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INTRODUCTION

The intestinal structure

The human gastro-intestinal (Gl) tract has a surface area of 30-40m? (Helander and Féndriks
2014). A single epithelial layer covers the intestine, and its main roles are nutrient uptake and protection
against pathogens. Beneath the epithelium, the lymphatic system is responsible for the proper distribution
of these nutrients to the rest of the organism. Although its large surface area renders the epithelial cells
exposed to mechanical stress and other possible threats, such as pathogen intrusion, their short lifetime (3-
5 days) (Darwich et al. 2014) diminishes these threats. The intestinal epithelium is organized into crypts
and villi. Multiple crypts surround one villus. From the crypts, continuous streams of new cells that
differentiate and head towards the tips of the villi are generated (Gehart and Clevers 2019). More
particularly, crypt base columnar (CBC) cells divide continuously, in the bases of the crypts, and give rise
to mature intestinal epithelial cells. There are six different mature cell types which are separated into
absorptive (enterocytes and M cell) and secretory (Paneth, goblet, enteroendocrine and tuft cell) lineages.
They are characterized by different roles such as immune regulation, metabolic control and nutrient
uptake (Gehart and Clevers 2019).

Intestinal stem cells

Since 1974, crypt base columnar (CBC) cells were introduced as continuously cycling cells at the
bottom of the crypts (Cheng and Leblond 1974). Although there was no solid proof that CBC cells are
stem cells, a study performed 30 years later provided the necessary information to prove it. More
particularly, Barker et al utilized genetic lineage tracing tools to show that Lgr5 is a specific marker for
CBC cells and that every mature cell was offspring of this Lgr5" CBC cell (Barker et al. 2007). Besides
CBC cells, “+4” cells have been introduced as another candidate stem cell population. These cells are
located between the stem cell and the transit amplifying zones (Figure 1) and their contribution to
epithelial regeneration after injury is reported in many studies (Sangiorgi and Capecchi 2008; Takeda et
al. 2011; Montgomery et al. 2011). The stem cells in the crypt are well protected from the harsh
environment existing in the intestine. The unique architecture of the crypt (Kaiko et al. 2016) in
combination with the secretion of mucus from goblet cells close to the crypt opening (Johansson, Larsson,
and Hansson 2011) and the production of anti-microbial products from Paneth cells (Porter et al. 2002)
isolates and protects the crypts from pathogens and their products. The development of the 3D culture of
intestinal organoids led to the understanding of the necessary and sufficient components of the stem cell
niche. These include both epithelial (Paneth cells) (Sato et al. 2011) and mesenchymal cells, which
contribute to WNT pathway activation, EGF signaling and BMP inhibition.

Paneth cells

These cells belong to the secretory lineage, and they do not follow the common rule of moving
upwards during differentiation. They move downwards, in between the CBC cells in the crypt (Potten and
Loeffler 1990) (Figure 1). Their direct contact with CBC cells is necessary because Paneth cells secrete
WNT ligands, EGF and Notch stimuli for the preservation of stemness (Sato et al. 2011). Moreover, their
protective role is of much importance as described above. In an environment where expression of WNT is
high and Notch signaling is absent, cells turn into Paneth cells. When the first Paneth cell is formed,
surrounding cells maintain their stem cell characteristics, due to expression of Notch ligands (Sancho,
Cremona, and Behrens 2015). Moreover FGF signaling plays a crucial role in Paneth cell differentiation,
as deletion of this path leads to deterioration of cell numbers (Vidrich et al. 2009).



Goblet cells

Goblet cells constitute the most frequently renewed secretory lineage cell type. Their major role
is to secrete mucus and coat the intestinal epithelium in order to protect it from external pathogens.
Moreover, this mucus layer creates an environment to allow microbes to live in close proximity to
mammalian host cells in mutualistic symbiosis in the steady state, thus contributing to the increase of
nutrients obtained from the diet. Recent evidence has uncovered another role of goblet cells, this of
transferring luminal substances to Lamina Propria-Antigen Presenting Cells (LP-APCs) through
endocytosis. This process is called GAP formation and it takes place in the small intestine and distal colon
(McDole et al. 2012; Knoop and Newberry 2018). When Notch signaling is absent and IL-4 and I1L-13 are
present (by Tuft cells activation), differentiation pathway leads to the formation of goblet cells.

Enteroendocrine cells

Enteroendocrine cells are a diverse group of specialized cells that play key roles in the regulation
of gastrointestinal tract physiology. These cells are distributed throughout the epithelial lining of the
stomach, small and large intestines (Figure 1) and have the unique ability to detect luminal signals and
secrete hormones into the blood. Based on the hormones they produce, enteroendocrine cells can be
further divided into subtypes. Different subtypes of enteroendocrine cells exhibit distinct molecular
properties and respond to specific stimuli, allowing fine-tuned coordination of digestive processes and
metabolic regulation. For example, enteroendocrine cells release hormones such as gastrin,
cholecystokinin (CCK), and glucagon-like peptide-1 (GLP-1), which regulate gastric acid secretion,
appetite and satiety, and glucose metabolism, respectively. These hormones act as chemical messengers,
carrying messages to other cells and organs in the body (Worthington, Reimann, and Gribble 2018;
Gribble and Reimann 2019).

Tuft cells

These cells are characterized by the presence of microvilli on their apical surfaces, giving them a
brush-like appearance, and they play a key role in sensing and responding to environmental stimuli. These
cells express the transcription factor POU2F3. Through specific receptors and signaling molecules, tuft
cells are able to recognize various luminal stimuli such as microbial products, allergens, and parasites.
Upon activation, tuft cells secrete a variety of factors, including cytokines, chemokines, and growth
factors that induce immune responses and regulate tissue homeostasis. Their role in regulating type 2
immune responses is well documented, as is their involvement in the response to helminth infection. In
addition, recent studies have also shown that tuft cells are involved in the regulation of intestinal stem cell
function and epithelial repair after injury (Gerbe et al. 2016; von Moltke et al. 2016; Howitt et al. 2016).

Enterocytes

As the primary cells of the intestinal epithelium, enterocytes play crucial roles in intestinal
nutrient absorption, barrier function, and immune regulation (Citi 2018). These specialized cells are
responsible for the uptake of nutrients from the gut lumen into the bloodstream, a process facilitated by
the expression of various transporters on their apical membrane (Turner 2009). Enterocytes help maintain
the integrity of the intestinal barrier by forming tight junctions with neighboring cells that regulate
paracellular permeability and prevent the penetration of noxious substances. Regarding immune
regulation, enterocytes express pattern recognition receptors (PRRs), which recognize microbial
components and elicit an appropriate immune response. This interaction with the gut microbiota helps to
establish immune tolerance and maintain gut homeostasis (Peterson and Artis 2014).



M cells

M cells are specialized epithelial cells found in the intestinal wall that play a key role in sampling
luminal antigens and eliciting intestinal immune responses (Knoop et al. 2009). These cells are
predominantly found in the follicle-associated epithelium of Peyer's patches, an important site of gut-
associated lymphoid tissue (Knoop et al. 2009; Mabbott et al. 2013). They lack microvilli and have a high
transcytosis capacity, allowing them to transport luminal antigens across the epithelial barrier (Mabbott et
al. 2013). M cells deliver the captured antigen to immune cells, such as dendritic cells and lymphocytes
within Peyer's patches, triggering an antigen-specific immune response (Knoop et al. 2009). This process
is critical for the induction of mucosal immunity and the establishment of tolerance, which is the ability of
the immune system to tolerate innocuous food and commensal antigens in response to pathogen threats
(Suzuki et al. 2008). The role of M cells in antigen uptake and immune regulation highlights their
importance in maintaining intestinal immune homeostasis and defense against pathogens.
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Figure 1: The intestinal epithelium (Adapted from Gehart and Clevers 2019).

Other cells of the intestinal mucosa include mesenchymal, endothelial, and immune cells, with
diverse roles in the regulation of immune and epithelial homeostasis and gut functionality. Among them,
intestinal mesenchymal cells secrete Wnt and BMP signaling molecules to affect the behavior of intestinal
stem cells (ISC) and therefore act at the ISC niche.

Inflammatory Bowel Disease (IBD)

Tissue injury or infection (Figure 2) leads to inflammation, which removes damaged cells and
microbes. This is followed by resolution of inflammation and regeneration of the epithelium to restore
organ function. Dysregulation of the mechanisms underlying these processes leads to conditions such as
chronic inflammation, fibrosis, and cancer. Inflammatory Bowel Disease (IBD) is a chronic condition that
affects the digestive tract. The two main types of IBD are Crohn's disease and ulcerative colitis. In both
types, the immune system attacks the lining of the digestive tract, causing inflammation and damage.
Symptoms can include abdominal pain, diarrhea, rectal bleeding, weight loss, and fatigue (“What Is
Inflammatory Bowel Disease (IBD)? | IBD” 2022).

It is well known that the intestinal mucosa, site of very close proximity between foreign antigens
(microbes/food) and immune system cells, has evolved defense mechanisms (mucosal checkpoints) to
prevent uncontrolled responses of the immune system to bacterial or food antigens
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[tolerance/symbiosis/homeostasis]. IBD refers to the failure of one or more mucosal checkpoints,
resulting in a dysregulated interaction between the tissue and the microbiota, resulting in a persistent
proinflammatory response (Bamias, Jia, and Cominelli 2013). The majority of IBD-associated
polymorphisms affect genes that encode for proteins involved in bacterial-immune interactions, such as,
NOD2, IL10 and IL23R (Jostins et al. 2012). Moreover, studies have shown that mice with genetic
modification of genes of the immune system develop chronic intestinal inflammation (Mizoguchi et al.
2016). Studies from human patients have verified the increased expression levels of various factors of the
immune system (Singh et al. 2016). All the current treatments for IBD patients involve the blockade of
immunological pathways that lead to improvement of the disease. Such therapies are Anti-TNF, Anti-1L-
12/23, Corticosteroids, methotrexate, JAK Inhibitors and Anti-integrin (Cai, Wang, and Li 2021).

Types of intestinal damage

" Bacteria
IBD, CF ~,

Radiotherapy Chemotherapy Acute inflammation
Figure 2: The small intestinal stem cell niche and types of epithelial injuries (Adapted from Hageman et al. 2020)

The Extracellular Matrix (ECM)

The extracellular matrix (ECM) is a dynamic network of macromolecules that surrounds and
supports cells in tissues and organs of multicellular organisms (Hynes 2009). It can be divided in two
categories based on its location and structure: the interstitial connective tissue and the basement
membrane (Bonnans, Chou, and Werb 2014; Theocharis et al. 2016). The ECM is composed of various
structural proteins, including collagens, laminins, fibronectins, and elastins, as well as proteoglycans and
glycosaminoglycans (Frantz, Stewart, and Weaver 2010). The composition and organization of the ECM
are critical for many cellular functions, including cell adhesion, migration, proliferation, differentiation,
and survival (Rozario and DeSimone 2010). Moreover, the ECM plays important roles in tissue
development, maintenance, and repair, as well as in pathologies such as cancer, fibrosis, and inflammation
(Naba et al. 2016).

Collagens are the most abundant proteins in the ECM, providing tensile strength and elasticity to
tissues (Karsdal et al. 2017). Laminins and fibronectins contribute to cell adhesion and migration by
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interacting with cell surface receptors, such as integrins (Humphries, Byron, and Humphries 2006).
Proteoglycans and glycosaminoglycans, including hyaluronan, chondroitin sulfate, and heparan sulfate,
regulate the hydration and viscoelastic properties of the ECM, as well as the availability and activity of
growth factors and cytokines (lozzo 1998).
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Figure 3: Schematic representation of the main components of the two ECM compartments: basement membrane (BM) and
interstitial matrix (IM) (Adapted from Pompili et al. 2021)

Changes in the ECM are the result of multiple remodeling mechanisms, which can be grouped
into four major processes: 1) ECM deposition, which alters the abundance and composition of ECM
components, thereby affecting ECM biochemical and mechanical properties, 2) post-translational
chemical modification of the ECM alters the biochemical and structural properties of the ECM, 3) release
of bioactive ECM fragments and ECM-sequestered factors through proteolytic degradation, and 4) force-
mediated physical remodeling affects the number of ECM tissue cell migration channels by arranging
ECM fibers and openings (Winkler et al. 2020). The ECM undergoes continuous remodeling mediated by
various enzymes, such as matrix metalloproteinases (MMPs), and lysyl oxidases (LOXs) (Kessenbrock,
Plaks, and Werb 2010; Bonnans, Chou, and Werb 2014). These enzymes cleave, modify, or cross-link
ECM proteins, resulting in changes in their mechanical, structural, and biochemical properties. ECM
remodeling is critical for tissue repair and regeneration but can also contribute to pathological conditions
such as fibrosis and cancer invasion (Bonnans, Chou, and Werb 2014).



MECHANISMS OF ECM REMODELLING
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Figure 4: Mechanisms of ECM remodeling (Adapted from Winkler et al. 2020)

The roles of ECM in homeostasis

Regulation of development and stem cell fate

Beginning in the 1980s and early 1990s, the ECM was recognized as a critical regulator of
embryogenesis and tissue-specific development. Gene analysis and manipulation studies in model
organisms revealed that several developmental defects could be mapped back to ECM proteins (Adams
and Watt 1993). The most important cues seem to be the coordinated balance between cell-ECM and cell-
cell dynamics. Through cell-to-cell adhesion, the ECM can physically function beyond the first layer of
ECM-bound cells and into the tissue/organ interior. As with cell-ECM adhesion, there are multiple types
of adhesive contacts between cells in the developing embryo, for example various adherens junctions,
desmosomes and tight junctions (Walma and Yamada 2020).

ECM-directed cell migration is also a critical determinant of cell fate specification during
development. Embryonic cell migration can include amoeboid, mesenchymal or lobopodial 3D modes of
cell migration (Yamada and Sixt 2019). Mesenchymal and lobopodial migration involve extensive
integrin-mediated adhesion to surrounding ECM substrates, whereas amoeboid migration can involve
non-specific interactions with ECM. Mesenchymal migration is characterized by cells using actin-driven
lamellipodial or filopodial protrusions to adhere to, produce force against and migrate in or on the ECM
(Caswell and Zech 2018; Plutoni et al. 2019).

The ECM not only regulates stem cell fate and tissue-specific differentiation but also modulates
stem cell behavior in adult organisms. Despite the potential for both self-renewal and differentiation,
adult stem cells often remain quiescent for long periods of time (L. Li and Clevers 2010). The ECM
microenvironment of these adult stem cells, the stem cell niche, is thought to regulate stem cell behavior,
including maintaining their long-term dormancy. In fact, ECM is an important part of this niche,
providing a microenvironment in which stem cells can remain dormant until receiving stimuli that
promote their expansion and differentiation (Gattazzo, Urciuolo, and Bonaldo 2014).

Spatial-mechanical regulation of cell phenotype

Motility, growth, survival, and differentiation of cells are influenced by the ECM, achieved
through the binding of cell surface receptors identifying ECM moieties. Recognition by these cellular
receptors leads to intracellular signaling and cytoskeletal reorganization, initiated by integrins, discoidin



domain receptors (DDRs), syndecans, CD44, receptor for hyaluronic acid-mediated motility, and Robo
receptors which all bind to the ECM (Muncie and Weaver 2018).

Stiffness of the ECM plays a critical role in the structure and function of specific differentiated
tissues and also has the power to regulate cellular constituent growth and survival, as well as direct their
lineage-specific differentiation and motility. For example, by altering the elasticity of the substrate,
human MSCs can seemingly differentiate towards various distinct lineages (Engler et al. 2006). When
cells are subjected to a stiff extracellular matrix , the actomyosin tension within the cells increases. This
phenomenon appears to have a connection to the cells' ability to activate TGF-B. By growing cells on or
within a physically stressed or stiff ECM, this connection can be significantly strengthened (Wipff et al.
2007). A stiff ECM can also, activate mechanosensitive ion channels to induce cell growth and survival,
and stimulate cell migration and differentiation. For instance, provided that the stiffness of the ECM
reaches a certain level, Piezo transmembrane cation channels can be activated through ECM ligation, and
this can effectively regulate cell differentiation. This is achieved by substantially increasing the cellular
actomyosin tension. Piezol activation through ECM tension was demonstrated by Pathak and team,
highlighting how it could lead to calcium-dependent neurogenesis in human neural stem cells, with
astrogenesis being hindered by its suppression or removal (Pathak et al. 2014).

Moreover, Yes- associated protein and transcriptional coactivator with PDZ-binding motif
(YAP/TAZ) have become a major area of interest as evidence has emerged that their activity can be
directly regulated by ECM stiffness(J. Hao et al. 2014). YAP/TAZ are usually transported to the nucleus
when they are not phosphorylated. Afterwards, they participate in activating gene expression by
partnering with other transcription factors. Confirmation that mechanotransduction is a vital player in
YAP/TAZ signaling was presented after cells were cultured on rigid surfaces or encouraged to expand via
patterned ECM ligands, resulting in YAP being prompted to move into the nucleus. By contrast, nuclear
YAP translocation was prevented when cells were plated on soft substrates or when cell spreading was
prevented (Dupont et al. 2011).

Control of the availability and presentation of growth factors and morphogens

Cellular receptors are key in intracellular signaling for modifying gene expression in cell fate and
tissue development are regulated via the roles played by members of the TGF-B superfamily, particularly
BMPs and TGF-B. By this, cellular and tissue behavior undergo modification (Dijke and Hill 2004).
Given their critical role during development and tissue homeostasis, it is not surprising that the storage,
release, and activation of TGF- and BMPs are both tightly regulated by ECM binding (Wipff et al. 2007).
In addition, many growth factors involved in wound healing interact with the ECM, including platelet-
derived growth factor (PDGF), fibroblast growth factor 2 (FGF-2) and vascular endothelial growth factor
(VEGF). The ECM is made up of many molecules that are in constant contact with both growth factors
and neighboring cells (Schultz and Wysocki 2009; Eckes, Nischt, and Krieg 2010).

Regulation of immune cell mobility, survival and function

For both migrating and tissue resident cells, the ECM helps determine not only their location but
also regulates their survival and function. For example, fibronectin and laminin in the ECM interact with
integrins on immune cells, thereby promoting cell adhesion and migration (Hynes 2002). In addition, the
ECM acts as a reservoir of cytokines and chemokines that activate or recruit immune cells to sites of
injury or infection (Page-McCaw, Ewald, and Werb 2007). Conversely, immune cells (or relevant
surrounding cells) express distinct metalloproteinases that degrade components of the ECM such as
collagen and proteoglycans, to inhibit or promote immune cell migration (McMahon et al. 2021). ). ECM
dysregulation has been implicated in a variety of immune-mediated diseases, including IBD, rheumatoid
arthritis, and cancer (Petrey and de la Motte 2017; Lu, Weaver, and Werb 2012). Overall, the relationship
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between the ECM and the immune system is a complex two-way relationship and the ECM plays an
important role in the function and regulation of immune cells.

ECM Remodeling in IBD

In the inflamed mucosa of IBD patients, there is an increased deposition of collagens and
fibronectin, which are major components of the ECM. Collagens, particularly types I, Ill, and V, are
known to accumulate in the intestinal mucosa during chronic inflammation in IBD. This excessive
collagen deposition leads to tissue fibrosis, which can result in structural damage and functional
impairment (Rieder et al. 2011). Fibronectin, a glycoprotein involved in cell adhesion and tissue repair, is
also elevated in the inflamed mucosa of IBD patients. It plays a role in chronic inflammation and fibrosis
by promoting leukocyte recruitment and activation (Rieder et al. 2011). Besides collagens and fibronectin,
alterations in the expression of other ECM proteins have been observed in IBD, suggesting their
involvement in disease pathogenesis. Laminins show changes in their expression and spatial distribution.
These alterations can affect the interactions between the ECM and intestinal epithelial cells, potentially
compromising barrier function and tissue homeostasis. Proteoglycans, including syndecans and
glycosaminoglycans, also exhibit altered expression in the inflamed mucosa of IBD patients. These
changes can impact cell signaling, immune responses, and tissue repair processes (Yamamoto-Furusho et
al. 2019)

Influence on Epithelial Barrier Function

The intestinal epithelium is kept intact thanks to the structural support bestowed by the ECM. By
establishing a physical scaffold, the ECM aids in anchoring epithelial cells and maintaining their polarity,
thus enabling the sealing and stabilization of tight junctions and other intercellular connections (Latella et
al. 2014). Increased intestinal permeability in IBD occurs when the epithelial barrier function is
compromised due to disruptions in ECM components. Such examples are increased intestinal
permeability, low-grade intestinal inflammation, and increased susceptibility to DSS-induced colitis
(Laukoetter et al. 2007), increased claudin-2 expression and inflammatory cytokine production
(Marchelletta et al.,2021). Such alterations weaken the integrity of epithelial barrier leading to the
penetration of luminal antigens, microbial products and bacteria into mucosa. As a consequence, immune
responses and inflammation are triggered (Lechuga et al. 2023). While interacting with the immune
system and intestinal microbiota, the ECM creates a convoluted web of interrelations that regulate the
epithelial barrier function. The gut's glycosaminoglycans and proteoglycans, can either increase or limit
microbial attachment and colonization, as they interact with microbial components. These interactions
have the ability to reshape the microbiota's composition, and hence could determine barrier function
(Rawat et al. 2022). The immune cells that populate the gut's mucosa are also ECM interactors and can
alter barrier function by releasing cytokines and other immune mediators (Alam and Neish 2018).

Modulation of Immune Responses

Immune cell behavior and responses can be modified by the ECM components present in the
intestinal mucosa. Acting as a physical scaffold, it creates an environment that can manipulate immune
cell adhesion, migration, and activation. Additionally, it is able to regulate immune cell recruitment that
occurs during IBD related inflammation. Apart from their structural role, certain ECM components like
proteoglycans and glycosaminoglycans can interact with immune cells and modify their abilities, this
includes cytokine production, antigen presentation and phagocytosis (Tomlin and Piccinini 2018). Many
ECM proteins harbour bioactive domains which act as direct ligands on a large number of immune cell
receptors (Lebbink et al. 2006; 2009). Immune cell-ECM ligand interactions play a role in both promoting
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and inhibiting inflammatory responses, while also contributing to the maintenance of a stable
environment and the creation of pathways that lead to disease. For example, collagen is a high affinity
ligand for leukocyte associated immune receptor (LAIR)-1 expressed on most immune cells including T
cells, B cell, NK cells, monocytes, macrophages, monocyte-derived DCs, mast cells, eosinophils, and
basophils (Meyaard 2010). Collagen-LAIR-1 association promotes immune suppressive phenotype
essentially holding the immune response in check and contributing to homeostasis. Similarly, differential
expression of LAIR-1 by immune cells or interruption of collagen-LAIR-1 binding by the action of
soluble receptor LAIR-2 (Meyaard 2010), may be involved in driving disease processes. In addition,
newly synthetized or fragmented ECM proteins, generated upon remodeling or during injury, are
recognized by immune cells as DAMPs, or in this case, ECM-DAMPs (Bollyky et al. 2009; Frevert et al.
2018). PRRs like TLR2 and TLR4 are crucial in activating immune cells and endothelial cells after
engaging with ECM-DAMPs. These molecules are recognized by multiple receptors, leading to immune
system activation in cells like monocytes, T cells, and macrophages. The immunomodulatory properties
of ECM-DAMPs are largely attributed to the effectors TLR2 and TLR4 (Tu et al. 2008). Within the
intricacies of ECM remodeling and degradation processes lie the fragments known as matricryptins.
These protein fragments, comprised of collagen and laminin derivations, have been identified as
moderators of immune cell activity and cytokine production in the context of IBD. When interacting with
immune cell receptors, the matricryptins act as signaling molecules, enabling them to regulate the
behavior of these cells. For instance, collagen-derived matricryptin fragments have been observed to
affect dendritic cell function, macrophage polarization, and T-cell activation in IBD (de Castro Bras and
Frangogiannis 2020).

Fibrosis and ECM Remodeling

The extracellular matrix (ECM) becomes affected by fibrosis due to chronic inflammation in
patients with IBD, resulting in excessive deposition and remodeling. Fibronectin, collagens, and
proteoglycans are the ECM components that accumulate in tissues during this process. This unfavorable
occurrence can be a result of ongoing inflammation and irregular wound healing responses. The
consequences of fibrosis include tissue stiffness and distortion of the architectural structure, causing
impaired functionality of organs in IBD. The severity of these changes can influence the motility of
organs such as the intestines, resulting in bowel obstruction or the formation of strictures in IBD. In
addition to these physical changes, fibrosis can also lead to architectural distortions and interrupt normal
tissue organization, further worsening organ dysfunction in IBD (Park et al. 2023).

Mesenchymal cells

Mesenchymal cells (MCs) play a crucial role in maintaining tissue homeostasis. Mesenchymal
cells, especially fibroblasts, are a group of non-epithelial, non-hematopoietic, non-endothelial, non-
neuronal cells that produce growth factors, cytokines, and extracellular matrices for the normal growth
and development of multiple organs (Powell et al. 2011). One of their most well-known roles is to provide
structural support in almost every organ. This is achieved by their ability to produce ECM and
enzymatically remodel it in a spatiotemporal and organ specific manner (Bonnans, Chou, and Werb
2014). Moreover, their contribution in regulating the immunological homeostasis and coordinating the
immune responses is fundamental (Perez-Shibayama, Gil-Cruz, and Ludewig 2019). In addition, pericytes
and perivascular smooth muscle cells seem to be in charge of adjusting vasoconstriction and normal
vascular permeability by interacting with endothelial cells (Armulik, Genové, and Betsholtz 2011). In
addition, resident mesenchymal precursors are present in various organs, such as the gut and skeletal
muscle, and make important contributions, especially during tissue repair (Sacchetti et al. 2016). Beyond
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their multipotent characteristics, MCs are of much importance in preserving the stem cell pool in specific
niches by secreting Wnts and BMPs, thus keeping the balance between self-renewal and differentiation
(Stzepourginski et al. 2017). Lastly, based on their anatomic location and properties of each organ, MCs
carry out specific functions (Sanders, Ward, and Koh 2014) (Figure 5).
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Figure 5: Homeostatic roles of mesenchymal cells (Adapted from Koliaraki et al. 2020)

Different states of fibroblast activation

Fibroblasts constitute an integral part of the microenvironment (tumor or normal). They have the
ability to pass through different stages of activation and possibly de-activation. In steady state, fibroblasts
are quiescent and are identified by their spindle shape, residing in the ECM. When tissue damage occurs,
fibroblasts are stimulated and temporarily activated in order to aid in the process of repair and
regeneration. As a result of this activation, normal activated fibroblasts (NAFs) undergo changes such as
the expression of a-smooth muscle actin (aSMA) and vimentin and a shift towards a stellate shape. They
also increase their production of extracellular matrix (ECM), undergo cytoskeletal rearrangements, and
gain contractile properties. These new synthetic functions help to increase the fibroblasts' activation,
recruitment, and proliferation through the amplification of their secretory and migratory functions. Once
the repair process is complete, the activated fibroblasts' reversibility may be mediated through cellular
reprogramming or apoptosis. The evolving microenvironment milieu of fibrosis and tumors is made more
complex by the functionally diverse population of activated fibroblasts, known as fibrosis-associated
fibroblasts (FAFs) and cancer-associated fibroblasts (CAFs). These cells not only gain enhanced
proliferative properties but also exhibit specialized ECM remodeling abilities, robust autocrine activation,
and dynamic immunomodulatory signaling functions. Development of cancer lesions and persisting
injurious stimuli are key factors that lead to the continued activation of such fibroblasts. Epigenetic
regulation may also limit their regression from this activated state (Kalluri 2016) (Figure 6).
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Figure 6: Multi-step activation of fibroblasts (Adapted from Kalluri 2016)

Mesenchymal cells of the intestinal lamina propria

In addition to the epithelium, the underlying mesenchyme also plays an important role in
maintaining intestinal stem cells. Myofibroblasts, fibroblasts, and smooth muscle cells provide not only
structural support but also soluble signals such as WNT, BMPs, BMP antagonists, and cytokines that
regulate stem cell behavior. In fact, the epithelium is dependent on the presence of mesenchymal cells
(Gehart and Clevers 2019). More specifically, fibroblasts have the ability to produce and remodel the
ECM in order to support the structure and integrity of the intestine, while at the same time they preserve
the balance between the stem cell pool and differentiated epithelium, control the immune responses and
aid the endothelial functions (Koliaraki et al. 2020; Powell et al. 2011).

Myofibroblasts

Connected by both gap junctions and specialized adherens junctions containing OB-cadherin
(Hinz et al. 2004), the cells attach themselves to adjacent myofibroblasts. Most crucially, these cells
connect to the surrounding matrix through a fibronexus structure, rather than basal lamina. An adhesion
structure, the fibronexus, binds the myofibroblast to the matrix through extracellular fibronectin filaments
that extend horizontally into the cytoplasm of the myofibroblast. This forms a flat structure that serves as
a plaque where fibrils can enter the cell membrane. Their matrix adhesions and cell-to-cell connections
give them considerable contractile power, potentially serving a teleological purpose by reducing wound
size (C. Li and Kuemmerle 2014).
At the base of crypts reside intestinal epithelial stem cells (ISCs) which are cared for, organized, and
preserved by pericryptal myofibroblasts. Pericryptal myofibroblasts hold the highest standing compared
to any other intestinal MSC as they boast the most "stemness" attributes. Conversely, intercryptal MSCs
are a byproduct of pericryptal myofibroblasts and are mainly involved in aiding in structural functions
(Valtieri and Sorrentino 2008; Signore et al. 2012).
Fibroblasts

In regard to sub-epithelial fibroblasts, their appearance can take one of two forms: spindle-shaped
cells with small cytoplasmic extensions or cells with an amplified cytoplasm full of rough endoplasmic
reticulum and Golgi apparatus (Toyoda et al. 2008). Although there are also intermediate appearances that
are observed. As well as a large amount of rough endoplasmic reticulum, these fibroblasts hold collagen
secretory granules, attach themselves to the extracellular matrix through focal adhesions, and lack smooth
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muscle myofilaments and external lamina (Eyden, Curry, and Wang 2011). All of these qualities make
them strong candidates for ECM component secretion rather than contractions. These cells are located in
dense concentrations towards the top of the crypts and closely adjacent to epithelial cells' basolateral
surface (Kurahashi et al. 2013). Although it was believed that fibroblasts were a unique population, recent
single-cell RNA sequencing studies revealed an unanticipated heterogeneity of intestinal fibroblasts in
homeostasis (Briigger and Basler 2023; Chalkidi, Paraskeva, and Koliaraki 2022).

Smooth Muscle Cells

Within the muscularis propria, there lies a group of cells known as intestinal smooth muscle cells.
This area plays a significant role in the development of fibrosis, a process resulting in a thickening
marked by cellular hyperplasia, collagen deposition, and hypertrophy. It is important to note that the
muscularis propria is, in fact, the most extensive mesenchymal cell compartment in the intestine. While
the smooth muscle cells in the muscularis mucosa are also present, they are lost in the affected regions of
the intestine where there has been development of strictures. Smooth muscle cells, which are recognized
by their positive markers of a-SMA, desmin, and collagen I, contribute significantly to fibrosis and
stricture formation (Pinchuk et al. 2010).

Roles of the mesenchyme in the intestine

Regulation of epithelial cell fate determination

Recent studies highlight the importance of fibroblasts in the regulation of epithelial responses
during tissue damage and repair. Based on the anatomical location and expression profile of each subset,
fibroblasts can trigger different mechanisms. A diverse pool of molecules, including growth factors,
cytokines and ECM remodeling enzymes is responsible for the downstream effects. For example, Tpl2
induces the activation of stromal-derived Ptgs2 and downstream PGE?2 in response to innate stimuli. This
phenomenon leads to improved intestinal healing and compensatory proliferation after TNBS- or DSS-
induced epithelial injuries (Roulis et al. 2014). Another example is after DSS- or irradiation-induced
damage, the restoration of epithelial cells was found to depend on the presence of membrane-bound
MMP17, a protein that cleaves periostin and activates YAP in epithelial cells and is expressed by Grem1+
mesenchymal cells (Martin-Alonso et al. 2021). In addition, closure of gaps in an ex vivo intestinal
wound healing model can be driven by the organized and directed movement of epithelial cells, which is
orchestrated by direct physical interaction. This interaction includes the generation of aSMA contractile
stress fibers by fibroblasts and deposition of collagen paths (Fernandez-Majada et al. 2021).

Maintaining the self-renewal capacity of epithelial stem cells within the gastrointestinal (GI) tract
is the primary function of the Wnt pathway. Mutual interactions between the stem cell and its local
microenvironment, known as the stem cell niche, are responsible for conferring stem cell attributes. To
achieve this, the niche is instrumental in regulating the Wnt signaling threshold in the stem cell to
maintain a physiological range. The activity of Wnt is the highest in the intestinal stem cell niche at the
bottom of the crypts, where it acts as the major regulator of ISC self-renewal and differentiation, and
decreases in a gradient along the crypt—villus axis (Gehart and Clevers 2019; Gregorieff et al. 2005). The
Whnt pathway also facilitates multiple feedback loops that balance cell proliferation and differentiation,
thus maintaining equilibrium. The best studied “canonical” pathway depends on B-catenin as its key
effector (Krausova and Korinek 2014). Wnt molecules bind to a receptor complex composed of a seven-
transmembrane receptor of the Frizzled family and co-receptor low density lipoprotein receptor-related
protein (LRP) (Schweizer and Varmus 2003). Then the downstream pathway is activated to the final target
being B-catenin. There is evidence that supports the importance of Wnt signaling in the maintenance of
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stem cell niche. For example there are studies reporting the collapse of the intestinal architecture occurs
when the Wnt cascade is counteracted through ectopic expression of the secreted Wnt antagonist Dkk1
(Pinto et al. 2003; Kuhnert et al. 2004) or genetic disruption of B-catenin (Ireland et al. 2004; Fevr et al.
2007). Moreover, in a recent study the impact of CD44 on the regulation of Wnt signaling during
homeostasis of the intestinal epithelium and regeneration upon injury was investigated. It was showed
that a positive feedback function of CD44 boosts the Wnt signaling pathway during high Wnt signaling
demand, as required for intestinal regeneration (Walter et al. 2022).

Another well studied mechanism is the R-spondin (RSPO) path. R-spondins play a pivotal role in
the intricate regulation of the intestine, making them essential factors in maintaining intestinal
homeostasis and overall health. These proteins are a family of secreted molecules that act as potent
activators of the Wnt signaling pathway, a critical signaling cascade involved in various cellular
processes, including cell proliferation, differentiation, and tissue regeneration. RSPOs form aternary
complex with their LGR4/5 receptor and transmembrane E3 ubiquitin ligase proteins ZNRF3 and RNF43,
thereby inhibiting turnover of the Wnt receptors. In the context of the intestines, R-spondins exert their
influence on the intestinal stem cells, which are responsible for the continuous renewal of the intestinal
epithelium. This robust stimulation of stem cell proliferation ensures the constant replenishment of the
epithelial lining, enabling the intestines to efficiently absorb nutrients, provide a protective barrier against
harmful pathogens, and maintain a healthy balance of gut microbiota (Peng et al. 2013; Wang et al. 2013;
Chen et al. 2013; H.-X. Hao et al. 2012; K.-A. Kim et al. 2006). Rspo3 is the most highly expressed
RSPO in the intestine (Kabiri et al. 2014). With the use of a neutralizing antibody, it was observed that
blocking RSPO3 resulted in a reduction of Lgr5 expression, providing evidence that Rspo3 plays a
supporting role in this process (Storm et al. 2016). Crypt regeneration was noticeably delayed upon
exposure to stress when RSPO2 and RSPO3 were combinedly neutralized, resulting in a greater inhibition
of Lgr5 expression (Storm et al. 2016). A recent study revealed that subepithelial myofibroblasts marked
by PdgfRo expression are an essential source of Wnts as well as a critical source of RSPO3 (Greicius et
al. 2018).

In contrary to Wnt signaling pathway, BMPs, members of the TGFB superfamily of ligands,
counteract the proliferative signals of the intestinal stem cell niche and promote cell differentiation.
Binding of BMPs to their type Il receptors leads to subsequent activation and phosphorylation of type |
BMP receptors. In turn, these receptors phosphorylate SMADSs and translocate to the nucleus, where they
regulate gene expression (Massagué 2012). In the intestine, BMP2 and BMP4 are the main ligands for
BMP receptors. Both ligands are secreted by intercrypt and intervillus mesenchymal cells (Hardwick et al.
2004; Haramis et al. 2004). Ectopic overexpression of the BMP inhibitors Gremlin 1 or Noggin in the
intestinal epithelium in mice causes excessive ectopic crypt formation and growth of polyps(Haramis et
al. 2004; Davis et al. 2015).

Active Notch signalling requires direct membrane contact between two cells, one expressing
Notch ligands and the other Notch receptors (Sancho, Cremona, and Behrens 2015). Upon receptor
activation, the Notch intracellular domain (NICD) is proteolytically released by y- secretase and
translocates to the nucleus, where it binds the transcription factor CSL. The main downstream effect of
Notch signalling is expression of the basic loop helix transcription factor HES1 (Sancho, Cremona, and
Behrens 2015). Maintaining the stem cells at the bottom of the crypt and regulating the ratio of secretory
to absorptive progeny occurs due to Notch signalling in the intestine. This signalling pathway blocks stem
cell differentiation into the secretory lineage. At the base of the crypt and in transit amplifying cells
nearest to the stem cell region, nuclear NICD staining reveals elevated Notch signaling activity in CBC
cells (Tian et al. 2015). In mice, if NEUROG3+ enteroendocrine precursor cells have Notch signalling
activated, the resulting cells mainly consist of goblet cells and enterocytes with minimal enteroendocrine
cells (H. J. Li et al. 2012).
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Regulation of immune responses

It is known that upon damage or inflammation, fibroblast activation is triggered, resulting in the
expression of various pro-inflammatory genes and downstream recruitment of immune cells. The most
known activators of intestinal fibroblasts are IL-1p and TNF (Roulis et al. 2014; Friedrich et al. 2021).
Moreover, in the activation of fibroblasts, NFkB and MAPK pathways play a vital role as downstream
mediators. During DSS colitis, the activation of PDGFRa" fibroblasts is greatly dependent on NFkB
signaling, with Col6al-Cre-specific IKK2 deletion leading to diminished colitis. A decrease in the
production of inflammatory mediators, less infiltration of inflammatory cells, and the activation of
epithelial-specific STAT3 were the primary reasons for this decrease (Koliaraki, Pasparakis, and Kollias
2015). Although intestinal fibroblasts possess a pro-inflammatory role, they also contribute to the
resolution of inflammation through different mechanisms. Specifically, they can secrete anti-
inflammatory cytokines such as interleukin-10 (IL-10) and transforming growth factor-beta (TGF-p).
These cytokines can suppress the activity of pro-inflammatory immune cells and promote the resolution
of inflammation (Steen et al. 2020). In addition, they synthesize and deposit ECM components, including
collagen and fibronectin, providing structural support and acting as a barrier that helps to prevent the
infiltration of immune cells into inflamed tissues (Speca et al. 2012). Moreover, ECM produced by iMCs
acts as a scaffold that leucocytes adhere to and crawl along after extravasating from the blood (Vaday and
Lider 2000). iMCs can also directly contribute to leucocyte migration by producing chemokines, and they
express numerous chemokine genes in the steady-state intestine of both humans and mice. These include
the genes encoding CXCL13, the B-cell and lymphoid tissue inducer cell chemoattractant; the myeloid
cell chemoattractants CCL2, CCL8, CCL11 and CCL13 and the pleiotropic primordial chemokines
CXCL12 and CXCL14 (Kinchen et al. 2018; Thomson et al. 2018; Karpus et al. 2019). Furthermore,
evidence has revealed that cultured human and murine myofibroblasts produce the inflammatory cytokine
IL-6, upregulate the neutrophil chemoattractants IL-8/CXCL8 or CXCL1, and upregulate cyclo-
oxygenase 2 (COX2) to produce prostaglandin E; (PGE,) in response to lipopolysaccharide (LPS) (Zhang
et al. 2005; Walton, Holt, and Sartor 2009; Rogler et al. 2001). Mucosal integrity is maintained, bacterial
dissemination is limited, and intestinal inflammation is reduced through TLR2 expression by non-
haematopoietic cells when clearing C. rodentium. In fact, rather than amplifying local inflammatory
responses, this is required (Gibson et al. 2010).

Mucosal inflammation is pivotal for host defence and pathogen clearance, but it comes at a
potential cost, because the production of cytokines, matrix metalloproteinases (MMPSs), reactive oxygen
species (ROS) and nitrogen intermediates can lead to pathological ECM remodelling, epithelial cell death
and ulceration. Some of the characteristic cytokines produced by iMC during inflammation, such as IL-11
and IL-33, can have pro-repair and pro-inflammatory functions depending on the context. In protecting
against intestinal inflammation caused by C. rodentium, IL-11 is produced by a-SMA+ iMC and
subepithelial myofibroblasts within the muscularis mucosa, promoting wound repair and preventing
epithelial damage (Gibson et al. 2010). Interleukin-33 is expressed by numerous stomal cell populations
in the steady-state intestine and plays an important role in maintaining epithelial barrier integrity in the
intestine (Mahapatro et al. 2016). 1L-33 is upregulated by peri-cryptal iMC during Salmonella
typhimurium infection in mice and it helps protective immunity by driving expansion of secretory
epithelial cells and promoting epithelial antimicrobial defence. However, IL-33 is also upregulated in the
inflamed mucosa of patients with UC, predominantly by the a-SMA"iMCs that accumulate within lesions
(Sponheim et al. 2010; Kobori et al. 2010).
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Support of blood vessel structure and function

Mural cells and endothelial cells make up all blood vessels. The inner wall of the vessel is formed
by endothelial cells, while the mural cells coat and associate with the endothelial cell tube. Mural cells are
further categorized as vascular smooth muscle cells or pericytes based on factors such as their location,
morphology, expression of specific markers, and density. Multiple concentric layers of vascular smooth
muscle cells surround arteries and veins, whereas pericytes are associated with the smallest blood vessels
including arterioles, capillaries, and venules, sharing their basal membrane with the endothelium
(Gaengel et al. 2009). The ligand/receptor pair platelet-derived growth factor (PDGF)B/PDGF receptor-
beta (PDGFRp) are factors with relatively clearly defined roles during pericyte recruitment (Andrae,
Gallini, and Betsholtz 2008). PDGFB is secreted as a homodimer from the endothelium of angiogenic
sprouts where it serves as an attractant for comigrating pericytes, which in turn express PDGFRp (Lindahl
et al. 1997). In addition, PDGFB stimulates proliferation of vascular smooth muscle cells and induces
mural cell fate in undifferentiated mesenchymal cells (Bjarnegard et al. 2004; Abramsson, Lindblom, and
Betsholtz 2003). The signaling loop of the PDGFB/PDGFRp axis has been identified as paracrine
communication between endothelium and mural cells, while the angiopoietin-Tie receptor axis functions
primarily in the opposite direction, transmitting signals from mural cells to endothelial cells. All
angiopoietins (Angs) are ligands for the Tie2 receptor (Gaengel et al. 2009). These two main paths are
important for regulation of vasoconstriction and normal vascular permeability.

ECM remodeling

The ECM is constantly renewed and remodeled by coordinated action among ECM-producing
cells, degrading enzymes, and their specific inhibitors. During this process, several growth factors are
released in the ECM, and they, in turn, modulate the deposition of new ECM. Fibroblasts are the main
source of most of the proteins composing ECM, such as collagens, fibronectin and hyaluronan. Matrix
metalloproteinases (MMPs), Lysyl oxidases (LOXs) and tissue-inhibitor of metalloproteinases (TIMPs)
are the major groups of enzymes acting to remodel the ECM and enable cellular migration and release of
the bound growth factors in the ECM reservoir (Bonnans, Chou, and Werb 2014). Upon tissue injury and
regeneration, mesenchymal cells are activated resulting in differential expression of cytokines and
chemokines to attract immune cells and remodeling enzymes. In a DSS injury model, expression levels of
MMP-2 and -9 were increased 2 days following cessation of DSS exposure (Breynaert et al. 2016).
Expression of TIMP-1 and -2 was also found upregulated at the restitution phase, which may act to inhibit
the degrading action of the MMPs during acute wound healing response (Strup-Perrot et al. 2006).
Interestingly, DSS-injured TIMP-1 knockout animals recovered significantly faster than wildtype despite
the initial increase in MMP activity and inflammation, suggesting that the balance between MMPs and
their inhibitors is complex and critical for intestinal regeneration (Breynaert et al. 2016). The ECM can
act as a reservoir for growth factors and cytokines. These proteins may be released or activated upon
MMP-mediated proteolysis of the ECM following injury (Hynes 2009). Remodeling of the ECM
enhances cell migration, which can result in increased localized concentrations of growth factors as a
consequence of mesenchymal cell infiltration.

In IBD, ECM goes through various compositional changes. Mesenchymal cells of the lamina
propria are altered by the fibrogenic phenotype with increased abundance of myofibroblasts, leading to
enhanced ability to trigger ECM synthesis (Gelbmann et al. 1999). Excessive secretion of TGF-p has been
linked to increased deposition of fibronectin, which triggers the activation, migration, and proliferation of
fibroblasts into myofibroblasts. Interestingly, studies have also demonstrated that fibronectin interacts
with TNF-a to enhance monocyte-derived MMP-9 expression and chemotactic response (Vaday et al.
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2000). Inhibition of proteolytic enzymes presents valuable therapeutic potential when considering the
significant increase of ECM fragmentation by MMPs in inflamed IBD tissue (O’Sullivan, Gilmer, and
Medina 2015). Studies indicate that inflamed Crohn's tissue has downregulated inhibitors of MMPs,
including TIMP-3. Likewise, depletion of TIMP-3 in mice promotes development of colitis (Monteleone
et al. 2012).

Decellularization of the intestine

The need of evolving from 2D culture to an ex vivo context was becoming a necessity in the
previous years. This is when organotypic cultures, multicellular fragments that contain the major cell
types of a particular organ and resembles it’s in vivo organization, emerged (de Souza 2017). Matrigel is
the most common tool for growing gastrointestinal (GI) organoids in vitro. However, due to its nature, it
has some drawbacks. First, it is a raw material that comes from a specific type of cancer and causes large
batch-to-batch variation in organoids. Moreover, its composition is different from that of normal tissues
and, thus, may not provide the appropriate microenvironment for the organoids to grow. Alternatives to
Matrigel like synthetic poly (ethylene glycol) (PEG) or natural hydrogels have been tested but they did
not fully reconstitute the 3D microenvironment. Recently, a new material for GI organoids culture has
been developed and this is Gl-derived extracellular matrix hydrogels. Using decellularization techniques,
Kim et al. managed to develop a platform that mimics the native GI microenvironment. It overcomes all
the disadvantages of Matrigel and is more cost-effective (S. Kim et al. 2022).

Recent studies have demonstrated the applicability of the decellularization method and the
remarkable possibilities it offers in the progression of regenerative medicine. More particularly, (Giuffrida
et al. 2019) showed that the decellularized human intestine can serve as an effective 3D scaffold for
studying intestinal fibrosis. The decellularized intestine preserved the structure and composition of the
original tissue, allowing the cultivation of intestinal fibroblasts and the study of underlying mechanisms
of fibrosis (Giuffrida et al. 2019). Moreover, (Meran et al. 2020)described a novel approach for
generating transplantable jejunal mucosal grafts using patient-derived organoids from children with
intestinal failure. This study demonstrated the feasibility of using organoids derived from the intestinal
crypts of pediatric patients with short bowel syndrome to create functional, transplantable jejunal mucosal
grafts. Grafts exhibited normal epithelial differentiation and maturation, and when transplanted into
recipient mice, the grafts integrated into host tissues and formed functional intestinal epithelium (Meran
et al. 2020).

MATERIALS AND METHODS

Mice and ethical statements

Mice were maintained on a C57BL/6 genetic background, and experimental groups contained
littermates that were caged together according to gender. Experiments were performed in the conventional
unit of the animal facilities in Biomedical Sciences Research Center (BSRC) “Alexander Fleming” under
specific pathogen—free conditions, in accordance with the guidance of the Institutional Animal Care and
Use Committee of BSRC Alexander Fleming”.

Induction of DSS acute colitis
In brief, dextran sodium sulfate (DSS) acute colitis was induced in 8-week or older mice with
2.5% DSS (MP Biomedicals) added in the drinking water for 5 days, followed by 2 or 9 days of normal
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water for acute colitis (Wirtz et al. 2007) and regeneration phase accordingly. Mice were weighted on day
1 and every day since the removal of DSS.

Isolation of intestinal mesenchymal cells (IMC) from mice

For isolation of IMCs, colons from 8-week-old mice were removed. Briefly, animals were
euthanized and colons were cut right before the cecum, flushed with ice cold 1X Phosphate Buffered
Saline (PBS) +Penicillin/Streptomycin/Antimycotic (P/S/A) and cleared from fat and mesentery. They
were then cut longitudinally, placed in ice cold 1X PBS (+P/S/A) and washed 3 times. Colons were then
incubated in pre-warmed Hanks' Balanced Salt Solution (HBSS) containing 5 mM EDTA (Fisher) and 1
mM Dithiothreitol (DTT) (Applichem) for 25 min at 37°C to remove the epithelial layer. Colons were
then washed approximately 5 times with 1X PBS (+P/S/A) and cut in 0.5-1 cm pieces. This was followed
by incubation with 300 U/ml Collagenase XI (Sigma-Aldrich) and 0.1 mg/ml Dispase (Roche) in
Dulbecco's Modified Eagle Medium (DMEM) (Gibco) for 60 min at 37°C. Every 10 minutes the falcons
were shaken vigorously. Supernatants were then filtered through a 70um cell strainer, centrifuged (4-C,
300g, 6minutes) and cell pellets were resuspended in DMEM supplemented with 10% Fetal bovine serum
(FBS) (Biochrom), 1% nonessential amino acids (Sigma-Aldrich), 100 U/ml penicillin, 100 pg/ml
streptomycin, and 1 pg/ml amphotericin B (Sigma-Aldrich) and plated in cell culture flasks. At passages
3-4, cells were used for downstream experiments.

Decellularization

Intestinal tissues were obtained from C57BL/6 mice. Fat tissues, large blood vessels and
mesentery were removed prior to decellularization. The small and large intestine were resected and the
large intestine was cut longitudinally. The intestine was thoroughly shaken with MilliQ water to wash
away the remaining stools. Then, it was incubated in MQ water overnight at 4°C, followed by flushing
with MQ water. The intestine was then cut into smaller pieces (~1cm), which were incubated with 1%
Sodium Deoxycholate (43035, BDH Chemicals Ltd Poole England) for 3h at RT on a shaker, washed with
MQ water for 15 min at RT on a shaker and subsequently incubated with 1M NaCl and DNasel (1U/10ul)
for 2h at RT on a shaker. The pieces of iECM were then washed with PBS 1x for 15min at RT on a shaker
and stored in storage buffer or PBS 1x with P/S/A at 4°C (short-term usage) (Igbal et al. 2021).

e Storage buffer: P/S (1%) and sodium azide (0,3uM) in ddH-O.

DNA extraction from tissue

The matrix was digested by incubating in 400 pl of Digestion buffer and 6ul of proteinase K
(RP100B, BLIRT) with a final concentration of 0.15mg/ml overnight at 56°C. Then, phenol was added to
the samples. The samples were shaken well and centrifuged for 10min at 13.000rpm. The upper
(transparent) phase of the samples was transferred to a new tube and mixed with isopropanol at 1:1 ratio,
followed by centrifugation for 10min at 13.000rpm. The supernatant was removed and 70% ethanol was
used to wash the pellets followed be a centrifugation for 5min at 13.000rpm. The pellet was left to dry for
20min and 80-200ul ddH»O was used to resuspend the samples. Concentration of the DNA of the samples
was then measured using a NanoDrop spectrophotometer (Thermo Scientific).

e Digestion buffer: Tris 1M pH 8.0, EDTA 0.5M, NaCl 5M, SDS 10%
RNA extraction from tissue
For RNA extraction from tissue, the RNeasy Mini Kit by Qiagen was used. In brief, samples were

first lysed and then homogenized. Ethanol was added to the lysate to provide ideal binding conditions.
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The lysate was then loaded onto the RNeasy silica membrane and RNA was bound to the silica
membrane, and all contaminants were efficiently washed away. The residual amounts of DNA remaining
were removed using on-column DNase treatment. Pure, concentrated RNA was eluted in water.

Immunostaining

The pieces of the decellularized tissue were placed in a 24-well plate. Blocking buffer was added
to the samples and left overnight on a rocking table at RT. Then, the primary antibody was added to the
samples for 20-24h on a rocking table, followed by 5 washes with the washing solution, for 1 h each.
Then, the secondary antibody was added to the samples, protected from the light and left for incubation
overnight on a rocking table at RT, followed by 3 washes as previously described. Lastly, the samples
were left in storage buffer for confocal imaging using the Leica TCS SP8 Confocal microscope (Mayorca-
Guiliani et al. 2019).

e Blocking buffer: 3% Bovine serum albumin (BSA) in 1x PBS

e Primary antibody solution: rabbit anti-mouse Collagen IV antibody (Abcam, ab6586, 1:500 in
blocking buffer)

e Secondary antibody solution: anti-rabbit Alexa 488-conjugated antibody (A11008, Invitrogen,
1:500 in blocking buffer), DAPI (d1306, Invitrogen, 1:1000)

e Washing solution: 0,05% Tween 20 in 1x PBS

e Storage buffer: P/S (1%) and sodium azide (0,3uM) in ddH-0.

Digestion of the tissue for cell counting

Pieces of the intestine (both normal and decellularized) were digested with Collagenase XI
(C7657, Sigma-Aldirch) and Dispase Il (04942078001, Roche Diagnostics) (5ml/piece) at 37°C. The
decellularized tissue was digested for 15min, while the normal for 60min. The digested samples were
each diluted with 20ml of DMEM, filtered using a 70um cell strainer and cells were counted on the
coulter cytometer (BECKMAN COULTER Life Sciences).

¢ Digestion solution: 300 U/ml collagenase XI and 0,08 U/ml dispase Il dissolved in DMEM

Gelation of decellularized intestine

Decellularized pieces passed through a dehydration process by centrifugation in the SpeedVac
SPD1030. Then, the powder was weighted in order to calculate the appropriate volume of Pepsin/HCI to
be used. Pepsin (Sigma-Aldrich) was diluted in 0.01M HCI to final concentration of 1mg/ml and stored in
aliquots. This mixture was then subjected to digestion by mortar and incubation for 72h in 70rpm, RT.
The incubation was followed by a centrifugation at 13.000rpm for 10min, RT. Then the supernatant was
collected and the pellet was rejected. After that, supernatant was sterilized by UV in the culture hood.
Final step was to regulate the osmomolarity/salinity with 10X PBS to be compatible for cell culture and
neutralization of pH to 7.4 with 0.01M NaOH (Giobbe et al. 2019).

Aim of the study

The aims of this thesis were i) to standardize the protocol for the decellularization of the mouse
intestine and the characterization of its proteome, ii) to characterize the changes in the ECM composition
of the colon during acute DSS colitis and subsequent intestinal regeneration, and to iii) establish a
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protocol for the generation of a hydrogel matrix from mouse decellularized intestine that could be used in

the culture of IMCs.

RESULTS

Standardization of the decellularization protocol

Normal mouse colon was used for the standardization of the decellularization protocol, according
to the protocol published by Igbal et al (2021). To verify the efficiency of the method, the DNA content of
1 piece of normal tissue and 2 pieces of decellularized tissue was measured, showing a significant
reduction in the DNA content of the decellularized tissue (Figure 7).
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Figure 7: Percentage of DNA content compared to control.

To further validate these results, 2 pieces of normal tissue and 2 pieces of decellularized tissue
were digested with Collagenase XI and Dispase Il and cells were counted. The decellularized tissues
contained 10-100-fold less cells than the normal tissues (Figure 8).
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Figure 8: Cell numbers in the decellularized tissue compared to control.

Finally, staining of the decellularized tissues with an antibody against Collagen IV showed the
matrix network, while DAPI staining verified the absence of cells (Figure 9 — diffused non-specific

staining).

Figure 9: Representative images of the decellularized colon stained with an antibody against Collagen IV (green). DAPI was
used to stain the nuclei blue (only background is visible) (20x magnification).

Proteomic analysis of the decellularized colon
After verifying the efficiency of the decellularization protocol, one piece (1cm) of the
decellularized tissue was sent for LC-MS/MS analysis to analyze its proteomic composition. The analysis
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was performed in the Proteomics Facility of BSRC “Alexander Fleming”. The results from the analysis
were compared with a matrisomal signature from Naba et al. where they have characterized ECM proteins
from human and mouse tissues (Naba et al. 2012). According to Naba et al, ECM proteins are divided into
two main categories: 1) Core Matrisome and 2) Matrisome-associated proteins, and each one is split into
3 sub-categories.

We were able to detect 157 matrisomal proteins in our decellularized tissue, 97 proteins were
characterized as core matrisome proteins from normal colon and lung based on Naba et al. Similarly, 60
proteins were designated as matrisome-associated. 66% of the core-matrisome proteins from our sample
are ECM glycoproteins while the other 13% are proteoglycans and 21% collagens. 42% of the matrisome-
associated proteins from our sample are ECM regulators, 26% are secreted factors and 32% are ECM
affiliated proteins (Figure 10).
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Figure 10: Venn diagrams showing the comparison between the proteins from our decellularized intestinal sample and the core

matrisome proteins (Upper left) and to matrisome-associated proteins (Upper right) from Naba et al (2012). Also, pie charts are

shown, where the 60 and 97 common ECM decellularized proteins from our sample were compared to the matrisome-associated
(down left) and to the core matrisome (down right) subcategories from mouse colon from Naba et al (2012).

ECM changes during intestinal damage and repair

To identify differences in ECM during intestinal inflammation and regeneration, we harvested
colons from mice at different timepoints of the DSS protocol and performed decellularization, as
previously described. We collected 5 samples per condition (control — Day 0, acute inflammation — Day 7,
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regeneration — Day 14). Body weight (Figure 11) and colon length (Figure 12) were measured to verify
colitis stage. The DNA content in each decellularized sample was measured to validate the efficiency of
the protocol, as previously described (Figure 13).
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Figure 11: Body weight loss in mice after DSS treatment.
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Figure 12: Colon length in the 3 different timepoints.

Colon length (cm)

2=

1 L] 1
DO0_Control D7_Inflammation D14_Regeneration

150 =

100~

Figure 13: DNA content from colons after decellularization.
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After validation of efficient decellularization, samples were used to perform proteomics analysis,
using HPLC-MS/MS. In the following heatmap are presented 3 timepoints of the DSS protocol: DO, D7
and D14. These timepoints were chosen as they depict control, acute inflammation, and regeneration
accordingly. We focused on ECM-related proteins and were able to detect significant differences between
the different timepoints. For example, we found increased levels of MMPs during the acute phase and
deregulation in the expression levels of different collagens and ECM components that require further

investigation (Figure 14).
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Figure 14: Heatmap showing ECM proteins, whose levels change during inflammation and regeneration.

From these data, we selected two proteins of interest, Sfrpl and Col18al to determine if ECM
protein level changes correlate with gene expression. To this end, we performed again DSS colitis
experiments and collected tissues from 3 mice per timepoint. Monitoring of the protocol through body

weight measurements is shown in Figure 15.
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Figure 16: qRT-PCR analysis of colon tissue from different timepoints during the DSS colitis protocol, including untreated (DO,

n=3), acute inflammation (D7, n=3) and regeneration (D14, n=3). Analysis was performed using 2-way ANOVA.

Analysis of gene expression by gRT-PCR revealed elevated levels of Coll8al and Sfrpl in the
acute inflammation D7 phase in comparison with untreated mice, and a subsequent downregulation at the

regeneration phase (D14) with no statistical significance. (Figure 16).
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ECM-derived hydrogels for IMC cultures

Finally, to establish whether mouse decellularized intestinal tissue can be used as a matrix for
IMC culture, we performed gelation experiments to generate hydrogels. We specifically used
decellularized small intestine from normal mice. The concentration of the resulting ECM hydrogel was
10mg/ml diluted in pepsin/HCI and neutralized to a final pH=7.4. The hydrogel was plated in 96-well
plates and incubated for 20-30 minutes at 37°C to acquire gel-like properties. IMCs isolated from normal
mice were then plated on top of the hydrogel and incubated for 48 hours. After 24 hours, IMCs had
expanded and formed a monolayer (Figure 17).

Figure 17: Representative microscopy image of IMCs grown on top of ECM-derived hydrogel.

DISCUSSION

Matrigel is a popular choice for growing organoids due to its effectiveness. However, it is not
without limitations. Batch variation, safety concerns, and the absence of tissue-specific biochemical ECM
factors are all critical issues that should be considered. Alternatives to Matrigel like synthetic
poly(ethylene glycol) (PEG) or natural hydrogels have been tested but they did not fully mimic the 3D
microenvironment. Recently, a new material for Gl organoids culture has been developed and this is
Gastrointestinal (Gl)-derived extracellular matrix hydrogels. Although relevant reports are still few,
especially in the mouse Gl-derived hydrogel, some studies, using porcine Gl tract as material, report that
the decellularized Gl tissue-derived ECMs have a relatively low batch-to-batch variation, are more cost
effective compared to Matrigel and most importantly hydrogels made with ECM have been determined to
be safe for clinical use, with low levels of endotoxin and minimal immunogenicity observed both in vitro
and in vivo. This is largely due to the absence of any xenogeneic pathogens or cellular components that
could trigger an immune response (S. Kim et al. 2022).
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During my dissertation thesis we set out to establish a protocol for the decellularization of the
colon of mice and test its efficiency. The decellularization process was successful, verified by a
significant decrease in DNA concentration and number of cells. Confocal imaging revealed the absence of
cells and the presence of CollV networks delineating crypt structures. HPLC-MS/MS analysis uncovered
the protein composition of the decellularized ECM, which has a lot in common with the Matrisome of
normal mouse colon, reported in Naba et al (Naba et al. 2012).

Based on the proteomic analysis of the normal ECM, we further analyzed the protein composition
of decellularized colon tissue from mice treated with DSS during acute inflammation (Day 7 after
initiation of DSS protocol) and regeneration (Day 14 after initiation of DSS protocol). This analysis
showed significant differences between the different timepoints, especially in ECM related proteins. For
example, we found increased levels of MMPs during the acute phase and deregulation in the expression
levels of different collagens and ECM components that require further investigation. In addition,
correlation of the proteomic data with single-cell RNA sequencing data could reveal the contribution of
specific cell types in inflammation- and regeneration-associated ECM composition and function. As part
of this thesis, the correlation between ECM protein levels and tissue gene expression was tested using
gRT-PCR. For this purpose, SFRP1 and COL18A1 were selected. SFRP1 protein levels were elevated at
Day 14, while COL18A1 levels were elevated in both timepoints in comparison to untreated controls.
Gene expression analysis showed that mMRNA levels of both genes were increased in acute inflammation
and then dropped during regeneration, although the differences were not statistically significant. This
could be attributed to the small sample size, and thus more samples should be included in the analysis.
The potential difference between the RNA and protein levels, especially during regeneration could be
related to protein stability and/or sequestration and release by the ECM, which warrants further
investigation.

Finally, we developed hydrogels from decellularized intestinal tissue and successfully managed to
grow IMCs on top. However, more work is needed to establish the efficiency and safety of mouse
intestine-derived hydrogels used as substrate for the growth of cells or even organoids. For example, it is
necessary to identify the optimal conditions in hydrogel composition, including concentration of
pepsin/HCI and ECM gel, pH, and number of cells plated on or embedded in the hydrogels.
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