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RÉSUMÉ 
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en Biologie Cellulaire 
 
Les maladies inflammatoires intestinales (MII), telles que la colite ulcéreuse et la maladie de Crohn, sont 
caractérisées par une augmentation de la perméabilité intestinale causée par un dysfonctionnement de la 
barrière muqueuse intestinale, facteur déterminant de la pathogenèse des MII. Le système immunitaire est 
le principal responsable de ces lésions tissulaires, par l'action de multiples types de cellules ainsi que de 
médiateurs solubles, tels que le TNFα, qui sont actuellement des cibles thérapeutiques dans le traitement 
des MII. L'interleukine 15 (IL-15) est une cytokine pro-inflammatoire impliquée dans le maintien et 
l'activation de sous-groupes de lymphocytes cytotoxiques et de macrophages dans l'épithélium intestinal, 
en agissant par l'intermédiaire du récepteur trimérique, l'IL-15R. L'expression de l'IL-15 est augmentée 
chez les patients atteints de MII et dans les modèles murins d'inflammation intestinale. Cependant, le rôle 
exact de la signalisation de l'IL-15 dans l'homéostasie intestinale et les réponses inflammatoires, en 
particulier dans les cellules épithéliales intestinales (IEC), reste à déterminer. La fonction de l'IL-15 a été 
largement décrite dans les cellules immunitaires, mais ses fonctions dans d'autres types cellulaires sont 
moins bien connues. Le but de cette thèse est d'étudier le rôle de l'IL-15 dans l'homéostasie de l'épithélium 
intestinal et les maladies inflammatoires de l'intestin. 

Nous avons testé l’influence de l’IL-15 sur l’homéostasie intestinale chez les souris C57BL/6 de type 
sauvage (WT) et déficientes en IL-15 (Il15-/-). Après 7 jours, l'analyse macromorphologique de l'intestin 
grêle et du colon de souris nulles en Il15 n'a révélé aucune anomalie spontanée par rapport aux souris WT. 
Pour déterminer l’impact de la signalisation de l’IL-15 sur la prolifération et la réparation intestinales sous 
un stress exogène, nous avons exposé des souris WT et Il15-/- au dextran sulfate de sodium (DSS), un 
irritant chimique qui perturbe la barrière épithéliale intestinale et induit la colite. Les souris déficientes en 
IL-15 ne présentaient pas une sensibilité diminuée à la colite aiguë induite par le DSS. De plus, nous avons 
constaté que le blocage de la signalisation de l’IL-15 dans la colite induite avec DSS par l’anticorps TM-
1, qui se lient à la chaîne  du récepteur partagé par les cytokines IL-2 et IL-15, empêche l’apparition 
globale de l’inflammation associée à la colite chez les souris Il15ra-/- mais pas chez les souris WT. 

En utilisant des entéroïdes de cryptes provenant de souris WT et déficientes en Il15, cette étude démontre 
que l’IL-15 exogène induit l'augmentation du niveau d'ARNm du marqueur de cellules souches Lgr5 dans 
les entéroïdes mutants, mais pas les autres marqueurs de lignées des cellules épithéliales testés, suggérant 
un rôle de l’IL-15 dans la prolifération et la régénération des cellules intestinales. Les organoïdes 
intestinaux stimulés par IFN réduisent de manière significative la prolifération basale et la viabilité in 
vitro dans les entéroïdes WT par rapport à ceux déficients en Il15. Fait intéressant, une différence réduite 
dans l’expression des gènes Tnfa et Cxcl10 a été observée dans les entéroïdes déficients en Il15.  

En conclusion, nos résultats suggèrent que l’expression de IL15Rα dans les cellules intestinales pourrait 
être nécessaire au recrutement et / ou au maintien de la population de cellules immunitaires responsable 
des lésions tissulaires dans l’intestin. La réduction de l'expression des médiateurs pro-inflammatoires dans 
les entéroïdes déficients en Il15 indique que l'IL-15 épithéliale régule l'homéostasie des cryptes par la 
modulation de cytokines et de chimiokines, capables d'activer les leucocytes dans l'épithélium intestinal 
pour perpétuer l'inflammation. 
 
Mots-clés : IL-15, épithélium intestinal, maladie inflammatoire de l'intestin, inflammation, colite ulcéreuse, 
IL-15R 
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ABSTRACT 

Role of cytokine IL-15 in the homeostasis of the intestinal epithelium and inflammatory 
bowel diseases. 

Alicia Maria Molina Kautzman 
Cell Biology Program 

Master’s thesis presented to the Faculty of Medicine and Health Sciences in view of obtaining the degree 
of Master’s in science (MSc.) in Cell Biology 

 
Inflammatory bowel diseases (IBD), such as Ulcerative Colitis and Crohn’s disease, are characterized by 
increased intestinal permeability caused by intestinal mucosal barrier dysfunction, a critical factor in the 
pathogenesis of IBD. The immune system is the major effector of this tissue damage, through the action of 
multiple cell types as well as soluble mediators, such as TNFα, which are currently therapeutic targets in 
the treatment of IBD. Interleukin 15 (IL-15) is a pro-inflammatory cytokine involved in maintenance and 
activation of subgroups of cytotoxic lymphocytes and macrophages in the intestinal epithelium, by acting 
through the 3-subunit receptor IL-15R. IL-15 receptor complex consists of a unique IL-15R alpha subunit, 
IL-2/IL-15R beta, and the common gamma-chain/IL-2R gamma subunit. IL-15 expression is increased in 
IBD and in murine models of intestinal inflammation. However, the exact role of IL-15 signaling in 
intestinal homeostasis and inflammatory responses, particularly in intestinal epithelial cells (IEC), remains 
to be determined. The function of IL-15 has been widely described in immune cells, but its functions in 
other tissues are less well known. The aim of this thesis is to investigate the role of IL-15 in the homeostasis 
of the intestinal epithelium and in inflammatory bowel diseases.  

We tested the influence of IL-15 on intestinal homeostasis in C57BL/6 wild-type (WT), IL-15 deficient 
(Il15-/-) and IL-15R deficient (Il15ra-/-) mice. After 7 days, macromorphological analysis of the small 
and large intestine of Il15 null mice did not reveal any spontaneous abnormalities when compared to 
WT littermates. To determine the impact of IL-15 signaling on intestinal proliferation and repair under 
exogenous stress, we exposed WT and Il15-/- mice to dextran sulfate sodium (DSS), a chemical irritant 
that disrupts the intestinal epithelial barrier and results in induction of colitis. Mice deficient  in Il15 
did not display a decreased susceptibility to acute DSS-induced colitis. Additionally, we found that 
blocking IL-15 signalling on DSS-colitis onset with the TM-1 antibody, who bind to the  chain of the 
receptor shared by cytokines IL-2 and IL-15, prevents the overall outcome of the colitis associated 
inflammation in Il15ra-/- mice, but not in WT mice. 

Using mouse in vitro crypt enteroids from WT and Il15-deficient mice, this study demonstrates that 
exogenous mIL-15 promoted increased mRNA levels of the Lgr5 stem cells marker only in mutant 
enteroids, but not other epithelial cell linage markers tested, suggesting a role of IL-15 in intestinal cell 
proliferation and regeneration. Intestinal enteroids stimulated with IFN significantly reduced in vitro basal 
proliferation and viability in WT and Il15-deficient enteroids. Interestingly, reduced expression of the Tnfa 
and Cxcl10 genes was observed in Il15-deficient small intestinal organoids under IFN treatment.  

In conclusion, our results suggest that IL15Rα expression in intestinal cells may be needed for the 
recruitment and/or maintenance of the immune cell population responsible for tissue damage in the 
intestine. The reduce expression of pro-inflammatory mediators in Il15-deficient enteroids indicates that 
epithelial IL-15 regulates crypt homeostasis through the modulation of cytokines and chemokines, that can 
activate leukocytes in the intestinal epithelium to perpetuate inflammation. 

Keywords: IL-15, intestinal epithelium, inflammatory bowel diseases, inflammation, ulcerative colitis, 
IL-15R 
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 INTRODUCTION 

 The digestive system  

The digestive system consists of the gastrointestinal tract and 

accessory organs of digestion necessary for nutrient assimilation and degradation, 

including mouth, pharynx, esophagus, stomach, small intestine and colon that ends with 

an orifice, the anus. Indeed, digestion degrades food into nutrients to be absorbed through 

the intestinal epithelial lining into the bloodstream, before disposal of residual products 

(Marieb and Hoehn, 2015). Small intestine and colon are separated by the appendix in 

humans and the caecum in mice. The intestine, consisting of the small intestine and colon, 

constitutes most of the digestive tract and is the site of food digestion and absorption. 

  The small intestine  

Following the stomach, the small intestine, the main place where digestion and selective 

absorption of nutrients occurs, produces hormones, enzymes and mucus. There are three 

main regions: the duodenum, the jejunum and the ileum. At first, the chyme (food) of the 

stomach mixes with pancreatic juices and bile in the jejunum and becomes less acidic. 

Then, nutrients produced are mainly captured in the jejunum. Finally, bile salts and 

vitamins are absorbed in the ileum (Smith and Morton, 2010).  

  The colon  

The colon is the second segment of the intestine after the ileum. Its main functions are to 

store fecal material, regulate its release into the external environment and absorb water 

and electrolytes from the chyme, resulting in a more solid fecal material (Smith and 

Morton, 2010).  A mixture of bile and a thick mucus lubricates the passage of the fecal 

material, providing a growth environment for different families of microorganisms, some 

of which synthetize an important part of the vitamin requirement of the body (Gracia-

Sancho and Salvadó, 2017). The colon is divided into four main regions, including the 

ascending, transverse, descending and sigmoid colon. However, for practical reasons, it 

is usually separated into proximal and distal colon in mice. The colon ends with the 

rectum, which is in contact with the anus.   
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  General structure of the intestine 

The intestine is composed of different segments, each with a specific function. The 

general structure of the intestinal wall is preserved between these segments. The intestinal 

wall is divided into four different sections: the mucosa, the submucosa, the external 

muscle and the serosa (Fig. 1A, 1C) (Young, 2006).  

The mucosa is the layer directly in contact with the intestinal lumen and is composed 

of the epithelium, lamina propria (LP), muscularis mucosae, and submucosa, a smooth 

muscle layer. The epithelium is a single layer of epithelial cells lining the entire intestinal 

tissue. The lamina propria contains the blood and lymphatic vessels necessary for the 

absorption of nutrients and oxygenation. Finally, the muscularis mucosae contains the 

muscle cells allowing peristaltic movement of the gut. The submucosa, formed by the 

connective tissue, contains blood vessels and the nervous plexus. The external muscle 

layer is composed of a succession of internal circular and longitudinal smooth muscles, 

which also allow peristalsis that propels food chyme along the digestive tract. Finally, 

the entire wall is surrounded by serosa. The serosa is composed of a layer of connective 

tissue which protects the intestinal wall by preventing possible friction or displacements 

(Smith and Morton, 2010). 

  The intestinal epithelial barrier  

The epithelial surface of the intestine is the largest of all mucosal surfaces in the human 

body, comprising about 400 m2 of a single layer of epithelial cells. These epithelial cells 

constitute the crypt and villi compartments in the small intestine and the crypts and 

surface epithelium in the large intestine. Pluripotent intestinal epithelial stem cells, 

present at the base of the crypt, are responsible for the continued renewal of the 

epithelium. This local stem cell niche contributes to the generation of absorptive cells, 

goblet cells, enteroendocrine cells and Paneth cells through proliferation and 

differentiation of epithelial cell progenitors (Fig. 1B).  However, Paneth cells are absent 

from the colon (Fig. 1D) (Crosnier et al., 2006; van der Flier and  Clevers, 2009). In 

addition, the diversity of functions carried out by the intestinal epithelium is reflected by 

the presence of additional specialized intestinal epithelial cell (IEC) lineages, such as M 
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cells and tuft cells, also present in the colon, while cup cells are predominantly restricted 

to the ileum (Fujimura and Iida, 2001). 

 Absorptive cells  

Enterocytes and colonocytes are the most abundant cell type of the intestine, representing 

80% of the all IEC (van der Flier and Clevers, 2009). They have a cylindrical and 

polarized shape, in addition to having a brush border composed of microvilli on their 

apical surface (Noah et al., 2011). This structure increases the area of the contact surface 

with the nutrients, to favor their absorption and then to release them on the basolateral 

side for transportation into the lymphatic and blood vessels. 

They also express many digestive enzymes including sucrase-isomaltase and alkaline 

phosphatase, which cleave disaccharides and control lipid absorption, respectively 

(Ferraris et al., 1992). They also produce proteins, such as Fatty acid-binding protein  2 

(FABP2) that binds and promotes the absorption of fatty acids (Gajda and Storch, 2015), 

and Glucose transporter 2 (GLUT2), which promotes glucose and fructose paracellular 

transport (Kellett et al., 2008). Colonocytes, in addition to the absorption of water and 

salts, also secrete β-defensins and type-C lectins like RegIIIβ and RegIIIγ, which act as 

antimicrobial peptides (AMP) (Cobo and Chadee, 2013; van Ampting et al., 2012). 

 Paneth cells  

Paneth cells are found exclusively in the crypts (Fig. 1E), in the bottom compartment of 

the crypt-villus axis and are normally not present in the colon. Paneth cells are secretory 

cells characterized by an apical cytoplasm filled with very dense granules containing 

AMP, such as lysozyme and α-defensins, that protect the host from enteric pathogens 

(Wilson et al., 1999) and modulate the composition of the intestinal microflora (Biswas 

et al., 1999). In addition to AMP secretion, Paneth cells are also important for 

maintaining the stem cell niche at the base of the crypts. Paneth cell-mediated expression 

and secretion of growth factors, such as transforming growth factor-α (TGFα), Epidermal 

growth factor (EGF) and Wingless-type MMTV integration site family, member 3 

(WNT3) in this niche, and interaction with stem cells to determine cell fate, ensures IEC 

integrity (Sato et al., 2011). 
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 Enteroendocrine cells  

Enteroendocrine cells are one of the less represented cell types in the intestine, accounting 

for about 1% of IEC in the small intestine and colon. Enteroendocrine cells, responsible 

for secretion of different hormones that regulate the digestive function (Noah et al., 

2011), are found along the mucosa, often isolated from each other by non-endocrine IEC 

(Fig. 1E) (Buffa et al., 1978). There are more than 16 enteroendocrine cell subtypes 

identified in the murine gut (Evans et Potten, 1988) that secrete more than 30 different 

digestive hormones. These hormones include cholecystokinin, secretin, motilin and 

chromogranin (Chg)  A and B (Gunawardene et al., 2011). 

 Goblet cells  

Goblet cells, the most abundant cells of the secretory lineage of the intestinal epithelium 

(Fig. 1E) (Noah et al., 2011), produce and secrete the mucus that acts as a line of defense 

against xenobiotics, microbes or viruses present in the intestinal lumen (Dorofeyev et al., 

2013). Mucus is a gel-like structure composed of different mucins, which are large 

glycoproteins with multiple oligosaccharide chains. Mucins are secreted by goblet cells, 

either constitutively or in a regulated manner in response to exogenous factors, such as 

pro-inflammatory cytokines or bacteria (Lindén et al., 2008). Of the different mucins, 

MUC2 is secreted while MUC1 and MUC3 are membrane-associated. The intestinal 

mucus is mainly composed of MUC2, which is more abundant in the colon. The mucus 

is organized in the small intestine as a single layer or as a double layer in the colon. The 

colon inner layer, immediately adjacent to the epithelium, is stratified and forms a filter 

that physically separates IEC from luminal bacteria (Johansson et al., 2008). The 

spontaneous development of colitis and the predisposition to inflammation-induced 

colorectal cancers observed in MUC2-deficient mice highlights the importance of mucin 

production by goblet cells (Van der Sluis et al., 2006; Velcich et al., 2002).  
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  Stem cells and proliferative progenitor cells 

Constant divisions of stem cells at the base of the crypts renew the intestinal epithelium 

every three to five days (Barker, 2013). Following an asymmetric division, a stem cell 

gives rise to another stem cell and a progenitor cell (Fig. 1E). Progenitor cells migrate 

towards the top of the crypt, dividing four or five times during the process (van der Flier 

and Clevers, 2009). Progenitor cells receive signals of differentiation, leading to growth 

arrest and cell differentiation to generate each of the differentiated IEC types listed above, 

each with its specialized function (Bloemendaal et al., 2016). 

A B

C

. 

E

D

. 

Figure 1. The intestinal epithelial barrier (A) Structure of the submucosa of the small intestine, 
showing the relationship of the glands with the crypts to the villi. (B) Localization of the different 
epithelial cell types along the crypt-villus axis. (C) Structure of the wall of the colon, with the different 
layers indicated. (D) Cell types in the colon epithelium. (E) From left to right: Paneth cell, Endocrine 
cell, Goblet cell, Stem Cell. (Adapted from Smith and Morton, 2010, License#4647130728131). 
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 Maintenance of intestinal homeostasis  

The intestinal epithelium is a rapidly renewing organ in constant contact with the 

microbiota and the immune system. It is important to maintain intestinal integrity and 

homeostasis on an ongoing basis in order to prevent the appearance of pathologies, such 

as inflammatory bowel diseases (IBD). To this end, the epithelium provides different 

levels of defense against commensal bacteria contained in the intestinal lumen. 

 Biochemical barrier 

Luminal bacteria derived from more than 500 different species colonize the intestinal 

mucosa (Macpherson and Harris, 2004). One of the roles of the mucosal barrier is to 

locally defend against environmental threats (e.g. invading pathogens). At the same time, 

the mucosal barrier is impermeable to most hydrophilic solutes in the absence of specific 

transporters. The mucus and epithelial layer form a strong line of defense against toxic 

compounds, including bacteria and their products, viruses and dietary components from 

the intestinal lumen (Pearson and Brownlee, 2010).  

The thick layer of mucus is composed of a dense glycocalyx with mucins associated with 

the membrane and impermeable to most bacteria. This biochemical barrier constitutes the 

first line of defense at the intestinal and mucosal interface. Intestinal mucus also contains 

high concentrations of antimicrobial molecules like the antimicrobial peptides (AMPs), 

produced by both absorptive cells and Paneth cells, and secretory Immunoglobulin A 

(IgA), which neutralize toxins and germs contained in the intestinal lumen and which are 

transported by IEC (Yamamoto and Matsumoto, 2016).  

 Physical barrier 

The epithelium acts as a physical barrier that establishes segregation between the 

microbiota and the intestinal mucosa. A balance between cell proliferation, 

differentiation, migration along the crypt-villus axis and elimination by anoïkosis is, 

therefore, essential to maintain intestinal homeostasis (Bjerknes and Cheng, 2005). IEC, 

thus, regulate colonization and penetration of bacteria in the epithelium (Maloy and 

Powrie, 2011) and seal the intercellular space through tight junctions, adherent junctions 
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and desmosomes. These junctions consist of transmembrane proteins that interact with 

neighboring cells as well as intracellular adapter proteins linked to the cytoskeleton 

(Groschwitz and Hogan, 2009).  

How does the epithelial cell recognize bacteria? On their cell surface and in the lumen, 

IEC express different classes of receptors recognizing pathogen specific molecules, 

collectively referred to as pattern-recognition receptors (PRR). PRR, such as Toll-like 

receptor (TLR) (Abreu, 2010), NOD-like receptor (NLR) (Chen and Núñez, 2011; Elinav 

et al., 2013) and RIG-I-like receptor (RLR) families (Broquet et al., 2011; Loo et al., 

2011) represent distinct pathways for the recognition of microbial ligands or endogenous 

signals in IEC. These microbial product receptors play an important role as dynamic 

sensors of the microbial environment and as active participants in the regulation of 

mucosal immune cell responses. 

In addition to IEC-mediated biochemical and physical barriers, the mucosal lamina 

propria also comprises many types of immune cells with multiple functions. For example, 

approximately 70% of all lymphocytes of the human body, and the largest pool of tissue 

macrophages, are located in the intestinal wall. Therefore, the intestinal mucosal surface 

plays the intricate role of maintaining a delicate balance between providing protection 

from infectious agents while retaining immune tolerance to commensals (Macpherson 

and  Uhr, 2004). 

 Immune cells  

A wide variety of immune cells contribute to maintain the integrity of the intestinal 

mucosa. To ensure optimal nutrient transport while avoiding translocation of bacteria, the 

intestinal mucosa is equipped with a well-developed immune system. The majority of 

immune cells and organized lymphoid structures, such as Peyer's patches and isolated 

lymphoid follicles, are located immediately under the epithelium in the lamina propria, 

and include macrophages, dendritic cells (DC) and innate lymphoid cells (ILC). 
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Macrophages and DC are derived from the precursors of the mononuclear phagocytic 

system (Varol et al., 2007). Differentiated macrophages are resident in the intestinal 

tissue and participate in antigen presentation, in addition to phagocytosing dead cells and 

debris, thereby participating in repair and remodeling of tissue lesions following an 

inflammatory tissue damage (Wynn and Vannella, 2016). Intestinal DC are generally 

derived from circulating monocytes (Varol et al., 2007), and may migrate to mucosal 

sites along epithelial cell-derived chemokine gradients (Cook et al., 2000). 

ILC are recently identified innate lymphoid cell populations playing a key role in 

intestinal immune homeostasis. ILC, located at barrier surfaces, such as skin (Kim et al., 

2013), lung (Monticelli et al., 2011), and intestine (Tait Wojno and Artis, 2012), are 

regulated in part, by epithelial cell-derived immunoregulatory signals, and are 

characterized by their developmental lineage and differential cytokine expression 

profiles. Classified group 1, group 2 and group 3 ILC share functional similarities with T 

helper (TH) cells of the adaptive immune system, namely CD4+ TH1, TH2 and TH17 cell 

populations, respectively (Spits and Cupedo, 2012) 

IgA-secreting B cells are also implicated in adaptive immune responses at the epithelial 

surface and contribute to the maintenance of the epithelial barrier. Plasma cells, present 

in the lamina propria, are the major IgA producers. At the IEC basolateral membrane, 

dimeric IgA complexes bound by the polymeric immunoglobulin receptor (pIgR) are 

actively transcytosed into the intestinal lumen (Johansen and Kaetzel, 2011). Thus, IEC-

directed transport of secretory immunoglobulins across the epithelial barrier regulates 

commensal bacterial populations in order to maintain epithelial and immune cell 

homeostasis (Finn-Eirik Johansen et al., 1999; Shulzhenko et al., 2011; Suzuki et al., 

2004). 

The intestinal immune system also includes mature T cells subject to the direct influence 

of IEC for their survival and functional maintenance in the lamina propria. Intraepithelial 

lymphocytes (IEL) are specialized cells found in the mucosal epithelial lining or in 

structures, such as mesenteric lymph nodes (Tomasello and Bedoui, 2013). It has been 

estimated that an average of 10 to 20 IEL per 100 enterocytes are present in the human 
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small intestine (Crowe and Marsh, 1994). IEL present an activated phenotype and include 

conventional T cells as well as subsets of cells expressing a restricted repertoire of T cell 

receptor specificities and specialized properties, including γδ T cells and Natural killer T 

(NKT) cells (Cheroutre et al., 2011; Ismail et al., 2011). Bidirectional interactions 

between IEL and IEC, involved in local immunosurveillance, maintain immune 

homeostasis at the intestinal barrier (Yu et al., 2006) 

It is important that the intestinal epithelium does not mount a pro-inflammatory immune 

response in the presence of commensal bacteria beneficial to the host. However, the 

mechanisms by which the immune system of the intestinal mucosa maintains tolerance 

in the presence of commensal bacteria are not yet completely elucidated. One possible 

explanation of this tolerance involves restricted IEC localization of TLR responsible for 

recognition of microbial motifs. For example, the expression of TLR5, which recognizes 

flagellin, is restricted to IEC basolateral surfaces and is therefore only activated in the 

presence of invading bacteria in the lamina propria (Gewirtz et al., 2001). 

 Inflammatory bowel diseases  

Inflammatory bowel diseases (IBD), a group of pathologies affecting the gastrointestinal 

tract, include Crohn's disease (CD) and ulcerative colitis (UC). IBD are characterized by 

severe episodic intestinal inflammation, with diarrhea, abdominal pain and rectal 

bleeding in patients. Extra-intestinal complications such as arthritis, osteoporosis and 

anemia are also common (Stein et al., 2010).  In 2018, the Crohn's and Colitis Foundation 

estimated that 270,000 Canadians are living with IBD, making Canada one of the 

countries most affected by these pathologies. The prevalence of IBD in Canadian children 

has risen by more than 50% in the last 10 years. 

 Crohn's disease and ulcerative colitis  

Despite some similarities, CD and UC differ mainly in the anatomical location and the 

severity of the observed inflammation. CD affects any part of the digestive tract from 

mouth to anus, but more frequently attacks the terminal ileum. Inflammation is 

transmural and discontinuous, crossing all the layers of the intestinal wall, and is localized 

to certain regions alternating with healthy regions. Histologically, it is often associated 
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with the presence of granulomas, which correspond to an aggregation of macrophages 

(Xavier and Podolsky, 2007). UC affects mainly the colon and often follows a gradient 

in severity from proximal to distal regions, and the terminal colon is more severely 

affected. The observed inflammation is rarely transmural but is rather concentrated in the 

mucosa and the submucosa. Histologically, ulcerations and cell loss are frequently 

observed. IBD is an idiopathic condition, which means that we do not still know the exact 

causes. However, it is known that a strong genetic component is involved (Xavier and 

Podolsky, 2007). There is also evidence that environmental factors such as diet 

components and microbiota play an important role in the pathogenesis of IBD (Nielsen 

and Ji, 2015; Rolhion and Chassaing, 2016). 

1.4.1.1. Intestinal microbiota 

Many studies suggest that gut microbiota abnormalities, such as the loss of diversity 

(reduction in Bacteroides, Eubacterium, and Lactobacillus spp in combination with an 

increase in Bacteroidetes and Proteobacteria) (Chassaing and Darfeuille–Michaud, 

2011; Frank et al., 2007; Nishikawa et al., 2009; Swidsinski et al., 2002) appear to be 

primary events that contribute to the inflammation process (Blaut and Clavel, 2007). This  

alteration in the composition and function enhance a decreased production of short chain 

fatty acids by gut microbiota, mainly butyrate,  who appears to be a key factor in the 

balance between inflammation and immunosuppression in the intestinal tract, such as the 

suppression of the activation of NF-κB and activation of Treg cells, responsible for 

peripheral tolerance (Silva et al., 2018). Among others, smoking, stress and diet are other 

important environmental factors (Ananthakrishnan, 2015). IBD are considered as 

multifactorial diseases in which genetically predisposed individuals show an exacerbated 

immune response to environmental or microbial stresses, and which are linked to several 

risk factors affecting the integrity of the intestinal barrier and immune response, among 

others (Ananthakrishnan, 2015; Anderson et al., 2011; Kaser et al.,  2010). 

1.4.1.2. Intestinal barrier 

The physical integrity of the epithelial barrier may be compromised in IBD. Indeed, an 

increase in paracellular permeability has been documented in areas of chronic acute 
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inflammation in patients with IBD (Schmitz et al., 1999). Animal studies support the idea 

that inflammation develops in areas where permeability is affected and reciprocally, the 

permeability increase could be a triggering event for this inflammation (Madsen et al., 

1999). 

The single layer of epithelial cells displays a strict balance between proliferation and 

apoptosis to maintain the intestinal barrier (Edelblum et al. 2006). If cell death is not 

finely regulated, this can result in a breach in the barrier, resulting in an elevation in 

permeability, microbial invasion and inflammation. In this respect, some studies have 

shown that IEC proliferation and renewal are accelerated in IBD, with programmed cell 

death being especially higher in CD than UC patients (Di Sabatino et al., 2011). 

Interferon gamma (IFN) and Tumor necrosis factor -α (TNF) are two cytokines known 

to regulate IEC proliferation and apoptosis (Kaiser and Polk, 1997; Ruemmele et al., 

1998). 

Although the permeability defects seen in patients with IBD could possibly be caused by 

the marked apoptosis that occurs during the process of inflammation, many studies have 

clearly shown that IEC apoptosis alone is not responsible for the permeability loss 

(Laukoetter et al., 2008). It has been shown that the expression and localization of 

proteins comprising the cell junctions are severely affected in IBD patients following 

activation of the mucosal immune system (Landy et al., 2016).  

Goblet cells play an important role in protecting the intestinal epithelium. Defects in these 

cells are often observed in patients with IBD. In CD, early hyperproduction of mucus and 

abnormal glycosylation are frequent events. More precisely, patients with CD have 

moderate or increased expression of mucins in addition to having an increase in their 

sulfation, resulting in a thicker mucus layer, while the mucus layer is much reduced in 

UC (Dorofeyev et al., 2013).  

1.4.1.3. Genetic predisposition 

The first gene associated with CD is Nucleotide-binding oligomerization domain-

containing protein 2 (NOD2) (Hugot et al., 2001). Signaling through the NOD2 protein 

activates nuclear factor Nuclear factor kappa B (NF-kB), which takes part in many 
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signaling cascades that stimulate the transcription of pro-inflammatory genes and 

protective molecules (Sartor, 2006). NOD2 is expressed constitutively in Paneth cells and 

is necessary to produce -defensins protect the epithelium against infections (Kobayashi 

et al., 2005; Lala et al., 2003). Also, a critical association between IBD and the 

Interleukin-23 Receptor (IL23R) gene has also been described (Duerr et al., 2006). The 

IL23R gene encodes a subunit of the IL-23 receptor, which is activated by the IL-23 

proinflammatory cytokine involved in the generation of TH 17 cells (McGeachy and Cua, 

2007). Several genes associated with the IL-23/TH17 signaling cascade have also been 

identified as susceptibility loci for IBD, namely IL12B, Janus kinase (JAK)  2 and Signal 

transducer and activator of transcription (STAT) 3 (Barrett et al., 2008; Jostins et al., 

2012). Polymorphisms in TLRs are other mechanisms that could support a dysfunctional 

immune system promotes abnormal inflammatory response to enteric bacteria (Shen et 

al., 2010; Zhang et al., 1999). 

1.4.1.4. Immune response  

Imbalance between effectors and regulators of immune cell populations results from an 

altered immune response to enteric elements (Ordás et al., 2012; Sun et al., 2015)  and 

altered production of inflammatory mediators (Heller et al., 2005). In IBD patients as 

well as in murine models of experimental intestinal inflammation, pro- and anti-

inflammatory cytokines have been shown to be produced by IEC and a variety of mucosal 

immune cells. Cytokines form a broad family of glycoproteins that influences various 

physiological process, that range from hematopoiesis to immune responses (Krebs and 

Hilton, 2001). In the intestine, immune cytokine-producing cells are DC, neutrophils, 

macrophages, innate lymphoid cells and effector and regulatory helper T cells. T cells 

are involved in the pathogenesis of IBD as shown by the high number of T cells detected 

in the inflamed intestinal wall and by T-cell dependent inflammation observed in several 

animal models (Neurath, 2014). Several subgroups of T cells can be discerned according 

to the secreted cytokines and their influence on the development of inflammation, notably 

TH1, TH2, TH17 cells with effector functions, and regulatory T cells (Treg) with 

regulatory functions.  
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Several immunoregulatory signals essential for tolerizing immune cells, and for 

regulating innate and adaptive immune cell responses against pathogens and commensal 

bacteria as well as steady-state inflammation, are produced by IEC. IEC-derived thymic 

stromal lymphopoietin (TSLP), TGFβ and retinoic acid, produced in response to 

commensal bacteria-derived signals, induce the development of DC and macrophages 

with tolerogenic properties characterized by production of Interleukin 10 (IL-10) and 

retinoic acid (Rimoldi et al., 2005; Zeuthen et al., 2007). Under homeostatic conditions, 

tolerance in the intestine is controlled by a wide array of independent immunosuppressive 

mechanisms with partially overlapping functions. Several types of regulatory 

lymphocytes exert their function in the intestine through a relatively small number of 

known mechanisms common to several cell lineages. The best characterized to date are 

the cytokine IL-10 and TGF (Izcue et al., 2009; Kole and Maloy, 2014).  

IL-10, a homodimeric anti-inflammatory cytokine produced by most hematopoietic and 

some non-hematopoietic cell types, acts on lymphocytes and myeloid cells to suppress a 

wide range of immune responses. IL-10 can be induced on some non-hematopoietic cells 

and is constitutively expressed in the colonic epithelium (Moore et al., 2001). Even 

though IL-10 can moderate different inflammatory pathways, IL-10 knockout mice do 

not suffer from a severe lethal autoimmune syndrome, but instead spontaneously develop 

colitis in the presence of triggering microorganisms, which highlight a crucial role of 

cytokines in intestinal inflammation (Kühn et al., 1993). Additionally, studies in 

experimental mouse models of IBD have shown that both the neutralization of pro-

inflammatory cytokines and the administration of recombinant anti-inflammatory 

cytokines can prevent chronic intestinal inflammation (Neurath et al., 1995; Powrie et 

al., 1994; Strober et al., 2002). Mice inactivated for the genes encoding IL-10 or TGFβ, 

lack functionally active Treg cells, fail to suppress pro-inflammatory cytokine production 

by Antigen presenting cells (APC) and effector T cells, and spontaneously develop 

chronic intestinal inflammation, highlighting the functional importance of these anti-

inflammatory cytokines (Asseman et al., 1999; Huber et al., 2011; Powrie et al., 1996).  



14 
 

 

The pro-inflammatory functions of mucosal macrophages and effector T cells are 

suppressed by Treg producing TGFβ, which lead to the intracellular activation of 

SMAD3 and SMAD4 proteins. Overexpression of SMAD7, which inhibits TGF 

signaling, by effector T cells from IBD patients may confer resistance to TGFβ-mediated 

suppression (Fantini et al., 2009; Monteleone et al., 2001; Rani et al., 2011). Based on 

this assumption, SMAD7 antisense oligonucleotides, tested as a new therapeutic agent in 

CD patients, have shown remarkable beneficial effects in a Phase I clinical study 

(Monteleone et al., 2012). However, treating patients with anti-inflammatory cytokines 

IL-10, IFNβ and IL-11 was not effective in controlling the pathology associated with IBD 

(Herrlinger et al., 2006; Musch et al., 2005; Tilg et al., 2002).  

 

As shown in Figure 2, the TH1 subgroup also produces cytokines such as IFN and IL-6. 

In CD patients, the production of IFNγ by cells of the lamina propria and lymph node T 

Figure 2. Influence of cytokines in the pathogenesis of IBD Pro-inflammatory and anti-inflammatory 
cytokines are produced by various cells of the mucosal immune system in response to environmental 
triggers, in experimental mouse models of colitis and in patients with inflammatory bowel diseases (IBD). 
Dendritic cells (DC), neutrophils, macrophages, natural killer (NK) cells, intestinal epithelial cells (IEC), 
innate lymphoid cells (ILC), as well as auxiliary T cells TH1, TH2, TH17 and Treg produce cytokines in the 
inflamed mucosa. While the Th1 subgroup promotes a phenotype more associated with CD and that the 
Th2 subtype is more associated with UC, the subtype Th17 is associated with both CD and UC (From 
Neurath, 2014, License#4611410642217). 
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cells is increased compared with the production in healthy controls  patients (Breese et 

al., 1993; Fais et al., 1991; Sakuraba et al., 2009). The key regulators T-bet and Signal 

transducer and activator of transcription 4 (STAT4) are responsible for TH1 cell 

differentiation (Lazarevic et al., 2013; Szabo et al., 2002; Wirtz et al., 1999). STAT4 

deficient mice are protected from experimentally induced colitis, whereas STAT4 

overexpression exacerbates colitis, suggesting that TH1 cells are promoters of IBD 

pathology (Neurath et al., 2002; Wirtz et al., 1999). IFNγ and TNF have been also shown 

to alter tight junction activity and to induce IEC apoptosis (Nava et al., 2010; Su et al., 

2013). However, while specific IFNγ antibodies were therapeutically effective in a T cell 

transfer model of colitis (Powrie et al., 1994), treatment of CD patients with the IFNγ-

specific antibody fontolizumab had no such effect (Reinisch et al., 2006), suggesting that 

targeting a single TH1-type cytokine might not be effective clinically. 

Another TH1 cytokine with pro-inflammatory functions is IL-6, which can activate 

multiple target cells, including APC and T cells, preventing apoptosis of mucosal T cells 

and activating pro-inflammatory cytokine production by these cells (Atreya et al., 2000).  

Pro-inflammatory cytokine TNFα exerts various functions by binding to receptors 

TNFR1 and TNFR2 followed by the intracellular activation of NF-κB. TNFα exists as 

both membrane-bound and soluble TNFα, and its production by lamina propria 

mononuclear cells is markedly increased in patients with IBD. In colitis, TNFα signaling 

enhances pleiotropic pro-inflammatory effects, including increased angiogenesis, Paneth 

cell death induction via necroptosis, matrix metalloproteinase production by 

myofibroblasts, activation of effector T cells and macrophages, and direct damage of IEC 

via myosin light chain kinase (MLCK) activation (Atreya et al., 2011; Di Sabatino et al., 

2007; Günther et al., 2011; Meijer et al., 2007; Su et al., 2013). Based on recent clinical 

studies showing that membrane-bound TNFα, rather than soluble TNFα, plays a major 

role in driving intestinal inflammation, neutralization of membrane-bound TNFα has 

been effective in suppressing experimental colitis in mice by inducing T cell apoptosis. 

Additionally, antibodies that bind both soluble TNFα and membrane-bound TNFα (such 

as infliximab and adalimumab) were highly effective in IBD treatment by inducing T cell 

apoptosis, whereas agents that preferentially neutralize soluble TNFα (for example, 
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Etanercept) had no therapeutic effect (Atreya et al., 2011; Brande et al., 2007; Van den 

Brande et al., 2003). 

ILC also regulated, in part, by epithelial cell-derived immunoregulatory signals, are an 

important source of IFNγ and IL-23-inducible pro-inflammatory cytokines, such as IL-

17A and IL-17F, which facilitate experimental innate immune-mediated colitis 

(Buonocore et al., 2010). TH17-type cytokines, such as IL-17 and IL-21, have some pro-

inflammatory roles including neutrophil recruitment, matrix metalloproteinase secretion 

by intestinal fibroblasts and upregulation of TNFα, IL-1β, IL-6 and IL-8 (Monteleone et 

al., 2006; Monteleone et al., 2005; Siakavellas and Bamias, 2012).  TH17 cells may also 

produce anti-inflammatory cytokines, such as IL-22, controlling IEC proliferation, the 

production of mucins and antimicrobial proteins, such as defensins, REGIIIβ and 

REGIIIγ proteins, via STAT3 activation, and wound healing (Pickert et al., 2009). 

Studies in mouse models of experimental colitis have shown that absence or 

neutralization of IL-17A or IL-17F alone had no effect, or even aggravated disease 

activity, in a T cell transfer model of colitis (O’Connor Jr et al., 2009). 

Recent studies have advanced the understanding of the developmental origin of 

committed CD4+ T cells and their functions at the intestinal barrier in IBD (Nemoto et 

al., 2007). TH1 cells produce cytokines such as IFN and IL-6. The TH1 profile is 

therefore, more associated with a CD disease-like phenotype (Neurath, 2014). TH2 cells 

secrete cytokines such as IL-5 and IL-13 and express the GATA3 transcription factor, 

which are all increased in UC patients (Neurath, 2014). TH17 cells strongly express IL17, 

the surface marker IL23R and the transcription factor RORγt both in CD and UC patients. 

TH17 cells also produce IL-6 and IL-23 whose expression is increased in response to the 

microbiota (Fig. 2) (Ivanov et al., 2009). 

In the lamina propria, conventional effector T cells also exert a tolerogenic or 

inflammatory effect on the local environment by directly influencing IEC. Bidirectional 

interactions between IEL and IEC have a role in preserving immune homeostasis at the 

intestinal barrier (Cheroutre et al., 2011; Edelblum et al., 2012; Yu et al., 2006). This 

seems to be particularly important in CD8+ T cell-dependent memory responses, present 
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in the intestinal compartment of humans and mice (Gebhardt et al., 2013; Sathaliyawala 

et al., 2013).  

 Experimental models of IBD 

Animal models of intestinal inflammation have been used to understand mucosal 

immunology, immune homeostasis, maintenance of intestinal homeostasis and intestinal 

inflammation in relation to IBD. Each model offers valuable insights into one or another 

major aspect of the disease, but no single model captures the complexity of human IBD.  

Hermiston and Gordon, in an influential study published in the 1990s, demonstrated the 

importance of an intact epithelium in the prevention of mucosal inflammation (Hermiston 

and Gordon, 1995). In this study, a transgenic N-cadherin mutant chimeric mouse with 

small intestinal patches of villi with poorly adherent and incompletely differentiated 

enterocytes was used. In these mice, inflammation occurred in the lamina propria in areas 

under the defective epithelium, suggesting that the inflammatory response was induced 

by the entry of commensal microorganisms in the lamina propria. Dextran sulfate sodium 

(DSS), a sulfated polysaccharide, produces a similar effect in mice by causing epithelial 

cell injury, resulting in immune response and mucosal barrier function alterations through 

the colonic epithelium. Administration of DSS in drinking water for a short period of 

time induces reproducible acute inflammation limited to the colon and characterized by 

erosions/ulcers, loss of crypts and infiltration of granulocytes (Cooper et al., 1993; 

Okayasu et al., 1990). Importantly, in severe combined immunodeficient mice (SCID) 

(Dieleman et al., 1994) and Rag1-/-
 mice (Krieglstein et al., 2002), where adaptive 

immunity mediated by T cells is absent, the development of inflammation suggests that 

effector cytokines produced by innate immune cells are sufficient to cause  inflammation. 

On this basis, the DSS model has become a useful colitis model to study the immune 

mechanisms mediated by innate immune cells, such as IEC, macrophages and 

neutrophils, during the development of intestinal inflammation (Chami, 2014; Dieleman 

et al., 1994; Fukata et al., 2005). In summary, proinflammatory cytokines, as well as 

cytokines produced by macrophages and neutrophils that regulate epithelial barrier 

function, are important contributors to tissue damage.  
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The DSS-induced colitis model has also been used to study the role of innate immune 

mechanisms initiated by TLR and dectin receptors and inflammasomes (Abreu et al., 

2005; Rakoff-Nahoum et al., 2004). Tlr2-/-, Tlr4-/-, and Myd88-/- mice exhibit 

exacerbation of DSS colitis due to defects in these innate signaling components in IEC 

and macrophages (Cario et al, 2007; Fukata et al., 2005; Rakoff-Nahoum et al., 2004). 

More recently, the DSS colitis model has provided a platform for the study of the effects 

of the gut microbiome on colitis development. This is exemplified by the fact that NOD2 

abnormalities in mice give rise to altered susceptibility to DSS colitis, associated with, or 

perhaps caused by, changes in the gut microbiome (Maeda et al., 2005; Natividad et al., 

2012). 

Even though activation of macrophages and neutrophils in DSS-induced colitis plays a 

major role, it should be noted that T-cell responses can exacerbate the inflammatory 

response when both innate and adaptive immunity are intact. A polarized TH1 response 

has been observed in acute colitis whereas a mixed TH1/TH2 response was found in 

chronic forms of DSS colitis, achieved by repeated cycles of DSS administration 

(Dieleman et al., 1998). 

The in vitro study of the pathogenesis of IBD needs a cell model demonstrating as closely 

as possible, the characteristics of the intestinal epithelium in vivo . In 1996, continuously 

growing “normal” human IEC with the ability to express specific cytokeratins as well as 

IEC markers over several passages were established (Perreault and Beaulieu, 1996). On 

the other hand, human colon cancer cell lines, such as Caco-2 cells which spontaneously 

differentiate (Pinto et al., 1983; Vachon and Beaulieu, 1992), have been used as 

experimental models to study various aspects of intestinal functions including cell 

regulation, cytokine responses and barrier integrity  (Beaulieu and Quaroni, 1991; Hauri 

et al., 1985). However, it is obvious that their cancerous nature as well as their colonic 

origin constitute a limitation of these models (Ménard and Beaulieu, 1994; Rousset, 

1986). 

The recent use of three-dimensional (3D) intestinal organoid cell cultures has emerged as 

a new strategy for modelling the intestinal tract with normal proliferating and 
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differentiating IEC. Organoids have been established to better reproduce tissue 

characteristics in both normal and diseased physiological conditions (Clevers, 2016; 

Dedhia et al., 2016). An organoid is defined as a  structure grown from stem cells and 

involving organ-specific self-organized cell types that and spatially restricted lineage 

commitment (Lancaster and Knoblich, 2014; Nakano et al., 2012). Important progress 

has been completed to define optimal conditions allowing growth, expansion and 

differentiation of intestinal epithelial stem cells (Sato et al., 2011) as well as other types 

of stem cells (Dye et al., 2015; Fatehullah et al., 2016; McCracken et al., 2014). 

Organoids, unlike cancer cell lines, preserve all the variables specific to the original IEC, 

including tumor cells (Wetering et al., 2015). As a result, organoids provide a new and 

more relevant way to study basic gene functions and cellular processes in cellulo. In 

addition to this, organoid technology also holds great promise for translational research. 

 The biology of IL-15: a cytokine that signal via the common γ-chain (γc; 

CD132) receptor  

Cytokines are small cell-signaling protein molecules secreted by different cells that 

regulate the nature, intensity, and duration of the immune response by exerting a variety 

of effects on immune cells and other cells. Cytokines form 6 groups according to their 

functions as innate and adaptive cytokines or as inflammatory and anti-inflammatory 

cytokines (Cianci et al., 2010). Many interleukins, as well as some growth and 

hematopoietic factors, are included in type I cytokine group. A common structure with 

four α-helical bundles is characteristic of this cytokine group (Rochman et al., 2009). 

Expression of a common γ-chain (γc; also known as IL-2Rγ and CD132) defines the IL-

2 receptor subfamily, which includes receptors for IL-2, IL-4, IL-7, IL-9, IL-15 and IL-

21 (Warren J. Leonard, 2001). IL-2 and IL-15 cytokines share functions that include 

generation and persistence of NK, stimulation of immunoglobulin synthesis by B cells, 

generation of cytotoxic T lymphocytes and stimulation of T cell proliferation (Waldmann 

and Tagaya, 1999).  
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 Structure  

IL-15 is a 14-15 kDa glycoprotein of 114 amino acids, mainly produced by macrophages 

as well as non-lymphoid cells. The gene is located on human chromosome 4q31, and the 

central region of mouse chromosome 8 (Waldmann, 2006).  Characterization of human, 

murine, and simian IL-15 indicates that this cytokine is conserved between species (73% 

identity between human and mouse; 97% identity between human and monkey) 

(Grabstein et al., 1994). Like the IL-2 gene, the human IL-15 gene contains 9 exons (7 

coding exons), with a comparable intron/exon structure (Anderson et al., 1995). 

However, homology between IL-2 and IL-15 at the nucleotide or protein level is minimal 

(Fehniger and Caligiuri, 2001). IL-15 expression is regulated at multiple levels, including 

transcription, translation, and intracellular trafficking. An increase in IL-15 production 

predisposes to the risk of abnormal lymphocyte activation and excessive autoreactive T 

cell survival, leading to the development of autoimmune or chronic inflammatory 

diseases (Waldmann, 2004). 

Compared to the originally discovered IL-15 precursor, with a 48-AA long signal peptide 

(LSP), an alternative IL-15 precursor protein expresses a 21-AA short signal peptide 

(SSP). However, an identical mature IL-15 protein in human and mouse is encoded by 

both IL-15 isoforms (Fehniger and Caligiuri, 2001). LSP-IL-15 is targeted to the 

secretory pathway (ER/Golgi apparatus), whereas SSP-IL-15 is restricted to the 

cytoplasm and nucleus, as assessed by IL-15-green fluorescent protein (GFP) fusion 

protein localization experiments (Gaggero et al., 1999). LSP-IL-15 has been identified in 

skeletal muscle, placenta, heart, lung, thymus, liver, and kidney, whereas SSP-IL-15 is 

expressed in heart, thymus, appendix and testis. The biological significance of these 

different IL-15 isoforms is not clear (Gaggero et al., 1999).  

 IL-15 receptor 

IL-15, as IL-2, recognizes a heterotrimeric receptor composed of three subunits. The 

alpha subunit is specific for IL-15 or IL-2, while the beta (CD122) and gamma (CD132) 

subunits are shared between both cytokines (Giri et al., 1995). IL-15Rα and IL-2Rα share 

structural similarities with a conserved extracellular protein-binding Sushi domain. IL-
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15Rα has a 173-amino acid extracellular domain, a single 21-amino acid transmembrane 

region and a 37-amino acid cytoplasmic domain (Takeshita et al., 1992). The IL-2R/15Rβ 

receptor comprise a 214-amino acid extracellular segment, a 25-amino acid 

transmembrane region (Sharon et al., 1986; Tsudo et al., 1987), and a 286-amino acid 

cytoplasmic domain (Hatakeyama et al., 1989). Finally, a 233-amino acid extracellular 

domain, a 28-amino acid transmembrane domain and an 86-amino acid cytoplasmic 

region form the human γc (Takeshita et al., 1992).  

The IL-15Rα (Il15ra) gene is located on human chromosome 10 and contains seven 

exons. Eight different isoforms of IL-15Rα are expressed by alternative splicing (Dubois 

et al., 1999). IL-15 bind IL-15Rα with high-affinity (Kd greater than or equal to 10-11 M), 

but, like IL-2Rα, has no role in signal transduction. Indeed, the IL-2/15Rβ and γc are 

responsible for signal transduction, even if IL-15Rα binds IL-15 with high affinity. Both 

IL-15 and IL-2, in the absence of IL-15Rα, bind and signal through the heterodimeric IL-

2/15Rβ-γc, but with an intermediate affinity (Kd of approximatively 10-9 M) (Armitage et 

al., 1995). This high affinity along with the co-expression of IL-15R and IL-15 in the 

same cell, which allows the intracellular binding of IL-15 to IL-15R, leads to expression 

as a complex on the cell surface. Once on the cell surface, IL-15R-γc in an opposing cell 

can be stimulated by the IL-15R/IL-15 complex by cell–cell interactions. This cytokine 

delivery mechanism, which assumes the formation of an immunological synapse, has 

been called trans-presentation and is unique in cellular immunology (Fig. 3A) (Dubois et 

al., 2002). This interaction restricts aberrant immune stimulation and decreases the risk 

of autoimmunity from uncontrolled IL-15 exposure, by limiting the exposure to 

circulating IL-15. Trans-presentation, considered the major mechanism of IL-15 action 

in vivo, proposes that IL-15Rα may have functions in addition to surface capture. For 

example, Aaron’s group suggested that IL-15Rα may stabilize IL-15 in a conformation 

that is able to bind IL-2Rβ, similar to the effect of IL-2Rα for IL-2 (Ring et al., 2012). 

Overall, trans-presentation was proposed as a mechanism to explain how the expression 

of IL-15Rα by neighbouring cells is critical for IL-15 signalling through βγc (Dubois et 

al., 2002). IL-15 may be also presented by IL-15Rα to βγc in the same cell, in a process 



22 
 

 

called cis-presentation (Fig. 3B) (Olsen et al., 2007). However, the physiological 

relevance of this process has not yet been elucidated.  

Soluble IL-15Rα (sIL-15Rα) is constitutively generated from the transmembrane 

receptor through a defined proteolytic cleavage. Existence of IL-15R both in membrane 

bound and in a soluble form, in mice as well as in humans, has been proved by several 

authors (Vadim Budagian et al., 2004). In fact, it has been shown that a recombinant 

soluble domain of IL-15R could be a selective and potent agonist of IL-15 action, 

without affecting IL-15 binding and function of the trimeric IL-15R-γc (Mortier et al., 

2006).  

Transcript levels of full-length IL-15Rα are found in numerous tissues and cell lines 

(Steel et al., 2010). Although the expression of all eight isoforms of IL-15Rα was 

observed in certain tissues, such as brain, intestine, liver and peripheral blood 

Figure 3. Principal mechanisms for IL-15 delivery (A) Trans-presentation: IL-15Rα and IL-15 are 
synthetized in the same cell and transported to the cell surface where the cell surface complex can stimulate 
neighboring cells through the IL-15R βγc. (B) Cis-presentation: IL-15 is presented by IL-15Rα on the same 
cell. These mechanisms may utilize IL-15 derived from autocrine or paracrine sources. (C) IL-15/IL-15Rα 
complexes can be generated artificially and act as agonist to stimulate neighboring cells. (D) Cleaved, 
empty IL-15Rα may act as a sink to bind sIL-15 and antagonize IL-15 activity. (From Stonier and Schluns, 
2010, License#4647131264176). 
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mononuclear cells (PBMC), the relative expression varies for each isoform (Anguille et 

al., 2009). The availability of free IL-15 may also be negatively affected by the presence 

of sIL-15R in biological fluids, competing with cognate membrane-bound receptors for 

the cytokine, which constitutes an important protective mechanism against excessive IL-

15 activity (Fig. 3C, D) (Budagian et al., 2004; Bulfone-Paus et al., 2006).  

  

IL-15Rα facilitates proliferation and maintains functions of mature lymphocytes. For 

example, studies show that Il15-/-, Il15ra-/-, Il2rb-/- and Il2rg-/- mice display deficient 

numbers of NK, NKT, and TCRγδ IEL (Lodolce et al., 1998). The presentation of 

membrane-bound IL-15 to IL-2R/15R-c in lymphocytes, activates the JAK and STAT 

pathway (Beadling et al., 1994). Following cytokine binding, the receptor chains CD 122 

and γc come together, allowing the activation of associated JAK1 and JAK3. The kinases 

then phosphorylate the receptor, which leads to the tyrosine phosphorylation of STAT3 

and STAT5. Once phosphorylated, STAT3 and STAT5 are translocated to the nucleus as 

homo- or hetero-dimers, where they bind to target DNA regulatory elements and 

participate in the activation of gene expression (Leonard, 2001).  Additional signaling 

pathways activated by IL-2 and IL-15 include the phosphorylation of the Src family 

cytoplasmic tyrosine kinases Fyn, Lck, and Lyn, Syk kinase, phosphatidylinositol 3 

kinase (PI3-kinase) and Akt, expression of Bcl-2 anti-apoptotic protein, as well as the 

Ras/Raf/MEK/mitogen-activated protein kinase (MAPK) pathway (Gu et al., 2000; 

Miyazaki et al., 1995; X Zhu et al., 1994; Ratthé and Girard, 2004; Uhlin et al., 2005).  

 The pleiotropic role of IL-15 in the intestinal mucosal barrier  

In 2001, it was reported that T cells did not require IL-15Rα expression during IL-15 

response while IL-15Rα was essential on non-hematopoietic cells (Lodolce et al.,  2001). 

Given the previously shown direct role of IL-15 on T cells, other research was completed 

in order to clarify the role of IL-15Rα expression in other cell types. The finding that IL-

15 was produced by IEC (Reinecker et al., 1996), and that IL-15 was a potent stimulant 

of IEL (Ebert, 1998), focused the attention of the research community on the possible 

interaction between enterocytes and IEL mediated by IL-15 (Inagaki-Ohara et al., 1997; 
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Ohta et al., 2002). IL-15 stimulates IEL and plays a role in T cell activation and 

recruitment, T cell memory maintenance, stimulation of B cell proliferation and 

immunoglobulin synthesis, NK cell proliferation, neutrophil activation, and inhibition of 

apoptosis mediated by the upregulation of anti-apoptotic Bcl-2 family proteins (van Heel, 

2006). The levels of anti-apoptotic proteins BCL-2, MCL-1, BCL-xL are increased after 

IL-15 stimulation (Becker et al., 2002; Lodolce et al., 1998), and pro-apoptotic proteins 

BAX, BID, BIM, NOXA and PUMA are downregulated (Huntington et al., 2009; Van 

Belle and Grooten, 2005). Activation of NF-kB, as well as inhibition of caspase-3 and -

8 can also be some of the mechanisms induced to prevent apoptosis by IL-15 

(Hoontrakoon et al., 2002; Bouchard et al., 2004). Therefore, IL-15 may be involved in 

the control of the functional intestinal barrier, based on its pleiotropic role in innate and 

adaptive immune system. 

1.5.3.1. Physiological functions of IL-15 in innate immunity 

Monocytes, macrophages and DC effectively transcribe and translate IL-15, and also 

respond to IL-15 stimulation. IL-15 increases phagocytosis in macrophages, in addition 

to a pro-inflammatory activity inducing IL-12, IL-8 and monocyte chemotactic protein-1 

(MCP-1) expression, involved in attracting neutrophils and monocytes respectively to 

sites of infection (Badolato et al., 1997), and secreting IL-6, IL-8 and TNF (Vadim 

Budagian et al., 2006). In contrast, low concentrations of IL-15 favor IL-10 production 

in monocytes. Monocytes and DC have been described as the cell type expressing the 

highest levels of IL-15R, which allows them to trans-present IL-15 (Perera et al., 2012). 

IL-15 is produced by DC and DC differentiation also depends on IL-15 (Regamey et al., 

2007). DC incubated with IL-15 display increased expression of CD40, CD83, CD86, 

and major histocompatibility complex (MHC) class II molecules, in addition to an 

apoptosis resistant phenotype (Anguille et al., 2009). IL-15 also modulates the adaptive 

immune response by enhancing the production of IL-2, a major T lymphocyte growth 

factor (Feau et al., 2005). Unlike T lymphocytes and NK cells, mast cells use an IL-15 

receptor without the requirement for the IL-15R (Waldmann and Tagaya, ) IL-

15R and c are constitutively expressed in human neutrophils (Ratthé and Girard, 
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2004) protecting them from apoptosis, modulating phagocytosis and the recruitment of 

other neutrophils to inflammatory sites (Perera et al., 2012). Moreover, neutrophils 

increase the expression of a high affinity receptor for IgG, CD64, and the receptor for 

bacterial cell wall lipopolysaccharide CD14 in response to IL-15, increasing their ability 

to bind to pathogen-specific antibodies and to respond to Gram negative bacterial 

infections (Abdel-Salam and Ebaid, 2008).  T lymphocytes are involved in immunity 

against malignancies and pathogens (Ismail et al., 2011). These cells, while they are rare 

in the peripheral blood, are abundant among intestinal IEL (Zhao et al., 2005).  T cells, 

unlike classical  T cells, recognize non-processed lipid antigens (Tanaka et al., 1995). 

This recognition is not restricted by MHC molecules and is mediated by the TCR. 

Furthermore, T cells have a regulatory effect on neutrophils, DC and B cells in humans, 

and on neutrophils and macrophages in mice (Casetti et al., 2009). Moreover, during the 

inflammation at the site of infection,  T cells have been shown to reduce the 

inflammatory reaction and associated tissue damage (Kapp et al., 2004). 

1.5.3.2. Physiological functions of IL-15 in adaptive immunity 

IL-15 plays a critical role in maintaining T lymphocytes, especially memory CD8 T 

lymphocytes. In IL-15 and IL-15ra-deficient mouse models, it has been demonstrated 

that IL-15 and IL-15R are essential for CD8 T cell survival, by increasing the expression 

of the anti-apoptotic molecule Bcl-2 (Wu et al., 2002). Recent studies have confirmed 

that IL-15 trans-presentation by DC is needed for the generation and maintenance of 

memory CD8 T cells (Stonier and Schluns, 2010),  as well as for the enhancement of their 

effector functions, including those associated with cytolysis and cytokine secretion. In 

addition, IL-15 modulates several physiological functions, such as proliferation, survival 

and responsiveness of T cells. For example, mature CD4 T lymphocytes respond to IL-

15 depending on the activation status. IL-15 induces a quiescent phenotype in the absence 

of concomitant TCR triggering, while this quiescence of CD4 T cells is reversed by IL-

15 in the presence of concomitant TCR engagement, resulting in increased proliferation 

(Perera et al., 2012). In addition, IL-15 increases the ability of CD4 T cells to interact 

with APC, by inducing CD40L (CD154) on previously activated cells (Skov et al., 2000). 
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To maintain FoxP3-expressing CD4+CD25+ Treg cells and retaining these cells in the 

periphery, IL-2 is required, while IL-15 has controversial effects on Tregs (Krause et al., 

1996).  IL-2 plays a critical role in initiating the process of activation-induced cell death 

(AICD), which leads to the elimination of self-reactive T cells, whereas IL-15 displays 

anti-apoptotic effects on T cells (Tagaya et al., 1997). In summary, some studies show 

that IL-15 promotes the generation of induced FoxP3+ Tregs, while others show that IL-

15 can also render effector CD4+ or CD8+ cells unresponsive to the regulatory effects of 

FoxP3+Tregs. Accordingly, proliferation and IFNγ production by CD4+ and CD8+ T cells, 

in the presence of IL-15, reduce the inhibitory effect of Tregs. While IL-15 does not exert 

its inhibitory outcome directly on Tregs, IL-15 can disturb the suppressor effects of Tregs 

on responder T cells (Ahmed et al., 2009). However, Imamichi et al. (2008) have found 

that IL-15 increases CD25 and FoxP3 expression in human peripheral CD4+CD25- cells 

in the absence of antigen stimulation. Thus, despite increasing expression of FoxP3 levels 

comparable to expression in conventional Treg cells, IL-15-induced CD4+CD25high 

FoxP3+ cells present only weak suppressor activity. 

While B cells numbers are similar in control and mice deficient for IL-15 or IL-15R 

(Budagian et al., 2006), some authors still believe that IL-15 can play a minor role on B 

lymphocytes (Di Sabatino et al., 2011). However, in vitro, IL-15 increases 

immunoglobulin secretion and B lymphocyte proliferation and differentiation (Armitage 

et al., 1995; Budagian et al., 2006). Additionally, Fas-mediated apoptosis in B cells can 

be also prevented by IL-15, as well as the induction of antibody responses partially 

independent of CD4 (Demirci and Li, 2004; Steel et al., 2010). Finally, IL-15 enhances 

TH17 cell proliferation in a TCR-dependent (TH1/TH17 IFN-γ- and IL-17-producing) 

manner (Annunziato et al., 2007; Pandolfi et al., 2009).  

1.5.3.3. Role of IL-15 in modulation of enterocytes  

As we have seen above, IL-15 has a potent role on the survival and immunomodulatory 

effects on innate and adaptive immune cells, as well as in the defence mechanisms against 

pathogens, especially in the gut (Perera et al., 2012). In addition, in the active phase of 

some gastrointestinal inflammatory pathologies, there is an increased expression of IL-
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15 (Kirman and Nielsen, 1996; Vainer et al., 2000). Two different groups have shown 

apparently conflicting conclusions on the role of IL-15 in IBD, with the mouse model of 

colitis induced by DSS. On one hand, Obermeier et al. (2006) have shown that blocking 

IL-15 using soluble IL-15R resulted in the exacerbation of the disease in a chronic DSS-

induced colitis model (Obermeier et al., 2006). In this study, IL-15 neutralization reduced 

inflammatory infiltration and pro-inflammatory cytokine production. An anti-apoptotic 

effect of Fas-induced apoptosis by IL-15 on IEC, both in vitro and in vivo, was observed. 

In their model, they argue that IL-15 could play not only a role as a pro-inflammatory 

cytokine, but also could have the potential to reduce mucosal damage by preventing IEC 

apoptosis. On the other hand, Yoshihara et al. (2006) demonstrated in an acute DSS-

induced colitis model that Il15-/- mice were protected against DSS-induced colitis 

(Yoshihara et al., 2006). In these IL-15-deficient mice, the numbers of NK and CD8+ T 

cell populations in the lamina propria were reduced. Levels of IFNγ, TNFα and IL-12p40 

detected in culture supernatants of LP cells were reduced, indicating that IL-15 may act 

as a pro-inflammatory cytokine contributing to DSS-induced colitis pathogenesis. 

Obermeier et al. explain the divergence between these results by arguing that in IL-15 

null mice, the protective functions of IL-15 on IEC can be compensated by other factors 

through different intestinal stage development. In Yoshihara et al. (2006), the genetic 

deletion of IL-15 occurred in utero before adult colitis induction, whereas antibody 

neutralization of IL-15 occurred later in development in the Obermeier et al. study. 

Despite these apparently contradictory data on the functional role of IL-15 in these two 

models, it is certain that IL-15 is up-regulated in the inflamed gut mucosa.  

 IL-15 in inflammatory bowel diseases  

Increasing evidence indicates that IBD is characterized by infiltration of macrophages, 

activated T and B cells, which secrete massive amounts of cytokines, enhancing intestinal 

mucosal inflammation (Cianci et al., 2010; Di Sabatino et al., 2011; Pandolfi et al., 2009). 

Altered patterns of proinflammatory cytokine production by innate and adaptive immune 

cells from the periphery and the lamina propria play a crucial role in the pathogenesis of 

both experimental colitis and IBD (Fuss et al., 1996).  
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As we mentioned earlier, abnormal expression of cytokines, including IL-15, is observed 

in IBD. However, in a transgenic mouse model, IL-15 overproduction resulted in the 

development of fatal leukemias (Fehniger and Caligiuri, 2001), suggesting that 

overproduction of IL-15 could exert potentially harmful effects to the host. Indeed, 

elevated IL-15 levels have been found in several autoimmune and inflammatory diseases, 

such as rheumatoid arthritis (McInnes and Schett, 2007),  multiple sclerosis (Rentzos et 

al., 2005), celiac disease (Mention et al., 2003) and IBD (Nishiwaki et al., 2005). The 

number of IL-15 expressing cells is elevated in the rectal mucosa of IBD patients with 

active UC (Kirman and Nielsen, 1996). IL-15 activity is increased, even in inactive UC 

(Sakai et al., 1998). Additionally, overexpressing human IL-15 preferentially in IEC in a 

transgenic mouse model increases the number of CD8+ T cells, and IFN and TNF 

production by NK cells in the LP, correlating with enhanced chronic inflammation of the 

small intestine (Ohta et al., 2002). These data suggest that IL-15 could be relevant to the 

pathology of IBD, by preferentially expanding and activating CD8+ T cells in the small 

intestine of mice, correlating with mucosal damage characteristic of IBD. 

IL-15-activated lamina propria T cells from patients with IBD induce the production of 

IL-12 in monocytes-macrophages, and IFN secretion by activated T cells, leading to a 

TH1 phenotype and enhancing the activity of NK cells and CD8+ T cells. Then, IL-12/ 

IFN secretion linked to IL-15, together with increased IL-15 mediated expression of 

CD40L on T cells, recruit leukocytes and induce monocyte and T cell activation, and 

enhance pro-inflammatory cytokine production, which are believed to be the principal 

cause of tissue damage and chronic inflammation (Di Sabatino et al., 2011).  

Treatment of CD patients with Infliximab, a chimeric monoclonal anti-TNF, led to 

decreased serum IL-15, as well as increased sIL-15R and IL-15/sIL-15R complex 

levels in patients who responded to Infliximab, in contrast to non-responder patients 

(Bouchaud et al., 2010). However, in a more recent study, no change in the release of 

serum sIL-15R was observed in IBD patients treated with Infliximab (Perrier et al., 

2013). Therefore, the hypothesis that sIL-15R limits IL-15 activity needs further 

experimental confirmation. In addition to this, the IL-15 inflammatory pathway can be a 
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possible target of new therapeutic approaches in IBD. Due to its pro-inflammatory 

activities and anti-apoptotic effects, IL-15 has been postulated to have a key role in the 

development of several autoimmune and inflammatory diseases, such as Celiac Disease 

and IBD. Moreover, IL-15 may also contribute in the pathogenesis of lymphomagenesis, 

mediating the development of oligo-monoclonal T cell proliferation, and leading to type 

II Refractory Celiac Disease (RCD) and Enteropathy Associated T-cell Lymphoma 

(EATL) (Kagnoff, 2007). Thus, IL-15 could be considered as a strategic target of new 

biological therapies of some diseases. Such therapies are now becoming possible with 

the advent of monoclonal anti-IL-15 antibodies (HuMax-IL15, Genmab), blocking the 

epitope of IL-15 binding to the c subunit of the IL- 15 receptor (Baslund et al., 2005), 

and pharmacologic agents who can selectively block IL-15 signal transduction pathways 

(Kagnoff, 2007).  
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 Thesis premises 

The main forms of IBD, CD and UC, are chronic relapsing disorders of the 

gastrointestinal tract that are characterized by pathological intestinal inflammation and 

epithelial injury (Baumgart and Sandborn, 2012; Danese and Fiocchi, 2011). These 

disorders are related with marked morbidity and can have a major impact on an 

individual’s quality of life. Recent genetic and immunological studies have uncovered 

the primary role of cytokines and cytokine signaling in IBD, by controlling intestinal 

inflammation and the associated clinical symptoms (Strober et al., 2002). A combination 

of several risk factors initiates epithelial barrier function alterations, leading to 

translocation of luminal antigens into the bowel wall. Then, excessive cytokine responses 

cause subclinical or acute mucosal inflammation. The failure to resolve this acute 

intestinal inflammation in immune-predisposed patients leads to the development of 

chronic intestinal inflammation and uncontrolled activation of the mucosal immune 

system. Mucosal immune cells, such as T cells, macrophages and ILC, respond to 

microbial products or antigens from the commensal microbiota by expressing cytokines 

that can promote chronic inflammation on the gut. Additionally, cytokines are associated 

with IBD complications such as intestinal stenosis, rectal bleeding, abscess and fistula 

formation, and the development of colitis-associated neoplasias (Anderson et al., 2011; 

Baumgart and Sandborn, 2012; Becker et al., 2004). IL-15 is a cytokine with potent 

immunomodulatory effects on immune cells and may be involved in the pathogenesis of 

both animal experimental colitis and IBD. As immune cells are implicated in perpetuation 

of inflammation in IBD, and as the role of IL-15 in the control of intestinal mucosa 

inflammation is unclear, I have addressed these issues by using in vivo mouse models, as 

well as in vitro models under conditions representative of pathological inflammation. 
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 Hypothesis  

Based on the above premises, I hypothesize that IL-15 signaling by intestinal epithelial 

cells promotes the development of colitis by inducing gut inflammation. I hypothesize 

that IL-15 pathway inhibition may reduce colitis symptoms. 

 Objectives 

The specific aims of my research project are:  

1. To evaluate the role of IL-15 in intestinal homeostasis and the 

development of colitis.  

a. Characterize the intestinal mucosal phenotype of Il15-/- mice by macroscopic 

and microscopic analysis.  

b. Evaluate the severity of colitis in WT and Il15-/- mice during the induction of 

colitis after DSS treatment.  

2. To determine the potential therapeutic efficacy of the anti-IL-15R 

antibody in colitis. 

a.  Evaluate the severity of tissue damage in WT and Il15ra-/- DSS-treated mice 

following inhibition of IL-15 signaling with anti-IL-15R. 

3. To investigate the influence of epithelial IL-15 on intestinal 

proliferation and repair.  

a. Determine the role of autocrine IL-15 signaling in specific IEC 

differentiation and inflammatory responses on small intestinal enteroids from 

crypts isolated from wild-type (WT) and Il15-deficient mice. 
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 MATERIALS AND METHODS 

 Mice 

Mice were maintained in filter-topped cages in conventional facilities and fed with 

standard chow diet and water unless specified otherwise. All experiments were carried 

out with the approval of the institutional ethics committee by the Animal Care Committee 

of the Faculty of Medicine and Health Sciences of the Université de Sherbrooke (AEC 

approval number FMSS-397-15 and 196). Wild type (WT) C57Bl/6 mice were obtained 

from Charles River. Il15-deficient C57Bl/6 (Il15-/-) mice on C57Bl/6 background were 

purchased from Taconic and have been backcrossed to C57Bl/6 mice in our colony 

(Ramanathan et al., 2006). Il15ra–/– mice obtained from the Jackson Laboratory were 

backcrossed to C57Bl/6 mice (Bobbala et al., 2017).  

NOD (NOD/ShiLtJ) mice were purchased from the Jackson Laboratory (Bar Harbor, ME, 

USA). NOD Il15+/−
 progeny from the 11th backcross onwards was intercrossed to 

generate NOD Il15−/− 
  mice and NOD Il15+/+

 littermates (Bobbala et al., 2012). 

 Induction of colitis in mice 

To induce acute colitis, 3-month-old WT and Il15-/- mice drank a solution of DSS 3% 

(wt/vol, molecular weight 36-50 kDa; ICN Biochemicals, Aurora, OH) dissolved in 

drinking water, as opposed to control mice with only drinking water. These experiments 

were performed in both male and female mice (WT H2O, Il15-/- H20, WT DSS, Il15-/- 

DSS). Mice were maintained on 3% DSS containing water or just water for 7 days before 

sacrifice. Body weight was monitored every day. When the weight decreased by 20%, 

mice were euthanized.  

 Preventive treatment with the TM-1 antibody against the IL-15 receptor -

chain 

WT and Il15ra-/- mice were injected intraperitoneally with 200 μg of purified TM-β1 

monoclonal antibody (mAb) (Tanaka et al., 1993), or with PBS as control, once on the 

first day of the one-week DSS 3% treatment (WT TM-1 H2O, WT PBS 3% DSS, WT 

Tm-1 3% DSS, Il15ra-/- TM-1 H2O, Il15ra-/- PBS 3% DSS  , Il15ra-/- TM-1 3% DSS). 
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Body weight was monitored every day. Mice were killed after 7 days, the intestine and 

colon were fixed for histological analysis, and colon length was measured. 

 Inflammation and histological scores 

The inflammatory histological score was determined on histological sections of the colon. 

The scores shown in Table 1 are a reflection of the inflammation present in the intestinal 

mucosa and take into consideration the damage to the crypts as well as the extent and 

severity of the inflammation (Dieleman et al., 1996). 

Table 1. Inflammatory histological score 
 

Criteria Rating Observation 

 0 None 

 1 First 1/3 of the low reaches 

Crypt damage 2 2/3 of the bottom reaches 

 3 Intact surface epithelium 

 4 No healthy epithelium 

 0 None 

 1 Restricted to the mucosa 

Extent of inflammation 2 Mucosa and submucosa affected 

 3 Transmural Inflammation 

 0 None 

 1 Light (<25% of the field) 

Severity of inflammation 2 Moderate (25-50% of the field) 

 3 Severe (50 to 100% of the field) 



34 
 

 

 Histological procedures  

 Fixing 

Longitudinal sections of large and small intestines were fixed overnight at 4°C in 

paraformaldehyde (PFA)/PBS 4% solution (Gibco, Invitrogen, CA, USA) to retain the 

antigenicity of the target molecules and preserve tissue morphology. The solution of 4% 

PFA was then replaced with 70% ethanol. To assess mucus in the intestine, the large 

intestine was fixed in Carnoy's solution (100% ethanol, chloroform and glacial acetic acid 

in a 6:3:1 ratio) for 2 hours at 4°C (Matsuo et al., 1997). Carnoy's solution was then 

replaced with 100% ethanol before cross-sections were included in paraffin. The different 

tissues were then dehydrated, included in paraffin at the Histology and Electron 

microscopy Facility of the FMSS, and then cut to 5-μm thick sections before being 

deposited on charged slides (Thermo Fisher Scientific). 

 Hematoxylin-Eosin staining  

To visualize the general tissue architecture, Hematoxylin & Eosin (H&E) biochromatic 

staining was performed. Intestinal sections were de-paraffinized in xylene and rehydrated 

in serial dilutions of ethanol and water before staining. Slides were stained with Harris’s 

hematoxylin solution to visualize negatively charged basophilic structures such as the 

nucleus. After 5 minutes, slides were washed in water and fixed in acid-water solution 

(1% acetic acid), followed by rinsing in saturated aqueous lithium carbonate, and staining 

with eosin for one minute to label the acidophilic structures found in the cytoplasm. 

Finally, slides were washed in 50% ethanol and dehydrated in increasing percentages of 

ethanol (100%, 90%, 80%) solutions and xylene. At the end of the procedure, samples 

were coverslipped using Permount™ Mounting Medium (SP15-500, Fisher Scientific, 

Waltham, MA, USA ). Slides were scanned with Nanozoomer slide scanner (Hamamatsu, 

Japan) to visualize the complete section in a single microscopic field.  

 Alcian blue staining  

Alcian blue staining permits the visualization of acidic mucins produced by intestinal 

goblet cells. Alcian blue staining was performed on cross-sections fixed in Carnoy's 
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solution by the Histology and Electron microscopy Facility of the FMSS, before scanning 

with the Nanozoomer digital scanner. The entire mucus thickness was measured under a 

NDP.view2 Plus Image viewing software (U12388-02). The average thickness was 

calculated by measuring at least ten different spots in a 300 m distal colon region per 

mouse in a blind fashion. 

 Enteroid cultures 

 Noggin-Fc and R-spondin 1-Fc conditioned media production 

293T cells used for Noggin-Fc and R-spondin 1-Fc production were kindly provided by 

Dr. Dana Philpott (University of Toronto). Cells were cultured in T75 cm2 flasks in 

DMEM (Gibco) supplemented with 10% FBS, GlutaMAX (2 mM), HEPES (10 mM) 

(Wisent, Quebec, Canada), penicillin/streptomycin (100 U/mL). Puromycin (10 mg/mL) 

(Wisent) was used for selection of Noggin-Fc producing cells or Zeocin (10 mg/mL) 

(Invitrogen) for selection of R-spondin 1-Fc producing cells. Selection was stopped and 

cells were split in T175 cm2 flasks in Advanced DMEM/F12 (Gibco) supplemented with 

GlutaMAX (2 mM), HEPES (10 mM), penicillin/streptomycin (100 U/mL). After one 

week of culture, the medium was collected and centrifuged at 150 x g, for 5 minutes. 

Supernatants were filtered with 0.22 μm membranes and stored at -80°C.  Expression of 

R-spondin or Noggin was quantified by spot blots to detect the Fc portion with anti-

mouse and anti-human Fc secondary antibody, respectively, coupled to HRP (GE 

Healthcare Life Sciences). 

 Enteroid culture 

After sacrifice, murine jejuneum were collected, opened longitudinally and rinsed with 

cold PBS. The intestine was cut into small pieces of about 5 mm length and fragments 

were washed twice by stirring them in a 50 ml Falcon tube containing cold PBS. Intestinal 

pieces were transferred in 20 mL of PBS containing 30 mM EDTA in a 50 mL tube 

(Falcon) for 20 minutes on ice, before replacing the EDTA solution with 40 mL of PBS. 

Subsequently, the tube was vigorously shaken for 5 to 8 minutes at room temperature 

until a good number of crypts was visualized under the microscope. Next, the suspension 

was filtered through a 70 μm cell strainer to purify the crypts and to remove residual villi. 
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Crypts in the eluate were sedimented twice by centrifugation at 150 x g, for 5 minutes at 

4˚C, and the pellet was washed twice with 25 mL of DMEM-F12 (Dulbecco’s Modified 

Eagle Medium: Nutrient Mixture F-12) containing Glutamax (2 mM), HEPES (10 mM), 

penicillin/streptomycin (100 U/mL). The pellet, which contained the crypts, was 

resuspended in 200-300 L of Matrigel (Corning) avoiding air bubbles, and 20 μl of the 

Matrigel-crypt mixture was deposited at the center of each well of a 48-well plate 

(Sarstedt). The plate was incubated at 37°C for at least 15 minutes until the Matrigel was 

completely solidified. Medium containing Advanced-DMEM-F12 (Dulbecco’s Modified 

Eagle Medium: Nutrient Mixture F-12) with Glutamax (2 mM), HEPES (10 mM), 

penicillin/streptomycin (100 U/mL), 1,25 mM N-acetylcysteine (Sigma), 50 ng/mL EGF 

(Life Technologies), 2% B27 supplement (Gibco), 1% N2 supplement (Gibco), 10% 

Advanced DMEM/F-12 Noggin medium, and 20% Advanced DMEM/F-12 R-Spondin 1 

medium, was added to the wells.  

 Enteroid treatment 

mIFN and mIL-15 (Peprotech) were reconstituted according to the manufacturer’s 

instructions. IFN and IL-15 were stored at -80˚C until used. Enteroids were passaged 

and stimulated with mIFN (10 ng/ml) or mIL-15 (10 ng/ml) for 48 hours. Pictures were 

taken every 24 hours. After 3 days of culture, the enteroid-Matrigel mixture was 

suspended in 300 μL/well Cell Recovery Solution for one hour at 4oC, to dissolve the 

Matrigel. Enteroids were then separated by gently mixing up and down, and transferred 

to low bind tubes for further centrifugation at 150 x g for 3 minutes at 4°C.  The 

supernatant was removed slowly, and the pellet resuspended in TRIzol® (Life 

Technologies) for RNA extraction. For inclusion in paraffin, after removal of the Cell 

Recovery Solution, enteroids were washed twice with cold PBS. Next, the pellet was 

resuspended in PFA 4% for one hour at 4°C and then in 70% ethanol for one hour at 4°C. 

Subsequently, Histogel (Thermofisher) was used to place enteroids in cassettes, before 

sending to the Histology and Electron microscopy Facility of the FMSS for inclusion in 

paraffin. 
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 RNA isolation and reverse transcription  

Enteroids were directly lysed in 1 ml of TRIzol®.  Samples were homogenized with 

chloroform and centrifuged for 15 minutes at 12000 x g, to separate the two phases. The 

aqueous phase was collected in a new tube and isopropanol was added to precipitate 

RNAs, for 30 minutes, before a 10-minute centrifugation at 12000 x g. Then, the RNA 

pellet was washed in 75% ethanol and suspended in RNAse-free water. Purity of the 

extracted RNA was evaluated by measuring the 260/280 nm and 260/230 nm absorption 

ratios with Nanodrop 2000 (Thermo Fisher Scientific). One μg of RNA was run on a 

denaturing formaldehyde-agarose gel to assess RNA quality.  

 Quantitative real-time RT-PCR 

cDNAs were synthesized from 1 μg total RNA using Quantitect® (Qiagen). Primers were 

selected by analyzing the efficiency and melting curve for each primer. Murine primer 

sequences are listed in Table 2. Gene expression was evaluated with the MyQi5® cycler 

(Bio-Rad) using SYBR Green Supermix (Bio-Rad). Relative expression of the various 

gene targets was calculated by comparing to the expression of the mouse ribosomal gene 

36B4 reference gene. Untreated/non-stimulated enteroids served as experimental 

controls.  

Table 2. List of murine primer sequences 

 
Gene Sense Anti-sense 
mSis 5'-TCAAGAAATCACAACATTCAATTTACTAG-3' 5'-CTAAAACTTTCTTTGACATTTGAGCAA-3' 

mLgr5 5'-CGAGCCTTACAGAGCCTGATACC-3' 5'-TTGCCGTCGTCTTTATTCCATTGG-3' 
mMuc2 5'-GGCCTCACCACCAAGCGTCC-3' 5'-TGGGCTGGCAGGTGGGTTCT-3' 
mChgb 5'-CCAGAGCCAGGAAGAATC-3' 5'-CTTCGTAAGAGGACTTGTTG-3' 
mReg3b 5'-CAGACCTGGTTTGATGCAGA-3' 5'-AATTCGGGATGTTTGCTGTC-3' 
mIl15 5'-CCTTAAGAACACAGAAACCCATG-3' 5'-AGGAAACACAAGTAGCACGAG-3' 

mIl15ra 5'-TCTCCCCACAGTTCCAAAATG-3' 5'-TGATTTGATGTACCAGGCCAG-3' 
mIl6 5'-AGTCCGGAGAGGAGACTTCA-3' 5'-TTGCCATTGCACAACTCTTT-3' 

mCxcl10 5'-CCAAGTGCTGCCGTCATTTTC-3' 5'-GGCTCGCAGGGATGATTTCAA-3' 
mTnfa 5'-CGTCGTAGCAAACCACCAAG-3' 5'-GAGATAGCAAATCGGCTGACG-3' 
m36b4 5'-TCTGGAGGGTGTCCGCAAC-3' 5'-CTTGACCTTTTCAGTAAGTGG-3' 
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 Statistical analysis   

Statistical analysis was performed with the GraphPad Prism 6 Software (San Diego, 

USA). The statistical significance (p value) was calculated by non-parametric 

comparison between two groups (Mann Whitney test) or one-way analysis of variance 

test (ANOVA) between the means of more than two independent groups. Differences 

were considered significant at * p≤0.05, ** p≤0.01, *** p≤0.001, **** p≤0.0001.  
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 RESULTS 

 Il15 deficient mice display normal intestinal epithelium 

In order to evaluate the contribution of IL-15 to intestinal homeostasis, several macro- 

and microscopic parameters were systematically measured in 3- to 5-month old WT and 

Il15-/- knockout mice. Body weight, colon length, as well as the architecture of the colon 

was measured in tissue samples.  

 Il15-/- mice show no clinical signs of intestinal inflammation 

Mice with spontaneous or induced colitis often show weight loss and narrowing of the 

small intestine or colon (Kim et al., 2012). However, mice lacking Il15 did not display 

basal differences in body weight and colon length when compared to controls (Fig. 5). 

 Intestinal epithelium architecture is preserved despite Il15 deficiency  

As Il15 deficiency results in a reduction in populations of intra-intestinal epithelial cells 

present in the epithelial lining of the intestine (Lodolce et al., 1998), we assessed whether 

any damage to the epithelium was observed at the microscopic level. At first glance, loss 

of Il15 does not appear to cause intestinal inflammation. Histopathological analysis of 

H&E stained sections, that allows the visualization of the structure of a tissue by 

differentially dyeing the nucleus and cytoplasm, shows that the overall architecture of the 

intestine is not affected in Il15-deficient mice (Fig. 4A). Crypt to surface epithelium 

lengths of the colon were also measured since inflammation can lead to elongation of 

these structures (Erben et al., 2014). Lengths in the proximal and distal colon did not 

show any differences (Fig. 4B). Therefore, our results demonstrate that the loss of Il15 in 

the intestinal epithelium does not cause overt basal changes in intestinal inflammation at 

homeostasis. 
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Figure 4. Il15-/- mice exhibit normal intestinal epithelial architecture. (A) Sections of ileum, 
proximal and distal colon collected from WT and Il15 deficient mice were stained with H&E. 
Representative images from at least 4 mice for each group are shown. Magnification 5X (Scale bar 
represents 500 µm) and 10X (Scale bar represents 250 µm). (B) The crypt-villus (ileum) and the crypt 
to surface epithelium (colon) length was measured in WT and Il15 deficient mice (WT n = 4, Il15 -/- 
n = 4).  
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 WT and Il15 deficient mice display equal susceptibility to DSS-induced colitis  

Given the role of inflammatory cytokines in the development of IBD, we wanted to 

evaluate the role of IL-15 in a model of induced colitis. To this end, 3-6 month-age-

matched WT and Il15-/- male mice were treated with either H2O or DSS 3% for one week.  

 Weight loss and colon length are comparable in WT and Il15-deficient 

mice after DSS treatment 

Mice were monitored for macroscopic manifestations related to DSS-induced colitis (Fig. 

5). Both groups of mice lost weight in a comparable manner during DSS treatment. 

Untreated WT and Il15-/- mice showed no significant differences in body weight during 

the experimental window (Fig. 5A). Similarly, loss of colon length was comparable 

between WT and Il15-/- mice treated with DSS (Fig. 5B). Fig. 5C shows colons from WT 

and Il15-deficient control mice treated with H20 and WT and Il15-deficient mouse treated 

with DSS for one week. These observations suggest that absence of Il15 does not 

influence colon length or weight loss following DSS treatment.    

 DSS-induced intestinal damage is comparable between WT and Il15-/- mice  

The above results suggest that Il15-deficient mice are equally susceptible to DSS-induced 

colitis. Histological analysis of ileum, proximal and distal colon revealed the presence of 

equivalent intestinal inflammation in DSS-treated WT and Il15-deficient mice (Fig. 6A, 

6B). The ileum of both DSS treated groups showed no signs of inflammation. The 

proximal colon exhibited restricted areas of inflamed tissue despite the preservation of 

the overall architecture. In the distal colon, regions of lower inflammation were 

interspersed with severe areas of inflammation where the epithelium was completely 

eroded. 

 Mucus production is equally perturbed in the colon of DSS-treated WT 

and Il15-/- mice  

To determine whether absence of Il15 affects the production of mucus, we evaluated the 

expression of mucus by Alcian blue staining in the colon from control and DSS-treated 

mice. Due to the complete erosion of the epithelial layer that contains the goblet cells in 
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the distal epithelium, the amount of mucus present in the lumen was diminished in both 

groups of DSS-treated mice (Fig. 7). These results indicate that the absence of Il15 does 

not influence the level of mucus production nor the level of goblet cell destruction, when 

compared to WT mice.  

Figure 5. WT and Il15-/- mice experience a drastic weight loss and show macroscopic signs of 
intestinal inflammation after DSS treatment. (A) Body weight measurement. (B) Colon length at 
sacrifice. (C) Representative images of colon from the four groups are shown. WT H2O n=4, Il15-/- H2O 
n=4, WT DSS n=8, Il15-/- DSS n=8). Error bars represent the standard error of the average. Statistical 
significance using one-way ANOVA test is shown by * p≤0.05, ** p≤0.01, *** p≤0.001, **** p≤0.0001. 
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Figure 6. WT and Il15-/- mice show severe colitis after DSS treatment. (A) Sections of ileum, proximal and 
distal colon collected from WT and Il15-/- DSS-treated mice were stained with H&E. Representative images 
from at least 4 mice for each group are shown. Magnification 5X (Scale bar represents 500 µm) and 10X (Scale 
bar represents 250 µm). (B) Histological analysis of colonic sections stained with H&E reveals colitis 
following a proximal to distal severity gradient in WT and Il15 deficient mice. (WT DSS n=8, Il15-/- DSS n=8) 
Error bars represent the standard error of the average. Statistical significance using Mann Whitney test showed 
no significant differences. 
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Figure 7. WT and Il15-/- mice show an equal reduction in the number of colonic goblet cells 
and mucus production after DSS treatment. Goblet cells and mucins were stained with Alcian 
blue, on paraffin embedded distal colon sections of DSS treated Il15 deficient and WT control 
mice. Representative images from at least 4 mice for each group are shown. Magnification 10X 
(Scale bar represents 250 µm). (WT n = 8, Il15-/- n = 8). 
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Figure 8. NOD mice are resistant to DSS-induced colitis. (A) Body weight was measured every day during 
DSS treatment. (B) The length of the colon was determined at sacrifice. (C) Sections of proximal and distal 
colon from the WT and Il15 deficient DSS-treated NOD mice were stained with H&E. Magnification 5X 
(Scale bar represents 500 µm) and 10X (Scale bar represents 250 µm). (NOD WT H2O n=3, NOD WT 3% 
DSS n=4, NOD, Il15-/- 3% DSS n=4). Error bars represent the standard error of the average, Statistical 
significance using one-way ANOVA test is shown by * p≤0.05, ** p≤0.01, *** p≤0.001, **** p≤0.0001. 

C. 



46 
 

 

 Il15 deficiency does not influence the susceptibility of NOD mice to DSS-

induced colitis 

One of the major scientific challenges in exploring the etiology of complex inflammatory 

diseases is finding a good animal model. Other alternative models for the study of 

ulcerative colitis using mice with a NOD background have already been studied 

(Palamides et al., 2016). Il15-deficient NOD mice were not susceptible to autoimmune 

type 1 diabetes (Bobbala et al., 2012). We induced DSS-mediated colitis in NOD and 

Il15-/- NOD mice as described above, to determine whether the absence of Il15 could alter 

the response of NOD mice to DSS-induced colitis. 

 NOD mice are not susceptible to DSS-induced colitis 

To determine whether Il15 deficiency influenced the development of colitis in the NOD 

background, we treated NOD and Il15-/- NOD mice with 3% DSS. Unlike C57Bl/6 mice, 

NOD and Il15-/- NOD mice did not show any loss of body weight during DSS treatment 

(Fig. 8A). At sacrifice, colon length was comparable to that of untreated controls (Fig. 

8B).  

 The epithelial architecture is conserved in the middle colon of NOD mice 

under DSS treatment  

Histological analysis showed that the epithelial architecture was conserved in most of the 

intestinal tissue (Fig. 8C), as reflected by the absence of inflammatory histological scores 

(data not shown). In addition, colonic crypt to surface epithelium length was not 

significantly modulated in NOD and Il15-/- NOD mice by DSS treatment. Collectively, 

the above results show the absence of inflammation in NOD mice, and that Il15 

deficiency does not alter the phenotype. These results are similar to the reports showing 

that NOD mice are resistant to DSS-induced colitis (Mähler et al., 1998).  
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Figure 9. Anti-IL-15R TM-1 antibody does not influence DSS-induced colitis in WT mice. (A) Body weight 
was measured everyday of DSS treatment in WT mice treated with water or DSS, with or without TM-β1. (B) 
Colon length from PBS or antibody injected DSS treated mice. (C) Representative H&E sections of distal colon. 
Representative images from at least 4 mice for each group are shown. Magnification 10X (Scale bar represents 
250 µm). (D) Histological score of the colon (WT TM-1 H2O n=4, WT PBS 3% DSS n=6, WT TM-1 3% DSS 
n=6). Error bars represent the standard error of the average. Statistical significance using one-way ANOVA test is 
shown by * p≤0.05, ** p≤0.01, *** p≤0.001, **** p≤0.0001. 
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 Effect of inhibiting IL-15 signaling on DSS-induced colitis  

Biologics that target proteins in inflammatory pathways are under various stages of 

development as treatment options for IBD. Targeting the IL-15 pathway might have 

therapeutic possibilities in both coeliac disease and IBD (Baslund et al., 2005). Anti-IL-

15R TM-1 can bind to the  chain of the receptor shared by cytokines IL-2 and IL-15 

(Figure 3). TM-1 blocks IL-15 signaling without interfering with IL-2 signaling 

(François et al., 1996; Nakamura et al., 1993; Tanaka et al., 1993). Previous studies have 

shown that inhibiting IL-15 signaling using this antibody was beneficial in coeliac disease 

(Yokoyama et al., 2009). Treatment with TM-1 mAb during the initiation of the disease 

process, but not later, prevented the development of autoimmune diabetes in NOD mice 

(Bobbala et al., 2012). The contribution of IL-15 to the development of IBD is still not 

clear. It is possible that the complete knockdown of Il15 (as described in the above 

experiments) could have induced compensatory mechanisms in mice rendering them 

equally susceptible to DSS-induced damage. Therefore, we examined the effect of 

blocking IL-15 signalization using TM-1 in order to determine if neutralizing IL-15 or 

blocking IL-15 signaling prevents disease initiation, diminish intestinal damage, or arrest 

the ongoing disease, and whether these outcomes are accompanied by reduction in the 

disease activity index. 

 WT mice treated with TM-1 display similar weight loss or changes in 

colon length following DSS treatment 

Mice were pre-treated with or without TM- antibody before DSS treatment.  Body 

weight and colon length were monitored as described in the previous sections. Loss of 

body weight was comparable between the groups treated with DSS, irrespective of 

whether they received the antibody or not (Fig. 9A). Similarly, inhibition of IL-15 

signaling using TM-1 mAb did not reduce a lot the damage to the colon, as indicated by 

similar changes in colon length (Fig. 9B). These observations suggest that inhibition of 

IL-15 signaling does not affect the inflammation in the colon of WT mice treated with 

DSS.  
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Figure 10. Anti-IL-15R TM-1 antibody protects from DSS-induced colitis in Il15ra-/- mice (A) Body 
weight was measured everyday of DSS treatment in Il15ra-/- mice treated with water or DSS. (B) Colon 
length was evaluated for all experimental groups. Error bars represent the standard error of the average. 
Statistical significance using Mann Whitney test is shown by is shown by * p≤0.05, ** p≤0.01, *** p≤0.001, 
**** p≤0.0001.. (C) Sections of proximal and distal colons were stained with H&E to assess tissue 
inflammation in response to DSS and the antibody TM-1. Representative images from at least 4 mice for 
each group are shown. Magnification 10X (Scale bar represents 250 µm). (D) Inflammatory histological 
score of the colon is significantly lower in Il15ra-/- mice treated with the TM-1 antibody. (Il15ra-/- TM-1 
H2O n=4, Il15ra-/- PBS 3% DSS n=6, Il15ra-/- TM-1 3% DSS n=6). Error bars represent the standard error 
of the average, Statistical significance using one-way ANOVA test is shown by is shown by * p≤0.05, ** 
p≤0.01, *** p≤0.001, **** p≤0.0001. 
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 TM-1 and PBS injected WT mice under DSS treatment are equally 

affected regarding the inflammatory score and epithelial architecture  

We examined the epithelial architecture by H&E staining (Fig. 9C). Damage to the 

intestinal epithelium was comparable between mice treated or not with TM- antibody. 

Colonic crypts showed equal damage in both groups of mice (Fig. 9D).  

 TM-1 antibody injection induces lower macroscopic signs of intestinal 

inflammation in I15ra-/- mice under DSS treatment 

Previous work from the lab has shown that IL-15 can signal in the absence of IL-15R 

in certain cell types. As Il15ra-deficient mice have reduced intra-epithelial lymphocytes 

and other IL-15-dependent lymphocyte subsets, we wanted to delineate the requirement 

for IL-15 signaling under these conditions. Therefore, we treated Il15ra-/- mice with TM-

β1 and maintained mice on DSS as described above. In this way, the binding of the 

cytokine to its receptor is definitively blocked. While body weight (Fig. 10A) and colon 

length (Fig. 10B) were not significantly affected by TM-β1 in DSS-treated WT and 

Il15ra-/- mutant, TM-1 treatment decreased the damage to the intestinal tissue (Fig. 10C) 

and the histological score (Fig. 10D) in DSS-treated Il15ra-deficient mice as opposed to 

DSS-treated WT mice.  

Figure 11. Il15 deficiency does not induce morphological changes in murine enteroids. Photos were 
taken everyday of WT and Il15 deficient enteroids in culture. Scale bar represents 500 µm.  WT and Il15-

/- enteroid sections were stained with H&E. Scale bar represents 100 µm. Acidic mucins from vesicles on 
goblet cells were stained with Alcian blue. Scale bar represents 100 µm. 
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Figure 12. IFN treatment affects enteroid morphology and development processes. (A) 
Representative images from each group are shown after 24 and 48 h of treatment with IFN and IL-15. 
Scale bar represents 100 µm.  (B) Viability represented in percent of disrupted organoids. (C) Organoid 
Size. Statistical significance using one-way ANOVA test is shown by * p≤0.05, ** p≤0.01, *** p≤0.001, 
**** p≤0.0001. 
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 Enteroid cell functions are modulated against an inflammatory stimulation 

Enteroid 3D cell culture provide a model that resemble tissue physiology of organs in 

vivo (Sato et al., 2009). Intestinal enteroids, maintained in vitro over long time periods, 

are derived from intestinal crypt cells. Enteroid cultures recreate the renewable small 

intestinal epithelial niche, which differentiates into different cell types, in a defined 

culture medium (Clevers, 2016).   

 Absence of Il15 does not affect the development of enteroids  

To determine whether autocrine IL-15 signaling played a role in crypt homeostasis, we 

generated enteroids from WT and Il15-/- mice and followed their morphology over a 

period of time by visible microscopy. We did not observe any differences in the 

morphology by H&E staining between enteroids obtained from WT or Il15-/- mice (Fig. 

11).  

 Enteroid differentiation and development processes are significantly 

affected following IFN in WT compare with Il15-deficient enteroids 

To identify immune cell mediators that might indirectly cause a loss of cell functions or 

expression of inflammatory factors after bacterial stimulation, we treated enteroids with 

optimal doses of proinflammatory cytokines mIFN and mIL-15. Enteroid survival 

following recombinant mIL-15 treatment in the presence or absence of Il15 was 

comparable. In contrast, morphological analysis of Il15-deficient enteroids after 

treatment with recombinant IFNγ revealed an increased loss of enteroid morphology (Fig. 

12A), an elevated enteroid disruption (Fig. 12B) and no differences in their relative size 

(Fig. 12C), as compared to WT enteroids. To evaluate if inflammatory stimuli from IFN 

or IL-15 signaling directly affect enteroid differentiation and inflammation, we 

determined the expression patterns of differentiation and inflammation markers by qPCR 

in WT and Il15-/- enteroids treated with mIFN  or mIL-15. Non-stimulated Il15-deficient 

enteroids displayed reduced expression of Sis, an enterocyte marker, and 

Tnfa. Exogenous mIL-15 increased the expression of the Lgr5 gene and reduced the 
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expression of Tnfa in Il15-/- enteroids. Interestingly, we observed that IFN significantly 

increased Muc2 transcription in Il15-/- enteroids compared with WT enteroids, whereas 

the expression of Chgb, Sis, Reg3b and Lgr5 was not significantly different after the IFN 

stimulation. Additionally, to further delineate whether impaired expression of Il15 is 

needed for the induction of pro-inflammatory cytokines and chemokines, we evaluated 

the expression of Tnfa and Cxcl10 mRNA levels after 48 h. We observed that following 

IFN treatment, mRNA expression of Tnfa and Cxcl10 was lower in Il15-/- enteroids, 

compared with WT enteroids. This finding suggests a dependence on endogenous Il15 

for the expression of some cytokines and chemokines. We observed that IFN induced a 

2-fold increase in Il15ra transcription in Il15-/- enteroids compared with WT enteroids. 

(Fig. 13). 
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Figure 13. Expression of enteroid differentiation markers and cytokines in enteroids treated with 
IFNγ or IL-15. The expression of the indicated genes was studied in cultures of enteroids stimulated with 
IFN and IL-15 or non-stimulated as control for 48 hours. The data is expressed as relative expression 
when compared to housekeeping genes. N=2. NT: non-treated. Statistical significance using Mann 
Whitney test is shown by * p≤0.05, ** p≤0.01. 
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 Summary of results 

In this study we describe a possible role for IL-15 in IBD, particularly IL-15 expressed 

in IEC. We found that loss of IL-15 in the intestinal epithelium does not affect immune 

homeostasis in mice maintained in SPF conditions. Furthermore, we showed that Il15-/- 

deficient mice are equally susceptible as WT mice to develop colitis following DSS 

treatment. Furthermore, treatment with the anti-IL-15R TM-1, did not prevent the 

damage caused to the intestinal epithelium following DSS treatment in WT mice. 

However, in Il15ra-deficient mice, treatment with TM-1 reduced the damage to the 

intestinal tissue.  

To delineate the specific role of autocrine IL-15 in the framework of intestinal epithelial 

cells, we evaluated the induction of chemokines and cytokines in enteroids from small 

intestine. We found that HIEC can express inflammatory markers following stimulation 

with TLR ligands, TNF and IFN. In enteroids deficiency of IL-15 can diminish the 

damage caused by IFN and reduce the expression of chemokines and proinflammatory 

cytokines. Overall, our results contribute to a better understanding of the role for IL-15 

in a colitis-associated inflammation. 
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 DISCUSSION  

The pathogenesis of Ulcerative Colitis (UC) and Crohn’s disease (CD), the two principal 

forms of inflammatory bowel diseases (IBD), are the subject of intense research as they 

represent a major healthcare burden, with highest prevalence in North America and 

Europe and rising incidence in Asia (Ng et al., 2017). IBD are characterized by a chronic 

relapsing inflammation, resulting from an aberrant immune response to intestinal flora in 

genetically susceptible individuals. The immune system is the major effector of the 

intestinal tissue damage, through the action of multiple cell types as well as soluble 

mediators, such as cytokines and chemokines.  

Cytokines, key mediators of the immune system interactions in the intestinal epithelium, 

contribute to the disruption of the normal state of controlled inflammation (Jump and 

Levine, 2004). During the last years, studies on in vivo mouse models and human 

intestinal tissues have demonstrated that immune regulation, host defense pathways, 

epithelial barrier function, and tissue repair are important pillars of intestinal 

homeostasis, by controlling the host-microbe dialogue. Failure of these cytokine network 

pathways and their regulation can lead to IBD (Maloy and Powrie, 2010). In this work, 

we evaluated the role of IL-15, an inflammatory cytokine, in the physiology and 

pathophysiology of the intestinal mucosa. 

The intestinal epithelium forms a physical and chemical barrier between the contents of 

the intestinal lumen and underlying cells, in addition to regulating the immune response 

(Peterson and Artis, 2014). It is therefore not surprising that multiple genetic defects in 

IEC  have been reported in individuals with IBD (Khor et al., 2010). To understand the 

cellular and molecular mechanisms by which loss of expression of IL-15 can affect the 

intestinal epithelium homeostasis, we analyzed cohorts of 3 to 4-month-old mice. Il15 

knockout mice did not suffer from any apparent intestinal inflammation. These results 

suggest that Il15 deficiency does not induce by itself inflammation or the loss of intestinal 

barrier integrity. Despite the fact that mice with a genetically disrupted Il15 gene display 

marked reductions in the numbers of thymic and peripheral NK T cells, memory 

phenotype CD8+ T cells, and distinct subpopulations of intestinal IEL (Lodolce et al., 
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1998), we found that Il15-deficient mice remain healthy as reported elsewhere (Kennedy 

et al., 2000) .   

Over the years, multiple studies have shown how IL-15 is implicated in several 

inflammatory conditions. Circulating IL-15 levels are elevated in UC and CD patients, 

implying a pathogenic role for IL-15 in intestinal pathologies (Kirman and Nielsen, 1996; 

Liu et al., 2000). However, just one study has shown that absence of IL-15 protects 

against colitis in mice (Yoshihara et al., 2006). In this study, they evaluated DSS-induced 

colitis in both acute and chronic phases. In acute colitis, Il15-deficient mice displayed 

lower lethality, weight loss, and reduced tissue damage as seen by histological scores. 

IL15 knockout mice had reduced lamina propria CD8+ T cells and NK cells, and lower 

levels of lamina propria proinflammatory cytokines. Additionally, in a chronic colitis 

model (over 30 days), similar results were found.  In order to further delineate the role of 

IL-15 in intestinal pathology, we induced colitis with DSS in Il15-deficient and control 

mice. In contrast to this previous report (Yoshihara et al., 2006), we did not observe 

obvious differences in the severity of the damage to intestinal tissues between WT and 

Il15-deficient mice. Both WT and Il15-deficient mice developed high-grade hyperplasia 

and dysplasia in the colon that are frequent events in colitis.  

There could be various reasons to explain the observed differences. One of the major 

differences could be the prevalence of Helicobacter bacteria. Most of the animal colonies 

around the world harbor Helicobacter, Novovirus and other innocuous pathogens 

(Besselsen et al., 2008). However, all the mice in our colony are free from Helicobacter 

and Novovirus since 2005. We speculate that these changes in gut microbiota may explain 

these contradictory results. Indeed, various microbiota composition in mice from 

different laboratories is considered to play an important role in the lack of reproducibility 

of data (Franklin and Ericsson, 2017). Lately, several studies have questioned whether 

the bacterial gut microbiota of contemporary laboratory rodents is insufficient in richness 

and species makeup to optimally model human conditions. It has been proposed to use 

gut microbiota from wild rodents or from the pet trade (Beura et al., 2016; Reese et al., 

2016; Weldon et al., 2015). Other factors that could contribute to the variance among 

different studies are the experimental protocol, degree of sulfate content and molecular 
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weight of DSS (Axelsson, 1998), and potentially other undefined environmental factors. 

Likewise, one should also consider the preparation of tissues for histological 

examination. Longitudinal sections, such as those obtained by intestinal loops 

(Moolenbeek and Ruitenberg, 1981), may better reflect the actual damage than cross 

sections because of the patchy nature of DSS-induced lesions (Cooper et al., 1993). 

In contrast to the above studies and our own findings, Obermeier’ group has shown that 

neutralization of IL-15 with soluble murine Fc-IL-15R in chronic DSS-induced colitis 

resulted in disease aggravation (Obermeier et al., 2006). Although the reasons for these 

contradictory conclusions are unclear, it is notable that Obermeier et al. observed an 

increase in intestinal epithelial damage and secretion of IL-6, TNF and IFN by 

mesenteric lymph node cells, using soluble murine IL-15R to block IL-15 signalization. 

As both mice strains are in C57BL/6 background, a possible explanation for these 

different findings could be the chronic DSS-induced colitis model used or the soluble IL-

15R administered that can potentially increase the half-life of cytokines. 

Oral administration of DSS in experimental animal models for the study human IBD has 

been shown to be different in the severity, clinical course and anatomical location of 

pathological changes of intestinal inflammation between different animal species. 

Among the laboratory animals tested, guinea pigs are the most susceptible species to 

DSS-induced colitis (Iwanaga et al., 1994). The right colon was more harshly affected 

than the left in hamster (Yamada et al., 1992) and guinea pig models (Iwanaga et al., 

1994). In contrast, the right colon was more severely damaged in Wistar rats (Gaudio et 

al., 1999), whereas the opposite side was more damaged in Fischer 344 rats (Domek et 

al., 1995). The severity of lesions predominated in the distal colon in BALB/c and CBA/J 

mice, (Okayasu et al., 1990), whereas the midcolon was most severely affected in Swiss-

Webster mice (Cooper et al., 1993). We think that evaluation of different inbred strains 

of mice could provide the basis for investigations of the genes determining susceptibility 

or resistance to colitis.  

In this work, we confirmed the previous observations that NOD mice are resistant to 

DSS-induced colitis. Our data clearly demonstrate equal sensitivity to DSS between WT 
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and Il15-deficient mice in a NOD background. Mähler’s group has shown major 

differences in DSS responsiveness among nine strains using a standardized protocol, and 

have reported the resistance of NOD mice to DSS-induced lesions (Mähler et al., 1998). 

The differences in microbiota in NOD mice tend to be lower as development of 

spontaneous type 1 diabetes in NOD mice is observed in ‘clean’ colonies only. Hence, 

most of the NOD colonies are maintained under ‘specific pathogen free’ conditions in 

most of the laboratories. Their results establish main differences among strains in DSS 

responsiveness, due either to genetic differences in the ability of the mucosa to resist 

inflammatory damage, differences in the ability to limit the inflammatory response, or 

both. 

Anti-TNF monoclonal antibodies are the first broadly used biologics approved for 

treating both CD and UC. These antibodies, including infliximab, adalimumab, and 

certolizumab pegol, display good clinical efficacy (Berns and Hommes, 2016; Dryden, 

2009). Nevertheless, 20% of patients under treatment do not respond, and over 30% 

eventually become refractory (Ungar and Kopylov, 2016). The human monoclonal 

antibody HuMax‐IL15 targeting the β subunit of the IL‐15 receptor has been well 

tolerated in a phase I/II clinical trial for rheumatoid arthritis, with substantial 

improvements in disease activity (Baslund et al., 2005). This first clinical trial that 

directly target IL-15 in humans suggest that manipulation of the IL‐15 pathway could 

have therapeutic possibilities in targeting IBD pathogenesis. In line with this assumption, 

we examined the effect of IL-2/15Rβ chain blockade in vivo in DSS-induced 

inflammation in WT and Il15ra-/- mice with the aim of understanding the role of IL-15 in 

intestinal inflammation. The absence of significant differences between TM-1 treated 

and control mice maintained on DSS in WT mice suggests that IL-15 may not directly 

regulate the intestinal permeability that can promote the entry of the commensal 

microbiota. However, it is possible that the inflammatory process induced further to 

breach the epithelial barrier, is reduced in the absence of IL-15. The experiments carried 

out in this study have not addressed inflammatory status in DSS-treated IL-15 deficient 

mice or in DSS-treated mice that received TM-1. However, certain indirect evidences 

suggest that targeting IL-15 signaling may have beneficial effects. For example, TM-1 
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treatment diminished colon tissue destruction in Il15ra-deficient mice but not in WT mice 

maintained on DSS (Figures 9 and 10).  

How to explain the differences observed between TM-1 treated WT and Il15ra-deficient 

mice? We have shown previously that treatment with TM-1 antibodies for 3 weeks 

(twice a week) prevented the development of spontaneous diabetes in NOD mice 

(Bobbala et al., 2012). In this study, it is hypothesized that inhibition of IL-15 signaling 

in APC contribute to inhibit immune processes associated with the early stages of 

autoimmune diabetes. Additional studies in this autoimmune diabetes model suggested 

that in cells other than lymphocytes, IL-15 signaling does not require IL-15Ra (Bobbala 

et al., 2017). Therefore, it is possible that the single dose of TM-1 treatment used in this 

study might not have been sufficient in WT mice to inhibit the expansion and activation 

of lymphocyte subsets. It is well known that IL-15 signaling is required for the expansion 

and maintenance of IL-15-dependent lymphocytes and not necessarily for their 

activation. Mortier et al. evaluated the physiological roles of IL-15Rα-mediated trans-

presentation to support NK, IEL, and CD8+ T cell functions, in four lines of mice lacking 

IL-15R in the mentioned cell types. They found that NK cell survival and homeostatic 

proliferation mediated by IL-15R-IL-15 are regulated differently in vivo, depending on 

the cellular source of trans-presented IL-15 (Mortier et al., 2009). Recent studies have 

also shown that NK cells and CD8+ T cells are differently affected, while Tregs are mildly 

affected by inhibiting IL-2/IL-15Rβ chain (Yuan et al., 2018). As IL-15-dependent 

lymphocytes are already absent in Il15ra KO mice, inhibition of IL-15 signaling might 

have directly inhibited the activation of innate immune cells that are not lymphocytes. In 

future experiments, it might be important to treat WT mice with TM-1 for 2 weeks prior 

to the start of the DSS treatment.   

Antibodies against pro-inflammatory cytokines, such as TNFα, IFNγ, IL-12/IL-23p40, 

IL-6R, IL-11, IL-13, IL-17A, as well as antibodies to integrin molecules and recombinant 

IFN-β  and IL-10, are at various stages of clinical trials (Neurath, 2014). Anti-

inflammatory cytokines, such as IL-10, have shown no positive results, as it may be more 

important to target pro-inflammatory processes than promote anti-inflammatory 

https://www.sciencedirect.com/topics/medicine-and-dentistry/role-playing
https://www.sciencedirect.com/topics/immunology-and-microbiology/cd8
https://www.sciencedirect.com/topics/medicine-and-dentistry/t-cell
https://www.sciencedirect.com/topics/immunology-and-microbiology/mouse
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networks. In line with these observations, our results, though preliminary, suggest that 

blockade of IL-15 signaling cells may have beneficial effects (Figure 10). Given the 

complexity of IL-15 signaling, antibodies targeting IL-15 did not show much promise in 

clinics (Bhaslund, 2005).  

DSS-induced colitis increases the infiltration of many types of immune cells in the 

intestinal mucosa of WT and Il15-deficient mice, resulting in intestinal mucosal erosion 

(Sambasivarao, 2013). We have shown that inhibition of IL-15R chain of the receptor 

partially protects the Il15ra-deficient mice animals treated with DSS from tissue damage 

(Figure 10). In Il15-deficient mice, it is possible that compensatory inflammatory 

mechanisms are in place to maintain homeostatic inflammatory processes required to 

protect the gut mucosa. Therefore, despite the absence of IL-15, mice are not protected 

from DSS-induced damage to the colon. Moreover, it has been shown that IL-15 impacts 

negatively butyrate-producing bacterial populations in the absence of pathology: these 

events precede intestinal inflammatory diseases (Meisel et al., 2017).  

IFN, associated with the TH1 subset, is a cytokine with pleiotropic effects. Although 

IFN expression is induced in both forms of IBD, it is usually increased in the mucosa of 

patients with CD. IFN upregulates the expression of MHC class I and class II expression 

on macrophages and dendritic cells, increases the secretion of chemokines and activates 

macrophages, lymphocytes and endothelial cells (Ghosh, 2005). The second objective of 

this work was to study the functional consequences of proinflammatory cytokines such 

as IFN or IL-15 on IEC using enteroids. The normal crypt-villus architecture is 

recapitulated in organoids, which are composed of highly polarized and differentiated 

epithelial cells with their apical brush border facing the lumen, as well as intestinal stem 

cells (Date and Sato, 2015). We used this cellular model to address the role of 

inflammatory cytokines on IEC differentiation, and whether the absence of Il15 could 

influence IEC growth, differentiation or response to cytokines. In the context of chronic 

or acute intestinal inflammation, the epithelium plays an important role in the overall 

damage by intensifying the inflammatory response induced by microbial factors. We 

observed that enteroid cultures from WT mice were significantly more sensitive to 
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proinflammatory cytokines when compared with Il15-deficient enteroids (Figure 12). 

After injury to the epithelial barrier, IEL cell populations are activated, and become a 

source of IFN (Eriguchi et al., 2018). Thus, IFN is a potent cytokine that can cause 

damage to the epithelium. We observed that exogenous IFN increased the expression of 

some inflammatory mediators in enteroids. Indeed, we observed that IFN increases the 

expression of Il15ra, Tnfa and Cxcl10 in both WT and Il15-/- enteroids. Eriguchi et al. 

(2018) showed that IFNγ (2 ng/ml) damaged enteroids within 2 days, but no other 

cytokine disturbed enteroid integrity. Our finding that Il15-/- enteroids were more 

resistant to IFN treatment in terms of the percentage of disrupted enteroids demonstrates 

that the absence of IL-15 in IEC can reduce the damage and result in the attenuation of 

inflammatory reaction. IFNγ treatment did not preferentially affect any particular cell 

type in the epithelial structure as tested by quantifying mRNAs for intestinal lineage 

markers. The small reduction in mRNA levels of pro-inflammatory cytokine Tnfa and 

chemokine Cxcl10, in the absence of IL-15 after IFN stimulation indicates that IL-15 

expressed by enterocytes may play a role in modulating the inflammatory phenotype in 

IEC. Exogenous IL-15 minimally affected the expression of lineage specific markers 

tested in both WT and Il15-deficient enteroids.  

Organoid cultures are a useful model the study the interactions between the intestinal 

epithelium and subpopulations of immune cells. For example, the generation of murine 

organoids and IEL co-cultures (Nozaki et al., 2016) have allowed the characterization of 

the mechanism of motility and survival of IEL, which may be altered in the mucosal 

tissue of IBD patients (Ohri et al., 2016).  Also, co-cultures of human organoid-derived 

monolayers with macrophages have been used to elucidate how innate immune cells and 

the epithelium organize the response to enteric pathogens (Noel et al., 2017). Thus, co-

culture models could be used to determine the response of Il15 or Il15ra-deficient 

organoids to Il15 or Il15ra-deficient immune cells, in different combinations, in order to 

determine the role of IL-15 homeostasis of epithelial cells.   

As discussed earlier, the etiopathogenesis of IBD remains poorly understood. Several 

studies strongly suggest that a dysfunctional immune response plays a key role in the 
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pathogenesis of IBD. Consequently, downregulation of these overactivated immune 

responses are the best treatment options to treat IBD. The results obtained with TM-β1 

treated Il15ra-/- mice and enteroid cultures propose an approach about the pathogenic role 

for IL-15. Therefore, additional studies must be done with the objective of proposing IL-

15 as a potential target for developing new therapies against IBD.  
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 CONCLUSIONS 

IBD are chronic disabling inflammatory diseases with a markedly increased incidence 

and prevalence in recent years. Several pro-inflammatory cytokines have been implicated 

in the development of IBD pathologies. The mechanisms by which IL-15 activates 

lymphocytes has been well-characterized. However, its role in non-immune cells, 

including IEC is just beginning to be studied. The current study was carried out to 

characterize the role of IL-15 in intestinal epithelial cell homeostasis. 

The results obtained in this study in our murine model of complete invalidation of Il15 

gene demonstrate that IL-15 plays a minimal role in the maintenance of intestinal 

homeostasis and the mucosal protection against development of spontaneous 

inflammation. We showed that loss of Il15 expression did not lead to the development of 

colonic intestinal inflammation, typically characterized by cryptic abscesses, acute 

ulceration, cell loss goblets and/or neoplasia, all of which are events associated with 

ulcerative colitis.  

Interestingly, in the DSS-induced colitis model, we found that inhibiting IL-15 signaling 

by TM-1 antibody was protective in Il15ra-deficient mice, but not WT mice. This 

suggests that IL-15 could signal independently of its receptor. IL-15 Rα could be 

indispensable for specific immune cells maintenance in the intestine, such as 

macrophages and NK cells, inducing mucosal inflammation via recruiting, maintaining 

and possibly activating these inflammatory cell populations. 

Finally, we found that exogenous IL-15 had minimal effects on enteroids, suggesting that 

soluble IL-15 did not affect epithelial enteroid integrity.  

During this thesis we have discussed that the blockade of IL-15 might constitute a useful 

target to introduce new therapeutic approaches in IBD. The role of this cytokine in the 

development of the intestinal inflammation can be illustrated in the Figure 14, where are 

observed how IELs and LP lymphocytes can strongly proliferate in response to IL-15, 

further leading to enhanced production IFN. IL-15-activated LP cells induce the 

production of IL-12 by monocytes-macrophages. Thus, IL-12 works in concert with 
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IFN secreted by activated T cells. IL-12 acts by inducing further IFN secretion by T-

cells, leading to a TH1 response, enhancing the activity of NK cells and CD8+T cells and 

acting as a leukocyte chemokine, thus favoring the recruitment of inflammatory cells into 

inflamed sites, leading to intestinal mucosa inflammation. Additionally, IL-15 also 

regulate the activity of anti-inflammatory pathways, including those mediated by T-

regulatory cells. Accordingly, IL-15 related IL-12/ IFN secretion, together with the 

enhancing expression of CD40L on T cells mediated by IL-15, further promotes 

monocyte and T cells activation, recruitment of leukocytes into inflame mucosa and pro-

inflammatory cytokine production, which are believed to lead to chronic inflammation 

and tissue damage.   

Figure 14:  The central role of IL-15 in the pathogenesis of IBD. IELs: intra-epithelial lymphocytes; 
CTL: cytotoxic T-lymphocytes; DC: dendritic cells; TReg: T regulatory cells; TH: T helper cells. 
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 PERSPECTIVES 

The results obtained in this work, however, did not allow us to conclude definitively on 

the implication of IL-15 in the initiation and development of IBD. It is currently 

controversial as to whether IL-15 protects the epithelium and/or contributes to the 

inflammation (Yoshihara et al, 2006; Obermeier et al., 2006). It would be relevant to 

continue this project in vivo using chronic mouse models based on DSS-induced colitis 

or Citrobacter rodentium-induced colitis model. This will permit the analysis of the role 

of IL-15 during the initiation of inflammation and in the remission. It would be also 

interesting to evaluate the influence of IL-15 on the distinct cell lineages in the intestine 

of knockout mice.  

Enteroid cultures could be used to focus on the role of different inflammatory cytokines 

on epithelial cells. Using live cell imaging, for example, we could evaluate the 

degranulation coupled to luminal extrusion or death of Paneth cells, for example, in 

response to different cytokines, including IL-15. In addition, it could be interesting to 

generate colonic organoids, and to compare between these organoids and enteroids, in 

order to understand the interactions between epithelial cells, inflammation and the gut 

microbiome.  
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Annex 3: License for the use of Figure 3. 

 


