid signature for each cell separated by cluster (B) and by sample in
cluster 7 (C). Each black dot represents one cell. The higher the module score, the better the
enrichment. (D) IF for IL-33 (red) in the homeostatic and atrophic intestine. Bar: 100 pum. (E) IF

for CLDN4 (red), a villus-tip marker, in the homeostatic and atrophic intestine. Bar: 100 um.
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Figure 3.8. aVECs are transcriptionally distinct from normal enterocytes and are
comprised of cells within the enterocyte and goblet cell lineage

(A) UMAP visualization of villus-top enterocyte (cluster 7) sub-clusters colored by cell type
(left). Expression of villus-tip (Cldn4), cell lineage (Alpi, Muc?2), and fetal (Ly6a, Msin, Clu)
markers in each sub-cluster (right). Note that aVECs are a heterogenous population of cells, with
some cells possessing an enterocyte identity and other cells a goblet cell identity. (B) Dot plot of
enterocyte zonation markers from the villus-bottom to villus-top. Cell-adhesion, extracellular

matrix (ECM), and fetal genes expressed by aVECs (atrophy-top cells) are also shown.
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Figure 3.9. Identification of Crohn’s disease-associated enterocyte and goblet cell

populations by scRNA-seq
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(A) UMAP visualization of IECs from healthy control (4,630 cells) and pediatric Crohn’s disease
(3,545 cells) patients obtained from the Gut Cell Survey. Clusters were annotated based on
expression of known and top marker genes. (B) Dot plot of cell type-specific and cluster-
defining markers in the healthy control vs pediatric Crohn’s disease IEC scRNA-seq dataset. (C)
Proportion of stem/progenitor cells, absorptive enterocytes, and secretory cells (i.e., Paneth,
goblet, and enteroendocrine cells) in healthy controls and pediatric Crohn’s disease patients
based on scRNA-seq clusters. (D) Proportion of enterocyte subsets and the relative fold
difference between healthy controls and pediatric Crohn’s disease patients. Note that LCN2*
enterocytes (cluster 9) uniquely arise in Crohn’s disease. (E) Expression of DUOX?2 in each
cluster separated by disease status. Each black dot represents one cell. DUOX? is predominantly

expressed in Crohn’s-associated LCN2" enterocytes and in a subset of goblet cells (cluster 4).
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Figure 3.10. aVEC-like cells are present in Crohn’s disease samples

(A) Expression of select aVEC markers was overlaid on the UMAP plot. Highest expressors
were concentrated in the Crohn’s-associated DUOX2-DUOXA2" enterocytes and goblet cells. (B
and C) Expression of the aVEC (B) and mouse fetal spheroid (C) signature was overlaid on the

UMAP plot. Highest expressors (yellow-colored cells) were concentrated in DUOX2" cells.
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Figure 3.11. aVECs express lineage-specific and differentiation markers

(A) IF/RNAscope for MUC2 (green) and Alpi (red) in the homeostatic and atrophic intestine. (B)
Expression of Krt20, a differentiation marker, was overlaid on the UMAP plot. Villus-top
enterocytes (dashed circle) express Krz20. (C) IF/RNAscope for KRT20 (green) and Msin or Clu

(red) in the atrophic intestine. Note that Msln/Clu" aVECs express KRT20. Bars: 100 pm.
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Figure 3.12. Lineage dynamics during villus injury-repair

IF for cell-lineage markers at the indicated time points. Expression of ALDOB (enterocyte),
MUC2 (goblet cell), MMP7 (Paneth cell), CHGA (enteroendocrine cell), and DCLKI (tuft cell)
was examined. Note the loss of ALDOB expression during villus atrophy (consistent with loss of
ACE2 and FABP1 at this time point) and appearance of MUC2"MMP7" intermediate cells

during villus regeneration. Images are representative of at least 3 animals. Bar: 100 pm.
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Figure 3.13. aVECs are terminally differentiated
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(A) Validation of tamoxifen-mediated fluorescent labeling of KRT20" cells in
Krt20“°ER/R26R“Tomat mice during homeostasis and atrophy. Labeled cells express tdTomato
(tdT). Bar: 100 um. (B) Flow cytometry analysis of KRT20-tdT" and KRT20-tdT " cells during
homeostasis and atrophy. Representative plots (left) and relative percentage of each population
(right) displayed as mean = SD. n = 4 mice/group. (C) qPCR analysis of Ace2, Lgr5, and fetal
markers (Msin, Clu) in sorted KRT20-tdT* and KRT20-tdT™ cells during homeostasis and
atrophy. Values were normalized to the lowest expressing sample and plotted as mean + SD. n =
3 samples/group (atrophy cells were pooled from multiple mice). Significance was determined
by two-way ANOVA and Sidak’s multiple comparisons test. (D and E) Sorted KRT20-tdT" and
KRT20-tdT™ cells were cultured in Matrigel with 50% L-WRN conditioned media. Bright-field
images of spheroids were taken on day 6 after plating (D). Insets were enhanced for contrast.
Bar: 1000 pm. Spheroid formation efficiency = number of spheroids formed on day 6 over

number of seeded cells on day 0 (E). Values were plotted as mean + SD. n = 7 mice/group.
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Figure 3.14. aVEC:s arise from transit-amplifying cells
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(A) Assessment of epithelial turnover dynamics. CldU was injected 1 h prior to poly(I:C)
injection, and IdU was injected at 24 HPI. IF for CIdU (green) and IdU (red) at the indicated time
points. Bar: 200 um. (B and C) Lineage tracing of BMI1" cells and LGR5-progeny cells during
villus injury-repair. BMI1™ cells were labeled with tamoxifen 12 h prior to poly(I:C) injection in
BmilCeER/R26RMTomato mice (B). LGR5-progenies were labeled following tamoxifen-mediated
tracing of LGR5" ISCs 3-4 days prior to poly(I:C) injection in Lgr5ER/R26R"Tomato mice (C).
The contribution of each cell population to aVECs at 24 HPI and villus regeneration at 48 HPI
(for BMI1" cells) are shown. LGR5-progenies are the major source of aVECs (note

colocalization with KRT20). Images are representative of at least 4 animals. Bars: 100 pm.
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Figure 3.15. aVECs are short-lived and transiently cover damaged villi

(A) Transiently labeled tdT* cells from Krt20°ER/R26R ™m0 and Lgr5reER/R26RTomato mice
were examined 3 weeks post-injury. Bar: 200 pm. Percentage of ribbons across 50 crypt-villus
units was quantified and plotted as a box-whisker plot. n = 5 mice/group. Significance was

determined by unpaired #-test. (B) RNAscope for Ms/n at the indicated time points. Bar: 100 pm.
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3.6 Tables

Table 3.1. Primers used for qRT-PCR, related to Figure 3.13

Primer Name Species
Ace2-F Mouse
Ace2-R Mouse
B2m-F Mouse
B2m-R Mouse

Clu-F Mouse
Clu-R Mouse
Lgr5-F Mouse
Lgr5-R Mouse
Msln-F Mouse
MsIn-R Mouse

Primer Sequence (5' to 3')
CACTGAAGCTGGGCAGAAGT
TCAGCCAGTCAAACAACGGT
TTCTGGTGCTTGTCTCACTGA
CAGTATGTTCGGCTTCCCATTC
GCTGCTGATCTGGGACAATG
ACCTACTCCCTTGAGTGGACA
CCTACTCGAAGACTTACCCAGT
GCATTGGGGTGAATGATAGCA
GGTCCTGTGGAAGTCCCATCT
CTTGTCTTTGTAGTCTGGGTCTGC

Primer
Length
20
20
21
22
20
21
22
21
21
24

95

Im (°C
60.25
60.11
59.24
59.39
58.98
59.85
58.65
58.69
61.18
61.33

GC (%)
55.00
50.00
47.62
50.00
55.00
52.38
50.00
47.62
57.14
50.00

Product

Size
146
146
104
104
89
89
165
165
97
97

Target
Exon 13
Exon 14
Exon 1
Exon 2
Exon 2
Exon 3
Exon 12
Exon 14
Exon 1
Exon 2

RefSeq
001130513
001130513
009735
009735
013492
013492
010195
010195
018857
018857

NM
NM
NM
NM
NM
NM
NM
NM
NM
NM
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Chapter 4

Y AP Signaling Mediates Intestinal Barrier Re-establishment
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4.1 Introduction

The intestinal tract exhibits an impressive capacity for repair after severe tissue damage.
In the small intestine, where zones of proliferation and differentiation are anatomically separated,
majority of studies have been focused on the regenerative response to stem cell or crypt loss.
This has been extensively studied using the irradiation, LGR5-diphtheria toxin receptor (DTR),
and graft-versus-host disease models (Kim et al., 2017; Metcalfe et al., 2014; Takashima et al.,
2011; Tian et al., 2011). Understanding the mechanism behind crypt regeneration is important, as
widespread crypt loss can result in intestinal failure and mortality (Kuhnert et al., 2004).

Importantly, LGR5" ISCs have been shown to be essential for radiation-induced
epithelial regeneration (Metcalfe et al., 2014). This was surprising because LGR5" ISCs are
largely thought to be dispensable for intestinal homeostasis, with other cells capable of taking
over their stem cell function (Tian et al., 2011). It is therefore critical to recover the LGR5™ ISC
pool during regeneration, and the mechanism behind this has been a subject of great interest.
Initially, the predominant theory was that radioresistant +4 reserved ISCs, marked by the
expression of BMI1, LRIG1, HOPX, mTERT, and SOX9"eh were the major source of LGRS5"
ISC after injury (Bankaitis et al., 2018; Yan et al., 2012). However, many subsequent studies
thereafter have identified additional cell types with the ability to revert to a stem-like state. These
cells include secretory and enterocyte progenitors and even fully mature enteroendocrine and
Paneth cells (Beumer and Clevers, 2021). These studies have also called into question the
identity of the +4 cells. Originally, +4 stem cells were defined by their slow cycling nature—the
so-called label-retaining cells (LRCs) (Potten, 1977). However, with the availability of elegant
genetic tools, intestinal LRCs have been defined to be secretory precursor cells (Buczacki et al.,

2013). Additional +4 markers continue to expand today, including MEX3A and CLU, further
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complicating the identity of these cells (Ayyaz et al., 2019; Barriga et al., 2017). It is likely that a
heterogenous population of cells exist at the +4 position, including various precursor cells and
secretory cell types. Furthermore, a recent study has concluded that ISC regeneration is
explained almost entirely by dedifferentiation of LGRS5-progenitor cells (Murata et al., 2020).
Therefore, ISC restoration relies predominantly on the plasticity of intestinal progenitors.

The colon, on the other hand, lacks villi and is instead made up of taller crypt units.
While stem or progenitor cell-specific ablation can occur, for example after irradiation or
chemotherapy treatment, often colonic injuries result in entire loss of crypt structures. Such
wounds or ulcers can form in the small intestine as well, but these types of injuries have been
more extensively studied in the colon. In contrast to the small intestine, the focus here is less on
ISC regeneration and more on crypt reconstitution. Interestingly, during colonic inflammation
induced by dextran sodium sulfate (DSS), LGR5" ISCs are dispensable for repair (Metcalfe et
al., 2014). To better understand colonic wound repair, we and others have utilized an endoscopy-
guided, biopsy forceps-mediated focal removal of the colonic mucosa (Seno et al., 2009). In
comparison to chemical or infectious colitis, this biopsy injury system allows for far greater
control over the location, timing, and degree of damage. Studies of these biopsy-generated
wounds have revealed that colonic repair occurs through three distinct phases. In the first phase,
CLDN4" wound-associated epithelial (WAE) cells emerge from the adjacent crypts and cover
the wound bed (Manieri et al., 2012; Seno et al., 2009). This step is independent of cell
proliferation, primarily involving the migration of WAE cells, and has been traditionally referred
to as restitution (Sturm and Dignass, 2008). In the second phase, there is extensive cell
proliferation in the adjacent crypts that result in the formation of wound channels (Miyoshi et al.,

2012). Finally, in the third phase, wound channels get partitioned into individual crypt structures.
106



This is achieved through focal inhibition of cell proliferation within the wound channel by
WNT5A" mesenchymal cells (Miyoshi et al., 2012). Due to the fact that entire epithelial
structures (i.e. crypts) often need to be reconstructed following colonic injury, the repair process
is generally much more involved and complex than simply restoring the ISC pool.

In determining what factors are essential for repair in adult animals, a growing body of
work has recognized the Hippo signaling pathway as one of the most prominent regulators of
tissue and organ regeneration. During development, the Hippo pathway negatively regulates
organ size (Yu et al., 2015). Loss of the Hippo kinases, such as MST1/2, SAV1, and LATS1/2,
results in a dramatic overgrowth phenotype in multiple organs (Yu et al., 2015). Importantly, the
Hippo kinases work by actively inhibiting the activity of YAP and TAZ (YAP/TAZ) (Moya and
Halder, 2019). YAP/TAZ are thus key effectors of the Hippo pathway and are largely thought to
function by regulating gene transcription. However, YAP/TAZ do not bind DNA directly;
instead they serve as transcriptional co-activators and bind to transcription factors, most notably
the TEAD family of transcription factors (Dey et al., 2020). TEADs are the major partners of
Y AP and bind to a conserved sequence motif (Lin et al., 2017). Besides TEADs, YAP/TAZ have
been shown to interact with a number of other transcription factors, including AP-1, SMADs,
RUNX, and B-catenin (Yu et al., 2015). Unlike many of the other developmental pathways, there
are no family of ligands or receptors that is specific to the Hippo pathway. Various cell-extrinsic
cues have been shown to modulate YAP/TAZ activity, including mechanotransduction and
inflammatory cytokines (Mohri et al., 2017; Zhou et al., 2018). Thus, YAP/TAZ act as sensors
for changes in the microenvironment with the potential to influence many biological processes.

In general, YAP/TAZ act to promote proliferation and stem cell properties during tissue

development, homeostasis, and regeneration. In the skin, YAP is required to maintain the basal
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epidermal progenitor cell population at steady state (Zhang et al., 2011). In other organs, such as
the liver and heart, YAP/TAZ have a more pronounced role in development and regeneration (Lu
et al., 2018; Xin et al., 2013). In the intestine, YAP/TAZ appears to be largely dispensable for
the development or homeostasis of this tissue. In contrast, YAP/TAZ is essential for intestinal
regeneration and tumorigenesis (Gregorieff et al., 2015; Hong et al., 2016). When and how
YAP/TAZ activity is induced or inhibited currently remain an area of intense investigation.

In the gut, majority of studies have focused on the role of YAP during intestinal
regeneration. Following DSS or irradiation-induced injury, YAP localizes to the nucleus in
regenerating crypts and promote epithelial survival and/or proliferation (Cai et al., 2010;
Gregorieff et al., 2015). Overexpression of YAP, generally by relieving its inhibition from the
Hippo kinases, results in crypt expansion, impaired epithelial differentiation, and adenoma
formation (Cai et al., 2010; Zhou et al., 2011), thus making YAP an oncogene. Consistent with
this, YAP is absolutely essential for the development of APC-deficient tumors through
interaction with the AXIN-B-catenin complex (Azzolin et al., 2014; Cai et al., 2015). On the
other hand, studies have also identified growth and tumor suppressive functions of YAP. This
body of work largely comes from the finding that YAP can inhibit Wnt signaling. During
intestinal injury-repair, YAP has been shown to be a key player in the resolution phase of the
regenerative response. Loss of YAP leads to hyperactive Wnt signaling, crypt expansion, and
persistent regeneration (Barry et al., 2013). Furthermore, activation of YAP leads to loss of ISCs,
cancer stem cells, and tumor regression (Cheung et al., 2020). These seemingly conflicting
reports likely reflect the complex interplay between the Hippo and Wnt signaling pathways, as

well as the differential response of ISCs and progenitor cells to YAP signaling (Li et al., 2020).
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While dedifferentiation represents a predominant means for ISC recovery, injury-induced
ISC states have been recognized as well (Murata et al., 2020; Rees et al., 2020). In the parasitic
helminth infection model, induction of the granuloma-associated LGRS™ fetal-like ISC state is
mediated by an interferon-gamma transcriptional program (Nusse et al., 2018). In the irradiation
injury model, YAP appears to reprogram LGR5" ISCs to a LGR5™ state and promote cell
survival while simultaneously inhibiting Paneth cell differentiation (Gregorieff et al., 2015). In
the absence of YAP, LGR5" ISC persisted after injury followed by increased cell death and an
expansion of Paneth cell numbers (Gregorieff et al., 2015). Interestingly, YAP has also been
shown to expand a rare population of quiescent “revival” stem cells (revSCs) in response to
irradiation (Ayyaz et al., 2019). In this scenario, a +4-like stem cell population marked by
clusterin (CLU) expression greatly expands in numbers in a Y AP-dependent fashion and
reconstitutes the ISC pool. In the DSS colitis model, where there is drastic tissue remodeling
following injury, YAP is implicated in reprogramming the epithelium to a fetal-like state as a
result of changes in the extracellular matrix (Yui et al., 2018). Therefore, YAP’s function in the
gut appears to be manifold. We summarize these findings in Figure 4.1. However, the precise
mechanism by which YAP orchestrates repair has been complicated by its crosstalk with the
Wnt, Notch, and EGF pathways in the crypt (Hong et al., 2016). This has made data
interpretation difficult, leading to conclusions that are at times incongruent. It remains largely
unknown whether induction of the fetal-like program is unique to regenerative stem cells, and

whether YAP is functional in other contexts of injury independent of ISC or crypt damage.
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4.2 Materials and Methods

Animals

C57BL/6J, Lgr5-EGFP-IRES-CreERT2, Rosa-LSL-tdTomato, Vill-Cre, Vill-CreERT2, Krt20-
T2A-CreERT2, and Yap** mice were obtained from the Jackson Laboratory. Yap™* mice were
further backcrossed to the C57BL/6J stain for more than 3 generations. Experiments that called
for only wild-type mice used 8-week-old C57BL/6J male mice. All other experiments involving
specific genetic strains used 7- to 10-week-old male and female mice with appropriate littermate
controls. Mice were housed under specific pathogen-free conditions and were maintained on a
strict 12 h light/dark cycle. All animal studies were conducted in compliance with protocols

approved by the Washington University Institutional Animal Care and Use Committee.

Animal procedures

For intraperitoneal injections, the following reagents were prepared and administered at the
indicated dose. 1 mg/mL poly(I:C) HMW (InvivoGen) was prepared in saline and 20 mg/kg was
injected. 20 mg/mL tamoxifen (Sigma) was prepared in corn oil and 75 mg/kg was delivered.
For intestinal permeability studies, mice were subjected to a 4 h fast, during which food, water,
and bedding were withdrawn from the cage. 4-kDa FITC-dextran (Sigma) was dissolved in PBS
to make 100mg/mL, and 44mg/100g was delivered by oral gavage. 3 h after gavage, blood was
collected by cardiac puncture, and serum was obtained in Microtainer tubes (BD). FITC-dextran
levels were measured based on a standard curve on the Cytation 5 instrument. For colonic biopsy
injury, mucosal wounds were generated in the distal colon using biopsy forceps guided by a

high-resolution miniaturized colonoscope as previously described (Seno et al., 2009).
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Histology and immunostaining

The proximal small intestine was examined for histological studies. Intestinal tissues were
pinned out and fixed in 10% neutral buffered formalin overnight at 4°C. Fixed samples were
washed in 70% ethanol three times and embedded in 2% agar (Sigma). This was followed by
paraffin embedding, sectioning, and hematoxylin & eosin staining. Unstained paraffin sections
were de-paraffinized in xylene and rehydrated in isopropanol three times each. Antigen retrieval
was performed in Trilogy solution (Sigma) for 20 min under boiling water. For
immunohistochemistry (IHC), sections were additionally treated with 3% H202 in methanol to
quench endogenous peroxidase activity. Slides were incubated in blocking solution (1%
BSA/PBS containing 0.1% Triton X-100) for 1 h at room temperature before overnight treatment
with primary antibodies diluted in blocking solution at 4°C. The following day, slides were
treated with secondary antibodies diluted in blocking solution for 1 h at room temperature. For
immunofluorescence (IF), sections were counterstained with Hoechst 33258 (Invitrogen) for 15
min and mounted in Fluoromount medium (Sigma). For IHC, sections were treated with
VECTASTAIN Elite ABC-HRP Kit (Vector Laboratories), developed with DAB Peroxidase
Substrate Kit (Vector Laboratories), counterstained with CAT hematoxylin (Biocare), and
mounted in Cytoseal XYL (Thermo Scientific). Washes were performed in PBS. The following
primary antibodies were used in this chapter: rabbit anti-Yap (Cell Signaling 14074), mouse anti-
B-catenin (BD Transduction Laboratories 610154), rabbit anti-Cldn4 (Thermo Fisher 36-4800),
rabbit anti-Car4 (gift from Dr. William Sly, St. Louis University), rabbit anti-Muc2 (Santa Cruz
sc-15334), rabbit anti-RFP (Rockland 600-401-379), rabbit anti-cCasp3 (Cell Signaling 9664),
rabbit anti-EpCAM (Abcam ab71916), guinea pig anti-Krt20 (Progen GP-K20), rabbit anti-

Olfm4 (Cell Signaling 39141), rabbit anti-Lysozyme (Abcam ab108508), goat anti-Mmp7 (R&D
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Systems AF2967), rabbit anti-Ki67 (Abcam ab15580), and goat anti-Ace2 (R&D Systems
AF933). The following Thermo Fisher highly cross-absorbed IgG secondary antibodies were
used in this chapter: goat anti-rabbit Biotin, donkey anti-mouse Alexa Fluor 488, donkey anti-
rabbit Alexa Fluor 488/594, donkey anti-goat Alexa Fluor 488/594, and donkey anti-guinea pig

Alexa Fluor 594. UEA1 (Vector Laboratories RL-1062-2) was used for goblet cell staining.

RNAscope in situ hybridization

Intestinal tissues were fixed in 4% PFA overnight at 4°C and then incubated in 20% sucrose/PBS
overnight at 4°C. Fixed samples were cryo-embedded in O.C.T. and sectioned at 7 pym on a
cryotome. /n situ hybridization was carried out on frozen sections using a RNAscope 2.5 HD
Assay-RED Kit (ACDBio) according to the manufacturer’s instructions. The following probes

were used in this chapter: Clu (427891), Msin (443241), Areg (430501), and Ereg (437981).

Imaging and quantification

Bright-field images were acquired with an Olympus BX51 microscope. Fluorescent images were
acquired with a Zeiss Axiovert 200M inverted microscope and a Zeiss Axio Imager M2 Plus
wide field fluorescent microscope. Whole mount images were acquired with an Olympus SZX12
stereo dissection microscope. The lengths of well-oriented villi/crypts were measured using the
cellSens software (Olympus). For histology-based quantifications, each data point represents an
average value across 30-50 well-oriented villi/crypts in the proximal small intestine per animal
(see figure legends). Nearest neighbor distances (NNDs) were quantified on Fiji/ImageJ based on

whole mount images using the NND plugin. Images were processed with Adobe Photoshop CC.
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Comparative analysis of the aVEC and WAE LCM-microarray dataset

Microarray data from colonic WAE cells was previously reported and deposited (ArrayExpress
E-MTAB-1175; Miyoshi et al., 2012). WAE cells (from day 2-4 post-injury) was compared with
control cells (surface epithelium and control crypts from day 2-4 post-injury combined). Data
normalization and differential gene expression analysis were performed on the Partek software.
WAE and aVEC datasets were combined using Microsoft Excel and visualized with Graphpad
Prism 8 or 9. Gene ontology analysis and transcription factor motif enrichment of signature

genes were pulled from ToppGene Suite and Enrichr (Chen et al., 2013; Kuleshov et al., 2016).

Single-cell RNA-sequencing (scRNA-seq) and analysis

FACS purified IECs (see previous chapter for FACS process) were resuspended in 10% FBS in
DMEM/F12 for single-cell capture and sequencing. Single-cell libraries were constructed using
Chromium Single Cell 3’ v3 reagents (10x Genomics) and sequenced on a NovaSeq6000 S4
system (Illumina) with around 50,000 reads per cell. Demultiplexing, alignment, and UMI
(unique molecular identifier) counting were performed with Cell Ranger v4.0. For downstream
analysis, filtered gene-barcode matrices generated by Cell Ranger were read into the Seurat
package (v3.2.2) or Monocle 3 package (v0.2.3.0) on RStudio (v1.3.1056) (Butler et al., 2018;
Cao et al., 2019; Trapnell et al., 2014). Plots generated were adjusted with ggplot2 and Adobe
[lustrator CC. In Seurat, low-quality cells with high (>9,000) and low (<500) unique gene
counts and high mitochondrial counts (>20%) were first filtered out. The resulting data was log-
normalized, and paired samples were integrated. PCA scores were computed on scaled data
based on 2,000 of the most highly variable features. The first 15 PCs were used for graph-based

clustering (resolution = 0.2-0.3), which was visualized with UMAP-based dimensional reduction
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(Becht et al., 2018). FindMarkers was used to identify cell types as well as to determine
differentially expressed genes between Yap™" and Yap?’E€ cells. Immune cells (<1% of total
cells) were removed from analysis. Gene expression levels were plotted with FeaturePlot,
VinPlot, and Dotplot functions. Enrichment of the fetal spheroid and YAP signatures were
determined with the AddModuleScore function. GO analysis was performed with Enrichr. In
Monocle 3, the standard PCA method with 100 PCs was adopted to normalize the data and
remove batch effects. Dimensionality reduction was conducted with UMAP, and cells were
clustered based on community detection (resolution = 0.5). Cell types were identified with
top_markers and plot_cells functions. After learning the trajectory graph (learn_graph), cells
were ordered in pseudotime (order cells) and the root node was selected according to where ISC
markers (i.e., Olfm4) were most highly expressed. The plot_genes in_pseudotime function

(minimum expression = (.5) was used to visualize gene expression as a function of pseudotime.

Statistics and reproducibility

Statistical analyses were performed in GraphPad Prism 8 or 9. P-values are indicated in the plots
or figure legends with p < 0.05 denoted as significant. Data are expressed as mean =+ standard
deviation (SD). An unpaired two-tailed Student’s #-test was used when comparing two groups; a
one-way ANOVA was used when comparing three or more groups; and a two-way ANOVA was
used when comparing groups with two experimental variables. Data from independent
experiments were pooled when possible. Otherwise, data are representative of at least two
independent experiments. Animals that had near 0% weight loss one day after poly(I:C) injection
(<10% of all mice) were excluded from the study as these mice did not exhibit intestinal damage.

Further statistical details and quantification methods can be found in the figure legends.
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Data and Code Availability
All sequencing data have been deposited in Gene Expression Omnibus (GEO) under the

accession codes GSE168439 (for LCM-microarray) and GSE169718 (for scRNA-seq).
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4.3 Results

YAP is activated in aVECs during villus repair

Immediately following poly(I:C)-induced villus injury, aVECs emerge and line the
surface of damaged villi. Because aVECs express high levels of CLDN4, a tight junction protein
involved in maintaining barrier integrity (Gunzel and Yu, 2013; Watari et al., 2017), and are
enriched in wound healing-related programs (Figure 3.2E), we hypothesized that aVECs
actively play a role in villus repair and barrier re-establishment. We tested intestinal permeability
in vivo by measuring the serum levels of orally-gavaged FITC-dextran at different time points
throughout the injury-repair process in the poly(I:C) model. Serum FITC-dextran levels peaked
during the injury phase, reflecting barrier leakage, and returned to baseline levels during the
atrophy phase, revealing that aVECs possess barrier restorative properties (Figure 4.2A).

The bulk and single-cell transcriptional data of aVECs show multiple candidate pathways
that could control the form and function of these cells. To further refine candidate pathways, we
cross-compared the aVEC dataset with the transcriptome of WAE cells that mediate the initial
step of repair in severe colonic injury (Miyoshi et al., 2012; Seno et al., 2009). This analysis
showed that 87 genes were commonly induced in both cell types, many of which were fetal
markers (Figure 4.2B; Table 4.1). Pathways enriched in this shared signature included those
previously implicated in repair, such as coagulation, EGFR, Hippo, and focal adhesion (Figure
4.2C; Cai et al., 2010; El-Assal and Besner, 2005; Kaiko et al., 2019; Yui et al., 2018).
Importantly, TEAD4 and AP-1, which act downstream of Hippo signaling and synergize to
regulate gene expression (Zanconato et al., 2015), were among the top transcription factors
whose motifs were enriched in this signature (Figure 4.2D). Thus, we hypothesized that barrier

restoration after villus injury required the involvement of the Hippo signaling pathway.
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In the context of crypt injury induced by DSS or irradiation, Hippo signaling is required
for epithelial regeneration through activation of the transcriptional regulator YAP (Cai et al.,
2010; Gregorieff et al., 2015). To assess whether YAP is involved in aVECs during villus repair,
we compared the localization of YAP between the homeostatic and atrophic intestine. At
baseline, YAP was largely cytoplasmic throughout the epithelium with higher expression in the
crypt compared to the villus compartment. This is consistent with the fact that YAP is largely
inhibited by Hippo signaling in the adult intestinal epithelium (Xie et al., 2021). In contrast, YAP
was predominantly nuclear in aVECs, suggestive of an activated state, and largely retained
cytoplasmic localization in the crypt after poly(I:C)-induced injury (Figure 4.3A,B). In line with
these observations, YAP signature genes were almost exclusively expressed by atrophy-
associated cluster 7 cells (i.e., aVECs) (Figure 4.3C,D). These results suggest that YAP may act
as a sensor of tissue integrity in multiple epithelial compartments in the gut, including villi.

We next mapped single cells in the villus atrophy sample along a pseudotime trajectory
using the Monocle 3 algorithm (Cao et al., 2019), with cells expressing high levels of ISC
markers as the starting point (Figure 4.4A). By ordering single cells according to their
differentiation status, we can examine changes in gene expression as stem cells become
progenitor cells and differentiate into aVECs (Figure 4.4B). This unsupervised approach
revealed induction of YAP target genes over the course of epithelial differentiation, especially
upon exit of the progenitor cell zone (Figure 4.4C). YAP activation in a post-mitotic cell type
has also been previously reported in “resealing epithelial cells” in the ischemia-reperfusion small
intestine damage model (Takeda and Kiyokawa, 2017). Thus, following intestinal villus injury,

Y AP induction promotes the adaptive differentiation of progenitor cells to facilitate repair.
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YAP is activated in WAE cells during colonic repair

Given that aVECs and WAE cells both mediate barrier function in the gut post-injury, we
next tested whether WAE cells also feature a Y AP-activated profile. WAE cells immediately
cover biopsy-induced wounds in the colon and is distinguished by the expression of CLDN4
(Seno et al., 2009). These cells are post-mitotic with short apical microvilli and a flattened cell
morphology (Miyoshi et al., 2017). Immunostaining analysis of serial sections revealed that
WAE cells were comprised of primitive-appearing CAR4" colonocytes and MUC2" goblet cells
(Figure 4.5A-C). Furthermore, WAE cells had pronounced Y AP nuclear staining, high Clu
expression, and significant enrichment of the YAP transcriptional program (Figure 4.6A-C).
Thus, WAE cells likely do not represent a unique cell lineage as we previously speculated.
Consistent with TA progenitors as the major source of these cells (Seno et al., 2009; Takeda and
Kiyokawa, 2017), WAE cells traced from LGR5" lineage cells (Figure 4.6D). Together, these

findings indicate that Y AP activation may be a general feature of adaptively differentiated IECs.

YAP is critical for barrier function during villus atrophy

We next tested the role of YAP in barrier restoration and villus repair by performing
poly(I:C) injury on mice lacking Yap in the intestinal epithelium using the Vill1¢" driver
(YapE€) (Figure 4.7A). As previously reported, deletion of Yap did not perturb intestinal
homeostasis (Cai et al., 2010). Importantly, the level of IEC death and villus atrophy induced by
poly(I:C) was comparable between Yap™" and Yap?EC€ mice (Figure 4.7B,C). This offered the
opportunity to examine the function of YAP specifically in the villus repair process.
IEC

Importantly, intestinal permeability to FITC-dextran was significantly elevated in Ya

mice during the atrophy phase (Figure 4.8A), demonstrating a compromised epithelial barrier.
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Histological analysis revealed a greater number of fused atrophic villi with abnormal aVEC
morphology in Yap?E€ mice compared to littermate Yap™' controls (Figure 4.8B,C). Thus, YAP

is required for the proper function of aVECs in restoring barrier integrity post-villus injury.

YAP controls epithelial wound healing programs in aVECs

To determine what genes are regulated by YAP specifically in the aVEC population, we
performed scRNA-seq of IECs from the proximal intestine with roughly equivalent amount of
the atrophic and distal non-atrophic regions of the gut to capture the full spectrum of cell states
in Yap™" and Yap*®€ mice (Figure 4.9A-C). UMAP identified all major intestinal cell lineages
and revealed a similar clustering pattern between the two genotypes (Figure 4.10A,B).
Consistent with our prior scRNA-seq analysis, the fetal program emerged most prominently in
the villus-top enterocyte (cluster 7) as well as the goblet cell (cluster 3) clusters (Figure 4.10C).
Likewise, the villus-top enterocyte cluster could be further re-clustered into two distinct Cldn4-
expressing clusters, one corresponding to Enpp3*Ada* homeostatic villus-top enterocytes
(cluster 7a) and the other to //33*Suox™ atrophy-induced enterocytes (cluster 7b) (Figure 4.10D).

Homing in on the fetal program-enriched IECs (clusters 3 and 7b) and stem/progenitor
cells (cluster 1), we performed comparative analysis between Yap™" and Yap™E€ cells for each
cluster, which revealed the most substantial gene expression difference in atrophy-induced
enterocytes (Figure 4.11A). Many previously defined YAP target genes, including Msin, Clu,
Suox, and /33, were no longer induced in the absence of Yap (Figure 4.11B). In situ
hybridization validated the loss of Msln and Clu expression in aVECs in Yap?’F¢ mice (Figure
4.12A). However, the expression of some putative Y AP target genes previously defined in

intestinal crypts, such as Areg (Gregorieff et al., 2015), was not affected (Figure 4.12B). Top
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pathways blunted by Yap deletion included cell-cell adhesion, cell migration, actin cytoskeleton,
and focal adhesion (Figure 4.12C). Interestingly, similar Y AP-dependent pathways were
enriched in the organoid culture system (Figure 4.12D; Gregorieff et al., 2015). Finally,
reconstruction of single cells along a pseudotime trajectory highlighted a requirement for YAP in
invoking the adaptive differentiation program (Figure 4.13A,B). Without Y AP, epithelial
differentiation occurred but YAP target genes were no longer induced (Figure 4.13A,B).

Together, these data establish a critical role for YAP in maintaining epithelial barrier integrity.

YAP deletion largely does not affect Wnt signaling or cell proliferation following villus injury
Upon damage to ISCs, YAP inhibits Wnt signaling, leading to loss of canonical ISC
markers, in order to prevent excessive Paneth cell differentiation (Gregorieff et al., 2015). While
we observed a minor increase in the expression of Wnt, stem cell, and Paneth cell genes upon
Yap deletion, this was not unique to our stem/progenitor cell cluster (Figure 4.14A).
Quantification of ISCs and Paneth cells by immunostaining revealed no difference in numbers
between Yap™! and Yap?'E€ crypts during villus atrophy (Figure 4.14B). The number of
proliferating crypt cells also did not differ between the two genotypes (Figure 4.14C). These
results are consistent with the lack of ISC damage in our model and the primary role of YAP in

mediating adaptive differentiation in the villus compartment outside of the stem cell niche.

aVEC function but not formation depends on YAP
Given the mechanistic link between Y AP activation and the fetal-like epithelial

conversion seen in DSS-induced colitis (Yui et al., 2018), we next examined the extent to which

Y AP controls the aVEC state. In determining which of the fetal (Mustata et al., 2013) and YAP
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signature (Gregorieff et al., 2015) genes were aVEC-specific and/or YAP-dependent in the
poly(I:C) injury model, we discovered that many of the overlapping genes between the two
datasets were uniquely expressed by aVECs. Importantly, only ~40% of these aVEC markers
were impacted by Yap deletion (Figure 4.15A,B; Table 4.2). Outside of the overlapping genes,
YAP had a very minor role in inducing the fetal program (Figure 4.15A,B; Table 4.2). These
findings suggest that aVEC formation occurs to a certain extent after damage without Yap.

EC mice after poly(I:C)-

Indeed, epithelial shortening and Areg expression still occurred in Yaq,
induced villus injury (Figure 4.8B and 4.12B). Thus, the YAP program serves to positively

modulate aVEC function, and without it, aVECs enter a dysfunctional or maladapted state.

YAP deficiency impairs villus regeneration

To assess the consequence of maladaptive aVEC differentiation due to Yap deficiency,
we examined the regenerative capacity of villi following injury. Notably, compared to Yap™”
controls, villus regeneration was hampered in Yap?£€ mice at 48 and 72 HPI. This was
accompanied by compensatory expansion of the crypt at 72 HPI (Figure 4.16A). Histological
analysis at 48 HPI during the regenerative phase revealed aggregates of fused and stunted villi in
Yap’'t€ mice (Figure 4.16B). Whole mount imaging and spatial distribution analysis revealed
that villus regeneration occurred in a more clustered pattern in the absence of Yap at 48 HPI
(Figure 4.16C,D). While our collective data position YAP’s activity primarily in the villus
compartment in our model, we were unable to specifically delete Yap in differentiated cells using
Krt20€7ER/Yap/"! mice to confirm this (Figure 4.17). This is likely due to the fact that YAP is

produced in the crypt and the protein persists in the villus epithelium (Camargo et al., 2007).
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Further characterization of the stunted Yap”£€ villi revealed that the epithelium was in a
persistent maladapted aVEC state, exemplified by the continued expression of Areg (Figure
4.18A). Differentiation was impaired as evidenced by the reduction of ACE2" enterocytes and
presence of abnormal goblet cells in regenerating Yap?/£€ villi (Figure 4.18B-D). Proliferation
was not affected, suggesting a comparable crypt response. By 72 HPI, Yap£€ villi were still not
recovered and continued to show diminished ACE2 expression. The crypts at this time point
were hyperproliferative (Figure 4.18E,F). Overall, villus regeneration was significantly delayed

in Yap'E€ mice, likely due to the presence of a weakened barrier during villus atrophy.

YAP is essential during the early stages of villus repair and regeneration

By one-week post-injury, YapAE€

mice had largely restored their villus architecture.
Crypts were slightly still taller and villi were just a few um shorter in Yap?¢ compared to Yap™"
mice, but otherwise, YAP did not appear to be crucial during the later stages of villus

IEC

regeneration (Figure 4.19A). Ya mice also displayed signs of normal epithelial

differentiation one-week post-injury (Figure 4.19B). The eventual recovery of villi in Yap?E€
mice was associated with heightened stromal Ereg expression (Figure 4.19C,D). Similar

compensatory responses are also seen in the irradiation model (Gregorieft et al., 2015). Thus,

YAP’s early role in villus repair can profoundly impact the regenerative outcome of villi.
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4.4 Discussion

Severe tissue injury triggers unique cellular states and responses that are not observed
under normal physiological conditions. Stem and progenitor cells must not only replenish lost
cells to restore tissue function but also properly attend to the damage itself. Upon injury to the
villus epithelium, TA cells rapidly migrate upward and adaptively differentiate into aVECs to
cover damaged villi. In addition to possessing a fetal-like profile, here we found that aVECs
feature a YAP-activated state. This transcriptional response is likely important for re-establishing
the barrier following villus collapse. Indeed, in the absence of YAP, barrier integrity failed to
restore completely after injury. This is consistent with YAP’s role in promoting wound healing
behaviors in other cell types through modification of cell mechanics, cell adhesion, and actin
cytoskeleton (Calvo et al., 2013; Lee et al., 2014; Nardone et al., 2017; Neto et al., 2018; Park et
al., 2019). Once the damaged villi were fully covered with aVECs and the injury stimulus was no
longer present, proliferation dramatically increased in the crypt and the production of
differentiated IECs shifted back to a more normal program as villi began regenerating.

Historically, restoration of epithelial continuity after disruption of the gastrointestinal
mucosa has been referred to as “restitution” (Lacy, 1988; Sturm and Dignass, 2008). The term
was first utilized by Svanes et al. to describe the rapid repair of the amphibian gastric lining
following severe hypertonic chemical injury (Svanes et al., 1982). Yet, the literal meaning of
restitution is “restoration or return of something to its normal position” (Oxford English
Dictionary, 2021). However, Svanes et al. and others that followed recognized that the repairing
epithelium went through a phase where the cell shape changed dramatically, implying that tissue
repair did not simply involve the production of new fully differentiated cells. In addition,

restitution was initially thought to involve a partial dedifferentiation step (Sturm and Dignass,
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2008). However, the molecular features of these transient cells remained largely enigmatic.
Using a biopsy injury system, we previously described a WAE cell population in the colon that
repairs wounds after extensive crypt loss (Miyoshi et al., 2017; Seno et al., 2009). However, the
paucity of these cells in this model, the severe disruption of mucosal architecture caused by the
injury, and the lack of high-resolution transcriptomic analysis limited our ability to define the
lineage properties of WAE cells and the mechanisms responsible for their barrier function.

In many ways, aVECs can be considered as the small intestine counterpart of WAE cells.
While the poly(I:C) injury system and colonic biopsy model differ in several key regards—the
main one being that the latter involves wound formation while the former does not—the
morphology and function of these two damage-induced cell types are strikingly similar.
Superimposing the transcriptional profiles of aVECs and WAE cells uncovered a core gene
signature that distinguishes these cells from homeostatic IECs. This shared signature includes
many genes related to cell migration, cell adhesion, and ECM re-organization, which is
consistent with the primary function of these cells: to re-establish the intestinal barrier after
injury. Importantly, we discovered that WAE cells also possess a Y AP-activated profile and are
composed of wound-adapted versions of colonocytes and goblet cells. Whether YAP is
important in mediating WAE cell function and colonic repair remains to be addressed.

Several mutually non-exclusive mechanisms have been proposed for YAP’s regenerative
function in the gut (Ayyaz et al., 2019; Cheung et al., 2020; Gregorieff et al., 2015; Yui et al.,
2018). As crypt-based cells are pliable to cell fate changes, depletion or overexpression of YAP
induces profound cellular remodeling, including alteration of ISC identity, unintended lineage
skewing, and loss or gain of proliferative activity. The action of YAP on other signaling

pathways in the crypt likely explains a large portion of these effects. In the poly(I:C) injury
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model, we examined the function of YAP outside of the crypt niche, potentially exposing the
true nature of its reparative program. In doing so, we established a proliferation, survival, and
reprogramming-independent function of YAP during adaptive differentiation. In support of this,
deletion of YAP did not block aVEC formation as one might expect if these cells were converted
from another cell type. Instead, in the absence of YAP, aVECs were dysfunctional and
maladapted for repair. YAP-deficient aVECs were unable to properly restore the barrier after
injury. Thus, our data uncover a requirement for YAP in carefully tuning aVEC function.

An unresolved question stemming from our work is how and when YAP is induced
following injury. Recent work using the LGR5-DTR mouse model found minimal activation of
YAP and fetal markers following ISC-specific ablation (Murata et al., 2020), suggesting that
stem cell loss alone and injury-induced dedifferentiation do not trigger YAP activation. To
induce Y AP activity, there is likely a threshold of damage that needs to be surpassed, coupled
with an appropriate microenvironment (Romera-Hernandez et al., 2020; Taniguchi et al., 2015;
Xu et al., 2020; Yui et al., 2018). Our study suggests that recovery from severe injury involves a
transient intermediate step that is tailored to meet the demands of the repairing tissue prior to
entering a pro-regenerative state. Thus, YAP is not only essential for crypt regeneration but also
for the rapid re-sealing of the intestinal barrier following drastic loss of surface epithelial cells.

Villus fusion is a phenomenon often associated with villus atrophy in several different
enteropathies, particularly during recurrent or chronic disease (Dickson et al., 2006; Rutgeerts et
al., 1984; Townley et al., 1964). We observed some level of villus fusion in wild-type mice after

poly(I:C)-induced injury; however, this event was prominent in Yap?£¢

mice, likely due to the
presence of defective aVECs. While questions remain on the exact reason for this increase, prior

studies indicate a need for maintaining proper epithelial integrity. Disruption of epithelial

125



proteins involved in stabilizing the membrane-cytoskeleton interface, such as ezrin and crumbs3,
result in defective epithelial morphogenesis and villus fusion (Casaletto et al., 2011; Whiteman
et al., 2014). Therefore, in promoting epithelial integrity in aVECs, YAP may be preventing
atrophic villi from fusing, which could otherwise impede their regenerative capacity. Eventually,
Yap'E€ mice fully recover their villi and return to normalcy, likely owing to the elevated crypt
response and heightened stromal Ereg expression observed in these mice. Similar compensatory
responses are also seen in the irradiation injury model (Gregorieff et al., 2015).

This work has important implications for human enteropathies such as Crohn’s disease,
in which YAP is upregulated in the epithelium in ~60% of patients (Taniguchi et al., 2015; Yu et
al., 2018). Furthermore, villus atrophy caused by small bowel injury is observed in a variety of
enteropathies in both children and adults (Jansson-Knodell et al., 2018). Therapies designed
around enhancing endogenous mechanisms of villus recovery (i.e. adaptive differentiation) may
provide clinical benefit for patients with impaired healing capacity. Additionally, the delayed
villus regeneration phenotype we observed in the absence of YAP may help explain why certain
patients with villus damage fail to restore their villi despite treatment efforts. This is known as
persistent villus atrophy (Lebwohl et al., 2014; Rubio-Tapia and Murray, 2010), but the
underlying reason for why this occurs is not known. Our work suggests the inability to properly
form aVEC:s (i.e., maladaptive differentiation) results in barrier leakage and a persistently
damaged state. Therefore, not only is it important to form aVECs, but the proper functioning of
these cells during repair is just as critical. Given that YAP activation in the stem cell
compartment could lead to tumorigenesis (Choi et al., 2018), targeting this signaling pathway

specifically in the differentiated compartment could be a potential avenue for future therapeutics.
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4.5 Figures
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Figure 4.1. YAP-dependent mechanisms of ISC recovery after injury

The Hippo-Y AP pathway has been described as a key mediator of stem cell recovery. Three
major mechanisms have been proposed for how YAP achieves this in the gut. In the first
scenario, LGR5" ISCs are in fact not lost during irradiation injury but rather are transiently
reprogrammed to a LGRS state. This reprogramming process involves an inhibition of Wnt
signaling to prevent Paneth cell differentiation as well as EGF pathway activation to promote cell
survival. In the second scenario, a rare CLU" cell population near the +4 position responds to
injury and expands in a Y AP-dependent manner. These “revival” stem cells (revSCs) contribute
to epithelial regeneration by reconstituting the LGR5™ ISC pool. In the third scenario, a fetal-like
stem cell population arises after injury and participates in epithelial regeneration. Induction of
the fetal program appears to require IFN-gamma or Y AP signaling depending on the injury

context. The source of these fetal-like stem cells and their relationship to revSCs remain unclear.
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Figure 4.2. Defining a core transcriptional signature for intestinal barrier restoration

(A) Schematic of FITC-dextran permeability assay (left). 4-kDa FITC-dextran was orally

gavaged and serum was obtained 3 h later at the indicated time points. Serum FITC-dextran

levels were measured and plotted as mean + SD (right). n = 5 mice/group. Significance was

determined by one-way ANOVA and Tukey’s multiple comparison test. (B) Fold change values

for each gene from the aVEC and wound-associated epithelial (WAE) cell LCM-microarray

datasets were plotted. Differentially expressed genes in only the aVEC dataset were colored

green, in only the WAE dataset were colored blue, and in both datasets were colored red. 87

genes were commonly upregulated in both aVECs and WAE cells. (C and D) Pathway analysis

(C) and transcription factor motif analysis (D) of the aVEC-WAE shared signature gene set.
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Figure 4.3. YAP is activated in aVECs
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(A) IHC for YAP (brown) in the homeostatic and atrophic intestine. Bar: 100 pm. (B) Percent of

epithelial cells with predominantly nuclear (N > C), equally nuclear and cytoplasmic (N = C), or

predominantly cytoplastic (N < C) localization of YAP was quantified across 30 villi/crypts

based on IF images and plotted as mean + SD. n = 5 mice/group. (C and D) Expression of a YAP

signature was overlaid on the UMAP plot from Figure 3.6 (C) and enrichment scores were

plotted for each cell in cluster 7 (dashed circle, villus-top enterocyte) separated by sample (D).
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Figure 4.4. YAP promotes adaptive epithelial differentiation

(A) Pseudotime analysis of IECs during villus atrophy based on single cell transcriptomes. Cells
were colored by progression through a pseudotime differentiation trajectory. Black dashed arrow
indicates direction of fate progression. (B and C) Single cells were plotted according to their
pseudotime position and their expression level of stem cell (Olfm4), proliferation (Mki67),

differentiation (Krt20) (B), and YAP target genes (Areg, Clu, Il1rn, 1133, Msin, Tnfrsf12a) (C).
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Figure 4.5. WAE cells retain remnants of colonocyte and goblet cell identity

(A-C) IF for CLDN4 (A), CAR4 (B), and MUC?2 (C) in day 2 colonic biopsy wounds. -Catenin
(green) marks epithelial cells. Serial sections were stained to examine the expression of CAR4
(colonocyte marker) and MUC2 (goblet cell marker) in CLDN4" WAE cells (white dashed line).

Bars: 100 um. Immunofluorescence (IF) images are representative of at least 3 animals.
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Figure 4.6. YAP is activated in WAE cells
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(A and B) IF for YAP protein (A) and RNAscope for Clu mRNA (B) in day 2 colonic biopsy
wounds reveal nuclear YAP expression and high Clu expression in WAE cells (arrows). (C)
Gene set enrichment analysis (GSEA) of YAP target genes in WAE cells (day 2 and 4 post-
injury) compared with control cells (adjacent uninjured surface epithelium and crypts on day 2
and 4 post-injury). (D) Fate mapping of LGR5" lineage cells following colonic biopsy injury.
LGRS5" ISCs were labeled with tamoxifen 1 day prior to injury in Lgr5¢ER/R26R Tomato mice.
LGRS5" lineage cells contribute to the generation of WAE cells (white arrow) on day 2 post-

injury. All bars: 100 pm. IF and RNAscope images are representative of at least 3 animals.
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Figure 4.7. Yap?'E€ and Yap™" mice exhibit a similar level of poly(I:C)-induced damage
(A) THC for YAP (brown) in the homeostatic intestine from Yap/" and Yap?E€ mice validating
the loss of YAP expression in the intestinal epithelium in Yap?£¢ mice. Bar: 100 um. (B and C)
IHC for cleaved-caspase 3 (cCASP3) (brown) at 6 HPI (B). Bar: 100 pm. Average number of
cCASP3" cells across 50 villi/crypts at the indicated time points in Yap™' and Yap?F€ mice was
plotted as mean + SD (C). n = 3 mice/group. No significant difference was observed by two-way

ANOVA with Tukey’s multiple comparisons test. Images are representative of at least 3 animals.
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Figure 4.8. Proper barrier re-establishment and aVEC morphology depend on YAP

(A) 4-kDa FITC-dextran was orally gavaged at 24 HPI and serum was obtained 3 h later from
Yap"" and Yap’'E€ mice. Serum FITC-dextran levels were measured and plotted as mean + SD
to assess intestinal permeability in vivo (right). Control (cntrl) were Yap™" mice without
poly(I:C) injection. n = 4-8 mice/group. Significance was determined by one-way ANOVA and
Tukey’s multiple comparison test. (B) IF for EpCAM (green) and KRT20 (red) in the atrophic
intestine from Yap™" and Yap?’£€ mice. Bar: 100 um. Images are representative of at least 3
animals. (C) Percent of atrophic villi that were fused to other villi was quantified across 50 villi

and plotted as mean + SD. n = 6-7 mice/group. Significance was determined by unpaired #-test.
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Figure 4.9. scRNA-seq overview of the damaged intestine from Yap?'E€ and Yap™" mice
(A) UMAP visualization of scRNA-seq libraries from two independent Yap™ samples and two
independent YapE€ samples reveals minimal batch-to-batch variation. (B and C) UMAP
visualization of IECs from Yap™" and Yap?"E€ mice with similar level of damage (containing
roughly equivalent amount of the atrophic and distal non-atrophic regions of the gut) colored by
genotype (B). Proportion of stem/progenitor cells, absorptive enterocytes, and secretory cells

(i.e., Paneth, goblet, enteroendocrine, and tuft cells) based on scRNA-seq clusters (C).
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Figure 4.10. scRNA-seq analysis of the damaged intestine from Yap?’£€ and Yap™" mice
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(A) UMAP visualization of IECs from Yap™" (3,571 cells) and Yap?E€ (4,013 cells) mice
colored by cell type. Clusters were annotated based on expression of known and top marker
genes. (B) Dot plot of cell type-specific and enterocyte zonation markers in the Yap™" vs Yap?'E€
IEC scRNA-seq dataset. (C) Expression of a fetal spheroid signature was overlaid on the UMAP
plot (left) and enrichment scores were plotted for each cell separated by cluster (right). Cells with
the highest enrichment were found in cluster 3 (goblet cells) and cluster 7 (villus-top enterocyte).
A greater spread is appreciated here than before (which showed two distinct populations) likely
because half of the cells lack YAP. (D) UMAP visualization of cluster 7 sub-clusters colored by
cell type (left top) and relative Cldn4 expression (left bottom). Expression of villus-top (Enpp3,
Ada) and fetal (1/33, Suox) markers in each sub-cluster (right). Note that aVECs (cluster 7b) can

be distinguished from homeostatic villus-top enterocytes (cluster 7a) using this analysis.
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Figure 4.11. Cell-type specific responses to YAP deficiency during villus atrophy

(A) Differentially expressed genes between Yap™" and Yap?'F€ cells were plotted for
stem/progenitor cells (cluster 1), atrophy-induced enterocytes (cluster 7b), and goblet cells
(cluster 3). Note that Yap deficiency had the most impact on gene expression in atrophy-induced
enterocytes. (B) Dot plot of previously defined YAP target genes in stem/progenitor cells (cluster

1), goblet cells (cluster 3), and atrophy-induced enterocytes (cluster 7b) separated by genotype.
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Figure 4.12. In situ hybridization validation and pathway analysis of scRNA-seq data

140



(A and B) RNAscope for Ms/n and Clu mRNA (A) and Areg mRNA (B) in the atrophic intestine
from Yap™" and Yap?™E€ mice. Bars: 100 um. In the absence of YAP, aVECs no longer express
Msin and Clu expression but maintain Areg expression. This suggests that aVECs still form
without YAP, but they lose a YAP-specific transcriptional program. All RNAscope images are
representative of at least 3 animals. (C) Gene ontology (GO) analysis of downregulated genes in
YapEC cells compared with Yap™' cells. (D) Pathway analysis of the top 300 YAP regulated

genes in the intestinal organoid culture system reveals induction of similar programs as aVECs.
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Figure 4.13. YAP is functionally required for proper adaptive differentiation
(A) Pseudotime analysis of Yap™" and Yap™£€ 1ECs associated with villus atrophy based on
single cell transcriptomes. Cells were colored by progression through a pseudotime
differentiation trajectory (i.e., from the stem cell zone to the atrophic villus zone). Red dashed
arrow indicates direction of fate progression. (B) Single Yap™' cells (blue) and Yap?E€ cells
(orange) were plotted according to their pseudotime position and their expression level of

proliferation (Mki67), differentiation (Krt20), and Y AP target genes (//33, Syt8, Msin, Suox).
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Figure 4.14. Analysis of Wnt signaling and cell proliferation in the absence of YAP

(A) Expression of stem cell (Olfm4, Ascl2), Wnt (4xin2), and Paneth cell (LyzI, Reg3g, Defa24)
markers in stem/progenitor cells (cluster 1), atrophy-induced enterocytes (cluster 7b), and goblet
cells (cluster 3) separated by genotype. (B and C) IF and quantification of OLFM4" ISCs (B,
top), MMP7'LYZ" Paneth cells (B, bottom), and Ki-67" cells (C) in the crypt. Average number
of cells across 30 crypts was plotted as mean + SD. n = 5 mice/group. Significance was

determined by unpaired ¢-test. Bars: 100 um. Images are representative of at least 3 animals.
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Figure 4.15. Defining the extent to which YAP controls the fetal and aVEC program

(A) Venn diagram of all the fetal signature genes (317 total) and the top 317 YAP signature
genes reveals 81 overlapping targets. (B) Every gene from this merged dataset (indicated as fetal
only, fetal and YAP, or YAP only genes) was assessed for its specificity as an aVEC marker (as
determined by our scRNA-seq data in Figure 3.6) and its dependency on YAP in aVECs (as
determined by our scRNA-seq data in Figure 4.10). Percentage of genes that meet these criteria
was plotted. Note that many of the fetal-Y AP overlapping genes were expressed in aVECs. Of

these overlapping genes, only ~40% of aVEC markers were impacted by Yap deletion.
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Figure 4.16. Loss of YAP results in impaired villus regeneration
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(A) Average villus/crypt length across 50 villi/crypts for each time point based on H&E images
was plotted as mean + SD. n = 6-8 mice/group. Significance was determined by unpaired #-test
with Welch’s correction. ****p <0.0001. (B) H&E images of the regenerating intestine at 48
HPI from Yap" and Yap?E€ mice. Bar: 200 pm. (C and D) Whole mount luminal view of
regenerating villi at 48 HPI from Yap™" and YapE€ mice (C). Bar: 500 pm. White dots represent
individual villus tips. The distance between a villus and its closest neighboring villus, known as
the nearest neighbor distance (NND), was calculated based on the whole-mount images, and the
average value was plotted as mean + SD (D). n = 7-8 mice/group. Significance was determined

by unpaired #-test. H&E and whole mount images are representative of at least 3 animals.
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Figure 4.17. Inability to delete YAP in differentiated cells using Krt20“ER/Yap"/! mice

Vil1€ER/Yap!| Krt20C ER/Yap™!, and Yap™" littermate control mice were given 5 consecutive

injections of tamoxifen and examined on the 6th day (top). IHC for YAP (brown) in the

homeostatic intestine from these mice (bottom). Loss of YAP expression was seen in

Vil1€ER/Yap/!" mice (positive control) but not in Krt20"ER/Yap// mice. This is likely because

Yap mRNA is generated in the crypt and the protein persists in the villus. Thus, we were unable

to specifically assess the function of Yap in the differentiated villus compartment after injury.
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Figure 4.18. Impaired villus regeneration in Yap?’£€ mice is accompanied by a persistent

maladapted aVEC state and abnormal epithelial differentiation
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(A) RNAscope for Areg in the regenerating intestine at 48 HPI from Yap™" and Yap?F€ mice.
(B) IF for MUC2 (green) and UEA1 (red) in the regenerating intestine at 48 HPI from Yap™" and
Yap?EC€ mice. (C-F) IF for Ki-67 (green) and ACE2 (red) in the regenerating intestine at 48 HPI
(C) and 72 HPI (E) from Yap™" and Yap?’E€ mice. Average number of Ki-67" and ACE2" cells
across 30 villi/crypts at 48 HPI (D) and 72 HPI (F) was plotted and displayed as mean + SD. n =
6 mice/group. Significance was determined by two-way ANOVA and Sidak’s multiple

comparisons test. All bars: 100 pm. RNAscope/IF images are representative of at least 3 animals.
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Figure 4.19. Eventual recovery of villus structures in Yap?£¢ mice one-week post-injury

and possible compensation by stromal EREG

150



(A) H&E images of the regenerating intestine at one-week post-injury from Yap™" and Yap*t¢
mice (left). Average villus/crypt length across 50 villi/crypts was plotted as mean + SD (right). n
= 5 mice/group. Significance was determined by two-way ANOVA and Sidak’s multiple
comparisons test. Bar: 100 pm. (B) IF for ACE2 (red) in the regenerating intestine at one-week
post-injury from Yap™" and Yap?’E€ mice. Bar: 200 um (C and D) RNAscope for Ereg in the
homeostatic and atrophic intestine from wild-type mice (C) and the atrophic intestine from Yap™"
and Yap?EC€ mice (D). Bars: 100 um. Note that Ereg expression is induced during villus atrophy
and even more upregulated in the stroma of atrophic villi in Yap?£€ mice, suggesting a possible

compensatory response. H&E, IF, and RNAscope images are representative of at least 3 animals.

151



4.6 Tables

Table 4.1. Genes commonly induced in aVECs and WAE cells, related to Figure 4.2

(aVEC) - (WAE) - Atg9b 4.32 3.79 2.31 2.19

loglOP- | (aVEC) |loglOP- | (WAE) Stx11 377| 375 456| 249

Gene value | log2FC | value | log2FC Lasl| 4.73 3.54 3.38 2.21
Msin 388 6.76 242 2.78 Phidal 5.38 3.46 2.28 2.10
Sprrla 4.70 6.50 1.97 4.27 Arid5a 3.94 3.45 1.86 2.04
Adams 531 6.390 3.48 341 Sh3kbp1 4.42 3.37 2.75 2.06
Plaur 2.90 6.34 2.81 3.60 Marcksl1 6.19 3.35 2.56 2.61
L\/Gd 5.70 6.28 4.43 4.29 Osmr 4.50 3.22 5.13 3.52
Plat 4.59 6.16 2.66 2.62 Actnl 5.53 3.17 3.16 2.04
Acsbgl 6.50 6.07 356 2.90 Plekhg3 4.69 3.16 3.60 2.06
Mal 3.91 5.75 2.46 3.66 Duspl 4.15 3.10 1.90 2.05
Anxal 4.57 5.64 2.39 2.28 Res12 2.79 3.07 2.72 3.56
Trim10 3.85 5.51 1.94 2.04 Pls3 4.42 3.04 3.04 2.17
15§20 6.33 S 44 3.82 296 Slc39a6 3.69 2.92 1.68 2.03
| 1rl1 4.61 5.41 2.19 3.21 Tgm2 3.46 2.89 3.02 3.47
Anxa5 4.79 5.25 2.91 2.22 Serpinel 2.70 2.86 3.54 3.62
Inhba 4.24 5.07 2.83 3.31 Ppfibpl 4.06 2.85 2.78 2.32
Vill 5.16 5.02 2.63 2.21 Dusp4 4.89 2.71 3.77 3.38
Cdaa 557 24.74 3.05 227 Slc15a3 2.16 2.69 5.61 2.50
Emp2 4.82 4.74 1.43 2.00 Glis2 3.82 2.67 2.13 2.06
F3 7.18 4.71 2.26 2.71 Cxcrd 2.86 2.67 3.65 2.34
Hmox1 5.27 4.67 6.04 2.09 Ephb2 4.95 2.66 2.65 2.12
111 4.62 4,66 5.23 3.23 Ctgf 2.93 2.57 2.76 2.72
Krt7 5.76 4.62 2.99 2.02 Clec4d 2.32 2.57 6.23 3.74
Apls2 4.87 4.54 3.34 258 Cldn4 3.98 2.54 1.87 2.94
Bmp8b 5.47 4.50 3.09 3.76 ler3 3.67 2.46 2.66 2.40
Pdlim7 6.28 4.48 2.74 2.06 Gent2 2.46 2.45 1.56 2.43
Aldhla3 2.06 4.38 2.74 3.88 Thbsl 2.84 2.42 7.28 2.38
Dok2 4.92 4.36 253 3.18 Trim15 4.09 2.39 1.63 2.32
Egfr 6.27 4.34 2.81 3.44 Bdh2 3.68 2.36 3.04 3.13
Phidb2 5.90 4.27 2.38 2.32 Encl 4.57 2.33 2.40 2.11
Ubd 2.69 4.20 2.81 2.79 Abl2 4.20 2.32 3.59 2.04
Phida3 4.42 4,10 2.76 2.54 Arf2 4.27 2.28 2.37 2.46
Fgd3 6.11 4,10 2.53 2.58 Spirel 3.46 2.27 4.20 2.17
Tnfrsf22 5.04 4.01 2.40 2.36 Uchll 2.74 2.25 2.71 2.47
Rap2b 3.72 3.99 3.62 2.13 Mthfd1l 3.22 2.20 2.20 2.23
Lox 3.09 3.98 2.56 2.03 Ecm1l 4.54 2.19 3.42 2.47
Akr1b8 4.09 3.98 5.58 2.05 Parvb 1.62 2.16 2.57 2.27
Sprr2h 4.20 3.97 4.14 4.02 Trim29 3.20 2.14 2.41 2.67
Prss12 3.19 3.95 2.97 3.68 Myadm 4.46 2.14 3.47 2.16
Mmpl10 3.91 3.91 2.42 3.76 Itga2 3.48 2.08 2.76 2.61
Dyrk3 3.32 3.87 1.34 2.07 Crip2 2.78 2.00 2.55 2.34
Rbpl 5.01 3.84 2.54 3.70 Slc16a3 2.46 -3.60 1.61 2.82
Tnfrsf12a 5.54 3.81 2.18 2.15 Ccl24 3.65 5.34 1.71 2.01

Comparison of the aVEC and WAE LCM-microarray datasets reveals 87 commonly induced

genes. These genes are likely responsible for the barrier function of these damaged-induced cells.
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Table 4.2. Genes expressed by aVECs and/or YAP-dependent, related to Figure 4.15

Fetal Genes YAP Genes Mtap6 Mtapé Akl Ankrd35 Ecscr Fam83h ll4ra Lgals3 Rdh10 Ptpn21
AbccS Abccs Paqr8 Paqr8 Akap13 Anol Eda2r Fgd3 Inf2 Lhfpl2 Rgs17 Ptrf
Ahnak Ahnak Pdzk1ipl Pdzk1ip1 Akr1b10 Anxa2 Efempl Flna Itgb4 Litaf Rgs19 Ptrhl
Akr1b8 Akr1b8 Phida2 Phida2 Akr1b3 Apol9a Efnas Finb i Lmo7 Rps19 Pvr
Anxal Anxal Plat Plat Alcam Apolgh Enah Fos Kennd Lrrfipl 510024 Pwwp2b
Anxa3 Anxa3 Plaur Plaur Anxa8 Areg Endod1 Gjb4 Kihi13 Ly6cl S100A7A Raph1
Anxas Anxas Plk2 Plk2 Apls3 Arhgap29 Ephad Glis2 Krt4 Ly6c2 Samd5 Rassfl
Bmp8b Bmp8b Ppl Ppl Agp5 Arhgap40 Eps8I1 Gm10129 Lama3 Macf1 Scal0 Rbpms
Capn2 Capn2 Psca Psca Arhgap44 Atf3 Erecs Gm10393 Laptm5 Maff Scel Rhof
CapnS Capns Rbms1 Rbms1 Arhgef3 Atplia Exocd Gm10972 Ldh2 Mmp23 Scmhl Rinl

Car2 Car2 Rhod Rhod Arhgefd Bcam Expi Gm14446 Ly6c Mndal Serpinb11 Rin3
cdss cdss $100a11 §100a11 Arl Bexl Fabp5 GmM16721 Lyéd Mrcl Serpinb6b Rnf208
Cgni1 cgnl1 5100a14 5100a14 Arldc Bmp2 Fam129b Gm17237 Ly6f Myadm Serpinh1 Rnf39
Chmb1 Chmb1 5100a16 $100a16 Avpil Btnlal Fam149a Gm17622 Mal Myolc Sftpd Rras2
Clic3 Clic3 510026 5100a6 B9d1 Calcb Fam198b Gm7008 Mcam Myole Sgcb Rsad2
Clu Clu SerpinbS Serpinbs Baiap2 Camk1 Fam212b Gm7665 Mcpt2 Myolh Sh3bgri2 Rtpd
cnn2 Cn2 Serpinbab Serpinb9b Baspl Cedc120 Famé4a Gngt2 L Myae Shakbpl Sipr2
Crip2 crip2 sic25248 Sic25248 Bax Cedc68 Farl Gpresa Mt i Skia2 Samds|
Cryab Cryab Sicada2 Sicada2 Bok Ccl20 Fbxw9 Grasp Mgatdc Neul Slc39a10 Sema3c
Cigf Ctgf Sprria Spria Btbd11 Cdknic Ferll3 Hbegf Mgmt Ngfrapl Slca5a3 Serpinb9
Cxcl16 Oxcl16 Sl ok Btg2 Chacl Fkbp9 Hdac? Mikl Nid1 Slcda1l sgk2
E130012A19RKk  E130012A19Rik Syts Syt8 Camkk1 Cidec Finc Hmox1 Msantd3 Npnt Slcodal Sh3bps
Empl Empl Teadd Teadd Camsap2 Cleas Flot2 Hsd17b2 Msn Oas3 Sifn2 Sh3tcl
Emp2 Emp2 Tinagll Tinagh Cedca2 Cldnd Fmni2 Hspala Nemap Oasll Soga2 Sh3tc2
Epn3 Epn3 Trex2 Trex2 Cendl Cicé Foxql Id1 Nfe2i3 Oasl2 Sorll Slamf9
Ereg treg Vanglt Vangit s G Frmd6 1d3 Noxol omp Sox21 Sic35e4
Fosll Fosll Venl Vani gl e Fut2 1fi2711 Oas1f 0)tud7b Spataé Slcsas
Gadd4sb Gadd4sb Wfdc2 Wfdc2 Cep110 Csmpl Fos s (;;bplzs 'PZ:: SSpplh 55:755151
Gentl Gentl Wtip Wtip Cd14 Cyplal (Cai L= 1 - prss &
Ggtal Getal s s i o Gatm Ifrd1 P2ry6 Palld stx11 Sorbs2
" " Gent3 1128ra Pdlim4 Pardéb Susd4 Spmal
b s Ml Wunrl pe iy Gjal 15g15 Pdiim? Pcolce syt1al Sprr2a2
i Sy LR A g S ey i o 1520 Pdrg1 Pesk6 il it
Hspalb Hspalb 1700007K13Rik  1700019GO6Rik cdh13 Dok2 25 sl‘:x m;“az Poytia S Sl; e
1d2 1d2 1700066B19Rik  1700019L03Rik Cdkn2a Dusp1 Giak 1tghé 25 S Timp2 sthdi
I Do Temem M b e e e mm s
1133 1133 4632434111Rk  2310002L13Rik Col18a1 D spa el e Plekst Lo s S
e "5 » 2 = i Gpri20 Ketd10 PIf Phidal Tmemao Stk32c
é 4 533427 CUGHIGN 2330007R03RK Coldal Dusp8 Gpri37h Kifa Pmepal Phidb2 Tmema3 Syde1
Jub Jub 4930461G14Rk  A430105119Rk Colda2 Dusp9 G Kif6 o S Tfaip8 syt12
Kifc3 Kifc3 5730416F02Rik AA986860 Cptic Edn1 Gsn K14 Ppic el Tnfrsf10b Tagin2
Kirg2 Kirg2 5830408B19Rik Abhd2 Ctsh Ehd2 Gtsel Krt16 Prkarla Plec Tnni2 Tgfbr2
ol o Aaas Acot10 Cugbp2 Epha2 Gusb Krt17 Prkcdbp Plekhg3 Tnsa Thbsi
Krt23 Krt23 Abcb1b Acot9 Dapk1 Ezr Hs6st2 Krt19 Pri2c3 Pmaipl Tpm2 Tipl
. Ll Abcod o Dor Fari1 Hspa2 Krta2 Prss22 Pmp22 TrpS3inp1 Tin2
tamez tamcz Abhd4 Adam8 Ddah1 F3 Hspb1 Krt8 prtf Pparg Tspan2 Tmdsfl
ek it Abi3 Adamts15 Ddital Fam101b Hyal1 Krt80 Psapl1 Ppp1riSa Tspand Tmdsf4
e ks Acsm3 Adm2 Dhh Fam129a Ical Knt9 Psrcl Ppplr2 Tspané Tmem188
Ly6a Ly6a Adam9 AF064781 Dscré Fam160a1 Icam1 Lamas Ptpda3 Ppplrda Tte9 Tnfrsf12a
Mboat1 Mboat1 Aen Akap2 Dusp22 Fam189a2 1ft57 Lamb3 Rab11fips P4 Tubal Tnks1bpl
Mras Mras Al467606 Als2cr4 Dyrk3 Famdéb 1gfbp7 Lats2 Rab15 Prss23 Tubb6 Trib3
Msin Msin Aim1 Amoti2 Ecml Fam59a 1117re Ldhd Rab27b Psatl Usp46 Trim15

Fetal signature genes: Mustata et al., 2013
YAP signature genes: Gregorieff et al., 2015

= Common to both datasets (Fetal & YAP genes)

Vamp5 Tsc22d2 e
it el = Unique to fetal dataset (Fetal only genes)
Vsigl Unci3d = Unique to YAP dataset (YAP only genes)
Wntd Usp18
Zbth32 Wnt7:
Zfp365 ch; Blue text = aVEC-specific genes
Zfps2 2fp18s Red text = YAP-dependent genes in aVECs
Zica fp37 _ 5 e g
S Zmyndis Green text = aVEC-specific & YAP-dependent genes

Fetal signature genes (317 total) and the top 317 YAP signature genes were compared. 81 genes
were shared between the two datasets (shaded in yellow). Every gene here was examined for its
specificity as an aVEC marker (blue and green texts) and as a YAP target gene in aVECs (red

and green texts). This analysis helps determine the extent to which YAP controls the aVEC state.
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Chapter 5

Characterizing Atrophy-Induced Stromal Changes
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5.1 Introduction

The process of tissue repair and regeneration is complex and involves inputs from
multiple cell types and cell-extrinsic factors. By virtue of being exposed to the external
environment, epithelial cells receive cues from a diverse array of local and systemic factors. In
the gut, stromal cells, and particularly fibroblasts, are essential for maintaining the normal
turnover of the epithelium. PDGFRAFOXL1" subepithelial telocytes and PDGFRA"GLI1"
subepithelial mesenchymal cells locally provide essential Wnt factors to support stem cell
function (Degirmenci et al., 2018; Shoshkes-Carmel et al., 2018), thus serving as one of the most
important components of the stem cell niche. Beyond the stem cell compartment, these
PDGFRA" fibroblast populations also establish the Bmp signaling gradient that promotes
epithelial differentiation (Brugger et al., 2020; McCarthy et al., 2020). Additional stromal cell
types, such as myofibroblasts, have also been shown to secrete Wnt, R-spondin, and Bmp
ligands/inhibitors (Powell et al., 2011). Various immune populations that reside in the intestinal
lamina propria, including innate lymphoid cells (ILCs), macrophages, and dendritic cells also
play unique roles in intestinal biology (Hou et al., 2020). Recently, T-helper subsets have been
reported to interact directly with LGR5" ISCs and regulate their self-renewal capacity and cell
fate choices through secretion of specific cytokines (Biton et al., 2018). In addition to providing
physical support, the extracellular matrix also regulates epithelial biology (Meran et al., 2017).
Distinct laminins help establish the small intestine and colonic tissue identity. For example, loss
of laminin-a5 results in a transformation of the small intestine to a colonic-type mucosal
architecture (Mahoney et al., 2008). Furthermore, in the organoid culture system, alteration of
basement membrane components, including matrix stiffness, can drastically impact the growth,

differentiation, and transcriptional profile of intestinal organoids (Gjorevski et al., 2016; Yui et
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al., 2018). Given that epithelial cells are the workhorse of many tissues, it is no surprise that
various cell types, cytokines, and matrix factors act together to support this layer of cells.

The intestine also harbors an incredibly rich and large community of microorganisms.
IECs are uniquely situated between the microbiota and host immune system and actively sense
microbial signals (Okumura and Takeda, 2017). Currently, it is widely appreciated that
dysbiosis, or abnormal alteration of the microbiota, is a key feature of inflammatory bowel
disease (Tamboli et al., 2004). How certain microbial species and metabolites affect host
physiology is an area of great interest. A key challenge is sifting out relationships that are mere
correlations to those that are in fact causative (Stappenbeck and Virgin, 2016). An accumulating
body of work have established an essential role for the microbiota in shaping host immunity.
Germ-free animals that lack commensal microbes are deficient in secondary gut lymphoid
tissues, CD4" T cell numbers, and IgA producing plasma cells (Belkaid and Hand, 2014). As a
result, these animals are more susceptible to certain bacterial, viral, and parasitic infections
(Round and Mazmanian, 2009). Microbial sensing by IECs through pattern recognition
receptors, such as Toll-like receptors (TLRs) and NOD-like receptors (NLRs), is a key mediator
of this host-microbial crosstalk. Moreover, proper epithelial barrier function against pathogen
invasion, including the ability to produce antimicrobial peptides and mucus, relies on signals
from commensal microbes and the immune system (Okumura and Takeda, 2017).

Epithelial cells and the underlying stroma must not only defend themselves against
pathogens but also swiftly respond to breaches in the intestinal barrier. We and others have
shown that signals from both the overlying microbiota and underlying host cells can influence
epithelial repair (Alam and Neish, 2018; Owens and Simmons, 2013; Stappenbeck and Miyoshi,

2009; Yu et al., 2012b). Using the colonic biopsy injury system, we have previously shown that
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PTGS2 (also known as COX2)-expressing mesenchymal stem cells (MSCs) localize to the
wound bed in response to TLR signaling and are major players in orchestrating the healing
process (Jackstadt and Sansom, 2017). Prostaglandin E2 (PGE2) secreted from these cells act
through its receptor PTGER4 (also known as EP4 receptor) on IECs to induce WAE cell
differentiation (Miyoshi et al., 2017). Genetic deletion of Ptgs2 or Ptger4 significantly impairs
WAE cell formation and delays colonic wound healing (Manieri et al., 2012; Miyoshi et al.,
2017). In vitro, PGE2 treatment is sufficient to generate spheroids that morphologically and
transcriptionally resemble WAE cells (Miyoshi et al., 2017). Similarly in the small bowel
irradiation injury model, PTGS2" MSCs are also thought to play a protective role especially in
combination with Lactobacillus probiotic or lipopolysaccharide treatment (Ciorba et al., 2012;
Riehl et al., 2000). Following barrier re-establishment, PGE2 levels must reduce to baseline
levels to permit wound channel formation and crypt regeneration. This downmodulation is
mediated by the bacterial metabolite deoxycholate (DCA), which inhibits PGE2 production in
MSCs. Sustained PGE2 production or depletion of DCA by antibiotic treatment blocks the latter
phases of wound repair (Jain et al., 2018). Once wound channels form, WNTS5A generated by
mesenchymal cells focally inhibit proliferation to initiate crypt fission events. In the absence of
WNTS5A, wound channels form normally but crypt regeneration is impeded (Miyoshi et al.,
2012). Therefore, epithelial wound repair and crypt regeneration involves a complex cross-talk
between microbes, epithelial cells, and stromal cells with other players likely involved as well.
A large majority of studies have examined the role of the microbiota during colonic
injury-repair. It is well established that germ-free, antibiotic-treated, MY D88 knockout, and TLR
knockout mice are all more prone to DSS-induced rectal bleeding, epithelial damage, and

mortality compared to conventional mice (Hernandez-Chirlaque et al., 2016; Rakoff-Nahoum et
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al., 2004). Interestingly, these mice display less signs of colonic inflammation, suggesting that
the heightened susceptibility is due to weakening of the intestinal barrier and impaired epithelial
regeneration. On the other hand, there are few studies that examine the contribution of the
microbiota within the small intestine. This is likely because there is significantly less microbes in
this region (Kastl et al., 2020). However, a recent study has unveiled a role for the small intestine
microbiota in dietary lipid absorption (Martinez-Guryn et al., 2018). Furthermore, in children
with environmental enteric dysfunction, alteration of the duodenal microbiota as shown to be
causal in triggering enteropathy and villus blunting (Chen et al., 2021). Whether the microbiota
is functional during injury-repair in the proximal small intestine is an open question.

In the poly(I:C) injury model that we have developed and characterized so far, we show
that a WAE-like cell type, which we call aVECs, cover the surface of damaged villi to re-
establish the barrier. We also established that this function depends on the Hippo-Y AP signaling
pathway. However, key questions remaining from our work is how YAP activation is triggered
following villus injury and whether or not this involves certain microbial or stromal signals.
Unlike other developmental pathways, the Hippo-Y AP pathway is not under the control of a
specific ligand-receptor interaction. A number of cell-extrinsic and cell-intrinsic factors can
modulate the activity of YAP in a Hippo-dependent and -independent manner (Meng et al.,
2016). In many ways, YAP acts as a sensor for the tissue environment, incorporating
biomechanical, inflammatory, and growth factor cues to carry out cell- and context-specific
responses (Totaro et al., 2018). In the gut, several different upstream factors have been proposed
to induce YAP activation during epithelial regeneration, including g130 ligands (IL-6, IL-11),
PGE2, collagen/focal adhesion kinase signaling, and stromal ILSR (Kim et al., 2017; Taniguchi

et al., 2015; Xu et al., 2020; Yui et al., 2018). In addition to producing IL-22 to facilitate
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epithelial regeneration, ILC3s have also been shown to drive tissue regeneration through
activation of YAP in an IL-22-independnet manner (Lindemans et al., 2015; Romera-Hernandez
et al., 2020). So far, there are no reports of a microbial contribution to the regulation of Hippo-

Y AP signaling. Importantly, the same stromal-epithelial interactions that drive intestinal repair
also play major roles in tumorigenesis. This is consistent with the adage, “cancer is a wound that
never heals,” by Rudolf Virchow in the 1800’s. Initiation of colorectal cancer is mediated by
induction of YAP activity via the PGE2-PTGER4 axis (Kim et al., 2017; Roulis et al., 2020).
Additionally, epithelial gp130 and STAT3 signaling, which is often triggered in response to
cytokine production by stromal cells, facilitates the growth of gastrointestinal tumors (Ernst et
al., 2014; Nishina et al., 2021). With this body of literature in mind, we sought to define the cell-

extrinsic factors that contribute to aVEC-mediated villus repair in the poly(I:C) injury model.
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5.2 Materials and Methods

Animals

C57BL/6], APCM"* ' Vill-Cre, Yap'*, Yap-Taz""*, Ptger4"°*, and Ptgs2” mice were obtained
from the Jackson Laboratory or available in-house. Yap/* mice were further backcrossed to the
C57BL/6] stain for more than 3 generations. Experiments that called for only wild-type mice
used 8-week-old C57BL/6J male mice. All other experiments involving specific genetic strains
used 7 to 10-week-old littermate male and female mice. Mice were housed under specific-
pathogen-free conditions with free access to autoclaved food and water and were maintained on a
12 h light/dark cycle. C57BL/6J germ-free mice were bred and housed at the Washington
University Gnotobiotic Core Facility. All animal studies were conducted in compliance with

protocols approved by the Washington University Institutional Animal Care and Use Committee.

Animal procedures

1 mg/mL poly(I:C) HMW (InvivoGen) was made according to the manufacturer’s instructions
and 20 mg/kg was injected intraperitoneally. For permeability assays, mice were subjected to a 4
h fast, during which food, water, and bedding were withdrawn. 4-kDa FITC-dextran (Sigma) was
dissolved in PBS to make 100 mg/mL, and 44 mg/100g was delivered by oral gavage. 3 h after

gavage, blood was collected by cardiac puncture, and serum was obtained in Microtainer tubes.

Primary epithelial culture
The establishment, maintenance, and differentiation of mouse IECs as spheroids or air-liquid
interface (ALI) monolayers were previously described (Miyoshi and Stappenbeck, 2013;

Miyoshi et al., 2017; Wang et al., 2019). In brief, intestinal crypts were harvested by collagenase
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type I (Gibco) digestion, and stem cell spheroids were grown in 50% L-WRN conditioned
medium in Matrigel (Corning 354234) and passaged every 3 days via trypsinization. To induce
epithelial differentiation, dissociated stem cells were grown in differentiation medium containing
10 uM EP4 receptor antagonist (R&D Systems) or 1 uM dmPGE2 (R&D Systems) and
supplemented with 50 ng/mL EGF (PeproTech) for 24 h. Dissociated stem cells seeded onto
transwells (Corning 3470) for ALI culture were initially submerged in 50% L-WRN medium for
6 days before media was removed in the upper chamber. ALI transwells were maintained with
50% L-WRN medium in the bottom chamber for another 14-21 days to reach maturity. For
intestinal organoid culture, crypts were grown in IntestiCult Organoid Growth Medium
(STEMCELL Technologies) and passaged according to the manufacturer’s instructions. All
media, with the exception of the IntestiCult medium, were supplemented with 10 uM Y-27632
(R&D Systems). Cell culture treatments used in this chapter were 2 uM verteporfin (Sigma) in
DMSO, 1 pg/mL mouse epiregulin (R&D Systems) in PBS, and appropriate vehicle controls. All
reagents were added on the day of passage unless otherwise stated. Cell viability was determined
with CellTiter-Glo 3D Cell Viability Assay (Promega) on the Cytation 5 instrument (BioTek).
Mouse spheroid transcriptomes were previously reported and deposited (ArrayExpress E-
MTAB-3952; Miyoshi et al., 2017). Enrichment analysis of the top YAP target genes (Gregorieff

et al., 2015) was performed using the GSEA v4 software (Subramanian et al., 2005).

Histology and immunostaining
The proximal small intestine (duodenum or proximal jejunum) was pinned out and fixed in 10%
neutral buffered formalin overnight at 4°C. Spheroids were incubated in Cell Recovery Solution

(Corning) for 1 h prior to overnight formalin fixation. ALI transwells were directly fixed in
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formalin overnight at 4°C. Fixed samples were washed in 70% ethanol three times and reoriented
with warm 2% agar solution. This was followed by paraffin embedding, sectioning, and
hematoxylin and eosin staining. Unstained paraffin sections were de-paraftinized in xylene and
rehydrated in isopropanol each for 5 min three times. Antigen retrieval was performed in Trilogy
solution (Sigma) for 20 min under boiling water. For immunohistochemistry (IHC), sections
were additionally treated with 3% H20: in methanol to quench endogenous peroxidase activity.
Slides were blocked for 1 h at room temperature in 1% BSA/PBS containing 0.1% Triton X-100
and incubated with primary antibodies diluted in blocking solution overnight at 4°C. The
following day, slides were incubated with secondary antibodies diluted in blocking solution for 1
h at room temperature. For immunofluorescence (IF), sections were stained with Hoechst 33258
(Invitrogen) for 15 min and mounted with Fluoromount medium (Sigma). For IHC, sections
were treated with VECTASTAIN Elite ABC-HRP Kit (Vector Laboratories), developed with
DAB Peroxidase Substrate Kit (Vector Laboratories), counterstained with CAT hematoxylin
(Biocare), and mounted with Cytoseal XYL (Thermo Scientific). Washes were performed
between each step in PBS without any detergent. The following primary antibodies were used in
this chapter: rabbit anti-Fabp1 (Novus Biologicals NBP1-87695), goat anti-IL-33 (R&D Systems
AF3626), rabbit anti-Cldn4 (Thermo Fisher 36-4800), rabbit anti-Yap (Cell Signaling 14074),
guinea pig anti-Krt20 (Progen GP-K20), rabbit anti-Ki67 (Abcam ab15580), mouse anti-f3-
catenin (BD Transduction Laboratories 610154), goat anti-Ace2 (R&D Systems AF933), goat
anti-Trop2 (R&D Systems AF1122), and rabbi anti-EpCAM (Abcam ab71916). The following
Thermo Fisher highly cross-absorbed IgG secondary antibodies were used in this chapter: goat
anti-rabbit Biotin, donkey anti-mouse Alexa Fluor 488, donkey anti-rabbit Alexa Fluor 488/594,

donkey anti-goat Alexa Fluor 488/594, and donkey anti-guinea pig Alexa Fluor 488.
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RNAscope in situ hybridization

Intestinal tissues and spheroids (after incubation in Cell Recovery Solution) were fixed in 4%
PFA overnight at 4°C and then incubated in 20% sucrose/PBS overnight at 4°C. Fixed samples
were cryo-embedded in O.C.T. compound (Fisher Scientific) and sectioned at 7 um on a
cryotome. /n situ hybridization was carried out on frozen sections using a RNAscope 2.5 HD
Assay-RED Kit (ACDBio) according to the manufacturer’s instructions. The following probes

were used: Msin (443241), Clu (427891), Ptgs2 (316621), 1111 (552461), and Mmp3 (430961).

Imaging and quantification

Bright-field images were acquired with an Olympus BX51 microscope. Fluorescent images were
acquired with a Zeiss Axiovert 200M inverted microscope and a Zeiss Axio Imager M2 Plus
wide field fluorescent microscope. Whole mount images were acquired with an Olympus SZX12
stereo dissection microscope. Live spheroid images were acquired with a Zeiss Cell Observer
inverted microscope with color camera. The lengths of well-oriented villi were measured using
the cellSens software (Olympus). For histology-based quantifications, each data point represents
an average value across 30-100 villi/crypts in the proximal small intestine per animal (see figure
legends). Nearest neighbor distances (NNDs) were quantified based on whole mount images on

Fiji/ImageJ using the NND plugin. Images were further processed with Adobe Photoshop CC.

Cytokine array and ELISA
Intestinal tissues (<1 cm) were placed in Lysing Matrix D tubes (MP Biomedicals) containing

RIPA buffer (Sigma) and protease/phosphatase inhibitors (Thermo Scientific) and
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homogenized/lysed using the FastPrep-24 5G homogenizer (MP Biomedicals). Lysates were
centrifuged for 10 min, and supernatants were collected for downstream applications. Protein
concentration was measured with the Pierce BCA Protein Assay Kit (Thermo Fisher). After
normalizing for total protein amount, cytokine levels were assessed using the Proteome Profile
Mouse XL Cytokine Array (R&D Systems) according to the manufacturer’s instructions.
Fiji/Image] was used to calculate pixel densities. PGE2 levels were measured using the

Monoclonal PGE2 ELISA Kit (Cayman Chemical) according to the manufacturer’s instructions.

Quantitative real-time PCR (qRT-PCR)

Intestinal tissues (<5 mg) were homogenized and lysed in Buffer RLT Plus containing f3-
mercaptoethanol (BME) using the FastPrep system (MP Biomedicals). Total RNA was isolated
using the RNeasy Plus Micro Kit (Qiagen). cDNA was synthesized using iScript Reverse
Transcription Supermix reagents (Bio-Rad). qPCR was performed using iTaq Universal SYBR
Green Supermix reagents (Bio-Rad) on a StepOne RT-PCR System (Applied Biosystems).

Expression levels were normalized to B2m. Primers used in this chapter are listed in Table 5.1.

Statistics and reproducibility

Statistical analyses were performed in GraphPad Prism 8 or 9. P-values are indicated in the plots
or figure legends with p < 0.05 denoted as significant. Data are expressed as mean =+ standard
deviation (SD). An unpaired two-tailed Student’s #-test was used when comparing two groups; a
one-way ANOVA was used when comparing three or more groups; and a two-way ANOVA was
used when comparing groups with two experimental variables. Data from independent

experiments were pooled when possible. Otherwise, data are representative of at least two
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independent experiments. Animals that had near 0% weight loss one day after poly(I:C) injection
(<10% of all mice) were excluded from the study as these mice did not exhibit intestinal damage.

Further statistical details and quantification methods can be found in the figure legends.
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5.3 Results

Partial villus atrophy triggers the aVEC state

To determine whether YAP activation requires total villus damage and atrophy in the
poly(I:C) injury model, we took advantage of the fact that poly(I:C) induces partial damage in
the proximal jejunum. The damage appears to be confined to the villus tip (Figure 5.1A).
Interestingly, at 24 HPI, during which robust villus atrophy occurs in the duodenum, the blunted
villi in the jejunum featured epithelial cells expressing low levels of FABP1 in the tip region
(Figure 5.1B). Reduced expression of FABP1 is also seen in aVECs (Figure 3.1E). Therefore,
we wondered whether these FABP1™ cells in the jejunum were enriched for fetal-like markers. /n
situ hybridization demonstrated that Ms/n and Clu mRNAs were induced in these cells.
Furthermore, immunostaining revealed prominent expression of IL-33 in the tip of blunted villi.

Together, these findings reveal that aVECs are also induced even during partial villus atrophy.

Germ-free mice have normal aVECs following villus injury

We next tested whether microbes were necessary for aVEC formation. Poly(I:C) injection
of germ-free mice induced robust villus atrophy in the proximal small intestine similar to
conventionally-raised mice (Figure 5.2A). This indicated that poly(I:C)-induced epithelial cell
death and villus injury are not influenced by the presence of commensal microbes. Close
inspection of atrophic villi in germ-free mice revealed robust expression of CLDN4 and IL-33 in

aVECs (Figure 5.2B,C), revealing that aVEC formation does not depend on microbial signals.

PGE?2 and gp130 ligands are induced in the stroma of atrophic villi

172



Stromal factors play a crucial role in facilitating wound repair in epithelium-lined organs
(Stappenbeck and Miyoshi, 2009). In the setting of irradiation injury or chemically-induced
colitis, YAP can be activated by multiple cell-extrinsic cues, including prostaglandin E2 (PGE2),
gp130 cytokines (i.e. IL-6 and IL11), and ECM components (Kim et al., 2017; Taniguchi et al.,
2015; Yui et al., 2018). Additionally, mesenchymal cells that express PTGS2 have been shown
to induce revSCs and WAE cells via PGE2-PTGER4 signaling (Manieri et al., 2012; Miyoshi et
al., 2017; Roulis et al., 2020). We therefore addressed whether these stromal factors were also
induced during villus atrophy. qPCR analysis showed a robust increase in Pzgs2 and 1/11
transcript levels in the atrophic intestine (Figure 5.3A). PGE2 was also elevated specifically
during atrophy and diminished during villus regeneration (Figure 5.3B). Notably, while Prgs2
and //11 expression were low in the homeostatic intestine, these transcripts were strongly
induced within the atrophic stroma (Figure 5.3C). These results demonstrate a remodeling of the

stromal microenvironment during villus atrophy that corresponds with the generation of aVECs.

The PGE2-PTGER4 axis is dispensable for villus repair and regeneration

As Ptgs2 and PGE2 levels were upregulated during villus atrophy, we next examined the
requirement of the PGE2-PTGER4 pathway in Y AP nuclear localization and expression of fetal
markers in aVECs. Whole body knockout of Pzgs2 (Ptgs2”") or conditional deletion of Ptger4 in
the intestinal epithelium (Pzger4/£€) did not affect the localization of YAP to the nucleus in
aVECs compared to littermates (Figure 5.4A,B). Furthermore, the expression of Ms/n and Clu
was not affected by the lack of Prgs2 or epithelial Pzgfer4, suggesting that this signaling pathway

is largely dispensable for adaptive differentiation and villus repair in the poly(I:C) injury model.
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As such, villus regeneration was not impaired in Ptgs2” or Ptger4*£€ mice, while Yap-
Taz""E€ mice, which lack both YAP and TAZ Hippo pathway effectors, displayed a similar

IEC

phenotype as Ya mice (Figure 5.5A-C). Thus, these results do not support a role for the

PGE2-PTGERA4 signaling axis in atrophy-induced YAP activation and villus regeneration.

Identification of other secreted factors induced during villus atrophy

Taking a more unbiased approach, we performed a cytokine array on whole tissue lysates
from the atrophic intestine. To identify factors that are induced in response to villus damage and
not to poly(L:C) itself, we used tissues distal to the injury site from the same mice as a control.
Among the 35 factors that were detected, 10 were differentially expressed in the atrophic region
compared to the distal non-atrophic region of the gut, including IL1-RA, F3 (tissue factor),
several chemokines, and MMP3 (Figure 5.6A). IL1-RA and F3 are both highly expressed in
aVECs (Figure 3.7A and 3.8B), thus serving as positive controls. MMP3 is a factor elevated in
both Crohn’s and celiac disease mucosa (Bragde et al., 2018; Haberman et al., 2014).
Interestingly, in situ hybridization revealed that Mmp3 mRNA was strongly upregulated around
the crypts during villus atrophy (Figure 5.6B). This suggests a modification of the stem cell
niche as well as a potential mechanism for the enhanced epithelial migratory phenotype observed
during this stage. Collectively, we show that adaptive differentiation is accompanied by an

altered stromal microenvironment with Y AP-activating and ECM-modifying characteristics.

YAP activation is necessary for adaptive differentiation in vitro
To this end, we aimed to understand the extent to which YAP activation in adaptive

differentiation is epithelial-cell intrinsic. We utilized our short-term culture system, which
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involves enzymatic dissociation of stem cell spheroids and culturing the dissociated cells in L-
WRN or differentiation media for at least 24 h (Miyoshi and Stappenbeck, 2013; Miyoshi et al.,
2017). We also examined our recently developed long-term culture system, which involves
plating dissociated stem cell spheroids on a transwell and establishing air-liquid interface (ALI)
to induce differentiation (Wang et al., 2019). Surprisingly, we found that many of the top YAP
targets genes were highly expressed in both our stem cell and differentiated intestinal spheroids
(Figure 5.7A). In situ hybridization confirmed high levels of Ms/n and Clu mRNA in both short-
term culture conditions (Figure 5.7B). WAE-like spheroids, through addition of PGE2 to the
differentiation media, also expressed high levels of YAP target genes (Figure 5.7C). Moreover,
nuclear localization of YAP was observed in all culture conditions except for mature ALI
cultures (Figure 5.8), which possess a transcriptional profile that resembles a steady-state
intestinal epithelium (Wang et al., 2019). Intriguingly, differentiated spheroids had more varied
levels of YAP expression and localization (Figure 5.8), possibly reflecting a symmetry-breaking
event (Serra et al., 2019). These results demonstrate that epithelial cells are wired to undergo
adaptive differentiation when subjected to short-term culture in differentiation conditions.

Importantly, treatment of epithelial cultures with the YAP-TEAD inhibitor verteporfin
caused loss of cell viability in short-term cultures, especially in differentiated spheroids, but not
in mature ALI culture (Figure 5.9A). Yap?E€ crypts also saw decreased viability when subjected
to short-term culture conditions compared to Yap™" crypts (Figure 5.9B). Additionally, in
budding intestinal organoids, which go through an early transient Y AP-activated state (Serra et
al., 2019), VP treatment greatly affected organoid growth early in culture but to a much lesser
extent late in culture (Figure 5.9C). The impact of YAP inhibition was not on spheroid

formation but rather on maintaining the adaptive differentiation state (Figure 5.10A). Notably,
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epiregulin supplementation partially rescued the viability of Yap?€ cells (Figure 5.10B). Taken
together, we demonstrate that stem cells have an intrinsic capacity to adaptively differentiate.

Further, we establish an essential role for YAP in mediating adaptive differentiation in vitro.

Maladaptive differentiation occurs in intestinal tumors

Wound repair mechanisms are often hijacked by cancer cells, making them appear to be
in a persistent wound healing state (Ge et al., 2017). We thus examined whether intestinal tumors
were lined with aVEC-like cells with an altered differentiation state. 4APCY"* mice develop
spontaneous intestinal adenomas throughout the length of the small intestine and serve as a
model of familial adenomatous polyposis (Moser et al., 1990; Su et al., 1992). Examination of
APCM"* tumors revealed high expression of CLDN4 and loss of FABP1 and ACE2 expression
in the differentiated epithelial compartment (Figure 5.11A,B). In addition, Ms/n and Clu
expression were strongly induced in the differentiated tumor cells (Figure 5.11C). Within the
proliferative compartment of the tumor, we detected expression of TROP2, a prominent fetal
marker (Fernandez Vallone et al., 2016; Wang et al., 2019). Thus, we see evidence of both fetal-

like stem cell reprogramming and adaptive epithelial differentiation in APCM"* tumors.

YAP is essential for maintaining epithelial integrity in response to severe poly(1:C) injury
Finally, we determined what happens when mice receive continuous bouts of poly(I:C)
injury in the proximal small intestine without YAP. At most, mice can tolerate two consecutive
injections of poly(I:C) (Figure 5.12). Remarkably, Yap”£¢ mice showed near complete loss of
the epithelial layer, including the crypt compartment, while Yap" mice appeared comparable to

mice that received just one dose of poly(I:C) (Figure 5.12B,C). Not surprisingly, serum FITC-
176



dextran levels were dramatically elevated in Yap?’F€ compared to Yap™"mice following double
poly(I:C) injury, revealing a significantly weakened barrier. Together, these results highlight a

requirement for YAP in sustaining epithelial integrity in the face of severe intestinal damage.
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5.4 Discussion

Here, we took a deeper dive into the specific contexts in which YAP signaling is
activated in the intestinal epithelium. In the duodenum, poly(I:C) injection results in near total
loss of differentiated IECs, leading to severe villus atrophy. In the proximal jejunum, poly(I:C)-
induced damage is more confined to the upper villus compartment, resulting in partial villus
atrophy. Despite this, we still observed induction of aVECs in the jejunum in the tip portion of
the villi. This is consistent with the notion that aVEC formation is triggered once the level of IEC
loss exceeds that of the normal homeostatic turnover of the epithelium. Interestingly, this finding
calls into question the source of aVECs in this scenario. In the duodenum, aVECs are derived
from TA cells in the crypt, which expresses high levels of YAP. However, in the jejunum, the
likely source of aVECs would be the differentiated VECs. Thus, our data suggests that aVECs do
not necessarily have to come from TA cells; rather, even fully mature IECs can acquire the
aVEC state. Using germ-free animals, we further show that commensal microbes are not
required for the induction of aVECs following villus injury. This could be a location-specific
phenomenon, as the proximal intestine contains a relatively less diverse and abundant microbial
community compared to the distal intestine (Donaldson et al., 2016). It could also be that there
are other signals that contribute to YAP activation and mediate adaptive differentiation.

The Hippo-Y AP pathway is regulated by a number of factors, including various cell-
extrinsic cues (Yu et al., 2012a). In order to determine the mechanism behind YAP activation
during poly(I:C)-induced villus atrophy, we examined previously known upstream inducers of
Y AP in the gut. We identified several secreted factors such PGE2 (Kim et al., 2017) and IL-11
(Taniguchi et al., 2015) that were upregulated in the atrophic intestine. Localization of Pzgs2”

cells, which are the major PGE2-producing cells (Manieri et al., 2012; Roulis et al., 2020), and
178



11117" cells by in situ hybridization revealed that these cells were induced in the stroma of
atrophic villi beneath the aVEC layer. Despite this finding and the fact that PGE2 is crucial for
WAE cell differentiation (Miyoshi et al., 2017), we found the PTGS2-PGE2-PTGER4 axis to be
largely dispensable for aVEC formation, YAP activation, and villus regeneration. Interestingly,
IL-11 has been recently proposed as a mediator of crypt regeneration in response of ISC
depletion, but this study did not find significant Y AP activation in dedifferentiating crypt cells
(Murata et al., 2020). It is possible that there are redundant sources of Y AP-activating factors
induced during villus injury-repair, and loss of any one of these factors can be compensated.

Our results thus reveal a key difference between aVECs and WAE cells. WAE cells
require PGE2 signaling while aVECs do not. This discrepancy could be a reflection of the
biological difference between the small intestine and colon. Additionally, it could be due to the
distinct nature of the poly(I:C) and colonic biopsy injury models. WAE cells, as the name
implies, cover the surface of wounds, which contains a mixture of tissue-resident and infiltrating
immune cells, ECM constituents, and vascular components. The presence of Prgs2”*
mesenchymal stem cells (MSCs) in the wound bed appears to be critical for WAE cell formation
(Jain et al., 2018; Manieri et al., 2012). On the other hand, aVECs cover atrophic villi, with little
or no granulation tissue formation. Despite this, we also saw induction of Ptgs2* stromal cells
and PGE2 levels in the atrophic intestine, but whether these are equivalent to the Ptgs2* MSCs
in the colon remains to be addressed. Given the speed at which aVECs and WAE cells are
generated following injury, it is likely that there is an immediate signal that gets triggered when
the intestinal barrier is breached, resulting in YAP activation during barrier restoration.

The activity of YAP can also be modulated through cell mechanics, cell shape, and

cytoskeletal changes (Halder et al., 2012). Dramatic alterations in the tissue architecture
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following injury can alter local mechanical forces, influencing the behavior of individual cells.
During DSS-induced regeneration, there is increased deposition of type I collagen in the
extracellular space adjacent to the epithelium (Yui et al., 2018). Changes in the ECM are sensed
through integrins, leading to activation of focal adhesion kinase (FAK) and Src signaling (Kim
and Gumbiner, 2015). These signals can ultimately converge on YAP/TAZ, which, in the case of
DSS-induced regeneration, promotes epithelial reprogramming to a fetal-like state (Yui et al.,
2018). An important distinction between the DSS and poly(I:C)-induced injury model is that the
DSS-induced repairing epithelium is much thicker than the homeostatic epithelium. Additionally,
the repairing epithelium appears much later in the regenerative phase (~2 weeks). In contrast,
aVECs are much shorter than the homeostatic epithelium and appear very early during repair (1
day). Therefore, the regulation of YAP may be very different between the two injury models.
While in vitro studies suggest that collagen signaling is sufficient to activate Y AP-dependent
cellular reprogramming (Yui et al., 2018), changes in cytoskeletal dynamics and cell-cell
junctions could also direct YAP activity (Halder et al., 2012). Regardless, mechanical and
cytoskeletal cues may be an important driver of aVEC formation in the poly(I:C) injury model.
Intestinal organoids recapitulate the process of crypt regeneration in vitro, and mature
organoids contain all the cell types found in the adult epithelium (Sato et al., 2009). YAP
deficient organoids fail to grow, and it was postulated that this is due to precocious Paneth cell
differentiation as a result of overactive Wnt signaling (Gregorieff et al., 2015). It was also
recently discovered that stem cells go through a transient Y AP-activated spheroid stage prior to
crypt budding and organoid maturation (Serra et al., 2019). These studies highlight an epithelial-
intrinsic regulation of YAP activity. Surprisingly, using our primary spheroid culture system, we

observed signs of YAP activation in our stem cell and differentiated spheroids cultures.
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Inhibition of YAP with verteporfin impaired spheroid viability, revealing that YAP is functional.
Why Y AP is triggered in our spheroid cultures is unclear, but it may be that the initial formation
of the spheroid structure mimics a wound healing event. In line with this, long-term ALI cultures
did not express YAP target genes. The fact that even differentiated spheroids possess a YAP-
activated state means that we can model the process of adaptive differentiation in vitro.

Lastly, we examined whether adaptive differentiation could become maladaptive in the
setting of tumorigenesis. It has been recently appreciated that SCA1", revSC-like cells expand in
tumors in a YAP-dependent manner (Roulis et al., 2020). We also identified fetal-like
proliferating cells (marked by TROP2 expression) in APCM"* tumors that is independent of the
LGR5" ISC population. Intriguingly, we found that epithelial differentiation in these tumors was
drastically altered, which has not been previously appreciated. While tumor-associated IECs did
not appear shorter, they lacked expression of mature enterocyte markers such as ACE2 and
FABPI and instead expressed high levels of CLDN4, Ms/n, and Clu similar to aVECs in the
poly(I:C) injury model. The biological reason for this remains to be investigated, but given the
barrier protective role of aVECs during repair, it is possible that tumors hijack this wound

healing mechanism to strengthen their barrier function and protect themselves against damage.
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5.5 Figures

A Poly(l: B
y(I:C)
jejunum M

FABP1

Figure 5.1. aVECs are induced at the tip region of partially blunted villi

(A) Schematic of poly(I:C)-induced injury in the proximal jejunum. In this segment, apoptotic
cells (black) are largely confined to the villus tip region, resulting in partial villus blunting. (B)
Immunofluorescence (IF) for FABP1 (red) in the proximal jejunum at 24 HPI. (C) RNAscope in
situ hybridization for Ms/n and Clu in partially blunted villi in the proximal jejunum. Each red
dot represents a single mRNA molecule. (D) IF for IL-33 (red) in partially blunted villi in the

jejunum. All bars: 100 pm. IF and RNAscope images are representative of at least 3 animals.
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A H&E B B-catenin CLDN4

Figure 5.2. aVECs are present on atrophic villi in germ-free mice
(A) H&E images of the atrophic intestine at 24 HPI in germ-free mice. (B and C) IF for -
catenin (green, epithelium), CLDN4 (red, B), and IL-33 (red, C) in the atrophic intestine from

germ-free mice. Bars: 100 pm. H&E and IF images are representative of at least 3 animals.
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Figure 5.3. Remodeling of the stromal microenvironment following villus injury
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(A) qPCR analysis of Ptgs2 and gp130 cytokines (/6, I/11) in whole tissue lysates from the
homeostatic and atrophic intestine. Expression values are relative to one of the homeostatic
samples for each gene. n = 5 mice/group. (B) PGE:2 levels were measured by ELISA in whole
tissue lysates from the homeostatic, atrophic (24 HPI), non-atrophic (distal uninjured region at
24 HPI), and regenerating (48 HPI) intestine. n = 4 mice/group. (C) RNAscope for Ptgs2 (top)
and //11 (bottom) in the homeostatic and atrophic intestine. Bar: 100 um. Note that Prgs2 and
1111 transcripts are induced in the stroma of atrophic villi beneath the aVECs. All values in (A)
and (B) are displayed as mean + SD. Unpaired #-test in (A). One-way ANOVA and Tukey’s

multiple comparisons test in (B). RNAscope images are representative of at least 3 animals.
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Figure 5.4. The PGE2-PTGER4 axis is not required for YAP nuclear localization and

aVEC formation
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(A and B) THC for YAP (brown) in a representative atrophic villus from Ptgs2*"*, Ptgs27,
Ptgerd"" and Ptger4’E€ mice (A). Dashed line represents the epithelial-stromal border. Percent
of epithelial cells with predominantly nuclear localization of YAP was quantified across 30
atrophic villi (B). n = 3 mice/group. Values were not significantly different across samples. (C
and D) RNAscope for Msln and Clu in a representative atrophic villus from Prgs2*”, Ptgs2”,
Ptger4d™ and Ptger4*£€ mice (C). Average number of Msin™ cells across 30 atrophic villi was
plotted (D). n = 3 mice/group. Values were not significantly different across samples. All values
in (B) and (D) are plotted as mean + SD. One-way ANOVA and Tukey’s multiple comparisons

test in (B) and (D). Bars: 20 um. IHC/RNAscope images are representative of at least 3 animals.

187



&
c
>
o
£

Q
o

£

=

B 1804 P <0.0001
160

we Talid

Nearest neighbor
distance (um)

@)

400+ P <0.0001

3004 =8 ?833'1:3'

200+

1004

Villus legnth (um)

0 1 I I I 1 I

Figure 5.5. The PGE2-PTGERA4 axis is dispensable for villus regeneration
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(A) Whole mount luminal view of regenerating villi at 48 HPI from Yap-Taz"", Yap-Taz""E€,

Ptgs2™"*, Ptgs2”", Ptger4" and Ptger4’E€ mice. Bar: 500 um. (B) Average nearest neighbor
distance (NND) value was calculated based on the whole-mount images and plotted as mean +
SD. n =4 mice/group. (C) Average villus length across 50 villi for each genotype was plotted as
mean + SD. n = 4 mice/group. Significance was determined by one-way ANOVA and Tukey’s

multiple comparisons test in (B) and (C). Images are representative of at least 3 animals.
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Figure 5.6. Defining the villus atrophy-induced intestinal secretome

(A) Cytokine array analysis of whole tissue lysates comparing the atrophic (Atrophy) and distal
non-atrophic (No Atrophy) regions of the intestine following poly(I:C)-induced villus injury.
Proteins that were above the level of detection are shown. Scale represents mean pixel densities
from n = 4 mice/group. Significance was determined by two-way ANOVA and Sidak’s multiple
comparisons test. **p <0.01 , ***p <0.001, ****p < 0.0001 (B) RNAscope for Mmp3 mRNA in
the homeostatic and atrophic intestine. Bar: 100 um. Note that Mmp3 transcripts are upregulated

in the stroma around the crypts. RNAscope images are representative of at least 3 animals.

190



Short-term culture

KRT20 Ki-67  Msin mRNA

Stem cell
,9“."% TR AR TR
el (8]
R ol
®

=
2.8® 24hrs Differentiated

Stem cell

~ low
expression

v Top 50 YAP target genes

= =
S % FT TN T RTRTT
[
high

Differentiated

C

Short-term culture

BB !
Differentiated

+ PGE, high low
v Top 50 YAP target genes

KRT20 Ki-67  Msin mRNA Clu mRNA

¥ 4 g\ )
.3.1‘11:‘ qf A &
& -~ -
.

Figure 5.7. Induction of a fetal-like, YAP-activated program in intestinal spheroids

regardless of differentiation status or PGE2 treatment

Enzymatically dissociated stem cell spheroids were cultured in either 50% L-WRN media or
differentiation media for 24 h to establish short-term cultures. The top 50 YAP target genes were
mapped to the transcriptome of stem cell spheroids (A, top), differentiated spheroids (A,
bottom), and WAE-like differentiated spheroids treated with dmPGE2 (C, top). Each arrow
represents a YAP target gene. [IF/RNAscope for KRT20 (green), Ki-67 (red), Msin (red), and Clu
(red) in stem cell spheroids (B, top), differentiated spheroids (B, bottom), and WAE-like

spheroids (C, bottom). Note the expression of Msin and Clu in all three culture conditions.
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Figure 5.8. Differentiated spheroids, but not ALI cells, feature nuclear YAP expression

IF for YAP (red) in short-term spheroid cultures and in mature air-liquid interface cultures (ALI
day 21). Bar: 50 um. White arrowheads indicate examples of cells with nuclear YAP expression.
In stem cell spheroids, nuclear YAP staining was prominent in nearly all cells. In differentiated
spheroids (with or without PGE2), some cells had nuclear Y AP staining whereas other cells
lacked Y AP expression entirely or expressed cytoplasmic YAP. In ALI day 21 cells, nearly all

cells had diffuse cytoplasmic YAP staining. IF images are representative of at least 3 samples.
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Figure 5.9. YAP is essential for adaptive differentiation in vitro
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(A) CellTiter-Glo assay of spheroids (stem cell, differentiated without PGE2, differentiated with
PGE2) and ALI day 21 cells treated with DMSO (vehicle control) or verteporfin (VP), a small
molecule inhibitor of YAP. Values are relative to the most viable sample. n = 5 samples/group.
(B) Yap" and Yap?'EC€ intestinal crypts were subjected to short-term culture and assessed for cell
viability. n = 4 samples/group. (G) Intestinal organoids were treated with DMSO or VP on day 1
(early) or day 5 (mature) of culture for 24 h and assessed for cell viability. n = 4 samples/group.

All values in (A), (B), and (C) are displayed as mean + SD. Unpaired #-test in (A), (B), and (C).
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Figure 5.10. EREG supplementation partially rescues YAP deficiency

(A) Bright-field images of differentiated spheroids (without PGE2 supplementation) treated with
DMSO or VP at 18 and 24 h. Bar: 50 um. (B) Yap?’E€ crypts subjected to short-term
differentiation culture was partially rescued by addition of 1 pg/mL epiregulin (Ereg). Data are
displayed as mean + SD. Significance was determined by one-way ANOVA and Tukey’s

multiple comparison test. Bright-field images are representative of at least 3 samples.
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Figure 5.11. Maladaptive differentiation in APCM™"* tumors
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(A, B, and D) IF for B-catenin (green), CLDN4 (red), Ki-67 (green or purple), FABP1 (red),
ACE2 (red), and TROP2 (green) in APCY™* intestinal adenomas. Adjacent non-tumorigenic
regions are included on the right side for each image. (C) RNAscope for Ms/n and Clu (red) in
APCM"+ intestinal adenomas. Bars: 100 pm. Intestinal tumors express the fetal marker TROP2
within the proliferative compartment. Importantly, tumors exhibit an altered differentiation state

that reflects many of the same changes observed in aVECs following intestinal villus injury.
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Figure 5.12. YAP deficient mice are highly susceptible to double-poly(I:C) challenge

(A) Schematic of double poly(I:C) challenge in mice. 20 mg/kg poly(I:C) was injected
consecutively for two days and the proximal intestine was examined on the third day (24 h after
the second dose). (B) IF for EpCAM (green) in the proximal intestine from Yap™" and Yap?'E€
mice. Bar: 100 pm. (C) Average number of crypts per mm was plotted and displayed as mean +
SD. n = 3 mice/group. (D) Serum FITC-dextran levels were measured and plotted as mean + SD.

n = 3 mice/group. For both (C) and (D), significance was determined by unpaired #-test.
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5.6 Tables

Table 5.1. Primers used for qRT-PCR, related to Figure 5.3

Primer Name
mPtgs2-F
mPtgs2-R

mil6-F

mll6-R

mll11-F
mli11-R
B2m-F
B2m-R

Species
Mouse

Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse

Primer Sequence (5' to 3')
TCCAACCTCTCCTACTACACCAG

GGGTCAGGGATGAACTCTCTC
CTTGGGACTGATGCTGGTGACA
GCCTCCGACTTGTGAAGTGGTA
AATTCCCAGCTGACGGAGATCACA
TCTACTCGAAGCCTTGTCAGCACA
TTCTGGTGCTTGTCTCACTGA
CAGTATGTTCGGCTTCCCATTC

Primer
Length
23
21
22
22
24
24
21
22

199

Im (°C)
60.56
59.24
62.52
62.24
63.96
63.85
59.24
59.39

GC (%)
52.17
57.14
54.55
54.55
50.00
50.00
47.62
50.00

Product
Size
146
146
118
118
112
112
104
104

Target
Exon 4

Exon 5
Exon 2
Exon 2
Exon 3
Exon 4
Exon 1
Exon 2

RefSeq
011198

011198
031168
031168
008350
008350
009735
009735

NM
NM
NM
NM
NM
NM
NM
NM
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Chapter 6

Summary and Future Directions
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6.1 Summary

In this thesis, I provided a detailed understanding of how intestinal villi repair after
injury. These findings are illustrated in Figure 6.1. Thus far, majority of studies have focused on
elucidating the mechanisms behind crypt and stem cell regeneration in the small intestine and
colon. However, one of the most crucial and prominent features of the small bowel are the villi
that project into the luminal space. From the duodenum to the terminal ileum, millions of these
finger-like structures cover the surface of the small bowel and provide an enormous surface area
for nutrient digestion and absorption. Breakdown of the villus architecture can occur due to
certain infections, medications, ischemic events, and inflammatory responses, leading to villus
atrophy and symptoms of diarrhea and malabsorption. Villus atrophy is a hallmark of several
enteropathies in children and adults, and if left untreated, can have far-reaching impacts on their
lives. Yet, how intestinal villi cope with damage and restore their architecture are not well
understood. A large reason for this is the lack of a robust villus injury-repair model that enables
detailed mechanistic studies. To this end, I employed a mouse model of acute viral gastroenteritis
using poly(I:C) to delineate the steps involved in repairing the intestinal villus structure.

Poly(I:C) is a double-stranded RNA analog that is often used to mimic a viral infection.
Consistent with previous studies, I found that a single intraperitoneal injection of poly(I:C) in
mice caused immediate and near complete loss of VECs in the proximal small intestine. This
resulted in severe villus atrophy, yet due to the localized damage, these mice tolerated the injury
well. Poly(I:C) appeared to directly and preferentially kill differentiated IECs in a TLR3-
dependent manner without any bias toward a specific intestinal lineage. Despite the severity of
the injury, atrophic villi were capable of restoring back to their original height in less than a

week. This was likely because ISCs were spared from poly(I:C) injury and capable of
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regenerating the villus epithelium. Thus, the poly(I:C) injury model offered a unique system to
investigate the process and mechanism of villus repair without affecting the crypt compartment.
Using this model, I discovered that mature enterocyte markers became transiently
suppressed during villus atrophy. The epithelial cells that line atrophic villi, named atrophy-
induced villus epithelial cells (aVECs), lacked expression of ACE2, FABP1, and ALDOB
despite their villus localization. Microarray analysis of laser-capture microdissected aVECs
revealed a transcriptional profile that resembled disease-associated IECs observed in Crohn’s
and celiac disease mucosal samples. Morphologically, aVECs were short with underdeveloped
microvilli and contained extensive lipid droplets, likely a result of their impaired metabolic
capacity. Importantly, aVECs possessed a fetal-like transcriptional profile similar to previously
identified regenerative stem cell populations in the irradiation, DSS, and helminth infection
models. They expressed high levels of Ly6a, Msin, and Clu transcripts. By scRNA-seq, aVECs
clustered separately as their own distinct cell population, and they were most closely related to
homeostatic villus-top enterocytes. Similar aVEC-like cells were present in sSCRNA-seq datasets
of Crohn’s disease samples, highlighting the potential relevance of these cells in disease.
Unlike regenerative stem cells, aVECs were terminally differentiated and lineage-
committed. Lineage analysis revealed that aVECs still retained either an enterocyte or goblet cell
identity by the expression of A/pi or MUC2. Taking advantage of the fact that aVECs expressed
the pan-differentiation marker KRT20, I used Krt20¢"ER/R26R!Tomato mice to definitively show
that aVECs did not possess stem cell capacity in vitro or in vivo. Furthermore, aVECs were
derived from TA cells and transiently covered damaged villi. This aVEC coverage was important

for restoring the epithelial barrier after villus injury. Once villus regeneration resumed and
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epithelial differentiation switched back to a more normal program, aVECs that once covered
atrophic villi were pushed up by newly generated IECs and sloughed off into the lumen.
Given that aVEC formation cannot be explained by current models of repair, as it did not involve
a cell type conversion, I coined this process “adaptive differentiation.” I propose that adaptive
differentiation is a key repair mechanism that involves the activation of a wound-adapted
program, such as a fetal-like transcriptional profile, during injury-induced differentiation. How
adaptive differentiation fits with other mechanisms of tissue repair is illustrated in Figure 6.2.
As aVECs were morphologically and functionally similar to WAE cells in the colon, I
compared the transcriptomes of these two cell populations and identified a shared gene signature.
Analysis of this gene signature revealed the Hippo-YAP-TEAD pathway as one of the top
candidates for controlling aVEC/WAE cell identity and function. This was also an interesting
pathway because Hippo-Y AP signaling was shown to be essential for crypt regeneration and
fetal reprogramming in the irradiation and DSS injury models. Indeed, YAP was localized to the
nucleus and YAP target genes were induced in aVECs/WAE cells. Functionally, YAP was
crucial for the barrier restorative properties of aVECs. In comparison to Yap™/ controls, Yap?'E€
mice had a weakened intestinal barrier post-injury with increased numbers of fused atrophic villi.
Transcriptional analysis determined that many Y AP target genes were no longer induced in
Y AP-deficient aVECs. Importantly, stem cell, TA cell, and Paneth cell numbers were not altered
between Yap™! and Yap?’E€ mice. An impaired ability for the epithelium to undergo adaptive
differentiation post-injury appeared to be the root cause for the compromised epithelial barrier.
Additionally, Yap?E€ mice displayed a significant delay in their ability to regenerate their villi.

Together, these results establish a crucial role for YAP in aVEC-mediated barrier restoration.
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To determine what cell-extrinsic factors may be responsible for triggering YAP
activation during villus repair, [ examined germ-free mice as well as mice deficient in the
PTGS2-PGE2-PTGER4 axis. Induction of aVECs and Y AP activity following poly(I:C) injury
was intact in all of these mice, suggesting that other factors are likely involved. Importantly, the
dispensable nature of PGE2 signaling for aVEC formation distinguishes these cells from colonic
WAE cells. Using our primary spheroid culture system, I further demonstrated that the process of
adaptive differentiation can be modeled in vitro and that YAP activation could partly be a cell-
intrinsic phenomenon. Lastly, I showed that intestinal tumors display signs of maladaptive

differentiation, in which the aVEC state was hijacked by tumor-associated surface IECs.
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6.2 Future Directions

Examine whether adaptive differentiation occurs in other tissues

Here, we propose a novel mechanism of repair involving the direct differentiation of
intestinal progenitor cells into a post-mitotic cell type specialized for repair while still retaining
lineage identity. We call this process “adaptive differentiation.” We distinguish this repair
mechanism from cellular reprogramming, which involves conversion of one cell type to another.
Generally, cellular reprogramming involves loss of features of the original cell type and gain of
features of the new cell type (Aydin and Mazzoni, 2019; Jessen et al., 2015). This is best
exemplified by pioneering studies by Takahashi and Yamanaka, who showed that differentiated
cells can be reprogrammed to a pluripotent state (Takahashi and Yamanaka, 2016). In the case of
aVEC:s, there isn’t necessarily a loss of features involved. Epithelial differentiation occurs as
usual, with progenitors making cell fate choices during their exit from the crypt compartment.
However, during adaptive differentiation, progenitors prioritize the reparative program, and this
comes with a price. The progenitors do not fully maturate into the original intended cell type and
gain all the features needed for the homeostatic function of the tissue. This is why we think 4/pi*
aVECs express Alpi transcripts but lack protein expression of ACE2, FABP1, and ALDOB.
Similarly, this is why we think Muc2" aVECs express some levels of MUC2 protein, but the
mucus theca is much smaller than a typical goblet cell. The primary goal of aVECs is to seal the
epithelial barrier and not to take up and metabolize dietary nutrients or secrete mucus.

It will be important to determine whether adaptive differentiation occurs in other
mammalian tissues. Such a process will likely occur in tissues with dedicated pools of stem and
progenitor cells, including the skin and airway epithelium. In fact, skin re-epithelialization likely

involves adaptive differentiation as various stem cell populations migrate into the wound field to
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help re-establish the barrier (Pastar et al., 2014). Interestingly, upon epidermal wounding, hair
follicle stem cells, which normally produce hair cells, upregulate epidermal markers, thus
creating a dual hair follicle-epidermal state known as “lineage infidelity” (Ge et al., 2017). Other
transitional stem cell states have been identified in the lung and olfactory epithelium (Gadye et
al., 2017; Kobayashi et al., 2020). Ultimately, these studies may be capturing an early stage of
adaptive differentiation as stem cells acquire unique repair features that are separate from

enhanced proliferation or differentiation capacity while committing to a certain cell fate.

Clarify the relationship between fetal reprogramming and YAP activation

One of the major conundrum in the field is understanding the relationship between
injury-induced fetal reprogramming and YAP activation in the gut. Reprogramming of the adult
epithelium to a fetal-like state was first recognized in the stomach (LGR5" stem cell ablation and
indomethacin-induced injury) and then in the colon (DSS-induced chemical injury) (Fernandez
Vallone et al., 2016; Yui et al., 2018). A fetal-like program was also identified in the small
intestinal ISC compartment in response to parasitic helminth infection (Nusse et al., 2018). This
study concluded that this crypt response was a generalized response to tissue injury when there is
loss of LGR5" ISCs. The latter two studies utilized SCA1 as the main marker of the fetal
program. While Yui et al. attributed YAP/TAZ signaling as being upstream of this program,
Nusse et al. pointed toward IFN-gamma signaling. It has also been appreciated that YAP/TAZ
signaling is essential for stem cell and crypt regeneration in the small intestine and colon.

Interestingly, there is a lot of overlap between the so-called fetal program and Y AP target
genes, leading some investigators to believe that YAP is responsible for fetal reprogramming in

the gut (Rees et al., 2020; Seo et al., 2020). However, one issue is that there is no consensus for
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which marker(s) best represent the fetal program. TROP2 (TACSTD2) and GJA1 (CNX43) were
originally identified as the major injury-induced fetal markers (Fernandez Vallone et al., 2016).
However, more recent studies have begun to utilize SCA1, likely due to the availability of
reagents as it is a stem cell marker in various other tissues (Holmes and Stanford, 2007). It is
unclear whether any of these three markers are direct targets of YAP signaling. Another issue is
the way the fetal program was initially described and characterized. Unlike adult stem cells,
which grow as budding organoids in ENR media, fetal cells grow as spheroids (Fordham et al.,
2013; Mustata et al., 2013). While this suggested that fetal cells behave differently than their
adult counterpart even when isolated in culture, and fetal spheroids clearly retain their fetal
identity, it has also become apparent that culture conditions mimic an injury-like environment.
Y AP signaling is dispensable for intestinal homeostasis, yet becomes indispensable for organoid
development (Gregorieff et al., 2015). Adult ISCs, when cultured, go through a YAP-activated
state in media containing Wnt ligands, as we have also shown in our study (Figure 5.7; Serra et
al., 2019). Many investigators use the fetal spheroid signature to define the fetal transcriptome,
but it could very well be influenced by culture-related artifacts. There is a need to better define
the fetal IEC program in vivo and its reliance on YAP/TAZ signaling during development.
Given that aVECs also expressed a fetal-like, Y AP-activated profile, I was able to
examine the extent to which YAP controlled the fetal program using Y AP-deficient mice. This
analysis revealed that YAP only partially controls fetal genes. Thus, we concluded that aVECs
do not necessarily become fetal cells. Rather, these cells are better described as possessing a
Y AP-activated state, which happens to partly overlap with fetal markers. aVECs also do not
express Trop2 or Gjal. They express high levels of Ly6a but we found this marker to be

expressed throughout the atrophic intestinal epithelium and not just in aVECs. We speculate that
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Ly6a is upregulated in response to inflammatory cues and is not a specific repair cell marker. It
will be interesting to compare and contrast the transcriptomic and proteomic profiles among

aVECs, WAE cells, irradiation-induced revSCs, DSS-induced regenerative cells, and fetal IECs.

Identify downstream YAP target genes that are crucial for aVEC function

We demonstrated that YAP is essential for aVEC function, specifically in re-establishing
the intestinal barrier post-villus injury. However, because YAP functions as a transcriptional co-
activator, we found that over 150 genes were significantly downregulated in the absence of YAP
(Figure 4.11). It remains unclear which of these genes are responsible for the function of aVECs.
Following damage to the crypt compartment, YAP appears to be essential for stem cell
regeneration, but the specific target genes that mediate ISC survival and/or proliferation are not
known. It has been postulated that clusterin, which is the defining marker of revSCs, may also be
functional in the context of ISC regeneration as it is involved in cell survival pathways (Li, 2019;
Trougakos et al., 2005). Complicating the matter is the cross-talk that occurs between YAP and
Wnt signaling in the crypt niche. In addition to promoting a regenerative program, Y AP also has
a dual role in suppressing Wnt signaling and preventing excessive Paneth cell differentiation
(Gregorieff et al., 2015). While an unbiased screen to determine which YAP target genes are
functionally important will be useful, doing so in vivo will be technically challenging.

Using our primary spheroid culture system, I was able to successfully model adaptive
differentiation in vitro by growing dissociated stem cell spheroids in serum-free media devoid of
Wnt signaling (Figure 5.7). We also previously established an ALI culture method to model
cycles of colonic injury-repair in vitro (Wang et al., 2019). These spheroid/organoid/ALI culture

systems provide a powerful means to perform unbiased screens. Tools to edit the genome of
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intestinal organoids using CRISPR-Cas9 technology have become widely accessible (Artegiani
et al., 2020; Fujii et al., 2019; Schwank and Clevers, 2016). In addition, the ability to expand
organoids indefinitely make them ideal to perform drug screens (Kim et al., 2020; Yoshida et al.,
2020). Recently, an image-based screening platform enabled the identification of novel pathways
that regulate intestinal organoid formation and regeneration (Lukonin et al., 2020). Therefore,

these tools provide a powerful opportunity to perform detailed mechanistic studies of repair.

Determine upstream regulators of YAP during villus injury-repair

A key question remaining from our work is how YAP activation is triggered following
villus injury in aVECs. Examination of previously known upstream regulators of YAP revealed
that multiple factors, including PGE2, IL-6, and IL-11, were induced in the underlying stroma of
atrophic villi. Unlike previous studies (Kim et al., 2017; Miyoshi et al., 2017; Roulis et al.,
2020), we found the PGE2-PTGER4 signaling axis to be dispensable for YAP activation and
aVEC formation in our model. Recent evidence suggests that group 3 innate lymphoid cells
(ILC3s) and stromal ISLR also control YAP activity during intestinal regeneration (Romera-
Hernandez et al., 2020; Xu et al., 2020). Deciphering which of these components are relevant
under different injury contexts will be vital going forward. Since YAP is also induced in our
epithelial spheroid culture system, we also cannot discount the contribution of mechanical, ECM,
and epithelial-intrinsic forces (Gjorevski et al., 2016; Panciera et al., 2017; Yui et al., 2018).

The advantage of the poly(I:C) injury model is that it can be done in nearly any genetic
mouse strains as it entails a simple intraperitoneal injection. Therefore, it will be feasible to
conduct in vivo studies and examine the role of IL-11, FAK, Src, and other signaling pathways in

aVEC formation, YAP activation, and villus regeneration. An in vitro screen using epithelial
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spheroids and organoids can also be performed as described above. Before conducting these
studies, it may be valuable to further characterize the stromal changes of the atrophic intestine.
We performed targeted in situ hybridization studies as well as a cytokine array, but sScRNA-seq
of the whole tissue or just the mesenchymal compartment or a proteomics study would be
informative. In addition to laser-capture microdissection, more complex spatial transcriptomics
methodologies are beginning to emerge (Burgess, 2019; Marx, 2021), enabling high-resolution,

single-cell transcriptome-wide sequencing while preserving spatial tissue information.

Analyze the importance of adaptive differentiation in the context of an infection

Why atrophic villi assume a primitive-type epithelium, rather than a polarized and
absorptive one, remains to be determined. Given that the injury model uses poly(I:C), a dSRNA
analog and a viral mimic, there may be a biological reason for the generation of aVECs from a
host-pathogen interaction perspective. During enteric infection, brush border proteins often serve
as receptors for entry of viruses and bacteria (Delacour et al., 2016; Lamers et al., 2020).
Remodeling of the epithelium may therefore be a key defense mechanism granted in a high-
turnover tissue—rapidly eliminate infected cells, replacing them with “immature” cells with less
capacity for infection, to prevent further spread of the pathogen at the cost of temporarily losing
absorptive function. Consistent with this idea, in transmissible gastroenteritis in pigs, IECs lining
atrophic villi were comparatively more resistant to viral infection than those lining normal villi
(Pensaert et al., 1970). While the mechanism for this is not clear, a coronavirus related to
transmissible gastroenteritis virus, known as SARS-CoV-2, which is currently circulating in the
world during the COVID-19 pandemic, infects epithelial cells via ACE2 (Hoffmann et al., 2020).

SARS-CoV-2 can also infect enterocytes in the gut, as these cells express high levels of ACE2
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(Lamers et al., 2020). As aVECs lack expression of ACE2 protein, it will be interesting to assess
whether SARS-CoV-2 has less capacity for gut infection following intestinal villus injury.
Another intriguing possibility is that aVECs and YAP signaling may have roles outside
of tissue repair. In addition to ECM-modifying genes, aVECs express genes related to immune
function and pathogen defense, including 7/33 (a type 2 cytokine), ///rn (an inhibitor of IL-1
signaling), Duox2 (a hydrogen-peroxide generator), and Lcn2 (an anti-microbial peptide).
Therefore, aVECs may also be an active participant of host defense. Furthermore, epithelial YAP
has recently been shown to confer protection against pathogens upon barrier loss. In this study,
Y AP activation following disruption of the intestinal barrier was required for resistance to
infections with pathogenic bacteria in both worms and mice (Ma et al., 2020). Here, YAP
appeared to directly regulate immune response-related genes. Thus, adaptive differentiation may

not only be important for injury-repair but also in modulating host immunity to pathogens.

Determine if maladaptive differentiation occurs in chronic inflammation and tumorigenesis
While the adaptive cellular response described in this study appears to be beneficial in the
setting of injury-repair and possibly in infection, it will be important to determine whether this
process can go awry (i.e. maladaptive differentiation) during chronic inflammation and
tumorigenesis. We illustrate this concept in Figure 6.3. In celiac disease, villus atrophy is a
hallmark feature, and patients placed on a gluten-free diet generally enables villus recovery and
symptomatic relief. However, over one-third of patients placed on a strict gluten-free diet have
persistent villus atrophy and chronic symptoms (Lebwohl et al., 2014; Rubio-Tapia and Murray,
2010). This is known as refractory sprue/celiac disease/enteropathy (Cellier et al., 2000). Crohn’s

disease patients can also present with villus atrophy (Culliford et al., 2004; Jansson-Knodell et
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al., 2018). In Crohn’s disease, a major goal of treatment is to achieve mucosal healing and
restoration of the epithelial architecture (Baert et al., 2010; Rutgeerts et al., 2007). Impaired
barrier function and healing is thought to be one of the major problems in these patients (Rieder
et al., 2007). Understanding how healing can be hindered in human enteropathies may provide
novel therapeutics for patients with refractory or chronic disease. Additionally, inflammatory
diseases are often thought to be precursors to metaplasia and cancer (Coussens and Werb, 2002).
While small bowel tumors are quite rare, inflammatory bowel disease is an important risk factor
for the development of colorectal cancer (Axelrad et al., 2016; Ullman and Itzkowitz, 2011).
While a lot is known about the mechanisms that underly tumor initiation and progression in
colorectal cancer (Bajaj et al., 2020; La Vecchia and Sebastian, 2020), less is known about how
established tumors and cancers maintain their architecture and resist against damage signals.

We discovered that when adaptive differentiation does not occur properly, which occurs
in mice lacking YAP, villus regeneration is impaired. In addition, atrophic villi fused with each
other, and the epithelium persisted in a maladapted state. As villus fusion is a phenomenon that
often occurs in human enteropathies (Dickson et al., 2006; Rutgeerts et al., 1984), this provides a
possible explanation for why certain patients with damage to their villi fail to recover these
structures. It will be interesting to examine Crohn’s and celiac disease patients and assess
whether their lack of ability to activate YAP signaling in the intestinal epithelium and generate
normal aVECs are what could be behind their pathology. Furthermore, it would be important to
determine whether aVEC-like cells are present in human cancers and assess the functional role of
these cells using mouse models. Developing ways to target therapies to the differentiated villus

compartment without affecting the crypt compartment may be of immense value in the future.
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6.3 Closing Remarks

In conclusion, I have identified a damaged-induced cell type, named atrophy-induced
villus epithelial cells (aVECs), that covers the surface of injured intestinal villi. These cells
possess an altered differentiation state that is specialized for repair. They promote repair by
quickly re-establishing the intestinal barrier following villus collapse. This function is dependent
on the Hippo effector YAP. In the absence of YAP, aVEC function is impaired and barrier
function is compromised. As a result, villus repair is delayed, leading to a diminished capacity
for atrophic villi to regenerate back to their original height. These findings have important
implications for diseases states with villus damage, including Crohn’s and celiac disease.

Importantly, I have discovered a repair mechanism that has not been previously described
in the literature. In this process, which I call “adaptive differentiation,” stem and progenitor cells
directly differentiate into a specialized cell type not present during homeostasis that is essential
for meeting the current demands of the tissue (i.e., repair, pathogen defense, etc.). Generally this
process is transient and does not involve a cell type conversion. Rather, lineage identity is
retained, but instead of fully committing to the intended cell type, the programs that drives the
adaptive function of these cells become prioritized. In the context of villus injury, progenitor
cells differentiate into aVECs to seal the intestinal barrier. These cells still technically commit to
the usual enterocyte or goblet cell lineages, but their repair signature and function predominates.

We predict that aVECs play a unique role in villus repair and perhaps in the pathogenesis
of intestinal diseases. To our knowledge, the connection between cell differentiation and
reactivation of a developmental program has not been made before. We believe our findings will

set a precedent for how differentiated cells can have altered states in injury-repair and disease.
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6.4 Figures
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Figure 6.1. Overall summary of findings

Goblet cell Enterocyte

Using a poly(I:C)-mediated intestinal injury model, we provide a detailed cellular and molecular
understanding of how villi repair and regenerate after damage. We describe two key steps of
repair: (1) formation of aVECs and barrier recovery during villus atrophy and (2) increase in cell
proliferation and differentiation during villus regeneration. The first step involves the adaptive
differentiation of progenitor cells to reparative enterocytes and goblet cells (i.e., aVECs). This

step depends on YAP and must occur properly in order to proceed to the second repair phase.
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Mechanisms of Tissue Repair
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Figure 6.2. Mechanisms of tissue repair

Various mechanisms of repair have been proposed to occur in response to injury in mammals.
Generally, these include stem cell activation (expansion and differentiation of tissue-resident
stem cells), dedifferentiation (mature cells reverting back to an immature state), and
transdifferentiation (conversion of one cell type to another). In these cases, the goal is to
replenish the lost cells. However, in certain contexts, tissues may need to first attend to the
damage itself before resuming regeneration. These transient repair processes, including the one

we describe here (i.e., adaptive differentiation), are just beginning to be appreciated.
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Figure 6.3. Role of adaptive differentiation in pathogen defense and disease

In addition to being an important repair mechanism, adaptive differentiation may be applicable in
other contexts such as pathogen defense and diseases such as Crohn’s and celiac disease. One
idea is that after injury, adaptive differentiation is triggered to prevent further spread of the
infectious agent. Another idea is that when adaptive differentiation is impaired (i.e. maladaptive

differentiation occurs), mucosal healing is impaired, resulting in a persistent state of damage.
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