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Abstract 

In physiological conditions, robust immunological mechanisms avoid adverse responses 

to food antigens. In contrast, in celiac disease that affects about 1% of Western populations, 

exposure to dietary gluten of genetically predisposed HLA-DQ2.5/ DQ8 individuals triggers a 

chronic small intestinal enteropathy. Previous studies in humans have established the crucial 

role of HLA-DQ2/DQ8 restricted gluten-specific intestinal CD4 T cell response. This CD4 T 

cell response is necessary but is however not sufficient to induce tissue damage. Other studies 

have pointed to the role of interleukin 15 (IL-15). Thus, IL-15 over-expressed in the mucosa of 

celiac patients can interfere with immunoregulatory mechanisms and stimulate the activation of 

cytotoxic CD8 T intraepithelial lymphocytes, thought to induce epithelial lesions. Whether and 

how gluten-specific CD4 T cells and IL-15 interact to activate CD8 T intraepithelial 

lymphocytes and to drive intestinal tissue damage has not been however established. 

To address this question, we have set up a mouse model based on the breeding of OTII
 

mice possessing CD4 T cells specific of a model antigen, ovalbumin, with heterozygous 

transgenic mice overexpressing a secreted form of human IL-15 in intestinal epithelium (hIL-

15Tge mice). Resulting OTII
+/-

 B6
 
and OTII

+/-
 hIL-15Tge

+/- 
mice were exposed to dietary 

ovalbumin from the prenatal period until 3 months of age. Upon chronic exposure to 

ovalbumin, OTII
+/-

 hIL-15Tge
+
 mice, contrary to their OTII

+/-
 B6 littermates, developed growth 

retardation, and villous atrophy associated with expansion of intestinal cytotoxic CD8 T cells, 

as in celiac disease. Moreover, we showed that IL-15 impaired immunoregulation by FoxP3
+
 T 

cells and cooperated with IL-2 produced by OVA-activated CD4 T cells to stimulate the 

expansion of non-cognate cytotoxic CD8 T cells. We suggest that a comparable scenario can 

operate in celiac disease.  

During this study, I observed that chronic overexpression of IL-15 was associated with 

an expansion of CD103
+
CD11c

+
CD11b

-
 mononuclear cells. In the Supplementary results, I 

have shown that this effect depends on the production of GM-CSF secreted by IL-15-activated 

NK cells and that CD11c
+
 DCs differentiated in mice overexpressing IL-15 were enriched in 

CD103
+
 cells and displayed enhanced cross-presentation abilities in vitro. The latter results 

illustrate how IL-15, by orchestrating a crosstalk between NK cells and mononuclear 

phagocytes, can modulate adaptive immune responses.  

Keywords: Celiac disease, Interleukin 15, mouse model, cytotoxic CD8 T cells, 

CD4 T cell help, regulatory T cells, GM-CSF, CD103
+
 dendritic cells, cross-presentation 
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General Introduction 

 

 

In physiological conditions, robust immunological mechanisms avoid adverse responses to 

food antigens. Loss of tolerance to dietary antigens can cause different inflammatory diseases. 

In my thesis, I have focused on the pathogenesis of celiac disease, an autoimmune-like disease, 

in which loss of tolerance to dietary gluten leads to severe epithelial damage. CD pathogenesis 

has been studied in depth in humans. A first set of studies demonstrated that gluten-specific 

CD4 T cells were necessary but insufficient to trigger tissue damage. A second set of studies 

suggested that IL-15 over-produced in the intestine of CD patients was necessary to drive the 

expansion of cytotoxic CD8 T cells. It remains however unclear how these two mechanisms 

cooperate and whether they are sufficient to induce tissue damage. The largest part of the 

experimental work performed during my thesis addresses this question with the use of a mouse 

model. In the introduction of this manuscript, I review the data currently available in literature 

that have helped us to design experimental approaches and to interpret our results. In Chapter 1: 

Oral Tolerance, I discuss the mechanisms that control the uptake of soluble antigens in the gut 

and the mechanisms that allow the establishment and the maintainance of tolerance to dietary 

proteins in and beyond the intestine. In Chapter 2: Abnormal response to food gluten in Celiac 

disease, I summarize the advancements in the study of celiac disease pathogenesis and address 

the issues that remain unknown or uncertain to date. Finally, in Chapter 3: Animal models of 

Celiac disease, I analyze the previous attempts to set up a relevant mouse model of celiac 

disease, notably using HLA-DQ2.5 or HLA-DQ8 humanized mice, and discuss why they have 

remained largely unsuccessful. I notably address the question of the missing elements required 

to trigger tissue damage. 
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I. Chapter 1: Oral Tolerance  

1.1 Introduction  

Oral tolerance is defined as the specific suppression of humoral and/or cellular systemic 

immune responses to non-replicative antigens by administration of the same antigen through 

the oral route (Faria and Weiner, 2005). The hyporesponsive state observed after challenges 

with the same antigen can be demonstrated by the down-modulation of cellular responses, 

including delayed-type hypersensitivity (DTH) in vivo and lymphocyte proliferation in vitro, as 

well as by the inhibition of humoral IgE and IgG responses (Faria and Weiner, 1999). The fact 

that systemic tolerance to soluble dietary antigens is initiated in gut-associated lymphoid organs 

and avoids inadverant T cell responses in the intestinal mucosa allows extending the concept of 

oral tolerance to the local immune response. Importantly, the local regulatory T cell response 

does not inhibit the production of intestinal IgA against dietary proteins, an important 

mechanism preventing absorption of non-digested immunogenic proteins. Of note, the immune 

response to dietary soluble antigens differs from the response to microbiota by the outcome of 

peripheral responses after systemic injection of the antigen. In contrast to the systemic 

tolerance observed upon challenge with a soluble antigen initially given orally, systemic 

administration of a commensal bacterium triggers activation of spleen CD4 T cells and 

production of serum IgG (Slack et al., 2009). Oral tolerance therefore represents a major 

continuous immune process guaranteeing local and systemic tolerance to exogenous soluble (or 

non-replicative) antigens, by analogy with central tolerance assuring the unresponsiveness to 

self-antigens.  

Since the pioneer experiments demonstrating active tolerance to orally ingested proteins 

performed over a century ago by Wells and then Besredka in guinea pigs, which became 

protected from anaphylaxis to hen’s egg or milk proteins by prior feeding of these proteins 

(Faria and Weiner, 1999), immunological mechanisms of oral tolerance have been 

progressively unknotted. Depending on dose of ingested antigen, nature of the antigen, duration 

of exposure and timing of administration, multiple mechanisms were shown to contribute to the 

establishment of oral tolerance, including anergy and deletion of antigen-specific T cells and 

induction of various types of regulatory T cells (Weiner et al., 2011). Regulatory T cells are 

now viewed as absolutely crucial in preventing systemic and local intestinal immune responses 

to dietary antigens (Pabst and Mowat, 2012), a view substantiated by the onset of severe food 
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allergy in patients lacking FoxP3 or in mice deficient for CNS1 unable to develop peripherally 

induced Tregs (Josefowicz et al., 2012; Torgerson et al., 2007) (see  1.6.2 Regulatory CD4 T 

cells). Loss of tolerance to dietary antigens can cause different diseases. The best characterized 

are IgE-dependent food allergies and celiac disease (CD). CD was defined in the past as type 

IV allergy and today is generally considered as an autoimmune-like disease induced by dietary 

gluten (see Chapter 2: Abnormal response to food gluten in Celiac disease). 

In addition to an important protective role in physiology, oral tolerance may have a 

therapeutic potential. Indeed, simplicity and non-toxicity of this method based on oral 

administration of a specific antigen are particularly attractive (Wang et al., 2013). This 

approach has been successfully tested in multiple mouse models of autoimmune diseases (EAE, 

diabetes, arthritis, colitis, etc) but mainly as a preventive approach. It has however 

demonstrated only limited success in clinical trials for diabetes, multiple sclerosis, and 

rheumatoid arthritis, likely because it is more difficult to induce tolerance once a 

proinflammatory immune response has been initiated (Faria and Weiner, 2006). Better defining 

immunological processes implicated in oral tolerance might help for developing of therapeutic 

applications. Indeed, oral administration of antigen is currently tested for desensitization of 

IgE-dependent food allergies 

Herein, I will present mechanisms that drive oral tolerance to dietary proteins. Since 

digestion and absorption of food proteins takes place in small intestine (SI), I will more 

particularly describe this part of the gastrointestinal tract, which contains the largest number of 

immune cells.  

1.2 Gut immune system  

The gut is anatomically divided into small intestine and colon (Figure I.1). The human 

intestine (Figure I.1) with a surface of more than 300 m
2
 (Moog, 1981) is the main physical 

barrier between internal and external environments. Food digestion largely takes place in the 

duodenum (Figure I.1), the short proximal part of the small intestine. Partially digested in the 

stomach, the food is further broken down by enzymes delivered with pancreatic juice into the 

duodenum. Bile and pancreatic juice secreted into the duodenum also neutralize the acidic pH 

of gastric content. The enzymes located in the brush border of epithelial layer throughout the 

small intestine participate in further protein degradation, which is completed into the lysosomal 

compartment of epithelial cells. The formation of villi considerably increases the absorptive 

and digestive surface of the SI (Figure I.2). This surface is further increased through the 

formation of folds, called Kerckring’s valves, and the development of microvilli at the apical 
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surface of enterocytes that form the brush border and harbour digestive enzymes. It is estimated 

that the intestinal surface can be thus multiplied by 600 fold (Figure I.2).  

 

 
Figure I.1: Anatomy of gastrointestinal tract 

Small intestine is located after the stomach and the colon. Small intestine consists of three segments: duodenum, jejunum and 

ileum. http://missinglink.ucsf.edu/lm/ids_106_lowergi/lower%20gi/mainpages/smallintestine.htm 

 

Figure I.2: Organisation of small intestinal mucosa 
http://physiologie.envt.fr/spip/IMG/pdf/Phys_digest_14.pdf 

The SI epithelium is made of a monolayer of intestinal epithelial cells (IECs) 

comprising four cell types: absorptive enterocytes representing approximately 80% of SI 

Microvilli *600 

Villi *30 

Valves *3 

http://missinglink.ucsf.edu/lm/ids_106_lowergi/lower%20gi/mainpages/smallintestine.htm
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epithelial cells, mucus-secreting goblet cells, hormone-secreting enteroendocrine cells and 

Paneth cells secreting antimicrobial molecules (van der Flier and Clevers, 2009) (Figure I.3, 

Figure I.4). All epithelial cells arise from stem cells in the crypts but, while Paneth cells remain 

at the bottom of the crypts, the three other cell types migrate up and form villi that are 

supported by an axis made of connective tissue, lamina propria (LP). LP contains blood vessels 

and lymphatics and remains separated from the epithelial layer by the basal membrane (Figure 

I.4).  

 
Figure I.3: Types of intestinal epithelial cells 

a. H&E staining showing the morphology of the mouse intestine. Signle layer of epithelial cells is organized into crypts and 

villi. Immunohistochemical analysis for  main four differentiated cell types present in the intestinal epithelium: b, periodic 

acid-Schiff (PAS) to stain goblet cells; c, anti-synaptophysin to stain enteroendocrine cells; d, lysozyme to stain Paneth cells; e, 

alkaline phosphatase to stain enterocytes (van der Flier and Clevers, 2009). 

 
Figure I.4: Structural organisation of intestinal mucosa 

Schematic representation of the small intestinal barrier consisting of a mucosal layer (1) and gradients of IgA and microbial 

factors, epithelial cells (2) made up by enterocytes, Paneth cells, goblet cells and enterocrine cells, intraepithelial lymphocytes 

(γ), and the lamina propria (4). Secondary lymphoid structures, such as Peyers’ patches are present in the lamina propria 

(Moens and Veldhoen, 2012). 
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Digested peptides and nutrients are mainly absorbed in duodenum and jejunum (Figure 

I.1). The distal part of SI, is however indispensable for the absorption of bile salts and the 

concomitant absorption of liposoluble vitamins. Of note, due to the higher pH and to the lesser 

concentration in bile salts, the number of bacteria increases considerably in the ileum (about 

10
8
 organisms per gram of luminal content), compared to stomach and proximal portion of SI 

(10
3
-10

5
 per ml of luminal content respectively) but remains less than in colon (10

10
-10

12 
per 

ml) (Macpherson and Harris, 2004). In contrast to the large intestine, which is protected by two 

mucus layers, notably by a thick inner layer almost deprived of bacteria, the small intestine is 

protected only by a single partially discontinuous layer of mucus permeable to bacteria 

(Hansson, 2012). Interactions between bacteria and epithelial cells can thus become intimate in 

the ileum, notably with segmented filamentous bacteria. These interactions are thought to play 

an important role in the development of the lymphoid structures that are more particularly 

abundant in this part of the intestine. However, up to now it remains poorly understood to 

which extent the responses to microbiota overlap with the responses to dietary antigen, even if 

recent data suggest that some bacterial species can induce regulatory responses promoting 

tolerance to food proteins (Atarashi et al., 2013). 

The intestine has evolved an elaborated defence system in order to cope with the vast 

spectrum of intraluminal antigens and to ensure its integrity and homeostasis. It is estimated 

that the gut contains 10
12

 immune cells, mostly lymphocytes (Mestecky and McGhee, 1987) 

that represents about 70% of all immune cells in mammals. These immune cells are organized 

within a complex gut-associated immune system comprising inductive and effector sites 

(Brandtzaeg et al., 2008) (Figure I.5). Inductive sites comprise gut-associated lymphoid tissue 

(GALT) composed of Peyer’s patches (PP) scattered along the mesenteric side of the SI and 

isolated lymphoid follicles (ILF) distributed throughout the mucosa of the small and large 

intestine (Mowat, 2003), but also gut-draining mesenteric lymph nodes (MLN) (Figure I.5). PP, 

ILF and MLN are sites where gut adaptive immune response can be initiated through the 

priming of naïve T and B cells by mucosal antigens processed by antigen-presenting cells 

(APC). Lymphocytes primed in gut-associated inductive sites follow a hemolymphatic cycle 

that allows them to colonize the whole intestinal length of the intestine, where they become 

mature effector cells, and to distribute in lamina propria and epithelium, effector sites of the gut 

immune system.  
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Figure I.5: Schematic representation of lymphoid elements of the intestinal immune system 
The organized tissues of the Peyer’s patches and mesenteric lymph nodes (εδN) are involved in the induction of immunity 

and tolerance, whereas the effector sites are scattered throughout the lamina propria and the epithelium of the mucosa. Both 

Peyer’s patches and lamina propria are drained by afferent lymphatics that go to the MLN. SED, subepithelial dome; TDA-

thymus-dependent area (Mowat, 2003). 

Besides GALT, intraepithelial and lamina propria lymphocytes are distributed all over 

the intestine. The intestinal epithelium contains several subsets of intraepithelial lymphocytes 

(IELs) (Figure I.4), the origin of which remains still debated. IEL are heterogenous, and adults 

comprise mainly effector CD8 T cells displaying TCRαȕ or TCRȖį receptors. Due to their 

proximity to the gut lumen, IELs form a first line of defence. Thus, they are enriched in 

cytotoxic T cells that can be activated both via their TCR and/or via innate receptors. IELs can 

also secrete cytokines and may even exert regulatory functions (Cheroutre et al., 2011). Lamina 

propria contains much more diverse immune cell populations including resident macrophages, 

dendritic cells (DCs), and effector T cells, mainly CD4
+
 TCRαȕ+

, plasma cells, innate 

lymphoid cells, eosinophils and mast cells.  

Peyer’s patches and isolated lymphoid follicles. Peyer’s patches are macroscopic 

lymphoid aggregates located in LP and submucosa of small intestine. They are regularly 

scattered across the SI but are more particularly abundant in the ileum. Mature PP consist of B-

cell follicles separated by T-cell zones (Figure I.6) (Mowat, 2003). B follicles are overlaid by 

the dome covered by the follicle-associated epithelium (FAE) that contains a specialized cell 

type, microfold cells (M cells), which lack microvillous brush border and basement membrane 
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(Figure I.6). M cells that differentiate under the influence of adjacent B cells are characterized 

by their capacity to capture and rapidly transport soluble and particular antigens under intact 

form from gut lumen into the subepithelial dome (SED) of PP where they can be taken up by 

APC (Figure I.6). The mechanism of the transepithelial antigen transport across M cells 

remains not fully delineated (Mowat, 2003). Dendritic cells loaded with antigens in the SED 

were shown to migrate to the T zone where they can present antigen to naïve B and T cells 

(Iwasaki and Kelsall, 2000). They are also likely to migrate to MLN through the efferent 

lymphatics. ILF resemble PP and notably possess an SED, but consist of only one or two B cell 

follicles, with no distinct T cell zone (Eberl and Lochner, 2009). As PP, ILF develop as a 

consequence of a genetically determined programme. In contrast to PP that develop in utero, 

ILF appear only during the post-natal period as cryptopatches. The full development of PP and 

ILF is triggered by intestinal bacterial colonization (Eberl and Lochner, 2009). Of note, some 

bacteria and notably segmented filamentous bacteria, but also inflammation, can stimulate de 

novo development of tertiary lymphoid follicles well beyond the neonatal period (Lecuyer et 

al., 2014; Lochner et al., 2011). 

Mesenteric lymph nodes. Mesenteric lymph nodes are the largest lymph nodes of the 

body. They acquire antigen-loaded dendritic cells migrating in a CCR7-dependent manner from 

the gut through the afferent lymphatics draining the intestinal mucosa and PP (Jang et al., 2006; 

Worbs et al., 2006). They can also acquire soluble proteins from the bloodstream captured by 

DCs numerous in the paracortex (Sixt et al., 2005). These DCs can prime naïve T and B cells 

entering MLN via high endothelial venules (HEV). Similarly to PP DCs, they can stimulate 

expression of the gut homing receptors α4ȕ7 and CCR9 and thereby imprint lymphocytes for 

homing back into the gut mucosa (Agace, 2008) (Figure I.6).  

 T and B cells that are primed in gut associated lymphoid tissues (PP and ILF) and in 

MLN can indeed leave the gut wall and MLN via efferent lymphatics, circulate in the thoracic 

duct and home into mucosa due to their expression of gut-homing receptors. Primed 

lymphocytes may also localize in the spleen, which possesses a terminal circulation and can 

thereby collect all circulating lymphocytes (Figure I.6). 
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Figure I.6: Antigen uptake and priming of effector T and B cells 
Antigen might enter through the microfold (M) cells in the follicle-associated epithelium (FAE) (a), and after transfer to local 

dendritic cells (DCs), might then be presented directly to T cells in the Peyer’s patch (PP) (b). Alternatively, antigen or antigen-

loaded DCs from PP might gain access to draining lymph (c), with subsequent T-cell recognition in the mesenteric lymph noes 

(MLN) (d). A similar process of antigen or antigen-presenting cell (APC) dissemination to MLN might occur if antigen enters 

through the epithelium covering the villus lamina propria (e), but in this case, there is the further possibility that MHC class II+ 

enterocytes might act as local APC (f). In all cases, the antigen-responsive CD4 T cells acquire expression of the α4ȕ7 integrin 

and the chemokine receptor CCR9, leave the MLN in the efferent lymph (g) and after entering the bloodstream through the 

thoracic duct, exit into the mucosa through vessels in the lamina propria. T cells, which have recognized antigen first in the 

MLN, might also disseminate from the bloodstream throughout the peripheral immune system. Antigen might also gain direct 

access to the bloodstream from the gut (h) and interact with T cells in the peripheral lymphoid tissues (i) (Mowat, 2003). 

What are the respective roles of MLN, PP and ILF in oral tolerance? As highlighted by 

recent work from our laboratory, PP partially relayed by ILF play a crucial role for 

development of IgA and specific Th17 gut immune responses against the microbiota (Lecuyer 

et al., 2014). In contrast, several studies indicate that MLN, but not PP, are indispensable for 

inducing tolerance to the soluble antigens present in the intestinal lumen. Thus, H.δ. Weiner’s 

group has demonstrated that δTα-/- 
mice lacking both PP and MLN could not develop oral 

tolerance, while δTȕ-/-
 or δTα/δTȕ+/- 

mice lacking only PP were orally tolerized (Spahn et al., 

2001). Along the same line it was shown that mice prenatally treated with δTȕR-IgG that 

blocked PP development readily developed oral tolerance contrary to mice treated with TNFR 

I-IgG, which lacked both PP and MLN (Spahn et al., 2002). Similar conclusions were done in 

another study that introduced a soluble antigen in the lumen of ligated small bowel loops 

containing or not PP (Kraus et al., 2005). The impossibility to induce systemic tolerance (as 
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reflected by DTH) after surgical removal of MLN further emphasized the key role of MLN in 

oral tolerance (Worbs et al., 2006). Discrepant results were however obtained by another group 

that observed impaired systemic tolerance in mice lacking PP after prenatal treatment with 

δTȕR-IgG (Fujihashi et al., 2001). Moreover, they observed that M cell-dependent delivery of 

antigen favoured the increase in regulatory cells in both systemic and mucosal lymphoid tissues 

(Suzuki et al., 2008). Overall, it seems clear that MLN play a crucial role in oral tolerance. A 

complementary role of PP and perhaps of ILF is possible but may not be sufficient for the 

induction of oral tolerance. 

1.3 Mechanisms of uptake of intraluminal soluble antigens  

1.3.1. Role of M cells  

M cells represent particular absorptive columnar enterocytes lacking surface microvilli 

that makes easier the uptake of large antigens. M cells are mainly found in follicle-associated 

epithelium of PP and ILF, but some cells similar to M cells are dispersed throughout of the 

epithelium, although their numbers remain low (Jang et al., 2004). Unlike enterocytes, M cells 

deliver luminal antigens to the SED via a transepithelial vesicular pathway largely protected 

from lysosomal degradation, thus allowing the transport of antigens under an intact form 

(Neutra et al., 2001). The lack of microvilli, but also the expression of specific receptors may 

favour adherence of bacteria and viruses to M cells (Schulz and Pabst, 2013). DCs located in 

SED may then capture luminal antigens transported by M cells and then participate in priming 

of naïve B and T cells locally in PP or after migrating to MLN (Iwasaki and Kelsall, 2000; 

Kelsall and Strober, 1996; Ruedl et al., 1996). 

In contrast to well studied role of M cells in transport and initiation of immune 

responses to some bacteria and viruses (Schulz and Pabst, 2013), the exact role of M cells in 

the transport of protein macromolecules is less well delineated. A very ancient study showed 

that M cells may quickly take up horseradish peroxidase injected into normal mouse intestine 

(Owen, 1977). Furthermore, it has been shown that M cells may mediate the transport of 

immune complexes of secretory IgA (SIgA) bound to bacteria through a non-identified IgA 

receptor (Kadaoui and Corthesy, 2007). It is thus not excluded that this mechanism can 

participate to the transport of large proteins, for example gluten presented bound to SIgA.  

As discussed above, PP are not likely to be obligatory for oral tolerance induction. 

Thus, one hour after intragastric administration, OVA was detected not only in PP but also in 

lamina propria dendritic cells, indicating that PP cannot be the exclusive site of entry of soluble 

proteins (Chirdo et al., 2005). Yet, villous M cells present at distance from PP in the villous 
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epithelium may perhaps allow the entry of proteins. Several other routes of entry and sampling 

have been suggested for soluble antigens, including paracellular diffusion between epithelial 

cells or transcellular transport across entrocytes, goblet-cell-associated antigen passages 

(GAPs) and uptake by intestinal mononuclear phagocytes (MNP) (Figure I.7). Their respective 

contribution, either in physiological or pathological situations, remains poorly delineated. We 

will examine below the different routes of entry of soluble antigens and how they may 

influence the onset or, on the contrary, the loss of tolerance to dietary antigens.  

 

 

Figure I.7: Mechanisms of antigen uptake in gut-associated lymphoid tissue (GALT) and lamina propria 
(a) In organized tissues of the GAδT such as Peyer’s patches and isolated lymphoid follicles, specialized microfold cells (ε 
cells) in the epithelium overlying the lymphoid follicles mediate transcellular transport of particulate material notably intestinal 

microbiota (I). This antigen is then passed onto dendritic cells that lie either below the epithelium or in the basolateral pocket of 

M cell. Production of CCL20 by surrounding epithelial cells can attract further DCs via their expression of CCR6. (b) CD103+ 

DCs in the lamina propria underlying normal villus epithelium also play a critical role in presenting antigen for the induction of 

tolerance. They may acquire soluble antigens that have diffused through epithelial tight junctions (II), or that have been 

transferred across epithelial cells by transcellular routes (III). Exosomes containing antigen derived from MHCII+ enterocytes 

may be taken up by DCs (IV). CX3CR1high macrophages have also been reported to capture luminal antigens by extending 

processes through the epithelial layer and they may pass this onto neighbouring CD103+ DCs, probably via gap junction 

transfer (V). Soluble antigen may also be taken up by Goblet cells via goblet-cells-associated antigen passages (GAPs). 

CD103+CD11c+DCs can then acquire antigen from GAPs (VI). Adapted from (Pabst and Mowat, 2012).  
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1.3.2. Role of enterocytes  

Enterocytes play a major role in the absorption of nutrients. The absorption of various 

molecules of different sizes by enterocytes is termed intestinal permeability (Menard et al., 

2010). Several mechanisms have been established, globally separated in two groups: 

paracellular diffusion of small molecules (<600 Da, (Watson et al., 2001) through tight 

junctions between adjacent intestinal epithelial cells (IECs) (Figure I.8A) and transcellular 

transport of macromolecules from apical to basolateral surface of IECs known as transcytosis 

(Figure I.8B) (Menard et al., 2010). Dietary proteins are largely degraded within intestinal 

lumen into small non-immunogenic peptides. Yet, some proteins or peptides can reach the 

epithelial surface in intact form, notably allergenic proteins and gluten-derived peptides that are 

characterized by their resistance to enzymatic digestion (Faria and Weiner, 1999).  

 

 
Figure I.8: Paracellular and transcellular transport pathways 

A. The paracellular pathway relates to structures joining adjacent intestinal epithelial cells and is delineated by tight junction, 

adherent junctions and desmosomes. Paracellular diffusion of molecules is mainly restricted by tight junctions, network of 

transmembrane proteins. Under steady-state condition, these highly regulated structures allow the diffusion of ions and inert 

molecules of small size <600 Da and can be increased in pathological situation. B. Transcellular transport pathways. Under 

steady-state condition, molecules of MW>600 Da, such as food antigens, peptides, are sampled by the epithelial cells by 

endocytosis at the apical membrane and transcytosis toward the lamina propria. During transcytosis, full-lenght peptides or 

proteins are partly degraded in acidic and lysosomal compartments and released in the form of amino acids (total degradation) 

or breakdown products (partial degradation) at the basolateral pole of enterocytes. Early endosomes containing partially 

degraded food antigens meet the major histocompatibility complex class II-enriched compartment (MIIC) where exogenous 

peptides are loaded on MHC class II molecules. Inward invagination of MIIC compartment leads to the formation of exosomes, 

small membrane vesicles (40-90nm) bearing MHC classII/peptide complexes at their surface. Exosomes can diffuse in the 

basement membrane and interact with local immune cells (Menard et al., 2010). 

Paracellular pathway. The role of the paracellular pathway in the intestinal entry of 

immunogenic peptides has been suggested notably in inflamed gut. This pathway that depends 

on the very narrow pores formed by tight junction proteins allows the passage of ions and very 

small molecules across epithelium. It has been advocated notably by A. Fasano that in celiac 

disease immunogenic gluten peptides can however pass by paracellular diffusion through tight 

junctions (Fasano et al., 2000; Lammers et al., 2008; Tripathi et al., 2009). While there is ample 
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evidence that paracellular permeability is increased and that tight junctions are modified during 

intestinal inflammation, notably due to the action of inflammatory cytokines, there is as yet no 

formal demonstration that immunogenic peptides can pass through this pathway (Heyman et 

al., 2012; Menard et al., 2012). I will therefore focus on the role of transcellular pathways in the 

intestinal entry of dietary proteins. 

Transcellular pathway. Internalisation of luminal macromolecules within enterocytes 

can be divided into two main mechanisms depending or not on the implication of a receptor at 

the apical cell surface. 

Non-receptor mediated transcellular pathway. Large particles with size of 200nm 

up to 2µm can be endocytosed by IECs, and detected in LP within 5-30 min and in MLN within 

30min-1h after oral administration (Hodges et al., 1995; Snoeck et al., 2005). Internalization of 

macromolecules by enterocytes involves clathrin- or caveolae-mediated or independent 

endocytosis, but is unlikely to be mediated by macropinocytosis or phagocytosis (Conner and 

Schmid, 2003). Most proteins or peptides internalized by passive endocytosis undergo strong 

degradation within IECs. In vitro analysis of transcellular transport of HRP molecules by HT29 

epithelial cells using Ussing chambers has shown that only 0.1% of native proteins resisted to 

the degradation while the largest part was degraded into small peptides with average molecular 

weight of about 1,500 Da (Terpend et al., 1998). Interestingly, this molecular size is close to 

that of immunogenic peptides that can be uploaded to MHC class II molecules (Terpend et al., 

1998). Further analysis by high-performance liquid radiochromatography (HPLC) 

demonstrated that about 40% of proteins applied at the mucosal surface of biopsies mounted in 

Ussing chambers were transformed by IECs into peptides of size compatible with MHC 

pockets, while over 50% were completely degraded into amino acids (Figure I.8B) (Menard et 

al., 2010). The fact that peptides processed by enterocytes had a size close to the size of 

immunogenic peptides led to suggest that the peptides may be protected from degradation 

through the binding to MHC class II molecules expressed by enterocytes. In keeping with this 

hypothesis, it was shown that enterocyte cell lines could present soluble proteins to CD4 T cell 

hybridoma (Brandeis et al., 1994; Hershberg et al., 1997; Kaiserlian et al., 1989). The in vivo 

relevance of direct presentation is however uncertain, knowing that IECs are separated from 

CD4 T cells by the basement membrane, but may perhaps occur in recall responses of the small 

subset of CD4
+
 IELs. Alternatively, experimental work performed in our laboratory has shown 

that IECs can release endocytosed antigens within exosomes, small membrane vesicles of 30-

90nm size formed through the fusion of early endosomes and MHC class II-enriched 

compartments (MIICs) (van Niel et al., 2001) (Figure I.8B). Following this fusion, exosomes 
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may be formed by the inward invagination of MIIC membrane, thus leading to the formation of 

highly immunogenic peptide/MHC class II complexes on their surface. Exosomes released at 

the basal side of enterocytes (Figure I.8B) may then be captured by LP mononuclear 

phagocytes and thereby promote the antigen presentation. This mechanism can be probably 

enhanced in inflamed gut due to the increased expression of MCH class II molecules on 

epithelial cells, notably under the influence of IFNȖ released by activated T cells. 

Receptor-mediated transcellular transport of immune complexes. Small intestine 

harbors great numbers of antibody secreting cells. 80% of the plasmocytes are IgA-producing 

cells, 15-20% - polymeric IgM-secreting cells and 3-4% - IgG-secreting. IgE-secreting cells 

can be found only in food allergy or helminth infection (Brandtzaeg and Johansen, 2005). 

Polymeric IgA and IgM are transported from the basal to apical side of enterocytes by the 

polymeric IgA receptor and released in the lumen as secretory IgA (SIgA) or IgM bound to the 

extracellular part of the receptor (secretory component). The primary function of these 

antibodies is to neutralize bacterial and food antigens and to limit their entry to the mucosa. 

However, it has been suggested that these immune complexes may play a role in protected 

transport of dietary antigens via receptor-mediated route. The impact of this protected transport 

on the induction of consequent tolerogenic or proinflammatory response remains poorly 

understood. Three receptors have been respectively implicated in the transport of IgA, IgG or 

IgE immune complexes. 

Studies performed in our laboratory have shown that in the pathological situation of 

coeliac disease SIgA may play a role in the retrotransport of large gluten peptides. In fact, the 

cross-linking of secretory IgA by poorly digested gluten peptides may lead to the formation of 

large complexes able to bind CD71. CD71 was first described as a high avidity receptor for 

transferrin, but can also serve as a weak-affinity receptor for IgA (Moura et al., 2001). CD71 

expression is restricted to the basolateral surface of IECs in healthy individuals, but in celiac 

disease it can be induced also at the apical surface. It has been therefore shown that SIgA 

complexes could bind to apically expressed CD71 and allow the retrotransport of intact gluten 

peptides from the lumen into LP (Lebreton et al., 2012; Matysiak-Budnik et al., 2008) (Figure 

I.9A). In vivo study using mice that had upregulated CD71 apical expression and bore 

hybridomas secreting ovalbumin (OVA)-specific IgA suggested that OVA/IgA complexes 

could be transported via CD71 across the epithelium and favour the appearance of IFNȖ-

producing T cells in MLN in response to OVA (Abed et al., 2014). Moreover, the group of I. 

Moura has shown that binding of IgA1 to CD71 can induce the activation of proinflammatory 

MAPK/ERK-mediated signalling in mesanglial cells associated with glomerular damage in IgA 
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nephropathy (Tamouza et al., 2012). It should be therefore verified if the binding of gluten 

peptide/IgA complexes to CD71 in enterocytes could also induce proinflammatory pathways. 

The neonatal Fc receptor (FcRn) was initially reported to play a role in protective 

immunity in suckling rats by allowing the absorption of IgG from maternal milk (Brambell, 

1966; Jones and Waldmann, 1972). In humans, this receptor was also found at the apical and 

basolateral poles of adult intestinal enterocytes where it was shown to favour the bidirectional 

transport of IgG (Israel et al., 1997; Shah et al., 2003). As determined by in vitro and in vivo 

studies, FcRn-mediated transport of IgG bound to ovalbumin may protect the antigen from 

degradation (Figure I.9B) and favour the presentation of the antigen by CD11c
+
 DCs to OVA-

specific CD4 T cells (Yoshida et al., 2004). Other data in newborn mice have suggested that the 

apico-to-basal transport of IgG/OVA immune complexes from maternal milk may participate in 

the establishment of oral tolerance (see 1.7 Open issues: Factors influencing oral tolerance 

induction) (Matson et al., 2010; Mosconi et al., 2010). The relevance of IgG-mediated transport 

in humans is unclear, given the very low concentration of IgG in human maternal milk and in 

intestinal secretion, but it is not excluded that it can have a pathogenic function during 

inflammatory bowel disease associated with a marked increase in intestinal IgG plasma cells.

 

Figure I.9: Immunoglobulin-mediated retrotransport of luminal antigens 
A. In healthy individuals, undigested gliadin peptides are taken up by non-specific endocytosis in enterocytes and entirely 

degraded during transepithelial transport. In some pathological situations, notably in celiac disease, secretory IgA allow the 

protected transcytosis of gliadin peptides. The ectopic expression of CD71 at the apical membrane of epithelial cells favors the 

retrotransport of IgA immune complexes and inapproriate immune responses. B. IgG have been shown to bind the neonatal Fc 

receptor expressed on intestinal epithelial cells (FcRn). This receptor-mediated transcytosis allows a protected transport of IgG 

and their release on the basal side of enterocytes. IgG immune complexes can also be shuttled from basal to apical pole of the 

enterocytes. In food allergy, an overexpression of CD23 at the apical side of enterocytes can drive the transport of intact 

IgE/allergen immune complexes from the intestinal lumen to the lamina propria, a phenomen triggering mast cell degranulation 

and allergic inflammatory cascade (Menard et al., 2010). 

Finally, IgE induced in food allergy may also play a role in the protected transport of 

dietary antigens and thus promote gut allergic responses. It has been shown that CD23 

(FcİRII), the low-affinity receptor for IgE (Bonnefoy et al., 1987), can be up-regulated by IL-4 
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in rats (Yang et al., 2000; Yu et al., 2001) and overexpressed on IEC apical and basolateral 

surfaces in human cow’s milk allergy (Kaiserlian et al., 1993). Moreover, this receptor was 

shown to promote the translocation of IgE bound to HRP in sensitized rats and thereby to 

stimulate the degranulation of intestinal mast cells (Bevilacqua et al., 2004) (Figure I.9).  

Contrary to pathways discussed below, the protected transport of dietary antigens 

mediated by IgA/peptide and IgE/peptide immune complexes is likely to be specifically 

induced in pathological situations, although the role of IgG/peptide complexes in induction of 

tolerance or inflammation remains unclear.  

 

 

1.3.3 Goblet cells  

One group has recently shown using a minimally disruptive in vivo imaging that small 

intestinal goblet cells (Figure I.3, Figure I.4) may deliver intraluminal fluorescent proteins 

(Mw<70kDa), like dextran or OVA, into lamina propria, a process that they termed goblet-cell 

associated antigen passages (GAPs) (McDole et al., 2012). Presence of goblet cells throughout 

the intestine makes this mechanism of potential interest. In vivo imaging suggested that the 

uptake of orally administered or intraluminally injected large molecules such as fluorescent 

OVA, dextran or LPS, occured via GAPs throughout the epithelium and via PP within 30min-

1h after antigen administration, while IECs internalized only nanoparticles (<40nm) during this 

time lapse (Table I-1) (Howe et al., 2014). Imaging also suggested that antigens delivered 

through GAPs were captured by CD103
+
 LP DCs found in close contact with goblet cells, 

while CX3CR1
+
 DCs were much less efficient in this process (McDole et al., 2012). The 

factors that determine the preferential capture of soluble antigen by CD103
+
 DCs remain to be 

identified. Providing further support to the role of this pathway in loading LP DCs, it was 

observed that LP DCs isolated from Math1
-/-

 mice specifically lacking goblet cells were not 

able to present OVA to OVA-specific CD8 (OTI) T cells. Yet, the molecular basis of this 

pathway needs to be further investigated. Although GAPs seem to be implicated in transport of 

antigen in physiological conditions, it remains unknown whether this pathway may amplify the 

antigen entry in pathological situations.  
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Table I-1: Routes of uptake of soluble and particulate antigens in the small intestine (SI) of mice 
Analysis performed in living mice by in vivo imaging one hour after intraluminal injection of fluorescent molecules  

(Howe et al., 2014) 

 

 

1.3.4 Gut mononuclear phagocytes  

Different studies have suggested that lamina propria CD11c
+
 mononuclear phagocytes 

(MNP) can directly take up bacterial antigen by extending dendrites inbetween epithelial cell 

tight junctions into the lumen (transepithelial dendrites, TEDs) (Chieppa et al., 2006; Niess et 

al., 2005; Rescigno et al., 2001) (Figure I.10). The dissemination of Salmonella enterica has 

thus been associated with CX3CR1
+
 DCs able to send dendrites into the lumen, while 

CX3CR1
GFP/GFP 

mice, which were unable to send such dendrites, were protected from 

Salmonella invasion (Hapfelmeier et al., 2008; Niess et al., 2005). One recent study (Farache et 

al., 2013) suggested that CD103
+
 DCs could also extend TEDs for sampling luminal bacteria, 

but this mechanism did not allow an efficient uptake of soluble antigens. It is therefore likely 

that TED-dependent mechanism is irrelevant to the uptake of proteins, probably because of the 

lack of proinflammatory signals required for the recruitment of DCs to the epithelium. 
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Figure I.10: The emerging intestinal lamina propria dendritic cell compartment 
A common precursor, the macrophage-dendritic cell precursor (MDP), gives rise to classical DC precursor and monocytes in 

the bone marrow, which enter the circulation and home to the gut. Locally, classical DC precursor give rise to CD103+ lamina 

propria DCs that can be subdivided into a CD11b- and a CD11b+ population, which reside in the gut-associated lymphoid tissue 

(GALT) and lamina propria. Differentiation of CD11b+ lamina propria DCs requires FMS-related tyrosine kinase 3 ligand 

(Flt3L) and granulocyte-macrophage colony-stimulating factor (GM-CSF). Following antigenic challenge, CD11b+CD103+ 

lamina propria DCs migrate in a CC-chemokine receptor 7 (CCR7)-dependent manner to the mesenteric lymph nodes and 

promote antigen-specific tolerance or protective immunity. Ly6C+ monocytes differentiate locally into CX3CR1+ lamina 

propria mononuclear phagocytes that can penetrate epithelium by extending transepithelial dendrites. It remains controversial 

whether CX3CR1+ lamina propria mononuclear phagocytes are able to migrate to lymph nodes but seem to have pro and anti-

inflammatory functions locally (Varol et al., 2010). 

However, CX3CR1
+
 MNP may play an indirect role in the uptake of soluble antigens. 

One hour after injection of fluorescent ovalbumin into the gut lumen of anaesthetized 

CX3CR1
+/GFP

 mice, a small part (about 10%) of lamina propria CX3CR1
+ 

MNP, but not 

CD103
+
 MNP, took up the fluorescent dye (Farache et al., 2013; Schulz et al., 2009). Of note, a 

recent study has suggested that CX3CR1
+
 lamina propria MNP may not only participate in the 

capture of luminal antigens but may also in the uptake of blood-derived soluble antigens 

circulating in fenestrated capillaries located just beneath intestinal epithelium (Chang et al., 

2013).  
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1.4 Role of monononuclear phagocytes in the presentation of 

soluble dietary antigens  

1.4.1 Comparison of the roles of CX3CR1
+
 and CD103

+
 MNP in 

antigen priming  

Despite the ability to take up fluorescent ovalbumin, CX3CR1
+
 MNP were suggested to have 

only poor in vitro and in vivo priming capacities and failed to induce gut-homing receptors on T 

cells (Schulz et al., 2009). In contrast, CD103
+
 MNP demonstrated much superior ability to 

prime and to induce CCR9 and α4ȕ7 gut-homing receptors on T cells (Annacker et al., 2005; 

Jaensson et al., 2008; Johansson-Lindbom et al., 2005; Schulz et al., 2009). Moreover, due to 

their intrinsic capacity to produce retinoic acid (RA) and transforming growth factor ȕ (TGFȕ), 

CD103
+
 DCs were shown to be very efficient in inducing Foxp3

+ 
CD4

 
regulatory T cell from 

naïve T cells (Coombes et al., 2007; Scott et al., 2011; Sun et al., 2007a). On the basis of these 

results, it has been suggested that CX3CR1
+
 cells are resident antigen-capturing macrophages, 

while CD103
+
 MNP represent DCs able to migrate to MLN and to prime antigen-specific cells 

(Persson et al., 2010; Persson et al., 2013a; Varol et al., 2010). This concept was reinforced by 

the data suggesting that two subsets may have distinct ontogenic origins, CX3CR1
+
 cells may 

derive from circulating Ly6C
hi 

monocytes and depend on M-CSF for their differentiation, while 

CD103
+
 cells may derive from bona fide DC precursors and depend on FMS-like tyrosine 

kinase 3 ligand (Flt3L) and granulocyte-macrophage colony-stimulating factor (GM-CSF) 

(Bogunovic et al., 2009; Varol et al., 2009). Although this concept seems to be generally 

accepted, several questions persist. First, it is unclear by which mechanisms CX3CR1
+
 MNP 

specifically take up fluorescent antigens. As TED-dependent mechanism is unlikely to 

contribute for the uptake of soluble proteins, other mechanisms should exist. It has been 

speculated that some CX3CR1
+ 

cells are found close to IECs may capture antigens delivered to 

lamina propria, but this hypothesis has not been formally demonstrated. Second, since CD103
+
 

DCs do not directly capture luminal antigens but are critical for the antigen transfer to MLN, it 

is unclear how and from which cells they receive the antigen. A recent study suggests that 

CX3CR1
+ 

macrophages may deliver ovalbumin to CD103
+
 DCs through connexin 43-

dependent gap junctions (Mazzini et al., 2014) (Figure I.11), but the in vivo relevance of this 

mechanism remains unknown. Third, two groups have shown that CX3CR1
+
 phagocytes may 

efficiently deliver at least bacterial antigens to MLN and promote tolerogenic or inflammatory 

immune responses (Cerovic et al., 2013; Diehl et al., 2013). CX3CR1
+
 CD11c

high
 LP MNP 

were also shown to efficiently cross-present OVA to CD8 T cells, which produced IL-10 and in 
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vitro exerted a suppressive effect on activated CD4 T cells (Chang et al., 2013). Overall, these 

recent data put into question the distribution of roles suggested for CD103
+
 and CX3CR1

+
 LP 

MNP cells. Of note, phenotypic markers used to define CX3CR1
+
 or CD103

+
 subsets of MNP 

largely differed between authors. Moreover, the two subsets share overlapping phenotypic 

characteristics, which complicate their functional analysis (Table I-2) (Geissmann et al., 2010). 

Further studies are needed to define how factors present in the intestinal microenvironment 

influence the phenotype and functions of CX3CR1
+
 or CD103

+
 subsets of MNP. Finally, it is 

also unclear whether CX3CR1 and CD103 are molecules that can influence the function of 

these two subsets of MNP. 

 

Figure I.11: Transfer of antigen from lamina propria macrophages to DCs through gap junctions 
To collect soluble antigen from the gut lumen, intestinal CX3CR1+F4/80+ macrophages residing in the lamina propria send 

dendrites through the intestinal epithelium. Alternatively, goblet cells in the epithelium flow the antigen into the lamina 

propria. Rather than collecting this antigen themselves, CD103+CD11b+ DCs present in the lamina propria receive it from the 

macrophages. The transfer of antigen depends on the gap junction molecules connexin 43 (Cx43). Surprisingly, connexin 

seems to relay the antigenic peptides already complexed to MHCII molecules in a process involving transfer of cell membrane. 

DCs would subsequently migrate into draining lymph nodes, present the antigen to T cells, and, under noninflammatory 

conditions, induce oral tolerance (Shakhar and Kolesnikov, 2014). 

 

CD10γ is known as a αE component of integrin complex αEȕ7 that binds to E-cadherin 

expressed on epithelial cells and can be induced by TGFb. CD103 expression is not limited to 

mucosal DCs, and also found on intraepithelial lymphocytes, on some Tregs and on some 

cytotoxic CD8 T cells (Agace et al., 2000; Allakhverdi et al., 2006; Hadley et al., 1997). It has 

been suggested that the interaction of E-cadherin with its ligand αE (CD10γ)ȕ7 leads to the 

retention of CD103
+
 cells in the epithelium and that expression of CD103 by LP DC may 

reflect their conditioning by TGFȕ produced in large amounts in the intestine at steady state 

(Van den Bossche et al., 2012).  
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Table I-2: Intestinal lamina propria mononuclear phagocyte subsets in the mouse 

(Varol et al., 2010) 

 

 

CX3CR1 is the receptor for the chemokine CX3CL1 (fractalkine). Soluble CX3CL1 

acts as a chemoattractant for T cells and monocytes, while cell-bound CX3CL1 expressed on 

endothelium promotes the strong adhesion of leukocytes to activated endothelial cells (Bazan et 

al., 1997). CX3CL1 was shown to be produced by epithelial cells in the mouse ileum and 

thereby to promote TEDs. In mouse model of skin hypersensitivity and soluble CX3CL1 

induced in inflamed lymphatic endothelium could stimulate the trafficking of cutaneous DCs to 

draining lymph nodes. Indeed, in vivo blocking of CX3CL1 or deletion of its receptor in 

CX3CR1
-/-

 DCs led to markedly delayed DC trafficking through lymphatics (Johnson and 

Jackson, 2013). Accordingly, if soluble CX3CL1 can be released during intestinal 

inflammation, it could allow the trafficking of intestinal CX3CR1
+
 MNP to MLN. This 

hypothesis remains to be verified. Moreover, CX3CL1 can modulate cytokine production. 

Thus, low doses of CXγCδ1 descreased TNFα production, while high doses led to the 

upregulation of proinflammatory IL-23 (Mizutani et al., 2007).  

–

–

–

–

–

α

Subset Phenotype Precursor cell 
(growth factor 
requirements)

Functions described in the small 
intestine*

Functions described in the large 
intestine*

CX
3
CR1+ 

mononuclear 
phagocytes

CD11cmid 
CD103–/low 
F4/80+  
CD11b+ 

CD14+ 

CD70+  

CD172a+  

MHC class IIhi 

M-CSFR+ 

CD80+ 

CD86+

Ly6Chi monocytes

(M-CSF)

• 	
�
   Sense or sample lumen with 
transepithelial dendrites14,16,24–27

• 	
�
   Do not migrate to mesenteric lymph 
nodes17

• 	
�
   Poorly stimulate naive T cells17

• 	
�
   Induce T
H
1 and T

H
17 cells in vitro10

• 	
�
   Regulate T cell-independent IgA 
class-switching54

• 	
�
   Mediate IL-23-dependent granuloma 
formation102

• 	
�
   Maintain local FOXP3+ T
Reg

 cell pool35

• 	
�
   Induce colonic T
H
17 cells following 

activation by commensal-derived ATP36

• 	
�
   Promote TNF-dependent colitis14

• 	
�
   Selectively express CD172a and 
are reduced in colitis-resistant 
CD47-deficient mice84

• 	
�
   Mediate IL-23-dependent granuloma 
formation102

CD103+CD11b+ 
DCs

CD11chi 
CD14– 

CX
3
CR1– 

CD70– 
MHC class IIhi 
M-CSFRlow  

F4/80–/low 
CD80+ 

CD86+ 

TLR5+ 

CCR7+ 

CD172a–

Classic DC 
precursor 

(FLT3L and 
GM-CSF)

• 	
�
   Carry antigen to mesenteric lymph nodes 
in a CCR7-dependent manner11,15,17,30,31

• 	
�
   Promote generation of functional T
Reg

 
cells 13

• 	
�
   Induce tolerance to orally administrated 
antigens30

• 	
�
   Imprint gut tropism (expression of CCR9 
and α4β7 integrin on T cells)13,18,32

• 	
�
   Induce T
H
17 cells (TLR5-dependent)12

• 	
�
   Promote T cell-independent IgA 
class-switching (TLR5-dependent)12

• 	
�
   Not described

CD103+CD11b–DCs CD11chi 
CX3CR1– 
CD14– 
CD8+ 

MHC class IIhi 
CD80+ 
CD86+ 
F4/80– 
M-CSFR–

Classic DC 
precursor 

(FLT3L)

• 	
�
   Show phenotypic and ontogenic 
characteristics of lymphoid organ classic 
DCs14,15

• 	
�
   Most prevalent in Peyer’s patches and 
isolated lymphoid follicles15,22

• 	
�
   Absent in IRF8–/–, ID2–/– and BATF3–/– mice 
(as are CD8+ classic DCs)15,22,23

• 	
�
   Show phenotypic and ontogenic 
characteristics of lymphoid organ 
classic DCs14

CD11b+F4/80+ 
macrophages

CD11c–/low 
CX

3
CR1– /+ 

MHC class II+ 
CD80+ 
CD86low 
CD103– 
PDL1+

Unknown • 	
�
   Secrete IL-10 spontaneously and promote 
the differentiation of FOXP3+ T

Reg
 cells 10

• 	
�
   Phagocytose and eradicate bacteria 
but are refractory to TLR stimulation47–49

• 	
�
   Promote colonic wound healing41

• 	
�
   TREM2+ macrophages promote colonic 
epithelial regeneration42

BATF3, basic leucine zipper transcription factor, ATF-like 3; CCR, CC-chemokine receptor; CX
3
CR1, CX

3
C-chemokine receptor 1; DC, dendritic cell; FLT3L, 

FMS-related tyrosine kinase 3 ligand; FOXP3, forkhead box P3; GM-CSF, granulocyte–macrophage colony stimulating factor; ID2, inhibitor of DNA-binding 2;  
IL, interleukin; IRF8, interferon regulatory factor 8; M-CSF, macrophage colony-stimulating factor; PDL1, programmed cell death ligand 1; R, receptor; T

H
, T helper; 

TLR, Toll-like receptor; TNF, tumour necrosis factor; T
Reg

 cell, regulator T cell; TREM2, triggering receptor expressed on myeloid cells 2. *There is currently no 
evidence for distinct functions of the different mononuclear phagocyte subsets in the two tissue compartments. Classifications of the subsets have in some cases 
been deduced by the authors according to the provided data.

©
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1.4.2 Influence of distinct subsets of intestinal MNP on priming and 

outcome of intestinal immune responses to dietary antigens 

Priming of naïve T cells to dietary antigens occurs in PP or in MLN. Most studies have 

focused on the role of CD103
+
 DCs that presumably transport antigens from LP to MLN loaded 

with antigens. At steady state, CD103
+ 

DCs can efficiently induce the conversion of naïve T 

cells into gut-homing Foxp3
+ 

CD4
 
regulatory T cells (Tregs) (Coombes et al., 2007; Sun et al., 

2007a). In contrast, CD103
+ 

DCs isolated from colitic Rag
-/-

 mice rather induced 

proinflammatory IFNȖ- and IL-17-secreting T cells and were less capable to induce Treg 

differentiation (Laffont et al., 2010). Reconciling these observations, another study showed that 

depending on the context, CD103
+
 DCs promote tolerance or immunity (Semmrich et al., 

2012). In this study, OVA coupled to CD103 antibody M290 was used to specifically track the 

role of CD103
+ 

DCs in vivo (Semmrich et al., 2012). In the presence of proinflammatory 

stimuli, CD40 antibody or polyinosinic:polycytidylic acid (Poly I:C), administration of 

M290.OVA led to the generation of OVA-specific IgG and activated cytotoxic OTI CD8 T 

cells able to kill OVA-pulsed targets (Semmrich et al., 2012). In contrast, targeting mucosal 

CD103
+ 

DCs by intratracheal administration of M290.OVA stimulated T cell proliferation but 

led to the development of regulatory response that inhibited subsequent induction of allergic 

response to inhaled OVA (Semmrich et al., 2012). These data indicate that the capacity of 

CD103
+
 DCs to stimulate tolerogenic versus immunogenic responses to soluble antigens is not 

intrinsic to these cells but also depends on environmental cues.   

If the role of CD103
+
 DC in the priming of naïve T cells in MLN has been well 

established, other studies indicate that LP macrophages (defined by their expression of CD11b 

and F4/80, enriched in CX3CR1) might promote tolerance. Thus, they could induce in vitro 

conversion of naïve T cells into Foxp3 Tregs via IL-10 secretion in the presence of TGFȕ 

(Denning et al., 2007). Another study suggested that mucosal CD11c
+
CD11b

+
F4/80

+
 

(expressing high levels of CX3CR1) cells maintained Foxp3 expression in Tregs through the 

secretion of IL-10 (Murai et al., 2009). A role of LP macrophages in in vivo generation of 

Foxp3
+
 Treg cells seems rather unlikely given the lack of naïve T cells in LP. Nevertheless, 

secreted IL-10 and TGFȕ may play a role in maintenance and probably local expansion of 

Tregs. Indeed, a recent work has suggested that CX3CR1
+
 macrophages mediate the expansion 

of LP Foxp3
+
 Treg cells through IL-10 secretion (Hadis et al., 2011).  

Which factors modulate the capacity of intestinal MNP to induce proinflammatory or 

tolerogenic response? Signals that may change maturation state of DCs seem to be crucial for 
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the modulation of their tolerogenic or inflammatory state (Laffont et al., 2010; Semmrich et al., 

2012). Thus, signals received from surrounding cells may largely condition DCs. It has been 

suggested that factors such as TSδP produced by epithelial cells, TGFȕ1 produced by multiple 

mucosal cell types, RA, IL-4, GM-CSF produced by immune cells, but also TLR signalling, 

may play a role in DC conditioning (Figure I.12) (Rescigno, 2010; Scott et al., 2011). 

Therefore, bacteria signalling but also dietary components may tune DC function (Scott et al., 

2011). 

 

 

Figure I.12: Conditioning of CD103+ DCs by the intestinal microenvironment 
A number of different factors might act in a concert to condition mucosal CD103+ LP DCs with their unique physiological 

properties. These include (a) dietary components such as vitamin A or lipid ligands of PPARȖ or AhR, as well as components 
of local commensal bacteria and yeast. The bile is a further source of vitamin A, which has been stored in the liver. Epithelial 

cells can produce factors such as TGFȕ, TSLP, or RA, either constituvely or under the influence of exogenous signals from the 

diet or the microbiota. The exact role of these individual mediators might be species-dependent, with TSLP appearing to be 

more important in humans than in mice. (b) Intestinal bacteria might gain access to mucosal DCs after being taken up by 

resident CX3CR1+ macrophages. These macrophages also produce IL-10 that is required for the survival of Foxp3+ Treg cells, 

which in turn might be additional sources of IL-10 and TGFȕ. (c) Neurotransmitters, such as VIP, are produced by 

enteroendocrine cells in the epithelium, whereas mucosal stromal cells can produce IL-10, TGFȕ, RA or PGEβ. (d) Initial 
conditioning of CD103+ DCs in the mucosa might be further renforced after their migration to the MLN by GM-CSF and RA 

produced by stromal cells, as well as IL-4 from unknown sources (Scott et al., 2011). 
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1.5 Systemic dissemination of intestinal antigens  

We have discussed above how the uptake of soluble protein and their capture by 

dendritic cells allow the presentation of antigen to immune cells in MLN or PP. It was 

suggested that antigens derived from dietary proteins can also pass into the blood under free 

form. Thus, intact or partially degraded antigen derived from ovalbumin or ȕ-lactoglobulin can 

be detected in serum of healthy humans or mice within one to several hours after oral feeding 

(Bruce and Ferguson, 1986; Husby et al., 1985; Swarbrick et al., 1979). Within 6 hours after 

oral administration of cytochrome C, activated CD69
+
 antigen-specific cells were detected in 

spleen and MLN (Gutgemann et al., 1998). Moreover, transfer of serum from OVA-fed mice 

one hour after OVA feeding to naïve mice could efficiently suppress DTH responses to OVA 

(Bruce and Ferguson, 1986; Strobel et al., 1983). Intraluminal antigens may therefore enter the 

bloodstream and via the portal vein reach the liver (Figure I.13).  

Antigen delivery to the liver has been suggested to participate in oral tolerance. Indeed, 

portacaval shunting prevented the induction of oral tolerance (Callery et al., 1989). Moreover, 

transfer of liver cells from OVA-fed mice 24 hours after feeding protected naïve recipients 

from the development of DTH response (Li et al., 2004). Several liver populations were 

suggested to act as antigen-presenting cells (APC), including conventional liver DCs, 

plasmacytoid DCs (pDCs), Kupffler and sinusoidal endothelial cells, and to promote tolerance 

rather than immunity (Thomson and Knolle, 2010). It was notably shown that pDCs are 

particularly numerous in the liver (up to 30% of all DCs) and can actively participate in 

tolerance through induction of anergy and/or deletion of 70-80% of antigen-specific CD4 and 

CD8 T cells (Goubier et al., 2008). Contrary to liver, pDCs from spleen were weakly 

suppressive, probably because of the limited amount of dietary antigens reaching the spleen 

(Goubier et al., 2008). The tolerogenic properties of liver and spleen can be probably explained 

by the immature state of liver APC, the absence of cortimulatory molecules and the tolerogenic 

environment of liver (Goubier et al., 2008; Thomson and Knolle, 2010). Although the role of 

the liver in the induction of oral tolerance is likely, other mechanisms described below play a 

crucial role in maintaining local and systemic tolerance to dietary proteins.  
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Figure I.13: Routes of systemic dissemination of antigen 
Antigen taken up into Peyer’s patches (PP) or lamina propria may enter the bloodstream via the portal vein, first reaching the 

liver before it becomes distributed into the wider circulation. Systemic tolerance may then occur because of antigen 

presentation in the liver by sinosuidal endothelial cells, tolerogenic conventional DCs or plasmacytoid DCs, or because antigen 

reaching peripheral lymph nodes (pLN) will be presented by resident DCs in the absence of costimulation. Free antigen taken 

up into afferent intestinal lymph will pass through the mesenteric lymph nodes (MLN) and eventually enter the bloodstream via 

the thoracic duct (Pabst and Mowat, 2012).  

1.6 Mechanisms of oral tolerance 

Mechanisms implicated in the establishment of oral tolerance have been progressively 

unravelled and comprise anergy or clonal deletion of antigen-specific T cells, induction of 

different populations of regulatory CD4 T cells (Tr1, Th3, Foxp3
+
 Tregs) and suppressive 

effect of some CD8 T cells (Faria and Weiner, 2005). It has been initially suggested that the 

dose of antigen may determine the mechanism of tolerance induction (Faria and Weiner, 2005). 

Low dose of antigen favoured the generation of Treg cells, while high dose rather induced 

anergy and deletion of antigen-specific cells (Friedman and Weiner, 1994; Mowat and 

Ferguson, 1982). Later work has however shown that Foxp3
+
 Treg cells were also induced in 

response to high dose of antigen, and even in higher proportion than at low doses (Siewert et 

al., 2008). Moreover, accumulating evidence points out to the central role of regulatory T cells. 

Notably, the early onset of both dramatic autoimmunity and severe food allergy in patients who 

lack functional Tregs due to X-linked inactivating mutations of the FOXP3 gene (Torgerson et 

al., 2007) demonstrated the importance of the latter cells in preventing adverse responses not 

only to self antigens but also food-derived antigens in humans.    

1.6.1 Clonal anergy and deletion  

Several studies performed in 1990s have suggested that anergy and deletion of antigen-

specific T cells contribute to oral tolerance. Oral administration of myelin basic protein (MBP) 

readily suppressed experimental autoimmune encephalomyelitis (Whitacre et al., 1991). In this 

study, lymphoid cells from tolerized mice did not transfer tolerance to naïve mice, and 
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proliferation of effector cells was not inhibited by lymphoid cells from tolerant donors. Based 

on the fact that MBP-reactive cells neither proliferated nor secreted IL-2, unresponsiveness of 

MBP-fed animals was explained by the state of clonal anergy. Another study has shown that 

feeding wild-type animals with high dose (but not low doses) of egg white lysozyme or guinea 

pig εBP decreased secretion of TGFȕ and increased that of IL-4 (Friedman and Weiner, 

1994). Cells from tolerized mice did not respond to MBP even in the presence of anti-TGFȕ, 

but proliferated in response to recombinant IL-2 in vitro. Thus, anergy has been defined by two 

criteria, absence of transferrable suppression and responsiveness to in vitro IL-2 stimulation. In 

my view, these studies need to be reevaluated using updated techniques, notably multicolor 

flow cytometry, in order to better characterize the phenotype of anergic cells and also to 

eliminate the hypothesis that analyzed cells may contain a small percentage of Foxp3 Treg cells 

not proliferating in vitro except in the presence of IL-2. It would be also interesting to verify 

whether these cells undergo apoptosis with time or, if not, determine the factors that maintain 

their survival in vivo.  

Y. Chen and colleagues, for their part, have reported that high-dose, contrary to low-

dose, feeding with ovalbumin led to deletion of antigen-reactive T cells in PP of mice 

transgenic for OVA-specific TCR (Chen et al., 1995a). In fact, they have observed a significant 

decrease in the frequency of OVA-specific T cells through the apoptosis of activated cells. 

These results are consistent with our own experimental work that showed a decrease in the 

absolute numbers of OVA-specific CD4 T cells in all compartments of OTII transgenic mice 

upon prolonged exposure to high doses of ovalbumin (Korneychuk et al., 2014) (see B.2 

Article).  

 1.6.2 Regulatory CD4 T cells  

Different suppressive CD4 T cell populations playing a role in oral tolerance have been 

described since 1990s, among which IL-10-(Tr1) and TGFȕ-(Th3) secreting regulatory cells 

(Chen et al., 1994; Groux et al., 1997). CD4
+
CD25

+
 regulatory T cells were described by 

Sakaguchi and colleagues (Sakaguchi et al., 1995) and subsequently shown to express the 

Foxp3 transcription factor (Brunkow et al., 2001; Fontenot et al., 2003; Hori et al., 2003; 

Khattri et al., 2003). Alike Tr1 and Th3 populations, CD4
+
 CD25

+
 Foxp3

+
 Treg cells can 

produce IL-10 and TGFȕ (Shevach, 2009), suggesting a possible overlap between these 

populations. Indeed, three distinct subsets of Tregs have been described using mice in which 

the coding sequence of IL-10 was replaced with that of Thy1.1 crossed with FoxP3 reporter 

mice in which GFP was knocked-in the gene encoding FoxP3 (Maynard et al., 2007). Foxp3
+
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IL-10
- 

were more frequent in lymph nodes and spleen, Foxp3
+
 IL10

+ 
predominated in large 

intestine, while Foxp3
-
IL-10

+
 Tregs in small intestine and PP. The latter cells resembled Tr1 by 

their cytokine profile, proliferative and suppressive responses (Maynard et al., 2007). The lack 

of surface markers specific for Tr1 and Th3 regulatory cells complicates the discrimination of 

these populations. 

Transfer of CD25
+
 CD4 T cells enriched in Foxp3

+
 Tregs (about 90% expressing 

Foxp3) demonstrated the role of Treg cells role in the establishment of oral tolerance. The 

transfer of such cells from orally tolerized animals into naïve mice promoted the 

unresponsiveness in recipients to subsequent challenge with the same antigen. Conversely, 

depletion of CD4 T cells by CD4 antibody or of CD25
+ 

CD4 T cells
 
by CD25 antibody 

abrogated oral tolerance indicating that CD25
+
 CD4 Treg cells play a critical role in oral 

tolerance (Dubois et al., 2003). 

What are the respective roles of natural and induced Tregs in oral toleranced? Two 

populations of Tregs have been described, natural Tregs (nTreg) that develop in thymus  (also 

called now thymus-derived Tregs) and Treg cells induced in periphery from naïve T cells 

(iTreg or peripherally-induced Tregs). The role of thymus-induced Tregs in the prevention of 

autoimmunity was firmly established by experiments of neonatal thymectomy (Asano et al., 

1996; Sakaguchi et al., 1985; Sakaguchi et al., 1982). In contrast, studies in TCR transgenic 

RAG-deficient mice, deficient in nTregs, showed that iTregs were generated upon the exposure 

to dietary antigen and efficiently drove oral tolerance (Mucida et al., 2005). Oral administration 

of antigen was efficient in preventing allergy and asthma reactions, pointing out to a critical 

role of iTregs in oral tolerance; however, a complementary effect of nTreg was not excluded. 

The recent study using mice deficient for conserved non-coding sequence 1 (CNS1) in the 

Foxp3 promoter, which controls the differentiation of iTregs but not that of nTregs, has 

provided evidence that iTregs are necessary to suppress mucosal Th2 responses to food 

antigens and to prevent the appearance of IgE antibodies against food antigens (Josefowicz et 

al., 2012). 

How can the generation of induced Foxp3
+
 Treg cells be induced? As dicussed above, 

gut-imprinted antigen-presenting CD103
+
 DCs are likely to play an essential role in the 

generation of Foxp3
+
 Treg cells in MLN of orally challenged animals (Coombes et al., 2007). 

Such capacity of CD103
+
 DCs largely depends on their ability to synthesize RA and TGFȕ 

necessary for conversion of naive T cells into gut-homing Foxp3
+
 Tregs (Coombes et al., 2007; 

Sun et al., 2007a).  
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What is the respective role of Foxp3
+
 Tregs in the induction of local and systemic 

tolerance? U. Hadis and colleagues have precisely dissected the sequence of events explaining 

the suppressive role of Foxp3
+
 Tregs in oral tolerance (Hadis et al., 2011). This work showed 

that Foxp3
+
 Treg cells must migrate into the mucosa and expand within the gut for the 

induction of oral tolerance (Figure I.14). Elimination of Foxp3
+
 Treg cells in DEREG mice 

(mice expressing diphtheria toxin receptor under control of the Foxp3 promoter) by diphtheria 

toxin (DT) administration abrogated the induction of both local and systemic oral tolerance. 

Thus, DEREG mice treated with DT and orally challenged with OVA developed allergic 

diarrhea associated with increased titres of OVA-specific IgE and IgG1 and DTH responses. In 

keeping with previous data, Foxp3
+
 Treg cells differentiated, acquired gut-homing receptors 

and underwent expansion in MLN within 5 days and (Figure I.14). This step seems however to 

be critical for the establishment of oral tolerance, since mice deficient in α4ȕ7 integrin (ITGB7-

knockout mice) or its ligand MADCAM1, both necessary for gut homing, had an impaired 

systemic tolerance. Finally, U. Hadis and colleagues showed that, once recruited into LP, 

Foxp3
+
 Tregs underwent massive expansion between day 5 and day 12, several times more 

important than that observed in MLN. This Treg expansion was abrogated in CX3CR1
-/-

 mice 

that lack CX3CR1
+
 LP macrophages, known to produce high levels of IL-10, a cytokine that 

promotes or Foxp3
+
 Treg expansion as indicated above (Denning et al., 2007; Murai et al., 

2009) (Figure I.14). However, the generation of Tregs in MLN of CX3CR1-deficient mice was 

not compromised. These data provide a supplementary argument that IL-10-producing 

CX3CR1
+
 LP cells do not participate in Treg differentiation in MLN, as their numbers were not 

altered, but rather play a role in the local expansion of regulatory T cells (Figure I.14). It would 

be interesting to explore whether other mucosal cells may produce IL-10 or TGFȕ, another 

factor that sustains Treg expansion. It is unclear whether CD103
+
 DCs, known to produce RA 

and TGFȕ (Coombes et al., 2007), can also enhance the mucosal Foxp3
+
 Treg expansion in the 

intestinal mucosa.   
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Figure I.14: A multistep model of oral tolerance to soluble antigens 
Oral tolerance is initiated by the migration of antigen-loaded CD103+ DCs from the lamina propria into the draining mesenteric 

lymph nodes (MLN) (I). In the MLN, retinoic acid (RA) produced by DCs and local stromal cells induces the expression of 

gut-homing receptors α4ȕ7 integrin and CCR9 on antigen-specific T cells and favors the TGFȕ-dependent differentiation of 

Foxp3 induced regulatory T cells (iTreg) (II). These committed Treg cells home back to the intestinal lamina propria (III), 

where they undergo secondary expansion under the influence of IL-10 produced by CX3CR1high macrophages in the lamina 

propria (IV). In a putative fifth step (V), some of Treg cells may exit from the mucosa via lymph and/or bloodstreal, 

disseminating throughout the immune system, and promoting the systemic consequences of oral tolerance (Pabst and Mowat, 

2012). 

How Foxp3
+
 Treg cells generated in response to intestinal antigen migrate to petipheral 

organs to suppress systemic responses is also not fully elucidated. Blocking T cell migration 

into the gut abrogated systemic tolerance. It was therefore proposed that Foxp3
+
 Tregs recruited 

and expanded in intestinal mucosa recirculated to the periphery via the bloodstream (Figure 

I.14). However, it cannot be excluded that Foxp3
+ 

Treg may directly migrate from MLN into 

the bloodstream. The exact kinetics of systemic tolerance induction should be thus further 

investigated. 

Overall, these recent studies have provided evidence that Foxp3
+
 Treg cells play a 

crucial and non-redundant role in oral tolerance, both at the systemic and mucosal levels. 

Nevertheless, complementary role of other regulatory populations is not excluded.  
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1.6.3 CD8 T cells  

CD8 T suppressive cells have been described in 1980-90s (Bland and Warren, 1986; 

Mayer and Shlien, 1987; Miller et al., 1992; Richman et al., 1978), but remain poorly 

characterized and their impact on oral tolerance is unclear. Knowing that CD8 T cells can be 

cross-primed by gut-derived DCs (Johansson-Lindbom et al., 2005; Kim et al., 1998), such 

cells have been suggested to participate in oral tolerance induction. In fact, primed effector 

CD8 T cells can migrate into the mucosa and contribute to the tolerance by exerting 

cytotoxicity against antigen-presenting epithelial cells or mononuclear phagocytes, thus 

limiting the propagation of the immune response (Chang et al., 2013; Miller et al., 1998). A 

recent study proposed that lamina propria CD8 T cells might suppress activated CD4 T cells 

(Chang et al., 2013). However, CD8 T cells seem dispensable for oral tolerance, since ȕβm-

deficient mice or mice treated with anti-CD8 antibodies show normal induction of oral 

tolerance (Barone et al., 1995; Chen et al., 1995b; Grdic et al., 1998; Vistica et al., 1996).  

Otherwise, intraepithelial CD8 T cells expressing TCRȖį were also shown to contribute 

to oral tolerance. Mice treated by a depleting anti-į chain antibody or TCRį-deficient mice 

displayed impaired induction of oral tolerance to OVA on both humoral and cellular responses 

(Ke et al., 1997; Mengel et al., 1995). Adoptive splenocyte transfer from OVA-tolerized mice 

inhibited IgE response in recipients to aerosolized OVA. Depletion of Ȗį T cells abolished 

tolerance while transfer of very small numbers of Ȗį T cells was sufficient to restore it 

(McMenamin et al., 1994). It was suggested that Ȗį T cells may directly suppress Th2-

dependent IgE responses, but the exact mechanism remains unknown.  

1.7 Open issues: Factors influencing oral tolerance induction  

 Factors as dose, nature of antigen, time framework, and frequency of antigen 

administration seem to play an important role in oral tolerance induction (Strobel et al., 1983). 

The majority of basic studies on these issues have been performed several decades ago, when 

modern performant immunological techniques were not yet available. Thus, a reevaluation of 

these studies using more precise methods, notably flow cytometry and imaging, is needed in 

order to better characterize those processes. Moreover, it would be of great interest to better 

define the time framework of oral tolerance induction and outcoming immune responses when 

the antigen is given in prenatal, neonatal periods or after weaning. Several studies performed in 

1980s suggested that exposure to oral antigen within the neonatal period resulted in priming of 

humoral and cell-mediated immune responses, contrary to adults developing oral tolerance 

(Hanson, 1981; Strobel and Ferguson, 1984). The immune responses were even stronger when 
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mice were exposed to the dietary antigen in the prenatal period (Strobel and Ferguson, 1984). A 

temporarily loss of oral tolerance was also observed during the weaning period. Thus, oral 

administration of myelin basic protein before 4 weeks of age in mice could induce priming of 

encephalitogenic T cells and enhance experimental autoimmune encephalomyelitis upon 

systemic immunization in adult mice (Miller et al., 1994). Susceptibility of rodents and humans 

during prenatal and early postnatal periods may be linked to the immature state of gut immune 

system and its increased permeability. Gut maturation, which takes place at the time of weaning 

in rodents and during the first days after birth for humans, leads to reduced gut permeability 

(Verhasselt, 2010b). The exact mechanisms remain to be better delineated.  

Breast-feeding was proposed to contribute to the development of oral tolerance in 

suckling animals. Small concentrations of dietary antigens are detected in maternal milk 

(Verhasselt, 2010a). Secretory IgA present in breast milk (SigA being the predominant Ig class 

in human breast milk), might play a protective role to prevent inadvertent entry of dietary 

antigen across the neonate mucosa and avoid the sensitisation to dietary antigens (Levinsky, 

1985). Indeed, partially degraded gliadin, cow ovalbumin or food allergen ovocumoid were 

found to be bound to maternal milk IgA (Chirdo et al., 1998; Hirose et al., 2001; Juto and 

Holm, 1992). Whether SIgA can play, alike IgG in mice, an active role in induction of 

tolerance has not yet been tested. In mouse breast milk, OVA was found within immune 

complexes with IgG and IgG/OVA could be transported via the neonatal FcR across the 

neonatal epithelium (Mosconi et al., 2010). Such transport could induce Treg cells able to 

prevent the development of allergic asthma (Matson et al., 2010; Mosconi et al., 2010). In 

contrast to mouse breast milk that contains high concentrations of IgG (Mosconi et al., 2010), 

IgG concentration in human milk is very low; therefore it is unclear whether the latter 

mechanism can operate in humans. However, other components present in maternal milk, such 

as TGF and epidermal growth factors, may promote oral tolerance in neonates and enhance 

protection from allergic asthma (Verhasselt et al., 2008). The mechanisms contributing to the 

tolerance induction in fetus and neonates should be further explored, as well as the factors 

preventing tolerance development at this age.  

 Other factors, notably intestinal microbiota, might promote tolerance. Indeed, some 

Clostridium species could promote Foxp3
+
 Treg accumulation in the colon through induction of 

TGFȕ or production of short chain fatty acids (Arpaia et al., 2013; Atarashi et al., 2013; 

Atarashi et al., 2011). Oral administration of these species early in life or in adult mice could 

prevent or attenuate colitis and allergic diarrhea induced by OVA (Atarashi et al., 2013; 
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Atarashi et al., 2011). Bacteroides fragilis could also direct the development of IL-10 

expressing Foxp3
+
 Treg cells in monocolonized mice, an effect that was mediated by the 

capsule polysaccharide A characteristic of this species (Round and Mazmanian, 2010). It is 

thus plausible that some bacterial strains contribute to the local expansion/maintenance of the 

Treg pool. It is however unclear how colonic Treg cells induced by bacteria may contribute to 

tolerance to food proteins. Do they differentiate in PP and/or MLN and then disperse to small 

intestine and periphery? How are Tregs activated to suppress immune responses to dietary 

antigens, through TGFȕ/Iδ-10 mechanism or via TCR? It is perhaps possible that Tregs 

activated by microbial antigens may exert a bystander effect on T cell responses to dietary 

antigens. Yet, it is unclear how activation of colonic Tregs can protect against responses taking 

place in the upper small intestine.  
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II. Chapter 2: Abnormal response to food 

gluten in Celiac disease 

2.1 Introduction 

Celiac disease (CD) is defined as a chronic small intestinal immune-mediated 

enteropathy precipitated by the exposure to dietary gluten in genetically predisposed 

individuals (Ludvigsson et al., 2013). Celiac disease affects about 1% of Western populations 

(Rubio-Tapia and Murray, 2010) and can occur at any age following the introduction of gluten 

in the diet. Nevertheless, onset of CD is more frequent in early childhood or in young women 

(Meresse et al., 2012). CD patients develop typical lesions of small intestinal villous atrophy 

and crypt hyperplasia associated with intraepithelial lymphocyte infiltration, 

lymphoplasmocytic infiltration of lamina propria (Figure II.1) and appearance of IgA 

antibodies specific of gliadin or of a self antigen, transglutaminase 2 (TG2). As a result of 

epithelial damage, active CD patients present signs and symptoms of malabsorption, such as 

diarrhoea and steatorrhoea, leading to weight loss in adults or growth failure in children 

(Ludvigsson et al., 2013).  

 

Figure II.1: Normal and celiac-disease small intestinal mucosae 
a. Histology of a normal small intestine showing villi (V) and crypts (C). b. Celiac mucosa characterized by total villous 

atrophy, enlarged hyperplasic crypts and increased infiltration of lymphoid cells in the lamina propria (LP) and epithelium 

(Sollid, 2002). 

The disease is precipitated in susceptible individuals by ingestion of gluten, the 

triggering environmental factor. A primary genetic factor of CD susceptibility, HLA-DQ2.5 or 
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HLA-DQ8 genes coding for MHC class II molecules, was identified by familial genetic studies 

(Houlston and Ford, 1996). The interactions between these two factors lead to the development 

of adaptive CD4 T and B cell responses (Sollid, 2002), the first keystone of CD pathogenesis. 

The second keystone relies on the activation of intestinal intraepithelial lymphocytes (IELs) 

that are considered to drive small intestinal tissue damage (Abadie et al., 2012; Meresse et al., 

2012). Furthermore, CD pathogenesis has an important autoimmune-like component since CD 

patients develop autoantibodies against TG2 and 7-18% of CD patients develop autoimmune 

diseases (Cosnes et al., 2008). A strong overlap was as well identified by genome-wide 

association studies (GWAS) (Dubois et al., 2010; Hunt et al., 2008; Trynka et al., 2011; Trynka 

et al., 2009; van Heel et al., 2007) between genetic factors predisposing to CD and to 

autoimmune disease, and with a lesser extent to inflammatory disease (Parkes et al., 2013)  

(Figure II.2).  

 

Figure II.2: Overlap of genetic risk factors for celiac disease with autoimmune and inflammatory diseases 
Shown the overlaps between the regions identified by genome-wide association studies (GWAS) as associated with CD and the 

regions identified by GWAS as associated with autoimmune diseases or inflammatory disorders. The set of autoimmune 

diseases includes rheumatoid arthritis, systemic lupus erythematosus, type 1 diabetes, multiple sclerosis, and psoriasis. The set 

of inflammatory disorders includes Crohn’s disease and ulcerative colitis (Abadie et al., 2012). 

In this chapter, I summarize the advancements in the study of celiac disease 

pathogenesis and address the issues that remain unknown or uncertain to date. 
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2.2 Adaptive response 

It is now well established that celiac disease is caused by an inappropriate immune 

response to dietary gluten. Herein, I give insight into mechanisms leading to the instauration of 

adaptive immune response perceived as a trigger of immunological cascade orchestrating small 

intestinal lesions in CD.  

2.2.1 Gluten-specific CD4 T cell response 

2.2.1.1 Gluten, triggering environmental factor  

 The causal role of environmental factor, gluten, in CD was first put in evidence in 

1950s by a Dutch paediatrician W. Dicke that associated the onset of clinical symptoms with 

the consumption of wheat and related cereals. On this basis, he proposed a strict life-long 

gluten-free diet (GFD) that proved its efficiency in paediatric patients leading to the withdrawal 

of clinical symptoms and the recover of a normal growth curve in these patients (van Berge-

Henegouwen and Mulder, 1993; Van De Kamer et al., 1953). Till now GFD still remains the 

unique but very constraining method of treatment.  

Gluten is a composite of several hundred grain storage proteins from wheat, barley and 

rye, composed of soluble gliadins and insoluble glutenins. High number of repetitive proline- 

and glutamine-rich sequences and multiple disulphide bonds result in the formation of large 

aggregates (500-1000 kDa) with poor aqueous solubility that explains the resistance of gluten 

to proteolytic digestion by gastrointestinal enzymes (Hausch et al., 2002; Shan et al., 2002). 

These properties of gluten may in part explain its immunogenicity and toxicity in susceptible 

individuals.     

2.2.1.2 HLA-DQ molecules, genetic factor 

Family studies performed since early 1960s have provided evidence that genetic factors 

influence the susceptibility to the disease (Houlston and Ford, 1996). Several studies suggested 

the existence of association of CD with HLA class II region (Houlston and Ford, 1996). 

Genotyping of unrelated CD patients revealed a primary association of CD with HLA-DQ 

locus (Sollid et al., 1989). Most (90-95%) of CD patients carry HLA-DQ2 variant DQ2.5 

encoded in cis by the DQA1*0501 and the DQB1*0201 genes of DR3-DQ2 haplotype (Figure 

II.3 cis) or in trans, where HLA2.5 molecules are encoded by DQA1*05 and DQB1*02 chains 

located on different haplotypes, DR5-DQ7 and DR7-DQ2 (Lundin et al., 1990; Sollid et al., 



 Korneychuk Natalia – PhD Dissertation – 2014 
Chapter 2: Abnormal response to food gluten in Celiac disease 

46 
 

1989) (Figure II.3 trans). Most of remaining (5-10%) patients bears DR4-DQ8 haplotype 

(Sollid et al., 1989; Spurkland et al., 1992) (Figure II.3). Interestingly, HLA-DQ2/8 transdimers 

formed in individuals carrying DR4-DQ8 and DR3-DQ2 haplotypes are able to selectively 

present ȕ-islet autoantigens (van Lummel et al., 2012) and thus, in addition to CD, confer a 

high risk of type 1 diabetes (T1D) development (Tollefsen et al., 2012; van Lummel et al., 

2012) (Figure II.3). These transdimers are formed either by  chain of HLA-DQ2 (HLA-

DQA1*0501) and  chain of HLA-DQ8 (HLA-DQB1*0302) or by  chain of HLA-DQ8 

(HLA-DQA1*0301) and  chain of HLA-DQ2 (HLA-DQB1*0201).  

 

Figure II.3: Human leukocyte antigen (HLA) associations in celiac disease (CD) 
The majority of CD patients express HLA-DQ2.5 heterodimer encoded by the HLA-DQA1*05 (α-chain) and HLA-DQB1*02 

(ȕ-chain) alleles. These two alleles are carried either in cis on the DR3-DQ2.5 haplotype or in trans in individuals who are 

DR5-DQ7 and DR7-DQ2.2 heterozygous. HLA-DQ8 is encoded by DR4-DQ8 haplotype and confers a lesser risk of CD. In 

individuals who are DR3-DQ2.5 and DR4-DQ8 heterozygous, transdimers DQ8.5 can form and confer high susceptibility to 

type 1 diabetes (T1D) (Meresse et al., 2012). 
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2.2.1.3 Pathogenic role of gluten-specific CD4 T cells  

The link between main environmental factor, gluten, and main genetic factor, HLA-

DQ2.5 or -DQ8, was established by the work of the group of L. Sollid. The presence of gliadin-

specific CD4 T cells recognizing gluten in the context of HLA-DQ2.5 or HLA-DQ8 molecules 

in small intestinal biopsies from CD patients was therefore demonstrated (Lundin et al., 1994; 

Lundin et al., 1993; Molberg et al., 1997). Gliadin-specific T cells were not detected in biopsies 

from healthy individuals contrary to CD patients. HLA-DQ2.5 molecules encoded either in cis 

or in trans could both efficiently present gluten to T cells (Gjertsen et al., 1994). 

Nevertheless, it remained unclear how positively charged HLA-DQ molecules with 

preference for negatively charged peptides could bind gluten peptides, known to be enriched in 

uncharged proline and glutamine but not in negatively charged amino acids. This question was 

resolved with the discovery of posttranslational modifications of gluten peptides carried out by 

transglutaminase 2 conferring them negative charge (Molberg et al., 1998; van de Wal et al., 

1998a). Indeed, increased activity of tissue TG2 has been observed in small intestinal biopsies 

of CD patients (Bruce et al., 1985) and activated TG2 was capable to efficiently convert 

specific non-charged glutamine residues (in glutamine-X-proline sequences) into glutamic acid 

residues bearing negative charge (van de Wal et al., 1998a) termed deamidation (Figure II.4). 

As a consequence, HLA-DQ2/8 molecules have a strong preference for deamidated gliadin 

peptides over native gliadin peptides (Figure II.4). Even though, one study indicates that HLA-

DQ8 molecules can efficiently present a particular native gluten peptide (van de Wal et al., 

1998b), but its chemical basis remains unclear. Overall, activated tissue TG2 enhances the 

binding of gluten peptides to MHC class II molecules, thus conferring them a greater capacity 

to activate CD4 T cells.  
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Figure II.4: Posttranslational modification of gluten 
Gluten is a very good substrate for transglutaminase 2 (TG2), which converts glutamine residues to glutamate. This process, 

known as deamidation, generates peptides with negatively charged amino acid residues that bind with higher affinity to the 

disease-associated HLA-DQ2 or HLA-DQ8 molecules. P4, P6 and P7 pockets in HLA-DQ2 and P1 and P9 pockets in HLA-

DQ8 have a preference for negatively charged anchor residues (Abadie et al., 2012). 

 

Multiple gluten epitopes preferentially recognized in the context of HLA-DQ2.5 or 

HLA-DQ8 have been listed by Sollid and colleagues (Sollid et al., 2012) (Table II-1). Although 

polyclonal T cell responses are found in CD patients, some dominant epitopes demonstrating a 

high avidity for particular TCR was documented that may foster the clonal expansion of CD4 T 

cells (Meresse et al., 2012) (Figure II.5). Recent studies have provided molecular basis of 

interactions between TCR and HLA-DQ2 or DQ8/peptide complexes (Broughton et al., 2012b; 

Petersen et al., 2014). 
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Table II-1: List of celiac disease relevant T cell epitopes recognized by CD4 T cells 
(Sollid et al., 2012)  

 

 

Overall, these findings suggest that gluten-specific CD4 T cells activated by gluten 

presented in the context of HLA-DQ2.5 or DQ8 molecules trigger the immunological cascade 

leading to intestinal damage in CD. However, studies in HLA-DQ2.5 or HLA-DQ8 transgenic 

mice exposed to gluten have demonstrated that adaptive CD4 T cell response is necessary but 

not sufficient to provoke intestinal lesions (Black et al., 2002; de Kauwe et al., 2009; Du Pre et 

al., 2011). Despite production of proinflammatory cytokines, like IFNȖ and Iδ-21, also 

observed in CD patients (van Leeuwen et al., 2013b), mice mounted a regulatory response, and 

no villous atrophy was found (Black et al., 2002; de Kauwe et al., 2009; Du Pre et al., 2011). 

These findings indicate that supplemental factors are needed to provoke intestinal damage.  
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Figure II.5: Activation of gluten-specific CD4 T cells responses by HLA-DQ2.5 molecule 
Complexes formed between deamidated gluten peptides and HLA-DQ2.5 molecules expressed on antigen-presenting cells 

(APC) can prime gluten-specific CD4 T cells. As for other dietary antigens, priming may occur in Peyer’s patches or in 
mesenteric lymph nodes after migration of CD103+ dendritic cells loaded with gluten peptides in lamina propria. Priming is 

followed by selection and clonal expansion of T cells displaying high-avidity TCR (Meresse et al., 2012). 

2.2.2 B cell response 

2.2.2.1 Anti-gliadin and anti-TG2 antibodies  

In addition to the establishment of gluten-specific CD4 T response, active CD patients 

are characterized by the appearance of particular serum and intestinal IgA triggered by 

exposure to gluten. The work of Shiner and Ballard in the early 1970s was the first to reveal the 

presence of extracellular deposits of immunoglobulins, principally IgA, in jejunal mucosa of 

CD paediatric patients challenged with gluten (Shiner and Ballard, 1972). A massive 

plasmacytosis, due to the increase in immunoglobulin-containing plasma cells of all three 

major classes (IgA, IgM, IgG) with prevalence of IgA plasma cells in celiac lesions, has been 

shown (Baklien et al., 1977; Lancaster-Smith et al., 1976). Heavy IgA deposits were found 

only in CD patients and not in healthy individuals, principally located in basement membrane 

of surface epithelial cells, crypt epithelium and in the walls of blood vessels in small intestinal 

mucosa (Jos et al., 1979).  
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Moreover, IgA deposits disappear during GFD and reappear when gluten is 

reintroduced to the diet of CD patients (Lancaster-Smith et al., 1976). These findings indicate 

that IgA induction is dependent on the exposure to gluten. Therefore, it has been supposed that 

these antibodies are gluten-specific. However, further studies revealed the detection of anti-

gliadin IgG antibodies (AGA), but also of IgA autoantibodies directed against reticulin R1 

(ARA) (Eterman and Feltkamp, 1978) and endomysium (EmA) (Chorzelski et al., 1984), 

components of connective tissue. The latter antibodies were found both in intestine and in 

serum of CD patients. Contrary to AGA and ARA also found in genetically-non-predisposed 

healthy individuals and individuals having other gastrointestinal diseases, EmA IgA antibodies 

appear to be strictly correlated with the development of CD and never present in disease control 

patients (Beutner et al., 1986; Chorzelski et al., 1984). On this basis the dosage of EmA IgA is 

now used for the specific diagnosis of CD.  

These data suggested that endomysium may contain one or several target autoantigens 

implicated in the disease, conferring to CD an autoimmune-like status. The precise triggering 

antigen was identified only 10 years later as tissue transglutaminase (TG2) (Dieterich et al., 

1997). The exact mechanism leading to specific production of anti-TG2 antibodies upon 

exposure to gluten and their disappearance following GFD remain to be defined. Nevertheless, 

it has been suggested that TG2 cross-linked to gluten may be recognized as hapten, explaining 

the appearance of gliadin- and TG2-specific antibodies upon exposure to gluten and their 

disappearance during GFD (Sollid et al., 1997). This hypothesis has not been however formally 

confirmed. T cells stimulated by deamidated gluten probably provide help to gliadin- and TG2-

specific B cells, thus leading to the appearance of anti-gliadin and anti-TG2 antibodies. 

Moreover, TG2 IgA antibodies may participate in TG2 activation (Esposito et al., 2003), 

indicating the existence of positive feedback loop.  

 2.2.2.2 Pathogenic role of IgA 

Recently a mechanism explaining a possible pathogenic role of IgA in CD has been 

suggested. CD71, a receptor of weak affinity for IgA, was identified by I. Moura and 

colleagues (Moura et al., 2001). Known to be a high avidity receptor for transferrin, it may also 

bind polymeric IgA. In physiological conditions CD71 is expressed only at basal surface of 

small intestinal enterocytes, while in CD patients it is also induced at the apical surface of IECs 

(Matysiak-Budnik et al., 2008). Experimental data from our laboratory suggest that luminal 

secretory IgA/gluten complexes can bind to CD71 expressed on apical surface and be 

transported from the gut into the lamina propria (Lebreton et al., 2012; Matysiak-Budnik et al., 
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2008) (Figure II.6). The retransport of immune complexes probably occur through the recycling 

pathway thus avoiding lysosomal degradation of peptides. This process allows an apical-to-

basal protected retrotransport of large gluten peptides, which remain probably more 

immunogenic. Moreover, TG2 seems to facilitate this mechanism, but its exact role is still 

unknown. A recent study has shown that abnormal apical-to-basal transport of a dietary 

ovalbumin in mice strongly expressing CD71, notably on apical surface of enterocytes, and 

grafted with OVA-secreting humanized IgA-secreting hybridoma favoured the activation of 

OVA-specific CD4 Th1 response (Abed et al., 2014). Poor digestion of gluten peptides and 

their crosslinking properties likely promote the formation of large gluten/SIgA complexes that 

can bind CD71 more efficiently (I. Moura, personal communication, and B. Clément, 

unpublished results).   

 

Figure II.6: B cell response in celiac disease 
IgA-producing B cells primed in gut-associated lymphoid tissue (GALT) migrate into lamina propria (LP) and differentiate into 

plasma cells, which produce dimeric IgA released into the intestinal lumen as secretory IgA. In active CD, SIgA-gluten 

complexes formed in the intestinal lumen can bind the CD71 receptor up-regulated at the apical surface of enterocytes, 

resulting in their rapid retro-transport into LP. Binding of sIgA to CD71 may also activate signal transduction into epithelial 

cells. These mechanisms may exarcerbate immune responses. Adapted from (Meresse et al., 2012). 

Moreover, a recent work has shown that binding of large polymeric IgA/peptide 

complexes to CD71 in mesangial cells in patients with IgA nephropathy can lead to the 

activation of MAPK and ERK-mediated signalling resulting in increased IL-6 secretion 
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(Tamouza et al., 2012). The activation of MAPK/ERK pathway correlated with glomerular 

damage in these patients (Tamouza et al., 2012). This finding indicates that the engagement of 

CD71 by IgA/gluten immune complexes may also lead to the activation of proinflammatory 

signalling pathways. This hypothesis is currently studied in our laboratory.  

Although a pathogenic role of secretory IgA is evoked, it seems that they are not 

indispensable for CD development, as IgA-deficient patients may also develop CD. 

Interestingly, IgA-deficient patients develop IgM deposits (Borrelli et al., 2010) and produce 

serum IgG antibodies instead of IgA. In these patients, IgM may also trigger the inflammation 

by activating classical pathway of complement (Borrelli et al., 2010; Halstensen et al., 1992). It 

has been also supposed that the absence of efficient barrier formed by secretory IgA may 

facilitate transepithelial entry of gliadin peptides (Wang et al., 2011).  

The role played by anti-TG2 autoantibodies is poorly understood. It has been shown 

that TG2 antibodies in vitro may contribute to increased activation of TG2 in CD patients 

(Klock et al., 2012). The presence of IgA deposits was also detected in latent CD patients that 

do not have any villous atrophy (Kaukinen et al., 2005). These anti-TG2 IgA may thus play a 

role early in the disease development, but it is uncertain if they are sufficient to provoke the 

disease.  

Nevertheless, IgA deposits are likely to play a central role in extraintestinal autoimmune 

manifestations of intolerance to gluten, notably in dermatitis herpetiformis (DH), a gluten-

dependent blistering skin disease. In this disorder, no T cells are detected in skin lesions, but 

they are either associated with deposits of IgA specific for TG3, an epithelial analogue of TG2, 

and neutrophil infiltrates (Sardy et al., 2002). HLA-DQ8 transgenic mice on NOD background 

sensitized with gluten developed blistering pathology similar to DH, characterized by IgA 

deposits and neutrophil infiltration (Marietta et al., 2004). Interestingly, skin blistering was 

completely reverted when mice were switched to GFD, like in DH patients. Serum IgA in these 

mice were not specific of TG2, neither TG3 nor gluten; gluten-specific serum IgG have been 

however detected (Marietta et al., 2004). The injection of serum from CD or DH patients or 

anti-human TG3 antibody into SCID mice grafted with human skin induced blistering lesions 

in the grafted skin (Zone et al., 2011).  

 

2.3 Activation of intraepithelial lymphocytes 

Along with adaptive immune response, one of the main features of CD is a massive 

expansion of intraepithelial lymphocytes, a heterogeneous population of T cells composed 
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mainly of cytotoxic CD8 T cells residing within the intestinal epithelium. In active CD patients, 

IEδs are mainly constituted by TCRαȕ+
 and TCRȖį+

 massively increased in comparison to 

control individuals (Halstensen et al., 1989; Kutlu et al., 1993; Savilahti et al., 1997; Troncone 

et al., 1996). The expansion and increased activation of IELs are largely reverted in patients on 

GFD, indicating the causal effect of gluten on IEL activation. The resorption of symptoms in 

CD patients following GFD has been mostly associated with the decrease of TCRαȕ+
 CD8 T 

IEL number indicating their key role in intestinal tissue damage (Kutlu et al., 1993). Contrary 

to latter cells, the number of TCRȖį+ 
IELs persists despite epithelial recovery during a 

prolonged period on GFD, suggesting that they are not directly involved in tissue damage. 

Their activation may reflect chronic epithelial stress induced by exposure to gluten (Kutlu et 

al., 1993). Up to now, the role of the latter cells remains largely unknown.  

Several elements point out to a direct role of TCRαȕ+
 CD8 T IELs in the epithelial 

attack in active CD patients. First, CD8 T cells among IELs and lamina propria lymphocytes 

(LPLs) contain significantly increased amounts of cytolytic granule proteins, granzyme B and 

perforin, in comparison to controls (Di Sabatino et al., 2006; Oberhuber et al., 1996). Second, 

CD8 T IEδs is the main cell population secreting IFNȖ, a cytokine suggested to be implicated 

in tissue damage (Olaussen et al., 2002). Third, CD8 T IELs from untreated CD patients 

upregulate the expression of NK-like receptors, such as NKG2D and CD94, NKp44, NKp46 

(Hue et al., 2004; Jabri et al., 2000; Meresse et al., 2004; Meresse et al., 2006) and can exert 

enhanced in vitro cytotoxicity against different targets including epithelial cell lines compared 

to control IELs (Di Sabatino et al., 2006; Meresse et al., 2004; Meresse et al., 2006). The 

mechanisms that drive the abnormal activation of IELs and LPLs are not completely 

understood. Nevertheless, IL-15, a cytokine overexpressed in the intestinal mucosa of active 

CD patients, seems to play an important role in this process (Maiuri et al., 2000; Mention et al., 

2003).  

2.3.1 Role of IL-15  

It was shown that IL-15 expression was increased in the epithelium and the lamina 

propria of active CD patients and tended to decrease in CD patients on GFD, but remained 

higher than in controls (Di Sabatino et al., 2006; Maiuri et al., 2000; Mention et al., 2003). This 

observation indicates that IL-15 increase is at least in part induced in response to gluten 

exposure. Moreover, it has been suggested that the level of IL-15 expression correlates with the 

degree of mucosal damage (Di Sabatino et al., 2006). The exact mechanisms of its induction 

and its cellular sources remain to be fully explored. 
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Only small amounts of IL-15 were detected by enzyme-linked immunosorbent assay 

(ELISA) in supernatants of CD intestinal biopsies (Mention et al., 2003) in keeping with 

previous observations indicating that this cytokine can be synthesized by many cell types 

including intestinal epithelial cells but remains poorly secreted (Musso et al., 1999). The 

detection of IL-15 is yet complicated by the fact that IL-15 is generally expressed linked to the 

α-chain of its receptor, IL-15R α, which is expressed by the same cells. Surface IL-15Rα can 

then trans-present IL-15 to nearby lymphocytes bearing the signalling module IL-15Rȕ/Ȗc. The 

increased expression of IL-15Rα, demonstrated in CD intestine (Di Sabatino et al., 2006), may 

thus lead to the increased presentation of IL-15 at the surface of producing cells, notably 

epithelial cells (Bernardo et al., 2008). In addition, IL-15 can be released attached to IL-15Rα 

further complicating the detection by anti-IL-15 antibodies, which can fail to recognize these 

complexes. Thus, the generally low expression levels of IL-15 as well as the formation of IL-

15/IL-15Rα complexes impair the precise quantification of IL-15 and complicate the definition 

of the cellular source of IL-15. Nevertheless, immunohistochemical staining of CD mucosa 

with IL-15 antibody has shown an intense cytoplasmic staining of epithelial cells from the top 

of villi to the bottom of crypts, contrary to healthy individuals where it is detected only in the 

upper half of villi, suggesting that these cells have up-regulated IL-15 synthesis in CD 

(Mention et al., 2003). Strong staining was also detected on lamina propria mononuclear cells, 

suggesting that they may also produce and/or transpresent IL-15 (Mention et al., 2003). 

Furthermore, immunoblot analysis also showed increased amounts of IL-15 in enterocytes and 

lamina propria mononuclear monocytes isolated from untreated CD patients, contrary to treated 

CD patients and controls (Di Sabatino et al., 2006). 

Ex vivo studies have shown that IELs from CD patients respond more strongly to IL-15 

than control IELs; they notably proliferate more efficiently, produce more IFNȖ and TNFα and 

display stronger cytotoxicity against epithelial cells when stimulated by IL-15 (Di Sabatino et 

al., 2006). In keeping with a role of IL-15 in CD, it has been shown that the expression of the 

NK-receptors CD94 and NKG2D markedly increased on CD IELs is mediated by IL-15 (Jabri 

et al., 2000; Roberts et al., 2001). Increased expression of NK receptors was also found in mice 

overexpressing human IL-15 transgene in intestinal epithelium (T3
b
-hIL-15Tge mice) (Ohta et 

al., 2002). The latter mice develop a small intestinal enteropathy that progresses with age due to 

the dramatic expansion of activated CD8 T cells that upregulate the NK receptor NK1.1 (Ohta 

et al., 2002) and NKG2D (lab data). These changes can be reverted by the administration of 

anti-IL15 antibody (Yokoyama et al., 2009). Overall, these findings indicate that 
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overexpression of IL-15 largely recapitulates the abnormal changes in IELs of CD patients 

(Figure II.7).  

Other studies have provided a complementary insight in the abnormal CD8 T cell 

activation observed in CD patients. In addition to its effect on CD8 T survival, IL-15 was 

shown to interfere with immunoregulatory pathways controlling effector response. Thus, IL-15 

interfered with the mechanisms controlling the activation of human effector T cells, notably 

CD8 T cells. On the one hand, IL-15 can inhibit the regulatory Smadγ pathway of TGFȕ via 

activation of JNK and induction of phospho-c-jun that impairs the binding of Smad3 to the 

promoters of TGFȕ target genes in effector cells, notably CD8 T cells (Benahmed et al., 2007). 

On the other hand, IL-15 can impair the response of human effector T cells to immune 

suppression by Foxp3
+
 regulatory T cells (Treg) by a mechanism dependent on the activation of 

phosphoinositide 3 kinase (PI3K) in effector T cells (Ben Ahmed et al., 2009) (Figure II.7). 

Accordingly, LPLs and IELs, as well as peripheral blood lymphocytes from active CD patients 

remained unresponsive to suppressive effect of autologous or heterologous Treg, thus 

explaining their increased IFNȖ secretion and proliferation (Hmida et al., 2012; Zanzi et al., 

2011). One study in mice has suggested that IL-15 in synergy with retinoic acid may impair the 

generation of induced Treg cells (DePaolo et al., 2011). Nevertheless, contrary to decrease in 

Treg cells described in these mice, CD patients are characterized by an increase in functional 

Treg cells in the periphery and intestine (Hmida et al., 2012; van Leeuwen et al., 2013a; Zanzi 

et al., 2011), suggesting that these data are not relevant to the situation in CD. One may argue 

that the increased accumulation of Foxp3
+
 Tregs in CD patients may due to the expansion of 

thymus-derived Tregs that may hide the lack of induction of Tregs in response to gluten. The 

absence of reliable markers of natural or induced Treg cells complicates the response to this 

question. 
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Figure II.7: T cell response in celiac disease 

In active CD, IL-15 produced by enterocytes and intestinal mononuclear phagocytes favours the activation of IFNȖ-producing 

and cytotoxic CD8 IELs harboring NK cell receptors. Gluten-specific CD4 T cells may participate in IEL activation via cross-

priming. IEL cytotoxic activation can be also triggered via interactions of their NK receptors NKG2D and NKG2C with 

respective ligands MICA and HLA-E upregulated on enterocytes. IL-15 and IL-21 may also cooperate and enable autoreactive 

CD8 T cells to respond to weakly agonistic TCR self-ligands. IL-15 then favours the accumulation of activated CD8 T cells by 

stimulating their survival and inhibiting their responses to immunoregulatory mechanisms, further increasing the risk of 

developing T-dependent autoimmune diseases (T1D), thyroiditis, and perhaps type I refractory celiac disease (RCD I). Finally, 

IL-15 can promote the emergence of unusual IEL-derived T lymphomas sharing characteristics of both NK and T cells and able 

to drive epithelial lesions. Onset of lymphoma is revealed by refractoriness of the gluten-free diet. In a majority of patients, the 

lymphoma is the first intraepithelial (type II) refractory celiac disease (RCD II) and can secondarily transform into overt 

enteropathy-associated type T lymphoma (EATL). Adapted from (Meresse et al., 2012). 

 

Moreover, one study suggests that IL-15 may also have an effect on B cell response. 

Apparently, T3
b
-hIL-15Tge mice display increased numbers of B cells, plasmoblasts and 

plasma cells, notably in small intestinal lamina propria, but also in spleen, and elevated levels 

of IgG, IgM and also IgA in serum. They also detected anti-TG2 antibodies in serum of these 

mice (Yokoyama et al., 2011). The reliability of these results should be verified. It is unclear 

how IL-15 can activate B cells.   
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2.3.2 Role of TCR and NK receptors in triggering of IEL cytotoxicity 

against epithelium 

Despite activated profile of IELs, factors that unleash the attack of IELs of epithelium 

remain unclear. It has been suggested that the release of cytotoxic granules by CD8 T IELs may 

be triggered either via TCR-dependent activation, or via NK-dependent activation, or both 

(Meresse et al., 2012).  

Since intestinal lesions and TCRαȕ+ 
CD8 T IEL activation subside simultaneously in 

CD patients on GFD, it has been suggested that the latter cells are activated via TCR by cross-

presented gluten peptides. Indeed, one study showed that CD8 T cells specific of A-gliadin123-

132 (pA2) peptide could be generated from the mucosa of active CD patients challenged with 

gluten (Gianfrani et al., 2003; Mazzarella et al., 2008). Furthermore, these authors showed that 

CD8 T cells put in culture with pA2-pulsed epithelial cells produced granzyme B and IFNȖ and 

triggered the apoptosis of epithelial cells (Mazzarella et al., 2008). This study therefore 

suggested that enterocyte apoptosis may be induced by gluten-specific CD8 T cells through 

TCR/HLA I interaction. Nevertheless, no association with HLA class I molecules was 

identified in CD arguing against HLA I-dependent activation of CD8 T cells (Gravano and 

Hoyer, 2013). 

 Some studies suggest that epithelial damage can also be mediated by activating NK 

receptors alone or in addition to TCR-mediated activation (Hue et al., 2004; Meresse et al., 

2004; Meresse et al., 2006; Roberts et al., 2001). Knowing that NKG2D is constituvely 

expressed by activated IELs and that CD94 can be induced on IELs of CD mucosa by IL-15 

(Jabri et al., 2000; Roberts et al., 2001), it has been suggested that interaction of these receptors 

with their ligands might be sufficient to provoke the release of cytotoxic granules and cause 

epithelial damage (Meresse et al., 2004; Meresse et al., 2006). This hypothesis is supported by 

observations that CD enterocytes strongly upregulate MICA and HLA-E, two nonclassical 

MHC class I molecules representing respective ligands of NKG2D and CD94/NKG2C, and that 

these receptors are sufficient to trigger the cytotoxicity of CD8 T IELs at least in vitro in the 

presence of IL-15 (Meresse et al., 2004; Meresse et al., 2006) (Figure II.7). Other studies 

suggest that NKG2D functions more as a costimulatory signal amplifying antigen-specific 

signals provided by the TCR in CD8 T cells (Hue et al., 2004). Therefore NKG2D-mediated 

signal may contribute to increased activation of gluten-specific CD8 T cells or of CD8 T cells 

specific of viral, bacterial or self-antigens.  
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NKG2D-mediated cytotoxicity may also play a role in other diseases. In NOD mouse 

model of T1D, autoreactive CD8 T cells infiltrating the pancreas were shown to express 

NKG2D. Moreover, its ligand RAE-1, the mouse analogue of MICA, is present in prediabetic 

islets of NOD mice (Ogasawara et al., 2004), suggesting that NKG2D may mediate CD8 T cell 

cytotoxicity. Treatment with a non-depleting NKG2D antibody was efficient in preventing the 

progression of diabetes in NOD mice by impairing the expansion and function of autoreactive 

CD8 T cells (Ogasawara et al., 2004). Another report showed that RAE1İ expressed by 

pancreatic ȕ islet cells could stimulate the recruitment of CD8 T cells independently of their 

antigenic specificity and induce insulitis (Markiewicz et al., 2012).  

These controversial results indicate that further studies are required to better define the 

mechanisms of cytotoxic attack of epithelium by CD8 T cells. 

2.4 Open issues: factors triggering the break of tolerance to 

gluten  

Despite important progress in identifying mechanisms implicated in CD pathogenesis, 

several questions persist. First of all, only a small part (about 4%) of genetically predisposed 

individuals bearing HLA-DQ2/8 genes develops CD (Silano et al., 2010), indicating the 

involvement of other genetic and environmental factors in the disease onset. Second, it is likely 

that activation of IEL cytotoxicity against epithelial cells requires several signals, one from 

gluten-specific HLA-DQ2/8-primed CD4 T cells and another from IL-15, overexpressed in the 

epithelium. The exact nature of interactions between CD4 T cells, CD8 T IELs and IL-15 

remain to be fully determined. Moreover, the antigenic specificity of intestinal CD8 T cells 

causing tissue damage is not unclear. Third, the mechanisms leading to IL-15 overexpression 

and TG2 activation in the intestine are not fully explored. Neonatal gastrointestinal infections 

as well as some toxic gluten peptides were suggested to be involved in activation of innate 

immunity probably leading to increase in IL-15 expression and TG2 activation. However, the 

precise role of these factors remains to be determined. Finally, several epidemiological studies 

suggested that the timing of introduction of gluten to diet as well as its amount might play a 

role in triggering CD onset. These open issues are discussed in this chapter. 

2.4.1 Supplemental genetic factors (IL2/IL21) 

HLA-identical siblings and dizygotic twins have 30% and 10% concordance rates for 

CD, respectively, whereas the concordance rate achieves 75% in monozygotic twins (Nistico et 

al., 2006). These facts indicate that susceptibility to CD has a strong genetic basis outside the 
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HLA locus. Over the last ten years, genome-wide association (GWAS) studies and 

Immunochip analysis have identified in total 40 risk loci of genome-wide significance (P< 

5x10-8) resulting in 57 independent celiac disease associated signals (Figure II.8) (Dubois et 

al., 2010; Hunt et al., 2008; Trynka et al., 2011; Trynka et al., 2009; van Heel et al., 2007). It 

became clear that HLA locus has the most important effect (odd ratio 6.23), whereas the non-

HLA loci have only limited effects with odd ratios between 0.7 and 1.3. The 39 non-HLA loci 

account for nearly 14% of the genetic variance in CD, while HLA is by far the strongest 

susceptibility locus counting for about 40% (Bevan et al., 1999; Trynka et al., 2011). Advanced 

analysis demonstrated that thousands of non-significant single nucleotide polymorphisms 

(SNPs) from CD GWAS may explain additional 46% of the disease risk (Lundin and Sollid, 

2014). SNPs associated with CD often locate to non-coding gene regions as regulatory DNA 

marked by DNase I hypersensitive sites (Maurano et al., 2012) (Figure II.9). They may affect 

the recognition of gene enhancers by transcription factors thus resulting in differences of gene 

expression. These transcription factors remain a part of the regulatory networks shared between 

CD and other autoimmune diseases (Figure II.10). 

 

Figure II.8: History of celiac disease genetics 
Pre-GWAS studies have identified risk factors in HLA-DQ locus (Bevan Gen Med 1999). The first GWAS 1 (Hunt et al., 

2008; Trynka et al., 2009; van Heel et al., 2007) was performed in UK on cohort of 778 CD patients and 1442 controls and 

identified 13 non-HLA regions associated to CD. GWAS 2 (Dubois et al., 2010) included more than 4500 CD patients and 

nearly 11000 controls from UK, Italy, Finland, the Netherlands, and pointed to 13 new risk loci. Finally, the number of loci 

was raised to 40 using Immunochip analysis (Trynka et al., 2011). (Kumar et al., 2012).   
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Figure II.9: Location and effect of CD risk single nucleotide polymorphisms (SNPs) 

A genomic location of the SNPs. 57 CD top SNPs were extracted using 1000 Genomes Project CEU population. Only three 

(5%) of the 57 SNPs were in linkage with coding variants. About 5 and 9% are located in the 5’-UTR and the γ’-UTR regions, 

respectively. This leaves 81% of the variants to be located in non-coding regions of the genome (intergenic or intronic). The 

latter SNPs could be involved in the regulation of gene expression or they could affect non-coding RNA species (Kumar et al., 

2012).  

Among the multiple pathways involved in CD pathogenesis (Figure II.10), linkage 

disequilibrium within IL-2/IL-21 locus is of particular interest. It is unclear whether and how 

this polymorphism affects IL-2 production. Interestingly, IL-21 produced by gluten-specific 

CD4 T cells was shown to be strongly increased in biopsies of active patients. No increase was 

observed in patients on gluten free diet or in the biopsies of patients with latent CD that have 

antibodies against TG2 but have not yet developed intestinal lesions (Fina et al., 2008; 

Sperandeo et al., 2011). However, a very modest but comparable increase of IL-21 was 

observed in the serum of CD patients independently of their diet (Einarsdottir et al., 2011), 

suggesting that the variant may influence IL21 expression. It is notably possible that regulatory 

elements at considerable distance from the IL21 gene itself may affect the levels of IL21. CD-

associated variants were also found in the region encoding IRF4, a transcription factor that is 

activated in response to TCR stimulation and controls IL-21 production by CD4 T cells 

(Biswas et al., 2010). Interestingly, IL-21 is able to synergize with IL-15 in the expansion of 

cytotoxic CD8 T cells (Zeng et al., 2005) (Figure II.7). It has been also suggested that IL-15 

can positively regulate IL-21 production in intestinal CD4 T cells through Akt-dependent 

signalling (Sarra et al., 2013). This interaction may at least in part explain the synergy between 

CD4 T cells and IL-15 in activation of IEL cytotoxicity in CD patients (see also B.3 Discussion 

of thesis results). 
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Figure II.10: Hypothetical role of non-HLA genes in celiac immune responses 
Non-HLA loci associated with CD are enriched in genes predicted to control T cell activation (TCR signaling, antigen 

presentation, recruitment and differenciation into effector cells), activation of B cells, and NK cells (not shown). Loci specific 

for CD are in red. Those shared with other autoimmune diseases (including T1D) are in black. Hypothetical groups of genes 

that may participate in T cell activation, T cell cytotoxicity, IL-21 production, and IgA response are shown. The possible 

interplay between IL-21 and IL-15 in tissue damage is suggested (Meresse et al., 2012).  

 

2.4.2 From gluten-specific CD4 T cell response to IEL activation  

The key role of gluten-specific CD4 T cell response is now well demonstrated. Several 

studies have provided a better understanding of the mechanisms that promote the activation of 

CD8 T IELs. Nevertheless, little is known about the cascade of events linking the CD4 T and 

CD8 T cell responses in CD.  

It has been recently shown that CD8 T cell activation takes place at the same time as 

that of CD4 T cells, arguing against sequential activation of these populations (Han et al., 

2013). It is documented that CD4 T cells emerge in blood on day 6 after oral gluten challenge 

of CD patients on gluten-free diet. Interestingly, activated CD8 T cells with TCRαȕ as well as 

TCRȖį T cells emerge in parallel and have highly focused and converging TCR repertoires 

(Han et al., 2013). These data suggest that those cells are specific of gluten and thereby 

activated upon reintroduction of gluten in the diet perhaps with the help of gluten-specific CD4 

T cells. Alternatively, the expanded CD8 T cells may be memory cells directed against 
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microbial or even self antigens and, due to their phenotype, may be easily activated by IL-15 

overproduced in CD (Han et al., 2013). Only little evidence has been provided to substantiate 

the hypothesis that intestinal CD8 T cells are specific of gluten (Gianfrani et al., 2003; 

Mazzarella et al., 2008). The role of CD4 T cell help for the priming and activation of intestinal 

CD8 cytotoxic T cells also needs to be precisely addressed in CD. 

IL-21, a cytokine strongly upregulated in CD biopsies (Fina et al., 2008) and produced 

by gluten-specific CD4 T cells upon exposure to gluten (Bodd et al., 2010), may provide a link 

between CD4 T cell response and CD8 T IEL activation. It has been suggested that IL-21 may 

cooperate with IL-15 in CD8 T IEL activation in CD patients (Zeng et al., 2005) (Figure II.7). 

Thus, the combination of IL-15 and IL-21 enables autoreactive CD8 T cells bearing weak-

affinity TCR to respond to self-antigens, while each cytokine separately has only little effect 

(Ramanathan et al., 2010). Such stimulation of CD8 T cells results in their increased 

proliferation, cytokine secretion and cytotoxic activity in vitro. These cytokine-preactivated 

CD8 T cells were also able to induce diabetes in mice, but only in the continuous availability of 

IL-15 (Ramanathan et al., 2010). Nevertheless, the mechanisms of synergy between these two 

cytokines, whose receptors share Ȗc chain, are not well understood.  

The specificity of activated CD8 T cells and the role of cognante and non-cognate CD4 

T cell help are issues that I have addressed in the experimental part of the thesis.  

2.4.3 Role of neonatal infections in activation of innate immune response  

It has long been suggested that gastrointestinal infections may trigger the onset of CD. 

One hypothesis concerned a possible molecular mimicry between gluten and bacterial or viral 

proteins. Indeed, sequence homology was noted between A-gliadin, a major α-gliadin 

component, and the early region E1b protein of human adenovirus 12, isolated from the human 

intestinal tract (Kagnoff et al., 1987), notably based on the observation that the majority of 

untreated CD patients had undergone previous adenovirus 12 infection. However, the role of 

this virus in triggering CD has not been confirmed (Vesy et al., 1993). A strong homology was 

also noticed between one virulence factor of Candida albicans, hyphal wall protein 1 (HWP1), 

and α- and Ȗ-gliadin T cell epitopes (Nieuwenhuizen et al., 2003). This hypothesis is interesting 

as HWP1 is a TG2 substrate and this interaction may induce the production of TG2 and 

endomysium autoreactive antibodies. Yet, no definitive demonstration has been provided. The 

presence of rod-shaped bacteria was also noted in the intestinal biopsies of some CD children 

in Sweden. Nevertheless, it remains unknown whether the specific adherence of these bacteria 

is the consequence or the trigger of intestinal inflammation (Forsberg et al., 2004; Ou et al., 
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2009). The onset of CD was as well observed in patients treated with IFNα for hepatitis C virus 

(Bourliere et al., 2001) pointing out to the possible implication of viral infections in triggering 

CD onset. This hypothesis is attractive, as activation of TLR3 by PolyI:C was associated with 

TG2 activation in mice and also with production of IL-15 that may then promote CD8 IEL 

activation (Dafik et al., 2012; Siegel et al., 2008). Moreover, several epidemiological studies 

indicate that children who experienced three or more infectious episodes before six months of 

age have increased risk of CD development before two years of age (Ivarsson, 2005; Sandberg-

Bennich et al., 2002; Stene et al., 2006). Besides a possible role of viral infections via the 

induction of type I IFN that may foster inflammatory responses, repeated infectious episodes 

may probably increase gut permeability and thereby stimulate the activation of innate immune 

responses and antigen penetration. Increased paracellular leakage of gluten peptides as a 

consequence of increased production of inflammatory cytokines has been suggested (Fasano et 

al., 2000; Lammers et al., 2008; Tripathi et al., 2009), but was not confirmed by permeability 

studies performed in our laboratory using patients’ biopsies mounted in Ussing chambers 

(Matysiak-Budnik et al., 2003). Conversely, studies in the laboratory have propounded that a 

specific retrotransport of immunogenic peptides may be mediated by the CD71 receptor 

overexpressed at the apical enterocyte surface (Lebreton et al., 2012; Matysiak-Budnik et al., 

2003; Matysiak-Budnik et al., 2008). It should be verified whether CD71 up-regulation can be 

induced during intestinal infections. 

2.4.4 Activation of TG2  

The important role of TG2 in CD pathogenesis is now well demonstrated. TG2 is not 

only the target of TG2 autoantibodies but is necessary for the deamidation of gluten peptides 

that thereby trigger CD4 T cell activation. In physiological conditions TG2 is highly expressed 

in the intestine but remains inactive. The mechanisms of TG2 activation in the celiac mucosa 

remain largely undetermined.  

It has been suggested that TG2 may be activated subsequent to tissue damage. Thus, 

administration of polyinosinic-polycytidylic acid (Poly I:C), a synthetic analogue of double-

stranded RNA activating Toll-like receptor 3 (TLR3) known to provoke small intestinal 

damage, induced a transitory activation of TG2 in mice (Dafik et al., 2012; Siegel et al., 2008).  

Moreover, the proinflammatory cytokine IFNȖ, produced by activated gluten-reactive 

CD4 T cells and strongly upregulated in CD mucosa, can activate TG2 expression in intestinal 

cell lines in a dose-dependent manner mediated by PI3K (Diraimondo et al., 2012) and in CD 

small intestinal mucosa (Bayardo et al., 2012). In vitro results suggest that IFNȖ stimulates 
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monocytes to release thioredoxin (Trx), a small protein able to specifically recognize and 

activate TG2 via reduction of disulfide bond, which in turn can activate extracellular TG2 (Jin 

et al., 2011). 

A feedback loop of TG2 activation may probably exist. TG2 antibodies (Esposito et al., 

2003) and IFNȖ produced by activated CD4 T cells in turn may amplify TGβ activation (Jin et 

al., 2011).  

2.4.5 Induction of IL-15 

The mechanisms triggering the expression of IL-15 in CD remain poorly understood. 

IL-15 can be produced by different cell types (epithelial cells, macrophages, dendritic cells, 

etc), but in physiological situations its expression is tightly controlled (Fehniger and Caligiuri, 

2001). In CD, cytoplasmic IL-15 was detected in enterocytes and surface IL-15 was detected on 

lamina propria mononuclear cells (Mention et al., 2003). Nevertheless, the exact source 

remains unknown, as surface IL-15 may be a result of IL-15 binding to the latter cells. More 

reliable methods are needed to definitely solve this issue. 

The events leading to overexpression of IL-15 in CD mucosa remain also unknown. The 

production of IL-15 tends to decrease in CD patients on GFD (Mention et al., 2003) pointing 

out that IL-15 increase is at least in part induced in response to gluten exposure. Accordingly, it 

has been demonstrated using intestinal organ cultures that non-dominant gluten peptide p31-49 

can enhance IL-15 synthesis in CD3
-
 intestinal cells (Hue et al., 2004; Maiuri et al., 2000). 

Another plausible hypothesis for IL-15 overexpression is its induction following viral infection 

leading to innate cell activation in the intestine (Dafik et al., 2012; Siegel et al., 2008).  

2.4.6 Introduction of gluten 

It has been largely speculated that there is a time window conferring tolerance to gluten 

(4-6 months of age) (Silano et al., 2010; Strobel and Ferguson, 1984). Therefore, earlier or later 

introduction of gluten and its greater amounts in the early non-breast milk diet may trigger 

more symptoms in predisposed to CD children (Ivarsson et al., 2002; Norris et al., 2005). 

However, the results of different epidemiological studies remain controversial. One study 

performed on small size cohorts of infants showed that early introduction of gluten at the age of 

1-3 months or later introduction after the age of 6 months conferred an increased risk of CD 

(Norris et al., 2005), while two large Swedish studies (Ivarsson et al., 2002; Welander et al., 

2010) failed to demonstrate any association between timing of gluten introduction and CD risk 

(Ludvigsson and Fasano, 2012; Szajewska et al., 2012). Furthermore, a larger consumption of 
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wheat gluten in Sweden and Italy was associated with a higher prevalence of CD than in 

Finland, Denmark, and Estonia (Ludvigsson and Fasano, 2012). A dose-related effect on small 

intestinal mucosa was documented when the individuals were given increasing amounts of 

dietary gluten (Catassi et al., 1993; Doherty and Barry, 1981; Ferguson et al., 1987).  

 Another long lasting hypothesis concerns protective effect of breast-feeding. H. 

Szajewska and colleagues have analyzed multiple studies on the role of breast-feeding on CD 

onset within the framework of the international project PREVENTCD launched in 2007 aiming 

to investigate the induction of tolerance to gluten in genetically predisposed children 

(Szajewska et al., 2012). The results of those studies are controversial and different 

methodological biases prevent to draw firm conclusions. However, it seems that breast-feeding 

has no long-term preventive effect (Szajewska et al., 2012). The exact mechanism underlying 

its supposed protective effect is not fully understood. Work in mice has shown that small 

amount of dietary proteins in milk can promote the acquisition of oral tolerance in the breast-

fed offspring. Suggested mechanisms include the activation of pups Tregs by TGFȕ present in 

milk (Verhasselt et al., 2008) or a role of IgG/antigen complexes translocated across the 

mucosa (Matson et al., 2010; Mosconi et al., 2010). Small quantities of gluten contained in 

human milk (Chirdo et al., 1998) as well as TGFȕ may thus promote tolerance establishment. 

Secretory IgA antibodies (sIgA), lactoferrin, lysozyme, and EGF may also shape the 

development of immune response and reduce the frequency of gastrointestinal infections. 

Waiting for clear evidence of breast-feeding, timing and amount of gluten introduction on risk 

of CD onset, international committees on nutrition recommend the introduction of gluten at 4-6 

months of age and preferably while children are still being breast-fed.   

2.5 Conclusion and perspectives  

The case of celiac disease is particularly interesting for the study of tolerance versus loss 

of tolerance to dietary antigens in humans. The strong HLA-DQ genetic predisposition of CD 

patients alone does not explain the onset of intestinal lesions. Further studies are therefore 

needed to complete the understanding of this pathology. Pertinent animal models are strongly 

required to determine the respective role of each putative player and establish the cascade of 

events leading to the tissue damage. Relevant animal models would then be useful to test novel 

therapeutic strategies.  
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III.  Chapter 3: Animal models of Celiac disease 

A. Ferguson was the first to suggest in the mid-1970s that mucosal cell-mediated 

immunity could play a major role in CD pathogenesis based on the observation that villous 

flattening with increased crypt height was observed in mouse models of intestinal allograft 

rejection and graft versus host reaction, both T cell-mediated diseases. Since the late 1980s 

several attempts were performed to obtain a bona fide animal model of celiac disease that 

might allow the investigation of CD pathogenesis and the analysis of novel treatment strategies. 

As main features, an animal model of celiac-like enteropathy should display gluten-induced 

lesions of intestinal mucosa characterized by villous flattening, crypt hyperplasia, lymphocyte 

infiltration of the gut epithelium, associated with appearance of anti-gliadin and anti-TG2 IgA.  

3.1 Models using wild type animals  

3.1.1 Gliadin induces oral tolerance in wild type mice 

Anne Ferguson, a pioneer and emblematic researcher in intestinal immunology, was the 

first to initiate studies aiming at defining gluten immunogenicity. Since gliadins are complex 

proteins with lectin properties and knowing that lectins may efficiently prime immune 

response, Anne Ferguson together with Riccardo Troncone investigated the immune response 

of BALB/c mice to dietary gluten (Troncone and Ferguson, 1988). Gavage with commercial 

gliadin or feeding with gluten-containing normal chow induced oral tolerance in 3-weak old 

weaned mice indicating that this protective state can be acquired in the early adult life. Thus, 

mice fed with dietary gluten during one week and then immunized with gliadin in complete 

Freund’s adjuvant (CFA) into rear footpad displayed a marked suppression of humoral and 

cellular (evaluated by delayed-type hypersensitivity, DTH) responses (Troncone and Ferguson, 

1988). These findings demonstrated that despite their lectin-like properties “gliadins are not a 

particular class of proteins abnormally handled by the gut, and can induce oral tolerance 

similarly to other dietary proteins such as soluble egg or milk proteins” (Troncone and 

Ferguson, 1988).  

In another work, the same authors investigated the importance of age of gluten 

introduction (Troncone and Ferguson, 1988). Several groups of female mice maintained on 

gluten-free diet were formed including mice fed with gliadin only prior to pregnancy, mice fed 

before and during pregnancy, and mice fed only during lactation (Figure III.1). All pups were 
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weaned on gluten-free diet and immunized i.p. with gliadin emulsified in CFA at 4-weeks of 

age. Three weeks later, they were tested for DTH and gliadin-specific IgG response. Although 

the introduction of gluten during pregnancy rendered pups tolerant, gluten in maternal diet 

during lactation period specifically primed the systemic immune responses of the offspring 

(Figure III.1) (Troncone and Ferguson, 1988). This study emphasizes the critical role of time 

frame of gluten introduction for the subsequent immune status of animals. This result may 

seem at odds with recent works, which suggested that suckling pups of OVA-fed mothers were 

protected against the subsequent induction of OVA-induced asthma (Matson et al., 2010; 

Mosconi et al., 2010).  

 

Figure III.1: Effect of feeding mothers gluten-containing diet (ND) during pregnancy and/or breast-feeding on the 
immune response of their offspring in (Troncone and Ferguson, 1988) 

Control mothers (group A) were maintained throughout on GFD. Mothers from gluten-free diet (GFD) colony were switched to 

the gluten-containing diet (ND) 3 weeks before mating and returned to the GFD at different times (groups B-E). Group F mice 

fed ND only for the first 2 weeks of lactation. All pups were weaned on GFD and parentally immunized with gliadin at the age 

of 4 weeks. The systemic immune response was assessed 3 weeks later. Signs + and – indicate presence or absence of priming 

for DTH and/or gliadin-specific IgG response in the offspring (Troncone and Ferguson, 1988). 

Yet, attempts to induce mucosal cellular immune response to gluten in weaned mice by 

systemic immunization and subsequent feeding with gliadin did not provoke any intestinal 

lesions (Troncone and Ferguson, 1991), indicating that priming against gliadin was not a 

sufficient condition for induction of T cell-mediated intestinal lesions. Either the frequency of 

gliadin-specific T cells was not sufficient or an additional factor was needed to break tolerance. 

The susceptibility to gluten-mediated intestinal damage was then evaluated in mice with graft 

versus host reaction (GvHR) (Troncone et al., 1994). Feeding of GvHR mice with normal 

gluten-containing or gluten-enriched (15.8% gluten) chow did not cause additional tissue 

damage in comparison to GvHR mice on gluten-free chow (Troncone et al., 1994).  

3.1.2 Gluten-induced enteropathy in newborn rats 

In one study, enteropathy has been induced in newborn rats exposed to gluten for a 

prolonged period (Stepankova et al., 1996). Inbred AVN Wistar germfree rats were gavaged 
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intragastrically with gliadin from birth until day 63 (0.5-5mg of gliadin per day). This 

prolonged exposure to gliadin led to shortening of jejunal villi, crypt hyperplasia, and increased 

numbers of TCR +
 CD8 IELs. Transfer of IELs from gliadin-fed rats into the jejunal loops of 

untreated rats led to the mucosal damage, suggesting a critical role of IELs in tissue damage. 

Yet, the mechanism by which IELs placed in the lumen could induce tissue damage is unknown 

and remains difficult to apprehend. Of note, administration of gliadin after weaning failed to 

alter intestinal mucosa.  

In another study (Stepankova et al., 2003) unsuckled artificially reared rats received 

IFNȖ (1000 U per animal) after birth and were gavaged with gliadin in the neonatal period as 

following: 0.5 mg of gliadin on day 0, 3 mg of gliadin on day 3 and 30 mg of gliadin 24 hours 

before sacrifice at 21 days of age. Those rats developed chronic diarrhea with vomiting and 

dehydration symptoms within one week, and nine out of 25 died on day 9. Surviving animals 

improved when switched to gluten-free diet. Gluten-fed and IFNȖ-treated rats had decreased 

growth rate compared to all other groups of rats also treated with IFNȖ: artificially reared rats 

that did not receive gliadin, mother-reared rats on GFD, and mother-reared rats that received 

gliadin. Gluten-fed and IFNȖ-treated unsuckled rats displayed subtotal villous atrophy in 

jejunum and strong infiltration of lamina propria by inflammatory cells. Other groups of mice 

had normal villous architecture (Stepankova et al., 2003). This study highlights the importance 

of age of gluten introduction and breast-feeding for the onset of tolerance. Early exposure to 

gluten just after birth in the absence of breast-feeding render animals much more susceptible to 

the development of intestinal lesions comparable to those observed in CD patients. Thus, the 

role of breast-feeding remains unknown, taking in account the conflicting results obtained in 

this model and in the model developed by A. Ferguson (Stepankova et al., 2003; Troncone and 

Ferguson, 1988).  

3.1.3 Enteropathy model using immunodeficient mice 

T.L. Freitag and collegues have described a model of gluten-induced small intestinal 

enteropathy adapted from the model of microbiota-dependent colonic inflammation induced by 

the transfer of Treg-depleted T cells into immunodeficient SCID or Rag
-/-

 mice (Freitag et al., 

2009). To induce gluten-specific CD4 T cells, C57BL/6 mice were immunized twice with 

gliadin (or as a control with ovalbumin) in CFA. Spleen memory CD4
+
CD45RB

low
CD25

-
 T 

cells deprived of regulatory T cells were next sorted and intraperitoneally injected into T and B 

cell-deficient RAG1
-/-

 or into T cell-deficient nude mice. Recipients were fed with gluten-rich 

diet containing 2.5g of wheat gluten per kg or with gluten-free diet for 8.5 weeks (Figure III.2). 
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Injection of gluten-sensitized T cells into gluten-fed nude mice induced serum anti-gliadin IgG 

and IgA antibodies but failed to induce enteropathy. It is unclear why no enteropathy developed 

in nude mice injected with gliadin-sensitized T cells. Given the strong antibody response, one 

may suggest a protective role of intestinal IgA in this model but this hypothesis was not 

addressed. In this regard, it is noticeable that polymeric mouse IgA do not bind CD71, and 

therefore cannot mediate the protected trasnsport of SIgA/gluten peptides described in human 

CD.  

 

Figure III.2: Experimental protocol of gluten-sensitization used in (Freitag et al., 2009) 
Splenic CD3+ T cell subsets from immunized donor mice were stained with fluorescent antibodies. Rag1-/- or nude mice were 

injected i.p. with 4.5x105 CD4+ CD45RBlow CD25- T cells from gliadin-immunized donors, or from ovalbumin (control)-

immunized donors. After T cell transfer, recipients were either maintained on gluten-free diet (gliadin/gfd), or challenged with 

gluten (gliadin/gluten, ovalbumin/gluten) (Freitag et al., 2009). 

 

Supporting a protecting role of IgA antibodies in this model, RAG1
-/-

 recipients of 

gluten-sensitized CD4 T cells unable to mount humoral responses developed mild to severe 

duodenitis in response to gluten-containing but not to OVA-containing diet. Duodenitis resulted 

in significant weight loss and was accompanied by an increase in IFNȖ and Iδ-17 transcripts 

that subsided after gluten free diet. The authors concluded that CD4 T immunity against gluten 

was sufficient to trigger an enteropathy in lymphopenic mice. Yet, the mucosal infiltrate was 

not characterized and the activation of other populations, such as NK-like granzyme B-

containing IELs present in RAG
-/- 

mice that might participate in intestinal damage, was not 

analyzed. The relevance of this study to the physiological situation, where Treg cells are known 

to be present, is not clear. Moreover, no comparison was performed between mice injected with 

sensitized T cells not depleted in CD25
+
 Tregs, preventing to demonstrate clearly the 

immunoregulatory role of the later cells.  
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3.2 Models using HLA-DQ transgenic mice 

It is now well established that almost all human autoimmune diseases are linked to HLA 

genes, mostly HLA class II. Three haplotypes are associated to almost 90% of autoimmune 

diseases: HLA-DQ2/DR3, HLA-DQ6/DR2, and HLA-DQ8/DR4 (Mangalam et al., 2008). 

Humanized mice expressing HLA class II molecules in the absence of endogenous mouse class 

II molecules have been largely used to explore disease mechanisms, including rheumatoid 

arthritis and multiple sclerosis (Gregersen et al., 2004; Mangalam et al., 2008). As T cell 

repertoire is shaped in these mice by HLA class II molecules, it shall display the same HLA 

restriction as in humans, and may thus potentially participate in disease triggering. Humanized 

disease models have allowed major progress in understanding the pathogenesis of immune-

mediated diseases. 

3.2.1 Generation of humanized transgenic mice 

Humanized mouse models have been continually improved since the early 1990s, when 

the transgenic technology was at an early stage of development. In this subchapter, I will 

highlight the steps of establishment of HLA class II humanized mice that might be helpful in 

understanding possible difficulties met in using such models.  

MHC class II molecules play a central role in shaping the T cell repertoire in thymus 

and in presenting peptide fragments to CD4 T cells in the periphery. MHC class II molecules 

are surface proteins that comprise an almost invariant α chain and a highly polymorphic ȕ 

chain. The main problem in constructing humanized mice is a species barrier due to the 

inability of transgenic HLA molecules to efficiently interact with mouse CD4 molecules 

(Vignali et al., 1992). To bypass this obstacle, several attempts were performed to generate 

chimeric mice in which the  chain was derived from mouse endogenous class II molecule 

while the  chain was derived from human class II molecule mice lacking the corresponding 

endogenous gene (Taneja and David, 1998). Alternately, chimeric mice with the human  

chain and endogenous mouse  chain were produced. Several studies identified a species-

specific region on the ȕβ domain of human class II molecules responsible for binding to human 

CD4 (Cammarota et al., 1992; Vignali et al., 1992). These studies further showed that human 

class II  chains could interact with mouse class II  chain and form functional molecules that 

bound mouse CD4 molecules. An anticipated risk for such chimeric MHC class II heterodimers 

comprising a human  chain and amouse  chain is however to select for a T cell repertoire 

distinct from that developed by humans expressing an entirely human class II molecule. 
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Two teams showed that it was possible to generate HLA-restricted CD4 T cell 

responses in the absence of a human CD4 transgene in mice bearing chimeric or fully human 

HLA-DR or DQ molecules (Woods et al., 1994; Yamamoto et al., 1994). Nevertheless, it 

remained unclear how interactions between mouse CD4 and human class II molecules could 

influence the in vivo generation of immune responses (Schwartz, 1994). One study suggested 

that, for some responses, the requirement for species-matched CD4 might not be absolute 

(Altmann et al., 1995). Other laboratories performed efforts in generating double transgenic 

mice simultaneously expressing the predisposing HLA-DR or DQ allele and human CD4 to 

facilitate interactions between murine T cells and transgenic HLA. Thus, L. Fugger ans 

colleagues (Fugger et al., 1994) obtained mice expressing the HLA-DR4 chains α and ȕ under 

the promoter of murine I-Eα gene and human CD4 transgene under the murine CDγį promoter. 

Efficient negative selection was observed in the latter mice. Moreover, challenge with influenza 

A immunogenic peptide, which induces a strong HLA-DR4-restricted CD4 T cell response in 

humans, also led to HLA-DR4-dependent CD4 T cell response in the double transgenic mice. It 

was therefore concluded that the transgenes were functional in vivo. In another study, in order 

to minimize cross-species molecular interactions, R. Yeung et al. (Yeung et al., 1994) 

introduced human CD4 and human HLA-DQ6 in a mouse strain deficient for endogenous CD4 

and CD8 (Schilham et al., 1993). This model allowed the full restoration of phenotype and 

function of both transgenes and effective interaction between human CD4 and human MHC 

class II molecules resulting in the generation of efficient immune responses. Upon challenge by 

vesicular stomatitis virus, the reconstituted mature T cell population provided efficient CD4 T 

cell help to B cells for immunoglobulin class switching from IgM to specific IgG-neutralizing 

antibodies, as well as to cytotoxic T cells. Nevertheless, the functional role of HLA molecules 

can be masked by the dominant expression of endogenous mouse class II molecules.  

A complementary approach has therefore been to generate human class II-restricted 

responses in mice rendered deficient for mouse class II expression (Cosgrove et al., 1991), in 

order to promote the preferential selection of HLA-restricted T cells (Nabozny et al., 1996). In 

numerous studies, a combination of the methods described above has been used to establish 

mouse models of autoimmune diseases (Gregersen et al., 2004; Mangalam et al., 2008). Mice 

humanized for human HLA molecules have notably allowed recapitulating the induction of 

some human diseases, such as rheumatoid arthritis and multiple sclerosis (Gregersen et al., 

2004). A similar approach was therefore developed to analyse the role of HLA-DQ restricted 

CD4 T cells in the development of CD. 
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3.2.2 Use of HLA-DQ2.5/8 transgenic mice to study adaptive immune 

response to gluten 

Over the past ten years, several attempts to obtain a model of celiac disease were 

performed using HLA-DQ2.5 or HLA-DQ8 transgenic mice. Yet, they did not succeed in the 

establishment of a mouse model recapitulating human pathology. Notably celiac-like intestinal 

lesions were not observed until now in HLA-DQ2.5 or -DQ8 humanized mice sensitized with 

gluten (Black et al., 2002; de Kauwe et al., 2009; Du Pre et al., 2011). In this chapter, I sum up 

lessons learned from these studies.  

3.2.2.1 Generation of HLA-DQ8 transgenic mice 

The team of Chella S. David from Mayo Clinic (Rochester, MN) was the first to test 

whether HLA-DQ8 transgenic mice sensitized or immunized by gluten or individual peptides 

were able to mount an efficient T cell response and whether the exposure to gluten led to CD-

like symptoms (Black et al., 2002).  

Since the early 1990s, the team of CS Davis extensively worked on elaborating 

humanized HLA class II transgenic mice. They succeeded in generating transgenic mice 

expressing HLA-DQ6 and DQ8 α and ȕ genes. As HδA-DQ8 is an MHC class II molecule 

commonly linked to numerous autoimmune diseases (juvenile diabetes, rheumatoid arthritis 

and celiac disease), the generation of HLA-DQ8 transgenic mice was expected to be useful to 

delineate the role of this molecule in disease and to develop autoimmune mouse models 

recapitulating human diseases (Taneja and David, 1998). HLA-DQ6 transgenic mice were used 

as controls, since HLA-DQ6 does not confer any known predisposition to autoimmune 

diseases. The HLA-DQA1*0301 and HLA-DQB1*0302 (HLA-DQ8 α and ȕ) genes were 

isolated from cosmids containing a 30 kb DNA fragment and a 38 kb DNA fragment from the 

PRIES cell line (Okada et al., 1985). Digested and purified cosmid inserts were microinjected 

into F1 mice. Transgene-positive founders were identified by Southern blot analysis of tail 

DNA and subsequently mated to B10 mice for the generation of transgenic lines expressing 

HLA-DQ8 α and ȕ genes (Cheng et al., 1996). Flow cytometic analysis of peripheral blood 

lymphocytes (PBL) using anti-HLA-DQ specific monoclonal antibodies revealed the 

expression of HLA-DQ molecules in 20-30% of spleen and lymph node cells (Mangalam et al., 

2008). In order to determine whether HLA-DQ molecules bind to self-antigens and positively 

select for HLA-DQ restricted T cells capable to migrate to the periphery, transgenic mice were 

immunized with several antigens implicated in autoimmune diseases, such as type II collagen 
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in arthritis, myelin basic protein in multiple sclerosis and glutamic acid decarboxylase in 

diabetes. Strikingly, mice efficiently generated T cell response to almost all tested antigens. 

However, T cell responses were not restricted by the DQ molecules, as they were not blocked 

by anti-DQ antibodies. In contrast, antibodies against endogenous mouse class II molecules 

H2-A blocked T cell proliferation. Consistent with these results, it was observed that DQ-

restricted peptides did not generate peripheral T cell response, indicating that CD4 T cells 

ignored human DQ molecules in thymus and rather interacted with endogenous class II 

molecules for generating the T cell repertoire (Mangalam et al., 2008). Nevertheless, DQ 

molecules participated in thymic clonal deletion of T cells expressing specific TCR V genes, 

which recognize antigens from mammary tumor viruses. Thus, T cells expressing TCR V5, 

V6, V8, and V11 were eliminated in DQ-transgenic mice, while present in negative 

littermates.  

To favour the generation of HLA-DQ restricted T cell responses, the only possible 

option was to eliminate mouse class II molecules (H2-Aȕ° mice). εice deficient in class II 

molecules were successfully obtained by the team of D. Mathis and C. Benoist, in Strasbourg, 

who introduced an inactivating mutation in the Aȕ gene in mice of the Hβb
 haplotype, in which 

Eα is naturally non-functional (Cosgrove et al., 1991). As a result, mice do not express surface 

class II molecules. The need to remove endogenous class II molecules is clearly a disadvantage 

of HLA humanized models, as this does not reflect the physiological situation where multiple 

HLA molecules are co-expressed and participate in T cell selection and priming. 

DQ8.Aȕ° mice were next obtained by crossing of HLA-DQ8 transgenic mice with H2-

Aȕ° mice (Figure III.3). Mice expressed the DQ8 molecule in up to 25% of PBL, while no 

surface expression of endogenous mouse class II A and E molecules was detected. In 

comparison to H2-Aȕ° mice that contain less than γ% of CD4 T cells within lymph nodes 

(mostly CD44
+), mice expressing transgenic DQ α and ȕ genes showed 10-15% CD4 T cells 

suggesting positive selection of CD4 T cells in the context of HLA-DQ molecules. These CD4 

T cells expressed a variety of Vȕ TCRs, different from DQ8- negative mice suggesting their 

positive and negative selection (Nabozny et al., 1996). The HLA-DQ8.Aȕ° mice were first used 

to test the possible implication of HLA-DQ8 molecules in rheumatoid arthritis (Nabozny et al., 

1996). G.H. Nabozny et al. showed that immunization of HLA-DQ8.Aȕ° mice expressing 

HLA-DQ8 on 15-30% PBL and 10-13% of CD4 T cells with bovine collagen CII was 

sufficient to induce symptoms of arthritis. They demonstrated a strong in vitro collagen-

specific CD4 T cell proliferation, as well as a strong serum antibody response against CII. 

Moreover, these responses were efficiently blocked in vitro by anti-HLA-DQ mAb. This study 



 Korneychuk Natalia – PhD Dissertation – 2014 
Chapter 3: Animal models of Celiac disease 

75 
 

demonstrated that, in the context of an HLA-DQ8 transgene, collagen antigen was efficiently 

presented to mouse CD4 T cells that could induce an inflammatory reaction. 

 

Figure III.3: Schematic illustration of the generation of HLA-DQ8+. H-2Ab0 mice 
Detection of the HLA-DQ8 transgene was monitored by flow cytometric analysis of the PBL using the HLA-DQ-specific mAb. 

Detection of the mutant H-2Aȕ0gene was evaluated by the flow cytometry by monitoring the expression of the H-2Af and H-

2Ab molecules using the mAbs (Nabozny et al., 1996). 

3.2.2.2 Response of HLA-DQ8 humanized mice to gluten 

Since HLA-DQ8 transgenic mice develop arthritis in response to collagen, it was logical 

to test their response to gluten. Curiously, such data were never published. It is unknown 

whether this question was addressed. It is likely that the low percentage of mouse CD4 T cells 

observed in HLA-DQ8 transgenic mice led the researchers to develop another strategy by 

crossing those mice with mice expressing human CD4 (Black et al., 2002). DQ8.Aȕ° or 

DQ6.Aȕ° were crossed with mice transgenic for human CD4 and lacking mouse CD4 (Law et 

al., 1994). Resulting double transgenic mice expressed both human class II molecules and 

human CD4 on PBL. In order to test the proliferative responses, mice were immunized with 

20g of crude gluten emulsified in complete Freund’s adjuvant in tail and hind footpad. The 

draining lymph nodes were harvested seven days later and restimulated in vitro with gluten. T 

cells isolated from draining lymph nodes of hCD4/DQ8 mice showed a rather good 

proliferative response to gluten, while T cells from hCD4/DQ6 mice were also able to respond 

to gluten but to a much lesser extent. T cell proliferation was DQ8-restricted as was inhibited 



 Korneychuk Natalia – PhD Dissertation – 2014 
Chapter 3: Animal models of Celiac disease 

76 
 

both by anti-DQ and anti-CD4 (using an antibody directed against mouse CD4, which may 

perhaps cross react with human CD4, although this was not indicated). Proliferative response to 

a variety of synthetic gliadin peptides was screened. Peptides corresponding to 1-20 and 20-30 

amino acid residues induced the most significant T cell response. Another peptide 206-217, 

produced by pepsin digestion of gliadin and known to be particularly antigenic for DQ8-

restricted gluten-specific CD4 T cell lines from CD patients (van de Wal et al., 1998b), was 

also tested, as well as its deamidated analogue that possesses increased immunogenicity for CD 

patients (van de Wal et al., 1998a). As expected, gliadin peptide 206-217 induced a strong in 

vitro proliferative response and the deamidation of residues Q208 or Q216 resulted in further 

increased response of T cells from hCD4/DQ8 mice.  

Another experimental protocol was used in order to assess cytokine production by 

intestinal cells. Seven days after the first immunization with 500µg crude gluten with CFA in 

i.p. (or rice as a negative control), mice were gavaged with 2mg of gluten (or rice) in order to 

stimulate intestinal T cells. Intestinal T cells were isolated 7 days later and in vitro restimulated 

with gluten (Figure III.4). Gluten stimulation induced the production of regulatory cytokines 

TGFȕ and Iδ-10, but also of pro-inflammatory IL-6. Several of gluten-fed hCD4/DQ8 mice 

showed poor growth (results not shown in the paper). However, the mice did not develop any 

gross signs of intestinal pathology or inflammation. High levels of gliadin-specific IgG were 

found in serum of hCD4/DQ8 mice immunized with gluten, but no gliadin-specific IgA or 

endomysial IgA were detected in mouse serum.  

 

Figure III.4: Schematic illustration of HLA-DQ8.hCD4.Aβ0.mCD40 mice generation and gluten-sensitization protocol 
used in (Black et al., 2002) 

A. HLA-DQ transgenic mice on MHC class II-deficient background were crossed to mice transgenic for human CD4 and 

deficient for mouse CD4. B. Resulted mice were i.p. immunized with 500µg crude gluten or rice (negative control) in CFA on 

Day 1, then challenged on Day 7 with 2mg gluten or rice by gavage. On day 14, intestinal T cells were analyzed and 

restimulated in vitro with gluten for proliferation and cytokine analysis (Black et al., 2002). 
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This study raised several questions. First, whether DQ8 is able to present non-

deamidated peptides or whether there is an activation of TG2 in this experimental protocol. The 

efficient in vitro restimulation with total gluten suggests that those mice mounted a T cell 

response to non-deamidated peptide(s). Indeed, these results confirm the data produced by Van 

de Wal and colleagues who had identified a naturally occurred pepsin fragment of gliadin 206-

216 that efficiently stimulated DQ8
+
 but not DQ2.5

+
 cell lines derived from CD patients (van 

de Wal et al., 1998b), the response that was further increased by deamidation of residues Q208 

and Q216 (van de Wal et al., 1998a). Second, the absence of any inflammatory signs in mice 

humanized for HLA-DQ8 and CD4 fed with gluten indicates that mice mounted rather 

tolerogenic response. Several hypotheses explaining the absence of inflammation can be 

considered:  insufficient duration of exposure to gluten, lack of TG2 activation for gluten 

deamidation and thereby inefficient T cell priming and low frequency of gluten-specific T cells. 

Alternatively, the need of additional genetic or environmental factor for enteropathy onset 

should be considered.  

Interestingly, when HLA-DQ8.Aȕ° mice were backcrossed on the autoimmune-prone 

NOD background and immunized with gluten and adjuvant pertussis toxin (Figure III.5), they 

developed blistering cutaneous lesions reminiscent of dermatitis herpetiformis, a gluten-

induced cutaneous disease linked to CD (Marietta et al., 2004). Despite the development of 

dermatitis herpetiformis-like symptoms and the presence of IgA dermal deposits in 17% of 

mice, neither enteropathy nor anti-TG3 (epidermal analogue of TG2) IgA were detected in any 

of these animals. Only gluten-specific IgG antibodies were found in the sera of blistering mice. 

Spectacularly, the switch to gluten-free diet led to the resorption of blisters after 1-3 weeks of 

diet. The mechanisms of observed lesions still remain unknown. 

 

 

Figure III.5: Schematic illustration of gluten-sensitization protocol used in (Marietta et al., 2004) 
HLA-DQ transgenic mice deficient for mouse MHC class II molecules on NOD background were sensitized i.p. by pertussis 

toxin, and 3 days later immunized i.p. with crude gluten in CFA. During 2-5 months mice were gavaged with 20mg gluten 

twice per week. Weight loss and signs of blistering were monitored (Marietta et al., 2004). 
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3.2.2.3 Generation of HLA-DQ2.5 transgenic mice 

HLA-DQ2.5 gene is the main predisposing HLA molecule present in 90% of CD 

patients. Several HLA-DQ2.5 transgenic models were obtained. One of them was described by 

Z. Chen and colleagues (Chen et al., 2002). Transgenic HLA-DR3-DQ2 mice expressing a 320-

kb region of the HLA-DR3-DQ2.5 haplotype (HLA DRB1*0301-DRB3*0101-DRA*0101-

DQB1*0201-DQA*0501) were derived from a yeast artificial chromosome (YAC) containing 

seven HLA class II genes from DRA to DQB2 including authentic flanking and intervening 

sequences as shown in Figure III.6. The founder line was selected following multiple blastocyst 

injections performed with transfected ES cells and expanded by breeding with C57BL/6 mice 

deficient for mouse class II molecules (Aȕ°). In HδA-DR3-DQβ.Aȕ° mice, the human HδA 

transgene was expressed on dendritic cells, B cells and on a fraction of macrophages. In 

HLA
+/+

 Aȕ° mice only 1γ% of splenic lymphocytes expressed the murine CD4 molecule (de 

Kauwe et al., 2009) suggesting that inefficient interaction between HLA-DQ2 and murine CD4 

impaired the selection of CD4 T cells. HLA
+/+

 Aȕ° mice had however fully functional CD4 T 

cells. Indeed, mice immunized with a DQ2-restricted α-gliadin peptide 57-73 were able to 

mount a recall peptide-specific T cell in vitro response, even if not very strong. However no 

pathology was detected in these mice.  

 

Figure III.6: Regulated expression of the HLA-DR3-DQ2 haplotype encoded by yeast artificial chromosome. 
The yeast artificial chromosome R1B1D12 of ~320kb size contains seven genes from HLA-DR3-DQ2 haplotype from DRA to 

DQB2, a vector arm on each end, and the neo-resistant gene in the right arm (Chen et al., 2002). 

In order to favour the interactions between HLA and murine T cells, a human CD4 

transgene was introduced into HLA-DR3-DQ2 transgenic mice (de Kauwe et al., 2009). This 

increased CD4 T cell frequency up to 18%. Moreover T cells from hCD4.DR3-DQ2.MHCII
Δ/Δ 

mice immunized with deamidated α-gliadin 57-73 Q65E peptide specifically responded to in 

vitro recall with the same peptide, while non-deamidated version of α-gliadin 57-73 peptide 

triggered only a very weak T cell response. These results are relevant to the situation in 

humans, in whom deamidated gluten peptides prime much more efficiently specific T cell 

responses (Meresse et al., 2012).  
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In order to increase the frequency of gluten-specific T cells in hCD4.DR3-

DQ2.MHCII
Δ/Δ

 mice that might favour the development of disease, a gliadin-specific CD4 T 

cell hybridoma (HH8) coexpressing TCR Vα8.γ and TCR Vȕ8.β was obtained from animals 

immunized with α-gliadin 57-73 Q65E peptide. As T cells can be easily tracked using mAbs 

against TCR Vα8.γ and TCR Vȕ8.β chains, this hybridoma was selected to generate TCR tg 

mice. In TCR tg mice generated on hCD4.DR3-DQ2.MHCII
Δ/Δ

 background, CD4 T cells had 

normal development and peripheral export, since 97% of peripheral CD4 T cells expressed the 

transgene-encoded TCR, while CD8 T cells were dramatically reduced in the periphery and 

thymus (de Kauwe et al., 2009). 

3.2.2.4 Response of HLA-DQ2.5 humanized mice to gluten 

HCD4.DR3-DQ2.MHCII
Δ/Δ 

mice remained healthy. Neither weight loss nor alterations 

of intestinal histology were detected upon exposure to gluten, even after prior immunization 

with deamidated chymotrypsin-digested gliadin or various preparations of α-gliadin 57-73 

Q65E peptide (experimental scheme on Figure III.7). Neither immunization with gluten in the 

presence of pertussis toxin nor the backcross of mice onto NOD background provoked any 

changes in villous structure or body weight (de Kauwe et al., 2009).   

 

 

Figure III.7: Schematic illustration of gluten-sensitization protocol used in (de Kauwe et al., 2009) 
A. 6-week old mice transgenic for HLA-DR3-DQ2 and human CD4 mice on MHC class II-deficient background maintained on 

gluten-free chow were immunized with indicated peptide together with CFA, then the chow was swithed to gluten-containing 

one and mice received a second challenge of the peptide on Day 14. 30-week old mice were sacrified and intestinal tissue was 

analyzed. B. hCD4.HLA-DR3-DQ2.MHCIIΔ/Δ or C57BL/6 mice maintained on gluten-free chow were sensitized with pertussis 

toxin, then seven days later immunized with trypsin-chymotrypsin-digested gliadin (FF) or OVA in CFA together with 
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pertussis toxin. Three days later one group of mice was switched to gluten-containing diet. Mice were sacrified 18 weeks later 

for the analysis of intestinal tissue (de Kauwe et al., 2009). 

CD4 TCR transgenic cells transferred into hCD4.DR3-DQ2.MHCII
Δ/Δ 

mice immunized 

with α-gliadin 57-73 Q65E peptide or gavaged daily with the same peptide proliferated in an 

antigen-specific manner. Nevertheless, hCD4.DR3-DQ2.MHCII
Δ/Δ 

mice possessing CD4 TCR 

transgenic cells did not develop any sign of intestinal pathology nor autoantibodies specific for 

TG2 or gliadin upon exposure to dietary gluten. Interestingly, in vitro restimulation of TCR 

transgenic T cells with a specific epitope DQ2-α-II led to the production of mainly IL-2 and 

IFNȖ cytokines. These mice were analyzed for the induction of Foxp3
+
 CD4 T cells, a main 

mechanism of tolerance to food antigens. No expansion of Foxp3
+
 CD4 T cells was detected in 

MLN or in spleen after 10 days of exposure to dietary gluten (de Kauwe et al., 2009). 

Nevertheless, it cannot be excluded that Foxp3
+
 Treg cells might have been induced and had 

already migrated from MLN to the lamina propria (according to observations made in (Hadis et 

al., 2011). Overall, these findings indicate that exposure to dietary gluten of mice expressing 

HLA-DQ2.5 and possessing substantial amount of CD4 T cells specific for gluten was not 

sufficient to break local tolerance and provoke intestinal lesions. Time window of gluten 

introduction and the duration of exposure to some immunogenic peptides may play a role in the 

disease onset. Moreover, additional factors may also be required.  

Another study was performed several years later (Du Pre et al., 2011) in distinct HLA-

DQ2.5 transgenic mice, in which the transgene is a smaller 68kb fragment. This fragment 

included DQA*0501 and DQB1*0201 genes together with promoters and regulatory elements. 

It was purified from bacteriophage clone p797a11 and used for microinjection. HLA-DQ2.5 

mice were crossed with transgenic mice expressing a chimeric TCR construct, in which the 

variable domains were derived from a human Ȗ1-gliadin-specific T cell clone and constant 

regions and regulatory elements were of mouse origin (Sjostrom et al., 1998). All mouse lines 

were backcrossed to MHCII
Δ/Δ 

mice. Splenocytes from HLA-DQ2.gliadin-TCR.MHCII
Δ/Δ

 

double transgenic mice efficiently responded to deamidated gliadin in vitro and this response 

was accompanied by a strong production of IL-2 as well as of inflammatory cytokines such as 

IFNȖ, Iδ-17, and IL-21 and IL-4, whereas the response to non-deamidated gliadin was very 

low. This study showed that gavage with deamidated (TG2-gliadin) induced strong 

proliferation of gliadin-specific Vȕ1 CD4 T cells transferred into HLA-DQ2.5.MHCII
Δ/Δ

 

animals. Strikingly and in contrast to the response observed in WT mice gavaged with 

ovalbumin detected in MLN, the response to gluten predominated in spleen. Gavage with non-

deamidated gliadin did not induce any T cell proliferation indicating that, in homeostatic 
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conditions, TG2 was inactive and could not promote efficient deamidation of gluten. 

Proliferating cells produced large amounts of IFNȖ, which was probably controlled by IL-10 

also strongly secreted by responding spleen cells. This observation and the absence of Foxp3 T 

cells induction led the authors to suggest that systemic tolerance induced upon gavage with 

deamidated gliadin resulted from the development of Tr1-like T cells rather than of Foxp3
+
 

regulatory T cells. Yet, this study did not analyze mucosal T cell response in response to 

gliadin challenge. Moreover, this result is not consistent with the expansion of Foxp3
+
 Treg 

cells observed in the intestinal mucosa of celiac patients (Hmida et al., 2012; Zanzi et al., 

2011).  

Interestingly, the authors also observed that immunization with native (non-deamidated) 

gliadin by the intramuscular route efficiently induced CD4 Vȕ1 T cell proliferation, contrary to 

feeding with non-deamidated gliadin. This result was interpreted as an indication that tissue 

damage caused by intramuscular injection was sufficient for TG2 activation. It was therefore 

assessed whether tissue damage induced by chemical agents might promote the activation of 

TG2. For this purpose Poly I:C that can induce transient intestinal damage and TG2 activation 

(Siegel et al., 2008) or the cytostatic drug methotrexate (MTX) that induces prolonged severe 

intestinal damage (de Koning et al., 2006) were used. These treatments stimulated TG2 

activation in the small intestine. Yet, no increase in T cell response was observed in MLN and 

spleen after 3 days of gavage with native non-deamidated gliadin in mice administered with 

Poly I:C or MTX. Even if unlikely, one cannot formally exclude insufficient activation of TG2 

or delayed migration of immunogenic peptides to MLN following their deamidation locally in 

the intestine and thereby delayed T cell priming. To address the latter hypothesis, analysis of T 

cell responses and notably of mucosal T cell response at later time points, for example on day 

12, as described by U. Hadis and colleagues in response to OVA, might have been useful 

(Hadis et al., 2011).  

3.2.2.5 Critical role of IL-15 in gluten intolerance 

Several studies have suggested the implication of IL-15, a cytokine upregulated in the 

celiac mucosa, in the loss of tolerance to gluten in CD patients (Di Sabatino et al., 2006; 

Mention et al., 2003; Meresse et al., 2004). R.W. DePaolo and colleagues have therefore 

examined whether mice transgenic for human HLA-DQ8 and IL-15 could develop intestinal 

enteropathy in response to dietary gluten (DePaolo et al., 2011). Humanized HLA-

DQ8.MHCII
Δ/Δ

 mice (Black et al., 2002) were crossed to mice expressing mouse IL-15 under 

the minimal MHC class I H2-D
d
 promoter (Fehniger et al., 2001).  
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IL-15 is a cytokine tightly controlled on the posttranscriptional level and poorly 

secreted (Fehniger et al., 2001). Therefore, to create IL-15 transgenic mice, T.A. Fehniger and 

colleagues designed a construct lacking three primary posttranscriptional checkpoints 

controlling IL-15 translation and secretion and replaced the leader peptide of IL-15 by that of 

IL-2 resulting in overexpression of an efficiently translated and secreted murine IL-15 (scheme 

of IL-15 construct on Figure III.8). In D
d
-IL-15 transgenic mice, IL-15 expression was 

observed in LP and MLN, but not in IECs, likely because mouse IECs do not express H2-D 

molecules. This model thus differs from the situation in celiac disease patients, where IL-15 is 

strongly detected both in LP and in epithelium (Di Sabatino et al., 2006; Mention et al., 2003). 

D
d
-IL-15 transgenic mice showed early expansion of peripheral blood lymphocytes, notably of 

natural killer (NK) and CD8 T lymphocytes of memory phenotype. Between 12 and 30 weeks 

of age most of mice developed fatal lymphocytic leukemia revealed by decreased activity and 

body weight, progressive allopecia, and characterized by massive multiorgan lymphocytic 

infiltration, composed mainly by CD3
+
 TCR+

 and NK cells (Fehniger et al., 2001). 

 

Figure III.8: Structure of the Dd-IL-15 transgene. 
Three primary posttranscriptional checkpoints were eliminated: 5’ AUGs, the inefficient Iδ-15 signal peptide, and a COOH 

terminus retention sequence. Near global overexpression was achieved by the MHC class I promoter, efficient translation and 

secretion by the use of the IL-2 signal peptide, and stabilization of COOH terminus by the addition of the FLAG epitope. The 

γ’ portion of the hGH gene is fused out of frame for straightforward identification of the transgene by Southern blot and to 
optimize transgene expression in vivo (Fehniger et al., 2001). 

HLA-DQ8.D
d
-IL-15Tg mice fed recombinant -gliadin or crude gluten for ten days did 

not develop any intestinal damage or villous atrophy (DePaolo et al., 2011). However, 

increased frequency of IFNȖ-producing T cells in MLN, mainly CD8
+
, increased IEL numbers 

and serum anti-gliadin and anti-TG2 antibodies were observed. In vitro restimulation of LP or 

MLN cells isolated from HLA-DQ8 mice coexpressing IL-15 by gliadin led to the increased 

production of IFNȖ and also Iδ-17, detected by ELISA, in comparison to IL-15 negative 

siblings. These results indicate the presence of gliadin-specific proinflammatory cells. LP and 

MLN cells from mice gavaged with gliadin complemented with retinoic acid (RA) produced 

even more IFNȖ and Iδ-17 in response to gliadin restimulation. The authors supposed that this 
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enhanced T cell activation observed in the presence of IL-15 might be due to the impaired Treg 

induction. Thus, they observed that IL-15 together with retinoic acid reduced the ability of 

dendritic cells to in vitro convert naïve T cells into Treg cells. Moreover, they showed that 

naïve OVA-specific T cells failed to convert into Tregs when transferred into OVA-fed D
d
-IL-

15 transgenic mice receiving a dietary supplement in retinoic acid. Therefore, they concluded 

that IL-15 impaired the generation of induced Treg cells, thus leading to increased 

inflammatory T cell response.  

Nevertheless, neither weight loss nor intestinal damage was observed in HLA-DQ8.D
d
-

IL-15Tg mice indicating that increased T cell activation was not sufficient to promote intestinal 

lesions. The authors suggested therefore that this model might correspond to latent CD, a 

situation defined by the appearance of anti-TG2 antibodies and increased numbers of IEL in 

genetically predisposed individuals that might precede the onset of villous atrophy and active 

CD.  

It is tempting to suggest that different parameters should be modified to better mimic 

the situation in CD, including notably the use of mice overexpressing IL-15 in the intestinal 

epithelium, a more prolonged exposure to gliadin, the use of deamidated trypsin-chymotrypsin-

digested gliadin for gavage. Crossing of HLA-DQ8.D
d
-IL-15Tg mice with mice transgenic for 

a TCR recognizing gliadin in the context of DQ8 can be considered in order to amplify gluten-

specific CD4 T cell response. Furthermore, no comparison in this study was performed 

between HLA-DQ8.D
d
-IL-15Tg and D

d
-IL-15Tg mice, thus preventing to delineate the 

importance of HLA-DQ8 in the development of proinflammatory CD8 T cell responses to 

gluten, knowing that IL-15 alone may largely promote such responses. This comparison might 

also be useful to exclude activation of innate responses by gluten that may foster inflammatory 

responses independently of DQ8. 

3.2.2.6 Role of IgA-dependent transport of dietary antigen 

In basal condition, dimeric IgA produced by lamina propria plasma cells are transported 

by the receptor for polymeric immunoglobulins (pIgR) from lamina propria into the lumen 

where they are released as SIgA bound to the extracellular part of this receptor or secretory 

component. SIgA can then form complexes with luminal antigens and prevent their absorption. 

Ex vivo and in vitro studies performed in our laboratory have suggested that CD71-mediated 

transport of gliadin-specific secretory IgA can jeopardize the protective role of SIgA and allow 

the apico-to-basal transport of gliadin peptides, resulting in enhanced antigen-specific T cell 

immune response (Abed et al., 2014; Lebreton et al., 2012; Matysiak-Budnik et al., 2008). As 
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already discussed above (see 2.2.2.2 Pathogenic role of IgA), CD71, initially known as a high 

avidity receptor for transferrin, can function in humans as a receptor of weak affinity for 

polymeric IgA (Moura et al., 2001). In active CD, this receptor is strongly upregulated in small 

intestinal enterocytes and becomes expressed at the apical surface, allowing the binding of 

intraluminal sIgA complexed to immunogenic p31-49 and 33-mer gliadin peptides and their 

subsequent retrotransport into lamina propria via the recycling endocytic pathway (Lebreton et 

al., 2012; Matysiak-Budnik et al., 2008). During this process gliadin peptides remain protected 

from degradation in lysosomes and may thus foster immune responses. 

To substantiate this hypothesis, J. Abed and colleagues in our laboratory (Abed et al., 

2014) have designed a mouse model to analyze the contribution of CD71 to the transport of 

ovalbumin (used as a model antigen) bound to OVA-specific SIgA in activation of antigen-

specific T cells. To stimulate CD71 expression at the apical surface of enterocytes, BALB/c 

mice were treated with tyrphostin A8 (Tyr A8), known to enhance CD71-mediated apical-to-

basal transcytosis of insulin-transferrin complexes in Caco-2 cells and diabetic rats 

(Norouziyan et al., 2008; Xia and Shen, 2001). An apical CD71 expression was observed in the 

intestine of mice treated with Tyr A8 for 48h. Biphoton analysis of intestinal fragments 

demonstrated that up-regulation of CD71 allowed the apical to basal transport of transferrin and 

human SIgA1. Of note, mouse CD71 alike human IgA2 lack a hinge region and in contrast to 

human SIgA1 do not bind to CD71. Therefore, to test the in vivo function of SIgA-CD71 

mediated transport, mice were grafted with hybridoma cells secreting chimeric hzIgA (made of 

human α1 heavy and murine light chains) specific for OVA or for control antigen ȕ-

lactoglobulin. Mice bearing hybridomas showed increased titres of specific hzIgA in serum and 

intestinal fluid. Moreover, analysis of biopsies mounted in Ussing chambers showed a ten-fold 

increase in the fraction of OVA transported in intact form across the mucosa in mice bearing 

the hybridoma secreting OVA-specific IgA and treated by Tyr A8 compared to control mice. 

Notably, total OVA fluxes were unchanged pleading against any non-specific leakage and 

pointing to the protected transport of the dietary antigen (Abed et al., 2014). 

To assess how CD71-SIgA mediated transport of OVA might influence mucosal 

immune response, OVA-secreting hybridoma cells were grafted on Day 0 onto DO11.10 mice 

possessing CD4 T cells specific of OVA. Mice were treated with Tyr A8 on days 13 and 14 and 

gavaged with OVA on days 14, 15, and 16 (Figure III.9). On day 20, a significant increase in 

the proportion of activated CD69
+ 

OVA-specific CD4 T cells was observed in the MLN of 

OVA-gavaged mice treated with Tyr A8. Moreover, T cells from MLN stimulated by OVA 

showed a significant increase in IFNȖ secretion in OVA-fed DO11.10 mice bearing OVA-
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specific tumor and treated with Tyr A8 in comparison to other groups of mice (not treated with 

Tyr A8 or bearing irrelevant ȕ-globulin specific tumor). There results provided evidence that 

protected transport of intact dietary antigen via apical CD71 and SIgA enhanced the activation 

and might skew antigen-specific mucosal CD4 T cells toward a Th1 response (Abed et al., 

2014). Together with previous ex vivo and in vitro studies (Lebreton et al., 2012; Matysiak-

Budnik et al., 2008), this study emphasized a possible pathogenic role of retransport of immune 

IgA/peptide complexes (Abed et al., 2014). 

 

Figure III.9: Schematic illustration of experimental protocol used in (Abed et al., 2014) 
DO11.10 mice possessing CD4 T cells specific of OVA were grafted with OVA-secreting hybridoma cells on Day 0. Mice 

were then treated with Tyr A8 on days 13 and 14 and gavaged with OVA on days 14, 15, and 16, and sacrificed on day 20. 

It would however be useful to confirm these results in the gliadin-specific model, and to 

use a model that does use tumor grafts to avoid a possible proinflammatory host response 

toward the tumor. It would also be interesting to induce ectopic CD71 expression not by a 

pharmacological agent but by a mechanism closer to the one susceptible to operate in CD, 

notably iron deprivation known to induce overexpression of CD71 in enterocytes (Zamani et 

al., 2008) and M. Heyman, personal communication). As discussed above, IgA-mediated 

protected transport of gliadin peptides may be one of the mechanisms participating in the 

development of enteropathy. The fact that IgA-deficient patients are prone to develop CD 

suggests that this mechanism is dispensable for the development of intestinal lesions. Yet, in 

the latter patients, the lack of SIgA may be sufficient to facilitate the entry of intact peptides 

and may also result in the excessive activation of epithelial cells by bacterial products (Meresse 

et al., 2012).  

3.3 Lessons learned from mouse models and perspectives  

Overall, multiple efforts in order to establish a mouse model of celiac-like enteropathy 

have been largely unsuccessful. Several conclusions can however be made from these studies. 

Herein, I discuss the hypotheses that remain to be tested henceforward. 
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3.3.1 Importance of age of gluten introduction and duration of 

exposure 

As shown by early studies in wild type mice and rats, the time window of gluten 

introduction may play an important role in settling on tolerance or immunity (Stepankova et al., 

2003; Stepankova et al., 1996; Troncone et al., 1994; Troncone and Ferguson, 1988, 1991). As 

in humans, too early introduction of gluten seems to be a risk factor for CD development. 

Introduction during gestation or early after the birth before weaning provokes an enteropathy in 

newborn rats that is favoured by the absence of breast-feeding (Stepankova et al., 2003; 

Stepankova et al., 1996). Exposure to gluten after weaning did not provoke any pathological 

changes in rat intestine. Studies performed in HLA-transgenic mice did not include the setting 

of early introduction of gluten. Experimental protocol should probably also be revised by 

extending exposure to gluten knowing that celiac disease is induced after its prolonged 

consumption. Introduction of gluten early in life or even during prenatal period to pregnant 

mice should also be tested.  

3.3.2 CD4 T gliadin-specific response is necessary but not sufficient 

Several attempts to induce an enteropathy in gluten-fed HLA-DQ2.5 or DQ8 transgenic 

mice were not successful. Despite the activation of gluten-specific CD4 T cells and the 

secretion of proinflammatory cytokines, such as IFNȖ, no significant changes in intestinal 

morphology were detected (Black et al., 2002; de Kauwe et al., 2009; DePaolo et al., 2011; Du 

Pre et al., 2011). The activation of gluten-specific cells was probably efficiently 

counterbalanced by a regulatory response. An insufficient frequency of gluten-specific T cells 

may perhaps explain the difficulties encountered to induce the enteropathy. Indeed, HLA-

DQ2.5 or DQ8 transgenic mice on MHC class II deficient background have only small 

frequency of naturally primed T cells. In order to increase gluten-specific response, it would be 

necessary to systematically use mice co-expressing human CD4 transgene to favour the 

interaction between HLA-DQ and CD4 T cells, or even more use gliadin-specific human TCR 

transgene. As multiple immunogenic gliadin peptides were described, it is not clear whether 

some of them may induce more harmful T cell response than others. Therefore, a particular 

attention should be paid to the choice of the TCR transgene.  

Furthermore, contrary to HLA-DQ8 molecules that may efficiently present a non-

deamidated 206-217 gluten peptide (van de Wal et al., 1998b), HLA-DQ2.5 molecules present 

only deamidated gliadin peptides. Of note, the majority of tested experimental protocols 



 Korneychuk Natalia – PhD Dissertation – 2014 
Chapter 3: Animal models of Celiac disease 

87 
 

comprised the immunization or gavage with non-deamidated gliadin without testing the 

activation of TG2 in these conditions. The use of deamidated gluten peptides should therefore 

be considered. Alternatively, the in vivo induction of TG2 activation should be triggered. It 

would permit to avoid the deamidation of gluten prior its administration, a very costly step. 

Yet, achieving of in vivo activation of TG2 seems difficult in mice and may represent a limiting 

step in the design of a mouse CD model. 

3.3.3 Need for supplemental triggers for disease onset  

Even if the number of DQ-restricted CD4 T cells that can be stimulated in humanized 

mouse models may not be very high, it is likely that the frequency of gluten-specific T cells is 

also not very high in human CD. Indeed, detection of gluten-specific T cells with DQ2 

tetramers revealed only very small frequencies of gluten-specific CD4 T cells in the blood and 

intestinal mucosa of the patients. Therefore, results observed in humanized models strongly 

support the hypothesis that CD4 T cells are necessary but not sufficient to induce villous 

atrophy.  

Strikingly, one important characteristic of CD is the activation of intestinal CD8 T 

intraepithelial lymphocytes. Studies performed by Mazzarella and colleagues have suggested 

that CD8 T cells can be activated via cross-presentation of gluten peptides (Mazzarella et al., 

2008). Decrease in CD8 T IEL activation after gluten free diet was taken as a support for this 

hypothesis. Alternatively, T cell help from gluten-activated CD4 T cells might be necessary for 

CD8 T cell activation. Strikingly, no CD8 T cell activation was documented in gluten-fed 

HLA-DQ2.5 or -DQ8 transgenic mice (Black et al., 2002; de Kauwe et al., 2009) indicating 

that cross-presentation does not occur in the latter mice and/or another factor is required to 

foster CD8 T cell activation.  

Overall, analyses in humanized mouse models indicate that additional factors besides 

HLA predisposing haplotypes are necessary to break tolerance to gluten and to drive tissue 

damage. Non-HLA susceptibility variants associated with the risk of developing CD patients 

might be one missing factor. They seem however to account overall for less than 13% of CD 

genetic susceptibility. Second, CD71-SIgA interactions may be important in human CD but 

cannot operate in mice due to the lack of binding of mouse SIgA to mouse CD71. As discussed 

in chapter 2 (2.4.4 Activation of TG2), additional factors may be necessary to trigger TG2 

activation, notably environmental factors, such as viral infections, that may trigger tissue 

damage (Dafik et al., 2012). It was also suggested that components of gluten might activate 

innate inflammatory responses and thereby favour the loss of tolerance. Thus, amylase/trypsin 
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inhibitors in wheat were found to be strong activators of TLR4-dependent innate immune 

responses in monocytes, macrophages, and dendritic cells (Junker et al., 2012). This mechanism 

is however expected to operate in mice as well as humans. Finally, one key factor missing in 

humanized HLA-DQ models may be IL-15. Of note, a moderate expansion of CD8 T IELs was 

observed in mice humanized for HLA-DQ8 (DePaolo et al., 2011). No enteropathy was 

observed in this model. Yet, one major difference with CD was that IL-15 was predominantly 

expressed outside the gut. Our own work described in the results section demonstrates how IL-

15 produced in large amounts in the intestine can cooperate with CD4 T cells specific for a 

dietary antigen and drive the activation of cytotoxic intestinal CD8 T cells (Korneychuk et al., 

2014) (MAIN RESULTS: Cooperation between antigen-specific CD4 T cells and IL-15 in the 

mouse model of celiac-like small intestinal enteropathy induced by dietary antigen).  
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A. Thesis aims and experimental approach  

The main purpose of my work has been to set up a mouse model in order to validate 

hypotheses suggested by human ex vivo and in vitro studies (reviewed in Chapter 2: Abnormal 

response to food gluten in Celiac disease and  Chapter 3: Animal models of Celiac disease). 

One set of data that account for the strong genetic link of CD with MHC class II genes 

indicates that CD enteropathy depends on the activation of CD4 T lamina propria lymphocytes 

by gluten peptides efficiently presented by human MHC class II molecules HLA-DQ2.5 or -

DQ8 (Meresse et al., 2012). However, it is now established that the adaptive gluten-specific 

CD4 T cell response is necessary but not sufficient to induce tissue damage. Only a small 

fraction (<5%) of HLA-DQ2 or -DQ8-positive individuals develop CD, and HLA-DQ2 and -

DQ8 transgenic mice challenged with gluten do not develop any signs of enteropathy or 

intestinal inflammation and remain tolerant to gluten (Black et al., 2002; de Kauwe et al., 2009; 

Du Pre et al., 2011; Silano et al., 2010) (discussed in  Chapter 3: Animal models of Celiac 

disease). A second data set points out to the role of IL-15, a cytokine overproduced in the small 

intestinal mucosa of active CD patients. On the one hand, IL-15 favours accumulation and 

cytotoxic activation of intraepithelial CD8 T lymphocytes (Di Sabatino et al., 2006; Maiuri et 

al., 2000; Malamut et al., 2010; Mention et al., 2003) and their increased expression of 

activating NK receptors (Jabri et al., 2000; Meresse et al., 2004; Meresse et al., 2006). On the 

other hand, IL-15 impairs in vitro response of human effector T cells, notably CD8 T cells, to 

immune suppression by Foxp3
+
 Treg cells and to immunoregulation by TGFȕ (Ben Ahmed et 

al., 2009; Benahmed et al., 2007; Hmida et al., 2012; Zanzi et al., 2011), two complementary 

mechanisms important for preserving tolerance to dietary antigens. The goal of my project has 

thus been to establish whether activation of CD4 T cells by dietary antigen in the context of 

intestinal overexpression of IL-15 could impair the establishment of tolerance to the dietary 

antigen and lead to epithelial damage and villous atrophy (Figure A.1). To verify this 

hypothesis, it was necessary to set up an animal model allowing the dissection of interactions 

between IL-15 may and gluten-specific CD4 T cells in the activation of cytotoxic intestinal 

CD8 T cells. 

 



 Korneychuk Natalia – PhD Dissertation – 2014 
Thesis aims and experimental approach 

91 
 

 
Figure A.1: Experimental hypothesis 

 

To this end, two complementary approaches were considered. First, I initiated the 

breeding of humanized mice in order to create a mouse model close to celiac disease combining 

expression of the human HLA-DQ2.5 transgene, expression of a human TCR specific for a Ȗ-

gliadin peptide and overexpression of human IL-15 under the control of intestinal epithelial 

T3b promoter. Mouse lines separately expressing HLA-DQ2.5 (HLA-DQ2.5
+/- 

mice), gliadin-

specific TCR (TCRgli
+/-

 mice; generously offered by L. Fugger) and human IL-15Tge 

(generously offered by H. Kyiono) backcrossed on a B6 background were available in the 

laboratory. In order to favour gluten presentation by human HLA-DQ2.5 molecules, each 

mouse line was crossed with mice deficient in mouse endogenous MHC class II molecules 

(MHCII
-/-

). Sequential breeding of HLA-DQ2.5
+/+ 

MHCII
-/-

 and TCRgli
+/+

 MHCII
-/-

 was 

planned to obtain HLA-DQ2.5
+/+

 TCRgli
+/+

 MHCII
-/-

 and then to cross them with hIL-15Tg
+/-

 

MHCII
-/- 

in order to get HLA-DQ2
+/-

TCR
+/-

hIL-15
+/-

 (50%) and HLA-DQ2
+/-

TCR
+/-

hIL15
-
 

(50%) on MHCII
-/-

 background (Figure A.2). The goal was to expose these animals to gluten-

free or gluten-rich diet and to test whether inflammatory conditions created by IL-15 might lead 

to the deamidation of gluten peptides. As this breeding process needed a considerable delay, I 

have used in parallel another model previously elaborated by a post-doc, Emma Ramiro-Puig. 
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Figure A.2: Experimental mouse model (1) 

HLA-DQ2+/-TCR+/-hIL-15+/- (50%) and HLA-DQ2+/-TCR+/-hIL15- (50%) mice would be obtained from breeding of HLA-

DQ2.5+/+ TCRgli+/+ MHCII-/- and hIL-15Tg+/- MHCII-/- and then exposed to gluten-rich or gluten-free diet for prolonged period 

of time (until 12 weeks of age). 

The second model is based on the use of OTII mice possessing CD4 T cells specific of 

OVA323-339 peptide and allows the mimicking of the CD4 T cell response to gluten developing 

in CD patients by a CD4 T cell response against the model dietary antigen OVA. Homozygous 

OTII mice were crossed with heterozygous mice overexpressing IL-15 in intestinal epithelium 

in order to obtain OTII
+/-

 hIL-15Tge
-
 (OTII/B6) and OTII

+/- 
hIL-15Tge

+/-
 pups (Figure A.3). 

Prior to my arrival, E. Ramiro-Puig had tested different protocols to provoke an enteropathy by 

exposing the latter mice to dietary OVA. Among different protocols that were tested, one was 

efficient in the induction of an enteropathy. It consisted in the exposure to dietary OVA of 

pregnant mothers before the birth of pups and during the lactation period and then prolonged 

exposure of the offspring from weaning until 12 weeks of age. OVA was administered in the 

form of pellets containing 10% of OVA (isoproteic/isocaloric diet). Upon prolonged exposure 

to dietary OVA, OTII
+/- 

hIL-15Tge
+/-

 but not in OTII
+/-

 hIL-15Tge
- 
animals developed growth 

retardation and small intestinal macroscopic and microscopic lesions, affecting mainly if not 

exclusively the duodenum. In our colony, a fraction of hIL-15Tge mice developed an early 

onset disease that likely corresponds to the onset of a fulminate lymphoma lethal within the 

first 6 weeks of life. The latter mice did not however show any enteropathy. Mice that were not 

affected by this early disease developed normally but displayed after 10 months of age an 

enteropathy comparable to that described by Ohta and colleagues (Ohta et al., 2002). The 
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reason for the delayed onset of enteropathy in our colony is unclear, but may be explained by a 

difference in the microbiota since our hIL-15Tge mice were rederived from frozen embryos 

provided by the Japanese group. This delayed onset was instrumental in analysis of 

mechanisms of cooperation between CD4 T cells and IL-15 that led to the development of 

enteropathy in Ova-fed OTII
+/-

 hIL-15Tge
+/-

 mice. The purpose of my study has therefore been 

to dissect the cellular mechanisms the break of tolerance to dietary OVA n OTII
+/-

 hIL-15Tge
+/- 

mice and to determine how antigen-specific CD4 T cells might cooperate with IL-15 in driving 

the cytotoxic activation of CD8 T cells.  

 

 

Figure A.3: Experimental mouse model (2) 
Homozygous OTII mice were crossed with heterozygous mice overexpressing IL-15 in intestinal epithelium in order to obtain 

OTII+/- hIL-15Tge- (OTII/B6) and OTII+/- hIL-15Tge+/- offspring. Pregnant mothers were exposed to 10% OVA-containing diet 

before birth of pups and during lactation period. The offspring was then chronically exposed to dietary OVA  from weaning 

until 12 weeks of age. 
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B. MAIN RESULTS: Cooperation between 

antigen-specific CD4 T cells and IL-15 in 

the mouse model of celiac-like small 

intestinal enteropathy induced by dietary 

antigen 

B.1 Results  

Breeding of HLA-DQ2.5, TCR and IL-15Tge mice allowed me to obtain HLA-DQ2
+/+ 

MHCII
-/-

, TCR
+/+ 

MHCII
-/- 

mice. HIL-15Tge MHCII
-/-

 mice have been obtained but are very 

difficult to maintain as a stable colony. Indeed, the latter mice are very fragile likely due to the 

strong CD8 T cell expansion and the lack of CD4 Tregs. One additional difficulty that we face 

in this model is the necessity either to use deamidated gliadin or deamidated Ȗ-gliadin peptide 

for feeding, which will be excessively costly, or to activate TG2 in order to allow in situ 

deamidation of gluten peptides indispensable for CD4 T cell activation. As TG2 can be 

activated by tissue damage, we have examined whether up-regulation of IL-15 may be 

sufficient to stimulate TG2. Preliminary results using an ELISA that specifically detects the 

activated form of TG2 suggested that TG2 was not activated in hIL-15Tge mice (not shown). 

The use of Poly I:C reported to activate TG2 is a possible approach (Dafik et al., 2012; Siegel 

et al., 2008). Yet, in our hands, poly I:C induced severe but rapidly resorbed intestinal lesions 

that may be insufficient to durably activate TG2.   

 

B.2 Article  

Results obtained in Ova-fed OTII/hIL-15Tge mice are presented below in the form of 

the article published in Gastroenterology (Korneychuk et al., 2014). 
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BACKGROUND & AIMS: CD4þ T cells specific for dietary gluten

and interleukin 15 (IL15) contribute to the pathogenesis of

celiac disease. We investigated whether and how they interact

to damage the intestine using mice that overexpress human

IL15 in the intestinal epithelium and have CD4þ T cells specific

for ovalbumin, a dietary antigen. METHODS: We crossed mice

with CD4þ T cells specific for ovalbumin (OTII) with mice that

overexpress human IL15 under an intestine-specific promoter

(B6 � IL15Tge). The offspring (OTII � IL15Tge mice) received

control or ovalbumin-containing diets until 3 months of age.

Enteropathy was monitored by weight, ratio of villous:crypt

length, and the number of intestinal lymphocytes. Phenotype,

cytokine production, and degranulation of mucosal and spleen

lymphocytes were analyzed by multicolor flow cytometry or

enzyme-linked immunosorbent assay. Regulatory T-cell func-

tion and CD8þ T-cell activation were analyzed in co-culture

assays. RESULTS: Exposure to ovalbumin reduced growth and

led to enteropathy in OTII � IL15Tge mice but not in control

OTII � B6 littermates. Enteropathy was associated with expan-

sion of mucosal granzyme Bþ CD8þ T cells, and developed despite

increased frequency of functional ovalbumin-specific regulatory T

cells. Ovalbumin-activated CD4þ T cells secreted IL2, which along

with IL15 stimulated expansion of noncognate intestinal cytotoxic

CD8þ T cells, which did not respond to regulatory T cells and

induced epithelial damage. CONCLUSIONS: We observed that in

mice given food antigen, cooperation between IL15 and CD4þ T

cells is necessary and sufficient to activate CD8þ T cells and

damage the small intestine. We propose that this process is

involved in the development of celiac disease.

Keywords: Gluten Allergy; Treg Cells; Immune Regulation;

Mouse Model.

In physiologic conditions, robust immunologic mecha-

nisms avoid adverse responses to food antigens.1

In contrast, in celiac disease (CD), abnormal activation of

intestinal lymphocytes by dietary gluten leads to severe

small intestinal enteropathy. In CD, intestinal lesions dep-

end on the activation of lamina propria (LP) CD4þ T lym-

phocytes (TLs) by gluten peptides selectively presented by

HLA-DQ2/8 molecules, the main genetic risk factor.2

This mechanism is necessary, however, it is not sufficient

to break tolerance to the dietary antigen and to induce

tissue damage.2 Previous studies, including ours, also have

implicated interleukin 15 (IL15), a cytokine up-regulated in

the CD intestine. IL15 promotes the survival, accumulation,

and activation of cytotoxic CD8þ intraepithelial lymphocytes

(IEL), which can induce epithelial lesions.3–6 IL15 also

might impair local immune regulation, either by making TLs

resistant to suppression by transforming growth factor-b

and Forkhead box P3 (FOXP3þ) regulatory T cells (Tregs),7–9

or by hampering the generation of Tregs.10 Whether and

how gluten-specific CD4þ TLs and IL15 interact to activate

CD8þ IELs and to drive tissue damage, however, is unknown.

Toaddress this question,wehavedevelopedamousemodel.

Transgenic CD4þ T cells specific for ovalbumin (OTII)micewith

CD4þ TL specific for an epitope of ovalbumin (OVA) were

crossed with heterozygous B6 � IL15Tge mice, which express

a secreted form of human IL15 in the intestinal epithelium.11

We next compared the consequences of OVA-containing diet

in the createdOTII� IL15Tgemice and inOTII�B6 littermates,

which also possess OVA-specific CD4þ TL but do not over-

express IL15. InOTII� IL15Tgemice, but not inOTII�B6mice,

early and chronic exposure to dietary OVA led to growth retar-

dation, and to an enteropathy associated, as in CD, with expan-

sion of Granzyme Bþ CD8þ TL in LP and epithelium.We further

show that IL15 cooperates with IL2 produced by OVA-activated

CD4þ TLs to stimulate the expansion of cytotoxic CD8þ TL.

Materials and Methods

Mouse Models
B6 (C57BL/6j) mice, OTII mice, b2m-/- mice, and major his-

tocompatibility complex (MHC)II-/- mice were purchased from

*Authors share co-first authorship; §Authors share co-senior authorship.

Abbreviations used in this paper: CD, celiac disease; DC, dendritic cell; IEL,
intraepithelial lymphocyte; IFN, interferon; IL, interleukin; iTreg, regulatory T
cell induced in the periphery in response to exogenous antigens; LP, lamina
propria; mAb, monoclonal antibody; MLN, mesenteric lymph nodes; nTreg,
natural regulatory T cell generated in the thymus; OTII, CD4D T cells specific
for ovalbumin; OVA, ovalbumin (albumin from chicken egg white); PBS,
phosphate-buffered saline; rhIL, recombinant human interleukin; TL, T
lymphocyte; TCR, T-cell receptor; Treg, regulatory T cell; WT, wild type.
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Charles River (L’Arbresle, France). OTII RAG2-/- Thy1.1mice and

OTI RAG2-/- mice were a gift from O. Lantz (Institut Curie, Paris,

France). Heterozygous B6 � IL15Tge male mice, which express

human IL15 under control of the intestine-specific T3b pro-

moter, were crossed with female OTII or B6 mice.11 A diet

containing 10% OVA or an isoprotein/isocaloric control diet

(Genestil, Royaucourt, France) was given to OTII or B6 mice

during the last week of gestation, and to their offspring until 3

months of age. Daily intake of OVA was approximately 17 mg/g

of mouse body weight. Animals were bred under specific

pathogen-free conditions in accordance with European Guide-

lines. Experiments were approved by the local ethics committee.

Histology and Immunohistochemistry
Sections (5 mm) from formol-fixed, paraffin-embedded

duodenum were stained with H&E. Granzyme B was detected

using antimouse Granzyme B goat IgG (AF1865; R&D Systems,

Lille, France), biotinylated rabbit antigoat IgG (E0466; Dako,

Les Ulis, France), and streptavidin peroxidase (P0397; Dako).

Cell Isolation and Flow Cytometry
Isolation of LP, mesenteric lymph nodes (MLNs), and spleen

cells, and staining for surface markers and intracellular Foxp3,

Granzyme B, and cytokines, were performed as described.12

Antibodies are listed in the Supplementary Materials and

Methods section. Cells were analyzed on a FACS Canto II using

BD FACSDiva software (BDBiosciences, Le Pont-de Claix, France).

Cell Subset Purification and
Functional Assays

T-cell subsets were enriched by an AutoMACS Pro Separator

(Miltenyi Biotec, Paris, France) and further purified using a

FACS Aria cell sorter II (BD Biosciences). To test Treg activity,

5 � 104 OVA-specific responder T cells (Vb5þCD25-CD4þ)

were co-cultured at a 1:1 ratio with OVA-specific Tregs

(Vb5þCD25þCD4þ), or, as a control, with OVA-nonspecific

TLs (Vb5-CD4þCD25-), in 96-well, round-bottom plates with

0.5 mg/mL OVA323-339 peptide (Covalab, Villeurbanne, France)

and 5 � 104 irradiated spleen cells from OTII mice fed the

control diet. Proliferative responses were assessed in triplicate

cultures by [3H] thymidine incorporation. To test T-cell response

to Tregs, 5 � 104 CD45þCD25- B6 spleen cells were labeled

using the Cell Trace Violet cell proliferation kit (Life Technolo-

gies, Saint Aubin, France) and co-cultured at a 1:1 ratio with

unlabeled CD45þCD25þ cells or, as a control, with unlabeled

CD45þCD25- cells. To assess proliferation, cells were stimulated

for 48–72 hours with 0.2 mg/mL CD3 monoclonal antibodies

(mAbs) (145-2C11; BD Biosciences), and then analyzed by flow

cytometry. To assess induction of interferon (IFN)-g and Gran-

zyme B, cells were stimulated with CD3 mAbs and 0.2 mg/mL

CD28 mAbs (37.51; BD Biosciences), in the presence or absence

of 20 ng/mL human IL15 (Miltenyi Biotec), and then analyzed by

enzyme-linked immunosorbent assay (R&D Systems).

To analyze interactions between CD8þ and CD4þ TLs, CD8þ

and CD4þ TLs purified from indicated sources were stained

using Cell Trace Violet, added with spleen CD11cþ dendritic

cells (DCs) (DC/T ratio, 1:10), and stimulated with OVA253–267,

OVA323–339 (2 mg/mL), or OVA protein (400 mg/mL) plus

20 ng/mL IL15. After 4 days, proliferation and activation

markers were assessed by flow cytometry. Degranulation of

CD8þ TL was analyzed by stimulating cells for 4 hours with 1

mg/mL CD3 mAb, and then staining for CD107a-PE (1D4B;

eBioscience, Paris, France).

Adoptive Cell Transfer
Spleen and MLN cells from OTII RAG2-/- Thy1.1 transgenic

mice (2 � 106 cells in 100 mL phosphate-buffered saline [PBS])

were injected intravenously into B6 or B6 � IL15Tge mice. On

days 1 and 2 after transfer, mice were gavaged with 50 mg OVA

in 100 mL PBS, or with PBS alone. CD25þFoxp3þThy1.1þ Tregs

were assessed by flow cytometry in spleen and MLN on day 5.

Western Blot
Detection of Granzyme B in duodenal tissue was performed

as described,7 using goat anti–Granzyme B (AF1865; R&D

Systems). Granzyme B was quantified relative to actin, using a

LAS-1000 CCD camera and Image Gauge software (Fujifilm

Lifesciences, Bois d’Arcy, France).

Messenger RNA Expression
RNA was purified from duodenal biopsy specimens using an

RNeasy Mini kit (Qiagen France S.A.S., Courtaboeuf, France) and

reverse-transcribed.12 Quantitative polymerase chain reaction

was performed using TaqMan gene expression assays (Life

Technologies). Data were normalized to Hypoxanthine-guanine

phosphoribosyltransferase.

IL2 Treatment
B6 and B6 � IL15Tge mice were treated for 5 days by daily

intraperitoneal injections of 200,000 IU recombinant human

IL2 (rhIL2) (Proleukin, Novartis, France), generously provided

by D. Klatzmann (CHU Pitié-Salpêtrière, Paris, France).

Statistical Analysis
Statistical analysis was performed with GraphPad Prism

version 6.00 (GraphPad Software, Inc., La Jolla). Weight curves

were compared using repeated analysis of variance followed

by the Tukey post hoc test. Other comparisons used the

Mann–Whitney U test. A P value less than .05 was considered

statistically significant.

Results

Chronic Oral Exposure to OVA Causes Small
Intestinal Lesions in OTII � IL15Tge Mice

Whether fedwith control diet or OVA diet, OTII� B6mice

showed similar weight gain and a similar villous/crypt length

ratio (Figure 1A and B), indicating that the presence of many

CD4þ TLs specific for the dietary antigen (Supplementary

Figure 1A) is not sufficient to induce an enteropathy. In

contrast, 3-month-old OTII � IL15Tge mice fed the OVA diet

showed slower growth; increased cellularity in LP, epithe-

lium, and submucosa; villous blunting; and crypt elongation

in the proximal duodenum (Figure 1A–F and Supplementary

Figure 2A). Epithelial lesions were patchy and their intensity

varied. They were particularly severe in 7 of 11 OVA-fed
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OTII � IL15Tge mice, which displayed a hypotonic and

enlarged duodenum and severe growth retardation (Figure 1A

and Supplementary Figure 2A). Some changes were observed

in 3-month-old OTII � IL15Tge mice on the control diet

(Figure 1B, C, E, and F). However, epithelial lesions were mild,

and growth was comparable with that of OTII � B6 litter-

mates. Indeed, in our colony, the spontaneous enteropathy

described in B6� IL15Tge mice11was observed only in some

mice after 10 months (Supplementary Figure 2B). Overall,

these data indicated that IL15 and CD4þ TLs activated by the

dietary antigen cooperated to induce tissue damage.

Enteropathy Develops in OVA-Fed
OTII � IL15Tge Mice Despite Expansion
of Functional OVA-Specific Tregs

Exposure to dietary OVA increased the frequency of acti-

vated (CD44hiCD62Llo) OVA-specific Vb5þVa2þCD4þTL in LP,

MLN, and spleen (Supplementary Figure 1B), and that of

memory (CD44hiCD62Lhi) OVA-CD4þ TLs in MLN and spleen

(SupplementaryFigure1C). Therewasmore increase inOTII�

IL15Tge mice than in OTII � B6 mice, indicating that IL15

bolsters the response of CD4þ TLs to OVA. T-cell activation,

however, was associated with significantly fewer OVA-CD4þ

TLs in spleen and MLN, likely reflecting activation-induced

deletion13 (Supplementary Figure 1A). IFN-g–producing

CD4þ T cells were increased in OTII � IL15Tge mice on the

control diet comparedwith OTII� B6mice on the control diet.

After OVA feeding, they did not increase further except in the

spleen of OTII� IL15Tge mice (Supplementary Figure 3A and

B). In contrast, many OVA-CD4þ TLs displayed a regulatory

phenotype (CD4þCD25þFoxp3þ), particularly in OVA-fed

OTII � IL15Tge mice. In these mice, approximately 80% of

OVA-CD4þ TLs in LP and 20% in MLN and spleen were

CD25þFoxp3þ (Figure 2A). This was surprising because IL15

reportedly impaired the conversion of naive T cells into

Tregs.10 Tregs comprise both natural Tregs generated in the

thymus (nTregs) and Tregs induced in the periphery in

response to exogenous antigens (iTregs).14 In OVA-fed OTII�

B6mice and OTII� IL15Tge mice, most OVA-specific Tregs in

LP showed intracellular expression of Helios, a suggested but

equivocal marker of nTregs15,16 (Supplementary Figure 4).

Figure 1. Enteropathy development in OVA-fed OTII � IL15Tge mice. (A) Comparison of body weight of 3-month-old OTII � B6
and OTII � IL15Tge mice fed OVA-containing (OVA) or control (CTRL) diets. Males and females were analyzed separately.
(B, C, E, and F) Comparison of (B) villous/crypt length ratio, (C) crypt length, (E) absolute numbers of small intestinal LP cells,
and (F) numbers of IELs per 100 intestinal epithelial cells (IECs) between indicated groups of mice. (D) Representative H&E-
stained duodenal sections at 3 months in each group. Scale bars: 5 mm. *P < .05, **P < .01, ***P < .001.
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Conversion of naive OVA-CD4þ TLs into iTreg was therefore

tested by transferring CD4þ TLs from OTII RAG2-/- Thy1.1

mice (which lack nTregs) into wild-type (WT) B6 or into

IL15Tge (Thy1.2) recipient mice. On days 1 and 2 after trans-

fer, mice were gavagedwith 50mg OVA, or with PBS alone. On

day 5, OVA-CD4þ donor TLs strongly proliferated in OVA-fed

mice, but not in sham-fed mice (Figure 2B). OVA-CD4þ TLs,

of donor origin (Thy1.1þVa2þ), and with a Treg phenotype,

were observed in comparable numbers inMLN of OVA-fedWT

mice and OVA-fed IL15Tge mice, but were undetectable in

sham-fedmice. Therefore, inOVA-fedOTII� IL15Tgemice, the

increase inTreg numbersmay result fromexpansion of nTregs

and also from conversion of naive TLs into iTregs.

In OVA-fed OTII � IL15Tge mice, the massive expansion

of OVA-CD4þ TLs with a Treg phenotype contrasted with

early onset enteropathy, suggesting that Tregs were not

functional. Vb5þCD25þCD4þ TLs therefore were purified

fromMLN and spleen and their immunosuppressive function

was tested against spleen Vb5þCD25-CD4þ responder TL

(Tresp) stimulated with OVA323–339 peptide. As shown in

Figure 2C, Vb5þCD25þ Tregs from OVA-fed OTII � B6 mice

and from OVA-fed OTII � IL15Tge mice, at a 1:1 Tresp/Treg

ratio, completely blocked proliferation and IFN-g produc-

tion. At a 2:1 Tresp/Treg ratio, inhibition of proliferation by

Tregs from OTII � IL15Tge mice was more potent than

inhibition by Tregs from OTII � B6 controls, indicating that

IL15 does not impair but stimulates Treg function

(Supplementary Figure 5).

In OTII � IL15Tge Mice, the OVA Diet
Promotes a Massive Expansion of CD8þ T
Cells Expressing Granzyme B

In OTII � IL15Tge mice, in duodenum, interferon gamma

transcripts were strongly up-regulated (not shown) and

there were more IFN-g–producing CD8þ TLs in LP, MLN,

Figure 2. Expansion of functional Tregs in OVA-fed OTII � IL15Tge mice. (A) Frequencies of Foxp3þCD25þ cells (Tregs)
among OVA-CD4þ TLs in LP, MLN, and spleen of OTII � B6 and OTII � IL15Tge mice fed with OVA or CTRL diets. (B) Left
panel: proliferation of OVA-CD4þ TLs of donor origin assessed 5 days after adoptive transfer of 8 � 106 Cell Trace–labeled
cells from OTII RAG2-/- Thy1.1þ mice. Recipient mice were gavaged with 50 mg OVA or PBS (sham) on days 1 and 2 after
transfer. Middle panel: numbers of induced Foxp3þ Tregs among OVA-CD4þ TLs of donor origin (Thy1.1) in MLN of B6 or
IL15Tge recipients (Thy1.2). Pooled results from 2 independent experiments. Right panel: representative dot plots showing
percentages and numbers of induced Foxp3þ Tregs among OVA-CD4þ TLs of donor origin (Thy1.1) in MLN of B6, or of B6 �

IL15Tge recipients (Thy1.2) as indicated. (C) Inhibition of proliferation (left graph) and of IFN-g secretion (right graph) of OVA-
CD4þ responder TLs (Vb5þCD4þCD25-) isolated from control OTII mice by OVA-specific Tregs (Vb5þCD4þCD25þ) purified
from OVA-fed OTII � B6 and OTII� IL15Tge mice. Pooled results from 3 to 4 independent experiments performed in triplicate.
Bar graphs show medians � range. *P < .05, **P < .01, and ***P < .001.
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and spleen than in OTII � B6 controls. Absolute numbers of

natural killer cells also were increased in spleen, LP, and

epithelium of OTII � IL15Tge mice compared with OTII �

B6 littermates. These changes, however, were independent

of diet (Supplementary Figures 6 and 7). In contrast, CD8þ

TLs expressing Granzyme B were not only more numerous

in LP of control diet OTII � IL15Tge mice than of OTII � B6

mice, but they increased further after OVA feeding

(Figure 3A), and flow cytometry showed their enhanced

content in Granzyme B (Figure 3B). These results were

confirmed in duodenal biopsy specimens by Western blot

(Figure 3C). In addition, immunohistochemistry showed

many Granzyme Bþ cells close to epithelial lesions in OVA-

fed OTII � IL15Tge mice (Figure 3D). Granzyme-Bþ CD8þ

TLs were more numerous in the LP of 3-month-old B6 �

IL15Tge mice than of B6 littermates, but frequency was

comparable in mice fed control or OVA-containing diet

(Figure 3A). Overall, these results suggested that IL15 and

activated OVA-CD4þ TLs cooperated to expand intestinal

cytotoxic CD8þ TLs. In B6 � IL15Tge mice, the frequency of

LP Granzyme Bþ CD8þ TLs was the same at 3 months and

10 months, except in 1 old mouse displaying duodenal

epithelial lesions and massive IEL infiltration, further

implying a link between Granzyme Bþ cells and enteropathy

(Figure 3A and not shown).

IL15 Renders CD8þ T Cells Less Sensitive to
Immunosuppression by Tregs

In OVA-fed OTII � IL15Tge mice, the up-regulation of

Granzyme B in LP CD8þ TLs after OVA feeding, and the

expansion of functional OVA-specific Tregs, seemed contra-

dictory. This result, together with the expansion of effector

CD4þ and CD8þ TLs observed in the same mice regardless of

diet, suggested that effector cells exposed to IL15 might

escape Treg control. This hypothesis was consistent with our

Figure 3. Expansion of Granzyme Bþ CD8þ T cells in OVA-fed OTII � IL15Tge mice. (A) Frequency of LP Granzyme
B–producing CD8þ TLs in 3-month-old OTII � B6, OTII � IL15Tge, B6, and B6 � IL15ge mice fed with OVA or control (CTRL)
diets and in old B6 or B6 � IL15Tge mice (�10 mo) on a CTRL diet. Red dot indicates the old B6 � IL15Tge mouse with
enteropathy. (B) Granzyme B intracellular staining of LP CD8þ TLs in 1 representative experiment of 3 experiments. Mean
fluorescent intensities are shown. (C) Western blot detection of Granzyme B in duodenal biopsy specimens of indicated mice.
Granzyme B/actin ratios (arbitrary units [AU]) are shown. (D) Immunohistochemical staining of Granzyme B on paraffin
duodenal sections of indicated mice. Scale bar: 2 mm. *P < .05, **P < .01, and ***P < .001.
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in vitro observations showing that, IL15 partially reversed

Treg-mediated inhibition of proliferation and IFN-g pro-

duction (Figure 4A and B). In keeping with the known se-

lective effect of IL15 on CD8þ TLs, and with the preferential

in vivo expansion of activated CD8þ TLs in OTII � IL15Tge

mice, reversal of Treg-mediated inhibition by IL15 was more

efficacious in CD8þ than in CD4þ TLs. IL15 also weakened

the inhibition exerted by Tregs on Granzyme B induction in

spleen CD8þ TLs stimulated by CD3mAb (Figure 4C), further

suggesting that cytotoxic CD8þ TLs can escape Treg control

in OTII � IL15Tge mice.

IL15 and OVA-Specific CD4þ T Cells
Synergize to Stimulate T-Cell
Receptor–Independent Activation of
Granzyme Bþ Cytotoxic CD8þ T Cells

In B6 mice, OVA immunization can stimulate specific

CD8þ TLs directed against a dominant OVA257–263 epitope

presented by MHC class I H2-Kb.17 However, we observed

that the presence of OVA in the diet did not change

the numbers of CD8þ TLs stained with high-avidity

H2-Kb/OVA257–263 dextramers in the epithelium, LP,

MLN, and spleen of OTII � B6 or OTII � IL15Tge mice

(Supplementary Figure 8). In addition, LP lymphocytes from

OVA-fed OTII � B6 or OTII � IL15Tge mice also failed to

proliferate when stimulated by the dominant MHC class I

OVA257–263 peptide, even in the presence of IL15 (Figure 5A).

In contrast, both CD4þ and CD8þ LP TLs proliferated in

response to OVA protein and, strikingly, even more in

response to the MHC class II restricted OVA323–339 peptide,

the cognate target of OVA-CD4þ TLs (Figure 5A). Of note,

CD4þ TLs proliferated in response to OVA and OVA323–339

peptide, without IL15 (data not shown), whereas CD8þ TLs

only proliferated when OVA-CD4þ TLs and IL15 were added

to the cultures (Figure 5A). Overall, these results suggested

that IL15 and OVA-CD4þ TLs synergized to activate non-

cognate LP CD8þ TLs.

To further confirm these results, CD8þ TLs expressing a

single T-cell receptor (TCR) specific for the MHC class

I–restricted OVA257–263 epitope were purified from OTI

RAG2-/- mice and cultured with B6 DCs and IL15 with or

Figure 4. Impaired response of CD8þ T effector cells to Tregs in the presence of IL15. (A–C) Cell Trace–labeled CD45þCD25-

spleen cells from B6 mice (responder cells [Tresp]) were co-cultured at a 1:1 ratio with unlabeled CD45þCD25þ B6 spleen cells
(>90% CD4þ, Tregs) or unlabeled CD45þCD25- spleen cells for control and stimulated with 0.2 mg/mL (A and C) soluble anti-
CD3/CD28 or (B) anti-CD3 alone in the presence or absence of 20 ng/mL human IL15. (A) Inhibition of IFN-g secretion by Tregs
determined by enzyme-linked immunosorbent assay in culture supernatants after 48 hours. (B) Proliferation was determined by
dilution of Cell Trace in CD4þ and CD8þ TL cells after 48 hours. Left panel: percentage of inhibition of proliferation of responder
cells in the presence of Tregs compared with control co-cultures. Results are pooled from 4 independent experiments. Right
panel: analysis of proliferation in 1 representative experiment. (C) Granzyme B staining of Cell Trace–labeled responder CD8þ

TLs after a 48-hour culture. Left graph: percentages of inhibition of Granzyme B expression in CD8þ TL by Tregs. Right graph:
Granzyme B staining in indicated conditions in 1 representative experiment. Bar graphs show medians � range. Results are
pooled from 4 independent experiments. *P < .05.
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without CD4þ TLs from OTII RAG2-/- mice. These mice have

a single TCR specific for the MHC class II–restricted

OVA323–339 epitope. OTI-derived CD8þ TL alone did not

respond to the OVA323–339 peptide (Figure 5B), but they did

respond when added with OVA-CD4þ TLs (Figure 5C).

Furthermore, activation of OTI-derived CD8þ TLs was

comparable in the presence of DCs from WT mice, or from

MHC class I–deficient (b2m-/-) mice, but was abolished

when DCs derived from MHC class II–deficient mice. This

confirmed that, in the presence of IL15, CD4þ TLs stimu-

lated by their cognate antigen could activate CD8þ TLs

without engaging their TCR (Figure 5C).

To extend these results to normal CD8þ TLs with a

polyclonal repertoire, naive (CD62hiCD44lo) CD8þ TLs were

purified from spleen and effector/memory (CD62loCD44hi)

CD8þ TLs from small intestinal LP and epithelium of B6

mice that had never been exposed to OVA. Then the CD8þ

TLs were mixed with B6 DCs and OVA-specific CD4þ TLs

from OTII RAG2-/- mice, and stimulated with OVA323–339

peptide or with OVA protein. No proliferation was observed

in spleen CD8þ TLs (Supplementary Figure 9). In contrast

CD8þ TLs derived from LP (not shown) and from epithelium

(Figure 6A), proliferated when co-cultured with activated

OVA-CD4þ TLs and IL15. Such in vitro–activated intestinal

CD8þ TLs showed a moderate increase in the expression of

the Natural killer group 2, member D (NKG2D) expression,

but they strongly up-regulated intracellular Granzyme B

(Figure 6A and not shown). Accordingly, they showed more

degranulation in response to CD3 stimulation than CD8þ

TLs cultured without CD4þ TLs (Figure 6B and not shown).

Overall, these results indicated that, in the presence of IL15,

OVA-CD4þ TLs can provide noncognate help to intestinal

CD8þ TLs that stimulates their expansion and cytotoxicity,

irrespective of their specificity. These in vitro results were

in keeping with vivo observations in OVA-fed OTII �

IL15Tge mice, in which LP CD8þ TLs lacking any reactivity

Figure 5. Activation of noncognate CD8þ T cells through cooperation between OVA-CD4þ T cells and IL15. (A) Flow cytometry
analysis of Cell Trace–stained LP cells from OVA-fed OTII � IL15Tge mice or OTII � B6 mice, stimulated with OVA257–263

(2 mg/mL) peptide, OVA323–339 (2 mg/mL) peptide, or OVA protein (400 mg/mL) in the presence of IL15 (20 ng/mL) for 96 hours.
(B) Proliferation (left panel) and CD69 and NKG2D expression (right panel) of Cell Trace–stained CD8þ TLs from OTI RAG2-/-

mice after a 72-hour stimulation with OVA257–263 peptide (2 mg/mL) or OVA323–339 (2 mg/mL) peptide, in the presence of IL15
(20 ng/mL). (C) Proliferation of CD4þ and CD8þ TLs and CD69 and NKG2D expression by CD8þ TLs after 72 hours co-culture
of Cell Trace–stained CD4þ TLs from OTII RAG2-/- mice, and CD8þ TLs from OTI RAG2-/- mice, stimulated by OVA323–339

peptide (2 mg/mL) plus IL15 (20 ng/mL); and either WT, major histocompatibility complex class I-deficient (b2m-/-), or major
histocompatibility complex class II-/- DCs. One representative experiment of 3–4 independent experiments is shown. Blue
histograms, CD4þ TLs; red full histograms, CD8þ TLs.
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against OVA showed moderate NKG2D expression, but

massive amounts of Granzyme B (Figure 3A and

Supplementary Figures 8 and 10).

CD4 Help to Cytotoxic CD8þ T Cells
Depends on OVA-Induced IL2 Secretion

We next examined the mechanism of CD4 help. Sug-

gesting the role of a soluble factor, Granzyme Bþ CD8þ TLs

(from OTI RAG2-/- mice) were comparably activated

whether cultured in contact with OVA-stimulated CD4þ TLs

or cultured separately from the latter cells by a Transwell

membrane (Corning Costar, Sigma Aldrich, Lyon, France)

(Supplementary Figure 11). In addition, supernatants of

OVA323–339-stimulated CD4þ TLs from OTII RAG2-/- mice

activated both OTI Rag-/--derived CD8þ TLs and B6-derived

IELs (Figure 7A and Supplementary Figure 12). Finally, help

delivered by supernatants depended, as did CD4 help, on the

presence of IL15 (not shown). One soluble factor that can

mediate CD4 help is IL2.18 Consistent with this hypothesis,

proliferation and up-regulation of CD69 and Granzyme B in

CD8þ TLs were abrogated when supernatants were

depleted of IL2 (Figure 7A and Supplementary Figure 12),

and induced when supernatants were replaced by rhIL2

(not shown).

The hypothesis that IL2 mediates CD4 help and syner-

gizes with IL15 in vivo in our model was supported by 2

pieces of evidence. First, Il2 transcripts were increased

significantly in the duodenum of OTII� IL15Tge mice on the

OVA diet, compared with mice on a control diet (Figure 7B).

Second, in 4-month-old B6 � IL15Tge mice but not in age-

matched B6 mice, intraperitoneal injections of rhIL2 for

5 days reduced the villous/crypt length ratio and increased

the number of Granzyme Bþ IELs (Figure 7C–E). Intestinal

changes occurred despite expansion of Tregs, confirming

that IL15 interferes with Treg-mediated suppression

(Supplementary Figure 13). Interestingly, Il2messenger RNA

tended to increase with age in the duodenum of B6 �

IL15Tge mice. It was particularly increased in a 10-month-

old B6 � IL15Tge mouse that developed epithelial damage

(Figure 7B), suggesting that, in these mice, accumulation of

IL2-producing CD4þ TLs also participates in enteropathy.

Discussion
Herein we show that, when mice are chronically exposed

to OVA in their diet, IL15 and OVA-specific CD4þ TLs

cooperate to induce gut damage. Confirming that the pres-

ence of numerous cognate CD4þ TLs cannot by itself break

immune tolerance to a food protein,19 feeding large doses of

OVA to OTII � B6 mice with transgenic OVA-CD4þ TLs did

not induce enteropathy. In contrast, in OTII � IL15Tge mice,

chronic exposure to OVA diet led to growth retardation and

enteropathy, which was characterized, as in CD, by patchy

lesions of villous blunting in the duodenum. The sponta-

neous enteropathy previously described in mice over-

expressing IL15 in the gut epithelium11 did not develop

in our colony before 10 months. Thus, at 3 months of age,

Figure 6. Activation of
cytotoxic CD8þ T-IELs
through cooperation be-
tween OVA-CD4þ T cells
and IL15. Proliferation and
expression of Granzyme B,
CD69, and NKG2D in B6-
derived CD8þ T-IELs after
96 hours of stimulation
with OVA257–263 peptide
(2mg/mL), OVA323–339 (2mg/
mL) peptide, or OVA protein
(400 mg/mL), and 20 ng/mL
IL15 in the absence (left
panel) or presence of CD4þ

TLs from OTII RAG2-/- mice
(right panel). The threshold
for Granzyme B staining
was set on nonstimulated
cells. (B) CD107a staining of
IELs activated as in panel A
and stimulated by CD3
mAb (1 mg/mL) for 4 hours.
One representative of 3 in-
dependent experiments is
shown.
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epithelial lesions remained very mild, both in OTII �

IL15Tge mice fed a control diet, and in B6 � IL15Tge mice

fed an OVA diet. This indicates that IL15 and activated CD4þ

TLs must interact to break local immune tolerance and to

induce intestinal tissue damage. In OTII � IL15Tge mice,

OVA diet accelerates the accumulation of intestinal activated

CD4þ TLs and, thereby, the onset of enteropathy.

In OVA-fed OTII � IL15Tge mice, epithelial damage was

associated with an increase in Granzyme Bþ CD8þ TLs, in

both epithelium and LP, despite a massive expansion in

functional OVA-specific Tregs. This situation resembles CD,

in which epithelial lesions are thought to depend on cyto-

toxic CD8þ TLs and also occur despite the presence of many

Tregs in LP.9,20 Consistent with previous results in human

beings,8,9 IL15 reduced the in vitro immunosuppression of

effector T cells by Tregs, resulting in impaired control of

IFN-g and Granzyme B production. In vivo, more IFN-

g–producing CD4þ and CD8þ TLs were seen in the intestine

and in the periphery of OTII � IL15Tge mice, regardless of

diet. OVA feeding significantly increased IFN-g–producing

OVA-specific TLs in spleen, but not in MLN and intestine.

These results are consistent with the loss of peripheral

tolerance already described in mice overexpressing IL15,11

but suggest that IFN-g–producing OVA-specific TL cells

are not sufficient to cause epithelial damage. In contrast,

Granzyme Bþ CD8þ TLs, already increased in mice fed a

control diet, further increased in OVA-fed mice.

The intestinal CD8þ TLs, which expanded in response to

OVA feeding, were not directed against the dietary antigen.

Thus, no reactivity could be shown against the dominant

H2-Kb
–restricted epitope OVA257–263, using either high-

avidity dextramers or proliferation tests. In CD, whether

CD8þ TLs react against gluten-derived peptides is debated

(reviewed by Meresse et al2). Results in this mouse model

may not be directly translatable to CD. Nevertheless, they

show that intestinal cytotoxic CD8þ TLs can expand inde-

pendently of cognate TCR recognition of antigen in the diet.

Moreover, our in vitro data indicate that cooperation

between IL15 and IL2 released by CD4þ TLs activated

by the dietary antigen is necessary and sufficient to

stimulate cytotoxic CD8þ TLs independently of their antigen

specificity. The synergistic effect of IL2 and IL15 was

Figure 7. Expansion of cytotoxic CD8þ T cells through synergy between IL2 and IL15. (A) Proliferation and Granzyme B
expression of CD8þ T-IELs after 96 hours of culture with IL15 (20 ng/mL), and supernatants of OVA-CD4þ TLs stimulated by
OVA323–339 (2 mg/mL), with or without IL2 depletion. One representative experiment of 3 independent experiments is shown. (B)
Il2 messenger RNA (mRNA) expression normalized to Hrpt1 mRNA in 3-month-old OTII � B6 and OTII � IL15Tge mice fed
OVA or CTRL diets; and in old B6 or B6 � IL15Tge mice (�10 mo) on a CTRL diet. Red dots indicate mice with enteropathy.
(C and D) Comparison of (C) villous/crypt length ratios and (D) number of IELs per 100 intestinal epithelial cells (IECs) in B6 and
B6 � IL15Tge mice after intraperitoneal injections of rhIL2 (200,000 IU/day) or PBS for 5 days. (E) Immunohistochemical
staining of Granzyme B in paraffin duodenal sections of B6 � IL15Tge mice treated with rhIL2 or PBS. *P < .05, ***P < .001
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restricted to memory/effector CD8þ TLs and was not

observed in naive CD8þ TLs. This mechanism is thus not

sufficient to activate naive CD8þ TLs, but may rapidly

mobilize many effector CD8þ TLs at tissue sites indepen-

dently of their specificity. Suggesting that this mechanism

may operate in vivo in our model, Il2 messenger RNA

was enhanced significantly in the duodenum of OVA-fed

OTII � IL15Tge compared with mice fed a control diet.

Moreover, injection of IL2 into B6 � IL15Tge but not into

WT B6 mice increased Granzyme Bþ CD8þ IELs, and

resulted in villous shortening. As expected, in vivo injection

of IL2 induced an expansion of Tregs.21 However, as dis-

cussed earlier, IL15 may stop Tregs from controlling

effector T cells, notably CD8þ. The molecular mechanism(s)

underlying the synergistic effects of IL2 and IL15 remain

to be deciphered. Signals delivered to lymphocytes by IL2

and IL15 are overlapping because their receptors share 2

chains, which form a signaling module. However, differences

in downstream signaling events have been reported both

in vitro22,23 and in vivo.24 Interestingly, a polymorphism

in the IL2/IL21 locus25 conferred increased risk for CD

and type I diabetes in human beings and in non-obese

diabetic mice.26 How this polymorphism affects the

expression of either cytokine remains unclear in human

beings. In human CD, IL21 is produced by gluten-activated

CD4þ TLs (reviewed by Meresse et al2). In our mice, we

did not observe any significant IL21 production (not

shown). IL21, able to synergize with IL15 to expand cyto-

toxic CD8þ TLs,27 may play a similar or complementary role

to IL2 in human CD.

In CD, cytotoxic CD8þ TLs are thought to induce

epithelial lesions, although the exact mechanism that trig-

gers their cytotoxicity remains under discussion. Signals via

activating natural killer receptors such as NKG2D were

notably shown to stimulate the degranulation of human

CD8þ T IELs independently of their specificity.6 In contrast

with human CD8þ TLs, mouse CD8þ TLs do not constitu-

tively express NKG2D and only 10%–20% of intestinal

CD8þ TLs expressed NKG2D in OVA-fed OTII � B6 or OTII �

IL15Tge mice. Similarly, 10%–20% of intestinal CD8þ TLs

stimulated in vitro by OVA-stimulated CD4þ TLs and IL15

expressed NKG2D. In the latter CD8þ TLs, degranulation

could be induced by a CD3 antibody used to mimic TCR

stimulation (Figure 7) but not by an NKG2D antibody (data

not shown). We do not exclude that in vitro conditions were

not adequate to show activation via NKG2D and that this

receptor plays a role in vivo. Thus, its ligand Rae-1e was

detected by Western blot in intestinal tissue in all groups of

mice (Supplementary Figure 14). Alternatively, degranula-

tion of intestinal cytotoxic CD8þ TLs might be triggered via

their TCR. In our model, intestinal memory/effector CD8þ

TLs expanded and acquired Granzyme B regardless of their

specificity. However, effector TLs migrate into the intestine

only after a step of activation by cognate antigens in gut-

associated lymphoid organs. A re-encounter with the same

exogenous or perhaps also self-antigens in the small intes-

tine might trigger their degranulation and induce tissue

damage. This hypothesis, however, needs to be substanti-

ated by further studies.

In conclusion, this study in a mouse model shows that

interactions between IL15, produced in excess in the in-

testine, and CD4þ TLs, chronically activated by a dietary

antigen, are necessary and sufficient to stimulate the

expansion of intestinal cytotoxic effector CD8þ TLs, and to

induce intestinal damage. A comparable scenario, illustrated

in Supplementary Figure 15, may operate in celiac disease.

Deciphering the mechanisms that control intestinal expres-

sion of IL15 in celiac patients may help to prevent disease in

HLA-DQ2/8 individuals who are predisposed to develop

gluten-specific CD4þ TLs.

Supplementary Material
Note: To access the supplementary material accompanying

this article, visit the online version of Gastroenterology at

www.gastrojournal.org, and at http://dx.doi.org/10.1053/

j.gastro.2013.12.023.
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SUPPLEMENTARY MATERIALS AND METHODS 

 

Surface and intracellular staining. For membrane staining, 105 cells were incubated with 

FcRII/III mAb (Fc block, 2.4G2) and then with various mixes of directly coupled mouse mAbs: 

Vȕ5-FITC (MR9-4), Vαβ-PE (MR5-2), CD4-PerCP (RM4-5), CD4-APCH7 (GK1.5), CD8α-

PerCP (53-6.7), CD8α-APC-H7 (53-6.7), CD44-PE (IM7), CD62L-APC (MEL-14), CD25-PE 

(PC61), CD25-APC (PC61), NK1.1-PE (PK136) (BD Biosciences); CD3-PE-Cy7 (145-2C11), 

NKG2D-APC (CX5), CD45-eFluor450 (30-F11), CD45-PerCP (30-F11), CD107a-PE (1D4B) 

(eBioscience); dextramer H2-Kb/SIINFEKL-PE (Immudex, Copenhagen, Denmark). Dead 

cells were excluded using Aqua dead (Life Technologies). For intracellular staining of Foxp3, 

106 cells were membrane labelled, fixed, permeabilized using a Foxp3 Staining Buffer Set 

(eBioscience) and then labelled with Foxp3-PE-Cy5 (FJK-16s) or rat IgG2a-PE-Cy5 isotype 

(eBioscience). In some experiments, cells were simultaneously labelled with Helios-Alexa-

Fluor647 Ab (22F6) or control Armenian Hamster IgG-Alexa-Fluor-647 (eBioscience). For 

intracellular staining of Granzyme B, membrane-labelled cells were fixed with 2% 

paraformaldehyde (Euromedex, Soffelweyersheim, France), permeabilized with 0.5% 

saponin (Sigma-Aldrich, Saint-Quentin Fallavier, France) in PBS with 1% FCS, and then 

stained with GzB-APC mAb (GB12) or control mouse IgG1 (Caltag Laboratories, 

Buckingham, UK). For Intracellular detection of cytokines, 106 cells were stimulated with 100 

ng/mL phorbol 12-myristate 13-acetate (PMA) and 1µg/mL ionomycin in the presence of 

10µg/mL brefeldin A (Sigma-Aldrich) for 4h. After membrane staining, cells were fixed and 

permeabilized as for Granzyme B staining, and labelled with IFN-Ȗ-APC (XMG1.2), and IL-

17A-PE (TC11-18H10) rat mAbs or rat IgG1 isotype (BD Biosciences). Cells were analyzed 

on a FACS Canto II using BD FACSDiva software (BD Biosciences). 

 

Transwell experiments. CD8+ T cells from OTI RAG2-/- mice were placed on 0.4µm 

polycarbonate membrane inserts in the upper chambers of 12-well plates (Corning Costar, 

Sigma Aldrich, Lyon, France) and CD4+ T cells from OTII RAG2-/- mice in the lower 



chambers. Cells were stimulated or not with OVA323-339 peptide (2µg/mL) in the presence of 

20 ng/mL IL-15 for 3 days. 



 

SUPPLEMENTARY FIGURE LEGENDS 

 

Supplementary Figure 1: Impact of OVA diet on OVA-CD4+ T cells 

(A) Frequency of OVA-specific (V 5+V 2+) T cells among CD4+ T cells in LP, MLN and 

spleen of OTIIxB6 and OTIIxIL-15Tge mice fed OVA-containing (OVA) or control (CTR) diets. 

(B, C) Frequencies of activated CD44hiCD62L- cells (B) and memory CD44hiCD62Lhi cells (C) 

among OVA-CD4+ TL, in LP, MLN and spleen of indicated mice as in A. *P<0.05, **P<0.01 

and ***P<0.001.  

 

 Supplementary Figure 2: Enteropathy development in OTIIxIL-15Tge mice 

(A) Representative pictures of 3 month-old OTIIxB6 mice and OTIIxIL-15Tge mice fed OVA- 

or CTR diets. (B) H&E-stained duodenal sections of 1-year-old B6 or B6xIL-15Tge mice. 

Scale bar, 5 μm. 

 

Supplementary Figure 3: Expansion of IFN-γ-producing T-cells in OTIIxIL-15Tge mice 

(A, B) Frequencies of IFN-Ȗ-producing cells among OVA-specific (Vȕ5+) CD4+ TL (A) or OVA-

non-specific (Vȕ5-) CD4+ TL (B) in LP, MLN and spleen of OTIIxB6 and OTIIxIL-15Tge mice, 

fed OVA or CTR diets *P<0.05, **P<0.01 and ***P<0.001.  

 

Supplementary Figure 4: High Helios expression in OVA-specific regulatory T cells in 

OVA-fed mice  

Frequency of Helios+ cells among OVA-specific CD25+Foxp3+CD4+ Tregs from LP, MLN and 

spleen of OVA-fed OTIIxB6 and OTIIxIL-15Tge. Dot plots in one out of 2 independent 

experiments.  

 

Supplementary Figure 5: Potent immunosuppressive effect of OVA-specific regulatory 

T cells from OVA-fed OTIIxIL-15Tge mice 



OVA-specific Tregs (Vȕ5+CD25+CD4+) were purified from MLN and spleen of OVA-fed 

OTIIxB6 and OTIIxIL-15Tge mice as in Figure 4. Their immunosuppressive functions were 

tested by co-culture (1:2 ratio) with OVA-CD4+ responder TL (Vȕ5+CD25-CD4+) from control 

OTII mice and stimulation with 0.5µg/mL OVA323-339 peptide. Proliferative responses were 

assessed by the uptake of [3H] thymidine after 72h. Results are pooled from 3 independent 

experiments. *P<0.05, **P<0.01.  

 

Supplementary Figure 6: Expansion of IFN-γ-producing CD8+ T cells in OTIIxIL-15Tge 

mice 

Frequencies of IFN-Ȗ-producing cells among CD8+ TL, in LP, MLN and spleen in indicated 

mice as in Fig S1. **P<0.01 and ***P<0.001.  

 

Supplementary Figure 7: Expansion of NK cells in OTIIxIL-15Tge mice 

Absolute numbers of NK cells in spleen, MLN, LP and IEL of indicated mice as in Figure S1. 

*P<0.05, **P<0.01. 

 

Supplementary Figure 8: CD8+ T cells from OVA-fed mice are not specific for dietary 

ovalbumin 

Frequency of H2-Kb/SIINFEKL dextramer-positive cells among CD8+ TL, in LP, epithelium, 

MLN and spleen, of OTIIxB6, OTIIxIL-15Tge, B6 and B6xIL-15Tge mice, fed with OVA or 

CTRL diets. Results from 3 independent experiments are pooled. 

 

Supplementary Figure 9: Activated OVA-specific CD4+T cells do not stimulate naïve 

CD8+T cells 

Naïve CD8+TL were sorted from spleen of B6 mice, labeled with Cell Trace Violet, added with 

spleen CD11c+ dendritic cells (DC) (DC:T ratio1:10), and then co-cultured or not with CD4+ 

TL from OTII RAG2-/- mice. Cells were stimulated for 96h with OVA257-263 (2µg/mL), OVA323-339 



(2µg/mL) peptides or OVA protein (400µg/mL) and cultured in the presence of 20ng/mL IL-15. 

One representative out of 3 independent experiments is shown. 

 

Supplementary Figure 10: NKG2D upregulation in lamina propria CD8+ T cells in OVA-

fed mice 

Frequencies of NKG2D+ cells among CD8+ LP T cells of indicated mice as in Fig S1. 

*P<0.05, **P<0.01. 

 

Supplementary Figure 11: CD4+ T cell help for cytotoxic activation of CD8+ TL depends 

on a soluble factor 

CD8+ TL were sorted from the spleen of OTI RAG2-/- mice, labeled with Cell Trace Violet, 

added with spleen CD11c+ DC (DC/T ratio 1:10), and were cultured with OVA-stimulated 

CD4+ TL (sorted from the spleen of OTII RAG2-/- mice), with cells either in direct contact, or 

separated by a Transwell membrane. Cells stimulated with OVA323-339 (2µg/mL) peptide and 

cultured in the presence of 20ng/mL IL-15. Proliferation, surface expression of CD69 and 

NKG2D and intracellular expression of Granzyme B of CD8+TL were assessed by flow 

cytometry on day 3. One representative out of 3 independent experiments is shown. 

 

Supplementary Figure 12: CD4+ T cell help to cytotoxic CD8+ TL depends on OVA-

induced IL-2 secretion 

OVA-CD4+ T cells were sorted from the spleen of OTII RAG2-/- mice, added with spleen 

CD11c+ DC (DC/T ratio 1:10) and then stimulated by OVA323-339 (2µg/mL) for 3 days. 

Supernatants were harvested and depleted with IL-2 antibody coupled to protein G or mock 

treated by control isotype. IL-2 depleted and isotype treated supernatants were then added to 

CD8+ TL sorted from the spleen of OTI RAG2-/- mice and labeled with Cell Trace Violet. Cells 

were cultured in the presence of 20ng/mL IL-15. Proliferation, surface expression of CD69 

and intracellular expression of Granzyme B of CD8+ TL were assessed by flow cytometry on 

day 3. One representative out of 3 independent experiments is shown.  



 

Supplementary Figure 13: CD25+Foxp3+ Tregs expand in B6 and B6xIL-15Tge mice 

treated by IL-2 

Frequencies of Foxp3+CD25+ Tregs among CD4+ TL in LP, MLN and spleen of B6 and B6xIL-

15Tge mice, treated by intraperitoneal injections of rhIL-2 (200,000 IU/day) or of PBS for 5 

days. *P<0.05, **P<0.01. 

 

Supplementary Figure 14: Intestinal Rae1 expression 

Western blot detection of NKG2D ligand Rae1 in duodenal biopsies of mice as indicated.  

 

Supplementary Figure 15: Schematic depicting cooperation between IL-15 and diet-

activated CD4+ T cells in the activation of intestinal cytotoxic CD8+ T cells 

Chronic oral exposure to a food protein activates antigen-specific effector and regulatory 

CD4+ TL, which migrate into the intestinal mucosa. When restimulated in the intestinal 

mucosa by the dietary antigen, mucosal effector CD4+ T cells produce IL-2, which promotes 

the survival and expansion of regulatory FOXP3+CD25+ T cells (Tregs). In turn Tregs 

suppress local immune activation and maintain homeostasis. When IL-15 is produced in 

excess in the intestine, IL-2 acts in concert with IL-15 on intestinal effector/memory CD8+ TL 

regardless of their antigenic specificity, and stimulates their expansion and differentiation into 

cytototoxic Granzyme B+ cells. IL-15 then renders CD8+ TL resistant to immunosuppression 

by Tregs and activates potent anti-apoptotic signals, which drive their progressive 

accumulation. Degranulation of cytotoxic CD8+ TL may then cause tissue damage. 

Mechanisms susceptible to trigger degranulation are discussed in the text. 
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B.3 Discussion  

Different questions have been addressed while setting up the mouse model and characterising 

the mechanisms of tolerance break to dietary OVA observed in OTII/hIL-15Tge mice.   

Is the enteropathy observed in OVA-fed OTII/hIL-15Tge mice similar to celiac disease 

entropathy?  

Macroscopic tissue lesions observed in our mouse model were, as in CD patients, mostly 

limited to duodenum, the proximal small intestinal part, where protein digestion largely takes 

place. Intestinal lesions were characterised by significant villous shortening, crypt hyperplasia 

and increased number of IELs, signs reminiscent of CD enteropathy. Lamina propria 

infiltration by CD8 T cells was however more important than in CD, probably due to the fact 

that IL-15 produced by epithelial cells in this model is secreted in large amounts. In some mice, 

the infiltration also affected deeper submucosa and muscle layers, which is not observed in 

most CD patients. Production of anti-gliadin and anti-TG2 IgA is a characteristic sign of CD. 

We have not addressed this issue thoroughly. An increase in serum OVA IgG was observed but 

no OVA-IgA were detected in the feces (not shown). We have not attempted to check for anti-

TG2 antibodies. Indeed, TG2 IgA antibodies are detected only in active CD patients consuming 

gluten but not during GFD; it is therefore thought that the production of anti-TG2 IgA 

autoantibodies is induced by TG2/gluten hapten complexes formed exclusively upon gluten 

feeding (Sollid et al., 1997). Nevertheless, this issue remains to be addressed as J. Yokoyama 

and colleagues have reported that hIL-15Tge mice displayed increased serum levels of anti-

TG2 IgA and lamina propria plasmacytosis (Yokoyama et al., 2011), suggesting that the 

formation of anti-TG2 IgA is not directly triggered by gluten but can be mediated by IL-15.  

Overall and despite uncharacterized IgA production, macroscopic and microscopic lesions 

observed in OVA-fed OTII/hIL-15Tge mice are largely reminiscent of CD lesions. Moreover, 

obtained results allow us to conclude that antigen-specific CD4 T cell response and epithelium-

derived IL-15 are sufficient to induce intestinal lesions. The production of IL-15 in intestinal 

epithelium or least in the intestinal mucosa is a critical factor. HLA-DQ8 transgenic mice on 

MHC class II-deficient background that overexpressed IL-15 under the H2-D
d
 promoter (HLA-

DQ8/D
d
-IL-15Tge mice) did not develop any enteropathy in response to dietary gluten. In the 

latter mice, it seems that IL-15 was overexpressed in MLN but its expression in LP was only 

very mildly affected (DePaolo et al., 2011). These observations are in keeping with our data. 

Indeed, the cooperation between IL-2 produced by CD4 T cells activated by the dietary antigen 
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and IL-15 drove the expansion of cytotoxic CD8 T cells and this mechanism operated only in 

memory/effector CD8 T cells known to be present in intestinal tissue but not in naïve CD8 T 

cells predominant in MLN. 

Can the observed enteropathy be reverted by removing of dietary ovalbumin?  

Gluten-free diet is the unique therapeutic strategy for active CD patients allowing histological 

recovery and reversion of clinical symptoms. Thus, to definitely conclude that a mouse model 

is entirely relevant to CD, the enteropathy should be reversible upon removal of the triggering 

dietary antigen. Yet, in CD IL-15 is overexpressed in active CD patients but tends to decrease 

in patients following gluten-free diet, except in a subset of refractory patients who become 

resistant to the diet and display persistence of IL-15 overexpression that is thought to 

participate in sustaining epithelial damage (Di Sabatino et al., 2006; Maiuri et al., 2000; 

Mention et al., 2003). In our model hIL-15 is permanently expressed and cannot be switched 

off upon removal of dietary OVA. Accordingly, aging hIL-15Tge mice develop spontaneous 

enteropathy (in our colony by the age of 9-12 months). Moreover, a few very old hIL-15Tge 

mice have developed an intraepithelial expansion of clonal IELs lacking surface CD3 (J. 

Ettersperger, B. Meresse unpublished observations) reminiscent of the population of malignant 

IELs that define clonal refractory CD in a the small subset of CD patients (Malamut et al., 

2012). 

The permanent expression of IL-15 is thus one limit of this model. Moreover, it must be 

indicated that IL-15 is expressed in a secreted form and is therefore found in large amounts in 

the serum resulting in a strong expansion of CD8 T cells not only in the intestine but also in the 

periphery of hIL-15tge mice. Of note, small amounts of IL-15 have been detected in serum of 

CD patients that often display an inversion of the CD4:CD8 ratio. Nevertheless, mouse models 

in which IL-15 overexpression could be switched on upon exposure to an antigen and switched 

off upon its removal are strongly required. Alternatively, mice with inducible IL-15 expression 

using for example tetracycline-inducible expression system should be considered (Figure B.1).   
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Figure B.1: Tetracycline on/off system 
Breeding of transactivator transgenic mice, in which regulatory protein reverse tetracycline-controlled transcriptional activation 

(rtTA) is constitutively produced under the control of a ubiquitous promoter (PU) or tissue-specific promoter (PTS), and 

responder mice, in which the expression of cDNA(s) of interest is under the regulation of the rtTA-dependent promoter. In 

double transgenic mice, addition of Dox to Tet-on system results in transcriptional induction of the gene(s) of interest, whereas 

in the absence of Dox, inactive rtTA cannot bind its target or dissociates from tetracycline response elements (TRE), and 

subsequently terminates the transcription of downstream target gene(s) (Sun et al., 2007b). 

Does early and prolonged exposure to dietary antigen contribute to tolerance break?  

Celiac disease frequently develops in early childhood (Namatovu et al., 2014). It has been 

largely speculated that earlier (<4 months of age) or later (>6 months of age) introduction of 

gluten to the diet may trigger the onset of CD (Ivarsson et al., 2002; Norris et al., 2005). 

Previous data (Hanson, 1981; Strobel and Ferguson, 1984) suggested the existence of a time 

frame during prenatal and early postnatal development when the exposure to a food antigen 

may rather lead to immune priming than to tolerance. Of note, gut permeability is increased in 

the immature intestine, as observed in rodents up to 7 days after birth and in humans during the 

first days after birth. Thus, large molecules, such as proteins, may probably reach the intestine 

of pups before birth through umbilical cord and through breast mother milk after the birth 

(Verhasselt, 2010a) contributing to the priming of antigen-specific cells.  

Accordingly, different protocols were tested by Emma Ramiro-Puig in order to provoke tissues 

lesions in OTII/hIL-15Tge and OTII/B6 offspring. Strikingly, only prenatal introduction of 

OVA to pregnant mothers and prolonged exposure of pups to high dose of OVA (10% OVA-

containing pellets) provoked growth retardation and small intestinal enteropathy in OTII/hIL-

15Tge mice, but not in OTII/B6 mice. In contrast, introduction of OVA at the time of weaning 

and prolonged exposure until 12 weeks of age did not induce any enteropathy in young 

OTII/hIL-15Tge mice (unpublished data). These results indicate that the mechanisms of 

tolerance in weaned animals are sufficiently robust to preserve tolerance even in the presence 
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of IL-15. Several factors probably contribute to the loss of local tolerance to dietary OVA in 

OVA-fed OTII/hIL-15Tge mice, including early and prolonged exposure, high dose, and 

increased gut permeability during prenatal and early postnatal periods, and IL-15 

overexpression.  

Does IL-15 interfere with tolerance mechanisms? Does it prevent the generation and function 

of Treg cells?  

In OVA-fed OTII/B6 mice, the striking decrease in OVA-specific CD4 T cells suggested their 

deletion in response to activation by OVA. As discussed in chapter 1, deletion of activated T 

cells can contribute to oral tolerance (Chen et al., 1995a). This protective mechanism may be 

altered in OVA-fed OTII/hIL-15Tge mice in which the decrease in OVA-specific CD4 T cells 

after feeding was much less obvious. A plausible hypothesis is that IL-15 can exert anti-

apoptotic effect on activated CD4 T cells. 

Foxp3 Treg cells are believed to be crucial for tolerance to food antigens (Hadis et al., 2011; 

Torgerson et al., 2007). In our model, we observed a striking increase in the frequency of 

CD25
+
 Foxp3

+
 OVA-specific CD4 T cells notably in the intestinal lamina propria of OVA-fed 

OTII/hIL-15Tge mice. This result appears at odds with a previous report suggesting that IL-15 

together with retinoic acid impairs the generation of induced Treg cells (DePaolo et al., 2011). 

In our OTII transgenic mouse model, OVA-specific T cells can express a second T cell receptor 

and can therefore be selected in the thymus as thymus-derived Tregs. Therefore, many OVA-

specific T cells with a Treg phenotype that expand in the intestine of OVA-fed OTII/hIL-15Tge 

mice may be thymus-derived OVA-specific Tregs. In keeping with this, a large proportion of 

the latter cells expressed Helios, a marker that is preferentially expressed on thymus-derived 

Tregs. Yet, experiments from the laboratory performed in vitro using human T cells have failed 

to demonstrate any inhibitory effect of IL-15 on the conversion of naïve T cells into Tregs. 

Moreover, herein we observed that naive OVA-specific CD4 T cells obtained from OTIIxRag1
-

/-
 that do not contain thymus-derived T cells could convert into Tregs in the MLN of both B6 

and hIL-15Tge mice upon oral exposure to OVA. Thus, we did not observe any evidence that 

IL-15 might impair peripheral conversion of OVA-specific T cells into Tregs.  

Furthermore and similarly to results obtained in human CD studies (Ben Ahmed et al., 2009; 

Hmida et al., 2012; Zanzi et al., 2011), we observed that Treg cells remained fully functional in 

in vitro assays. In contrast, and as previously shown in humans, effector cells, notably CD8 T 
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cells, were much less responsive to in vitro suppression by Tregs in the presence of IL-15. 

Thus, proliferation, IFNȖ production, as well as Granzyme B production by effector CD8 T 

cells were less well controlled by Tregs in the presence of IL-15. Overall, these data are in 

keeping with observations made ex vivo in CD patients, showing the lack of response of their 

effector intestinal and peripheral T cells to suppression by autologous or heterologous Tregs 

(Hmida et al., 2012). 

Consistent with the study of de Paolo and colleagues in HLA-DQ8/D
d
-IL-15Tge mice 

(DePaolo et al., 2011), we have observed an increase in the frequency of IFNȖ-producing cells 

in spleen of hIL-15Tge mice, suggesting a loss of peripheral tolerance. Of note, this effect was 

not restricted to OVA-specific CD4 T cells but was also observed in spleen non-OVA-specific 

CD4 T cells and in CD8 T cells, pointing out to a generalized loss of response of T cells to 

immunoregulation, also reminiscent of observations made in CD patients (Hmida et al., 2012). 

No significant increase in IFNȖ-producing OVA-specific CD4 T cells was however observed in 

lamina propria, probably due to the strong expansion of Tregs in the intestine of OVA-fed 

OTII/hIL-15Tge mice (in some mice, up to 90% of OVA-specific CD4 T cells were 

Foxp3
+
CD25

+
).  

In vivo results pointed out to a loss of intestinal tolerance associated with an increase in 

granzyme B expression by intestinal CD8 T cells in OTII/hIL-15Tge mice, yet more important 

after OVA feeding. Moreover, Granzyme-positive CD8 T cells in OVA-fed OTII/hIL-15Tge 

mice were found in close proximity to epithelial lesions, suggesting their participation in 

epithelial damage. As discussed below, expansion of Granzyme B
+
 CD8 T cells depends on the 

interaction between IL-15 and IL-2 produced by OVA-specific CD4 T cells. Up-regulation of 

Granzyme B was seen only in intestine, probably due to the fact that IL-2 was produced by 

OVA-specific CD4 T cells restimulated by the antigen locally in the intestine.  

Are the expanded cytotoxic CD8 T cells specific of dietary ovalbumin? How are they activated?  

Cytotoxic CD8 T cells are thought to be central for epithelial damage in CD. However, it still 

remains unclear whether these cells are specific or not of gluten (Gianfrani et al., 2003; 

Mazzarella et al., 2008). In our mouse model, we could easily address this question since it is 

known that in B6 mice OVA-specific CD8 T cells are directed against OVA257-263 dominant 

peptide. Taking advantage of commercialized dextramers H2-Kb/OVA257-263 and in vitro 

restimulation, we have demonstrated that expanded CD8 T cells are not OVA-specific. In 
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addition, in vitro studies have provided evidence that CD8 T cells proliferated and up-regulated 

Granzyme B in non-cognate manner when co-cultured with activated CD4 T cells.  

How CD4 and IL15 interact in activation of cytotoxic CD8 T cells?  

We have shown that in vitro CD8 T cell proliferation and Granzyme B up-regulation were 

independent of their TCR specificity and were mediated by cooperation between IL-15 and IL-

2, released by OVA-specific CD4 T cells in response to cognate activation by dietary antigen. 

However, this synergistic effect of IL-15 and IL-2 was limited only to effector/memory CD8 T 

cells and was not observed in naive CD8 T cells. Indicating that this mechanism observed in 

vitro could also operate in vivo, PCR analysis demonstrated an increase in IL-2 mRNA in 

duodenum of OVA-fed OTII/hIL-15Tge mice. Moreover, IL-2 injection into hIL-15Tge
+/-

 mice 

increased the numbers of Granzyme B-containing CD8 T cells and resulted in villous 

shortening despite a marked expansion in Treg cells. Contrary to hIL-15Tge mice, B6 mice 

injected with IL-2 have not displayed any mucosal changes, confirming the synergistic effect 

between IL-15 and IL-2. 

What is the molecular basis of the synergy between IL-15 and IL-2 for cytotoxic activation of 

CD8 T cells?  

The two cytokines have very similar signalling pathways as their receptors share the ȕ and Ȗc 

chains responsible for downstream signalling. Some differences in downstream signals between 

IL-2 and IL-15 have been reported (Cornish et al., 2006; Dubois et al., 2003; Marks-Konczalik 

et al., 2000). It is however unclear to which extent the synergistic effects result from activation 

of distinct signalling pathways or from a dose effect of these two cytokines.  

Where do the expansion and cytotoxic activation of CD8T cells take place?  

Since the mechanism that we have described operate only in effector/memory CD8 T cells, it 

likely takes place only in effector intestinal site and not in MLN where T cells are mainly 

naive. Overall, we propose the following scheme (Figure B.2). CD4 T cells primed by the 

dietary antigen in MLN migrate into lamina propria. Locally reactivated by the cognate 

antigen, CD4 T cells produce IL-2 that together with epithelium-derived IL-15 acts onto nearby 

effector/memory CD8 T cells leading to their expansion and their cytotoxic activation. This 

process likely needs close proximity of CD4 and CD8 T cells. Moreover, in the presence of IL-

15, effector CD8 T cells become resistant to Treg cell suppression that further sustains their 
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expansion and Granzyme B up-regulation. Finally, IL-15 may favour the survival and 

accumulation of granzyme B CD8 T cells due to its anti-apoptotic properties.    

 

Figure B.2: Scheme depicting the cooperation between IL-15 and diet-activated CD4 T cells in cytotoxic activation of 
intestinal CD8 T cells 

CD4 T cells primed by dietary antigen in MLN migrate into lamina propria. Locally reactivated by the cognate dietary antigen, 

CD4 T cells produce IL-2 that together with epithelium-derived IL-15 acts onto neighboring effector/memory CD8 T cells 

leading to their expansion and cytotoxic activation. This process likely needs close proximity of CD4 and CD8 T cells. 

Moreover, in the presence of IL-15, effector CD8 T cells become resistant to Treg cell suppression that further sustains their 

expansion and Granzyme B up-regulation. Finally, IL-15 may favour the survival and accumulation of Granzyme B CD8 T 

cells due to its anti-apoptotic properties.   

What is the mechanism triggering cytotoxicity of CD8 T cells against epithelial cells?  

Different studies have suggested that intestinal CD8 T cells may damage epithelial cells via 

NK-receptor-dependent and/or TCR-dependent mechanisms (Hue et al., 2004; Mazzarella et 

al., 2008; Meresse et al., 2004; Meresse et al., 2006; Roberts et al., 2001).  

In our mouse model, we have tried to establish whether CD8 T cells could degranulate in 

response to TCR and/or NKG2D-receptor stimulation. Polyclonal stimulation with antibodies 

against CD3 but not against NKG2D could induce the degranulation of CD8 T cells derived 

from in vitro coculture with OVA-stimulated OTII CD4 T cells and IL-15. Since the cytotoxic 

CD8 T cells that expanded in OVA-fed OTII/hIL-15Tge mice were not specific of OVA, their 

degranulation can probably be triggered in the intestine upon encounter with their cognate 

antigens, such as bacterial or viral antigens, or even self-antigens. In human CD, an important 

role has been suggested for NKG2D and NKG2C, both receptors expressed in IELs from CD 

patients while their ligands are up-regulated in the gut epithelium (Hue et al., 2004; Jabri et al., 

2000; Mazzarella et al., 2008; Meresse et al., 2004; Meresse et al., 2006; Roberts et al., 2001). 

NKG2C does not exist in mice. NKG2D is an NK receptor constitutively expressed by human 

CD8 T cells including IELs but in mice NKG2D expression depends on TCR stimulation and 

was observed only on 10-20% of intestinal CD8 T cells in OVA-fed OTII/B6 or OTII/hIL-
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15Tge mice. The role of NKG2D in CD8 T cells is thus likely different in mice and in humans. 

Yet, the NKG2D mouse ligand, Rae-1 was strongly expressed in the duodenum of all groups of 

mice. Therefore, we cannot exclude that NKG2D-mediated degranulation of Granzyme-

positive CD8 T cells takes place, even if this mechanism is likely much less efficient than in 

humans.   

To which extent can this mechanism be translatable to CD?  

This study has demonstrated that cooperation between CD4 T cells, chronically activated by a 

dietary antigen, and IL-15, overexpressed in intestinal epithelium, is necessary and sufficient to 

induce tissue lesions, evocative of CD enteropathy associated with the expansion of intestinal 

cytotoxic effector CD8 T cells. A similar scenario may operate in CD (Figure B.2). Thus, 

chronic exposure to gluten in indviduals bearing MHC class II antigens enabling gluten 

presentation should allow the generation of antigen-specific CD4 T cells. In healthy HLA-

DQ2/8 individuals, gluten-specific Tregs are likely generated and IL-2 produced by activated 

effector CD4 T cells may sustain expansion and function of antigen-specific Foxp3 T cells that, 

in turn, can keep in check both CD4 and CD8 effector T cells. However, in the presence of IL-

15, effector cells, notably CD8 T cells, become unresponsive to Treg immuno-suppression. 

Moreover, IL-2 and IL-15 produced by epithelial cells can synergize to stimulate the cytotoxic 

activation and proliferation of non-cognate effector CD8 T cells. Finally, IL-15, due to its 

potent anti-apoptotic properties, may promote the survival and accumulation of such cytotoxic 

CD8 T cells. Degranulation of CD8 T cells may then be triggered by TCR and/or NK-receptor 

stimulation. 

It remains unknown whether IL-2 plays a similar role in CD patients. Of note, a polymorphism 

in the IL-2/IL-21 locus confers an increased risk for CD (van Heel et al., 2007). It is unclear 

how this polymorphism affects the expression of IL-2 and IL-21. IL-2 transcripts are not 

increased in the biopsies of active CD. Yet, IL-2 can be detected in the supernatant of organ 

cultures from CD biopsies in response to stimulation by gluten peptides. It is therefore possible 

that small amounts of IL-2 released within the intestinal tissue by activated CD4 T cells might 

synergize with IL-15. IL-21 might perhaps play a role comparable or complementary to IL-2 in 

human CD. Thus, IL-21 transcripts were upregulated in CD biopsies, and IL-21 was produced 

by gluten-specific CD4 T cells (Fina et al., 2008; Sperandeo et al., 2011). Interestingly, IL-21 is 

necessary for development and survival of memory CD8 T cells after viral infection (Barker et 

al., 2010; Cui et al., 2011; Novy et al., 2011). IL-21 may synergize with IL-15 in human CD 
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intestine to foster the expansion of cytotoxic CD8 T cells (Zeng et al., 2005). It was suggested 

that in vitro incubation of intestinal CD4 T cells with IL-15 enhanced their production of IL-21 

pointing to a possible feedback loop (Sarra et al., 2013).  

A recent study has shown that gluten challenge of CD patients on GFD induced the appearance 

of activated gut-homing CD8 TCRαȕ and TCRȖį in their peripheral blood (Han et al., 2013). 

Activated CD8 T cells were detected simultaneously to gluten-specific CD4 T cells and 

displayed a focused TCR repertoire similar between different patients. The authors of this study 

speculated that gluten-specific CD4 T cells might license CD8 T cells specific for self or 

common infectious antigens (Han et al., 2013). Overall, this hypothesis is in keeping with our 

results suggesting that CD4 T cells specific of the dietary antigen provide, in the presence of 

IL-15, non-cognate T cell help to CD8 T cells and drive their expansion and cytotoxic 

differentiation. This mechanism as well as the blocking effect of IL-15 on Foxp3-mediated 

immunosuppression may participate in the onset of autoimmune diseases that frequently 

complicate CD (Cosnes et al., 2008).  

May this non-cognate activation of CD8 T cells operate in other MHC class II-dependent 

autoimmune diseases?  

Despite the strong association of most autoimmune diseases with MHC class II alleles (T1D, 

multiple sclerosis, rheumatoid arthritis and others), numerous reports provide an evidence that 

CD4 T cells remain initiators of the diseases, while CD8 T cells play an effector role in tissue 

damage (Gravano and Hoyer, 2013). Indeed, CD8 T cells often dominate in the inflammatory 

infiltrate accompanying lesions in different autoimmune diseases, including diabetes, multiple 

sclerosis, rheumatoid arthritis, and autoimmune hepatitis (Babbe et al., 2000; Lucchinetti et al., 

2011; Malmestrom et al., 2008; Nakao et al., 1990; Willcox et al., 2009; Wong et al., 2007). 

Depletion of CD8 T cells reduces or prevents the development of insulin-dependent diabetes in 

NOD mice (Wang et al., 1996; Wong et al., 1996), experimental rheumatoid arthritis (Larsson 

et al., 1989; Raposo et al., 2010), experimental autoimmune glomerulonephritis (Reynolds et 

al., 2002) or myasthenia gravis (Zhang et al., 1995). Contradictory data are available about the 

specificity of CD8 T cells indicating that they can be specific of tissue self-antigens or not. IL-

15 is produced by many tissues and elevated IL-15 levels have been found in several 

autoimmune diseases, including rheumatoid disease and multiple sclerosis (Carroll et al., 2008; 

Correale and Villa, 2008; McInnes and Schett, 2007; Vaknin-Dembinsky et al., 2008). 

Therefore, the cytotoxic activation of CD8 T cells in these pathologies may result from the 

cooperation between IL-15 produced locally in the tissues and activated CD4 T cells.  
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May IL-15 contribute to the activation/maturation of dendritic cells therefore contributing to 

the initiation of inflammatory response? 

This issue is studied and discussed in the following chapter of complementary results p. 105.  

Perspectives: gluten-induced model of celiac-like enteropathy?  

In addition to the presence of human HLA-DQ2/8 transgenes and probably of human transgenic 

TCR in mice, two main issues remain to be addressed in order to create a gluten-induced mouse 

model of celiac-like enteropathy: activation of TG2 and reversible up-regulation of IL-15 in the 

intestinal epithelium. In CD patients, these two events depend on exposure to gluten. However, 

to establish mouse model, in which IL-15 induction and TG2 activation depend on gluten 

exposure, will probably be difficult. Models based on tetracycline-dependent (Figure B.1) 

induction of IL-15 may allow the reversible expression of IL-15. To stimulate prolonged but 

reversible activation of TG2 activation may be more difficult. Of note, preliminary results in the 

laboratory suggest that interactions of CD71 with IgA/gluten peptides immune complexes may 

trigger a Ca
2+

 signal and activate TG2. Strikingly, this mechanism cannot operate in mice since 

CD71 does not fix mouse IgA. If this result is confirmed, the use of mice expressing a 

humanized version of IgA may therefore be necessary to recapitulate CD. Production of a 

pertinent mouse model of CD may thus require complicated breeding to combine at risk HLA, 

responsive CD4 T cells, IL-15 and human IgA able to bind mouse CD71. 
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C. SUPPLEMENTARY RESULTS:  IL-15-

activated NK cells trigger CD103 expression 

on mononuclear phagocytes and enhance 

their cross-priming activity  

C.1 Introduction 

IL-15 is a cytokine synthesized by many cell types, including epithelial cells, tissue 

monononuclear phagocytes (MNP) and dendritic cells (DCs). IL-15 is generally expressed 

bound to the alpha chain of IL-15 receptor (IL-15Rα) that allows its trans-presentation to 

immune cells, notably CD8 T cells and NK cells. Indeed, the latter cells express a signaling 

module comprising a  chain (CD122) common to IL-2 and IL-15 receptors and the c chain 

(CD132) common to c cytokines (IL-2, IL-4-, IL-7, IL-9, 1L-15, IL-21) (Fehniger and 

Caligiuri, 2001). IL-15 is up-regulated during viral and bacterial infections, such as human 

immunodeficiency virus type 1 (HIV-1), herpes simplex virus 2 (HSV-2), hepatitis C virus 

(HCV), Listeria monocytogenes, and Toxoplasma gondii, and may thus contribute to the 

development of protective innate and adaptive immune responses (Di Sabatino et al., 2011). 

Conversely, chronic IL-15 up-regulation has been reported in several diseases, notably in celiac 

disease, rheumatoid arthritis, inflammatory bowel diseases and multiple sclerosis, where it is 

thought to participate in tissue damage (Di Sabatino et al., 2011). We have recently shown in a 

mouse model mimicking CD how IL-15 may cooperate with CD4 T cells activated by a dietary 

antigen to stimulate the expansion of cytotoxic CD8 T cells and foster intestinal tissue damage 

(Korneychuk et al., 2014). Another work from our laboratory has also shown how an IL-15-

dependent population of NK-like innate lymphoid cells present in the intestinal lamina propria 

can amplify intestinal inflammation by secreting the chemokine CCL3 that recruits 

inflammatory monocytes into the intestine (Schulthess et al., 2012). Herein, we have examined 

how chronic up-regulation of IL-15 might influence dendritic cell activation or maturation and 

thereby perhaps participate in inflammation. Indeed, several reports have indicated that IL-15 

might enhance the maturation of dendritic cells differentiated from bone marrow or from blood 

monocytes (Anguille et al., 2009; Dubsky et al., 2007; Kuwajima et al., 2006; Ohteki et al., 

2001; Regamey et al., 2007). Dendritic cells were also suggested to prime more efficiently 

naïve T cells, when differentiated in the presence of IL-15 (Anguille et al., 2009; Dubsky et al., 
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2007; Ohteki et al., 2001). To address this issue, we have taken advantage of mice chronically 

overexpressing a soluble form of human IL-15 in intestinal epithelium (hIL-15Tge mice) (Ohta 

et al., 2002). Herein, we show that overexpression of IL-15 stimulates the expansion of a subset 

of dendritic cells expressing CD103 and that this effect depends on GM-CSF secretion by IL-

15-activated NK cells. DCs differentiated in mice overexpressing IL-15 were enriched in 

CD103
+
 DCs and displayed enhanced cross-presentation abilities in vitro. These results 

illustrate how IL-15, by orchestrating a crosstalk between NK cells and mononuclear 

phagocytes, can modulate adaptive immune responses.  

 

C.2 Materials and Methods 

Mice 

B6 (C57BL/6j) and B6 δy5.1 mice were purchased from Charles River (δ’Arbresle, France). 

OTI RAG2
-/- 

mice were a gift from O. Lantz (Institut Curie, Paris, France). RAG
-/-

 Ȗc-/- 
Ly-5.2, 

CD122
-/-

 RAG
-/-

 Ly-5.2 and RAG
-/-

 Ly5.1 mice were a gift from J. Di Santo (Institut Pasteur, 

Paris, France). Bone marrows of Csf-βRȕ-/-
 mice were a gift from F. Powrie (University of 

Oxford, UK). Heterozygous mice expressing human IL-15 under control of intestine-specific 

T3b promoter (hIL-15Tge mice) (Ohta et al., 2002) and IL-15
-/-

 mice were maintained and bred 

under specific pathogen-free conditions in accordance with European Guidelines. Experiments 

were approved by the local ethics committee.  

Cell isolation and flow cytometry 

Isolation of lamina propria (LP), spleen and mesenteric lymph nodes (MLN) cells was 

performed as described (Gaboriau-Routhiau et al., 2009). For isolation of dendritic cells, spleen 

and MLN tissues were cut in small pieces and digested with 100U/mL Collagenase D (Roche, 

France) and 50U/mL DNase I (Sigma, France) for 40 minutes at 37°C prior to collecting cell 

suspensions. For membrane staining, 10
5
 cells were incubated with FcRII/III mAb (Fc block, 

2.4G2) and then with various mixes of directly coupled mouse mAbs: I-A/I-E-FITC (2G9), 

CD11c-PE-Cy7 (HL3), CD11b-APC (M1/70), CD3e-APC (145-2C11), CD19-APC (1D3), 

CD45R (B220)-Alexa Fluor 647 (RA3-6B2), NK1.1-APC (PK1γ6), Vȕ5-FITC (MR9-4), CD8-

APC-H7 (PC61), CD4-FITC (H129.19) from BD Biosciences (Le Pont-de Claix, France); 

CD11-PerCP-Cy5.5 (N418), NKG2D-APC (CX5), CD80-FITC (16-10A1), CD86-PE-Cy5 

(GL1), CD40-PE-Cy5 (1C10), CD45-eFluor 450 (20-F11) from eBioscience (Paris, France). 

Dead cells were excluded using Aqua dead (Life Technologies, Saint-Aubin, France). Cells 
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were analyzed on a FACS Canto II using BD FACSDiva software (BD Biosciences, Le Pont-de 

Claix, France) or FlowJo software (Treestar Inc., USA).  

Bone-marrow dendritic cell cultures 

Bone marrow (BM) was flushed out from femurs and tibiae using PBS 1X. Red blood cells 

were lysed and washed with RPMI/2% FCS. Cells were resuspended at 2*10
6
 cells/mL in 

RPMI 1640 added with 10% FCS and Flt3L (200ng/mL, Miltenyi Biotec SAS) in 6-well plates 

(3mL of cell suspension/per well) for 9-12 days at 37°C. In some conditions, mouse IL-15 

(100ng/mL, Miltenyi Biotec SAS) and/or mouse GM-CSF (1ng/mL, Miltenyi Biotec SAS) 

were added to the culture on day 0 or day 6. In co-culture experiments BM from RAG
-/-

 Ȗc-/- 

Ly-5.2 or CD122
-/- 

RAG
-/- 

Ly-5.2 mice and BM cells from B6 Ly5.1 or RAG
-/-

 Ly5.1 mice were 

put into culture at a 1:1 ratio. In Transwell experiments, RAG
-/-

 Ȗc-/-
 Ly-5.2 BM cells were 

placed on 0.4µm polycarbonate membrane inserts in the upper chambers of 6-well plates 

(Corning Costar, Sigma Aldrich, Lyon, France) while RAG
-/-

 Ly5.1 BM cells were added into 

the lower chambers. 

Enzyme-linked immunosorbent assay (ELISA)  

GM-CSF concentration was analyzed by ELISA (DY415, R&D Systems, Lille, France).  

Quantification of messenger RNA expression 

RNA was purified from duodenal biopsy specimens using RNeasy Mini kit (Qiagen France 

SAS, Courtaboeuf, France) and reverse-transcribed as described (Gaboriau-Routhiau et al., 

2009). Quantitative polymerase chain reaction was performed using Taqman gene expression 

assays (Life Technologies).  

Cross-presentation assay 

Spleen DCs from WT B6 or hIL-15Tge mice were enriched by an AutoMACS Pro Separator 

using CD11c magnetic beads (Myltenyi Biotec) and distinct DC subsets were FACS-sorted as 

MHCII
+
Lin

-
CD11c

+
CD11b

-
 or CD11b

+
 (Lin included CD3, CD19, NK1.1, NKG2D and B220) 

using a FACS Aria cell sorter (BD Biosciences). OVA-specific CD8 (OTI) T cells were 

isolated from the spleen of OTI RAG
-/-

 mice and negatively sorted by an AutoMACS Pro 

Separator and then by a FACS Aria cell sorter as CD8
-
NKG2D

-
NK1.1

-
CD11c

-
 cells. OVA-

specific CD8 T cells (>99% purity) were then labeled using Cell Trace Violet cell proliferation 

kit (Life Technologies). To assess the ability of DCs to cross-present OVA protein to Cell 



 Korneychuk Natalia – PhD Dissertation – 2014 
SUPPLEMENTARY RESULTS: IL-15-activated NK cells trigger CD103 expression on mononuclear phagocytes 

and enhance their cross-priming activity 

108 
 

Trace Violet-stained CD8 OTI T cells, APC were first pulsed with different concentrations of 

OVA protein (from 10mg/mL to lesser concentrations obtained by two-fold serial dilutions) for 

4 hours at 37°C, washed several times with RPMI/10% FCS and co-cultured with OVA-

specific CD8 T cells in 1:10 ratio for 3 days at 37°C with 5% CO2 in 96-well round-bottom 

plates. After 3 days, proliferation and cell counts were determined by flow cytometry using cell 

count beads (BD Biosciences).  

Statistical analysis 

Statistical analysis was performed with GraphPad Prism version 6.00 (GraphPad Software Inc., 

La Jolla, USA) using non-parametric Mann-Whitney U test. A P value less than .05 was 

considered statistically significant. 

 

C.3 Results 

Striking expansion of CD103
+
CD11c

+
CD11b

-
 DCs in hIL-15Tge mice 

Comparative analysis of mononuclear phagocytes (MNP) purified from small intestinal lamina 

propria, MLN and spleen of WT B6 and hIL-15Tge mice was performed using traditional 

surface markers. A simple gating strategy was adopted (Figure C.1). Total mononuclear 

phagocytes were identified among live leukocytes (CD45
+
 Aqua dead

-
) as CD11c

+
 MHCII

+
 

Lin
-
 cells (Lin included CD3, CD19, NK1.1, B220 markers). Then, two populations were 

distinguished as CD11c
+
CD11b

-
 and CD11c

+
CD11b

+ 
cells and the latter two subsets were 

analyzed for CD103 expression. The lack of functional CX3CR1 antibody and of hIL-15Tge 

mice crossed to CX3CR1
+/GFP

 prevented the simultaneous analysis of CX3CR1 and CD103 

expression.  
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Figure C.1: Gating strategy for identification of small intestinal lamina propria mononuclear phagocytes (SI LP MNP) 
Representative dot plots showing the identification of SI LP MNP in WT B6 mouse. Based on SSC/FSC profiles, live 

leukocytes were identified as CD45+ Aqua-dead- cells. MNP were then identified as CD11c+ MHCII+ Lin- (Lin containing 

CD3, CD19, NK1.1 and B220). Two MNP subsets were distinguished based on their expression of CD11b: CD11c+CD11b-  

(orange) and CD11c+CD11b+ (gray). The expression of CD103 was analyzed in both subsets.  

 

Except in MLN, which contained increased frequency of CD11c
+
CD11b

- 
cells, 

frequencies of CD11c
+
CD11b

-
 and CD11c

+
CD11b

+ 
cells were comparable in hIL-15Tge mice 

and WT B6 mice (Figure C.2 A, B). However, absolute numbers of both populations were 

strongly increased in all tested compartments of hIL-15Tge mice (Figure C.2 C). In contrast, no 

difference was observed in frequencies or numbers of CD11c
+
CD11b

-
 and CD11c

+
CD11b

+ 

MNP between IL-15
-/-

 and WT B6 mice (Figure C.2 B, C). Overall, these data indicate that IL-

15 is dispensable for the differentiation or survival of MNP cell subsets, but chronic IL-15 

overexpression can drive their expansion.  
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Figure C.2: Comparative analysis of frequency and numbers of CD11c+CD11b- and CD11c+CD11b+ MNP in WT B6, 

hIL-15Tge and IL-15KO mice 
A. Representative dot plots showing distribution of CD11C+CD11b+ and CD11c+CD11b+ subsets among CD11c+MHCII+Lin- 

cells in spleen and lamina propria (LP) of WT B6, hIL-15Tge and IL-15KO mice. B, C. Frequency (B) and absolute numbers 

(C) of two populations among CD11c+MHCII+Lin- in spleen, mesenteric lymph nodes (MLN) and lamina propria (LP) of WT 

B6, hIL-15Tge and IL-15KO mice. *P<.05, **P<.01. 

 

Further analysis revealed a striking increase in the frequency of CD103
+
 cells among 

CD11c
+
CD11b

-
 but not among CD11c

+
CD11b

+ 
MNP in all analyzed compartments (small 

intestinal LP, MLN and spleen) of hIL-15Tge mice compared with WT B6 mice (Figure C.3 A, 

B, and Figure C.4 A, B). Given the strong increase in total numbers of MNP
 
cells in hIL-15Tge 

mice, the latter mice demonstrated a 8-fold increase in CD103
+
CD11c

+
CD11b

-
 cells

 
in lamina 

propria and a 10-fold increase in MLN and spleen compared with WT B6 and IL-15
-/-

 mice 

(Figure C.5). These findings indicated that IL-15 stimulated CD103 expression by 

CD11c
+
CD11b

- 
MNP but also promoted their expansion. 
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Figure C.3: Significant increase in frequency of CD103+ cells among CD11c+CD11b- but not CD11c+CD11b+ MNP in 
hIL-15Tge mice 

A. Representative dot plots of CD103 staining of CD11c+CD11b- (orange) and CD11c+CD11b+ (gray) MNP subsets of spleen 

and lamina propria (LP) lymphocytes of WT B6, hIL-15Tge and IL-15KO mice. B. Frequency of CD103+ cells among 

CD11c+CD11b- and CD11c+CD11b+ MNP subsets in spleen, mesenteric lymph nodes (MLN) and LP of WT B6, hIL-15Tge 

and IL-15KO mice. *P<.05, **P<.01; ***P<.001. 

 

 

 

Figure C.4: Strong increase of intensity of CD103 expression by CD11c+CD11b- cells but not CD11c+CD11b+ of  
hIL-15Tge mice 

A. Mean fluorescent intensities of CD103 staining of CD11c+CD11b-  and CD11c+CD11b+  MHCII+ Lin- splenocytes and 

lamina propria lymphocytes (LPL) from representative WT B6, hIL-15Tge and IL-15KO mice. B. MFI for CD103 expression 

by CD11c+CD11b- and CD11c+CD11b+ MNP from spleen, mesenteric lymph nodes (MLN) and LP of WT B6, hIL-15Tge and 

IL-15KO mice. *P<.05, **P<.01. 
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Figure C.5: Strong expansion of CD103+CD11c+CD11b- and CD103+ CD11c+CD11b+ cells in hIL-15Tge mice 

Absolute numbers  of CD103+CD11c+CD11b- and CD103+CD11c+CD11b+ in spleen, mesenteric lymph nodes (MLN) and 

lamina propria (LP) of WT B6, hIL-15Tge and IL-15KO mice. *P<.05, **P<.01. 

Increased CD86 expression by lamina propria mononuclear cells in hIL-15Tge mice 

A long-lasting hypothesis suggests that IL-15 can foster MNP maturation (Anguille et al., 

2009; Dubsky et al., 2007; Kuwajima et al., 2006; Ohteki et al., 2001; Regamey et al., 2007). 

Staining for costimulatory molecules revealed a significant increase in CD86 expression in 

CD11c
+
CD11b

-
 and CD11c

+
CD11b

+ 
MNP in the small intestine but not in MLN or spleen 

(Figure C.6). In contrast, expression of CD40 or MHC class II was unchanged in CD11c
+
 MNP 

from hIL-15Tge mice compared with B6 mice (Figure C.7) and CD80 was not detected in any 

tested MNP subsets (not shown). Overall, these data suggest that IL-15 overexpression may not 

be sufficient to induce the complete maturation of CD11c DCs. 

 

Figure C.6: Increased CD86 expression by lamina propria CD11c+CD11b- and CD11c+CD11b+ mononuclear phagocytes 
in hIL-15Tge mice. 

A. Mean fluorescent intensities of CD86 staining of CD11c+CD11b-  and CD11c+CD11b+  MHCII+ Lin- splenocytes and lamina 

propria lymphocytes (LPL) from representative WT B6, hIL-15Tge and IL-15KO mice. B. MFI for CD86 expression by 

CD11c+CD11b- and CD11c+CD11b+ MNP from spleen, mesenteric lymph nodes (MLN) and LP of WT B6, hIL-15Tge and IL-

15KO mice. *P<.05, **P<.01. 

 



 Korneychuk Natalia – PhD Dissertation – 2014 
SUPPLEMENTARY RESULTS: IL-15-activated NK cells trigger CD103 expression on mononuclear phagocytes 

and enhance their cross-priming activity 

113 
 

 

Figure C.7: No changes in CD40 and MHC class II expression by MNP in hIL-15Tge mice 
A. Representative dot plots of CD40 staining of CD11c+ MHCII+ Lin- lamina propria lymphocytes from representative WT B6, 

hIL-15Tge and IL-15KO mice. B. Mean fluorescent intensity (MFI) of MHCII (I-A/I-E) staining of CD11c+CD11b-  and 

CD11c+CD11b+  MHCII+ Lin-  cells from spleen, mesenteric lymph nodes (MLN) and lamina propria (LP) from WT B6, hIL-

15Tge and IL-15KO mice. *P<.05. 

IL-15 upregulates CD103 expression on bone marrow-derived dendritic cells  

To analyze how IL-15 could promote the expansion of CD103
+
CD11c

+ 
DCs, DCs from WT B6 

bone marrow (BM) were differentiated in the presence or not of IL-15. Knowing that the 

development of CD103
+
 CD11c

+
 DCs from non-lymphoid tissues requires Flt3L (Ginhoux et 

al., 2009; Varol et al., 2009), differentiation of BM DCs was performed in the presence of 

Flt3L. On day 9, the majority of cells differentiated in the presence of Flt3L displayed an 

MHCII
+
Lin

-
CD11c

+
CD11b

int/+
 phenotype but only about 10% expressed CD103 (Figure C.8A). 

When differentiation was performed in the presence of IL-15 (added from day 0), numbers of 

MHCII
+
Lin

-
CD11c

+
CD11b

int/+
 cells were more than two fold increased on day 9 and 50-90% of 

the latter cells expressed CD103 (Figure C.8B). Strikingly, the expansion of 

CD103
+
CD11c

+
CD11b

int/+
 DCs in IL-15-containing cultures was associated with the 

appearance of a distinct cell population that was identified as CD3
-
CD19

-
NK1.1

+
 NK cells. NK 

cells are known to differentiate from BM precursors in the presence of IL-15 and, accordingly, 

were absent in BM cells differentiated in the absence of IL-15 (Figure C.8B). Of note, adding 

IL-15 to Flt3L-BM cultures on day 6 was sufficient to simultaneously induce by day 12 

increased expression of CD103 on CD11c
+ 

CD11b
int/+

 cells DCs and NK cell expansion 

(Fig.8C). In contrast, when IL-15 was removed (by washing) on day 6 from the BM cell 

culture, no CD103 expression was anymore detected on DCs on day 12 and no NK cells were 

found in the culture (Figure C.8D). These results suggested that IL-15 could either directly or, 
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indirectly via NK cells, trigger CD103 expression on DCs and promote expansion of DCs, 

notably of those expressing CD103. 

 

Figure C.8: Increased CD103 expression on bone marrow differentiated dendritic cells in the presence of Flt3L and IL-

15 accompanied by emergeance of NK cells. 
A-D. Flow cytometry of bone marrow cells cultured for 9 (A, B) or 12 (C, D) days with Flt3L. Mouse IL-15 was added to the 

culture on day 0 (B) or on day 6 (C). The effect of removal of IL-15 from the culture on day 6 by washing of cells with RPMI 

was assessed in D. CD11c+MHCII+Lin- dendritic cells were analyzed for the expression of CD103 and CD86. The 

differentiation of NK cells in the culture was assessed by NKG2D staining as CD3-NKG2D+.  

CD103 expression on DCs is not directly triggered by IL-15 but is mediated by IL-15-activated 

NK cells 

Confirming that CD103 expression on DCs depends on IL-15 signaling, DCs differentiated 

from BM of RAG
-/-

 Ȗc-/-
 or CD122

-/-
 Rag

-/- 
mice lacking functional signaling of IL-15 receptor, 

failed to express CD103 (Figure C.9A, B). Yet, NK differentiation and homeostasis depend on 

IL-15 signals, so mice lacking Ȗc or IL15-Rȕ (CD1ββ) chains have no NK cells (Fehniger and 

Caligiuri, 2001). Therefore, in order to distinguish whether IL-15 acted directly on DCs or 

indirectly via NK cells that expanded in IL-15-containing cultures, CD103 expression was 

compared in DCs derived from co-cultures between Rag
-/- 

Ly-5.1 or B6 Ly-5.1 BM cells with 

normal IL-15 signaling and CD122
-/-

 Rag
-/- 

Ly-5.2 or RAG
-/-

 Ȗc-/-
 Ly-5.2 BM cells, which do no 

not respond to IL-15 (Figure C.9C, D). Strikingly, in the presence of IL-15, Ly-5.2
+ 

DCs from 

either CD122
-/-

 Rag
-/- 

Ly-5.2 or RAG
-/-

 Ȗc-/-
 Ly-5.2 BM cells up-regulated CD103 expression as 

efficiently as Rag
-/-

 Ly-5.1 DCs, indicating that CD103 expression does not depend on direct 

IL-15 signalling in DCs but rather on a signal provided by IL-15-dependent cells (Figure C.9C, 

D). No difference in the expression of CD103 was observed between DCs differentiated in the 

presence of B6 Ly-5.1 BM cells or Rag
-/- 

Ly-5.1, indicating that the IL-15-dependent cells 
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necessary for inducing CD103 could not be contaminating T or B lymphocytes and were NK 

cells or NK-like innate lymphoid cells.  

 

Figure C.9: CD103 expression on DCs is not directly triggered by IL-15 but is mediated by IL-15-activated NK cells 
A-D. Flow cytometry of bone marrow (BM) cells from CD122-/- Rag-/- Ly-5.2  or RAG-/- Ȗc-/- Ly-5.2 mice cultured alone with 

Flt3L in the presence or not of mouse IL-15 (A, B) or together with Rag-/- Ly-5.1  or B6 Ly-5.1  BM respectively in 1:1 ratio 

(C, D) for 9 days in the presence or not of IL-15. CD103 expression by CD11c+MHCII+Lin- dendritic cells of Ly-5.1 or Ly-5.2 

origin was analyzed on day 9. The differentiation of NK cells was determined as CD3-NKG2D+. 

 

CD103 induction on DCs does not require cell-cell contact between DCs and NK cells 

In order to define whether CD103 induction on DCs required or not cell-cell contact between 

DCs, RAG
-/-

 Ȗc-/-
 Ly-5.2 were co-cultured with Rag

-/-
 Ly-5.1 BM cells across a Transwell 

membrane in the presence of IL-15 (Figure C.10). Expression of CD103 on day 9 was similar 

in DCs differentiated from RAG
-/-

 Ȗc-/-
 Ly-5.2 and from Rag

-/-
 Ly-5.1 DCs (Figure C.10). Taken 

together, these data indicate that CD103 induction on DCs depended on a soluble factor 

released by NK cells.  
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Figure C.10: CD103 induction on DCs does not require cell-cell contact between DCs and NK cells 
Co-culture of RAG-/- Ȗc-/- Ly-5.2 and Rag-/- Ly-5.1 bone marrow cells  (1:1 ratio) separated by transwell membrane was 

performed for 9 days with mouse Flt3L in the presence or not of mouse IL-15.  Flow cytometry analysis of CD103 expression 

by Ly-5.1 and Ly-5.2 CD11c+MHCII+Lin- cells was performed on day 9. Differentiated NK cells were determined as CD3-

NKG2D+. 

 

GM-CSF can recapitulate the inducing effect of IL-15-activated NK cells on CD103 expression 

by DCs 

A possible role of GM-CSF was suggested by previous evidence that this cytokine can be 

produced by NK cells (Zhang et al., 2007) and may regulate the development of lamina propria 

CD103
+
 MNP or merely control CD103 expression (Bogunovic et al., 2009; Greter et al., 

2012). Consistent with this hypothesis, GM-CSF progressively accumulated between day 3 and 

day 8 in the supernatant of WT B6 BM cell cultures performed in the presence but not in the 

absence of IL-15 (Figure C.11A). Moreover, adding GM-CSF to WT B6 BM differentiation 

culture on day 6 strongly stimulated CD103 expression on DCs harvested on day 9 compared to 

cultures without IL-15 and GM-CSF (Figure C.11B). That GM-CSF signaling was 

indispensable for CD103 induction on DCs was further confirmed using BM cells from mice 

deficient for the Csf-βRȕ chain (Broughton et al., 2012a). Although Csf-βRȕ-/-
 BM cells could 

differentiate into CD11c
+
CD11B

+/- 
DCs in cultures containing Flt3L, the latter cells did not 

express CD103 when IL-15 was added to the culture, despite a high frequency of NK cells 

(Figure C.11C) and conspicuous production of GM-CSF (Figure C.11A). In addition, the 

numbers of CD11c
+
 DCs differentiated from Csf-βRȕ-/-

 BM cells were greatly reduced 

compared to those differentiated from B6 BM (not shown).  
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Figure C.11: GM-CSF can recapitulate the effect of IL-15-activated NK cells on the CD103 induction on DCs 

A-C. The differentiation of bone marrow cells from WT B6 or Csf-2RKO mice was induced by mouse Flt3L in the presence 

or not of mouse IL-15. A. GM-CSF production was analyzed by ELISA in supernatant collected during the culture (Day 1-8). 

B. GM-CSF was added on day 6 to the culture of WT B6 BM differentiated in the presence of Flt3L and/or IL-15. The 

expression of CD103 by CD11c+MHCII+Lin- cells was analyzed on day 9. C. Flow cytometry analysis of CD103 and CD86 

expression was assessed after 9 days of or Csf-2RKO BM cells cultured in the presence or not of IL-15. NK cells were 

detected as CD3-NKG2D+NK1.1+. D. Relative expression of Csf-2 (GM-CSF) mRNA transcripts normalized to Hprt1 in 

duodenum of OTII/B6 and OTII/hIL-15Tge mice. 

In order to determine whether these in vitro findings were translatable to the in vivo situation, 

when IL-15 is chronically overexpressed in the intestine, Csf-2 transcripts was assessed by 

qPCR in duodenal biopsies of B6 and hIL-15Tge mice. A significant increase in Csf-2 

transcripts was observed in the duodenum of hIL-15Tge mice compared to B6 mice (Figure 

C.11D). Csf-2 transcripts were also assessed in duodenal biopsies of celiac patients either 

active or on GFD, patients with type II refractory sprue patients and controls (Figure C.12). No 

significant increase was detected in CD patients compared to controls, but Csf-2 transcripts 

tended to increase in patients with type II refractory sprue that develop a population of clonal 

IELs displaying NK-like features (Malamut et al., 2012). Analysis of supplemental individuals 

in each group is however needed to reach definitive conclusion.  
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Figure C.12: Csf-2 transcripts in duodenum of CD patients and controls 
Csf-2 messenger (mRNA) expression normalized to Rpl10 mRNA in duodenum of controls, active celiac disease (CD) patients, 

CD patients following gluten-free diet (GFD-CD), and type II refractory patients. 

 

Functional significance of GM-CSF-dependent CD103 increase on DCs  

CD103
+
DCs were suggested to efficiently present antigens to naïve T cells and notably to have 

cross-priming capacities (Greter et al., 2012; Sathe et al., 2011; Zhan et al., 2011). In order to 

test whether DCs from hIL-15Tge mice enriched in CD103
+
 cells may have enhanced cross-

presenting activity (Figure C.13A), MHCII
+
Lin

-
CD11c

+
CD11b

-
 and MHCII

+
Lin

-

CD11C
+
CD11b

+
 DCs were FACS-sorted from spleens of B6 and hIL-15Tge mice, pulsed with 

different concentrations of OVA protein and then co-cultured with purified OVA-specific TCR 

transgenic CD8 (OTI) T cells (99% pure). Both subsets of CD11c
+
CD11b

+
 or CD11c

+
CD11b

- 

DCs could cross-present OVA to OTI CD8 T cells but, as expected, CD11c
+
CD11b

- 
cells were 

more efficient. Thus, at all tested OVA concentrations the numbers of proliferating OTI cells 

were higher upon co-culture with CD11c
+
CD11b

-
 than with CD11c

+
CD11b

-
 DCs. Moreover, 

the numbers of proliferating OTI cells were higher when co-cultured with MHCII
+
Lin

-

CD11c
+
CD11b

-
 DCs from hIL-15Tge than from B6 mice, while no difference was noted for 

MHCII
+
Lin

-
CD11C

+
CD11b

+
 DCs except at the two higher tested concentrations of OVA 

(Figure C.13B). Overall, these data indicate that CD11c
+
CD11b

-
 DCs from hIL-15Tge mice not 

only expressed more CD103 but also displayed enhanced in vitro capacities for cross-

presentation. 
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Figure C.13: Cross-presentation of OVA by DCs subsets from B6 and hIL-15Tge mice to OTI CD8 T cells 
A. CD103 expression on CD11c+CD11b+ or CD11b- DCs sorted spleen of WT B6 or hIL-15Tge mice. B. MHCII+ Lin- 

CD11c+CD11b+ or CD11b- DCs sorted from spleen of WT B6 or hIL-15Tge mice were pulsed for 4 hours with OVA protein at 

different concentrations, washed and then co-cultured with OTI (CD8) RAG-/- T cells for 3 days. The graph represents the 

numbers of proliferated OTI cells. 

 

C.4 Discussion 

Overall, our data indicate that IL-15 is not necessary for the differentiation of MNP but chronic 

IL-15 overexpression can result in a considerable expansion of CD11c
+
 MNP expressing or not 

CD11b. Prolonged exposure of CD11c
+
CD11b

-
 MNP to IL-15 can more specifically induce the 

expansion of CD11c
+
CD11b

- 
expressing CD103 and displaying enhanced cross-presenting 

capacities. Our data further show that IL-15 does not act directly on DCs but rather via a relay 

implicating the production of GM-CSF by IL-15-dependent NK cells. These results provide a 

novel example of the cross-talk that can exist between NK cells and MNP under the influence 

of IL-15 and suggest a new mechanism by which IL-15 may modulate adaptive T cell 

responses. Several unanswered questions are discussed below. 

Does IL-15 favor the emergence of particular MNP subsets?  

Both CD11c
+
CD11b

-
 and CD11c

+
CD11b

+ 
MNP expanded in hIL-15Tge mice compared to B6 

but a preferential expansion of CD11c
+
CD11b

-
 MNP was observed in MLN (although not in 

spleen nor in small intestinal lamina propria). Moreover, frequency and absolute numbers of 

CD11c
+
CD11b

-
 MNP expressing CD103 increased in all tested organs of hIL-15Tge mice, and 

CD11c
+
CD11b

-
 spleen cells from hIL-15Tge mice exhibited stronger cross-presentation 

capacities. Overall, these data suggest that IL-15 may either exert a preferential effect on the 

subset of CD103
+
CD11c

+
CD11b

- 
cells or induce a specific state of differentiation reflected by 

the expression of CD103. CD11c
+
CD11b

- 
cells expressing CD103 are largely considered to 
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derive from classical dendritic cell precursors and, similarly to CD8
+
CD11c

+
CD11b

- 
DCs, 

depend on IRF8, ID2 and BATF3 transcription factors (Bogunovic et al., 2009; Edelson et al., 

2010; Ginhoux et al., 2009). A more complete phenotype analysis using these markers as well 

as other surface markers, such as CD64, F4/80 and CX3CR1 characterizing intestinal 

macrophages (Bogunovic et al., 2009; De Calisto et al., 2012; Langlet et al., 2012; Schulz et al., 

2009; Zigmond and Jung, 2013), or transcription factors, such as Zbtb46 restricted to classical 

DC-derived cells (Meredith et al., 2012; Satpathy et al., 2012), or IRF4 specific of CD11b
+
 

DCs (Persson et al., 2013b; Vander Lugt et al., 2014) might have allowed to better delineate the 

characteristics of MNP that expand or differentiate in response to IL-15. Of note, GM-CSF may 

regulate in vivo development of intestinal CD103
+
CD11c

+
 DCs (Bogunovic et al., 2009; Greter 

et al., 2012), and our own results show that the preferential effect of IL-15 on the 

differentiation of CD103
+
CD11C

+
CD11b

-
 from BM precursors depends on GM-CSF. Better 

analysis of GM-CSF receptor expression on the various subsets of MNP, as well as the analysis 

of hIL-15Tge mice crossed with Csf-2R-deficient (Csf-2R-/-
 Csf-2R2

-/-
) mice might help to 

better delineate the subsets of MNP affected by IL-15 up-regulation.  

Can IL-15 modulate the maturation status of some MNP subset?  

Increased expression of costimulatory signals and MHCII molecules is largely associated with 

DC maturation. Several studies have suggested that IL-15 produced by DCs and macrophages 

may favour their maturation, and DCs generated from blood CD14
+ 

monocytes in the presence 

of IL-15 had increased expression of CD40, CD86, CD80 or MHCII molecules depending on 

studies (Anguille et al., 2009; Dubsky et al., 2007; Kuwajima et al., 2006; Ohteki et al., 2001; 

Regamey et al., 2007). Moreover, one study showed that IL-15 produced by airway epithelial 

cells could promote the differentiation of monocytes into partially matured DCs (Regamey et 

al., 2007). Herein, we observed increased CD86 expression on intestinal MNP but not on MLN 

and spleen cells. Moreover, no change in CD40, CD80 or MHCII was observed in hIL-15Tge 

mice compared with WT B6 mice. These data suggest that IL-15 does not induce per se pro-

inflammatory phenotype in MNP, a result in keeping with our previous observations in 

peritoneal mouse monocytes/macrophages (Schulthess et al., 2012). 

Is the up-regulation of CD103 by CD11c
+
CD11b

- 
cells induced directly by IL-15?  

Our in vitro data of BM cell differentiation confirmed and completed our in vivo data showing 

that IL-15 promoted differentiation of CD11c
+
CD11b

+/- 
DCs expressing CD103 from BM 

precursors. In keeping with our in vivo data, the numbers of CD11c
+
 cells differentiated from 
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BM precursors were significantly higher in the presence of IL-15. Moreover, frequency of 

CD103
+
 cells and intensity of CD103 expression were considerably increased. IL-15 activates a 

signaling cascade via a module comprising CD1ββ (ȕ chain) and CD1γβ (Ȗc chain). 

Accordingly, BM cells cultured in the presence of IL-15 but deficient in either CD122 or 

CD132 did not differentiate in CD103
+
 CD11c

+
CD11b

+/-
 DCs. In contrast, CD122

-/-
 or CD132

-

/-
 BM cells differentiated into CD103

+
CD11c

+
 DCs when co-cultured with WT B6 or RAG

-/-
 

BM cells in the presence of IL-15, indicating that CD103 expression on DCs did not depend on 

IL-15 signaling in DCs, but rather on IL-15 signals to another cell type. All data pointed to the 

role of NK cells as a key relay between IL-15 and DCs. NK cells are known to differentiate 

from BM cells in the presence of IL-15, which is necessary for their differentiation and survival 

(Fehniger and Caligiuri, 2001). Accordingly, they became abundant in BM cultures performed 

in the presence of IL-15 that contained CD103
+
 DCs, but were absent in BM cultures 

performed without IL-15 or with Ly5.2 CD122
-/-

RAG
-/-

 or RAG
-/- Ȗc-/- 

BM cells, which do not 

give rise to Ly5.2 CD103
+
 DCs. In contrast, mixing Ly5.1 WT or RAG

-/-
 BM cells to the latter 

cells restored both NK cell expansion from Ly5.1 cells and differentiation of both Ly5.1 and 

Ly5.2 CD103
+ 

DCs, confirming that a subset of IL-15-dependent Ly5.1 cells, likely NK cells or 

NK-like innate lymphoid cells, relays the effect of IL-15 to promote differentiation of 

CD103
+
CD11c

+ 
DCs. Moreover, the differentiation of the latter cells could be entirely 

recapitulated by a soluble factor produced by IL-15-dependent Ly5.1 cells independently of 

any contact with Ly5.2 DC precursors. TGF, IL-3 and GM-CSF were shown to induce CD103 

(Edelson et al., 2011; Jackson et al., 2011; Sathe et al., 2011) and GM-CSF is known to be 

produced by activated NK cells (Huntington et al., 2007; Souza-Fonseca-Guimaraes et al., 

2013; Zhang et al., 2007). Pleading for a role of GM-CSF at least in vitro, GM-CSF 

recapitulated the effect of IL-15 on CD103 expression in BM-derived DCs while conversely 

IL-15 failed to induce differentiation of Csf-βRȕ-/- 
BM cells into CD103 expressing CD11c

+
 

cells, despite marked expansion of NK cells and release of conspicuous amounts of GM-CSF. 

These data exclude the role of TGF but not of IL-3, the receptor of which also uses Csf-βRȕ. 

Neutralizing IL-3 would thus be important to ascertain an exclusive role for GM-CSF in vitro. 

Moreover, in vivo role of TGF in inducing CD103 in lamina propria DCs has been suggested 

at least at steady state. Increased expression of Csf-2 transcripts in the intestinal biopsies of 

hIL-15Tge mice compared to B6 mice supports an idea of the role of GM-CSF. Further 

demonstration of the presence of GM-CSF in the serum of hIL-15tge mice as well as in the 

supernatants of spleen, MLN and lamina propria cells stimulated or not with IL-15, and 

analysis of IL-3 would be useful. Moreover, to prove that GM-CSF is solely responsible for the 
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expansion of CD103
+
 CD11c

+
 DCs observed in vivo in IL-15Tge mice, it will be necessary to 

block GM-CSF either with a neutralizing antibody or by analyzing hIL-15Tge mice crossed 

with Csf-2
-/-

 or Csf-2R-/-
 Csf-2R2

-/-
 mice. 

What is the in vivo source of GM-CSF in hIL-15Tge mice? Do NK cells overproduce GM-CSF 

in hIL-15Tge mice and/or CD patients?  

Many different cell types can produce GM-CSF in vivo including epithelial cells, fibroblasts, 

monocytes/macrophages, mast cells, activated T cells, NK cells and ILC (Spits et al., 2013; 

Zhan et al., 2012). A recent report suggests that, at steady-state, the main producers of GM-

CSF in small and large intestine are RORȖt+
 innate lymphoid cells type 3 (ILC3), but not the 

RORȖt-
 NKp46

+
 NK or NK-like innate lymphoid subsets (Mortha et al., 2014), which are 

dependent on IL-15 (Klose et al., 2014). HIL-15Tge mice have increased numbers of NK cells 

in various compartments. In addition, the continuous presence of IL-15 may stimulate the 

production of GM-CSF by the latter cells. Further work is needed to ascertain whether NK cells 

are the main source of GM-CSF in hIL-15Tge mice. Given our previous work showing chronic 

overexpression of IL-15 in CD, we tested whether GM-CSF transcripts were increased in 

biopsies. No increase was noted in active CD patients in whom CD8 T IELs expressing NK 

receptors expanded but not NK cells. Yet, increased production of GM-CSF by the small 

population of NK cells present in lamina propria is not excluded and needs to be analyzed by 

more sensitive methods and, notably in lymphocytes isolated from biopsies rather than on 

whole biopsies. Interestingly, preliminary data suggest increased GM-CSF transcription in 

biopsies of RCD II patients who develop massive intraepithelial expansion of clonal IELs 

likely derived from a subset of IL-15-dependent intraepithelial innate lymphoid cells. The latter 

cells resemble the induced-T to NK cells (ITNK) that differentiate from Bcl11b
-/- 

thymic 

precursors (Di Santo, 2010; Li et al., 2010). They share overlapping features between NK and 

T cells and depend on IL-15 for their differentiation (Montcuquet et al in preparation). It will 

be interesting to define whether ITNK IEL from controls or from patients with refractory sprue 

can produce GM-CSF.  

What is the functional outcome of CD103 increase and increased maturation of lamina propria 

CD103
+
CD11c

+
CD11b

- 
DCs?  

Several studies have suggested that CD103
+
 but not CD103

-
 DCs have cross-presenting 

properties. Expression of CD103 per se is not sufficient since DCs induced to express CD103 

by TGF lacked cross-presenting activity (Sathe et al., 2011). In contrast, DCs responding to 
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GM-CSF by an increase in CD103 expression acquired in parallel increased cross-presentation 

capacities (Sathe et al., 2011; Semmrich et al., 2012; Zhan et al., 2011). Accordingly, DCs 

isolated from GM-CSF transgenic mice are better at cross-presenting OVA and listeria (Sathe 

et al., 2011; Zhan et al., 2011), while Csf-βRȕ-/-
 Csf-βRȕβ-/-

 mice lack CD103
+
DCs and cannot 

mount airway CD8 T cell response to OVA after immunization with OVA beads and Poly I:C 

(Greter et al., 2012). In keeping with the hypothesis that IL-15-driven expansion of 

CD103
+
CD11c

+
 DCs in hIL-15Tge mice largely depends on GM-SCF, we observed that spleen 

CD11c
+
CD11b

-
 DCs from hIL-15Tge mice highly enriched in CD103

+
 cells compared to 

CD11c
+
CD11b

-
 DCs from B6 mice also demonstrated enhanced capacity to present OVA to 

OT1 CD8 T cells. It is therefore possible that overexpression of IL-15 might selectively 

promote the expansion of cross-presenting CD103
+
 DCs and thereby perhaps favour the 

activation of the memory/effector CD8 T cells that accumulate in tissues of the latter mice. We 

could not demonstrate any OVA-reactivity in the intestinal Granzyme B
+
 CD8 T cells that 

expanded in OVA-fed OTII/hIL-15Tge mice (Korneychuk et al., 2014). We have rather shown 

that expansion of the latter cells is driven independently of any cognate recognition by 

synergistic signals provided by IL-15 and by IL-2 secreted by intestinal OVA-specific CD4 T 

cells. Yet, IL-15 and IL-2 could only exert this effect on memory/effector T cells. The latter 

cells are thus likely directed against either against intraluminal bacteria or perhaps self-

antigens, the cross-presentation of which may be facilitated by CD103
+
 CD11c

+
 DCs 

(Korneychuk et al., 2014). This hypothesis needs however to be substantiated.  

The polarization of CD4 T cells by CD103
+
DCs induced in the presence of IL-15 should also 

be examined knowing that, at steady state, MLN CD103
+
DCs can exert tolerogenic functions 

and notably stimulate generation of Foxp3
+
 T cells from naïve T cells (Coombes et al., 2007; 

Matteoli et al., 2010; Sun et al., 2007a), while conversely the same cells can, in the presence of 

proinflammatory signals, promote Th1 responses (Laffont et al., 2010). This question will be 

further addressed first in vitro by co-cultures of FACS-sorted DC populations of hIL-15Tge 

mice and OVA-specific TCR transgenic CD4 (OTII) T cells. It is not excluded that the 

CD103
+
DCs that expand in hIL-15Tge may stimulate the massive expansion of OVA-specific 

Tregs observed in OVA-fed OTII/hIL-15Tge mice (Korneychuk et al., 2014).  
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What is the in vivo role of IL-15-dependent/GM-CSF-mediated CD103 increase on DCs? Do 

latter cells polarize T cell response?  

This issue should be further studied. CD103 expression is not per se predictive of the immune 

response induced by CD103
+
CD11c

+
 DCs (Laffont et al., 2010; Semmrich et al., 2012). Thus 

and as already eluded above, CD103
+
DCs can stimulate the generation of Foxp3

+
 Treg cells 

both at steady state and in inflammatory conditions (Coombes et al., 2007; Laffont et al., 2010; 

Semmrich et al., 2012; Sun et al., 2007a). However, CD103
+
DCs can also, in inflammatory 

conditions, induce Th1 CD4 T cells and CD8 cytotoxic T cell responses (Laffont et al., 2010; 

Semmrich et al., 2012). Therefore, the context influences the outcome of the immune responses 

induced by CD103
+
CD11c

+
 DCs. Dosage of GM-CSF may be one key factor. Indeed, low 

levels of GM-SCF seem to promote homeostasis and induction of Tregs. A recent article 

notably shows how GM-CSF produced by ILC3 in response to microbiota-induced IL-1 could 

control homeostatic expansion of MNP and Tregs in the colon (Mortha et al., 2014). In 

contrast, excessive secretion of GM-CSF can promote severe inflammation and tissue damage, 

as in mouse models of experimental encephalitis (Codarri et al., 2011; El-Behi et al., 2011; 

King et al., 2010; Ponomarev et al., 2007) or of colitis in Rag
-/-

 mice (Griseri et al., 2012). In 

the latter model, excessive GM-CSF production in the gut could deregulate hematopoiesis and 

foster differentiation and subsequent intestinal migration of granulocytes and inflammatory 

monocytes that, in turn, aggravate intestinal inflammation (Griseri et al., 2012). Further studies 

are therefore needed to define how CD103
+
CD11c

+
CD11b

-
 DCs induced by IL-15 might 

modulate CD4 and CD8 T cell responses, notably in the intestine.   
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Conclusion 

 

 

My thesis work based on a mouse model has allowed dissecting the mechanisms of 

cooperation between gluten-specific CD4 T cells and IL-15, over-produced by intestinal 

epithelium in CD patients. This work demonstrates how the synergy between IL-2 produced by 

activated gluten-specific CD4 T cells and IL-15 can promote the expansion of cytotoxic CD8 T 

cells that become, due to the presence of IL-15, unresponsive to Tregs. The mechanism that 

triggers the release of cytotoxic granules by CD8 T cells against intestinal epithelial cells 

remains however to be further investigated.  

The second and as yet incomplete part of my work has shown that besides an effect on 

T cells, IL-15 produced by intestinal epithelium may modulate the function of intestinal 

mononuclear cells. We show that CD103
+ 

dendritic cells expand in mice chronically over-

expressing IL-15. Through in vitro studies using bone marrow-derived dendritic cells (DCs), 

we provide evidence that activated NK or NK-like innate lymphoid cells can enhance the 

expansion of CD103-expressing DCs via the production of GM-CSF. Furthermore, we show 

that DCs differentiated in mice overexpressing IL-15 are enriched in CD103
+
 DCs and display 

enhanced cross-presentation abilities in vitro. Further work is required to determine the in vivo 

source of GM-CSF and to confirm its production by intestinal NK or NK-like lymphoid cells.  

The role of CD103
+
 DCs differentiated in the presence of GM-SCF on the polarization of CD4 

T cell response also needs to be better delineated.  

Overall, obtained results illustrate how IL-15 may modulate adaptive immune 

responses, notably in celiac disease, but perhaps more generally in autoimmune or 

inflammatory diseases associated with prolonged production of IL-15. Deciphering the 

mechanisms that control intestinal expression of IL-15 in celiac patients may help to prevent 

disease in predisposed individuals.  
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Abstract 

In physiological conditions, robust immunological mechanisms avoid adverse responses to food 

antigens. In contrast, in celiac disease that affects about 1% of Western populations, exposure to 

dietary gluten of genetically predisposed HLA-DQ2.5/ DQ8 individuals triggers a chronic small 

intestinal enteropathy. Previous studies in humans have established the crucial role of HLA-

DQ2/DQ8 restricted gluten-specific intestinal CD4 T cell response. This CD4 T cell response is 

necessary but is however not sufficient to induce tissue damage. Other studies have pointed to 

the role of interleukin 15 (IL-15). Thus, IL-15 over-expressed in the mucosa of celiac patients 

can interfere with immunoregulatory mechanisms and stimulate the activation of cytotoxic CD8 

T intraepithelial lymphocytes, thought to induce epithelial lesions. Whether and how gluten-

specific CD4 T cells and IL-15 interact to activate CD8 T intraepithelial lymphocytes and to 

drive intestinal tissue damage has not been however established. 

To address this question, we have set up a mouse model based on the breeding of OTII
 
mice 

possessing CD4 T cells specific of a model antigen, ovalbumin, with heterozygous transgenic 

mice overexpressing a secreted form of human IL-15 in intestinal epithelium (hIL-15Tge mice). 

Resulting OTII
+/-

 B6
 
and OTII

+/-
 hIL-15Tge

+/- 
mice were exposed to dietary ovalbumin from the 

prenatal period until 3 months of age. Upon chronic exposure to ovalbumin, OTII
+/-

 hIL-15Tge
+
 

mice, contrary to their OTII
+/-

 B6 littermates, developed growth retardation, and villous atrophy 

associated with expansion of intestinal cytotoxic CD8 T cells, as in celiac disease. Moreover, we 

showed that IL-15 impaired immunoregulation by FoxP3
+
 T cells and cooperated with IL-2 

produced by OVA-activated CD4 T cells to stimulate the expansion of non-cognate cytotoxic 

CD8 T cells. We suggest that a comparable scenario can operate in celiac disease.  

During this study, I observed that chronic overexpression of IL-15 was associated with an 

expansion of CD103
+
CD11c

+
CD11b

-
 mononuclear cells. In the Supplementary results, I have 

shown that this effect depends on the production of GM-CSF secreted by IL-15-activated NK 

cells and that CD11c
+
 DCs differentiated in mice overexpressing IL-15 were enriched in CD103

+
 

cells and displayed enhanced cross-presentation abilities in vitro. The latter results illustrate how 

IL-15, by orchestrating a crosstalk between NK cells and mononuclear phagocytes, can modulate 

adaptive immune responses.  

Keywords: Celiac disease, Interleukin 15, mouse model, cytotoxic CD8 T cells, CD4 T cell 

help, regulatory T cells, GM-CSF, CD103
+
 dendritic cells, cross-presentation 

 


