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ABSTRACT 

 

The intestinal epithelium must respond appropriately to direct epithelial repair and 

maintain barrier integrity following insult or injury. However, hyperactivation of proliferative 

signaling leads to the loss of intestinal function and can promote the development of intestinal 

cancer. Citrobacter rodentium is an intestinal pathogen of mice that induces a proliferative repair 

response termed colonic hyperplasia. While most inbred mouse strains suffer relatively mild, 

self-limiting colitis following infection, genetically susceptible mouse strains suffer fatal 

diarrheal disease due to robust R-spondin2 induction. Rspo2 encodes a member of the R-spondin 

family of secreted proteins (R-spondin 1-4), which have recently emerged as potent enhancers of 

canonical Wnt signaling. However, the transcriptional regulation of R-spondins and the 

underlying mechanisms regulating intestinal homeostasis versus dysfunction during C. 

rodentium infection are not fully understood. 

In this thesis, we explored the colonic expression of R-spondins in susceptible and 

resistant congenic mice and found that Rspo3 was the most highly expressed R-spondin at steady 

state. However, R-spondin expression was highly dynamic and differentially regulated during C. 

rodentium infection and in acute DSS colitis, with high levels of Rspo2 expression in the former 

specifically in susceptible mice and high levels of Rspo3 expression in the latter. While R-

spondins were expressed by intestinal stromal cells at steady state and during DSS colitis, we 

found that Rspo2 was expressed by both stromal and hematopoietic cells during C. rodentium 

infection. We also employed deep RNA sequencing to systematically analyze the global gene 

expression profiles of C. rodentium-infected colon tissues from susceptible and resistant 

congenic mice. Our results highlighted changes in host metabolism and tissue remodeling as 

common responses to infection, and increased Rspo2-Wnt signaling, impaired epithelial 

differentiation, and exaggerated CD4+ T cell activation through increased antigen processing and 

presentation specifically in susceptible mice during infection. Lastly, we investigated the role of 

epidermal growth factor receptor signaling during C. rodentium infection and found that 

inhibition of EGFR signaling was beneficial in resistant mice whereas it was deleterious in 

susceptible mice.  

In summary, this thesis provides new insights into the regulation of R-spondin-mediated 

signaling during inflammatory stimuli and the underlying mechanisms governing intestinal 

homeostasis versus dysfunction during C. rodentium infection. 
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RÉSUMÉ 

 

L’épithélium intestinal doit répondre de manière appropriée pour la réparation épithéliale 

et le maintien de l’intégrité de la barrière épithéliale à la suite de blessures. Cependant, une 

hyper-activation de la signalisation proliférative peut conduire à une perte de la fonction 

intestinale et ainsi favoriser le développement du cancer intestinal. Citrobacter rodentium est un 

pathogène intestinal qui infecte les souris. L’infection conduit à une réparation proliférative 

appelée l’hyperplasie du côlon chez les animaux infectés. Alors que la plupart des souches de 

souris souffrent d’une colite auto-limitante relativement légère à la suite de l’infection, certaines 

souches de souris génétiquement susceptibles succombent à une maladie diarrhéique mortelle 

due à une forte induction de R-spondine2. Rspo2 code pour un membre de la famille R-spondine 

des protéines sécrétées (R-spondine 1-4). Ce sont des activateurs puissants de la voie de 

signalisation Wnt canonique. La régulation transcriptionnelle des R-spondines et les mécanismes 

adjacents régulant l’homéostasie intestinale par rapport au dysfonctionnement au cours de 

l’infection causée par C. rodentium ne sont pas entièrement compris. 

 Dans cette thèse, nous avons exploré l’expression colique des R-spondines chez des 

souris congéniques susceptibles et résistantes. Nous avons constaté que Rspo3 était la R-

spondine la plus fortement exprimée à l’état naturel. Cependant, l’expression de la R-spondine 

était hautement dynamique et régulée différemment pendant l’infection causée par C. rodentium 

et pendant la colite aiguë DSS. Nous avons observé des niveaux élevés d’expression de Rspo2 

chez les souris spécifiquement susceptibles pendant l’infection avec C. rodentium. Par ailleurs, 

des niveaux élevés d’expression de Rspo3 ont étaient constatés pendant le traitement DSS. Alors 

que les R-spondines étaient exprimés par les cellules stromales intestinales à l’état naturel et 

pendant la colite DSS, nous avons observé que Rspo2 était exprimé à la fois par les cellules 

stromales et hématopoïétiques au cours de l’infection. Nous avons également utilisé le 

séquenage d’ARN profond pour analyser systématiquement les profils d’expression génétique 

globale des tissus du côlon infectés par C. rodentium à partir de souris congéniques susceptibles 

et résistantes. Nos résultats ont mis en évidence des changements dans le métabolisme de l’hôte 

et le remodelage tissulaire comme réponses communes à l’infection chez les souris susceptibles 

et résistantes. Cependant, chez les souris susceptibles, il y a une augmentation de Rspo2-Wnt 

signalisation, accompagné d’une perte de la différenciation épithéliale, et d’une activation 
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exagérée des lymphocytes T CD4+ à cause d’une augmentation de la présentation des antigènes. 

Enfin, nous avons étudié le rôle de la signalisation du récepteur du facteur de croissance 

épidermique au cours de l’infection par C. rodentium et constaté que l’inhibition de la 

signalisation EGFR était bénéfique chez les souris résistantes alors qu’elle était néfaste chez les 

souris susceptibles. 

 En résumé, cette thèse fournit de nouvelles informations sur la régulation de la 

signalisation médiée par la R-spondine au cours des stimuli inflammatoires et les mécanismes 

sous-jacents régissant l'homéostasie intestinale versus le dysfonctionnement au cours de 

l'infection par C. rodentium. 
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RATIONALE AND OBJECTIVES 

 

Intestinal homeostasis is a tightly regulated process that is overseen by pathways that govern cell 

proliferation and differentiation to ensure intestinal health. The intestinal epithelium must 

respond appropriately to insult or injury by facilitating epithelial repair and maintaining barrier 

integrity. However, aberrant proliferative signaling can lead to the loss of intestinal epithelial 

differentiation and can promote the development of intestinal cancer. Citrobacter rodentium is 

an extracellular enteric pathogen of mice that is widely used as a model to study human 

enteropathogenic and enterohemorrhagic Escherichia coli infections, which cause significant 

morbidity and mortality worldwide. C. rodentium infects the large intestine and induces a 

proliferative repair response termed colonic hyperplasia. Inbred mouse strains suffer one of two 

fates following C. rodentium infection: self-limiting colitis or fatal diarrheal disease. Our lab 

previously demonstrated that the R-spondin2 gene controls this differential outcome. Rspo2 

encodes a member of the R-spondin family of secreted proteins (Rspo1-4) which have recently 

emerged as potent enhancers of canonical Wnt signaling, a major signaling pathway that governs 

intestinal homeostasis. Despite emerging evidence indicating a role for R-spondins in linking 

intestinal homeostasis and inflammation, little is known about the cellular source and 

transcriptional regulation of R-spondins in the gut. The objectives of my thesis were to determine 

the cell-specific expression of R-spondins in the intestine, understand R-spondins’ roles in 

homeostasis and inflammation, and to define the molecular processes governing intestinal 

homeostasis versus dysfunction during C. rodentium infection.     
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CHAPTER 1  

 

INTRODUCTION AND LITERATURE REVIEW 

 

1. Overview of the intestine 

 

The mammalian gastrointestinal (GI) tract represents the largest surface area in the body from 

the oral cavity down to the esophagus, stomach, small intestine, colon, rectum, and anus. The GI 

tract primarily functions in the digestion and absorption of essential nutrients including 

carbohydrates, minerals, and vitamins, but it also has a critical role in immune surveillance to 

protect the host from infectious and non-infectious threats that are constantly introduced during 

ingestion [1]. Furthermore, the lower GI tract (small and large intestine) is inhabited by trillions 

of commensal bacteria (also known as the gut microbiota) and their metabolites that aid in 

digestion, protection against pathogens, and immune development [2-4]. While the microbiota 

offers a range of benefits to host physiology, the dissemination of commensal microbes to 

extraintestinal organs or inappropriate immune responses to such agents can be detrimental to the 

host. The intestinal epithelium is a single layer of cells that not only facilitates in the absorption 

of nutrients but also acts as a biochemical and physical barrier, separating the luminal microbiota 

or noxious agents from the largely sterile underlying tissue. The intestinal epithelium 

accomplishes this task by working in concert with various immune cells and non-hematopoietic 

mesenchymal stromal cells to maintain immunity and homeostasis in the intestine. 

 

1.1 – Intestinal epithelium 

 

Anatomically, the small intestine is divided into the duodenum, jejunum, and ileum, and ends at 

the ileocecal valve which controls the flow of unabsorbed material from the ileum into the large 

intestine [1]. The small intestine performs the majority of digestion and absorption of nutrients 

through finger-like protrusions called villi, which enlarge the surface area available for nutrient 

absorption [5]. In between villi are tubular invaginations called crypts of Lieberkühn, which 

harbor intestinal stem cells (ISC) capable of generating all lineages of intestinal epithelial cells 
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(IEC) [6]. The colon lacks villi but instead has extended crypts that primarily function in the 

absorption of water and metabolites produced by commensal microbes in the lumen. 

 

1.1.1 – Intestinal stem cells 

 

 The intestinal epithelium is the most rapidly self-renewing tissue in the body; it is 

vigorously renewed every 4-5 days by pluripotent ISCs that reside in the crypt base (Fig. 1) [7]. 

These actively proliferating crypt base-located columnar cells – marked by the expression of 

leucine-rich repeat-containing G-protein-coupled receptor 5 (Lgr5) [8] – give rise to intermediate 

progenitors known as transit-amplifying cells which divide and ultimately differentiate into 

specialized cell types including enterocytes, goblet cells, enteroendocrine cells, Paneth cells, and 

the less well-characterized tuft cells [9]. Differentiated cells migrate up into the villi (or top of 

the crypt in the colon) with the exception of Paneth cells, which remain at the crypt base, 

intercalated with Lgr5+ ISCs [7]. Mature, terminally differentiated cells ultimately undergo 

apoptosis and are shed into the intestinal lumen [7]. This rapid turnover of the intestinal 

epithelium is essential for mucosal regeneration and allows for new epithelial cells to 

continuously replace sloughed off cells in order to prevent a barrier break.  

 In addition to active cycling Lgr5+ ISCs, several other markers (e.g. Bmi1, Lrig1, Hopx, 

mTert) have been reported to mark a population of quiescent, reserve stem cells localized four 

cell positions from the bottom of the crypt [10-13]. Although their specificity remains a matter of 

debate, numerous studies have established an important role for these “+4” stem cells in 

intestinal regeneration due to their ability to replenish the Lgr5+ ISC pool following injury and 

reconstitute the intestinal epithelium [10-13]. Indeed, multiple groups demonstrated that ablation 

of Lgr5+ ISCs by irradiation [14] or genetic engineering of mice [13] was accompanied by 

expansion of Bmi1+ ISC progeny which gave rise to all cell types of the intestinal epithelium 

including Lgr5+ ISCs. Taken together, emerging evidence suggests a model in which 

proliferative Lgr5+ ISCs at the bottom of the crypt and reserve ISCs in the +4 position cohabit 

the same tissue to support the continued generation of epithelial cells that populate the intestinal 

epithelium while retaining the ability to promote regeneration upon cytotoxic damage [15]. 
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                                 Small intestine                Colon 

 

 

Figure 1. The intestinal epithelium. Intestinal epithelial turnover occurs every 4-5 days. Lgr5+ 

stem cells at the crypt base generate proliferating transit-amplifying cells which differentiate into 

specialized cell types, and with the exception of Paneth cells, migrate up the crypt-villus axis. 

While quiescent intestinal stem cells do not play a major role in homeostasis, they become active 

following injury to promote intestinal regeneration. The colon lacks villi and Paneth cells as 

opposed to the small intestine, but otherwise shares a similar architecture. Modified from [16]. 
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1.1.2 – Enterocytes 

 

 Absorptive enterocytes constitute the majority of the intestinal epithelium [7]. 

Enterocytes are highly polarized cells that have a brush border on their apical surface composed 

of a dense array of tiny projections called microvilli, which allow for efficient absorption and 

uptake of nutrients across the epithelium [7]. This includes gut microbiota-derived metabolites 

generated from undigested dietary compounds. For example, undigested complex carbohydrates 

are fermented and metabolized by certain microbial communities in the colon – mostly obligate 

anaerobes which cannot survive in the presence of oxygen – to produce short-chain fatty acids 

such as butyrate [17]. Butyrate is an important energy source not only for the microbiota itself 

but also for the host. It is hence largely absorbed by enterocytes residing at the top of the crypt 

where it undergoes oxidative metabolism for ATP production [18]. This process consumes 

oxygen, creating an environment that is favorable for butyrate-producing obligate anaerobes 

while preventing the expansion of potentially pathogenic facultative anaerobes such as members 

of the Enterobacteriaceae family of bacteria [19, 20]. 

 Enterocytes also play a critical role in intestinal barrier function through microbial 

sensing and secretion of antimicrobial proteins. The detection of microbes and/or their products 

is achieved, in part, by the expression of toll-like receptors (TLR, e.g. TLR1, 2, 4, 5, 9), a type of 

pattern-recognition receptor (PRR) that recognizes various structurally conserved microbe-

derived motifs called pathogen-associated molecular patterns (PAMPs) [21]. Once stimulated, 

TLR signaling activates the nuclear factor NF-kB protein complex which results in the secretion 

of cytokines and chemokines to drive a local immune response [21]. Enterocytes are also capable 

of secreting antimicrobial peptides such as C-type lectin RegIII, which binds to bacterial surface 

peptidoglycan and induces bacterial cell lysis by forming membrane-permeabilizing pores [22, 

23]. Importantly, this antimicrobial peptide has been described to be crucial for the physical 

separation of the gut microbiota from the intestinal epithelial surface [24]. The next three cell 

types to be described belong to the secretory lineage and are mainly involved in preserving the 

proper digestive or barrier function of the epithelium. 

 

1.1.3 – Goblet cells 
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 Goblet cells are simple columnar epithelial cells with large secretory granules near their 

apical surface, which project microvilli to increase the surface area for maximum secretion [7]. 

Similar to the function of RegIII, goblet cells secrete highly glycosylated mucins which form a 

gel-like mucus layer that acts as a protective barrier to exclude luminal or invading bacteria from 

the epithelial surface [25]. The most abundant mucin found in the intestine is the heavily O-

glycosylated Muc2 mucin, without which mice can spontaneously develop colitis and be 

predisposed to inflammation-induced colorectal cancer (CRC) [26, 27]. Unlike the small 

intestine which is covered by a single layer of mucus, the colon has two mucus layers with a 

dense inner layer firmly attached to the epithelium and a looser outer layer [25]. Partly due to its 

complex network of polymers, the inner mucus layer is largely impermeable to particles the size 

of a bacterium and is hence normally devoid of microbes [28]. The inner mucus layer is renewed 

by mucin-secreting goblet cells before being converted into the outer mucus layer. In contrast to 

the inner mucus layer, the outer mucus layer is not attached to the epithelium and instead 

provides a nutrient source and habitat for certain microbial communities that carry a great 

number of genes devoted to glycan degradation and metabolism [25, 28].  

 Other goblet cell-derived products include trefoil factor 3 (TFF3) and resistin-like 

molecule- (RELM), which further contribute to barrier protection. TFF3 has been shown to 

decrease mucosal permeability, promote resistance to apoptosis, and importantly contribute to 

the stabilization of the mucus layer by interacting with Muc2 mucins [29]. Similarly, RELM 

has been shown to regulate Muc2 secretion [30] and play an active role during enteric infections 

by recruiting CD4+ T cells to the colon to promote IEC proliferation [31]. The numerous 

protective functions accomplished by goblet cells and their secreted factors make these 

specialized cells vital for the maintenance of mucosal homeostasis and defense against external 

assaults. 

 

1.1.4 – Enteroendocrine cells 

 

 Enteroendocrine cells represent only 1% of the intestinal epithelium and yet constitute 

one of the largest endocrine systems in the body [32]. They are key sensors of luminal contents 

including microbial metabolites and secrete important peptide hormones that regulate digestion, 

intestinal motility, and food intake (recently reviewed in [33]). Indeed, mice lacking intestinal 
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enteroendocrine cells exhibit impaired lipid absorption, reduced weight gain, and growth 

retardation [34]. Multiple subsets of enteroendocrine cells exist, responding to luminal stimuli 

and secreting a variety of peptide hormones [33]. These enteroendocrine cells express specific 

transporters and receptors that allow them to respond to a diversity of ingested food products and 

metabolites. Enteroendocrine L cells, for example, which are found primarily in the ileum and 

colon, express specific transmembrane proteins called G protein-coupled receptors that detect 

short-chain fatty acids, amino acids, and sugars among others [35]. Upon activation of these 

receptors, the subsequent release of peptide hormones such as glucagon-like peptide-1 exert 

numerous physiological effects including regulation of glycerol, secretion of insulin, and food 

intake [36]. 

 Mounting evidence suggests that enteroendocrine cells express a broad array of sensory 

machineries that not only responds to nutrients but also detects inflammation or infection via the 

expression of functional TLRs [37]. A recent study demonstrated that enteroendocrine L cells 

were able to sense lipopolysaccharide (LPS), large molecules found on the outer membrane of 

Gram-negative bacteria, via a TLR4-dependent mechanism to enhance glucagon-like peptide-1 

secretion during gut barrier injury [38]. Another study showed that enteroendocrine cells can 

produce the pro-inflammatory cytokine interleukin(IL)-32 in response to LPS and flagellin, the 

principal component of bacterial flagellum responsible for locomotion [39]. The ability of 

enteroendocrine cells to produce cytokines in response to pathogenic stimuli and to interact with 

the host immune system highlight an underappreciated role for this cell population in innate 

immunity. 

 

1.1.5 – Paneth cells 

 

 Paneth cells are granule-rich secretory cells located in the base of small intestinal crypts 

intercalated with Lgr5+ ISCs (reviewed in [40]). In contrast to other terminally differentiated 

cells, Paneth cells are long-lived [41]. Their longevity and unique location adjacent to ISCs 

suggests that they play a critical role in protecting the stem cell zone. Indeed, Paneth cells are the 

main source of antimicrobial peptides (e.g. RegIII lectins, lysozyme, pore-forming defensins) 

which are discharged into the mucus layer and lumen to prevent bacterial attachment and 

invasion [42, 43]. This was illustrated in studies using mouse models deficient in -defensin 
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production, the most abundant antimicrobial peptide in the intestine with over 20 -defensins 

identified in mice and two (HD5 and HD6) in humans [40, 44]. These mice were more 

susceptible to enteric infections and displayed impaired clearance of pathogenic bacteria from 

the small intestine as well as increased translocation to systemic tissues [44].  

 In addition to providing protection from infections by enteric pathogens, Paneth cells 

also interact with commensal bacteria and help shape the composition of the gut microbiota [45, 

46]. Ablation of Paneth cells and/or their effectors in mice result in increased translocation of 

commensal bacteria to systemic tissues, suggesting that the gut microbiota induces antimicrobial 

peptide secretion which then functions to contain commensals within the lumen [47, 48]. 

Furthermore, mice deficient in Mmp7, a protease that processes defensins into its active form, 

display a shift in the proportion of the two dominant commensal phyla with decreased Gram-

negative Bacteroidetes and increased Gram-positive Firmicutes compared to wild-type mice [46]. 

This suggests that Paneth cells and their products are key mediators in the establishment of the 

baseline microbial ecology of the gut microbiota.  

 The observation that Lgr5+ ISCs and Paneth cells are in direct contact indicate that there 

is a more functional interaction between the two populations. Indeed, gene expression analyses 

and ex vivo studies [49] revealed that Paneth cells produce a large amount of proteins (e.g. 

epidermal growth factor (EGF), Wnt ligands, Notch ligands) that act as trophic factors and niche 

signals for Lgr5+ ISCs. However, several recent studies ablating Paneth cells in vivo did not 

reveal perturbations in crypt architecture or proliferation of Lgr5+ ISCs whereas Paneth cells 

were demonstrated to be indispensable for the growth of crypt cells ex vivo, suggesting that non-

epithelial stromal cells provide a secondary physiological source of niche factors [50, 51]. While 

Paneth cells do not exist in the colon, a recent study identified Reg4+ deep crypt secretory cells 

intermingled with colonic Lgr5+ ISCs that were found to function as the colon equivalent of 

Paneth cells by secreting niche factors that support the growth and maintenance of Lgr5+ ISCs 

[52]. The vast repertoire of secreted effectors and their broad influence in host physiology 

validate Paneth cells as multifunctional cells with essential roles in host defense, in the 

regulation of the gut microbiota, and in stem cell biology. 

 

1.1.6 – Tuft cells 
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 Tuft cells constitute less than 1% of the intestinal epithelium and are identified based on 

their unique morphology: wide base, narrow apex, and an apical bundle of microfilaments 

connected to long microvilli that protrudes into the lumen [53]. Their unique morphology and 

cell lineage allowed for the identification of commonly used markers such as the microtubule-

associated kinase Dclk1 and transcription factors Gfi1b and Pou2f3 [54-56].  

 Despite their identification in the respiratory tract and intestine over five decades ago, 

the precise function of intestinal tuft cells remained relatively unknown until several recent 

independent, but complementary studies reported an essential role for these cells in the initiation 

of a type 2 immune response [56-58]. The type 2 immune response involves the activation of T 

helper type 2 (Th2) cells and tissue-resident group 2 innate lymphoid cells (ILC2), typically 

induced against invading helminth parasites. In the study by Gerbe et al., infection of mice with 

the roundworm Nippostrongylus brasiliensis caused tuft cell hyperplasia and production of tuft 

cell-derived IL-25, a cytokine required for activation of ILC2s [56]. The activation of ILC2s by 

IL-25 subsequently triggered these cells to secrete IL-13, which led to goblet cell hyperplasia, 

increased mucin secretion, and worm expulsion [56]. The study by von Moltke et al. 

complemented these findings by showing that tuft cell hyperplasia during helminth infection was 

absent in IL-25-deficient mice, resulting in decreased IL-13 production and impaired worm 

expulsion [58]. The cation channel Trpm5 is predominantly expressed by tuft cells in the 

intestine [59]. The study by Howitt et al. employed Trpm5 knockout mice to show that tuft cell 

expansion, IL-25 production, and ILC2 activation was impaired during parasite colonization [57].  

 Together, these studies uncovered an unexpected role for tuft cells in intestinal immune 

defense and identify these cells as critical sentinels in the intestinal epithelium that promote type 

2 immunity in response to helminth infections. 

 

1.1.7 – Intercellular junction complex  

 

Adjacent IECs are connected to one another by intercellular junctional complexes consisting of 

tight junctions and adherens junctions, which are multiprotein complexes composed of 

transmembrane proteins such as cadherins, occludins, claudins, and junctional adhesion 

molecules located at the apical end of the lateral membranes of IECs [60]. Together, these 

proteins mediate cell-cell adhesion that defines the polarized nature of the intestinal epithelium 
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while forming a selectively permeable membrane between adjacent IECs to allow the transport 

of nutrients, ions, and water. The intercellular domains of these transmembrane proteins 

associate with cytosolic adaptor proteins to interact with the actin cytoskeleton, which regulate 

tight junction structure and paracellular permeability [61]. Tight junctions are frequent targets of 

enteric pathogens: Salmonella enterica serovar Typhimurium, a major cause of gastroenteritis, 

has been shown to encode specific effector proteins from its Salmonella pathogenicity island-1 to 

disrupt the tight junction structure and possibly contribute to bacterial invasion [62]. Defects in 

tight junctions and increased permeability are observed in various other intestinal and systemic 

diseases, highlighting these multiprotein complexes as major contributors to intestinal barrier 

integrity. 

 

1.2 – Intestinal immune cells 

 

The intestinal epithelium has a formidable task of maintaining physical segregation between the 

host and commensal/invading microbes. However, in the case an infectious agent breaks through 

the physico-chemical barrier imposed by the epithelium, specialized IECs continue to promote 

barrier function by interacting with immune cells and mesenchymal stromal cells of the 

underlying lamina propria, a thin layer of connective tissue, to coordinate an appropriate immune 

response and aid in mucosal repair. The intestine is fortified with a highly complex immune 

system that is orchestrated by myeloid and lymphoid cells and communicated through cytokine 

production or cell-cell contact (Fig. 2). The majority of intestinal immune cells are either 

clustered in the gut-associated lymphoid tissue (GALT), including the Peyer’s patches and 

isolated lymphoid follicles located immediately below the epithelium, or disseminated 

throughout the intestinal lamina propria. The detection of microbial ligands via PRRs on IECs 

and immune cells stimulate the rapid effector functions of innate immune cells to respond to 

pathogenic insult and maintain homeostasis. 

 

1.2.1 – Dendritic cells 

 

 Dendritic cells are mononuclear cells and specialized antigen-presenting cells that 

constantly survey their environment for the presence of foreign particles or antigens. 
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Figure 2. Anatomy of the intestinal immune system. Goblet cells and Paneth cells secrete 

mucus and antimicrobial peptides, respectively, to promote the exclusion of luminal bacteria 

from the epithelium. The transcytosis of plasma B cell-derived IgA into the lumen also 

contribute to this barrier function. Certain subsets of immune cells such as M cells above the 

Peyer’s patches and intraepithelial lymphocytes are interspersed in between IECs for sampling 

and killing of luminal antigens. Beneath the epithelium in the lamina propria are various immune 

cells and stromal cells that interact together to maintain barrier function. Adapted from [21]. 
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Considerable heterogeneity exists among intestinal mononuclear phagocytes; CD11c+ CD103+ 

dendritic cells are a major subset in the intestinal mucosa with a central role in regulating 

tolerance to commensal bacteria and activating adaptive immune cells (reviewed in [63]). 

CD103+ dendritic cells frequently patrol the lamina propria in case of a barrier breach but they 

also form transepithelial dendrites that protrude into the lumen for sampling of luminal bacteria 

or exogenous antigens [64]. In this way, they act in complement to specialized IECs called M 

cells which also mediate sampling of luminal antigens for presentation to underlying immune 

cells [65]. Following antigen acquisition, CD103+ dendritic cells migrate to secondary lymphoid 

organs such as the mesenteric lymph nodes and Peyer’s patches and present their antigens to 

naïve T cells to induce T cell subset differentiation and proliferation.  

 The host immune system must balance the response to commensal bacteria and 

pathogens, preventing unnecessary pro-inflammatory immune responses to commensal bacteria 

or harmless antigens while mounting powerful immune responses against pathogens. CD103+ 

dendritic cells play an active role in maintaining immunological tolerance by facilitating Foxp3+ 

T regulatory (Treg) cell differentiation through the production of TGF- and vitamin A 

metabolite retinoic acid [66]. Treg cells play an important role in the control of destructive 

inflammatory responses, in part by suppressing naïve T cell proliferation [66]. In addition, 

CD103+ dendritic cells imprint specific homing properties on T cells, enabling activated T cells 

to migrate back to the original site of antigen encounter in the intestine [67]. 

 

1.2.2 - Macrophages 

   

 Macrophages represent one of the most abundant mononuclear immune cell populations 

in the intestine. Like CD103+ dendritic cells, CX3CR1+ macrophages are a major subset in the 

intestinal lamina propria with transepithelial dendrites that extend into the lumen [68]. However, 

these intestine-resident macrophages lack migratory properties and instead mediate clearance of 

commensal or invading bacteria via phagocytosis.  

 CX3CR1+ macrophages can drive mucosal T cell responses but also promote tolerance 

in the intestinal lamina propria. A recent study showed that CX3CR1+ macrophages were 

required for induction of pro-inflammatory Th17 cell responses to certain commensal bacteria 

whereas CD103+ dendritic cells were dispensable [69]. In an earlier study, CD103+ dendritic 
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cells were demonstrated to be necessary for Th17 mucosal immunity against an enteric pathogen 

[70], suggesting that different immune subsets mediate Th17 cell induction in response to 

different microbial antigens. CX3CR1+ macrophages promote tolerance by interacting with T 

cells in the lamina propria through adhesion molecules and suppressing the co-stimulatory 

signals CD80/CD86 via a IL-10-dependent mechanism, resulting in inhibition of T cell 

proliferation [71]. Transfer of CX3CR1+ macrophages into mice that develop spontaneous colitis 

due to over-activated T cells significantly reduced the number of CD4+ T cells in the colonic 

lamina propria and ameliorated intestinal inflammation [71].  

 

1.2.3 - Neutrophils 

 

 Neutrophils are polymorphonuclear leukocytes and the most abundant leukocyte 

population in the blood [72]. Neutrophils are one of the first immune cells to be mobilized and 

recruited to sites of inflammation due to their ability to sense chemokines secreted by IECs and 

resident immune cells, and traverse the vascular endothelium to reach the intestinal lamina 

propria [72, 73]. Here, neutrophils primarily function in eliminating microbes – mainly through 

phagocytosis and degranulation of antimicrobial proteins – that have translocated the epithelium 

and infiltrated the mucosa. For example, neutrophils release large amounts of reactive oxygen 

species such as hydrogen peroxides during phagocytosis that result in significant damage to 

bacterial cell structures [74]. Intracellular granules containing -defensins, proteases, and 

hydrolytic enzymes are also released upon contact with microbes [75]. 

 Additional critical functions of neutrophils are in recruitment of other immune cell 

populations and in mucosal wound healing processes. Indeed, activated neutrophils synthesize 

various cytokines and chemokines such as CXCL10 and CCL2 that selectively chemoattract Th1 

and Th17 cells [76]. After injury caused by inflammation, neutrophils contribute to resolution 

events that restore tissue integrity. Several mechanisms of action have been reported, including 

removing inflammatory mediators and cell debris via phagocytosis and producing anti-

inflammatory molecules such as lipoxins which can inhibit further leukocyte recruitment to the 

wound site [77, 78].  

 

1.2.4 – Innate lymphoid cells 
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 ILCs are a population of innate immune cells with a classical lymphocyte morphology 

but without recombined antigen-specific receptors [79]. ILCs can express cytokine profiles 

similar to those of adaptive T helper (Th) 1, Th2, or Th17 cells and are classified into three main 

subsets: ILC1 producing Th1 cytokines, ILC2 producing Th2 cytokines, and ILC3 producing 

Th17 cytokines [79]. 

 ILC1s express the transcription factor T-bet and are typically characterized by the 

production of Th1 cell-associated cytokines IFN-γ and TNF- [80]. The production of these 

cytokines by ILC1s were shown to reinforce the epithelial barrier against the intracellular 

pathogen S. enterica [81] and control the replication of the parasite Toxoplasma gondii [82]. 

ILC2s express the transcription factor GATA3 and are characterized by the production of Th2 

cell-associated cytokines IL-4, IL-5, and IL-13 [80]. As has been described above, these factors 

contribute to protection against helminth infections by stimulating a protective repair response 

through goblet cell hyperplasia and enhanced mucus secretion [56-58]. ILC3s express the 

transcription factor RORγt and are characterized by the production of Th17 and Th22 cell-

associated cytokines IL-17 and IL-22 [80]. Notably, ILC3s constitute the majority of ILCs in the 

ileum and colon where the density and quantity of commensal bacteria are greatest [83]. Indeed, 

mice lacking IL-22 or ILC3s have been shown to have increased bacterial translocation, 

suggesting that IL-22 derived from ILC3s prevent commensal bacteria from breaching the 

epithelial barrier [83]. As discussed in later sections, ILC3-derived cytokines also have an 

important role in protecting the host from infections by bacterial pathogens [84, 85]. The ability 

of ILCs to sense and react swiftly to environmental signals through cytokine production make 

these cells key players in mediating immunity against pathogens and limiting tissue injury. 

 

1.2.5 – Intraepithelial lymphocytes 

 

 Intestinal intraepithelial lymphocytes (IEL) are a diverse population of lymphoid cells 

that either enter the intestinal epithelium after antigen encounter in the periphery or immediately 

after development (recently reviewed in [86]). IELs primarily reside within the small intestinal 

epithelium in intimate contact with IECs. IELs are classified into two major groups based on 

their phenotypical and functional properties: T-cell receptor (TCR)+ IELs and TCR+ IELs 
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which can be further subdivided into distinct subsets on the basis of CD4 and CD8 co-receptor 

expression [86].  

 The bidirectional interaction between IECs and IELs, and the close proximity to the vast 

antigenic load within the intestinal lumen have subjected IELs to have a diverse repertoire of 

effector functions in the intestinal mucosa. TCR+ IELs, for example, have been shown to 

maintain the integrity of intestinal epithelial tight junctions: mice deficient in TCR+ IELs had a 

leaky epithelium and an impaired ability to restrict epithelial transmigration of the pathogens S. 

typhimurium and T. gondii [87]. TCR+ IELs also secrete factors such as keratinocyte growth 

factor which has been demonstrated to restore the integrity of the epithelium upon mucosal 

damage by promoting epithelial growth [88]. Conversely, antigen-experienced TCR+ IELs 

that have homed from the periphery to the intestinal epithelium were shown to have tissue-

resident memory properties by inducing long term immunity against various infectious agents 

[89, 90]. Collectively, IEL subsets and their diverse effector functions work together to 

strengthen the mucosal barrier from exogenous insults. 

 

1.2.6 – T and B lymphocytes 

 

 T and B lymphocytes provide powerful adaptive immune responses against the wide 

array of antigens the host constantly encounters [91]. Indeed, the intestine harbors the largest 

population of T cells in the body [92]. The activation of naïve T cells by antigen-presenting cells 

and imprinting of gut-homing properties make CD4+ T cells a major population in the intestinal 

lamina propria. Intestinal CD4+ T cells are functionally divided into effector and regulatory sub-

populations in which Th1, Th17, and Treg cells are the most enriched under steady state 

conditions [92]. Regulatory mechanisms orchestrated by Treg cells are a dominant feature at 

steady state, as illustrated by the lack of inflammation in most individuals despite the constant 

exposure to microbial antigens within the intestine [93]. While Treg cells play a critical role in 

the suppression of excessive inflammatory responses, pro-inflammatory Th1 and Th17 cells play 

a central role in host defense against intestinal infections or damage (discussed further in later 

sections) [94, 95]. This balance provides the host the necessary tools to initiate an effective 

immune response while preserving tissue integrity.  
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 GALT is the primary reservoir for the largest antibody-producing cells in the body: 

intestinal plasma B cells [96]. IgA is the dominant class of immunoglobulins secreted by these 

cells [96]. The maturation of B cells into IgA-secreting plasma cells occurs through class-switch 

recombination, a process by which B cells rearrange their DNA to express different classes of 

immunoglobulins [97]. This process is dependent on priming by mucosal dendritic cells and the 

antigens they carry [98]. In the presence of CD4+ T cells, the expression of the surface molecule 

CD40L also acts as a signal for B cell class-switch recombination [99]. Secretory IgA produced 

by plasma cells represent a major constituent of the intestinal mucosal surface [100]. IgA is 

transported across the intestinal epithelium by the polymeric immunoglobulin receptor in IECs 

into the lumen where it is heavily involved in the neutralization of microbes and antigens 

through multiple mechanisms [101]. Bacteria that reach the inner mucus layer induce the most 

potent IgA response and are hence heavily coated with IgA [100, 102]. Subsequently, IgA 

receptors allow specialized IECs to sample the IgA-coated bacteria and transfer sampled antigens 

to dendritic cells, resulting in the onset of appropriate immunomodulatory responses [103, 104]. 

 

1.3 – Intestinal stromal cells 

 

 The mesenchymal compartment forms a dense network directly adjacent to and 

underneath the intestinal epithelium, providing much of the structural framework of the intestine 

[105, 106]. Although lacking in specific surface marker expression, stromal cells are highly 

heterogeneous and multiple stromal cell subsets exist with distinct localization, phenotype, and 

function. Some of the major subsets include fibroblasts, myofibroblasts, smooth muscle cells, 

and pericytes, and each subset is believed to include additional multiple functionally distinct cell 

populations [105, 106]. Conventionally, sub-epithelial myofibroblasts are identified by their co-

expression of the intracellular cytoskeletal microfilament alpha-smooth muscle actin (-SMA) 

and type III intermediate filament vimentin whereas fibroblasts express vimentin but not -SMA 

[105, 106]. Pericytes also co-express -SMA and vimentin but they are found surrounding blood 

vessels and endothelial cells in the basement membrane, contributing to angiogenesis and 

revascularization [105, 107].  

 Their sub-mucosal localization allows stromal cells to communicate with ISCs through 

soluble mediators and support their proliferation and function (discussed further in the next 
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section). Indeed, several recent studies identified distinct stromal subsets within the small 

intestine and colon that provide critical components of the ISC niche. These studies were spurred 

by the observation that Paneth cells and epithelial-derived signaling molecules were dispensable 

for ISC function [50, 108], indicating that the mesenchyme may act as a secondary source of 

these signaling molecules, as mentioned earlier. One such study identified a small subset distinct 

from -SMA+ myofibroblasts expressing the transcription factor Foxl1 [109]. These cells were 

found to express niche-supporting factors (e.g. Wnt2b, Wnt5a, Rspo3, Grem1, Grem2) that 

influence canonical Wnt signaling, a major signaling pathway in the intestine that regulates crypt 

proliferation and differentiation [109, 110]. Genetic ablation of Foxl1+ stromal cells led to 

reduced Wnt signaling, decreased stem cell activity, and loss of proliferation, indicating a 

requirement for these cells in ISC maintenance [109]. Studies by Stzepourginski et al. and 

Greicius et al. identified similar but distinct subsets based on their expression of CD34 and 

Pdgfr, respectively, that were likewise found to be closely associated with Lgr5+ ISCs and 

produce major niche factors [111, 112]. Importantly, the absence of these factors led to impaired 

intestinal crypt formation even in the presence of epithelial-derived factors [111, 112]. The latest 

report identified yet another stromal subset marked by the expression of the zinc finger protein 

Gli1 that was found to comprise the stem cell niche in the colon [113]. Inhibiting Gli1+ stromal 

cells from secreting ligands of Wnt signaling prevented stem cell renewal and resulted in the loss 

of the integrity of the colonic epithelium and death [113]. Together, these studies demonstrated 

that stromal niche factors were necessary and sufficient for the maintenance of Lgr5+ ISCs and 

highlighted the importance of the stroma in intestinal homeostasis.  

 Apart from their contribution to ISC homeostasis, stromal cells are in a prime position 

to interact with conventional immune cells and associated cytokines and chemokines (recently 

reviewed in [114]). Indeed, stromal cells express a wide range of innate immune receptors 

including TLRs which allow them to respond to cytokine signals and produce factors that 

amplify immune responses during an infectious or inflamed state [115]. For example, colonic 

myofibroblasts were shown to be sensitive to IL-17; IL-17 induced the production of IL-6, IL-8, 

and CCL2 through a NF-kB-dependent mechanism [116]. Similarly, IL-36 induction in IECs 

following injury activated IL-36 receptors on colonic fibroblasts and induced the expression of 

GM-CSF and IL-6, which were shown to significantly accelerate mucosal wound healing [117]. 
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 Furthermore, growing evidence suggests that stromal cells are functionally equipped to 

respond directly to pathogens in a cell-intrinsic manner [114, 115]. In one study, murine stromal 

cells were demonstrated to directly sense live bacteria through the expression of the cytosolic 

innate receptor nucleotide-binding oligomerization domain (NOD)2 [118]. When infected with 

the enteric pathogen Citrobacter rodentium, NOD2 signaling led to the production of CCL2, 

recruitment of innate immune cells, and pathogen clearance [118]. Historically, stromal cells 

were often considered non-immune cells with passive structural entities. However, current data 

has now extended our knowledge on the diverse immunological features of stromal cells in the 

intestine where they interact dynamically with both epithelial and immune cells to promote tissue 

function and host defense.  

 

2. Major signaling pathways in the intestine 

 

The homeostatic control of the mammalian intestine is regulated by the intricate and complex 

network of interactions that occur among many different signaling pathways (reviewed in [119] 

and [120]). The Wnt, Bmp, Eph/Ephrin, Notch, Hedgehog, and EGF receptor (EGFR) pathways 

are some of the major signaling pathways that govern ISC maintenance and differentiation and 

define the architecture and cell composition of the intestinal epithelium. 

 

2.1 –Wnt signaling 

 

Wnt signaling represents one of the key signaling pathways during embryonic development and 

in the regulation of intestinal epithelial homeostasis and stem cell function in the adult tissue. 

The signaling cascade is initiated through the autocrine and paracrine interaction of secreted Wnt 

glycoproteins with cell surface receptors of the Frizzled family and with its co-receptors, the 

low-density lipoprotein receptor-related proteins (LRP)5/6 and tyrosine kinase receptors Ryk, 

ROR1/2, and PTK7 [110, 121]. There are currently 19 known Wnt genes in the mammalian 

genome that are typically classified as either canonical (e.g. Wnt1, Wnt2b, Wnt3a, Wnt8a) or 

non-canonical (e.g. Wnt4, Wnt5a, Wnt5b, Wnt7a, Wnt9a, Wnt11) depending on which pathway 

they activate (recently reviewed in [122]). Several Wnt ligands have been described in the 

intestine, either expressed by the epithelium or by the stroma: Wnt2b, Wnt3a, Wnt4, Wnt5a, 
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Wnt6, and Wnt9b while others have also been described in different organs throughout the body 

[122]. Binding of Wnt ligands to its receptor activates either the canonical pathway which drives 

specific gene expression through the stabilization and nuclear translocation of the intracellular 

signal transducer -catenin or the -catenin-independent, non-canonical pathway [123]. 

 

2.1.1 – Canonical Wnt signaling 

 

 The canonical pathway is the best characterized and considered the primary driving 

force behind the proliferation of IECs with highest activity at the bottom of the intestinal crypts 

(Fig. 3) [7]. In the absence of Wnt ligands, Frizzled and LRP receptors are inactive and free 

cytosolic -catenin is efficiently captured by a destruction complex composed of the scaffold 

protein Axin, the tumour suppressor adenomatous polyposis coli (APC), and the serine/threonine 

kinases casein kinase-1 and glycogen synthase kinase-3 [124]. The latter two kinases 

phosphorylate serine and threonine residues at the amino-terminus of -catenin, allowing it to be 

recognized by the -transduction repeat-containing protein E3 ubiquitin ligase complex which 

ubiquitinates -catenin for degradation by the 26S proteasome [125, 126]. Binding of Wnt 

ligands to both the Frizzled and LRP receptors causes phosphorylation of serine residues in the 

intracellular domain of the LRP receptors [127]. Cytoplasmic dishevelled phosphoproteins 

recognize these phosphorylated residues and act as adaptors for phosphorylated LRP to recruit 

the entire destruction complex to the plasma membrane, sequestering the complex and 

preventing -catenin degradation [128]. This results in cytoplasmic accumulation of -catenin 

and its translocation into the nucleus where it displaces transcriptional repressors Groucho and 

interacts with T-cell factor/lymphoid enhancer factor transcription factors to induce Wnt target 

gene transcription [124].  

 A number of secreted modulators of Wnt signaling exist in the extracellular space. 

Several of these modulators function as Wnt antagonists either by binding Wnt molecules (e.g. 

secreted frizzled-related protein, Wnt inhibitory factor) or Wnt receptors (e.g. Dickkopf proteins) 

while others act as Wnt agonists (e.g. Norrin and R-spondin proteins) [129-133]. The R-spondin 

family of secreted glycoproteins (R-spondin1-4) has recently emerged as potent enhancers of the 

canonical Wnt signaling pathway [134]. All four R-spondin proteins are characterized by the 

presence of an amino-terminal signal peptide, two adjacent furin-like cysteine-rich domains, a  
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Figure 3. The canonical Wnt signaling pathway. In the absence of Wnt ligands, the Frizzled 

receptor is targeted for degradation by Rnf43/Znrf3, and free cytosolic -catenin is likewise 

targeted for degradation by a destruction complex consisting of Axin, APC, and GSK3. The 

binding of Wnt ligands to Frizzled and LRP receptors sequesters the destruction complex and 

induces nuclear translocation of -catenin for Wnt target gene transcription. Binding of R-

spondins to Lgr and Rnf43/Znrf3 sequesters the E3 ubiquitin ligases, therefore inhibiting 

degradation of Frizzled receptors and potentiating Wnt signaling. Adapted from [124]. 
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thrombospondin type I repeat domain, and a basic amino acid-rich repeat domain in the carboxyl 

terminus [134]. R-spondin simultaneously binds to the extracellular domains of Lgr4/5/6 through 

its furin 2 domain and to the transmembrane E3 ubiquitin ligases Rnf43/Znrf3 through its furin 1 

domain [135, 136]. The ligases negatively regulate Wnt signaling through the ubiquitination and 

degradation of Frizzled receptors [121]. The binding of R-spondin proteins to Rnf43/Znrf3 

induces auto-ubiquitination and results in their internalization and clearance from the cell surface, 

hence increasing the availability of Frizzled receptors on the cell surface and sensitizing cells to 

Wnt signaling [136, 137]. 

 In the intestine, Rspo1-3 are predominantly expressed by the mesenchyme and lowly 

expressed in the epithelium while Rspo4 is nearly undetectable [108]. All four R-spondins have 

the capability to induce -catenin activation and crypt cell proliferation in the intestine [138]. 

However, R-spondin functions are not completely redundant in other tissues. Loss-of-function 

mutations or absence of RSPO1/Rspo1 in humans and mice, respectively, affect ovary 

development and cause female-to-male sex reversal [139, 140]. Rspo2 gene knockout is 

associated with craniofacial and laryngeal malformations, limb loss, and lung hypoplasia [141, 

142] while targeted disruption of the Rspo3 gene results in embryonic lethality due to severe 

vascular defects and aberrant placental development [143, 144]. Lastly, mutations in the RSPO4 

gene are associated with a mild disorder called anonychia, the absence of fingernails and toenails 

[145].  

 Intriguingly, two recent studies suggested that R-spondins, particularly Rspo2 and 

Rspo3, can potentiate Wnt/-catenin signaling even in the absence of Lgr4-6 [146, 147]. 

Lebensohn et al. used Wnt reporter cell lines to show that addition of exogenous Rspo2 and 

Rspo3, but not Rspo1 or Rspo4, to Lgr4-6 triple-knockout cells still potentiated downstream Wnt 

responses [146]. The authors discovered that Lgr-independent signaling was dependent on the 

interaction between the thrombospondin type I repeat domain and basic amino acid-rich domain 

of R-spondin with the cell surface glycoproteins heparan sulfate proteoglycan [146]. In the study 

by Szenker-Ravi et al., the authors observed that triple-knockout of Lgr4-6 in mice did not 

recapitulate the known Rspo2 loss-of-function phenotype, namely limb loss [147]. Instead, 

concurrent deletion of Rnf43/Znrf3 in Xenopus embryos was sufficient to trigger ectopic limb 

growth, suggesting that R-spondins behave as direct antagonistic ligands to Rnf43/Znrf3 in order 

to govern limb development during embryogenesis [147]. Together, these studies define 
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alternative methods of R-spondin-mediated signaling that share a common dependence on 

Rnf43/Znrf3 but not Lgr4-6.  

 

2.1.2 – Non-canonical Wnt signaling 

 

 The non-canonical Wnt pathway is broadly classified into the planar cell polarity (PCP) 

pathway and the Wnt/calcium (Wnt/Ca2+) pathway. Signaling in the PCP pathway is transmitted 

by a transmembrane receptor complex involving Fzd receptors and co-receptors Ryk, ROR1/2, 

or PTK7 [123]. Binding of Wnt ligands activate the small GTPases Rho/Ras-related C3 

botulinum toxin substrate 1 and result in cytoskeleton reorganization affecting cell polarity, 

migration, and ultimately the shape of the cell [148]. The variety of Wnt ligands and Fzd 

receptors available is believed to contribute to the variation in the transmission of the signal and 

activation of distinct cytoplasmic PCP pathways that are important for developmental processes 

[149]. The Wnt/Ca2+ pathway was originally identified in zebrafish embryos where over-

expression of Wnt5a was shown to increase intracellular Ca2+ signaling [150]. In this pathway, 

Wnt-Fzd-ROR1/2 interactions lead to the activation of the membrane-bound enzyme 

phospholipase C, which hydrolyzes plasma membrane components into inositol triphosphate 

(IP3) and diacylglycerol (DAG) [151, 152]. These molecules then act as secondary messengers 

and interact with calcium channels on the endoplasmic reticulum to stimulate efflux of Ca2+ ions 

[152]. In turn, Ca2+ can activate numerous regulatory proteins and genes involved in 

embryogenesis and development [152]. For example, together with DAG, Ca2+ can activate 

Cdc42, a protein involved in the regulation of the cell cycle and in ventral patterning [153].  

 The role of non-canonical pathways in intestinal homeostasis is unclear. However, 

Wnt5a/Ca2+ signaling has been demonstrated to be capable of negatively regulating the canonical 

Wnt signaling pathway [154]. At the same time, Wnt5a has also been observed to be able to 

induce -catenin-dependent transcription in the presence of Fzd4 [155]. As iterated above, these 

studies propose a model wherein the availability of certain receptors and Wnt ligands in different 

contexts can drive activation of either the canonical or non-canonical pathway, hence adding an 

enormous level of complexity to our understanding of the Wnt system. 

  

2.2 – Bmp signaling 
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 Bone morphogenetic protein or Bmp ligands are soluble factors belonging to the TGF- 

cytokine family that inhibit proliferation and therefore act as major counterforces to Wnt-driven 

signaling. In the intestine, Bmp morphogens are abundantly expressed by the mesenchyme in the 

intravillus region or near the top of the colonic crypt [156, 157]. Conversely, Bmp antagonists 

such as Noggin, Gremlins, and Chordins are expressed near the base of the crypt to protect the 

epithelium in this region from the action of Bmp proteins [156]. The resulting formation of 

opposing gradients of Wnt and Bmp signaling ensures a balance between proliferation and 

differentiation along the crypt-villus axis. Indeed, the absence of Bmp signaling in the epithelium 

and mesenchyme by knock-down of the receptor Bmpr1A or overexpression of Noggin results in 

hyperproliferation of ISCs, ectopic crypt formation, and development of intestinal polyposis [158, 

159]. 

 Bmp ligands bind to a class of serine/threonine receptors on the cell surface, resulting in 

the mobilization and phosphorylation of SMAD transcription factors [119]. The active SMAD 

complex then translocates into the nucleus to regulate gene expression. Smurf1 is a specific Bmp 

target gene. Smurf1 is an E3 ubiquitin ligase that promotes ubiquitination of SMAD complexes 

and targets them for proteasomal degradation, ensuring the termination of Bmp signal in un-

stimulated cells [119]. The precise mechanism underlying the negative regulation of Bmp on 

intestinal proliferation is unclear, although multiple groups have suggested that cell cycle 

downregulation may occur through Bmp-mediated stabilization of the p21 cyclin-dependent 

kinase inhibitor [160, 161]. In addition, it has recently been shown that epithelial Bmp signaling 

restricts ISC expansion through SMAD-mediated transcriptional repression of stem cell signature 

genes, hence promoting proper homeostatic renewal of the intestinal epithelium [162].  

 

2.3 – Eph/Ephrin signaling 

 

The segregation between the proliferative compartment and differentiated epithelium is tightly 

controlled by cell-cell contact-dependent Eph/Ephrin signaling between the tyrosine kinase 

receptors EphB2 and EphB3 and their ligand EphrinB1 [163, 164]. EphB3 is expressed in Lgr5+ 

ISCs and Paneth cells while EphB2 is expressed more broadly in the transit amplifying 

compartment where they are positively activated by Wnt signaling [156, 163]. In contrast, Ephrin 
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ligands are highly expressed at the crypt-villus junction with a decreasing gradient towards the 

bottom of the crypt and are repressed by Wnt signaling [163, 165]. The repulsion between Eph- 

and Ephrin-expressing cells is responsible for establishing tissue boundaries and defining paths 

of cell migration [163, 166]. Indeed, deletion of the EphB2 and the EphB3 genes in mice result in 

altered localization of the different cell populations within the crypt, with Paneth cells and 

proliferative cells no longer restricted to the bottom of the crypts but instead found scattered 

along the crypt-villus axis, intermingled with differentiated cells [163]. In addition to directing 

cell segregation, EphB receptors were also shown to regulate proliferation [165]. Mice with null 

mutations in EphB2 and EphB3 had reduced proliferation in colonic crypts whereas constitutive 

activation of EphB2 caused an expansion of the proliferative compartment, suggesting that Wnt 

signaling may regulate proliferation, in part, by promoting EphB expression [165]. 

 

2.4 – Notch signaling 

 

 Notch signaling is based on direct cell-cell contact between adjacent cells bearing a 

transmembrane Notch ligand and one of the four transmembrane receptors (Notch1-4) [167]. 

Interaction of the ligand with its receptor results in proteolytic cleavage of the receptor and 

release of the Notch intracellular domain, which translocates into the nucleus to activate target 

gene transcription [167]. The Notch pathway plays a central function in controlling absorptive 

versus secretory fate decisions by inducing differentiation towards the absorptive enterocyte 

lineage [7]. This was supported by a number of mouse models in which mice deficient in Hes-1, 

the major Notch target gene, showed increased numbers of secretory lineage cells at the expense 

of absorptive enterocytes [168, 169]. Conversely, constitutive activation of the Notch1 receptor 

in a transgenic mouse model resulted in the depletion of goblet cells and a reduction in 

enteroendocrine and Paneth cells [170]. Hes-1 negatively regulates Math1, a transcription factor 

found on all secretory cells and their precursors in the intestinal epithelium [171]. Math1-null 

animals have a depletion in goblet, enteroendocrine, and Paneth cells but normal growth of 

enterocytes [171]. Hence, the Notch-controlled choice between an absorptive fate (Math1-

negative) and a secretory fate (Math1-positive) may be one of the first decisions to be made by 

progenitor cells as they become committed to differentiation. 
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 Since Notch receptors and their ligands are mostly expressed in the crypt base near the 

stem cell zone [172, 173], several groups have demonstrated that the Notch pathway is also 

important for preserving stemness; blockage of Notch signaling has been shown not only to 

increase the number of secretory cells at the expense of enterocytes but also at the expense of 

proliferative progenitor cells in the crypt [174]. It therefore seems likely that ISCs and their 

daughter cells depend on the combination of Notch and Wnt signaling to maintain a proliferative 

state.   

 

2.5 – Hedgehog signaling 

 

 Hedgehog proteins are secreted proteins necessary for the development of many organs 

including the limbs, lung, skin, and GI tract [175-177]. The mouse Hedgehog gene family 

consists of three members: Desert, Indian, and Sonic Hedgehog in which the latter two are 

primarily found expressed in the intestine [176, 178]. Hedgehog proteins are synthesized as 45 

kDa precursors, which are cleaved and lipid-modified to generate an active N-terminal fragment 

responsible for signaling activity [179, 180]. Signaling is induced when Hedgehogs bind to the 

transmembrane receptor Ptch, alleviating the inhibitory effect of Ptch on an adjacent 

transmembrane receptor called Smo, and allowing Smo to activate downstream transcription 

factors which translocate to the nucleus to transcribe Hedgehog target genes [119].  

 Hedgehog signaling is exclusively from the epithelium to the mesenchyme and is 

therefore a key factor in the homeostasis of mesenchymal cells [178]. Indeed, myofibroblasts as 

well as smooth muscle cells require Hedgehog signaling for proliferation and differentiation. 

Intestinal epithelial-specific deletion of Indian Hedgehog has been demonstrated to cause 

mislocalization of myofibroblasts and smooth muscle cells, and a reduction in the number of 

myofibroblasts, suggesting that the secretion of stromal cell-derived growth factors necessary for 

the maintenance of the ISC niche may be altered [181]. Indeed, disruption of Hedgehog signaling 

influenced the size of the crypt compartment: ablation of Hedgehog signaling in the intestine 

caused an expansion of ISCs, increased Wnt signaling, and lengthening of crypts whereas 

constitutive activation of Hedgehog signaling in the colonic epithelium through deletion of Ptch 

resulted in increased Bmp signaling, reduced Wnt signaling, and crypt hypoplasia [181, 182].  
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2.6 – EGFR signaling 

 

 EGFR or ErbB1 encodes a member of the ErbB receptor tyrosine kinase family (ErbB1-

4) and is abundantly expressed in the intestinal crypt [183]. EGFR ligands are soluble mediators 

produced by a variety of different cell types including epithelial, stromal, and immune cells that 

bind to and activate EGFR via autocrine or paracrine signaling [184]. EGFR can be activated by 

several related, but distinct ligands including EGF, Amphiregulin (Areg), Epiregulin (Ereg), 

betacellulin (Btc), TGF-, and heparin-binding EGF-like growth factor (HBEGF) (recently 

reviewed in [184]). Of these, EGF, Areg, and TGF- interact solely through EGFR while Ereg, 

Btc, and HBEGF also bind to and activate ErbB4 [184]. None of the EGFR ligands are known to 

interact with ErbB2 or ErbB3. Oligomerization of EGFR occurs following ligand binding and 

signaling is induced through phosphorylation of intracellular domains [185]. This results in the 

activation of several major downstream signal transduction pathways including the mitogen-

activated protein kinase/extracellular signal-regulated kinase (MAPK/ERK) pathway and 

phosphoinositide 3-kinase (PI3K)/AKT pathway, which govern a diverse repertoire of biological 

responses including cell proliferation, differentiation, migration, survival, and apoptosis (Fig. 4) 

[185-187].  

 EGFR and its ligands are essential for the development and maintenance of intestinal 

homeostasis. Mice lacking functional EGFR have been reported to develop abnormal crypts 

while inactivation of EGFR in Drosophila have been shown to inhibit the growth and division of 

ISCs [188, 189]. EGF, Areg, and Ereg have mitogenic features that have been identified to have 

multiple roles in normal physiology and disease states in the intestine. For example, Areg-

deficient mice have been shown to exhibit delayed clearance of the intestinal helminth Trichuris 

muris and impaired proliferation of colonic epithelial cells, suggesting a role for Areg in 

promoting intestinal repair and regeneration [190]. Likewise, Ereg-deficient mice have been 

demonstrated to exhibit enhanced susceptibility to a model of induced colitis with greater body 

weight loss and histological damage [191]. Notably, a recent study used a similar model of 

induced colitis to show that toll-like receptor signaling in non-hematopoietic intestinal cells 

regulated Areg and Ereg production to mediate protection upon mucosal injury by stimulating 

cell proliferation and preventing loss of epithelial architecture [192].  
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Figure 4. EGFR signaling. EGFR is a receptor tyrosine kinase. Oligomerization of EGFR 

occurs following ligand binding (e.g. Areg, Ereg, EGF). Intracellular domains are subsequently 

phosphorylated resulting in the activation of intracellular signaling pathways including 

MAPK/ERK and PI3K/AKT pathways. EGFR-associated signaling pathways possess diverse 

functions and govern a wide variety of biological outcomes. Adapted from [193]. 
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3. Disruption of intestinal homeostasis during infection, inflammation, and cancer 

 

As exemplified above, the intestine is armed with elegant homeostatic and defense mechanisms 

coordinated by the epithelium, mesenchyme, and immune compartments that must maintain 

epithelial barrier function and respond appropriately to insult. Nevertheless, pathological 

conditions in the intestine such as an infection, induced injury, or cancer can cause extensive 

mucosal damage and debilitating disease. A few examples pertaining to the work presented in 

this thesis are discussed here. 

 

3.1 – Pathogenic Escherichia coli and Citrobacter rodentium 

 

Escherichia coli is a Gram-negative, facultative anaerobe of the Enterobacteriaceae family of 

bacteria [194]. Although commensal E. coli strains are natural inhabitants of the human GI tract, 

several pathogenic variants exist, many of which can cause significant health complications in 

humans and animals due to their ability to acquire virulence factors and transmit via the fecal-

oral route through contaminated food and water (reviewed in [195]). A recent report by the 

World Health Organization estimated that diarrheal diseases, in which pathogenic E. coli is a 

major contributor, are responsible for 550 million illnesses and 230,000 deaths every year [196]. 

Diarrheagenic E. coli are typically divided into six major pathotypes (reviewed in [195, 197]): 

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

enterotoxigenic E. coli, enteroinvasive E. coli, and diffusely adherent E. coli. For the work 

presented in this thesis, we use the Citrobacter rodentium murine model of human EPEC and 

EHEC, which cause significant morbidity and mortality worldwide.  

 

3.1.1 – EPEC and EHEC 

 

EPEC is a leading cause of infantile diarrhea particularly in developing countries while 

EHEC causes bloody diarrhea mainly in children and the elderly in developed countries [198]. 

EHEC is distinguished from EPEC by the expression of the highly potent Shiga toxin (Stx), 

which is associated with the development of hemorrhagic colitis or hemolytic uremic syndrome 
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[198]. EHEC and EPEC are also distinguished by their tissue tropism: EHEC colonizes the large 

intestine while EPEC colonizes the small intestine.  

EPEC and EHEC are extracellular mucosal pathogens that share a unique mechanism of 

colonization characterized by the formation of attaching and effacing (A/E) lesions in the 

intestinal epithelium where bacteria intimately attach to the plasma membrane of host 

enterocytes, destroy the brush border microvilli, and induce cytoskeletal rearrangements 

underneath the adherent bacteria (Fig. 5) (reviewed in [195]). The development of A/E lesions 

relies on the highly conserved locus of enterocyte effacement (LEE) pathogenicity island, which 

encodes transcriptional regulators, structural components of the Type III Secretion System 

(T3SS), and associated effector proteins required for pathogenesis (reviewed in [199]). T3SS are 

complex transport machineries that form a 'needle and syringe' apparatus that allows bacteria to 

inject and deliver effector proteins into the host cell [200]. One such effector protein is the 

translocated intimin receptor Tir, which is inserted into the host cell membrane where it 

functions as a receptor for the outer membrane adhesin intimin [201, 202]. The binding of 

intimin induces clustering of Tir, localized actin polymerization through the activation of the 

Neural Wiskott-Aldrich syndrome protein and actin-regulated protein 2/3, and formation of 

pedestal-like structures [195]. Importantly, bacteria are avirulent without Tir, intimin, or a 

functional T3SS [203-205]. Other additional effector proteins encoded by pathogenicity islands 

and mobile genetic elements located outside the LEE have been described to also contribute to 

bacterial virulence [206-208]. Together, these non-LEE and LEE effector proteins perform 

critical roles when translocated into host cells by subverting host defenses and cellular processes 

which enable the bacteria to colonize, multiply, and cause disease (reviewed in [209]). 

EPEC and EHEC outbreaks occur worldwide with different clinical outcomes ranging 

from asymptomatic to severe or lethal disease. Experimental infection of adult human volunteers 

with a wild-type strain of EPEC caused substantial differences in the response to infection within 

the volunteer cohort [210]. Similarly, only a fraction of patients infected with EHEC develop 

hemolytic uremic syndrome in which Stx travels to the kidney through the bloodstream and 

inhibits protein synthesis in endothelial cells, inducing renal inflammation [211]. The damage 

this causes is characterized by hemolytic anemia, thrombocytopenia, and acute kidney failure. 

Despite the data suggesting that host genetics can influence disease outcome to infection by A/E 

pathogens, there are few human studies identifying host genetic loci involved in resistance or  
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Figure 5. Formation of attaching and effacing lesions as a mechanism of intestinal 

colonization. During infection with EPEC or EHEC, bacteria translocate Tir into the host 

enterocyte via its T3SS to function as a receptor for the outer membrane adhesin, intimin. This 

results in actin polymerization through the activation of Neural Wiskott-Aldrich syndrome 

protein and actin-regulated protein 2/3 for pedestal formation. EPEC and EHEC also translocate 

various other effector proteins to subvert host cell processes and defenses. For example, EspF 

disrupts tight junctions while EspG disrupts microtubules to enhance perturbation of the tight 

junction barrier. Modified from [212]. 
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susceptibility to diarrheagenic E. coli. One study demonstrated that individuals who are 

genetically predisposed to produce high levels of IL-10 due to a major single nucleotide 

polymorphism (SNP) in the IL-10 promoter are likely to develop diarrhea when exposed to 

enterotoxigenic E. coli [213]. Other SNPs such as those within the lactoferrin and 

osteoprotegerin genes were shown to be associated with increased susceptibility to enteric 

pathogens including EPEC and EHEC although these findings did not correlate disease to any 

specific pathogen [214]. The precise mechanism of diarrhea is not fully understood but it likely 

involves multiple mechanisms including impaired ion secretion and transport due to loss of 

absorptive surfaces resulting from microvillus effacement, increased intestinal permeability due 

to disruption of tight junctions, and inflammation [195, 197]. 

 

3.1.2 – C. rodentium 

 

No single animal model perfectly mimics the natural disease process caused by A/E 

pathogens in humans. Mice, however, provide an excellent system for genetic research due to the 

ease of manipulating the mouse genome to model human disease. Mice are naturally resistant to 

infection with EPEC and EHEC, and often do not develop signs of intestinal disease [215]. C. 

rodentium is a mouse-specific pathogen first described in the 1960s and 1970s as the causative 

agent of outbreaks of diarrhea/loose stools, colitis, and colonic hyperplasia in mouse colonies in 

the United States and Japan [216, 217]. C. rodentium shares several key pathogenic mechanisms 

with EPEC and EHEC, and expresses many of the same LEE-related genes and effector proteins 

required to form A/E lesions [199]. As a result, C. rodentium has been extensively used to 

elucidate the virulence roles of T3SS-translocated effector proteins and advance our 

understanding of the molecular basis of A/E disease including how effector proteins interfere 

with host cell processes. Moreover, a Stx-expressing C. rodentium strain was recently generated 

to serve as a more relevant model of EHEC infection [218]. Hence, C. rodentium infection of 

mice is widely considered as an outstanding small-animal model to study A/E virulence and 

mechanisms of disease in vivo.  

Oral infection with C. rodentium causes colitis and characteristic thickening of the 

mucosa and elongation of the colonic crypts called transmissible murine colonic hyperplasia 

[215, 219]. Importantly, disease severity can range from self-limiting colitis to lethal diarrhea 
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and inflammation depending on the genetic background of the host [215, 220]. C. rodentium 

initially colonizes the cecum within the first day before progressing to the distal colon 2-3 days 

post-infection. This is followed by a marked increase in C. rodentium growth in the colon, 

resulting in dysbiosis and major alterations to the overall composition and diversity of the 

commensal microbiota. The infection clears as adherent bacteria and colonized epithelial cells 

get shed into the lumen until complete clearance in the stool occurs 3-4 weeks post-infection 

[199, 215, 221].  

The C. rodentium mouse model has led to the discovery of pivotal functions of immune 

cell subsets such as ILC3s and Th17 cells, and is often used to investigate the host immune 

response to pathogenic E. coli infections. Studies in mice with targeted deletions of certain 

components of the immune system have shed light on the different compartments of the immune 

system and signaling pathways that are important for disease pathogenesis (reviewed in [222]). 

Indeed, studies using knock-out mice or biochemical inhibitors have revealed that both innate 

and adaptive immune responses are essential for protection against C. rodentium. C. rodentium 

infection triggers robust inflammatory responses in the colon upon recognition of PAMPs (e.g. 

LPS, components of the T3SS, peptidoglycan) by the myeloid differentiation primary response 

88 (MyD88)-dependent TLR signaling and intracellular NOD signaling pathways, leading to the 

activation of NF-kB signaling and the recruitment of neutrophils, macrophages, dendritic cells, 

and IL-22-producing ILC3s to the mucosa (Fig. 6) [199, 223]. Surface lymphotoxin on ILC3s 

signal via the lymphotoxin beta receptor on dendritic cells and IECs to induce IL-23 production 

[224]. This stimulates ILC3s to produce IL-22, which has been shown to be critical in the early 

response to infection by driving the expression of antimicrobial peptides such as RegIII and 

RegIII in the epithelium and promoting barrier integrity [225]. Complete resolution of infection 

is dependent on functional B cells and CD4+ T cells since mice lacking B cells or CD4+ T cells 

(but not CD8+ T cells) are hyper-susceptible to infection with increased colonic pathology, 

impaired clearance of C. rodentium, and systemic dissemination [226, 227]. Additional studies 

revealed that IgG antibodies, IL-17-producing Th17 cells, and IL-22-secreting Th22 cells were 

also required for the clearance of C. rodentium infection and in driving host resistance [199, 222]. 

Recent studies have investigated the role of the intestinal microflora in mediating gut 

homeostasis and virulence of C. rodentium infection. In one such study, transfer of the 

microbiota from resistant to susceptible mice prevented C. rodentium-induced mortality;  
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Figure 6. Overview of the host immune response to C. rodentium infection. Oral infection 

with C. rodentium causes characteristic A/E lesions in the intestinal epithelium where bacteria 

tightly attach to host enterocytes and destroy the brush border microvilli. Infection triggers a 

robust innate and adaptive inflammatory response involving neutrophils, macrophages, dendritic 

cells, and IL-22-producing ILC3s. Surface lymphotoxin on ILC3s signals via the lymphotoxin 

beta receptor on dendritic cells and epithelial cells to induce IL-23 production. This promotes 

ILC3s to produce IL-22, which signal via the IL-22R on epithelial cells and drives the expression 

of antimicrobial peptides such as RegIIIβ and RegIIIγ through a STAT3-dependent mechanism. 

In addition, IgG antibodies from B cells, IL-17-producing Th17 cells, and IL-22-secreting Th22 

cells play a central role in the clearance of C. rodentium infection and in driving host resistance. 

Modified from [228]. 
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resistance to infection was associated with an increase in IL-22-mediated innate defenses 

including in RegIII and RegIII production [229]. Other studies demonstrated that commensal 

segmented filamentous bacteria can prime CD4+ T cells to produce IL-17 and IL-22 and enhance 

resistance to C. rodentium infection [230, 231]. While these studies showed that the composition 

of the microbiota can influence host susceptibility to C. rodentium infection by modulating the 

immune response, further work is necessary to improve our understanding of the mechanisms 

behind host-pathogen-microbiota interactions. 

 

3.1.3 – Rspo2-mediated susceptibility to C. rodentium infection 

  

As mentioned previously, disease severity in response to C. rodentium infection can 

range from self-limiting colitis to lethal diarrhea and inflammation depending on the genetic 

background of the host [215, 220]. Our group and others have identified a number of inbred 

mouse strains that are hyper-susceptible to C. rodentium infection compared to resistant 

C57BL/6 mice: C3H/HeJ, C3H/HeOuJ, FVB, and AKR/J [220, 232, 233]. Inbred strains are 

individuals of a particular species that are nearly genetically identical to each other due to long 

inbreeding, a process involving sequential generations of brother-sister mating [234]. In a 

previous study, susceptible C3H/HeOuJ mice were mated with resistant C57BL/6 mice and 

survival was assessed in the resulting F1 hybrid generation as well as in the F2 generation, 

obtained by brother-sister mating of F1 mice [235]. Linkage analysis, a genetic technique that 

tracks genes that are inherited together due to their close proximity to one another, was 

performed to search for chromosomal segments that co-segregated with the disease phenotype. 

This analysis led to the identification of a major genetic locus on chromosome 15, entitled Cri1, 

controlling mortality during C. rodentium infection [232, 235, 236].  

Functional dissection of the Cri1 locus through bioinformatics and gene expression 

analyses identified the Rspo2 gene as the major determinant of susceptibility to C. rodentium 

infection underlying the Cri1 locus; the Rspo2 gene localized to the critical genetic interval, and 

was strongly and continuously induced during infection in susceptible mice whereas no 

upregulation of Rspo2 transcript was observed in resistant mice [232]. Generation of 

C3H/HeOuJ mice carrying a congenic segment of chromosome 15 encompassing Rspo2 and its 

regulatory region from resistant C57BL/6 mice confirmed the effect of Cri1 with full survival of 
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congenic mice, and revealed that susceptibility to C. rodentium infection was independent of 

bacterial load [235]. This suggests that Rspo2 plays a role in the ability of the host to establish 

disease tolerance in the presence of pathogenic bacteria. In contrast to host resistance, which kills 

or expels invading microbes, disease tolerance is a defence strategy that limits damage to the 

host without exerting a direct negative effect on pathogen load [309]. A phenomenon originally 

observed in plants, which revealed variations in disease severity at a population level without 

direct correlation to pathogen burden, the re-emerging concept of disease tolerance is now 

recognized to be applicable to humans and other animals during infectious diseases [309]. The 

mechanisms underlying disease tolerance is poorly understood, but it may involve tissue damage 

control mechanisms to preserve host function and homeostasis. 

Bone marrow chimera experiments were performed next, a valuable tool to study cell 

specification (hematopoietic vs non-hematopoietic) in driving a disease phenotype. Bone marrow 

chimeras are mice which have been irradiated, a process that kills bone marrow-derived cells, 

namely hematopoietic cells, but leaves the non-hematopoietic compartment intact. The bone 

marrow from a donor mouse is then injected into chimera mice. Reciprocal bone marrow 

chimera experiments with susceptible C3H/HeOuJ and resistant congenic mice implicated the 

radio-resistant (non-hematopoietic) compartment as the cellular source of Rspo2 during C. 

rodentium infection [232]. The induction of Rspo2 had a significant impact on C. rodentium-

induced epithelial hyperplasia. Crypt lengths were significantly increased in susceptible mice at 

3 and 6 days post-infection compared to resistant congenic mice with proliferative cells observed 

throughout the entire extent of the colonic epithelium by 6 days post-infection [232]. In contrast, 

the boundary between the proliferative compartment and differentiated epithelium was well 

maintained in resistant congenic mice and proliferation was delayed until day 9 post-infection 

(peak of infection) [232].  

Consistent with Rspo2’s role in -catenin activation through the canonical Wnt pathway, 

Wnt signaling was strongly induced upon infection in susceptible mice but not in resistant 

congenic mice; susceptible mice displayed a striking accumulation of total and activated -

catenin during infection and induction of Wnt target genes [232]. Strong Wnt signaling is known 

to inhibit epithelial cell differentiation [182, 237]. Indeed, we observed a pronounced loss of 

goblet cells and in markers of terminally differentiated enterocytes Slc26a3 and Car4 in infected 

susceptible mice [232]. Both Slc26a3 and Car4 are crucial for the intestinal exchange of chloride 
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and bicarbonate ions, and their decrease in FVB and C3H/HeOuJ mice during C. rodentium 

infection has previously been implicated in playing a role in susceptibility [238]. Moreover, 

mutations in Slc26a3 in humans and mice have been shown to cause congenital chloride-losing 

diarrhea [239, 240]. Treatment of infected susceptible mice with recombinant Dkk1, an 

antagonist of Wnt signaling, increased levels of goblet cells, Slc26a3 and Car4, and significantly 

increased survival compared to mock-treated infected mice [232]. The data suggests a model 

where C. rodentium robustly stimulates Rspo2 expression and Wnt signaling in susceptible mice, 

leading to the generation of a poorly differentiated colonic epithelium and fatality through loss of 

proper intestinal function. 

 

3.2 – Inflammatory bowel disease 

 

Inflammatory bowel disease (IBD) is characterized by prolonged inflammation of the intestine 

with complex and multifactorial etiology involving environmental factors, genetic factors, 

microbial factors, and the immune system. Crohn’s disease and ulcerative colitis are the two 

principal types of IBD. Inflammation can occur anywhere along the GI tract in Crohn’s disease, 

but is typically present in the small intestine and colon. In contrast, ulcerative colitis mainly 

affects the innermost lining of the large intestine. Several murine models of IBD have been 

developed to characterize the complexity of IBD and elucidate the underlying mechanisms of 

IBD pathogenesis (reviewed in [241]).  

 

3.2.1 – Adoptive cell transfer 

 

The adoptive cell transfer model of colitis provided major insight into the function of 

effector T cells and regulatory T cells in intestinal inflammation. In this model, it was found that 

the adoptive transfer of naïve CD4+ T cells from wild-type donor mice into recipient mice 

lacking lymphocytes (e.g. severe combined immunodeficient mice, Rag-/- mice) caused the 

lymphopenic mice to develop inflammation and wasting disease [242-244]. Conversely, co-

transfer of naïve and mature CD4+ T cells into lymphopenic recipient mice did not induce colitis. 

What followed was the discovery that the mature T cell population contained Treg cells, capable 

of exerting suppressive function on effector T cells [242-244]. On the other hand, the naïve T 
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cell population lacked Treg cells to prevent the expansion of effector T cells which ultimately 

mediated inflammation.  

To probe into the mechanism further, multiple groups demonstrated that naïve T cells 

expanded into Th1 and Th17 cells in the absence of Treg cells, and that the production of 

associated cytokines such as IFN-γ, IL-17, and IL-23 were the main drivers of inflammation [243, 

245, 246]. In particular, IL-23 has been shown to stimulate ILCs to induce production of IL-17, 

IL-22, and IFN-γ in models of innate colitis [247]. Notably, a significant increase in IL-23-

responsive ILCs expressing Th17-associated cytokines were observed in the inflamed mucosa of 

Crohn’s disease patients, suggesting that ILCs may contribute to chronic intestinal inflammation 

[248]. Similarly, several groups highlighted an immunoregulatory role for Treg cell-derived IL-

10 and TGF- in the adoptive cell transfer model: when co-transferred with naïve T cells, IL-10 

receptor-deficient Foxp3+ Treg cells and TGF--deficient Treg cells failed to attenuate colitis in 

recipient mice [249-251]. Overall, the adoptive cell transfer model established the importance of 

the balance between pro-inflammatory effector function and anti-inflammatory regulatory 

function in the maintenance of mucosal homeostasis. 

 

3.2.2 – IL-10 knockout 

 

 Genetic polymorphisms or changes to DNA in the IL-10 locus confer increased risk of 

IBD [252, 253]. Similar to the adoptive cell transfer model, IL-10 knockout mice provided great 

insight into the role of IL-10 in immunoregulation. Mice deficient in the IL-10 gene develop 

spontaneous colitis and is characterized by inflammatory cell infiltrates into the lamina propria, 

intestinal epithelial hyperplasia, goblet cell depletion, and crypt abscesses [254]. Deletion of IL-

10 specifically in Foxp3+ Treg cells and mice deficient in the IL-10 receptor (IL-10R) also 

recapitulate this phenotype [255, 256]. 

 As in adoptive transfer colitis, IL-10 knockout mice do not develop colitis in a germ-

free environment, suggesting that the stimulation of the immune system due to the presence of 

commensal bacteria or microbial antigens is necessary for the development of colitis [257]. 

Indeed, sensing of commensal bacteria by TLR-dependent MyD88 signaling was demonstrated 

to be involved in the stimulation of the immune system since MyD88 deficiency in mononuclear 

phagocytes completely rescued colitis in IL-10 knockout mice [258, 259]. Further investigations 
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revealed that MyD88 signaling specifically in colonic mononuclear phagocytes drove an 

expansion of colitogenic Th1 and Th17 cells in the absence of IL-10, suggesting that dysfunction 

of mononuclear phagocytes may contribute to the initiation of intestinal inflammation in this 

context [258]. A related study supported this finding by showing that the loss of the IL-10 

receptor in intestine-resident CX3CR1+ macrophages led to the gain of pro-inflammatory traits 

that significantly contributed to the development of spontaneous colitis [260]. Importantly, 

similar alterations in macrophage dysfunction were observed in IL-10R-deficient patients with 

early-onset IBD, defining IL-10/IL-10R signaling as a key factor in determining gut health or 

inflammation [261]. 

 

3.2.3 – DSS colitis 

 

 One of the most widely used mouse model of colitis is the dextran sodium sulfate 

(DSS)-mediated colitis model. DSS is a sulfated polysaccharide and chemical colitogen with 

anticoagulant properties that is added to the drinking water of mice for a short period of time 

(reviewed in [241]). The result is the induction of a rapid and highly reproducible acute 

inflammation limited to the colon and characterized by diarrhea, body weight loss, shortening of 

the colon, inflammatory infiltrates, and alterations in epithelial barrier function [262]. 

Importantly, these manifestations share common traits with C. rodentium-induced pathologies. 

The precise mechanism by which DSS induces intestinal inflammation is unclear, but it is 

generally believed that DSS is toxic to the colonic epithelium, resulting in epithelial cell injury 

and dissemination of pro-inflammatory luminal contents into the underlying lamina propria (Fig. 

7). 

The effectiveness of DSS-induced colitis depends on several important factors including 

the concentration of DSS used, its molecular weight, the mouse strain and age employed, and the 

duration and frequency of DSS administration (reviewed in [263]). Generally, 36-50 kDa DSS is 

added to sterilized drinking water at a concentration of 1-5% and administered to 6-8-week-old 

mice to produce the desired effect. Acute colitis is induced by administering DSS for a period of 

7 days (on average) while chronic colitis is achieved through repeated cycles of DSS followed by 

water administration. Typical histological changes observed during acute DSS colitis include 

goblet cell loss, epithelial erosion, ulceration, and infiltration of granulocytes [262, 264]. Further  
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Figure 7. Schematic representation of DSS-mediated colitis. DSS is a sulfated polysaccharide 

that is toxic to the colonic epithelium, inducing erosions that result in epithelial cell injury, 

increased permeability, and dissemination of pro-inflammatory luminal contents into the 

underlying lamina propria. Further, its anticoagulant properties augment intestinal bleeding. 

Adapted from [263]. 
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histological changes including crypt distortion and infiltration of lymphocytes are evident during 

chronic DSS colitis [264]. As such, the chronic model offers better insight into adaptive 

immunity and complications such as tissue fibrosis whereas the acute model is best used to 

explore innate immunity and factors that maintain or re-establish barrier integrity through 

epithelial repair mechanisms including Wnt signaling. Indeed, mice with reduced expression of 

the Wnt antagonist Dkk1 were shown to exhibit accelerated mucosal restitution and increased 

proliferation of IECs following acute DSS colitis that contributed to their faster recovery 

compared to wild-type mice [265]. 

 However, most studies exploring innate immune mechanisms involved in barrier 

integrity have focused on TLRs due to their roles in facilitating epithelial repair responses upon 

mucosal damage. Mice deficient in TLR2, which recognizes a wide range of microbial cell wall 

components, or in TLR4, which recognizes LPS, exhibit exacerbated DSS colitis compared to 

wild-type mice [266, 267]. The former observation can be explained by the fact that TLR2 

signaling has been shown to be vital for the regulation of the tight junction-associated barrier 

assembly [266] and is capable of stimulating IL-10 production [268]. Similarly, TLR4 was 

shown to regulate the production of EGFR ligands Areg and Ereg for optimal proliferation of 

IECs during DSS-mediated colitis [269].  

The numerous murine models of intestinal inflammation available have enhanced our 

knowledge of the molecular and immunological mechanisms involved in the induction, 

progression, and resolution of gut inflammation, and have allowed us to study the impact of the 

gut microbiota on inflammation. These tools will continue to be applied to decipher the highly 

complex etiology of IBD and contribute to our understanding of the intestinal dysregulation that 

characterizes IBD. 

 

3.3 – Colorectal cancer 

 

 As described earlier, canonical Wnt signaling is required for the maintenance of 

intestinal homeostasis in adults: decreased Wnt/-catenin signaling completely disrupts 

proliferation in intestinal crypts while overexpression of Wnt signaling causes a considerable 

expansion of the proliferative compartment. CRC is the third most prevalent cancer worldwide in 

adults and one of the most common malignant cancers in the intestine [270]. Loss of genomic 
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integrity facilitates the acquisition and accumulation of multiple genetic mutations (either 

inherited or acquired) during CRC onset and development. Molecular characterization of CRC 

has revealed that Wnt pathway activation through mutations of its signaling components is 

present in virtually all colorectal tumours and is a key step in the formation of cancer [271]. 

Changes in the expression of Wnt ligands and secreted Wnt inhibitors have also been observed 

[272]. 

 Loss-of-function mutations in APC is the main driver of CRC, providing cells in the 

colon a growth advantage to advance to small adenomas, a form of benign tumour [273]. The 

loss of APC function results in the accumulation of -catenin and transcription of proto-

oncogenes. Subsequent mutations in key driver genes (e.g. tumour suppressor protein p53) then 

permit cells to progress to carcinoma [273]. Using a mouse model of intestinal tumorigenesis in 

which the APC gene is disrupted, it was demonstrated that the restoration of normal APC 

function prevented tumour growth and re-established crypt homeostasis despite concurrent 

mutations in key driver genes such as p53 [274]. These studies underlined the importance of 

continuous Wnt signaling for tumour maintenance. 

 Besides APC, cancer genome sequencing has revealed other CRC mutations that 

similarly deregulate Wnt signaling and drive tumour growth including CTNNB1 (-catenin), 

AXIN, and RNF43 [275-277]. Notably, loss-of-function mutations to RNF43, a negative regulator 

of Fzd receptors, have been described in over 17% of CRC cases and have been found to be 

mutually exclusive with APC and CTNNB1 mutations [277]. Furthermore, recurrent gene fusions 

in RSPO2 and RSPO3 were recently identified in a subset of CRC tumours [278, 279]. These R-

spondin fusion tumours exhibited elevated RSPO2 and RSPO3 expression and upregulation of 

Wnt target genes compared to tumour samples without these fusion transcripts [278]. Like 

RNF43, RSPO2 and RSPO3 gene fusions were mutually exclusive to APC and CTNNB1 

mutations [278]. Subsequent investigations used patient-derived xenograft models to determine 

if these fusion transcripts were sufficient in driving Wnt-dependent tumour growth. In this study, 

human tumour cells from two RSPO3 fusion models were transplanted into 

immunocompromised mice that do not reject human cells. Treatment with specific RSPO3-

blocking antibodies inhibited tumour growth in both models; treatment led to stasis in one model 

and regression in the other [280]. In both cases, treatment with anti-RSPO3 resulted in reduced 

stem cell function and proliferation, downregulation of Wnt target genes, and differentiation of 
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CRC tumour cells, demonstrating that RSPO3 was the oncogenic driver of these tumours [280, 

281]. Collectively, these data suggest that R-spondins may represent a new mechanistic link 

between intestinal inflammation and cancer. 
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PREFACE TO CHAPTER 2 

 

The R-spondin family of proteins has recently been described as secreted enhancers of β-catenin 

activation through the canonical Wnt signaling pathway. Although they have roles in many 

tissues, R-spondins are of particular importance in the GI tract where they have been shown to be 

critical for the maintenance of ISCs. Emerging evidence suggests that R-spondins may also play 

a role in the response to intestinal inflammation. Indeed, we recently demonstrated that Rspo2 is 

a major determinant of susceptibility to C. rodentium-mediated infectious colitis in mice. 

However, the endogenous expression and cellular source of R-spondins in the colon at steady 

state and during intestinal inflammation is poorly understood. The work in chapter 2 focuses on 

assessing the expression levels of Rspo1-4 in the healthy and inflamed colon using two IBD-

relevant mouse models in which R-spondins were shown to be highly regulated. 
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CHAPTER 2 

 

R-spondins Are Expressed by the Intestinal Stroma and are Differentially Regulated 

during Citrobacter rodentium- and DSS-Induced Colitis in Mice 

 

Abstract 

 

The R-spondin family of proteins has recently been described as secreted enhancers of β-catenin 

activation through the canonical Wnt signaling pathway. We previously reported that Rspo2 is a 

major determinant of susceptibility to Citrobacter rodentium-mediated colitis in mice and recent 

genome-wide association studies have revealed RSPO3 as a candidate Crohn’s disease-specific 

inflammatory bowel disease susceptibility gene in humans. However, there is little information 

on the endogenous expression and cellular source of R-spondins in the colon at steady state and 

during intestinal inflammation. RNA sequencing and qRT-PCR were used to assess the 

expression of R-spondins at steady state and in two mouse models of colonic inflammation. The 

cellular source of R-spondins was assessed in specific colonic cell populations isolated by cell 

sorting. Data mining from publicly available datasets was used to assess the expression of R-

spondins in the human colon. At steady state, colonic expression of R-spondins was found to be 

exclusive to non-epithelial CD45- lamina propria cells, and Rspo3/RSPO3 was the most highly 

expressed R-spondin in both mouse and human colon. R-spondin expression was found to be 

highly dynamic and differentially regulated during C. rodentium infection and dextran sodium 

sulfate (DSS) colitis, with notably high levels of Rspo3 expression during DSS colitis, and high 

levels of Rspo2 expression during C. rodentium infection, specifically in susceptible mice. Our 

data are consistent with the hypothesis that in the colon, R-spondins are expressed by 

subepithelial stromal cells, and that Rspo3/RSPO3 is the family member most implicated in 

colonic homeostasis. The differential regulation of the R-spondins in different models of 

intestinal inflammation indicate they respond to specific pathogenic and inflammatory signals 

that differ in the two models and provides further evidence that this family of proteins plays a 

key role in linking intestinal inflammation and homeostasis. 
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Introduction 

 

Consisting of four members (R-spondin1-4), the R-spondin family of secreted proteins has 

recently emerged as potent enhancers of canonical Wnt signaling [134]. All four R-spondin 

family members likely share similar biological activities as evidenced by structure and functional 

analyses: R-spondins bind the stem cell receptors Lgr4-6 and the transmembrane E3 ubiquitin 

ligases Znrf3/Rnf43 to potentiate Wnt signaling by modulating Wnt receptor turnover [135, 138, 

282-285]. Although they have roles in many tissues, R-spondins are of particular importance in 

the gastrointestinal tract where they have been shown to be crucial for the maintenance of 

intestinal stem cells [286]. These stem cells at the base of intestinal crypts mediate the vigorous 

self-renewal of the intestinal epithelium and give rise to transit amplifying cells which divide 

before they terminally differentiate into specialized cell types such as enterocytes and goblet 

cells [9]. Mature cells then undergo apoptosis a few days after their terminal differentiation and 

are shed into the gut lumen.  

The canonical Wnt/β-catenin signaling pathway plays a major role in regulating epithelial 

cell fate and represents the first driving force behind the proliferation of intestinal epithelial 

precursors [7]. Genetic manipulations have demonstrated the critical role of this pathway in 

intestinal homeostasis and the fatal consequences of either too much or too little Wnt signaling. 

Conditional ablation of β-catenin from the intestinal epithelium blocks proliferation of epithelial 

precursors leading to crypt degeneration and loss, intestinal failure, and death [287]. Conversely, 

mutations in APC, a component of the β-catenin destruction complex, result in hyperproliferation 

of intestinal crypts and the loss of fully differentiated cells, also leading to death [288]. These 

data highlight the critical need for balanced Wnt signaling to ensure intestinal homeostasis. 

Like Wnt signaling itself, emerging evidence indicates that R-spondin activity must also 

be kept in a fine balance to maintain intestinal health. Activating translocations of RSPO2 and 

RSPO3 that are mutually exclusive with other Wnt-activating mutations have been shown to 

drive the development of colon cancer [278, 279], and we recently demonstrated through a 

forward genetics approach that Rspo2 is a major determinant of susceptibility to C. rodentium-

mediated infectious colitis in mice [232]. Susceptible mice (e.g. C3H/HeOuJ) share a unique 

genetic haplotype immediately upstream of Rspo2, driving high levels of Rspo2 in susceptible 

mouse strains during infection and leading to pathological activation of Wnt signaling, loss of 
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intestinal differentiation, and animal death [232, 235, 236]. Inhibition of R-spondin-mediated 

pathways by recombinant Dkk1 administration improved outcome in these susceptible mice 

[232]. In contrast, C3H/HeOuJ mice carrying a congenic segment encompassing Rspo2 and its 

regulatory region from resistant mice (C3Ou.B6-Cri1) do not upregulate Rspo2 during infection, 

and instead suffer from self-limiting disease with no mortality [232]. Conversely, studies in mice 

have shown that exogenous R-spondin1 treatment can promote the recovery of intestinal stem 

cells after radiation-induced damage [289] and be beneficial in several experimental colitis 

models including DSS-induced colitis by stimulating crypt cell growth and promoting intestinal 

healing [290]. Furthermore, meta-analysis of genome-wide association studies (GWAS) of 

inflammatory bowel disease (IBD) identified a SNP within RSPO3 as a Crohn’s disease-specific 

susceptibility locus (rs9491697, p=3.79E-10, OR=1.08) [291].  However, as with the majority of 

loci identified in GWAS studies, the causal variant underlying this association has not been 

identified, and it is not known whether a gain- or loss- of function at RSPO3 could be implicated 

in Crohn’s disease susceptibility.  

Taken together, these reports indicate that R-spondins may link intestinal inflammation 

and homeostasis, but also identify an urgent need to better understand the roles of endogenous R-

spondins in healthy and inflamed intestinal tissue, for which there is currently little information. 

While several groups have studied the effects of treating the intestinal epithelium with 

exogenous R-spondins, few have examined the endogenous expression of R-spondins in the gut. 

This work focuses on assessing expression levels of Rspo1-4 in the colon at steady state and 

during intestinal inflammation using two IBD-relevant mouse models in which R-spondins were 

shown to be highly regulated. 

 

Materials and Methods 

 

Ethics Statement 

 

All breeding and experimental procedures were conducted in strict accordance with the Canadian 

Council of Animal Care and approved by the McGill University Animal Care Committee (permit 

#5009). Mice were euthanized by CO2 asphyxiation and all efforts were made to minimize 

suffering. 
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In vivo C. rodentium infection 

 

C3H/HeOuJ (henceforth called C3Ou) (Jackson Laboratory, Bar Harbor, ME) and C3Ou.B6-

Cri1 congenic mice [235] with an introgressed segment of chromosome 15 (entitled Cri-1) from 

C57BL/6 mice on the C3Ou genomic background were maintained in a specific-pathogen free 

animal facility at McGill University and provided standard mouse chow and water ad libitum. C. 

rodentium strain DBS100 was grown overnight in 3 ml of Luria-Bertani (LB) medium shaking at 

37oC. Five-week-old mice were infected by oral gavage with 0.1 ml of LB medium containing 2-

3 x 108 colony-forming units of bacteria. The infectious dose was confirmed by plating of serial 

dilutions. Mice were monitored daily and euthanized on experimental days 3, 6, and 9 and their 

distal colons were dissected and snap frozen in liquid nitrogen for RNA isolation. 

 

DSS-induced colitis and histology 

 

To assess the role of R-spondins during DSS colitis and during a post-DSS repair period, colitis 

was induced in 7-week-old male mice by adding 3% (w/v) DSS (MP Biomedicals) at 36-50 kDa 

to the drinking water for 6 days before returning to normal drinking water for 9 days. Mice were 

then euthanized on select time points and their colon sections were collected for histology and 

RNA isolation. Body weight was measured every other day. For histology, colon sections were 

fixed in 10% buffered formalin, paraffin-embedded, sectioned at 5 μm, and stained for 

hematoxylin and eosin (H&E). H&E sections were scanned on the ScanScope XT digital scanner 

(Leica) and images were obtained using the ImageScope software (Leica). 

 

RNA sequencing 

 

Total RNA of whole colon tissues from uninfected and infected C3Ou and C3Ou.B6-Cri1 mice 

was isolated using TRIzol (Invitrogen) according to the manufacturer’s instructions. A cleanup 

of the samples was done using the RNeasy Plus Micro Kit (Qiagen). The RNA integrity number, 

assessed by a Bioanalyzer (Agilent), was 8.0 and above for all RNA samples. Sequencing was 

performed at the McGill University and Genome Quebec Innovation Center using Illumina 
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HiSeq 2000/2500 technology with three libraries per lane to generate 110-187 million paired 

reads per library. The data was aligned to the mm10 mouse genome assembly 

(http://genome.ucsc.edu/cgi-bin/hgGateway?db=mm10) with the combination of the 

TopHat/Bowtie software [292]. The Cufflinks program [293] was used to calculate the relative 

abundance of select transcripts of interest, expressed in FPKM (“fragments per kilobase of exon 

per million fragments mapped”) units. Human gene expression data were acquired from the 

Human Protein Atlas (http://www.proteinatlas.org/), available through the ArrayExpress Archive 

(http://www.ebi.ac.uk/arrayexpress/) under the accession number E-MTAB-2836. 

 

Quantitative real-time polymerase chain reaction (qRT-PCR) 

 

For the C. rodentium-mediated colitis model, total RNA from colons was isolated using TRIzol 

according to the manufacturer’s instructions. For the DSS-mediated colitis model, total RNA 

from colons was isolated using the ToTALLY RNA system (Ambion) with the lithium chloride 

precipitation step to remove all traces of DSS and gross DNA contamination. The purity of RNA 

was assessed by a spectrophotometer; all samples had a 260/280 absorbance ratio between 1.8 

and 2.0. Complementary DNA was synthesized from 1 μg of RNA with ProtoScript II reverse 

transcriptase (NEB) and random primers (Invitrogen) using an Eppendorf PCR thermal cycler. 

Expression levels of Rspo1-4, EpCAM and Ptprc were measured using TaqMan Gene Expression 

Assays (Applied Biosystems) and expression levels of Mmp7 and c-Myc were measured using 

SYBR Green PCR Master Mix (Life Technologies) on the Applied Biosystems StepOnePlus 

Real-Time PCR system. Analysis was performed according to the comparative CT method using 

Hprt as the housekeeping gene. The primer pairs for SYBR Green assays are as follows: Mmp7 

forward: GCATTTCCTTGAGGTTGTCC, Mmp7 reverse: CACATCAGTGGGAACAGGC, c-

Myc forward: TGACCTAACTCGAGGAGGAGCTGGAATC, c-Myc reverse: 

AAGTTTGAGGCAGTTAAAATTATGGCTGAAGC, Hprt forward: 

GTTGGATACAGGCCAGACTTTGTTG, Hprt reverse: 

GATTCAACTTGCGCTCATCTTAGGC.  

 

Cell sorting 

 



 56 

Colonic epithelial and lamina propria cells from mice were isolated using a modified version of a 

previously described method [294]. In brief, colons were collected, cut open longitudinally into 1 

cm pieces, and washed in calcium- and magnesium-free HBSS (Gibco) supplemented with 2% 

heat-inactivated fetal calf serum (FCS, Wisent) and 15 mM HEPES (Gibco). The resulting tissue 

pieces were washed in calcium- and magnesium-free HBSS supplemented with 2% FCS, 15 mM 

HEPES, and 5 mM EDTA to remove epithelial cells, which were then collected by centrifugation. 

After removing the supernatant, the tissue pieces were incubated in RPMI-1640 (Sigma) 

supplemented with 10% FCS, 15 mM HEPES, 160 μg/ml collagenase IV (Sigma) and 40 μg/ml 

DNAse I (Roche) for 40 min at 37oC. The cell suspension was filtered through a 70 μm cell 

strainer (Sigma) before proceeding with antibody staining. Cells were stained with viability dye 

(Life Technologies) and surface antibody CD45.2 (eBioscience) and sorted on the FACSAria II 

(BD Biosciences) into CD45+ (hematopoietic) and CD45- (non-hematopoietic) populations. R-

spondin expression was assessed by qRT-PCR using Gapdh as the housekeeping gene. 

 

Data Analysis 

 

Data analyses were performed using GraphPad Prism v6.0 software. Gene expression data were 

analyzed by the Mann-Whitney test with p values <0.05 being considered significant.  

 

Results 

 

Relative expression of R-spondin genes in the normal uninflamed colon 

 

RNA sequencing of whole colon tissues from C3Ou mice was performed to investigate the gene 

expression of Rspo1-4 at steady state (Fig 1A). Rspo3 expression was relatively high while 

Rspo1 and Rspo2 had a similar, low expression pattern. Rspo4 was not detected by RNA 

sequencing. To investigate whether the genetic haplotype at Rspo2 had any effect on overall 

Rspo expression, we also performed RNA sequencing on whole colons of C3Ou.B6-Cri1 

congenic mice bearing the resistance locus at Rspo2 and found Rspo expression levels to be 

indistinguishable from that of C3Ou mice (S1 Fig). 
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Fig 1. Relative expression of R-spondin genes in the normal colon of mice and humans. (A) 

R-spondin levels in C3Ou mice colon at steady state as acquired by RNAseq (n=3). (B) 

Expression of Rspo1-4 by qRT-PCR in colonic samples from C3Ou mice normalized to Hprt 

(n=6). Graph is representative of both C3Ou and C3Ou.B6-Cri1 mice. (C) Expression data from 

normal human colon were analyzed from the publicly available ArrayExpress Archive under the 

accession number E-MTAB-2836 (n=7). Error bars represent mean ±SEM. # = undetected. 
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To confirm these results and to validate the use of TaqMan-based qRT-PCR for our 

subsequent studies, we also assessed the expression of Rspo1-4 by qRT-PCR in colonic samples 

from susceptible C3Ou and resistant C3Ou.B6-Cri1 congenic mice. Consistent with RNA 

sequencing, we found the Rspo3 gene to be expressed at high levels at steady state and the 

hierarchy of expression to be Rspo3>Rspo1>Rspo2>Rspo4 with Rspo4 under the limit of 

detection (Fig 1B). 

In order to assess R-spondin expression in human colon, we mined online databases of 

RNAseq-derived gene expression provided by the Human Protein Atlas (Fig 1C). Similar to what 

was found in mouse colon, this dataset showed RSPO3 as being expressed at the highest level 

followed by lower levels of RSPO2 and RSPO1. The RSPO2/Rspo2 expression level was found 

to be higher in the human dataset compared to our mouse studies (4 vs 1 FPKM).  Like in our 

mice studies, RSPO4 was not detected in these samples. 

 

R-spondins are expressed by intestinal stromal cells 

 

The cellular source(s) of R-spondins in the gut is an unanswered question that hinders our 

understanding of their pathophysiological roles in intestinal health and disease. Our published in 

situ hybridization, immunohistochemistry, and bone marrow chimera experiments support the 

hypothesis that colonic Rspo2 is expressed in radio-resistant sub-epithelial stromal cells [232]. 

This has been independently confirmed by several studies indicating the stromal compartment as 

a source of R-spondins [108, 109, 295].  

To systematically characterize the R-spondin-expressing cell populations in the normal 

colon, we isolated colonic epithelial and lamina propria cells from mice and further sorted the 

lamina propria cells into CD45+ and CD45- populations. Following RNA isolation and cDNA 

preparation, Rspo1-3 expression was determined using TaqMan-based qRT-PCR. Analysis of the 

lamina propria cell populations revealed that Rspo1-3 mRNA transcripts were expressed 

exclusively in CD45- (non-hematopoietic) cells and were nearly undetectable in the CD45+ 

(hematopoietic) cells (Fig 2A). Epithelial cells did not express detectable levels of any of the R-

spondins, which is consistent with publicly available microarray data showing higher enrichment 

of Rspo1-3 in the mesenchymal fraction compared to the epithelial fraction of the perinatal 

mouse intestine [296]. As a measure of quality control, EpCAM mRNA transcript levels were  
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Fig 2. R-spondins are expressed by sub-epithelial non-hematopoietic stromal cells. Colonic 

epithelial and lamina propria cells from C3Ou mice were isolated, and lamina propria cells were 

further stained for CD45.2 and sorted into CD45+ and CD45- populations after gating on singlet 

and live cells. R-spondin (A), EpCAM and Ptprc (B) expression was measured by qRT-PCR and 

normalized to Gapdh (n=3). Error bars represent mean ±SEM. # = undetected. 
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assessed to rule out any contamination of epithelial cells in the hematopoietic and non-

hematopoietic stromal populations (Fig 2B). Ptprc mRNA transcript levels were also assessed to 

confirm CD45 expression specifically in the hematopoietic population. 

 

Modulation of R-spondin expression during C. rodentium-mediated colitis 

 

C. rodentium-mediated infectious colitis is a widely recognized model for studying intestinal 

inflammation. Our results outlined above indicate that Rspo3 is the major R-spondin expressed in 

the colon. Moreover, since RSPO3 is a candidate locus for susceptibility to IBD, and since 

exogenous R-spondin1 administration was previously shown to be beneficial in some mouse 

colitis models, we examined the expression of all four R-spondin genes during C. rodentium-

mediated colitis in susceptible C3Ou mice.  

Expression of Rspo1-4 was measured by qRT-PCR in colonic samples from mice that 

were left uninfected or at days 3, 6, and 9 post-infection. Consistent with our previous data, we 

found the Rspo2 gene to be strongly and continuously induced during infection. In contrast, 

Rspo3 expression was downregulated 2-fold by day 3 of infection while Rspo1 was 

downregulated 2-fold by day 6 of infection (Fig 3A). Rspo4 was under the limit of detection. To 

determine if the downregulation of Rspo1 and Rspo3 was potentially a compensatory response to 

the increase in Rspo2 during infection, we assessed R-spondin levels in resistant C3Ou.B6-Cri1 

congenic mice at days 3, 6, and 9 post-infection. R-spondin1-4 expression in resistant congenic 

mice was found to mirror that of susceptible mice with the exception that there was no 

significant upregulation of Rspo2 mRNA transcripts (Fig 3B). Since we were unable to detect 

Rspo4 at steady state or throughout the course of infection, we did not pursue Rspo4 in any 

further experiments.  

 

R-spondin expression levels are regulated during DSS colitis 

 

To assess R-spondin modulation in an additional model of intestinal inflammation, we induced 

colitis in mice using DSS to examine the expression of R-spondins during the acute phase of 

colitis and subsequent repair period following DSS withdrawal. C3Ou mice were administered 3% 

DSS for 6 days before returning to normal drinking water for 9 days. Mice continued to lose  
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Fig 3. Modulation of R-spondin expression during C. rodentium–mediated colitis. Mice were 

infected by oral gavage (2-3 x 108 CFU of bacteria) and euthanized on experimental days 3, 6, 

and 9. Relative quantification of Rspo1-4 expression in C3Ou (A) (n=6 per time point) and 

C3Ou.B6-Cri1 (B) (n=3 per time point) mice was assessed by qRT-PCR and normalized to Hprt. 

Rspo4 was not detected. **p<0.01. Error bars represent mean ±SEM.  
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body weight after DSS withdrawal until day 5 post-DSS when mice began to gradually re-gain 

their body weight (Fig 4A). Histological changes in the colon were examined on day 6 of DSS 

and on days 3, 6, and 9 of repair. Whereas untreated control sections showed intact epithelium 

with well-defined crypts (Fig 4B), DSS-treated mice had sub-mucosal edema, immune cell 

infiltration, epithelial disruption and loss of crypts by day 6 of DSS treatment (Fig 4C). Similar 

changes were observed 3 days after DSS withdrawal with additional areas of erosion and loss of 

entire crypts (Fig 4D). Evidence of intestinal repair including attenuation of lesions and 

regeneration of crypts was evident by day 6 of DSS withdrawal (Fig 4E) followed by near full 

recovery of the mucosa by day 9 of withdrawal (Fig 4F). 

Consistent with histological features, R-spondin mRNA levels peaked at day 6 of DSS 

and day 3 of withdrawal when colon sections showed the most damage with Rspo1 induced 2-

fold, Rspo2 3-fold, and Rspo3 5-fold when compared to untreated controls (Fig 4G). With 

already high expression at steady state relative to the other R-spondins, the 5-fold induction of 

Rspo3 during DSS treatment resulted in markedly elevated absolute levels of this gene in the 

colon. Expression of all R-spondins returned to homeostatic levels by day 9 of recovery from 

DSS administration, suggesting an acute role for R-spondins in intestinal repair at the time points 

in which the epithelium is most damaged. This is perhaps not surprising given that Wnt signaling 

is activated during intestinal regeneration [297]. Indeed, we found the Wnt target genes Mmp7 

and c-Myc to be induced during the recovery phase following DSS withdrawal (Fig 4H). Notably, 

the induction of Rspo2 expression was very modest in the DSS model as opposed to what was 

observed during C. rodentium infection (3-fold vs 50-fold). To examine if the Rspo2 haplotype 

had any effect on Rspo expression in this model, R-spondin levels were subsequently measured 

in C3Ou.B6-Cri1 congenic mice at day 6 of DSS and day 3 of withdrawal based on these two 

time points expressing the highest R-spondins in C3Ou mice. We did not observe any 

statistically significant differences in Rspo1-3 expression between the two mouse strains (Fig 5A) 

or increased epithelial proliferation/repair in C3Ou mice as crypt architecture was similar to 

C3Ou.B6-Cri1 congenic mice (Fig 5B). Together, these results highlight Rspo3 as the dominant 

R-spondin in DSS colitis and provide evidence that Rspo2 and Rspo3 may respond to specific 

pathogenic and inflammatory signals that differ between the two colonic inflammation models. 
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Fig 4. R-spondin expression levels are regulated during tissue repair following DSS injury. 

C3Ou mice were subjected to 3% DSS administration for 6 days before returning to normal 

drinking water for 9 days. Body weights (A) were measured every other day during the course of 

DSS treatment and during repair (n=4-20 per time point, aggregate of two experiments). 

Histological changes were examined on untreated controls (B), at day 6 of DSS (C), and on days 

3 (D), 6 (E), and 9 (F) following DSS removal at 15X magnification. Scale bars, 200 μm. Rspo1-

3 levels were measured by qRT-PCR on days 0, 3, and 6 of DSS and on days 3, 6, and 9 post-

DSS (G) (n=4 per time point). Wnt target genes Mmp7 and c-Myc were measured by qRT-PCR 

on days 3 and 6 of DSS and on days 3 and 6 post-DSS and were compared to untreated controls 

(H) (n=3 per time point). Error bars represent mean ±SEM.  
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Fig 5. R-spondin expression is similar in C3Ou and C3Ou.B6-Cri1 mice during DSS 

treatment and repair. C3Ou.B6-Cri1 mice were administered 3% DSS for 6 days before 

returning to normal drinking water for 3 days. Relative quantification of Rspo1-3 mRNA (A) and 

histological comparisons (B) were measured on day 6 of DSS and on day 3 of DSS withdrawal 

and were compared to untreated controls (n=4-7 per time point, aggregate of 2 experiments). 

Error bars represent mean ±SEM. Scale bars, 200 μm. 
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Discussion 

 

Emerging evidence supports a central role for R-spondins – particularly Rspo2 and Rspo3 – in 

intestinal health and disease. Indeed, recurrent activating RSPO2 and RSPO3 gene fusions were 

found to occur in 10% of human colon tumors [278] and a recent follow-up study targeting 

RSPO3 in a RSPO3-fusion tumor xenograft model was shown to downregulate genes expressed 

in the stem cell compartment and inhibit tumor growth [280]. These observations demonstrate 

the potential clinical relevance of targeting R-spondins in the treatment of colorectal tumors, and 

correspondingly an anti-RSPO3 antibody [298] developed to target the R-spondin pathway is 

currently in phase I clinical trial. Additionally, meta-analysis of genome-wide association studies 

linked RSPO3 with Crohn’s disease [291]. However, since it is not known whether a gain- or 

loss- of function at RSPO3 is implicated in Crohn’s disease susceptibility, we can only speculate 

that a gain-of-function would promote Wnt-dependent intestinal proliferation but with the 

potentially harmful effect of limiting differentiation while a loss-of-function could limit 

intestinal repair. Taken together, these reports suggest that R-spondins may have a broad 

relevance in inflammation-associated intestinal diseases and warrant further investigation into 

the role of endogenous R-spondins in healthy and inflamed intestinal tissue, for which there is 

currently little information. 

Our RNA sequencing and qRT-PCR analyses combined with publicly available human 

expression data revealed the Rspo3/RSPO3 gene to be the dominant R-spondin expressed in the 

normal uninflamed colon, indicating that Rspo3/RSPO3 is a major contributor to the potentiation 

of canonical Wnt signaling at steady state. However, despite their importance in embryonic 

development and tissue homeostasis the source of these secreted proteins is still poorly 

understood. Mice with targeted inactivation of the Rspo2 gene die immediately after birth due to 

multiple organ defects [141, 142, 299, 300], and likewise targeted disruption of the Rspo3 gene 

leads to early embryonic lethality at around embryonic day 10 [143, 144]. This prevents the 

assessment of R-spondin function in the intestine during postnatal development and disease 

conditions. Consistent with previous work, our gene expression analyses of isolated epithelial 

cells and sorted CD45+ and CD45- colonic lamina propria cells restricted Rspo1-3 expression to 

the CD45- population. Future work will need to sort the R-spondin-expressing pool into further 

sub-populations using various hematopoietic and non-hematopoietic stromal cell markers 
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specific for each of the different populations of mesenchymal cells that are present in the lamina 

propria. Our progress towards identifying the cell type expressing R-spondins can guide in the 

development of a conditional knockout mouse line to study the role of R-spondins specifically in 

the intestine without confounding effects from their roles in other tissues. In addition, it will 

provide the starting point for in vitro and ex-vivo analyses of which inflammatory mediators 

including IBD-relevant cytokines are important for R-spondin induction. 

We have previously shown that pathological induction of Rspo2 during C. rodentium 

infection leads to intestinal dysfunction and death in genetically susceptible mice [232]. We 

expanded on this study to examine the expression of all four R-spondin genes during C. 

rodentium-mediated colitis and DSS-induced colitis including a post-DSS repair period. R-

spondins were found to be highly modulated during inflammation, with notably robust 

upregulation of Rspo2 expression during C. rodentium infection in susceptible mice and 

upregulation of Rspo3 expression during DSS colitis. The finding that Rspo3 was the most 

highly induced R-spondin during DSS treatment with significantly elevated absolute expression 

levels of this gene highlights Rspo3 as a potentially important mediator of Wnt signaling in the 

gut. In our DSS repair model, R-spondin levels continuously increased until crypt morphology 

gradually began to recover after several days following DSS withdrawal. This suggests a role for 

R-spondins in facilitating epithelial repair as a response to mucosal injury, which is consistent 

with enhancement of Wnt signaling during intestinal regeneration [297] and with the 

observations that genetic reduction or pharmacological inhibition of Dkk1 during DSS colitis has 

been shown to promote wound repair by increasing proliferation of epithelial cells [265].  

The discovery that R-spondins are differentially regulated during enteric infection and 

DSS administration provides a novel avenue of investigation into the mechanisms of R-spondin 

gene regulation. Despite both models inducing intestinal inflammation, the difference in host 

response to enteric infection and chemical DSS may be responsible for the differential 

expression of the R-spondins; it may be that they require specific pathogenic and inflammatory 

signaling necessary for induction. Indeed, C. rodentium infection induces a robust Th1/Th17 

response with increased gene expression of IFN-γ, interleukin-12 (IL-12), IL-17, and IL-22 [225, 

301] while acute DSS colitis activates a predominant Th1 response but with upregulation of 

several Th2 cytokines including IL-10 [302]. Elucidating this difference in host response may 

provide important insights in the mechanisms governing R-spondin expression in the intestinal 
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tract.  

In summary, our work exploited the C. rodentium infectious colitis model and the DSS 

colitis/repair model to explore R-spondin expression at steady state and during inflammation in 

the colon. We have shown that R-spondins are expressed by sub-epithelial non-hematopoietic 

stromal cells and that their expression is differentially and strongly regulated during C. 

rodentium infection and DSS colitis. Our data suggest that R-spondin-mediated signaling can be 

modulated by infectious or inflammatory stimuli and provides further evidence that this family 

of proteins plays a key role in linking intestinal inflammation and homeostasis.   
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Supplementary Information 

 

 

 

 

 

 

 

 

S1 Fig. Relative expression of R-spondin genes in the normal colon of C3Ou.B6-Cri1 mice. 

R-spondin levels in C3Ou.B6-Cri1 mice colon at steady state as acquired by RNAseq (n=3). 

Error bars represent mean ±SEM. # = undetected. 
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PREFACE TO CHAPTER 3 

 

Chapter 2 focused on assessing the expression levels of R-spondins in the colon at steady state 

and during DSS-mediated colitis and C. rodentium infection. We found that C. rodentium 

infection strongly induced Rspo2 expression levels specifically in susceptible mice while Rspo1-

3 were induced during DSS colitis in both susceptible and resistant congenic mice. In addition, 

R-spondin expression was restricted to sub-epithelial, non-hematopoietic mesenchymal stromal 

cells in the colonic lamina propria at steady state. While several groups have examined the 

endogenous expression of R-spondins in the uninflamed gut, few have assessed R-spondin 

expression during intestinal inflammation. In chapter 3, we expanded on our work and 

systematically characterized the R-spondin-expressing cell populations in the colon during DSS 

colitis and C. rodentium infection.  
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CHAPTER 3 

 

Rspo2 is expressed in the immune compartment during Citrobacter rodentium infection in 

susceptible mice 

 

Abstract 

 

R-spondins are secreted glycoproteins that markedly potentiate canonical Wnt signaling, a major 

signaling pathway in the intestine that governs epithelial proliferation and differentiation and 

maintains intestinal homeostasis. In our previous work, we found that R-spondin expression at 

steady state was restricted to sub-epithelial, non-hematopoietic stromal cells in the colonic 

lamina propria. We also demonstrated that C. rodentium induced Rspo2 gene expression to high 

levels in susceptible mice while Rspo1-3 mRNA were induced during acute DSS colitis. In the 

present study, we expanded on this observation and investigated the cellular source of R-

spondins in the two models of intestinal inflammation. We found that while Rspo1-3 expression 

were exclusive to non-epithelial, non-hematopoietic cells during DSS colitis, Rspo2 was 

expressed in both stromal and hematopoietic populations during C. rodentium infection in 

susceptible mice. Further analysis revealed that Rspo2 was predominantly produced by CD45- 

gp38+ CD31- lymphoid stromal cells and by CD11c+ dendritic cells in the colonic lamina propria 

during infection. In addition, we demonstrated that bone marrow-derived dendritic cells were 

capable of upregulating Rspo2 expression when induced by inflammatory stimuli, suggesting 

that R-spondin expression from dendritic cells may play a role in regulating the Wnt pathway 

during intestinal infection or inflammation. 

 

 

 

 

 

 

 



 71 

 

Introduction 

 

The R-spondin family of secreted proteins (R-spondin1-4) are potent agonists of 

canonical Wnt/-catenin signaling, a major signaling pathway in the regulation of intestinal 

epithelial homeostasis and stem cell function [134]. The four structurally related proteins act as 

ligands for the leucine-rich repeat-containing G-protein coupled receptor family (Lgr4-6) and the 

E3 ubiquitin ligases Rnf43/Znrf3 [135, 282, 284]. The binding of R-spondin proteins to Lgr 

receptors potentiates Wnt signaling by sequestering Rnf43/Znrf3, which normally negatively 

regulates Wnt receptors [283]. While several groups have examined the source of R-spondins in 

the intestine at steady state and attributed it to the mesenchyme, little is known about the 

endogenous expression of R-spondins during intestinal inflammation. 

Citrobacter rodentium is a natural mouse pathogen widely used to study 

enteropathogenic and enterohemorrhagic Escherichia coli infections in humans [215]. C. 

rodentium infects the large intestine and causes colitis and transmissible murine colonic 

hyperplasia [215]. Rspo2 is a major determinant of susceptibility to C. rodentium infection; 

infection induces high levels of Rspo2 in susceptible mouse strains (e.g. C3H/HeOuJ, hereafter 

called C3Ou) leading to pathological activation of canonical Wnt signaling, loss of intestinal 

epithelial differentiation, and death [232]. Conversely, C3Ou mice carrying a congenic segment 

encompassing Rspo2 from resistant C57BL/6 mice (hereafter called C3Ou.B6) do not upregulate 

Rspo2 during infection and instead suffer milder, self-limiting disease [232].  

In contrast to Rspo2 upregulation during C. rodentium infection in susceptible mice, we 

previously reported high levels of R-spondin expression, particularly Rspo3, during DSS-induced 

colitis as a repair response to regenerate the intestinal epithelium [303]. This work focuses on 

assessing the cellular source of R-spondins in DSS colitis and C. rodentium infection. 

 

Materials and Methods 

 

Ethics statement 

 

All breeding and experimental procedures were conducted in strict accordance with the Canadian 

Council of Animal Care and approved by the McGill University Animal Care Committee (permit 
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#5009). Mice were euthanized by CO2 asphyxiation and all efforts were made to minimize 

suffering. 

 

Mice and DSS-induced colitis 

 

C3Ou (Jackson Laboratory, Bar Harbor, ME) and C3Ou.B6 congenic mice carrying an 

introgressed segment of chromosome 15 from C57BL/6 mice on the C3Ou genomic background 

[235] were housed in a specific-pathogen free animal facility at McGill University and provided 

standard mouse chow and water ad libitum. DSS colitis was induced in 7-week-old C3Ou male 

mice by adding 3% (w/v) DSS (MP Biomedicals) at 36-50 kDa to the drinking water for 6 days. 

Mice were euthanized on day 6 and colons were harvested for cell sorting.  

 

In vivo C. rodentium infection 

 

For C. rodentium infections, the C. rodentium strain DBS100 was grown overnight in 3 ml of LB 

medium shaking at 37oC. Five-week-old male and female mice were inoculated by oral gavage 

with 0.1 ml of LB medium containing 2-3 x 108 colony-forming units (CFU) of bacteria. The 

infectious dose was verified by plating of serial dilutions. Mice were monitored daily and 

euthanized on select time points. Colons were harvested for cell sorting and RNA extraction 

while coMLNs and siMLNs were harvested as previously described for RNA extraction [305].  

 

Cell sorting 

 

Colonic epithelial and lamina propria cells from mice were isolated using a modified version of a 

previously described method [294]. In brief, colons were collected, cut open longitudinally into 1 

cm pieces, and washed in calcium- and magnesium-free HBSS (Gibco) supplemented with 2% 

heat-inactivated fetal calf serum (FCS, Wisent) and 15 mM HEPES (Gibco). The resulting tissue 

pieces were washed in calcium- and magnesium-free HBSS supplemented with 2% FCS, 15 mM 

HEPES, and 5 mM EDTA to remove epithelial cells, which were then collected by centrifugation. 

After removing the supernatant, the tissue pieces were incubated in RPMI-1640 (Sigma) 

supplemented with 10% FCS, 15 mM HEPES, 160 μg/ml collagenase IV (Sigma) and 40 μg/ml 
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DNAse I (Roche) for 40 min at 37oC. The cell suspension was filtered through a 70 μm cell 

strainer (Sigma) before proceeding with antibody staining. Cells were stained with viability dye 

(Life Technologies) before the following antibodies were used: CD326, CD45.2, podoplanin, 

CD31, CD45.2, CD11b, Ly6G, F4/80, CD11c, CD3, and lineage antibody cocktail. All 

antibodies were purchased from eBioscience. Sorting was performed on the FACSAria Fusion 

(BD Biosciences) at the Cell Vision Core Facility at McGill University.  

 

Bone marrow-derived dendritic cell experiments 

 

Bone marrow from C3Ou and C3Ou.B6 mice were extracted and cultured in RPMI media 

(Corning) with 1% Penicillin-Streptomycin (Wisent), 10% fetal bovine serum (HyClone/Wisent), 

1% L-glutamine (Wisent), 0.1 % -mercaptoethanol (Gibco), and 20 ng/ml of 

granulocyte/macrophage colony stimulation factor (GM-CSF; Peprotech) in 6-well non-tissue 

culture-treated plates. DCs were cultured in suspended colonies for 8 days at 37oC with 5% CO2. 

Non-adherent cells were then collected and plated at four million cells per well into a 12-well 

non-tissue culture-treated plate, and stimulated with either 100 ng/ml of LPS (Sigma, L2654) or 

heat-killed C. rodentium for 2, 6, or 18 hr. For preparation of heat-killed bacteria, an overnight 

culture of C. rodentium was diluted in LB media and heat-inactivated at 95oC for 5 min before 

stimulation of BMDCs at a multiplicity of infection (MOI) of 0.25, 0.025, 0.0025, and 0.00025. 

RNA extraction was performed for each time point for gene expression analyses. 

 

qRT-PCR 

 

Total RNA from tissues, sorted cells, and BMDCs were isolated using TRIzol (Invitrogen) or the 

ToTALLY RNA system (for DSS experiments only) (Ambion), according to the manufacturer’s 

instructions. The purity of RNA was assessed by a spectrophotometer and complementary DNA 

was synthesized using RevertAid Reverse Transcriptase (Thermo Scientific) and random primers 

(Invitrogen) using an Eppendorf PCR thermal cycler. Expression levels of Acta2, Vim, Myh11, 

Foxl1, CD34, Rspo1, Rspo2, and Rspo3 were measured using TaqMan Gene Expression Assay 

(Applied Biosystems) on the Applied Biosystems StepOnePlus Real-Time PCR system. Analysis 
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was performed according to the comparative CT method using Hprt or Gapdh as the 

housekeeping gene. 

 

In situ hybridization 

 

In situ hybridization was performed on formalin-fixed paraffin-embedded mouse colon sections 

using the QuantiGene ViewRNA ISH Tissue 2-Plex Assay (Affymetrix), which allows for 

simultaneous detection of two target mRNAs. Rspo2 was the primary target and co-staining was 

done with either α-smooth muscle actin (Acta2) or vimentin (Vim). Assays were performed 

according to the manufacturer’s instructions. Briefly, FFPE tissue sections were fixed and 

permeabilized to expose RNA targets. Target-specific probes for Rspo2 and either Acta2 or Vim 

were hybridized to their target RNA transcripts before a series of sequential hybridization steps 

were conducted for signal amplification. Lastly, addition of probe-specific substrates produced 

red and blue precipitates for Rspo2 and either Acta2 or Vim, respectively. Samples were 

visualized and analyzed on a standard bright-field microscope and on the LSM 710 confocal 

microscope (Zeiss). 

 

Statistical analysis 

 

Data analyses were performed using GraphPad Prism v6.0 software. Statistical comparison 

between groups was carried using tests described in the figure legends. A p < 0.05 was 

considered statistically significant. 

 

Results and Discussion 

 

We and others previously determined that Rspo3 is the major R-spondin expressed in the 

mouse and human colon followed by lower levels of Rspo1 and Rspo2 while Rspo4 is 

undetectable [108, 303]. We previously assessed R-spondin modulation during acute DSS colitis 

and C. rodentium infection, and found that Rspo1-3 mRNA transcripts peaked at day 6 of DSS 

while Rspo2 levels peaked at day 9 of C. rodentium infection in susceptible C3Ou mice [303]. 

Here, we sought to characterize the R-spondin-expressing cell populations in the two models of 

intestinal inflammation using cell sorting and gene expression analyses. 
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In the acute DSS colitis model, susceptible mice were administered 3% DSS in their 

drinking water for 6 days before harvesting their colons for cell sorting. We isolated colonic 

lamina propria cells and sorted these cells into CD45+ and EpCAM- CD45- populations. 

Following RNA isolation and cDNA preparation, Rspo1-3 expression was determined using 

TaqMan-based qRT-PCR. Our analysis revealed that expression of Rspo1-3 was restricted to 

non-epithelial, non-hematopoietic lamina propria cells and were nearly undetectable in CD45+ 

hematopoietic cells (Fig. 1A). This is consistent with recent studies confirming an increase in 

Rspo3 expression during DSS colitis in CD45- stromal cells but not in myeloid cells [113]. 

Importantly, the study by Greicius et al. confirmed a role for Rspo3 in epithelial regeneration 

during DSS colitis as mice with Rspo3 ablated in a subset of stromal cells were hypersensitive to 

DSS-mediated damage [111]. 

We next determined the cellular source of Rspo2 expression in susceptible mice that were 

infected with C. rodentium for 9 days, the peak of infection. To note, Rspo2 is the only R-

spondin gene to be robustly inducing during C. rodentium infection [232]. We isolated colonic 

epithelial and lamina propria cells from infected mice and again further sorted the lamina propria 

cells into CD45+ and CD45- cells. Surprisingly, we observed Rspo2 expression in both 

hematopoietic and stromal cells, providing further evidence for the differential regulation of R-

spondins in the two models of colitis (Fig. 1B).  

To complement these studies and to visualize Rspo2 within colon tissues, we performed 

in situ hybridization (ISH) targeting Rspo2 mRNA on formalin-fixed paraffin-embedded mouse 

colon sections, uninfected and infected with C. rodentium. ISH experiments revealed that Rspo2 

transcripts were readily detectable within the colonic lamina propria of infected mice (Fig. 2). 

Moreover, Rspo2 transcripts showed partial overlap with markers of mesenchymal stromal cells, 

namely Acta2 and Vim, supporting the notion that Rspo2 may be expressed by stromal cells as 

well as non-mesenchymal cells during C. rodentium infection. 

To further characterize the Rspo2-expressing population in the CD45- compartment, we 

employed a recently described protocol that isolates the four main non-hematopoietic 

components of the intestinal lamina propria using markers gp38 and CD31: lymphoid stromal 

cells (LSC, gp38+ CD31-), lymphatic endothelial cells (gp38+ CD31+), blood endothelial cells 

(gp38- CD31+), and double-negative cells (DNC, gp38- CD31-) [304]. At steady state, the LSC  
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Figure 1. Rspo1-3 are expressed by sub-epithelial non-hematopoietic stromal cells during 

DSS colitis while Rspo2 is expressed by both stromal and CD45+ hematopoietic cells during 

C. rodentium infection. Colonic epithelial and lamina propria cells from C3Ou mice were 

isolated, and lamina propria cells were further stained for CD45.2 and sorted into CD45+ and 

CD45- populations after gating on singlet and live cells. (a) Expression of Rspo1-3 was measured 

on day 6 post-DSS by qRT-PCR and normalized to Gapdh (n=3). (b) Expression of Rspo2 was 

measured on day 9 post-C. rodentium infection by qRT-PCR and normalized to Gapdh (n=3). 

*p<0.05, ****p<0.0001 by one-way ANOVA with Tukey’s multiple comparisons test. Data is 

representative of at least two independent experiments. 
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Figure 1. Rspo1-3 are expressed by sub-epithelial non-hematopoietic stromal cells during DSS colitis 

while Rspo2 is expressed by both stromal and CD45+ hematopoietic cells during C. rodentium 

infection. Colonic epithelial and lamina propria cells from C3Ou mice were isolated, and lamina propria 

cells were further stained for CD45.2 and sorted into CD45+ and CD45- populations after gating on singlet 

and live cells. (a) Expression of Rspo1-3 was measured on day 6 post-DSS by qRT-PCR and normalized to 

Gapdh (n=3). (b) Expression of Rspo2 was measured on day 9 post-C. rodentium infection by qRT-PCR 

and normalized to Gapdh (n=3). *p<0.05, ****p<0.0001 by one-way ANOVA with Tukey’s multiple 

comparisons test. Data is representative of at least two independent experiments. 
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Figure 2. Rspo2 mRNA transcripts partially overlap with α-smooth muscle actin and 

vimentin. In situ hybridization targeting Rspo2 and either Acta2 or Vim was performed on FFPE 

colon tissue sections from C3Ou mice infected with C. rodentium. Target-specific probe sets 

were omitted in the negative control. Tissue sections were visualized using (a) confocal (scale 

bars, 100 µm) and (b) brightfield microscopy (20x magnification). 

Rspo2 / Acta2

Rspo2 / Vim

a

b

Rspo2 / Acta2 Rspo2 / Vim

Figure 2. Rspo2 mRNA transcripts partially overlap with α-smooth muscle actin and vimentin. In situ

hybridization targeting Rspo2 and either Acta2 or Vim was performed on FFPE colon tissue sections from

C3Ou mice infected with C. rodentium. Target-specific probe sets were omitted in the negative control

Tissue sections were visualized using (a) confocal (scale bars, 100 µm) and (b) brightfield microscopy

(20x magnification).

Negative control
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and DNC populations are the major subsets accounting for approximately 90% of non-

hematopoietic cells in the colonic lamina propria (70% LSC, 18% DNC) [304]. However, we 

found that the frequency of LSC and DNC populations were drastically altered upon infection 

with C. rodentium with greater frequencies of the DNC population during infection (Fig. 3A). 

We sorted out the LSC and DNC populations during infection and observed that the DNC pellets 

were slightly red, and significantly less RNA were extracted from DNCs compared to LSCs 

despite greater cell acquisition of the former. Staining of the erythrocyte marker Ter119 revealed 

that the vast majority of the DNC population was in fact erythrocytes, which are nuclei-free and 

hence are predicted not to have significant mRNA activity (Fig. 3B). Gene expression analyses 

of the LSC and DNC populations confirmed the presence of a number of stromal cell markers in 

the LSC population including alpha-smooth muscle actin, vimentin, and other markers of 

recently identified stromal cell subsets (Fig. 3C). As expected, Rspo2 expression was similarly 

enriched in the LSC population compared to the DNC population (Fig. 3D). The non-erythrocyte 

DNC population has yet to be characterized. 

To determine the Rspo2-expressing population in the CD45+ compartment, we sorted out 

the various immune cell populations present in the lamina propria including Ly6G+ neutrophils, 

F4/80+ macrophages, CD11c+ dendritic cells, lineage-negative cells, and CD3+ T cells (Fig.4A). 

Subsequent gene expression analyses revealed that Rspo2 was most significantly expressed by 

dendritic cells (Fig. 4B). Recent work identified novel colon-draining lymph nodes (coMLNs) 

distinct from the main mesenteric lymph node draining the small intestine (siMLN) in which 

resident and migratory dendritic cells were demonstrated to be activated in response to C. 

rodentium infection [305]. We infected susceptible and resistant congenic mice with C. 

rodentium and harvested these coMLNs and siMLN at 0, 3, 6, and 9 days post-infection. We 

observed significant Rspo2 induction starting at day 6 post-infection specifically in the coMLNs, 

and to a lesser extent in the siMLNs, of susceptible mice (Fig. 4C). As expected, Rspo2 was not 

expressed in resistant mice in either tissue throughout the course of infection.  

Previous work has established that dendritic cells in coMLNs and the siMLN are not 

identical; dendritic cells in the coMLNs and siMLN have different transcriptomes [305]. Indeed, 

C. rodentium mainly infects the distal colon, hence activating dendritic cells especially in the 

coMLNs. Our observation that Rspo2 is predominantly expressed in the coMLNs of susceptible 

mice seems to support this notion. Although we did not address cell population kinetics in the 
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Figure 3. Rspo2 is expressed by gp38+ CD31- lymphoid stromal cells during C. rodentium 

infection. On day 9 post-infection, colonic lamina propria cells from C3Ou mice were isolated, 

and lamina propria cells were stained for EpCAM and CD45.2 and sorted into CD45+ and 

EpCAM- CD45- populations after gating on singlet and live cells. (a) The EpCAM- CD45- 

population was further stained for gp38 and CD31 and sorted into gp38+ CD31- (LSC) and gp38- 

CD31- (DNC) populations. (b) The DNC population was further stained for Ter119 for detection 

of erythrocytes. (c) Expression of intestinal stromal cell markers and (d) Rspo2 were measured 

by qRT-PCR and normalized to Gapdh (n=4/population). *p<0.05 by Mann-Whitney test. Data 

is representative of two independent experiments.  
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Figure 3. Rspo2 is expressed by gp38+ CD31- lymphoid stromal cells during C. rodentium infection. 

On day 9 post-infection, colonic lamina propria cells from C3Ou mice were isolated, and lamina propria 

cells were stained for EpCAM and CD45.2 and sorted into CD45+ and EpCAM- CD45- populations after 

gating on singlet and live cells. (a) The EpCAM- CD45- population was further stained for gp38 and CD31 

and sorted into gp38+ CD31- (LSC) and gp38- CD31- (DNC) populations. (b) The DNC population was 

further stained for Ter119 for detection of erythrocytes. (c) Expression of intestinal stromal cell markers 

and (d) Rspo2 were measured by qRT-PCR and normalized to Gapdh (n=4/population). *p<0.05 by Mann-

Whitney test. Data is representative of two independent experiments.  
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Figure 4. Rspo2 is expressed by CD11c+ dendritic cells in the colonic lamina propria and in 

coMLNs during C. rodentium infection. (a) On day 9 post-infection, colonic lamina propria 

cells from C3Ou mice were isolated, and lamina propria cells were stained for CD45.2, CD11b, 

Ly6G, F4/80, CD11c, CD3, and hematopoietic lineage cells using a lineage cocktail. Gating on 

CD45+ cells, Ly6G+ neutrophils were sorted first followed by F4/80+ macrophages, CD11c+ 

dendritic cells, and lineage-negative cells. CD3+ T cells were sorted from a separate, independent 

experiment. (b) Rspo2 expression was measured by qRT-PCR and normalized to Gapdh (n=3-

4/population). ****p<0.0001 by one-way ANOVA with Tukey’s multiple comparisons test. (c) 

coMLN and siMLN tissues from C. rodentium-infected C3Ou mice were harvested on day 0, 3, 6, 

and 9 post-infection. Rspo2 expression was measured by qRT-PCR and normalized to Hprt 

(n=3-6/time point). 
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Figure 4. Rspo2 is expressed by CD11c+ dendritic cells in the colonic lamina propria and in coMLNs 

during C. rodentium infection. (a) On day 9 post-infection, colonic lamina propria cells from C3Ou mice 

were isolated, and lamina propria cells were stained for CD45.2, CD11b, Ly6G, F4/80, CD11c, CD3, and 

hematopoietic lineage cells using a lineage cocktail. Gating on CD45+ cells, Ly6G+ neutrophils were sorted 

first followed by F4/80+ macrophages, CD11c+ dendritic cells, and lineage-negative cells. CD3+ T cells 

were sorted from a separate, independent experiment. (b) Rspo2 expression was measured by qRT-PCR and 

normalized to Gapdh (n=3-4/population). ****p<0.0001 by one-way ANOVA with Tukey’s multiple 

comparisons test. (c) coMLN and siMLN tissues from C. rodentium-infected C3Ou mice were harvested on 

day 0, 3, 6, and 9 post-infection. Rspo2 expression was measured by qRT-PCR and normalized to Hprt  

(n=3-6/time point). 

FACS.jo Layout

8/6/18 9:03 AM Page 1 of 1 (FlowJo v9.9.6)

CD45+
Specimen_001_Tube_002_007.fcs
Event Count: 5254

0 10
2

10
3

10
4

10
5

<PE-A>: CD3

0

50K

100K

150K

200K

250K

S
S

C
-A

11.6



 81 

draining lymph nodes in this study, our results raise the possibility that dendritic cells can be 

induced to express Rspo2 by inflammatory stimuli during C. rodentium infection or potentially 

by direct antigen uptake.  

To investigate whether dendritic cells can indeed upregulate Rspo2 expression in 

response to inflammatory stimuli, we extracted primary bone marrow-derived dendritic cells 

(BMDCs) from naïve susceptible mice and stimulated them with either LPS or heat-killed C. 

rodentium for 2, 6, and 18 hours. We found that LPS and heat-killed C. rodentium at an MOI of 

0.0025 significantly induced expression of Rspo2 with a peak at 6 hours compared to 

unstimulated BMDCs (Fig. 5A). Furthermore, induction was specific to Rspo2 as neither LPS 

nor heat-killed C. rodentium stimulated expression of Rspo1 or Rspo3 in BMDCs (Fig. 5B). 

Expression of Rspo2 was subsequently measured in BMDCs derived from resistant congenic 

mice stimulated with LPS or heat-killed C. rodentium at an MOI of 0.0025 based on these two 

conditions inducing the greatest level of Rspo2 expression. As expected, we did not observe 

Rspo2 induction in BMDCs from resistant congenic mice compared to BMDCs from susceptible 

mice in response to either LPS or heat-killed C. rodentium, confirming Rspo2 induction as a 

strain-specific feature (Fig. 5C). Experiments are in progress to replicate this data. 

Expression of R-spondins is traditionally thought to be restricted to the sub-epithelial 

mesenchymal compartment. Indeed, we found that Rspo1-3 expression was exclusive to the 

CD45- population during DSS colitis. However, we have demonstrated in this study that Rspo2 

was induced in both CD45- and CD45+ hematopoietic cells in susceptible C3H/HeOuJ mice 

during C. rodentium infection. More specifically, Rspo2 was predominantly expressed by 

CD11c+ dendritic cells in the colonic lamina propria and was also detected in the colon-draining 

mesenteric lymph nodes. Our in vitro studies with BMDCs support the notion that Rspo2 can be 

upregulated in dendritic cells when induced with inflammatory stimuli. Wnt ligand expression by 

dendritic cells has been recently shown to influence the generation of memory T cells during 

primary immune responses via the canonical Wnt signaling pathway [306]. Similarly, Wnt 

signaling within dendritic cells is known to play a major role in the regulation of tolerance and 

immunity [307]. The functional and physiological significance of Rspo2 expression in immune 

cells during C. rodentium infection now need further investigation since previous bone marrow 

chimera experiments did not reveal a role for radiosensitive hematopoietic cells in disease [232]. 

Whether Rspo2 expression from immune cells alone is sufficient in eliciting susceptibility to 
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Figure 5. Rspo2 expression in BMDCs derived from susceptible C3Ou mice can be induced 

by LPS or heat-killed C. rodentium. (a-b) BMDCs harvested from susceptible mice were 

stimulated with either 100 ng/ml LPS or heat-killed C. rodentium at indicated MOIs for 2, 6, and 

18 hours. Expression of (a) Rspo2, (b) Rspo1, and Rspo3 were measured by qRT-PCR and 

normalized to Hprt. (c) BMDCs harvested from susceptible and resistant congenic mice were 

stimulated with either 100 ng/ml LPS or heat-killed C. rodentium at an MOI of 0.0025 for 2, 6, 

and 18 hours. Expression of Rspo2 was measured by qRT-PCR and normalized to Hprt. Data is 

representative of two independent experiments. 
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C. rodentium infection will need to be addressed. Nevertheless, we predict that this finding will 

have broad implications, especially in pathogenic and inflammatory settings. In that respect, a 

recent report has demonstrated a link between R-spondins and macrophage biology. In that study, 

the authors found that Rspo2 was the most abundantly expressed R-spondin in the THP-1 

macrophage-like cell line [308]. Furthermore, the authors observed that Rspo2 protected THP-1 

macrophages against oxidized low-density lipoprotein-induced apoptosis, a phenomenon that 

contributes to the formation of atherosclerotic plaques within arteries. Although the effects of 

Rspo2 signaling in macrophages in the regulation of atherosclerosis has yet to be defined in vivo, 

these studies highlight a potentially underappreciated role for R-spondins in immune cell biology 

and disease. 
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PREFACE TO CHAPTER 4 

 

In previous work (including that of chapter 2 and 3), we demonstrated that Rspo2 was expressed 

by the stroma and immune compartment and that its induction during C. rodentium infection in 

susceptible mice led to increased activation of Wnt signaling, intestinal dysfunction, and death 

by day 9 post-infection. In contrast, resistant mice that do not express Rspo2 suffer self-limiting 

disease without experiencing loss of intestinal function or death despite developing colonic 

hyperplasia at the peak of infection. In chapter 4, we used deep RNA sequencing in C. 

rodentium-infected mice for the first time to build on our previous findings by systematically 

analyzing the global gene expression profiles of C. rodentium-infected susceptible and resistant 

congenic mice. 
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CHAPTER 4 

 

Loss of disease tolerance during Citrobacter rodentium infection is associated with impaired 

epithelial differentiation and hyperactivation of T cell responses 

 

Abstract 

 

Citrobacter rodentium is an intestinal mouse pathogen widely used as a model to study the 

mucosal response to infection. Inbred mouse strains suffer one of two fates following infection: 

self-limiting colitis or fatal diarrheal disease. We previously reported that Rspo2 is a major 

genetic determinant of the outcome of C. rodentium infection; Rspo2 induction during infection 

of susceptible mice leads to loss of intestinal function and mortality. Rspo2 induction does not 

impact bacterial colonization, but rather, impedes the ability of the host to tolerate C. rodentium 

infection. Here, we performed deep RNA sequencing and systematically analyzed the global 

gene expression profiles of C. rodentium-infected colon tissues from susceptible and resistant 

congenic mice strains to determine the common responses to infection and the Rspo2-mediated 

dysfunction pathway signatures associated with loss of disease tolerance. Our results highlight 

changes in metabolism, tissue remodeling, and host defence as common responses to infection. 

Conversely, increased Wnt and stem cell signatures, loss of epithelial differentiation, and 

exaggerated CD4+ T cell activation through increased antigen processing and presentation were 

specifically associated with the response to infection in susceptible mice. These data provide 

insights into the molecular mechanisms underlying intestinal dysfunction and disease tolerance 

during C. rodentium infection. 
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Introduction 

 

Citrobacter rodentium is a natural mouse pathogen that infects the large intestine and causes 

colitis and characteristic thickening of the colonic mucosa [215]. It shares several pathogenic 

mechanisms with human enteropathogenic and enterohaemorrhagic E. coli and is widely 

recognized as an excellent model for studying the intestinal response to enteric pathogens [215]. 

Importantly, disease severity can range from self-limiting colitis to lethal diarrhea and 

inflammation depending on the genetic background of the host [220, 232]. 

 We previously discovered a novel pathway in susceptible mice (e.g. C3H/HeOuJ, AKR, 

FVB) that leads to the development of fatal diarrheal disease during C. rodentium infection 

through Rspo2-mediated disruption of intestinal homeostasis [232]. Rspo2 encodes a member of 

the R-spondin family of secreted proteins, which have recently emerged as potent enhancers of 

the canonical Wnt signaling pathway [134]. This pathway plays a crucial role in regulating 

epithelial cell fate and determination, and is the driving force behind the proliferation of 

intestinal epithelial precursors [7]. Rspo2 is robustly induced during infection in susceptible 

mouse strains, leading to pathological activation of Wnt signaling, generation of a poorly 

differentiated colonic epithelium, and animal death [232, 235, 236, 303]. In contrast, resistant 

mice that do not express Rspo2 following infection still develop colonic epithelial hyperplasia at 

the peak of infection but suffer milder, self-limiting disease without experiencing a loss of 

intestinal function [232]. 

To avoid any confounding genetic and phenotypic differences between divergent inbred 

strains, we developed a congenic mouse strain that is on a pure C3H/HeOuJ (henceforth called 

C3Ou) susceptible background but carries a segment of chromosome 15 encompassing Rspo2 

and its regulatory region from resistant C57BL/6 mice [235]. These resistant congenic mice 

exhibit complete survival following C. rodentium infection compared to susceptible C3Ou mice 

which suffer 100% mortality. Furthermore, we previously demonstrated that bacterial loads and 

infection kinetics are identical in susceptible C3Ou and resistant congenic mice [235], a 

phenomenon that is not observed when comparing different susceptible and resistant inbred 

strains [233]. This indicates that Rspo2 does not affect bacterial colonization or replication but 

rather the ability of the host to establish disease tolerance in the presence of pathogenic bacteria 

in the intestine. Disease tolerance is a host defence strategy that reduces the negative effects of 



 87 

infection on the host without affecting pathogen burden [309]. Our unique parental and congenic 

strains, differing only in their expression of Rspo2 during infection, therefore provide a more 

accurate experimental model system to study the biological effects of Rspo2 on disease tolerance 

as compared to those based on genetically divergent inbred mouse strains. 

 In the present study, we employed RNA sequencing technology to characterize the 

global shared response to C. rodentium infection in both susceptible and resistant congenic mice, 

and to define the complete Rspo2-mediated intestinal dysfunction pathway signatures and 

networks of interacting genes that mediate loss of disease tolerance in susceptible mice. To 

reduce bias and minimize false positives in our differential expression analyses, we applied two 

well-established statistical methods to identify a robust list of differentially expressed genes 

(DEGs) that were further incorporated into a high-quality protein-protein interaction network to 

create network-based gene signatures. Our work provides an unbiased, global perspective of the 

common and differential host response to infection and provides new insights into the underlying 

mechanisms regulating intestinal homeostasis versus dysfunction. 

 

Results 

 

Common gene expression patterns associated with C. rodentium infection 

 

RNA-seq was performed on the Illumina HiSeq. 2000/2500 sequencer to explore the dynamic 

and global transcriptome profiles of susceptible and resistant congenic mice colons that were 

either uninfected or infected with C. rodentium for 9 days, the latest time point in which infected 

susceptible mice are consistently viable. Consistent with our previous work, we confirmed that 

bacterial loads were identical in our susceptible and resistant congenic mice at 9 days post-

infection (Supplementary Fig. S1). We subsequently performed principal component analysis 

(PCA) to evaluate the level of similarity in the gene expression patterns of each sample. PCA 

revealed three distinct clusters: uninfected controls, infected susceptible mice, and infected 

resistant mice, indicating that samples are closely grouped according to mouse strain and 

infection status, and that few transcriptomic differences are observed between strains prior to 

infection (Fig. 1). 
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Figure 1. Principal component analysis (PCA) scatter plot reveals separate clustering based 

on mouse strain and infection status. Colons from three mice per group were harvested at 0 

and 9 days post-infection for RNA sequencing and PCA of normalized host gene counts for all 

samples was generated. 
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We first assessed the shared global response to infection in both strains by performing 

differential expression analysis between the uninfected and infected groups using two well-

established methods: edgeR [310] and DESeq2 [311]. Applying a threshold of log2 fold change = 

2 and adjusted p < 0.05, edgeR identified 1,262 DEGs while DESeq2 identified 1,253 DEGs, 

with a large overlap of 88.7% of DEGs common to both methods (Fig. 2A). A heatmap and 

volcano plot was generated to visualize the general expression pattern of the transcripts during C. 

rodentium infection (Fig. 2B and 2C). Notably, the number of significantly down-regulated 

genes was larger than the number of up-regulated genes: 744 genes down-regulated versus 438 

genes up-regulated. 

 

Top 20 differentially expressed genes 

 

Table 1 lists the top 20 up-regulated and top 20 down-regulated DEGs during infection in both 

susceptible and resistant congenic mice as measured by edgeR. With regard to the top 20 up-

regulated DEGs, many encode products with diverse functions, ranging from those involved in 

molecule or ion transport (Abca1, AI747448, Atp1b2, Duoxa2, Mfsd2a, Slc16a3, Slc25a37), 

collagen fibril organization (Lox, P4ha1), cell-cell adhesion (Pdpn, Cyr61), to cholesterol 

metabolic process (Abca1, Pcsk9). Importantly, our results are consistent with previous 

microarray data of C. rodentium-infected resistant C57BL/6 mice identifying a number of 

significantly induced genes that are within our top 20 up-regulated DEG list including AI747448, 

Atp1b2, Mfsd2, Cyr61, Pdpn, Neto2, Cebpb, Duoxa2, and Tgm2 [312]. These data highlight the 

commonality of this response between susceptible and resistant mice and suggest it may be 

relevant to all mouse strains, independent of Rspo2 expression during infection.  

C. rodentium infection results in crypt elongation and an expansion in undifferentiated 

proliferating cells as an epithelial repair mechanism [215, 219]. While differentiated cells in the 

upper crypt utilize butyrate as their primary energy source, undifferentiated proliferating cells 

exhibit a metabolic reprogramming event often referred to as the Warburg effect by fermenting 

glucose to lactate [313, 314]. Slc16a3 (also known as Mct-4) is a monocarboxylate transporter 

that shuttles lactate across the cell membrane and is involved in this glycolytic metabolic 

pathway [315, 316]. Ldha, another key player in this pathway involved in mediating pyruvate 

conversion to lactate [317] was also found to be significantly increased in both strains during 
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Figure 2. Global overview of the shared colonic response to C. rodentium infection in 

susceptible and resistant congenic mice. (a) Venn diagram of the overlap between the set of 

differentially expressed genes (DEGs) found by edgeR and DESeq2. DEGs are those exhibiting a 

log2 fold change of more than 2 and a p-value of less than 0.05. (b) Heatmap of normalized read 

counts of the 1182 DEGs as identified by both edgeR and DESeq2. (c) Volcano plot showing all 

expressed transcripts. DEGs are plotted in red and genes that are not classified as differentially 

expressed are plotted in blue. Labeled genes are those within the top 20 up- and down-regulated 

DEG list based on edgeR. (d) Largest protein-protein interaction network generated by STRING. 

Red nodes represent up-regulated proteins and green nodes represent down-regulated proteins 

relative to steady state. Proteins within the IL-17 pathway are highlighted with blue borders. 

Solid lines indicate interacting partners. 
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Top 20 Up-regulated Genes Top 20 Down-regulated Genes 

Symbol P-value Name Symbol P-value Name 

Neto2 2.05E-252 neuropilin and tolloid-like 2 Sycn 3.16E-134 syncollin 

Mfsd2a 1.44E-226 major facilitator superfamily 

domain containing 2A 

Slc4a4 8.37E-127 solute carrier family 4, 

member 4 

Pdpn 2.31E-216 podoplanin Trpv3 2.00E-115 transient receptor potential 

cation channel, subfamily V, 

member 3 

Atp1b2 5.42E-149 ATPase, Na+/K+ transporting, 

beta 2 polypeptide 

Tppp 5.89E-113 tubulin polymerization 

promoting protein 

Uck2 1.03E-142 uridine-cytidine kinase 2 Tppp3 6.43E-113 tubulin polymerization-

promoting protein family 

member 3 

Prss22 1.03E-142 protease, serine, 22 Fam189a2 6.83E-112 family with sequence 

similarity 189, member A2 

P4ha1 4.59E-142 procollagen-proline, proline 4-

hydroxylase, alpha 1 

Col4a5 3.95E-81 collagen, type IV, alpha 5 

Tgm2 7.22E-126 transglutaminase 2, C 

polypeptide 

2210404O 

07Rik 

4.74E-74 RIKEN cDNA 2210404O07 

gene 

Duoxa2 4.30E-124 dual oxidase maturation factor 

2 

Gm15998 1.52E-72 predicted gene 15998 

Slc25a37 8.76E-122 solute carrier family 25, 

member 37 

Ppargc1a 2.32E-72 peroxisome proliferative 

activated receptor, gamma, 

coactivator 1 alpha 

Dhrs9 3.79E-121 dehydrogenase/reductase 

(SDR family) member 9 

Slc9a2 3.80E-71 solute carrier family 9, 

member 2 

Abca1 7.78E-117 ATP-binding cassette, sub-

family A (ABC1), member 1 

Fbxo32 6.91E-71 F-box protein 32 

Lox 3.56E-116 lysyl oxidase Col4a6 2.49E-70 collagen, type IV, alpha 6 

AI747448 1.25E-109 expressed sequence AI747448 Cyp2d12 6.57E-70 cytochrome P450, family 2, 

subfamily d, polypeptide 12 

Slc16a3 7.48E-106 solute carrier family 16, 

member 3 

Col6a4 1.78E-67 collagen, type VI, alpha 4 

Krt23 1.42E-102 keratin 23 Igsf10 2.17E-67 immunoglobulin 

superfamily, member 10 

Cyr61 1.51E-97 cysteine rich protein 61 Hpgd 1.29E-64 hydroxyprostaglandin 

dehydrogenase 15 (NAD) 

S100a11 2.13E-96 S100 calcium binding protein 

A11 (calgizzarin) 

Fmo5 2.43E-63 flavin containing 

monooxygenase 5 

Cebpb 2.35E-96 CCAAT/enhancer binding 

protein (C/EBP), beta 

Fam134b 1.32E-62 family with sequence 

similarity 134, member B 

Pcsk9 2.52E-93 proprotein convertase 

subtilisin/kexin type 9 

Acer1 4.41E-60 alkaline ceramidase 1 

 

Table 1. Top 20 up-regulated and down-regulated differentially expressed genes in infected 

susceptible and resistant congenic mice based on edgeR. Top 20 tables based on DESeq2 are 

available in Supplementary Table S5. 
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infection (p = 8.48 x 10-7). The highly significant modulation of these genes and in other genes 

related to channels/transporters such as Abca1 and Slc25a37 may be indicative of a metabolic 

shift in the host epithelium due to infection with C. rodentium.  

Genes associated with collagen fibril organization and cell-cell adhesion are typically 

involved in extracellular matrix (ECM) remodeling and in wound-healing processes. Indeed, the 

matricellular protein Cyr61 has been shown to induce IL-6 expression in macrophages and in 

fibroblasts during DSS colitis to promote intestinal epithelial cell proliferation and recovery 

[318]. But other genes including Lox and P4ha1 have collagen-modifying activities and the 

ability to alter the contents of the ECM through collagen deposition, a phenomenon frequently 

observed in cancers [319]. The recruitment of stromal cells such as fibroblasts often precedes 

collagen deposition [319]. Indeed, the increase in Pdpn expression, a marker of lymphatic 

stromal cells in the intestinal lamina propria may reflect the increased migration or presence of 

stromal cells during infection; since our RNA-seq experiment was performed on whole colon 

tissues, apparent gene expression changes could either reflect differences in cell populations or 

differences in gene expression within populations. Along with those already mentioned, other top 

up-regulated DEGs such as Uck2, Krt23, Pcsk9, and S100a11 have also been associated with 

cancer or inflammatory bowel disease (IBD), likely reflecting their roles in cell proliferation or 

repair [320-323]. 

In contrast, genes associated with ECM organization (Col4a5, Col4a6, Col6a4), 

microtubule polymerization formation (Tppp, Tppp3), and mitochondrial biogenesis (Ppargc1a) 

were found to be among the top down-regulated DEGs during infection. Ppargc1a (also known 

as Pgc1α) is a transcriptional regulator of mitochondrial biogenesis and oxidative 

phosphorylation in which its reduced expression in cancers including colorectal cancer (CRC) 

has previously been suggested to contribute to the Warburg effect [324, 325]. Col4a5 and 

Col4a6 are type IV collagens and major components of the basement membrane. Notably, 

transcriptional loss of Col4a5 and Col4a6 in the epithelial basement membrane was observed in 

CRC and during cancer cell invasion [326]. Tppp and Tppp3 are tubulin polymerization-

promoting proteins that act to stabilize the microtubular network through positive regulation of 

microtubule assembly. Collectively, the down-regulation of these genes seems to implicate 

defects in barrier or structural integrity in the development of colitis. Other genes within our top 

down-regulated DEG list including Sycn, Trpv3, Hpgd, and Fam134b are also found down-
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regulated in DSS colitis or CRC, suggesting that their decreased expression is a common feature 

during intestinal tissue damage and inflammation.  

 

Significantly enriched functions in global response to infection 

 

Enrichment analysis based on KEGG pathways and gene ontology (GO) terms was 

applied to examine the biological roles of the entire set of modulated DEGs, while the STRING 

database was used to highlight important protein-protein interaction networks. To minimize false 

positives, only genes that were identified using both edgeR and DESeq2 were considered for 

functional enrichment analysis and generation of the protein-protein interaction networks. KEGG 

results revealed the IL-17 signaling pathway, cytokine-cytokine receptor interactions, and the 

TNF signaling pathway to be significantly over-represented, indicating a general defence 

response to enteric infection in both strains (Supplementary Table S1). As depicted in Figure 2D, 

the largest network map generated by STRING and subsequent enrichment analysis on this 

network highlights the IL-17 pathway and its connections with chemokines, interferons, 

interleukins, and other immunoregulatory cytokines in infected mice. Importantly, the IL-17 

pathway has been demonstrated to be central to the immune response to C. rodentium infection 

[199]. Indeed, genes within the IL-17 pathway including Cebpb, Tnf, IL-6, Cxcl1, Cxcl2, Cxcl3, 

Cxcl5, Cxcl10, and Ccl7 were shown to be up-regulated in both susceptible and resistant mice 

during infection. This data is consistent with a previous microarray study [312] examining the 

host defence response to C. rodentium and suggests that there is no impairment in terms of 

activation of the immune response in susceptible mice. Other over-represented pathways were 

involved in omega-6 fatty acid metabolism, as well as in neuroactive ligand-receptor interaction 

and in serotonergic synapse. Notably, products of arachidonic acid metabolism play a broad role 

in the regulation of inflammatory responses by exerting numerous pro-inflammatory effects such 

as in neutrophil migration and promotion of the Th17 pathway [327]. Phospholipases such as 

Pla2g2a, Pla2g2e, and Pla2g4c which regulate the release of arachidonic acid from cell 

membranes were indeed found to be up-regulated in both susceptible and resistant congenic mice 

during C. rodentium infection (log2 fold change of 3.87, 3.11, 3.26, respectively). GO term 

enrichment analysis revealed patterns similar to KEGG pathway terms (Supplementary Table 

S2). Overall, our data highlights changes in host metabolism, tissue remodeling through ECM 
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alterations, epithelial proliferation, and immune responses that are common in both genetically 

susceptible and resistant mouse strains in response to C. rodentium infection.   

 

Strain-specific gene expression patterns in C. rodentium infection 

 

We next assessed strain-specific gene expression patterns following C. rodentium infection by 

performing differential expression analysis again using edgeR and DESeq2. Applying a 

threshold of log2 fold change = 1 and adjusted p < 0.05, edgeR and DESeq2 identified 419 and 

465 DEGs, respectively. As shown in the Venn diagram, this corresponded to a 68.7% overlap of 

DEGs common to both methods (Fig. 3A). We next generated a heatmap from these 360 

overlapping genes to visualize and compare the differential response to C. rodentium infection in 

the two strains (Fig. 3B). Consistent with the PCA in Figure 1, while the gene expression profiles 

were highly similar in both strains at steady state, there was a substantial difference in response 

to infection in a subset of genes with 137 genes up-regulated in susceptible mice compared to 

resistant congenic mice and 54 genes up-regulated in resistant congenic mice compared to 

susceptible mice. 

 

Top 20 differentially expressed genes and GSEA 

 

We previously identified the Rspo2 gene to control the outcome to C. rodentium infection in 

mice; it localizes to the minimal genetic region governing infection outcome and is induced to 

high levels specifically in susceptible mice [232]. In addition, we previously characterized the 

colonic transcriptional response of susceptible and resistant congenic mice for a limited panel of 

specific genes and found genes expressed in differentiated enterocytes Slc26a3 and Car4 to be 

dramatically down-regulated in infected susceptible mice [232], consistent with past studies [238, 

328]. Differential expression analysis of our dataset as illustrated in the volcano plot (Fig. 3C) 

and in Table 2 confirmed Rspo2, Slc26a3, and Car4 as top DEGs. 

 In our previous work, we proposed that Rspo2 induction in infected susceptible mice 

leads to pathological activation of Wnt/β-catenin signaling, induction of intestinal epithelial 

proliferation, and generation of a poorly differentiated epithelium [232]. Gene set enrichment 

analysis (GSEA) was conducted as a means to further investigate this hypothesis. Our RNA-seq  
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Figure 3. Global overview of the strain-specific colonic response to C. rodentium infection. 

(a) Venn diagram of the overlap between the set of differentially expressed genes (DEGs) found 

by edgeR and DESeq2. DEGs are those exhibiting a log2 fold change of more than 1 and a p-

value of less than 0.05. (b) Heatmap of normalized read counts of the 360 DEGs as identified by 

both edgeR and DESeq2. (c) Volcano plot showing all expressed transcripts. DEGs are plotted in 

red and genes that are not classified as differentially expressed are plotted in blue. Labeled genes 

are those within the top 20 up- and down-regulated DEG list based on edgeR with the exception 

of Ang4 due to it being out of scale. (d) Largest protein-protein interaction network generated by 

STRING. Red nodes represent up-regulated proteins in infected susceptible mice relative to 

infected resistant congenic mice. Proteins within the Th17 cell differentiation pathway are 

highlighted in blue and are up-regulated in infected susceptible mice compared to resistant 

congenic mice. Solid lines indicate interacting partners. 
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Top 20 Up-regulated Genes Top 20 Down-regulated Genes 

Symbol P-value Name Symbol P-value Name 

Rspo2 4.09E-36 R-spondin 2 homolog 

(Xenopus laevis) 

Slc26a3 1.49E-56 solute carrier family 26, 

member 3 

Gm830 3.29E-29 predicted gene 830 Car4 1.12E-19 carbonic anhydrase 4 

Chodl 2.93E-16 chondrolectin Tmigd1 1.70E-19 transmembrane and 

immunoglobulin domain 

containing 1 

Ang4 5.39E-16 angiogenin, ribonuclease A 

family, member 4 

Sult1c2 4.22E-16 sulfotransferase family, 

cytosolic, 1C, member 2 

Alox12 1.54E-15 arachidonate 12-lipoxygenase Mep1b 6.80E-15 meprin 1 beta 

Mettl7a3 7.56E-14 methyltransferase like 7A3 Clca6 1.03E-13 chloride channel calcium 

activated 6 

Spns2 1.80E-12 spinster homolog 2 Agr2 4.33E-13 anterior gradient 2 

Jun 2.90E-12 Jun oncogene Tat 8.48E-12 tyrosine aminotransferase 

Klk15 8.48E-12 kallikrein related-peptidase 15 Ankdd1b 8.03E-11 ankyrin repeat and death 

domain containing 1B 

Axin2 8.74E-12 axin2 Zg16 1.82E-10 zymogen granule protein 16 

Pvrl4 2.14E-11 poliovirus receptor-related 4 6430548

M08Rik 

3.90E-10 RIKEN cDNA 6430548M08 

gene 

Mycl1 2.47E-11 v-myc myelocytomatosis viral 

oncogene homolog 1, lung 

carcinoma derived 

Prss30 4.43E-10 protease, serine, 30 

Rnf43 4.88E-11 ring finger protein 43 Sgk2 5.54E-10 serum/glucocorticoid 

regulated kinase 2 

Tmprss13 2.74E-10 transmembrane protease, 

serine 13 

Ildr1 6.25E-09 immunoglobulin-like domain 

containing receptor 1 

Tnfrsf11b 1.50E-09 tumor necrosis factor receptor 

superfamily, member 11b 

Akr1c19 6.25E-09 aldo-keto reductase family 1, 

member C19 

Ldlrad3 1.52E-09 low density lipoprotein 

receptor class A domain 

containing 3 

Slpi 8.39E-09 secretory leukocyte peptidase 

inhibitor 

Ephb3 1.75E-09 Eph receptor B3 Slc16a5 9.59E-09 solute carrier family 16, 

member 5 

Pkp1 6.25E-09 plakophilin 1 Fa2h 1.12E-08 fatty acid 2-hydroxylase 

Mal 8.39E-09 myelin and lymphocyte 

protein, T cell differentiation 

protein 

Kcnk6 1.53E-08 potassium inwardly-rectifying 

channel, subfamily K, 

member 6 

Tmem132c 8.99E-09 transmembrane protein 132C Saa3 1.95E-08 serum amyloid A 3 

 

Table 2. Top 20 up-regulated and down-regulated differentially expressed genes in infected 

susceptible mice compared to infected resistant congenic mice based on edgeR. Top 20 

tables based on DESeq2 are available in Supplementary Table S6. 
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dataset was correlated to the β-catenin knockout gene set signature [287] and to the Lgr5+ stem 

cell signature [329]. Consistent with our C. rodentium susceptibility model of hyperactivation of 

Wnt signaling, we found significant enrichment of Wnt target genes (Fig. 4A) and in the stem 

cell signature (Fig. 4B) in infected susceptible mice due to Rspo2 up-regulation. Furthermore, 

GSEA correlating our dataset to a gene list obtained by characterizing the gene expression 

profiles of the top and basal crypt compartments of the human colon [156] revealed enrichment 

of genes differentially expressed in the colon top in infected resistant congenic mice compared to 

susceptible mice (Fig. 4C), illustrating the poorly differentiated state of the epithelium in 

infected susceptible mice.  

Constitutive activation of Wnt signaling constitutes the primary transforming event in 

CRC [330]. Notably, activating RSPO2 gene fusions have been identified as being associated 

with CRC development in humans [278]. In this respect, colon cancer-related genes as well as 

Wnt target genes (Jun, Axin2, Pvrl4, Rnf43, Tnfrsf11b, Ephb3) were among the top up-regulated 

DEGs in susceptible mice following infection while genes highly expressed in differentiated 

cells and genes negatively correlated with CRC or IBD (Slc26a3, Car4, Tmigd1, Mep1b, Clca6, 

Agr2, Zg16) were found to be among the top down-regulated DEGs (Table 2). GSEA correlating 

our dataset to the CRC gene set signature from the KEGG database confirmed enrichment of 

CRC-related genes in infected susceptible mice compared to resistant congenic mice (Fig. 4D). 

These data suggest a new mechanistic link between enteric infection and cancer through Rspo2-

mediated signaling. 

 

Functional enrichment analysis of strain-specific responses to infection 

 

Functional enrichment analysis was performed using the KEGG database and GO terms to 

identify other pathways and biological processes that were affected differentially in susceptible 

versus resistant congenic mice following C. rodentium infection. Genes and processes enriched 

in IBD, cell adhesion molecules, Th1/Th2/Th17 cell differentiation, and antigen processing and 

presentation were over-represented in infected susceptible mice compared to resistant congenic 

mice (Supplementary Table S3). Interestingly, a number of H-2 major histocompatibility 

complex (MHC) genes were associated with the majority of these pathways: H2-Ab1, H2-Aa, 

H2-DMb1, H2-DMb2, and H2-Eb1 (Fig. 3D). Remarkably, all five encode for MHC class II  



 98 

 

 

 

 

 

 

 

 

 

Figure 4. Gene set enrichment analysis (GSEA) reveals correlation between Rspo2 

expression and Wnt target genes, intestinal epithelial cells, and colorectal cancer-related 

genes. GSEA probing for enrichment of (a) β-catenin knockout-associated, (b) stem cell-

associated, (c) colon top-associated, and (d) colorectal cancer-associated gene set signatures in 

infected susceptible and resistant congenic mice. NES = normalized enrichment score. 
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proteins crucial for the activation of CD4+ T cells. As illustrated in Figure 3D, the class II 

transactivator (Ciita) is a major interacting protein responsible for directing MHC II antigen-

presentation machinery and is differentially up-regulated in infected susceptible mice (p = 3.64 x 

10-5). Similarly, the invariant chain CD74 involved in the expression and peptide loading of 

MHC II molecules was also differentially up-regulated in infected susceptible mice (p = 1.40 x 

10-6) (Fig. 3D). MHC II antigen presentation stimulates naïve CD4+ T cells to activate major T 

helper (Th) cell pathways. Indeed, we detected substantially more Tnf-α+ Th1 and IL-17A+/IL-

22+ Th17 cells both in frequency and in total numbers in the colonic lamina propria of infected 

susceptible mice compared to resistant congenic mice (Fig. 5A). Collectively, these data suggest 

that increased antigen processing and presentation on MHC II molecules in infection-susceptible 

mice leads to exaggerated CD4+ T cell immune activation. GO term enrichment analysis 

revealed similar patterns (Supplementary Table S4). 

 

Functional assessment of the role of CD4+ T cells in infection susceptibility 

 

To determine the relationship between the up-regulated CD4+ T cell response and susceptibility 

to infection, susceptible mice were administered the CD4+ T-cell-depleting rat anti-mouse CD4 

(GK1.5) monoclonal antibody on day 0 and day 2 post-infection with C. rodentium 

(Supplementary Fig. S2). Control mice received an equivalent intraperitoneal dose of an isotype-

matched antibody. Pathogen loads, body weight loss, Rspo2 mRNA induction, and crypt 

hyperplasia were not significantly different between the two groups (Fig. 5B-5E), consistent with 

past studies showing that lymphocytes do not control C. rodentium colonization [226, 233] or 

contribute to crypt hyperplasia [227] at early stages of infection, and firmly places Rspo2 

induction upstream of the observed increase in the CD4+ T cell response. Lastly, 

histopathological scoring was performed to evaluate whether increased CD4+ T cell responses 

contribute to immunopathology in infected susceptible mice. Overall, scores were similar 

between infected CD4+ T-cell-depleted mice and control mice, although a near significant 

increase in surface epithelial injury was observed in CD4+ T-cell-depleted mice (p = 0.0606), 

suggesting that CD4+ T cells may be protective in this context (Fig. 5F). 
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Figure 5. Infection with C. rodentium results in an amplified Th1 and Th17 cell response in 

susceptible mice compared to resistant congenic mice but does not contribute to 

immunopathology. (a) Flow cytometry analysis of the frequency and total numbers of Tnf-α+ 

CD4+ Th1 cells and IL-17+/IL-22+ CD4+ Th17 cells in the colonic lamina propria of susceptible 

and resistant congenic mice at 9 days post-infection (n=4 per group for Th1 data, n=7 per group 

for Th17 data; Th17 data is an aggregate of two independent experiments). Data are presented as 

mean ±SD. **p < 0.01, ****p < 0.0001 by unpaired two-tailed Student’s t test. (b-f) Susceptible 

mice were administered 200 g of either a CD4-depleting antibody or an isotype control 

intraperitoneally on the day of oral infection with C. rodentium and again on day 2 post-infection 

(n=5-6 per group). (b) Fecal and colon tissue CFU was quantified on day 3 and 9 post-infection, 

respectively. Horizontal bars indicate median values. (c) Body weight loss was measured on a 

daily basis. Data are presented as mean ±SEM. (d) Expression of Rspo2 by qRT-PCR was 

normalized to Hprt. Data are presented as mean ±SEM. (e) Crypt measurements were taken from 

H&E-stained colonic sections. The graph shows measurements of individual crypt lengths. 

Horizontal bars indicate median values. (f) Tissue pathology scores from H&E-stained colonic 

sections. Data are presented as mean ±SEM. Data was analyzed using the Mann-Whitney test. 
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Discussion 

 

Citrobacter rodentium is a mouse-restricted enteric pathogen that causes colitis with marked 

infiltration of inflammatory cells and a characteristic colonic hyperplasia [199, 215]. While most 

mouse strains suffer relatively mild, self-limiting inflammation following C. rodentium infection, 

we have shown that susceptible mouse strains suffer fatal diarrheal disease due to robust Rspo2 

induction during infection [232]. However, the pathways downstream of Rspo2 and the 

mechanisms leading to the breakdown of intestinal homeostasis and the development of 

intestinal dysfunction are still not fully understood. In the present study, we applied an unbiased, 

global approach through RNA sequencing technology to characterize the shared response to C. 

rodentium infection in susceptible and resistant congenic mice, and the Rspo2-mediated 

intestinal dysfunction pathway signature and networks that regulate loss of intestinal homeostasis 

and disease tolerance. While past studies have performed gene expression profiling of C. 

rodentium-infected susceptible and resistant mice using microarrays [312, 328], our experimental 

design offers two major advantages. First, contrary to comparing the host effect to infection 

using divergent mouse strains, which have numerous genetic and phenotypic differences, our 

unique susceptible and resistant congenic strains provide an excellent means to study the 

biological effects of Rspo2 independent of the remaining genome. Second, RNA-seq allows for 

unbiased detection of novel transcripts since it does not require transcript-specific probes like in 

microarrays.  

We first assessed the global shared response to infection in both strains by performing 

differential expression analysis between the uninfected and infected groups using edgeR and 

DESeq2. As previously reported, genes involved in ion transport activity and immune responses 

were highly modulated during infection [312, 328]. There was an overall decreased ion transport 

activity during infection (albeit more so in susceptible mice due to loss of intestinal 

differentiation) as exemplified by the reduced expression levels of the solute carriers Slc4a4 and 

Slc9a2 in both susceptible and resistant congenic mice. Infection with C. rodentium provokes a 

robust immune response characterized by a mixed Th1/Th17 response [199, 225, 301]. 

Consistent with existing microarray data of infected resistant C57BL/6 mice [312], our 

functional enrichment analysis revealed a similar up-regulation of several immunoregulatory 

pathways of chemokines and cytokines in our susceptible mice. Although this suggests that the 
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host immune response to infection is not impaired in susceptible mice, whether these 

immunoregulators are able to properly direct chemotaxis and elicit appropriate inflammatory 

functions in our mice has not been addressed here. 

 Other over-represented pathways were involved in changes in metabolism and ECM 

organization. We observed a striking modulation of key genes involved in the Warburg-like 

metabolic effect including Slc16a3, Ldha, and Ppargc1a that together lead to decreased pyruvate 

oxidation. Rapidly dividing cells in the lower colonic crypt utilize oxidative metabolism to a 

lesser extent than differentiated cells at the luminal surface [313, 314]. The modulation of genes 

involved in mediating the Warburg effect may reflect a metabolic shift in the epithelium due to 

the expansion of undifferentiated proliferating cells that occurs during C. rodentium infection. 

This phenomenon has recently been suggested to contribute to the overgrowth of aerobic C. 

rodentium in the colon due to increased oxygenation of the mucosal surface [331]. Another 

metabolic pathway shown to be enriched during infection was in arachidonic acid metabolism as 

exemplified by the increase in phospholipases responsible for the release of arachidonic acid 

from cell membranes. Upon release, arachidonic acid is involved in three major pathways: the 

cyclooxygenase (Cox) pathway, the epoxygenase pathway, and the lipoxygenase (Alox) pathway 

[332]. Our RNA-seq dataset revealed decreased expression in Cox-1 (also known as Ptgs1) and 

no significant modulation of Cox-2 (also known as Ptgs2). Similarly, we observed decreased 

expression of the majority of epoxygenases including Cyp2c44, Cyp2c55, Cyp2c65, and 

Cyp2c68.  In contrast, the observed induction of Alox12, albeit higher in susceptible mice, 

suggests that the lipoxygenase pathway may be the major pathway involved in arachidonic acid 

metabolism during C. rodentium infection.  

The ECM provides a physical framework for cells and tissues and is essential for various 

physiological processes including cell adhesion, migration, proliferation, and differentiation. As 

such, ECM remodeling events are frequently seen in wound healing processes as well as in 

cancers [319]. We observed a number of genes within our top 20 DEG list that are highly 

relevant for ECM organization including a profound up-regulation of genes involved in collagen 

deposition. Collagens provide a scaffold for ECM assembly and its deposition is critical for 

promoting structural integrity during mucosal wound repair. Indeed, prolyl-4-hydroxylases such 

as P4ha1 are essential for pro-collagen biosynthesis while overexpression of Lox in dermal 

wounds has been shown to enhance the mechanical strength of collagen scaffolds through 
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collagen crosslinking [333, 334]. Furthermore, we observed an increase in Pdpn expression, 

which is present on lymphatic stromal cells important for the secretion of ECM proteins and the 

regulation of tissue remodeling. However, we also noted reduced expression of major structural 

components of the ECM and genes involved in microtubule polymerization. Notably, loss of 

Col4a5 and Col4a6 chains in CRC tissues have been suggested to be related to the observation 

that cancer cells break through the epithelial basement membrane during the early stages of 

cancer cell invasion [326]. Collectively, our data suggest that the normal production and 

organization of the ECM might also be disrupted during C. rodentium infection. 

We next assessed strain-specific gene expression patterns following C. rodentium. In our 

previous work, we proposed that the robust induction of Rspo2 expression in infected susceptible 

mice leads to pathological activation of Wnt signaling, intestinal epithelial proliferation, and 

generation of a poorly differentiated colonic epithelium [232]. Our GSEA results comparing 

infected susceptible mice to resistant congenic mice provide further evidence of a positive 

correlation between Rspo2 induction and Wnt targets and stem cell genes while providing 

evidence of a negative correlation between Rspo2 induction and genes differentially expressed in 

the upper colonic crypts, which are enriched for mature differentiated cells. Furthermore, our top 

20 DEG lists and GSEA revealed a number of colon cancer-related genes including Wnt target 

genes that were differentially regulated in infected susceptible mice. Past studies using mouse 

CRC models have shown that C. rodentium infection can promote cancer development, but the 

underlying mechanism behind this effect was not fully demonstrated [335, 336]. While our data 

supports the hypothesis that Rspo2 induction in inflamed or infected tissue could augment CRC 

disease, it is difficult to address considering infection-susceptible mice display high mortality 

following C. rodentium infection. 

Functional enrichment analysis using the KEGG database and GO terms revealed a range 

of pathways and biological processes that were affected differentially in susceptible versus 

resistant congenic mice following C. rodentium infection. Heavily involved in the majority of 

these pathways were H-2 MHC genes encoding for MHC class II proteins. Naïve CD4+ T cells 

interact directly with MHC II molecules to activate major Th cell subtypes. Indeed, we detected 

substantially more Tnf-α+ Th1 and IL-17A+/IL-22+ Th17 cells in the colonic lamina propria of 

infected susceptible mice compared to resistant congenic mice. Our data suggest that the increase 

in CD4+ T cell response is an indirect effect of Rspo2, for example, due to loss of epithelial 
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function and in the mucosal barrier, rather than a direct consequence of Rspo2 on immune cells 

since we did not observe increases in active β-catenin in immune cells of the colonic lamina 

propria during infection (data not shown).  

Further supporting this hypothesis, we previously reported a pronounced loss of goblet 

cells as measured by Alcian blue staining in C. rodentium-infected susceptible mice compared to 

resistant congenic mice [232]. The intestinal mucus composed largely of glycosylated Muc2 

mucin forms a physical barrier to limit the interaction between luminal bacteria and the host 

epithelium [25]. However, mucus degradation or loss can expose the epithelium to intestinal 

bacteria, inducing inflammation. Our RNA-seq dataset confirmed a significant down-regulation 

of Muc2 expression in infected susceptible mice compared to resistant congenic mice (p = 8.62 x 

10-6). A weaker mucosal barrier due to loss of intestinal differentiation in infected susceptible 

mice could allow for increased exposure of the epithelium to bacteria, leading to enhanced 

antigen uptake by antigen-presenting cells and greater CD4+ T cell responses. Notably, adhesion 

of C. rodentium to intestinal epithelial cells has recently been demonstrated to be a critical cue 

for Th17 cell induction [230].  

Mouse models of human CRC have shown that genetic activation of β-catenin can lead to 

epithelial barrier loss and activation of Th17 cell responses that promote tumour growth [337]. 

Similarly, infection with the human colonic bacterium enterotoxigenic Bacteroides fragilis 

triggered colitis and tumour development through a Th17-dependent pathway in a mouse model 

of CRC [338]. Taken together, our data demonstrate that C. rodentium infection of susceptible 

inbred mice may mimic CRC pathogenesis through Rspo2-mediated signaling: induction of 

Rspo2 expression activates β-catenin and induces excessive epithelial proliferation accompanied 

by a loss of functional cell types including mucin-secreting goblet cells. The subsequent 

impairment in mucus secretion can lead to increased bacterial-epithelial cell contact and result in 

hyperactivation of CD4+ T cell responses (Fig. 6). We observed no significant contribution of 

CD4+ T cells to immunopathology in susceptible C3Ou mice, in agreement with a previous study 

showing similar degrees of mucosal hyperplasia and inflammation at 10 days post-infection in 

wild-type C57BL/6 and in mice lacking mature T and B cells (RAG1-/-) [227]. However, the 

same study showed attenuated colonic pathology in RAG1-/- mice compared to wild-type mice at 

18 days post-infection, a time point at which susceptible C3Ou mice have already succumbed to 

infection. 
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Figure 6. Model for loss of disease tolerance in susceptible mice infected with C. rodentium. 

Despite identical bacterial colonization and infection kinetics in susceptible and resistant 

congenic mice, Rspo2 induction during infection in susceptible mice leads to pathological 

activation of Wnt/β-catenin signaling, epithelial proliferation, and generation of a poorly 

differentiated colonic epithelium. Decreased mucin secretion due to reduced goblet cell numbers 

allow for increased exposure of the epithelium to bacteria, causing increased bacterial uptake and 

antigen presentation on MHC class II molecules. The hyperactivation of CD4+ T cells result in 

amplified Tnf-α+ Th1 and IL-17A+/IL-22+ Th17 cell responses.  
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To summarize, we comprehensively analyzed the global shared response to C. rodentium 

infection in susceptible and resistant congenic mice, and examined the Rspo2-mediated intestinal 

dysfunction pathway signature and networks in susceptible mice. Our analysis highlighted 

changes in host metabolism and tissue remodeling as common responses to infection while 

providing evidence for a role of antigen processing and presentation of MHC II molecules in 

disease tolerance as a direct or indirect consequence of Rspo2 induction in susceptible mice. In 

conclusion, we identified novel pathways that were not previously associated with C. rodentium 

infection and Rspo2-mediated signaling, hence providing new insights into the underlying 

mechanisms regulating intestinal homeostasis versus dysfunction. 

 

Methods 

 

Ethics statement 

 

All breeding and experimental procedures were conducted in strict accordance with the Canadian 

Council of Animal Care and approved by the McGill University Animal Care Committee (permit 

#5009). Mice were euthanized by CO2 asphyxiation and all efforts were made to minimize 

suffering.  

 

Mice and in vivo C. rodentium infection 

 

C3Ou (Jackson Laboratory, Bar Harbor, ME) and C3Ou.B6-Cri1 congenic mice [235] carrying 

an introgressed segment of chromosome 15 from C57BL/6 mice on the C3Ou genomic 

background were housed in a specific-pathogen free animal facility at McGill University and 

provided standard mouse chow and water ad libitum. For C. rodentium infections, the C. 

rodentium strain DBS100 was grown overnight in 3 ml of LB medium shaking at 37oC. Five-

week-old female mice (three per group) were infected by oral gavage with 0.1 ml of LB medium 

containing 2-3 x 108 colony-forming units (CFU) of bacteria. Mice were monitored daily and 

euthanized on day 9 post-infection. Distal colons were harvested and snap frozen in liquid 

nitrogen for RNA extraction and sequencing. 
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RNA sequencing and data analysis 

 

Total RNA of colon tissues from uninfected and infected mice was isolated using TRIzol 

(Invitrogen) according to the manufacturer’s instructions and a cleanup of all samples was done 

using the RNeasy Plus Micro Kit (Qiagen). RNA quality was assessed by a Bioanalyzer (Agilent) 

and sequencing was performed at the McGill University and Genome Quebec Innovation Centre 

using the Illumina HiSeq. 2000/2500 sequencer to generate 110-187 million 100-bp paired-end 

reads per library. Trimming was done with the Trimmomatic software [339] and filtered reads 

were aligned to the mm10 mouse genome assembly (http://genome.ucsc.edu/cgi-

bin/hgGateway?db=mm10) with the combination of the TopHat/Bowtie software [292]. edgeR 

and DESeq2 Bioconductor packages within the R environment were used to evaluate differential 

expression, following standard normalisation procedures. Volcano plots and PCA were produced 

using the ggplot2 package (http://ggplot2.org/) while heatmaps were generated using the 

pheatmap package (https://cran.r-project.org/web/packages/pheatmap/index.html) within R. 

Twenty genes found to have baseline differences between the two strains were removed from 

functional enrichment analysis: Atp12a, BC025446, Cyp2w1, Frem1, Gyk, H2-DMa, Hkdc1, 

Ighg2b, Ighg2c, Ighv8-12, Ly6d, Ly6e, Ly6g, Per1, Prr15, Rxfp1, Sectm1a, Slc36a1, St6galnac5, 

Usp2. DEGs were subject to over-representation analysis using GOseq [340] and clusterProfiler 

[341] Bioconductor packages to determine enriched GO [342] and KEGG [343] terms, 

respectively. NetworkAnalyst [344] was used to visualize and project DEGs in the context of 

mouse protein-protein interactome based on the STRING database [345]. In our analysis, a 

threshold of confidence value 0.900 was used to filter out predicted interactions with lower 

confidence. For gene set enrichment analysis, non-redundant genes were ranked in order of 

expression ratios (combination of log2 fold change and FDR value) and the ranked gene list was 

probed with different gene sets as described in the text using the Preranked tool in GSEA 

(http://software.broadinstitute.org/gsea/index.jsp). The KEGG-derived CRC gene set is available 

in the MSigDB C2 collection in GSEA. Duplicate probes were collapsed to the highest value. 

Default parameters were applied: 1000 permutations and a weighted enrichment statistic. 

 

Flow cytometry analysis 
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Colonic lamina propria cells from mice were isolated using a modified version of a previously 

described method [294]. In brief, colons were harvested, cut open longitudinally into 1 cm pieces, 

and washed in calcium- and magnesium-free HBSS (Gibco) supplemented with 2% heat-

inactivated FCS (Wisent) and 15 mM HEPES (Gibco). The resulting tissue pieces were washed 

in calcium- and magnesium-free HBSS supplemented with 2% FCS, 15 mM HEPES, and 5 mM 

EDTA to remove epithelial cells. Tissue pieces were then incubated in RPMI-1640 (Sigma) 

supplemented with 10% FCS, 15 mM HEPES, 160 μg/ml collagenase IV (Sigma), and 40 μg/ml 

DNAse I (Roche) for 40 min at 37oC. The cell suspension was filtered through a 70 μm cell 

strainer (Sigma) before proceeding with cell stimulation. For cytokine detection, cells were 

stimulated with 50 ng/ml PMA and 500 ng/ml ionomycin in the presence of the Protein 

Transport Inhibitor Cocktail from eBioscience for 3 hr at 37oC. Stimulated cells were stained 

with viability dye (Life Technologies) and with fluorescently labeled surface antibodies CD45 

(30-F11), CD4 (RM4-5), and TCRβ (H57-597) from eBioscience. Cells were then fixed and 

permeabilized with a fixation and permeabilization kit from eBioscience according to the 

manufacturer’s instructions, and intracellularly stained with fluorescently labeled Tnf-α (MP6-

XT22), IL-17A (eBio17B7), and IL-22 (1H8PWSR) antibodies from eBioscience. Cells were 

acquired on the FACSCanto II cytometer (BD Biosciences) and data was analyzed using FlowJo 

software (Tree Star). 

 

In vivo CD4+ T cell depletion 

 

CD4+ T-cell-depleting monoclonal antibody (GK1.5) and rat IgG2b isotype-matched control 

antibody (LTF-2) were obtained from Bio X Cell. Mice were administered 200 g of either 

GK1.5 or LTF-2 intraperitoneally on the day of oral infection with C. rodentium and again on 

day 2 post-infection. The efficacy of depletion in infected mice was monitored by flow-

cytometric analysis of blood and of the colonic lamina propria using the noncompeting anti-CD4 

RM4-4 antibody from eBioscience (Supplementary Fig. S2). Body weight was measured on a 

daily basis until mice were euthanized on day 9 post-infection. Distal colons were harvested for 

CFU counts, RNA extraction, and histology. 
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CFU count and qRT-PCR 

 

For the in vivo CD4+ T cell depletion experiment, stool samples were collected on day 3 post-

infection and distal colonic tissues on day 9 post-infection. The number of viable bacteria per 

gram of stool and colonic tissue was determined by serial dilution plating onto MacConkey agar. 

Total RNA from colons were isolated using TRIzol (Invitrogen) according to the manufacturer’s 

instructions. The purity of RNA was assessed by a spectrophotometer and complementary DNA 

was synthesized from 1 g of RNA with RevertAid Reverse Transcriptase (Thermo Scientific) 

and random primers (Invitrogen) using an Eppendorf PCR thermal cycler. Rspo2 expression 

levels were measured using TaqMan Gene Expression Assay (Applied Biosystems) on the 

Applied Biosystems StepOnePlus Real-Time PCR system. Analysis was performed according to 

the comparative CT method using Hprt as the housekeeping gene. 

 

Histopathology scoring and crypt length measurement 

 

Colon sections of infected CD4+ T-cell-depleted mice and control mice were fixed in 10% 

buffered formalin, paraffin-embedded, sectioned at 5 m, and stained for hematoxylin and eosin 

(H&E). H&E sections were scored by an expert pathologist in a blinded manner: inflammatory 

cell infiltration (where 0 = occasional resident inflammatory cells in the lamina propria, 1 = 

minimal increase in inflammatory cells, 2 = mild increase in inflammatory cells, 3 = moderate 

increase in inflammatory cells, 4 = marked increase in inflammatory cells), inflammatory cell 

localization or depth (0 = no significant inflammatory infiltration, 1 = infiltration localized to the 

lamina propria, 2 = infiltration extended significantly into the submucosa, 3 = infiltration 

extended significantly into the muscularis, 4 = infiltration extended significantly to the 

serosa/mesentery), submucosal edema (0 = no edema, 1 = mild edema, few areas, 2 = mild 

edema in frequent areas or moderate edema in few areas, 3 = moderate edema in frequent or 

extensive areas, 4 = marked edema, frequent to diffuse), bacterial colonization (0 = no significant 

number of bacteria adhered to the mucosal surface, 1 = presence of rare to occasional 

colonization of epithelial surface with extension into no or few glands, 2 = abundant colonization 

of the epithelial surface with extension into occasional glands, 3 = abundant colonization of the 

epithelial surface extending to numerous glands, 4 = abundant colonization of the epithelial 
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surface and invasion into the lamina propia or submucosa), surface epithelial injury (0 = normal 

surface epithelium, 1 = rare to occasional areas of epithelial flattening, degeneration or 

exfoliation, 2 = frequent areas of epithelial flattening, degeneration, or exfoliation, 3 = frequent 

areas of epithelial flattening, degeneration, or exfoliation with rare areas of epithelial 

erosion/ulceration, 4 = frequent or extensive areas of epithelial ulceration), mucosal necrosis (0 = 

none, 1 = rare, small foci of mucosal necrosis, 2 = occasional small foci of mucosal necrosis, 3 = 

frequent small foci of mucosal necrosis or rare wide foci, 4 = extensive areas of mucosal 

necrosis), goblet cell/enterocyte ratio decrease, (0 = normal, 1 = decrease in goblet cell 

proportion affecting few glands, 2 = decrease in goblet cell proportion affecting occasional 

glands, 3 = decrease in goblet cell proportion affecting frequent glands, 4 = decrease in goblet 

cell proportion affecting most or all of the tissue), and gland loss (0 = normal density of glands, 1 

= rare, small foci of gland loss over small areas, 2 = occasional small foci of gland loss, 3 = 

frequent small foci of gland loss or rare wide foci, 4 = extensive areas of gland loss). The 

maximum combined score that could be obtained with this system was 32. Lastly, crypt lengths 

were quantified by measuring the average depth of approximately 15 well-oriented colonic 

crypts for each mouse. 

 

Statistical analysis 

 

Data analyses were performed using GraphPad Prism v6.0 software. Statistical comparison 

between groups was carried out using tests described in the figure legends. A p < 0.05 was 

considered statistically significant.  

 

Data Availability 

 

The RNA-seq dataset from this study has been deposited in the Gene Expression Omnibus (GEO) 

database under the accession number GSE100546.  
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Supplementary Information 

 

 

 

 

 

 

Supplementary Figure S1. Bacterial loads are identical in susceptible and resistant 

congenic mice at 9 days post-infection. Fecal pellets were collected at day 9 post-infection and 

bacterial counts were determined by plating of serial dilutions on MacConkey agar (n=3). 

Bacterial counts were log10 transformed. Bars indicate median values. 
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Supplementary Figure S2. Schematic diagram of the in vivo CD4+ T cell depletion and 

efficacy of depletion in the blood and colonic lamina propria as measured by flow 

cytometry. Mice (n=6 per group) were administered 200 g of either GK1.5 or control LTF-2 

intraperitoneally on the day of oral infection with C. rodentium and again on day 2 post-infection 

before sacrifice on day 9 post-infection. Blood was collected via tail incisions just prior to 

sacrifice while colonic lamina propria cells were harvested upon sacrifice as described in the 

main article. Cells were gated on live, singlet CD45+ and TCR+and subsequently on CD4 

(noncompeting clone RM4-4). Representative histograms of the depletion are shown for blood 

and colonic lamina propria. 
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Supplementary Figure S2. Schematic diagram of the in vivo CD4
+
 T cell depletion and 

efficacy of depletion in the blood and colonic lamina propria as measured by flow 

cytometry. Mice (n=6 per group) were administered 200 mg of either GK1.5 or control LTF-2 

intraperitoneally on the day of oral infection with C. rodentium and again on day 2 post-infection 

before sacrifice on day 9 post-infection. Blood was collected via tail incisions just prior to 

sacrifice while colonic lamina propria cells were harvested upon sacrifice as described in the 

main article. Cells were gated on live, singlet CD45
+
 and TCRb

+
 and subsequently on CD4 

(noncompeting clone RM4-4). Representative histograms of the depletion are shown for blood 

and colonic lamina propria. 
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ID P-value Description 

mmu04657 1.48E-09 IL-17 signaling pathway 

mmu04060 2.91E-09 Cytokine-cytokine receptor interaction 

mmu04080 4.25E-08 Neuroactive ligand-receptor interaction 

mmu04726 7.46E-06 Serotonergic synapse 

mmu00140 2.36E-03 Steroid hormone biosynthesis 

mmu00591 2.36E-03 Linoleic acid metabolism 

mmu00590 2.64E-03 Arachidonic acid metabolism 

mmu04972 3.67E-03 Pancreatic secretion 

mmu04020 9.28E-03 Calcium signaling pathway 

mmu04668 1.50E-02 TNF signaling pathway 

 

Supplementary Table S1. Top ten statistically over-represented KEGG pathway terms in 

susceptible and resistant congenic mice in response to C. rodentium infection. 
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GO ID P-value Description 

GO:0007267 7.97E-13 cell-cell signaling 

GO:0007610 2.02E-12 behavior 

GO:0006811 2.11E-12 ion transport 

GO:0007186 4.99E-12 G-protein coupled receptor signaling pathway 

GO:0050877 7.35E-11 neurological system process 

GO:0042221 9.21E-10 response to chemical 

GO:0099536 2.80E-09 synaptic signaling 

GO:0019369 5.29E-09 arachidonic acid metabolic process 

GO:0034097 6.70E-09 response to cytokine 

GO:0006952 9.81E-09 defence response 

 

Supplementary Table S2. Top over-represented GO biological processes in susceptible and 

resistant congenic mice in response to C. rodentium infection. 
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ID P-value Description 

mmu05310 6.58E-05 Asthma 

mmu04514 8.29E-05 Cell adhesion molecules (CAMs) 

mmu05321 8.24E-04 Inflammatory bowel disease (IBD) 

mmu04672 8.24E-04 Intestinal immune network for IgA production 

mmu04659 1.05E-03 Th17 cell differentiation 

mmu04658 1.46E-03 Th1 and Th2 cell differentiation 

mmu05150 1.57E-03 Staphylococcus aureus infection 

mmu04612 1.57E-03 Antigen processing and presentation 

mmu04640 1.96E-03 Hematopoietic cell lineage 

mmu05323 3.78E-03 Rheumatoid arthritis 

 

Supplementary Table S3. Top ten statistically over-represented KEGG pathway terms in 

infected susceptible mice compared to resistant congenic mice. 
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GO ID P-value Description 

GO:0019886 1.82E-10 antigen processing and presentation of exogenous peptide 

antigen via MHC class II 

GO:0009605 6.83E-09 response to external stimulus 

GO:0010817 1.51E-08 regulation of hormone levels 

GO:0051239 2.49E-07 regulation of multicellular organismal process 

GO:0006954 2.90E-07 inflammatory response 

GO:0007610 6.64E-07 behavior 

GO:0009611 8.73E-07 response to wounding 

GO:0042127 9.38E-07 regulation of cell proliferation 

GO:0006935 1.36E-06 chemotaxis 

GO:0007155 5.86E-06 cell adhesion 

 

Supplementary Table S4. Top over-represented GO biological processes in infected 

susceptible mice compared to resistant congenic mice. 
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Top 20 Up-regulated Genes Top 20 Down-regulated Genes 

Symbol P-value Name Symbol P-value Name 

Neto2 0 neuropilin and tolloid-like 2 Gm12551 2.25E-135 predicted gene 12551 

Tgm2 0 

transglutaminase 2, C 

polypeptide Slc4a4 1.03E-130 

solute carrier family 4, 

member 4 

Pdpn 0 podoplanin Sycn 7.76E-127 syncollin 

S100a11 0 

S100 calcium binding protein 

A11 (calgizzarin) Syn2 8.45E-120 synapsin II 

Mfsd2a 6.63E-298 

major facilitator superfamily 

domain containing 2A Edil3 9.14E-111 

EGF-like repeats and 

discoidin I-like domains 3 

Hsp90aa1 1.25E-279 

heat shock protein 90, alpha 

(cytosolic), class A member 1 Trpv3 2.91E-106 

transient receptor potential 

cation channel, subfamily V, 

member 3 

Atp1b2 1.54E-257 

ATPase, Na+/K+ transporting, 

beta 2 polypeptide Iyd 5.60E-105 iodotyrosine deiodinase 

Cebpb 1.77E-179 

CCAAT/enhancer binding 

protein (C/EBP), beta Tppp 5.75E-104 

tubulin polymerization 

promoting protein 

P4ha1 4.88E-167 

procollagen-proline, proline 4-

hydroxylase, alpha 1 Fam189a2 3.23E-102 

family with sequence 

similarity 189, member A2 

Uck2 1.78E-160 uridine-cytidine kinase 2 Col6a4 5.90E-102 collagen, type VI, alpha 4 

Abca1 4.46E-154 

ATP-binding cassette, sub-

family A (ABC1), member 1 Tppp3 4.37E-98 

tubulin polymerization-

promoting protein family 

member 3 

AI747448 1.93E-148 expressed sequence AI747448 Hapln1 4.58E-97 

hyaluronan and proteoglycan 

link protein 1 

Tnfrsf23 5.22E-146 

tumor necrosis factor receptor 

superfamily, member 23 Col4a6 1.98E-88 collagen, type IV, alpha 6 

Slc25a37 8.92E-135 

solute carrier family 25, 

member 37 Insrr 3.94E-84 

insulin receptor-related 

receptor 

Prss22 1.00E-127 protease, serine, 22 Itih2 3.18E-80 

inter-alpha trypsin inhibitor, 

heavy chain 2 

Ltf 1.23E-118 lactotransferrin Esrrg 8.16E-80 

estrogen-related receptor 

gamma 

Lox 4.06E-117 lysyl oxidase Fmo5 2.53E-78 

flavin containing 

monooxygenase 5 

Dhrs9 2.87E-116 

dehydrogenase/reductase (SDR 

family) member 9 Mapk15 7.55E-78 

mitogen-activated protein 

kinase 15 

Duoxa2 3.13E-113 

dual oxidase maturation factor 

2 Cybrd1 7.99E-78 cytochrome b reductase 1 

Hsd11b1 7.75E-111 

hydroxysteroid 11-beta 

dehydrogenase 1 Naaladl1 1.97E-74 

N-acetylated alpha-linked 

acidic dipeptidase-like 1 

 

Supplementary Table S5. Top 20 up-regulated and down-regulated differentially expressed 

genes in infected susceptible and resistant congenic mice based on DESeq2. 
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Top 20 Up-regulated Genes Top 20 Down-regulated Genes 

Symbol P-value Name Symbol P-value Name 

Gm830 8.73E-41 predicted gene 830 Slc26a3 4.23E-60 

solute carrier family 26, 

member 3 

Rspo2 3.50E-36 

R-spondin 2 homolog 

(Xenopus laevis) Tmigd1 3.08E-33 

transmembrane and 

immunoglobulin domain 

containing 1 

Rnf43 2.84E-20 ring finger protein 43 Agr2 5.10E-19 anterior gradient 2 

Mettl7a3 6.09E-18 methyltransferase like 7A3 Car4 2.87E-17 carbonic anhydrase 4 

Pvrl4 4.97E-16 poliovirus receptor-related 4 Slc51b 2.87E-17 

solute carrier family 51 beta 

subunit 

Alox12 9.38E-16 

arachidonate 12-

lipoxygenase Ankdd1b 2.96E-16 

ankyrin repeat and death 

domain containing 1B 

Sptbn2 6.45E-14 

spectrin beta, non-

erythrocytic 2 Sult1c2 5.08E-16 

sulfotransferase family, 

cytosolic, 1C, member 2 

Mycl1 1.22E-13 

v-myc myelocytomatosis 

viral oncogene homolog 1, 

lung carcinoma derived Mep1b 3.37E-15 meprin 1 beta 

Chodl 2.46E-13 chondrolectin 

Tmem181c 

-ps 1.05E-12 

transmembrane protein 181C, 

pseudogene 

Spns2 2.93E-13 spinster homolog 2 Tat 1.39E-11 tyrosine aminotransferase 

Tmprss13 2.71E-12 

transmembrane protease, 

serine 13 Clca6 1.39E-11 

chloride channel calcium 

activated 6 

Ephb3 1.57E-11 Eph receptor B3 Kif5c 1.56E-11 kinesin family member 5C 

Axin2 1.03E-10 axin2 

6430548 

M08Rik 1.70E-11 

RIKEN cDNA 6430548M08 

gene 

Jun 3.15E-10 Jun oncogene Ildr1 1.30E-10 

immunoglobulin-like domain 

containing receptor 1 

Wfikkn2 7.03E-10 

WAP, follistatin/kazal, 

immunoglobulin, kunitz and 

netrin domain containing 2 Zg16 1.94E-10 zymogen granule protein 16 

Lrrc66 1.31E-09 

leucine rich repeat 

containing 66 Nefl 2.07E-10 

neurofilament, light 

polypeptide 

Trim29 5.87E-09 tripartite motif-containing 29 Kcnk6 2.90E-10 

potassium inwardly-rectifying 

channel, subfamily K, 

member 6 

Foxq1 9.97E-09 forkhead box Q1 Sgk2 3.80E-10 

serum/glucocorticoid 

regulated kinase 2 

Tmem132c 1.18E-08 transmembrane protein 132C Scgn 2.48E-09 

secretagogin, EF-hand 

calcium binding protein 

Nfe2l3 1.43E-08 

nuclear factor, erythroid 

derived 2, like 3 Hes2 2.54E-09 

hairy and enhancer of split 2 

(Drosophila) 

 

Supplementary Table S6. Top 20 up-regulated and down-regulated differentially expressed 

genes in infected susceptible mice compared to infected resistant congenic mice based on 

DESeq2. 
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PREFACE TO CHAPTER 5 

 

Our work above provided strong evidence for the mechanisms underlying the dysfunctional 

response in susceptible mice. In chapter 5, we sought to investigate the role of other factors 

impacting epithelial homeostasis during C. rodentium infection of susceptible and resistant mice. 

Mining of our RNA sequencing dataset from chapter 4 for intestinal niche factors that support 

crypt homeostasis revealed a significant induction of epidermal growth factor receptor ligands 

Areg and Ereg in both susceptible and resistant congenic mice during infection. Because 

epidermal growth factor receptor signaling is a major signaling pathway in the intestine and has 

been previously shown to be activated during C. rodentium infection, we sought to investigate 

the functional role of epidermal growth factor receptor signaling in C. rodentium disease 

pathogenesis.  
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CHAPTER 5 

 

Differential role of EGFR in the pathogenesis of Citrobacter rodentium infection in 

susceptible and resistant mice 

 

Abstract 

 

Citrobacter rodentium is a natural mouse pathogen that causes colitis and a characteristic 

thickening of the colonic mucosa called transmissible murine colonic hyperplasia. Importantly, 

disease severity is influenced by the genetic background of the host: resistant mouse strains 

suffer self-limiting colitis whereas susceptible mice suffer fatal diarrhea. The role of epidermal 

growth factor receptor (EGFR) signaling during enteric infections is poorly understood. In the 

present study, we investigated the functional role of EGFR signaling in susceptible and resistant 

congenic mice. We found that EGFR ligands Areg and Ereg were significantly induced and 

expressed by colonic stromal cells, which was accompanied by the activation of EGFR signaling 

and major downstream signaling pathways in intestinal epithelial cells. EGFR inhibition during 

C. rodentium infection of resistant congenic mice protected from body weight loss and resulted 

in decreased disease severity, similar to what has been previously described in resistant C57BL/6 

mice. In contrast, inhibition of EGFR promoted apoptosis of intestinal epithelial cells, 

accelerated body weight loss, and significantly worsened disease outcome during infection of 

susceptible mice. Collectively, this work suggests that EGFR signaling during intestinal infection 

may be protective or deleterious, depending on the context.  
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Introduction 

 

Enteropathogenic and enterohemorrhagic Escherichia coli (EPEC and EHEC) are 

extracellular mucosal pathogens that infect the intestine and cause diarrheal disease [195]. 

Citrobacter rodentium is a mouse-specific pathogen widely used as a model for human EPEC 

and EHEC infections [215]. In addition to colitis, one of the hallmark pathological features of C. 

rodentium infection is transmissible murine colonic hyperplasia (TMCH) characterized by 

thickening of the colonic mucosa caused by epithelial repair responses [215, 219]. Importantly, 

disease severity and the progression of TMCH varies between mouse strains that are susceptible 

or resistant to C. rodentium [220, 232]. 

We previously showed that Rspo2, an agonist of canonical Wnt signaling, controls this 

differential outcome: Rspo2 expression is induced to high levels specifically in susceptible mice 

(e.g. C3H/HeOuJ, hereafter called C3Ou) during infection, which leads to pathological activation 

of Wnt signaling, induction of intestinal epithelial proliferation, loss of differentiation, and fatal 

diarrhea [232]. Conversely, C3Ou mice carrying a congenic segment encompassing Rspo2 and 

its regulatory region from resistant C57BL/6 mice (C3Ou.B6), which do not induce Rspo2, 

undergo milder, self-limiting disease with epithelial hyperplasia at the peak of infection but 

maintenance of homeostasis and no mortality [232]. Here, we sought to investigate the role of 

other factors impacting epithelial homeostasis during infection of susceptible and resistant mice. 

 Epidermal growth factor receptor (EGFR, also known as ErbB1) encodes a member of 

the ErbB receptor tyrosine kinase family (ErbB1-4) [184]. In the colon, EGFR is mainly 

expressed on the basolateral side of intestinal epithelial cells and to a lesser extent in stromal and 

immune cells [183, 346, 347]. EGFR ligands are soluble mediators produced by a variety of 

different cell types that bind to and activate EGFR via autocrine or paracrine signaling [184]. 

The binding of EGFR to its ligands results in the activation of several major downstream signal 

transduction pathways including the mitogen-activated protein kinase/extracellular signal-

regulated kinase (MAPK/ERK) pathway and phosphoinositide 3-kinase (PI3K)/AKT pathway, 

which govern a diverse repertoire of biological responses including cell proliferation, migration, 

survival, and apoptosis [185-187].  

EGFR signaling is essential for the development and maintenance of epithelial 

homeostasis in the intestine [188], but its functional role in enteric infections is less clear. It has 



 124 

previously been reported that C. rodentium infection can trigger EGFR stimulation in the colonic 

mucosa and positively regulate proliferation of intestinal epithelial cells [348]. In addition, recent 

evidence suggests that EGFR signaling in macrophages is central to their activation and function 

in response to C. rodentium infection; myeloid-specific deletion of EGFR in resistant C57BL/6 

mice was shown to attenuate C. rodentium-induced colitis despite increased burden by 

decreasing pro-inflammatory cytokine and chemokine expression [349]. Despite these data, the 

ligands responsible for EGFR activation, the cellular mechanisms downstream EGFR, and its 

significance during C. rodentium infection in susceptible and resistant mice is poorly understood. 

In the present study, we found that the EGFR ligands Amphiregulin (Areg) and 

Epiregulin (Ereg) were significantly induced and expressed by stromal cells in the colonic 

lamina propria of susceptible C3Ou and resistant congenic C3Ou.B6 mice during C. rodentium 

infection. Concordantly, EGFR signaling activated the downstream MAPK/ERK pathway and 

the PI3K/AKT pathway in intestinal epithelial cells. Whereas inhibition of EGFR signaling and 

reduced ERK signaling was beneficial during infection of resistant congenic mice, inhibition of 

EGFR signaling and reduced ERK signaling was deleterious in susceptible mice, indicating a 

differential role of EGFR in the pathogenesis of C. rodentium. 

 

Results 

 

EGFR ligands Areg and Ereg are significantly induced during C. rodentium infection 

 

We recently employed RNA sequencing technology to characterize the global 

transcriptome profiles of susceptible and resistant congenic mice colons that were either 

uninfected or infected with C. rodentium for 9 days, the latest time point in which infected 

susceptible mice are consistently viable [350]. Here, we mined this dataset for intestinal niche 

factors that support crypt homeostasis by regulating cell proliferation and differentiation 

including those involved in Wnt, Bmp, and EGFR signaling. Our dataset revealed a significant 

induction of the EGFR ligands Areg and Ereg in both susceptible and resistant congenic mice 

during infection, in contrast to a downregulation of Egf (Fig. 1A). Notably, consistent with our 

previous work, Rspo2 was the only gene that was differentially expressed when comparing 

susceptible to resistant congenic mice (FDR<0.01). 
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Figure 1. Areg and Ereg are significantly induced in susceptible and resistant congenic mice 

during C. rodentium infection.  RNA sequencing was previously performed on colon tissues 

from uninfected and day 9-C. rodentium infected susceptible and resistant congenic mice 

(n=3/group). (a) Heatmap based on log2RPKM values and fold change based on normalized read 

counts relative to uninfected mice. False Discovery Rate (FDR) values are corrected p-values for 

the comparison of susceptible versus resistant mice. (b) Normalized read counts of Egfr in 

uninfected and day 9 infected susceptible and resistant congenic mice.  

Susceptible Resistant

FC P-value FC P-value FDR

Rspo1 -4.32 4.52E-07 -1.69 5.65E-02 0.16

Rspo2 84.29 3.89E-97 2.37 5.54E-06 4.48E-36

Rspo3 -2.11 8.25E-06 -1.47 1.98E-02 0.45

Wnt2b -1.85 5.85E-06 -1.17 2.37E-01 0.16

Wnt5a -1.57 3.65E-04 -1.79 4.53E-06 0.79

Wnt6 -2.08 1.13E-03 -1.87 5.32E-03 0.92

Wnt9a -1.78 1.61E-02 -1.64 4.03E-02 0.95

Noggin -1.61 1.23E-02 -1.74 4.36E-03 0.94

Grem1 2.59 1.22E-15 3.05 1.12E-20 0.69

Grem2 -4.30 4.72E-36 -3.00 6.65E-22 0.19

Chrdl1 -3.47 2.18E-19 -2.68 6.27E-13 0.53

Bmp2 -2.58 1.20E-20 -2.26 7.12E-16 0.72

Bmp4 -1.62 5.14E-05 -1.89 1.02E-07 0.72

Bmp7 1.52 2.10E-04 1.28 2.81E-02 0.66

Areg 8.38 1.18E-29 4.96 1.33E-18 0.23

Ereg 13.34 2.77E-79 11.79 1.06E-73 0.80

Egf -5.32 1.44E-14 -4.87 3.06E-13 0.93

Fgf2 -1.26 2.45E-01 1.19 3.80E-01 0.49

Fgf7 -1.97 2.71E-07 1.01 9.25E-01 0.01

Fgf10 1.49 1.87E-02 2.31 7.42E-07 0.32

Uninfected

susceptible

mice

Uninfected

resistant 

mice

Infected

susceptible 

mice

Infected 

resistant 

mice

a

b

Figure 1. Areg and Ereg are significantly induced in susceptible and resistant congenic mice during

C. rodentium infection. RNA sequencing was previously performed on colon tissues from uninfected and

day 9-C. rodentium infected susceptible and resistant congenic mice (n=3/group). (a) Heatmap based on

log2RPKM values and fold change based on normalized read counts relative to uninfected mice. (b)

Normalized read counts of Egfr in uninfected and day 9 infected susceptible and resistant congenic mice.
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Egf and Areg interact solely through EGFR whereas Ereg is also known to bind to and 

activate a closely related receptor tyrosine kinase, ErbB4 [184]. ErbB4 was undetectable in our 

RNA sequencing dataset whereas Egfr was found to be expressed at relatively high levels at 

steady state which increased during infection in susceptible and resistant congenic mice (Fig. 1B).  

 

Areg and Ereg are expressed by stromal cells in the colon lamina propria during C. rodentium 

infection 

 

The cellular source of EGFR ligands is highly diverse and context-dependent. To 

investigate the source of Areg and Ereg in the colon during C. rodentium infection, we isolated 

colonic epithelial and lamina propria cells from mice and further sorted the lamina propria cells 

into CD45+ and CD45- populations. Subsequent gene expression analysis revealed that Areg and 

Ereg were expressed predominantly in CD45- non-hematopoietic cells and to a lesser extent in 

epithelial cells compared to CD45+ hematopoietic cells (Fig. 2A).  

The CD45- population is highly heterogeneous and is composed of multiple subsets 

including stromal cells (e.g. myofibroblasts) and endothelial cells. We employed a recently 

described protocol that efficiently isolates the four main non-hematopoietic components of the 

intestinal lamina propria using markers gp38 and CD31: lymphoid stromal cells (LSC, gp38+ 

CD31-), lymphatic endothelial cells (gp38+ CD31+), blood endothelial cells (gp38- CD31+), and 

double-negative cells (DNC, gp38- CD31-) [304]. Consistent with the published study, the LSC 

and DNC populations were the major subsets accounting for approximately 90% of non-

hematopoietic cells in the colonic lamina propria (Fig. 2B). Previous gene expression analyses of 

sorted LSC and DNC populations confirmed the presence of recently-characterized stromal cell 

markers specifically in the LSC population (chapter 3). We also found that the majority of DNCs 

were in fact erythrocytes, which lack a nucleus and are believed not to have significant mRNA 

activity (chapter 3). Consistent with recent reports, we found a number of essential intestinal 

niche factors including Wnt ligands, R-spondins, Bmp ligands, and Grem1, a Bmp antagonist, to 

be enriched in the LSC population (Fig. 2C). We also observed robust Ereg expression in LSCs. 

In contrast, Areg expression was predominantly in DNCs (Fig. 2C), an interesting finding 

considering non-erythrocyte DNCs are a yet uncharacterized population of cells with an 

unknown functional role. 
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Figure 2. Areg and Ereg are expressed by CD45- gp38+ CD31- colonic stromal cells during C. 

rodentium infection.  (a) Colonic epithelial (IEC) and lamina propria cells from C3Ou mice 

were isolated, and lamina propria cells were stained for EpCAM and CD45.2 and sorted into 

CD45+ and EpCAM- CD45- populations after gating on singlet and live cells. Areg and Ereg 

expression was measured by qRT-PCR and normalized to Gapdh (n=3-4/population). *p<0.05, 

**p<0.01, ***p<0.001 by one-way ANOVA with Tukey’s multiple comparisons test. (b-c) The 

EpCAM- CD45- population was further stained for gp38 and CD31 and sorted into gp38+ CD31- 

(LSC) and gp38- CD31- (DNC) populations. (c) Expression of intestinal niche factors were 

measured by qRT-PCR and normalized to Gapdh (n=4/population). *p<0.05 by Mann-Whitney 

test. Data is representative of two independent experiments. 
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Figure 2. Areg and Ereg are expressed by CD45- gp38+ CD31- colonic stromal cells during C.

rodentium infection. (a) Colonic epithelial (IEC) and lamina propria cells from C3Ou mice were isolated,

and lamina propria cells were stained for EpCAM and CD45.2 and sorted into CD45+ and EpCAM- CD45-

populations after gating on singlet and live cells. Areg and Ereg expression was measured by qRT-PCR and

normalized to Gapdh (n=3-4/population). *p<0.05, **p<0.01, ***p<0.001 by one-way ANOVA with

Tukey’s multiple comparisons test. (b-c) The EpCAM- CD45- population was further stained for gp38 and

CD31 and sorted into gp38+ CD31- (LSC) and gp38- CD31- (DNC) populations. (c) Expression of

intestinal niche factors were measured by qRT-PCR and normalized to Gapdh (n=4/population). *p<0.05

by Mann-Whitney test. Data is representative of two independent experiments.
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EGFR signaling is activated in the colon during C. rodentium infection 

 

Concordant with Areg and Ereg induction in both susceptible and resistant congenic mice 

during C. rodentium infection, EGFR phosphorylation was significantly increased in both the 

colonic lamina propria and in the intestinal epithelium at day 9 of infection compared to 

uninfected mice (Fig. 3A). These results are consistent with previous reports in which the colonic 

mucosa and more recently in macrophages in the lamina propria were shown to have elevated 

levels of EGFR phosphorylation following C. rodentium infection [348, 349]. Although we 

observed weaker staining of phosphorylated EGFR in resistant congenic mice compared to 

susceptible mice by immunohistochemistry, immunoblots of whole colon tissue and of isolated 

colonic epithelial cells from day 9 post-infection did not consistently show this trend (Fig. 3B-C). 

Regardless, EGFR phosphorylation was induced in susceptible and resistant congenic mice 

during infection (Fig. 3B-C). The MAPK/ERK pathway and the PI3K/AKT pathway are major 

signal transduction pathways downstream EGFR. Indeed, we observed a significant increase in 

both ERK1/2 and AKT phosphorylation specifically in the colonic epithelium during C. 

rodentium infection (Fig. 3C).  

 

Inhibition of EGFR signaling improves outcome of C. rodentium infection in resistant congenic 

mice 

Myeloid-specific deletion of EGFR in resistant C57BL/6 mice (Egfrmye) was recently 

shown to attenuate C. rodentium-induced colitis despite increased burden by decreasing pro-

inflammatory cytokine and chemokine expression [349]. In the study by Hardbower et al., C. 

rodentium-infected Egfrmye mice were protected from weight loss at day 14 post-infection, 

indicative of decreased clinical disease severity. To investigate this notion further, resistant 

congenic mice were infected with C. rodentium and administered 150 mg/kg of the EGFR-

inhibitor, gefitinib, on a daily basis for 14 days (Fig. 4A). Control mice received an equal volume 

of the vehicle (0.5% Tween-80 in sterile water). While there were no significant differences in 

bacterial loads compared to untreated resistant congenic mice (Fig. 4B), we observed a similar, 

albeit non-significant, trend of protection from body weight loss in gefitinib-treated mice at day 

14 post-infection (Fig. 4C). Moreover, untreated resistant congenic mice showed a trend of  
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Figure 3. C. rodentium induces EGFR signaling and downstream AKT and ERK1/2 

pathways in the colon. (a) Immunohistochemistry of phospho-EGFR in uninfected and day 9-

infected colon sections from susceptible and resistant congenic mice (10x magnification). (b) 

Representative Western blot of phospho-EGFR on colon tissue from uninfected and day 9-

infected susceptible and resistant congenic mice. (c) Representative Western blot of phospho-

EGFR, phospho-AKT, and phospho-ERK1/2 on scraped intestinal epithelia from uninfected and 

day 9-infected susceptible and resistant congenic mice.  
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Figure 4. EGFR-inhibited resistant congenic mice display non-significant trends of 

decreased clinical severity during C. rodentium infection. Resistant congenic mice were 

infected with C. rodentium and either administered 150 mg/kg gefitinib or vehicle control, daily 

until day 14 post-infection (n=4-6/group). (a) Representative Western blot of phospho-EGFR on 

scraped intestinal epithelia. (b) Bacterial load in colon tissue. (c) Daily body weight 

measurements. (d) Tissue pathology scores from H&E-stained colon sections. (e) Colon lengths. 
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Figure 4. EGFR-inhibited resistant congenic mice have decreased clinical severity during C.

rodentium infection. Resistant congenic mice were infected with C. rodentium and either administered

150 mg/kg gefitinib or vehicle control, daily until day 14 post-infection (n=4-6/group). (a) Representative

Western blot of phospho-EGFR on scraped intestinal epithelia. (b) Bacterial load in colon tissue. (c) Daily

body weight measurements. (d) Tissue pathology scores from H&E-stained colon sections. (e) Colon

lengths.
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increased histopathology scores (Fig. 4D) and shortened colon lengths (Fig. 4E) compared to 

gefitinib-treated mice. Overall, our data supports the concept that EGFR signaling may be 

deleterious during bacterial infections in resistant mice. 

 

Inhibition of EGFR signaling is deleterious during C. rodentium infection of susceptible mice 

 

Next, we sought to determine whether inhibition of C. rodentium-induced EGFR 

phosphorylation in susceptible mice can similarly improve disease outcome in comparison to 

resistant congenic mice. As above, mice were infected with C. rodentium and administered 150 

mg/kg of gefitinib on a daily basis. While there was no difference in fecal bacterial load between 

the four groups tested at day 3 post-infection (Fig. 5A), we observed a significant and rapid loss 

of body weight specifically in infected, gefitinib-treated susceptible mice (Fig. 5B); body weight 

loss reached 15% by day 6 post-infection at which point all mice were euthanized for data 

collection. To note, susceptible C3Ou mice normally begin to lose weight 7 days post-infection 

and succumb to infection by day 9-11 post-infection [232, 350]. Gefitinib administration 

efficiently inhibited EGFR phosphorylation and reduced ERK1/2 phosphorylation (but not AKT 

phosphorylation) in both susceptible and resistant congenic mice (Fig. 5C). Furthermore, 

gefitinib treatment had no significant effect on crypt heights (Fig. 5D) nor did it lead to deeper 

penetration of colonic crypts by C. rodentium at this time point (Fig. 5E). To determine whether 

the increased mortality of gefitinib-treated susceptible mice correlated with increased Rspo2 

expression, we assessed Rspo2 mRNA transcript levels in day 6-infected colon tissues of 

susceptible and resistant congenic mice. As expected, we did not observe any modulation of 

Rspo2 expression in resistant congenic mice. However, to our surprise, we found Rspo2 

upregulation to be attenuated in gefitinib-treated susceptible mice compared to untreated 

susceptible mice, suggesting that EGFR-mediated susceptibility was independent of Rspo2 

signaling (Fig. 5F). 

 

Inhibition of EGFR signaling during C. rodentium infection promotes apoptosis of intestinal 

epithelial cells, impairs mucin production, and induces inflammatory cytokine production in 

susceptible mice 
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Figure 5. Inhibition of EGFR during C. rodentium infection reduced ERK1/2 

phosphorylation and resulted in a rapid loss of body weight in susceptible mice. Susceptible 

and resistant congenic mice were infected with C. rodentium and either administered 150 mg/kg 

gefitinib or vehicle control, daily (n=4-7/group). (a) Fecal bacterial loads 3 days post-infection. 

(b) Daily body weight measurements. ****p<0.0001 by two-way ANOVA with Tukey’s 

multiple comparisons test. (c) Representative Western blot of phospho-EGFR, phospho-AKT, 

and phosho-ERK1/2 on scraped intestinal epithelia at day 6 post-infection, and densitometry 

analysis of phospho-ERK1/2 relative to loading control. (d) Average crypt lengths measured 

from H&E-stained colon sections at day 6 post-infection. (e) Immunofluoresence of C. 

rodentium in colon sections of untreated and gefitinib-treated susceptible mice (scale bars, 100 

µm). (f) qRT-PCR of Rspo2 in colon tissues normalized to Hprt. Data is representative of two 

independent experiments. 
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To investigate what might be affecting the increased disease severity in gefitinib-treated 

susceptible mice independent of bacterial loads, crypt heights, or Rspo2 levels, we examined 

apoptosis. Indeed, EGFR, in part through the ERK1/2 pathway, has been linked to host cell 

survival and resistance to epithelial cell apoptosis [351-353]. To determine if inhibition of EGFR 

phosphorylation and ERK1/2 signaling during C. rodentium infection in susceptible mice 

contributed to apoptosis of intestinal epithelial cells, we probed for the apoptosis markers 

cleaved caspase-8 and downstream cleaved caspase-3. We observed increased levels of cleaved 

caspase-8 and cleaved caspase-3 by immunoblotting as well as elevated caspase-3 activity by 

immunofluorescence staining in gefitinib-treated susceptible mice compared to untreated control 

mice during C. rodentium infection (Fig. 6A-B). 

Apoptosis of intestinal epithelial cells can result in a breach of barrier integrity and 

increased inflammation. Histopathological analysis of infected, untreated and gefitinib-treated 

susceptible mice revealed similar scores in all categories examined except in goblet 

cell/enterocyte ratio decrease: there was a significantly greater loss of goblet cells in gefitinib-

treated mice (p < 0.01) (Fig. 7A). Intestinal goblet cells secrete highly glycosylated mucins 

which form a protective physical barrier to exclude luminal or invading bacteria from the 

epithelial surface [25, 28]. Indeed, Alcian blue staining of untreated and gefitinib-treated colon 

sections indicated reduced mucin staining in gefitinib-treated susceptible mice (Fig. 7B). 

Concurrently, several well-characterized antimicrobial peptides and pro-inflammatory cytokines 

associated with barrier function (e.g. Reg3, Reg3, IL17A, IFN) were significantly up-

regulated in colon tissues of gefitinib-treated susceptible mice (Fig. 7C), despite a non-

significant trend in lower histopathological scores in inflammatory cell localization (depth) and 

infiltration in gefitinib-treated mice compared to untreated mice (Fig. 7A). 

Notably, this trend was not recapitulated in gefitinib-treated resistant congenic mice at 

this time point. In contrast, untreated resistant congenic mice had increased histopathological 

scores, particularly in surface epithelial injury (p < 0.05), compared to gefitinib-treated resistant 

congenic mice (Fig. 8A). In addition, the difference in goblet cell/enterocyte ratios was not as 

striking; we observed robust mucin staining in gefitinib-treated resistant congenic mice 

compared to gefitinib-treated susceptible mice, and no significant stimulation of barrier function-

related inflammatory cytokines compared to untreated resistant congenic control mice (Fig. 8B-

C). The results above seem to imply that inhibition of EGFR signaling in susceptible mice is  
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Figure 6. Inhibition of EGFR in susceptible mice promoted intestinal epithelial cell 

apoptosis during C. rodentium infection. Susceptible mice were infected with C. rodentium 

and either administered 150 mg/kg gefitinib or vehicle control, daily (n=5-7/group). (a) 

Representative Western blot and densitometry analysis of cleaved caspase-3 and cleaved 

caspase-8 on scraped intestinal epithelia at day 6 post-infection. (b) Immunofluorescence of 

cleaved caspase-3 in colon sections of untreated and gefitinib-treated susceptible mice (scale bars, 

50 µm). 
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Figure 6. Inhibition of EGFR in susceptible mice promoted intestinal epithelial cell apoptosis during

C. rodentium infection. Susceptible mice were infected with C. rodentium and either administered 150

mg/kg gefitinib or vehicle control, daily (n=5-7/group). (a) Representative Western blot and densitometry

analysis of cleaved caspase-3 and cleaved caspase-8 on scraped intestinal epithelia at day 6 post-infection.

(b) Immunofluorescence of cleaved caspase-3 in colon sections of untreated and gefitinib-treated

susceptible mice (scale bars, 50 µm).
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Figure 7. EGFR-inhibited susceptible mice had increased goblet cell loss and induction of 

pro-inflammatory cytokines during C. rodentium infection. Susceptible mice were infected 

with C. rodentium and either administered 150 mg/kg gefitinib or vehicle control, daily until day 

6 post-infection (n=5-7/group). (a) Tissue pathology scores from H&E-stained colon sections. (b) 

Alcian blue staining of colon sections from two different mice per group (10x magnification). (c) 

Expression of Reg3β, Reg3γ, IL17A, and IFNγ in colon tissue samples by qRT-PCR normalized 

to Hprt. **p<0.01 by Mann-Whitney test 
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Figure 7. EGFR-inhibited susceptible mice had increased goblet cell loss and induction of pro-

inflammatory cytokines during C. rodentium infection. Susceptible mice were infected with C.

rodentium and either administered 150 mg/kg gefitinib or vehicle control, daily until day 6 post-infection

(n=5-7/group). (a) Tissue pathology scores from H&E-stained colon sections. (b) Alcian blue staining of

colon sections from two different mice per group (10x magnification). (c) Expression of Reg3β, Reg3γ,

IL17A, and IFNγ in colon tissue samples by qRT-PCR normalized to Hprt. **p<0.01 by Mann-Whitney

test
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Figure 8. Inhibition of EGFR during C. rodentium infection has opposing effects in 

resistant congenic mice. Resistant congenic mice were infected with C. rodentium and either 

administered 150 mg/kg gefitinib or vehicle control, daily until day 6 post-infection (n=4/group). 

(a) Tissue pathology scores from H&E-stained colon sections. (b) Alcian blue staining of colon 

sections (10x magnification). (c) Expression of Reg3β, Reg3γ, IL17A, and IFNγ in colon tissue 

samples by qRT-PCR normalized to Hprt. 
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Figure 8. Inhibition of EGFR during C. rodentium infection has opposing effects in resistant congenic

mice. Resistant congenic mice were infected with C. rodentium and either administered 150 mg/kg

gefitinib or vehicle control, daily until day 6 post-infection (n=4/group). (a) Tissue pathology scores from

H&E-stained colon sections. (b) Alcian blue staining of colon sections (10x magnification). (c) Expression

of Reg3β, Reg3γ, IL17A, and IFNγ in colon tissue samples by qRT-PCR normalized to Hprt.
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deleterious. However, our data indicates that EGFR signaling has opposing effects in resistant 

and susceptible mice. 

 

Discussion 

 

 EGFR and its ligands regulate many epithelial cell functions including cell proliferation, 

differentiation, apoptosis, and inflammation [184-187]. The significance of EGFR signaling in 

the maintenance of intestinal homeostasis has previously been established. However, its 

functional role in the context of an enteric infection is less well understood. In the present study, 

we used the murine pathogen C. rodentium to investigate the role of EGFR signaling in 

susceptible and resistant mice during infection. 

 In our previous work, we performed RNA sequencing of uninfected and C. rodentium-

infected colons from susceptible and resistant congenic mice [350]. Mining of this dataset 

revealed a significant induction of EGFR ligands Areg and Ereg in both strains of mice during 

infection. Areg and Ereg are mitogens that have been identified to play important roles in cell 

proliferation, repair, and regeneration during normal physiology and in diseased states such as in 

acute inflammation, chronic colitis, or cancer [184]. Despite their functional importance in 

intestinal health and disease, the cellular source(s) of Areg and Ereg are understudied due, in part, 

to the fact that their expression is highly diverse and context-dependent. For example, Ereg 

expression has been assigned to intestinal epithelial cells and the stroma during acute DSS colitis, 

but mainly confined to the stroma in adenomas and in tumours induced by AOM/DSS [191, 192]. 

Areg is similarly expressed by non-hematopoietic cells during acute DSS-mediated colitis [192], 

but numerous groups have also reported Areg expression in immune cells such as mast cells and 

group 2 innate lymphoid cells in inflammatory settings [354]. Here, we demonstrate for the first 

time to our knowledge, that Areg and Ereg are expressed predominantly by colonic stromal cells 

and to a lesser extent in intestinal epithelial cells during C. rodentium infection. A recent study 

showed that TLR/MyD88 signaling in intestinal epithelial cells regulated Areg and Ereg 

production to mediate protection upon mucosal injury by stimulating cell proliferation and 

preventing loss of crypt architecture [192]. MyD88-deficient mice are more susceptible to C. 

rodentium and exhibit impaired intestinal epithelial cell repair [355]. Whether Areg and Ereg, via 
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TLR/MyD88 signaling, have a similar protective role during C. rodentium infection has not yet 

been addressed. 

 Concordant with Areg and Ereg induction during C. rodentium infection, we observed 

significant EGFR phosphorylation and activation of downstream signaling pathways in the 

colonic epithelium of susceptible and resistant congenic mice. Inhibition of EGFR 

phosphorylation reduced ERK1/2 phosphorylation but did not affect AKT phosphorylation in our 

study (discussed further below). Inhibition of EGFR phosphorylation in resistant congenic mice 

during C. rodentium infection resulted in protection from body weight loss, decreased 

histopathology scores, and longer colon lengths compared to untreated resistant congenic mice. 

Although we were unable to reach statistical significance in these measurements, they are 

nevertheless indicative of a trend towards decreased clinical severity. Importantly, this is 

consistent with a recent study in which EGFR-deficient macrophages in resistant C57BL/6 mice 

displayed attenuated C. rodentium-induced colitis that was associated with decreased pro-

inflammatory cytokine expression and body weight loss compared to wild-type mice [349]. 

In direct contrast to the above results, inhibition of EGFR phosphorylation during C. 

rodentium infection of susceptible mice promoted apoptosis of intestinal epithelial cells, goblet 

cell loss, stimulation of pro-inflammatory cytokines, and rapid body weight loss. Notably, we did 

not observe a significant loss of goblet cells or mucin staining in gefitinib-treated resistant 

congenic mice nor an increase in pro-inflammatory cytokine expression despite similar 

reductions in ERK1/2 phosphorylation. This suggests that the combination of pathological 

Rspo2-Wnt signaling and suppression of EGFR signaling contributes to increased intestinal 

epithelial cell apoptosis, goblet cell loss, and pro-inflammatory cytokine production in 

susceptible mice.  

EGFR-independent AKT activation in intestinal epithelial cells has been reported before 

[356]. Moreover, multiple groups have shown that apoptosis can occur independent of the 

PI3K/AKT pathway [357, 358]. One recent study demonstrated that ERK signaling was required 

for EGFR suppression of apoptosis-induced intestinal epithelial cell shedding; inhibition of the 

ERK pathway reversed this suppression whereas inhibition of PI3K had no effect [358]. Hence, 

it seems unlikely that the EGFR-dependent PI3K/AKT pathway contributed to the disease 

phenotype observed in our study. EGFR, but more specifically the downstream MAPK/ERK 

pathway, is associated with resistance to apoptosis in epithelial cells [351, 352, 358], suggesting 
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that diminished cell survival due to reduced ERK signaling may be contributing to the 

phenotypic effect observed in EGFR-inhibited susceptible mice. 

 Activation of EGFR has been shown to upregulate mucin production in goblet cells in 

the airway and intestine with decreased mucin synthesis when EGFR kinase activity is inhibited 

[359, 360], raising the possibility that inhibition of EGFR specifically affected goblet cells and 

mucin production in our study. Indeed, we observed reduced Alcian blue staining in gefitinib-

treated susceptible mice compared to untreated mice during C. rodentium infection. Notably, 

we’ve previously shown that susceptible mice exhibit pronounced loss of goblet cells during C. 

rodentium infection due to Rspo2 upregulation whereas goblet cell loss is delayed and 

comparably minor in resistant congenic mice (see also Fig. 7B vs Fig. 8B controls) [232]. This 

suggests that EGFR inhibition contributed to further goblet cell loss in susceptible mice whereas 

the effect was minimal in resistant congenic mice due to greater baseline levels at day 6 post-

infection.  

A recent study demonstrated that apoptosis of intestinal epithelial cells in response to an 

enteric infection can induce the differentiation of self-reactive CD4+ T cells into Th17 cells and 

enhance susceptibility to intestinal inflammation [361]. Similarly, a weaker mucosal barrier due 

to decreased mucin production can allow for increased exposure of the intestinal epithelium to 

bacteria. Indeed, adhesion of C. rodentium to intestinal epithelial cells has been illustrated to be a 

critical cue for Th17 cell differentiation [230]. However, our immunofluorescence staining 

argues against this as we did not find that C. rodentium penetrated deeper into the colonic crypts 

of gefitinib-treated susceptible mice compared to untreated mice. While we did not examine 

CD4+ T cell differentiation in this study, we observed a significant upregulation of the Th17 

signature cytokine IL17 and related cytokine IFN, as well as in the antimicrobial peptides 

Reg3 and Reg3 induced downstream of IL22, in colon tissues from gefitinib-treated 

susceptible mice compared to untreated control mice. Collectively, our results suggest that the 

phenotypic effects observed in EGFR-inhibited susceptible C3Ou mice are due to diminished 

cell survival, reduced mucin production, and induction of pro-inflammatory cytokines that 

together enhance susceptibility to C. rodentium. 

Overall, our data suggests a dual role for EGFR signaling during C. rodentium infection 

in which EGFR is protective in susceptible mice but deleterious in resistant mice. While our 

work highlights EGFR as having broad effects in disease pathogenesis, future studies examining 
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the differential mechanism of action of EGFR signaling in different strains of mice and diseased 

states are warranted.  

 

Materials and Methods 

 

Ethics statement 

 

All breeding and experimental procedures were conducted in strict accordance with the Canadian 

Council of Animal Care and approved by the McGill University Animal Care Committee (permit 

#5009). Mice were euthanized by CO2 asphyxiation and all efforts were made to minimize 

suffering. 

 

Mice and in vivo C. rodentium infection 

 

C3Ou (Jackson Laboratory, Bar Harbor, ME) and C3Ou.B6 congenic mice [235] carrying an 

introgressed segment of chromosome 15 from C57BL/6 mice on the C3Ou genomic background 

were housed in a specific-pathogen free animal facility at McGill University and provided 

standard mouse chow and water ad libitum. For C. rodentium infections, the C. rodentium strain 

DBS100 was grown overnight in 3 ml of LB medium shaking at 37oC. Five-week-old male or 

female mice, unless otherwise stated, were inoculated by oral gavage with 0.1 ml of LB medium 

containing 1-2 x 108 colony-forming units (CFU) of bacteria. The infectious dose was verified by 

plating of serial dilutions. Mice were monitored daily and euthanized on day 9 post-infection. 

Colons were harvested for immunoblotting, histology, cell sorting, and RNA extraction. 

 

Inhibition of EGFR phosphorylation 

 

Six- to seven-week-old male or female mice were infected with C. rodentium and administered 

150 mg/kg gefitinib (Toronto Research Chemicals) or vehicle control (0.5% Tween-80 in sterile 

water) by oral gavage on a daily basis. Mice were monitored daily and euthanized on day 6 or 

day 14 post-infection (resistant congenic mice only). Colons and fecal pellets were harvested for 

CFU counts, immunoblotting, histology, and RNA extraction. 
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Cell sorting 

 

Colonic epithelial and lamina propria cells from mice were isolated using a modified version of a 

previously described method [294]. Colons from three mice were pooled for each sample. In 

brief, colons were collected, cut open longitudinally into 1 cm pieces, and washed in calcium- 

and magnesium-free HBSS (Gibco) supplemented with 2% heat-inactivated fetal calf serum 

(FCS, Wisent) and 15 mM HEPES (Gibco). The resulting tissue pieces were washed in calcium- 

and magnesium-free HBSS supplemented with 2% FCS, 15 mM HEPES, and 5 mM EDTA to 

remove epithelial cells, which were then collected by centrifugation. After removing the 

supernatant, the tissue pieces were incubated in RPMI-1640 (Sigma) supplemented with 10% 

FCS, 15 mM HEPES, 160 μg/ml collagenase IV (Sigma) and 40 μg/ml DNAse I (Roche) for 40 

min at 37oC. The cell suspension was filtered through a 70 μm cell strainer (Sigma) before 

proceeding with antibody staining. Cells were stained with viability dye (Life Technologies) and 

antibodies CD326 (eBioscience), CD45.2 (eBioscience), podoplanin (eBioscience), and CD31 

(eBioscience). Sorting was performed on the FACSAria Fusion (BD Biosciences) at the Cell 

Vision Core Facility at McGill University.  

 

CFU count and qRT-PCR 

 

For gefitinib experiments, stool samples were collected on day 3 post-infection and distal colonic 

tissues on day 14 post-infection (from resistant congenic mice only). The number of viable 

bacteria per gram of stool and colonic tissue was determined by serial dilution plating onto 

MacConkey agar. For qRT-PCR experiments, total RNA from colons and sorted cells were 

isolated using TRIzol (Invitrogen) according to the manufacturer’s instructions. The purity of 

RNA was assessed by a spectrophotometer and complementary DNA was synthesized from 1 μg 

of RNA (colon tissue) or 70-200 ng of RNA (sorted cells) with RevertAid Reverse Transcriptase 

(Thermo Scientific) and random primers (Invitrogen) using an Eppendorf PCR thermal cycler. 

Expression levels of Areg, Ereg, Rspo1, Rspo2, Rspo3, Wnt2b, Wnt5a, Bmp2, Bmp4, Grem1, 

Reg3 and Reg3 were measured using TaqMan Gene Expression Assay (Applied Biosystems) 

and expression levels of IL17 and IFN were measured using SYBR Green PCR Master Mix 

(Life Technologies) on the Applied Biosystems StepOnePlus Real-Time PCR system. Analysis 
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was performed according to the comparative CT method using Hprt and Gapdh as the 

housekeeping gene. 

 

Immunoblotting 

 

Colonic tissue samples or scraped intestinal epithelia were homogenized in B150 lysis buffer 

containing 20 mM Tris-HCl pH 8.0, 150 mM KCl, 10% glycerol, 5 mM MgCl2, 5 mM NaF, 1 

mM NaVO4, and protease inhibitors (Roche). Proteins were quantified and normalized using the 

Bradford protein assay (Bio-Rad) before separation by SDS-PAGE with 8-10% acrylamide and 

transfer to PVDF membranes (Bio-Rad). Blots were blocked with 5% skimmed milk for 3.5 h at 

room temperature and incubated with primary antibodies against phospho-EGFR (1:1000) (Cell 

Signaling), phospho-p44/42 MAPK (1:1000) (Cell Signaling, #4377), phospho-AKT (1:2000) 

(Cell Signaling, #4060), cleaved caspase-3 (1:1000) (Cell Signaling, #9661), or cleaved caspase-

8 (1:1000) (Cell Signaling, #9429) overnight at 4oC. Detections were done with appropriate 

horseradish peroxidase-conjugated secondary antibody and a chemiluminescent substrate 

(Millipore). Blots were stripped with Restore Western Blot Stripping Buffer (Thermo Scientific) 

and re-probed for loading controls Gapdh (1:5000) (MediMabs, MM0163) or -actin (1:5000) 

(Sigma, A1978), when necessary. 

 

Histology and immunohistochemistry 

 

Distal colon sections were fixed in 10% buffered formalin, paraffin-embedded, sectioned at 5 μm, 

and subsequently stained with hematoxylin and eosin (H&E) or Alcian blue at the Histology 

Core Facility at McGill University and visualized with a Zeiss Axioscope microscope. Crypt 

lengths were quantified by measuring the average depth of approximately 30 well-oriented 

colonic crypts for each mouse. For immunohistochemistry for phospho-EGFR, paraffin-

embedded tissues were de-paraffinized and antigen retrieval was performed as previously 

described [352, 362]. Tissues were incubated with prediluted polyclonal rabbit anti-pEGFR 

(Biocare Medical) overnight at room temperature. After washing incubations were performed 

with biotinylated anti-rabbit secondary antibody at 1:1000 for 30 min. Sections were rinsed and 

incubated with streptavidin-horseradish peroxidase for 30 min. Lastly, diaminobenzidine (Sigma) 
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was used as a chromogen and tissues were counterstained with hematoxylin, as previously 

described. 

 

Immunofluorescence 

 

Immunofluorescence was performed using a modified version of a previously described method 

[232]. Briefly, paraffin-embedded tissue sections were de-paraffinized in xylene and rehydrated 

in a gradient of ethanol and water. Antigen recovery was completed by boiling the slides in 0.1 

M citrate buffer for 15 min. Slides were permeabilized with PBS containing 0.2% Triton X-100 

and incubated at room temperature for 20 min. PBS containing 0.2% Tween-20 was used a wash 

buffer. After blocking in PBS containing 0.2% Tween-20, 3% BSA, and 10% fetal bovine serum 

for 1 h at 37oC, slides were incubated with primary antibodies against Citrobacter LPS or 

cleaved caspase-3 (CST, #9661) in PBS containing 0.2% Tween-20 and 3% BSA for 1.5 h at 

37oC. Slides were then incubated in anti-rabbit Alexa 488 (Life Technologies) in PBS containing 

0.2% Tween-20 and 3% BSA for 1 h at 37oC, followed by 5 min in DAPI (Sigma) in PBS 

containing 0.2 % Tween-20 and 3% BSA. Slides were mounted using ProLong Gold (Life 

Technologies) and viewed on a Zeiss Axiovert 200M microscope.  

 

Histopathology scoring 

 

H&E sections were scored by an expert pathologist in a blinded manner: inflammatory cell 

infiltration (where 0 = occasional resident inflammatory cells in the lamina propria, 1 = minimal 

increase in inflammatory cells, 2 = mild increase in inflammatory cells, 3 = moderate increase in 

inflammatory cells, 4 = marked increase in inflammatory cells), inflammatory cell localization or 

depth (0 = no significant inflammatory infiltration, 1 = infiltration localized to the lamina propria, 

2 = infiltration extended significantly into the submucosa, 3 = infiltration extended significantly 

into the muscularis, 4 = infiltration extended significantly to the serosa/mesentery), submucosal 

edema (0 = no edema, 1 = mild edema, few areas, 2 = mild edema in frequent areas or moderate 

edema in few areas, 3 = moderate edema in frequent or extensive areas, 4 = marked edema, 

frequent to diffuse), bacterial colonization (0 = no significant number of bacteria adhered to the 

mucosal surface, 1 = presence of rare to occasional colonization of epithelial surface with 
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extension into no or few glands, 2 = abundant colonization of the epithelial surface with 

extension into occasional glands, 3 = abundant colonization of the epithelial surface extending to 

numerous glands, 4 = abundant colonization of the epithelial surface and invasion into the lamina 

propia or submucosa), surface epithelial injury (0 = normal surface epithelium, 1 = rare to 

occasional areas of epithelial flattening, degeneration or exfoliation, 2 = frequent areas of 

epithelial flattening, degeneration, or exfoliation, 3 = frequent areas of epithelial flattening, 

degeneration, or exfoliation with rare areas of epithelial erosion/ulceration, 4 = frequent or 

extensive areas of epithelial ulceration), mucosal necrosis (0 = none, 1 = rare, small foci of 

mucosal necrosis, 2 = occasional small foci of mucosal necrosis, 3 = frequent small foci of 

mucosal necrosis or rare wide foci, 4 = extensive areas of mucosal necrosis), goblet 

cell/enterocyte ratio decrease, (0 = normal, 1 = decrease in goblet cell proportion affecting few 

glands, 2 = decrease in goblet cell proportion affecting occasional glands, 3 = decrease in goblet 

cell proportion affecting frequent glands, 4 = decrease in goblet cell proportion affecting most or 

all of the tissue), and gland loss (0 = normal density of glands, 1 = rare, small foci of gland loss 

over small areas, 2 = occasional small foci of gland loss, 3 = frequent small foci of gland loss or 

rare wide foci, 4 = extensive areas of gland loss). The maximum combined score that could be 

obtained with this system is 32.  

 

Heatmap  

 

The RNA sequencing dataset and related data analysis used for this study has been described 

elsewhere [350] and can be found in the Gene Expression Omnibus database under the accession 

number GSE100546. The heatmap was generated using the ggplot2 package (http://ggplot2.org/) 

within the R environment using log2RPKM values. Fold change values were based on 

normalized read counts.  

 

Statistical analysis 

 

Data analyses were performed using GraphPad Prism v6.0 software. Analysis of histopathology 

scores was done by two-way ANOVA with Bonferroni’s multiple comparisons test. Otherwise, 
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statistical comparison between groups was carried using tests described in the figure legends. A 

p < 0.05 was considered statistically significant. 
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CHAPTER 6 

 

DISCUSSION AND FUTURE PERSPECTIVES 

 

6 – Overview 

 

Citrobacter rodentium is a natural mouse pathogen that causes colitis and induces a proliferative 

repair response termed colonic hyperplasia [215, 219]. While most inbred mouse strains suffer 

relatively mild, self-limiting colitis following infection, genetically susceptible mouse strains 

suffer fatal diarrheal disease due to robust Rspo2 induction [232]. Rspo2 encodes a member of 

the R-spondin family of secreted proteins (R-spondin 1-4), which have recently emerged as 

potent enhancers of canonical Wnt signaling [134]. In this thesis, we explored the cellular source 

and transcriptional regulation of R-spondins in the colon and the underlying mechanisms 

regulating intestinal homeostasis versus dysfunction during C. rodentium infection. 

 

6.1 - R-spondins in intestinal health and disease 

 

 Mounting evidence including our own work presented in this thesis indicate that R-

spondins play an active and central role in intestinal health and disease. Indeed, the last couple of 

years saw a surge in high impact publications identifying critical roles for R-spondins in mucosal 

pathologies. Our work demonstrated a pathological role for Rspo2 upregulation in intestinal 

epithelial stem cell dynamics in susceptible mice with increased Wnt and stem cell signatures 

leading to epithelial hyperproliferation, loss of differentiation, impaired intestinal function, and 

fatal diarrhea. A recent study reported a similar finding with Rspo3 and the gastric pathogen 

Helicobacter pylori, which is known to activate gastric stem cells and increase epithelial 

turnover [363]. Infection with H. pylori is the strongest known risk factor for gastric cancer [364]. 

The authors found that increased Rspo3 expression in the stomach following H. pylori infection 

was responsible for stimulating Wnt signaling and expanding the stem cell compartment to cause 

hyperproliferation and gland hyperplasia [365]. Importantly, these are implications that bear 

increased risk of malignant transformation, which support data associating aberrant R-spondin 

signaling with gastric cancer [366].  
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 Since the finding in 2012 implicating RSPO2 and RSPO3 in CRC [278], a number of 

follow-up studies have confirmed the oncogenic potential of RSPO2/RSPO3: overexpression of 

endogenous RSPO2 and RSPO3 can initiate and maintain tumour development while 

antagonizing RSPO3 can inhibit tumour growth [280, 281, 367]. The role of RSPO2 in CRC is 

believed to be more complex as it has been proposed by at least one group to act as a tumour 

suppressor; reduced RSPO2 expression in CRC tumours was associated with tumour infiltration, 

growth, and metastasis [368]. The reason for these discrepancies is unclear, but it does suggest 

that RSPO2/RSPO3 function may depend on the type or stage of cancer. 

 The level of R-spondin expression in the intestine probably underlies the significance of 

RSPO2/Rspo2 and RSPO3/Rspo3 in these studies as opposed to RSPO1/Rspo1 or RSPO4/Rspo4. 

We and others have shown that RSPO3 and RSPO2 were the highest expressed R-spondins in the 

normal human colon and that Rspo3 expression was also highest in the mouse colon followed by 

similar levels of Rspo1 and Rspo2 expression. Conversely, RSPO4/Rspo4 was undetectable in 

both human and mouse colons. Likewise, my own mining of human RNA sequencing data from 

over 190 stomach tissue samples provided by the Genotype-Tissue Expression Project (accession 

number phs000424.vN.pN) revealed that RSPO3 was the highest expressed R-spondin in the 

stomach. Together, these data indicate that Rspo3, and to a lesser extent Rspo2, are the family 

members most implicated in intestinal homeostasis and therefore potentially important mediators 

of Wnt signaling during intestinal disease pathogenesis. 

 Increased R-spondin expression also brings beneficial effects in a number of different 

contexts, particularly during tissue repair. Indeed, we found that acute DSS colitis resulted in 

markedly elevated levels of Rspo3 expression, and to a lesser extent in Rspo1 and Rspo2, which 

continuously increased until crypt morphology gradually began to recover after several days 

following DSS withdrawal. These results suggested an acute role for R-spondins in facilitating 

intestinal regeneration, a finding that have since been confirmed in a recent study that ablated 

Rspo3 expression in a subset of intestinal stromal cells in mice. The authors of this study found 

that these mice were more susceptible to DSS-mediated colitis and displayed effacement of 

normal epithelial architecture and loss of crypts, confirming a requirement for Rspo3 in the 

repair of DSS-induced intestinal epithelial damage [111]. A role for Rspo3 in tissue repair was 

further investigated recently in a model of intestinal graft-versus-host disease (GVHD), in which 

transplanted bone marrow cells from a donor recognize the recipient as foreign and attack the 
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host’s cells. The authors previously demonstrated that ISCs and Paneth cells were targets of 

GVHD, which cause significant pathological changes in the intestine including surface erosion, 

ulceration, defective -defensin secretion, and inflammatory infiltrates [369, 370]. However, 

administration of recombinant R-spondin protected ISCs and Paneth cells from GVHD damage 

and enhanced restoration of the injured intestinal epithelium [369]. The authors now showed that 

Rspo3 production in intestinal lymphatic endothelial cells was significantly diminished in GVHD, 

suggesting that this reduction was associated with impaired tissue repair and defective mucosal 

defenses observed in intestinal GVHD [371].   

 Collectively, these studies demonstrate the need for balanced R-spondin activity in the 

maintenance of intestinal homeostasis: aberrant signaling can cause malignancies but R-spondins 

are also essential for epithelial regenerative and repair responses. Yet, while these studies firmly 

establish a role for R-spondins in intestinal disease, little to nothing is known about the 

regulatory mechanism behind R-spondin expression. How do R-spondins respond to specific 

pathogenic and inflammatory stimuli? Despite similar proliferative capabilities, why is Rspo3 

induced during DSS colitis and H. pylori infection but Rspo2 induced during C. rodentium 

infection? What are the signals governing this differential regulation? These are crucial questions 

that will need to be addressed in order to fully appreciate the biological and potential therapeutic 

significance of R-spondin signaling. 

 Lastly, recent evidence suggests that R-spondins, particularly Rspo2 and Rspo3, can 

potentiate canonical Wnt signaling in the absence of Lgr receptors. [146, 147]. One such study 

demonstrated that RSPO2 served as a direct antagonistic ligand to Rnf43/Znrf3, independently of 

Lgr4-6, to govern limb development during human embryogenesis [147]. These studies will 

likely incite further work to investigate the potential in vivo roles of Lgr-independent, R-spondin-

mediated canonical Wnt signaling in the intestine where R-spondins and Wnt ligands play a 

functionally non-equivalent, yet cooperative role in the regulation of ISCs and maintenance of 

homeostasis.  

 

6.2 – Cellular source of R-spondins 

 

 The self-renewal potential of ISCs is governed by molecular signals – mainly Wnt 

signaling – from nearby cells. R-spondins are secreted proteins required for the potentiation of 
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canonical Wnt signaling; Wnt ligands alone are insufficient to induce ISC self-renewal [372]. 

Identifying the cellular source(s) of R-spondins in the intestine will help us understand the 

pathophysiology of its role in intestinal health and disease, and guide us towards the 

development of conditional knockout mouse lines for in vivo studies. 

 In the small intestine, the close proximity of Paneth cells and ISCs led to the proposal 

that Paneth cells provided the microenvironment required to sustain ISCs. Consistent with this 

proposal, Paneth cells were shown to enhance ISC growth in culture [49]. However, Paneth cells 

do not normally exist in the colon and genetic elimination of Wnt ligand secretion from IECs 

including Paneth cells were not found to alter ISC function or crypt architecture [373]. This has 

prompted multiple groups to investigate the underlying stromal cells as alternative, non-IEC 

niche sources. 

 We and others have found that R-spondins were expressed by sub-epithelial stromal 

cells at steady state and more specifically, we have found that R-spondins were expressed by 

gp38+ CD31- lymphatic stromal cells during C. rodentium infection, a population we 

demonstrated was rich in Wnt ligands and other niche factors. In the span of four months, three 

groups recently identified a subset of intestinal niche cells that were a critical source of Wnt 

ligands and R-spondins. Greicius et al. found that the tyrosine kinase receptor Pdgfr marked the 

key pericryptal stromal niche cells. The authors used genetic engineering to delete Porcn, a gene 

required for Wnt secretion, in Pdgfr-expressing stromal cells in mice. This caused decreased 

epithelial proliferation and perturbed intestinal crypt formation [111]. Shoshkes-Carmel et al. 

took a similar approach but in a subset of stromal cells positive for the transcription factor Foxl1 

and co-expressing Pdgfr. Genetic ablation of Porcn in Foxl1+ stromal cells resulted in 

decreased Wnt signaling, loss of ISC proliferation, and impaired epithelial renewal [374]. Lastly, 

Degirmenci et al. identified zinc finger protein Gli1-positive mesenchymal cells that likewise 

expressed Wnt ligands, Rspo3, and Pdgfr. Again, blockage of Wnt secretion specifically in 

these cells led to loss of stem cells, extensive crypt damage, and death [113]. Importantly, the 

latter two groups observed a physical overlap of Foxl1+ and Gli1+ cells, suggesting that each 

study likely identified the same population. High-resolution immunoelectron microscopy 

revealed these cells as telocytes, cells with long and thin prolongations called telopedes that are 

juxtaposed to the entire intestinal epithelium [374]. Notably, these telocytes were found to have 

different expression profiles depending on their position along the crypt-villus axis with high 
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levels of Wnt ligands and Rspo3 at the crypt base, and Bmp transcripts and Wnt inhibitors further 

up the axis [374]. This compartmentalization will need to be further analyzed to determine if this 

is a single population of telocytes or multiple subsets capable of site-specific expression of niche 

factors. Furthermore, elucidating their role under stressed conditions will provide major insight 

into the mechanisms regulating tissue renewal, regeneration, and dysfunction. 

 An intriguing discovery is our observation that Rspo2 was induced in CD45+ 

hematopoietic cells in susceptible C3H/HeOuJ mice during C. rodentium infection but not during 

DSS colitis. More specifically, Rspo2 was predominantly expressed by CD11c+ dendritic cells in 

the colonic lamina propria and also detected in the colon-draining mesenteric lymph nodes. 

Traditionally restricted to the sub-epithelial mesenchymal compartment, this is the first report to 

our knowledge that R-spondins can be induced by immune cells in vivo by inflammatory stimuli. 

Indeed, our preliminary in vitro analyses of bone marrow-derived dendritic cells demonstrated 

that BMDCs from susceptible mice (but not resistant congenic mice) were capable of Rspo2 

induction when stimulated with LPS or heat-killed C. rodentium. The functional and 

physiological significance of Rspo2 expression in immune cells now need further investigation 

since previous bone marrow chimera experiments did not reveal a role for radiosensitive 

hematopoietic cells in disease [232]. Nevertheless, we predict that this finding will have broad 

implications, especially in pathogenic and inflammatory settings. 

 The region upstream Rspo2 is heterogeneous between susceptible and resistant mouse 

strains. Having identified candidate Rspo2-expressing populations, future studies should focus on 

determining the upstream regulators responsible for inducing Rspo2 in susceptible mice but not 

in resistant mice during C. rodentium infection. Assay for Transposase-Accessible Chromatin 

with high-throughput sequencing (ATAC-seq) is a recently described method that is particularly 

useful for studying chromatin accessibility at regulatory elements such as promoters and 

enhancers [375]. ATAC-seq takes advantage of hyperactive Tn5 transposase activity, which 

preferentially inserts sequencing adaptors into accessible regions of DNA, to depict regions of 

active (open) and inactive (condensed) chromatin. Performing ATAC-seq on Rspo2-expressing 

populations (e.g isolated LSCs and dendritic cells) from susceptible and resistant mice will allow 

for the mapping of transcription factor binding sites and provide information on which regions 

are active or not during C. rodentium infection in the two strains. Should these studies prove 

effective in identifying the signals upstream Rspo2 induction in susceptible mice, they will 
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provide the basis for similar studies determining R-spondin regulation in other inflammatory 

settings (e.g. Rspo3 during DSS-mediated colitis or H. pylori infection). 

 

6.3 – ECM and host metabolism 

 

 The ECM provides a physical scaffold for cells and tissues and also acts as a reservoir 

for growth factors and cytokines. As such, ECM components (e.g. collagens, laminins, 

fibronectins) in the intestinal lamina propria, along with the mesenchyme, support intestinal 

barrier via biochemical and mechanical signals. ECM remodeling events are a frequent 

occurrence following injury. Disruption of the basement membrane can loosen the normally 

physically dense ECM to allow recruitment of cells to the site of injury to deposit new matrix 

proteins and release cytokines for the repair and defense of the intestinal mucosa [376]. 

Simultaneously, ECM-bound growth factors can also be released to promote restoration of 

epithelial integrity [376]. 

 Various pathogens have been reported to have the capacity to bind to and degrade ECM 

components in order to adhere to and invade host tissues [377]. Our RNA sequencing results of 

susceptible and resistant congenic mice revealed a number of genes encoding major structural 

components of the ECM such as collagens to be downregulated during C. rodentium infection. 

Notably, a recent study found that loss of type VII collagens in the ECM caused increased 

colonization of the skin mucosa by commensal bacteria [378]. Our RNA sequencing dataset also 

revealed an upregulation of genes involved in collagen deposition, a process critical for 

promoting structural integrity during wound repair. Moreover, we were able to observe – by both 

RNA sequencing and flow cytometry – an increase in lymphoid stromal cells, which are 

important sources of ECM proteins. We hypothesize that C. rodentium targets the disruption of 

the ECM as a virulence mechanism and that the increase in collagen deposition and organization 

is a host response to facilitate intestinal regeneration and recovery. However, the ECM 

comprises only one aspect of the intestinal niche. Therefore, examining the functional 

significance of the ECM to C. rodentium disease pathogenesis in relation to stromal cells is 

warranted.  

 Growth of aerobic C. rodentium in the colon has previously been associated with 

increased oxygenation of the mucosal surface due to the expansion of undifferentiated progenitor 
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cells during infection that utilize Warburg metabolism or aerobic glycolysis, as opposed to 

oxidative metabolism [331]. Our RNA sequencing results added further support to this concept 

by identifying a significant modulation of key genes involved in promoting Warburg metabolism. 

Importantly, our results were corroborated by a concurrent study in which the authors performed 

targeted proteomics and metabolomics on isolated IECs, and confirmed that C. rodentium 

infection disrupts mitochondrial bioenergetics and triggers aerobic glycolysis and mucosal 

oxygenation [379]. Moreover, the same study corroborated our finding that genes involved in 

cholesterol metabolic process (e.g. Abca1, Pcsk9) may potentially play a role during C. 

rodentium infection. Cholesterol has been shown to sensitize innate immune cells to LPS and 

other TLR ligands, hence augmenting inflammatory responses [380]. The study found that IECs 

simultaneously upregulated Abca1, a major cholesterol efflux transporter, and Pcsk9, an enzyme 

involved in cholesterol biogenesis and uptake, during C. rodentium infection [379]. Further 

investigation led the authors to propose that cholesterol biogenesis was a protective host 

response while cholesterol efflux was a C. rodentium-mediated strategy to subvert host immunity.  

Together, these studies suggest that C. rodentium manipulates host metabolism as an infection 

strategy to establish a favorable microenvironment. Pathogen manipulation of host metabolism is 

an often-overlooked aspect of host-pathogen interactions. It will now be interesting to investigate 

the potential clinical implications and explore new therapeutic interventions that can modulate 

these effects.  

 

6.4 – A dual role for EGFR during C. rodentium infection 

 

 EGFR signaling mediates diverse functions ranging from cell growth to survival and 

inflammation [184, 185]. Although its role in the development and maintenance of intestinal 

homeostasis is established, its involvement in enteric infections is less recognized. It has 

previously been shown that EGFR signaling is stimulated in the colonic mucosa and in 

macrophages during C. rodentium infection [348, 349]. In the latter study, myeloid-specific 

deletion of EGFR in resistant C57BL/6 mice was shown to attenuate C. rodentium-induced 

colitis by day 14 post-infection by altering macrophage activation and cytokine/chemokine 

production [349]. Global deficiency in EGFR signaling, as done in this thesis, also led to 

improved outcome in C. rodentium-infected resistant congenic mice, but with one noticeable 
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difference. While Hardbower et al. observed increased C. rodentium burden in Egfrmye mice 

compared to wild-type mice, we observed no significant differences in bacterial burden between 

untreated and gefitinib-treated resistant congenic mice at this time point. In fact, there was a 

trend of decreased burden in gefitinib-treated mice, suggesting that myeloid-specific versus 

global deletion of EGFR signaling has non-equivocal effects. Since EGFR is primarily expressed 

by IECs in the colon and EGFR phosphorylation in the intestinal epithelium is significantly 

induced during C. rodentium infection, the contribution of IEC-specific EGFR signaling to 

disease pathogenesis should be investigated. The use of villin-cre and EGFR-floxed mice for 

excision of EGFR specifically in the IEC compartment should prove to be a valuable tool to 

exploit in this respect. 

 In contrast to inhibition of EGFR signaling being beneficial during infection in resistant 

mice, we found that inhibition of EGFR signaling was deleterious in susceptible mice; gefitinib-

treated susceptible mice exhibited accelerated body weight loss by day 6 post-infection, 

apoptosis of IECs, impaired mucin production, and increased inflammatory cytokine production, 

highlighting EGFR signaling as being highly context-dependent. Closer examination of 

histopathological analysis revealed that global EGFR deficiency was associated with decreased, 

albeit non-significant, trends in inflammatory cell-related scores (e.g. infiltration and localization) 

in both susceptible and resistant congenic mice. Consistent with macrophages from Egfrmye mice 

exhibiting diminished cytokine and chemokine production during C. rodentium infection, we did 

not observe any upregulation in barrier-associated inflammatory cytokine production in gefitinib-

treated resistant congenic mice compared to untreated mice. In contrast, we observed significant 

upregulation of antimicrobial peptides and pro-inflammatory cytokines in gefitinib-treated 

susceptible mice despite a trend in lower histopathological scores in immune cell infiltration and 

localization compared to untreated mice.  

 One possible explanation to this is the significantly greater loss of goblet cell/mucin 

production in gefitinib-treated susceptible mice compared to gefitinib-treated resistant congenic 

mice and untreated mice at this time point. Inhibition of EGFR kinase activity has been 

associated with decreased mucin synthesis in the intestine [359] and we have previously 

demonstrated that Rspo2 signaling in infected susceptible mice leads to pronounced loss of 

goblet cells [232], which can result in increased inflammation due to a breach in mucosal 

integrity. Hence, while immune cell infiltration may have been decreased due to gefitinib 



 156 

treatment, the impaired mucin production observed in gefitinib-treated susceptible mice may 

have resulted in enhanced activation of immune cells in the lamina propria, and therefore greater 

cytokine production. 

 An interesting finding was the observation that Rspo2 upregulation was attenuated in 

infected, gefitinib-treated susceptible mice, which was still significant compared to steady state 

levels and infected resistant congenic mice. While this could be due to an indirect effect related 

to different cell population kinetics or other complex interactions, it is known that Wnt and 

EGFR signaling pathways are closely linked, especially in cancers in which the two pathways 

have been shown to synergistically induce tumorigenesis (reviewed in [381]). A recent in vitro 

study provided evidence of a bidirectional positive-feedback loop between Wnt and EGFR-ERK; 

blockade of EGFR-ERK signaling reduced nuclear -catenin localization and Wnt target gene 

expression while -catenin knockdown resulted in marked attenuation of ERK phosphorylation 

[382]. Our data suggests that R-spondin expression can be similarly affected upon EGFR 

inhibition and reduced ERK signaling in vivo. Whether EGFR ligands and EGFR signaling in 

Rspo2-expressing populations can directly regulate R-spondin expression remains to be 

determined. 

 Collectively, our results suggest that the combination of Rspo2-Wnt signaling and 

suppression of EGFR signaling contributes to the disease phenotype in susceptible mice whereas 

inhibition of EGFR signaling alone is beneficial during C. rodentium infection in resistant mice. 

Identifying the mechanism by which EGFR ligands are induced and EGFR signaling is initiated 

in the intestinal epithelium and immune compartment in response to C. rodentium is warranted. 

In this respect, determining the pathways upstream of Areg and Ereg induction (e.g. 

TLR/MyD88 as mentioned previously) and pathways downstream of EGFR activation (e.g. ERK 

versus AKT) via use of specific pathway inhibitors can improve our understanding of the roles 

these pathways play in disease pathogenesis. Furthermore, these studies will provide major 

insight into the mechanisms of EGFR signaling during enteric infections and provide useful 

targets for therapeutic interventions.  

 

6.5 – Conclusion  
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Mounting evidence indicate that R-spondins play a central role in intestinal health and disease. 

The objectives of this thesis were to explore the endogenous expression of R-spondins in the 

intestine and understand their roles in homeostasis and inflammation, and to define the molecular 

processes governing intestinal homeostasis versus dysfunction during C. rodentium infection. In 

chapters 2 and 3, we explored the colonic expression of R-spondins in susceptible and resistant 

congenic mice and found that Rspo3 was the most highly expressed R-spondin at steady state. 

However, R-spondin expression was highly dynamic and differentially modulated during C. 

rodentium infection and in acute DSS colitis, with high levels of Rspo2 expression in the former 

specifically in susceptible mice and high levels of Rspo3 expression in the latter. While R-

spondins were expressed by intestinal stromal cells at steady state and during DSS colitis, we 

found that Rspo2 was expressed by both stromal and hematopoietic cells during C. rodentium 

infection. In chapter 4, we performed high-throughput RNA sequencing to systematically 

analyze the global gene expression profiles of C. rodentium-infected colon tissues from 

susceptible and resistant congenic mice. Our results highlighted changes in host metabolism and 

tissue remodeling as common responses to infection, and increased Rspo2-Wnt signaling, 

impaired epithelial differentiation, and exaggerated CD4+ T cell activation through increased 

antigen processing and presentation specifically in susceptible mice during infection. This is the 

first time deep RNA sequencing has been performed in C. rodentium-infected mice. We predict 

our dataset will be a valuable resource for the scientific community for hypothesis generation 

and/or to build upon their findings. Lastly, in chapter 5 we investigated the role of EGFR 

signaling during C. rodentium infection and found that its inhibition was beneficial in resistant 

mice whereas it was deleterious in susceptible mice, highlighting EGFR signaling as highly 

context-dependent. In summary, this thesis provides new insights into the regulation of R-

spondin-mediated signaling during inflammatory stimuli and the underlying mechanisms 

governing intestinal homeostasis versus dysfunction during C. rodentium infection. Moreover, 

our work provides an impetus for further studies regarding R-spondin’s roles in mediating 

intestinal health and disease.  
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CONTRIBUTION TO ORIGINAL KNOWLEDGE 

 

1. R-spondin expression is differentially regulated during DSS colitis and C. rodentium 

infection, with notably high levels of Rspo3 expression during DSS colitis and high levels 

of Rspo2 expression during C. rodentium infection, specifically in susceptible mice. 

2. R-spondins are expressed by sub-epithelial intestinal stromal cells at steady state and 

during DSS colitis. In contrast, Rspo2 is expressed by both stromal and hematopoietic 

cells during C. rodentium infection. Notably, BMDCs can be stimulated by LPS or heat-

killed C. rodentium to express Rspo2. 

3. First high-throughput RNA sequencing comparing the global gene expression profiles of 

C. rodentium-infected susceptible and resistant mice. Dataset highlighted changes in host 

metabolism, tissue remodeling, and host defence as common responses to infection, 

whereas increased Wnt and stem cell signatures, loss of epithelial differentiation, and 

exaggerated CD4+ T cell activation through increased antigen processing and 

presentation were specifically associated with the response to infection in susceptible 

mice. 

4. EGFR ligands Areg and Ereg are significantly induced and expressed by colonic stromal 

cells during C. rodentium infection. 

5. EGFR signaling during intestinal infection can be protective or deleterious, depending on 

the context; EGFR inhibition during C. rodentium infection of resistant mice protected 

mice from body weight loss and decreased clinical severity, whereas EGFR inhibition of 

infected susceptible mice accelerated body weight loss, promoted apoptosis, goblet cell 

loss, and induction of pro-inflammatory cytokines, and significantly worsened disease 

outcome. 
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