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Abstract 

The maintenance of intestinal homeostasis is an intricately regulated process comprised of 

several dynamic components, including a self-renewing epithelium and a heterogeneous stromal 

cell compartment in the underlying lamina propria. Stromal cells were previously overlooked as 

passive structural cells. However, a growing body of evidence indicates that they play active roles 

in maintaining homeostasis by regulating the intestinal stem cell niche and the epithelial barrier. 

Conversely, the role of intestinal stromal cell subsets in the intestinal response to inflammation 

and infection is less well characterized. We hypothesized that under infectious and inflammatory 

conditions, stromal cells contribute to intestinal remodeling and drive regenerative signaling of the 

epithelium. To elucidate the response of the stroma to infectious conditions, Citrobacter rodentium 

was employed as an intestinal infection model. Through single-cell RNA sequencing, we have 

demonstrated that upon infection, the stromal cell compartment undergoes a remodeling event. 

Specifically, at early timepoints post infection, a novel and transient Cd109+Ifi44+ inflammatory-

associated fibroblast (IAF) population appears. In situ hybridization studies revealed that these 

IAFs are localized at the top of colonic crypts. Additionally, to investigate the role of IAFs in 

intestinal inflammation and infection in vivo, we subjected Cd109 WT and KO mice to dextran 

sulfate sodium-mediated colitis and C. rodentium infection. To understand how stromal cells 

mediate intestinal epithelial stem cell renewal, we have also developed ex vivo conditioned media 

organoid assays. Our results using this system suggest that stromal cells secrete prostaglandin-E2, 

a soluble lipid, that interacts with epithelial cells and promotes intestinal epithelial remodeling. 

Overall, these studies will contribute to a greater understanding of the role of stromal cells in 

responding to infectious agents and inflammatory damage of the intestinal tract.  

Résumé  

Le maintien de l'homéostasie intestinale est un processus régulé de manière complexe, 

composé de plusieurs éléments dynamiques, dont un épithélium qui se renouvelle 

automatiquement et un compartiment sous-jacent de cellules stromales hétérogènes. Les cellules 

stromales étaient auparavant considérées comme des cellules structurelles passives. Cependant, un 

nombre croissant de résultats indique qu'elles jouent un rôle actif dans le maintien de l'homéostasie 

en régulant la niche des cellules souches intestinales et la barrière épithéliale. À l'inverse, le rôle 

des cellules stromales intestinales dans la réponse intestinale à l'inflammation et à l'infection est 
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moins bien caractérisé. Nous postulons que suite à une infection ou en présence de signaux 

inflammatoires, les cellules stromales contribuent au remodelage intestinal et dirigent la 

signalisation régénérative de l'épithélium. Pour élucider la réponse du stroma face à un agent 

infectieux, Citrobacter rodentium a été utilisé comme modèle murin d'infection intestinale. Grâce 

au séquençage de l'ARN sur cellule unique, nous avons démontré que lors de l'infection, le 

compartiment cellulaire du stroma subit un remodelage. Plus précisément, à des moments précoces 

après l'infection, nous avons remarqué l’apparition d’une nouvelle population transitoire de 

fibroblastes inflammatoires (FIs) marqués par l’expression des gènes Cd109 et Ifi44. Des études 

d'hybridation in situ ont révélé que ces FIs sont localisés au sommet des cryptes du colôn. En outre, 

pour étudier le rôle des FIs dans l'inflammation et l'infection intestinales in vivo, nous avons soumis 

des souris Cd109 WT et KO à une colite provoquée par le dextran sulfate de sodium et à une 

infection par C. rodentium. Pour comprendre comment les cellules stromales médient le 

renouvellement des cellules souches épithéliales intestinales, nous avons également développé des 

essais organoïdes en milieu conditionné ex vivo. Les résultats obtenus avec ce système suggèrent 

que les cellules stromales sécrètent de la prostaglandine-E2, un lipide soluble, qui interagit avec 

les cellules épithéliales et favorise le remodelage épithélial intestinal. Globalement, ces études 

permettront de mieux comprendre le rôle des cellules stromales dans la réponse aux agents 

infectieux et aux lésions inflammatoires du tractus intestinal. 
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW  

1.1 Overview of the mammalian gastrointestinal tract   

The mammalian gastrointestinal (GI) tract is a multi-organ system comprised of the mouth, 

esophagus, stomach, small intestine (SI), colon, and rectum (1). Together, they are primarily 

responsible for the coordination of food digestion and absorption of nutrients to be distributed 

throughout the body (1). However, in addition to digestion and absorption, the GI tract is endlessly 

multitasking through self-renewal of the intestinal epithelium, immune surveillance, and 

maintaining tolerance to the microbiota (2). Given these roles, several components help maintain 

the intricate regulation of intestinal homeostasis. These players include a self-renewing epithelium, 

communities of stromal and immune cells interlaced in underlying lamina propria, and gradients 

of secreted factors mediating crosstalk between these cells (3). 

Upon ingestion, food travels to the stomach and becomes partially digested by gastric acid 

and enzymes – producing a semifluid mass of food called chyme (1, 4). The chyme is then 

mobilized to the SI – divided into the duodenum, jejunum, and ileum (1). The SI is where the 

majority of nutrient, water, and electrolyte absorption occurs. Here, chyme is further broken down 

into subunits of proteins, fats, carbohydrates, and vitamins which are absorbed by intestinal 

epithelial cells to be distributed throughout the body (5). The remaining undigested material is then 

pushed into the colon. Secondary to the SI, the colon is also a key player in nutrient digestion and 

absorption (6). Here, complex carbohydrates and proteins previously resistant to digestion are 

broken down by resident commensal bacteria which aid in fermentation of undigested materials. 

In addition, the water from the remaining material is reabsorbed, which becomes compacted into 

stool prepared for expulsion via the rectum (1, 4).  

1.2 Cellular architecture of the crypt-villus and crypt axis  

The cellular architecture of the SI and colon are quite distinct, ultimately reflecting their 

respective functional requirements (7). Owing to the role of the SI in digestion and nutrient 

absorption, its epithelium is organized into millions of crypt-villus units to increase the digestive 

and absorptive surface (2, 7). A villus is a finger like protrusion projecting into the intestinal lumen, 

covered in an epithelial monolayer of post-mitotic cells (7). A dense network of capillaries and 
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lymph vessels protrude into the villi beneath the epithelium to absorb nutrients and distribute them 

to the liver, and subsequently the rest of the body (7). The base of each villus is also surrounded 

by several epithelial invaginations into the intestinal wall, called crypts of Lieberkühn (7, 8) 

(Figure 1). These crypts harbour populations of adult intestinal stem cells (ISCs) that proliferate 

and  fuel the self-renewal of the epithelium (8). Notably, specialized cells in the crypt promote the 

continuous outflow of mucus and anti-microbial products to flush any contaminants out and protect 

the resident ISCs (9). As form follows function, the colon specializes in compacting and 

mobilizing stool for excretion. Therefore, in contrast to the SI, the colon does not contain any villi, 

instead it is characterized by a flat luminal surface containing only crypt invaginations (2).  

The wall of the SI and colon are also organized in four concentric layers comprised of the 

mucosa, submucosa, muscularis propria, and serosa (5) (Figure 2). Beginning with the inner most 

layer, the mucosa is further subdivided into the epithelium, lamina propria, and muscularis mucosa 

(1). The intestinal epithelium provides a physical barrier between the luminal contents and the rest 

of the host tissue (2). Lying underneath the epithelium is the lamina propria – a layer of connective 

tissue that hosts a broad population of stromal cells, as well as infiltrating immune cells (1). The 

third component of the mucosa is the muscularis mucosa – a thin layer of smooth muscle cells (1). 

Following is the submucosa which provides structural support to the mucosa and is resident to 

blood and lymphatic vessels. Here, the submucosa also harbours the Meissner plexus 

encompassing a network of nerves that make up components of the enteric nervous system (ENS) 

(5, 10). Specifically, neuronal bodies of the Meissner plexus innervate the intestinal crypts and 

villi, aiding with the regulation of absorptive and secretory activity (10). Next, the muscularis 

propria is made up of a circular and longitudinal layer of smooth muscle tissue that sandwiches 

the myenteric plexus, another component making up the ENS (11). Here, the neuronal cell bodies 

originate in the myenteric plexus, and innervate the circular and longitudinal smooth muscle layers, 

responsible for initiation and control of smooth muscle motor patterns (10). Finally, the outer most 

layer is the serosa, which connects the gut wall to the mesentery (1).  

 

 



14 

 

Figure 1. Cell migration and lineage specification up the crypt-villus axis and crypt axis of the small intestine 

and colon, respectively. The intestinal epithelium rapidly renews every 3-5 days. Lgr5+ ISCs at the base of intestinal 

crypts will drive this regeneration through proliferation in the stem cell niche followed by differentiation. When 

undergoing differentiation, cells will migrate up the crypt-villus axis of the SI or the crypt axis of the colon to become 

transit amplifying cells acting as progenitors that eventually take on one of six epithelial cell lineages (Enterocyte, 

Tuft cell, Enteroendocrine cell, goblet cell, Paneth cell, or M cell (not depicted)). Paneth cells exist exceptionally in 

the SI and will migrate downwards upon differentiation from the TA zone back to the intestinal stem cell niche. 

Adapted from (2). 

Figure 2. The four concentric layers of the intestinal wall: Mucosa, Submucosa, Muscularis Mucosa, and 

Serosa. From the inner most layer, the mucosa is comprised of the epithelium, the lamina propria, and muscularis 

mucosae. Following is the submucosa in which blood and lymphatic vessels are located, as well as the Meisner Plexus, 

a component of the ENS system. Next is the muscularis propria comprised of the circular and smooth muscle layers 

followed by the serosa, the outer most layer, connecting the gut wall to the mesentery. Adapted from (1).  

Small Intestine Colon 
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1.3 The intestinal epithelium   

 The epithelium of the GI tract is one of the most rapidly self-renewing systems in 

mammals, regenerating every 3-5 days (12). It must achieve efficient digestion and absorption of 

food contents, while maintaining an effective physical barrier from commensal microbiota, dietary 

antigens, toxins, and pathogens (2). To accomplish these tasks, the epithelial monolayer contains 

six specialized cell lineages with distinct roles. Notably, these lineages are all derived from the 

same pool of Lgr5+ ISCs residing at the base of the intestinal crypt (Figure 3). Their differentiation 

is prompted by cues from the surrounding stem cell niche, in which ISCs will proliferate then 

differentiate up the crypt-villus or crypt axis (2). Eventually they are shed in the lumen at the villus 

tip or crypt apex (9).  

1.3.1 LGR5+ intestinal stem cells  

Homeostatic renewal of epithelial cells is mediated by ISCs residing at the base of crypts 

(12). While ISCs, also termed crypt-base columnar cells (CBCs), were first identified and 

morphologically characterized using electron microscopy in 1974, their further validation as an 

adult stem cell population was made possible through genetic lineage tracing experiments 

performed only several decades after (13). In 2007, a prominent Wnt-pathway controlled gene – 

Leucine-rich repeat-containing G-protein coupled receptor 5 (Lgr5) was identified as a specific 

marker for ISCs (14). Indeed, an in vivo lineage tracing through a Lgr5 specific, heritable LacZ 

reporter gene, demonstrated that lacZ+ cells resided at the crypt base (14). Additionally, after 

several days lacZ+ progeny were observed in cells extending from the crypt base to the villus tips 

of the small intestine, and similarly observed in the colon. These lacZ+ cells were present in all 

cell lineages and persisted throughout the life span of the mouse (14). Thus demonstrating that 

Lgr5+ ISCs fit the two major requirements of an adult stem cell, (1) being multipotent by giving 

rise to all cell types in the resident tissue and (2) having long-term self renewal abilities (14).  

Lgr5+ ISCs must both maintain the stem cell pool but also give rise to progenitors that go 

on to make up the six epithelial cell lineages broadly categorized as absorptive and secretory 

epithelial cells (15). The dynamics of self-renewal are as follows. Lgr5+ ISCs proliferate at the 

base giving rise to transit-amplifying (TA) progenitor cells (16). These TA cells will divide 4-5 

times before being pushed out of the crypt base (stem cell zone), migrating further up the crypt 

axis and receiving signals that induce terminal differentiation into absorptive (enterocytes, 
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Microfold cells (M cells)) or secretory (Paneth, goblet, enteroendocrine, tuft cell) lineages (16, 

17). Nearing the end of their life cycle, epithelial cells are pushed from the villus tips into the 

lumen through the process of anoikis, with the exception of Paneth cells that migrate downwards 

towards the crypt upon differentiation. From here the gaps left by shedding epithelial cells are 

continuously replaced through generation of new cells from Lgr5+ ISCs (15).  

1.3.2 Reserve and damage-associated intestinal stem cell populations  

In addition to actively cycling Lgr5+ ISCs driving homeostatic renewal of the epithelium, 

investigators have also proposed a secondary stem cell pool called reserve intestinal stem cells 

(rISCs) (17). While rISCs do not normally perform stem cell function, they are suggested to be 

slow-cycling, radio-resistant, and have the capacity to reconstitute the Lgr5+ ISC population after 

severe damage or physiological stress (17). For instance, during radiation treatment which results 

in the complete loss of Lgr5+ ISCs (17–20). Historically, these rISC populations are referred to as 

+4 reserve stem cells (owing to their location 4 cell spaces from the crypt base), and identified 

through markers such as Hopx, Bmi1, Tert, and Lrig1 (21–24). Indeed, several studies have 

demonstrated that complete ablation of Lgr5+ ISCs through diphtheria toxin-induced cell death or 

irradiation results in little impact on the homeostatic renewal of the epithelium, as it is still able to 

recover and reconstitute itself (15, 20). This suggests that rISCs resistant to damage could 

compensate and replenish the pool of lost Lgr5+ ISCs (19). 

 However, in recent years, the term +4 rISCs has become restrictive and outdated, as other 

regenerative stem cells in other crypt locations have been determined. For instance, Clusterin+ 

(Clu+) revival stem cells (RevSCs) have been identified using single-cell transcriptomics (25). 

These Clu+ cells are proposed to be multipotent, capable of giving rise to all epithelial cell lineages 

including Lgr5+ ISCs; however, they are extremely rare under homeostasis (25). Instead, Clu+ cells 

undergo a transient expansion and regenerate the damaged epithelium during severe injury induced 

by irradiation, dextran sodium sulfate (DSS) treatment, or ablation of Lgr5+ ISCs (25). It should 

be noted that it is still unknown how Clu+ cells are related to other cell populations that contain 

inducible stem cell potential (25, 26).  

The term +4 rISC has also become controversial in recent years, as contradictory lines of 

thought propose that differentiated or partially differentiated progenitor cells are responsible for 

dedifferentiating and repopulating the Lgr5+ ISCs during severe epithelial damage (15). Studies 
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have shown that epithelial lineage progenitors, such as DLL1+ secretory progenitors and enterocyte 

progenitors can both replenish the ISC pool and contribute to the intestinal lineages (27, 28). 

Likewise, it has been noted that many markers enriched in the +4 position rISCs indeed overlap 

with progenitor populations (27, 28). 

For the purpose of this thesis, these damage-associated rISCs and RevSCs will be referred 

to together as damage-associated stem cells (DASC)s. 

1.3.3 Absorptive Lineages    

Enterocytes are derived from absorptive progenitors, and can account for up to 80% of 

total intestinal epithelial cells (29, 30). Morphologically, they are highly polarized and contain 

apical brush-border microvilli that protrude into the lumen. The brush border is essential for their 

enterocyte function, aiding in uptake of ions, water, nutrients, vitamins, and unconjugated bile salts 

across the epithelium (31). In addition to their absorptive roles, enterocytes also assume active 

roles in maintaining a physical barrier between the lumen and host tissue, as well as immunological 

functions (32). Notably, enterocytes produce antimicrobial peptides to target bacteria as well as 

cytokines to coordinate immune responses. They also coordinate the transportation of 

immunoglobulin A (IgA) from the basolateral surface into the lumen, which plays a prominent 

role in maintaining homeostasis and tolerance between the host tissue and the microbiota  (33).  

Microfold cells (M cells) are specialized absorptive cells lining the gut-lymphoid tissues 

(GALTs) of the intestine, specifically in Peyer’s patches of the SI, caecal patches, or colonic 

patches (34, 35). With the apical side of the cell facing the lumen, they capture immunogenic 

particles and transport them across the mucosal barrier to deliver to dendritic cells and other 

immune cells of the submucosa (35). M cells can be morphologically distinguished from other 

epithelial cells through two dominant features: the lack of microvilli and the presence of a 

basolateral pocket  (35). Often B cells are found within the basolateral pocket and have been shown 

to inhabit it for the entirety of the M cells life span, for unknown reasons (35).  

1.3.4 Secretory lineages  

Goblet cells are a secretory lineage whose major function is mucus production. They will 

form a gel-like protective barrier of mucus over the epithelial surface to provide a first line of 

defense against luminal threats (32). Goblet cells can be morphologically identified through their 

resemblance to a drinking goblet, owing to the fact that their cellular cytoplasm is filled with 
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secretory granules containing mucins (MUCs) near the apical surface (36). MUCs are highly 

glycosylated proteins that provide the major building blocks of mucus; specifically, MUC2 is the 

dominant mucin produced by goblet cells and makes up the majority of the mucus layer in the 

colon (37). There are two types of mucus organizations in the GI tract: the colon is comprised of 

two mucus layers, an inner and an outer, whereas the SI only contains a single layer (37). Notably, 

the singular mucus layer in the SI is very loose and unattached, similar to the outer layer of the 

colon (38). In contrast, the colon’s inner layer of mucus is “firmly” attached to the epithelial cells 

and is normally less penetrable to bacteria under homeostatic conditions (38). This layer is 

continuously renewed by secretion from goblet cells, whereby secretion of MUC2 interacts with 

the previously secreted layer, forming large net-like structures (37, 38).  

In addition to mucin production, goblet cells also secrete other factors that contribute to 

intestinal barrier maintenance and immune protection. For instance, they secrete resistin-like 

molecule β which modifies T cell mediated immunity and trefoil factor 3 (TFF3) which promotes 

epithelial restitution after mucosal injury (39). They can also acquire soluble antigens from the 

intestinal lumen and deliver them to dendritic cells (32).  

Enteroendocrine cells (EECs) are secretory cells that release hormone peptides, 

regulating digestion and motility of the gut (40). Although they make up less than 1% of the total 

epithelial lineages, EECs represent the largest endocrine organ in the body (40, 41). Notably, EECs 

comprise 12 known subtypes that arise from a common enteroendocrine progenitor (42). 

Historically, these subtypes were identified based on a “one-cell one hormone” notion where one 

subtype was presumed to only produce one hormone (42). For instance, M cells were named based 

on their secretion of motilin, whereas L cells were named based on their containment of large 

vesicles (42). Now with scRNAseq, a greater understanding of EEC diversity shows overlap 

between secreted hormones (42). To date there are 20 known EEC-derived peptide hormones that 

mediate gut function, with variable expression patterns along the GI tract (42). In the colon, EECs 

produce serotonin, glucagon-like peptide, insulin-like peptide, and neurotensin (42). 

Paneth cells are a secretory lineage unique to the epithelium of the SI. They are located at 

the base of intestinal crypts, interspersed between Lgr5+ ISCs (32). Paneth cells are abundant 

secretors of antimicrobial peptides and proteins like defensins, C-type lectins, lysozymes, and 

phospholipases, playing important roles in host-defense and mediation of innate immunity (32, 
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43). These factors will protect against infections from enteric pathogens, as well as shape the 

composition of the commensal microbiota (43). Given their abundant secretory role, hallmarks of 

Paneth cell ultrastructure resemble that of professional secretory cells, including an extensive 

endoplasmic reticulum and Golgi network with apical clustering of secretory granules (43, 44). 

Paneth cells also differ from all other specialized epithelial cell lineages, during differentiation 

they migrate  downwards and settle in the crypt, rather than up the crypt-villus axis (44). The 

lifespan of the Paneth cell is also quite long-lived, persisting for up to a month compared to other 

lineages that live only 3-5 days (44). In addition to antimicrobial production, Paneth cells also play 

a vital role in SI epithelial renewal and ISC regulation. Due to their positioning adjacent to ISCs, 

they secrete many factors that help maintain the proliferative capacity and stemness of ISCs. 

Paneth cells secrete EGF, Wnt3, and Notch ligand Dll4, all core components of ISC maintenance 

(7, 32, 45).  

Deep crypt secretory (DCS) cells are a population of secretory cells unique to the colon 

and fulfill functions similar to Paneth cells of the SI. They are marked by Reg4+ and located within 

the ISC niche, intermingled between Lgr5+ ISCs. Like Paneth cells, they contribute to the 

maintenance of Lgr5+ ISCs by secreting EGF and expressing Notch ligands (46).  Ablation of DCS 

cells through diphtheria-toxin (DT) injection in Reg4DTR mice results in progressive loss of stem 

cells from the colonic crypts. However, Lgr5+ ISCs were able to recover upon arrest of DT 

administration  (46).  It should also be noted that unlike Paneth cells, DSC cells do not produce 

Wnt3, but there is evidence that stromal cells surrounding the crypt provide a source of Wnts, 

contributing to colonic ISC maintenance (Reviewed in section 1.5) (46, 47).  
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Tuft cells are a rare chemosensory epithelial lineage making up 0.4% to 2% of the intestinal 

epithelium (48). Characteristically, their microvilli are gathered in “tuft” like structures, extending 

apically into the lumen (49). The role of tuft cells remained unclear until recent years, where three 

independent reports identified them as prominent players in type II immunity, specifically against 

parasitic helminth and protozoa infections (50–52). Tuft cells are the sole source of IL-25, a 

cytokine essential in the response to parasites as this signal recruits and promotes the expansion of 

type II innate lymphoid cells (ILC2s) (50–52). ILC2s then secrete IL-13, a prominent cytokine in 

the “weep and sweep” response to parasitic infection. Notably, IL-13 secretion will also act on 

epithelial progenitors to promote lineage specification of tuft and goblet cells, resulting in a 

positive feedback circuit between tuft cell and ILC2 signaling (48, 49, 53). Therefore, disruption 

of tuft cell formation leads to impaired type II immune response and delayed parasite expulsion.    

Figure 3. Hierarchy of epithelial cell lineage differentiation within the small intestine and colon. Beginning with 

the Lgr5+ ISCs, they will differentiate into transit amplifying cells comprised of absorptive and secretory progenitors. 

Following they will differentiate into one of six epithelial lineages (SI: Enterocytes, Tuft cell, Goblet cell, Paneth cell, 

Enteroendocrine cell, M cell (not depicted), Colon: Enterocyte, Tuft cell, Goblet cell, Enteroendocrine cell, Deep 

secretory cell (not depicted) and M cell (not depicted). Adapted from (2). 
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1.4 Stem cell niche: stromal-epithelial crosstalk  

The stem cell niche and subepithelial microenvironment are essential regulators of 

intestinal epithelial regeneration. Given the coordination of proliferation and differentiation events 

within the crypt compartment, strict signaling gradients are required to dictate epithelial fate (11). 

These signaling gradients are provided by subsets of stromal cells that form a dense network 

underneath the intestinal epithelial monolayer. They will communicate bi-directionally through 

soluble mediators to maintain the ISC niche and differentiated epithelial lineages under 

homeostatic conditions (11). Together, stromal cell subsets and epithelial cells engage in a 

crosstalk through three major signaling pathways: Wnt, Bone morphogenic protein (BMP), and 

Hedgehog (Hh), as well as cell-cell signaling through Notch pathways to regulate ISC proliferation 

and differentiation (26, 47).  

1.4.1 Wnt and R-spondin signaling pathways  

The Wnt signaling pathway is evolutionarily conserved across many biological processes, 

ranging from embryonic development to homeostatic maintenance of adult tissue (54). In the 

context of the intestine, Wnt signaling is a major regulator of Lgr5+ ISC proliferation and stem cell 

maintenance (45, 55). Wnt concentration therefore follows a gradient along the crypt-villus or 

crypt axis in which the signal is highest at the base of the crypt, and slowly decreases up the axis 

(56). In the small intestine, this gradient is maintained through Wnt secretion of Paneth cells 

interspersed between ISCs, as well as stromal cells directly adjacent to stem cells located at the 

base of the crypt (56). However, in the colon, Wnt signaling is primarily secreted by surrounding 

stromal cells (discussed further in section 1.5) (56).   

In the canonical pathway, Wnt signaling relies on β-catenin as a primary signal transducer 

to activate downstream signaling events (54). Under steady state, when no Wnt signaling is 

present, β-catenin signaling is inactive due to its degradation by a “destruction complex” composed 

of Axin, Adenomatous polyposis coli (APC), and glycogen synthase kinase (Gsk3). Together, this 

complex facilitates β-catenin ubiquitination, targeting it for proteasomal degradation (Figure 4A) 

(54). However, under active Wnt signaling, Wnt binds to the Frizzled (Fz) receptor, initiating a 

cascade that inactivates the destruction complex (Figure 4B). This allows for stabilization and 

accumulation of β-catenin in the cytoplasm, and eventual translocation in the nucleus (54). Once 

translocated, β-catenin will co-operate with the transcription factor, TCF4, forming the TCF4/β-
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catenin complex, where together they promote the transcription of genes essential for ISC 

proliferation, including additional Wnts (55, 57). Canonical Wnt signaling has undoubtedly the 

most important influence on maintaining the undifferentiated state of ISCs. For instance, knocking 

out the main effector of the Wnt pathway, TCF4, leads to complete loss of ISCs (58). Likewise, 

epithelial specific deletion of β-catenin results in the loss of the intestinal epithelium within six 

days of ablation (59). Conversely, constitutive activation of β-catenin in ISCs or mutation of the 

APC destruction complex induces hyperproliferation of the intestinal epithelium (60). Taken 

together, these studies demonstrate the critical role Wnts play in maintaining ISC function and 

controlling homeostatic levels of stem cell proliferation.  

In addition to Wnts, the signaling pathway also requires agonists known as R-spondins 

(RSPO). The signal strength of Wnts relies on the ability for the Fz receptor to accumulate at the 

cell surface (57). However, activity of membrane bound ubiquitin ligases RNF43 and ZNF3 

mediate ubiquitination, internalization, and degradation of the Fz receptor. RSPOs mediate a 

secondary ligand-receptor interaction with LGR receptors, binding together with RNF43/ZNF3, 

preventing Fz from being degraded (57). Thus, RSPO is referred to as a potentiator of Wnt 

signaling by allowing it to bind to Fz and maintain a prolonged signal transduction (57).  
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Figure 4. Inactive and active canonical Wnt signaling cascade. (A) When Wnt is not present, β-catenin becomes 

phosphorylated by the “destruction complex” made up of Axin, APC, and Gsk3. β-catenin is therefore targeted for 

ubiquitination and proteasomal degradation. (B) When Wnt is present, it binds to the Frizzled (Fz) receptor initiating 

the inactivation of the destruction complex. Following, β-catenin accumulates within the cytoplasm and translocates 

to the nucleus where it will bind to the TCF4 transcriptional factor, promoting transcription of Wnt target genes. When 

RSPO is present, it will bind to the LGR receptor and sequester RNF43/ZNF3 preventing Fz receptor degradation, 

potentiating Wnt signaling. Adapted from (57).  

1.4.2 BMP signaling pathway  

Contrary to Wnts, BMP signaling is responsible for inhibiting ISC expansion, and instead, 

promoting lineage specification of progenitors into terminally differentiated epithelial cells. The 

gradient of BMP signaling is opposite to Wnts: that is, the signal is most concentrated at the top 

of villi or apex of crypts and decreases towards the crypt base (47). The BMP gradient is 

maintained through high secretion of BMP ligands from stromal cells surrounding the villi or crypt 

apex, with other stromal populations secreting BMP inhibitors (BMPis) at the crypt base (61). 

Major BMPis include Grem1, Grem2, Chordin-like 1, and Noggin (61).  

BMPs are signaling proteins belonging to the tumour growth factor (TGF)-β superfamily. 

They signal through serine/threonine kinase receptor subtypes I and II (BMPRIs and BMPRIIs, 

respectively) (62). Upon BMP binding, in the canonical signaling pathway, BMPRIs become 

phosphorylated by BMPRIIs which results in downstream phosphorylation of several intracellular 

signaling transducers, SMAD 1, 5, and 8 (pSMAD1/5/8). This results in the formation of a 

complex with SMAD4, and together they enter the nucleus to induce transcription of BMP target 

genes (62) (Figure 5).  

The roles of BMP signaling are two-fold: they are required for (1) controlling the levels of 

ISC proliferation and (2) the maturation of certain epithelial lineages. It has been well described 

that BMP restricts intestinal epithelial hyperproliferation. In humans, germ line mutations in BMP 

type I receptor, BMPRIA, or the SMAD4 signal transducer can result in juvenile polyposis 

syndrome, causing the formation of ectopic epithelial invaginations and increased risk of colorectal 

cancer (63). These phenotypes are recapitulated in mice with overexpression of BMP inhibitor, 

Noggin, or deletion of BMPR1A, resulting in formation of ectopic crypts along with expansion of 

Lgr5+ stem cell pools. This suggests that BMP signaling restricts stemness of Lgr5+ ISCs (63, 64). 

However, in addition to hyperproliferation, inhibition of BMP signaling also results in impaired 

differentiation of the secretory lineages like goblet cells, Paneth cells, and EECs (65). In an 

epithelial specific knockout of the receptor BMPRI (Villin-Cre; Bmpr1afl/fl), there is dysregulated 
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goblet cell maturation, reduced terminal differentiation of Paneth cells, and a 75% reduction in 

EECs per crypt-villus units (65). This suggests that BMPs facilitate lineage commitment in certain 

secretory cells (65). 

Figure 5. Canonical bone morphogenic protein (BMP) signaling pathway. When BMP ligands are present, they 

will bind to a type II receptor (BMPRII) which will bind and phosphorylate a type I receptor (BMPRI). Upon these 

binding and phosphorylation events, BMPRI will recruit and phosphorylate downstream intracellular signal 

transducers: SMAD 1, 5 and 8. The phosphorylated SMAD 1/5/8 then forms a complex with SMAD4, together they 

translocate to the nucleus to transcribe BMP target genes. Adapted from (66).  

1.4.3 Hedgehog signaling pathway  

Hedgehog signaling is comprised of three major members: Indian hedgehog (Ihh), Sonic 

hedgehog (Shh), and Desert hedgehog (Dhh) (67). During embryogenesis, Shh and Ihh play a 

significant role in gut tube patterning and villus formation (68). However, in the adult SI and colon, 

Hh signaling is dominantly driven by secretion of Ihh with nearly undetectable levels of Shh (67). 

Unlike Wnt and BMP, Hh signaling is thought to occur in a paracrine fashion from differentiated 

epithelial cells to surrounding stromal cells (69). It is presumed that the stromal subsets responding 
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to Hh signals are predominantly myofibroblast and fibroblast cells, specifically localized at the 

crypt-villus junction of the SI or toward the top and upper-crypt regions of the colon (70, 71).   

Signaling of all three Hedgehog ligands occurs through the binding to the transmembrane 

receptor Patched (Ptch)-1 and Ptch-2  (67). Normally, Ptch receptors inhibit an additional protein 

Smoothened (Smo); however, Hedgehog binding to Ptch relieves the repression, activating the 

downstream signaling cascade (67). This results in the activation of transcription factors, 

Glioblastoma (Gli) 1, 2, and 3 (67) (Figure 6A).  

It is understood that Ihh signaling directly promotes differentiation of certain stromal 

subsets. Indeed, epithelial-specific Ihh deletion through Villin-Cre; Ihhfl/fl mice resulted in the loss 

of αSMA+ myofibroblasts at the base of the intestinal crypt (72). Conversely, constitutive 

activation of Ihh signaling through Ptch1fl/fl; RosaCreERT2 mice caused accumulation and 

overexpression of myofibroblasts (70). However, in addition to regulation of the stromal 

compartment, Hh also indirectly acts on homeostatic maintenance of ISC proliferation (67). 

Epithelial deletion of Ihh through Cyp1aCreIhhfl/fl mice resulted in a proliferative response of the 

intestinal epithelium, with lengthening of crypts and increased Wnt signaling. This is because there 

was a reduction of BMP signaling to the epithelium, likely due to the reduced level of stromal 

subsets through lack of Ihh (71). Conversely, Ihh overexpression through constitutive activation 

of Hh signaling pathway causes stromal cell accumulation and epithelial precursor depletion (70) 

(Figure 6B).  
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Figure 6. Hedgehog signaling pathway and negative feedback loop on ISC proliferation. (A) All three Hedgehog 

ligands (Sonic Hedgehog, Indian Hedgehog, and Desert hedgehog) signal through binding of transmembrane receptor 

Patched (Ptch)-1 and Ptch-2. When Hedgehog is not present, Ptch receptors inhibit Smoothened. However, when 

hedgehog is present, it will bind to Ptch and relieve its repression of Smo activating downstream transcription factors 

Glioblastoma 1, 2, and 3. Adapted from (67). (B) Hedgehog signaling from differentiated epithelial cells induces 

BMP-secretion of adjacent stromal cells. BMP will then go on to inhibit Wnt signaling to mediate ISC proliferation. 

Loss of Ihh results in proliferation of the intestinal epithelium, lengthening crypts and increased Wnt signaling.  

1.4.4 Notch signaling pathway  

Notch signaling occurs through cell-cell interactions, where one cell presents a Notch 

ligand (Delta, ex. DLL1 or DLL4) to an adjacent cell expressing a Notch receptor (ex. Notch1-4) 

(20, 73). Both the ligand and receptor are transmembrane proteins; therefore, Notch signaling acts 

within a short range and requires direct membrane contact between the two cells (7). Upon ligand-

receptor signaling, Notch intracellular domain (NICD) is released by γ-secretase and translocates 

to the nucleus. Nuclear NICD then binds to the transcription factor CSL which initiates 

transcription of Notch target genes (73). The Notch pathway regulates two critical functions in 

intestinal epithelium homeostasis: (1) mediating the balance between progenitor fate of absorptive 

versus secretory lineages and (2) maintaining the stem cell pool (74).  

Notch signaling will regulate absorptive and secretory differentiation through transcription 

factors, Hes1 and Atoh1 (73). A critical determinant of secretory fate is expression of the 

transcription factor Atoh1. However, downstream of Notch activation, transcription of target gene 

Hes1 becomes upregulated and directly inhibits Atoh1 activity. Thus, Notch activation pushes cells 

into an absorptive fate and blocks differentiation into the secretory lineage (74). Constitutive 

A B 
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activation of the Notch pathway through epithelium specific NICD transgene expression results in 

a complete loss of secretory cells (75).  

Notch signaling results in a binary “on” and “off” system known as lateral inhibition, 

whereby cells directly adjacent to one another have opposite fate (20). A cell expressing Notch 

ligand (Delta) will have the capability to activate Notch signaling in neighboring cells. However, 

the cell receiving the Notch signaling will repress its own production of Delta, rendering them 

unable to activate Notch in other neighboring cells (74) (Figure 7). Therefore, through lateral 

inhibition in the TA compartment, cells with activated Notch signaling will differentiate into the 

absorptive lineage and limit activation of Notch in neighboring cells, pushing them to a secretory 

lineage (74). 

Notch signaling also promotes proliferation, thus Lgr5+ ISCs are generally Notch-high. 

Within the stem cell compartment Paneth cells will express Notch ligands DLL4 and DLL1, 

inducing Notch activation in ISCs (74).  However, a finding showed that Paneth cells were 

dispensable in vivo, likely indicating other sources of Notch ligands are available to support ISC 

maintenance (76).  

Figure 7. Notch signaling and lateral inhibition in stem cells and TA compartment. Notch signaling occurs 

through cell-cell contact and becomes initiated through expression of Delta ligand. Delta ligand will bind to the Notch 

receptor on an adjacent cell. Within the adjacent cell γ-secretase will cleave the Notch intracellular domain (NICD) 

allowing it to translocate to the nucleus. Here, nuclear NICD relieves repression of Notch target genes, for instance 

Hes family genes. Notably Hes expression determines the final fate of the cell: proliferation in the case of a 

stem/progenitor cell or differentiation between absorptive or secretory phenotype in TA cells. Adapted from (74).  
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1.5 Stromal cells   

Stromal cells are characterized as a group of non-hematopoietic, non-epithelial cell types 

that make up and maintain connective tissue throughout the body (3). Within the intestinal 

connective tissue, stromal cells reside in the lamina propria between the intestinal epithelial 

monolayer and smooth muscle layers (47, 77). Notably, the term stromal cell encompasses a vastly 

heterogeneous and plastic population of subtypes (78).  

Historically, understanding the heterogeneity of these populations was limited, due to 

reliance on less advanced imaging techniques and ambiguous molecular markers. Thus, the 

classification of stromal cell subsets was of low resolution, where fibroblasts, myofibroblasts, and 

pericytes were the only well-defined populations (3). A major issue in distinguishing between 

stromal subsets lies within the significant overlap of their molecular marker expression, preventing 

adequate delineation of cell-type specific functions (79, 80).  Only recently, insight into the cellular 

composition of the stromal compartment has significantly improved due to the increased 

accessibility to single-cell RNA sequencing (scRNA-seq), Cre-driver mouse models, fine-

resolution microscopy, organoid co-cultures, and fluorescence-activated cell sorting (FACS) (11). 

Currently, stromal cells are characterized into more refined subsets including fibroblasts, 

myofibroblasts, trophocytes, telocytes, and pericytes (78). However, discovery of new stromal 

subsets continues, and these broad classifications are dynamically changing.  

Each population has a relatively distinct localization, function, and phenotype within the 

intestinal lamina propria. Specifically, myofibroblasts, telocytes, and trophocytes are increasingly 

recognized as important sources of Wnts, RSPOs, BMP ligands and antagonists (11, 78, 81). 

Together, they create gradients of these deterministic signals to orchestrate the architecture of the 

ISC niche and epithelial lineage differentiation along the crypt-villus or crypt axis (11). Notably, 

our understanding of the cellular sources creating the BMP gradient along the crypt-villus axis is 

much more well defined than our understanding of Wnt signaling. Recently, McCarthy et al. 

demonstrated two spatially distinct cell populations at opposite ends of the crypt axis, whereby 

one population provides BMP ligands at the villi or crypt-apex, and the other opposes these signals 

with BMP inhibitors at the crypt base (78). However, the specific cellular sources of Wnt ligands 

and inhibitors continues to be debated. There is an increased understanding of the redundancy 

within Wnt signaling sources, as several stromal subsets show ability to secrete canonical and non-
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canonical Wnts. Thus, the cellular basis for Wnt signal polarity continues to be uncovered 

(discussed in sections below) (82).  

Overall, much progress has been made in understanding the intestinal stromal composition 

under homeostasis in recent years; however, more studies are still necessary to elucidate the role 

of stromal subsets in modulating damaged epithelium under inflammatory and infectious 

conditions.  

1.5.1 Fibroblasts 

Intestinal fibroblasts are the dominant stromal cell population dispersed throughout the 

connective tissue of the lamina propria (3, 11). They are phenotypically non-contractile cells and 

a central producer of the extracellular matrix (ECM) components contributing to tissue structure 

and maintenance (3). Morphologically, fibroblasts are observed to have two distinct phenotypes 

depending on their activation state. At rest, they are spindle shaped with slender cytoplasmic 

processes. However, when activated, their cytoplasm becomes enlarged through an abundant 

rough endoplasmic reticulum and prominent Golgi, preparing for the synthesis of ECM molecules 

like collagens, proteoglycans, and fibronectin (3, 11)  

Historically, the molecular markers used to identify intestinal fibroblasts were CD90 and 

vimentin, with the absence of desmin and alpha smooth muscle actin (αSMA) (3). Since then, 

vimentin has been understood as a pan-fibroblast marker, and such identification methods for 

fibroblasts was not discriminatory for the other smaller stromal subsets. More recently, expression 

level of platelet-derived growth factor receptor alpha (PDGFRα) has been used to help distinguish 

stromal subsets in conjunction with defining markers. It is understood that there is increased 

PDGFRα expression amongst stromal cells located near the villus and crypt apexes, while 

PDGFRα expression decreases moving down the crypt axis (78). Indeed, while there is currently 

no widely accepted form of defining fibroblasts yet, an improved method proposed by McCarthy 

et al. is identifying the known stromal subsets then sub-setting out PDGFRαloCd81- cells (11, 78).  

1.5.2 Myofibroblasts  

Myofibroblasts are frequently described as sharing phenotypic characteristics of both 

fibroblasts and smooth muscle cells (47). Morphologically they are thin, spindle-shaped cells, 

located adjacent to the intestinal epithelium and lining the entire crypt-villus or crypt axis (3). 

Owing to their characteristic as intermediaries between fibroblasts and smooth muscle cells, they 
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express pan-fibroblast markers like vimentin and CD90, but are distinguished from fibroblasts 

through their expression of smooth muscle markers like αSMA+ and heavy chain myosins (ex. 

Myh11) (83, 84). Notably, myofibroblasts are distinct from smooth muscle cells, as they lack 

expression of smooth muscle marker desmin, and the extent of αSMA expression is at a much 

lower level compared to the submucosal muscle cells (85).  

Historically, myofibroblasts were regarded as the dominant stromal source of many trophic 

factors like Wnts, BMPs, and BMPi to maintain the intestinal epithelium (3). However, in recent 

years, new findings uncovered several additional niche subsets as dominant and alternative sources 

for these trophic factors. For instance, in 2007 Kosinki et al. initially identified myofibroblasts and 

smooth muscle cells underlying the crypt as the cellular sources for BMP inhibitors, Grem1, 

Grem2, and Chordin-like-1 (61). However, new evidence reveals trophocytes, a stromal subset 

closely associated with the stem cell niche, to be the dominant producers of Grem1 (discussed in 

section 1.5.4).  

Similarly, myofibroblasts were also speculated as an essential stromal source of Wnts for 

the maintenance of ISCs. Lei et al. previously demonstrated that subepithelial myofibroblasts, 

when cultured in vitro with small intestine organoids, were able to support ISC growth through 

expression of Wnts and Rspondin-1 without supplementation (86). However, it is argued that 

myofibroblast-derived Wnts may be necessary but not essential for in vivo homeostatic 

maintenance of the ISC niche. For instance, San roman et al. showed that myofibroblast and 

smooth muscle cell-specific deletion of Wnt secretion through Porcn in Myh11-CreERT2 mice 

caused no significant defects in crypt cell proliferation, differentiation, or Wnt target-gene 

expression (87). Thus, there are likely several cellular sources of Wnts and R-spondins, with 

certain overlaps and redundancy.   

1.5.3 Telocytes 

Improvements in resolving the cellular composition of the stromal compartment has 

allowed for identification of rarer subsets like telocytes (88). Telocytes lie directly under the 

intestinal epithelium and are embedded in the basement membrane, enveloping the crypt-villus 

axis of the small intestine, and the crypt axis of the colon (11). Morphologically, they are 

recognized as long, thin expansive cells with telopodes extending hundreds of micrometers, 

allowing one telocyte to be in close contact with dozens of epithelial cells (89–91).  
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Several groups have independently identified such cells, with various markers used to 

characterize them including Foxl1+, PdgfrαHigh, Gli1+, and Cspg4+ (81, 82, 92, 93). Notably, few 

of these markers are truly restricted to this stromal subset and are often used in combination with 

microscopy to assess their localization and morphology. While the population of Foxl1+Pdgfrαhi 

telocytes are distributed rather homogeneously along the crypt-villus axis, they tend to concentrate 

at higher numbers in the crypt-villus junction of the SI or middle of the colonic crypt (78, 91). 

Numerous studies pinpoint telocytes as critical sources for trophic factors involved in both 

crypt maintenance and epithelial cell differentiation. For instance, telocytes are an important 

cellular source of canonical Wnts (Wnt2b) and non-canonical Wnts (such as Wnt4, Wnt5a, and 

Wnt5b). In Foxl1-hDTR transgenic mice, diphtheria toxin-mediated ablation of Foxl1+ telocytes 

resulted in shortening of the total SI and colon length, reduced jejunal villus and colonic crypt 

length, accompanied by dramatic reduction in epithelial proliferation (81). Additionally, upon 

Foxl1+ telocyte ablation, nuclear β-catenin levels were greatly reduced in crypts, indicating  the 

loss of canonical Wnt signaling activity (81). Indeed, Foxl1+ telocytes are required for ISC niche 

maintenance and proliferation. Follow-up studies with Foxl1+ cell  specific deletion of Wnt 

secretion using Porcnfl/fl mice  resulted in impaired proliferation of ISCs (91). Surprisingly, despite 

their essential role in ISC niche maintenance, when telocytes were isolated and co-cultured with 

intestinal crypts, they were unable to maintain organoid growth (78). In addition to Wnts, telocytes 

are dominant producers of BMPs (like Bmp2/4/5 and the sole source of Bmp7) contributing to the 

maintenance of the BMP gradient, and thus epithelial cell differentiation (78). As telocytes are 

distributed throughout the crypt-villus axis at various densities, their role at the villus tips of the 

SI and crypt apex of the colon is not well characterized. It is speculated that they could play a role 

in anoikis; however, this still remains to be explored (78).  

1.5.4 Trophocytes  

 The most recently identified stromal cell population are trophocytes, located at the base of 

the intestinal crypt compartment in close contact with ISCs (78). They are sub-setted out from 

PDGFRα+ cells  as PDGFRαlo expressors, and further differentiated from PDGFRαlo fibroblasts 

through the expression of CD81+ (78). In conjunction with their close proximity to the stem cell 

niche, trophocytes directly support the maintenance of ISCs. Notably, they are prominent 

producers of the BMP inhibitor, Grem1 and counteract the gradient of BMPs generated from 
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telocytes. Such counteracting gradient helps maintain stemness of the compartment and 

proliferative capacity of ISCs, simultaneously inhibiting pro-differentiation BMP signals. Their 

capacity to support ISC growth and stemness is further validated by co-cultures of trophocytes 

alone with organoids. Here, selective omission of organoid cocktail media – Wnt, Rspo1, BMPi, 

and EGF still resulted in ISC survival. This is because trophocytes are known producers of 

canonical Wnt ligand, Wnt2b, as well as Rspo1 and Rspo2, that help maintain stemness of ISCs 

(78). Although the identification of trophocytes is extremely recent, this stromal subset was also 

similarly described by at least two other independent groups (94, 95).  

Figure 8.  Intestinal stromal subset localization and distribution within the crypt compartment. The stromal 

compartment within the intestinal lamina propria contains several well-defined subsets including myofibroblasts, 

telocytes, fibroblasts, trophocytes, and pericytes. Myofibroblasts and telocytes (green) underlie the intestinal 

epithelium throughout the crypt-villus axis of the SI and the crypt axis of the colon. Fibroblasts (orange) are broadly 

distributed throughout the lamina propria. Trophocytes (red) are concentrated at the base of intestinal crypts, secreting 

BMPi like Grem1 to promote Wnt signaling and the ISC niche.  Pericytes (light blue) line the lymphatic and blood 

vessels. Myocytes (dark blue) lie parallel to the smooth muscle layer.  
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1.6 Disruption of homeostasis during intestinal inflammation and infection  

 As previously reviewed, the intestinal environment is tightly regulated under homeostasis. 

However, this balance can be skewed through exposure to intestinal pathogens, insult, or injury, 

risking the destruction of mucosal and epithelial barriers and exposing host tissue to the harsh 

luminal environment. The intestine must therefore be equipped with appropriate repair 

mechanisms. While many have investigated the epithelial and immune responses to intestinal 

disruption, little is known about how the intestinal stromal compartment aids in the response to 

infection and inflammation. Several examples of inflammatory diseases and infectious models 

relevant to our work are described below.  

1.6.1 Inflammatory Bowel Disease  

Inflammatory bowel disease (IBD) is a chronic inflammatory disease of the GI tract with 

two main forms: Crohn’s disease and ulcerative colitis (UC) (96). In recent years, many advances 

have been made in understanding the etiology of IBD. Susceptibility of a host is suspected to be a 

combination of genetic predisposition, microbial factors, environmental factors, and immune 

mediated tissue damage (97).  

While they are both forms of IBD, Crohn’s disease and UC differ in their localization and 

pathophysiology. Crohn’s disease affects any part along the GI tract from the mouth to the anus; 

however, most cases involve the ileum and colon (97). A key histopathologic characteristic for 

Crohn’s is transmural inflammation, meaning it can affect all layers of the intestinal wall – 

beginning from the mucosa and penetrating into the serosa (98). Consequently, the clinical 

manifestations include abdominal pain, fever, diarrhea with blood and/or mucus, and clinical signs 

of bowel obstructions (96, 99).  In contrast, UC is restricted to the colon, generally beginning at 

the rectum and extending proximally through the colon (96). Histopathologically, UC is confined 

to the mucosa and submucosa, resulting in extensive superficial mucosal ulcerations with 

significant infiltration of neutrophils to the colonic crypts (96, 98). Symptoms of the disease may 

manifest as bloody diarrhea, rectal bleeding, abdominal pain during bowel movements, weight 

loss, and fatigue (96).  

Barrier function is crucial to the maintenance of intestinal homeostasis. However, in IBD 

patients increased intestinal permeability and defects in barrier function are highly prevalent (100–

102). Analysis of human IBD biopsies indicated decrease of junctional proteins like E-cadherin 
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and β-catenin, resulting in reduced integrity of the mucosal barrier (96). The widely believed 

hypothesis is that in genetically susceptible individuals, epithelial barrier disruption instigates the 

disease. A subsequent loss of immune tolerance to intestinal antigens triggers a cascade of pro-

inflammatory immune responses (89).  

While the intestinal epithelium and immune system are highly implicated in the response 

to IBD, recent reports also suggests that IBD induces structural remodeling of the stromal 

microenvironment in response to chronic inflammation (80, 103). Kinchen et al. demonstrated 

significant and consistent alterations in the stromal microenvironment of DSS-treated mice and 

IBD patient biopsies compared to healthy controls (80). Through scRNAseq, they identified 

specific stromal populations that correlated with healthy versus inflammatory status. Specifically, 

under homeostasis they identified a niche CD142+SOX6+ stromal population. This population was 

enriched with essential Wnt genes, localized in proximity to intestinal crypts, and believed to 

maintain the crypt compartment. However, under inflammatory conditions the stromal 

compartment underwent a significant remodeling event with a decline of CD142+SOX6+ cells, 

accompanied by an upregulation of a pro-inflammatory Il33+CCL19+ stromal population secreting 

IL-6 and TNFSF14. This pro-inflammatory stromal response also promoted increased T-cell 

recruitment, redox imbalance, and epithelial barrier breakdown (80).  

Similarly, through scRNAseq analysis and genome-wide association studies, Smillie et al. 

mapped cell types associated with UC, noting significant remodeling events of the stromal, 

epithelial, and immune environment under chronic inflammation (103). Within the stromal 

population, they observed significant expansion of a stromal subset they have termed 

inflammatory-associated fibroblasts, which expanded up to 189-fold in the inflamed tissue of UC 

patients (103).  This population is marked by many genes associated with colitis, fibrosis, and 

cancer, like Il11, Il24, and Il13ra2. In addition, the stromal remodeling event was accompanied by 

epithelial and immune cell remodeling. Specifically, UC patient samples showed an expansion of 

a microfold-like cell population which highly expressed chemokines CCL20 and CCL23, 

suggesting involvement in immune cell recruitment. Likewise, there was an expansion of CD8+IL-

17+ T cells and Tregs
 which provided major sources of Il-17 and TNF, respectively (103). Together, 

these data show significant remodeling events occur in the intestinal lamina propria during 

inflammatory conditions.  
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1.6.2 Enteropathogenic and enterohemorrhagic Escherichia coli  

Escherichia coli is a Gram-negative bacterium belonging to the Enterobacteriaceae family 

(104). It exists as a dominant facultative anaerobe in the commensal microbiota of the intestine 

and is generally avirulent to a healthy host (104). However, several pathogenic E. coli strains have 

acquired virulence attributes, allowing them to cause a broad spectrum of disease in humans (105, 

106). These pathogens are categorized in six major pathotypes based on their virulence properties: 

enteropathogenic E. coli (EPEC), enterohaemorrhagic E. coli (EHEC), enterotoxigenic E. coli 

(ETEC), enteroinvasive E. coli (EIEC), enteroaggregative E. coli (EAEC), and diffusely adherent 

E. coli (DAEC) (104, 107). Specifically, EPEC and EHEC are an important cause for morbidity 

and mortality worldwide (108). They share a unique mechanism of colonization in which they 

intimately adhere to the intestinal epithelial membrane.  

EPEC colonizes the SI and causes profuse watery diarrhea. While EPEC infection is rather 

limited in developed countries, it is still a major cause for diarrhea in infants younger than two in 

developing countries (107). In contrast, EHEC is a distinct class of pathogenic E. coli infecting the 

colon rather than the SI as seen in EPEC. An additional defining feature is the production of Shiga-

toxin (Stx), a highly potent toxin that results in hemorrhagic colitis (104, 106). EHEC is also 

characterized by severe abdominal pain, accompanied by bloody diarrhea, non-bloody diarrhea, 

and hemolytic uremic syndrome (104). 

A hallmark of EPEC and EHEC histopathology is formation of attaching-and-effacing 

(A/E) lesions, whereby the bacteria intimately adhere to the epithelial surface, followed by 

effacement of the host brush border microvilli (104, 106). These A/E lesions are detectable at an 

ultra-structural level and their formation relies specifically on a conserved pathogenicity island 

called the locus of enterocyte effacement (LEE) (104). The LEE encodes a type III secretion 

system (T3SS) as well as effectors critical for pathogenesis, like intimin and translocated intimin 

receptor (Tir). During early infection, loosely adherent E. coli will translocate Tir into the infected 

enterocyte through the T3SS. Tir then acts as a receptor for outer membrane adhesin intimin.  

EPEC and EHEC strains also characteristically alter the host cytoskeleton through actin 

polymerization, forming a pedestal structure extending outward from the cell upon which the 

bacterium sits (104). Additionally, other pathology includes extensive villus atrophy and thinning 
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of the mucosal lining (105). While the infection greatly involves the mucosa and submucosa, little 

information is available on the stromal-specific response to E. coli infection.  

1.6.3 Citrobacter rodentium 

While EPEC and EHEC represent important E. coli pathotypes in human disease, these 

A/E pathogens cannot be directly modeled in mice as they are naturally resistant to infection (109). 

However, Citrobacter rodentium is a mouse-specific, gram-negative mucosal pathogen, 

considered an excellent tool to study the molecular basis and mechanisms of A/E pathogens (110). 

Specifically, C. rodentium shares several key pathogenic mechanisms with EPEC and EHEC 

including the same LEE-related genes and effectors required to form A/E lesions (109). In 

addition, C. rodentium has been used as a model to study other intestinal disorders such as IBD, 

infectious colitis, and tumorigenesis as its pathogenic characteristics involve epithelial barrier 

integrity, mucosal healing, intestinal inflammation, and epithelial hyperproliferation (110).  

Genetic background of the mice greatly influences susceptibility to C. rodentium infection 

and disease severity (111). Infection in resistant mouse strains, like C57Bl/6, leads to mild, self-

limited colitis, which is cleared after several weeks  (109). Generally, pathology is characterized 

by the thickening of the mucosa and the characteristic development of colonic crypt hyperplasia 

(CCH). CCH occurs when colonic crypts become lengthened due to extensive proliferation of TA 

cells, which typically lasts 2-3 weeks (109). In contrast, our group along with several others have 

identified multiple strains of hyper-susceptible mice that develop severe pathogeneses and 

succumb to lethal diarrhea, including C3H/HeJ, C3H/HeOuJ, FVB, and AKR/J mice (111, 112). 

Here, pathology is associated with significant CCH proliferative response of the colonic crypts 

along with poor differentiation of enterocytes and goblet cells. Loss of enterocyte differentiation 

results in impaired ion exchange, affecting electrolyte absorption and profuse diarrhea-inducing 

death (113). Through genetic linkage analysis studies, we have demonstrated that susceptibility to 

C. rodentium infection is controlled by the Cri locus on chromosome 15 which encompasses the 

Rspo2 gene (113).  

Rspo2 is one of four R-spondins (Rspo1-4) produced by the stromal compartment which 

act as potent enhancers of the canonical Wnt signaling pathway (114). In susceptible mice, a 

genetic haplotype upstream of Rspo2 drives high levels of Rspo2 signaling leading to the 

pathological activation of Wnt signaling, triggering the loss of epithelial cell differentiation (115). 
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The cellular source responsible for this event was speculated to be sub-epithelial myofibroblasts; 

however, these findings were prior to the finer resolution of the stromal cell subsets. Indeed, other 

stromal cells may be involved in mediating this hyperproliferative crypt response. Likewise, there 

is extensive remodeling of the intestinal mucosa and epithelium in response to C. rodentium 

infection, yet little is known about how the stromal cell compartment may be remodeling in 

conjunction.   

1.7 Hypothesis  

Currently, understanding of the intestinal stromal cell compartment goes beyond a passive 

structural role. As described above, heterogeneous stromal subsets provide essential signaling cues 

and structural support to the intestinal epithelium, demonstrating significant involvement in 

intestinal homeostasis maintenance. However, less is understood about stromal cell contribution 

to intestinal health during inflammation and infection. Early studies demonstrate that stromal cells 

undergo remodeling events in response to specific types of chronic intestinal inflammation, but 

more work is needed to elucidate their response to intestinal infection, and how they promote 

intestinal epithelial recovery. Therefore, we hypothesize that under infectious and inflammatory 

conditions, stromal cells contribute to intestinal remodeling and drive regenerative signaling to 

promote epithelial repair.  

Our specific aims are as follows:  

Aim 1: Analyze the response of the intestinal stromal cell compartment following enteric 

infection. 

Aim 2: Determine the ability of stromal cell secreted factors to mediate intestinal epithelial 

phenotype in inflammation and regeneration  
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CHAPTER 2: MATERIALS AND METHODS  

2.1 Experimental animals   

 Breeding and handling of DATtdTomato, Cd109 KO, ClutdTomatomPGES-1-KO, and littermate 

controls were conducted in accordance with the Canadian Council of Animal Care (CCAC) 

approved by McGill University Animal Care Committee (MUACC). Mice were anesthetized with 

isoflurane then euthanized with CO2.  

2.2 Gut Preparation   

 Colon samples were prepared for scRNAseq, as previously described. Briefly, colons were 

harvested, the feces were removed, and the colon was placed into ice-cold Gut-buffer (HBSS 

(Gibco: 14175), supplemented with 2% FCS (10 ml/500 ml), 15mM HEPES (7.5 ml/500 ml) 

(Gibco: 15630)). Following, the colon was cut into 1-2 cm pieces, placed into HBSS-EDTA buffer 

(HBSS (Gibco: 14175), 2% FCS (10 ml/500 ml), 15mM HEPES (7.5 ml/500 ml) (Gibco: 15630), 

1 g EDTA/500 ml; buffered to pH 7.3) at RT, and vortex vigorously to remove luminal contents. 

The wash was then repeated with fresh HBSS-EDTA. Colon pieces were then transferred into 5 

mL LP-digestion buffer (RPMI-1640 (Sigma: R0883), 10% FBS (50 ml/500 ml), 15 mM HEPES 

(7.5 ml/500 ml) (Gibco: 15630)). 60 µL of digestive enzyme mix (40 µL collagenase IV and 20 

µL DNAse I) was added to the LP-digestion buffer and incubated in a 37⁰C water bath for 30 

minutes. Notably, the tissue was vortexed every 15 minutes. Upon completion of the first 

digestion, the gut pieces were re-digested for another 30 minutes with fresh LP-digestion buffer 

with digestive enzyme mix. Cells were then pelleted, resuspended in 3 mL of FACS buffer, then 

live cells were sorted and collected by flow cytometry, and prepared for scRNAseq.  

2.3 scRNAseq  

 scRNAseq was completed using 10x Genomics Chromium sequencing by collaborators at 

the Stratton Laboratory. Colonic lamina propria cells were isolated and pooled from three B6.129 

mixed background mice for each group (3 uninfected, 3 C. rodentium infected). Using the Single 

Cell 3’ Reagent kit (V3.1 assay, https://www.10xgenomics.com/support/single-cell-gene-

expression), 40 000 cells were loaded on the Chromium per the manufacturer’s instructions. 

Reverse transcription (RT), cDNA synthesis and amplification, and library preparation were 

completed by collaborators in the Stratton laboratory. In brief, cells were first partitioned on a 

nanoliter-scale using barcoded Gel Bead-In-Emulsions (GEMs). Following GEM generation, Gel 

https://www.10xgenomics.com/support/single-cell-gene-expression
https://www.10xgenomics.com/support/single-cell-gene-expression
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Beads are dissolved, primers were released, and co-partitioned cells were lysed.  Cellular 

transcripts were then reverse transcribed with primers containing (1) TruSeq sequence, (2) 16 nt 

10x Barcode, (3) a 12nt unique molecular identifier (UMI), and (4) a 30 nt poly(dT) sequence, 

which becomes mixed with the cell lysate and Master Mix containing RT reagents. The incubation 

resulted in barcoded, full-length cDNA from poly-adenylated mRNA. Following, Silane magnetic 

beads were used to purify the cDNA from the RT reaction mixture, then cDNA was amplified 

through PCR, generating a library. Sequencing was performed using NovaSeq 6000 S4 PE 100bp, 

resulting in a final output of on average, 20 000 reads/cell, which are then processed using 10X 

Genomics Cell Ranger. FASTQs output were aligned to the mouse GRCm38.p5 reference genome. 

Each sample has been assigned Gene-Barcode matrices by counting UMIs and filtering non-cell 

associated barcodes. Finally, Seurat V4.0.6 R toolkit was used for quality control and downstream 

analysis of the single cell RNAseq data. Each Seurat object was identified with default parameters 

(min. cells = 3, min. features = 200) and low-quality cells were excluded based on gene counts and 

% of mitochondrial genes (downstream analyses were performed on cells with gene counts 

between 200 and 2500, and mitochondrial genes < 5%). Gene expression was log normalized to a 

scale factor of 10 000. Both Seurat objects (uninfected and infected) were then integrated as 

previously described in Stuart, Butler at al. 2019 (116).  

2.4 C. rodentium infection  

Prior to the infection, chloramphenicol resistant C. rodentium was grown in 3 mL of Luria-

Bertani (LB) broth overnight at 37⁰C with shaking. Mice were infected by oral gavage with 0.1 

mL of LB broth containing 2-3 x108 CFU of bacteria. They were monitored daily and weighed 

every two days. The DATtdTomato mice were harvested on days 6 and 13, the Cd109 WT and KO 

mice were harvested on day 13. To evaluate the infectious burden of Cd109 WT and KO mice, 

their feces were collected at d4, d6, and d12 timepoints post infection, serially diluted in PBS, and 

plated onto MacConkey agar supplemented with chloramphenicol. The Petri dishes were incubated 

at 37⁰C, and colonies were counted on the following day. Infected mice with no detectable 

colonization were removed from the experiment. Percent body weight and CFU were graphed 

using GraphPad prism v 9.2.  
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2.5 Lineage tracing experiments in irradiated intestine of mice   

 Lineage tracing of Clu+ cells and progeny was initiated with TAM injection in ClutdTomato 

mPGES-1 WT and KO mice. On d1 ClutdTomato cells were marked with 2.5 mg TAM injection, 

followed by whole body irradiation on d2 at 12 Gy using X-RAD SmART Irradiator. On d7 the 

small intestines were collected and fixed in 10% buffered formalin for FFPE processing. 

2.6 DSS treatment  

 Mice were administered 2.5% DSS (Alfa Aesar, J63606) in their drinking water. The mice 

were treated with DSS for 5 days, then switched to normal drinking water until euthanized. Their 

weights were monitored daily, and mice were euthanized when body weight dropped below 80% 

of their starting weight.  

2.7 Primary stromal cell cultures  

 Primary stromal cells were isolated from the SI of 3–4-week-old, C57BL/6 background 

mice. Mice were euthanized and the midsection of the SI was harvested and placed in cold 

phosphate buffered saline (PBS). Using a syringe, the interior of the intestine was flushed with 

cold PBS to remove luminal contents. Next, the tissue was opened longitudinally and washed four 

times with cold PBS, refreshing with new PBS each wash. The tissue was then placed in a 5 mM 

PBS-EDTA solution, incubated at 4⁰C with horizontal shaking for 40 minutes, transferred into a 

50 mL conical tube containing PBS. The tube was thoroughly agitated to detach the epithelial 

crypts. This was repeated two more times, discarding the supernatant, and refreshing with new 

PBS each time, until the tissue was floating in solution – indicating that the intestinal crypts were 

dissociated. Next, the tissue was shredded into small fragments using a scalpel and incubated in 5 

mL of Advanced DMEM-F12 medium (Gibco, 11995-065) containing 50 µg/L Liberase (Sigma 

Aldrich, 5401135001) at 37⁰C for 50 minutes. The tube was agitated through manual shaking 

every 10 minutes. An additional 5 mL of Adv. DMEM/F12 + 10 % FBS was added to neutralize 

the Liberase. The contents were then centrifuged for 5 minutes at 167 RCF and was resuspended 

in 10 mL of Advanced DMEM/F12 (Gibco, 12634-010) supplemented with 2 mM GlutaMAX 

(Gibco, 35050-061), 10 mM HEPES (Gibco, 330-050-EL), 10% FBS, 100 U/mL Penicillin/100 

μg/ml Streptomycin (Wisent, 450-201-EL). Following, the cells were transferred into a 60 mm 

dish (Corning) and incubated at 37⁰C with 5% CO2. The next day the media was changed, and 
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subsequently the cells were passaged and split when they reached 80-90% confluency. For 

stimulations, 200,000-300,000 cells/well were seeded in a 12 well plate.  

2.8 Immunohistochemistry and immunofluorescence  

Immunohistochemistry (IHC) and Immunofluorescence (IF) staining was completed on SI 

and colon tissue that was formalin-fixed paraffin-embedded (FFPE), then cut into 5 µm cross 

sections.  

To complete the IHC stainings, slides were first deparaffinized with xylene and then 

gradually dehydrated in ethanol (progressing from 100%, 90%, then 80% solutions). Antigen 

retrieval was completed in a vegetable steamer (Hamilton Beach, 37530C), where slides are first 

dipped into boiling dH2O for 10 seconds, then transferred to a 1x solution of citrate buffer (Sigma 

Aldrich, C9999) (pH 6). Slides were then transferred into a 3% solution of H2O2 for 15 minutes to 

remove endogenous peroxidase activity, then rinsed with PBS. A hydrophobic barrier was drawn 

circling the tissue using the ImmEdge hydrophobic pen (Vector Laboratories, H-4000), then 

incubated in a 1%-bovine albumin serum (BSA)-PBS solution for 2-2.5 h in a humidity chamber 

to block nonspecific antibody binding to the sample. This was followed by the primary antibody 

incubation overnight at 4⁰C. The next day, the slides were washed for 20 minutes in an EasyDip 

™ Slide Staining Jar (Fisher Scientific, 5300) filled with PBS, with manual shaking every 5 

minutes. The wash step was repeated 2 additional times. The tissue was then incubated with a 

detection antibody (Anti-rabbit envision secondary antibody, refer to table 1) for 1.5 h in a 

humidity chamber. Slides were washed with PBS three times, as previously indicated. DAB colour 

development solution (Sigma Aldrich, D3939) was then used to visualize the detection antibody, 

followed by a counterstain by dipping the slides in hematoxylin dye for 10 seconds (Epredia, 

7221). The slides were then mounted with a cover slip using Permount mounting medium (Fisher 

Chemical, SP15-100). Samples were analyzed with a brightfield microscope.  

The IF staining procedure was similar to IHC for the deparaffinization, antigen retrieval, 

and BSA-blocking. However, H2O2 treatment was not performed. After the 1% BSA-PBS block 

and primary antibody incubation overnight, the slides were washed with PBS and incubated with 

a fluorescent detection secondary antibody for 1.5 h in a humidity chamber. Following, the slides 

were washed three times in PBS and stained with DAPI for 30 minutes to identify the cell nuclei. 

To mount the slides, Fluoromount-G mounting medium (ThermoFisher, 00-4958-02) was used. 
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Samples were analyzed using the LSM 880 confocal microscope (Zeiss) and quantified using 

QuPath.  

Table 1. List of Primary and Secondary antibodies used, dilutions, and catalogue 

information 

2.9 Fluorescent in situ hybridization  

 Fluorescent in situ hybridization (FISH) was performed on FFPE mouse SI and colon tissue 

samples using the RNAscope Multiplex Fluorescent V2 Assay (Advanced Cell Diagnostics, 

323100) according to the manufacturer’s instructions. In brief, slides were first baked at 60⁰C for 

1 h, then deparaffinized according to the IHC/IF procedure above. Samples were then pre-treated 

with RNAscope H2O2 for 10 minutes at room temperature, followed by antigen retrieved in Target 

Retrieval Reagent for 15 minutes in a steamer as described in the IHC/IF protocol. Next, a 

hydrophobic barrier was drawn circling the tissue using the ImmEdge hydrophobic pen (Vector 

Laboratories, H-4000). RNAscope protease plus was then added to the tissue sections and then 

incubated at 40⁰C in the HybEZ oven for 30 minutes. To hybridize probes, probes were first pre-

warmed to 40⁰C and then added to the slides to be incubated at 40⁰C for 2h. This was followed by 

a 3-step signal amplification procedure for each probe-fluorescent channel pairing as per the 

manufacturer’s directions.  

 To combine FISH RNAscope with IF detection, completion of the RNAscope procedure 

was followed immediately by the IF procedure described above, starting at the primary antibody 

addition step. Samples were analyzed using the LSM 880 confocal microscope (Zeiss).  

 Antibody detection  Dilution   Supplier and Catalogue number  

1⁰ Rabbit anti-Red Fluorescent Protein (RFP)  1:500 Rockland, 600-401-379 

 Mouse anti-E-cadherin  1:500 BD transduction lab, 610181  

 Rat anti-Ck19 (Troma-III-c)  1:500 Developmental Studies 

Hybridoma Bank 

2⁰ Anti-rabbit IgG (H+L), F(ab') 2 Fragment 

Alexa Fluor® 555 Conjugate  

1:400 Cell Signaling, 4413S  

 Anti-rabbit Envision secondary  Ready to Use Dako, D3939  

 Donkey anti-mouse 488 1:400 Invitrogen, SA5-10166 

 Goat anti-rat 633 1:400 Invitrogen, A21084  

Other DAPI  1:2000 Thermo Fisher, D1306 
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Table 2. List of RNAscope probes and fluorescent fluorophores used with associated 

catalogue numbers.  

 

 

 

 

 

 

2.10 Organoid culture 

 Crypt-derived small intestinal organoids cultures were established as originally described 

by Sato et al. (12). Briefly, the SI was harvested, washed in ice-cold PBS, and incubated with 2 

mM PBS-EDTA for 30 minutes at 4⁰C. The epithelial crypts were released from the tissue through 

three rounds of vigorous shaking in a 50 mL conical tube with 15 mL of PBS. The isolated crypts 

were then filtered through a 70 μm cell strainer, counted, and pelleted. They were suspended at 

200-300 crypts per 30 µL of Matrigel Matrix (Corning, 356234) and plated in dome-like structures 

in 24-well plates.  Upon polymerization of Matrigel, 500 µL of crypt culture media was added 

(Advanced DMEM/F12 (Gibco, 12634-010) supplemented with 2 mM GlutaMAX (Gibco, 35050-

061), 10 mM HEPES (Gibco, 330-050-EL), 100 U/mL Penicillin/100 μg/ml Streptomycin 

(Wisent, 450-201-EL), N2 Supplement (1x) (Gibco, 17502048), B-27 Supplement (1x) (Gibco, 

17504044), EGF (50 ng/mL) (Wisent, 511-110), Noggin (20 µL/mL, made in house), Rspo1 (20 

µL/mL, made in house), and NAC (1.25 mM) (Sigma-Aldrich, A9165-25G)).   

For stromal-organoid conditioned media (CM) cultures, stromal cell media was replaced 

with FBS-free media 24 h prior to supernatant collection. Following, 1mL of supernatant was 

aliquoted from confluent cultures. The CM was then supplemented according to the previously 

described crypt culture media, then added onto Matrigel-suspended crypts.  

 

Probe  Catalogue number  

Mm-Cd109-C1 ACD, 450021 

Mm-Ifi44-C3 ACD, 534531-C3 

Mm-Wnt2b-C2 ACD, 405031-C2 

Mm-Grem1-C3 ACD, 314741-C3 

Mm-BMP2-C1 ACD, 406661 

Mm-Acta2-C1 ACD, 319531 

TSA plus Cy5 NEL745001KT 

TSA plus Cy3 NEL744001KT 

TSA plus Fluorescein  NEL741001KT 
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2.11 Quantitative real-time qPCR  

For RNA isolation, organoids were lysed by dissolving Matrigel including organoids in 

RNA Lysis Buffer with 1%-β-mercaptoethanol (Invitrogen, 12183020). Total RNA was extracted 

from crypt-derived organoid cultures using the PureLink RNA Mini Kit (Invitrogen, 12183020) 

following the manufacturer’s instructions. The purity and concentration of RNA was evaluated 

using a Nanodrop (Thermo). cDNA was synthesized from 500ng of RNA using the high-capacity 

SuperScript IV reverse transcriptase kit (Invitrogen, 11756050). Each reverse transcription 

reaction was run on the BioRad T100 Thermal Cycler. All mRNA expression levels were evaluated 

using qPCR the PowerUp™ SYBR™ Green kit (Applied Biosystems, A25742) and the MyiQ 

Real-Time qPCR detection system. Relative gene expression was calculated according to the 

ΔΔCT method and normalized to Hprt housekeeping gene. Graphs were created using Graphpad 

Prism v 9.2.  

Table 3. List of mouse primer sequences used.  

Transcript name Primer sequences (mouse)  

Clusterin  F: 5’-CCCCAAAGGGGGTGTACTTG-3’ 

R: 5’-TGGACAGTTCTTGGAGCTCAT-3’ 

Il-33 F: 5′-ATCCCAACAGAAGGCCAAAG-3’ 

R: 5’-CCAAAGGCAAAGCACTCCAC-3′; 

Il1rn  F: 5’-TGTGCCTGTCTTGTGCCAAGTC-3’, 

R: 5’-GCCTTTCTCAGAGCGGATGAAG-3’ 

Lgr5  F: 5’-AGAGCCTGATACCATCTGCAAAC-3’ 

R: 5’-TGAAGGTCGTCCACACTGTTGC-3’ 

Olfm4  F: 5’-GCTCCTGGAAGCTGTAGTCA-3’  

R: 5’-GGCCCCAGGCACCATATTTA-3’ 
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CHAPTER 3: RESULTS  

3.1 Aim 1. Analyze the response of the intestinal stromal cell compartment following 

infection with C. rodentium  

3.1.1 scRNAseq analysis of the intestinal stromal compartment at d6 and 13 post C. rodentium 

infection     

Due to the heterogeneous nature of the stromal cell compartment, recent advances in 

scRNAseq have been an asset in bettering our understanding of stromal remodeling that occurs 

under inflammatory or infectious conditions. To analyze these changes in stromal composition 

upon C. rodentium infection, we infected B6.129 mixed background mice via oral gavage with 2-

3 x 108 CFU of C. rodentium. They were sacrificed at an early timepoint of infection (d6 pi) and 

the peak of infection (d13 pi). The lamina propria of colons were collected, processed, and our 

collaborators completed scRNAseq, integrating the d6 and d13 data, and sub-setting out stromal 

populations from immune cells.  

Through unbiased clustering, we identified the well characterized stromal subsets 

according to the expression of their molecular markers, including: Cd81+Grem1+ trophocytes, 

Acta2+Myh11+ myofibroblasts, Foxl1+Bmp7+ telocytes, and PdgfrαloSfrp1+ fibroblasts (Figure 

1A). However, in addition to these clusters, we observed an unidentified cluster of stromal cells 

that were present only under infectious conditions, appearing transiently at d6 p.i. and non-existent 

at d13 p.i. (Figure 1B-C). We further explored the nature of this cluster. GO enrichment terms for 

this subset included “T cell activation” and several roles in “antigen processing and presentation”, 

suggesting that they may play roles in inflammatory mediation; we therefore dubbed the cluster as 

“Inflammatory-associated fibroblasts” (IAFs) (Figure 1D). According to the DEGs, these IAFs 

were high expressors of Neto2, Cd109, and IFN stimulated genes like Ifi44, Isg15, Irf7 (data not 

shown). Together, these data indicated that C. rodentium infection is capable of inducing 

remodeling events within the stromal compartment. Additionally, C. rodentium may elicit the 

transient emergence of an IAF population.  
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Figure 1. scRNAseq analysis of intestinal lamina propria reveals emergence of an inflammatory-associated 

fibroblast population at d6 post C. rodentium infection. (A) Discrete clustering of stromal cell subsets by UMAP 

analysis of RNA profiles from integrated d6 and d13 p.i. datasets. Clustering is further distinguished by (B) infection 

status and (C) day p.i. (D) GO terms of inflammatory fibroblast population. (E) Feature plots and corresponding violin 

plots depicting relative expression of Cd109 and Ifi44 in the inflammatory-associated fibroblast population. 

 

3.1.2 Cd109+Ifi44+ IAFs are localized at the tops of colonic crypts and appear transiently at 

early timepoints of infection  

Given our findings from the scRNAseq results, we wanted to confirm the emergence of the 

IAF population and investigate their localization through fluorescent in situ hybridization (FISH) 

and histological analysis. Based on the upregulation and specificity of Cd109 and Ifi44 transcripts 

within the IAF population (Figure 1E), we selected them to visualize the population histologically. 

Colons were harvested from uninfected and C. rodentium infected B6.129 mixed background mice 

at d0 and d6 timepoints. Cd109 and Ifi44 transcripts were undetectable at d0; however, in line with 

the scRNAseq data at d6, these transcripts were upregulated and localized at the tops of colonic 

crypts (Figure 2A). Interestingly, this phenomenon was also observed in a different mouse strain 

– C3H/Ouj.B6. However, here, Cd109 and Ifi44 transcripts were nearly undetectable at d0 and d6, 

and the transcripts became upregulated at d9 timepoints (Figure 2B). While there exists a 

discrepancy between the specific timepoint in which IAFs become transiently upregulated in our 

two mouse strains, we reasoned that the appearance of this population is a phenomenon generally 

occurring at early timepoints of infection, leading up to the peak of infection.  
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Figure 2. Fluorescent in situ hybridization (FISH) reveals expression of Cd109 and Ifi44 at early timepoints p.i. 

localized at the top of intestinal crypts. FFPE sections of colonic tissue were stained for Ifi44 (red), Cd109 (yellow), 

E-cadherin (green), DAPI (blue). (A) Sections were obtained from DATtdTomato, B6.129 mixed background mice at d0 

and d6 p.i. n = 3 per timepoint. (B) Sections were obtained from C3H/Ouj.B6 mice at d0, d6, and d9 p.i. Crypts 

highlighted in insets are labelled in white, arrows indicate co-expressed Cd109 and Ifi44. Scale bar = 50 µm. n = 3 per 

timepoint. 
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Next, we sought to determine if the IAF population is indeed distinct and novel from the 

previously characterized populations of telocytes, trophocytes, fibroblasts, and myofibroblasts 

through co-staining panels with FISH assays. We visualized Grem1 and Wnt2b as markers for 

trophocytes alongside Cd109 to respectively identify these populations. Here, Grem1 and Wnt2b 

were highly expressed at the base of the intestinal crypts and within the underlying muscularis 

mucosa at d0 and d9. However, Cd109 expression was not present at d0, and at d9 was localized 

at the top of intestinal crypts, segregated from the trophocytes (Figure 3A). For telocytes, Bmp2 

was selected as a probe to mark this stromal population. Bmp2 localized within the epithelial cells 

at d0 but was completely downregulated at d9. Indeed, Bmp2 seemed to localize separate from 

IAFs as Ifi44 expression appeared only at d9 at the top of intestinal crypts (Figure 3B). However, 

for telocyte identification it is generally recognized within the stromal compartment, therefore, 

Bmp7 may be a better alternate probe to mark this cellular population. For myofibroblasts, Acta2 

was used as a marker. At d0 and d9 its expression is observed between crypt units as long, thin 

extensions. It is also important to note that Acta2 is highly expressed in smooth muscle tissue in 

the muscularis mucosa, and there was a noticeable downregulation of Acta2 in the smooth muscle 

during infection. Nonetheless, Ifi44+ IAFs seemed to localize separate from Acta2 as Ifi44 

expression appeared more closely to the apex of the crypt, whereas Acta2 localized near the middle 

of the crypt (Figure 3C). Taken these data together, we suspect that the IAF population is indeed 

distinct from the currently identified stromal cell populations.  
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Figure 3. CD109+Ifi44+ inflammation-associated fibroblasts localize distinctly from known stromal populations, 

including trophocytes, telocytes, and myofibroblasts. (A) Comparison of Cd109 (red) expression to trophocyte 

markers Grem1 (yellow) and Wnt2b (cyan). (B) Comparison of Ifi44 (red) expression and telocyte marker Bmp2 

(yellow). (C) Comparison of Ifi44 (red) expression and myofibroblast marker Acta2 (Yellow). Crypts are highlighted 

in insets, labelled in white. n =2 per group.  
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3.1.3 Treatment of primary stromal fibroblasts with IFN-γ and heat killed C. rodentium results in 

an upregulation of interferon stimulated genes and IAF markers  

 Given their plastic nature, we next investigated the ability for stromal cells to reprogram in 

culture with the appropriate inflammatory factors. We treated a heterogeneous culture of primary 

stromal cells with heat killed C. rodentium, alongside pro-inflammatory cytokines IFN-γ, TNF-α, 

and IL-1β for 24 or 48 h. Specifically, upon IFN-γ and heat killed C. rodentium treatment, 

interferon stimulated genes – Ifi44, Irf7, and Isg15 – trended upwards.  However, Il-1β and TNF-

α treatment did not induce a similar upregulation (Figure 4A-C). Interestingly, Cd109 was not 

upregulated upon any pro-inflammatory cytokine treatment nor heat killed C. rodentium, 

indicating that the in vitro treatments tested do not fully recapitulate the events observed in vivo 

(Figure 4D).    

Figure 4. IFN-stimulated genes become upregulated in primary stromal cells upon IFN-γ and heat killed C. 

rodentium treatment. Primary murine stromal cells were isolated from healthy C57Bl/6 mice, grown to confluency 

and either left unstimulated or treated with HKCR (106 CFU/mL), IFN-γ (10 ng/mL), Il-1β (10 ng/mL), or TNF-α (20 

ng/mL). Quantitative PCR (qPCR) analysis was completed to assess the relative mRNA expression levels for the 

following genes highly expressed in IAF subset: (A) Ifi44, (B) Irf7, (C) Isg15, and (D) Cd109. n = 1. Data points 

represent the mean value from technical triplicates. All qRT-PCR data was normalized to Hprt using the ΔΔCt method.  
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3.1.4 Assessing the in vivo role of Cd109+IAFs in models of intestinal inflammation and 

infection.    

CD109 is a multifunctional glycosylphosphatidylinositol (GPI)‐anchored protein with 

roles in tumorigenesis and more recently described – a mediator of cutaneous inflammation (117, 

118). CD109 is highly expressed in keratinocytes and certain malignant tumours; however, 

expression has also been reported in activated T cells, activated platelet cells, and CD34+ bone 

marrow mononuclear cells (117, 118). Amongst the stromal cell subsets, we also found Cd109 to 

be a specific marker of the IAF population. As CD109 KO mice were available to us, we sought 

to investigate the role of CD109 during C. rodentium infection. CD109 WT and KO mice were 

infected with 2-3 x 108 CFU of C. rodentium and sacrificed at d13 p.i. There were no significant 

changes in bodyweight between genotypes (Figure 5A). Likewise, no significant differences were 

observed between the bacterial shedding through CFU counts collected at d4, d8, and d12 (Figure 

5B).  

To explore if IAFs contributed to intestinal inflammation in other models, CD109 WT and 

KO mice were treated with 2.5% DSS supplemented-drinking water. There were no significant 

differences in their bodyweight loss nor colon length between genotypes, although there were non-

significant trends for improved outcomes in the CD109 KO mice (less body weight loss and longer 

colons) (Figure 5C-D). Thus, although CD109 is a marker of IAFs and is involved in inflammation 

in other models, this preliminary information suggests it does not play a major role in intestinal C. 

rodentium infection or DSS mediated inflammation.  



53 

 

 

Figure 5. Cd109 WT and KO mice do not show significant differences during C. rodentium infection or DSS 

mediated colitis. (A) Mice were infected with 2-3 x 108 CFU of C. rodentium and sacrificed at d13. Body weights 

were measured every 2 days. (B) Faecal burden assessed at d4, d8, d12 p.i. in WT; n = 8 and KO; n= 7. (C) Mice 

were treated with 2.5% DSS for 5 days, then transferred to normal drinking water, then sacrificed on d8. Body 

weights were measured every 2 days. (D) Upon sacrifice, the colon length was measured. No significance detected 

between groups by unpaired T-test.  

 

3.2 Aim 2. Determine the ability of stromal cell secreted factors to mediate intestinal 

epithelial phenotype in inflammation and regeneration   

3.2.1 Using a stromal-derived conditioned media model to understand stromal-epithelial signal 

mediation  

We sought to investigate the ability for stromal cells to mediate epithelial regeneration 

through secreted factors. To do so, ex vivo intestinal organoid cultures were generated to produce 

a 3-dimensional model of the intestinal epithelium. Intestinal organoids are physiologically 

relevant intestinal models, derived from crypts containing Lgr5+ ISCs. When provided with 

essential growth factors, Lgr5+ ISCs differentiate into lineage restricted epithelial cell types and 

self-organize, resulting in a mature organoid with a polarized epithelium, enclosing a central lumen 

(12, 119). To understand stromal-epithelial signal mediation, we collected supernatant from 
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primary stromal cell cultures, then used this conditioned media (CM) to treat adult crypt-derived 

organoids.   

From preliminary experiments, we observed that when organoid cultures were grown in 

the presence of stromal cell CM, it induced an unexpected spheroid morphology. This phenotype 

was unexpected as organoids grown in control conditions normally have a budding structure, 

generally thought to correlate with the presence of cells expressing stem cell markers (120). 

Notably, this spheroid morphology is reminiscent of organoids derived directly from intestinal 

fetal tissue (Figure 6A)(121, 122). Thus, we hypothesized that secreted factors within the CM may 

be inducing a fetal reprogramming event within the adult crypt-derived organoids. To assess what 

was happening on a transcriptional level, we used qPCR and observed that adult ISC markers 

(Lgr5, Olfm4) were downregulated and intestinal fetal markers (Clusterin, Il1rn, Il33) were 

upregulated (Figure 6B). Together these data indicated the possibility of a fetal reprogramming 

event occurring upon CM treatment.  

Figure 6. Stromal cell derived conditioned media (CM) induces a fetal reprogramming event in adult crypt-

derived organoid cultures. Primary murine stromal cells were isolated from healthy B6 mice and grown to 

confluency. CM was aliquoted and incubated with freshly plated adult murine crypt-derived SI organoids. (A) 

Brightfield (BF) images of organoids with No CM (control) or CM. Scale bar = 100µm (B) Quantitative PCR (qPCR) 

analysis of adult ISC markers (Lgr5, Olfm4) and (C) fetal markers (Clusterin, Il33, Il1rn). Data points represent the 

mean value from two individual independent experiments and error bars represent SD. All qRT-PCR data was 

normalized to Hprt using the ΔΔCt method. **P < 0.01, *** P < 0.001 by unpaired T-test.  
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3.2.2 Stromal-derived PGE2 may induce a fetal reprogramming response in the intestinal 

epithelium  

A secreted factor within our stromal CM that we hypothesized might induce the observed 

fetal reprogramming event is prostaglandin-E2 (PGE2). PGE2 is a physiologically active lipid, 

recently shown to be involved in intestinal epithelial regeneration and to induce a fetal-like state 

in organoids (123). Additionally, certain stromal cells have been shown to produce PGE2 (123). 

To investigate this possibility, we first referred to our scRNAseq database to determine if our 

stromal populations express genes that encode synthesis enzymes for PGE2 production. Indeed, 

most stromal cells in our dataset expressed Ptgs1/2, which encodes the rate limiting enzyme in 

PGE2 production – COX-1/2. COX-1/2 converts arachidonic acid, a lipid precursor, into the 

prostaglandin-H2 intermediate (PGH2). These stromal cells also expressed Ptges which encodes 

the terminal synthesis enzyme, mPGES-1, converting PGH2 into PGE2  (Figure 7A-B) (124).  

We first stimulated organoids directly with PGE2 for 48h to determine if the phenotype 

and gene expression patterns observed in our CM cultures could be recapitulated. Notably, while 

the spheroidal organoids were observed upon PGE2 stimulation (Figure 7C), the gene signature 

was only partially recapitulated by an upregulation in the fetal markers and no downregulation in 

the ISC markers was observed (Figure 7D).  
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Figure 7. Prostaglandin-E2 (PGE2) stimulation partially recapitulates fetal reprogramming in intestinal 

epithelial organoids. (A) Major enzymes within the PGE2 synthesis pathway, adapted from (124). (B) Feature plots 

and corresponding violin plots depicting relative expression of Ptgs1, Ptgs2, and Ptges amongst the stromal 

populations detected via scRNAseq. (C) Brightfield images of adult crypt-derived organoids that were left 

unstimulated or stimulated with 10 µM of PGE2 for 48 h, refreshing every 24 h. Scale bar = 100 µm. n = 1 per 

treatment group. (D) Quantitative PCR (qPCR) analysis of adult ISC markers (Lgr5, Olfm4) and fetal markers 

(Clusterin, Il33, Il1rn). Data points represent the mean value from one individual independent experiment. All qRT-

PCR data was normalized to Hprt using the ΔΔCt method.  

To investigate this further, we isolated primary stromal cells from whole body mPGES-1 

KO and WT littermate control mice. Additionally, we treated the mPGES-1 WT stromal cells with 

indomethacin (IND) – a drug that is a direct inhibitor of COX1/2. The stromal cells were grown 

to confluency; following, CM was collected and incubated with fresh crypt-derived organoids. We 

observed that stromal cell CM derived from WT mPGES-1 mice led to significant spheroid 
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induction, with up to 40% spheroids induced per well, and distinct upregulation of fetal gene 

expression (Figure 8A-C). Conversely, while CM derived from WT mPGES-1 stromal cells 

treated with IND resulted in significant spheroid induction, its upregulation was not nearly as stark 

as WT CM with only 10% spheroids induced per well, and no significant fetal gene upregulation. 

Similarly, CM from KO mPGES-1 stromal cells had greatly reduced spheroid formation and fetal 

gene expression. Together, these data validate that PGE2 is partially responsible for the fetal 

reprogramming response induced by stromal cell CM; however, it may not be acting alone.  

 

Figure 8. Downregulation of Prostaglandin-E2 (PGE2) in culture reverts fetal organoid phenotype. (A) 

Brightfield images of organoids incubated with no CM control, CM derived from mPGES-1 WT mice with or without 

indomethacin stimulation, and CM from mPGES-1 KO mice. (B) Quantification for spheroid counts per condition. 

Two wells per 24 well plate were counted per condition. (n = 2 biological replicates). (C) Quantitative PCR (qPCR) 

analysis of adult ISC markers (Lgr5, Olfm4) and fetal markers (Clusterin, Il33). Data points represent the mean value 

from two individual independent experiments and error bars represent SD. All qRT-PCR data was normalized to Hprt 

using the ΔΔCt method. **P < 0.01, **** P < 0.0001 by one-way ANOVA and Dunnett’s post-test with No CM group 

set as control.   

 

3.2.3 Investigating the role of PGE2 on intestinal epithelial wound healing in vivo  

When the intestine is subjected to severe damage, Lgr5+ ISCs become ablated (17). The 

subsequent regeneration mechanisms are dependent upon re-initiation of early developmental 

programs through DASC populations, which are generally quiescent under homeostasis. These 

quiescent DASCs will repopulate the Lgr5+ ablated crypts by reverting to a more primitive state 
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through fetal reprogramming events; thereby, upregulating fetal-like transcriptional programs, 

driving uniform proliferation, tissue remodeling, and restoring homeostasis (120). As previously 

mentioned, there are several subpopulations of DASCs, including cells with high expression of 

Hopx, Bmi1, Tert, Lrig1, or Clu. (21–25). Thus, we sought to investigate if stromal-derived PGE2 

could directly influence recovery mechanisms, specifically in Clu+ DASCs.  

Clu+ cells are one of several DASC populations that have been shown to repopulate the 

entire ISC crypt following severe damage like irradiation and colitis (25). To understand the 

intersection of Clu and PGE2, we used a lineage tracing model in ClutdTomato reporter mice crossed 

with mPGES-1 KO and WT littermate controls. The ClutdTomato mice were previously generated by 

breeding CluCreERT2 and Rosa Lox-Stop-Lox tdTomato mice, providing a system where, the 

labeling of Clu+ cells is inducible through Tamoxifen (TAM) injection (Figure 9A). The mice 

were subjected to 2.5% DSS – targeting the colon, to model severe colitis. An additional cohort of 

mice were subjected to 12 Gy of irradiation to investigate repair of damaged crypts in the small 

intestine in a model where inflammation is not the primary insult. 

In the colitis model, mice were administered 2.5% DSS for 5 days, followed by a TAM 

injection on d6, and sacrificed on d9. Through IHC staining, we observed that post DSS treatment, 

mPGES-1 KO mice demonstrated a distinct downregulation of ClutdTomato cells in recovering 

epithelial wounds compared to mPGES-1 Het (Figure 9B). Alternatively, in the irradiation model, 

mice were first injected with TAM on d1, irradiated on d2, and sacrificed on d7. Upon IF staining, 

tdTomato expression was quantified based on the total labeling of intestinal crypts. Between 

ClutdTomato mPGES-1 WT, Het, and KO mice, there was no detectable difference in the number of 

tdTomato+ cells from the Clu+ lineage (Figure 9C). Together these data indicate that PGE2 may 

not influence Clu+ DASCs and their progeny following irradiation damage in the small intestine. 

However, PGE2 may influence migration of Clu+ DASCs during epithelial wound repair in the 

colon following DSS treatment.  
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Figure 9. Downregulation of PGE2 may affect the migration and wound recovery of the colonic epithelium post 

DSS treatment. (A) Schematic representation of Tamoxifen-induced Cre activity in ClutdTomato; mPGES-1 WT, Het 

and KO mice. 2.5% DSS was added to drinking water for 5 days, then switched back to normal water. Mice were 

injected with 2.5 mg of TAM on d6 and sacrificed on d9. (B) IHC staining of colonic tissue for tdTomato. Het; n = 2 

and KO; n= 2, crypts outlined in white dashed line. (C) IF staining for lineage trace of ClutdTomato cells in mPGES-1 

WT, Het, and KO mice. To quantify, 3-5 cross-sections of the SI were counted, whereby each crypt was denoted as 

unlabelled, partial, or fully labelled depending on the level of epithelial tdTomato staining, then plotted as a % labeled 

crypt/cross section. WT; n = 1, Het; n = 2 and KO; n= 3. No significance detected between genotypes by two-way 

ANOVA.  
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CHAPTER 4: DISCUSSION  

4.1 Aim 1 – Analyzing the response of the intestinal stromal cell compartment following 

infection with C. rodentium 

The intestinal stromal compartment is a highly heterogeneous and plastic population of 

cells, our understanding of its composition is continually evolving. Characterization of the distinct 

cell types within the intestinal stromal compartment has remained a challenge until recent years 

(11). With the advent and accessibility of scRNAseq, Cre-driver mouse models, organoid co-

cultures, and fine-resolution microscopy, there has been an increase of studies resolving the 

stromal composition and cellular sources for many secreted factors that support the intestinal crypt 

architecture (89). Notably, our understanding of the stromal compartment under homeostatic 

conditions has been significantly refined in the past decade. Subsequently, many groups are now 

interested in how the stromal compartment is affected under inflammatory conditions. Two 

independent studies demonstrated that during severe intestinal inflammation, as seen in  IBD, the 

stromal compartment undergoes a remodeling event where inflammatory-associated stromal 

subsets are induced and exacerbate inflammatory conditions (80, 103). However, few studies have 

discussed the effect of intestinal infection on stromal compartment remodeling.  

Here, we used scRNAseq to better understand the extent of cellular heterogeneity in the 

stromal compartment during a mouse enteric infection model. We have demonstrated that upon C. 

rodentium infection, there is an emergence of a novel stromal population that we have dubbed 

inflammatory-associated fibroblasts (IAFs). Marked by Cd109+Ifi44+ expression, these IAFs are 

undetectable prior to infection; however, at early timepoints of infection, they are visible by FISH 

at the tops of colonic crypts (Figure 2A, C). We suspect they have immunomodulatory functions 

as the GO terms associated with this population correspond with roles like T cell activation and 

antigen processing and presentation (Figure 1D). While we have confirmed the presence of the 

IAF population histologically at d6 and d9, we must still confirm if they are no longer present at 

later timepoints like d13 – in correspondence with the scRNAseq data.   

There are still many open questions about their function and mechanism of action that 

remain to be answered. Notably, what early immune response cues may be triggering the transient 
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emergence of the IAF subset, where the IAF population is originating from, and what downstream 

interactions are occurring with immune cells to facilitate or exacerbate inflammation?  

We speculate that early signals in the innate immune response to C. rodentium infection 

may be inducing the emergence of IAFs. In vitro we stimulated primary stromal cells with HKCR 

and pro-inflammatory cytokines: IFN-γ, TNF-α, and IL-1β. Notably, only HKCR and IFN-γ 

treatment resulted in upregulation of ISG-associated IAF genes. Indeed, with reference to our 

scRNAseq dataset, we observe that IAFs express multiple IFN receptors, including IFN-γ 

receptors Ifngr1 and Ifngr2; however, their expression is not specific to the IAF population, and 

multiple other stromal populations also express these receptors (data not shown). It is also 

important to note that in the primary stromal culture, HKCR and IFN- γ treatment did not lead to 

an upregulation of other IAF genes like Cd109 (Figure 4). Thus, we speculate that early C. 

rodentium infection induces a cocktail of secreted cytokines which together may mediate the 

transient appearance of IAFs. With respect to which innate immune cells are involved in early 

infection; we investigated an additional scRNAseq dataset of immune cells obtained in parallel to 

the stromal cells presented in this study. In the immune dataset, we observed a significant increase 

in granulocyte and monocyte populations d6 p.i. in coincidence with the transient emergence of 

IAFs (data not shown). We hypothesize that cytokines secreted by these immune cells may trigger 

remodeling, leading to the emergence of IAFs. For instance, granulocytes and monocytes will 

secrete Il-1β, IL-6, and IL-12 during early infection (126).  

We are also interested in understanding the cellular source of the IAF population. A 

possible line of thought is that IAFs may arise from remodeling of myofibroblasts within the 

stromal compartment. Our previous work has shown that myofibroblast and smooth muscle 

markers Acta2 and Myh11 become significantly downregulated in response to C. rodentium 

infection (data not shown). We speculated that the decrease in myofibroblast markers were 

indicative of a stromal remodeling event and were giving rise to the transient IAF population. 

Notably this phenomenon was also observed in a murine breast cancer tumour model. Here, Grauel 

et al. were interested in the heterogeneity of cancer-associated fibroblasts (CAFs) in the tumour 

microenvironment, and remodeling that occurs within the CAF subsets upon TGF-β blockade 

(127). Through scRNAseq, they determined that anti-TGF-β treatment of 4T1 breast cancer 

tumours resulted in significant reduction of cancer-associated myofibroblasts (myCAFs) 
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accompanied by the appearance of a transcriptionally unique population of CAFs – dubbed 

interferon-licensed CAFs (ilCAFs) (127). They suspected that ilCAFs may arise from the 

reprogramming of existing myCAFs in response to anti-TGF- β treatment. Strikingly similar to 

our observations, the DEGs associated with the ilCAF population involved several interferon-

stimulated genes (ISGs) such as Ifi47 and Ifitm1. Likewise, ilCAFs were reported to have 

immunomodulatory properties, with GO terms like MHC class I antigen processing and 

presentation and immunoregulatory interactions (127). Together, these results help support our 

own myofibroblast-IAF remodeling event within the C. rodentium infection model. It is interesting 

to note that CD109 itself is reported as a negative regulator of TGF-β signaling in keratinocytes 

(118). Likewise, C. rodentium infection itself induces a decrease in TGF-β receptor I and II, with 

downstream decreases in SMAD 2, 3, 4 and 7 in the mouse colon. It is suspected that decrease in 

TGF-β signaling promotes inflammation and contributes to disease pathogenesis (128). Taken 

together, these lines of thought may indicate a plausible mechanism between a decrease in TGF- 

β signaling, inducing a myofibroblast-IAF remodeling event. However, this hypothesis will require 

further validation.  

With respect to our myofibroblast-to-IAF remodeling hypothesis, our collaborators 

completed pseudotime analysis to trace the population to which the IAFs were most closely related. 

To our surprise, the IAFs were most closely related to the general fibroblast population, rather than 

myofibroblasts themselves (data not shown). Interestingly, Grauel et al also noted this discrepancy 

in their pseudotime analysis, but still suspected that ilCAFs were arising from remodeling of 

myofibroblasts. Therefore, additional validation is still needed to investigate these open questions. 

Lineage tracing of general fibroblast populations can be completed through inducible Cre-LoxP 

reporter systems. Here, we can complete RNAscopes with IAF markers to determine if they 

colocalize with fibroblast progeny. There is also a possibility that the downregulation in Acta2 and 

Myh11 expression we observed in our qPCR analysis of whole colonic tissue is due to a decrease 

of smooth muscle in response to C. rodentium infection, as this phenomenon is observable in the 

RNAscope staining in Figure 3E.  

Speculating the downstream interactions between IAFs and immune cells, we observe that 

GO terms related to T cell activation and antigen processing and presentation are upregulated in 

the IAF population. The capacity for intestinal stromal cells to interact with lymphocytes through 
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MHC class I expression has been previously described (85). Indeed, these IAFs may be interacting 

with CD8+ T cells through MHC class I presentation. However, more recently, certain stromal cell 

populations like myofibroblasts have been shown to constitutively express MHC class II in vivo 

(129). Likewise, several groups have identified that in vitro primary human colonic myofibroblasts 

were capable of stimulating allogeneic CD4+ T cell proliferation as a non-professional antigen 

presenting cell (85, 129). With respect to C. rodentium infection, CD4+ T cells are a prominent 

component of the humoral response to infection, and are essential in pathogen clearance (109). 

Therefore, it is possible that IAFs may be contributing to their recruitment to the site of infection. 

More work is needed to elucidate the specific chemokines expressed by the IAF population, 

additionally analysis of the ligand-receptor interactions between stromal and T cells may be 

beneficial to better understand the nature of their communication.   

It is also important to mention the limitations of this study. Use of a whole-body knockout 

of CD109 has its disadvantages, as aforementioned, CD109 is expressed in many different cell 

types including keratinocytes. Thus, there is a possibility of other impacted cellular systems which 

could influence our results. Additionally, although CD109 is highly upregulated in the IAF 

population, other candidate markers are worth investigating, for instance, Neto2 that may be more 

limited to the IAF stromal population. However, given the heterogeneous and plastic nature of 

stromal cells, there is always the risk of certain overlap between molecular markers. Another 

mouse model we could pursue is a stromal specific IFN-receptor knockout to determine how IFN-

signaling directly affects the transient emergence of the IAF population and their potential 

function. Currently, we have Col1a2CreERT; Ifngr fl/fl mice that could be used to investigate this 

stromal specific-IFN-γ KO.  

4.2 Aim 2.1 – Modeling stromal-epithelial signaling in an ex vivo setting  

 A key feature of stromal cells is their dynamic communication with adjacent epithelium 

and their contribution to maintaining the epithelial barrier. To better understand the mechanisms 

of signaling, we developed a reductionist model of stromal-epithelial communication, in which 

stromal CM was cultured with crypt-derived organoids. Here, we observed that the addition of CM 

resulted in an unexpected spheroid phenotype in adult-crypt derived organoids rather than budding 

organoids, as seen in control conditions (Figure 6). As aforementioned the spheroid phenotype is 

reminiscent of organoids derived from fetal tissue (121, 122). Given these observations, we 
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suspected that secreted factors within the stromal-derived CM may be inducing a fetal 

reprogramming event on the crypt-derived organoids.  

A recently described candidate responsible for inducing such events is PGE2 (120, 123). 

Roulis et al demonstrated that fibroblast-induced fetal reprogramming in crypt-derived organoids 

is dependent on the release of PGE2. Specifically, they identified a rare subset of pericryptal 

fibroblasts which mediated the release of PGE2 acting on the Ptger4 receptor of intestinal 

epithelial cells (123). To observe the effects of soluble mediators produced by fibroblasts on the 

intestinal epithelium, they used an organoid co-culture model in which primary intestinal 

fibroblasts were plated directly underneath fresh crypts. Similar to our stromal-derived CM 

cultures, their co-culture conditions consistently produced spheroids. Additionally, RNA-seq 

analysis revealed that DASCs were a major cell type contributing to the spheroid composition with 

notable increase in Clu and Il1rn expression, aligning with our current findings (123). 

 While the stromal-epithelial CM is beneficial as a reductionist model of communication 

between these two cellular populations, there are several limitations. Notably, in an organoid 

culture, there is no recapitulation of the gradient of signaling molecules along a crypt-villus axis 

that is a prominent feature in vivo. As aforementioned in the introduction, specific localization of 

Wnt and Bmp secretion contributes to the patterning of the crypt-villus architecture. Additionally, 

in our culture system we modeled the stromal-epithelial communication in a unidirectional 

manner, whereas this interaction occurs in a bidirectional manner. In the future we would suggest 

a co-culture system with stromal cells grown below intestinal organoids.  

It is also important to note that our stromal cultures were a heterogeneous mix of subsets 

as we did not discriminate or sort for different cell types. As a result, we did not distinguish the 

specific cell type responsible for PGE2 production, or if several populations contributed to PGE2 

synthesis. Given our scRNAseq data, we observed that many subsets do indeed express genes 

necessary to encode for PGE2-synthesis enzymes. Thus, in the future we would like to further 

investigate this distinction. We would also like to evaluate the level of PGE2 within our CM to 

fully validate the presence and function of this bioactive lipid. 
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4.3 Aim 2.2 – Modeling the effect of stromal-derived PGE2 on intestinal epithelial 

regeneration in vivo  

Given our findings from the ex vivo data, we sought to better understand the effect of 

PGE2-mediated fetal reprogramming and epithelial repair in an in vivo context. As 

aforementioned, fetal reprogramming is a phenomenon that occurs after severe epithelial damage. 

Lgr5+ ISCs become ablated, so quiescent DASCs or certain progenitors must dedifferentiate to a 

more primitive state to repair the tissue. They will upregulate transcription of fetal genes that are 

normally associated with embryonic gut development (ex. Ly6a, Clu, Anxa1, Il-33). This 

temporary reversion to a fetal-like state will facilitate uniform epithelial proliferation and remodel 

the damaged tissue (120). Notably, fetal reprogramming requires the activity of Yes-associated 

protein (YAP), an important effector in the Hippo pathway, active in tissue regeneration and 

organogenesis (130, 131).  

We speculated that stromal-derived PGE2 was mediating the induction of Clu+ DASC fetal 

reprogramming in response to severe intestinal damage, given that Clu is a crucial gene in the fetal 

reprogramming signature (130). We therefore employed the use of ClutdTomato; mPGES-1 KO mice 

and littermate controls, providing a lineage trace for Clu+ DASCs and cell progeny, and their 

response to downregulated PGE2 production. Interestingly, we observed that the level of PGE2 

does not alter the expansion of Clu+ epithelial cells in the SI following irradiation damage, but it 

may influence the migration of Clu+ cells within the colon following DSS treatment (Figure 9C). 

Here, we observed that in mPGES-1 Het mice, tdTomato+ cells emanated from recovering crypts 

and migrated over the DSS-mediated wound bed. Conversely, in mPGES-1 KO mice, there was 

very little staining of tdTomato+ cells.  

In comparison with available literature, others have observed a more pronounced effect of 

PGE2 on the mediation of DASC expansion. Specifically, Roulis et al demonstrated that in vivo, 

pericryptal fibroblast-derived PGE2 caused significant expansion of Sca-1+ DASCs in the 

mediation of tumorigenesis. They also observed that this event occurred in a YAP dependent 

manner (123). However, one of the biggest differences between our models is the means of 

downregulating PGE2 production in vivo. While Roulis et al knocked out a major PGE2 receptor 

EP4 (encoded by Ptger4) we knocked out mPGES-1 synthesis enzyme. A limitation we must 

consider is that in addition to mPGES-1, there are several other pathways capable of converting 

PGH2 intermediate into PGE2. While mPGES-1 is known to play a role in human disease by 
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promoting inflammation, pain, and fever, additional enzymes such as cPGES and mPGES-2 are 

shown to be constitutively expressed during homeostasis (124). Thus, mPGES-1 may 

downregulate PGE2 levels but does not necessarily constitute a complete ablation of its 

production. Moving forward, deleting Ptger4 within Clu+
 cells would be a more specific model to 

target PGE2 signaling. Another important consideration is that in addition to stromal-derived 

PGE2, immune cells are also reported as strong producers of PGE2 in an inflammatory context 

within the intestinal environment (125). While we have demonstrated that stromal cells are a likely 

source of PGE2 through ex vivo CM modeling, a future direction would be to decipher the 

contribution of stromal versus immune secretion of PGE2 through stromal specific KOs of PGE2 

synthesis enzymes.  

Additional future experiments we would like to pursue is a time course investigating the 

emanation of Clu+ cells on the epithelial wound bed and when these events occur in regeneration. 

Interestingly, Miyoshi et al have observed a similar repair mechanism, where sterile colonic biopsy 

resulted in increased numbers of Ptgs2+ mesenchymal cells that produce PGE2 to promote 

formation of wound associated epithelial (WAE) cells (132). Here, WAE cells emanate from 

surviving crypts adjacent to the damaged epithelium and are dependent on stromal-derived PGE2 

for their migration (132).  
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CHAPTER 5: CONCLUSION   

Emerging data within the past decade has significantly refined our understanding of the 

heterogeneity, function, and localization of intestinal stromal cell subsets under homeostatic 

conditions. We increasingly understand that stromal cells are not solely passive structural cells, 

and they act as critical sources of signaling factors contributing to the intestinal architecture, ISC 

proliferation, and epithelial lineage differentiation. However, only recently have investigators 

turned their attention towards the role of stromal cells in intestinal inflammation and infection. Our 

work provides some insight into the intestinal stromal remodeling that occurs specifically under 

enteric infection, as well as a role of stromal-derived PGE2 in the response to epithelial wound 

healing.   

In aim 1, through in vivo C. rodentium infection models, we demonstrated the transient 

emergence of a potentially novel stromal cell subset that we have dubbed inflammatory-associated 

fibroblasts (IAF). Marked by Cd109+Ifi44+, we have validated the emergence of IAFs 

histologically. While we are still in the early stages of elucidating their function, we believe they 

may contribute to host-defense and immunomodulation against C. rodentium, and we speculate if 

this population is also involved in other infectious or inflammatory disorders. In aim 2, we 

demonstrated a reductionist stromal-organoid conditioned media culture system, representing a 

unidirectional stromal-epithelial communication. Through this system, we were able to identify 

prostaglandin-E2 (PGE2) as a driver of fetal reprogramming ex vivo and provided preliminary 

results of PGE2 as a mediator of epithelial wound healing in an in vivo DSS model.  

In general, these studies help contribute to the greater understanding of stromal cell 

heterogeneity, and their role in responding to infectious agents and inflammatory damage of the 

intestinal tract.  
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