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1
General introduction and

outline of this thesis

G E N E R A L  I N T R O D U C T I O N

The intesti ne is conti nuously exposed to harmless anti gens from the diet and commensal 

bacteria, but also provides harmful pathogens access to the body. Invasion of intesti nal 

ti ssue by gut-resident commensal bacteria and pathogens has serious health consequences 

including infl ammati on and sepsis. To ensure host defense, the intesti nal ti ssue is protected 

by a complex and highly specialized network of innate and adapti ve immune cells.1

 Up to 60% of lymphocytes residing in the intesti nal ti ssue are CD4+ memory T cells 

that have the unique ability to exert memory to previously encountered anti gens.2 Upon 

re-exposure to anti gen, CD4+ memory T cells mount a rapid and highly effi  cient immune 

response. As a result, CD4+ memory T-cell responses are essenti al for protecti ve immunity 

against pathogens, but need to be ti ghtly regulated to avoid infl ammatory responses to 

commensal bacteria.3 Uncontrolled infl ammatory CD4+ T-cell responses to commensal 

bacteria, as seen in pati ents with infl ammatory bowel disease (IBD), can result in ti ssue 

damage and ensuing chronic intesti nal infl ammati on.4

Regional control of mucosal immune responses in the intesti ne.

Regional Adaptati on of the Mucosal Immune Response 
Anatomically, CD4+ T cells are located within both inducti ve and eff ector sites of the 

intesti ne. The mesenteric lymph nodes (MLN) and gut-associated lymphoid ti ssue (GALT) 

are “inducti ve sites”, the main locati on for priming naive T- and B-cell responses.1 The 

GALT consists of the macroscopically visible Peyer’s patches (PP) of the small intesti ne 

and colonic patches in the colon and smaller structures referred to as solitary isolated 

lymphoid ti ssue follicles (SILT) in both small intesti ne and colon.5 The mucosal epithelium 

and underlying lamina propria are the “eff ector sites” of the intesti nal immune system, 

which harbor large populati ons of acti vated memory CD4+ T cells and anti body-secreti ng 

plasma cells (Figure 1).

 Anti gen presenti ng cells (APCs) including dendriti c cells (DCs) and macrophages are 

present in the organized lymphoid structures of the GALT and dispersed throughout the 

small intesti nal and colonic lamina propria.6 Anti gens that cross the intesti nal mucosa fi rst 

encounter APCs in either the GALT or the lamina propria. There are several mechanisms 

that contribute to anti gen uptake in the intesti ne. First, the follicle-associated epithelium 

of the Peyer’s patches contains specialized M cells that can transport microbial anti gens 

across the mucosal epithelium from the lumen to organized lymphoid structures.7 This 

process is mediated through M-cell specifi c oligosaccharides and glycoproteins that allow 

selecti ve microbial adherence and immunoglobulin A (IgA) receptors that recognize IgA-
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Figure 1. Regional control of mucosal immune responses in the intesti ne. CD4+ T cells are located within both 
inducti ve and eff ector sites of the intesti ne. The mesenteric lymph nodes (MLN) and gut-associated lymphoid ti ssue 
(Peyer’s patches in the small intesti ne; colonic patches in the colon) are “inducti ve sites”, the main locati on for 
priming naive T- and B-cell responses. Anti gens that cross the intesti nal mucosa fi rst encounter anti gen presenti ng 
cells, including macrophages and dendriti c cells (DCs) in either the GALT or the lamina propria. DCs migrate from the 
lamina propria to inducti ve sites in order to present intesti nal anti gen-derived pepti des to naive CD4+ T cells. Naive 
CD4+ T cells recirculate from the peripheral blood into the gut-draining lymph nodes and GALT using the adhesion 
molecule CD62L. T-cell responses are initi ated when a naive CD4+ T cells encounter DCs expressing the appropriate 
pepti de-MHC-complex. Aft er recogniti on of cognate anti gen and diff erenti ati on, anti gen-experienced CD4+ T cells 
lose CD62L expression and exit the lymph node to enter the blood. Through expression of the adhesion molecule 
a4β7, CD4+ T cells enter the “eff ector sites” of the intesti ne where they reside as long-lived memory CD4+ T cells.    
Here, anti gen-experienced CD4+ T cells can be re-acti vated upon encounter of resident-DCs presenti ng anti gen 
locally in the intesti ne. Abbreviati on: sIgA, secretory IgA; Ag-experienced, anti gen experienced.
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gut-draining lymph nodes and Peyer’s patches using the lymphoid ti ssue homing receptors 

CD62L and chemokine receptor C-C moti f receptor 7 (CCR7).26 As depicted in Figure 2A, 

acti vati on, proliferati on and diff erenti ati on of naive CD4+ T cells in gut-draining lymph 

nodes is dependent on cognate T-cell receptor (TCR) signaling (signal 1), co-sti mulati on 

(signal 2) and the soluble cytokines mostly provided by the APC (signal 3, see Figure 2).27

Aft er recogniti on of cognate anti gen on the surface of APCs and during their diff erenti ati on, 

coated bacteria.7-9 Second, soluble anti gens can diff use through epithelial ti ght juncti ons 

and can be transferred across epithelial cells by transcellular routes. Third, luminal anti gens 

are also captured by transepithelial projecti ng dendrites from macrophage-like CX3CR1+

APCs in the Peyer’s patches and lamina propria.10, 11 M cells and CX3CR1+ APCs transfer 

anti gen to migratory DCs that migrate from the lamina propria to inducti ve sites in order 

to present anti gen-derived pepti des to naive CD4+ T cells.11-16  Tissue macrophages do not 

usually migrate to the GALT or MLN, but can contribute to adapti ve immune responses 

by presenti ng processed anti gen to eff ector T cells in situ in the lamina propria. Thus, 

intesti nal APCs have a key role in the initi ati on of adapti ve immune responses to intesti nal 

anti gens.

 Intesti nal DCs and macrophages have divergent functi onal properti es. In the steady 

state, the specifi c microenvironment of the gut, including epithelial-cell derived factors 

and bacterial products, alters the functi onal properti es of DCs residing in the intesti ne.17

This is illustrated by the observati on that DCs isolated from Peyer’s patches produce higher 

levels of the regulatory cytokine interleukin 10 (IL-10) compared to splenic DCs aft er 

CD40-mediated sti mulati on.18 Moreover, DCs from the lamina propria and MLN are more 

effi  cient than splenic DCs at inducing expression of the transcripti on factor forkhead box 

P3 (Foxp3)19, 20, which is indispensable for the diff erenti ati on and functi on of regulatory 

CD4+ T cells.21-24 Thus, the conditi oning of intesti nal DCs and macrophages in steady state 

maintains a tolerogenic state in the intesti ne by skewing CD4+ T-cell diff erenti ati on in favor 

of a regulatory phenotype. During infl ammati on, infi ltrati on of microbiota beneath the 

epithelial-cell layer leads to enhanced producti on of chemokines and pro-infl ammatory 

cytokines. As a result, Ly6Chigh monocytes and DC precursor cells are recruited to the 

intesti ne.17, 25 This shift s the balance from a tolerogenic immune response that is induced 

by conditi oned macrophages and DCs to an infl ammatory response induced by freshly-

recruited unconditi oned macrophages and DCs. As a result, an infl ammatory CD4+ T-cell 

response directed against the invading pathogens is generated. Taken together, CD4+ T 

cells responding to intesti nal anti gens are considerably aff ected by the context in which 

anti gen presentati on occurs.

 Thus, intesti nal immune responses arise from a dynamic process with constant 

changes in anti gen exposure, infl ammatory and anti -infl ammatory cytokines, and selecti ve 

parti cipati on of cell types that act according to their locati on. In the GALT and MLN, where 

priming of naive CD4+ T cells occurs, this informati on is integrated and serves as a ‘rheostat’ 

that determines the precise eff ector functi on of the CD4+ T-cell response that is generated.

Priming and Migrati on of Mucosally-Imprinted CD4+ T cells
The GALT allows for ti ssue-restricted priming to intesti nal anti gens and regionalizati on of 

the intesti nal immune response. Naive CD4+ T cells migrate from the peripheral blood into 
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Figure 2. CD4+ T-cell acti vati on and diff erenti ati on. (A) CD4+ T cells diff erenti ate in response to appropriate TCR 
signaling (signal 1), co-sti mulati on (signal 2) and the surrounding cytokine environment (signal 3). Many co-
sti mulatory and co-inhibitory receptors determine consequences of functi onal TCR signaling thus modulati ng 
the degree of acti vati on, diff erenti ati on and eff ector functi on of CD4+ T cells.132  (B) Upon interacti on with 
cognate anti gen presented by APCs, CD4+ T cells can diff erenti ate into a variety of functi onally diff erent eff ector 
subpopulati ons, including T helper (Th)1, Th2, Th17, peripherally-derived Treg (Treg) and CD4+Foxp3neg T regulatory 
1 cells (Tr1). The cytokine environment, which induces lineage-specifi c transcripti on factors during diff erenti ati on 
of CD4+ T cells, plays a central role in skewing naive CD4+ T cells toward a dominant CD4+ Th-cell populati on with 
concomitant eff ector functi on.103  It should be noted that CD4+ Th cells can be plasti c in nature as cells from diff erent 
Th subpopulati ons may (transiently) share phenotypic and functi onal features.103
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imprinting, circulating CD38+ effector T cells (defined as CD4+CD62LnegCD38+), comprising 

4-10% of the total CD4+ T-cell pool, are enriched in cells expressing the CCR9 and a4β7 

compared to CD38neg effector T cells (defined as CD4+CD62LnegCD38neg).43 Conversely, cells 

expressing the skin-homing receptor cutaneous leukocyte-associated antigen (CLA) are 

almost absent in the CD38+ effector T-cell population but enriched in the CD38neg effector 

T-cell population. Moreover, specificity for intestinal luminal antigen is contained within 

this population, as after oral gluten challenge all gluten-specific CD4+ T cells in peripheral 

blood of celiac disease patients have the CD38+ effector phenotype.43 This distinctive 

phenotype lowers the threshold for detection of intestinal antigen-specific CD4+ T cells 

and provides a new approach to non-invasively monitor intestinal CD4+ T-cell responses in 

peripheral blood.43 

Intestinal CD4+ T-cell function: Regulatory Yin versus Inflammatory Yang.
Both regulatory and inflammatory CD4+ T cells differentiate from naive CD4+ T cells upon 

antigen encounter by intestinal APCs in the GALT and intestinal draining lymph nodes.14, 16, 

44, 46, 47 As a consequence, intestinal CD4+ T-cell populations can be functionally divided into 

regulatory and inflammatory populations. Mucosal application of a harmless antigen will 

not exclusively elicit  regulatory CD4+ T-cell populations but  also generate low frequencies 

of inflammatory CD4+ T-cell populations thus maintaining the capacity to eradicate 

harmless antigens upon breaching of the mucosal barrier. As such, a predominant 

regulatory immune response creates an overall tolerant state to contact with harmless 

antigens at steady state, while still allowing for the generation of an inflammatory immune 

response when tissue perpetration occurs.

Regulatory CD4+ T cells: “Yin”
The healthy intestinal lamina propria is home to a large number of CD4+ memory T 

cells with a regulatory phenotype, defined by their functional capacity to suppress an 

inflammatory T-cell response.48 The majority of regulatory CD4+ T cells in the intestine are 

Foxp3+CD4+ regulatory T cells denoted as Tregs.49 Tregs are classified into thymus-derived 

Treg (tTreg) and peripherally-derived Treg (pTreg), which differ in developmental origin 

and signals required for their development.50 Thymus-derived Treg arise during CD4+ T-cell 

differentiation in the thymus under the influence of relatively high avidity interactions of 

the TCR with self-antigens. The nuclear factor Helios and cell surface protein neuropillin 

(NRP1) are constitutively expressed by tTreg.51-53 Conversely, pTreg differentiate from 

naive CD4+ T cells after activation under tolerogenic conditions in secondary lymphoid 

tissues and do not express Helios and NRP1. Recent murine data has shown that intestinal 

Tregs can be divided into three subsets on the basis of RAR-related orphan receptor γt 

(RORγt) and GATA-binding protein 3 (GATA3) expression: microbiota-induced RORγt+ pTreg 

antigen-experienced CD4+ T cells downregulate CD62L and CCR7 and initiate expression 

of integrins and selectin ligands that allow selective migration to intestinal tissues.28, 29 

After priming, antigen-experienced CD4+ T cells exit the lymph node, enter the blood and 

migrate to the intestinal lamina propria or enter the epithelial layer where they reside as 

long-lived memory CD4+ T cells (Figure 1).

	 Signals from the APC and microenvironment in the MLN drive the acquisition of 

integrins and chemokine receptors required for preferential T-cell homing towards the 

intestine. CD4+ T cells activated in the MLN upregulate expression of the integrin a4b7 and 

the chemokine C-C motif receptor 9 (CCR9).30, 31 Intestinal APC-derived retinoic acid (RA) 

is a crucial factor promoting induction of a4b7 and CCR9 on responding CD4+ T cells.32, 

33 Epithelial cells in the small intestine produce chemokine CCL25, the ligand for CCR9, 

and lamina propria venules express the integrin a4b7 ligand mucosal vascular addressin 

cell adhesion molecule 1 (MADCAM1).34-36 Hence, circulating CD4+ T cells that express 

both a4b7 and CCR9 are recruited to the small intestinal lamina propria.37 Expression of 

integrin a4b7 also contributes to accumulation of CD4+ T cells in the large intestine.38, 39 

Chemokine receptors involved in regulation of CD4+ T-cell homing to the colon at steady 

state are less well defined, although recently, it was discovered that G protein coupled 

receptor 15 (GPR15) directs CD4+ T cells to the colon.40, 41 During intestinal inflammation, 

CCR6 and its ligand CCL20 also contribute to CD4+ T-cell recruitment to the inflamed small 

and large intestine, demonstrating that CD4+ T cells can use alternative homing receptors 

during inflammation when compared to steady state.42 Signals from the APC and MLN 

microenvironment determine the regionalization of the mucosally-imprinted CD4+ T-cell 

response irrespective of the T-cell phenotype and function. Thus, both regulatory and 

inflammatory CD4+ T cells are imprinted to home to the intestine. 

	 The migration of mucosally-imprinted CD4+ T cells after their egress from gut-

draining lymph nodes offers a unique opportunity to study ongoing intestinal CD4+ T-cell 

responses in peripheral blood. However, these mucosally-imprinted CD4+ T cells are not 

easily identified in peripheral blood. Using murine experiments we have established that 

proliferating antigen-specific CD4+ T cells in the MLN downregulate CD62L and upregulate 

CD38 expression. Intestinal APC-derived RA and TGF-β drive the reduction of CD62L and 

increase CD38 expression on differentiating mucosal CD4+ T cells. This demonstrates that, 

similar to a4b7 and CCR9, the CD62LnegCD38+ phenotype is regulated by signals from the 

APC and microenvironment.43, 44 Imprinting of the CD62LnegCD38+ phenotype is induced 

regardless of regulatory or inflammatory T-cell function, as suppression of Foxp3+ Treg 

differentiation does not affect the imprinting of the CD62LnegCD38+ phenotype.43 

	 In both mice and humans, the mucosally-imprinted CD62LnegCD38+ phenotype is 

retained by CD4+ T cells in the circulation, allowing to distinguish these cells from other CD4+ 

effector T cells in the peripheral blood.43, 45 In agreement with their microenvironmental 
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	 The regulatory cytokine IL-10 has an essential role in maintaining intestinal 

homeostasis, as mice genetically deficient in IL-10 develop severe intestinal inflammation.78 

Under conventional housing conditions, IL-10-deficient mice develop microbiota dependent 

inflammation in both the small and large intestine, demonstrating a clear role for IL-10 

in both intestinal compartments.78 Under SPF conditions, disease in IL-10-deficient mice 

is limited to the colon and the presence of Helicobacter hepaticus is required for colitis 

development.79, 80  Under germfree conditions, the development of colitis is not observed 

in IL-10-deficient mice.81 Together, these data show that stimulation of the immune system 

by commensal microbiota is critical for the development of disease in IL-10-deficient mice. 

In humans, the essential role of IL-10 in intestine inflammation is clearly demonstrated in 

patients with defects in IL-10 signaling, who tend to develop colitis with an even earlier 

onset and higher penetrance than IPEX patients.82-85

	 The production of IL-10 by Tregs is essential to restrain local inflammation in 

the intestine, as Treg-cell specific ablation of a conditional IL-10 allele (induced by Cre 

recombinase knocked into the Foxp3 gene locus) causes spontaneous colitis but no 

systemic autoimmunity.86 The capacity of Tregs to produce IL-10 is likely facilitated by 

the environment at mucosal interfaces, as intestinal Treg produce higher levels of IL-

10 compared to Tregs from the spleen and other organs.60 In addition to Tregs, during 

intestinal inflammation IL-10 can be produced by myeloid cells87-89, including macrophages 

and DCs, and other adaptive immune cells, including B cells and CD4+Foxp3neg T-cell 

populations. In the T-cell transfer model of colitis, IL-10 produced by CD11b+ myeloid cells 

in recipient hosts is needed to prevent induction of colitis.88 This demonstrates that, in 

addition to Treg-mediated production of IL-10, IL-10 production by innate immune cells is 

critical for regaining mucosal homeostasis after transient inflammation. Recent data have 

shown that IL-10 primarily acts on APCs as deficient IL-10 receptor signaling in APCs causes 

Helicobacter induced colitis which is not compensated by IL-10 signaling in T cells.90-92 

Loss of IL-10R-dependent signaling in APCs elicits differentiation of inflammatory CD4+ T 

cells that are colitogenic.90-92 Taken together, these data highlight the crucial role of IL-

10 in intestinal Foxp3+ Treg effector function and ensuing maintenance of tolerance to 

commensal microbiota. 

	 However, not only Foxp3+ Treg secrete IL-10 in the intestine. The best studied IL-10-

producing CD4+Foxp3neg T-cell population are T regulatory type 1 (Tr1) cells, which have 

been shown to inhibit inflammatory T-cell responses and colitis in an IL-10-dependent 

manner.93-95 Underscoring the regional differences in intestinal immune responses, Tregs 

and IL-10-producing CD4+Foxp3neg T cells exert regulatory function in different intestinal 

compartments. In the colonic lamina propria, nearly all IL-10 producing cells are Foxp3+ 

Tregs. Conversely, in the small intestine, CD4+Foxp3neg T cells are the predominant source 

of IL-10.49, 96-98 In line with this compartmentalization of intestinal regulatory T-cell subsets, 

(HeliosnegNRP1neg), food antigen-induced RORγtneg pTreg (HeliosnegNRP1neg) and self-antigen 

induced GATA+ tTreg (Helios+NRP1+). These subsets illustrate that tTreg and pTreg have 

great functional diversity and non-redundant roles in orchestrating intestinal tolerance.54-56

	 The in vivo induction of pTreg is particularly important in the intestine. When 

compared to splenic DCs, DCs from the GALT and intestinal draining nodes such as MLN favor 

peripheral induction of pTregs in response to food and microbial antigens through TGF-b 

and, in the upper gastrointestinal tract, with RA-mediated signals.14, 19, 44, 57-59 Colonization 

with commensal bacteria such as Altered Shaedler Flora (ASF) and fecal suspensions from 

specified pathogen free (SPF) mice increases the frequency of Foxp3+ cells in the total 

CD4+ T-cell pool.60-62 Most of the colonic Tregs in conventionally-housed mice express low 

levels of Helios, indicating that these Tregs are likely of peripheral origin.60, 63 Interestingly, 

analysis of the colonic TCR repertoire of Tregs demonstrated that colonic Treg cells utilize 

TCRs that are unique to the colon and different from those used in other organs.63 The 

majority of colonic Treg TCRs recognized colonic contents or bacterial isolates indigenous 

to the mouse colony.63 These colonic Treg TCRs did not facilitate tTreg-cell development 

after intrathymic transfer, inferring that colonic antigen-specific Tregs differentiate from 

naive CD4+ T cells peripherally in the intestine in response to microbiota of the host.63

	 Evidence for a key role for Foxp3+ Treg in maintenance of tolerance to intestinal 

microbiota came from the T-cell transfer mouse model.64-72 In this model, transfer 

of naive CD45RBhighCD4+ T cells isolated from the spleens of healthy donor mice into 

immunodeficient SCID mice causes a chronic intestinal inflammation with characteristics 

similar to those of human IBD.65 Cotransfer of the reciprocal mature CD45RBlow subset 

prevents colitis development.65 The intestinal inflammation in this murine model is 

dependent upon the presence of bacteria, as it does not occur under germ-free conditions 

and can be ameliorated by antibiotic treatment of the SCID recipients.71 Together, 

these data demonstrate that the healthy immune system contains microbiota-specific 

inflammatory CD4+ T cells that are normally regulated by regulatory CD4+ T cells. Further 

phenotypic characterization of the regulatory CD4+ T cells present in the CD45RBlow subset 

showed that they expressed high levels of CD25 and expressed the transcription factor 

Foxp3.22, 23, 67 It is now widely accepted that Tregs are crucial to antagonize inflammatory 

CD4+ T cells in the intestine through multiple mechanisms, including IL-2 scavenging, the 

production of the cytokines such as IL-1066, IL-3573 and TGF-β69, 70, and high expression of 

coinhibitory receptors such as cytotoxic lymphocyte antigen 4 (CTLA-4) and programmed 

cell death-1 (PD-1).67, 68 In humans, mutations affecting the Foxp3 gene result in immune 

dysregulation, polyendocrinopathy, enteropathy, and X-linked syndrome (IPEX).74, 75 

Although IPEX patients display autoimmunity in multiple organs, almost all individuals with 

IPEX develop autoimmune enteropathy, emphasizing the key role of Tregs in preventing 

intestinal inflammation.76, 77 
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environmental conditions during antigen recognition in tissues.103

	 As both Th1 as well as Th2 and Th17 cells have been implicated in IBD104, effector 

cytokines such as IFNg and IL-17 are often used to identify pro-inflammatory CD4+ T cells in 

settings of intestinal inflammation. However, recent evidence suggests that effector CD4+ 

T-cell responses to commensals can also support intestinal homeostasis by producing 

barrier-protective cytokines.105, 106 For example, while the Th17-associated IL-23-IL-17 axis 

is thought to play a role in many autoimmune and chronic inflammatory diseases107, Th17 

cells can cooperate with Treg to promote the repair of damaged epithelial barrier during 

colitis.106, 108 

	 Thus, in the healthy intestinal lamina propria, inflammatory CD4+ T cells are 

present that are essential to eliminate invasive mucosal pathogens and control resident 

commensal microbiota. However, infiltration of the lamina propria by inflammatory CD4+ 

T-cell populations is a key characteristic of chronic intestinal inflammation.1 Therefore, a 

tightly controlled balance between regulatory and inflammatory CD4+ T-cell populations 

is crucial to prevent uncontrolled CD4+ T-cell responses and subsequent intestinal tissue 

damage.104 

Inflammatory Bowel Disease: Disrupted Balance of Intestinal Immune Responses to 
Commensal Bacteria.
Defects in intestinal immune regulation lead to immunopathology such as IBD. The two 

most prevalent clinical forms of IBD, Crohn’s disease (CD) and ulcerative colitis (UC), 

can have similar symptoms including abdominal pain, rectal bleeding and diarrhea, but 

differ with respect to histopathological features. UC affects the colon and is a superficial 

ulcerative disease, whereas CD is a granulomatous disorder with transmural inflammation 

that can affect any part of the gastrointestinal tract. IBD impacts every aspect of the 

affected individual’s life, and can result in significant long term morbidity, including the 

risk for surgery and hospitalization, cancer and mortality. Currently, an estimated 3 million 

people in Europe are affected by IBD, and 5-15 per 100,000 individuals are diagnosed with 

IBD per year.109 Given the continuing increase in IBD incidence worldwide and the lack 

of a permanent cure, the number of patients suffering from IBD is expected to increase 

even further over the coming decades.109 In particular, incidence rates of IBD continue to 

increase in pediatric and adolescent age-groups110, who may have a more aggressive and a 

more complicated clinical course than adult-onset IBD.111, 112 

	 Even within the two clinical subgroups of CD and UC, presentation of IBD is 

heterogeneous and varies in terms of clinical symptoms, location of intestinal inflammation, 

disease extent and severity, presence of extra-intestinal manifestations and response 

to therapy. Over the past decades, this heterogeneity was confirmed by immunological 

studies and genome-wide association studies. A total of 163 IBD susceptibility loci have 

mice that have a specific deletion of IL-10 in Foxp3+ Treg develop inflammation specifically 

in the colon, but not in the small intestine.86 This illustrates that CD4+Foxp3+ Tregs and 

IL-10-producing CD4+Foxp3neg T cells carry out nonredundant functions at different 

intestinal locations.  In the T-cell transfer model of colitis, both Foxp3+ Tregs and Tr1 cells 

are able to prevent colitis93, 99, 100, demonstrating that both subtypes have the functional 

capacity to suppress inflammatory CD4+ T cells irrespective of the inflammatory location. 

Therefore, the compartmentalization of Foxp3+ Treg and IL-10-producing CD4+Foxp3neg 

T cells in the intestine may be a result of the difference in the environment during the 

phase of regulatory CD4+ T-cell induction.49 In line with this hypothesis, repetitive anti-

CD3 treatment induces Tr1-like cells in the epithelial compartment of the small intestine, 

whereas the same treatment induces mostly Foxp3+ Tregs in the lamina propria of the 

colon.97 What type of inflammatory immune response is preferentially regulated by Foxp3+ 

Tregs, Tr1 cells or both is currently not clear. 

	 Altogether, immune tolerance in the intestine is orchestrated by a cooperative 

network of several populations of regulatory CD4+ T cells, including Foxp3+ Tregs and 

Foxp3negCD4+ T-cell populations, with a prominent role for Foxp3+ Treg cells in the colon and 

Foxp3negCD4+ T cells in the small intestine. Both populations likely use multiple mechanisms 

to suppress inflammatory immune responses, the best characterized of which involves IL-

10 production.

Inflammatory CD4+ T cells: “Yang”
In addition to regulatory CD4+ T-cell subsets, the lamina propria harbors diverse populations 

of pro-inflammatory effector CD4+ T cells that are critically required for adequate responses 

to microbial challenges as occur upon extensive translocation of commensal microbiota, 

or trespassing pathogenic bacteria, viruses or fungi. Upon activation through TCR signaling 

in intestinal draining lymph nodes and/or GALT, naive CD4+ T cells can differentiate into 

different subsets of inflammatory effector CD4+ T cells, denoted as CD4+ T helper (Th) cells: 

Th1, Th2 and Th17. The cytokines and transcription factors required for the differentiation 

of Th1, Th2 and Th17 cells are summarized in Figure 2B. Classically, each Th cell subset 

is associated with predominance of specific effector cytokines. Th1 cells predominantly 

produce the inflammatory cytokines interferon gamma (IFNg), tumor necrosis factor alpha 

(TNFa) and IL-12 and participate in host defense against intracellular bacteria and viruses; 

Th2 cells predominantly secrete IL-4, IL-5 and IL-13 and defend against parasitic helminths; 

and Th17 predominantly produce IL-17, IL-21 and IL-22 and are specialized for responses 

to extracellular bacteria and fungi.101, 102 Although this categorization is helpful to study 

Th-cell responses in complex inflammation, these subsets should not be considered 

separate cell lineages as functional plasticity is maintained within these cells after their 

differentiation. This allows cells of one Th subset to transform to another under particular 
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induce disease remission and prevent disease relapse.118-120 Consequently, a lot of effort 

has been invested in identifying bacterial antigens that are recognized by infiltrating CD4+ T 

cells in IBD. Interestingly, experimental studies have suggested a selectivity of the immune 

response to a relatively small number of dominant bacterial antigens, including bacterial 

flagellin.121-123 Understanding which bacterial antigens are recognized by CD4+ T cells in IBD 

is important to provide insight into the regional distribution of the disease and can possibly 

identify specific IBD-associated bacteria that can be targeted for therapy. In addition, 

analysis of bacteria-reactive CD4+ T-cell responses is required to establish whether CD4+ 

T-cell responses are inappropriate in some patients, but protective in others. 

 

Towards Precision Therapy in IBD: Treating Defective Immune Pathways
Despite the likely importance of microbiota in the pathogenesis of IBD, therapy focusses 

on suppressing the immune system rather than removing the antigen that might be 

responsible for the aberrant immune response. Classical IBD treatment have broad, 

non-specific effects on the immune system, and a disadvantage of these approaches is 

the suppression of both innate and adaptive immunity. Targeted anti-TNFa medications 

are now considered the most efficacious therapies available for the management of 

IBD, but not all patients will respond and many will lose response overtime.124 Disease 

heterogeneity likely contributes to the difficulties of achieving high response rates within a 

heterogeneous patient population.125 Detailed insight in the immune responses occurring 

in IBD patients would enable patient stratification based on underlying defective immune 

mechanisms that drive disease. This strategy is required to select the most appropriate 

treatment for each patient and is therefore pivotal for the successful development of new 

therapies.

A I M  A N D  O U T L I N E  O F  T H I S  T H E S I S

The aim of this thesis is to identify immune regulatory processes that are pivotal for 

intestinal homeostasis and to yield parameters that classify immunological disease in 

IBD patients. In addition, by combining immunological disease profiling with extensive 

clinical characterization of each patient, the research presented in this thesis aims to 

identify which clinical and immunological factors can be used to predict disease course 

and response to therapy.

	 CD4+ T cells play a key role in the pathogenesis of IBD. The intestinal pathology is 

characterized by infiltration of CD4+ T cells that secrete large amounts of pro-inflammatory 

cytokines. However, mechanisms leading to this exaggerated CD4+ T-cell response remain 

largely obscure. In Chapter 2, we describe how emerging clinical observations in human 

been associated with IBD.113 For CD, these studies have identified associations with defects 

in the processing of intracellular bacteria, autophagy and innate immunity (i.e. NOD2, 
ATG16L1), whereas genetic evidence in UC has suggested involvement of intestinal barrier 

function (i.e. HNF4A, LAMB1).113, 114 It has now become clear that complex interactions 

between the immune system, intestinal microbiota, the environment and host genotype 

are likely involved the development of IBD.115 Although the precise etiology may differ per 

patient, the current theory is that IBD is caused by a dysregulated immune response to 

antigens of the intestinal bacteria in a genetically susceptible host. 

	 Both insufficient host defense as well as insufficient immune regulation can result 

in dysregulated immune responses to bacterial antigens. For example, insufficient host 

defense occurs in chronic granulomatous disease (CGD), a primary immunodeficiency 

caused by genetic defects in components of the phagocyte nicotinamide adenine 

dinucleotide phosphate (NAPDH) oxidase complex that is essential for killing phagocytosed 

bacteria. In CGD patients, impaired killing of bacteria after phagocytosis causes reduced 

bacterial clearance which leads to IL-1b activation and secondary hyperinflammation. As 

a result, up to 40% of patients with CGD develop intestinal inflammation.116 An example 

of insufficient immune regulation leading to intestinal inflammation is seen in patients 

with IPEX syndrome,Foxp3 deficiency, who develop early-onset autoimmune enteropathy, 

insulin-dependent diabetes and eczema due to a primary hyperactivation of CD4+ T cells. 

Although the histological presentation of the autoimmune enteropathy is variable, a 

graft-versus-host disease-like pattern associated with positive anti-enterocyte antibodies 

is the most frequent intestinal presentation of IPEX syndrome.76 Thus, both insufficient 

host defense (i.e. CGD) as well as insufficient immune regulation (i.e. IPEX) can result in a 

destructive inflammatory immune response in the intestine. 

	 Regardless of the specific initiating factor and underlying defective immune 

mechanism, a common disease denominator in all patients is the infiltration of inflammatory 

CD4+ T cells in intestinal tissue. Given the unique ability of T cells to exert memory to 

previously encountered antigens117, the infiltration of CD4+ T cells is a critical step in the 

chronicity of the disease. The combination of inflammatory CD4+ T cells together with the 

persistence of commensal microbiota causes a relapsing-remitting disease course that is 

characteristic for many T-cell mediated inflammatory diseases, including IBD.

Evidence for the Role of Microbiota in IBD
Several lines of evidence support the hypothesis that microbiota are an essential factor in 

maintaining intestinal inflammation in IBD. Supporting a role of bacteria in human disease, 

T cells isolated from the intestine of IBD patients proliferate in response to autologous 

intestinal bacteria, unlike intestinal T cells from healthy individuals.4 In addition, the fecal 

stream is critical for disease development and recurrence, whereas antibiotic therapy can 
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increased IL-2 signaling on intestinal immune responses. Hereto, we have characterized 

the immune function of a patient with a de novo duplication of the 10p15.1 chromosomal 

region, including the IL2RA gene, who developed therapy-resistant very early onset colitis 

at 2 years of age. 

	 Recent advances in medical therapy for IBD have led to the use of steroid sparing 

strategies that entail long-term and even life-long immune suppression. Although immune 

suppression in IBD may reduce the risk of disease complications, surgery and disease‐

associated tumors such as bowel adenocarcinoma, it is associated with an increased risk 

of treatment-associated malignancies and opportunistic infections. Given the rarity of 

some of these events, more detailed information on pediatric‐onset IBD patients who 

develop cancer or have a fatal outcome is needed to obtain more insight in predictive 

factors of severe outcomes. In Chapter 7, we provide a literature overview of patients 

with pediatric-onset IBD patients who developed cancer or suffered a fatal outcome at any 

point later in life. In Chapter 8, we report the results of a large prospective multinational 

collaboration, which aimed to describe the most common causes of mortality, types of 

cancer and previous or current therapy among children and young adults with pediatric-

onset IBD. In addition, we also investigated the relationship between severe outcomes, 

disease characteristics and treatment exposure.

	 Available evidence and results presented in Chapter 8 demonstrate that a 

concomitant diagnosis of sclerosing cholangitis (SC) is a significant risk factor for cancer-

associated mortality in patients with pediatric-onset IBD. SC may be easily overlooked, 

as symptoms are often nonspecific and intestinal disease is frequently more prominent 

in patients with concomitant IBD. Prognostic factors for complicated disease would 

allow physicians to include high-risk IBD patients with concomitant SC in an intensified 

follow-up program aimed at prevention or early detection of complications. In Chapter 
9, we therefore aimed to identify factors present at SC diagnosis that are associated with 

development of early hepatobiliary complications in children with IBD-associated SC.

	 Finally, Chapter 10 provides a general discussion of the data described in this thesis 

and highlights results that could be of specific interest for future research.

cancer treatment have provided new insight into the critical role of co-inhibitory receptors 

in the maintenance of intestinal homeostasis. In addition, we provide insight in how 

co-inhibitory receptor expression may contribute to IBD patient stratification and how 

stimulating co-inhibitory pathways may offer new opportunities to treat chronic intestinal 

inflammation.

	 Monitoring loss of balance between inflammatory and regulatory intestinal CD4+ 

T-cell responses in IBD patients is highly desired to classify patients and predict their disease 

course but is difficult as endoscopy is too invasive to routinely be used. In Chapter 3, we 

determined whether regulatory and inflammatory phenotypes of circulating CD38+ effector 

T cells (CD62LnegCD4+), a population enriched for cells with mucosal antigen specificity, 

classify disease course in pediatric-onset IBD patients. Thereto, by using transcriptomics 

and in vitro cultures, we identified novel CD38+ cell-expressed regulatory proteins suitable 

for disease monitoring. In addition, we performed flow cytometric analysis on peripheral 

blood of pediatric-onset IBD patients before start of treatment (at disease diagnosis) and 

during longitudinal follow up. 

	 The results presented in Chapter 3 suggest that expression of the coinhibitory 

receptor T cell immunoglobulin and ITIM domain (TIGIT) on circulating CD38+ effector T 

cells is altered in a subgroup of pediatric-onset IBD patients who are at risk of early disease 

relapse. As TIGIT has been shown to limit T-cell driven inflammation, a better understanding 

of the mechanisms involved in establishing and maintaining TIGIT expression on CD4+ T 

cells would aid in the design of novel immunotherapies with the potential to modify or 

re-balance the immune system. In Chapter 4, we studied factors involved in the induction 

of TIGIT expression on murine and human CD4+ T cells and investigated the role of TIGIT+ 

cells in regulating immune responses to intestinal bacteria.

	 The chronic intestinal inflammation in IBD is thought to be maintained by 

inflammatory CD4+ effector T cells that have specificity for microbial antigens.4, 126, 127 

However, the microbial antigens recognized by these CD4+ T cells remain unknown. Elevated 

humoral responses to bacterial flagellin, a bacterial protein expressed by both commensal 

and pathogenic bacteria, are present in a subgroup of CD patients at risk for aggressive and 

complicated disease.122, 128-131 In Chapter 5, we tested whether elevated anti-flagellin IgG in 

CD patients may reflect increased activation of flagellin-specific CD4+ T cells. Using a novel 

approach to identify flagellin-reactive CD4+ T cells in peripheral blood, we determined the 

frequencies of circulating flagellin-reactive CD4+ T cells in treatment-naive CD patients 

with elevated flagellin-specific antibodies. In addition, we aimed to evaluate whether 

flagellin-reactive CD4+ T cells in CD patients have altered effector cytokine production and 

coinhibitory receptor expression compared to healthy individuals.

	 Monogenic defects, such as the IL10, IL10R and Foxp3 loss-of-function mutations 

causing very early onset IBD, have uncovered pathways that are essential to prevent 

intestinal inflammation.75, 82 In Chapter 6 we investigated the functional consequences of 
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A B S T R A C T 

The small intestinal and colonic lamina propria are populated with Forkhead box P3 

(Foxp3)+CD4+ regulatory T cells (Tregs) and interleukin-10-producing T cells that orchestrate 

intestinal tolerance to harmless microbial and food antigens. Expression of co-inhibitory 

receptors such as cytotoxic T-lymphocyte associated protein 4 (CTLA-4) and programmed 

cell death protein 1 (PD-1) serve as checkpoints to these cells controlling their T-cell receptor 

(TCR)- and CD28- mediated activation and modulating the phenotype of neighboring 

antigen presenting cells. Recent discoveries on the diversity of co-inhibitory receptors and 

their selective cellular expression has shed new light on their tissue-dependent function. 

In this review, we provide an overview of the co-inhibitory pathways and checkpoints of 

Treg and effector T cells and their mechanisms of action in intestinal homeostasis. Better 

understanding of these inhibitory checkpoints is desired as their blockade harbors clinical 

potential for the treatment of cancer and their stimulation may offer new opportunities to 

treat chronic intestinal inflammation such as inflammatory bowel disease.  

Tipping the balance: inhibitory checkpoints

in intestinal homeostasis

I N T R O D U C T I O N

The intestinal mucosa is continuously exposed to exogenous antigens derived from 

food proteins and microbiota. Upon encounter of foreign antigens, antigen presenting 

cells (APCs) migrate to draining lymph nodes to present antigens to naive T cells. The 

interactions between APCs and responding T cells are modulated by additional signals 

from costimulatory and co-inhibitory receptors. The balance between these signals 

determines the functional outcome of T-cell receptor (TCR)-mediated activation, including 

the strength, nature and duration of the T-cell response.1 In addition to controlling APC-T-

cell interactions during the initial activation of naive T cells, costimulatory and co-inhibitory 

signals also control effector, memory and regulatory T-cell responses.2 Under homeostatic 

circumstances, encounter of innocuous antigens such as food proteins and molecular 

components of commensal bacteria in mucosa draining lymph nodes result in a preferential 

tolerogenic T-cell response. Inflammatory T-cell responses to food and microbial antigens 

can result in allergy and chronic inflammation, such as seen in patients with inflammatory 

bowel disease (IBD) and celiac disease, and might contribute to autoimmune diseases 

such as systemic lupus erythematosus (SLE) and rheumatoid arthritis (RA).3-7 

	 Over the years, studies in  both mice and humans have established  a central role 

for Forkhead box P3 (Foxp3)+CD4+ regulatory T cells (Tregs) and interleukin 10 (IL-10)- 

producing CD4+Foxp3neg T cells in maintaining intestinal tolerance to harmless microbial 

and food antigens.8 Foxp3+ Tregs are classified into thymus-derived Treg (tTreg) and 

peripherally-derived Treg (pTreg). tTreg arise during CD4+ T-cell differentiation in the 

thymus, whereas pTreg differentiate from naive CD4+ T cells exposed to antigens under 

tolerogenic conditions in lymphoid tissue.9 Special environmental control in intestinal 

lymphoid tissues favors de novo pTreg development in response to TCR-specific 

recognition of food- and microbiota-derived antigens.8, 10-12 In particular, soluble factors 

including transforming growth factor-b (TGF-b) and retinoic acid promote intestinal pTreg 

differentiation.13-16 Besides Foxp3-expressing Tregs, the intestine contains IL-10-secreting 

CD4+Foxp3neg type 1 regulatory T cells (Tr1 cells), differentiation of which is facilitated by 

the cytokine IL-27.17, 18 A common feature of both Foxp3+ and Foxp3neg regulatory CD4+ 

T-cell populations is the expression of inhibitory receptors.19 Recently, immunotherapies 

directed against co-inhibitory receptors such as cytotoxic T-lymphocyte associated protein 

4 (CTLA-4) and programmed cell death protein 1 (PD-1), aiming to enhance anti-tumor 

T-cell responses in cancer, show that co-inhibitory receptor blockade can lead to the 

development of immune-mediated intestinal inflammation.20 These findings provide new 

insight into the critical role of co-inhibitory receptors in the maintenance of intestinal 

homeostasis, but their involvement in the regulation of mucosal immune responses 

in the intestine remains poorly understood. In this review, we will discuss the role of                                                                                                                    
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co-inhibitory receptors in the maintenance of intesti nal homeostasis and how the ti ming 

of co-inhibitory receptor upregulati on, ligand distributi ons and specifi c eff ects on diff erent 

cell-types contribute to this regulati on. Bett er mechanisti c understanding of how co-

inhibitory receptor pathway modulati on leads to intesti nal infl ammati on is desired as 

sti mulati ng co-inhibitory receptor pathways may off er new opportuniti es to treat chronic 

intesti nal infl ammati on as observed in IBD. 

I N H I B I TO R Y  R E C E P TO R S  I N  T H E  I G  S U P E R FA M I LY  T H AT  E N G A G E 
B 7 L I G A N D S :  C T L A -4 A N D  P D -1 

Cytotoxic T-lymphocyte associated anti gen 4 (CTLA-4; CD152).

CTLA-4: expression, ligands and functi on
CTLA-4, a member of the Ig superfamily, is a structural homologue of the costi mulatory 

receptor CD28 and is a ligand for CD80 (B7-1) and CD86 (B7-2) expressed on the surface of 

APCs.21, 22 Unlike CD28, CTLA-4 undergoes consti tuti ve clathrin-mediated endocytosis such 

that it is rapidly internalized aft er reaching the cell surface.23-25 CTLA-4 has a higher affi  nity 

for CD80 and CD86 than CD28 and can prevent the costi mulatory signal normally provided 

by CD28/B7 interacti ons (Figure 1).26 As CD28/B7 costi mulati on is essenti al to prime naive 

T cells, the CTLA-4 pathway is thought to inhibit T-cell proliferati on early in the immune 

response, preferenti ally in the lymph node.27, 28 Since CTLA-4 is a target gene of Foxp329-31, 

Tregs have high intracellular stores of CTLA-4 and consti tuti vely traffi  c high levels of CTLA-4 

to their cell surface.32, 33 Resti ng naive T cells can be induced to express CTLA-4 in response 

to TCR ligati on, in parti cular together with CD28 costi mulati on, reaching a maximum level 

aft er 48 to 72 hours.34-36

 The criti cal role of CTLA-4 in controlling T-cell acti vati on and tolerance is well-

established. Ctla4-/- mice develop a lymphoproliferati ve disorder within 3 weeks of age 

that is characterized by the infi ltrati on of CD4+ T cells into multi ple non-lymphoid ti ssues, 

leading to organ destructi on and death.37, 38 Specifi c deleti on of CTLA-4 in CD4+Foxp3+ Tregs 

results in a similar lymphoproliferati ve disease and multi -organ failure as seen in Ctla4-/- 

mice, but with a delayed onset, demonstrati ng that expression of CTLA-4 by Foxp3+ Tregs 

is essenti al to prevent autoimmunity in vivo.39 Mice lacking both CTLA-4 and CD28 or their 

ligands CD80/CD86 show no signs of disease40-42, demonstrati ng that the main functi on 

of CTLA-4 is to control CD28-dependent T-cell acti vati on by competi ng for CD80 and 

CD86. This so-called cell extrinsic regulati on, in which CTLA-4+ cells inhibit the acti vati on 

of neighboring CTLA-4neg cells, is exerted by conventi onal T cells as well as by Tregs.43-46

In additi on to competi ng for CD80/CD86, CTLA-4 can downregulate expression of these 
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Figure 1. Interacti ons between co-inhibitory receptors of the immunoglobulin superfamily and their ligands.
The majority of T-cell co-inhibitory receptors belong to the immunoglobulin (Ig) superfamily. Many co-inhibitory 
receptors of the Ig superfamily are expressed on acti vated T cells, and their specifi c ligands are expressed in 
professional anti gen presenti ng cells (APCs), neutrophils, macrophages, or stromal cells. The inhibitory receptor 
cytotoxic T-lymphocyte associated anti gen 4 (CTLA-4) is a structural homolog of the costi mulatory receptor CD28, 
but binds B7 ligands CD80 and CD86 with much higher binding affi  nity. Programmed cell death 1 (PD-1) is a member 
of the B7/CD28 family that  has two ligands, PD-L1 and PD-L2.  B- and T-lymphocyte att enuator (BTLA) is part 
of a shared receptor-ligand network and binds to the TNF receptor family member herpesvirus entry mediator 
(HVEM).  Lymphocyte acti vati on gene-3 (Lag-3) structurally resembles CD4 and binds to MHC-II with higher affi  nity. 
T-cell immunoglobulin and mucin domain-containing protein (Tim-3) has many ligands, including galecti n-9 and 
Ceacam-1. T-cell immunoreceptor with Ig and ITIM domain (TIGIT) and the costi mulatory receptor CD226 share the 
ligands CD112 and CD155. Together they form a pathway reminiscent of the CTLA-4/CD28/B7 pathway, in which 
TIGIT delivers an inhibitory signal.
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essential for intestinal pTreg induction but does regulate the accumulation of intestinal 

pTreg in the intestine.

	 CTLA-4 plays a fundamental role in Treg suppressive function during intestinal 

inflammation.33, 40, 55, 56, 61 The majority of data on the role of CTLA-4 in intestinal 

inflammation has been generated using the T-cell transfer model of colitis. In this model, 

naive CD4+CD45RBhigh T cells are adoptively transferred into lymphopenic Scid-/- or Rag-/- 

mice and cause colitis upon activation in response to intestinal antigens.62, 63 Co-transfer 

of CD4+CD25+ T cells, enriched in Tregs, with naive CD4+CD45RBhigh T cells prevents 

development of colitis.64 In most studies, CTLA-4 expression on co-transferred CD4+CD25+ 

T cells is essential to prevent colitis induced by naive T-cell transfer into Rag-/- recipients 

(Table 1).32, 45, 54 Similarly, blocking the interaction of CTLA-4 and its ligands through 

use of anti-CTLA-4 antibodies or Fab fragments, abrogates CD4+CD25+ cell mediated 

suppression of colitis.40, 55, 56 This argues that CTLA-4 expression on Tregs is required for 

colitis suppression (Figure 2.2). It should be noted that genetic deficiency of CTLA-4 in 

CD4+CD25+ Tregs has been reported to result in a compensatory IL-10 production in some 

settings, allowing the prevention of transfer colitis in an IL-10 dependent fashion (Table 

1). It is unclear whether CTLA-4 expression by colitogenic naive CD4+CD45RBhigh T cells  

plays a role in transfer colitis, as anti-CTLA-4 antibody treatment exacerbated colitis in 

some experimental settings but not others.40, 56 An overview of the role of CTLA-4 in colitis 

suppression in the different transfer colitis studies is provided in Table 1. Altogether, data 

demonstrate a key role for CTLA-4 in Foxp3+ Tregs to prevent T-cell transfer induced colitis. 

	 In addition to their crucial role in preventing intestinal inflammation, Foxp3+ pTregs 

are required for the induction of oral tolerance.10, 65, 66 Feeding of soluble antigen induces 

systemic immunological hyporesponsiveness that is characterized by a suppressed 

delayed type hypersensitivity (DTH) reaction after antigen injection in the footpad or the 

auricle.67, 68 At the cellular level, tolerance is a consequence of Foxp3+ pTreg mediated 

suppression of the Th1 and Th2 response to the particular antigen. Several studies have 

demonstrated a role for CTLA-4 function in the development of oral tolerance, but effects 

on cytokine secretion varied on the dose of the antigen fed while the DTH response was 

not monitored.69, 70 Administration of anti-CTLA-4 antibodies during 50 mg ovalbumin 

(OVA) feeding completely abrogated the suppression of cytokine production by Th1 and 

Th2 cells.70 By contrast, the administration of anti-CTLA-4 antibodies during 1 mg OVA 

feeding only abrogated suppression of Th2 type immune responses but not Th1.69 Co-

administration of IL-12 along with anti-CTLA-4 antibodies was required to abrogate the 

suppression of Th1 cytokine secretion during tolerance induction 1 mg OVA feed.69 These 

results indicate that the CTLA-4 pathway is important for establishing oral tolerance, but 

suggests that its role is most important in high dose oral tolerance. Whether this relates 

to different mechanisms mediating oral tolerance to low and high antigen doses, i.e. low 

ligands on APCs.39, 47, 48 This can occur via transendocytosis, whereby CTLA-4 captures CD80 

and CD86 from the surface of APCs and internalizes them for degradation, impairing the 

capacity of these APCs to provide CD28 costimulation.49 The role of transendocytosis in 

CTLA-4 function offers a plausible biological explanation for the unusual endocytic and 

recycling behavior of the CTLA-4 molecule. Although it has been suggested that the 

cytoplasmic domain of CTLA-4 transmits an inhibitory signal leading to cell-intrinsic 

regulation within CTLA-4 expressing cells, this is not supported by experiments with 

mixed bone marrow chimeric mice containing a mixture of wildtype and CTLA-4-deficient 

cells.50-52 Thus while cell intrinsic competition between CTLA-4 and CD28 expressed on 

the same cell must surely occur, this does not appear to be a major mechanism of CTLA-4 

action, at least in conventional T cells.32, 52 In sum, CTLA-4 regulates T-cell function primarily 

by restricting T-cell activation early in the immune response through cell extrinsic ligand 

competition.

Intestinal CTLA-4 in a nutshell. CTLA-4 uses multiple mechanisms to exert a critical 

inhibitory effect on intestinal T-cell responses. CTLA-4 favors higher frequencies of pTregs 

in the intestinal lamina propria.53 Moreover, mouse models of colitis have demonstrated 

that CTLA-4 expression on Treg is essential to suppress colitogenic CD4+ effector T 

cells.32, 45, 54-56 In humans, Tregs of patients with heterozygous mutations in CTLA-4 have 

impaired suppressive capacity.57-59 Limited data is available on the functional role of 

CTLA-4 on intestinal regulatory CD4+Foxp3neg T-cell populations.

CTLA-4 and intestinal homeostasis
In the intestine, approximately 90% of all Foxp3+ Tregs express CTLA-4.60 Several murine 

studies have addressed the role of CTLA-4 in the induction of intestinal Foxp3+ cells, its 

effect on suppressive capacity and its role in maintaining the Foxp3+ Tregs pool. CTLA-4 

is not required for pTreg induction, as in culture with TGF-b, IL-2 and TCR signals, naive 

Ctla4-/- T cells and Ctla4+/+ T cells are equally efficient in converting into Foxp3+ pTregs.53 

However, CTLA-4 does appear to play a role in maintaining the intestinal Treg pool. The 

intestinal lamina propria of Rag2-/- mice reconstituted with a mixture of Ctla4-/- and 

Ctla4-sufficient BALB/c bone marrow cells contains reduced percentages of Foxp3+ T cells 

derived from Ctla4-/- bone marrow when compared to Foxp3+ T cells derived from BALB/c 
bone marrow.53 In contrast, in the spleen and mesenteric lymph nodes, CTLA-4-deficient 

(Ctla4-/-) and -sufficient (BALB/c) T cells contributed equally to the Foxp3+ and Foxp3neg 

compartments. This is not because of a general inability of CTLA-4-/- cells to migrate to the 

gut, as CTLA-4-/- cells in the intestine contributed to the CD4+Foxp3neg cell pool to a similar 

percentage as in other organs.53 These observations thus argue that, in vivo, CTLA-4 plays 

a role in regulating pTreg frequencies in the intestine in particular.53 In sum, CTLA-4 is not 
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doses favoring the induction of pTregs and higher doses the induction of anergy or clonal 

deletion, remains to be established. In particular, whether OVA-specific pTregs require 

CTLA-4 for full suppression of Th1 and Th2 immune responses in models for low dose oral 

tolerance remains to be further investigated (Figure 2.2). 

	 In some settings, CTLA-4 deficiency may allow for induction of other subsets of CD4+ 

T cells with the capacity to suppress colitis. Cre-recombinase based deletion of CTLA-4 

in adult mice results in significantly increased frequencies of Foxp3neg T cells, that exhibit 

high levels of IL-10 and increased expression of co-inhibitory receptors Lag-3 and PD-1.71 

High IL-10-producing capacity and the expression of co-inhibitory receptors such as Lag-3 

and PD-1 are characteristic of IL-10-secreting CD4+Foxp3neg Tr1, a cell type that has been 

shown to inhibit T-cell responses and colitis in an IL-10-dependent manner.72-74 Along the 

same lines, it was recently demonstrated that anti-CTLA-4 treatment can induce IL-10-

producing ICOS+ regulatory CD4+ T cells with anti-inflammatory properties that inhibit 

2,4,6-Trinitrobenzenesulfonic acid solution (TNBS) induced colitis.75 This is in contrast 

with the finding that anti-CTLA-4 antibodies abrogated Treg control of colitis in the setting 

of T-cell transfer experiments (described above), but fits with the observation that IL-

10 can compensate for a genetic deficiency of CTLA-4 in some settings (Table 1).40 The 

precise circumstances in which blockade or lack of CTLA-4 allows for the differentiation 

of immunosuppressive IL-10 secreting CD4+Foxp3neg T cells with the ability suppress colitis 

requires further investigation. 

Quantitative deficiencies in CTLA-4 expression in humans 
In humans, heterozygous mutations in CTLA-4 resulting in CTLA-4 haploinsufficiency are 

associated with lymphoproliferation reminiscent of the mouse model, resulting in severe 

clinical manifestations of autoimmunity and early-onset Crohn’s disease.57-59 The organs 

of affected CTLA4+/- individuals, including the intestine and lungs, show extensive CD4+ 

T-cell infiltration.59 Frequencies of Tregs within the CD4+ T-cell compartment of CTLA4+/- 

individuals are significantly increased compared to healthy CTLA4+/+ controls and their 

suppressive function is impaired.57-59 In addition to impaired Treg function, it has been 

suggested that the CTLA4+/- genotype alters naive T-cell responses, as naive T cells 

Table 1. The role of CTLA-4 in preventing intestinal inflammation in transfer colitis models.

Colitogenic T-cell population Recipient Treg-cell population Colitis

Ctla4-/- regulatory cells

Sojka et al. 
2009 54

CD4+CD25negCD62Lhigh T cells 
from WT C57BL/6.CD90.2 
mice.

Rag2-/- CTLA-4 deficient 
CD4+CD25+CD62Lhigh cells isolated 
from young Ctla4-/- mice.

Yes

Jain et al. 
2010 45

CD4+CD25neg cells 
isolated from WT BALB/c 
mice.

Rag1-/- CTLA-4 deficient CD4+CD25+ 
cells isolated from transgenic 
CD57BL/6J mice with CTLA-4 
expression restricted to activated 
T cells (CT4Act mice, Ctla4 
expression under the control the 
Il2 promoter).

Yes

Tai et al. 
2012 32

CD4+CD45RBhigh T cells from 
WT B6 mice.

Rag2-/- CTLA-4 deficient CD4+CD25+ cells 
isolated from B6+Ctla4-/-→B6 
mixed BM chimeras.

Yes

Read et al. 
2006 40

CD4+CD45RBhigh T cells from 
WT BALB/c mice.

Scid B7/CTLA-4 deficient CD4+CD25+ 
cells from B7-1/B7-2/CTLA-4 KO 
mice.

No*

Read et al. 
2006 40

CD4+CD45RBhigh T cells from 
WT BALB/c mice.

Rag2-/- B7-sufficient CTLA-4 deficient 
CD4+CD25+ cells isolated from 
BALB/c.CTLA-4 KO mixed BM 
chimeras.

No*

Anti-CTLA-4 antibodies

Read et al. 
2006 40

CTLA-4 deficient
CD4+CD45RBhigh T cells from 
B7-1/B7-2/CTLA-4-/- mice. 

Scid CTLA-4 sufficient
Transfer of CD4+CD25+ T cells, 
followed by anti-CTLA-4 mAb 
i.p. (200 mg), the day after T-cell 
reconstitution and then on 
alternate days for 6-8 weeks.

Yes

Read et al. 
2006 40

CTLA-4 sufficient

CD4+CD45RBhigh T cells from 
WT mice. 

Scid CTLA-4 deficient

Transfer of CD4+CD25+ T cells from 
B7-1/B7-2/CTLA-4-/- mice, followed 
by anti-CTLA-4 mAb i.p. (200 mg), 
the day after T-cell reconstitution 
and then on alternate days for 6-8 
weeks.

No*

Read et al. 
200055

Mixture of CD45RBhigh and
CD45RBlow cells.

Scid Transfer of CD25+CD45RBlow 
cells, followed by anti–CTLA-4 
mAb i.p. (200 mg), the day after 
T-cell reconstitution and then on 
alternate days for 6 weeks.

Yes

Liu et al. 
200156

CD4+CD45RBhigh T cells from 
WT mice.

Scid No Tregs transferred. Anti-CTLA-4 
mAb i.p. (250 mg), twice a week 
starting at the beginning of T-cell 
transfer up to 8 weeks. 

Yes
(exacerbated
colitis)

An overview of the studies using Ctla4-/- CD4+ T cells and/or anti-CTLA-4 monoclonal antibodies to investigate the 
functional effect of CTLA-4 in the T-cell transfer model of colitis. In this model, transfer of naive CD4+CD45RBhigh T 
cells into lymphopenic recipients causes colitis. Co-transfer of CD4+CD25+ Tregs prevents development of colitis. 
In most studies depicted in this table, use of Ctla4-/- Tregs or anti-CTLA-4 blocking antibodies abrogates colitis 
prevention. The * indicates a study using Ctla4-/- Tregs in which compensatory IL-10 production by Ctla4-/- Tregs was 
shown to prevent colitis. Additional experiments using anti-CTLA-4 antibodies, indicated in the bottom section of 
the table, demonstrated that even though Ctla4-/- Tregs have compensatory mechanisms, suppression by wildtype 
Treg is dependent on CTLA-4.Abbreviations: KO = knockout; BM = bone marrow; WT = wildtype; mAb = monoclonal 
antibody; i.p. = intraperitoneally.  	 >>
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Moreover, the disease is often tissue-specific which is in contrast to the rapid multi-organ 

autoimmune disease observed in CTLA-4-/- mice in the first few weeks of life.37, 38 

	 PD-1 is expressed on diverse hematopoietic cells, including T and B cells96, natural 

killer (NK) cells and other innate immune cells.97 PD-1 expression is absent on naive T cells 

but is rapidly upregulated after antigen encounter and can be detected after only 6 hours, 

with a peak in expression at 48 hours after antigen encounter.96, 98-100 Of the two PD-1 

ligands, PD-L2 is mainly expressed by DCs and macrophages, whereas PD-L1 is more widely 

expressed by both hematopoietic and non-hematopoietic cells101-103 and can be induced by 

inflammatory cytokines such as interferons.104, 105 The broad expression of PD-1 and PD-L1 

is in contrast to CTLA-4 and its ligands that are mainly expressed by hematopoietic cells 

present in the lymph node environment. Therefore, it is often hypothesized that while 

CTLA-4 impacts T-cell activation primarily during the priming phase in secondary lymphoid 

organs, PD-1 plays a dominant role during the maintenance of tolerance in peripheral 

tissues.27, 28 Many murine models for autoimmune disease and cancer have established a 

role for PD-1/PD-L1 interactions in maintaining tissue tolerance by controlling the effector 

T-cell responses in non-lymphoid tissues.94, 106-110 However, the rapid upregulation of PD-1 

after activation suggests that PD-1 can control T-cell activation at the time of initial antigen 

encounter in the lymph node in addition to modulating effector responses in target tissues.

Intestinal PD-1 in a nutshell. PD-1/PD-L1 interactions preserve the local homeostasis 

of the gastrointestinal tract by acting on a wide variety of immune cell types, mostly 

through interaction with its ligand PD-L1. PD-1 mainly promotes peripheral induction 

and survival of Foxp3+ Tregs111-114, but does not seem to determine Treg function.114 PD-1 

expression on intestinal CD4+Foxp3neg Tr1 cells enriches for IL-10-producing capacities.115 

Moreover, PD-1 has a non-redundant role in preventing excessive CD8+ effector T cell 

responses to intestinal self-antigens.116, 117 Lastly, PD-1 expression on T-follicular helper 

(Tfh) cells controls Tfh-cell numbers in Peyer’s patches, regulating microbial-host 

interaction through modulating secretory IgA.118, 119

PD-1 and intestinal homeostasis
Although Foxp3+ Tregs highly express PD-1111, the role of PD-1 on Tregs is only beginning 

to be fully understood. PD-1 regulates the generation of pTreg and PD-L1 synergizes with 

TGF-β to promote pTreg induction111, 112, suggesting that PD-1/PD-L1-mediated pTreg 

induction might play a role in TGF-β-rich environments such as the intestinal mucosa-

draining lymphoid tissue (Figure 2.1). A role for PD-1 in the maintenance of Tregs has been 

suggested by several studies. PD-1 maintains the suppressive phenotype of Tregs through 

inducing PTEN expression.120 In line with this finding, PD-1 prevents the conversion of 

Foxp3+ Tregs into pro-inflammatory effector/memory CD4+ T cells .113 Recently, it was shown 

obtained from a clinically affected CTLA4+/- individual showed hyperproliferation after 

in vitro activation in the presence of autologous T-cell depleted feeder cells.57 However, 

other studies did not observe hyperproliferation in naive T-cell responses isolated from 
CTLA4+/- individuals suggesting that the variations in experimental set-up may be key.59, 

76 Interestingly, the clinical penetrance of CTLA-4 haploinsufficiency is incomplete, 

suggesting that additional genetic or environmental factors influence disease susceptibility 

in individuals with impaired CTLA-4 function. It is currently unknown whether clinically 

unaffected CTLA4+/- individuals are protected from disease by CD4+ T cells with suppressive 

capacity independent of CTLA-4. 

	 Genetic variants in the CTLA4 gene locus are associated with intestinal inflammation 

and autoimmune diseases.77-79 The single nucleotide polymorphism (SNP) CT60 

(rs3087243; A/G) located in the 3’ UTR of the CTLA4 gene has been associated with IBD 

in a Slovenian cohort of adult IBD patients.80 This variant of the CTLA4 gene is associated 

with a functionally altered TCR signaling in CD4+ T cells and decreased production of the 

soluble CTLA-4 isoform.81, 82 However, the association between the CT60 CTLA4 allele and 

IBD was not confirmed in a separate cohort of Spanish patients.77 Several studies have 

shown that the CT60 CTLA4 allele is also weakly associated with celiac disease.83, 84 Taken 

together, these data indicate that quantitative deficiencies in CTLA-4 protein expression 

can predispose selected subgroups of individuals to autoimmunity, including CD4+ T-cell 

mediated inflammation in the gastrointestinal tract.

Programmed cell death protein 1 (PD-1; CD279).

PD-1: expression, ligands and function
PD-1 is a cell-surface molecule belonging to the B7 receptor family that contains an 

immunoreceptor tyrosine-based inhibitory motif (ITIM) and an immunoreceptor tyrosine-

based switch motif (ITSM) in its cytoplasmic tail.85, 86 PD-1 has two ligands, PD-L1 (B7-

H1; also termed CD274) and PD-L2 (B7-DC; also termed CD273). Most of the inhibitory 

roles of PD-1 have been attributed to its interaction with PD-L1 (Figure 1).87 Upon PD-

L1 or PD-L2 binding, the ITIM or ITSM tyrosine motifs in the cytoplasmic tail of PD-1 

are phosphorylated.88 This leads to recruitment of Src-homology 2 domain-containing 

phosphatase 2 (SHP-2) and augments phosphatase and tensin homolog (PTEN) expression, 

inhibiting phosphatidylinositol 3-kinase (PI3K) and Akt activation.89-91 CD28, not the TCR or 

its associated components, has been reported to be the most sensitive target of PD-1, as 

shown by the strong degree of CD28-dephosphorylation compared to dephosphorylation of 

TCR-signaling components after PD-1 activation.90, 92 In line with its inhibitory function, PD-1 

deficient mice (Pdcd1-/-) develop spontaneous autoimmune disease although the incidence 

of disease depends on the genetic background and symptoms only manifest later in life.93-95 
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 Besides CD8+ eff ector T cells, PD-1-expressing Tfh  cells are involved in regulati ng 

microbial-host interacti ons through secretory IgA (Figure 2.4). PD-1 is highly expressed on 

cells in the germinal centers of Peyer’s patches121, the major sites for inducti on of mucosal 

that low dose IL-2 therapy, used as a therapy to induce expansion of pTregs, increases 

PD-1 expression on Tregs of pati ents treated for graft -versus-host disease.114 Examinati on 

of Tregs from IL-2-treated mice demonstrated that PD-1 reduced IL-2-induced Treg 

proliferati on but prevented their terminal diff erenti ati on, rendering Tregs less suscepti ble 

for apoptosis and promoti ng their survival and subsequent regulati on.114 IL-2-induced Tregs 

isolated from PD-1−/− mice exhibited normal levels of suppressive acti vity, indicati ng that 

PD-1 does not directly aff ect Treg functi on.114 In additi on to Foxp3+ Tregs, PD-1 expression 

has recently been described on intesti nal Tr1 cells (defi ned as CD3+CD4+CD25-IL-7R+ cells) 

in both mice and humans.115 Expression of CCR5 and PD-1 allowed enrichment for IL-10+

Tr1 cells in the human intesti ne. In mice, co-transfer of IL-10-producing CCR5+PD-1+ Tr1 

cells strongly inhibited coliti s induced by transfer of Th17 cells, whereas IL-10-producing 

control T cells that lacked CCR5 and PD-1 were less effi  cient.115 Taken together, PD-1 is 

expressed on both Foxp3+ Treg and CD4+Foxp3neg Tr1 cells, and can take part in regulati ng 

the inducti on, survival and IL-10 producti on of these cells in the intesti nal environment. 

 In additi on to PD-1 on regulatory CD4+ T-cell populati ons, PD-1 expression on CD8+

eff ector T cells is involved in preventi ng responses to intesti nal self-anti gens (Figure 2.3).116, 

117 In a transfer model of OVA-specifi c OT-I CD8+ T cells into iFABP-OVA mice that express 

OVA as a self-anti gen on intesti nal epithelial cells, blocking PD-1/PD-L1 interacti on at the 

ti me of OT-I cell transfer prevents tolerance inducti on and resulted in small intesti nal 

infl ammti on.116, 117 The intesti nal pathology was characterized by apoptosis of epithelial 

cells, villous atrophy and leukocyti c infi ltrati on, reminiscent of the pathology in human 

celiac disease. Crucially, when PD-L1 is blocked 30 days aft er OT-I cell transfer, mice do 

not develop intesti nal pathology, indicati ng that PD-1/PD-L1 interacti on is crucial for the 

inducti on, but not the maintenance of mucosal CD8+ T-cell tolerance.117 PD-1 upregulati on 

on CD8+ eff ector T cells upon anti gen encounter in vivo is highly dependent on the type of 

anti gen recognized. Transfer of CD8+ eff ector T cells specifi c for infl uenza hemaggluti nin 

(HA) into mice expressing HA as a self-anti gen induces robust PD-1 expression on HA-

specifi c CD8+ T cells.87 In contrast, when HA-specifi c CD8+ T cells were transferred into 

mice infected with an HA-expressing Listeria monocytogenes, there was virtually no PD-1 

expression on HA-specifi c CD8+ T cells, demonstrati ng that PD-1 is diff erenti ally induced 

on CD8+ eff ector T cells responding to self-anti gen versus microbial anti gen.87 Of note, the 

recipient mice in this model expressed HA under the control of the C3 promoter, which 

directs HA expression on a variety of parenchymal ti ssues. Whether HA expressed as a 

self-anti gen specifi cally on intesti nal cells induces PD-1 expression on HA-specifi c T cells 

remains unknown. Overall, these data demonstrate that the role of PD-1/PD-L1 interacti ons 

in CD8+ T-cell tolerance to self-anti gens and microbial anti gens is likely determined by 

multi ple factors, including the ti ming of the immune response, type of anti gen and signals 

from the ti ssue microenvironment.
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Figure 2. Functi onal eff ects of co-inhibitory receptors in the intesti ne. (1) PD-1 promotes peripheral Foxp3 
inducti on in naive CD4+ T cells, especially in TGF-b rich environments. (2) CTLA-4 enhances the suppressive functi on 
of Tregs to suppress colitogenic CD4+ eff ector T cells. In additi on, the CTLA-4 pathway is important in establishing oral 
tolerance through suppression of Th1 and/or Th2 responses. (3) PD-1 expression on CD8+ eff ector T cells is involved 
in preventi ng responses to intesti nal self-anti gens. (4) PD-1 expression on Tfh  cells regulates Tfh -cell numbers in 
Peyer’s patches, promoti ng intesti nal tolerance to microbiota through secretory IgA. (5) HVEM-CD160 interacti ons 
at the mucosal surface enhance IL-22R mediated STAT-3 acti vati on in epithelial cells. (6) IL-27 is produced by 
APCs upon acti vati on by microbial products. IL-27 induces Lag-3 expression on Tregs and inhibiti ng eff ector T-cell 
responses through enhancing Treg-suppressive functi on. Additi onally, Lag-3 can prevent T-cell acti vati on through 
inhibiti on of DC maturati on. (7) Frequencies of CD4+CD25negLag-3+ T cells are high in Peyer’s patches, but their role 
in regulati ng intesti nal humoral immune responses remains unknown. (8) Tim-3 inhibits polarizati on of pathogenic 
pro-infl ammatory M1 macrophages. (9) IL-27 enhances TCR-mediated inducti on of Tim-3 on naive CD4+ T cells and 
can directly suppress Th1 cell-mediated coliti s via the inducti on of Tim-3. (10) TIGIT identi fi es a Treg subset that 
specifi cally suppresses pro-infl ammatory Th1 and Th17 but not Th2 responses. Abbreviatons: Ag, antgen; LN, lymph 
node; sIgA, secretory  IgA.

Naive T cell pTreg

TGF-β

PD-1

Foxp3 pTreg differentiation+

PD-1

Tfh

IL-27

pTreg

CD4+ FoxP3neg

T cells

T cells
Effector

Microbial Ag

Lag-3

TIGIT

Lag-3

TIGITPD-1

IL-10

DC 
maturation

Drainage to 
mucosal LN

sIgA

Commensal
microbiota

Peyer’s patch

?

Tfh
B

Tfh HVEM

IEL

CD160

BTLA

CTLA-4 Tim-3

Th1

IL-27

Tim-3
TLR-4

signaling

Mφ

Microbial Ag

PD-1

TNFα

PD-1

CD8

Food Ags

TCR

Intestinal 
self-Ag

Microbial Ag

Food Ags

Th17

Th1

Th2

Th1

CTLA-4

PD-1 TIGIT

BTLA

CD160

Lag-3

Tim-3

Immature DC

Mature DC

Foxp3+  pTreg

CD4+ Foxp3neg T cell

Naive T cell

B cell

Tfh cell or IEL

sIgA

Food Ag

Intestinal self Ag

Microbial Ag

Macrophage

TCR

Legend

1

2

3

4

5

6

7

8

9

10

CTLA-4

Lag-3

STAT3
activation



2

42 43chapter 2

Tipping the balance: inhibitory checkpoints

in intestinal homeostasis

incidence of life-threatening colon perforation is low (<1% of patients).20 Thus, although 

blockade of co-inhibitory receptors is a promising new approach to improve tumor control, 

it can cause severe life-threatening immune-related adverse events, most often through a 

dysregulation of intestinal homeostasis. 

	 In contrast to the chronic colitis-associated histological alterations observed in IBD, 

anti-CTLA-4 and anti-PD-1 colitis are characterized by neutrophilic inflammation or a 

mononuclear expansion in the lamina propria and increased intraepithelial lymphocytes 

(IEL).137-139 In most patients with immunotherapy-induced colitis, disease remission is 

achieved by discontinuing the drug134, but patients are likely to relapse when restarting the 

same drug.137, 140 Development of recurrent colitis has been observed in patients without 

a past medical history of intestinal inflammation who had stopped anti-CTLA-4 or anti-

PD-1 therapy for multiple months.137, 140 The incidence of recurrent colitis is unknown. 

Colonic biopsies in these patients often demonstrated features of chronicity such as crypt 

architectural irregularity, suggesting that immunotherapy-induced colitis may progress to 

chronic intestinal inflammation as seen in IBD. Further studies are needed to understand 

how short-term co-inhibitory receptor blockade can result in long-term effects.

	 The exact mechanisms of immunotherapy-induced colitis are still elusive. There 

is evidence that Treg-cell depletion contributes to the pathogenesis of CTLA-4 induced 

colitis in some studies141, 142, but not in others.143, 144 More investigation is required to 

establish a role for Tregs in immunotherapy-induced colitis. Other possible mechanisms of 

immunotherapy-induced colitis include the priming of naive lymphocytes with reactivity 

to intestinal bacteria, self-antigens or cross-reactivity with tumor antigens, and the 

worsening of a pre-existing colitogenic immune response upon co-inhibitory receptor 

blockade. Interestingly, the risk of immunotherapy-related colitis is increased in patients 

with lower abundance of intestinal bacteria belonging to the Bacteroidetes phylum 

before start of anti-CTLA-4 therapy, which is reminiscent of the dysbiosis observed in 

IBD patients.145-147 It has been suggested that the risk of immunotherapy-related colitis 

may be depend on a patient’s co-inhibitory receptor allele polymorphisms,148 although 

in general SNPs associated with autoimmune disease do not appear useful in predicting 

the side-effects of immunotherapy.149 Moreover, the majority of individuals experience no 

immunotherapy-related adverse events on anti-CTLA-4 or anti-PD-(L)1 therapy. Therefore, 

it is likely that multiple factors contribute to intestinal disease development during co-

inhibitory receptor blockade. 

secretory IgA antibody responses.122 Secretory IgA plays a key role in regulating microbial-

host interactions at the mucosal surface by maintaining a balanced and highly diverse 

microbial communities in the gut.123 In humans, the protective role of IgA is illustrated by 

the fact that IgA-deficiency is associated with increased susceptibility to autoimmunity 

and gastrointestinal infections.124-126 It has been demonstrated that PD-1 deficient mice 

(Pdcd1-/-) have significantly more Tfh cells in Peyer’s patches compared to wildtype mice.118 

The production of IL-21, the cytokine that promotes proliferation and differentiation of 

IgA+ B cells into plasma cells127, 128, is reduced in Tfh cells from Pdcd1-/- mice causing an 

impaired ability to support the generation of IgA plasma cells in gut.118, 119 As a result, 

Pdcd1-/- mice have lower proportions of bacteria coated with IgA and altered microbial 

communities in the intestine118, which resemble alterations of the microbiome observed in 

several pathological conditions including human IBD.129 Serum from Pdcd1-/- mice contains 

increased titers of commensal-specific IgG118, indicating a breach of normal host-microbe 

interaction in the absence of PD-L1/PD-1 interactions. 

	 Besides a role for the PD-1/PD-L1 pathway in adaptive immune cells, PD-L1 serves 

as an essential ligand for innate immune cells in the intestine to prevent intestinal 

inflammation.130 Experiments with bone marrow chimeras have demonstrated that PD-

L1 expression on intestinal epithelial cells reduces dextran sulfate sodium (DSS)-induced 

intestinal inflammation.130 This protective effect was mediated through inhibition of 

TNFa secretion of CD11c+CD11b+ lamina propria cells and was independent of adaptive 

immunity, as PD-L1-deficient Rag1-/- mice exhibited a significantly higher morbidity and 

mortality than Rag1-/- mice after DSS administration.130 In humans, PD-L1 is expressed by 

intestinal epithelial cells of IBD patients but not of healthy controls131, and PD-1 expression 

is increased on lamina propria mononuclear cells132, which might reflect an effort to 

promote protective intestinal immune responses through PD-1. 

Lessons learned from CTLA-4 and PD-1 blockade in cancer.
Over the past decade, a role for co-inhibitory receptors in the maintenance of intestinal 

homeostasis in humans has been widely appreciated following the implementation 

of anti-CTLA-4 and anti-PD-1/PD-L1 immunotherapies to promote anti-tumor T-cell 

responses and tumor regression in cancer patients. Blockade of CTLA-4 and PD-1/PD-

L1 is thought to activate a wide repertoire of T cells, not only tumor-specific T cells. In 

consequence, these therapies have a broad range of adverse effects, of which diarrhea 

and colitis are very frequently observed.133, 134 The incidence of diarrhea and colitis is 35.4% 

and 8.8%, respectively with CTLA-4 inhibitors and 13.7% and 1.6%, respectively for PD-1 

inhibitors.135, 136 Combining CTLA-4 and PD-1 inhibitors may increase the risk of diarrhea 

but not colitis.135, 136 Colonic bowel perforation is the most common cause of fatal immune-

related adverse events in patients who develop immunotherapy-induced colitis, but the 
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154 Overall, in vivo the net outcome of HVEM-signaling via its stimulatory and inhibitory 

ligands on CD4+ T cells appears a more dominant inhibitory function as HVEM-knockout 

mice have higher T-cell activation160, indicating that inhibition via HVEM is the essential, 

non-redundant function of HVEM. This dominant inhibitory function of HVEM-ligand 

interaction in T cells is also seen in mouse and human CD4+ T cells stimulated with APCs 

transfected with mouse or human HVEM, respectively.157, 161

	 Antagonistic anti-human BTLA antibodies are currently in clinical development for 

cancer treatment and urge us to further understand the dual effects of HVEM-LIGHT-LTa-

BTLA-CD160 interactions in intestinal immune function. In line with the pro-inflammatory 

capacities of HVEM-ligand interaction, Hvem-/- mice are resistant to DSS colitis.162, 163 As 

LIGHT deficiency only partially reduces DSS colitis, both LIGHT and other stimulatory ligands 

may convey HVEM signaling, a process attributed to innate immune cells.162 Deletion of 

HVEM expression in transferred naive CD4+CD45RBhigh  T cells was reported to contribute 

to the induction of T-cell mediated colitis in recipient Rag-/- mice in some studies but not 

others, suggesting that the role of HVEM in T cells is not crucial in intestinal homeostasis.155, 

162 Conversely, absence of HVEM expression on irradiation resistant structural cells in 

the recipient Rag-/- mice (Hvem-/-Rag-/- mice) results in a dramatic acceleration of colitis 

development compared to Rag-/- recipients. This suggested that recipient HVEM expression 

on structural cells binds inhibitory ligands leading to an anti-inflammatory HVEM-mediated 

regulation of T-cell transfer colitis.155 As treatment of Hvem-/-Rag-/- recipients with an 

agonistic anti-BTLA antibody during T-cell transfer rescued disease, it was postulated 

that inhibitory BTLA signaling on T cells mediated by HVEM is crucial to prevent colitis 

acceleration in the transfer colitis model. However, a possible role for ligation of HVEM 

to the other co-inhibitory ligand CD160 was not experimentally addressed in this study.155 

Using the Citrobacter rodentium-induced murine colitis model, the Kronenberg group 

demonstrated that CD160 is the non-redundant ligand engaging HVEM in the mucosa 

during intestinal anti-bacterial responses.164 HVEM-CD160 interactions at the mucosal 

surface enhanced IL-22R mediated STAT-3 activation in epithelial cells and promoted 

their innate response to acute bacterial infection (Figure 2.5).164 In both uninfected and 

infected mice, CD160 was expressed by several intraepithelial lymphocyte subpopulations, 

particularly CD8aa-expressing IEL. These CD160+CD8aa+ IEL rapidly increased during the 

early stages of C. Rodentium infection.164 Given their close contact with intestinal epithelial 

cells, CD160+CD8aa+ IEL seem likely candidates to interact with HVEM, which is known 

to be highly expressed on intestinal epithelial cells.155, 164 Whether, reciprocally, epithelial 

ligation of HVEM to CD160 expressed on IEL elicits functional changes in the IEL is not clear. 

Human CD160 expression on intestinal IEL has been described165, but further studies are 

needed to decipher whether it functions to prevent intestinal inflammation as shown in 

mice. Taken together, BTLA-HVEM and CD160-HVEM interactions help maintain mucosal 

O T H E R  M E M B E R S  O F  T H E  I G  S U P E R FA M I LY:  B T L A ,  L A G -3, 
T I M -3 A N D  T I G I T

The success of immunotherapies directed against CTLA-4 and PD-1 in enhancing anti-

tumor activity has prompted intense investigation into the targeting of other co-inhibitory 

receptors in order to broaden the therapeutic repertoire. A next generation immune 

checkpoint inhibitors directed against co-inhibitory receptors BTLA, Lag-3, Tim-3 and TIGIT, 

are currently being explored in clinical trials and may emerge soon.150, 151 It is expected that 

many of these new checkpoint inhibitors will be used in combination with the already 

approved checkpoint inhibitors against CTLA-4 and PD-1.152 In order to maximize success 

of novel combination therapies while minimizing gastro-intestinal adverse effects, it is 

crucial to increase our current knowledge on the basic molecular mechanisms of these 

co-inhibitory molecules and their tissue-specific functions. In the paragraphs below, we 

highlight the unique tissue-specific functions in the intestine of four newly emerging 

immune checkpoints. 

HVEM ligands: B- and T-lymphocyte attenuator (BTLA; also known as CD272) and CD160.
BTLA is a co-inhibitory receptor that is expressed on a wide range of hematopoietic cells, 

including CD4+ and CD8+ T cells, gd T cells, B cells, innate lymphoid cells (ILCs), NK cells and 

DCs.153, 154 In contrast to other co-inhibitory receptors that are induced upon TCR ligation, 

BTLA is constitutively expressed on naive CD4+ T cells and its expression increases upon 

T-cell activation, with the highest level of BTLA observed 2-3 days after TCR stimulation.155 

Unlike CTLA-4 and PD-1, BTLA expression is not enriched on Tregs compared to naive CD4+ 

T cells.156 However, BTLA is expressed most highly on CD4+ T cells after antigen-specific 

anergy induction in vivo.156 In vitro ligation of BTLA with an agonistic antibody during CD4+ 

T-cell stimulation reduces IL-2 and CD25 induction. BTLA is part of a shared receptor-ligand 

network and binds to the TNF receptor family member Herpesvirus entry mediator (HVEM), 

a receptor that is constitutively expressed on the surface of various cell types, including 

hematopoietic cells and non-hematopoietic cells.154 HVEM also binds to the co-inhibitory 

receptor CD160, an Ig superfamily member that is co-expressed by a small percentage 

of unstimulated BTLA-expressing CD4+ T cells and can be upregulated during CD4+ T-cell 

activation (Figure 1).157 In BTLA and CD160 co-expressing CD4+ T cells both co-inhibitory 

receptors may act coordinately in HVEM-mediated inhibition and use different intracellular 

pathways to exert their suppression.157 Additionally, HVEM also triggers costimulatory 

signals by ligating tumor necrosis factor (TNF) superfamily members, including the TNF 

superfamily members LIGHT and LTa.158, 159 As a result, the functional outcome of HVEM 

engagement can be opposing with negative regulation of T-cell responses through BTLA 

and CD160-derived inhibitory signals but stimulatory signals when binding LIGHT and LTa.1, 
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NK cells and monocytes.182-184 TCR ligation induces Tim-3 expression on conventional CD4+ 

T cells and Tregs, although with different kinetics.185 Activated human CD4+ T cells that 

express Tim-3 secrete reduced levels of IFNg and IL-17A186, and Tim-3+ Tregs have been 

shown to specifically suppress Th17 cells.185 Over the past decade, Tim-3 expression on 

CD4+ and CD8+ T cells has especially been associated with exhausted and dysfunctional 

T-cell phenotypes187-189, suggesting that Tim-3 negatively regulates T cells that have 

previously undergone activation. Tim-3 has many ligands, including galectin-9190 and 

Ceacam-1191, and can bind to its ligands both in cis and in trans (Figure 1).186, 191 Therefore, 

Tim-3 has the capacity to function via both autocrine and paracrine mechanisms to inhibit 

T-cell responses.

	 Several Tim-3 antagonists are currently being tested in phase I clinical trials. Data 

available from animal models support a role for Tim-3 in inhibiting intestinal inflammation. 

Tim-3 inhibits polarization of pathogenic pro-inflammatory M1 macrophages by 

preventing phosphorylation of IRF3, a transcriptional factor downstream of TLR-4 that 

regulates macrophage polarization.183 In consequence, blockade of Tim-3 exacerbates 

DSS-induced colitis in wildtype mice, but not in Tlr4-/- mice (Figure 2.8).192 In addition to 

a role in macrophages, IL-27 greatly enhances TCR-mediated induction of Tim-3 on naive 

CD4+ T cells190 but not on Tregs.176 IL-27-conditioned Th1 cells induce less severe colitis in 

Rag1-/- recipients compared to unconditioned Th1 cells, suggesting that IL-27 can directly 

suppress Th1 cell-mediated colitis via the induction of Tim-3 (Figure 2.9).183, 190 

	 In humans, Tim-3 expression is strongly enriched on CD4+ T cells isolated from the 

intestinal mucosa compared to CD4+ T cells in peripheral blood.193 In contrast, IBD patients 

had significantly lower frequencies of Tim-3+ cells in CD4+ T-cell populations isolated from 

peripheral blood and intestinal biopsies when compared to healthy individuals, possibly 

suggesting that decreased Tim-3 expression or blockade of Tim-3 may contribute to 

intestinal inflammation.193, 194 Whether restoration of Tim-3 expression in patients with 

IBD harbors potential clinical benefit needs to be further investigated.

T-cell immunoreceptor with Ig and ITIM domain (TIGIT).
TIGIT is a co-inhibitory receptor specifically expressed by immune cells, including NK 

cells, memory CD4+ T cells and subsets of Tregs.195, 196 TIGIT binds to CD155 and CD112, 

which are expressed on the surface of APCs, T cells and non-hematopoietic cells.195, 197 The 

costimulatory receptor CD226 also binds to the same ligands198 and together with TIGIT 

forms a pathway in which CD226 enhances the activation of T cells while TIGIT inhibits 

their activation199, which is reminiscent of the CTLA-4/CD28/B7 pathway (Figure 1). On 

effector T cells, TIGIT directly targets molecules in the TCR signaling pathway, dampening 

effector T-cell activation, proliferation and inflammatory cytokine secretion.200 Moreover, 

TIGIT modifies DC function via bi-directional co-signaling through CD155, promoting 

immune homeostasis and protect against mucosal infections. Caution is warranted 

when blocking BTLA-HVEM interactions due to the potential interaction of HVEM with 

costimulatory ligands present in the intestine.

Lymphocyte activation gene-3 (Lag-3; also known as CD223).
Lag-3 is a co-inhibitory receptor that is expressed on activated CD4+ and CD8+ T cells and 

subsets of NK cells.166, 167 Lag-3 structurally resembles CD4 and binds to MHC-II with higher 

affinity than CD4 (Figure 1)168, resulting in downregulation of antigen-specific CD4+ T-cell 

responses.169-171 Lag-3 also interferes with CD8+ T-cell function172, suggesting that Lag-3 has 

other unidentified ligands in addition to MHC-II.173 In addition to activated T cells174, Lag-3 

is expressed on Tregs and is often used as a marker for IL-10-secreting CD4+Foxp3neg Tr1 

cells.175 

	 Multiple companies have developed Lag-3 specific antagonist antibodies that are 

currently being tested in phase I clinical trials, but it remains to be seen what the effects on 

gastro-intestinal homeostasis will be. Lag-3 expression in Tregs is critical for Treg-mediated 

suppression of colitogenic T-cell responses.176 Lag-3 expression on Tregs is induced by IL-

27, a cytokine that is mainly produced by APCs upon activation by microbial products.177 

IL-27 stimulation has been shown to enhance Treg-suppressive function through a Lag-3-

dependent mechanism (Figure 2.6).176 In contrast to wildtype Tregs, Lag3-/- Tregs failed to 

suppress effector T-cell expansion and cytokine expression in mesenteric lymph nodes, 

even after IL-27 stimulation.176 In addition to inhibiting effector T-cell responses through 

enhancing Treg-suppressive function, Lag-3 can prevent T-cell activation through inhibition 

of DC maturation (Figure 2.6).176, 178 

	 Lag-3 on CD4+Foxp3neg T cells also has a role in regulating or suppressing other cells in 

the intestine. CD4+CD25negLag-3+ T cells prevent colitis induced in Rag1-/- recipients by the 

transfer of naive CD4+CD25negCD45RBhigh T cells in a Foxp3-independent, IL-10-dependent 

manner.179 In a murine model for SLE, CD4+CD25negLag-3+ T cells suppressed B-cell activation 

and antibody production through TGF-b3.180 As frequencies of CD4+CD25negLag-3+ T cells 

are high in Peyer’s patches179, it can be expected that intestinal Lag-3+ T-cells regulate 

intestinal humoral immune responses, but further studies are needed to prove this 

hypothesis (Figure 2.7). In sum, Lag-3-dependent mechanisms contribute to intestinal 

homeostasis influencing the function of both intestinal Tregs and suppressive CD4+Foxp3neg 

T-cell subsets. However, whether Lag-3-driven regulation also modulates effector T cells or 

B-cell responses in the intestine has not yet been determined.

T-cell immunoglobulin and mucin domain-containing protein-3 (Tim-3).
Tim-3 is a co-inhibitory receptor initially identified on interferon-gamma (IFNg)-producing 

CD4+ T cells and CD8+ T cells181, but is also expressed on innate immune cells including DCs, 
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Table 2. Role of co-inhibitory receptors in intestinal homeostasis.

Treg differentiation Treg suppressive capacity Lineage stability

CTLA-4 CTLA-4 is not required for 
intestinal pTreg induction 
but does regulate the 
accumulation of intestinal 
pTreg in vivo.53

CTLA-4 is essential for Treg 
function; Ctla4-/- CD4+CD25+ 
T cells fail to prevent colitis 
induced by naive T-cell 
transfer into Rag-/- recipients 
in most studies.32, 40, 45, 54-56

 

PD-1 Synergizes with TGF-b 
to promote pTreg 
differentiation.111, 112

PD-1 does not directly affect 
pTreg function, as Tregs 
from  PD-1−/− mice exhibited 
normal levels of suppressive 
activity.114

PD-1 prevents terminal 
differentiation of Tregs, 
rendering Tregs less 
susceptible for apoptosis 
and promoting their 
survival.113, 114, 120

BTLA      

Lag-3   Lag-3 expression in Tregs 
is critical to mediate Treg 
suppression of colitogenic 
responses.176

 

Tim-3      

TIGIT   TIGIT identifies a Treg subset 
that specifically suppresses 
pro-inflammatory Th1 and 
Th17 but not Th2 responses 
through effector molecule 
Fgl-2.202

TIGIT+ Tregs show enhanced 
demethylation of 
Treg-specific demethylated 
regions (TSDR) ensuring 
stable Foxp3 expression.202, 

203

Regulatory CD4+Foxp3neg 
T cells

Inflammatory effector 
T cells

Other effects Human intestinal disease

Limited data available on 
the functional role of CTLA-4 
on intestinal CD4+Foxp3neg 
T cells. Blockade or lack of 
CTLA-4 in adulthood might 
allow for the differentiation 
of immunosuppressive 
CD4+Foxp3neg T cells.40, 71, 75

CTLA-4 prevents 
hyperactivation of 
colitogenic naive 
CD4+CD45RBhigh T cells40; 
CTLA-4 is essential to 
suppress systemic Th1 and 
Th2 responses in high-dose 
oral tolerance.70 In low dose 
oral tolerance, other factors 
than CTLA-4 are required for 
the suppression of Th1 cell 
responses.69

CTLA-4 limits Treg 
expansion47, 71, 72; CTLA-4 
regulates pTreg frequencies 
in the intestinal lamina 
propria.53

Patients with CTLA-4 
haploinsufficiency have 
impaired Treg function57-59; 
The CTLA4/CT60 
polymorphism that
increases production of 
a soluble CTLA-4 isoform, 
has been associated with 
IBD. 

PD-1 on intestinal 
CD4+Foxp3neg T cells enriches 
for IL-10-producing cells.115

PD-1 expression on CD8+ 
effector T cells is involved 
in preventing responses to 
intestinal self-antigens.87, 

116, 117 

PD-1+ Tfh cells in Peyers 
patches promote secretory 
IgA production118, 119; PD-1 
inhibits TFNa secretion 
by CD11c+CD11b+ lamina 
propria cells in the setting of 
DSS colitis.130

Increased PD-L1 expression 
on intestinal epithelial cells 
of IBD patients.131

  HVEM/BTLA interactions are 
required to prevent colitis 
acceleration in T-cell transfer 
colitis.155

HVEM/CD160 interactions 
promote innate responses 
to bacterial infection.164

 

CD4+CD25-Lag-3+ T cells 
prevent colitis induced in 
Rag1-/- recipients by the 
transfer of naive CD4+CD25-

CD45RBhigh T cells in a 
Foxp3-independent, IL-10-
dependent manner.179 

Prevents effector T-cell 
activation through inhibition 
of DC maturation.176, 178

   

Tim-3 expression correlates 
with IL-10 production by 
Tr1-like human T cells 
generated in vitro from CD4+ 

memory T cells.225

Induction of Tim-3 on 
effector T cells via IL-27 
directly suppress Th1 cell-
mediated colitis.183, 190

Inhibits DC maturation and 
polarization of pathogenic 
pro-inflammatory M1 
macrophages.183, 192

IBD patients have  lower 
frequencies of intestinal 
Tim-3+CD4+ T cells when 
compared to healthy 
individuals.193, 194

TIGIT is expressed by 
approximately 30% of 
intestinal CD4+Foxp3neg

T cells.60 

TIGIT inhibits IFNg 
production by CD4+ and 
CD8+ effector T cells.199
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receptors in peripheral blood and intestinal tissue of IBD patients, raising the possibility 

that their expression could serve as predictive biomarkers to identify patients that are 

most likely benefit from targeted therapies. 

	 Increasing the expression levels of co-inhibitory receptors is one possible mechanism 

to reduce intestinal inflammation. In peripheral blood of IBD patients, expression of Tim-

3 is significantly decreased compared to healthy controls and preliminary data indicate 

that Tim-3 expression increases after anti-TNFa therapy.206 Similar results have been 

obtained in patients with multiple sclerosis (MS).207, 208 Tim-3 expression is decreased on 

T cells in peripheral blood of MS patients during active disease and is induced specifically 

in responders to IFN-b therapy209, 210, a potent inducer of IL-27.211 This suggests that IL-

27 administration might be a promising therapy to treat chronic inflammatory disease, 

possibly by overcoming intrinsic defects in the upregulation co-inhibitory receptor 

expression during inflammation.207, 212 In humans, IL-27 polymorphisms are associated with 

susceptibility to IBD.213 Individuals homozygous for the IBD risk allele near the IL27 gene 

express less colonic IL-27 than individuals homozygous for the protective allele.214 Although 

multiple studies in mice have identified IL-27 as a suppressor of intestinal inflammation176, 

215-218, investigations are ongoing to establish whether IL-27 administration is effective in 

IBD. In this context, it will be interesting to see whether decreased co-inhibitory receptor 

expression in intestinal tissue or peripheral blood are predictive biomarkers to identify 

patients that are most likely benefit from IL-27-directed therapy, or from other cytokines 

involved in inducing co-inhibitory receptor expression.

	 In addition to restoration of co-inhibitory receptor expression, co-inhibitory 

receptor stimulation or mimicking co-inhibitory receptor function could be beneficial to 

treat intestinal inflammation. An example of such an approach is abatacept, a chimeric 

CTLA-4 and IgG-Fc fusion protein that mimics the function of CTLA-4 by blocking CD28 

costimulation.219 CTLA-4-Fc results in downregulation of T-cell activation and proliferation 

and has demonstrated efficacy in the treatment of autoimmune diseases such as 

RA and psoriatic arthritis.220 However, abatacept was not effective treating intestinal 

inflammation in IBD patients221, which could reflect the relative lack of dependence of 

CD28 costimulation in memory T cells in the intestine. Moreover, as costimulation through 

CD28 is also required for the maintenance of Tregs in the periphery222, abatacept may 

impede intestinal Treg survival by inhibiting essential costimulation mediated by CD28.223 

Co-inhibitory receptor fusion proteins other than CTLA-4-Fc might be more successful to 

treat intestinal inflammation. As an example, the therapeutic potential of targeting the 

TIGIT/CD226/CD155 pathway by using a TIGIT-Fc fusion protein has been demonstrated in 
vivo in collagen-induced arthritis204, but its efficacy in models of IBD remains to be tested.

Co-inhibitory molecules often have synergistic effects to dampen effector T-cell responses 

and enhance regulatory T-cell function. This is illustrated by models for T-cell exhaustion, 

the generation of immunoregulatory DCs with decreased IL-12 and increased IL-10 

production.195  

	 In addition to effector cells, TIGIT promotes the suppressive function of both 

Foxp3+ Treg and regulatory CD4+Foxp3neg T cells. TIGIT expression on CD4+Foxp3neg T cells 

discriminates IL-10-secreting CD4+ T cells induced by immunotherapy.201 On Tregs, TIGIT 

ligation induces the expression of IL-10 and other effector molecules, such as fibrinogen-

like protein 2 (Fgl2).202 TIGIT identifies a Treg subset that specifically suppresses pro-

inflammatory Th1 and Th17 but not Th2 responses (Figure 2.10).202 The TIGIT gene is a 

direct target of Foxp3 and TIGIT expression on Foxp3+ Tregs results in higher levels of 

Treg signature genes.202, 203 Moreover, TIGIT+ Tregs show enhanced demethylation of Treg-

specific demethylated regions (TSDR) ensuring stable Foxp3 expression.202 Combined, 

these data show that TIGIT can promote the stability and function of various subsets of 

regulatory T cells.

	 In line with its inhibitory functions, TIGIT deficiency or blockade exacerbates disease 

in models for autoimmune disease.200, 204 However, little is known regarding the role of 

TIGIT in intestinal homeostasis. One study has investigated TIGIT expression in human 

colonic tissue, and demonstrated that TIGIT is expressed by approximately 30% of intestinal 

CD4+Foxp3neg T cells and virtually all Tregs.60 Recently, our group has identified TIGIT as a 

key regulatory molecule in circulating CD38+ effector T cells, a population enriched for 

T-cells with specificity for mucosal antigens.205 Frequencies of TIGIT+CD38+ effector T cells 

were decreased in a subgroup of pediatric IBD patients before start of treatment and TIGIT 

percentages below 25% identified patients with a shorter duration of clinical remission.205 

Mechanistic studies are needed to establish whether TIGIT contributes to regulatory 

T-cell function in the intestine and whether reduced functioning of the TIGIT pathway 

accelerates or exacerbates intestinal inflammation.

FUTURE PERSPECTIVES: TARGETING CO-INHIBITORY RECEPTORS IN INTESTINAL 
INFLAMMATION

Over the past decades, the concepts of T-cell costimulation and co-inhibition have 

substantially increased our understanding of the mechanisms controlling the development 

and maintenance of intestinal homeostasis (Table 2, Figure 2). In autoimmune diseases 

such as SLE and RA, mechanistic analysis of co-inhibitory pathways has already led to the 

identification of potential therapeutic targets and initiation of clinical trials.3 As such, co-

inhibitory receptors may represent potential novel therapeutic targets to treat chronic 

intestinal inflammation as seen in patients with IBD or intestinal graft-versus-host disease. 

Moreover, studies have only now begun to identify altered expression of co-inhibitory 
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target more than one co-inhibitory receptor and could co-ligate co-inhibitory receptors 
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	 Taken together, accumulating evidence suggests that targeting co-inhibitory 

receptors is a promising approach to treat intestinal inflammation that warrants further 

investigation. To define co-inhibitory targets for successful treatment of intestinal 

inflammation, it is essential to acknowledge their tissue-dependent functions and distinct 

responses based on cell type and associated kinetics. 

C O N C L U S I O N

This review highlights the emerging role of co-inhibitory receptors in intestinal 

homeostasis and elucidates many potential prospects for translation to human disease, 

such as IBD. Despite the substantial insights into the cell-specific expression and function 

of co-inhibitory receptors in the intestine over the past decades, there is still much to 

be learned. Key issues remaining to be resolved include the mechanisms of co-inhibitory 
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I N T R O D U C T I O N

Being continuously exposed to a large variety of foreign antigens, the intestinal immune 

system tailors its response to mount balanced inflammatory responses against pathogenic 

antigens and regulatory responses to harmless antigens thus avoiding excessive tissue 

damage. Such balancing of T-cell responses is lost in inflammatory bowel disease (IBD) 

patients who suffer from chronic inflammatory immune responses to commensal microbial 

antigens characterized by infiltration of interferon gamma (IFNg) and interleukin-17 (IL-

17) secreting effector T cells in the intestinal mucosa.1 The disease is heterogeneous in 

terms of severity, disease course and anatomical location. As a result, current therapeutic 

strategies which aim at suppressing these inflammatory effector memory T-cell responses 

have variable therapeutic effect. Monitoring loss of balance between inflammatory and 

regulatory tissue-localized T-cell responses in pediatric IBD patients is highly desired 

to classify patients and predict their disease course but is difficult as endoscopy is too 

invasive to routinely be used. Moreover, T cells isolated from the intestinal mucosa cannot 

be used for accurate quantification and enumeration of cell populations as biopsies are 

not representative of the entire mucosal surface. Instead, peripheral blood is accessible 

for enumeration of inflammatory versus regulatory T-cell populations and would enable 

longitudinal follow-up. However, until now, monitoring the phenotype of the total CD4+ 

T-cell population in peripheral blood has not yielded consistent changes in inflammatory 

and regulatory populations in IBD. For example, reduced frequencies of circulating CD4+ 

T cells expressing Forkhead box P3 (Foxp3) have been reported in some IBD studies 2-5 

but not in others.6, 7 Monitoring frequencies of cells in the total circulating CD4+ T-cell 

population may simply not be sensitive enough to reliably detect transient changes in 

inflammatory or regulatory intestinal T-cell responses.

	 Recently, we demonstrated that CD38 expression on peripheral blood CD4+ effector 

(CD4+CD62Lneg) T cells enriches for T cells with specificity for mucosal antigens.8 Circulating 

CD38+ effector T cells, comprising 4-10% of the total CD4+ T-cell pool, are enriched in cells 

expressing the gut-homing chemokine receptor C-C chemokine receptor type 9 (CCR9) 

and β7-integrin compared to CD38neg effector T cells. Conversely, cells expressing the skin-

homing receptor cutaneous leukocyte-associated antigen are almost absent in the CD38+ 

effector T-cell population but enriched in the CD38neg effector T-cell population.8 After oral 

gluten challenge all gluten-specific CD4+ T cells in peripheral blood of celiac disease patients 

have the CD38+ effector phenotype demonstrating specificity for intestinal luminal antigen 

is contained within this population.8 In intestinal tissue virtually all CD4+ T cells have the 

CD62LnegCD38+ phenotype.8-10 Crucially, imprinting of CD38 expression on differentiating T 

cells occurs irrespectively of the inflammatory or regulatory nature of the differentiating T 

cell.8 

A B S T R A C T

Disease heterogeneity hampers achieving long-term disease remission in inflammatory 

bowel disease (IBD). Monitoring ongoing tissue-localized regulatory and inflammatory 

T-cell responses in peripheral blood would empower disease classification. We determined 

whether regulatory and inflammatory phenotypes of circulating CD38+ effector 

(CD62LnegCD4+) T cells, a population enriched for cells with mucosal antigen specificity, 

classify disease course in pediatric IBD patients. In healthy individuals, circulating CD38+ 

effector T cells had a predominant regulatory component with lower frequencies of IFNg-

secreting T cells, higher frequencies of IL-10-secreting T cells and higher frequencies of 

inhibitory molecule T-cell immunoglobulin and ITIM domain+ (TIGIT) cells than CD38neg 

effector T cells. TIGIT expression was stable upon stimulation and marked CD38+ T cells with 

inhibitory properties. In IBD patients with active intestinal inflammation this predominant 

regulatory component was lost: circulating CD38+ effector T cells had increased activated 

CD25+CD45RAneg and decreased TIGIT+ cell frequencies. TIGIT percentages below 25% 

before treatment associated with shorter duration of clinical remission. In conclusion, 

phenotypic changes in circulating CD38+ effector T cells, in particular the frequency of 

TIGIT+ cells, classify pediatric IBD patients and predict severity of disease course. These 

findings have relevance for IBD and can be exploited in graft-versus-host-disease and 

checkpoint inhibitor-induced inflammation in  cancer. 
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with LPS (100 ng/ml) for 24 hours. On day 7, supernatants were removed and the 

matured monocyte-derived DCs were co-cultured with 1x105 purified T cells. Cells were 

cultured in Iscove’s modified Dulbecco’s medium (Lifetechnologies, Grand Island, NY, 

USA) supplemented with heat inactivated fetal calf serum, Glutamax (Lifetechnologies), 

2-mercaptoethanol, penicillin and streptomycin.

	 In some experiments, CD4+ T cells were isolated from PBMCs by negative selection 

using the Dynabeads Untouched Human CD4+ T cell kit (11346D, Thermo Fisher). The 

unlabeled CD4+ T cells were separated into CD62Lneg and a CD62L+ cell fractions by using 

CD62L MicroBeads (Miltenyi Biotec). 2x105 CD62Lneg T cells were stimulated for 4.5 hours 

with phorbol 12-myristate 13-acetate (PMA, 0.02 μg/ml, Sigma-Aldrich) and ionomycin 

(0.5 μg/ml, Sigma-Aldrich) in the presence of Brefeldin A (3 μg/ml eBiosciences) for the 

last 3.5 hours and subsequently analyzed for intracellular cytokine expression.

Flow cytometry.
After erythrocyte lysis, whole blood samples were stained for flow cytometry using 

monoclonal antibodies against CD3 (UCHT1, BD, or HIT3a, Biolegend), CD4 (SK3, BD), CD38 

(HIT2, BD), CD62L (DREG-56, Biolegend), CD25 (2A3, BD), CD45RA (HI100, BD), CD45RO/

RPE (UCHL1, Dako), TIGIT (MBSA43, eBiosciences), ICOS (C398.4A, Biolegend), CD127 (HIL-

7R-M21, BD), PD1 (MIH4, eBiosciences) and HLA-DR (L243, BD). Intracellular staining was 

performed with the Foxp3 fixation and permeabilization staining buffer kit, according to 

manufacturer’s protocol (eBiosciences), followed by staining with anti-Foxp3 (236A/E7 or 

PCH101, eBiosciences), anti-Helios (22F6, Biolegend), anti-Ki67 (20Raj1, eBiosciences) or 

anti-CTLA-4 (BNI3, BD) and the appropriate isotype controls. 

	 For intracellular cytokine staining after culture, cells were stimulated for 4.5 hours 

with PMA and ionomycin in the presence of Brefeldin A as described above. After incubation 

with antibodies directed to surface proteins, cells were fixed in 2% formaldehyde and 

permeabilized with saponin (Sigma-Aldrich), and labeled with antibodies to IL-10 (JES3-

19F1, BD), IL-17A (eBio64DEC17, eBiosciences), IFNg (4S.B3, BD), or  appropriate isotype 

controls (eBiosciences). Flow cytometric analysis was performed on a FACSCantoTMII (BD 

Biosciences).

Cytokine analysis.
Cytokine concentrations in cell supernatants were analyzed using an enzyme-linked 

immunosorbent assay set for IFNg (eBiosciences), IL-10 (eBiosciences) and IL-17 (R&D 

Systems) according to the manufacturer’s instructions. 

RNA extraction and Illumina library preparation.
Total cellular RNA from purified T cells was extracted using the NucleoSpin® RNA-XS 

Having established that the circulating CD38+ effector T-cell population is enriched in cells 

with mucosal antigen specificity, we hypothesized that the composition of inflammatory 

versus regulatory cells in the circulating CD38+ effector T-cell population detects ongoing 

disease activity and predicts disease course and therapy response in pediatric IBD. 

M E T H O D S

Patients.
Two cohorts of pediatric IBD patients were investigated. Cohort I consisted of pediatric IBD 

patients in clinical remission who visited the outpatient clinic (n=26) and pediatric patients 

who underwent a colonoscopy with suspicion of IBD. After diagnosis, those with biopsy-

proven active IBD were included in the analyses and termed “inflammation” (n=22). In 

cohort I, remission was defined by physician global assessment (PGA). Cohort II consisted 

of treatment-naive patients with biopsy-proven active IBD termed “inflammation” (n=18). 

Of this group, peripheral blood of 9 patients was also analyzed during follow up after 

initiation of treatment. In cohort II, clinical remission and exacerbation were defined 

using PGA and clinical disease scores. Age-matched controls without any inflammatory 

or intestinal disease who underwent orthopedic surgery at the time of blood withdrawal 

(n=22) were included in the control group. Peripheral blood was also obtained from 

adult healthy controls (n=25). The Medical Ethical Committee of the Erasmus University 

Medical Centre-Sophia Children’s Hospital Rotterdam approved this study (METC 2007-

335). Written informed consent was obtained from every patient and parents before study 

inclusion. Additional patient characteristics are shown in Figure S1 and Figure S6.

T-cell isolation and T-cell/DC co-cultures.
Venous blood was collected in EDTA tubes and peripheral blood mononuclear cells 

(PBMCs) were isolated using a Ficoll-Hypaque gradient according to standard protocol 

(Axis-Shield). PBMCs were stained for flow cytometry and CD3+CD4+CD62Lneg T cells were 

sorted into CD38neg and CD38+ effector T-cell populations by flow cytometric cell sorting on 

a BD FACS Aria (BD Biosciences). Purified T-cell populations were stimulated with anti-CD3/

CD28 stimulator beads or co-cultured with allogeneic LPS-stimulated monocyte-derived 

dendritic cells (DCs) for 72 hours.

	 CD14+ monocytes were isolated using CD14 MicroBeads (Miltenyi Biotec, Bergisch 

Gladbach, Germany) with a positive selection method according to the manufacturer’s 

instructions. Purified monocytes (>90%) were differentiated into monocyte-derived DCs 

during a 6-day culture with 800 U/ml GM-CSF (Novartis, Basel, Switzerland) and 400 U/

ml IL-4 (R&D). After harvesting on day 6, 1x104 monocyte-derived DCs were matured 
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Statistics.
Baseline demographic and disease characteristics were evaluated for the entire cohort 

using descriptive statistics, including means and standard deviations (SD) or median and 

interquartile ranges (IQ range) for continuous variables, and frequencies and percentages 

for categorical outcomes. Significance between two groups was determined using 

Student’s t-test or Mann-Whitney U-test and differences between multiple groups by using 

the Kruskal-Wallis H test. The Wilcoxon signed-rank test was performed when samples 

were paired. p Values of <0.05 were considered statistically significant. Prism software 

(GraphPad Software, Version 5.0, La Jolla, CA) was used for all statistical analysis.

R E S U LT S

Increased frequencies of activated T cells in the circulating CD38+ effector T-cell pool 
during active IBD.
We have recently established that percentages of peripheral blood CD38+ effector 

(CD4+CD62Lneg) T cells do not differ between patients with chronic intestinal disease 

and controls.8 We therefore hypothesize that the composition of inflammatory versus 

regulatory cells within this circulating CD38+ effector T-cell population detects active 

inflammatory disease in pediatric IBD. Thereto, we examined changes in T-cell activation 

in circulating CD38+ effector T cells in pediatric IBD patients at time of disease diagnosis 

when patients have active biopsy-proven intestinal inflammation and are not yet receiving 

treatment, and during clinical remission while treated (Figure S1A). During active disease 

(“inflammation”) but not during clinical remission, pediatric IBD patients exhibited 

increased frequencies of antigen-experienced CD45RAneg cells in the CD38+ effector 

T-cell population when compared to age-matched healthy controls (Figure 1A). Upon 

subdividing IBD patients in Crohn’s disease (CD) and ulcerative colitis (UC), the increased 

frequencies of CD45RAneg cells were most prominent in CD (Figure S2A). These changes 

were not detectable in the total CD4+ T-cell population (Figure 1A). To detect cellular 

activation, we determined frequencies of cells expressing the IL-2 receptor a chain (CD25), 

that is induced on naive T cells after activation via T-cell receptor signaling. Frequencies 

of activated CD25+Foxp3neg T cells were strongly increased in the CD38+ effector T-cell 

population, but much less in the total CD4+ T-cell population of pediatric IBD patients 

with active disease compared to controls (Figure 1B). Patients in clinical remission did not 

exhibit this increased frequency of CD25+Foxp3neg CD38+ effector T cells. The frequency 

of CD25+ cells in the CD38+ effector T-cell population revealed a marked heterogeneity in 

patients with active disease (Figure 1B). Increased frequencies of activated CD25+Foxp3neg 

T cells amongst CD38+ effector T cells were observed in both CD and UC patients (Figure 

extraction kit for the isolation of RNA (Macherey-Nagel) according to manufacturer 

instructions. RNA levels, quality and purity were assessed with the RNA 6000 Nano assay 

on the Agilent 2100 Bioanalyzer. 

	 cDNA was synthesized using a mix of random hexamers (2.5 mM), oligo(dT) primers 

(20 nM), dNTP (0.2 mM), M-MLV (200 units, Promega) and RNAsin (25 units, Promega). 

The samples used for transcriptome analysis were amplified using SMARTer Ultra Low RNA 

kit (Clontech Laboratories) following the manufacturers protocol. Amplified cDNA was 

further processed according to TruSeq Sample Preparation v2 Guide (Illumina) and paired 

end sequenced on the HiSeq 2500 (Illumina, San Diego, California; 76 cycles, paired end 

sequencing, rapid run, 3 samples per lane). Human transcripts were aligned to the RefSeq 

transcriptome and analyzed with DESeq2. Fragments per kilobase of transcript per million 

mapped reads (FPKM) values were calculated using Cufflinks. 

Quantitative PCR.
A maximum of 1000 ng mRNA was used for the synthesis of cDNA. Real-time quantitative 

PCR was performed using SYBR Green on an AbiPrismR 7900 Sequence Detection system 

(PE Applied Biosystems, Foster City, CA). The relative expression to GAPDH for each gene 

was measured as 2(−ΔCt). Primer sets used were: 

Gene Forward primer Reverse primer

GAPDH 5’-GTCGGAGTCAACGGATT-3’ 5’-AAGCTTCCCGTTCTCAG-3’

TIGIT 5’-TTGGGGTGGCACATCT-3’ 5’-CGACCACCACGATGACT-3’

IFNG 5’-CCAGGACCCATATGTAAAAG-3’ 5-TGGCTCTGCATTATTTTTC-3’

IL10 5’-CCCCAAGCTGAGAACC-3’ 5’-ACGGCCTTGCTCTTGT-3’

CTLA4 5’-GCTTGCCTTGGATTTCA-3’ 5’-GCCGCACAGACTTCAGT-3’

ICOS 5’-CTGGCAAACATGAAGTCAG-3’ 5’-CACCTCCGTTGTGAAATATAA-3’

CD38 5’-GGCCCATCAGTTCACAC-3’ 5’-GAAACCGTTTTCCAGAATACT-3’

IL6 5’-CCCCCAGGAGAAGATTC-3’ 5’-GCTGCTTTCACACATGTTACT-3’

IL17A 5’-GAAGGCAGGAATCACAATC-3’ 5’-GCCTCCCAGATCACAGA-3’

TNFA 5’-CGCTCCCCAAGAAGAC-3’ 5’-GGTTCGAGAAGATGATCTGA-3’

IL12P3 5’-CTGGCCTCCAGAAAGAC-3’  5’-GTGGCACAGTCTCACTGTT-3’

IL23P19 5’-CAGGGACAACAGTCAGTTCT-3’ 5’-CTGCGAAGGATTTTGAAG-3’

CD80 5’-TGGGCCATTACCTTAATCT-3’ 5’-TCTGCGGACACTGTTATACA-3’

CD86 5’-TGGGGTCATTTCCAGATA-3’ 5’-GTGCGGCCCATATACTT-3’

CD40 5’-TTGGGGTCAAGCAGATT-3’ 5’-CCTGGGGACCACAGAC-3’
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CD38neg effector T cells homing to other sites of the body.8 This appears in line with the 

preferential tolerogenic response to harmless exogenous antigens at the mucosal surface. 

To corroborate enrichment in regulation, purified CD38neg and CD38+ effector T cells from 

adult healthy individuals were cultured with allogeneic monocyte-derived dendritic cells 

(DCs) in a mixed lymphocyte reaction (MLR). CD38+ effector T cells from healthy individuals 

S2B).  Of note, there were no differences in white blood cell (WBC) counts or percentage 

of CD38+ effector T cells expressing gut-homing receptors CCR9 and a4b7 between patient 

groups (Figure S1B and S3). Medication use is summarized in Figure S1C and gating 

strategy is shown in Figure S1D. Upon scheduled treatment follow up (median treatment 

duration 223 days) and despite a wide range of immunosuppressive treatments (Figure 

S1F), frequencies of CD25+ cells decreased in the CD38+ effector T-cell pool, but not total 

CD4+ T cells, of all patients achieving clinical remission (Figure 1C). These data demonstrate 

that monitoring activated CD45RAneg and CD25+ T cells in the circulating CD38+ effector 

T-cell population detects active intestinal disease in pediatric IBD while this cannot be 

achieved by monitoring all CD4+ T cells. 

	 As in IBD patients the balance between activated inflammatory T-cell responses 

and regulatory responses is lost, we next sought the reduced regulatory component that 

would reflect inflammatory disease. Thereto, we assessed the frequencies of circulating 

Foxp3+ cells in the CD38+ effector T-cell population in peripheral blood of IBD patients 

and controls. However, we detected no differences in the frequencies of Foxp3+ cells in 

total CD4+ T cells or CD38+ effector T cells between patients and controls (Figure 1D). 

In humans, Foxp3+ T cells are functionally heterogeneous with regulatory T cells (Tregs) 

and a subpopulation of activated effector CD4+ T cells expressing Foxp3.11 To further 

investigate Foxp3 expression in regulatory versus activated CD4+ T cells, we combined 

analysis of Foxp3 and CD45RA to distinguish naive Tregs (CD45RA+Foxp3int), activated Tregs 

(CD45RAnegFoxp3hi) and activated effector T cells (CD45RAnegFoxp3int, as depicted in the 

gating strategy in Figure S4A).12 Frequencies of activated effector T cells were increased 

in both cohorts of IBD patients compared to controls, whereas no differences were found 

in the percentage of naive and activated Tregs between IBD patients with active disease 

and controls (Figure S4B). In addition, no differences were found in the frequency of 

CD4+CD25hiCD127negFoxp3+ T cells between IBD patients and controls (Figure S4C and S4D). 

Overall, these data demonstrate that enrichment for CD38+ effector T cells instead of total 

CD4+ T cells in peripheral blood detects increased frequencies of activated T cells in IBD 

patients with intestinal inflammation. This increased frequency normalizes during disease 

remission. However, frequencies of potentially regulatory populations in the CD38+ 

effector T-cell population are difficult to monitor. 

Circulating CD38+ effector T cells of adult healthy controls have a predominant regulatory 
component with decreased inflammatory cytokine production and increased IL-10 
production.
We next aimed to identify the main regulatory component in the circulating CD38+ 

effector T-cell pool. Previously, preliminary data suggested that CD38+ effector T cells 

from adult healthy individuals are enriched in IL10 mRNA expression when compared to 
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Figure 1. Increased frequencies of activated T cells in the circulating effector CD38+ T-cell pool during active 
IBD. Flow cytometric analysis for CD3, CD4, CD62L, CD38, CD45RA, CD25 and Foxp3 was performed on peripheral 
blood from pediatric IBD patients (cohort I) with biopsy-proven intestinal inflammation at diagnostic endoscopy 
and prior to treatment (denoted as “inflammation”), pediatric IBD patients in clinical remission during treatment 
(denoted as “remission”) and age-matched healthy controls. Open and closed symbols depict UC and CD patients, 
respectively. Cells were gated on single cells, CD3+, CD4+, and CD62LnegCD38+ cells (denoted as CD38+ effector T 
cells). (A) Frequency of CD45RAneg cells in the total CD4+ T-cell population and CD38+ effector T cells within the CD4 
gate (cohort I; age-matched healthy controls, n=22, IBD patients with intestinal inflammation, n=22, IBD patients 
in remission, n=26). (B) Frequency of CD25+ cells gated on Foxp3neg cells in the total CD4+ T-cell population and 
CD38+ effector T cells within the CD4 gate (cohort I; age-matched healthy controls, n=19, IBD patients with intestinal 
inflammation, n=11, IBD patients in remission, n=7; CD25 analysis was included in a second phase of the study). 
(C) Frequency of CD25+ cells in the total CD4+ T-cell pool and CD38+ effector T-cell population in peripheral blood of 
pediatric IBD patients at disease diagnosis (prior to treatment) and during immunosuppressive treatment (follow up 
in n=9 patients from cohort II consisting of a total of n=18; median treatment duration 223 days, IQ range 169-309). 
p values were calculated using a Wilcoxon signed rank test. (D) Frequency of Foxp3+ cells in the total CD4+ T-cell 
population and CD38+ effector T cells within the CD4 gate. Data are expressed as median +/- interquartile (IQ) range. 
p values were calculated using a Kruskal-Wallis H analysis followed by the Dunn’s Multiple Comparison Test. Teff, 
effector T cell; NS, not significant, *p<0.05, **p<0.01, ***p<0.001.
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Tregs frequencies suggesti ng similar frequencies of natural Tregs (Figure S5D).

 Taken together, in adult healthy individuals, circulati ng CD38+ eff ector T cells which 

are enriched in cells with mucosal anti gen specifi city, have a stronger immunoregulatory 

component associated with decreased infl ammatory cytokine producti on and increased 

IL-10 producti on when compared to CD38neg eff ector T cells homing to sites such as the 

skin. 

Healthy control CD38+ eff ector T cells are enriched for transcripts associated with 
immune regulati on and gut homing when compared to CD38neg eff ector T cells.
Next, we set out to defi ne cellular markers to identi fy this regulatory subpopulati on of 

CD38+ eff ector T cells. Thereto, we performed transcriptome analysis of CD38neg and 

CD38+eff ector T cells of adult healthy individuals (n=3) to fi nd diff erenti ally expressed 

proteins refl ecti ng regulatory functi on of CD38+ eff ector T cells. Overall, a total of 145 and 

167 genes were signifi cantly over- and underexpressed in CD38+ eff ector T cells relati ve 

to their CD38neg counterparts (with an adjusted p value < 0.05; Figure 3A). Hierarchical 

clustering performed with this gene set clearly disti nguished CD38neg and CD38+ eff ector 

T cells (Figure 3B). As expected, expression of genes encoding the gut-homing chemokine 

receptors CCR9, CXCR6 and CX3CR1, as well as integrin a4 (ITGA4) were up-regulated in 

CD38+ eff ector T cells compared to CD38neg eff ector T cells (Figure 3C). In additi on, CD38+

eff ector T cells had increased expression of a number of genes encoding coinhibitory 

receptors, such as T-cell immunoglobulin and ITIM domain (TIGIT), cytotoxic T lymphocyte 

anti gen-4 (CTLA-4), Fc receptor-like protein 3 (FCRL3), Hepati ti s A virus cellular receptor 

2 (HAVCR2, encoding T cell Immunoglobulin and Mucin 3; TIM-3) and the costi mulatory 

molecule inducible T-cell costi mulator (ICOS, Figure 3C). CD38+ eff ector T cells also showed 

increased expression of the gene encoding the regulatory cytokine IL-10, although 

signifi cance was lost aft er correcti on for multi ple testi ng (p value = 0.003, adjusted p 

value = 0.09). Based on the RNA-seq data, we selected immune regulatory genes that 

were enriched in the CD38+ eff ector T-cell populati on and validated their diff erenti al 

expression with qRT-PCR analysis (Figure 3D). Overall, these analyses provide us with 

candidate molecules TIGIT, CTLA-4, ICOS and TIM-3 as putati ve markers to monitor the IL-

10-producing regulatory subpopulati on within the CD38+ eff ector T-cell pool.

The inhibitory receptor TIGIT is strongly enriched in the circulati ng healthy control CD38+

eff ector T-cell pool and its expression is maintained upon cellular acti vati on. 
We next analyzed whether this disti ncti ve mRNA profi le translated into cellular protein 

expression of TIGIT, CTLA-4, ICOS and TIM-3 in CD38+ eff ector T cells from peripheral blood 

of adult healthy individuals using fl ow cytometry. Frequencies of TIGIT+, CTLA-4+, and ICOS+

cells were signifi cantly increased in CD38+ eff ector cells compared to CD38neg eff ector T 

contained lower frequencies of IFNg- and IL-17-secreti ng T cells, and higher frequencies 

of IL-10-secreti ng T cells when compared to CD38neg eff ector T cells (Figure 2A and 2B). 

Both the frequencies and mean fl uorescence intensity of HLA-DR and CD25 did not diff er 

between cultured CD38neg and CD38+ eff ector T cells (Figure S5A and S5B), excluding the 

possibility that the diff erent cytokine profi les were due to overall diff erences in T-cell 

acti vati on. Using a second method of acti vati on, i.e. anti -CD3/CD28 sti mulati on, CD38+

eff ector T cells also produced lower levels of IFNg and IL-17 compared to CD38neg eff ector 

T cells (Figure 2C). Overall, frequencies of CD45RO+ (memory) or CD45RA+ (naive) cells 

(Figure S5C), Foxp3+CD25hi (Figure S5D) and Foxp3+CD127neg T cells (data not shown) did 

not diff er between CD38neg and CD38+ eff ector T-cell populati ons. In additi on, CD38neg and 

CD38+ eff ector T-cell populati ons had comparable frequencies of Helios+ cells in Foxp3+

Figure 2. Circulati ng CD38+ T cells of adult healthy controls have a predominant regulatory component with 
decreased infl ammatory cytokine producti on and increased IL-10 producti on. (A-B) Purifi ed adult healthy control 
CD38neg and CD38+ eff ector T cells were cultured for 72 hours with mature monocyte-derived DCs (rati o 10:1). (A)
Representati ve dot-plots of the percentage of IFNg, IL-17 and IL-10 positi ve cells in CD38neg and CD38+ eff ector T 
cells at 72 hours are shown. (B) Percentages of IFNg, IL-17 and IL-10 positi ve cells in CD38neg and CD38+ eff ector T 
cells aft er 72 hours of culture. Results are pooled from 4 independent experiments. Data are expressed as means 
+/- SEM. p values were calculated using an unpaired Student’s t test. (C) Purifi ed adult healthy control CD38neg and 
CD38+ eff ector T cells were sti mulated for 72 hours with anti -CD3/CD28 sti mulati on beads (0.5 bead per T cell). IFNg
and IL-17 producti on in supernatants was measured by ELISA. p values were calculated using a Student’s t test. NS, 
not signifi cant, *p<0.05, **p<0.01.  

Figure 2. Joosse et al. 
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cells. The CD38+ eff ector T-cell populati on contained 40% TIGIT+ cells and 20% CTLA-4+ cells 

versus only 20% and 10% respecti vely in the CD38neg T-cell populati on (Figure 3E). TIM-3 

expression on CD4+ T cells or CD38+ eff ector T cells in peripheral blood was very low when 

analyzed by fl ow cytometry and therefore excluded from further analyses. 

 We next pursued to investi gate whether this diff erenti al inhibitory profi le was stable 

allowing it to be used for immune monitoring of intesti nal ti ssue-localized responses. 

Thereto, we cultured purifi ed CD38neg and CD38+ eff ector T cells from adult healthy 

individuals with allogeneic monocyte-derived DCs in an MLR and determined whether 

the diff erenti al profi le was maintained during cellular acti vati on. As has been reported 

previously, CTLA-4 was upregulated upon acti vati on on both CD38neg and CD38+eff ector 

T cells causing a loss of diff erenti al expression between these two populati ons (Figure 

3F). In contrast, MLR culture did not enhance TIGIT expression in the CD38neg populati on, 

while the TIGIT expression was steadily maintained on the CD38+ eff ector cells resulti ng in 

a stable diff erenti al frequency of TIGIT expressing cells between CD38neg and CD38+ T-cell 

populati ons aft er acti vati on (Figure 3F). The same results were obtained when using anti -

CD3/CD28 ligati on as a mode of acti vati on with no signifi cant changes in frequencies of 

TIGIT on CD4+ T cells aft er acti vati on (Figure S6A). Virtually all TIGIT+ cells in the CD38neg and 

CD38+ eff ector T-cell populati ons expressed CD45RO (Figure S6B). Thus, during mucosal 

homeostasis in adult healthy individuals circulati ng CD38+ eff ector T cells contain a large 

populati on of cells stably expressing the inhibitory receptor TIGIT when compared to the 

CD38neg eff ector T-cell populati on.

Inhibitory receptor TIGIT expression identi fi es circulati ng CD38+ eff ector T cells with 
immunoregulatory properti es.
The stable TIGIT expression aft er in vitro acti vati on suggested that it could be a putati ve 

marker for monitoring the IL-10-producing regulatory component of the CD38+ eff ector 
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Figure 3. The inhibitory receptor TIGIT is strongly enriched on circulati ng healthy control CD38+ eff ector T cells and 
its expression is maintained upon cellular acti vati on. (A-D) RNA was isolated from adult healthy control CD38neg

and CD38+ eff ector T cells (pre-gated on single CD3+CD4+CD62Lneg cells) purifi ed by fl ow cytometric cell sorti ng 
populati ons from blood of three adult healthy individuals and diff erenti ally expressed genes were identi fi ed by RNA 
sequencing. (A) Number of diff erenti ally expressed genes. (B) Heatmap of all genes that were diff erenti ally expressed 
in CD38neg and CD38+ eff ector T cells (adjusted p value < 0.05). (C) Log 2 fold change diff erence for gene subsets 
signifi cantly upregulated in the CD38+ eff ector T-cell populati on. (D) Validati on of RNA-seq results with quanti tati ve 
RT-PCR analysis. Log 2 fold change of known human regulatory genes in RNA-seq (white) and qRT-PCR (black). Data 
are represented as means + SEM. (E-F) Peripheral blood from adult healthy individuals (n=15) was analyzed for 
expression of CD3, CD4, CD62L, CD38, TIGIT, CTLA-4 and ICOS by fl ow cytometry. (E) Frequencies of TIGIT+, CTLA-4+

and ICOS+ cells in the total CD4+ T-cell populati on, CD38neg and CD38+ T cells (pre-gated on CD4+CD62Lneg cells). Data 
are expressed as median +/- IQ range. p values calculated using a Mann-Whitney analysis. (F) Purifi ed CD38neg and 
CD38+ T cells (pre-gated on CD4+CD62Lneg cells) were cultured for 72 hours with mature monocyte-derived DCs (rati o 
10:1). Frequencies of CTLA-4+ and TIGIT+ cells at 72 hours. Results are pooled from 4 independent experiments. Data 
are expressed as mean +/- SEM. p values were calculated using a Student’s t test. NS, not signifi cant, ***p<0.001. 
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T-cell populati on. We therefore further analyzed expression of inhibitory receptors and 

cytokine profi les by CD38+TIGIT+ eff ector T cells. In adult healthy individuals, TIGIT+ 

cells within the CD38+ eff ector T-cell populati on more oft en co-expressed a second 

inhibitory receptor such as programmed death 1 (PD-1) or CTLA-4 when compared to 

the CD38+TIGITneg cells but did not preferenti ally co-express Foxp3 or CD25 (Figure 4A). 

Cells co-expressing the costi mulatory molecule ICOS were more frequent in CD38+TIGIT+

eff ector T cells when compared to CD38+TIGITneg eff ector T cells (Figure 4A). 

 In agreement with the inhibitory functi on of TIGIT, CD38+TIGIT+ cells contained higher 

frequencies of IL-10+ cells aft er PMA-ionomycin sti mulati on compared to CD38+TIGITneg

cells (Figure 4B). The associati on between TIGIT and IL-10 was specifi c for the CD38+

eff ector T-cell populati on, as CD38negTIGIT+ cells did not have higher frequencies of IL-

10+ cells compared to CD38negTIGITneg cells (Figure 4C). CD38+TIGIT+ cells also contained 

lower frequencies of IFNg secreti ng cells with a lower mean fl uorescence intensity aft er 

PMA-ionomycin sti mulati on (Figure 4B) and secreted lower amounts of IFNg aft er anti -

CD3/CD28 sti mulati on compared to CD38+TIGITneg eff ector T cells (Figure 4D). This agreed 

with high baseline levels of IL10 mRNA expression and lower IFNG, TNFA and IL17 mRNA 

expression in CD38+TIGIT+ cells (Figure 4E). Importantly, the frequency of IL-10+ cells in 

CD38+TIGIT+ cells was signifi cantly higher than the frequency of IL-10+ cells in CD38negTIGIT+

cells (p=0.0027, Student’s T test). This demonstrates that TIGIT+ cells in the CD38+ eff ector 

T-cell populati on preferenti ally produce IL-10 when compared to TIGIT+ cells in the CD38neg

eff ector T-cell populati on.

 To test functi onal regulatory capacity of CD38+TIGIT+ eff ector T cells such as 

modulati ng DC acti vati on, we cultured immature monocyte-derived DCs together with 

purifi ed peripheral blood CD38+TIGIT+ or CD38+TIGITneg eff ector T cells in the presence of 

anti -CD3 and lipopolysaccharide (LPS). Co-culture with CD38+TIGIT+ T cells yielded lower 

IL12p35, IL23p19 and IL6 mRNA expression in DCs when compared to co-cultures with 

CD38+TIGITneg T cells (Figure 4F). This eff ect was more pronounced for TIGIT+ cells in the 

CD38+ eff ector T-cell populati on compared to TIGIT+ cells in the CD38neg eff ector T-cell 

populati on (Figure 4F). In contrast, TIGIT expression on CD38+ eff ector T cells did not aff ect 

the maturati on status of monocyte-derived DCs, as defi ned by surface expression of CD40, 

CD80 and CD86 (Figure S7). These data indicate that TIGIT expressing CD38+ eff ector T 

cells from adult healthy individuals have the capacity to regulate infl ammatory cytokine 

expression by monocyte-derived DCs. Overall, these demonstrate that TIGIT expression 

identi fi es a regulatory subpopulati on of T cells within the CD38+ eff ector T-cell pool.

Low frequencies of circulati ng CD38+TIGIT+ eff ector T cells identi fy pediatric IBD pati ents 
with reduced durati on of clinical remission during follow up. 
We next assessed whether TIGIT expression on circulati ng CD38+ eff ector T cells identi fi ed 

Figure 4. Inhibitory receptor TIGIT expression identi fi es circulati ng CD38+ eff ector T cells with immunoregulatory 
properti es. (A) Flow cytometric analysis of TIGITneg and TIGIT+ in CD38+ eff ector T-cell populati on (pre-gated on 
CD4+CD62Lneg cells) of adult healthy individuals (n=15). Frequencies of cells positi ve for PD-1, CTLA-4, ICOS, Ki67, 
CD25 and Foxp3 are shown. (B-C) CD4+CD62Lneg T cells were obtained from the blood of adult healthy individuals 
(n=6) and sti mulated for 4.5 hours with PMA plus ionomycin in the presence of Brefeldin A. IFNg+ cells and IL-10+ cells 
were determined in TIGITneg and TIGIT+ cells within CD38+TIGITneg, CD38+TIGIT+, CD38negTIGITneg and CD38negTIGIT+

T-cell populati ons. (D) TIGITneg and TIGIT+ cells were purifi ed from the CD38+ eff ector T-cell populati on  (pre-gated on 
CD4+CD62Lneg cells) from the peripheral blood of adult healthy individuals and sti mulated for 14 hours with anti -CD3/
CD28 sti mulati on beads (0.5 bead per T cell). IFNg release in supernatants was measured by ELISA. Representati ve of 
two independent experiments. (E) Purifi ed adult healthy control TIGITnegCD38+ and TIGIT+CD38+ T cells analyzed for 
TIGIT, IL10, IFNG, IL17 and TNFA mRNA expression relati ve to GAPDH by quanti tati ve PCR. Representati ve of three 
independent experiments. (F) Autologous immature monocyte-derived DCs were cultured together with purifi ed 
CD38+TIGITneg, CD38+TIGIT+, CD38negTIGITneg or CD38negTIGIT+ eff ector T cells for 24 hours in the presence of anti -
CD3 (1 µg/ml) and LPS (10 ng/mL) in a rati o 2:1 (T cell : monocyte-derived DC). Analysis of infl ammatory cytokines 
IL12p35, IL23p19 and IL6 mRNA expression relati ve to GAPDH by quanti tati ve PCR. One representati ve experiment 
shown out of two independent experiments. Data are represented as means +/- SEM. p values were calculated using 
a Kruskal-Wallis H analysis. NS, not signifi cant, *p<0.05, **p<0.01, ***p<0.001.
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changes in regulatory responses in peripheral blood of pediatric IBD pati ents (Figure S8A). 

Strikingly, the frequency of TIGIT+ cells in the CD38+ eff ector T-cell populati on of pati ents 

with acti ve IBD was drasti cally reduced in a subgroup of pati ents when compared to age-

matched controls, with half of the pati ents having a TIGIT+ cell frequency below 25% (Figure 

5A). Frequencies of TIGIT+ cells in the total CD4+ T-cell pool were not diff erent compared 

to controls (Figure 5A). Degree of TIGIT expression per cell (MFI) by CD38+ eff ector T cells 

was not diff erent between IBD pati ents and controls, nor between IBD pati ents with low 

versus high frequencies of TIGIT. Increased frequencies of acti vated CD45RAnegCD25+ cells 

inversely correlated with reduced frequencies of TIGIT+ cells in the CD38+ eff ector T-cell 

populati on (Figure 5B), indicati ng that the regulatory component that is normally present 

in CD38+ eff ector T cell populati on is decreased in a subgroup of IBD pati ents that has a 

high infl ammatory component. 

 This raised the questi on whether TIGIT frequency classifi es IBD heterogeneity prior 

to treatment. Crucially, a TIGIT percentage below 25% prior to treatment associated with 

a reduced durati on of clinical remission (Figure 5C and S8B). For comparison att empti ng to 

achieve such classifi cati on on the basis of fecal calprotecti n levels above or below 100, 250 

or 1000 µg/g at ti me of diagnosis were not predicti ve of durati on of remission (Figure 5D, 

Figure S8C and S8D). 

 To investi gate whether TIGIT frequency in the CD38+ eff ector T-cell populati on is 

restored during therapy, we performed a follow up analysis of peripheral blood of pediatric 

IBD pati ents. Despite a wide range of immunosuppressive treatments, frequencies of 

TIGIT+ cells signifi cantly increased during therapy except in one pati ent, who did not 

achieve clinical remission at ti me of analysis (Figure 5E). The on-treatment changes in 

TIGIT frequencies were exclusively confi ned to CD38+ eff ector T cells, as such changes 

could not be observed in total CD4+ T cells or CD38neg eff ector T cells (Figure 5E). 

 Taken together, TIGIT frequencies in CD38+ eff ector T cells are reduced in a subgroup 

of pediatric IBD pati ents that are at risk for early disease relapse. 

D I S C U S S I O N

We demonstrate that analysis of circulati ng CD38+ eff ector T cells, a populati on that is 

enriched for cells with mucosal anti gen specifi city, instead of total CD4+ T cells, lowers the 

threshold for detecti on of changes in regulatory versus infl ammatory T-cell responses. We 

observed that circulati ng CD38+ eff ector T cells of healthy individuals have a predominant 

regulatory TIGIT+CD38+ eff ector T-cell subpopulati on strongly enriched in expression of 

inhibitory molecules and IL-10. In peripheral blood of pediatric IBD pati ents with acti ve 

disease, the phenotype of circulati ng CD38+ eff ector T cells, but not total CD4+ T cells, 

Figure 5. Low frequencies of circulati ng CD38+TIGIT+ eff ector T cells identi fy pediatric IBD pati ents with reduced 
durati on of clinical remission during follow-up. Peripheral blood from pediatric IBD pati ents with acti ve disease 
(n=18, cohort II) and age-matched healthy controls (n=9) was analyzed by fl ow cytometry. Open and closed symbols 
depict UC and CD pati ents, respecti vely. (A) Frequency of TIGIT+ cells in the total CD4+ T-cell pool and the CD38+

eff ector T-cell populati on. Data are expressed as median +/- IQ range. p values were calculated using a Mann-
Whitney analysis. (B) Correlati on of the frequency of acti vated CD45RAnegCD25+ cells and TIGIT+ cells in the CD38+

eff ector T-cell populati on of pediatric IBD pati ents. (C) Kaplan-Meier overall exacerbati on-free disease course for low 
versus high TIGIT frequencies on CD38+ eff ector T cells. (D) Kaplan-Meier overall exacerbati on-free disease course 
for fecal calprotecti n levels (TIGIT <25%, n=10, median follow up of 618 days; TIGIT >25%, n=8, median follow up of 
509 days; NS). (E) Frequency of TIGIT+ cells in the total CD4+ T-cell pool, CD38+ eff ector T-cell populati on and CD38neg

eff ector T-cell populati on in peripheral blood of pediatric IBD pati ents at disease diagnosis (prior to treatment) and 
during immunosuppressive treatment (median treatment durati on 223 days; IQ range 169-309). # indicates a pati ent 
not in remission during the follow up analysis and who was subsequently started on a 4 week steroid regimen. p 
values were calculated using a Wilcoxon signed rank test. NS, not signifi cant, *p<0.05, ***p<0.001.
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was altered, with increased frequencies of activated inflammatory CD25+CD45RAneg 

and decreased frequencies of regulatory TIGIT+ cells. Low frequencies of TIGIT+ cells 

(<25%) in CD38+ effector T cells identified a subgroup of IBD patients at diagnosis that 

had reduced duration of clinical remission during follow up. In patients responding to 

immunosuppressive treatment, frequencies of TIGIT and CD25 in CD38+ effector T cells 

of IBD patients normalized to frequencies similar to that seen in CD38+ effector T cells of 

age-matched healthy individuals.

	 IBD is a complex disease with a high degree of clinical heterogeneity and as a result an 

unpredictable response to therapy. Therefore, it is crucial to develop biological parameters 

to predict disease activity, disease course and response to treatment, enabling the design of 

tailored treatment strategies. As inflammatory CD4+ T cells drive IBD pathology, monitoring 

the inflammatory status of T cells in peripheral blood is highly desired to differentiate 

patients with a severe versus a mild disease course. It has, however, not been possible to 

date to monitor tissue-localized T-cell responses in peripheral blood of IBD patients. We 

are the first to show that phenotypic changes in peripheral blood CD38+ effector T cells 

instead of total CD4+ T cells reflect tissue-localized disease in IBD patients. In particular, 

IBD patients with active disease have increased frequencies of activated CD25+CD45RAneg 

cells and decreased frequencies of TIGIT+ but not Foxp3+ cells compared to age-matched 

healthy controls. This increased frequency of activated CD38+ effector T cells was observed 

in both CD and UC patients (Figure S2). Crucially, heterogeneity in the percentage of TIGIT+ 

cells in CD38+ effector T-cell population prior to treatment differentiated patients with 

reduced duration of clinical remission during follow-up. Such differentiation was purely 

based on compositional changes of the CD38+ effector population as the total number of 

CD38+ effector T cells, the white blood cell count as well as the frequencies of CCR9+ and 

a4b7+ expressing cells within the CD38+ population, did not differ between IBD patients 

and controls (Figure S1B and S3).8 The importance of analysis of the CD38+ effector T-cell 

population instead of total CD4+ T cells is further emphasized by a previous study that 

could not detect alterations in circulating TIGIT+ cells when monitoring total CD4+ T cells in 

IBD patients.8, 13 

	 TIGIT has not been previously implicated in intestinal adaptive immune homeostasis. 

In healthy individuals  40% of peripheral blood CD38+ effector T cells expressed TIGIT 

and were enriched in inhibitory receptors and IL-10 expression, reflecting a preferential 

regulatory phenotype of these mucosally-imprinted T cells. TIGIT expression was stable 

during in vitro activation and proliferation of TIGIT+ cells (Figure S9). Although previous 

findings established a role for TIGIT in Treg-mediated immune suppression14, we found 

the majority of CD38+ effector T cells to express TIGIT but not Foxp3. Our findings are in 

line with data showing TIGIT, but not Foxp3, is positively correlated with IL-10 expression 

by CD4+ T cells in models investigating tolerance induction in auto-immunity.15 Likewise, 

we report changes in TIGIT but not Foxp3 in CD38+ effector T cells in IBD patients. In line 

with previous data showing that TIGIT-Fc modifies DC cytokine production16, we show 

that TIGIT expressing CD38+ effector T cells have the capacity to modulate inflammatory 

cytokine expression by monocyte-derived DCs, suggesting that TIGIT expressing cells may 

have a local immunomodulatory effect on surrounding cells when reaching the intestinal 

tissue. 

	 It is striking that in healthy individuals, with a balanced mucosal tolerance to 

microbiota, CD38+ effector T cells are enriched in other immune inhibitory receptors such 

as CTLA-4 and TIM-3 when compared to CD38neg effector T cells. We chose to further 

analyze TIGIT because of the high percentage of CD38+ effector T cells that expressed 

TIGIT whereas we were unable to identify circulating CD38+ effector T cells that expressed 

surface TIM-3 when analyzed ex vivo, which is consistent with previous observations by 

others.17 Moreover, in contrast to CTLA-4, TIGIT expression was stable upon differentiation 

and did not show transient upregulation in antigen experienced cells stimulated with anti-

CD3. However, we do not exclude that analysis of multiple additional activational and 

regulatory markers on CD38+ effector T cells may further enable IBD patient stratification 

prior to treatment. 

	 To conclude, we provide the first evidence that tracing the composition of the 

circulating CD38+ effector T-cell population of IBD patients allows to detect changes in 

the CD4+ T-cell response that correlate with disease course and therapy responsiveness. 

The identification of CD38+ effector T cells as targets for tracing chronic inflammation has 

immediate relevance for clinical trials in IBD but may be further exploited in other diseases 

such as graft versus host disease and checkpoint inhibitor-induced inflammation in the 

setting of cancer. 
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Figure S1. Pati ent characteristi cs and 
CD38+ eff ector T-cell gati ng strategy. 
Informati on on (A) gender, age, IBD 
phenotype and (B) white blood cell counts 
in pediatric IBD pati ents and age-matched 
controls of cohort I. (C) Medicati on used 
by pediatric IBD pati ents in remission at 
moment of blood withdrawal (cohort I). 
None of the pediatric IBD pati ents with 
acti ve disease (“infl ammati on”) or the age-
matched healthy controls were receiving 

any medicati on. (D) Gati ng strategy of CD3+CD4+ T cells based on the expression of CD62L and CD38. Left  panel shows 
a representati ve stain on peripheral blood mononuclear cells (PBMC) and right panel show a representati ve stain 
on lamina propria mononuclear cells (LPMC) isolated from colonic ti ssue of the same individual. (E) Frequencies of 
CD45RO+ (n=19) and CD45RA+ cells in the CD62LnegCD38+, CD62LnegCD38neg, CD62L+CD38+ and CD62L+CD38neg T-cell 
populati ons (pre-gated on CD4+ T cells). (F) Informati on on drug exposure, durati on of follow up and defi niti ons of 
clinical remission in pati ents followed through ti me (follow up in n=9 pati ents from cohort II consisti ng of a total 
of n=18). CD, Crohn’s disease; UC, ulcerati ve coliti s; WBC, white blood cell; NA, not applicable; NS, not signifi cant 
(p>0.05).
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Frequencies of circulating regulatory 

TIGIT+CD38+ effector T cells correlate with

the course of inflammatory bowel disease

Figure S2. Composition of inflammatory versus regulatory cells in circulating CD38+ effector T cells  of pediatric 
UC and CD patients. Flow cytometric analysis for CD3, CD4, CD62L, CD38, CD45RA, CD25 and Foxp3 was performed 
on peripheral blood from pediatric IBD patients (cohort I) with biopsy-proven intestinal inflammation at diagnostic 
endoscopy and prior to treatment (denoted as “inflammation”) and pediatric IBD patients in clinical remission 
during treatment (denoted as “remission”). (A) CD45RAneg cell frequency in CD38+ effector T cells. (B) Frequency of 
CD25+ cells gated on Foxp3neg cells in CD38+ effector T cells. (C) Foxp3neg cell frequency in CD38+ effector T cells. UC, 
open symbols; CD, closed symbols. Data are expressed as median + IQR. p values were calculated using a Kruskall-
Wallis H analysis followed by the Dunn’s Multiple Comparison Test.
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Figure S3. No differences in percentage of CD38+ effector T cells expressing gut-homing receptors CCR9 and a4b7 
between pediatric UC and CD patients. (A-H) Flow cytometric analysis for CD3, CD4, CD62L, CD38 and CCR9 was 
performed on peripheral blood from pediatric IBD patients (cohort I) with biopsy-proven intestinal inflammation 
at diagnostic endoscopy and prior to treatment (denoted as “inflammation”), pediatric IBD patients in clinical 
remission during treatment (denoted as “remission”) and age-matched healthy controls (denoted as “control”). Cells 
were gated on single cells, CD3+, CD4+, and CD62LnegCD38+ cells (denoted as CD38+ effector T cells) or CD62LnegCD38neg 
cells (denoted as CD38neg effector T cells). (A) Percentage of CD38+ effector T cells in CD4+ T cells of IBD patients and 
age-matched healthy controls. (B) Percentage of CCR9+ cells in total CD4+ T cells, CD38+ and CD38neg effector T-cell 
populations in peripheral blood of IBD patients (C-E) Percentage of CCR9+ cells in total CD4+ T cells (C), CD38+ (D) and 
CD38neg (E) effector T-cell populations of IBD patients and age-matched healthy controls. (F-H) Percentage of CCR9+ 
cells in total CD4+ T cells (C), CD38+ (D) and CD38neg (E) effector T-cell populations of UC patients and CD patients. (I-L) 
Flow cytometric analysis for CD3, CD4, CD62L, CD38 and a4b7 was performed on peripheral blood from pediatric 
IBD patients with biopsy-proven intestinal inflammation (n=14 in total; consisting of patients prior to treatment, n=3; 
and patients receiving treatment, n=11). (I) Percentage of a4b7+ cells in total CD4+ T cells, CD38+ and CD38neg effector 
T-cell populations in peripheral blood of IBD patients. (J-L) Median percentage of a4b7+ cells in total CD4+ T cells (J), 
CD38+ (K) and CD38neg (L) effector T-cell populations of UC patients and CD patients. Data are expressed as median 
+/- IQR. p values were calculated using Mann-Whitney analysis. Teff, effector T cell; UC, ulcerative colitis; CD, Crohn’s 
disease; NS, not significant, ***p<0.001.

A B C

0

10

20

30

0

10

20

30

0

10

20

30

%
  C

CR
9+  c

el
ls

in
 to

ta
l C

D
4+  T

 c
el

ls

remissi
on

inflammation

contro
l

Total
CD4+ T cells

CD38+ 
effector T cells

%
  C

CR
9+  c

el
ls

in
 C

D
38

+  T
eff

 c
el

ls

CD38neg

effector T cells

%
  C

CR
9+  c

el
ls

in
 C

D
38

ne
g  T

eff
 c

el
ls

remissi
on

inflammation

contro
l

remissi
on

inflammation

contro
l

C D E

Figure R1

Total
CD4+ T cells

CD38+ 
effector T cells

CD38neg

effector T cells

F G H

ns

ns

ns

Total CD4+

CD38+ effector T cells

CD38neg effector T cells

0 10 20 30

A B
Total

CD4+ T cells

%
  C

D
38

+  T
eff

 c
el

ls
in

 to
ta

l C
D

4+  T
 c

el
ls

%
  C

CR
9+  c

el
ls

in
 to

ta
l C

D
4+  T

 c
el

ls

CDUC

%
  C

CR
9+  c

el
ls

in
 C

D
38

+  T
eff

 c
el

ls

%
  C

CR
9+  c

el
ls

in
 C

D
38

ne
g  T

eff
 c

el
ls

CDUC CDUC

ns

ns

ns

ns

remissi
on

inflammation

contro
l

CCR9+ cells (%)

***

IBD patients

0

10

20

30

0

10

20

30

0

10

20

30

0

5

10

15

0 20 40 60 80 10
0

I

Total CD4+

CD38+ effector T cells

CD38neg effector T cells

α4β7+ cells (%)

***

Total
CD4+ T cells

CD38+ 
effector T cells

CD38neg

effector T cells

J K L

0

20

40

60

80

100

0

20

40

60

80

100

0

20

40

60

80

100

ns
ns

ns

CDUC CDUC CDUC

%
  α

4β
7+  c

el
ls

in
 to

ta
l C

D
4+  T

 c
el

ls

%
  α

4β
7+  c

el
ls

in
 C

D
38

+  T
eff

 c
el

ls

%
  α

4β
7+  c

el
ls

in
 C

D
38

ne
g  T

eff
 c

el
ls

IBD patients

CCR9+ cells (%) α4β7+ cells (%)

C ED

0

10

20

30

0

10

20

30

0

10

20

30

%
  C

CR
9+  c

el
ls

in
 to

ta
l C

D
4+  T

 c
el

ls

remissi
on

inflammation

contro
l

Total
CD4+ T cells

CD38+ 
effector T cells

%
  C

CR
9+  c

el
ls

in
 C

D
38

+  T
eff

 c
el

ls

CD38neg

effector T cells

%
  C

CR
9+  c

el
ls

in
 C

D
38

ne
g  T

eff
 c

el
ls

remissi
on

inflammation

contro
l

remissi
on

inflammation

contro
l

C D E

Figure R1

Total
CD4+ T cells

CD38+ 
effector T cells

CD38neg

effector T cells

F G H

ns

ns

ns

Total CD4+

CD38+ effector T cells

CD38neg effector T cells

0 10 20 30

A B
Total

CD4+ T cells

%
  C

D
38

+  T
eff

 c
el

ls
in

 to
ta

l C
D

4+  T
 c

el
ls

%
  C

CR
9+  c

el
ls

in
 to

ta
l C

D
4+  T

 c
el

ls

CDUC

%
  C

CR
9+  c

el
ls

in
 C

D
38

+  T
eff

 c
el

ls

%
  C

CR
9+  c

el
ls

in
 C

D
38

ne
g  T

eff
 c

el
ls

CDUC CDUC

ns

ns

ns

ns

remissi
on

inflammation

contro
l

CCR9+ cells (%)

***

IBD patients

0

10

20

30

0

10

20

30

0

10

20

30

0

5

10

15

0 20 40 60 80 10
0

I

Total CD4+

CD38+ effector T cells

CD38neg effector T cells

α4β7+ cells (%)

***

Total
CD4+ T cells

CD38+ 
effector T cells

CD38neg

effector T cells

J K L

0

20

40

60

80

100

0

20

40

60

80

100

0

20

40

60

80

100

ns
ns

ns

CDUC CDUC CDUC

%
  α

4β
7+  c

el
ls

in
 to

ta
l C

D
4+  T

 c
el

ls

%
  α

4β
7+  c

el
ls

in
 C

D
38

+  T
eff

 c
el

ls

%
  α

4β
7+  c

el
ls

in
 C

D
38

ne
g  T

eff
 c

el
ls

IBD patients

CCR9+ cells (%) α4β7+ cells (%)

0

10

20

30

0

10

20

30

0

10

20

30

%
  C

CR
9+  c

el
ls

in
 to

ta
l C

D
4+  T

 c
el

ls

remissi
on

inflammation

contro
l

Total
CD4+ T cells

CD38+ 
effector T cells

%
  C

CR
9+  c

el
ls

in
 C

D
38

+  T
eff

 c
el

ls

CD38neg

effector T cells

%
  C

CR
9+  c

el
ls

in
 C

D
38

ne
g  T

eff
 c

el
ls

remissi
on

inflammation

contro
l

remissi
on

inflammation

contro
l

C D E

Figure R1

Total
CD4+ T cells

CD38+ 
effector T cells

CD38neg

effector T cells

F G H

ns

ns

ns

Total CD4+

CD38+ effector T cells

CD38neg effector T cells

0 10 20 30

A B
Total

CD4+ T cells

%
  C

D
38

+  T
eff

 c
el

ls
in

 to
ta

l C
D

4+  T
 c

el
ls

%
  C

CR
9+  c

el
ls

in
 to

ta
l C

D
4+  T

 c
el

ls

CDUC

%
  C

CR
9+  c

el
ls

in
 C

D
38

+  T
eff

 c
el

ls

%
  C

CR
9+  c

el
ls

in
 C

D
38

ne
g  T

eff
 c

el
ls

CDUC CDUC

ns

ns

ns

ns

remissi
on

inflammation

contro
l

CCR9+ cells (%)

***

IBD patients

0

10

20

30

0

10

20

30

0

10

20

30

0

5

10

15

0 20 40 60 80 10
0

I

Total CD4+

CD38+ effector T cells

CD38neg effector T cells

α4β7+ cells (%)

***

Total
CD4+ T cells

CD38+ 
effector T cells

CD38neg

effector T cells

J K L

0

20

40

60

80

100

0

20

40

60

80

100

0

20

40

60

80

100

ns
ns

ns

CDUC CDUC CDUC

%
  α

4β
7+  c

el
ls

in
 to

ta
l C

D
4+  T

 c
el

ls

%
  α

4β
7+  c

el
ls

in
 C

D
38

+  T
eff

 c
el

ls

%
  α

4β
7+  c

el
ls

in
 C

D
38

ne
g  T

eff
 c

el
ls

IBD patients

CCR9+ cells (%) α4β7+ cells (%)

F JH LG K

0

10

20

30

0

10

20

30

0

10

20

30

%
  C

CR
9+  c

el
ls

in
 to

ta
l C

D
4+  T

 c
el

ls

remissi
on

inflammation

contro
l

Total
CD4+ T cells

CD38+ 
effector T cells

%
  C

CR
9+  c

el
ls

in
 C

D
38

+  T
eff

 c
el

ls

CD38neg

effector T cells

%
  C

CR
9+  c

el
ls

in
 C

D
38

ne
g  T

eff
 c

el
ls

remissi
on

inflammation

contro
l

remissi
on

inflammation

contro
l

C D E

Figure R1

Total
CD4+ T cells

CD38+ 
effector T cells

CD38neg

effector T cells

F G H

ns

ns

ns

Total CD4+

CD38+ effector T cells

CD38neg effector T cells

0 10 20 30

A B
Total

CD4+ T cells

%
  C

D
38

+  T
eff

 c
el

ls
in

 to
ta

l C
D

4+  T
 c

el
ls

%
  C

CR
9+  c

el
ls

in
 to

ta
l C

D
4+  T

 c
el

ls

CDUC

%
  C

CR
9+  c

el
ls

in
 C

D
38

+  T
eff

 c
el

ls

%
  C

CR
9+  c

el
ls

in
 C

D
38

ne
g  T

eff
 c

el
ls

CDUC CDUC

ns

ns

ns

ns

remissi
on

inflammation

contro
l

CCR9+ cells (%)

***

IBD patients

0

10

20

30

0

10

20

30

0

10

20

30

0

5

10

15

0 20 40 60 80 10
0

I

Total CD4+

CD38+ effector T cells

CD38neg effector T cells

α4β7+ cells (%)

***

Total
CD4+ T cells

CD38+ 
effector T cells

CD38neg

effector T cells

J K L

0

20

40

60

80

100

0

20

40

60

80

100

0

20

40

60

80

100

ns
ns

ns

CDUC CDUC CDUC

%
  α

4β
7+  c

el
ls

in
 to

ta
l C

D
4+  T

 c
el

ls

%
  α

4β
7+  c

el
ls

in
 C

D
38

+  T
eff

 c
el

ls

%
  α

4β
7+  c

el
ls

in
 C

D
38

ne
g  T

eff
 c

el
ls

IBD patients

CCR9+ cells (%) α4β7+ cells (%)

0

10

20

30

0

10

20

30

0

10

20

30

%
  C

CR
9+  c

el
ls

in
 to

ta
l C

D
4+  T

 c
el

ls

remissi
on

inflammation

contro
l

Total
CD4+ T cells

CD38+ 
effector T cells

%
  C

CR
9+  c

el
ls

in
 C

D
38

+  T
eff

 c
el

ls

CD38neg

effector T cells

%
  C

CR
9+  c

el
ls

in
 C

D
38

ne
g  T

eff
 c

el
ls

remissi
on

inflammation

contro
l

remissi
on

inflammation

contro
l

C D E

Figure R1

Total
CD4+ T cells

CD38+ 
effector T cells

CD38neg

effector T cells

F G H

ns

ns

ns

Total CD4+

CD38+ effector T cells

CD38neg effector T cells

0 10 20 30

A B
Total

CD4+ T cells

%
  C

D
38

+  T
eff

 c
el

ls
in

 to
ta

l C
D

4+  T
 c

el
ls

%
  C

CR
9+  c

el
ls

in
 to

ta
l C

D
4+  T

 c
el

ls

CDUC

%
  C

CR
9+  c

el
ls

in
 C

D
38

+  T
eff

 c
el

ls

%
  C

CR
9+  c

el
ls

in
 C

D
38

ne
g  T

eff
 c

el
ls

CDUC CDUC

ns

ns

ns

ns

remissi
on

inflammation

contro
l

CCR9+ cells (%)

***

IBD patients

0

10

20

30

0

10

20

30

0

10

20

30

0

5

10

15

0 20 40 60 80 10
0

I

Total CD4+

CD38+ effector T cells

CD38neg effector T cells

α4β7+ cells (%)

***

Total
CD4+ T cells

CD38+ 
effector T cells

CD38neg

effector T cells

J K L

0

20

40

60

80

100

0

20

40

60

80

100

0

20

40

60

80

100

ns
ns

ns

CDUC CDUC CDUC

%
  α

4β
7+  c

el
ls

in
 to

ta
l C

D
4+  T

 c
el

ls

%
  α

4β
7+  c

el
ls

in
 C

D
38

+  T
eff

 c
el

ls

%
  α

4β
7+  c

el
ls

in
 C

D
38

ne
g  T

eff
 c

el
ls

IBD patients

CCR9+ cells (%) α4β7+ cells (%)

0

10

20

30

0

10

20

30

0

10

20

30

%
  C

CR
9+  c

el
ls

in
 to

ta
l C

D
4+  T

 c
el

ls

remissi
on

inflammation

contro
l

Total
CD4+ T cells

CD38+ 
effector T cells

%
  C

CR
9+  c

el
ls

in
 C

D
38

+  T
eff

 c
el

ls

CD38neg

effector T cells

%
  C

CR
9+  c

el
ls

in
 C

D
38

ne
g  T

eff
 c

el
ls

remissi
on

inflammation

contro
l

remissi
on

inflammation

contro
l

C D E

Figure R1

Total
CD4+ T cells

CD38+ 
effector T cells

CD38neg

effector T cells

F G H

ns

ns

ns

Total CD4+

CD38+ effector T cells

CD38neg effector T cells

0 10 20 30

A B
Total

CD4+ T cells

%
  C

D
38

+  T
eff

 c
el

ls
in

 to
ta

l C
D

4+  T
 c

el
ls

%
  C

CR
9+  c

el
ls

in
 to

ta
l C

D
4+  T

 c
el

ls

CDUC

%
  C

CR
9+  c

el
ls

in
 C

D
38

+  T
eff

 c
el

ls

%
  C

CR
9+  c

el
ls

in
 C

D
38

ne
g  T

eff
 c

el
ls

CDUC CDUC

ns

ns

ns

ns

remissi
on

inflammation

contro
l

CCR9+ cells (%)

***

IBD patients

0

10

20

30

0

10

20

30

0

10

20

30

0

5

10

15

0 20 40 60 80 10
0

I

Total CD4+

CD38+ effector T cells

CD38neg effector T cells

α4β7+ cells (%)

***

Total
CD4+ T cells

CD38+ 
effector T cells

CD38neg

effector T cells

J K L

0

20

40

60

80

100

0

20

40

60

80

100

0

20

40

60

80

100

ns
ns

ns

CDUC CDUC CDUC

%
  α

4β
7+  c

el
ls

in
 to

ta
l C

D
4+  T

 c
el

ls

%
  α

4β
7+  c

el
ls

in
 C

D
38

+  T
eff

 c
el

ls

%
  α

4β
7+  c

el
ls

in
 C

D
38

ne
g  T

eff
 c

el
ls

IBD patients

CCR9+ cells (%) α4β7+ cells (%)

A B I



3

86 87chapter 3

Frequencies of circulating regulatory 

TIGIT+CD38+ effector T cells correlate with

the course of inflammatory bowel disease

Figure S2. Joosse et al. 

A

B
Foxp3

CD
45

RA

inflammationremissioncontrol

0

2

4

6

8

remissi
on

inflammation

contro
l

%
CD

45
RA

+ Fo
xp

3in
t  T

 c
el

ls

0

1

2

3

4

remissi
on

inflammation

contro
l

%
CD

45
RA

ne
g Fo

xp
3hi

 T 
ce

lls

ns
*

activated Treg (%)

0

2

4

6

remissi
on

inflammation

contro
l

%
CD

45
RA

ne
g Fo

xp
3in

t T 
ce

lls

*
*

activated Teff cells (%)naive Treg (%)
ns

0-10
3

10
3

10
4

10
5

0

-10
3

10
3

10
4

10
5

0-10
3

10
3

10
4

10
5

0

-10
3

10
3

10
4

10
5

0-10
3

10
3

10
4

10
5

0

-10
3

10
3

10
4

10
5

naive Treg
2.81%

activated
Teff cells 2.61%

activated
 Treg 1.42%

naive Treg
2.10%

activated 
Teff cells 3.09%

activated 
Treg 1.62%

naive Treg
2.52%

activated
Teff cells 4.41%

activated 
Treg 1.72%

C

6 0

7 0

8 0

9 0

1 00

0

5

1 0

1 5

CD25hiFoxp3+ (%)

remissi
on

inflammation

contro
l

remissi
on

inflammation

contro
l

CD127negCD25hiFoxp3+ (%)

ns

pre-gated 
on CD4+ T cells

ns

%
CD

25
hi
Fo

xp
3+  c

el
ls

(p
re

-g
at

ed
 o

n 
CD

4+ 
T 

ce
lls

)

%
CD

12
7ne

g  c
el

ls
(p

re
-g

at
ed

 o
n 

CD
25

hi
Fo

xp
3+  c

el
ls

)

CD27neg

77.8%

CD25hiFoxp3+

9.3%

Foxp3

CD
25

FSC-A

CD
12

7

D

Figure S2. Joosse et al. 

A

B
Foxp3

CD
45

RA

inflammationremissioncontrol

0

2

4

6

8

remissi
on

inflammation

contro
l

%
CD

45
RA

+ Fo
xp

3in
t  T

 c
el

ls

0

1

2

3

4

remissi
on

inflammation

contro
l

%
CD

45
RA

ne
g Fo

xp
3hi

 T 
ce

lls

ns
*

activated Treg (%)

0

2

4

6

remissi
on

inflammation

contro
l

%
CD

45
RA

ne
g Fo

xp
3in

t T 
ce

lls

*
*

activated Teff cells (%)naive Treg (%)
ns

0-10
3

10
3

10
4

10
5

0

-10
3

10
3

10
4

10
5

0-10
3

10
3

10
4

10
5

0

-10
3

10
3

10
4

10
5

0-10
3

10
3

10
4

10
5

0

-10
3

10
3

10
4

10
5

naive Treg
2.81%

activated
Teff cells 2.61%

activated
 Treg 1.42%

naive Treg
2.10%

activated 
Teff cells 3.09%

activated 
Treg 1.62%

naive Treg
2.52%

activated
Teff cells 4.41%

activated 
Treg 1.72%

C

6 0

7 0

8 0

9 0

1 00

0

5

1 0

1 5

CD25hiFoxp3+ (%)

remissi
on

inflammation

contro
l

remissi
on

inflammation

contro
l

CD127negCD25hiFoxp3+ (%)

ns

pre-gated 
on CD4+ T cells

ns

%
CD

25
hi
Fo

xp
3+  c

el
ls

(p
re

-g
at

ed
 o

n 
CD

4+ 
T 

ce
lls

)

%
CD

12
7ne

g  c
el

ls
(p

re
-g

at
ed

 o
n 

CD
25

hi
Fo

xp
3+  c

el
ls

)

CD27neg

77.8%

CD25hiFoxp3+

9.3%

Foxp3

CD
25

FSC-A

CD
12

7

D

Figure S2. Joosse et al. 

A

B
Foxp3

CD
45

RA

inflammationremissioncontrol

0

2

4

6

8

remissi
on

inflammation

contro
l

%
CD

45
RA

+ Fo
xp

3in
t  T

 c
el

ls

0

1

2

3

4

remissi
on

inflammation

contro
l

%
CD

45
RA

ne
g Fo

xp
3hi

 T 
ce

lls

ns
*

activated Treg (%)

0

2

4

6

remissi
on

inflammation

contro
l

%
CD

45
RA

ne
g Fo

xp
3in

t T 
ce

lls

*
*

activated Teff cells (%)naive Treg (%)
ns

0-10
3

10
3

10
4

10
5

0

-10
3

10
3

10
4

10
5

0-10
3

10
3

10
4

10
5

0

-10
3

10
3

10
4

10
5

0-10
3

10
3

10
4

10
5

0

-10
3

10
3

10
4

10
5

naive Treg
2.81%

activated
Teff cells 2.61%

activated
 Treg 1.42%

naive Treg
2.10%

activated 
Teff cells 3.09%

activated 
Treg 1.62%

naive Treg
2.52%

activated
Teff cells 4.41%

activated 
Treg 1.72%

C

6 0

7 0

8 0

9 0

1 00

0

5

1 0

1 5

CD25hiFoxp3+ (%)

remissi
on

inflammation

contro
l

remissi
on

inflammation

contro
l

CD127negCD25hiFoxp3+ (%)

ns

pre-gated 
on CD4+ T cells

ns

%
CD

25
hi
Fo

xp
3+  c

el
ls

(p
re

-g
at

ed
 o

n 
CD

4+ 
T 

ce
lls

)

%
CD

12
7ne

g  c
el

ls
(p

re
-g

at
ed

 o
n 

CD
25

hi
Fo

xp
3+  c

el
ls

)

CD27neg

77.8%

CD25hiFoxp3+

9.3%

Foxp3

CD
25

FSC-A

CD
12

7

D

Figure S4. Combined analysis of Foxp3, CD45RA and CD127. Flow cytometric analysis for CD3, CD4, CD45RA, 
CD25, Foxp3 and CD127 was performed on peripheral blood of pediatric IBD pati ents with acti ve disease (cohort 
I), pediatric IBD pati ents with disease in clinical remission (cohort I) and age-matched healthy controls. Cells were 
gated on single cells, CD3+, CD4+. (A) Representati ve dot-plots of the percentage of CD45RA+Foxp3int (naive Treg), 
CD45RAnegFoxp3hi (acti vated Treg) and CD45RAnegFoxp3int (acti vated eff ector T cells) in CD4+ T cells. (B) Frequencies 
of CD45RA+Foxp3int, CD45RAnegFoxp3hi and CD45RAnegFoxp3int in CD4+ T cells. (C) Gati ng strategy for CD25hiFoxp3+

cells and CD4+CD25hiCD127negFoxp3+ cells. (D) Frequencies of CD25hiFoxp3+ cells gated on CD4+ T cells and CD127neg 

cells gated on CD25hiFoxp3+CD4+ T cells in age-matched controls and IBD pati ents. Data are expressed as median 
+ interquarti le range (IQR). p values were calculated using a Kruskall-Wallis analysis. Treg, regulatory T cell; Teff , 
eff ector T cell; NS, not signifi cant (p>0.05); *p<0.05.
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Figure S5. Similar frequencies of acti vated T cells between CD38+ and CD38neg eff ector T cells aft er in vitro
acti vati on in an allogeneic MLR. (A) Purifi ed CD38neg and CD38+ eff ector T-cell populati ons (pre-gated on 
CD4+CD62Lneg cells) were cultured for 72 hours with allogeneic LPS-sti mulated (100 ng/mL) monocyte-derived DCs 
(rati o 10:1). Percentage of HLA-DR+ cells and HLA-DR MFI in CD38+ and CD38neg T cells aft er 72 hours of culture. (B)
Percentage of CD25+ cells and CD25 MFI in CD38+ and CD38neg T cells aft er 72 hours of culture. (C) Peripheral blood 
from adult healthy individuals was stained for fl ow cytometric analysis. Cells were gated on single cells, CD3+, CD4+, 
CD38negCD62Lneg and CD38+CD62Lneg cells (denoted as CD38neg and CD38+ eff ector T cells). Frequencies of CD45RA+

(n=23) and CD45RO+ (n=19) cells in the total CD4+ T-cell populati on and CD38neg and CD38+ T-cell populati ons (pre-
gated on CD4+CD62Lneg cells). (D) Frequencies of Foxp3+CD25hi and percentage Helios+ cells in Foxp3+ cells in the total 
CD4+ T-cell populati on and CD38neg and CD38+ T-cell populati ons (n=12). Data are expressed as median + IQR. p values 
were calculated using a Mann-Whitney analysis. MFI, mean fl uorescence intensity; NS, not signifi cant (p>0.05).

A A

Figure S3. Joosse et al. 

A

%
 H

LA
-D

R+  c
el

ls
 ns

M
FI

 H
LA

-D
R

B

M
FI

 C
D

25

%
 C

D
25

+  c
el

ls

0

20

40

60

80

100

0

500

1000

1500

2000

0

20

40

60

0

5000

10000

15000

CD38
+

CD38
neg

CD38
+

CD38
neg

CD38
+

CD38
neg

CD38
+

CD38
neg

ns

ns

ns

HLA-DR (%) HLA-DR (MFI) CD25 (%) CD25 (MFI)

C

D

CD4+

CD38neg

CD38+

CD45RA+ cells (%)

ns

0 20 40 60 80
100

CD45RO+ cells (%)

0 20 40 60 80
100

CD4+CD62Lneg

Helios+ in Foxp3+ cells (%)

Total CD4+

Foxp3+CD25hi cells  (%)

ns

0 5 10 15 0 20 40 60 80

CD4+

CD38neg

CD38+

ns ns

C

Figure S3. Joosse et al. 

A

%
 H

LA
-D

R+  c
el

ls
 ns

M
FI

 H
LA

-D
R

B

M
FI

 C
D

25

%
 C

D
25

+  c
el

ls

0

20

40

60

80

100

0

500

1000

1500

2000

0

20

40

60

0

5000

10000

15000

CD38
+

CD38
neg

CD38
+

CD38
neg

CD38
+

CD38
neg

CD38
+

CD38
neg

ns

ns

ns

HLA-DR (%) HLA-DR (MFI) CD25 (%) CD25 (MFI)

C

D

CD4+

CD38neg

CD38+

CD45RA+ cells (%)

ns

0 20 40 60 80
100

CD45RO+ cells (%)

0 20 40 60 80
100

CD4+CD62Lneg

Helios+ in Foxp3+ cells (%)

Total CD4+

Foxp3+CD25hi cells  (%)

ns

0 5 10 15 0 20 40 60 80

CD4+

CD38neg

CD38+

ns ns

D

B

B

C D



3

88 89chapter 3

Frequencies of circulating regulatory 

TIGIT+CD38+ effector T cells correlate with

the course of inflammatory bowel disease

Figure S6. Frequencies of TIGIT-expressing CD4+ T cells are unaltered aft er in vitro acti vati on with anti -CD3/28 
for 96 hours. (A) PBMC of adult healthy individuals (n=4) were sti mulated with anti -CD3/CD28 sti mulati on beads 
(0.5 bead per T cell) for 96 hours. Percentage of TIGIT+ cells in CD4+ T cells before and aft er 96 hours of culture are 
depicted (mean + SEM). (B) Pie charts depicti ng the average percentage of CD38negTIGIT+ and CD38+TIGIT+ eff ector T 
cells positi ve for CD45RA and/or CD45RO. NS, not signifi cant (p>0.05).
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Figure S7.  TIGIT expression on CD38+ eff ector T cells does not aff ect the maturati on status of monocyte-derived 
DCs. Autologous immature monocyte-derived DCs were cultured together with purifi ed CD38+TIGITneg, CD38+TIGIT+, 
CD38negTIGITneg or CD38negTIGIT+ eff ector T cells for 24 hours in the presence of anti -CD3 (1 µg/ml) and LPS (10 ng/
mL) in a rati o 2:1 (T cell : monocyte-derived DC). Analysis of CD40, CD80 and CD86 mRNA expression relati ve to 
GAPDH by quanti tati ve PCR. One representati ve experiment shown out of two independent experiments. Data are 
represented as means + SEM. NS, not signifi cant, *p<0.05**, p<0.01, ***p<0.001.

Figure S8. Individual ti me from diagnosis to 
exacerbati on and defi niti ons of exacerbati on. 
(A) Informati on on gender, age and IBD 
phenotype in pediatric IBD pati ents (cohort 
II) and age-matched controls. (B) Individual 
pati ent informati on on ti me from diagnosis to 
exacerbati on and defi niti ons of exacerbati on. 
(C) Fecal calprotecti n levels (µg/g) of pati ents 
included in Figure 5. (D) Median baseline fecal 
calprotecti n of pati ents with low (<25%) and high 
(>25%) TIGIT frequency in CD38+ eff ector T cells. 
The grey area indicates the normal reference 
interval for fecal calprotecti n (<100 µg/g). CD, 
Crohn’s disease; FC, fecal calprotecti n; IFX, 
infl iximab; PGA, physician global assessment; 
PUCAI, pediatric ulcerati ve coliti s acti vity index; 
PCDAI, pediatric Crohn’s disease acti vity index; 
UC, ulcerati ve coliti s.

Figure S9. TIGIT expressing CD38+ eff ector T cells demonstrate high proliferati ve capacity in vitro. (A) Peripheral 
blood of adult healthy individuals was analyzed for CD3, CD4, CD62L, CD38, TIGIT and Ki67 by fl ow cytometry 
(n=13). Representati ve dot-plots (left ) and frequencies of Ki67+ cells (right) are shown. (B) Purifi ed CD38+TIGITneg and 
CD38+TIGIT+ T cells (pre-gated on CD4+CD62Lneg cells) were sti mulated with anti -CD3/CD28 sti mulati on beads (0.5 
bead per T cell). Microscopy of 14 hours aft er culture are shown. Data are expressed as median + IQR. p values were 
calculated using a Mann-Whitney analysis.
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I N T R O D U C T I O N

T cell Ig and ITIM domain (TIGIT) is a receptor of the Ig superfamily that is expressed by 

immune cells where it functions as a co-inhibitory receptor.1 A wide variety of immune 

cells, including natural killer (NK) cells, CD4+ and CD8+ T cells, follicular T helper cells (Tfh) 

and regulatory T cells (Tregs), can express TIGIT on their surface.2-6 TIGIT competes with the 

costimulatory receptor CD226 for two ligands, CD155 and CD112, which are expressed on 

the surface of antigen presenting cells (APCs).7 TIGIT has an inhibitory effect on NK- and 

T-cell responses while CD226 delivers a costimulatory signal.5, 8-10 Moreover, TIGIT modifies 

dendritic cell (DC) function via bi-directional signaling through CD155, promoting the 

generation of immunoregulatory DCs with decreased interleukin 12 (IL-12) and increased 

interleukin 10 (IL-10) production.3, 11 In this manner, TIGIT exerts its immunosuppressive 

effects via direct and indirect mechanisms.

	 In line with its inhibitory functions, TIGIT deficiency or blockade exacerbates disease 

in models for autoimmune disease, including collagen-induced arthritis (CIA), graft 

versus host disease (GvHD) and experimental autoimmune encephalomyelitis (EAE).5, 

10 Moreover, genetic polymorphisms in the TIGIT-CD226 pathway have been associated 

with susceptibility to rheumatoid arthritis12-16, juvenile idiopathic arthritis17, autoimmune 

thyroid disease16, multiple sclerosis15, 16, 18, systemic lupus erythematodes15, granulomatosis 

with polyangiitis18, type 1 diabetes15, 16, celiac disease15, and inflammatory bowel disease 

(IBD).19 IBD is a heterogeneous disease characterized by chronic intestinal inflammation. 

Although the precise etiology may differ per patient, the current theory is that IBD is 

caused by a dysregulated immune response to antigens of the intestinal bacteria in a 

genetically susceptible host.20 The infiltration of CD4+ T cells in the intestinal lamina 

propria is a critical step in the chronicity of the disease and causes a relapsing-remitting 

disease course that is characteristic for many CD4+ T-cell mediated inflammatory diseases. 

Recently, our group has identified TIGIT as a key regulatory molecule in circulating CD38+ 

effector T cells (CD62LnegCD4+), a CD4+ T-cell population enriched for cells with specificity 

for mucosal antigens.11, 21 In a subgroup of newly diagnosed patients with IBD, frequencies 

of TIGIT-expressing circulating CD38+ effector T cells were two-fold reduced compared to 

healthy individuals (20% versus 40%, respectively) and identified patients with a reduced 

duration of clinical remission.11 Similarly, it was recently demonstrated that frequencies of 

TIGIT+CD4+ T-cell frequencies were significantly reduced in peripheral blood of patients with 

psoriasis vulgaris, a CD4+ T-cell mediated inflammatory skin disease, when compared to 

healthy individuals.22 In patients with psoriasis, TIGIT expression on CD4+ T cells negatively 

correlated with the Psoriasis Area and Severity Index, a frequently used disease score 

for the measurement of the severity of psoriasis.22 Taken together, these data question 

whether reduced TIGIT expression in CD4+ T cells may play a role in inflammatory disease. 

A B S T R A C T

T cell Ig and ITIM domain (TIGIT) is a coinhibitory receptor widely expressed by immune 

cells, amongst which CD4+ T cells. Recently, we have demonstrated that frequencies of 

TIGIT+ cells in circulating CD38+ effector T cells, a CD4+ T-cell population enriched for cells 

with specificity for mucosal antigens, are reduced inflammatory bowel disease (IBD), a 

chronic intestinal inflammation characterized by intestinal CD4+ T-cell infiltration. In this 

study, using human and murine experimental approaches, we studied TIGIT expression 

in various CD4+ T-cell subpopulations and determined the signals required for TIGIT 

expression. TIGIT expression was strongly associated with an antigen-experienced 

CD4+ T-cell phenotype and was preferentially induced on TIGITnegCD4+ T cells with a 

memory phenotype. Using the calcineurin inhibitor tacrolimus and calcium ionophore 

ionomycin, we show that calcium dependent signaling after T-cell receptor (TCR) ligation 

was required to induce TIGIT expression. Given the reduced TIGIT+ cell frequencies in 

patients with IBD, we hypothesized that TIGIT expression on antigen-experienced CD4+ 

T cells may be involved in regulating immune responses to intestinal bacteria. Indeed, 

a high percentage of intestinal CD4+ T cells in both mice and human expressed TIGIT. 

Intestinal TIGIT expression depended on the presence of intestinal microbial antigens, as 

conventionalization of germ-free mice with specific pathogen free microbiota resulted in 

an increase in intestinal TIGIT expression. In agreement with the inhibitory function of 

TIGIT, human circulating TIGIT+CD4+ T cells displayed a functionally different response to 

bacterial antigen stimulation when compared to TIGITnegCD4+ T cells, as evidenced by an 

increased frequency of IL-10-producing cells and undetectable expression of IL-17A. In 

conclusion, our data infer that TIGIT may have a role in regulating immune responses in the 

antigen-rich environment of the intestine. Analysis of immune responses in TIGIT deficient 

mice are needed to prove whether TIGIT maintains tolerance to intestinal bacteria.
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(ThermoFisher), 2-mercaptoethanol, penicillin and streptomycin.

Cell isolations (mice).
For in vitro stimulation experiments, cells were purified from spleens and lymph nodes of 

mice on a BABL/c background (Charles River, Maastricht, the Netherlands), which were 

kept under routine animal housing conditions in the Erasmus MC. Single-cell suspensions 

were enriched for CD4+ cells by depletion of B cells, macrophages, monocytes, and CD8+ 

cells with rat antibodies against B220 (clone 6B2), F4/80 (clone BM8), CD11b (clone 

MAC-1), MAC-2, MHCII (clone M5/114) and CD8 (clone 53.6.72) and anti-rat magnetic 

Dynabeads (ThermoFisher). TIGITnegCD4+ cells were isolated using 10 µg primary anti-

TIGIT (clone GIGD7, eBioscience) per target 1x107 cells and sheep anti-rat IgG Dynabeads 

(ThermoFisher). For some experiments, TIGITnegCD4+ cells were separated into naive 

(CD62L+) and memory (CD62Lneg) cell populations using the CD4+CD62L+ T Cell Isolation Kit 

II (Miltenyi Biotec, Leiden, the Netherlands). 

Cell cultures.
Human purified cell populations were cultured at 1x105 cells per well in a 96-well round 

bottom culture plate for 48 or 72 hours in IMDMc at 37°C with 5% CO2. Cells were 

stimulated for the indicated time-points with: plate-bound anti-CD3 (clone OKT3, 0.5, 1 or 

5 µg/ml, UltraLEAF, Biolegend), anti-CD28 (clone 15E8, 1 or 2 µg/ml, CD28 pure, functional 

grade, Miltenyi Biotec), anti-CD3/CD28 beads (bead-to-cell ratio 1:2, 1:4 or 1:10, Human 

T-Activator CD3/CD28, ThermoFisher), ionomycin (500 ng/ml, Sigma-Aldrich, Saint Louis, 

MO, USA), tacrolimus (5 mg/ml, Prograft, Astellas Pharma, Tokyo, Japan), retinoic acid 

(10nM, Sigma) or transforming growth factor-b (TGF-b, 20 ng/ml, R&D Systems).

	 Murine cell populations were cultured at 1x105 to 1.5x105 cells per well for 24, 72 

or 96 hours in IMDMc at 37°C with 5% CO2. Cells were stimulated for the indicated time-

points with: plate-bound anti-CD3 (2 or 10 µg/ml, clone 145-2C11, BD), anti-CD28 (2 µg/

ml, clone 37.51, BD), ionomycin (500 ng/ml, Sigma), tacrolimus (Prograft 5 mg/ml, Astellas 

Pharma, Tokyo, Japan), retinoic acid (10nM, Sigma) or TGF-b (20 ng/ml, R&D Systems). 

Cells stimulated with plate-bound anti-CD3 were cultured in 96-well flat bottom plates; 

other conditions were cultured in 96-well round plates.

CD154 based detection of flagellin-reactive CD4+ T cells.
A total of 3x106 PBMCs were plated at 6x106/ml and rested overnight in a 48-wells plate. 

The next day, cells were transferred to a 24-wells plate and stimulated for 7 hours with 

a mix of recombinant flagellins (A4-FlaX, A4-Fla2, A4-Fla3 and 14-2; total concentration 

of 10 μg/ml) in the presence of 1 μg/ml CD40 (HB14; Miltenyi Biotec) and 1 μg/ml 

CD28 functional grade pure Ab (CD28.6; Miltenyi Biotec). Anti-CD40 prevents CD154 

Among CD4+ T cells, TIGIT is highly expressed by Foxp3+ regulatory T cells (Tregs), in 

particularly on thymus-derived Foxp3+ Tregs, where it identifies a Treg subset that 

demonstrates selectivity for suppression of Th1 and Th17 but not Th2 cell responses.3, 

10, 23, 24 TIGIT is also expressed on a subpopulation of peripherally-derived Tregs with the 

capacity to produce IL-10.25 A recent study demonstrated that regulatory macrophages can 

induce TIGIT expression on naive CD4+ T cells through a partly indoleamine 2,3-dioxygenase 

(IDO)-dependent mechanism.25 In the same study, expression of TIGIT by naive CD4+ T 

cells was not induced by polyclonal anti-CD3/anti-CD28 stimulation, which is in contrast 

to several other studies that observed anti-CD3/anti-CD28 induced TIGIT expression on 

total CD4+ T cells, Tregs, naive and memory CD4+ T cells.3, 5, 26, 27 Hence, it is unclear what 

stimulatory signals are required to induce TIGIT expression on CD4+ T cells and at what 

phase of T-cell differentiation this induction takes place. Moreover, it is unclear how 

these responses relate to intestinal microbial-host interaction. In this study, using human 

and murine experimental approaches, we studied TIGIT expression in various CD4+ T-cell 

subpopulations, including naive and memory CD4+ T cells, and determined the stimulatory 

signals required for TIGIT expression. Given the reduced TIGIT+ cell frequencies in patients 

with IBD11, we hypothesized that TIGIT may be involved in regulating immune responses to 

intestinal bacteria. Hence, we tested whether intestinal TIGIT expression depended on the 

presence of intestinal microbial antigens and whether TIGIT expression could be identified 

on bacterial antigen-reactive T cells. 

M E T H O D S

Cell isolations (human).
Human venous blood was collected in EDTA tubes and peripheral blood mononuclear cells 

(PBMCs) were isolated using a Ficoll-Hypaque gradient according to standard protocol 

(Axis-Shield). CD4+ T cells were isolated from PBMCs by negative selection using the 

Dynabeads Untouched Human CD4+ T cell kit (11346D, ThermoFisher Scientific, Bleiswijk, 

the Netherlands). TIGITnegCD4+ cells, memory CD45RAnegTIGITnegCD4+ T cells and naive 

CD45ROnegTIGITnegCD4+ T cells were isolated using a DynabeadsTM Pan Mouse IgG kit 

(ThermoFisher). To obtain TIGITnegCD4+ cells, CD4+ T cells were incubated on ice for 30 min 

with 10 µg primary anti-TIGIT antibody (MBSA44, eBioscience, Bleiswijk, the Netherlands) 

per 1x107 cells. Memory and naive TIGITnegCD4+ cells were obtain by addition of either 

primary anti-CD45RA antibody (10 µg per 1x107 cells, clone HI100, Biolegend, San Diego, 

CA, USA) or primary anti-CD45RO antibody (clone UHCL1, Biolegend, 10 µg per 1x107 

cells) to the first incubation step. Cells were cultured in Iscove’s modified Dulbecco’s 

medium (ThermoFisher) supplemented with heat inactivated fetal calf serum, Glutamax 
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0.5 ml of mixed fecal suspension obtained from 0.2 g of freshly obtained fecal material 

of conventionally raised mice (C57 BL/6 J) diluted 100-folds in brain heart infusion broth. 

Conventionalized mice were killed at days 1, 2, 4, 8, 16 and 30 post conventionalization. 

Jejunum, ileum and colon from each mouse were removed, RNA was extracted and 

transcriptome analysis was performed using the Affymetrix GeneChip Mouse Gene 1.1 

ST array.  

Statistics.
Significance between two groups was determined using Student’s t-test and differences 

between multiple groups by using One-Way ANOVA, followed by correction for multiple 

testing (Bonferroni’s Test). p Values of <0.05 were considered statistically significant. Prism 

software (GraphPad Software, Version 5.0, La Jolla, CA) was used for all statistical analysis.

R E S U LT S

TIGIT protein expression is strongly associated with a memory CD4+ T-cell phenotype.
To gain insight in expression of TIGIT on human CD4+ T-cell subpopulations, we analyzed 

TIGIT protein expression in human peripheral blood mononuclear cells (PBMCs) by flow 

cytometry. Surface TIGIT expression was detectable on 14.9% (median; interquartile 

range: 13-18%) of total circulating CD4+ T cells (Figure 1A). Frequencies of TIGIT+ 

cells were significantly higher in memory CD45RO+CD4+ T cells compared to naive 

CD45RA+CD4+ T cells (Figure 1B). We next assessed TIGIT+ cell frequencies in naive T cells 

(CD62L+CD45ROneg, TN), effector memory T cells (CD62LnegCD45RO+ TEM), central memory 

T cells (CD62L+CD45RO+ TCM) and effector T cells (CD62LnegCD45ROneg Teff). Frequencies of 

TIGIT+ cells were significantly higher in TCM, TEM and Teff cells compared to TN cells (Figure 

1C). Mean fluorescence intensity of TIGIT expression did not differ between TCM, TEM 

and Teff cells (data not shown). When comparing TIGIT+ and TIGITneg T cells, TIGIT+ cells 

mainly had a central memory phenotype, whereas the majority of TIGITneg cells had a 

naive phenotype (Figure 1D and 1E). In order to investigate whether the TIGIT is similarly 

expressed on corresponding CD4+ T-cell populations in both human and mice, we analyzed 

TIGIT expression on murine CD4+ T cells isolated from the spleen (Figure 1 F and 1G). 

The majority of TIGIT+CD4+ splenocytes had an antigen-experienced phenotype, with 

particularly high percentages of effector memory T cells (CD62LnegCD44+ TEM) and central 

memory T cells (CD62L+CD44+ TCM). In line with the observations in human peripheral 

blood, the majority of TIGITnegCD4+ splenocytes had a naive phenotype (Figure 1G). These 

data collectively show that TIGIT expression on human and murine CD4+ T cells is strongly 

associated with an antigen-experienced phenotype.

downregulation and anti-CD28 optimizes the induction of CD 154 expression. Brefeldin A 

(3 μg/ml eBiosciences) was added during the last 2 hours of the stimulation. Stimulations 

were performed in Iscove’s modified Dulbecco’s medium (Lifetechnologies, Grand Island, 

NY, USA) supplemented with 5% human AB serum (SLBS8634; Sigma), Glutamax (Life 

Technologies), 2-mercaptoethanol, penicillin and streptomycin.

	 After stimulation, cells were stained for flow cytometry using monoclonal 

antibodies against CD3 (UCHT1, BD, or HIT3a, Biolegend), CD4 (SK3, BD), CD8 (RPA-T8, 

BD), CD14 (M5E2, Biolegend), CD20 (ZH7, Biolegend), and TIGIT (MBSA43, ThermoFisher), 

CD154 (5C8, Miltenyi), IL-10 (JES3-19F1, BD), IL-17A (N49-653, BD), IL-21 (eBio3A3-N2, 

eBiosciences), IFNg (B27, BD), TNFa (Mab11, BD) or  appropriate isotype controls 

(eBiosciences, BD or ThermoFisher). Flow cytometric analyses were performed on a FACS 

LSR II (BD Biosciences). For phenotypic analyses of TIGIT+ and TIGITneg flagellin-reactive 

CD4+ T cells, a minimum of 5 cytokine-positive CD4+CD154+ T cells was used; individuals 

with lower events were excluded from the phenotypic analysis.

Lamina propria lymphocytes isolation.
Total intestinal tissues were incubated in 0.15% dithiothreithol (DTT)/HBSS for 15 minutes 

and in 1 mM EDTA/HBSS for 30 min at 60 rpm and 37C. Intestinal specimens without 

epithelial fractions were incubated in a digestive solution consisting of 10% FCS, 25 mM 

HEPES, 100 U/ml penicillin streptomycin, 30 μg/ml gentamycin, 0.5 μg/ml fungizone, 0.1 

mg/ml collagenase III and 1 mg/ml DNase for 60 min at 37°C.

Flow cytometry.
Human cells were stained for flow cytometry ex vivo or after in vitro culture using 

monoclonal antibodies against CD3 (clone UCHT1, BD Biosciences, Franklin Lakes, NJ, USA; 

clone HIT3a, Biolegend), CD4 (clone SK3, BD), CD38 (clone HIT2, BD), CD62L (clone DREG-

56, Biolegend), CD45RO/RPE (clone UCHL1, Agilent, Santa Clara, CA, USA), and TIGIT (clone 

MBSA43, eBioscience). Intracellular staining was performed with the Foxp3 fixation and 

permeabilization staining buffer kit, according to manufacturer’s protocol (eBioscience), 

followed by staining with anti-TIGIT. Murine cells were stained for flow cytometry using 

monoclonal antibodies against CD3E (epsilon) (clone 500A2, BD), CD4 (clone RM4-5, BD), 

CD62L (clone MEL-14, Biolegend), CD38 (clone  90, Biolegend), CD44 (clone IM7, BD), 

CD45RB (clone 16A, BD), TIGIT (clone GIGD7, ThermoFisher) and live/dead markers. Cells 

were analyzed using the FACS Canto II and FlowJo software (BD).

Colonization of germ free mice.
Three independent biological experiments were performed using mice of different age 

as described before. In short, germ free mice were conventionalized by oral gavage with 
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Mechanisms of induction and microbial

reactivity of TIGIT+CD4+ T cells

TCR ligati on induces TIGIT expression on murine and human TIGITnegCD4+ T cells.
Many of the proteins expressed by eff ector and memory CD4+ T cells are acquired soon aft er 

TCR ligati on. The signifi cantly higher frequency of TIGIT+ cells in TCM, TEM and Teff  compared 

to TN (Figure 1C) could therefore imply that TIGIT expression on the cell surface is induced 

aft er anti gen encounter.3 To investi gate whether TCR ligati on induces TIGIT expression, 

we cultured   TIGITnegCD4+ T cells isolated from murine splenocytes and lymph nodes in 

the presence of increasing concentrati ons of plate-coated anti -CD3 and determined the 

eff ect on TIGIT surface expression. TIGIT expression was induced on murine TIGITnegCD4+ 

T cells aft er sti mulati on with anti -CD3 in a dose dependent manner (Figure 2A and 2B). 

To test whether TCR-ligati on induced TIGIT expression is a mechanism that is conserved 

among diff erent species, we repeated the experiment with TIGITnegCD4+ T cells isolated 

from human PBMCs (Figure 2C and 2D). Importantly, very low frequencies of TIGIT+ cells 

were present at the start of the culture. In agreement with what we observed in murine 

cultures, anti -CD3 sti mulati on of human TIGITnegCD4+ T cells caused a dose-dependent 

increase in both the frequency (Figure 2C) and mean fl uorescence intensity (Figure 2D) 

of TIGIT+ cells aft er 48 hours of culture. In all anti -CD3 sti mulated murine and human 

cell cultures, the majority of TIGIT+CD4+ cells had a memory phenotype, as evidenced by 

high frequencies of CD44+ or CD45RO+ cells respecti vely (Figure S1). In contrast to naive 

CD4+ T cells that requires a costi mulatory signal delivered by CD28 in additi on to TCR 

ligati on for full T-cell acti vati on, memory CD4+ T cells are less dependent on accessory 

cell costi mulati on.28 We therefore tested the eff ect of CD28 costi mulati on on TCR-ligati on 

induced TIGIT expression. Additi on of anti -CD28 anti bodies to anti -CD3-sti mulated cells 

signifi cantly decreased the frequencies of TIGIT+ cells in murine cell cultures (Figure 2E), 

indicati ng that CD28 costi mulati on was not required for TIGIT inducti on. 

 To investi gate the kineti cs and stability of TIGIT expression, murine TIGITnegCD4+ T 

cells were analyzed aft er 24 and 96 hours of culture with anti -CD3 sti mulati on. Similar 

frequencies of TIGIT+ cells were observed at 24 hours and 96 hours of culture, indicati ng 

that the percentage of cells expressing TIGIT is stable for at least 96 hours on murine CD4+

T cells (Figure 2F). In contrast, the mean fl uorescence intensity of TIGIT on sti mulated 

murine cells was signifi cantly higher at 96 hours compared to 24 hours (Figure 2F). 

Likewise, in cultures of human TIGITnegCD4+ T cells, the frequency of TIGIT expressing 

cells remained comparable between 48-72h of anti -CD3 sti mulati on while the mean 

fl uorescence intensity of TIGIT further increased from 48 to 72 hours (Figure S2).

 Taken together, TCR ligati on induces TIGIT expression on the cell surface of 

TIGITnegCD4+ T cells in both mice and humans. TCR-induced expression of TIGIT is sustained 

for at least 72-96 hours and is primarily detected on CD4+ T cells with an anti gen-

experienced phenotype.

Figure 1. TIGIT expression is strongly associated with a memory CD4+ T-cell phenotype in both mice and humans.
(A-F) Flow cytometric analysis for CD3, CD4, CD62L and CD45RO was performed on peripheral blood from adult 
healthy individuals (n=11). Cells were gated on single cells, CD3+ and CD4+. (A) Representati ve dot-plot of the 
percentage of TIGIT+ cells in the total CD4+ T-cell populati on in human peripheral blood. (B) Frequency of TIGIT+ cells 
in circulati ng memory CD45RO+CD4+ and naive CD45RA+CD4+ T cells. Data are expressed as median ± interquarti le 
range. p values were calculated using a Kruskal-Wallis H analysis followed by the Dunn’s Multi ple Comparison Test. (C)
Frequency of TIGIT+ cells in circulati ng CD62L+CD45ROneg naive T cells (TN), CD62LnegCD45RO+ eff ector memory T cells 
(TEM), CD62L+CD45RO+ central memory T cells (TCM) and CD62LnegCD45ROneg eff ector T cells (Teff ). (D) Representati ve 
dot-plots of the percentage of TN, TEM, TCM and Teff  in circulati ng TIGIT+CD4+ and TIGITnegCD4+ T cells. (E) Frequencies of 
TN, TCM, TEM and Teff  in circulati ng TIGIT+CD4+ and TIGITnegCD4+ T cells in human peripheral blood. Data are expressed 
as median ± interquarti le range. p values were calculated using a Mann Whitney analysis. (F) Bar graphs depicti ng 
median frequencies of TN, Teff , TCM and TEM cells in human peripheral blood TIGIT+CD4+ and TIGITnegCD4+ T cells (n=11). 
(G) Bar graphs depicti ng frequencies of TN, Teff , TCM and TEM cells in TIGIT+CD4+ and TIGITnegCD4+ murine splenocytes. 
Representati ve for two separate analyses. NS, not signifi cant, *p<0.05, **p<0.01, ***p<0.001.
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Mechanisms of induction and microbial

reactivity of TIGIT+CD4+ T cells

Calcium dependent signaling aft er TCR ligati on induces TIGIT preferenti ally on memory 
TIGITnegCD4+ T cells.
To investi gate whether TIGIT expression is diff erenti ally induced on naive and memory CD4+

T cells aft er TCR-mediated acti vati on, we purifi ed human naive (CD45RA+) and memory 

(CD45RO+) TIGITnegCD4+ T cells and analyzed TIGIT expression aft er in vitro acti vati on. 

TIGIT+ cell frequencies did not increase within naive TIGITnegCD4+ T cells aft er anti -CD3 

ligati on or combined anti -CD3/anti -CD28 sti mulati on (Figure 3A). The mean fl uorescence 

Figure 3. Ca2+ dependent signaling aft er TCR ligati on induces TIGIT expression preferenti ally on memory CD4+ T 
cells. (A-B) Human naive (CD45RA+) T cells and memory (CD45RO+) TIGITnegCD4+ T cells were isolated from peripheral 
blood of adult healthy individuals and cultured in triplicate for 48h with diff erent concentrati ons of plate-coated 
anti -CD3 (5 μg/ml) with or without anti -CD28 (2 μg/ml). (A) Representati ve dot-plots of the percentage of TIGIT+

cells aft er 48h of culture. (B) Frequency of TIGIT+ cells and TIGIT MFI. The mean ± SD of a triplicate cell culture are 
shown. (C) Memory TIGITnegCD4+ cells were cultured with anti -CD3 (1 μg/ml) with or without tacrolimus (5 ng/ml) for 
48h. Frequency of TIGIT+ cells and TIGIT MFI (mean ± SD) are shown. (D) Representati ve dot-plots of the percentage 
of TIGIT+ cells aft er 48h of ionomycin treatment (500 ng/ml).  (E) Freshly isolated human PBMCs were stained for 
extracellular TIGIT protein (TIGIT-APC), fi xed and permeabilized, and stained for intracellular TIGIT protein (TIGIT-
PEcy7). P values were calculated using One-way ANOVA followed by correcti on for multi ple testi ng. Representati ve 
of 2 independent experiments. NS, not signifi cant, *p<0.05, **p<0.01, ***p<0.001. 
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Figure 2. TCR ligati on induces TIGIT on murine and human TIGITnegCD4+ T cells. Murine TIGITnegCD4+ cells were 
isolated from lymph nodes and splenocytes and cultured in triplicate for 24, 72 or 96h with diff erent concentrati ons 
of anti -CD3 (2 and 10 μg/ml). Cells shown in this fi gure were pre-gated on single CD3+CD4+ lymphocytes. (A)
Representati ve dot-plots of the percentage of TIGIT+ cells aft er 24h of culture. (B) Frequency of TIGIT+ cells and 
TIGIT expression per cell (MFI). The mean ± SD of a triplicate cell culture are shown. P values were calculated using 
One-way ANOVA followed by correcti on for multi ple testi ng. Representati ve of 2 independent experiments. (C-D)
Human TIGITnegCD4+ T cells were isolated from peripheral blood of adult healthy individuals and cultured in triplicate 
for 48h with diff erent concentrati ons of plate-coated anti -CD3 (0.5, 1 and 5 μg/ml). (C) Representati ve dot-plots of 
the percentage of TIGIT+ cells aft er 48h of culture. (D) Frequency of TIGIT+ cells and TIGIT MFI. The mean ± SD of a 
triplicate cell culture are shown. P values were calculated using One-way ANOVA followed by correcti on for multi ple 
testi ng. Representati ve of 2 independent experiments. (E) Frequencies of TIGIT+ cells in murine CD4+ T cells aft er 
72 h of culture in the presence of anti -CD3 (2 μg/ml) with or without anti -CD28 (2 μg/ml). (F) Frequencies of TIGIT+

cells and TIGIT MFI on murine CD4+ T cells aft er 24h and 96h. NS, not signifi cant, *p<0.05, **p<0.01, ***p<0.001. 

intensity of TIGIT-expressing cells in naive CD4+ T-cell cultures did increase aft er anti -

CD3/anti -CD28 sti mulati on. In contrast to naive CD4+ T cells, anti -CD3 sti mulati on caused 

signifi cant increase in both the frequency and mean fl uorescence intensity of TIGIT+ cells in 

memory CD4+ T cells (Figure 3B). As observed in previous murine cell cultures (Figure 2E), 

additi on of anti -CD28 anti bodies to anti -CD3-sti mulated cells signifi cantly decreased the 

frequencies of TIGIT+ cells in cultures of human memory CD4+ T cells (Figure 3B). Similar 

results were obtained with murine naive (CD62L+) and memory (CD62Lneg) TIGITnegCD4+ T 

cells (Figure S3), corroborati ng that TCR ligati on induces TIGIT preferenti ally on memory 

CD4+ T cells. 

 TCR ligati on initi ates diff erent intracellular signaling cascades, involving both Ca2+

and kinase signaling pathways (Figure S4). To investi gate which intracellular pathway is 
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mainly involved in TIGIT inducti on on memory CD4+ T cells, we blocked intracellular Ca2+

signaling downstream of the TCR using the calcineurin inhibitor tacrolimus. In both mice 

and humans, tacrolimus inhibited the inducti on of TIGIT in anti -CD3 acti vated memory 

TIGITnegCD4+ T cells (Figure 3C and S3), suggesti ng that TIGIT inducti on relies on the 

Ca2+ dependent signaling pathway downstream of the TCR. In line with this, selecti vely 

increasing intracellular Ca2+ levels by using ionomycin, a selecti ve Ca2+ ionophore, induced 

high frequency of TIGIT+ cells on memory but not on naive TIGITnegCD4+ T cells (Figure 3B 

and 3D; Figure S3). 

 To investi gate whether TIGIT on the cell surface of memory CD4+ T cells is recruited 

from intracellular stores or synthesized de novo, we determined the presence of 

intracellular TIGIT protein in freshly isolated circulati ng CD4+ T cells with and without 

cell surface TIGIT expression. Virtually all memory CD4+ T cells and the few naive T cells 

that expressed TIGIT on their cell surface had intracellular stores of TIGIT protein (Figure 

3E). In contrast, no intracellular stores of TIGIT were detected in naive or memory CD4+

T cells without extracellular TIGIT expression. This in combinati on with the increased 

frequencies of TIGIT+ cells aft er in vitro anti -CD3 sti mulati on suggests that TIGIT is most 

likely synthesized de novo aft er TCR ligati on.

 Overall, these data show that Ca2+ signaling aft er TCR ligati on induces de novo TIGIT 

expression preferenti ally in memory TIGITnegCD4+ T cells compared to naive TIGITnegCD4+ T 

cells.

Environmental control of TCR-induced TIGIT expression on TIGITnegCD4+ T cells.
Recently, we have shown that in healthy human peripheral blood the frequency of 

TIGIT+CD4+ T cells is approximately two-fold higher in CD38+CD62Lneg T cells enriched in 

gut homing potenti al when compared to CD38+CD62Lneg T cells that home to the skin.11, 21

In keeping with this observati on, in vitro-generated TIGIT+CD4+ cells contained a two-fold 

higher frequency of CD38+CD62Lneg compared to CD38negCD62Lneg cells (Figure 4A). As the 

CD38+CD62Lneg phenotype of CD4+ T cells is driven by the local mucosal factors reti noic 

acid (RA) and transforming growth factor beta (TGF-b), we next assessed the eff ect to 

RA and TGF-b on de novo TIGIT inducti on on naive and memory TIGITnegCD4+ T cells. In 

mice, the additi on of RA further increased frequencies and mean fl uorescence intensity 

of TIGIT+ cells aft er TCR ligati on in both naive and memory CD4+ T cells (Figure 4B). In 

human CD4+ T cells, frequencies of TIGIT+ cells in acti vated memory but not naive CD4+

T cells were increased in the presence of RA. RA also potenti ated the mean fl uorescence 

intensity of TCR-induced TIGIT expression on memory but not on naive human CD4+ T 

cells. In both murine and human cell cultures, frequencies of TIGIT+ cells were signifi cantly 

higher in the presence of RA alone compared to RA plus TGF-b (Figure 4B and 4C). This 

may be explained by decreased levels of intracellular Ca2+ when TGF-b is present, as others 

Figure 4. Environmental control of TIGIT inducti on on naive CD4+ T cells. (A) Murine TIGITnegCD4+ cells were isolated 
from splenocytes and cultured in triplicate for 24h with anti -CD3 (10 μg/ml), anti -CD28 (2 μg/ml). (B) Murine naive 
(CD62L+) and memory (CD62Lneg)  TIGITnegCD4+ cells were isolated from lymph nodes and splenocytes and cultured 
in triplicate for 72h with anti -CD3 (10 μg/ml). In some conditi ons, anti -CD28 (2 μg/ml), RA (10 nM) and/or TGF-b (20 
ng/ml) were added to the culture. (C) Human naive (CD45RA+) T cells and memory (CD45RO+) TIGITnegCD4+ T cells 
were isolated from peripheral blood of adult healthy individuals and cultured in triplicate for 48h with diff erent 
concentrati ons of plate-coated anti -CD3 (5 μg/ml for naive cells; 1 μg/ml for memory cells). In some conditi ons, 
anti -CD28 (2 μg/ml), RA (10nM) and/or TGF-b were added to the culture.
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have observed that TGF-b prevents intracellular Ca2+ mobilizati on in sti mulated CD4+ T cells 

through inhibiti ng Tec kinase Itk acti vity.29 Overall, these data demonstrate that CD38-

inducing factors from the gut microenvironment such as RA but not TGF-b may potenti ate 

TCR-induced TIGIT expression on memory CD4+ T cells.

Intesti nal Tigit expression increases aft er conventi onalizati on of germ free mice and 
TIGIT expression on CD4+ T cells is associated with a regulatory response to bacterial 
anti gen.
In the healthy mouse intesti ne, a high percentage of lamina propria CD4+ T cells has a 

CD38+CD62Lneg phenotype.21 To see whether this populati on of intesti nal CD4+ T cells 

contained TIGIT+ cells, we analyzed TIGIT expression on lamina propria lymphocytes isolated 

from intesti nal ti ssue of mice and humans. TIGIT protein was expressed on small intesti nal 

and colonic CD4+ T cells of both mice (Figure 5A) and humans (Figure 5B). The majority of 

murine TIGIT-expressing lamina propria CD4+ T cells did not co-express Foxp3 and all had 

a CD62LnegCD38+ phenotype (Figure 5A and 5B). Given the high frequency of TIGIT+ cells in 

the intesti nal lamina propria, we questi oned whether intesti nal TIGIT expression depends 

on the presence of intesti nal microbial anti gens. To test this, we analyzed experimental 

data from previous experiments in which we conventi onalized germ free mice with specifi c 

pathogen free microbiota30 and determined intesti nal Tigit expression before and aft er 

conventi onalizati on. Conventi onalizati on of germ free mice resulted in a two- to three-fold 

increase in intesti nal Tigit expression starti ng at day 8 post conventi onalizati on (Figure 

5C). As shown in Figure S5A (data in part previously published30), the increase in Tigit
expression coincided with the elevati on of expression of tolerance-associated proteins, 

including Il10, Foxp3 and cytotoxic T lymphocyte anti gen-4 (Ctla4). In contrast to the 

expression of Il10, Foxp3 and Ctla4, Tigit expression was very stable in both small intesti ne 

and colon during later ti me points (Figure 5C and S5A). The fold-change increase in Tigit
expression observed between day 30 and day 4 was signifi cantly higher when compared 

to other coinhibitory receptors, including Programmed Cell Death 1 (Pdcd1), Lymphocyte-

acti vati on gene 3 (Lag3), B- and T-lymphocyte att enuator (Btla) and Hepati ti s A virus 

cellular receptor 2 (Havcr2, encoding T-cell immunoglobulin and Mucin 3, Tim-3; see 

Figure 5D and S5B).  

 As a large proporti on of intesti nal T cells is expected to have specifi city to microbial 

anti gen, we hypothesize that TIGIT may be expressed by microbiota reacti ve CD4+ T 

cells. To test this hypothesis we fi rst determined frequencies of TIGIT+ cells in bacterial-

anti gen reacti ve CD4+ T cells, which can be detected by upregulati on of CD154 following 

anti gen encounter.31, 32 Thereto, PBMCs of human healthy individuals, which are known 

to possess circulati ng CD4+ T cells reacti ve to intesti nal bacterial anti gens33, were 

sti mulated with recombinant fl agellin and evaluated for CD154 expression. The majority 

Figure 5. TIGIT expression increases upon bacterial colonizati on of germ-free mice. (A-B) Murine and human lamina 
propria lymphocytes were isolated from resected colonic ti ssue and analyzed with fl ow cytometry. Frequencies of 
TIGIT+ cells and CD62L and CD38 expression in CD4+ lamina propria lymphocytes are shown. (C) Jejunum, ileum, 
and colon gene expression levels of Tigit were analyzed in germ free and conventi onalized mice at indicated days 
post conventi onalizati on. Values are depicted as box and whisker diagram (top-to-bott om; maximum value, upper 
quarti le, median, lower quarti le, and minimal value, respecti vely). (D) Relati ve fold change in coinhibitory gene 
expression levels between day 30 and day 4 post conventi onalizati on. Fold changes for Tigit, Lag3, Pdcd1, Havcr2 and 
Ctla4 are shown. One-way ANOVA followed by correcti on for multi ple testi ng. (E-F) PBMCs from healthy individuals 
were sti mulated with the a mix of recombinant fl agellins and analyzed for CD154 expression. (E) Mean frequencies 
(± SEM) of TIGIT+ and TIGITneg cells among fl agellin-reacti ve CD154+CD4+ T cells are depicted (n=8). (F) Frequency of 
cytokine+ cells in TIGIT+ and TIGITneg fl agellin-reacti ve CD154+CD4+ T cells aft er fl agellin sti mulati on of PBMC derived 
from adult healthy individuals. A minimum of 5 cytokine+ CD154+CD4+ T cells was used to calculate cytokine+ cell 
frequencies; samples with lower number of events were excluded. The mean (± SEM) of cytokine+ cells are shown. P 
values were calculated using Student’s t Test. NS, not signifi cant, *p<0.05, **p<0.01, ***p<0.001. Remark: “Chapter 
4; Figure 5F” also appears in “Chapter 5; Figure 6B” of this thesis.
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experienced CD4+ T cells, rather than in naive CD4+ T cells.35 Here, we show that TIGIT 

expression is preferentially induced on antigen-experienced CD4+ T cells with a memory 

phenotype. The rapid induction of de novo TIGIT expression by memory CD4+ T cells may 

be linked to modulation of chromatin structure or demethylation of promoter regions 

and regulatory elements following initial naive CD4+ T-cell activation, as the TIGIT gene 

locus is known to be hypermethylated in human naive CD4+ T cells.36 This is in line with 

our observation that TIGIT+ cell frequencies did not increase on human naive TIGITnegCD4+ 

T cells after anti-CD3 ligation with and without anti-CD28 costimulation. In contrast, 

Yu et al. have demonstrated that TIGIT+ cell frequencies did increase after anti-CD3/

anti-CD28 activation of purified human naive CD45RA+CD4+ T cells.3 This discrepancy is 

likely explained by the fact we used purified TIGITneg cells in our cultures, excluding the 

possibility that the increased frequency of TIGIT+ cells resulted from highly proliferative 

TIGIT+ cells present at the start of culture.11, 23 Interestingly, in both mice and humans, anti-

CD28 costimulation decreased the frequency of TIGIT+ cells in TCR-stimulated memory 

CD4+ T cells. This is reminiscent of observations in naive CD4+ T cells and CD8+ T cells, 

where the presence of CD28-dependent signaling molecules decreases the induction of 

anergy- and exhaustion associated genes respectively.37, 38 This suggests that the activation 

state of APCs may dictate the size of TIGIT+ cell pool. Specifically, TIGIT upregulation may 

preferentially occur in non-inflammatory environments, where memory CD4+ T cells 

receive incomplete priming signals through encounter of antigens presented by non-

activated or nonprofessional APCs. Our ex vivo analyses of murine lamina propria CD4+ T 

cells show that the majority of TIGIT+CD4+ T cells in the intestinal tissue do not co-express 

the regulatory transcription factor Foxp3. Thus, in addition to TIGIT expression on various 

Foxp3+ Treg populations described in previous literature23, 25, our data indicates that in 

certain environments, such as the non-inflamed intestinal environment, TIGIT is primarily 

expressed by Foxp3negCD4+ T-cell populations.

	 We demonstrate that Ca2+ signaling after TCR ligation is required for TIGIT 

expression on memory CD4+ T cells. Free intracellular Ca2+ induces calcineurin-mediated 

dephosphorylation and import of the transcription factor nuclear factor of activated T cells 

(NFAT) into the nucleus. Induction of most TCR-induced genes relies on cooperation of 

NFAT and other transcription factors such as activator protein-1 (AP-1).39 However, NFAT 

activation on its own is sufficient to induce a two-fold change in TIGIT gene expression in 

human Jurkat T cells39, suggesting that NFAT is a critical component of the signaling pathway 

that regulates TIGIT expression. Importantly, not all memory CD4+ T cells express TIGIT 

after ionomycin treatment, indicating that additional factors are required for TIGIT gene 

transcription in particular subsets of memory CD4+ T cells. Consistent with our previous 

studies11, we show that TIGIT expression is strongly enriched on a subset of memory CD4+ 

T cells with a CD38+CD62Lneg phenotype. Future studies are needed to establish the role of 

of bacterial flagellin-reactive CD4+ T cells did not express TIGIT, however, a clear population 

of approximately 7%-10% TIGIT+ cells could be identified among flagellin-reactive CD4+ 

T cells (Figure 5E). To evaluate functional differences between flagellin-reactive TIGIT+ 

and TIGITneg cells, CD154 detection was combined with intracellular cytokine analysis. 

In agreement with the inhibitory function of TIGIT, flagellin-reactive TIGIT+CD4+ T cells 

contained increased frequencies of IL-10-expressing cells compared to flagellin-reactive 

TIGITnegCD4+ T cells (Figure 5F). Low frequencies of IL-17A+ cells were present in flagellin-

reactive TIGITnegCD4+ T cells, whereas no IL-17A+ cells could be detected in TIGIT+CD4+ cells 

(Figure 5F). IFNg+- and TNFa+ cell frequencies were not significantly different between 

TIGIT+CD4+ and TIGITnegCD4+ flagellin-reactive T cells (Figure 5D). 

	 Taken together, these data demonstrate that TIGIT is expressed by high frequencies 

of intestinal CD4+ T cells and this expression may be acquired during bacterial colonization 

of the gastrointestinal tract. Bacterial flagellin-reactive TIGIT+CD4+ cells are detectable and 

may be functionally different when compared to TIGITnegCD4+ T cells, as suggested by an 

increased IL-10-producing cells and undetectable expression of IL-17A.

D I S C U S S I O N

In this study, we show that TIGIT protein expression is strongly associated with an 

antigen-experienced CD4+ T-cell phenotype. Using both human and murine experimental 

approaches, we demonstrate that calcium dependent signaling after TCR ligation induces 

TIGIT expression preferentially on antigen-experienced TIGITnegCD4+ T cells with a memory 

phenotype. The intestinal tissue harbors a large population of antigen-experienced CD4+ 

T cells. As we observed that TIGIT was expressed by a high percentage of intestinal CD4+ T 

cells in both mice and human, we tested whether intestinal TIGIT expression depends on 

the presence of intestinal microbial antigens. Conventionalization of germ-free mice with 

specific pathogen free microbiota resulted in a two- to three-fold increase in intestinal 

TIGIT expression. A large proportion of intestinal T cells is expected to have specificity to 

microbial antigen. Therefore, we investigated whether TIGIT was expressed by microbiota-

reactive CD4+ T cells. Although the majority bacterial antigen-reactive CD4+ T cells did not 

express TIGIT, a clear population of approximately 7%-10% TIGIT+ cells could be identified 

among bacterial antigen-reactive CD4+ T cells. Bacterial antigen-reactive TIGIT+CD4+ T 

cells contained higher frequencies of IL-10+ cells compared to bacterial antigen-reactive 

TIGITnegCD4+ cells, suggesting that TIGIT-expressing CD4+ T-cell populations may be involved 

in regulating immune responses to intestinal bacteria.

	 It is well-established that naive and antigen-experienced CD4+ T cells respond 

differently to TCR ligation.28, 34 Some genes are more preferentially induced in antigen-
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CD38, an ectoenzyme that increases intracellular Ca2+ concentrations, in the induction and 

maintenance of TIGIT expression.  

	 Memory T cells have less stringent requirements for T-cell activation and exhibit 

enhanced functional properties compared to naive T cells.40, 41 The significant difference 

in TIGIT expression between naive and memory T-cell subsets may therefore reflect the 

need to prevent unrestrained activation of memory T-cell responses. As TIGIT is expressed 

by a high percentage of intestinal CD4+ T cells in both mice and human, TIGIT may have 

an important role in regulating immune responses in the antigen-rich environment of the 

intestine. In line with this idea, conventionalization of germ-free mice resulted in a two- to 

three-fold increase in intestinal TIGIT expression. We also demonstrate that circulating 

human TIGIT+CD4+ T cells display a preferential regulatory response to bacterial flagellin 

when compared to TIGITnegCD4+ T cells, as evidenced by an increased IL-10-producing cells 

and undetectable expression of IL-17A. This is in agreement with our recently published 

human peripheral blood data, which show that TIGIT is positively correlated with IL-10 

expression in circulating CD38+ effector T cells (CD4+CD38+CD62Lneg), a population that is 

enriched for cells with mucosal antigen specificity.21, 42 The association between TIGIT and 

IL-10 is specific for gut-homing CD38+ effector T cells, as circulating TIGIT+CD38neg effector 

T cells, that preferentially home to other organs such as the skin, do not have higher 

frequencies of IL-10+ cells compared to TIGITnegCD38neg effector T cells.11 The association 

between TIGIT and IL-10 has been observed before, as others have shown that knockdown 

of TIGIT expression in human CD4+ T cells results in a significant reduction of IL-10 gene 

expression.43 Moreover, TIGIT, but not Foxp3, was shown to be positively correlated 

with IL-10 expression by CD4+ T cells in models investigating tolerance induction in auto-

immunity.44 Analysis of immune responses in TIGIT deficient mice at steady state and after 

induction of experimental colitis are needed to prove whether TIGIT maintains tolerance to 

harmless intestinal microbiota. In addition, detailed analysis of TIGIT function in different 

human disease settings, including IBD patients with altered TIGIT+ cell frequencies, is 

needed to establish whether TIGIT is a target for immunomodulation.

	 In conclusion, our data demonstrates implicates a role for TIGIT in intestinal adaptive 

immune homeostasis. As TIGIT is highly and stably expressed on memory CD4+ T cells, it 

may have the potential to modify or re-balance the immune system in chronic T-cell driven 

immune mediated inflammatory diseases, such as IBD.
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Figure S3. TCR ligati on induces TIGIT expression preferenti ally on murine memory CD4+ T cells. Murine naive 
(CD62L+) T cells and memory (CD62Lneg) TIGITnegCD4+ T cells were isolated from spleens and lymph nodes of mice 
on a BABL/c background and cultured in triplicate for 72h with diff erent concentrati ons of plate-coated anti -CD3 (2 
and 10 μg/ml) with or without tacrolimus (5 ng/ml) and ionomycin (500 ng/ml). Frequency and mean fl uorescent 
intensity (MFI) of TIGIT+ cells are shown. P values were calculated using One-way ANOVA followed by correcti on for 
multi ple testi ng. NS, not signifi cant, *p<0.05, **p<0.01, ***p<0.001. 
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Figure S1. The majority of circulati ng TIGIT+CD4+ cells have a memory phenotype in both mice and humans. (A)
CD44 and CD62L expression on total murine CD4+ T cells and TIGIT+CD4+ T cells aft er 24h of culture. (B) Human 
TIGITnegCD4+ T cells were isolated from peripheral blood of adult healthy individuals and cultured in triplicate for 48h 
with diff erent concentrati ons of plate-coated anti -CD3 (0.5, 1 and 5 μg/ml). CD45RO and CD62L expression on total 
human CD4+ T cells and TIGIT+CD4+ T cells aft er 48h of culture with plate-coated anti -CD3 (1 μg/ml). Representati ve 
of 2 independent experiments.  

Figure S2. The mean fl uorescence intensity, but not frequencies, of TIGIT+ cells increases from 48 to 72 hours.
Human TIGITnegCD4+ T cells were isolated from peripheral blood of adult healthy individuals and cultured in triplicate 
for 48h with plate-coated anti -CD3 (1 μg/ml). Representati ve dot-plots of the percentage of TIGIT+ cells aft er 48h of 
culture (mean + SD, two independent donors).
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Figure S4. T-cell receptor and CD28 signaling pathways. TCR ligati on transmits a signal through CD3 which 
acti vates phospholipase C gamma (PLCg). PLCg converts phosphati dylinositol 4,5-biphosphate (PIP2) to inositol 
1,4,5-triphsphate (IP3) and diacylglycerol (DAG). IP3 then initi ates the Ca2+ dependent signaling pathway that ends 
with translocati on of transcripti on factor nuclear factor of acti vated T cells (NFAT) to the nucleus. Ca2+ dependent 
signaling can be mimicked through a calcium ionophore such as ionomycin, or inhibited with a calcineurin (CaN) 
inhibitor such as tacrolimus. DAG initi ates the RAS-ERK-AP1 and PKC-NF-κB kinase signaling pathways. CD28 
sti mulati on acti vates PI3K, which converts PIP2 into PIP3, initi ati ng the PDK1-AKT-mTOR signaling pathway. CD28 
sti mulati on also acti vates RAS-ERK-AP1 and DAG-NF-κB kinase signaling in a DAG-independent fashion. Based on 
references from: Kapturczak 2004 Transplant Proc., Smith-Garvin 2009 Annu Rev Immunol., Gaud 2018 Nat Rev 
Immunol, Diehn 2002 Proc Natl Acad Sci U S A., Esensten 2016 Immunity.
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Figure S5. Jejunum, ileum, and colon gene expression levels were analyzed in germ free and conventi onalized 
mice at indicated days post conventi onalizati on. Values are depicted as box and whisker diagram (top-to-bott om; 
maximum value, upper quarti le, median, lower quarti le, and minimal value, respecti vely). (A) Gene expression for 
tolerance-associated genes Ctla4, Foxp3 and Il10 are shown. (B) Gene expression for coinhibitory receptors Lag3, 
Btla, Pdcd1 and Havcr2 are shown. Diff erences in expression between day 30 and day 4 post conventi onalizati on 
were calculated using a Student’s t Test. NS, not signifi cant, *p<0.05, **p<0.01, ***p<0.001.
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I N T R O D U C T I O N

The gastrointestinal tract is the primary site of interactions between the host and 

microbiota.1 Balanced inflammatory and regulatory intestinal T-cell responses to commensal 

microbiota are required to develop a healthy microbial-host mutualism.2 The continuous 

communication between the microbiota and immune cells in the intestine is reflected by 

circulating microbiota reactive memory CD4+ T cells in peripheral blood3 and the presence 

of antibody responses to commensal intestinal bacteria in healthy individuals.4 In chronic 

intestinal inflammation as occurs in inflammatory bowel disease (IBD), inflammatory CD4+ 

effector T cells with a specificity for microbial antigens are thought to drive disease.2, 5, 6 

However, the microbial antigens recognized by these pathogenic CD4+ T cells and their 

phenotypic characteristics remain unknown. 

	 Patients with IBD have variable serologically responses to microbial antigens, including 

bacterial flagellin.7-10 Flagellin is a structural protein of the flagellum, a surface filament 

required for bacterial motility that is present on most motile bacteria in the intestine. 

Antibodies to CBir1 flagellin are elevated in approximately half of all Crohn’s disease 

(CD) patients compared to healthy individuals and ulcerative colitis (UC) patients, and 

identify a subgroup of CD patients with a more rapid and aggressive disease phenotype.9, 

11-14 The elevated anti-flagellin IgG response in CD may reflect increased activation of 

flagellin-specific CD4+ T cells, as increased T-cell proliferation to recombinant flagellin has 

been detected in CD patients when compared to UC patients and healthy controls.8, 15, 

16 Moreover, murine studies using ab T-cell deficient mice have shown that generation 

of flagellin-specific Ig is T-cell dependent.16 Innate immune activation contributes to this 

T-cell response through the Toll-like receptor 5 (TLR5)-MyD88 pathway.16-18 Conversely, 

flagellin from Helicobacter pylori and Campylobacter jejuni which cannot activate TLR5 

signaling does not elicit a flagellin-specific Ig response.16, 17 Together, these data argue that 

studying the frequency and phenotype of flagellin-reactive CD4+ T cells in CD patients with 

elevated anti-flagellin IgG may provide insight into the mechanisms that disrupt intestinal 

tolerance to microbiota. 

	 We hypothesize that CD patients with elevated anti-flagellin IgG antibodies 

have increased frequencies of flagellin-reactive CD4+ T cells with a more inflammatory 

phenotype compared to healthy individuals. In this study, we determined whether the 

presence of elevated anti-flagellin IgG can be used as a proxy for anti-flagellin CD4+ T-cell 

reactivity in therapy-naive pediatric CD patients. By using CD154 upregulation after 

flagellin stimulation to determine frequencies of flagellin-reactive CD4+ T cells in peripheral 

blood, we show that treatment-naive CD patients with elevated plasma IgG to flagellin 

have increased frequencies of flagellin-reactive CD4+ T cells when compared to healthy 

controls. These increased frequencies were not observed in CD patients without elevated 

A B S T R A C T

In the intestine, a balance between regulatory and inflammatory CD4+ T-cell responses 

shapes the host’s mutualism with its commensal microbiota. In Crohn’s disease (CD) this 

microbial-host mutualism is lost leading to a dominant inflammatory T-cell response 

and tissue damage. However, CD4+ T-cell responses to intestinal bacteria in CD patients 

are poorly characterized. Humoral responses to bacterial flagellin are present in many 

individuals but particularly enhanced in a subgroup of CD patients. As antibody responses 

rely on the activation of CD4+ T cells, we hypothesized that CD patients with elevated 

anti-flagellin antibody titers have increased frequencies of flagellin-reactive CD4+ T cells. 

Moreover, we anticipated that these cells have a more dominant inflammatory phenotype 

compared to flagellin-reactive cells from healthy individuals and CD patients with low anti-

flagellin antibody titers. Elevated IgG plasma antibodies to 8/8 flagellins were detected in 

10 out of 47 pediatric CD patients, but not in ulcerative colitis (UC) patients and healthy 

controls. Short-term culture of PBMC from treatment naive patients having elevated 

anti-flagellin IgG revealed that these patients have increased frequencies of flagellin-

reactive CD4+ T cells when compared to CD patients without elevated anti-flagellin IgG, UC 

patients and healthy controls. Preliminary phenotypic analysis suggests that frequencies 

of a4b7 or CD38 expressing cells do not differ in flagellin-reactive versus non-reactive                                      

CD4+ T cells. However, patients with elevated anti-flagellin IgG had reduced frequencies of 

IL-10 secreting cells and cells expressing T cell immunoreceptor with Ig and ITIM domains 

(TIGIT) within the flagellin-reactive CD4+ T-cell population when compared to flagellin-

reactive cells from healthy controls. In keeping with previous findings, TIGIT+ flagellin-

reactive CD4+ T cells were enriched in IL-10 secreting cells when compared to TIGITneg  

flagellin-reactive CD4+ T cells. These data argue that flagellin-reactive CD4+ T cells from CD 

patients with elevated IgG plasma antibodies may have altered functional characteristics 

with reduced regulatory features.
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Netherlands), washed, and incubated with Alexa Fluor 647- or Alexa Fluor 546-labeled goat 

anti-human IgG or IgA (Kirkegaard & Perry Labs, Gaithersburg, MD, USA). The antigens and 

lysates included in the microarray are listed in Table S1. 

	 The slides were read in an Axon GenePix 4000B dual laser microarray reader 

(Molecular Devices, Sunnyvale, CA, USA). The accompanying GenePix Pro 6.0 software 

determines the net median pixel intensities for each protein spot from a set of 10 

measurements per spot. The instrument and software automatically subtract the pixel 

intensities of the background area surrounding the spot. The median value from 4 replicate 

protein spots was used to calculate the median net digital fluorescence unit value for each 

spot. 

Detection of flagellin-reactive CD4+ T cells by Carboxy-Fluorescein Succinimidyl Ester 
(CFSE) dilution.
Flagellin proteins were isolated from commensal (Lachnospiraceae bacterium A4) and 

pathogenic bacteria (Escherichia coli, Salmonella thyphimurium) with a flagellin sequence 

with a strong homology to CBir1. The selected sequences were cloned, expressed in a 

vector and purified using GST-tag and his-tag purification in non-denaturing conditions. 

The selected sequences all contained the TLR5 binding domain and effectively induced 

TLR5 signaling and no TLR1/2 or TLR2/6 signaling. The flagellin isolated from Salmonella 
thyphimurium was the only flagellin that induced TLR4 signalling.

	 CFSE-labeled PBMCs (2.5x105) were cultured with different recombinant flagellins 

(50 µg/ml). Stimulations were performed in Iscove’s modified Dulbecco’s medium 

(Lifetechnologies, Grand Island, NY, USA) with heat inactivated fetal calf serum, Glutamax 

(Life Technologies), 2-mercaptoethanol, penicillin and streptomycin, supplemented with 

exogenous IL-2 (50 IU/ml; R&D). After 7 days, cells were stimulated for 4.5 hours with 

phorbol 12-myristate 13-acetate (PMA, 0.02 μg/ml, Sigma-Aldrich) and ionomycin (0.5 

μg/ml, Sigma-Aldrich) in the presence of Brefeldin A (3 μg/ml eBiosciences) for the last 

3.5 hours. After incubation with antibodies directed to surface proteins, cells were fixed 

in 2% formaldehyde and permeabilized with saponin (Sigma-Aldrich), and labeled with 

antibodies to IFNg (4S.B3, BD) and the  appropriate isotype controls (eBiosciences). Flow 

cytometric analysis was performed on a FACSCantoTMII (BD Biosciences).

CD154 based detection of flagellin-reactive CD4+ T cells.
A total of 3x106 PBMCs were plated at 6x106/ml and rested overnight in a 48-wells plate. 

The next day, cells were transferred to a 24-wells plate and stimulated for 7 hours with 

a mix of recombinant flagellins (A4-FlaX, A4-Fla2, A4-Fla3 and 14-2; total concentration 

of 10 μg/ml) in the presence of 1 μg/ml CD40 (HB14; Miltenyi Biotec) and 1 μg/ml 

CD28 functional grade pure Ab (CD28.6; Miltenyi Biotec). Anti-CD40 prevents CD154 

anti-flagellin antibodies or therapy-naive UC patients. Preliminary phenotypic analyses 

suggest that flagellin-reactive CD4+ T cells from CD patients with elevated anti-flagellin IgG  

may have altered functional characteristics with reduced regulatory features compared to 

flagellin-reactive CD4+ T cells of healthy controls.

M E T H O D S

Patients.
Two cohorts of patients with biopsy-proven IBD were investigated. Cohort I consisted 

of pediatric UC patients (n=43) and pediatric CD patients (n=47). Age-matched controls 

without any inflammatory or intestinal disease who underwent orthopedic surgery at the 

time of blood withdrawal (n=10) were included in the control group. Peripheral blood was 

also obtained from adult healthy controls (n=10). The majority of both UC and CD patients 

in cohort I was treatment-naive at time of plasma and PBMC analysis (Table 1). Cohort 

II consisted of patients with new-onset, untreated CD with moderate-to-severe disease 

activity randomized to top-down (n=3) or step-up treatment (n=3). Top-down treatment 

consisted of 5 infliximab (IFX) infusions combined with azathioprine (AZA), and AZA as 

maintenance treatment. Patients randomized to step-up received standard induction 

treatment, either oral prednisolone or exclusive enteral nutrition, combined with AZA as 

maintenance treatment. The Medical Ethical Committee of the Erasmus University Medical 

Centre-Sophia Children’s Hospital Rotterdam approved this study (METC 2007-335; cohort 

I) and (METC 2012-345; cohort II). Written informed consent was obtained from every 

patient and parents before study inclusion.

Plasma and PBMC collection.
Venous blood was collected in EDTA tubes. After centrifugation at 1000 rpm for 10 min at 

room temperature, plasma was obtained and stored at -80 °C. PBMCs were isolated using 

a Ficoll-Hypaque gradient according to standard protocol (Axis-Shield). 

Microbiota antigen microarray.
Recombinant antigens and whole cellular lysates were diluted in 10 mM Tris buffer (pH 

8.0) with 0.1% SDS and 20% glycerol at a concentration of 0.1-0.2 μg/mL. The proteins 

were printed onto FAST 16 nitrocellulose pad slides (Whatman, GE Healthcare Life 

Sciences, Pittsburgh, PA, USA) using a Micro-Grid II robot (Genomic Solutions, Ann Arbor, 

MI, USA) in duplicate in 2 different parts of the pad. The printed slides were allowed to 

air-dry overnight. Slides were blocked (Protein Array Blocking Buffer, Whatman), probed 

with human plasma at 1:100 dilution (SuperBlock, ThermoFisher Scientific, Bleiswijk, the 
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UC), which is in line with previous findings by others showing that antibody responses 

to flagellin do not change after therapy or surgery.7, 9, 20 Frequencies of CD patients with 

elevated IgG reactivity for individual flagellins ranged from 23% to 34% (Table 1). Anti-

flagellin antibody-positive CD patients often responded to multiple flagellins and strong 

positive correlations between IgG responses to these multiple flagellin antigens were 

observed (Fig. 1B-1C). Interestingly, eight patients had an elevated response to only one 

downregulation and anti-CD28 optimizes the induction of CD 154 expression. Brefeldin A 

(3 μg/ml eBiosciences) was added during the last 2 hours of the stimulation. Stimulations 

were performed in Iscove’s modified Dulbecco’s medium (Lifetechnologies, Grand Island, 

NY, USA) supplemented with 5% human AB serum (SLBS8634; Sigma), Glutamax (Life 

Technologies), 2-mercaptoethanol, penicillin and streptomycin.

	 After stimulation, cells were stained for flow cytometry using monoclonal antibodies 

against CD3 (UCHT1, BD, or HIT3a, Biolegend), CD4 (SK3, BD), CD8 (SK1, BD), CD14 (M5E2, 

BD), CD20 (2H7, Biolegend), TIGIT (MBSA43, eBioscience), CD154 (24-31, Biolegend), IL-10 

(JES2-19F1, BD), IL-17A (eBio64DEC17, eBiosciences), IL-21 (3A3-N2, Biolegend), IFNg (4S.

B3, BD), TNFa (Mab 11, Biolegend) or appropriate isotype controls (eBiosciences). Flow 

cytometric analyses were performed on a FACS LSR II (BD Biosciences). For phenotypic 

analyses of flagellin-reactive T cells, a minimum of 100 cytokine-positive CD4+CD154+ T 

cells was used; individuals with lower events were excluded from the phenotypic analysis.

Statistics.
Statistical analysis of data was performed using GraphPad Prism software (GraphPad 

Software, La Jolla, CA, USA) and IBM SPSS version 21. Significance between two groups 

was determined using Student’s t-test or Mann-Whitney U-test and differences between 

multiple groups by using the Kruskal-Wallis H test. For categorical outcomes the Chi square 

test was used. P values <0.05 were considered statistically significant.

R E S U LT S

Plasma IgG antibodies to flagellin antigens are common in pediatric CD.
To investigate the humoral immune response to the intestinal commensal microbiota, we 

used a protein microarray containing recombinant protein antigens cloned from murine 

microbiota, including 8 recombinant flagellin antigens from the Firmicutes phylum (Table 

S1), one of the two major phyla found in the human gastrointestinal tract.19 Plasma from 

pediatric CD and UC patients, as well as age-matched healthy controls was tested for IgG 

and IgA reactivity against this panel. The majority of the CD and UC patients tested were 

treatment-naive at the time of plasma isolation (57% and 67%, respectively; medication 

use is summarized in Table 1). 

	 Regarding IgG reactivity, approximately half of CD patients (49%) had elevated IgG 

reactivity to at least one flagellin (Table 1). Elevated flagellin-specific IgG was significantly 

more common in CD patients compared to UC patients (Table 1, p=0.008; Fig. 1A). The 

proportion of patients with elevated flagellin-specific IgG reactivity was similar between 

treatment-naive and treatment-exposed patient groups (p=0.337 for CD; p=0.624 for 

Table 1. Flagellin-specific IgG antibodies are common in pediatric CD.

  CD (n=47) UC (n=43) p value

Patient characteristics      

Sex (% male)
Median age in years (IQR)†
Median age in years (IQR)†
Treatment-exposed (%)
Steroids
Azathioprine
Biologicals
Other

14.3 (12-17)
20/47 (43)
1/20
6/20
11/20
2/20

13.3 (11-16)
14/43 (33)
4/14
5/14
2/14

NS
NS
-
-
-
-

Plasma IgG reactivity to flagellin, no. patients (%)* 

Total cohort
Treatment-naive
Treatment-exposed

23/47 (49)
12/27 (44)
11/20 (55)

9/43 (21)
6/29 (21)
3/14 (21)

0.008
NS
NS

IgG response to type of flagellin antigen, no. patients (%)*

3-1-57
14-2
CBir1
CBir11
CBir66
Fla2
Fla3
FlaX

12/47 (26)
15/47 (32)
16/47 (34)
16/47 (34)
12/47 (26)
11/47 (23)
13/47 (28)
11/47 (23)

5/43 (12)
1/43 (2)
1/43 (2)
3/43 (7)
1/43 (2)
1/43 (2)
2/43 (5)
1/43 (2)

NS
<0.0001
<0.0001
0.002
0.002
0.015
0.004
0.004

IgG response to number of flagellin antigens, no. patients (%)* 

8 out of 8
7 out of 8
6 out of 8
5 out of 8
4 out of 8
3 out of 8
2 out of 8
1 out of 8
0 out of 8

10/47 (21)
1/47 (2)
0/47 (0)
0/47 (0)
0/47 (0)
3/47 (6)
1/47 (2)
8/47 (17)
24/47 (51)

0/43 (0)
0/43 (0)
0/43 (0)
1/43 (2)
0/43 (0)
0/43 (0)
2/43 (5)
6/43 (14)
34/43 (79)

0.001
NS
NS
NS
NS
NS
NS
NS
0.008

† Median in age-matched healthy control group was 11.7 years (8-14).
* Positive reactivity was defined as a value higher than ‘mean + 2x SD’ of the age-matched healthy control group. 
Mann-Whitney test (continuous variables) or Fisher’s exact test (categorical variables) were used to test differences 
between 2 groups. Abbreviations: CD, Crohn’s disease; UC, ulcerative colitis; No, number of; NS, not significant; IQR, 
interquartile range.
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fl agellin; the average fl uorescence signal intensity in these pati ents was oft en much lower 

compared to pati ents responding to multi ple fl agellins. In contrast to the diff erenti al IgG 

anti -fl agellin reacti vity between CD and UC, plasma IgA reacti vity to bacterial fl agellins 

was not signifi cantly increased in CD pati ents compared to UC pati ents and age-matched 

healthy controls (Fig. 2). 

 Altogether, IgG anti bodies to diff erent recombinant fl agellin anti gens are common 

in pediatric CD pati ents, occur in similar frequencies between treatment-naive versus 

treatment-exposed pati ents, and strongly correlate to each other. 

Reacti vity to fl agellin does not correlate to other humoral anti microbial immune 
responses.
We next investi gated the relati onship between the presence of anti -fl agellin anti bodies 

and anti body responses to Escherichia coli outer membrane protein C (OmpC). IgA and 

IgG reacti vity to OmpC was present in 6% (95% confi dence interval (CI) 2-17) and 12% 

(95%CI 6-25) of CD pati ents, respecti vely. IgA and IgG responses to OmpC positi vely 

correlated (r2=0.5620, p<0.0001; Figure 1B). There was no relati onship between the IgA 

and IgG response to OmpC and any of the tested recombinant fl agellin anti gens (Fig. 

1D). Moreover, there were no signifi cant positi ve correlati ons between IgG responses to 

fl agellins and any of the tested bacterial lysates (data not shown). These data indicate 

that plasma reacti vity to fl agellin does not correlate with serological responses to the 

previously defi ned bacterial anti gen OmpC. 

Increased frequencies of fl agellin-reacti ve CD4+ T cells in therapy-naive CD pati ents with 
elevated anti -fl agellin anti bodies.
As IgG responses to pepti de anti gens require CD4+ T cells to sti mulate isotype switching, 

the elevated IgG levels of to fl agellin in CD may correlate with the presence of a fl agellin-

specifi c CD4+ T-cell response. Although fl agellin-specifi c T-cell reacti vity has been detected 

in peripheral blood of CD pati ents8, fl agellin-specifi c T cells are poorly characterized in 

pati ents with CD. The primary reason for this is the low frequency of these cells within the 

total CD4+ T-cell populati on in peripheral blood. Therefore,  we fi rst determined whether 

fl agellin reacti ve CD4+ T cells could be observed using several complimentary culture 

techniques. Indeed, confi rming previously published data, dividing fl agellin-reacti ve 

Figure 1. Plasma IgG anti bodies to fl agellin anti gens are common in pediatric CD pati ents and are independent of 
other anti microbial immune responses. Plasma was collected from children with IBD (UC, n=43, CD, n=47) and age-
matched healthy controls (n=10). (A) The plasma IgG response to a panel of recombinant bacterial fl agellin anti gens 
was assessed using a protein microarray. P values were calculated using a Kruskall-Wallis test and corrected for 
multi ple testi ng by Dunn’s multi ple comparisons test. (B) Heatmap representi ng the correlati on coeffi  cient for linear 
fi ts of fl agellin IgG anti bodies and IgG anti bodies to OmpC and Tetanus C anti gen in CD pati ents. Positi ve correlati ons 
are in red color; blue color depict no signifi cant correlati on. The numerical correlati on coeffi  cients can be found 
in Table S2. (C) The relati onship between IgG anti -FlaX anti bodies and IgG anti -14-2 Fla anti bodies in CD pati ents. 
Correlati on coeffi  cient for linear fi ts are shown. (D) The relati onship between IgA anti -OmpC anti bodies and IgG anti -
14-2 Fla anti bodies in CD pati ents. Correlati on coeffi  cient for linear fi ts are shown. Abbreviati ons: NS, not signifi cant; 
OmpC, Escherichia coli outer membrane protein C; TetC, Tetanus toxoid from Clostridium tetani.
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Figure 2. Plasma IgA reacti vity to bacterial fl agellins is not signifi cantly increased in CD pati ents compared to 
UC pati ents. Plasma was collected from children with IBD (UC, n=43, CD, n=47) and age-matched healthy controls 
(n=10). The plasma IgA response to a panel of recombinant bacterial fl agellin anti gens was assessed using a protein 
microarray. P values were calculated using a Kruskall-Wallis test and corrected for multi ple testi ng by Dunn’s multi ple 
comparisons test. 
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in peripheral blood are enriched in a4b7 and reacti vity to luminal anti gen, we assessed 

whether fl agellin reacti vity is enriched in CD38+ eff ector T cells when compared to 

CD4+CD62LnegCD38neg T cells (CD38neg eff ector T cells). Thereto, purifi ed CD38+ and CD38neg

eff ector T cells from an adult healthy individual were cultured for 7 days with recombinant 

fl agellin in the presence of exogenous IL-2 aft er which IFNg secreti ng cells and HLA-DR 

expression were determined by fl ow cytometry (Fig. 3D-E). Again, fl agellin-reacti ve CD4+

T-cell responses were detected in peripheral blood cells. Both IFNg and HLA-DR expressing 

cells were most frequent in the CD38+ eff ector T-cell populati on but were also detectable 

in CD38neg eff ector T cells. Together, using diff erent methods we corroborate previous data 

that fl agellin reacti ve T cells can be detected in peripheral blood. As fl agellin-reacti vity is 

not limited to CD38+ eff ector T cells only, we chose to further study these cells using short 

term sti mulati on of total PBMC without prior cell purifi cati on.

 Thereto, the frequency and phenotype of fl agellin-reacti ve CD4+ T cells in the total 

PBMC of CD and UC pati ents and healthy controls was determined using CD154 expression 

aft er short term sti mulati on with a mix of fl agellin proteins (Fig. 4A; see Table S2 for 

informati on on pati ent selecti on). CD154 (also known as CD40L) is specifi cally expressed 

by all anti gen-acti vated CD4+ T cells within 7h aft er T-cell receptor (TCR) sti mulati on.21, 22

Sti mulati on with a mix of fl agellin proteins, containing the recombinant fl agellins 14-2, 

Fla-2, Fla3, and FlaX, induced detectable numbers of CD4+CD154+ T cells (Fig. 4B) but did 

not elicit CD154 upregulati on in CD8+ T cells (Fig. S1). We next calculated the frequency 

of fl agellin-reacti ve CD4+ T cells among the total CD4+ T-cell populati on (Fig. 4C; see Table 

S3 for method of calculati on). Treatment-naive CD pati ents with elevated anti -fl agellin 

IgG anti bodies (“highly seroreacti ve” i.e. defi ned as having IgG reacti vity to 8/8 fl agellins) 

had signifi cantly higher frequencies of fl agellin-reacti ve CD154+ cells within the CD4+ T 

cell populati on when compared to healthy controls (Fig. 4C). No increased frequencies of 

CD154+ cells within the CD4+ T cell populati on were detected in treatment-naive CD and UC 

pati ents with low levels of IgG anti bodies to fl agellin. Frequencies of a4b7+ and CD38+ cells 

were not diff erent in fl agellin-reacti ve  and fl agellin-non reacti ve cells and varied equally in 

diseased and healthy individuals (Fig. 4D). 

 To assess possible changes in functi onal compositi on of the fl agellin-reacti ve CD4+

T-cell populati on in CD pati ents, CD154 detecti on was combined with intracellular cytokine 

analysis (Fig. 5A). Frequencies of IL-10-expressing cells were decreased in fl agellin-reacti ve 

CD4+CD154+ T cells of treatment-naive seropositi ve CD pati ents when compared to 

seronegati ve CD and UC pati ents and healthy controls (Fig. 5B). This decrease was specifi c 

for fl agellin-reacti ve CD4+ T cells, as no diff erences in IL-10+ cell frequencies were observed in 

CD4+CD154neg T cells (Fig. 5B). This decrease in CD154+IL-10+ cell frequencies in seropositi ve 

CD pati ents did not result from a generalized inability to produce IL-10, as CD154+IL-10+ 

cell frequencies were not decreased aft er polyclonal T-cell acti vati on via anti -CD3/CD28 

CD4+ T cells were detectable in PBMC from a seropositi ve CD pati ent aft er sti mulati on 

with recombinant fl agellin for 7 days in the presence of exogenous IL-2 (Fig. 3A-C). As 

we have previously demonstrated that CD4+CD62LnegCD38+ T cells (CD38+ eff ector T cells) 

Figure 3. Flagellin-reacti ve CD4+ T-cell responses can be detected in peripheral blood and are present in both CD38+

and CD38neg eff ector T-cell populati ons. (A-C) CFSE-labeled PBMCs (2.5x105) from a a treatment-naive seropositi ve 
CD pati ent were cultured in duplicate without anti gen, with recombinant fl agellin of Lachnospiraceae bacterium 
A4 (50 µg/ml) or with anti -CD3/CD28 acti vator beads (T-to-bead rati o = 10:1). All cultures were supplemented 
with exogenous IL-2 (50 IU/ml). CD3+ T-cell responses were analyzed aft er 7 days. (A) Experimental setup. (B) Dot 
plots depicti ng the percentage of proliferati ng (CFSElow) CD3+ T cells in a treatment-naive CD pati ent seropositi ve 
for fl agellin-specifi c IgG. (C) Percentage proliferati ng CD3+ T cells aft er 7 days of culture. (D-E) Adult healthy control 
PBMC were separated into CD38+ and CD38neg eff ector T cells (CD62LnegCD4+) with fl ow cytometric sorti ng. Purifi ed 
CD38+ and CD38neg eff ector T cells were cultured with recombinant fl agellin of Lachnospiraceae bacterium A4 (50 
µg/ml) in the presence of exogenous IL-2 (50 IU/mL). Intracellular IFNg and HLD-DR expression were analyzed aft er 
7 days. (D) Frequencies and MFI of IFNg+ cells in CD38+ and CD38neg eff ector T cells aft er 7 days of culture. (E) HLA-DR 
expression on CD38+ and CD38neg eff ector T cells aft er 7 days of culture with recombinant fl agellin.
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Characterization of CD4+ T-cell

responses to bacterial flagellin in

treatment-naive Crohn’s disease patients

with high anti-microbial IgG titers5
(data not shown). Moreover, TIGIT+ cell frequencies in fl agellin-reacti ve CD4+CD154+ T cells 

were decreased in seropositi ve CD pati ents compared to healthy controls, although some 

variati on was also observed in CD4+CD154neg T cells (Fig. 5C). Interesti ngly, IL-17A+ cell 

frequencies and TNFa+ cell frequencies appeared higher in treatment-naive seronegati ve 

CD pati ents compared to healthy controls (Fig. 5D, 5F). These increases in IL-17A+ cell 

and TNFa+ cell frequency were not observed in CD4+CD154+ T cells from seropositi ve CD 

pati ents and UC pati ents compared to healthy controls. Frequencies of IFNg+ cells within 

CD4+CD154+ T cells had a large variati on and were not signifi cantly diff erent between any 

of the groups (Fig. 5E). 

Figure 4. Increased frequencies of fl agellin-reacti ve CD4+CD154+ T cells in treatment-naive CD pati ents with 
elevated anti -fl agellin IgG. PBMCs were isolated from peripheral blood of healthy controls (n=6), treatment-naive 
pediatric UC pati ents (n=4), and treatment-naive pediatric CD pati ents, including CD pati ents with normal levels 
of anti -fl agellin IgG anti bodies (n=2) and CD pati ents with elevated anti -fl agellin IgG anti body responses (n=4). (A)
Experimental setup. PBMC were sti mulated with a mix of recombinant fl agellins (14-2, Fla2, Fla3 and FlaX; 10 µg/ml) 
for 7 hours and assessed for intracellular expression of CD154. (B) Representati ve dot plots showing the percentage 
CD154+ cells (pre-gated on live CD4+ T cells) of an age-matched healthy control and CD pati ent with elevated fl agellin-
specifi c IgG levels. (C) Frequency of CD154+ cells among CD4+ T cells aft er fl agellin sti mulati on in diff erent groups 
of pati ents and healthy controls. See Table S3 for the Step-by-Step method of calculati on. (D) Phenotype of CD154+

cells (fl agellin-reacti ve) and CD154neg cells (not fl agellin-reacti ve) in diff erent groups of pati ents and healthy controls. 
Frequencies of a4b7+ and CD38+ cells are shown (pre-gated on live CD4+ T cells; CD154+ or CD154neg). 

Figure 5. Frequencies of IL-10- and IL-17-expressing fl agellin-reacti ve CD4+CD154+ T cells diff er between CD pati ents 
with and without elevated fl agellin-specifi c IgG levels. PBMCs were isolated from peripheral blood of healthy 
controls (n=6), treatment-naive pediatric UC pati ents (n=4), and treatment-naive pediatric CD pati ents, including 
CD pati ents with normal levels of anti -fl agellin IgG anti bodies (n=2) and CD pati ents with elevated anti -fl agellin IgG 
anti body responses (n=4). (A) Representati ve dot plots showing the percentage cytokine+ cells in fl agellin-reacti ve 
CD4+CD154+ T cells in treatment-naive CD pati ents seronegati ve and seropositi ve for fl agellin-specifi c IgG. (B-F)
Frequencies of IL-10+ (B), TIGIT+ (C), IL-17A+ (D), IFNg+ (E) and TNFa (F) positi ve cells in CD4+CD154+ and CD4+CD154neg

T cells aft er fl agellin sti mulati on in diff erent groups of pati ents and healthy controls.
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Characterization of CD4+ T-cell

responses to bacterial flagellin in

treatment-naive Crohn’s disease patients

with high anti-microbial IgG titers5
 Taken together, these data demonstrate that treatment-naive CD pati ents with 

elevated anti -fl agellin anti bodies have increased frequencies of fl agellin-reacti ve CD4+

T cells in peripheral blood. Preliminary phenotypic analyses of these cells suggest that 

frequencies of IL-10-, TIGIT and IL-17A-expressing fl agellin-reacti ve CD4+ T cells diff er 

between seronegati ve and seropositi ve CD pati ents.

TIGIT-expressing CD4+CD154+ T cells with reacti vity to fl agellin have a preferenti al 
regulatory phenotype in both seropositi ve CD pati ents and healthy individuals.
In a previous study we have demonstrated that inhibitory receptor TIGIT expression 

identi fi es circulati ng CD38+ eff ector T cells with immunoregulatory properti es.23 Notably, 

low frequencies of circulati ng TIGIT+CD38+ eff ector T cells at ti me of IBD diagnosis correlated 

with reduced durati on of clinical remission during follow-up.23 As both IL10+ and TIGIT+

cell frequencies in fl agellin-reacti ve CD4+CD154+ T cells were decreased in seropositi ve CD 

pati ents compared to healthy controls, we determined whether TIGIT expression within 

the CD4+CD154+ T-cell populati on correlated with a specifi c cytokine profi le at 7h aft er 

fl agellin sti mulati on (Fig. 6A). Overall, taking into account the short sti mulati on ti me, the 

major diff erence between TIGIT+CD4+CD154+ T cells and TIGITnegCD4+CD154+ T cells was the 

increased frequency of IL-10 secreti ng cells in the TIGIT+ populati on which is detectable in 

all pati ent groups (Fig. 6B-E). Conversely, TIGITnegCD4+CD154+ T cells from seronegati ve CD 

pati ents, but not other pati ent groups, appeared to contain a higher frequency of TNFa

secreti ng cells when compared to TIGIT+CD4+CD154+ T cells (Fig. 6B-E). Overall, these data 

infer that within the fl agellin-reacti ve CD4+CD154+ T-cell populati on TIGIT expression may 

associate with a preferenti al regulatory T-cell phenotype.

D I S C U S S I O N

Here we show that treatment-naive pediatric CD pati ents with high anti -fl agellin IgG ti ters 

have increased frequencies of fl agellin-reacti ve CD4+ T cells in peripheral blood when 

compared to UC pati ents and healthy controls. In both healthy and diseased individuals 

fl agellin-reacti ve T cells have phenotypic regulatory and infl ammatory features and can 

express a4b7 and CD38. However, CD pati ents with elevated fl agellin-specifi c IgG and 

reacti vity to 8/8 fl agellins have reduced frequencies of IL-10+ and TIGIT+ fl agellin-reacti ve 

CD4+ T cells when compared to those of healthy controls and pati ents with low levels of 

fl agellin-reacti ve IgG. In line with previous fi ndings, TIGIT and IL-10 expression appear 

related as TIGIT+ fl agellin-reacti ve CD4+ T cells were enriched in IL-10 producing cells when 

compared to TIGITnegCD4+ T cells, irrespecti ve of health or disease. 

 Flagellin-specifi c IgG may be generated during gastro-intesti nal assaults such 

Figure 6. TIGIT-expressing CD4+CD154+ T cells with reacti vity to fl agellin have a preferenti al regulatory phenotype 
in both seropositi ve CD pati ents and healthy individuals. PBMCs were isolated from peripheral blood of healthy 
controls (n=6), treatment-naive pediatric UC pati ents (n=4), and treatment-naive pediatric CD pati ents, including 
CD pati ents with normal levels of anti -fl agellin IgG anti bodies (n=2) and CD pati ents with elevated anti -fl agellin IgG 
anti body responses (n=4). (A-D) Frequency of cytokine+ cells in TIGIT+ and TIGITneg fl agellin-reacti ve CD154+CD4+

T cells aft er fl agellin sti mulati on of PBMCs. A minimum of 5 cytokine+ CD154+CD4+ T cells was used to calculate 
cytokine+ cell frequencies; samples with lower number of events were excluded. The mean (± SEM) of cytokine+ cells 
are shown. P values were calculated using a Student’s t test (only when ≥ 3 data points). NS, not signifi cant, *p<0.05, 
**p<0.01, ***p<0.001. Note: Figure 6B also appears in chapter 4 of the thesis.

as infecti ons or epithelial barrier damage in which the compartmentalizati on of the 

mucosal T-cell response is lost and translocati on of bacteria to systemic lymphoid ti ssue 

drives systemic T-cell responses.16, 24 This is supported by several murine studies. In 

mice, repeated oral or rectal exposure of fl agellin onto an intact mucosal surface does 
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fl agellin anti gen sti mulati on of CD4+ T cells from a fl agellin-seropositi ve subject induces 

expansion of several TCRb CDR3 sequences including sequences highly shared by or 

relati vely private to CD (and UC) pati ents.15 It would be of interest to ascertain whether 

cells with the same TCR can adopt both infl ammatory and anti -infl ammatory features in 

response to fl agellin as murine studies have shown that infl ammatory microenvironments 

can determine functi onal characteristi cs of fl agellin-specifi c CD4+ T cells with one 

transgenic fl agellin-specifi c TCR.27

 Although intesti nal infl ammati on in both CD and UC pati ents causes excessive 

exposure of intesti nal immune cells to common microbial anti gens present in the intesti ne, 

anti body responses to microbial anti gens, amongst which fl agellins, are more common 

in CD than UC.10 Increased frequencies of anti -fl agellin T cell responses as observed in 

approximately half of the CD pati ents, may depend on a dysfuncti onal innate immune 

not result in a serum IgG response while intraperitoneal fl agellin injecti on does.16 In 

agreement, no detectable fl agellin-specifi c T-cell acti vati on occurs in the spleen during 

commensal microbial colonizati on at steady state.24 However, intracolonic administrati on 

of fl agellin during transient disrupti on of the epithelial barrier with ethanol does result in 

detectable levels of serum IgG anti bodies to fl agellin.16 Increasing this barrier damage and 

infl ammati on with dextran sodium sulfate concomitant to fl agellin exposure not only raises 

the magnitude of this systemic Ig response16 but also drives a concomitant infl ammatory 

T-cell proliferati on and acti vati on in the spleen.24 Our human data extend these murine 

studies showing that in CD pati ents the frequency of fl agellin-reacti ve T cells in peripheral 

blood correlates with the magnitude systemic anti -fl agellin IgG anti body responses. 

 Our key fi nding that fl agellin-reacti ve CD4+ T cells harbor mixed pro-infl ammatory and 

anti -infl ammatory responses is in line with the general paradigm that harmless exogenous 

anti gens elicit a balanced T-cell response in which regulatory cell populati ons counteract 

infl ammatory cells. Upon loss of intesti nal homeostasis, shift s in this balance due to a 

reduced anti -infl ammatory phenotype appear directly associated to the magnitude of 

IgG anti body formati on to fl agellin. Regarding pro-infl ammatory features, it is interesti ng 

that increased relati ve frequencies of IL-17A and TNFa secreti ng fl agellin-reacti ve T cells 

were observed in CD pati ents with low anti -fl agellin-IgG levels. This result agrees with a 

recent study showing increased IL-17A producti on in IBD pati ents aft er sti mulati on with 

heat-inacti vated bacteria.3 Instead of contributi ng to ti ssue pathology in these CD pati ents, 

these fl agellin-reacti ve CD4+ T cells could possibly promote intesti nal barrier integrity 

through IL-17A and TNFa induced ti ssue repair in these pati ents.3, 25, 26 In depth phenotypic 

analyses of fl agellin-reacti ve CD4+ T cells of a larger CD cohort is needed to investi gate 

this. Regarding anti -infl ammatory features of these cells, the reduced frequencies of IL-

10+ and TIGIT+ fl agellin-reacti ve CD4+ T cells CD pati ents with high anti -fl agellin-IgG are 

remarkable and raise the questi on whether a specifi c reducti on in inhibitory CD4+ T-cell 

responses to fl agellin occurs in these CD pati ents. In these current analyses only a limited 

set of inhibitory T-cell features were assessed. Monitoring expression of other inhibitory 

receptors and Foxp3 expression is desired in future analyses. Despite this, it is of interest 

that TIGIT+ fl agellin-reacti ve T cells appear enriched in IL-10 expression especially as we 

have previously observed that reduced frequencies of TIGIT expressing cells identi fy 

treatment-naive IBD pati ents with reduced durati on of clinical remission during follow 

up.23

 Although the CD154 sti mulati on assay is a very potent tool to assess anti gen-induced 

T-cell acti vati on, a mix of multi ple fl agellins was required to reproducibly detect CD4+ T-cell 

reacti vity in peripheral blood. As such, it is unclear whether the increased frequency 

of fl agellin-reacti ve CD4+ T cells in CD pati ents with elevated anti -fl agellin IgG refl ects 

expansion of cells with defi ned limited TCR-specifi city. A recent study has shown that 

Figure 7. Working hypothesis on the generati on of aberrant adapti ve immune responses to fl agellin. (A) Low 
frequencies of fl agellin-reacti ve CD4+ T cells and low levels of fl agellin-specifi c IgG anti bodies are detectable in 
peripheral blood of healthy humans. Based on data generated in mice, it is thought that these fl agellin-specifi c 
CD4+ T cells are acti vated during gastrointesti nal infecti on and survive long-term as an eff ector memory CD4+ T-cell 
populati on (Hand 2012 Science). As fl agellin-specifi c anti bodies depend on the presence of ab T cells (Sanders 2006 
J Immunol), these T cells promote may plasma cell producti on of fl agellin-specifi c anti bodies. (B) In CD pati ents 
intesti nal infl ammati on causes excessive exposure of intesti nal innate immune cells to common microbial anti gens 
such as fl agellin. Flagellin acti vates innate immune cells through Toll-like receptor 5 (TLR5) leading to NFκB acti vati on 
and pro-infl ammatory cytokine secreti on. The infl ammatory environment could alter the phenotype of fl agellin-
specifi c CD4+ T cells, resulti ng in elevated IL-17A expression. IL-17A is a criti cal driver of neutrophil recruitment 
and contributes to bacterial clearance (Ouyang 2008 Immunity). (C) Pati ents with increased fl agellin-specifi c IgG 
levels have less IL-6 secreti on and NFκB acti vati on in response to fl agellin (Takedatsu 2009 Gut, Shen 2008 IBD). 
This relati ve defect in the innate immune response could lead to an altered acti vati on of fl agellin-specifi c CD4+ T 
cells resulti ng in increased frequencies of fl agellin-specifi c CD4+ T cells with decreased regulatory phenotype and 
elevated levels of fl agellin-specifi c IgG. 
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response. In support of this hypothesis, flagellin-induced IL-6 production by monocytes is 

lower in CD patients with quantitatively higher anti-CBir1 antibody levels.8 Elevated anti-

CBir1 antibody levels are associated with the NFKB1 haplotype (H1) on chromosome 4, 

which results in lower expression of NFκB in EBV transformed B-cell lines generated from 

cells of CD patients.28 Moreover, CD patients with NOD2 variants, resulting in a diminished 

innate response to bacterial muramyl dipeptide (MDP), have increased antibody responses 

to microbial antigens.29 The hypothesis that defective innate responses result in unregulated 

adaptive microbiota-specific adaptive responses is further supported by the high levels of 

anti-microbial antibodies in patients with chronic granulomatous disease (CGD), a primary 

immunodeficiency disorder related to defective microbial killing.30 Together, this suggests 

that decreased NFκB activation in response to bacteria could contribute to upregulated 

adaptive immune response to bacterial antigens in subpopulations of CD patients (see Fig. 

6 for model). In addition to treatment aimed at immunosuppression to maintain disease 

remission, this particular subgroup of CD patients might benefit from agents used to boost 

innate immunity.31, 32

	 In summary, loss of intestinal tolerance as occurs in CD is associated with chronic 

inflammatory T-cell responses to components of commensal bacteria, amongst which the 

major antigen flagellin.5, 6 Although disease in all patients is characterized by a deregulation 

of the mucosal immune response to bacterial proteins, the phenotype of the inflammatory 

T-cell response and the localization of the inflammation can be strikingly different between 

individuals.33 This variability leads to large differences in disease severity and response 

to T-cell suppressive therapies. A better understanding of microbiota-specific T-cell 

responses may help uncover disease provoking immune mechanisms allowing for disease 

classification and treatment strategies to induce long lasting disease remission. We are 

the first to show that elevated levels of IgG antibodies to flagellin are associated with 

the presence of increased frequencies of flagellin-reactive CD4+ T cells in treatment-naive 

CD patients. This finding provides a great technical advance allowing future in depth 

analyses of the precise nature of this T cell-response including T-cell receptor usage, 

clonality, molecular programming and function. Moreover, it can now be pursued how 

the frequency and phenotype of these flagellin-reactive CD4+ T cells relates to response 

to immunosuppressive therapies in larger patient cohorts with detailed information on 

clinical disease and therapy response.  
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S U P P L E M E N TA R Y  D ATA

Table S1. Flagellin represented on the microarray.

Phylum Class Flagellin Protein ID Primary species

Firmicutes Clostridia 3-1-57 Flagellin Lachnospiraceae

Firmicutes Clostridia 14-2† Flagellin from 14-2 isolate Roseburia intestinalis

Firmicutes Clostridia CBir1 Flagellin Butyrivibrio fibrisolvens

Firmicutes Clostridia CBir11 Flagellin Roseburia inulinivorans

Firmicutes Clostridia CBir66 Flagellin Roseburia intestinalis

Firmicutes Clostridia A4 Fla2† Flagellin 2 from A4 isolate Roseburia intestinalis

Firmicutes Clostridia A4 Fla3† Flagellin 3 from A4 isolate Roseburia inulinivorans

Firmicutes Clostridia FlaX*† Flagellin Roseburia inulinivorans

*FlaX is highly homologous to CBir1: 83.5% similarity to CBir1 at the NH2 conserved domain.
†Used for in vitro flagellin stimulations.

Table S2. Selected patients tested with the CD154 approach.

Fla2 Fla3 FlaX 14-2

Positivity cut-off 1532,5 2079,8 4325 6997

UC patients without elevated anti-flagellin antibodies

1 324 1012,5 1255,5 1394,25

2 1201,75 1131,5 1531,75 1335,5

3 215,25 124,5 376,25 310,25

4 457 758,5 610,25 1080,5

CD patients without elevated anti-flagellin antibodies

1 929,25 482 673,5 1335,75

2 611,75 413,5 620,75 885,75

CD patients with elevated anti-flagellin antibodies

1 7067 12918,5 24611,25 20100,25

2 7001,5 14670,5 28369,25 23844,5

3 16278,25 32593,5 49342,5 50068,75

4 2949 6502 13531,25 13641,75
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Table S3. CD154+ T-cell frequency calculati on (used for data in Figure 4C).

C D H C

A Number of sti mulated PBMCs 3000000 3000000

B %CD4+CD3+ T cells in sample (of total) 14,6 4,17

C
Number of sti mulated CD4+ T cells
(= A x B / 100)

438000 125100

D CD154+ events in Fla sti mulated sample 563 3959

E CD154+ events in non-sti mulated sample 524 351

F Number of specifi cally acti vated CD154+ cells
(= D - E)

39 3608

G
% frequency of Fla-reacti ve cells among CD4+ T cells
(= F / C x 100) 0,0089041 2,8840927

PBMC were sti mulated with a mix of recombinant fl agellins  (14-2, Fla2, Fla3 and FlaX; 10 µg/ml) for 7 hours and 
assessed for intracellular expression of CD154. Calculati on for the frequency of fl agellin-reacti ve CD154+ T cells in 
the total circulati ng CD4+ T-cell pool.

Figure S1. CD154 expression detects acti vated CD4+ but not CD8+ T cells. PBMCs were isolated from peripheral 
blood of healthy controls (n=6), treatment-naive pediatric UC pati ents (n=4), and treatment-naive pediatric CD 
pati ents, including CD pati ents with normal levels of anti -fl agellin IgG anti bodies (n=2) and CD pati ents with elevated 
anti -fl agellin IgG anti body responses (n=4). (A) Frequencies of CD154+ cells in CD4+ and CD8+ T cells in cells cultured 
without anti gen. (B) Representati ve dotplots and frequencies of CD154+ cells in CD4+ and CD8+ T cells in cells cultured 
with a mix of recombinant fl agellin anti gens (14-2, Fla2, Fla3 and FlaX; 10 µg/ml) for 7 hours. Contrary to Figure 4C, 
gate frequencies of CD154+ cells are depicted directly. (C) Representati ve dotplots and frequencies of CD154+ cells 
in CD4+ and CD8+ T cells in cells cultured with anti -CD3/CD38 acti vator beads (bead-to-cell rati o=1:2) for 7 hours.
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INTRODUCTION 

Inflammatory bowel disease (IBD) results from aberrant immune responses to 

intestinal microbiota and is maintained by inflammatory CD4+ effector T cells that have 

specificity for microbial antigens and reside in the intestinal lamina propria.1, 2 There is 

a large variability in clinical disease patterns and, despite a growing availability of new 

therapeutic options, 40-50% of the patients suffer from frequent relapses or continuous 

inflammation. Identification of the patient’s underlying immune disease and subsequent 

tailoring of treatment is therefore highly desired. Although genome-wide association 

studies have suggested that genetic control of inflammatory T-cell responses is linked to 

IBD susceptibility3, the functional impact of most key susceptibility genes associated with 

IBD is currently not understood.4, 5 Rare single genetic mutations can predispose to very 

early onset inflammatory bowel disease (VEO-IBD), an IBD-like disease presenting before 

the age of six. Monogenic defects, such as the IL10, IL10R and Foxp3 loss-of-function 

mutations causing VEO-IBD, have uncovered pathways that are essential to prevent 

intestinal inflammation.6, 7 As these monogenic defects fall within inflammatory immune 

networks that overlap with polygenic IBD loci, in depth immunological characterization of 

VEO-IBD patients provides key information to advance IBD patient classification. 

	 One of the key genes shared between IBD susceptibility loci and monogenic VEO-

IBD is the IL2RA gene encoding the interleukin-2 receptor alpha chain (CD25).8 CD25 is 

constitutively expressed by CD4+Foxp3+ regulatory T cells, on a subset of circulating 

CD4+ memory T cells and is rapidly induced on effector CD4+ T cells after T-cell receptor 

signaling.9, 10 CD25 is the low-affinity IL-2 receptor which cannot function independently but 

forms a high-affinity IL-2 receptor when associated with the IL-2Rb and common g chain.11 

Signaling through the IL-2R induces T-cell proliferation and is critical for the development 

and peripheral expansion of CD4+CD25+ regulatory T cells.12, 13 As a result, IL-2 signaling is 

essential for intestinal homeostasis and both Il2ra-/- and Il2-/- mice develop spontaneous 

colitis, the latter with a predominant CD4+ T cell infiltration in the lamina propria.14-16 In 

analogy, the clinical disease in IL2RA deficient patients resembles deficiency in the Foxp3 

gene causing polyendocrinopathy, enteropathy, X-linked (IPEX) syndrome-like disease.8 

Paradoxically, excessive IL-2 signaling can also elicit intestinal disease demonstrated by 

high dose IL-2 in cancer therapy which is associated with gastrointestinal side effects in 

the majority of patients, including nausea, vomiting and diarrhea.17 Moreover, excessive 

CD25 expression occurs in several autoimmune diseases and its inhibition effectively 

blocks clinical and inflammatory disease activity.18, 19 Together, these data argue that 

a balanced IL-2 regulation is pivotal for intestinal homeostasis. However, it is unknown 

how intrinsically high IL-2 signaling would affect intestinal immune responses and to what 

degree it is detrimental for intestinal homeostasis. 

ABSTRACT 

Single genetic mutations predispose to very early onset inflammatory bowel disease (VEO-

IBD). Here, we identify a de novo duplication of the 10p15.1 chromosomal region, including 

the IL2RA locus, in a 2-year-old girl with treatment-resistant pancolitis that was brought 

into remission by colectomy. Strikingly, after colectomy while the patient was in clinical 

remission and without medication, the peripheral blood CD4:CD8 ratio was constitutively 

high and CD25 expression was increased on circulating effector memory, Foxp3+ and 

Foxp3neg CD4+ T cells compared to healthy controls. This high CD25 expression increased 

IL-2 signaling, potentiating CD4+ T-cell derived IFNg secretion after T-cell receptor (TCR) 

stimulation. Restoring CD25 expression using the JAK1/3-inhibitor tofacitinib controlled 

TCR-induced IFNg secretion in vitro. As  diseased colonic tissue, but not the unaffected 

duodenum, contained mainly CD4+ T cells with a prominent IFNg-signature, we anticipate 

that local microbial stimulation may have initiated colonic disease. Overall, we identify 

a novel cause of VEO-IBD and demonstrate that increased IL-2 signaling predisposes to 

colonic intestinal inflammation. 
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CD28 stimulator beads (0.5 bead per PBMC) with or without recombinant human IL-2 (1, 

10 or 100 IU/ml, R&D Systems, Minneapolis, MN, USA) or IL-15 (1, 10 or 100 µg/ml, R&D 

Systems) for the indicated time-points. In some experiments, tofacitinib (Pfizer, New York, 

NY, USA; 200 µM or 1000 µM) was added to the anti-CD3/CD28 stimulated conditions. 

Cells were cultured in Iscove’s modified Dulbecco’s medium (ThermoFisher Scientific) 

supplemented with heat inactivated fetal calf serum, Glutamax (ThermoFisher Scientific), 

2-mercaptoethanol, penicillin and streptomycin.

Flow cytometry.
PBMCs were stained for flow cytometry ex vivo or after in vitro culture using monoclonal 

antibodies against CD3 (UCHT1, BD Biosciences, Franklin Lakes, NJ, USA; HIT3a, Biolegend, 

San Diego, CA, USA), CD4 (SK3, BD), CD8 (SK1, BD), CD38 (HIT2, BD), CD62L (DREG-56, 

Biolegend), CD25 (2A3, BD), CD45RA (HI100, BD), CD45RO/RPE (UCHL1, Agilent, Santa 

Clara, CA, USA), TIGIT (MBSA43, eBioscience, Bleiswijk, the Netherlands) and CCR7 

(15053, R&D Systems). Intracellular staining was performed with the Foxp3 fixation and 

permeabilization staining buffer kit, according to manufacturer’s protocol (eBioscience), 

followed by staining with anti-Foxp3 (236A/E7 or PCH101, eBioscience), anti-Helios 

(22F6, Biolegend) or anti-Ki67 (20Raj1, eBioscience) and the appropriate isotype controls 

(eBioscience). 

	 For intracellular phosphorylated STAT5 staining, PBMCs were rested overnight at 

37°C and stained for anti-CD4 (RPA-T4, BD), pSTAT5 (pY694, BD) or the appropriate isotype 

control according to the manufacturer’s protocol (Alternative protocol 1, Fix-stain-perm, 

BD Phosflow). In several conditions, cells were stimulated with IL-2 (100 IU/ml) for 15 

minutes prior to analysis. Cells were analyzed using the FACS Canto II and FlowJo software 

(BD).

Cytokine and soluble CD25 analysis.
Cytokine concentrations in cell supernatants or plasma were analyzed using an enzyme-

linked immunosorbent assay set for IFNg (eBioscience) according to the manufacturer’s 

instructions. Soluble CD25 levels in plasma were determined using the human CD25/IL-2R 

alpha Quantikine ELISA kit according to the manufacturer’s instructions (R&D Systems). 

Epithelial cell and lamina propria lymphocytes isolation.
A specimen of total intestinal tissue was stored for immunohistochemistry (4% paraffin) 

and RNA isolation (RNA later, Sigma-Aldrich, Zwijndrecht, The Netherlands) prior to 

incubation. Next, total intestinal tissues were incubated in 0.15% dithiothreithol (DTT)/

HBSS for 15 minutes and in 1 mM EDTA/HBSS for 30 minutes at 60 rpm and 37°C. Epithelial 

layers were stored in RA1 with DTT (1:100, Macherey-Nagel, Bethlehem, PA, USA) for RNA 

	 Here, we identify a de novo duplication of the 10p15.1 chromosomal region, 

including the IL2RA gene, in a 2-year-old female patient presenting with therapy-resistant 

VEO-IBD that was brought into remission by subtotal colectomy. Our data demonstrate 

that the patient’s CD4+ T cells exhibit constitutive activation of the IL-2R-pSTAT5 pathway 

leading to hyper-responsiveness of CD4+ effector T cells and predisposing to T-cell driven 

pancolitis. As diseased colonic tissue, but not the unaffected duodenum, contained mainly 

CD4+ T cells with a prominent IFNg signature, we anticipate that local microbial stimulation 

may have initiated colonic disease. These findings shed new light on the role of IL-2 in 

intestinal homeostasis and direct further studies to examine the functional consequences 

of IL2RA genetic variation in IBD patients. 

METHODS

Patients.
Peripheral blood was obtained from the VEO-IBD patient described below, her parents , a 

cohort of VEO-IBD patients (n=9), pediatric-onset IBD (PIBD) patients in clinical remission 

(n=4), pediatric IBD patients with active intestinal inflammation (n=4) and adult healthy 

controls (n=15). Small intestinal and colonic biopsies were obtained from the VEO-IBD 

patient at time of diagnosis. Specimens of resected colonic tissue were obtained from 

the VEO-IBD patient and PIBD patients (n=8) refractory to conventional and biological 

immunosuppressive therapy. The Medical Ethical Committee of the Erasmus University 

Medical Center-Sophia Children’s Hospital Rotterdam approved this study (METC 2007-

335). Written informed consent was obtained from every patient and parents before study 

inclusion.

Genetic analysis.
Targeted next-generation sequencing (TNGS) and whole exome sequencing (WES) were 

performed as described previously.20, 21 Array-comparative genome hybridization (CGH) 

of DNA extracted from peripheral blood cells was performed on an Agilent 60K oligo- 

nucleotide microarray (Agilent Technologies, Santa Clara, California, USA).

 

Cell isolation and cultures.
Venous blood was collected in EDTA tubes and PBMCs were isolated using a Ficoll-Hypaque 

gradient according to standard protocol (Axis-Shield Diagnostics, Dundee,UK). PBMCs 

were labelled with CellTrace Violet (ThermoFisher Scientific, Bleiswijk, the Netherlands) 

and were stimulated with phytohemagglutinin (PHA, 5 µg/ml, ThermoFisher Scientific), 

ConA (10 µg/ml), anti-CD3 (0.5 µg/ml, Sanquin, Amsterdam, the Netherlands) or anti-CD3/
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0.05% Tween-20, pH 8. Antibody incubation was performed overnight at 4°C using anti-

Ki67 (monoclonal rabbit, D2H10, Cell Signaling Technology, Danvers, MA, USA), anti-CD3 

(polyclonal rabbit, DakoCytomation), anti-pSTAT5 (Tyr694, C11C5, monoclonal rabbit, 

Cell Signaling Technology), anti-CD4 (4B12, monoclonal mouse, Thermo Fisher Scientific, 

Waltham, MA, USA), anti-CD8 (SP16, monoclonal rabbit, Thermo Fisher Scientific), anti-IL21 

(polyclonal rabbit, LifeSpan Biosciences) or proper isotype antibodies. Immunoreactive sites 

were detected with biotinylated secondary antibodies using the Vectastain ABC Elite Kit 

(Vector Laboratories, Burlingame, CA, USA) and 3,3’-diaminobenzidine tetrahydrochloride 

(Sigma-Aldrich). Nuclei were counterstained with hematoxylin (Vector Laboratories). For 

immunofluorescence, sections were stained with anti-Ki67 Alexa-488 (rabbit, D3B5, Cell 

Signaling Technology), followed by anti-CD3 (polyclonal rabbit, DakoCytomation) with 

a secondary biotin-labelled goat-anti-rabbit Ab and Streptavidin-DyLight 594 (Vector 

Laboratories). The sections were mounted with medium for fluorescence containing 

4,6-diamidino-2-phenylindole (DAPI, Vector). Images were acquired using a Leica 

DM5500B upright microscope and LAS image acquisition software (Leica Microsystems, 

Rijswijk, The Netherlands).

Statistics.
Significance was determined using Student’s t-test or one-way performed on GraphPad 

Prism 5.0 software (GraphPad Software, La Jolla, CA, USA), as indicated in the figure 

legends. P values of <0.05 were regarded as significant. In case of multiple comparisons, an 

adjusted significance level was used according to the Bonferroni correction (significance 

level = 0.05/number of comparisons).

RESULTS

In a case of VEO colitis, CGH identifies a de novo 374 kb duplication of the 10p15.1 region 
containing  the IL2RA locus.
The patient was a girl who developed acute severe colitis at 2 years of age. She was 

the first child of non-consanguineous Caucasian parents and the only significant family 

history was left-sided ulcerative colitis (UC) of benign course diagnosed in her mother 

at 32 years (figure 1A). The child had no history of recurrent or opportunistic infections 

and diagnostic tests for cow’s milk protein allergy and celiac disease were negative. 

Endoscopic examination showed severe pancolitis with edematous and fragile mucosa and 

multiple erosions and pangastritis of mild intensity. In contrast, esophagus, duodenum, 

jejunum and terminal ileum were macroscopically normal and there were no peri-anal 

or extra-intestinal manifestations. Histology showed chronic active colitis with crypt 

isolation. Intestinal specimens without epithelial fractions were incubated in a digestive 

solution consisting of 10% FCS, 25 mM HEPES, 100 U/ml penicillin streptomycin, 30 μg/

ml gentamycin, 0.5 μg/ml fungizone, 0.1 mg/ml collagenase III and 1 mg/ml DNase for 60 

minutes at 37C. In several experiments, lamina propria lymphocytes (LPL) were stimulated 

for 5 hours with phorbol 12-myristate 13-acetate (PMA, 0.02 μg/ml, Sigma-Aldrich) and 

ionomycin (0.5 μg/ml, Sigma-Aldrich) in the presence of Brefeldin A (3 μg/ml eBioscience) 

for the last 2 hours and subsequently analyzed for intracellular cytokine expression.

RNA isolation and quantitative PCR. 
Total RNA was extracted from total intestinal tissues or epithelial layers using the 

Nucleospin RNA II or XS kit (Macherey-Nagel) and reverse transcribed into cDNA using 

the SensiFAST cDNA synthesis kit (Bioline, London, UK). Real-time quantitative PCR was 

performed using SYBR Green on a AbiPrismR 7900 Sequence Detection system (Applied 

Biosystems, Foster City, CA, USA). The relative expression to GAPDH for each gene was 

measured as 2(−ΔCt). Primer sets used were: 

Gene Forward primer Reverse primer

GAPDH 5’-GTCGGAGTCAACGGATT-3’ 5’-AAGCTTCCCGTTCTCAG-3’

CD3e 5’-GGGCAAGAGTGTGTGAGA-3’ 5’-CGGGAGGCAGTGTTCT-3’

CD4 5’-GGCATCTTCTTCTGTGTCA-3’ 5’-CCTCGTGCCTCAAATG-3’

CD8a 5’-GAACCGAAGACGTGTTTG-3’, 5’-CGCCCCCACTAAAATAAT-3’-3’

HLAE 5’-TCCGAGCAAAAGTCAAAT-3’, 5’-GCCAGGTCAGTGTGATCT -3’

NKG2D 5’-AGCCAGGCTTCTTGTATGT-3’ 5’-TTCCTGGCTTTTATTGAGAT -3’

MICA 5’-ATGGGAATGGAACCTACC-3’ 5’-TCTGCCAATGACTCTGAAG-3’

GZMB 5’-TGGGGAAGCTCCATAAA -3’ 5’-GGGCCTTGTTGCTAGG-3’

PRF1 5’-GAGCCTCGGTGAAGAGA-3’ 5’-GCGCTTGCACTCTGAG-3’

IFNG 5’-CCAGGACCCATATGTAAAAG-3’ 5’-TGGCTCTGCATTATTTTTC -3’

IL21 5’-AAGGCCCAACTAAAGTCAG-3’ 5’-AGGGCATGTTAGTCTGTGTT-3’

CD25 5’-GCCGTCCTGAGAGTGAG-3’ 5’-TTCCCGGCTTCTTACC-3’

IL15RA 5’-GCCGCCAGGTGTGTAT-3’ 5’-TGGTCCCCCAAGTCAC-3’

Immunohistochemistry.
Paraffin embedded biopsies were sectioned, deparaffinized, and endogenous peroxidase 

activity was quenched with 3% H2O2 in PBS for 20 min. Antigen retrieval was performed 

by microwave treatment in citrate buffer (10 mM, pH 6.0) or EDTA buffer (1 mM, pH 8.0). 

The sections were blocked for 1h in 10% normal human serum plus 10% normal goat, 

rabbit or horse serum diluted in 10 mM Tris, 5 mM EDTA, 0.15 M NaCl, 0.25% gelatin, 
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As her disease was refractory to standard immunosuppressive-, immunomodulatory-, 

and biological therapy, subtotal colectomy with temporary ileostomy was performed 

one year after initial diagnosis, followed 12 months later by proctectomy and ileoanal 

pouch anastomosis. Subtotal colectomy resulted in drastic clinical improvement without 

further need for immunosuppressive therapy (figure 1A). After surgery and without 

immunosuppression, the patient displayed a high CD4:CD8 ratio in peripheral blood when 

compared to age-matched VEO-IBD patients (figure 1C) and to an age-matched reference 

population, despite normal absolute number of lymphocytes.22 The patient’s clinical 

course and time points at sample collection are depicted in figure 1A and Table 1. 

	 To identify a possible underlying genetic defect, the patient was screened for known 

mutations associated with VEO-IBD using targeted next-generation sequencing (TNGS) as 

described.21 DNA from the patient and both parents were next analyzed by whole exome 

sequencing (WES, figure S1A). TNGS and WES failed to reveal any single gene mutation. Yet, 

increased DNA copy number was suggested by an excess in the number of reads derived 

from IL2RA encoding exons in the patient compared to other individuals simultaneously 

tested by TNGS or compared to the parents in WES analysis. Further analyses using array 

comparative genome hybridization (CGH, figure S1B), revealed a 374 kb duplication of the 

10p15.1 chromosomal region, including the IL2RA and IL15RA genes (figure 1D, Table 2). 

CGH analyses were normal in both parents, confirming the de novo origin of the duplication. 

Table 1. Time points of sample collection.

Visit Sample collection 
(peripheral blood and 
intestinal tissue)

Treatment CRP 
(mg/L)

Calprotectin 
(ug/g)

PUCAI

February 
2015

S0 Presentation with severe 
acute colitis. Diagnostic 
endoscopy with biopsies in 
small intestine and colon.

No treatment 19 2861 55

August 
2015

S1 Persistent disease activity 
using infliximab 10 mg/
kg every 4 weeks and 
azathioprine 25 mg/day. 
Received blood sample.

Infliximab 5 mg/kg/day 
per 4 weeks, 
Azathioprine 1dd30mg, 
Allopurinol 1dd50mg, 
Cholecalciferol 1dd800IE, 
Omeprazol 1dd10mg, 
Cotrimoxazol 1dd30mg

< 3 ND 45

December
2016

S2 Subtotal colectomy with 
ileostoma. Received blood 
sample and intestinal tissue 
of patient.

Infliximab 5 mg/kg/day per 
4 weeks (last infusion on 
21st of December 2015), 
Azathioprine 1dd30mg, 
Allopurinol 1dd50mg, 
Cholecalciferol 1dd800IE, 
Omeprazol 1dd10mg, 
Vancomycin 2dd250mg, 
Gentamicin 2dd50mg

209 ND 55

January 
2017

S3 Closure of double-barreled 
ileostomy, one month 
protectomy and ileoanal 
pouch anastomosis. No 
symptoms of intestinal 
disease. Received blood 
samples of patient and 
parents.

No immunosuppressive 
treatment.  
No recent antibiotic use.

ND ND 0

August 
2017

S4 Regular visit at outpatient 
clinic. No symptoms of 
intestinal disease. Received 
blood samples of patient 
and parents.

No immunosuppressive 
treatment.  
No recent antibiotic use.

ND ND 0

Abbreviations: CRP, C-reactive protein; PUCAI, pediatric ulcerative colitis activity index; ND, not determined.

architectural distortion, destructive cryptitis and crypt abscesses (figure 1B, left panel) and 

immunohistochemisitry revealed an important lymphocytic infiltrate containing CD4+ but 

almost no CD8+ cells (figure 1B, right panel). Ileal biopsies at diagnosis showed a mixed 

inflammatory infiltrate and cryptitis that, in contrast to the colonic inflammation, resolved 

during immunosuppressive treatment. At diagnosis and before start of immunosuppression, 

leukocyte count and absolute number of T, NK and B lymphocytes in peripheral blood 

were within normal range.22 Serum concentrations of immunoglobulins were also normal. 

Table 2. Genes involved in duplication on the 10p15.1 chromosomal region.

Gene symbol Gene name Function

IL2RA IL-2 receptor alpha  subunit The IL-2 receptor alpha (IL2RA) and beta 
(IL2RB) chains, together with the common 
gamma chain (g), constitute the high-affinity 
IL-2 receptor.

IL15RA IL-15 receptor alpha subunit The IL-15 receptor alpha subunit specifically 
binds interleukin 15 (IL-15) with high affinity. 
The receptors of IL15 and IL2 share two 
subunits, IL2R beta and common g chain.

FBXO18 F-box protein, helicase 18 Constitutes one of the four subunits of 
an ubiquitin protein ligase complex called 
SCFs (SKP1-cullin-F-box), which function in 
phosphorylation-dependent ubiquitination. 

ANKRD16 Ankyrin repeat domain-16 An ANK repeat is a protein containing at 
least one ANK repeat, a conserved domain 
of approximately 33 amino acids, that was 
originally identified in ankyrin.
Associated with protein-protein interactions.

RBM17 RNA binding motif protein 17 Part of spliceosome complex and functions in 
the second catalytic step of mRNA splicing.
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 To defi ne whether increased IL2RA and/or IL15RA expression may play a role in the 

pati ent’s intesti nal disease, mRNA expression was compared in colonic ti ssue resected 

from the pati ent and from treatment-resistant PIBD pati ents. Strikingly, IL2RA (fi gure S1C) 

but not IL15RA (fi gure S1D) mRNA expression was elevated in the pati ent’s colonic ti ssue 

compared to PIBD controls. We therefore focused our analyses on the possible role of IL-

2R in modulati ng immune functi on and promoti ng colonic infl ammati on in the pati ent.

Duplicati on of the IL2RA locus is associated with increased CD25 expression and 
acti vati on of the IL-2 pathway in peripheral CD4+ T cells. 
As IL-2 has important roles in T-cell survival and proliferati on23-25, we hypothesized that 

the observed duplicati on may potenti ate T-cell acti vati on. Flow cytometric analysis of 

peripheral blood cells was fi rst performed one year aft er colectomy, when the child was 

in clinical remission and without medicati on (fi gure 1A, visits S3-S4). While there was no 

change in the frequency of CD25+ T cells (fi gure S2A), the mean fl uorescence intensity of 

CD25 was signifi cantly increased in CD4+ and CD8+ T cells from the pati ent compared to 

T cells from her parents and healthy adult individuals (fi gure 1E, left  panel, and S2B). In 

parti cular, CD25 expression was increased on circulati ng eff ector memory CD4+ T cells 

compared to central memory and naive CD4+ T cells from the pati ent (fi gure 1E, right 

panel). In contrast, CD25 expression did not diff er between naive, eff ector memory and 

central memory CD4+ T cells from the pati ent’s parents and adult healthy individuals (data 

not shown). In the pati ent, CD25 expression was also increased on circulati ng regulatory 

CD4+Foxp3+ T cells and non-regulatory CD4+Foxp3neg T cells compared to controls (fi gure 

1F), but the frequency of regulatory CD4+Foxp3+ T cells remained unchanged (fi gure S2C). 

Altogether, these data suggested that the pati ent’s T cells may overexpress CD25 aft er 

anti gen sti mulati on. In line with these results, high concentrati ons of soluble CD25 were 

detected in the pati ent’s plasma at multi ple visits, including aft er colectomy when the 

pati ent was free of clinical symptoms and without medicati on (fi gure S2D, visits S1-S3). 

 One major signaling cascade downstream IL-2 involves the acti vati on of Janus 

kinase 3 (JAK3) and the subsequent phosphorylati on of signal transducer and acti vator 

of transcripti on 5 (STAT5).11 Therefore, to assess whether increased CD25 expression was 

associated with enhanced IL-2 signaling in the pati ent’s T cells, STAT5 phosphorylati on 

was compared in peripheral blood CD4+ T cells from the pati ent (visit S3) and from 

pediatric IBD pati ents with acti ve intesti nal infl ammati on (“PIBD infl ammati on”) or 

in clinical remission (“PIBD remission”). A fracti on of circulati ng CD4+ T cells from 

the pati ent was acti vated as evidenced by their increased STAT5 phosphorylati on 

compared to circulati ng CD4+ T cells from pediatric IBD pati ents at baseline (fi gure 1G). 

Moreover, STAT5 phosphorylati on aft er a 15-minute sti mulati on with exogenous IL-2 was 

signifi cantly increased in the pati ent’s CD4+ T cells compared to T cells from PIBD controls 

Figure 1. A 374 kb duplicati on on 10p15.1 including the IL2RA locus leads to intrinsically increased CD25 and 
enhanced IL-2 signaling in CD4+ T cells. (A) Timeline depicti ng the pati ent’s clinical course and ti me points of sample 
collecti on (denoted as visits S0-S4). PUCAI, pediatric ulcerati ve coliti s acti vity index. (B) H&E staining on paraffi  n-
embedded colonic ti ssue at ti me of diagnosis (left , ti me point S0) and immunohistochemical detecti on of CD4 and 
CD8 in paraffi  n-embedded resected colonic ti ssue (right, ti me point S2). (C) Flow cytometric analysis of CD4:CD8 rati o 
in peripheral blood of the pati ent, her parents (ti me points S3 and S4) and VEO-IBD pati ents (n=9). Median (5th to 95th

percenti les) for the 2-5 year age category is 1.6 (0.9-2.9).1 (D) Localizati on of the pati ent’s duplicati on on chromosome 
10. (E-G) Flow cytometric analysis of CD3, CD4, CD38, CD62L, CD45RA, CCR7, CD25, Ki67 and/or Foxp3 expression 
was performed on peripheral blood from the pati ent, her parents (ti me points S3 and S4) and healthy adult controls 
(HC, n=4). (E) CD25 expression (MFI) on total CD4+ T cells (left ) and on eff ector memory (CD45RAnegCCR7neg), central 
memory (CD45RAnegCCR7+) and naive (CD45RA+CCR7+) CD4+ T cells in the pati ent (right). (F) CD25 expression on 
regulatory Foxp3+CD4+ T cells and Foxp3negCD4+ T cells. (G) PBMCs of the pati ent, PIBD pati ents with acti ve intesti nal 
infl ammati on (n=3) and PIBD pati ents in remission  (n=3) were sti mulated with IL-2 (100 IU/mL) for 15 min followed 
by quanti fi cati on of STAT5 phosphorylati on (pY694) in CD4+ cells by fl ow cytometry (visit S3). *p<0.05, **p<0.01, 
***p<0.001 using one-way ANOVA followed by the Bonferron’s Multi ple Comparison Test.
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Duplication of the IL2RA locus causes

excessive IL-2 signaling and predisposes to 

very early onset colitis

anti genic sti mulati on and license the expansion of peripheral T cells initi ally acti vated in 

the anti gen-rich intesti nal environment.  

Colonic CD4+ IEL and LPL of the pati ent with IL2RA duplicati on show increased 
proliferati on and acti vati on compared to T cells of treatment-resistant pediatric-onset 
IBD pati ents. 
To investi gate whether and how increased T-cell responsiveness to IL-2 may predispose 

to colonic infl ammati on, T-cell infi ltrati on and acti vati on were compared in colonic 

ti ssue resected from the pati ent with the IL2RA duplicati on and from 8 pediatric-onset 

(fi gure 1G). Overall, these data led us to conclude that de novo duplicati on of IL2RA gene 

promoted CD25 expression on circulati ng eff ector memory CD4+ T cells and enhanced 

their responsiveness to IL-2.

CD4+ T cells of the pati ent with duplicati on of IL2RA display increased responsiveness to 
TCR sti mulati on.
As indicated above, cellular infi ltrati on in the infl amed colon of the pati ent consisted 

predominantly of CD4+ T cells (Figure 1B), suggesti ng that enhanced IL-2 responsiveness 

may preferenti ally promote expansion of CD4+ T cells of mucosal origin. Analyses of CFSE 

diluti on demonstrated that pati ent CD4+ T cells contained a signifi cantly higher frequency 

of spontaneously dividing cells than CD4+ T cells from controls (fi gure 2A). Moreover, 

the pati ent’s CD4+ T-cell proliferati on remained enhanced upon anti -CD3 and anti -CD3/

CD28 acti vati on (fi gure 2A). To investi gate whether the increased CD4:CD8 rati o observed 

the in peripheral blood may indeed refl ect the expansion of mucosal CD4+ T cells, we 

analyzed expression of the proliferati on marker Ki67 in CD62LnegCD38+CD4+ T cells which 

are enriched in gut-homing T cells specifi c for mucosal anti gens26. In keeping with our 

hypothesis, circulati ng CD62LnegCD38+CD4+ T cells, but neither total CD4+ T cells nor 

CD62LnegCD38negCD4+ T cells, contained higher frequencies of proliferati ng Ki67+ cells in 

the pati ent than in controls (fi gure 2B). We therefore concluded that the increased Ki67 

expression likely refl ected enhanced in vivo proliferati ve rate of CD4+ T cells of mucosal 

origin.

 We next examined whether the increased proliferati ve rate of circulati ng CD4+ T cells 

in the pati ent with ILR2A duplicati on may be explained by their enhanced responsiveness 

to IL-2. In the absence of TCR ligati on, additi on of exogenous IL-2 induced a comparable 

increase in CD25 expression in CD4+ and CD8+ T cells from the pati ent and from controls 

(data not shown). However, following ligati on of CD3, IL-2 signifi cantly potenti ated more 

CD25 upregulati on in CD4+ T cells from the pati ent than from controls (fi gure 2C). Moreover, 

a low concentrati on of exogenous IL-2 (10 IU/ml) was suffi  cient to cause a strong increase 

in CD25 expression in CD3-sti mulated CD4+ T cells from the pati ent (fi gure 2C). Ligati on of 

CD3 together with CD28 also caused a more pronounced up-regulati on of CD25 in CD4+

T cells from the pati ent than from controls (fi gure 2D). Of note, percentages of live cells 

were similar between pati ent and control cell cultures (data not shown). Comparable 

results were observed in CD8+ T cells but the diff erences between pati ent and control cells 

were less prominent (fi gure S3), a result agreeing with the higher absolute numbers of 

CD4+ T cells in all culture conditi ons (data not shown) as well as in vivo in peripheral blood 

and colonic ti ssue of the pati ent.

 Taken together, these data show how increased T-cell responsiveness to IL-2 in the 

pati ent with IL2RA duplicati on can amplify the proliferati ve response of CD4+ T cells to 

Figure 2. CD25 overexpression is associated with increased response to IL-2. (A) Pati ent PBMCs (visits S3 and 
S4) and healthy adult control (n=4) were sti mulated with anti -CD3 (500 ng/ml) or anti -CD3/CD28 beads (bead-to-
cell rati o 1:2) for 48 hours. Percentage of proliferati ng CD4+ T cells was analyzed by CellTrace Violet diluti on. (B)
Frequencies of Ki67+ cells gated on CD4+ T cells, CD62LnegCD38+CD4+ T cells and CD62LnegCD38negCD4+ T cells. Data 
are mean ± SD (pati ent) or mean ± SEM (healthy adult controls, n=10).  (C) PBMCs were sti mulated with anti -CD3 
(500 ng/ml) in the absence or presence of IL-2 (1, 50 or 100 IU/ml). Aft er 48h, CD3, CD4 and CD25 expression 
was determined by fl ow cytometry. (D) PBMCs were sti mulated with anti -CD3/CD28 beads (bead-to-cell rati o 1:2). 
CD25 expression on CD4+ T cells was analyzed at 48 hours. Data are mean ± SD (pati ent) or mean ± SEM (healthy 
adult controls, n=4). Representati ve of two independent experiments (ti me points S3 and S4); N.s., not signifi cant, 
*p<0.05, **p<0.01, ***p<0.001 using one-way ANOVA followed by the Bonferron’s Multi ple Comparison Test.
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Duplication of the IL2RA locus causes

excessive IL-2 signaling and predisposes to 

very early onset colitis

treatment-resistant IBD pati ents (4 ulcerati ve coliti s (UC) pati ents, 4 Crohn’s disease (CD) 

pati ents, denoted as “PIBD resecti on controls”). In the pati ent, colonic infl amed biopsies 

were also compared to non-infl amed duodenal ti ssue obtained during initi al assessment 

at diagnosis.

 As already indicated and as depicted in fi gures 1B, the pati ent’s colon was strongly 

infi ltrated by CD3+ T cells in both lamina propria and epithelium (fi gure 3A). In order to 

precisely compare the density and nature of the colonic T-cell infi ltrate in the pati ent and 

in the infl amed controls, mRNA encoding CD3, CD4 and CD8 were quanti fi ed by RT-PCR. 

Expression of CD3 and CD4 but not CD8 mRNA was strikingly higher in whole colonic ti ssue 

derived from the pati ent than from PIBD resecti on controls (fi gure 3B). Comparable results 

were obtained when mRNA was extracted from the epithelial layer (fi gure 3C), which 

normally contains predominantly CD8+ T cells27, sustaining evidence that CD4+ T cells were 

more parti cularly prone to expand in the pati ent. Accordingly, immunohistochemistry 

showed a marked increase in the number of proliferati ng Ki67+CD3+ T cells in the lamina 
propria and epithelium of the pati ent’s colon compared to infl amed colon resected 

from PIBD controls (fi gure 3D, S4A-C). Flow cytometry further indicated that most Ki67+

lamina propria lymphocytes (LPL) isolated from the pati ent’s colon were CD4+ (fi gure 3E). 

Consistent with the hypothesis that proliferati on of colonic T cells resulted from their 

increased responsiveness to IL-2, many CD4+ but no CD8+ colonic LPL from the pati ent 

expressed CD25 (fi gure 3E). Moreover, multi ple clusters of cells displaying nuclear pSTAT5 

were observed in the pati ent’s colon while they were rare in colonic ti ssues resected from 

PIBD controls (fi gure 3F, S4B-C). Of note, the number of proliferati ng CD3+Ki67+ cells and 

pSTAT5+ cells was very low in the histologically normal duodenum of the pati ent (fi gure 3D, 

S4D), suggesti ng that expansion of colonic T cells may be driven by the microbiota that is 

considerably more abundant in the distal intesti ne than in duodenum. 

 In order to defi ne how the CD4+ T cells, which proliferate in the pati ent’s colon, may 

contribute to ti ssue damage, we next examined mRNA expression of eff ector molecules 

and infl ammatory cytokines. Confi rming the lack of colonic CD8+ T-cell acti vati on, there 

was no change in the amounts of mRNA encoding Natural Killer Group 2D (NKG2D), a NK 

receptor expressed by CD8+ IEL, nor in mRNA encoding granzyme B (GZMB1) and perforin 

(PRF1), two eff ector molecules mediati ng the cytolyti c capacity of IEL, in the pati ent when 

compared to PIBD controls (data not shown). Also, very few IL-17+ cells were detected in 

the pati ent’s aff ected colonic ti ssue (data not shown). In contrast, IFNG and IL21 mRNA 

were increased in the infl amed colonic ti ssue of the pati ent compared to infl amed PIBD 

resecti on controls (fi gure 3G, S5A-B) and numerous T-bet+ and IL-21+ cells were detected 

by immunohistochemistry in the lamina propria and epithelial layer of the colon (but not 

of duodenum; fi gure 3H, S5C). In agreement, IFNg+- and IL-21+ were detectable by fl ow 

cytometry in lamina propria CD4+ T cells isolated from the pati ent’s colon (fi gure S5D). 

Figure 3. Increased proliferati on and acti vati on of colonic CD4+ IEL and LPL in the pati ent with IL2RA duplicati on 
compared to treatment-resistant pediatric-onset IBD. (A, F, H) Representati ve immunohistochemical staining for 
CD3, pSTAT5 and Tbet in paraffi  n-embedded resected infl amed colonic ti ssue (visit S2) and paraffi  n-embedded 
ti ssue of the unaff ected duodenum at ti me of diagnosis (visit S0). (B) CD3, CD4 and CD8 mRNA and (G) IFNG mRNA 
expression in total resected colonic ti ssue of the pati ent and PIBD controls. (C) CD3, CD4 and CD8 mRNA and (I)
HLAE mRNA expression in the epithelial layer isolated from resected colonic ti ssue of the pati ent and PIBD controls. 
(D) Representati ve immunofl uorescent double staining of paraffi  n-embedded resected colonic ti ssue of the pati ent. 
Green=Ki67, red=CD3, blue=4’,6-diamidino-2-phenylindole (DAPI) nuclear staining. (E) LPL were isolated from 
infl amed colonic ti ssue of the pati ent. Frequencies of CD4+ and CD8+ cells in live CD3+ LPL, and Ki67 and CD25 
expression by CD4+ and CD8+ LPL were analyzed by fl ow cytometry. 
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Increased IL-2 signaling enhances TCR-driven IFNg producti on in CD4+ T cells of the 
pati ent and this eff ect is reversed by JAK1/3 inhibiti on.
To assess if this high IFNg response was related to the increased CD25 expression and IL-2 

signaling observed in the pati ent’s T cells, we next compared the eff ect of IL-2 on IFNg

producti on in PBMC from the pati ent and from controls. A signifi cant enhancing eff ect 

of IL-2 on the frequency of IFNg-producing CD4+ T cells was observed in the pati ent’s 

PBMC sti mulated with anti -CD3, but not in control PBMC (fi gure 4A). Along the same 

line, exogenous IL-2 potenti ated the secreti on of IFNg induced by CD3 or anti -CD3/CD28 

sti mulator beads in PBMC of the pati ent but not of controls (fi gures 4B, 4C). To further 

demonstrate the role of IL-2 signaling in potenti ati ng IFNg secreti on by pati ent’s T cells, 

we used the JAK1/3 inhibitor tofaciti nib to inhibit IL-2 signaling. As shown in fi gure 4D, 

tofaciti nib restored normal CD25 expression (fi gure 4D) and signifi cantly reduced IFNg

secreti on by pati ent CD4+ T cells (fi gure 4E). This result was achieved at subopti mal 

concentrati on of tofaciti nib (200 nM), which had no eff ect on IFNg secreti on by control 

PBMC (fi gure 4E). A higher concentrati on of tofaciti nib (1000 nM) equally reduced IFNg

secreti on in PBMC from healthy controls and from the pati ent (fi gure 4E). These data 

support the view that the enhanced IFNg response observed in the pati ent’s colon resulted 

from increased CD25 expression and subsequent enhanced IL-2 signaling.28, 29

DISCUSSION

To our knowledge, this is the fi rst descripti on of a pati ent with an IL2RA locus duplicati on 

presenti ng with treatment-resistant coliti s at 2 years of age. The pati ent’s colon, but not 

the unaff ected small intesti ne was infi ltrated with proliferati ng CD3+, predominantly CD4+

T cells, and contained numerous T-bet+ cells expressing high levels of IFNG mRNA. Aft er 

subtotal colectomy and during complete clinical disease remission, CD25 expression was 

increased in circulati ng eff ector memory CD4+ T cells and on-going acti vati on of peripheral 

CD4+ T cells was evidenced by increased STAT5 phosphorylati on and proliferati on. In 

keeping with their enhanced expression of CD25, peripheral CD4+ T from the pati ent 

showed increased responsiveness to IL-2, which potenti ated their producti on of IFNg  aft er 

TCR sti mulati on. Conversely, inhibiti ng IL-2 signaling with the JAK1/3 inhibitor tofaciti nib 

restored normal CD25 expression and ablated TCR-induced IFNg secreti on in pati ent’s T 

cells. Altogether, these results indicate that duplicati on of the IL2RA gene causes increased 

upregulati on of CD25 in acti vated CD4+ T cells, which, as a consequence, undergo excessive 

sti mulati on in the anti gen-rich environment of the colon and induce infl ammati on. 

 Our results showing that duplicati on of the IL2RA locus potenti ates CD25 expression 

and IL-2 signaling are reminiscent of previous reports showing that CD25 surface 

Figure 4. Increased IL-2 signaling enhances IFNg producti on and is reversed by JAK1/3 inhibiti on. (A-C) PBMCs 
of the pati ent and healthy adult controls were sti mulated with anti -CD3 (500 ng/ml) or anti -CD3/anti -CD28 beads 
(bead-to-cell rati o 1:2) in the absence or presence of IL-2 (1, 50 or 100 IU/ml) for 48 hours. (A) Percentage of IFNg-
expressing CD4+ T cells were analyzed by fl ow cytometry. (B) IFNg secreti on by pati ent cells was analyzed using ELISA. 
(C) IFNg response of pati ent and healthy adult donors are shown. The relati ve increase in IFNg secreti on between 
anti -CD3/CD28 and cultures with IL-2 is shown (considering the percentage of cytokine secreti on upon anti -CD3/
CD28 sti mulati on as 100%). (D-E) PBMCs of the pati ent and healthy adult controls were sti mulated with anti -CD3/
anti -CD28 beads (bead-to-cell rati o 1:2) in the absence or presence of tofaciti nib (200 nM or 1000 nM) for 48 hours. 
(D) CD25 expression  on CD4+ T cells was analyzed by fl ow cytometry. (E) Supernatants were assayed for IFNg using 
an ELISA. The relati ve diff erence in IFNg secreti on between anti -CD3/CD28 and cultures with tofaciti nib is shown 
(considering the percentage of cytokine secreti on upon anti -CD3/CD28 sti mulati on as 100%). Data are mean ± SD 
(pati ent) and mean ± SEM (adult healthy controls, n=4); N.s., not signifi cant, *p<0.05, **p<0.01, ***p<0.001 using 
one-way ANOVA followed by the Bonferron’s Multi ple Comparison Test.

Finally, mRNA encoding the non-classical MHC-I molecule HLAE (fi gure 3I), was higher in 

the pati ent’s colonic epithelial layer compared to pediatric IBD controls, likely refl ecti ng 

the increased local producti on of IFNg. 

 Altogether, these data indicated that increased T-cell responsiveness to IL-2 in the 

pati ent with IL2RA duplicati on licensed expansion and acti vati on of colonic CD4+ T cells 

expressing T-bet and secreti ng large amounts of IFNg and IL-21.

Figure 4.
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high avidity and does not require IL-15RA for downstream activation of the JAK/STAT 

pathway and IL-15Ra seems mainly involved in vivo in the transpresentation of IL-15/IL-

15Ra complexes to lymphocytes.36

	 Phenotypic stratification of the clinically heterogeneous group of pediatric IBD 

patients on the basis of their underlying disease mechanisms is pivotal to enable targeted 

therapy. Although, the here discovered pattern of hyper-CD25 associated inflammation 

was not dominant in the eight control pediatric-onset IBD patients used in this study, 

future studies are aimed to identify IBD patients with a similar pattern of hyper-IEL, 

IFNg and pSTAT5 positive lesions. This may uncover a specific subgroup of patients with 

predominant CD4+ T-cell driven disease, who might benefit from IL-2/IL-2R signaling 

targeting therapies.

	 Taken together, our data show how increased CD25 expression and enhanced IL-2 

signaling can predispose to colonic inflammation and identify a novel mechanism of 

monogenic form of IBD. These findings contrast with the severe autoimmune enteropathy 

that can develop in patients lacking CD258 and highlight the importance of tightly controlled 

of IL-2 signaling to preserve intestinal homeostasis.
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expression on memory T cells is variable and can be correlated with haplotypes of the 

IL2RA region, conferring susceptibility to type I diabetes and multiple sclerosis.30 Along the 

same line, susceptibility to UC and CD associates with single nucleotide polymorphisms 

(SNPs) in the IL2RA locus3 although quantitation of CD25 surface expression on CD4+ T cells 

of individuals bearing this IBD-associated SNP has not yet been reported. Understanding 

the functional consequences of genetic variation in the IL2RA locus in IBD and determining 

associating disease patterns and therapy responsiveness may therefore have relevance for 

IBD. 

	 As subtotal colectomy has now effectively induced clinical remission in the patient 

for more than 27 months without further need of medication but did not correct the 

increased levels of CD25 on T cells, we conclude that the IL2RA locus duplication alone 

is not sufficient to drive disease. As development of the microbial-host mutualism is a 

key immunological process in the intestine at young age, we anticipate that microbial 

stimulation and subsequent antigenic triggering of T cells may have initiated colonic 

disease. Accordingly, the diseased colon contained many proliferating CD3+Ki67+ cells 

with increased STAT5 phosphorylation, which were absent in the duodenum where 

the concentration in bacteria is considerably less. Despite elevated CD25 expression on 

both CD4+ and CD8+ T cells, infiltration of the colonic mucosa was dominated by CD4+ 

T cells, further suggesting that microbiota-derived antigen may have triggered disease. 

Supporting this hypothesis, anti-microbial antibodies with a wide range of specificity were 

detectable in the patient’s plasma (data not shown). Interestingly, the cellular infiltrate 

in the affected colonic tissue comprised many T-bet+, IFNg+ and IL-21+ cells, but only very 

few IL-17+ cells. These observations are in line with previous studies demonstrating that 

IL-2 signaling supports Th1 responses, induces Tbx21 and IFNg28, 31 but may inhibit Th17 

responses.32, 33 

	 The patient’s duplication consisted of a 374 kb genomic segment including the 

IL2RA gene, the IL15RA gene and three additional genes (see Table 2 for all genes and 

their functions contained in the duplication). To date, none of the additional three genes 

(FBXO18, ANKRD16 and RBM17) have been reported to be involved in immune responses. 

In contrast, it cannot be formally excluded that, besides functional changes in the 

CD25 pathway, increased IL-15 signaling may have participated in the patient’s disease. 

However, no enhanced IL15RA mRNA could be detected in the inflamed colon compared 

to PIBD controls and cell numbers of leukocyte populations preferentially maintained by 

IL-15, such as NK cells and CD8+ memory T cells34, 35, were increased neither in the patient’s 

peripheral blood nor in colonic tissue. Moreover, in vitro stimulation assays with IL-15 

did not reveal increased IL-15 receptor function. Of note, IL-15 signaling in T cells mainly 

depends on a signaling module consisting of the IL-2Rb chain and of the common g chain 

that are shared with IL-2. Yet, and in contrast with IL-2, IL-15 binds the bg
c complex with 
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Figure S1. 

Figure S2. Frequencies of CD25+CD4+ T cells, Foxp3+CD4+ T cells and soluble CD25 concentrati ons in pati ent 
and controls. (A-C) Flow cytometric analysis of CD3, CD4, CD8, CD62L, CD38, CD25 and/or Foxp3 expression was 
performed on peripheral blood from adult healthy controls (HC, n=4), VEO-IBD pati ents (n=9), the pati ent and her 
parents (ti me points S3 and S4). (A) Frequencies of CD25+ cells gated on total circulati ng CD4+ T cells. (B) CD25 
expression (MFI) on total circulati ng CD8+ T cells. (C) Frequencies of regulatory CD4+Foxp3+ T cells in peripheral 
blood. (D) Plasma concentrati ons of soluble CD25 in adult healthy controls, pediatric healthy controls, PIBD pati ents 
with intesti nal infl ammati on (n=8) and VEO-IBD pati ents (n=9). N.s., not signifi cant, *p<0.05, **p<0.01, ***p<0.001 
using one-way ANOVA followed by the Bonferron’s Multi ple Comparison Test. PIBD, pediatric-onset IBD.
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Figure S1. Identi fi cati on of a 374 kb duplicati on on 
10p15.1 including the IL2RA locus. (A) Whole exome 
sequencing analysis revealed >170,000 single nucleoti de 
variants (SNVs). Filtering of SNVs is shown. First, rare 
(with a frequency of less than 1% in public databases) 
and coding variati ons (aff ecti ng exons or essenti al splicing 
site) that were predicted to be damaging for the protein 
functi on by at least one algorithm were selected. Then, 
inheritance disease modes were applied and candidate 
genes were screened regarding protein functi on. All 
in all, no disease causing mutati ons were identi fi ed. 
(B) Cytogeneti c analysis performed on peripheral 
lymphocytes. Array-CGH profi le showing the 10p15.1 
duplicati on (log2 rati o=+0.5). (C) Relati ve CD25 mRNA 
and (D) IL15RA mRNA expression in total resected colonic 
ti ssue of the pati ent and PIBD pati ents (n=8).
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Figure S3. Frequencies of proliferati ng CD8+ T cells and CD25 expression on CD8+ T cells aft er TCR-ligati on in 
combinati on with increasing doses of exogenous IL-2. (A) Healthy adult control and pati ent PBMCs (visits S3 and 
S4) were sti mulated with anti -CD3 (500 ng/ml) or anti  CD3/anti -CD28 beads (bead-to-cell rati o 1:2) for 48h. (A)
Percentage of proliferati ng CD8+ T cells was analyzed by CellTrace Violet diluti on. (B) PBMCs were sti mulated with 
anti -CD3 (500 ng/ml) in the absence or presence of IL-2 (1, 50 or 100 IU/ml). Aft er 48h, cells were stained for CD3, 
CD8 and CD25 and analyzed by fl ow cytometry. (C) PBMCs were sti mulated with anti -CD3/CD28 beads (bead-to-cell 
rati o 1:2). CD25 expression on CD8+ T cells was analyzed at 48h. Data are mean ± SD (pati ent) or mean ± SEM (healthy 
adult controls, n=4). Representati ve of two independent experiments (ti me points S3 and S4); N.s., not signifi cant, 
*p<0.05, **p<0.01, ***p<0.001 using one-way ANOVA followed by the Bonferron’s Multi ple Comparison Test.
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Figure S5. IL-21+ and IFNg+ cells in infl amed pati ent colonic ti ssue. (A) IFNG mRNA expression in epithelial layers 
isolated form resected colonic ti ssue in the pati ent and PIBD pati ents. (B) IL21 mRNA expression in total resected 
colonic ti ssue of the pati ent and PIBD pati ents. (C) Representati ve immunohistochemical staining for IL-21 in 
paraffi  n-embedded resected infl amed colonic ti ssue (visit S2). (D) LPL were isolated from pati ent infl amed colonic 
ti ssue and sti mulated with PMA (0.02 μg/ml) and ionomycin (0.5 μg/ml). Frequencies of IL-21+ and IFNg+ cell in CD3+

LPL were analyzed by fl ow cytometry. 
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I N T R O D U C T I O N 

The incidence of pediatric-onset inflammatory bowel disease (PIBD) has risen significantly 

in the past two decades in Europe and North America1-3 and PIBD is becoming more 

prevalent in the rest of the world.4 PIBD is characterized by extensive intestinal 

involvement and rapid disease progression.5-7 Consequently, it is often accompanied by 

severe complications, such as growth failure and need for bowel surgery.8 In addition, the 

longer disease duration, frequently combined with a more extensive and severe colitis, 

puts PIBD patients at a higher risk for developing colorectal cancer (CRC) than adult-onset 

IBD patients.9 Even after adjusting for extent of disease, age at diagnosis was found to be 

an independent risk factor for CRC.10, 11

	 Despite their success in limiting persistent disease activity in IBD patients, 

immunosuppressant drugs can lead to serious and opportunistic infections and increase 

the risk of developing cancer.12-14 The use of thiopurines has been shown to increase 

the risk for lymphoma15, 16, non-melanoma skin cancers17, and cervical cancer.18 In 

addition, biological or non-biological immune suppression increases the risk of infectious 

complications, which may translate into an increased risk of mortality.11, 19, 20 There is a 

growing concern that cancer and mortality will affect pediatric patients, as a growing 

number of PIBD patients are now being exposed to immunosuppressant drugs over longer 

periods of time.

	 Due to the rarity of cases, few studies have investigated cancer and mortality 

in patients with PIBD. Much of the literature on severe outcomes in PIBD includes 

anecdotal case reports and case-series but very few population-based studies. To date, 

there is only one systematic review focussed on lymphoma and infections related to 

biological therapy21, hence, a coherent overview of PIBD patients that develop cancer or 

fatal outcome is lacking. Better insight in the characteristics of these patients will help 

to identify predictive factors of severe disease course, which are ultimately needed to 

further optimize our therapeutic strategies. In this review, we conducted a systematic 

literature search to provide an overview of patients with IBD diagnosed at pediatric age 

who developed cancer or suffered a fatal outcome at any point later in life.

M E T H O D S 

Literature search.
We conducted a literature search to identify all published studies that reported cancer 

or mortality in patients diagnosed with PIBD under the age of 19 years. A systematic 

search up to 1st of June 2017 was performed in the following databases: Medline, Ovid 

A B S T R A C T

Background: Cancer and death are the most severe outcomes that affect patients with 

IBD. These outcomes are even more severe if they occur at young age but are rare, even 

in the general population. We conducted a systematic review to provide an overview of all 

reported pediatric (PIBD) patients with severe outcome.

Methods: A literature search identified publications that reported development of cancer 

or fatal outcome in PIBD patients. Studies were eligible for inclusion when (1) article 

written in English, (2) original data, (3) individual patient information, (4) full text available, 

(5) study population consisting of patients diagnosed with IBD under the age of 19 years, 

who (6) developed malignancy or fatality at any point later in life.

Results: A total of 98 included studies comprised data of 271 PIBD patients who developed 

cancer and/or fatal outcome at any point later in life. Meta-analysis demonstrated an 

increased risk for cancer in PIBD patients (pooled standardized incidence ratio 2.23, 95% 

CI: 1.98 – 2.52). The most frequent type of non-fatal cancer was lymphoma, whereas 

colorectal carcinomas were the most frequently reported type of fatal cancer in PIBD 

patients and were particularly associated with PSC. The majority of patients with non-

cancer related fatal outcomes were diagnosed with ulcerative colitis and most often died 

due to infectious complications or severe disease-associated complications.

Conclusions: The data in this review confirm that PIBD associated malignancy and mortality 

are rare and detailed clinical characteristics are limited. Prospective and international 

collaborations are needed to obtain more detailed patient-specific information, which is 

necessary to investigate the relationship between severe outcomes in PIBD patients and 

the currently used therapeutic strategies.
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MEDLINE, Embase, Cochrane Central, Web of Science and Google Scholar. The detailed 

search strategy was developed in consultati on with a research librarian and is outlined in 

the Supplemental Search Strategy (provided online on the website of the Infl ammatory 
Bowel Diseases journal). Reference lists of review arti cles and selected papers were 

also reviewed. In order to obtain full texts of potenti ally relevant papers both electronic 

databases and libraries were accessed.

Selecti on criteria.
All studies (prospecti ve and retrospecti ve cohort studies, case control studies, cross-

secti onal studies, case series and case reports) that fulfi lled the following criteria were 

included: (1) arti cle writt en in English, (2) original data available in arti cle, (3) individual 

pati ent informati on available, (4) full text arti cle available, (5) study populati on consisti ng 

of pati ents diagnosed with IBD under the age of 19 years, who (6) developed cancer or 

fatal outcome at any point later in life. No publicati on date restricti ons were imposed. 

Animal studies, reviews, meta-analysis, editorials and practi cal summaries or guidelines 

were excluded. 

Data extracti on and quality assessment.
Systemati c review has been performed according to PRISMA guidelines.22 Two reviewers 

(MA and MEJ) independently conducted an initi al screen of identi fi ed abstracts and ti tles. 

Abstracts were eliminated in this initi al screen if they did not meet the criteria as described 

above. Inconsistencies on inclusions were resolved by consensus. Abstracts meeti ng 

these criteria were eligible for full-text review. The risk of bias was determined using the 

Newcastle-Ott awa Quality Assessment Scale for cohort studies. From the included arti cles 

the following informati on was retrieved using a standard data extracti on form: gender, IBD 

type, age at IBD onset, IBD treatment, type of cancer or cause of mortality, age at cancer 

diagnosis and/or age at death. A random eff ects meta-analysis was performed to compute 

pooled standardized incidence rati os (SIR) for all types of cancer and CRC. Analyses were 

performed by a biostati sti cian using R version 3.4.2.

R E S U LT S

The electronic search yielded a total of 10,187 arti cles, of which 6,984 potenti ally relevant 

arti cles remained aft er duplicates were removed (Figure 1A). An additi onal 43 arti cles 

were manually selected from reference lists. All records were screened on the basis of 

ti tle and abstract to identi fy studies reporti ng development of cancer or fatal outcome 

in pati ents with IBD diagnosed at pediatric age. Aft er screening, a total of 6,820 were Fi
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excluded and 164 potential articles remained that were eligible for full-text assessment. 

Of these, 66 articles were excluded. Most important reasons for exclusion were the lack 

of patient specific information (n=35) and the unavailability of full text after extensive 

online and medical library search (n=13). Six studies did not report any pediatric data, 5 

studies did not describe IBD patient population, 7 studies were either retrieved twice due 

to publication in different sources or discussed data of an original article already included 

in the review. A total of 98 articles were included with a high inter-observer agreement 

(Cohen’s kappa κ= 0,92146).

	 Table 1 provides characteristics of the 98 included studies. Most identified studies 

were case reports (n=47), case series (n=20) and retrospective cohort studies (n=25). 

Only 4 prospective cohort studies, 1 cross-sectional study and 1 case control study were 

retrieved with our literature search. Most retrospective cohort studies were single-

center (68%). There were 2 prospective studies published by Hyams et al. that were both 

multicenter cohort studies, with data on PIBD patients (both UC and CD) from the Pediatric 

Inflammatory Bowel Disease Collaborative Research Group23 and the DEVELOP study.24 

Two prospective studies were single-center studies focusing on long-term outcomes in 

pediatric-onset CD patients.25, 26 The follow-up period was reported in 18 studies of all 

cohort studies and case control studies (60%, Table S1). The median time of follow-up was 

13.0 years (IQR 5.6-17.7). 

Table 1. Characteristics of included studies.

Type of study Number

1 Retrospective study 25

2 Case report 47

3 Case series 20

4 Prospective study 4

5 Cross sectional 1

6 Case control study 1

Total 98

	 A total of 4 population-based studies (Figure 2) describe SIR for all types of cancer 

in PIBD  patients over the last 3 decades. Of these, 3 were pooled in a meta-analysis 

demonstrating an increased risk for cancer in PIBD patients (pooled SIR 2.23, 95% CI: 1.98-

2.52). Five studies reported SIR for CRC. One study reported a SIR for CRC in a PIBD cohort 

of 69 patients with 1602 patient-years of follow-up (25.7, 95% CI: 3.1-92.7).27 However, 

as development of CRC is associated with colonic disease, most studies reported SIRs for 

CRC in CD and UC separately. Meta-analysis showed a strongly increased risk for CRC in UC 

patients (pooled SIR 54.74, 95% CI: 25.98-115.35) and a lower but significantly increased In
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median age at diagnosis of cancer was 17.50 years (IQR 15.00-25.00). The majority of 

patients (64.2%) was male.

	 Most frequently reported non-fatal cancers were lymphomas (n=29), 

cholangiocarcinomas (n=16) and CRC (n=19), as shown in Table 2. In the group of patients 

diagnosed with a lymphoma, 17 patients had a non-Hodgkin lymphoma, including 2 

hepatosplenic T-cell lymphomas (HSTCL). The majority of patients with a lymphoma had 

been exposed to thiopurines (n=18, 62.1%), of which 4 patients had also used a biological. 

Two-third (68.8%) of the patients with a CRC was male and 84.2% of these cases (n=16)  

was diagnosed with UC. Most patients with CRC were exposed to monotherapy, either of 

6-mercaptopurine (n=3), aminosalicylates (n=2) or steroids (n=1). One patient received no 

treatment (n=1). Treatment was not reported in the remaining cases (n=12, 63.2%). Of the 

19 CRC cases, 9 patients had a documented concomitant diagnosis of primary sclerosing 

cholangitis (PSC). The median duration of PSC to CRC was 4.0 years (IQR 1.0-8.0; n=5). 

Two patients were diagnosed with CRC before PSC diagnosis and in 2 patients age at PSC 

diagnosis was unknown. PSC was not mentioned in the studies reporting the other 7 CRC 

cases. The youngest 2 patients diagnosed with CRC were 15 years old, and had an IBD 

duration of 10 and 2 years respectively. In these 2 patients, no information on the presence 

of PSC was provided. Three of the patients with CRC also had a cholangiocarcinoma (CCA). 

Of the group of patients with CCA, all but 1 patient had PSC (87.5%, n=14, not mentioned 

in 1 case) complementary to their UC (n=11) or CD (n=3). Of the 15 patients with CCA, 5 

were male, 3 were female and in 7 patients the gender was not described, and 6 of the 15 

(40.0%) developed CCA before 19 years of age. The youngest patient diagnosed with CCA 

was 8 years old and had been diagnosed with IBD since 3 years of age. All non-melanoma 

skin cancers in this group comprised basal cell carcinomas. 

Fatal cancer
A total of 49 studies reported patients who developed cancer with a fatal outcome, 

including 19 case reports, 11 case series, 18 retrospective studies and 1 prospective study. 

Of the retrospective studies 4 were multicenter studies and the remaining 14 studies were 

performed in a single center. In total, the 49 studies comprised patient data of 77 PIBD 

patients who developed IBD at a median age of 13.00 years (IQR 10.00-16.00). In this 

patient group, 75.0% of patients were male. Most patients were diagnosed with CD (57.9%, 

n=44), followed by UC (39.5%, n= 30) and IBD-U (2.6%, n=2). In 1 patient the IBD type was 

unknown. The median age at death was 20.5 years (IQR 17.0-28.75). In 43 patients the 

duration from cancer to death was not mentioned. Of the remaining 34 patients, 20 died 

within one year after their cancer diagnosis and in 14 patients the median duration from 

cancer diagnosis to mortality was  2.00 years (IQR 1.00-15.00).

	 Intestinal carcinomas (n=34) and lymphomas (n=24) were most frequently reported 

risk in CD patients (pooled SIR 6.32, 95% CI: 3.93- 10.15).

	 No statistically significant increased standardized mortality ratios (SMR) in PIBD 

patients compared to the background population have been reported in the last 2 decades. 

Peneau et al. observed a 1.4-fold increased risk of mortality (95% CI: 0.5-2.9) in PIBD 

patients but this did not significantly differ from the background population. Likewise, the 

SMR was not significantly increased in pediatric CD patients compared to the background 

population in the cohort studied by Jakobsen et al (2.1, 95% CI: 0.6-5.4). 

Study population.
To gain further insight in the characteristics of PIBD patients that develop cancer or suffer 

a fatal outcome, detailed patient characteristics from all studies describing PIBD patients 

with cancer or fatal outcome were obtained. The 98 studies included in our review 

comprised detailed data of 271 PIBD patients who developed cancer and/or fatal outcome 

at any point later in life (Figure 1B). Eight reports described patients diagnosed with IBD 

under the age of 2 years; detailed characteristics of these infantile IBD patients are not 

further described in this manuscript. The remaining 92 studies comprised a total group 

of 252 PIBD patients with IBD diagnosed during childhood or adolescence. These patients 

were diagnosed with CD (65.2%, n=140), UC (43.0%, n=107) or IBD-U (0.8%, n=2) at a 

median age of 12.0 years (IQR 8.78-15.0; IBD type missing in 3 cases). The majority of 

those patients were male (63.4%, n=151). Median age at either diagnosis of cancer or 

occurrence of death was 18.00 years (IQR 15.0-25.0). All individual patient information 

of PIBD patients with IBD diagnosed during childhood or adolescence can be reviewed 

in Supplementary Table 1 (provided online on the website of the Inflammatory Bowel 
Diseases journal).

Malignancy.
Cases with cancer were reported in 80 of 92 studies (87.0%), comprising a total of 180 

pediatric-onset IBD patients with a diagnosis of cancer. Of these patients, 77 (42.8%) were 

reported to have a fatal outcome. Patient characteristics of PIBD patients who developed 

non-fatal cancer or fatal cancer are described separately in Table 2 and Table 3, respectively.

Non-fatal cancer
A total of 103 patients with cancer but without a fatal outcome were reported in 42 

studies. Of these studies 18 were case reports, 8 were cases series, 10 were retrospective 

studies, 4 were prospective studies, 1 was a case control study and 1 was a cross sectional 

study. Of the retrospective studies only 2 were multicenter. 

	 In this patient group, patients were diagnosed with CD (63.7%, n=65) or UC (36.3%, 

n=37) at a median age of 12.00 years (IQR 10.00-15.00; IBD type missing in 1 case). The 
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in PIBD patients who died of cancer. Most intestinal carcinomas were CRC (n=25, 73.5%). 

Treatment was not reported in 72.0% (n=18) of CRC cases (Table S1), whereas treatment 

information was available in the majority of patients who died due to a lymphoma (not 

reported in n=4, 16.7%). Two-third of the patients with a lymphoma had been exposed to 

thiopurines (n=17, 70.8%). In almost all patients diagnosed with lymphoma the duration 

of thiopurine use and the duration from diagnosis of lymphoma to moment of death was 

unknown (n=18, 75%). Non-Hodgkin lymphoma was diagnosed in 19 patients, of which the 

majority (84.2%, n=16) had a HSTCL. All of the patients diagnosed with a HSTCL had been 

exposed to thiopurines. Detailed data on the use of biologicals was lacking in this group of 

patients. A strong male predominance was observed among HSTCL cases (87.5%, n=14). 

Two male patients developed Hodgkin lymphoma and 1 of those was also diagnosed with 

CCA. 

	 In total 8 patients with UC (n=5) or CD (n=3) were diagnosed with CCA (5 males). PSC 

was described in 5 of those patients (62.5%); 4 males and 1 female, who died at a median 

age of 21.0 years (IQ range 18.0-24.5). The female patient was known to have CD, the male 

patients both CD (n=2) and UC (n=2). 

	 Most patients with a fatal intestinal carcinoma had a CRC (73.5%, n=25). This was 

most frequently observed in males (60.0%, n=15) and patients with UC (72%, n=18; gender 

not described in 3 cases). Seven of the 25 (28.0%) developed CRC before 19 years of age. 

Information on concomitant PSC was provided in only 4 of the fatal CRC reports (16.0%; 

2 cases without PSC and 2 cases with a documented concomitant PSC diagnosis). The 2 

patients in whom PSC was mentioned developed IBD at 3 and 15 years of age and CRC at 

16 and 28 years of age, respectively, after a PSC disease duration of 3 and 12 years. In this 

group of fatal cancer, no patients with skin cancer or cervical cancer were described. 

Non-cancer related deaths.
Cases with fatal outcome were reported in 63 of 87 studies (72.4%). Of these studies, 

48 studies (76,2%) reported cases in which mortality was related to cancer (as described 

above), and 23 studies (36,5%) reported cases with fatal outcome due to other causes. 

Of these 23 studies, 8 were case reports, 5 were case series, and 10 were cohort studies, 

of which 7 were retrospective and 3 prospective. Most retrospective studies were single 

centre or multicentre but performed in a single country. 

	 A total of 72 cases with fatal outcome unrelated to cancer were reported, of which 

50.7% of patients was male (n=36, Table 4). Patients were diagnosed with UC (56.3%, 

n=40) or CD (43.7%, n=31) at a median age of 10.0 years (IQR 6.50-13.0; IBD type missing 

in 1 case). The median age at death was 15.00 years (IQR 13.0-20.0). 

	 Infectious disease (n=24) and gastrointestinal complications (n=18) were the most 

common causes of non-cancer related deaths. A total of 16 patients died of sepsis; most 
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type of non-fatal cancer in PIBD patients reported in the literature. The high frequency of 

lymphomas in this systematic review reflects the results of the retrospective study by de 

Ridder et al. who showed that 9 out of 18 PIBD patients with cancer were diagnosed with 

lymphoma.28 In agreement, a study using the FDA’s Adverse Events Reporting System to 

identify malignancies associated with the use of biologicals29, reported that 15 of the 24 

PIBD patients that developed a malignancy were diagnosed with a lymphoma (62.5%). 

Recently, the large prospective DEVELOP study by Hyams et al. reported that 8 of 15 

patients with a malignancy had either leukemia (n=3) or lymphoma (n=5).24 These patients 

were more likely to be on current thiopurine monotherapy or combination therapy with a 

biologic and thiopurine, as there was only one case reported with TNF monotherapy (no 

thiopurine exposure). However, in the population-based EPIMAD registry bowel-related 

carcinomas were most frequently observed and no lymphomas were reported after a 

median follow-up time of 11.5 years (IQR 7-15).30 Possibly, these discrepancies might be 

due to differences in study population size or duration of follow-up. The DEVELOP study 

demonstrated that SIR for malignancy among 5766 patients was significantly elevated only 

for patients receiving combination therapy with thiopurine and biologic (SIR 3.06) but  not 

with thiopurine or anti-TNF monotherapies.

	 The group with the highest apparent risk for intestinal carcinoma appeared to be UC 

patients with PSC. UC was more prevalent in patients diagnosed with CCA and CRC (75.0% 

and 81.3%, respectively). All but one patient with CCA had a concomitant diagnosis of PSC, 

emphasizing the increased risk of neoplasia in this subgroup of PIBD patients. A strikingly 

large number of those patients were diagnosed with CCA before 19 years of age. These 

results are in line with literature in adults, which shows increased risk of CRC development 

in UC patients31-33 and both CRC and CCA development in PSC-IBD patients.34, 35 

	 CRC was the most frequently reported type of fatal cancer in PIBD patients. The 

median age at diagnosis of intestinal carcinoma was 25.5 years (IQR 20.0-30.5), which is 

a strikingly young age to develop this type of cancer. In line with this, recent data from 

the National Patient Register in Sweden over a period of 50 years (1964-2014) show that 

even before their 18th birthday, PIBD patients have an increased risk of cancer (Hazard 

ratio=4.1; 95%CI=1.8-8.6) compared to the general population.36 Gastrointestinal cancers 

were associated with the highest relative risks (Hazard ratio 9.7, 95% CI 0.4-246), although 

absolute risks were low. Our review demonstrates a lack of information on therapy 

in patients with CRC, which limits conclusions on undertreatment in this population. 

Remarkably, most cases of HSTCL were fatal, as 16 PIBD patients with HSTCL were reported 

to have a fatal outcome versus only 2 non-fatal HSTCL cases. Thiopurine exposure was 

reported in all patients with HSTCL, but details on current or previous thiopurine exposure 

and combination with biologicals were often limited. The duration from diagnosis of 

cancer to death was not reported in the majority of patients with fatal cancer. However, 

of these  were male (62.50%, n=10) and diagnosed with CD (68.57%, n=11). The majority 

of the patients who died of sepsis was exposed to two immunosuppressants (n=7, 43.8%). 

The remaining were exposed to one immunosuppressant (n=4, 25.0%) or information on 

medication was not reported (n=5, 31.2%). A central line was present in 4 patients (26.7%) 

who developed sepsis. Other underlying causes of sepsis were bowel perforation (n=2), 

peritonitis (n=2), abdominal abscess (n=2), disseminated varicella zoster infection (n=1), 

fulminant Campylobacter jejuni infection (n=1), pneumonia (n=1) and unknown (n=3). In 

the 8 patients who died due to infectious causes other than sepsis no information on 

medication was reported. 

	 Refusal of medical treatment was reported in 2 of the 18 cases (11%) who died 

due to a gastrointestinal complication. Medication refusal or non-adherence was not 

mentioned in any of the other groups. Intestinal surgery was the most frequently reported 

cause of post-operative death (83.3%, n=5). Of these 5 patients, 4 patients (80%) died after 

colectomy and 1 patient died after an ileal resection (20%). One patient was reported who 

died after a renal transplantation.26 A total of 7 patients were reported who died due to 

concomitant liver disease. Of these patients, the majority (71.4%, n=5) was male and was 

diagnosed with UC (85.7%, n=6). Hepatic cirrhosis (n=2), PSC (n=1), liver failure (n=2) and 

non-infectious hepatitis (n=1) were mentioned as underlying causes for liver failure. PSC 

was reported in only one patient. 

D I S C U S S I O N 

Over the last years the medical treatment of PIBD has changed considerably with a 

tendency for using more intensive immunosuppressive medications earlier in the disease 

course. There is a rising concern that these therapies may be associated with an increased 

risk of developing cancer, and subsequent mortality. Following our meta-analyses we 

demonstrate an increased risk for all types of cancer in PIBD patients. However, although 

long-term follow-up studies are important to calculate incidence rates, these studies also 

illustrate that the absolute number of PIBD patients with cancer and mortality is low, 

resulting in limited detailed clinical characteristics of the group of PIBD patients of interest. 

Better insight in the characteristics of PIBD patients who develop cancer or have a fatal 

outcome will help to identify predictive factors of severe disease course. Therefore, with 

this review we aimed to provide an overview of patients with IBD diagnosed at pediatric 

age who developed cancer or suffered a fatal outcome at any point later in life.

	 The studies identified by our literature search report a wide variety of cancer types 

but show a strong predominance of CRC, CCA and HSTCL cases, which are usually very 

uncommon among adolescents and young adults. Lymphomas were the most frequent 
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by the larger number of cases with fatal cancer compared to cases with non-fatal cancer in 

our data. Limited patient specific information, in combination with heterogeneous study 

settings, precluded comparative analysis. Lastly, long-term follow-up of PIBD patients is 

difficult, as follow-up is often associated with transition to specialist adult care or private 

clinics. Studies reporting IBD patients who develop malignancy or mortality during adult 

care often do not provide individual patient data on age at IBD diagnosis. This leads to a 

risk of underreporting of malignancy and mortality in patients with a pediatric-onset of 

IBD. Moreover, the presenting age of cancer and/or death is likely to be biased towards a 

younger age due to limited long-term follow up in most cohorts.

	 Overall, PIBD associated malignancy and mortality is rare. To assess severe outcomes 

in PIBD patients long term follow-up and multicenter or population based collaborations 

are indispensable. Furthermore, more detailed patient specific information is necessary to 

investigate the relationship between severe outcomes in PIBD patients and the currently 

used therapeutic strategies. Obtaining this data is crucial in order to develop evidenced 

based strategies that incorporate long term risks as well as benefits.
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the available data suggest a very short cancer duration at moment of death, as in 20 

patients the median duration from cancer diagnosis to death was less than 1 year and in 

14 patients the median duration was only 2.0 years (IQR 1.0-15.0). This could reflect the 

severity of cancers associated with IBD diagnosed at a pediatric age or might be caused by 

reporting bias. 

	 In our review, mortality was most often due to infectious complications, followed by 

malignancy and disease associated complications. Disease associated fatal complications 

were more common in UC than in CD. The median age of death in patients with non-cancer 

related mortality was 15.0 years (IQR 13.0-20.0). The majority of patients with non-cancer 

related fatal outcome were diagnosed with UC (56.3%). This is consistent with recent data 

from an adult population-based IBD cohort37 and the retrospective study by de Ridder et 
al. that showed increased mortality mainly among UC patients (61%). The outlier for these 

pooled data was the French population based study in which mortality occurred more 

commonly in CD patients.30 Recent data by Olen et al. confirm that PIBD patients have an 

increased risk of mortality compared to the general population, with the highest hazard 

ratios observed in UC patients (Hazard ratio=4.0;95%CI=3.4-4.7). In our review, mortality 

was most often due to infectious complications of intestinal origin. Mortality primarily 

related to infections has been reported by de Ridder et al.28 but was not observed in 

several large studies in pediatric30, 38, 39 and adult IBD patients.37, 40 Both in the pediatric21 

and adult IBD population41, patients treated with steroids are more likely to develop 

serious infections. Most of the patients who died of sepsis reported in this review were 

exposed to at least two immunosuppressants, often including steroids, which suggests 

that much of the sepsis-related mortality in PIBD patients is drug-related and potentially 

avoidable. In addition, central venous lines were also a risk factor. Hence, it is important to 

closely monitor PIBD patients who develop fever and are using or have recently used more 

than one immunosuppressant drug. Surprisingly, no fatal cases due to hemophagocytic 

lymphohistiocytosis (HLH), a potentially fatal syndrome of pathologic immune activation 

that is associated with the use of immunosuppressants, were reported in the literature. 

It is plausible that certain cases of HLH in PIBD patients were not recognized as such due 

to diagnostic difficulties.42 It is important to acknowledge that the association between 

thiopurine use and HLH in both adult and pediatric patients with IBD is well-established16, 

43, 44, and has recently been highlighted by the results from the DEVELOP study.24

	 Although this is the first systematic review to provide an overview of cases of PIBD 

patients who developed malignancy or fatality, it is impossible to ascertain that we captured 

all cases. It is likely that many cases are underreported. A second limitation is the quality of 

the reports. In order to be as inclusive as possible about these rare outcomes, we decided 

to include all types of studies with no restriction to the year the study was published in. 

Moreover, it is likely that severe cases are reported more frequently, which is illustrated 
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OR ‘pediatric ward’/de OR ‘pediatric hospital’/de OR (adolescen* OR infan* OR newborn* OR (new NEXT/1 born*) 
OR baby OR babies OR neonat* OR child* OR kid OR kids OR toddler* OR teen* OR boy* OR girl* OR minors OR 
underag* OR (under NEXT/1 (age* OR aging)) OR juvenil* OR youth* OR kindergar* OR puber* OR pubescen* OR 
prepubescen* OR prepubert* OR pediatric* OR pediatric* OR school* OR preschool* OR highschool*):ab,ti) NOT 
([Conference Abstract]/lim OR [Letter]/lim OR [Note]/lim OR [Editorial]/lim) AND [english]/lim

Medline Ovid. (exp “Inflammatory Bowel Diseases”/ OR ((inflammator* ADJ3 bowel ADJ3 diseas*) OR crohn* OR 
(ulcer* ADJ3 colit*) OR IBD OR PIBD).ab,ti.) AND (exp neoplasms/ OR mortality/ OR mortality.xs. OR (neoplas* OR 
tumo* OR cancer* OR lymphoma* OR carcinoma* OR malign* OR adenoma* OR oncolog* OR melanoma* OR 
sarcom* OR leukem* OR leukaem* OR mortalit* OR death* OR fatal*).ab,ti.) AND (exp Child/ OR exp Infant/ OR exp 
Adolescent/ OR exp “Pediatrics”/ OR “Hospitals, Pediatric”/ OR (adolescen* OR infan* OR newborn* OR (new ADJ 
born*) OR baby OR babies OR neonat* OR child* OR kid OR kids OR toddler* OR teen* OR boy* OR girl* OR minors 
OR underag* OR (under ADJ (age* OR aging)) OR juvenil* OR youth* OR kindergar* OR puber* OR pubescen* OR 
prepubescen* OR prepubert* OR pediatric* OR pediatric* OR school* OR preschool* OR highschool*).ab,ti.) NOT 
(letter OR news OR comment OR editorial OR congresses OR abstracts).pt. AND english.la.

Cochrane. (((inflammator* NEAR/3 bowel NEAR/3 diseas*) OR crohn* OR (ulcer* NEAR/3 colit*) OR IBD OR 
PIBD):ab,ti) AND ((neoplas* OR tumo* OR cancer* OR lymphoma* OR carcinoma* OR malign* OR adenoma* OR 
oncolog* OR melanoma* OR sarcom* OR leukem* OR leukaem* OR mortalit* OR death* OR fatal*):ab,ti) AND 
((adolescen* OR infan* OR newborn* OR (new NEXT/1 born*) OR baby OR babies OR neonat* OR child* OR kid OR 
kids OR toddler* OR teen* OR boy* OR girl* OR minors OR underag* OR (under NEXT/1 (age* OR aging)) OR juvenil* 
OR youth* OR kindergar* OR puber* OR pubescen* OR prepubescen* OR prepubert* OR pediatric* OR pediatric* 
OR school* OR preschool* OR highschool*):ab,ti) 

Web of science. TS=((((inflammator* NEAR/2 bowel NEAR/2 diseas*) OR crohn* OR (ulcer* NEAR/2 colit*) OR 
IBD OR PIBD)) AND ((neoplas* OR tumo* OR cancer* OR lymphoma* OR carcinoma* OR malign* OR adenoma* 
OR oncolog* OR melanoma* OR sarcom* OR leukem* OR leukaem* OR mortalit* OR death* OR fatal*)) AND 
((adolescen* OR infan* OR newborn* OR (new NEAR/1 born*) OR baby OR babies OR neonat* OR child* OR kid OR 
kids OR toddler* OR teen* OR boy* OR girl* OR minors OR underag* OR (under NEAR/1 (age* OR aging)) OR juvenil* 
OR youth* OR kindergar* OR puber* OR pubescen* OR prepubescen* OR prepubert* OR pediatric* OR pediatric* 
OR school* OR preschool* OR highschool*)) ) AND DT=(article) AND LA=(english)

Google scholar. “inflammatory bowel disease” | crohn | ”ulcerative colitis” cancer | neoplasms | tumor | tumour | 
mortality | death infants | children | child.
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I N T R O D U C T I O N

Inflammatory bowel diseases (IBD) are associated with a long list of both treatment and 

disease-related complications and cancer. Pediatric-onset IBD is characterized by more 

extensive and aggressive disease, a longer disease duration, and a higher need for immune 

suppression early in the disease1, 2, all of which may be risk factors for complications 

or cancer. Although, immune suppression may be associated with malignancy, 

hemophagocytic lymphohistiocytosis and opportunistic infections, it may reduce the 

risk of fibrostricturing disease, surgery and disease-associated tumors such as bowel 

adenocarcinoma.3-8 Combination therapy with other immunosuppressive medications 

may increase the treatment success of biologics but is associated with an increased risk 

of adverse events. Hyams et al.7 demonstrated that the standardized incidence ratio (SIR) 

for malignancy among 5766 pediatric-onset IBD patients included in the DEVELOP registry 

was significantly elevated for patients receiving combination therapy with thiopurine and 

biologics (SIR 3.06) but not with thiopurine or anti-tumor necrosis factor alpha (TNFa) 

as monotherapy. Several studies in adult IBD patients have shown that current exposure 

to thiopurines appeared to be more significantly associated with increased incidence of 

thiopurine-related malignancies than past exposure to thiopurines9, while the DEVELOP 

registry did not delineate treatment as current or past.7 

	 Given the rarity of some of these events, more detailed information on pediatric-

onset IBD patients who develop cancer or have a fatal outcome is needed to obtain more 

insight in predictive factors of severe outcomes and to be able to optimize evidence-based 

treatment guidelines. The aim of this study was to identify and describe the most common 

causes of mortality, types of cancer and previous or current therapy among children with 

pediatric-onset IBD. We also aimed to describe the patient-specific and disease-specific 

characteristics of these groups and investigate the relationship between severe outcomes 

in pediatric-onset IBD patients and treatment exposure.

M E T H O D S

Study design.
This was a prospective multinational observational study performed in collaboration 

with the European Society for Pediatric Gastroenterology, Hepatology and Nutrition 

(ESPGHAN). We collected patients at all sites in 25 countries for 42 months from June 

2013 to December 2016 (Table S1 tabulates all participating countries). The study was 

conducted in all sites according to the instructions of the local ethical committees. Some 

committees waived the need for informed consent due to the anonymous and non-

A B S T R A C T

Background: Risk benefit strategies in managing inflammatory bowel diseases (IBD) are 

dependent upon understanding the risks of uncontrolled inflammation versus those of 

treatments.  Malignancy and mortality in IBD have been associated with disease-related 

inflammation and immune suppression, but data are limited due to their rare occurrence. 

Aim: The aim of this study was to identify and describe the most common causes of 

mortality, types of cancer and previous or current therapy among children and young 

adults with pediatric-onset IBD.

Methods: Information on pediatric-onset IBD patients diagnosed with malignancy or 

mortality was prospectively collected via a survey in 25 countries over a 42-months period. 

Patients were included if death or malignancy occurred after IBD diagnosis but before the 

age of 26 years.

Results: In total 60 patients were identified including 43 malignancies and 26 fatal cases (9 

due to cancer). Main causes of fatality were malignancies (n=9), IBD or IBD-therapy related 

non-malignant causes (n=10; including 5 infections), and suicides (n=3). Three cases, 

all fatal, of hepatosplenic T-cell lymphoma were identified, all were biologic naive but 

thiopurine exposed. No other haematological malignancies were fatal. The six other fatal 

cancer cases included 3 colorectal adenocarcinomas and 3 cholangiocarcinomas. Primary 

sclerosing cholangitis was present in five (56%) of fatal cancers (1 colorectal carcinomas,   

3 cholangiocarcinomas, 1 hepatosplenic T-cell lymphomas). 

Conclusions: We report the largest number of pediatric-onset IBD patients with cancer 

and/or fatal outcomes to date. Malignancies followed by infections were the major causes 

of mortality. We identified primary sclerosing cholangitis as a significant risk factor for 

cancer-associated mortality. Disease-related adenocarcinomas were a commoner cause 

of death than lymphomas. 



8

198 199chapter 8

Malignancy and mortality in pediatric-onset 

inflammatory bowel disease: a 3-year

prospective, multinational study from the 

pediatric IBD Porto group of ESPGHAN

IBD, we extended follow up to 10 years after the age of 16 years to capture pediatric-onset 

IBD patients who developed cancer or mortality after transition to adult care.

Data collection.
Data were collected by means of a case report form, which included eight domains and 42 

questions. The first three domains were divided into demographics, patient characteristics 

and disease characteristics, including questions on reporting physician, country, sex, IBD 

type, age at IBD diagnosis and comorbidities. The following domains of characteristics 

of malignancy and/or mortality included questions on type of malignancy and/or cause 

of death, age at malignancy and/or death, and IBD disease duration. The last domains 

contained questions on current and past therapy exposure, including thiopurines, biologics 

(agents blocking TNFa) or other immunosuppressant drugs (steroids, methotrexate 

and calcineurin inhibitors), as well as exposure to combination therapies and duration 

of exposure. Current exposure was defined as exposure in the three months prior to 

malignancy diagnosis or fatal outcome. Past exposure was defined as exposure previous 

to the last three months. “Ever exposed” was defined as exposure at any time prior to the 

malignancy or fatal outcome. Data was stored in a central database in the Erasmus Medical 

Centre in Rotterdam, The Netherlands. 

Number of pediatric-onset IBD patients at risk (denominator).
Representative pediatric gastroenterologists of all European participating countries were 

requested to complete a survey that collected data stating which regions in their country 

as defined by the Nomenclature of Territorial Units for Statistics (NUTS) were covered 

during the years of data collection in this study (Table S2). Coverage was calculated for all 

European countries responding to the survey (Table S2). Full coverage was assumed for 

adults (20-26 years). 

	 Eurostat most recent census data (2016) were used to obtain the total number of 

individuals covered in the general population (0-26 years) per country. This comprised 

the population from which the reported pediatric-onset IBD cases with cancer and/or 

mortality in our study were derived. In literature, pediatric-onset IBD prevalence among 

children (0-19 years) is around 30 per 100,0000.11-15 An estimated pediatric-onset IBD 

prevalence < 26 years of 60 per 100,000 was used to calculate the number of pediatric-

onset IBD patients at risk for all countries. As this prevalence is likely an overestimation 

of the real prevalence11-15, this is a conservative approach ensuring that the incidences of 

cancer and mortality in the pediatric-onset IBD patient population are not overestimated.

	 The total covered population (0-26 years) was multiplied by the estimated pediatric-

onset IBD prevalence for this age group, resulting in an estimation of the true population 

that has the disease (number of pediatric-onset IBD patients 0-26 years at risk). As the 

interventional fashion of the study. 

	 In each participating country, both a pediatric gastroenterologist and an adult 

gastroenterologist were appointed as national representatives. The representative 

pediatric gastroenterologist contacted pediatric gastroenterologists in each country 

through e-mail every 6 months throughout the study period in attempt to obtain all 

new cases of malignancy and/or mortality in patients with pediatric-onset IBD over the 

previous 6 month period. An explicit case report form (provided online on the website of 

the Alimentary Pharmacology & Therapeutics journal) was completed by the reporting 

pediatric gastroenterologist for all newly reported cases, using data from individual 

patient records. Cases that occurred prior to the study period were not included in our 

study. Existing IBD- or cancer registries were not used to identify cases. In order to assess 

response rates, pediatric gastroenterologists were asked to actively respond negatively 

if no case was identified. When data were unclear the pediatric gastroenterologist was 

queried further by e-mail. In order to identify cases that may have transitioned to adult care 

or developed malignancies after age 18 as a result of pediatric disease, the representative 

adult gastroenterologists followed the same procedures. Cases were ascertained by 

comparing and cross-checking all reported cases on country, year of reporting, sex and 

exact diagnosis.

	 Survey response rates per country were monitored throughout the study period to 

obtain insight into coverage (Table S1). Response rate was calculated as the number of 

physicians replying to the e-mail call out of the total number of registered pediatric or 

adult gastroenterologists contacted in that country. Additional e-mails were sent out by 

ESPGHAN to increase awareness among gastroenterologists. The European Crohn’s and 

Colitis Organisation (ECCO) provided logistical support and invited national representatives 

to nominate national coordinators.  In addition, national patient organizations were 

informed on the study and every year investigators meetings were organized with national 

representatives from all participating countries.

Patient selection.
Inclusion criteria for reported cases were patients with pediatric-onset IBD diagnosed 

according to the revised Porto criteria before 19 years of age10, who died or were 

diagnosed with a malignancy after IBD diagnosis but before the age of 26 years. Patients 

with IBD-like inflammation due to proven monogenetic defects were excluded. Although 

infections are usually due to current immune suppression, malignancies may develop later 

after transition to adult care. In almost all European countries, pediatric-onset IBD patients 

< 16 years are cared for by pediatric gastroenterologists, and transition to adult care 

occurs after this age. As current guidelines for cancer surveillance in children and adults 

recommend surveillance starting from 8-10 years after disease-onset of pediatric-onset 
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Byar’s approximati on based on a Poisson distributi on. The relati ve risk (RR) and its 95% 

confi dence interval (CI) were calculated according to Altman, 1991, in order to compare 

cancer incidence in pediatric-onset IBD pati ents with the general populati on. The average 

incidence for all countries was used to calculate the expected number of cases per 

country according to their covered populati on (Table 1 and 2, Figure 1). Poisson analysis 

was used to investi gate the extent of variati on in the number reported cases per country 

with stati sti cal inference. Random-eff ects model for meta-analysis was used due to high 

heterogeneity in the results to investi gate the incidences of cancer and/or mortality. The 

rare nature of the examined cases precluded comparisons between smaller regions and/

or comparisons between sub-categories of the cases.

Stati sti cs.
Data are presented as median and interquarti le range (IQR) or percentages. Data analyses 

were performed using IBM SPSS version 24 and GraphPad Prism version 5.0. Baseline 

demographic and disease characteristi cs were evaluated for the enti re cohort using 

descripti ve stati sti cs, including means and standard deviati ons (SD) or median and IQR 

for conti nuous variables, and frequencies and percentages for categorical outcomes. 

For comparison between three groups, the Fisher’s exact test was used for categorical 

outcomes and the Kruskal Wallis H test was used for conti nuous variables. If there was 

a stati sti cally signifi cant diff erence between the three groups, the Mann-Whitney test 

(conti nuous variables) or Fisher’s exact test (categorical variables) was used to test 

diff erences between two groups as a follow up analysis. P values <0.05 were considered to 

present a stati sti cally signifi cant diff erence. In case of multi ple comparisons, an adjusted 

signifi cance level was used according to the Bonferroni correcti on (signifi cance level = 

0.05/number of comparisons).

R E S U LT S

Coverage and parti cipati on response rates per country.
Except for three countries, all European countries responding to the survey claimed full 

coverage (Table S2). Response rates diff ered between the 25 countries (Table S1). Data 

collecti on among pediatric gastroenterologists was high in 15 out of 25 parti cipati ng 

countries, with ≥ 70% of pediatric gastroenterologists responding to the semi-annual 

e-mails throughout the study period with a valid reply. Data collecti on from adult 

gastroenterologists had a ≥ 70% response rate in nine out of 25 countries, respecti vely 

(Table S1). 

study was conducted over 42 months, the number of pediatric-onset IBD pati ents at risk 

per year was multi plied by the years of exposure (3.5 pati ent-years).

Calculati on of cancer and mortality incidence.
Cancer and mortality incidences for pediatric-onset IBD pati ents < 26 years were calculated 

based on the number of pati ent-years (as described above) and the number of reported 

cases per country and in total (Table 1 and 2). Confi dence intervals were calculated using 

Figure 1. European incidence maps of malignancy 
and mortality in pediatric-onset IBD pati ents < 26 
years. (A) The average incidence for all countries 
was used to calculate the expected number of 
cases per country according to their covered 
populati on. Deviati on of the number of reported 
cancer and mortality cases from the expected 
number of cases is shown for European countries.
(B) Forest plot with 95% confi dence intervals for 
each country. Random-eff ects model for meta-
analysis was used due to high heterogeneity in the 
results to investi gate the incidences of cancer and/
or mortality.

Rate per 10Rate per 10Rate per 106 patients (95% confidence interval) patients (95% confidence interval) patients (95% confidence interval)

B                  

A



8

202 203chapter 8

Malignancy and mortality in pediatric-onset 

inflammatory bowel disease: a 3-year

prospective, multinational study from the 

pediatric IBD Porto group of ESPGHAN

(Table 1), the cancer incidence in pediatric-onset IBD patients aged 0-26 years was 171 per 

1,000,000 (95% CI 120 –  238). Based on literature from national cancer registries, the cancer 

incidence in the general population aged 0-26 years is estimated at 210 per 1,000,000.16, 

17 Overall, the cancer incidence among pediatric-onset IBD patients was not found to be 

significantly different compared to the general population for this age group. The relative risk 

for malignancy in the pediatric-onset IBD population compared to the general population 

was found to be 0.816 (95% CI 0.57 – 1.18, p=0.277). However, cancer incidences among 

Patient Characteristics.
A total of 60 patients with either fatalities or cancer were identified during the study period 

(UC, n=21; CD, n=33; IBD-U, n=6). Of the 60 patients, 43 were diagnosed with malignancy 

and in 26 a fatality occurred; in nine (35%) of the latter the cause of death was cancer. 

Malignancy and mortality incidence.
The final estimated number of pediatric-onset IBD patients aged 0-26 years at risk in Europe 

was 192,625 patient-years. Since 33 cancer cases were reported in 192,625 patient-years 

Table 1. Malignancy incidence in pediatric-onset IBD patients < 26 years in European countries.

Country No. malignancy 
cases reported

Pediatric-onset IBD 
patients in 
3.5 years 
DENOMINATOR 
DATA‡

Annual incidence 
per 1.000.000 
patients†

No. of 
expected 
cases§

Variation 
from
expected

Austria (AT) 0 5,021 0 0.86 -0.86

Belgium (BE) 0 4,056 0 0.69 -0.69

Croatia (HR) 1 2,353 425 0.40 0.60

Czech Republic (CZ) 2 5,866 341 1.01 0.99

Denmark (DK) 0 3,737 0 0.64 -0.64

Finland (FI) 3 3,356 894 0.57 2.43

France (FR) 4 44,016 91 7.54 -3.54

Greece (EL) 2 5,800 345 0.99 1.01

Ireland (IE) 2 3,460 578 0.59 1.41

Italy (IT) 3 12,834 234 2.20 0.80

Poland (PL) 0 21,957 0 3.76 -3.76

Portugal (PT) 0 5,565 0 0.95 -0.95

Romania (RO) 0 11,332 0 1.94 -1.94

Sweden (SE) 3 6,461 464 1.11 1.89

Switzerland (CH) 1 4,118 243 0.71 0.29

Netherlands (NL) 6 10,722 560 1.84 4.16

UK - England 5 36,624 137 6.27 -1.27

UK - Scotland 1 3,338 300 0.57 0.43

UK - Wales 0 2,010 0 0.34 -0.34

Total 33 192,625 171 33 NR

‡See table S2 for calculation of denominator data. †Incidence calculation based on the number of patient-years and 
the number of reported cases. Incidence is reported in patient-years. §The average incidence for all countries was 
used to calculate expected number of cases per country. Abbreviations: IBD = inflammatory bowel disease, No = 
number of, NR = not relevant, UK = United Kingdom.

Table 2. Mortality incidence in pediatric-onset IBD patients < 26 years in European countries.

Country No. fatal cases  
reported¶

Pediatric-onset IBD 
patients in 3.5 years 
DENOMINATOR 
DATA‡

Annual incidence 
per 1.000.000 
patients†

No. of 
expected 
cases§

Variation 
from 
expected

Austria (AT) 0 5,021 0 0.57 -0.57

Belgium (BE) 0 4,056 0 0.46 -0.46

Croatia (HR) 1 2,353 425 0.27 0.73

Czech Republic (CZ) 0 5,866 0 0.67 -0.67

Denmark (DK) 0 3,737 0 0.43 -0.43

Finland (FI) 2 3,356 596 0.38 1.62

France (FR) 0 44,016 0 5.03 -5.03

Greece (EL) 0 5,800 0 0.66 -0.66

Ireland (IE) 0 3,460 0 0.40 -0.40

Italy (IT) 3 12,834 234 1.47 1.53

Poland (PL) 1 21,957 46 2.51 -1.51

Portugal (PT) 0 5,565 0 0.64 -0.64

Romania (RO) 1 11,332 88 1.29 -0.29

Sweden (SE) 5 6,461 774 0.74 4.26

Switzerland (CH) 1 4,118 243 0.47 0.53

Netherlands (NL) 3 10,722 280 1.22 1.78

UK - England 5 36,624 137 4.18 0.82

UK - Scotland 0 3,338 0 0.38 -0.38

UK - Wales 0 2,010 0 0.23 -0.23

Total 22 192,625 114 22 NR

¶Including fatal cancer and mortality due to other causes. ‡See table S2 for calculation of denominator data. 
†Incidence calculation based on the number of patient-years and the number of reported cases. Incidence is 
reported in patient-years.  §The average incidence for all countries was used to calculate expected number of cases 
per country. Abbreviations: IBD = inflammatory bowel disease, No = number of, NR = not relevant, UK = United 
Kingdom.
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pediatric-onset IBD patients in specific countries, including the Netherlands, Finland and 

Sweden, were higher compared to the general population (Table 1).

	 To obtain insight in under-reporting per country, reported number of cases were 

compared to the average rate of reported rates (Table 1 and 2, Figure 1A). Five countries 

were found to have significantly different (lower or higher) number of reported cases 

compared to the average rate of reported rates (Figure 1B). A negative difference in 

variation was seen in France, Poland and Romania. Particularly, France and Poland reported 

a significantly lower number of cases than expected for both cancer and mortality (p=0.013 

and 0.024 respectively, based on a Poisson distribution) which indicated potential under-

reporting. When excluding these three countries, the cancer incidence in pediatric-onset 

IBD patients aged 0-26 years increased to 230 per 1,000,000 (95% CI 157 – 326). Sweden, 

Figure 2. Causes of malignancy and mortality in pediatric-onset IBD patients (total cohort, n=60).A total of 43 
malignancies and 26 mortalities were included in our cohort. Patients who died due to cancer were diagnosed with 
CRC (n=3), CCA (n=3) and HSTCL (n=3).
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Table 3. Patient characteristics of pediatric-onset IBD patients who developed a malignancy and/or had a fatal 
outcome.

  Non-fatal cancer Fatal cancer Mortality due to 
other causes

Total p value

Total patients, N 34 9 17 60  

Sex        

Male, N (%)
Female, N (%)

18 (52.9)
16 (47.1)

6 (66.7)
3 (33.3)

6 (35.3)
11 (64.7)

30 (50)
30 (50)

 NS
 

IBD diagnosis        

CD, N (%)
UC, N (%)
IBD-U, N (%)

20 (58.9)
11 (32.4)
3 (8.7)

4 (54.4)
5 (55.6)
NA

9 (52.9)
5 (29.4)
3 (17.7)

33 (55.0)
21 (35.0)
6 (10.0)

 NS
 
 

Age at IBD diagnosis        

Mean (SD)
Median (IQR)

12.3 (4.1)
13.5 (10.6 - 15.4)

12.1 (4.3)
12.9 (8.3 - 15.4)

10.3 (4.2)
11.8 (7.7 - 13.5)

11.7 (4.2)
12.7 (9.0 - 14.8)

 NS
 

Duration of disease to 
cancer, y

       

Mean (SD)
Median (IQR)

5.5 (4.0)
4.3 (2.0 - 9.0)

9.1 (3.5)
9.1 (5.8 - 12.2)

NA
NA

6.2 (4.1)
5.5 (2.8 - 9.5)

 0.019g

Duration of disease to 
death, y

       

Mean (SD)
Median (IQR)

NA
NA

9.5 (3.4)
9.9 (6.4 - 13.0)

5.3 (4.8)
3.6 (1.6 - 8.0)

6.7 (4.8)
7.0 (2.1 - 10.0)

 0.018h

Age at cancer, y        

Mean (SD)
Median (IQR)

17.7 (4.2)
16.6 (15.0 - 21.9)

21.0 (2.4)
20.0 (19.0 - 23.5)

NA
NA

18.4 (4.1)
17.4 (16.0 - 22.0)

 0.012g

Age at death, y        

Mean (SD)
Median (IQR)

NA
NA

21.9 (2.8)
20.0 (19.5 - 24.7)

15.2 (5.4)
15.1 (12.9 - 18.8)

17.5 (5.7)
17.0 (14.0 - 21.8)

 0.002h

Comorbidities          

PSC, N (%)
Perianal disease, N (%)

2 (5.9)
9 (26.5)d

5 (55.6)
1 (11.1)§

2 (11.8)
6 (35.3)e

9 (15.0)
16 (26.7)f

0.002a; NSb; NSc

NS

For comparison between 3 groups, the Fisher’s exact test was used for categorical outcomes and the Kruskal Wallis 
H test was used for continuous variables. If there was a statistically significant difference between the 3 groups, the 
Mann-Whitney test (continuous variables) or Fisher’s exact test (categorical variables) was used to test differences 
between 2 groups. Abbreviations: NA, not applicable; PSC, primary sclerosing cholangitis; CD, Crohn’s disease; UC, 
Ulcerative colitis; IBD-U, IBD unclassified; IQR, interquartile range; SD, standard deviation; N, number; y, year.
a P value calculated with Fisher’s exact test comparing nonfatal cancer vs fatal cancer.
b Nonfatal cancer vs mortality.
c Fatal cancer vs mortality.
d One missing value.
e Two missing values.
f Three missing values.
g P value calculated with Mann-Whitney test comparing nonfatal cancer vs fatal cancer.
h P value calculated with Mann-Whitney test comparing fatal cancer vs mortality.
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disease duration of 5.2, 6.0 and 5.3 years, respectively. In all cases death occurred within 

a year after the HSTCL diagnosis at the age of 20.3, 19.0 and 23.5 years. 

	 In patients diagnosed with colorectal carcinoma (CRC, n=12, 29%), UC was the most 

frequent type of IBD (UC, n=6; CD, n=4; IBD-U, n=2). The four CD patients who developed 

CRC all had disease confined to the colon (L2; Paris classification18). IBD disease duration 

to cancer in patients with CRC was significantly longer than in patients who developed a 

hematopoietic tumor, with a median duration of 9.3 years (IQR 4.3 – 11.8) versus 3.7 years 

(IQR 2.0 – 7.8, p=0.034, Table S3). The youngest reported CRC patient was a female who 

developed CRC at the age of 14.5 years, four years after her initial IBD diagnosis. CRC was 

fatal in 25% of cases (n=3), always within one year after cancer diagnosis. The youngest 

patient with a fatal outcome due to CRC was 19.5 years old when CRC was diagnosed, 9.0 

years after her IBD disease diagnosis, and died after a period of six months.

	 Cholangiocarcinoma (CCA) was the third group of most frequently reported 

malignancies (n=3, 7%, all male UC patients). Notably, all CCA cases were fatal and all 

patients had a concomitant diagnosis of primary sclerosing cholangitis (PSC). CCA was 

diagnosed after a median IBD duration of 12.9 years (IQR 5.0 – 16.0). The youngest 

reported CCA patient was 19 years old when his cancer was diagnosed and died within 

the same year, 14 years after his IBD diagnosis and 11 years after his PSC diagnosis. Of all 

patients who died due to an adenocarcinoma (CRC, n=3, and CCA, n=3), 67% (n=4) had 

concomitant PSC. 

	 Other causes of cancer were melanoma (Clark’s level 1) at the age of 12.4 years 

(n=1), myeloid sarcoma (n=1), neuroendocrine tumor with liver metastasis (n=1), alveolar 

rhabdomyosarcoma (n=1), thyroid carcinoma (n=1), brain glioblastoma grade IV (n=1) and 

renal cell carcinoma (n=1). 

Malignancy and Treatment: current exposure
Overall, virtually all patients who developed a hematopoietic malignancy (n=21) had 

ever been exposed to thiopurines (n=20, 95%, Table 4). With regard to the three 

months prior to their cancer diagnosis, the majority of these patients were exposed to 

thiopurine monotherapy (n=12, 57%). Four patients with a hematopoietic malignancy 

used thiopurines in combination with a biologic (n=4, 19%), while others were exposed to 

biologic monotherapy (n=4, 19%) or were not using any medication (n=1, 5%) in the three 

months prior to their cancer diagnosis (Figure 3). 

	 Analysis of subgroups of hematopoietic tumors demonstrated that all patients who 

developed a HSTCL were exposed to thiopurines in the three months prior to their cancer 

diagnosis without concurrent or prior biologic exposure. We observed a numerically lower 

frequency of current exposure to thiopurine monotherapy in patients diagnosed with an 

adenocarcinoma compared to patients with a hematopoietic tumor (n=4, 27% vs. n=12, 

Finland and the Netherlands presented significantly more cases than expected (p=0.007, 

0.011 and 0.007 respectively).

Malignancy.
We identified 43 malignancies during the study period of which 24 (56%) occurred in 

patients with CD (Table 3). Patients who developed a fatal outcome due to their malignancy 

(6 males, 3 females) had been diagnosed with IBD at a median age of 12.9 year (IQR 8.3 

– 15.4). They had significantly longer IBD disease duration to cancer than those with a 

non-fatal outcome (9.1 years [IQR 5.8 – 12.2] versus 4.3 years [IQR 2.0 – 9.0], p=0.019) and 

developed cancer at a higher median age of 20.0 years (IQR 19.0 – 23.5) versus 16.6 years 

(IQR 15.0 – 21.9) in patients with non-fatal cancer (p=0.012). 

	 Hematopoietic tumors (n=21, 49%) were the most frequently reported type of 

malignancy (Figure 2). The median age at development of a hematopoietic tumor was 17.0 

years (IQR 14.9 – 20.5), which was slightly lower compared to the other types of cancer 

(19.0 years, IQR 16.2 – 24.0, p=0.19). The majority of hematopoietic tumors included 

Hodgkin and non-Hodgkin lymphomas (n=7 and n=8, respectively). Two patients with non-

Hodgkin lymphomas were Epstein-Barr-virus (EBV) positive (25%), four patients were EBV 

negative (50%) and the EBV status was unknown in two patients. None of the patients with 

Hodgkin lymphoma or NHL died. Three male patients (1 UC; 2 CD) were diagnosed with a 

hepatosplenic T-cell lymphoma (HSTCL, n=3, 14.3%). All of the patients with HSTCL died. 

These three patients developed HSTCL at the age of 20.0, 18.0 and 23.0 years, after an IBD 

Figure 3. Medication exposure in pediatric-onset IBD patients in the 3 months prior to malignancy or mortality 
diagnosis. Current exposure (in the 3 months prior to severe outcome) was divided in 1) thiopurine monotherapy, 
2) biologic monotherapy, 3) combination therapy of thiopurine with a biologic, 4) no medication or 5) other medi-
cation consisting of steroids, methotrexate, calcineurin inhibitors. Numbers and frequencies for the total cohort and 
patients who developed a hematopoietic malignancy or adenocarcinoma are shown.
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57%, respectively, p=0.096). Curiously, none of the three patients who developed a CCA 

were receiving a thiopurine or biologic. 

Malignancy and Treatment: Past exposure
There were no significant differences in percentage of patients with past exposure 

when comparing patients with hematopoietic cancer to patients who developed an 

adenocarcinoma (Table 4). Total duration of thiopurine exposure was numerically higher 

in the group of patients with an adenocarcinoma compared to patients who developed a 

hematopoietic tumor (median duration of 6.0 years (IQR 1.5 – 8.6) and 2.6 years (IQR 0.9 

– 4.8), respectively; p=0.13). This observation can be explained by the significantly longer 

IBD disease duration in patients diagnosed with an adenocarcinoma compared to patients 

with a hematopoietic tumor (9.5 years [IQR 5.0 – 12.0] versus 3.7 years [IQR 2.0 – 7.8], 

respectively, p=0.0064).

	 All three patients with a HSTCL had been previously exposed to thiopurines. The 

median duration of thiopurine exposure in the three HSTCL patients was 4.2 years (IQR 

4.0 – 5.0) compared with 1.9 years (IQR 0.9 – 4.5) in the patients with other hematopoietic 

malignancies. 

Other risk factors
Fatal cancers consisted of CRC (n=3), CCA (n=3) and HSTCL (n=3). In this total group of fatal 

cancers (n=9), 56% of patients (n=5) had a concomitant diagnosis of PSC, compared to 

6% in the group of patients with non-fatal cancer (n=2, p=0.002; Table 3). The majority of 

patients with fatal cancer and a concomitant PSC diagnosis died due to adenocarcinomas 

(CCA, n=3, CRC, n=1, HSTCL, n=1). CCA was diagnosed at a median duration of 4.9 years 

after the initial PSC diagnosis (IQR 0.04 – 8.9 years). The PSC patient who died of CRC was 

a male patient who developed IBD at the age of 14 years. He was diagnosed with both PSC 

and CRC at the age of 24 years.

	  Only a small number of patients who developed a malignancy had a positive family 

history for cancer (n=5, 12%), consisting of three patients with a hematopoietic tumor (1 

Hodgkin lymphoma, 1 non-Hodgkin lymphoma, 1 leukaemia) and two CRC patients. None 

of the patients who developed a malignancy had had a previous cancer diagnosis.

Mortality.
A total of 17 non-cancer related deaths were reported during the study period (28%, 

Table 3). Patients who died due to non-cancer related causes were significantly younger 

than patients who died due to cancer (15.1 years [IQR 12.9 – 18.8] versus 20.0 years [IQR 

19.0 – 23.5], p=0.002, Table 3). Infections (29%, n=5) were the main cause of non-cancer 

related deaths. These included four patients with sepsis and one patient who developed  
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to date. Among the 26 identified fatalities over a three year period, nine were due to 

malignancies, ten were due to  IBD or IBD-therapy related non-malignant causes (including 

5 infections), and suicide was the third leading cause. The most common identified risk 

factor for cancer-associated mortality was presence of PSC (50% of cases). 

	 In our study, the cancer incidence among pediatric-onset IBD patients was not found 

to be significantly different compared to the general population for this age group. We 

used the higher estimates for pan-European pediatric-onset IBD prevalence in order to 

be conservative with estimates for malignancy and mortality. Despite our conservative 

approach, incidences among pediatric-onset IBD patients were higher compared to the 

general population in some countries, including Sweden, Finland and the Netherlands 

(p=0.007, 0.011 and 0.007 respectively, Figure 1). As this study is unlikely to have bias 

from over-reporting, the data from these countries should raise some concern. When 

excluding countries with large negative deviation from the expected number of cases (i.e. 

Poland and France), the cancer incidence in pediatric-onset IBD patients aged 0-26 years 

increased to 230 per 1,000,000 (95% CI 157 - 326), demonstrating that these countries 

lowered the total reported incidence.

	 An increased relative risk for malignancy in pediatric-onset IBD patients has been 

established by several previous studies. Peneau et al. identified nine patients with cancer 

in 698 pediatric-onset IBD patients over a median follow-up period of 15 years, which 

translated into an increased risk of cancer in pediatric-onset IBD patients when compared 

to the background population (SIR 3.0 [95%CI 1.3–5.9]; p-value <0.02).8 More recently, data 

from a Swedish cohort also demonstrated a significantly increased adjusted hazard ratio 

for cancer in pediatric-onset IBD patients (2.2; 95% CI 2.0 – 2.5) compared to a matched 

general population over a 25 year follow up period.21, 22 Gastrointestinal cancers had the 

highest relative risks, with a hazard ratio of 134 (95% CI 59.6 – 382) for liver cancers and 

19.5 (95% CI 14.7 – 26.2) for CRC. 

	 CCA and CRC were the most common type of neoplastic fatalities in our cohort (CCA, 

n=3, CRC, n=3). This is in line with the results reported in the EPIMAD study, where CRC was 

the only cause of neoplastic fatality among 698 pediatric-onset IBD patients followed over 

a course of 15 years.8 In fact, in our cohort, HTSCL was only the third most common type of 

neoplastic fatality occurring in only three cases over three years. Fatal adenocarcinomas, 

which are highly likely to be associated with disease rather than treatment, were usually 

detected after >8 years of disease with the earliest occurrence at age 19. This suggests that 

current guidelines for surveillance in children and adults which recommend surveillance 

starting from eight or ten years of disease based on risk factors for CRC are adequate 

except in very rare cases.23 Unfortunately, data on adherence to surveillance guidelines 

in our current cohort was not available. Pediatric and adult gastroenterologists treating 

patients with IBD should have increased awareness that these fatal malignant outcomes 

disseminated tuberculosis on anti-TNFa therapy (Figure 2 and Table 5). In addition to 

infectious causes, another five patients died due to IBD- or IBD-therapy related causes 

that were of non-infectious origin. Death due to liver failure occurred in a 16 year old 

female with UC and PSC at 14.9 years of age. One patient died post operatively, two days 

after a right hemi-colectomy for CD. One patient died of multi organ failure complicating 

total parental nutrition. An additional two patients developed encephalopathy, but an 

infectious origin was not proven in either case. 

	 Three patients committed apparent suicide. All three patients had severely 

complicated disease. One patient had PSC and failed liver transplantation. The second had 

severe perianal disease and enterocutaneous fistulas, and committed suicide after several 

years of inpatient care for repeated surgeries and severe postoperative complications. 

The third was a 15 year-old patient who underwent multiple procedures and had been 

surgically treated for perianal disease. Based on literature from national registries, the 

European incidence rate of suicide ranges between 10 to 40 per 1,000,000 in people aged 

0-26 years.19, 20 Overall, the suicide incidence among pediatric-onset IBD patients was 

not found to be significantly different compared to the general population for this age 

group (RR = 0.45, 95% CI 0.14 – 1.45).  Other causes of death were unrelated to disease or 

treatment (n=3) or unknown (n=1) and are shown in Table 5.

Risk factors and associated therapy for mortality
Four of the five (80%) patients who died due to an infectious cause were receiving 

immune suppression, of whom two were on dual immune suppressive agents and the 

rest on a single drug (Table 5). Only two of those four patients were exposed to steroids 

at the moment of death. The remaining patient was not taking any medication. She had 

been previously exposed to combination therapy but refused all immunomodulatory or 

biological therapy one year before her death.

Risks of malignancy and mortality in subpopulations.
The relative risk of malignancy or mortality was not found to be significantly different 

between CD and UC patients from this cohort (RR = 0.99; 95% CI 0.40 – 2.46). When 

comparing patients with concomitant PSC to patients without PSC, a higher relative risk 

for fatal malignancy was found (RR = 7.08, 95% CI 2.34 – 21.44, p = 0.0005).

D I S C U S S I O N

In this first prospective multinational pediatric study to characterize malignancies and 

mortalities, we report the largest series of pediatric-onset IBD cases with these outcomes 
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unknown origin, which could have been infectious. In a previous retrospective study by 

the Porto group, combination therapy with any combination of two immune suppressive 

drugs was associated with infection-associated mortality.6 In that study 86% of patients 

developing a fatal infection or sepsis had received two or more immune suppressive 

agents. The current study identified fewer cases of infectious mortality than the previous 

study, but also covered a shorter period of time (3 vs. 5 years).

	 Surprisingly, suicides were the third most common reason for fatalities, surpassing 

procedural complications (n=2), thromboembolic events (n=0) and liver disease (n=1). It 

is important to be cautious when interpreting suicides because data regarding previous 

mental health and other comorbidities are not available. The three cases reported, all 

involved patients with a severe complicated course, including patients with repeated liver- 

and stem cell transplantations for refractory disease. In fact, one suicide occurred during 

a hospital admission. Although suicide incidence was not significantly increased compared 

to the general population, the suicide cases may be indirectly considered disease-related 

deaths. This emphasizes the importance of psychological support in addition to medical 

treatment in pediatric-onset IBD patients.

	 Our study provides important insight regarding severe outcomes of pediatric-onset 

IBD but is not without limitations. First, our results suggest underreporting in several 

countries. To avoid underestimation of incidence rates in a multinational set-up, it is 

pivotal to obtain registry-based denominator data in future studies. In addition, lower 

response rates among adult gastroenterologists and differences in practice between the 

participating countries may have contributed to underreporting of malignancies after 

transition to adult care and may have added bias to the reported data. Secondly, the use 

of thiopurines has become increasingly contentious, since the link between thiopurines 

and lymphomas9, 31 and skin cancers32 has become available. It would be very easy to over-

interpret data and assign risk to therapy in the cases with hematopoietic malignancies. 

However, a case series cannot adjust for underlying age-adjusted population risk. With the 

exception of HSTCL, hematopoietic malignancies do occur in healthy adolescents without 

underlying disease or exposure to drugs. Since pediatric-onset IBD tends to be aggressive 

and extensive, thiopurines are used very early in the disease in a large proportion of 

patients. Thus, clear associations between therapy and malignancies will require analysis 

adjusted for underlying risk of IBD and cancer in populations being explored. Current 

studies that have limited analysis to past exposure are insufficient. We therefore need 

long-term, prospective data on all children and adults via fully consented (international) 

registers to provide perspective regarding risk from disease and from therapy. 

	 In conclusion, data from this multinational cohort with the largest number of 

pediatric-onset IBD patients with cancer and/or fatal outcome to date, suggests that fatal 

outcomes and malignancies are still rare events. However, PSC appears to be a significant 

might occur in the second and third decades of life with early onset disease, and that 

patients with PSC should be followed closely including screening for CCA. It is interesting 

to note that all three patients with PSC-associated CCA were not receiving thiopurines or 

biologics. Thiopurines have been associated with a significant decrease in IBD associated 

CRCs by van Schaik et al, while 5-ASA did not lead to a significant protective effect.4 

However, a recent French study found that 5-ASA was effective but questioned the efficacy 

of thiopurines.24 Data regarding chemoprevention in IBD associated PSC is a current 

research gap, highlighted by the increased risk for CRC and CCA in these patients at an 

early age.24-26 In order to identify gaps and guide future research, details on all collected 

data for individual patients with PSC-related cancer and mortality in this cohort is provided 

in Table S4.

	 Despite large number of patients, previous population-based studies on pediatric-

onset IBD patients are underpowered with regard to drug exposure in patients who develop 

malignancy, and included patients that were older than in our series. A case series like 

this cannot truly determine causality between drug use and development of malignancy, 

but several observations from this study are important. Development of HSTCL is still a 

rare event, documented in only three patients over a three year period in the numerous 

countries surveyed. The three new cases identified by this prospective study occurred 

in patients that had been on current thiopurines without current or previous biologic 

exposure. This could suggest that current thiopurine exposure can be associated with 

these rare lymphomas in the absence of anti-TNF therapy. Similar to previous reports6, 

27-30, all patients were males. The recently published DEVELOP study did not evaluate the 

association between current exposure to drugs and cancer7, though current exposure and 

not previous exposure to thiopurines seems to be more important for development of 

lymphomas.9 However, the DEVELOP study did demonstrate that exposure to combination 

therapy, but not to thiopurines or infliximab monotherapy, was associated with an increase 

in risk for malignancy, with an adjusted SIR of 3.06 for developing a cancer if combination 

therapy of a biologic and a thiopurine was used. Another interesting observation in our 

study is that the majority of patients who developed a hematopoietic malignancy had 

been exposed to thiopurines (n=20, 95%). In fact 71% (n=15) were exposed to thiopurines 

in the last three months prior to their diagnosis; which is significantly higher compared 

to patients who developed adenocarcinomas (p=0.041). Altogether this suggests that 

current exposure and not previous exposure to thiopurines seems to be more important 

for development of lymphomas in pediatric-onset IBD patients, which is in line with the 

findings in adults patients by the CESAME study group.

	 The second leading cause of fatalities in young patients with IBD was likely associated 

with therapy. Five patients died from presumed or proven infections, and 4/5 were receiving 

concomitant immune suppression. Two patients died from necrotizing encephalopathy of 
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risk factor. While current guidelines for surveillance in children appear to be adequate, 

our data raises the question whether chemoprevention in IBD patients with concomitant 

PSC should be instituted. Future analysis of databases in participating countries may allow 

us to better evaluate the relative risks for pediatric-onset IBD patients compared to the 

background population.  
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S U P P L E M E N TA R Y  D ATA

Table S1. National pediatric and adult gastroenterologists, percentage of active response and number of cases 
per country.

Pediatric representatives adult representatives  

  Country Response  
rate

Representative	 Response  
rate

Representative Reported  
cases

1 Australia UNK P. Lewindon UNK NA 0

2 Austria >90% A.C. Hauer >90% C. Hoegenauer-Graz 0

3 Belgium 100% G. Veereman 100% S. Vermiere 0

4 Canada UNK A. Griffiths UNK NA 1

5 Croatia 100% I. Hojsak 80% B. Mijandrušić Sinčić 2

6 Czech Republic 100% J. Bronsky 35% M. Lukas 2

7 Denmark 100% V. Wewer UNK E. Langholz 0

8 Finland 100% K. Kolho 80% T. Sipponen 4

9 France 53% H. Garnier-Lengline 65% H. Sokol 4

10 Germany UNK S. Koletzko UNK B. Brokemeyer 5

11 Greece 100% E. Roma-Giannikou 95% E. Tsianos 2

12 Hungary 100% G. Veres UNK T. Molnar 1

13 Ireland 100% S. Hussey 80% G. Doherty 2

14 Israel 30-100% R. Shaoul 20% B. Bassat 2

15 Italy UNK P. Lionetti 92% M. Lia Scribano 5

16 New Zealand UNK A. Day UNK NA 1

17 Norway UNK G. Perminov UNK M.L. Høivik 0

18 Poland 100% M. Sladek UNK M. Klopocka 1

19 Portugal 100% E. Trindade UNK F. Magro 0

20 Romania 100% D. Serban 100% M. Diculescu 1

21 Spain UNK F. Javier Martin Carpi UNK V. Garcia-Sanchez 1

22 Sweden UNK U. Fagerberg UNK S. Almer 6

23 Switzerland 100% C. Braegger UNK G. Rogler 2

24 Netherlands 100% L. de Ridder 70% J. van de Woude 8

25 United Kingdom   10

  England (8) UNK C. Spray UNK A. Hart  

  Scotland (2) 100% D. Wilson 55% J. Satsangi  

  Wales (0) UNK I. Davies UNK NA  

  Total         60

UNK, unknown; NA, not applicable.

24.	 Carrat F, Seksik P, Colombel JF, Peyrin-Biroulet L, Beaugerie L, Group CS. The effects of aminosalicylates 
or thiopurines on the risk of colorectal cancer in inflammatory bowel disease. Aliment Pharmacol Ther 
2017;45(4):533-541.

25.	 Ekbom A, Helmick C, Zack M, Adami HO. Ulcerative colitis and colorectal cancer: A population-based study. 
NEW ENGL J MED 1990;323(18):1228-1233.

26.	 Jess T, Frisch M, Simonsen J. Trends in overall and cause-specific mortality among patients with inflammatory 
bowel disease from 1982 to 2010. Clin Gastroenterol Hepatol 2013;11(1):43-48.

27.	 Diak P, Siegel J, La Grenade L, Choi L, Lemery S, McMahon A. Tumor necrosis factor α blockers and malignancy 
in children: Forty-eight cases reported to the food and drug administration. Arthritis Rheum 2010;62(8):2517-
2524.

28.	 Jamali M, Raca G, Rubin CM, Anastasi J. γδ Hepatosplenic T-cell lymphoma in a pediatric patient with Crohn’s 
disease on combined immunosuppressive and immunomodulator therapy. Pathol Case Rev 2012;17(3):101-
107.

29.	 Ochenrider MG, Patterson DJ, Aboulafia DM. Hepatosplenic T-Cell lymphoma in a young man with Crohn’s 
disease: Case report and literature review. Clin Lymphoma Myeloma 2010;10(2):144-148.

30.	 Yabe M, Medeiros LJ, Daneshbod Y, et al. Hepatosplenic T-cell lymphoma arising in patients with 
immunodysregulatory disorders: a study of 7 patients who did not receive tumor necrosis factor-alpha 
inhibitor therapy and literature review. Ann Diagn Pathol 2017;26:16-22.

31.	 Kotlyar DS, Lewis JD, Beaugerie L, et al. Risk of lymphoma in patients with inflammatory bowel disease treated 
with azathioprine and 6-mercaptopurine: a meta-analysis. Clin Gastroenterol Hepatol 2015;13(5):847-58 e4; 
quiz e48-50.

32.	 Ariyaratnam J, Subramanian V. Association between thiopurine use and nonmelanoma skin cancers in 
patients with inflammatory bowel disease: a meta-analysis. Am J Gastroenterol 2014;109(2):163-9.
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Table S3. Patient characteristics of PIBD patients who developed hematopoietic cancer, CRC, or CCA.

  Hematopoietic CRC CCA

Total patients, N (%) 21 (48.8) 12 (27.9) 3 (7.0)

Gender    

Male, N (%) 10 (47.6) 7 (58.3) 3 (100)

Female, N (%) 11 (52.4) 5 (41.7) NA

IBD diagnosis    

CD, N (%) 15 (71.4) 4 (33.3) NA

UC, N (%) 5 (23.8) 6 (50.0) 3 (100)

IBD-U, N (%) 1 (4.8) 2 (16.7) NA

Age at IBD diagnosis    

Mean (SD) 13.1 (3.8) 12.2 (3.9) 11.3 (5.7)

Median (IQR) 14.1 (11.0-15.6) 12.2 (10.1-14.9) 12.9 (5.0-16.0)

IBD disease duration to cancer, y    

Mean (SD) 4.7 (3.6) 8.2 (4.1) 10.4 (4.1)

Median (IQR) 3.7 (2.0-7.8) 9.3 (4.3-11.8) 11.3 (6.0-14.0)

Age at cancer, y    

Mean (SD) 17.6 (3.5) 20.5 (4.0) 21.7 (2.5)

Median (IQR) 17.0 (14.9-20.5) 20.7 (16.5-24.4) 22.0 (19.0-24.0)

Comorbidities    

PSC, N (%) 2 (9.5) 2 (16.7) 3 (100)

Perianal disease, N (%) 6 (30.0) 2 (18.2)* 0 (0)*

Mortality, N (%) 3 (14.3) 3 (25.0) 3 (100)

*One missing value; CRC, colorectal carcinoma; CCA, cholangiocarcinoma; NA, not applicable; CD, Crohn’s disease; 
UC, Ulcerative colitis; IBD-U, IBD unclassified; IQR, interquartile range; SD, standard deviation; N, number; y, year.
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Disease progression in pediatric- and 

adult-onset sclerosing cholangitis: results 

from two independent Dutch registries

I N T R O D U C T I O N

Sclerosing cholangitis (SC) is a rare cholestatic disease characterized by fibrosis of the intra- 

and/or extrahepatic bile ducts and is strongly associated with inflammatory bowel disease 

(IBD). The disease presents in most patients between the age of 25 and 40 years1, 2, though 

it is recognized as an important cause of chronic liver disease in children. Patients with SC 

carry an ongoing and disproportionate high clinical need because of the association with 

poor clinical outcomes including end-stage biliary cirrhosis and hepatopancreatobiliary and 

colorectal malignancies.3, 4 In the early stages bile duct disease may be easily overlooked, 

as symptoms are initially nonspecific and intestinal disease is frequently more prominent 

in patients with concomitant IBD.5

	 It is suggested by several authors that pediatric-onset SC runs a milder course and 

has a more favourable outcome compared to adult-onset SC.6, 7 The time horizon in these 

papers could have been restricted by transfer of patients to adult-oriented care. To test the 

assumption of a relatively benign disease course in pediatric-onset SC, we evaluated time-

to-complication curves in two independent Dutch cohorts. The first cohort contained data 

of children with SC who were followed bi-annually until transfer to adult-oriented care, 

the second cohort consisted of adults with pediatric-onset SC derived from a previously 

published population-based study from the Netherlands. 

M E T H O D S

Objectives.
Our objectives were to (1) describe short-term outcomes, for which we created an online 

registry filled with closely followed data on pediatric-onset SC patients in the Netherlands 

during the first five years after diagnosis, and (2) compare long-term disease outcomes 

between pediatric- and adulthood-onset SC patients, for which we used data from a 

second, independent, previously published population-based study from the Netherlands.2

Short-term disease outcomes (cohort 1).

Setting
We used longitudinal data on pediatric-onset SC patients who were diagnosed between 

2000 and 2017 at five tertiary hospitals in the Netherlands, including one referral 

pediatric liver transplant center. The data were derived from local clinical databases and 

International Classification of Diseases code searches. 

	 We assessed clinical, biochemical, radiological and histological parameters at 

A B S T R A C T

Background: Sclerosing cholangitis (SC) is a severe liver disease leading to destruction 

of bile ducts. It is believed to run a milder course in children than in adults. To test this 

assumption, we evaluated time-to-complication curves in two independent pediatric-

onset cohorts from the same geographical area. 

Methods: Short-term disease outcomes were evaluated with an online clinical registry 

that was filled with data on children with SC diagnosed between 2000 and 2017 and who 

were followed bi-annually thereafter. Long-term disease outcomes were evaluated in a 

pediatric-onset subcohort derived from a previously published population-based study 

from the Netherlands. Time-to-complication in the first cohort was defined as the time 

from diagnosis until portal hypertension, biliary obstructions and infections, development 

of malignancy, or liver transplantation, whichever came first. In the second cohort time-

to-complication was defined as the time until liver transplantation or PSC-related death.

Results: Median age at diagnosis in the first cohort (n=86) was 12.3 years. In the first 5 years 

post-diagnosis 23% of patients developed complications. The patients in the population-

based study (n=683) were stratified into those diagnosed before the age of 18 years 

(“pediatric-onset” subcohort, n=43) and those diagnosed after the age of 18 years (“adult-

onset” subcohort, n=640). Median age at diagnosis was 14.6 and 40.2 years, respectively. 

Median time-to-complication in the pediatric-onset and adult-onset subcohorts were not 

statistically different. 

Conclusions: Pediatric and adult-onset SC run a similar long-term disease course. 

Pediatricians who treat children with SC should monitor them closely to recognize early 

complications and control long-term sequelae. 



9

228 229chapter 9

Disease progression in pediatric- and 

adult-onset sclerosing cholangitis: results 

from two independent Dutch registries

coronal section (passing through the splenic hilum) exceeding the upper limit of normal 

for age and gender.14

	 Follow-up data included the clinical endpoints (1) portal hypertensive complications, 

(2) biliary complications, (3) hepatobiliary malignancy, (4) liver transplantation, or (5) 

death from liver disease. Portal hypertensive complications included thrombocytopenia 

(<150 × 109/l), bleeding oesophageal varices and the need for placing a transjugular 

intrahepatic portosystemic shunt (TIPS). Biliary complications included cholangitis or 

bile duct obstruction, whether or not requiring endoscopic intervention. The composite 

outcome short-term disease progression was defined as occurrence of at least one of five 

clinical endpoints within the first five years following diagnosis of SC.  

Predictors of short-term disease progression
To construct a prognostic model for short-term disease progression we carried out a 

backward stepwise elimination. Candidate predictors with p<0.10 in bivariate analysis 

were selected for use in the multivariate analysis. This level was chosen because of the 

limited number of patients in the analysis. For patients with an incomplete follow-up 

(i.e. less than five years postdiagnosis) we calculated the Follow-Up Index (FUI), which 

is defined as the ratio between the actual observed follow-up period and the minimally 

preferred follow-up period.15 The FUI ranges from near 1.0 (almost 5 years follow-up) 

to near 0 (diagnosed just before the study closing date). The FUI is a simple measure to 

critically appraise the credibility of the prognostic model. Patients with isolated AIH were 

excluded from the survival and logistic regression analysis.

Long-term disease outcomes (cohort 2).
To obtain insight in long-term disease course of pediatric-onset SC patients after transition 

to adult care, we used a large comprehensive SC cohort that has been described before, 

and which came from the same geographical area of the Netherlands as cohort 1.2 The 

difference between cohort 1 and cohort 2 is the moment of data collection: data from 

cohort 1 was collected at pediatric age, whereas cohort 2 was collected at adult age. 

Between January 2008 and December 2011, the researchers in this study identified all adult 

PSC patients in 44 hospitals in the Netherlands, that were diagnosed from 2000 onward. 

Data collection included patient demographics, disease characteristics at diagnosis and 

follow-up of clinical endpoints, as liver transplantation and SC-related death. 

	 For our study, we performed an additional analyses of this cohort and stratified 

for age at diagnosis before 18 years (“pediatric-onset” cohort, n=43) or after 18 years 

(“adult-onset” cohort, n=640). We compared frequencies of liver transplantations, median 

time-to-complication, and SC-related death. Detailed information on the study design, 

participants, data collection and variables can be found in the original publication.2

SC diagnosis, and followed the patients at least bi-annually until transfer to adult-

oriented care. We created an online clinical registry using Castor Electronic Data Capture 

(Amsterdam, The Netherlands8), which was filled with retrospective data for this specific 

research project. After this project, the registry will be maintained and regularly updated 

to serve as a prospective registry.

	 The ethical committee of the Erasmus MC in Rotterdam reviewed the study protocol 

and waived the need for informed consent due to the anonymous and non-interventional 

fashion of the study (MEC-2016-736). Secondary approval was obtained from all other 

participating centers.

Participants 
Pediatric-onset SC is classified as primary SC (PSC) or autoimmune SC (ASC). The latter is 

also known as PSC-autoimmune hepatitis (AIH) overlap syndrome, due to concurrence 

of increased levels of transaminases, hypergammaglobulinaemia and autoantibodies. 

We included patients diagnosed with SC before the age of 18 years. Patients with 

cholangiopathies secondary to surgical complications or other liver diseases were 

excluded. We reviewed immunological, radiological and/or histological features to 

determine if patients were appropriately assigned a diagnosis of PSC, ASC or AIH 

(Figure S1). The diagnosis of SC was based on a cholestatic biochemical profile (raised 

conjugated bilirubin levels and/or elevation of alkaline phosphatase (ALP) and gamma 

glutamyltransferase (GGT)), in combination with bile duct irregularities on endoscopic 

retrograde cholangiography (ERC) or magnetic resonance cholangiography (MRC), and/or 

ductular reactions on liver histology. SC patients with at least one of the appropriate auto-

antibodies in their serum (anti-nuclear antibodies (ANA); anti-smooth muscle antibodies 

(anti-SMA); anti-liver kidney microsome type 1 (anti-LKM-1); or antibody to liver cytosol 

(anti-LC-1)) were classified as ASC. SC patients with negative auto-antibodies were 

classified as PSC.9, 10 Patients were excluded from further analysis when they had isolated 

AIH,11, 12 or when both cholangiography (ERC or MRC) and liver biopsy were missing in the 

diagnostic work-up (Figure S1). 

Variables 
Baseline data included patient demographics, associated immune disorders and presence 

and type of inflammatory bowel disease (IBD), signs, symptoms and age at SC diagnosis; 

and detailed information on diagnostic work up. We used age- and sex-adjusted cut points 

for elevated ALP. Cut-offs were 424 U/L for boys and girls younger than 13 years, 454 U/L 

for boys 13 to 17 years, and 254 U/L for girls between 13 and 17 years.13 Hepatomegaly 

was defined as a liver length measured in the midclavicular line exceeding the upper limit 

of normal for height and age.14 Splenomegaly was defined as a splenic length measured in 
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continuous variables; for categorical outcomes the Chi square test and Fisher’s exact test 

were used. P values <0.05 were considered statistically significant. 

	 In cohort 1, we estimated the cumulative incidence of any of the above-mentioned 

clinical endpoints, by performing Kaplan-Meier survival analysis. Time was defined as the 

moment of SC diagnosis until appearance of the first sign of early hepatic deterioration 

or until five years after SC diagnosis.  Patients who did not have a complete follow-up of 

5 years and did not develop signs of disease progression were censored. In cohort 2, a 

Kaplan-Meier survival analysis with Log rank test was performed to compare long-term 

disease outcomes between pediatric-onset and adult-onset SC patients. Event was defined 

as liver transplantation or death from liver disease. Time was defined as the moment of 

SC diagnosis until appearance of the event. Patients who were lost to follow-up without 

experiencing an event were censored.

R E S U LT S

Short-term disease outcomes in pediatric-onset SC.

Patient demographics and characteristics
We identified 160 patients who were diagnosed between 2000 and 2017. A total of 17 

Statistics.
Data analyses were performed using IBM SPSS version 23 Baseline demographic and 

disease characteristics were evaluated for both SC registries using descriptive statistics. 

We summarized continuous variables as medians and interquartile ranges (IQR: 25th 

percentile, 75th percentile). For discrete variables, we calculated the 95% confidence 

interval in OpenEpi, Version 3, using the Wilson method for calculating confidence intervals 

for proportions. Differences in groups were compared by the Mann Whitney U test for 

Table 1. Patient characteristics, clinical presentation at time of diagnosis and association with IBD.

  PSC 
(n = 32)

ASC 
(n = 54)

Median age at diagnosis in years (IQR)  13.3 (10.2-15.2) 11.4 (8.2-14.3)

Male gender 75% (58-87) 61% (48-73)

Liver-related symptoms at diagnosis

  Jaundice 16% (7-32) 13% (7-24)

  Hepatomegaly 6% (2-21) 11% (5-22)

  Splenomegaly 3% (1-16) 7% (3-18)

  Ascites 0% (0-11) 0% (0-7)

  Fatigue 34% (21-52) 50% (37-63)

  Pruritus 22% (11-39) 17% (21-45)

  Coagulopathy 0% (0-11) 4% (1-13)

Liver disease in first degree relatives 3% (1-16) 4% (1-13)

Associated autoimmune disease 3% (1-16) 11% (5-22)

Association with IBD 84% (68-93) 76% (63-85)

Median age at IBD diagnosis in years (IQR)  12.2 (9.2-15.2) 11.5 (8.6-14.4)

Type of IBD, % (n)

  CD 11% (4-28) 22% (12-37)

  IBD-U 4% (1-18) 5% (1-16)

  UC 85% (68-94) 73% (58-84)

Pancolitis 70% (49-84) 83% (66-93)

Timing of diagnosis of liver disease, % (n)

  Simultaneous with diagnosis of IBD 41% (25-59) 73% (58-84) 

  Before diagnosis of IBD 11% (4-28) 15% (7-28) 

  During follow-up of IBD 48% (31-66) 12% (5-26)

Values are percentages (95% confidence interval) unless otherwise stated. Abbreviations: PSC, primary sclerosing 
cholangitis; ASC, autoimmune sclerosing cholangitis; CD, Crohn’s disease; IBD, inflammatory bowel disease; IBD-U, 
IBD unclassified; IQR, interquartile range; PSC, primary sclerosing cholangitis; UC, Ulcerative colitis.

Table 2. List of clinical endpoints in patients with pediatric-onset SC in the first five years postdiagnosis. 

Complications PSC  
(n = 32)

ASC  
(n = 54)

Median follow-up time in years (range) 4.7 (0.2-12.3) 5.5 (0.7-14.5)

Portal hypertensive complications 16% (6.9-31.8) 17% (9.0-28.7)

   Thrombocytopenia 9% (3-24) 11% (5-22)

   Bleeding oesophageal varices 6% (2-20) 6% (2-15)

   Need for TIPS placement 3% (1-16) 4% (1-12)

Biliary complications 16% (6.9-31.8) 17% (9.0-28.7)

   Episodes of cholangitis 9% (3-24) 13% (6-24)

   Need for ERC 6% (2-20) 11% (5-22)

Liver transplantation 3% (0.6-15.7) 4% (1.0-12.5)

Hepatobiliary malignancy 0% (0-11) 0% (0-7)

Death from liver disease 3% (0.6-15.7) 2% (0.3-9.8)

Values are percentages (95% confidence interval) unless otherwise stated. Abbreviations: ASC, autoimmune 
sclerosing cholangitis; AIH, autoimmune hepatitis; IQR, interquartile range; ERC, endoscopic retrograde 
cholangiography; PSC, primary sclerosing cholangitis; TIPS, transjugular intrahepatic portosystemic shunt.
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Short-term disease progression 
Individual patients were followed for a median of 5.1 years (IQR 2.6-7.8) after SC diagnosis 

(Table 2). Figure 1 shows that the interval to hepatic deterioration was similar for patients 

with PSC and ASC (p=0.752, log-rank test, Figure 1). Portal hypertensive complications 

developed in 16% of PSC patients (n=5) and 17% of ASC patients (n=9). Biliary 

complications developed in 16% of PSC patients (n=5) and 17% of ASC patients (n=9). Four 

ASC patients (7%) developed both portal hypertensive as well as biliary complications. 

Liver transplantation was performed in three patients after a mean disease duration of 9.3 

years (range 5.9-9.8). Two patients died; one patient with ASC and end-stage liver disease 

from massive upper gastrointestinal hemorrhage and one patient with PSC died in a traffic 

accident. No patients developed cancer within the follow-up period. 

Predictors of short-term disease progression 

Twenty patients (23%) developed disease progression in the first 5 years after diagnosis. 

Fifty-eight of 86 patients (67%) had a complete 5-year follow-up. The remaining 28 patients 

with an incomplete follow-up had a mean (SD) FUI of 0.41 (0.21). We measured candidate 

factors to construct a prognostic model for short-term disease progression. Table 3 shows 

the results of the bivariate logistic regression analysis and the multivariate model, selected 

with the maximum likelihood approach. Treatment with thiopurines, steroids or UDCA 

did not influence disease course. Elevated ALP, fibrosis in liver biopsy, hepatomegaly and 

splenomegaly on ultrasonography had a P-value <0.10 and were selected for use in the 

multivariate analysis. In the multivariate model elevated ALP (odds ratio [OR] 5, 95%CI 

1-21) and hepatomegaly on ultrasonography (OR 9, 95%CI 2-47) remained significant 

predictors of short-term disease progression. The logistic regression coefficients (β) in 

children were excluded because of an incomplete diagnostic work-up, and 57 for isolated 

AIH. Thirty-two patients were classified as PSC and 54 as ASC (Table 1). Patients were 

diagnosed at a median age of 12.4 years (IQR 9.1-14.8) and the gender distribution was 

predominantly male (PSC 75% and ASC 61%). Comorbidities in patients with ASC included 

insulin-dependent diabetes mellitus (n=2), celiac disease (n=1), autoimmune hemolytic 

anemia (n=1), rheumatoid arthritis (n=1) and idiopathic thrombocytopenic purpura (n=1). 

Only one PSC patient had an associated autoimmune disease (celiac disease). Both PSC 

and ASC were strongly associated with IBD (respectively in 84% and 76% of cases). UC was 

the predominant type of IBD in both PSC and ASC with a high proportion of pancolitis (PSC, 

70%; ASC, 83%). 

Characterization of SC at diagnosis
Among the 54 patients with ASC, 25 were positive for ANA alone, 9 for both SMA and ANA, 

19 for SMA alone and 1 for LKM1 alone. Diagnostic liver ultrasonography was performed in 

65 of the 86 patients (76%). Splenomegaly was present at ultrasonography in 19 patients 

(26%) and hepatomegaly in 31 patients (43%). MRC or ERC was performed in 73 patients 

(85%) and liver biopsy in 75 patients (87%). All PSC patients received ursodeoxycholic acid 

(UDCA); 94% of ASC patients received UDCA. Steroid tapering dose was given to 59% of PSC 

patients (n=19) and 85% of ASC patients (n=46), in the majority of cases (80%) as induction 

therapy for concomitant IBD. Thiopurines were used by 59% of PSC patients (n=19), of 

which 89% had concomitant IBD. 76% of the ASC patients (n=41) used thiopurines.

Figure 1. Short-term disease progression in children with SC. Kaplan-Meier plot demonstrating the percentage of 
patients with survival until disease progression after SC diagnosis. Adolescents with PSC (solid line) are compared 
with adolescents with ASC (dotted line). Event is defined as development of portal hypertensive complications, 
biliary complications, hepatobiliary malignancy, liver transplantation, or death from liver disease. Time is defined 
as the moment of SC diagnosis until the first complication, or five years postdiagnosis. Patients with no complete 
5-year follow-up and who did not develop signs of disease progression were censored. The numbers on the lowest 
line indicate the number of patients being represented at that point in time.

Table 3. Predictors of short-term disease progression in the first five years after diagnosing SC.

Prognostic markers at diagnosis of 
liver disease

Bivariate Multivariate

β P Odds Ratio β P Odds Ratio (95%CI)

ALP elevation (age and sex adjusted)* 1.0 0.057 2.8 1.6 0.034 4.8 (1.1 – 20.6)

Fibrosis in liver biopsy* 1.0 0.037 2.8

Hepatomegaly at ultrasonography* 1.9 0.019 6.9 2.1 0.014 8.5 (1.5 – 46.5)

Splenomegaly at ultrasonography* 1.2 0.067 3.2

Constant -3.4 0.000 0.033

* Binary variables are coded 0 for no or 1 for yes.
Cox and Snell R = 0.203, Nagelkerke R (Max rescaled R) = 0.305.
Risk for early hepatic deterioration can be calculated from the following standard formula:
Risk score = -3.4 + 1.6 (ALP elevation) + 2.1 (Hepatomegaly at ultrasonography)
Predicted risk = 1/(1 + e-risk score)

Abbreviations: ALP, alkaline phosphatase.
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Mean age of liver disease diagnosis was 14.6 years in the pediatric-onset cohort (n=43) and 

40.2 years in the adult-onset cohort (n=640). There were no baseline differences in sex, 

presence of AIH overlap, small duct disease, or concomitant diagnosis with IBD between 

the pediatric-onset and adult-onset SC patients. Median follow up was 10 years (IQR 7-17) 

for the pediatric-onset cohort and 8 years (IQR 4-13.8) for the adult-onset cohort. During 

follow-up two pediatric-onset SC patients (5%) and 59 adult-onset SC patients (9%) died. 

Median transplant-free survival was 21 and 23 years in pediatric-onset and adult-onset 

SC patients, respectively. Frequencies of liver transplantations (23% vs 17%) and mean 

disease duration until liver transplantation (11 years vs 9.3 years) were not statistically 

different between the pediatric-onset and adult-onset cohort, respectively. Figure 2 shows 

that there is no difference in time-to-liver transplantation or SC-related death between 

both sub cohorts (p=0.58, Log-rank test). 

D I S C U S S I O N

Key findings.
We described clinical outcomes in two independent Dutch pediatric-onset SC registries. 

In cohort 1, which was ideal for studying short-term disease progression, twenty-three 

percent of patients developed portal hypertension, biliary complications, or progressed 

the multivariate model allowed to construct a forecast for short-term disease progression 

in children at diagnosis of SC. The equation beneath table 3 indicates the mutually 

adjusted relative contribution of the factors to the risk score. As an example of the use 

of this equation, consider a teenager with the SC phenotype, with elevated ALP and 

hepatomegaly. The total risk score of this patient amounts to 0.3, which corresponds to a 

probability of short-term disease progression of 57%, compared to a pre-test probability 

of 23%.

Long-term disease outcomes in pediatric-onset versus adult-onset SC.
The large SC cohort by Boonstra et al. included a total of 697 SC patients. Fourteen patients 

were excluded from the analyses because the date of diagnosis was missing (Table 4). 

Table 4. Comparison of long-term outcomes in pediatric-onset and adult-onset PSC.

Pediatric cohort  
(N = 43)

Adult
cohort  
(N = 640)

P value 
(Pediatric vs Adult)

Median age at diagnosis, yr (IQR) 16.0 (14-18) 40.0 (30-50) -

Male, n (%) 67% (52-80) 65% (61-68) NS

AIH overlap, n (%) 9% (4-22) 3% (2-5) NS

Small duct SC, n (%) 9% (4-22) 9% (7-11) NS

Association with IBD, n (%) 79% (62-87) 69% (64-72) NS

Mortality, n (%) 9% (4-22) 17% (14-20) NS

Median age at SC Related death, yr (IQR) 31.0 (1.0) 53.0 (20.25) 0.03

PSC-related death, n (%) 5% (1-15) 9% (7-12) NS

CCA 1 26 NS

CRC 1 6 NS

Liver failure 0 16 NS

LTx related complications 0 9 NS

Gallbladder carcinoma 0 1 NS

Median transplant free survival, yr 21 23 NS

Liver transplantation, n (%) 23% (13-38) 17% (14-20) NS

Median disease duration until LTx, months 
(IQR)

112.5 (155.25) 90.5 (107.75) NS

Median age at LTx, yr (IQR) 22.5 (15-30) 48 (40-56) <0.001

Data on a total of 697 SC patients is currently included in the Boonstra cohort. Fourteen patients were excluded from 
the analyses because the date of diagnosis was missing. Mann-Whitney U test (continuous variables) or Fisher’s 
exact test (categorical variables) was used to test differences between 2 groups. Log rank test was used to compare 
transplant free survival. Abbreviations: SC, sclerosing cholangitis; AIH, autoimmune hepatitis; IBD, inflammatory 
bowel disease; CCA, cholangiocarcinoma; CRC, colorectal carcinoma; LTx, liver transplantation; yr, year; n, number 
of patients; NS, not significant; IQR, interquartile range.

Figure 2. Time-to-transplantation or SC-related death. Kaplan-Meier plot demonstrating the percentage of patients 
with time-to-liver transplantation or SC-related death. Patients with adult-onset SC (solid line) are compared with 
patients with pediatric-onset SC (dotted line). Event is defined as liver transplantation or death from liver disease. 
Time is defined as the moment of SC diagnosis until appearance of the event. Patients who were lost to follow-up 
without experiencing an event were censored. The numbers on the lowest line indicate the number of patients 
being represented at that point in time.
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specificity to use it as an indicator for future disease progression. 

Phenotype of pediatric- versus adult-onset SC
Some groups have suggested that pediatric-onset SC has a milder phenotype and therefore 

a more favourable outcome compared to adult-onset SC.6, 7 The international collaboration 

group that recently published the results of a large cohort of children with SC (n=781) 

reported a transplantation-free survival of 88% and 70% at 5 and 10 years respectively.6 

In a large international cohort of adult patients with SC (n=7121) transplantation-free 

survival was 80%, 63% and 48% after 5, 10 and 15 years postdiagnosis.28 Variation in 

geographical backgrounds of these two large cohorts may have hampered a reliable 

comparison of transplantation-free survival. As far as we know this is the first time that 

long-term outcomes of pediatric-onset and adult-onset SC patients coming from the 

same geographical area were compared.2 The time-to-complication analysis showed that 

there was no difference between pediatric- and adult-onset SC. We therefore argue that 

pediatric-onset SC follows the same disease course as adult-onset SC. 

Implications for pediatric practice.
Despite the lack of current therapies that cure or halt disease progression, targeting and 

selecting children with a likelihood of short-term disease progression has several benefits, 

including appropriate counselling of the patient and family, close monitoring for potential 

severe complications (including hepatobiliary and colorectal malignancies) and timely 

referral to a liver transplantation center. The prognostic biomarkers described in cohort 

1 (hepatomegaly on ultrasonography and elevated ALP) may allow physicians involved in 

the care of children to more accurately predict disease progression in the early stages of 

SC. The robustness of these biomarkers needs to be evaluated in a validation cohort of 

patients with pediatric-onset SC. 

	 Our findings provide an evidence base that the time-to-complication in pediatric-

onset SC is not different from the adult-onset type. We call for a more rigorous follow-up 

of children with SC, including monitoring for symptoms from dominant strictures such 

as cholangitis, jaundice, pruritus, right upper quadrant pain or worsening cholestatic 

biochemical profile. Additionally, in those without concurrent IBD annual fecal calprotectin 

screening is warranted. A detailed handover letter including a clear timeline of diagnostic 

and therapeutic procedures should be written by the pediatric team prior to the transfer 

to adult-oriented care. 

Strengths and limitations.
The diagnostic criteria for pediatric-onset SC are not univocal. There is a need to develop 

an evidence-based guideline that brings more uniformity in the diagnostic criteria for 

to liver transplantation within 5 years after SC diagnosis. In cohort 2, which allowed us to 

study long-term disease outcomes beyond the age of transfer to adult-oriented care, we 

observed that pediatric and adult-onset SC run a similar disease course regarding time-

to-transplantation and SC related death. Our findings contradict the current view that 

pediatric-onset SC runs a relatively benign disease course as compared to adult-onset SC.

Comparison with other studies.

Disease progression
We identified ten observational studies from MEDLINE and EMBASE that described 

pediatric cohorts with SC.6, 7, 16-22 A recently published multicenter, international cohort 

study of children with SC (n=781) reported portal hypertensive and biliary complications 

in 30% of cases in the first five years postdiagnosis, and 12% of patients  required a liver 

transplantation within 5 years after SC diagnosis.6 Similarly, 11% of children included 

in a single center cohort of pediatric PSC patients from the United States (n=120) was 

transplanted in the first five years postdiagnosis.7 Our data from cohort 1 demonstrates 

that 23% of patients develop short-term disease progression within 5 years after SC 

diagnosis. This is possibly an underestimation as indicated by the low FUI. Taken together, 

our data and earlier published information show that a quarter to a third of pediatric-

onset SC patients have a progressively worsening liver condition before transfer to adult-

oriented care. In contrast, a recently published Italian two-center study describing 45 

pediatric patients with SC suggested that pediatric SC is a milder phenotype than adult-

onset SC.20 At the same time the authors explain that part of the patients in their cohort 

were diagnosed at a very early stage of SC, i.e. when they were still symptom-free and only 

had biochemical abnormalities. This illustrates the importance of multicenter prospective 

studies for defining SC phenotype and exploring pathogenic mechanisms. 

Prognostic biomarkers
Low platelet count, prolonged pro-thrombin time and higher values of bilirubin and 

GGT have previously been identified as markers for progressive liver disease in children 

with SC.6, 16, 17 In our multivariate model that was based on cohort 1 these laboratory 

markers had no prognostic value. Instead we identified hepatomegaly on ultrasonography 

and elevated ALP at diagnosis as significant and independent predictors of short-term 

disease progression. Elevated ALP has not been identified as a prognostic marker in 

previous pediatric research, but is consistently associated with poor prognosis in adult 

SC literature.23-27 Some may argue that GGT is a more accurate diagnostic marker of SC in 

children than ALP, as ALP is also dependent on bone growth.16, 17 However, in our patient 

cohort GGT was already elevated in 94% cases at diagnosis, which explains its poor 
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SC in children. One of the strengths of this study was the confirmation of the diagnosis 

of PSC or ASC with a detailed record review and diagnostic decision matrix with strict 

definitions for PSC and ASC (Figure S1), instead of merely relying on the administration of 

the treating doctor or on coding data. This strategy reduced the risk of misclassification 

and misdiagnosis, and consequently type I errors. A limitation was that not all patients in 

cohort 1 had a complete 5-year follow-up. Although our study provides important insight 

regarding disease progression in pediatric-onset SC, potential drawbacks of this study 

relate to the retrospective nature of the study and the limited sample size. 

C O N C L U S I O N

In conclusion, our data provide new insights into the course of disease in pediatric-onset 

SC. The results strongly suggest that pediatric- and adult-onset SC run a similar short- 

and long-term disease course. Both pediatricians as well as adult-oriented specialists 

who treat patients with pediatric-onset SC should monitor them closely to recognize 

early complications and control long-term sequelae. Finally, our results emphasize the 

importance of follow-up of young patients with rare diseases, whose disease course is 

blurred by transition to adult-oriented care. 
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Figure S1. Diagnostic decision matrix. Immunological, radiological and/or histological features were reviewed to 
determine if patients were appropriately assigned a diagnosis of PSC, ASC or AIH. Patients were excluded from 
further analysis when they had isolated AIH, or when both cholangiography and liver biopsy were missing in the 
diagnostic work-up.
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for steroids, need for surgery and hospitalizations, and development of irreversible 

penetrating and/or stricturing lesions.6 In both CD and UC, there can be local (i.e. cancer, 

see Chapter 7 and Chapter 8) and extra-intestinal complications (i.e. sclerosing cholangitis, 

see Chapter 9) that further influence the disease course. The major goal of medical therapy 

in IBD is to modify or alter the disease course by achieving mucosal healing and steroid-

free remission, thereby preventing disease-associated complications and reducing disease 

progression. Unfortunately, the disease course and therapy responsiveness of an individual 

IBD patient is difficult to predict. Clinical manifestations at diagnosis, such as age of disease 

onset, gender and disease phenotype, only moderately predict the disease course.5, 7 

Nevertheless, predicting the course of disease is important, not only to manage patient 

expectations, but also to individualize patient care. Knowing which patients are likely 

to have the worst outcomes could guide the choice of the optimal therapy and thereby 

lead to more efficient use of resources by preventing patient under- and overtreatment. 

Furthermore, selecting the most appropriate treatment for each individual patient would 

facilitate control of inflammation, achievement of mucosal healing, and prevention of 

irreversible bowel damage that necessitates surgical intervention.

	 The evidence that dysfunction of the immune system is involved for the development 

of IBD has become stronger over the past decade. First of all, genome-wide association 

studies (GWAS) have identified IBD-associated susceptibility loci containing genes involved 

in immune pathways.8 Generally speaking, the main genetic associations in IBD can be 

divided into genes that contribute to the innate immune response (I.e. NOD2) and genes 

that contribute to the adaptive immune response (i.e. IL23R).9 In addition, several genetic 

deficiencies in immune genes have been shown to cause IBD-like intestinal inflammation. 

For example, patients with mutations in the IL10, IL10R and Foxp3 genes present with 

severe intestinal inflammation at infant age.10-12 Lastly, the success of immunosuppressive 

therapies to decrease intestinal disease further emphasizes the important role of 

dysfunctional immune responses in IBD.13 Together, this argues that classification on the 

basis of immune dysfunction could identify subgroups of IBD patients with similar immune 

pathways involved in their disease pathogenesis. To achieve such classification, an in-depth 

understanding of innate and adaptive intestinal immune responses and the inter-patient 

heterogeneity of these responses is required. In the following, Part I particularly focusses 

on the novel insights obtained through detailed characterization of CD4+ T-cell responses 

in IBD patients that are described in this thesis. Part II discusses how patient stratification 

based on underlying disease-causing immune mechanisms may advance disease course 

prediction and the development of disease subtype-specific therapies.

The aim of this thesis was to identify immune regulatory processes that are pivotal for 

intestinal homeostasis in order to yield parameters that classify immunological disease in 

patients with inflammatory bowel disease (IBD). In addition, by combining immunological 

disease profiling with extensive clinical characterization of each patient, the research 

presented in this thesis aimed to identify which clinical and immunological factors can be 

used to predict disease course and response to therapy. In this chapter, the results of this 

thesis are put into perspective and results that are of specific interest for future research 

are highlighted. 

Disease heterogeneity in IBD.
IBD, including Crohn’s disease (CD) and ulcerative colitis (UC), is a chronic inflammation of 

the gastrointestinal tract that is characterized by alternating phases of clinical remission 

and disease relapse. CD can develop in any part of the gastrointestinal tract, but tends 

to affect the terminal ileum and colon and is therefore classified into ileal, colonic or 

ileocolonic disease.1-3 Several clinical subtypes of CD are distinguished based on the age at 

disease onset, the location of disease and disease behavior defined by the development of 

stricturing and/or fistulating complications. UC is mainly affects the colon and is classified 

based on the extent of disease: proctitis affecting only the rectum, left-sided colitis or 

pancolitis affecting the entire colon.1-3 Histologic examination of endoscopic biopsies is a 

key step in the diagnosis of IBD, especially in differentiating between UC, CD and non-IBD 

intestinal inflammation.4 In CD, the inflammation is often transmural and discontinuous 

and consists of a mononuclear cell infiltrate with non-caseating granulomas.4 Deep 

fistulizing ulcers can penetrate from the intestinal lumen into the submucosa. Fibrosis 

in the deeper layers of the mucosa may contribute to the development of strictures. In 

contrast to CD, pathology in UC is restricted to the mucosa and submucosal layers.4 The 

inflammation is often continuous, beginning from the rectum and extending proximally 

throughout the colon. The inflammatory infiltrate is dominated by neutrophils causing 

cryptitis and crypt abscesses, resulting in widespread crypt architectural distortion and 

epithelial damage.4 Despite the detailed histologic criteria used to differentiate CD from 

UC, accurate discrimination between CD and UC is not always possible.4 Moreover, as the 

composition of the inflammatory infiltrate and the localization of the inflammation can 

be strikingly different between individuals, the clinical classification of IBD into CD and UC 

likely does not capture the immunological heterogeneity and concomitant disease-causing 

mechanisms.

	 In addition to heterogeneity in disease phenotypes, the course of disease in IBD is 

also highly variable. Some patients have a quiescent course with long periods of clinical 

remission whereas others suffer from persistent chronic disease activity.5 Disease course 

is often described in terms of disease activity scores, number of disease relapses, need 
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to the intestine (Chapter 1). As inflammatory CD4+ T cells drive intestinal pathology in IBD, 

monitoring the inflammatory status of CD4+ T cells in peripheral blood is highly desired to 

differentiate patients with a severe versus a mild disease course. Analysis of CD4+ T cells 

in peripheral blood reflects ongoing T-cell priming and differentiation, but a large majority 

of circulating CD4+ T cells does not home to the intestine. As a consequence, monitoring 

the phenotype of total CD4+ T cells in peripheral blood of IBD patients has not yielded 

consistent changes in regulatory and inflammatory CD4+ T-cell populations. For example, 

reduced frequencies of circulating CD4+ T cells expressing the regulatory transcription 

factor Foxp3 have been reported in some IBD studies17-20 but not in others.21, 22 Moreover, 

frequencies of Foxp3+ Tregs have been reported to increase in peripheral blood of IBD 

patients after anti-tumor necrosis factor alpha (TNFa) treatment23-25 but this was not 

observed in a more recent study.26 These variable results may reflect that monitoring the 

total circulating CD4+ T-cell population is not sensitive enough to detect transient changes 

in regulatory and inflammatory mucosally-imprinted CD4+ T-cell responses. 

Phenotype of circulating gut-homing CD38+ effector T cells in IBD is shifted towards 
inflammation
Circulating CD38+ effector T cells comprise 4-10% of the total CD4+ T-cell pool and are 

enriched in cells expressing the gut-homing chemokine receptor C-C chemokine receptor 

type 9 (CCR9) and β7-integrin compared to CD38neg effector T cells.15 In Chapter 3, we 

demonstrate that analysis of circulating CD38+ effector T cells (CD4+CD38+CD62Lneg), 

instead of total CD4+ T cells, lowers the threshold for detection of changes in regulatory 

versus inflammatory CD4+ T-cell responses. We show that, in healthy individuals as well 

as IBD patients, the circulating CD38+ effector T-cell population contained both regulatory 

and inflammatory cell populations. This is in line with our previously published murine 

data showing that imprinting of the CD62LnegCD38+ T-cell phenotype is induced regardless 

of regulatory or inflammatory T-cell function.15 In healthy individuals, who have a balanced 

mucosal tolerance to commensal microbiota, CD38+ effector T cells had a bias towards 

regulation with low frequencies of activated CD25+CD45RAneg and high frequencies of T cell 

Ig and ITIM domain (TIGIT)+ cells (Chapter 3). TIGIT is a inhibitory receptor that is strongly 

associated with IL-10 expression in CD4+ T cells and is known to modify DC function 

via bi-directional signaling through the ligand CD155.27-30 Conversely, treatment-naive 

pediatric IBD patients with active intestinal inflammation had increased frequencies of 

activated CD25+CD45RAneg and reduced frequencies of TIGIT+ cells when compared to age-

matched healthy controls, indicating that in IBD patients the balance between activated 

inflammatory and regulatory CD4+ T-cell responses is shifted towards inflammation. 

Importantly, no differences in the frequencies of Foxp3+ cells in CD38+ effector T cells were 

detected between IBD patients and controls. Recently, similar observations have been 

Immune mechanisms in IBD.
The intestinal immune system faces a unique challenge as it continuously encounters 

a diverse antigenic load derived from dietary components, commensal bacteria and 

infectious pathogens. Thus, gaining insight in microbiota-immune system interactions 

in the intestine, involving both innate and adaptive immune responses, has become of 

particular interest in understanding the pathogenesis of IBD. Both the innate and adaptive 

arms of the immune system contribute to IBD pathology, however, there is strong 

evidence that a balance between regulatory and inflammatory CD4+ T-cell responses is 

crucial for the host’s mutualism with its commensal microbiota.14 In this thesis, we have 

used biological material derived from various cohorts of IBD patients to study CD4+ T-cell 

reactivity, phenotype and function. By focusing our analyses on a circulating CD4+ T-cell 

population known to be strongly enriched in gut-homing CD4+ T cells15, 16, we investigated 

whether changes in regulatory and inflammatory CD4+ T-cell responses would enable IBD 

patient stratification prior to treatment (Chapter 3). In addition, we have characterized 

CD4+ T-cell responses to bacterial flagellin, a bacterial antigen present on both commensal 

and pathogenic bacteria, in treatment-naive CD patients with high anti-microbial IgG titers 

(Chapter 4 and 5). The analysis of peripheral blood lymphocytes and intestinal tissue 

derived from a very early onset IBD patient with a genetic duplication of the IL2RA locus, 

allowed us to investigate the requirements for intestinal inflammation in the context of 

a hyperinflammatory CD4+ T-cell defect (Chapter 6). When combining the original data 

presented in the various chapters of this thesis, a recurrent observation is that, when 

compared to healthy individuals, IBD patients have an altered balance between regulatory 

and inflammatory CD4+ T-cell responses. We provide evidence for both reduced regulatory 

(Chapter 3 and 5) as well as increased inflammatory features (Chapter 3 and 6). In contrast 

to the widely held hypothesis that IBD may be caused by a defect in regulatory Foxp3+ 

T cells (Tregs), we detected no differences in the frequencies of Foxp3+ Tregs between 

IBD patients and healthy individuals. Instead, we demonstrate that characterization 

of inhibitory receptor expression on CD4+ T cells allows IBD patient stratification prior 

to treatment. Thus, the data in this thesis substantiate the idea that microbial-host 

mutualism is lost in IBD due to a predominating inflammatory CD4+ T-cell responses to 

commensal microbial antigens, promoting tissue destruction and chronic inflammation in 

the intestine.

 

Monitoring the inflammatory status of CD4+ T cells in peripheral blood.
After the recognition of cognate antigen in secondary lymphoid organs, antigen-

experienced effector CD4+ T cells exit the lymph node, enter the blood and migrate to 

the intestinal lamina propria or enter the epithelial layer where they reside as long-lived 

memory CD4+ T cells. Both regulatory and inflammatory CD4+ T cells are imprinted to home 
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to find specific CD4+ T-cell signatures that further enable IBD patient stratification prior 

to treatment. It will be interesting to determine whether  specific CD4+ T-cell signatures 

present at disease diagnosis correlate to response to the wide range of currently available 

immune therapies (i.e. anti-TNFa monoclonal antibodies, anti-IL-12 and anti-IL-23 

monoclonal antibodies, integrin blockers, and JAK inhibitors).

High intracellular Ca2+ following TCR ligation preferentially induces TIGIT on antigen-
experienced CD4+ T cells
Why do frequencies of circulating TIGIT+CD38+ effector T cells associate with the disease 

course of IBD? TIGIT is a receptor of the Ig superfamily that has been shown to have a 

dampening effect on the immune response through multiple mechanisms that include 

direct suppression of effector T cells and indirect suppression via modulation of antigen 

presenting cells (APCs).27, 32-34 As TIGIT+ cell frequencies were reduced in a subgroup of 

IBD patients (Chapter 3), we aimed to identify factors involved in the induction of TIGIT 

expression on CD4+ T cells (Chapter 4). Others have shown that anti-CD3/anti-CD28 

stimulation induces TIGIT expression on total CD4+ T cells, Tregs, naive and memory CD4+ 

T cells.27, 32, 35, 36 We show that T-cell receptor (TCR) ligation through anti-CD3 induced 

TIGIT expression preferably on CD4+ T cells with an antigen-experienced phenotype. In 

contrast, anti-CD3 nor anti-CD3/CD28 stimulation induced TIGIT expression on naive CD4+ 

T cells. TCR ligation is known to increase the intracellular Ca2+ concentration and result 

in nuclear import of the transcription factor nuclear factor of activated T cells (NFAT).37-

39 As previously documented, NFAT activation on its own is sufficient to induce a two-

fold change in TIGIT gene expression in human Jurkat T cells.40 In agreement, by using 

the selective Ca2+ ionophore ionomycin, we show that Ca2+ dependent signaling after TCR 

ligation was required to induce TIGIT expression in memory CD4+ T cells. Taken together, 

this suggests that NFAT is a critical component of the signaling pathway that regulates 

TIGIT expression in CD4+ T cells. These data relates to observations in CD8+ T cells, where 

NFAT promotes expression of exhaustion-associated genes.41 Similarly, in both mice 

and humans, we show that anti-CD28 costimulation decreased the frequency of TIGIT+ 

cells, which is in line with the established CD28-dependent decrease in the induction of 

exhaustion associated genes in CD8+ T cells.41, 42 During homeostasis, resident intestinal 

APCs express low levels of costimulatory molecules CD80 and CD86.43, 44 This may allow for 

reduced CD80/CD86-mediated costimulation through CD28 during CD4+ T-cell priming in 

mucosa-draining lymph nodes supporting an overall tolerogenic milieu when compared to 

non-mucosal lymphoid sites. Consequently, TIGIT upregulation may preferentially occur in 

mucosa-draining lymphoid tissue during intestinal homeostasis, when antigen-experienced 

intestinal CD4+ T cells receive low levels of anti-CD28 costimulation through encounter 

of antigens presented by these tissue adapted APCs. During intestinal inflammation, 

made in another study that demonstrated that both UC and CD patients had a selective 

paucity of anti-inflammatory inhibitory receptor-rich CD4+ CD25lowFoxp3neg T cells in their 

peripheral blood.31 

	 The analyses of Chapter 3 were performed on peripheral blood derived from new-

onset, treatment-naive pediatric IBD patients with biopsy-proven active intestinal disease 

and IBD patients in clinical remission who visited the outpatient clinic. In the latter, 

remission was defined using physician global assessment and clinical disease scores. To 

obtain insight in disease subtype-specific alterations, we differentiated between UC and 

CD patients. This yielded differences in specific cell populations between UC and CD, as 

the increased frequency of CD45RAneg cells were most prominent in CD. In contrast, in 

patients with UC, the increase in frequency of CD45RAneg cells was more variable between 

patients and was not significant compared to UC in remission. In addition, the majority 

of patients with reduced TIGIT+ cell frequencies to treatment were diagnosed with CD. 

Unfortunately, the number of patients included in the peripheral blood TIGIT analyses 

in Chapter 3 were limited in number (n=18) and therefore not powered sufficiently to 

draw strong conclusions on differences in the frequency of TIGIT+ cells between UC and 

CD. In a small number patients (n=10), patient charts were reviewed longitudinally for 

data on response to initiated therapy and duration of clinical remission. Linking clinical 

follow up data to the observed peripheral blood CD4+ T-cell phenotypes prior to treatment 

demonstrated that heterogeneity in the percentage of TIGIT+ cells in CD38+ effector T-cell 

population at disease diagnosis differentiated patients with reduced duration of clinical 

remission during follow-up. Specifically, a TIGIT+ cell percentage below 25% prior to 

treatment associated with a reduced duration of clinical remission. These results show that 

phenotypic characterization of circulating CD4+ T-cell populations can stratify treatment-

naive IBD patients into clinically relevant subgroups. In particular, analysis of multiple 

inhibitory receptors, including TIGIT, on CD38+ effector T cells may further facilitate IBD 

patient stratification prior to treatment. 

	 Data from ongoing analyses in a large pediatric IBD cohort (PIBD Set Quality, 

Horizon 2020) have so far validated that frequencies of TIGIT in CD38+ effector T cells are 

decreased in a subgroup of therapy-naive IBD patients, particularly in CD patients (n=6; 

inclusion ongoing). In addition, therapy-naive CD patients display increased frequencies 

of CD38+ effector T cells expressing the proliferation marker Ki67 when compared to age-

matched healthy controls. The increased frequencies of Ki67+ cells are mainly observed 

in TIGITnegCD38+ effector T cells. Similar analyses will be performed in an ongoing study 

in which treatment-naive pediatric IBD patients are randomized to step-up (standard 

induction treatment by oral prednisolone or exclusive enteral nutrition) and top-down 

(induction by anti-TNFa infusions) treatment arms. In the near future, by selecting multiple 

CD38+ effector T-cell related parameters such as CD45RA, CD25, TIGIT and Ki67, we aim 
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In-depth functional characterization of TIGIT+CD38+ and TIGITnegCD38+ effector T cells
To gain insight into the functional role of TIGIT on circulating CD38+ effector T cells 

specifically, we determined whether TIGIT expression on CD38+ effector T cells correlated 

with immune inhibitory properties (Chapter 3). In peripheral blood of adult healthy 

individuals, TIGIT+CD38+ cells more often co-expressed a second inhibitory receptor, such as 

programmed death 1 (PD-1) and cytotoxic T lymphocyte antigen 4 (CTLA-4), and contained 

lower frequencies of interferon gamma (IFNg)+ cells and higher frequencies of interleukin 

10 (IL-10)+ cells when compared to TIGITnegCD38+ effector T cells. The association between 

TIGIT and IL-10 was specific for the CD38+ effector T-cell population, as TIGIT+CD38neg cells did 

not have higher frequencies of IL-10+ cells compared to TIGITnegCD38neg cells. Importantly, 

transcriptional profiling as well as flowcytometric analyses showed that CD38+ and CD38neg 

effector T cells had similar expression of Foxp3 and CD25, indicating no preferential 

enrichment for Treg-associated molecules in circulating CD38+ effector T cells. As TIGIT 

was expressed by high frequencies of intestinal CD4+ T cells and its expression increased 

during bacterial colonization of the gastrointestinal tract (Chapter 4), we determined 

whether TIGIT expression on flagellin-reactive CD4+CD154+ T cells from healthy adult 

individuals correlated with a regulatory cytokine profile. TIGIT-expressing CD4+CD154+ 

T cells with reactivity to flagellin had increased frequencies of IL-10+ cells compared to 

flagellin-reactive TIGITnegCD4+CD154+ T cells. Thus, both within circulating CD38+ effector 

T cells as well as flagellin-reactive CD4+CD154+ T cells, TIGIT expression associates with 

a preferential regulatory CD4+ T-cell phenotype. These observations could imply that 

intestinal disease in IBD patients with a low TIGIT+ cell frequencies (i.e. 20%) is more T-cell 

driven compared to IBD patients with a high TIGIT+ cell frequencies (i.e. 40%). In order to 

test this hypothesis, T-cell suppression assays to establish whether TIGIT+CD38+ effector T 

cells have the ability to directly suppress effector T-cell proliferation need to be performed. 

Interestingly, our data in Chapter 6 indicates that a high frequency of TIGIT+CD38+ cells 

can coincide with a strong inflammatory T-cell phenotype and T-cell hyperproliferation. 

Specifically, we show that a very early onset IBD patient with a IL2RA locus duplication has 

a TIGIT+CD38+ cell frequency of 45 ± 3.5% which is in a similar range as healthy adult and 

pediatric individuals. Nevertheless, TCR stimulation of CD4+ T cells in the presence of IL-2 

resulted in enhanced proliferation and IFNg secretion compared to controls. Instead of 

directly affecting T-cell function, TIGIT+CD38+ cells may exert inhibitory function indirectly 

via controlling APC function. In this respect, in Chapter 3 we show that TIGIT+CD38+ effector 

T cells have the capacity to modulate inflammatory cytokine expression by monocyte-

derived DCs, suggesting that TIGIT+ cells may have a local immunomodulatory effect on 

surrounding cells when reaching the intestinal tissue. In this respect, it is possible that 

the significantly lower IFNg expression that we observed in TIGIT+CD38+ cells compared to 

TIGITnegCD38+ cells is a consequence of lower IL-12 production by DCs.

blood-derived unconditioned APCs accumulate in the intestine, which display enhanced 

pro-inflammatory characteristics and provide anti-CD28 costimulation during antigen 

presentation through CD80 and CD86.45 The percentage of TIGIT on CD38+ effector T cells 

in the peripheral blood of IBD patients may thus indirectly reflect the inflammatory state 

of the APCs that CD4+ T cells have encountered in mucosa-draining lymphoid tissue. Hence, 

it will be interesting to investigate whether patients with reduced TIGIT+ cell frequencies 

respond favorably to molecules that inhibit APC activation. Alternatively, TIGIT expression 

may reflect the strength of interaction between the TCR on the CD4+ T cell and the peptide-

MHC-complex on the APC. Detailed analyses of TIGIT+ cell frequencies in combination with 

HLA typing, CD4+ T-cell specificity, phosphoproteomics and Ca2+ flux may be required to 

further investigate this. 

	 The strong association between TIGIT and CD38 is a recurring observation in all our 

in vitro and in vivo data reported in Chapter 3 and Chapter 4. CD38 is an ectoenzyme 

that catalyzes the synthesis of two structurally distinct messengers for intracellular Ca2+ 

mobilization, cyclic ADP-ribose (cADPR) and nicotinic acid adenine dinucleotide phosphate 

(NAADP), from cytosolic substrates, nicotinamide adenine dinucleotide (NAD) and 

nicotinamide adenine dinucleotide phosphate (NADP), respectively.46, 47 As a consequence, 

this raises the question whether CD38 contributes to TIGIT induction on CD4+ T cells 

through increasing the intracellular Ca2+ concentration. In both mice and humans, CD38 is 

highly expressed by antigen-experienced CD62Lneg lymphocytes in the intestine.15, 48-50 We 

have obtained preliminary data indicating that colonic lamina propria CD4+ lymphocytes of 

CD38-deficient mice (Cd38-/-) have lower frequencies of TIGIT+ cells compared to wild type 

mice (collaboration with Dr. Frances E. Lund, University of Alabama at Birmingham). In wild 

type mice, a mean of 33.5 ± 5.5%  of lamina propria lymphocytes express TIGIT versus only 

12.9 ± 2.2%  in Cd38-/- mice (p < 0.0001; n=5 in both experimental groups). Although these 

data demonstrate that CD38 and TIGIT expression are positively correlated, it remains to be 

investigated whether CD38-mediated Ca2+ signaling is involved in inducing or maintaining 

TIGIT expression on intestinal CD4+ T cells. Using small interfering RNA (siRNA) to interfere 

with the expression of the CD38 gene could be used to test this hypothesis in human CD4+ 

T cells. In addition to CD38, local mucosal factors such as retinoic acid (RA) may be required 

to induce TIGIT expression on CD4+ T cells. In support of this idea, the addition of RA to 

anti-CD3 stimulated CD4+ T cells further increased frequencies and mean fluorescence 

intensity of TIGIT+ cells in both mice and humans (Chapter 4). Thus, CD38-inducing factors 

from the intestinal microenvironment such as RA may further increase TIGIT expression on 

antigen-experienced CD4+ T cells. Future studies are needed to firmly establish a role for 

CD38 and CD38-associated environmental factors in TCR-induced TIGIT expression.
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CD4+ T cells activated in vitro with bacterial antigens induced colitis in immunodeficient 

recipient mice, whereas no colitis was induced upon transfer of polyclonally activated CD4+ 

T cells (using anti-CD3).51 In addition, in many experimental colitis models, including T-cell 

transfer colitis and IL-10 deficient colitis, colitis does not develop in germ-free conditions.52, 

53 In some animal models, single bacterial strains can induce colitis.54-56 For example, germ-

free IL-10 deficient mice develop intestinal inflammation after colonization with a pure 

culture of Enterococcus faecalis.54 In addition, colonization with the intestinal pathogen 

Helicobater hepaticus induces severe colitis in specific pathogen free (SPF) reared IL-10 

deficient mice, demonstrating that specific microbial antigens are pivotal for disease 

development.55 Altogether, these experimental studies provide support that CD4+ T cells 

with a specificity for intestinal microbial antigens cause intestinal disease under specific 

experimental conditions, and demonstrate that not all bacterial antigens are equal in their 

capacity to induce a pathogenic CD4+ T-cell response. Specifically, these data indicate that 

loss of immunological tolerance to intestinal microbiota in IBD patients is not global, but 

that specific bacterial antigens are recognized.

Flagellin: a highly antigenic protein present expressed by commensal as well as pathogenic 
bacteria
In order to provide insight into the mechanisms that disrupt immunological tolerance to 

intestinal microbiota in IBD, we studied the frequency and phenotype of flagellin-reactive 

CD4+ T cells in CD patients with elevated anti-flagellin IgG (Chapter 5). The protein flagellin 

is a structural component of the flagellum, a surface filament present on motile bacteria 

in the gastrointestinal tract.57 Flagellin is exclusively expressed by bacteria and is one of 

the most abundant proteins present on flagellated bacteria. Both commensal as well as 

pathogenic bacteria can express flagellin, although it is thought that species indigenous 

to the intestinal microbiome, i.e. bacteria from the phyla Firmicutes and Bacteroides, may 

have been selected for the absence or the low in vivo expression of flagellin.58 The flagellin 

protein contains two to four domains, depending on the bacterial species.59-62 The D0 and 

D1 domains are well conserved among bacterial species due to their functional importance 

in filament formation60, indicating that there are possible common TCR epitopes among 

different flagellins. In contrast to D0 and D1, the surface-exposed D2 and D3 domains are 

highly variable in sequence and structure.62

	 Toll-like receptor 5 (TLR5) recognizes flagellin as a pathogen-associated molecular 

pattern (PAMP) using the extracellular domain and activates the myeloid differentiation 

primary response 88 (MyD88)-dependent signaling pathway and nuclear factor κB (NFκB)-

mediated production of pro-inflammatory cytokines.63 Consequently, flagellin is highly 

antigenic and has successfully been used as a carrier protein and adjuvant to augment 

immune responses to poorly immunogenic vaccines.64, 65 The potential binding region 

	 Importantly, in order to compare phenotype and function of TIGIT+ and TIGITneg cells 

within the circulating CD38+ effector T-cell population, it is pivotal to know whether both 

TIGIT+ and TIGITneg cells have equal capacity to migrate to the intestinal lamina propria. 

In order to answer this question, we have biotinylated the clinically used anti-human 

a4b7 monoclonal antibody Vedolizumab and optimized a4b7+ T-cell detection using flow 

cytometry on PBMCs from peripheral blood of healthy adults. Through characterization of 

a4b7 and CCR9 expression, we have recently observed that TIGIT+CD38+ effector T cells and 

TIGITnegCD38+ effector T cells have similar frequencies CCR9+ and a4b7+ cells. This indicates 

that both populations have equal capacities to home to the intestine, which solidifies TIGIT 

as a marker to discriminate subgroups of IBD patients. In order to investigate whether 

we could detect patient subgroups with decreased intestinal TIGIT expression, we have 

analyzed TIGIT mRNA expression on intestinal biopsies of treatment-naive IBD patients 

(not included in this thesis). Due to a large variation, TIGIT mRNA expression was not 

significantly decreased in a particular subgroup of IBD. TIGIT mRNA expression strongly 

correlated with the degree of CD3 mRNA expression suggesting that TIGIT expression 

was directly related to the amount of T-cell infiltration in biopsies. This emphasizes 

that, in contrast to analysis of peripheral blood CD38+ effector T cells, a population that 

reflects ongoing intestinal T-cell priming and differentiation, using intestinal biopsies is 

more difficult to quantify the balance between regulatory and inflammatory CD4+ T-cell 

populations. In order to investigate the functional role of TIGIT in the intestine, future 

analysis of immune responses in TIGIT deficient mice at steady state and after induction 

of experimental colitis are needed to prove whether TIGIT contributes to regulatory CD4+ 

T-cell function in the intestine and whether reduced functioning of the TIGIT pathway 

accelerates or exacerbates intestinal inflammation.

	 Taken together, tracing intestinal disease in peripheral blood is feasible. Analysis of 

the cellular composition of the circulating CD38+ effector T-cell population allows detection 

of transient changes in regulatory and inflammatory mucosally-imprinted CD4+ T-cell 

responses that correlate with the course of IBD. These data have immediate relevance for 

clinical trials in IBD, as regulatory and inflammatory cell populations within the circulating 

CD38+ effector T-cell population enable IBD patient stratification prior to treatment. In 

addition, our findings may be further exploited in other diseases such as graft versus host 

disease and checkpoint inhibitor-induced intestinal inflammation in the setting of cancer.

Flagellin-reactivity of memory CD4+ T cells in IBD.
The infiltration of the lamina propria by memory CD4+ T cells is a critical step in the chronicity 

of IBD. What antigens are recognized by these lamina propria CD4+ T cells? Insights from 

a number of experimental animal models have provided evidence that antigens from 

commensal microbiota drive intestinal inflammation. First of all, adoptive transfer of 
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have increased anti-flagellin CD4+ T-cell reactivity. In addition, it is unknown whether the 

increased adaptive immune response to flagellin as observed in subgroups of CD patients 

are involved in a protective, beneficial immune response or are part of an pathogenic 

immune response.81 In Chapter 5, we hypothesized that CD patients with elevated anti-

flagellin IgG antibodies have increased frequencies of flagellin-reactive CD4+ T cells with 

a more inflammatory phenotype compared to healthy individuals and CD patients with 

low anti-flagellin antibody titers. To investigate anti-flagellin antibody responses we used 

a protein microarray containing 8 recombinant flagellin antigens from the Firmicutes 

phylum, derived from different microbial isolates from the murine intestine belonging 

to the Lachnospiraceae family, including Roseburia intestinalis, Roseburia inulinivorans, 

Butyrivibrio fibrisolvens.71, 82 For in vitro detection of flagellin-reactive CD4+ T cells we 

selected a mix of 4 of these recombinant flagellin proteins: 14-2, A4 Fla2, A4 Fla3 and 

FlaX. As the frequency of flagellin-specific CD4+ T cells in peripheral blood is very low and 

the precise epitope that is being recognized is unknown, detection of flagellin-specific 

CD4+ T cells by using MHC-peptide tetramers is not feasible. Instead, we used a novel 

CD154-based detection method, which detects virtually all functional activated CD4+ T 

cells irrespective of their differentiation status.83 Importantly, in order to study flagellin-

reactive CD4+ T-cell frequency and phenotype without interference of immunosuppressive 

drugs, we performed all CD154 stimulation assays on peripheral blood mononuclear cells 

(PBMCs) of treatment-naive pediatric CD and UC patients. 

	 The preliminary results in Chapter 5 demonstrate that elevated levels of IgG 

antibodies to flagellin are associated with increased frequencies of flagellin-reactive 

CD4+ T cells in treatment-naive CD patients. This observation is in line with the notion 

that flagellin-specific IgG may be generated upon intestinal damage (i.e. infections or 

inflammation) when translocation of bacteria to systemic lymphoid tissue drives systemic 

CD4+ T-cell responses.84 Why is the compartmentalization of mucosal immune responses 

lost in this subgroup of CD patients? There is evidence implying that decreased NFκB 

activation in response to bacteria could result in an upregulated adaptive immune response 

to bacterial antigens. For example, flagellin-induced IL-6 production by monocytes is 

lower in CD patients with quantitatively higher anti-CBir1 antibody levels.75 Moreover, 

CD patients with NOD2 variants, resulting in a diminished innate response to bacterial 

muramyl dipeptide (MDP), have increased antibody responses to microbial antigens.85 

Possibly, a relative defect in the innate immune response could lead to increased microbial 

translocation or decreased bacterial clearance after translocation. In this way, the primary 

defect in innate immune responses could consequently result in a secondary upregulated 

adaptive immune response. Conversely, in Chapter 6, we present an example of a very early 

onset IBD patient with enhanced proliferative CD4+ T-cell responses to TCR stimulation, in 

whom one would expect little microbial translocation. Indeed, analysis of this patient’s 

for TLR5 is proposed to be the conserved N- and C-terminal regions in the D1 domain 

and an adjacent b-hairpin structure.66, 67 In order to discriminate between commensal 

and pathogenic flagellated bacteria, intestinal epithelial cells in the intestine display 

compartmentalized expression of TLR5. For example, in vitro analysis of polarized human 

intestinal epithelial cells demonstrated that TLR5 is expressed exclusively on the basolateral 

surface of epithelial cells.68, 69 In line with this, in adult mice, luminal flagellin activates TLR5 

only after injury to the epithelial barrier induced by dextran sodium sulphate (DSS).70 

Adaptive immune responses to microbial flagellin
Longitudinal analyses of commensal antimicrobial antibody responses in the serum of 

healthy individuals have shown activation of the adaptive immune system to microbial 

antigens, including flagellins is a healthy feature of our immune system. The initial antibody 

response to commensal antigens is vigorous in infants and maintained throughout 

adult life at lower levels.71 Heightened antibody responses to Bacteroides antigens and 

Firmicutes flagellins are observed in infants from 12 to 24 months of age, which is followed 

by the reduction to more adult-like, lower levels at 7 years of age.71 These elevated 

levels of anti-flagellin antibodies could reflect increased microbial antigen translocation 

in the infant gastrointestinal tract during successive stages of microbial colonization. In 

adulthood, healthy individuals display low antibody responses to commensal intestinal 

bacteria72, including low but detectable levels of anti-flagellin antibodies.71, 73 In contrast, 

patients with IBD have variable serological responses to microbial antigens, amongst 

which bacterial flagellins.74-77 Elevated anti-flagellin IgG has been detected in sera from 

subgroups of patients with CD, but not in sera from patients with UC or from healthy 

individuals.73, 78, 79 Studying the immune response to flagellin thus provides an opportunity 

to obtain increased understanding of mechanisms contributing to disease pathogenesis in 

this particular subgroup of CD patients.

	 Mouse models have demonstrated that innate immune signaling through TLR5 is 

essential for the generation of a flagellin-specific antibody response, as MyD88-deficient 

mice are impaired in their ability to make flagellin-specific antibody responses after 

intraperitoneal injection of flagellin.80 Similarly, flagellins from Helicobacter pylori and 

Campylobacter jejuni, which are known not to activate TLR5 signaling, do not elicit a 

flagellin-specific antibody responses.66, 80 Moreover, studies with ab T-cell deficient mice 

have shown that the generation of flagellin-specific antibodies is T-cell dependent.80 Thus, 

both TLR5-mediated innate immune activation as well as flagellin-specific CD4+ T cells are 

likely required for the in vivo generation of an increased anti-flagellin antibody response.

Immune mechanisms in CD patients with anti-flagellin adaptive immune responses
In humans, it is unknown whether CD patients with elevated anti-flagellin antibodies 
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Phenotype of flagellin-reactive CD4+ T cells in CD patients with elevated antibody response 
to flagellin
Another key finding of Chapter 5 is that flagellin-reactive CD4+ T cells of healthy individuals 

harbor mixed regulatory and inflammatory responses, as evidenced by detection of IL-

10+, IFNg+ and IL-17+ flagellin-reactive CD4+ T cells. This finding is in line with the general 

paradigm that harmless exogenous antigens elicit a balanced CD4+ T-cell response in which 

regulatory cell populations counteract inflammatory cells. CD patients with elevated 

flagellin-specific IgG had reduced frequencies of IL-10+ flagellin-reactive CD4+ T cells when 

compared to those of healthy individuals and patients with low levels of flagellin-reactive 

IgG. Moreover, frequencies of flagellin-reactive CD4+ T-cells expressing the inhibitory 

receptor TIGIT were reduced in this patient group. Therefore, on the basis of these results, 

we favor the hypothesis that flagellin-reactive CD4+ T cells from CD patients with elevated 

IgG plasma antibodies may have altered functional characteristics with reduced regulatory 

features. It is possible that this decreased regulatory phenotype is a consequence of an 

altered innate immune response. Alternatively, the altered functional characteristics of 

flagellin-reactive CD4+ T cells could be a result of signals from the inflammatory intestinal 

environment. In mice, CD4+ T cells with a transgenic flagellin (CBir1)-specific TCR have a Th1 

profile when generated during Toxoplama gondii infection, whereas chemical disruption 

of the intestine by DSS induces a Th17 profile.88 These data suggest that loss of intestinal 

barrier integrity in combination with an inflammatory environment determines the 

phenotype of the ensuing microbiota-specific CD4+ T-cell response. It would be of interest 

to ascertain whether CD4+ T cells with the same TCR specificity can adopt both regulatory 

and inflammatory features in response to flagellin. 

	 Our finding of reduced regulatory features of flagellin-reactive CD4+ T cells in CD 

patients with elevated flagellin IgG may seem in contrast with recent literature showing 

increased IL-17A production in IBD patients after stimulation with heat-inactivated 

bacteria89 or flagellin proteins (FlaX, A4 Fla-2).90 However, in our cohort, CD patients 

with low anti-flagellin IgG levels also displayed increased relative frequencies of IL-17A+ 

and TNFa+  flagellin-reactive T cells. Recent evidence suggests that effector CD4+ T-cell 

responses to commensals can also support intestinal homeostasis by producing barrier-

protective cytokines.89, 91 Specifically, Th17 cells can cooperate with Treg to promote the 

repair of damaged epithelial barrier during colitis.91, 92 Based on these data, is interesting 

to speculate that, instead of contributing to tissue pathology, these flagellin-reactive IL-

17 secreting CD4+ T cells promote intestinal barrier integrity through IL-17A and TNFa 

induced tissue repair in CD patients with low levels of anti-flagellin IgG. This argues that 

inflammatory cytokines other than IL-17, such as IFNg, possibly drive the generation of 

increased anti-flagellin antibody responses in a subgroup of CD patients. Increasing the 

duration of in vitro flagellin stimulation may be required to detect flagellin-reactive CD4+ T 

plasma did not show elevated levels of anti-flagellin IgG compared to age-matched 

controls. In addition to defects in innate immunity, increased intestinal permeability due 

to a defective mucosal barrier, the extent or the location of affected intestinal surface, or 

increased bacterial pressure are all possible mechanisms that could underlie anti-flagellin 

IgG responses. In order to differentiate between these various mechanisms, combining 

immunological disease profiling (including anti-flagellin IgG levels) with extensive clinical 

characterization of each patient is required. For example, the observation that high levels 

of anti-CBir1 flagellin antibodies are associated with ileal localization of CD and not with 

extensive colitis76, decreases the feasibility that the extent of affected intestinal surface is 

an important contributor to the generation of anti-flagellin adaptive immune responses.

	 Importantly, the anti-flagellin antibody response is not a generalized response. In 

our patient cohort of Chapter 5, CD patients with elevated anti-flagellin antibodies did not 

respond to random recombinant intestinal bacterial proteins (rIBs cloned from the C3H/

HeJ mouse cecum).86 Thus, although previously thought that CD results from a global loss 

of tolerance, our data suggests that loss of immunological tolerance to microbial flagellin 

in CD patients is not global. This is in agreement with previous data that could classify 

CD patients into distinct groups based on seroreactivity to microbial antigens, including 

anti-Saccharomyces cerevisiae antibody (ASCA), I2 protein derived from Pseudomonas 
fluorescens and Escherichia coli outer membrane protein C (OmpC).74 High reactivity to the 

flagellin CBir1 was seen across all these antibody-defined subgroups, which is consistent 

with the anti-flagellin IgG response being independent from other, previously-defined 

antibody responses.76, 87 In agreement, in our patient cohort, there was no relationship 

between the IgA and IgG response to OmpC and any of the tested recombinant flagellin 

antigens. This suggests that an overall decreased innate immunity is likely not the only 

mechanism required for the generation of an increased anti-flagellin antibody response. 

Possibly, CD patients with elevated anti-flagellin IgG possess particular HLA subtypes 

with enhanced affinity for flagellin peptides. Interestingly, CD patients with elevated 

anti-flagellin IgG often responded to multiple flagellins and strong positive correlations 

between IgG responses to these multiple flagellin antigens were observed. Hence, it is 

conceivable that conserved epitopes from the D0 and D1 domains of the flagellin protein 

are recognized by the adaptive immune system. Unfortunately, our current flagellin-

reactive CD4+ T-cell analyses do not clarify whether the increased frequency of flagellin-

reactive CD4+ T cells in CD patients with elevated anti-flagellin IgG reflects expansion of 

cells with defined limited TCR-specificity. Future analyses should address these questions 

by typing HLA of CD patients with and without elevated anti-flagellin IgG and analyzing the 

TCR diversity of isolated flagellin-reactive CD4+ T cells.



10

258 259chapter 10

general discussion and conclusion

performed on infliximab-treated CD patients who experienced a change in their clinical 

disease score74 and surgical CD patients in whom anti-flagellin IgG levels were analyzed at 

time of small-bowel surgery and at least 6 months or more after the surgery.76 In contrast, 

we aim to analyze levels of anti-flagellin IgG in plasma of treatment-naive pediatric CD 

and UC patients before and after initiation of therapy. Preliminary analyses (not included 

in this thesis) indicate that anti-flagellin IgG levels significantly decrease after 10 weeks of 

induction treatment. This is reminiscent of observations in patients with celiac disease, an 

immunological intolerance to wheat gluten (consisting of gliadin and glutenin components), 

in which anti-gliadin and anti-transglutaminase IgA and IgG antibodies disappear after 

commencement of a gluten-free diet101, 102, and rise again when gluten is reintroduced into 

the diet.103 Thus, in celiac disease, antibody levels mirror the immune reaction triggered 

by gluten in the intestine, and can therefore be used to diagnose disease and monitor 

disease remission. In CD patients, one possible mechanism for the decreased levels of anti-

flagellin antibodies after 10 weeks of immunosuppressive treatment is reduced CD4+ T-cell 

help to flagellin-specific IgG+ B cells. Combining data on anti-flagellin IgG levels together 

with data on the activation state of CD38+ effector T cells and flagellin-reactive CD4+ T cells 

in peripheral blood will help to test this hypothesis. If anti-flagellin IgG levels reflect the 

efficacy of the initiated treatment to suppress CD4+ T-cell responses, determining antibody 

levels throughout the course of disease would aid in monitoring response to treatment.

Looking beyond CD: evidence for anti-commensal reactivity in UC and very early onset IBD
IgG production is dramatically increased in the intestines of patients with IBD, including 

both CD and UC patients.94-99 Thus, why do elevated levels of anti-flagellin antibodies not 

develop in UC patients even though this disease is believed to be a loss of tolerance to 

microbiota and an intestinal imbalance in IgG and IgA levels can be observed? Defective 

epithelial barrier function, which has been proposed as a mechanism of UC104, 105, could allow 

excessive translocation of microbial antigens into the lamina propria. However, UC patients 

may not have a concomitant innate defect or HLA subtype required for the generation 

of an increased anti-flagellin antibody response. Alternatively, different microbial species 

may colonize the colon of UC patients, resulting in a different localization of mucosal 

inflammation and generation of a different type anti-commensal IgG response. In line with 

this hypothesis, UC patients do have altered adaptive immune responses to the intestinal 

microbiota when compared to healthy controls. For example, in our analyses Chapter 5, 

a subgroup of UC patients did show antibody reactivity to the recombinant flagellin 3-1-

57 (also derived from Lachnospiraceae). In addition, recent evidence suggests that anti-

commensal IgG in UC patients contributes to UC tissue pathology via increasing Fc gamma 

receptor (FcgR)-dependent expression of IL-1b, a Th17-polarizing cytokine, by intestinal 

APCs.106, 107 Importantly, these new insights in different disease-causing mechanisms in 

cells with increased expression of pro-inflammatory IFNg. 

	 Our observation of reduced regulatory features of flagellin-reactive CD4+ T cells in 

CD patients with elevated anti-flagellin IgG are of particular interest in the light of previous 

results obtained with TCR transgenic mice specific for CBir1 flagellin (CBir-Tg mice).93 In this 

model, under steady state conditions, intestinal IgA production was regulated by Tregs in 

an antigen-specific manner. Depletion of Tregs substantially reduced intestinal IgA levels 

within days, in part due to interruption of survival signals to lamina propria IgA+ B cells 

provided by Tregs.93 These data imply that Tregs are the major helper T cell for induction 

and maintenance of intestinal IgA+ B-cell responses directed to flagellin. Taken together 

with our data, one hypothesis is that, in healthy individuals, low frequencies of flagellin-

specific CD4+ T cells are present locally in the lamina propria that support intestinal IgA+ 

B-cell responses directed to flagellin. This idea is in line with observations that IgA is the 

main immunoglobulin in the intestine of healthy individuals.94-99 Conversely, in specific 

subgroups of CD patients, where anti-flagellin CD4+ T-cell specific regulatory features 

are lost (i.e. due to decreased innate immune responses or inflammatory environmental 

factors), the preferential anti-flagellin IgA response might disappear. As intestinal IgA was 

found to block mucosal flagellin uptake and systemic T-cell activation in CBir-Tg mice93, the 

decreased levels of anti-flagellin IgA in the intestine could result in elevated levels of anti-

flagellin IgG in the serum and increased frequencies of circulating flagellin-specific CD4+ T 

cells. Hence, it will be of interest to determine the amount of secretory IgA in the intestinal 

lumen as well as identify IgA-coated bacteria in feces of CD patients with and without 

elevated anti-flagellin IgG. In addition, in order to characterize the regulatory phenotype 

of flagellin-reactive CD4+ T-cell responses in detail, determining expression of Foxp3 

expression in future experiments is desired. Additional activation-dependent proteins 

such as CD137, which has recently been associated with Treg phenotype100, should also 

be taken into account. Combined analysis of CD154 and CD137 following short‐term 

stimulation with flagellin would enable in parallel detection of conventional CD4+ effector 

T cells, Foxp3+ Tregs and CD4+Foxp3neg T cells responding to the same antigen.

Anti-flagellin adaptive immune responses: future experiments
It is important to emphasize that the CD154-assay described in Chapter 5 was performed 

on only a limited number of patients. Currently, we are performing CD154 analyses in 

a larger IBD patient cohort with detailed information on clinical disease and therapy 

response. In addition, longitudinal analyses of anti-flagellin antibody responses are being 

performed to assess whether anti-flagellin IgG levels in treatment-naive CD patients 

decrease after initiation of treatment. Previous studies have suggested that anti-microbial 

antibody levels, including anti-flagellin IgG levels76, are relatively stable over time, and do 

not correspond with active or remission disease states.74 However, these analyses were 
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inflammatory cytokines (i.e. ustekiumab110) and that impede immune cell homing (i.e. 

vedolizumab111) have been approved for IBD. In addition, other promising targets for new 

therapeutic strategies are currently under investigation, including small molecule JAK/

STAT signaling pathway inhibitors112 and a sphingosine-1-phosphate receptor-1 selective 

agonist113.The question now arises, what drug should be used in which patient? As these 

novel treatment options have different mechanisms of action, it is crucial to select patients 

subgroups who are most likely to respond to these targeted therapies. As outlined above, 

in order to achieve this, in-depth patient characterization can identify patients with similar 

immune pathways involved in their disease pathogenesis. In line with this idea, current 

clinical trials are becoming increasingly selective in their patient inclusion with respect 

to disease characteristics. In addition, prior to initiating treatment monitoring patient’s 

cellular response to a panel of small molecules and therapeutic antibodies may reveal 

which targeted therapies should be used preferentially.

	 Interestingly, IBD is strongly associated with other immune-mediated inflammatory 

diseases (IMIDs).114-116 Recently, a large population-based study demonstrated that nearly 

one-in-four patients with IBD had a concomitant IMID.114 Why do certain patients develop 

more than one IMID? Generally speaking, IMIDs are characterized by inappropriately 

regulated immune responses and ongoing tissue damage, which promotes a vicious cycle 

leading to chronic tissue-localized disease. A key feature shared by IMIDs is an inflammatory 

T-cell response drives disease chronicity. As such, similar disease-causing mechanisms 

and common therapeutic targets could be present in different IMIDs. In line with this 

idea, a large number of IBD-associated gene loci have been implicated in other IMIDs.117 

Uncovering the shared disease-driving mechanisms between IMIDs could create a new 

taxonomy of IMIDs that moves away from a traditional organ-based approach towards 

a mechanism-based pathway-driven classification. Taking into account that subgroups of 

patients with various IMIDs can benefit from the same drug, experimental therapeutics 

could be screened across multiple patient populations in an early-phase of development.

	 Recent data indicates that there is a distinct and relatively rare type of CD4+ T 

lymphocytes that is common to multiple IMIDs.118 When compared to healthy individuals, 

patients with celiac disease, systemic lupus erythematosus and systemic sclerosis had 

elevated numbers of CD4+ T cells with a CD45RAnegCD62LnegCD25negCD38+ phenotype118, 

which is reminiscent of the circulating CD38+ effector T-cell population that we characterize 

in-detail in this thesis. Previously, we have shown that almost all of the gluten-specific T 

cells in peripheral blood of patients with celiac disease a CD38+ effector T-cell phenotype.15 

This thesis adds to this data by demonstrating that changes in regulatory versus 

inflammatory cell composition of CD38+ effector T cells can be detected in peripheral blood 

of IBD patients. Hence, it is of interest to investigate whether these cells might also be the 

key disease-driving T cells in other IMIDs. Detailed analyses (including flow cytometry, 

specific subgroups of IBD patients could have therapeutic implications. For example, CD 

patients with elevated anti-flagellin IgG levels might benefit from agents used to boost 

innate immunity, whereas in UC patients in whom intestinal APCs have a lower cellular 

activation threshold might benefit from anakinra, a recombinant IL-1 receptor antagonist.

	 Our data in Chapter 6 further illustrate that microbiota-immune system interactions 

can be crucial in driving intestinal disease in IBD patients. In this chapter, we characterized 

the immune function of a patient with a de novo duplication of the 10p15.1 chromosomal 

region, including the IL2RA gene. The patient developed an UC-like acute severe colitis at 

2 years of age, with endoscopy showing severe pancolitis with edematous mucosa and 

multiple erosions. The intestinal disease was refractory to standard immunosuppressive, 

immunomodulatory and biological therapy, but strikingly, subtotal colectomy effectively 

induced clinical remission in the patient without the need for maintenance therapy. There 

have been reports of patients with similar duplications for whom no intestinal disease 

was reported. Together, this argues that the hyperproliferative CD4+ T-cell response that 

we observed in the context of IL2RA duplication is not enough to cause intestinal disease. 

Instead, considering the observation that colectomy, resulting in a reduced bacterial load, 

effectuated disease cure, an environmental factor such as a specific microbial antigen 

may have initiated colonic disease in this particular patient. Although the plasma of 

the patient did not show elevated levels of anti-flagellin IgG compared to age-matched 

controls, anti-microbial antibodies with a wide range of specificity were detectable in 

the patient’s plasma, most particularly to whole cell extracts from bacteria belonging to 

the Prevotalla genus. Moreover, the affected colonic tissue contained many T-bet+, IFNg+ 

and IL-21+ cells, but only very few IL-17+ cells, which is in agreement with the increased 

levels of TCR-induced IFNg in the presence of IL-2 observed in vitro (Chapter 6). Thus, 

these data demonstrate that, although defects causing overall T-cell hyperproliferation 

and inflammation contribute to disease susceptibility, an additional trigger was needed to 

license the expansion of inflammatory CD4+ T cells activated in the antigen-rich intestinal 

environment. 

Conclusion and future challenges: Targeting treatment to IBD immune subclasses.
Traditionally, medical treatment for IBD was limited to non-biological therapies, 

including aminosalicylates, corticosteroids, immunosuppressive agents (azathioprine, 

mercaptopurine and methotrexate), and in the pediatric population, exclusive enteral 

nutrition. However, the increased understanding of the immunopathogenesis of IBD 

has led to the development of new treatment options, including anti-TNFa antibodies, 

which have dramatically influenced treatment outcomes in IBD.108, 109 Unfortunately, 

these agents are not effective in all patients, and patients who initially respond to anti-

TNFa antibodies can lose responsiveness over time. Recently, antibodies that target 
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mass cytometry, TCR sequencing, transcriptome analyses and functional analyses) of 
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The intestine is continuously exposed to harmless antigens from the diet and commensal 

bacteria, but also provides harmful pathogens access to the body. Consequently, the 

intestinal immune system continuously tailors regulatory and inflammatory responses 

to maximize host defense without unnecessary tissue damage. The balance between 

regulatory and inflammatory intestinal immune responses is known as intestinal 

homeostasis. 

The immune system in the intestine.
Up to 60% of lymphocytes residing in the intestinal tissue are antigen-experienced CD4+ 

T cells that have the unique ability to exert memory to previously encountered antigens. 

Anatomically, CD4+ T cells are located within both inductive and effector sites of the 

intestine. The gut-draining lymph nodes and gut-associated lymphoid tissue (GALT) are 

“inductive sites”, the main location for priming naive T- and B-cell responses (cells that 

have not yet encountered cognate antigen within the periphery). The mucosal epithelium 

and underlying lamina propria are the “effector sites” of the intestinal immune system, 

which harbor large populations of antigen-experienced CD4+ T cells and antibody-secreting 

plasma cells. 

	 Antigen presenting cells (APCs) migrate from the lamina propria to inductive sites 

in order to present intestinal antigen-derived peptides to naive CD4+ T cells. Naive CD4+ T 

cells migrate from the peripheral blood into the gut-draining lymph nodes and GALT using 

the lymphoid tissue homing receptors CD62L and chemokine receptor C-C motif receptor 7 

(CCR7). T-cell responses are initiated when a naive CD4+ T cells encounter APCs expressing 

the appropriate peptide-MHC-complex. Activation, proliferation and differentiation of 

naive CD4+ T cells is dependent on three APC-derived signals: the interaction of the T-cell 

receptor (TCR) with a specific peptide-MHC complex (signal 1), costimulation (signal 2) and 

soluble cytokines (signal 3). In addition, signals from the APC and microenvironment in 

the lymph nodes and GALT drive the acquisition of T-cell specific integrins and chemokine 

receptors required for preferential T-cell homing towards the intestine. Consequently, 

after recognition of cognate antigen, antigen-experienced CD4+ T cells exit the lymph 

node, enter the blood and migrate to the intestinal lamina propria or enter the epithelial 

layer where they reside as long-lived antigen-experienced CD4+ T cells.

Intestinal CD4+ T cells.
Both regulatory and inflammatory CD4+ T cells differentiate from naive CD4+ T cells upon 

antigen encounter by intestinal APCs in the GALT and intestinal draining lymph nodes. 

During intestinal homeostasis, environmental factors in the intestine alter the functional 

properties of intestinal APCs, maintaining a tolerogenic state in the intestine by skewing 

CD4+ T-cell differentiation in favor of a regulatory phenotype. In consequence, harmless 

exogenous antigens elicit a balanced intestinal CD4+ T-cell response in which regulatory cell 

populations counteract inflammatory cells. 

Regulatory T cells
Regulatory CD4+ T cells are defined by their functional capacity to suppress an inflammatory 

T-cell response. Regulatory CD4+ T cells in the intestine can be subdivided into CD4+Foxp3+ 

regulatory T cells (Tregs) and IL-10-producing CD4+Foxp3neg T cells. Tregs and IL-10-producing 

CD4+Foxp3neg T cells exert regulatory function in different intestinal compartments, with a 

prominent role for Foxp3+ Treg cells in the colon and Foxp3negCD4+ T cells in the small 

intestine. Both populations use multiple mechanisms to suppress inflammatory immune 

responses, the best characterized of which involves IL-10 production, which is essential to 

restrain local inflammation in the intestine.

Inflammatory T cells
In addition to regulatory CD4+ T-cell subsets, the lamina propria harbors diverse populations 

of pro-inflammatory effector CD4+ T cells. There are different subgroups of inflammatory 

effector CD4+ T cells, denoted as CD4+ T helper (Th) cells, including Th1, Th2 and Th17. Each 

Th cell subset is associated with predominance of specific effector cytokines. Although 

inflammatory effector CD4+ T cells are critically required for elimination of invasive 

mucosal pathogens and controlling resident commensal microbiota, infiltration of the 

lamina propria by inflammatory CD4+ T-cell populations is a key characteristic of chronic 

intestinal inflammation, as seen in inflammatory bowel disease (IBD).

Inflammatory bowel disease.
Uncontrolled inflammatory CD4+ T-cell responses to commensal bacteria, as seen in 

patients with inflammatory bowel diseases (IBD), can result in tissue damage and ensuing 

chronic intestinal inflammation. As a group, IBD is a heterogeneous disease and varies 

in terms of clinical symptoms, location of intestinal inflammation, disease extent and 

severity, presence of extra-intestinal manifestations and response to therapy. The two 

most prevalent clinical forms of IBD are Crohn’s disease (CD) and ulcerative colitis (UC). 

Although the precise etiology may differ per patient, the current theory is that IBD is 

caused by a dysregulated immune response to antigens of the intestinal bacteria in a 

genetically susceptible host. Evidence that dysfunction of the immune system is involved 

for the development of IBD has become stronger over the past decade. First of all, 

genome-wide association studies (GWAS) have identified IBD-associated susceptibility loci 

containing genes involved in immune pathways. In addition, several genetic deficiencies 

in immune genes have been shown to cause IBD-like intestinal inflammation. These 

monogenic disorders have illustrated that both insufficient host defense (i.e. chronic 
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granulomatous disease) as well as insufficient immune regulation (i.e. IPEX syndrome) 

can result in dysregulated immune responses to bacterial antigens. Lastly, the success 

of immunosuppressive therapies to decrease intestinal disease further emphasizes the 

important role of dysfunctional immune responses in IBD. Together, this argues that 

classification on the basis of immune dysfunction could identify subgroups of IBD patients 

with similar immune pathways involved in their disease pathogenesis.

This thesis.
The aim of this thesis was to identify immune regulatory processes that are pivotal for 

intestinal homeostasis in order to yield parameters that classify immunological disease 

in patients with IBD. In addition, by combining immunological disease profiling with 

extensive clinical characterization of each patient, the research presented in this thesis 

aimed to identify which clinical and immunological factors can be used to predict disease 

course and response to therapy.

	 As outlined in Chapter 1, CD4+ T cells play a key role in the pathogenesis of IBD. 

The intestinal pathology is characterized by infiltration of CD4+ T cells that secrete large 

amounts of pro-inflammatory cytokines. Inhibitory receptors serve as checkpoints to these 

cells controlling their T-cell receptor (TCR)- and CD28-mediated activation and modulating 

the phenotype of neighboring APCs. In Chapter 2, we highlight the emerging insights 

in the role of inhibitory receptors in intestinal homeostasis. In the intestine, inhibitory 

receptors are expressed by both CD4+Foxp3+ Tregs, which express high levels of cytotoxic 

T lymphocyte antigen 4 (CTLA-4), as well as IL-10-producing CD4+Foxp3neg T cells, which 

are characterized by high expression of programmed death 1 (PD-1) and lymphocyte 

activation gene-3 (Lag-3). Our review describes the diverse range of inhibitory receptors, 

expressed by both CD4+Foxp3+ Tregs and CD4+Foxp3neg T cells, and their role in intestinal 

homeostasis. 

	 Monitoring loss of balance between inflammatory and regulatory intestinal CD4+ 

T-cell responses in IBD patients is highly desired to classify patients and predict their 

disease course. In Chapter 3, in order to investigate whether changes in regulatory 

and inflammatory CD4+ T-cell responses would enable IBD patient stratification prior to 

treatment, we focused our analyses on circulating CD38+ effector T cells, which are known 

to be strongly enriched in gut-homing CD4+ T cells. We show that, in healthy individuals 

as well as IBD patients, the circulating CD38+ effector T-cell population contained both 

regulatory and inflammatory cell populations. In healthy individuals, who have a balanced 

mucosal tolerance to commensal microbiota, CD38+ effector T cells had a bias towards 

regulation with low frequencies of activated CD25+CD45RAneg and high frequencies of 

inhibitory receptor T cell Ig and ITIM domain (TIGIT)+ cells. In IBD patients, the balance 

between activated inflammatory and regulatory CD4+ T-cell populations was shifted towards 

inflammation, as treatment-naive pediatric IBD patients with active intestinal inflammation 

had increased frequencies of activated CD25+CD45RAneg and reduced frequencies of TIGIT+ 

cells when compared to age-matched healthy controls. No differences in the frequencies 

of Foxp3+ cells in CD38+ effector T cells were detected between IBD patients and controls. 

Importantly, the percentage of inhibitory receptor TIGIT+ cells in the CD38+ effector T-cell 

population at disease diagnosis differentiated patients with reduced duration of clinical 

remission during follow-up. Specifically, TIGIT percentages below 25% before treatment 

associated with shorter duration of clinical remission. These results show that phenotypic 

characterization of circulating CD4+ T-cell populations can stratify treatment-naive IBD 

patients into clinically relevant subgroups. In particular, analysis of multiple inhibitory 

receptors, including TIGIT, on CD38+ effector T cells may further facilitate IBD patient 

stratification prior to treatment.

	 As TIGIT+ cell frequencies were reduced in a subgroup of IBD patients, we aimed to 

identify factors involved in the induction of TIGIT expression on CD4+ T cells. In Chapter 
4, using human and murine experimental approaches, we studied TIGIT expression in 

various CD4+ T-cell subpopulations and determined the stimulatory signals required for 

TIGIT expression. We show that TCR ligation through anti-CD3 induced TIGIT expression 

preferably on CD4+ T cells with an antigen-experienced phenotype. Given the reduced TIGIT+ 

cell frequencies in a subgroup of patients with IBD, we hypothesized that TIGIT expression 

on antigen-experienced CD4+ T cells may be involved in regulating immune responses to 

intestinal bacteria. Conventionalization of germ-free mice with specific pathogen free 

microbiota resulted in a two- to three-fold increase in intestinal TIGIT expression. As a 

large proportion of intestinal T cells is expected to have specificity to microbial antigen, we 

investigated whether TIGIT was expressed by microbiota-reactive CD4+ T cells. Although 

the majority bacterial antigen-reactive CD4+ T cells did not express TIGIT, a clear population 

of approximately 7%-10% TIGIT+ cells could be identified among bacterial antigen-reactive 

CD4+ T cells. Bacterial antigen-reactive TIGIT+CD4+ T cells contained higher frequencies 

of IL-10+ cells compared to bacterial antigen-reactive TIGITnegCD4+ cells, suggesting that 

TIGIT-expressing CD4+ T-cell populations may be involved in regulating immune responses 

to intestinal bacteria.

	 Interestingly, the strong association between TIGIT and CD38 is a recurring 

observation in all our in vitro and in vivo data reported in Chapter 3 and Chapter 4. CD38 

is an ectoenzyme that catalyzes the synthesis of two structurally distinct messengers for 

intracellular Ca2+ mobilization. Using the calcineurin inhibitor tacrolimus and calcium 

ionophore ionomycin, we show that calcium dependent signaling after TCR ligation 

was required to induce TIGIT expression on antigen-experienced CD4+ T cells.  Future 

experiments are needed to establish whether CD38 contributes to TIGIT induction on CD4+ 

T cells through increasing the intracellular Ca2+ concentration.
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and Chapter 8) and extra-intestinal complications (i.e. sclerosing cholangitis, a severe 

liver disease leading to destruction of bile ducts, Chapter 9) that further influence the 

disease course. Given the rarity of these complications, more detailed information on 

pediatric‐onset IBD patients who develop cancer or sclerosing cholangitis (SC) is needed 

to obtain more insight in predictive factors of these severe outcomes. In chapter 7, we 

provide a literature overview of patients with pediatric-onset IBD patients who developed 

cancer or suffered a fatal outcome at any point later in life. In chapter 8, we report the 

largest number of pediatric‐onset IBD patients with cancer and/or fatal outcomes to 

date. Malignancies followed by infections were the major causes of mortality. Although 

it is believed that pediatric-onset SC runs a milder course in children than in adults, we 

identified SC as a significant risk factor for cancer-associated mortality. In Chapter 9, in 

order to compare long-term disease outcomes between pediatric- and adulthood-onset 

SC patients, we evaluated time-to-complication curves in two independent cohorts from 

the same geographical area. Our data demonstrate that pediatric and adult-onset SC run a 

similar disease course regarding time-to-transplantation and SC-related death. Our results 

emphasize the importance of follow-up of young patients with rare diseases, whose 

disease course is blurred by transition to adult-oriented care.

The results of this thesis are put into perspective in Chapter 10. When combining the 

original data presented in the various chapters of this thesis, a recurrent observation is 

that, when compared to healthy individuals, IBD patients have an altered balance between 

regulatory and inflammatory CD4+ T-cell responses. We provide evidence for both reduced 

regulatory (Chapter 3 and 5) as well as increased inflammatory features (Chapter 3 and 
6). We demonstrate that characterization of inhibitory receptor expression on CD4+ 

T cells allows IBD patient stratification prior to treatment. Thus, the data in this thesis 

substantiate the idea that microbial-host mutualism is lost in IBD due to a predominating 

inflammatory CD4+ T-cell responses to commensal microbial antigens, promoting tissue 

destruction and chronic inflammation in the intestine. The main challenge for future 

research lies within classifying IBD patients on the basis of immune dysfunction, in order to 

select patient subgroups who are most likely to respond to targeted therapies. In addition, 

uncovering shared disease-driving mechanisms between IBD and other immune-mediated 

inflammatory diseases (IMIDs) could identify subgroups of patients across various IMIDs 

that can benefit from the same targeted treatment.

	 Elevated humoral responses to bacterial flagellin, a bacterial protein expressed by 

both commensal and pathogenic bacteria, are present in a subgroup of CD patients at 

risk for aggressive and complicated disease. As antibody responses rely on the activation 

of CD4+ T cells, we hypothesized in that CD patients with elevated anti-flagellin antibody 

titers have increased frequencies of flagellin-reactive CD4+ T cells (Chapter 5). In addition, 

we tested whether these cells had a more inflammatory phenotype compared to flagellin-

reactive cells from healthy individuals and CD patients with low anti-flagellin antibody 

titers. Our preliminary data showed that treatment-naive pediatric CD patients with 

high anti-flagellin IgG titers had increased frequencies of flagellin-reactive CD4+ T cells in 

peripheral blood when compared to UC patients and healthy controls. In both healthy and 

diseased individuals, flagellin-reactive T cells had phenotypic regulatory and inflammatory 

features and could express a4b7 and CD38. However, CD patients with elevated flagellin-

specific IgG and reactivity to 8/8 flagellins had reduced frequencies of IL-10+ and TIGIT+ 

flagellin-reactive CD4+ T cells when compared to those of healthy controls and patients 

with low levels of flagellin-reactive IgG. In line with previous findings, TIGIT and IL-10 

expression appeared related as TIGIT+ flagellin-reactive CD4+ T cells were enriched in IL-10-

producing cells when compared to TIGITnegCD4+ T cells, irrespective of health or disease.

	 In Chapter 6, the analysis of peripheral blood lymphocytes and intestinal tissue 

derived from a very early onset IBD patient with a genetic duplication of the IL2RA locus, 

allowed us to investigate the requirements for intestinal inflammation in the context of 

a hyperinflammatory CD4+ T-cell defect. The patient developed an UC-like acute severe 

colitis at 2 years of age, with endoscopy showing severe pancolitis with edematous 

mucosa and multiple erosions. Histologically, the intestinal disease was characterized 

by hyperproliferative CD4+ T cells in the lamina propria and epithelial layer, and many 

interferon gamma (IFNg)+ and pSTAT5+ lesions. The intestinal disease was refractory to 

standard immunosuppressive, immunomodulatory and biological therapy, but strikingly, 

subtotal colectomy effectively induced clinical remission in the patient without the need 

for maintenance therapy. There have been reports of patients with similar duplications for 

whom no intestinal disease was reported. Together, this argues that the hyperproliferative 

CD4+ T-cell response that we observed in the context of IL2RA duplication is not enough 

to cause intestinal disease. Instead, considering the observation that colectomy, resulting 

in a reduced bacterial load, effectuated disease cure, an environmental factor such as a 

specific microbial antigen may have initiated colonic disease in this particular patient. Thus, 

these data demonstrate that, although defects causing overall T-cell hyperproliferation 

and inflammation contribute to disease susceptibility, an additional trigger was needed to 

license the expansion of inflammatory CD4+ T cells activated in the antigen-rich intestinal 

environment. 

	 The disease course of IBD can be complicated by local (i.e. cancer, Chapter 7 
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Het slijmvlies (mucosa) van ons maag-darm kanaal wordt continu blootgesteld aan grote 

hoeveelheden lichaamsvreemde eiwitten uit voedsel en van onschadelijke darmbacteriën. 

Om infecties met schadelijke indringers tegen te gaan, bevat de darm een groot aantal 

afweercellen (immuuncellen) die ziekteverwekkers signaleren en vernietigen. Het 

afweersysteem (immuunsysteem) van de darm moet er voor zorgen dat het schadelijke 

darmbacteriën aanvalt, maar de onschadelijke darmbacteriën (commensalen) met rust 

laat. Om dit te bewerkstelligen, bestaat het immuunsysteem van de darm uit zowel 

ontstekingsbevorderende (inflammatoire) als ontstekingsremmende (regulerende) 

immuuncellen. In een gezonde darm is er een balans tussen regulerende en inflammatoire 

immuuncellen. Deze balans wordt homeostase genoemd.

Het immuunsysteem in de darm.

Het immuunsysteem in de darm bestaat uit cellen van het aangeboren en het verworven 

immuunsysteem. Het darmweefsel onder het darmepitheel (laag van dicht aaneengesloten 

cellen) bevat antigeen-presenterende cellen (APC), waaronder dendritische cellen (DC) en 

macrofagen. Deze cellen van het aangeboren afweersysteem nemen lichaamsvreemde 

eiwitten (antigenen) op en verzorgen daarmee de eerstelijns afweer. De darm bevat ook 

een groot aantal immuuncellen van het verworven immuunsysteem, waaronder T-cellen. 

Deze cellen dragen een receptor die ‘op maat‘ gemaakt kan worden voor het herkennen 

van antigenen en hebben een geheugen waardoor ze bij een tweede ontmoeting met 

hetzelfde antigeen snel kunnen reageren. Anatomisch gezien wordt het immuunsysteem 

in de darm onderverdeeld in inductie en effector plaatsen. De darm-geassocieerde 

lymfoïde weefsels en de lokale darm drainerende lymfeklieren zijn de inductie plaatsen, 

waar naïeve (niet eerder aan antigeen blootgestelde) T-cellen worden geactiveerde door 

APC. Het darmweefsel en darmepitheel zijn de effector plaatsen waar antigeen-specifieke 

effector T-cellen hun acties uitvoeren. 

	 APC nemen antigenen op en presenteren deze op hun MHC moleculen op het 

celmembraan. Vervolgens reizen ze naar de lymfeklieren om daar naïeve T-cellen te 

activeren. Naïeve T-cellen uit perifeer bloed reizen ook naar de lymfeklieren met behulp 

van specifieke migratie-receptoren. Activatie van T-cellen wordt in gang gezet wanneer 

een naïeve T-cel een APC tegenkomt die het juiste antigeen-MHC-complex tot expressie 

brengt. Als een sleutel in een slot zorgt de binding van antigeen-MHC-complex aan de T-cel 

receptor dat de naïeve T cel actief wordt, deelt en differentieert waardoor er een groot 

aantal antigeen-specifieke effector en geheugen T-cellen ontstaan. Dit proces is afhankelijk 

van drie signalen: de verbinding van het antigeen-MHC complex van de APC met de T-cel 

receptor (signaal 1), co-stimulatoire moleculen aanwezig op de APC (signaal 2) en cytokines 

(kleine, oplosbare eiwitten) die door de APC worden uitgescheiden (signaal 3). Deze 

signalen zorgen ook voor het tot expressie komen van migratie-receptoren die T-cellen 

specifiek naar de effector plaatsen van de darm leiden. Dus, na herkenning van antigeen in 

darm-geassocieerde lymfoïde weefsels en lokale darm drainerende lymfeklieren, verlaten 

T-cellen de lymfoïde weefsels om zich naar de darm te begeven, waar ze verblijven als lang 

levende antigeen-specifieke effector en geheugen T-cellen.

CD4+ T-cellen in de darm.
Wanneer een naïeve T-cel een APC tegenkomt met het juiste antigeen-MHC-complex 

kan dit leiden tot differentiatie van zowel inflammatoire (ontstekingsbevorderende) als 

regulerende (ontstekingsremmende) T-cellen. In de darm zijn veel factoren aanwezig 

die APC leren tolerant te zijn tegen onschuldige antigenen, en dus preferentieel de 

ontwikkeling van regulerende T-cellen te stimuleren. Als gevolg hiervan leidt herkenning 

van een onschadelijk antigen tot een gebalanceerde immuunreactie, waarbij regulerende 

T-cellen in balans zijn met inflammatoire T-cellen.  

Regulerende (ontstekingsremmende) T-cellen
Regulerende T-cellen worden gekenmerkt door eigenschap dat zij in staat zijn ongewenste 

reacties van andere immuuncellen te onderdrukken. Regulerende T-cellen in de darm 

worden onderverdeeld in CD4+Foxp3+ regulerende T-cellen (Tregs) en IL-10-producerende 

CD4+Foxp3neg T-cellen. Tregs en IL-10-producerende CD4+Foxp3neg T-cellen oefenen hun 

regulerende functies uit in verschillende delen van de darm. Tregs zijn in grote getalen 

aanwezig in de dikke darm (colon), terwijl IL-10-producerende CD4+Foxp3neg T-cellen een 

prominente rol spelen in de dunne darm. Beide regulerende T-cel populaties gebruiken 

meerdere mechanismen om inflammatoire immuunreacties te onderdrukken, waarvan 

interleukine 10 (IL-10)-productie het meest onderzocht is. Dit cytokine is van essentieel 

belang is om ontsteking in de darm te voorkomen. 

Inflammatoire (ontstekingsbevorderende) T-cellen 
Naast regulerende T-cellen bevat het darmweefsel diverse groepen van inflammatoire 

T-cellen. Er zijn verschillende groepen van inflammatoire T-cellen, aangeduid als T-helper 

(Th)-cellen, waaronder Th1, Th2 en Th17 cellen. Deze T-celpopulaties kunnen worden 

onderscheiden op basis van hun cytokine profiel en hebben elk een andere functie. 

Hoewel inflammatoire T-cellen van essentieel belang zijn voor de eliminatie van invasieve 

pathogene bacteriën, wordt chronische darmontsteking, zoals gezien wordt in patiënten 

met inflammatoire darmziekten (IBD), vaak gekenmerkt door uitgebreide infiltratie van 

het darmweefsel met inflammatoire T-celpopulaties.

Inflammatoire darmziekten (IBD).
Door fouten in tolerantie voor onschadelijke bacteriën kan chronische darmontsteking 
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ontstaan, in het Engels “inflammatory bowel disease (IBD)” genoemd. De twee bekendste 

chronische darmontstekingen zijn colitis ulcerosa en de ziekte van Crohn (ZvC). IBD verschilt 

van patiënt tot patiënt en zit soms overal en soms alleen op een plek. De precieze oorzaak 

van IBD is onbekend, maar drie factoren spelen een oorzakelijke rol. Deze factoren zijn 

genetische belasting (gevoeligheidsgenen), darmbacteriën en het immuunsysteem van de 

darm. Er wordt gedacht dat IBD wordt veroorzaakt door een ontregelde immuunreactie 

op antigenen van onschuldige darmbacteriën in een genetisch-gevoelig persoon. 

Over de afgelopen decennia is er steeds meer bewijs gekomen dat ontregeling van het 

immuunsysteem betrokken is bij de ontwikkeling van IBD. Ten eerste, uit genetische 

analyses van grote groepen IBD patiënten zijn ongeveer 160 gen gebieden (waarin zich 

meerdere genen bevinden) gevonden die een genetische aanleg voor IBD zouden kunnen 

veroorzaken. Van deze gen gebieden is een groot deel betrokken bij immuunreacties van 

het aangeboren en verworven immuunsysteem. Ten tweede, genetische deficiëntie van 

bepaalde immuungenen zijn geassocieerd meet IBD-achtige darmontsteking. Deze mono-

genetische ziekten (veroorzaakt door één gen) hebben laten zien dat zowel een tekort aan 

aangeboren immuunreacties als een tekort aan regulerende immuunreacties kan leiden 

tot chronische ontsteking van de darm. Tot slot, de darmontsteking kan in een groot deel 

van de IBD patiënten met succes worden behandeld met afweerremmende medicijnen. 

Dit suggereert dat metingen van ontregelde immuunreacties in de toekomst misschien 

kunnen helpen om IBD niet meer alleen onder te verdelen in colitis ulcerosa en ZvC maar 

in ‘afweerfouten’ waarop een therapie is af te stemmen.

Dit proefschrift.

Dit proefschrift richt zich op het classificeren van kinderen met IBD op basis van de 

onderliggende afweerfout om zo het ziektebeloop en reactie op behandeling beter te 

voorspellen. Zoals beschreven in Hoofdstuk 1 spelen T-cellen een belangrijke rol in het 

ontstaan van chronische darmontsteking. De darmontsteking in IBD wordt gekenmerkt 

door infiltratie van T-cellen die grote hoeveelheden inflammatoire cytokines uitscheiden. 

Remmende receptoren op het celmembraan van deze T-cellen dienen als “checkpoints” 

die activatie via de T-cel receptor (signaal 1) en co-stimulatoire moleculen (signaal 2) 

dempen. In Hoofdstuk 2 bespreken we de nieuwe inzichten in de rol van deze remmende 

receptoren in darm homeostase. Ons review beschrijft de verschillende remmende 

receptoren die door zowel CD4+Foxp3+ Tregs als IL-10-producerende CD4+Foxp3neg T-cellen 

tot expressie worden gebracht, en hun rol in darm homeostase.

	 Het meten van de ontregelde balans tussen regulerende en inflammatoire T-cellen 

in IBD patiënten zou kunnen helpen om patiënten te classificeren en hun ziektebeloop 

te voorspellen. In Hoofdstuk 3 onderzochten we of we veranderingen in regulerende 

en inflammatoire T-cellen in het bloed van IBD patiënten konden detecteren. Om dit te 

onderzoeken hebben we onze analyses gericht op circulerende CD38+ effector T-cellen, 

een T-cel populatie waarvan we eerder hebben aangetoond dat deze sterk verrijkt is 

aan T-cellen die naar de darm toe migreren. We laten zien dat gezonde individuen en 

IBD patiënten deze circulerende CD38+ effector T-cellen hebben en dat deze cellen zowel 

regulerende als inflammatoire cel populaties bevatten. Bij gezonde individuen, die 

gebalanceerde immuunreacties in de darm hebben, hadden CD38+ effector T-cellen bij 

voorkeur een regulatoir fenotype met lage frequenties van geactiveerde CD25+CD45RAneg 

en hoge frequenties van T-cellen met de remmende receptor T-cel Ig en ITIM-domein (TIGIT) 

op hun oppervlak. Bij een deel van de IBD patiënten was de balans tussen regulerende 

en inflammatoire T-cellen verschoven richting inflammatie. In vergelijking met gezonde 

controles, hadden IBD patiënten met actieve darmziekte (voor aanvang van therapie) 

verhoogde frequenties van CD25+CD45RAneg T-cellen en verlaagde frequenties van TIGIT+ 

T-cellen. Er werden geen verschillen in de frequenties van Foxp3+ Tregs in CD38+ effector 

T-cellen gezien tussen IBD patiënten en gezonde controles. Het percentage van TIGIT+ 

cellen in CD38+ effector T-cellen kon patiënten met korte duur van klinische ziekteremissie 

na start van therapie identificeren. Om precies te zijn, TIGIT-percentages lager dan 25% 

vóór behandeling waren geassocieerd met kortere duur van klinische ziekteremissie. 

Onze resultaten tonen aan dat fenotypische karakterisering van circulerende CD4+ 

T-celpopulaties in het bloed van IBD patiënten klinisch-relevante subgroepen kan 

onderscheiden. In het bijzonder, analyse van meerdere remmende receptoren, waaronder 

TIGIT, op CD38+ effector T-cellen zou kunnen helpen om IBD patiëntstratificatie voorafgaand 

aan behandeling verder te optimaliseren.

	 Omdat een subgroep van IBD patiënten verlaagde TIGIT+-cel frequenties hadden, 

wilden we factoren identificeren die betrokken zijn bij de inductie van TIGIT-expressie 

op het celmembraan van CD4+ T-cellen. In Hoofdstuk 4, door zowel humaan als muis 

materiaal te gebruiken, analyseerden we TIGIT expressie op verschillende CD4+ T-cel 

populaties en bepaalden we de signalen die noodzakelijk zijn voor TIGIT expressie op het 

celmembraan. We laten zien dat activatie via de T-cel receptor middels anti-CD3 TIGIT 

expressie induceert op antigeen-specifieke effector T-cellen. Omdat een subgroep van IBD 

patiënten verlaagde TIGIT+-cel frequenties hadden, veronderstelde we dat TIGIT expressie 

op T-cellen betrokken kan zijn bij het reguleren van immuunreacties tegen darmbacteriën. 

Het koloniseren van kiemvrije muizen (muizen zonder darmbacteriën) met specifieke 

pathogeen-vrije (SPF) darmbacteriën resulteerde in een twee- tot drievoudige toename 

van TIGIT expressie in darmweefsel. Omdat een groot deel van de T-cellen in de darm 

verondersteld wordt een specificiteit voor bacteriële antigenen heeft, onderzochten we 

of TIGIT tot expressie werd gebracht door T-cellen die specifiek bacteriële antigenen 

herkenden. Hoewel de meerderheid van de bacterieel antigeen-reactieve T-cellen geen 

TIGIT tot expressie brachten, kwam TIGIT tot expressie op circa 7%-10% van de bacterieel 
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darmepitheel en vele interferon-gamma (IFNg)+ en pSTAT5+ laesies. De darmontsteking was 

ongevoelig voor standaard immunosuppressieve en immunomodulerende medicijnen en 

biologicals. De patiënt moest een subtotale colectomie ondergaan, wat ervoor heeft gezorgd 

dat de patiënt blijvend in klinische remissie is zonder dat hiervoor nog onderhoudstherapie 

nodig is. Er zijn meldingen geweest van patiënten met vergelijkbare genduplicaties bij 

wie geen darm-gerelateerde klachten werden beschreven. Deze observaties suggereren 

dat het hyper-proliferatieve T-celfenotype dat we observeerden in de context van IL2RA 
duplicatie niet voldoende kan zijn om darmontsteking te veroorzaken. In plaats daarvan 

kan het zijn dat een omgevingsfactor, zoals een specifiek bacterieel antigeen, chronische 

ontsteking heeft geïnitieerd in de darm van deze specifieke patiënt. Dus, ondanks dat 

defecten die algemene T-celhyperproliferatie veroorzaken bijdragen aan de gevoeligheid 

om IBD te ontwikkelen, is er een extra “trigger” nodig om expansie van inflammatoire 

T-cellen die in de antigeenrijke darmomgeving zijn geactiveerd te veroorzaken.

Het ziekteverloop van IBD kan worden gecompliceerd door lokale (bijvoorbeeld kanker, 

Hoofdstuk 7 en Hoofdstuk 8) en extra-intestinale complicaties (bijvoorbeeld scleroserende 

cholangitis, een ernstige leveraandoening die leidt tot destructie van galgangen, Hoofdstuk 
9) die het ziekteverloop negatief beïnvloeden. Gezien het feit dat deze complicaties niet 

frequent voorkomen, is meer gedetailleerde informatie over IBD patiënten die op jonge 

leeftijd die kanker of scleroserende cholangitis (SC) ontwikkelen nodig om meer inzicht te 

krijgen in voorspellende factoren van deze ernstige uitkomsten. In Hoofdstuk 7 geven we 

een literatuuroverzicht van patiënten die op kinderleeftijd IBD ontwikkelden en later in 

het leven kanker kregen of een fatale afloop hadden. In Hoofdstuk 8 rapporteren we het 

grootste aantal kinder IBD patiënten met kanker en/of een fatale afloop tot nu toe. Kanker 

en infecties waren de belangrijkste oorzaken van mortaliteit. Ondanks dat vaak wordt 

verondersteld dat SC bij kinderen een mildere ziektebeloop heeft dan bij volwassenen, 

lieten onze data zien dat SC een significante risicofactor was voor kanker-geassocieerde 

mortaliteit. In Hoofdstuk 9 evalueerden we de tijd-tot-complicatiecurven in twee 

onafhankelijke cohorten uit hetzelfde geografische gebied om het ziektebeloop op de 

lange termijn te vergelijken tussen SC-patiënten op de kinderleeftijd en op de volwassen 

leeftijd. Onze gegevens tonen aan tijd tot transplantatie en SC-gerelateerde sterfte niet 

verschilt tussen patiënten die SC op de kinderleeftijd ontwikkelden versus patiënten die SC 

op volwassen leeftijd kregen. Onze resultaten benadrukken het belang van de nauwkeurige 

follow-up van jonge patiënten met zeldzame ziekten, waarvan het ziektebeloop vaak niet 

goed in kaart wordt gebracht door de overgang naar volwassen-gerichte zorg.

De resultaten van dit proefschrift worden in Hoofdstuk 10 in perspectief geplaatst. Wanneer 

alle data uit dit proefschrift wordt gecombineerd, is een terugkerende observatie dat, in 

antigeen-reactieve T-cellen. Bacterieel antigeen-reactieve TIGIT+CD4+ T-cellen bevatten 

hogere frequenties van IL-10+ cellen in vergelijking met bacterieel antigeen-reactieve 

TIGITnegCD4+ cellen. Dit impliceert dat TIGIT+CD4+ T-cellen betrokken kunnen zijn bij het 

reguleren van immuunreacties tegen darmbacteriën.

	 In zowel Hoofdstuk 3 als Hoofdstuk 4 zagen we een sterke associatie tussen 

TIGIT en CD38. CD38 is een ectoenzym dat betrokken is bij de synthese van twee 

signaleringsmoleculen die noodzakelijk zijn voor intracellulaire Ca2+ mobilisatie. Met 

behulp van de calcineurine-remmer tacrolimus en calcium ionophore ionomycine (dat 

de intracellulaire Ca2+ concentratie verhoogd) laten we zien dat calcium-afhankelijke 

signalering na T-cel receptor activatie vereist was om TIGIT expressie op T-cellen te 

induceren. Toekomstige experimenten zijn nodig om vast te stellen of CD38 bijdraagt ​​aan 

TIGIT inductie op T-cellen door de intracellulaire Ca2+ concentratie te verhogen.

	 Een subgroep van patiënten met de ZvC heeft verhoogde antistof responsen tegen 

bacterieel flagelline, een eiwit dat tot expressie wordt gebracht door zowel onschuldige 

als pathogene bacteriën. Deze antistoffen zijn geassocieerd met een verhoogd risico 

op agressieve en gecompliceerde ziekte. Antistof responsen zijn vaak afhankelijk van 

de activatie van T-cellen. Daarom veronderstelden we dat patiënten met de ZvC met 

verhoogde anti-flagelline antistof titers ook verhoogde frequentie van flagelline-reactieve 

T-cellen zouden hebben (Hoofdstuk 5). Ook hebben we getest of deze flagelline-reactieve 

T-cellen een meer inflammatoir fenotype hadden vergeleken met flagelline-reactieve cellen 

van gezonde personen en ZvC-patiënten met lage titer aan anti-flagelline antistoffen. Onze 

analyses tonen aan dat ZvC patiënten met een hoge anti-flagelline IgG-titers verhoogde 

frequenties van flagelline-reactieve T-cellen in perifeer bloed hadden vergeleken met 

gezonde controles. Zowel bij gezonde als zieke personen hadden flagelline-reactieve 

T-cellen regulatoire en inflammatoire kenmerken en konden a4b7 en CD38 tot expressie 

brengen. ZvC-patiënten met een verhoogde anti-flagelline IgG-titers en reactiviteit op 

8/8 flagellines hadden verminderde frequenties van IL-10+ en TIGIT+ flagelline-reactieve 

T-cellen in vergelijking met gezonde controles en ZvC-patiënten met lage anti-flagelline 

IgG-titers. In overeenstemming met eerdere bevindingen, leken TIGIT en IL-10 expressie 

positief gecorreleerd aan elkaar. TIGIT+ flagelline-reactieve T-cellen waren namelijk verrijkt 

in IL-10-producerende cellen in vergelijking met TIGITnegCD4+ T-cellen.

	 In Hoofdstuk 6 hebben we T-cellen uit perifeer bloed en darmweefsel bestudeerd 

afkomstig van een patiënt met een genetische duplicatie van de IL2RA locus, die op zeer 

jonge leeftijd IBD ontwikkelde. Dit stelde ons in staat de kenmerken van darmontsteking in 

de context van een hyper-inflammatoir T-celdefect te onderzoeken. De patiënt ontwikkelde 

op 2-jarige leeftijd een colitis ulcerosa-achtige colitis, waarbij een ernstige pancolitis met 

oedemateus slijmvlies en meerdere erosies werd gezien bij endoscopie. Histologie van 

aangedane darmbiopten toonde hyper-proliferatieve T-cellen in het lamina propria en 
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vergelijking met gezonde individuen, IBD patiënten een ontregelde balans hebben tussen 

regulerende en inflammatoire T-cellen. We leveren bewijs aan voor zowel verminderde 

regulerende T-cel kenmerken (Hoofdstuk 3 en 5) als voor verhoogde inflammatoire T-cel 

kenmerken (Hoofdstuk 3 en 6). We tonen aan dat expressie van remmende receptoren op 

T-cellen van IBD patiënten stratificatie mogelijk maakt voorafgaand aan de behandeling. 

Met deze bevindingen hebben we een basis gelegd voor de detectie van immuun-disfunctie 

in patiënten met IBD. De belangrijkste uitdaging voor toekomstig onderzoek is om IBD 

patiënten te classificeren op basis van immuun-disfunctie, met als doel subgroepen van 

IBD patiënten te identificeren die het meest gebaat zijn bij gerichte therapieën. Bovendien 

kan het ontdekken van de overeenkomsten in ziekte-veroorzakende mechanismen 

tussen IBD en andere immuun-gemedieerde inflammatoire ziekten (IMID’s) subgroepen 

van patiënten identificeren in verschillende IMID’s die baat kunnen hebben bij dezelfde 

gerichte behandeling.
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“He who loves, fl ies, runs, and rejoices; he is free and nothing holds him back.” 
– Henri Mati sse –
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“paper bootcamps”. Bedankt voor je grondige input op al mijn abstracts en manuscripten.

	 De overige leden van de promotiecommissie, te weten Prof. dr. L.S.K. Walker, Prof. 

dr. T. van Gelder, Dr. P.F. van Rheenen en Prof. dr. Mebius, wil ik ook graag bedanken. Dear 

Prof. Dr. L.S.K. Walker, dear Lucy, when we first met on the joint BSI and NVVI congress in 

2016, I could only have hoped that we would be working together. Collaborating with you 

gave me the opportunity to enhance my knowledge on how co-inhibitory receptors act and 

how their aberrant function may lead to autoimmunity. Thank you for your critical eye and 

swift replies. It is an honor that you will attend my PhD defense as a committee member.  

Beste Dr. P.F. van Rheenen, beste Patrick, ik heb veel geleerd van de wijze waarop we als 

team, samen met Barbara en Sjoukje, onze grote berg klinische data tot een coherent 

manuscript hebben getransformeerd. Ik bewonder je pragmatische en doelgerichte wijze 

van werken. Beste Prof. Dr. Mebius, bedankt voor uw bereidheid plaats te nemen in de 

promotiecommissie.

Het Samsom Lab.
Onderzoek doen is teamwork, een proces dat grote inspanningen vergt van verschillende 

talenten en geesten, die samenwerken om een gemeenschappelijk doel te bereiken. Veel 

dank ben ik verschuldigd aan alle leden van het “Gastro Lab” met wie ik gedurende mijn 

promotie heb samengewerkt: Sharon, Lea, Celia, Sandrine, Irma, Rolien, Lisette, Ytje, Dicky, 

Lilian, Danielle en Anne. Dank voor jullie prettige samenwerking en onvoorwaardelijke 

inzet. Sharon, gedurende de tijd dat wij zij-aan-zij in het lab zaten, kon ik je altijd benaderen 

met vragen over experimentele opzet, interpretatie van data of weergave van resultaten. 

Je nam altijd tijd tussendoor je eigen werkzaamheden om mij van input te voorzien. Ook 

op congressen was jij mijn vaste buddy. Ik schiet acuut in de lach als ik terug denk aan 

onze hilarische avond in Washington D.C., toen we de avond dansend hebben afgesloten 

samen met de congres organisatie in een zeer memorabele club. Lisette, van huilend 

samen in de “vuile kweek” tot niet meer kunnen bijkomen van de slappe lach achter de 

Cell Sorter: wij waren altijd een perfect duo. Rolien, wat kijk ik met veel plezier terug 

op onze samenwerking gedurende de vele in vitro experimenten. Onze experimenten 

liepen altijd gesmeerd, als twee goed geoliede dieselmotoren. Léa, on the one hand, it 

seems like it was only yesterday that we both started working in the lab. On the other 

hand, many years have passed and we both have grown so much. I hope that you can 

keep on pursuing your dreams as a senior postdoc. Irma, wat fijn dat jij een groot deel 

van mijn onderzoek hebt kunnen voortzetten. Ik wens je veel succes met je opleiding tot 

medisch immunoloog. Ytje, ik heb altijd veel geleerd van jouw kritische blik en scherpe 

opmerkingen. Bedankt voor alles wat je me hebt bijgebracht op moleculair gebied. Dicky, 

bedankt voor je hulp met immunohistochemie en het “meenemen” van mijn glaasjes. 

Lilian, dankzij jouw uitvoerige flow-analyses kon ik aan het begin van mijn promotietraject 

Dit proefschrift is tot stand gekomen dankzij een groot aantal mensen. Het is een resultaat 

van intensieve samenwerking met veel verschillende mensen, in het laboratorium, 

de kliniek, en daarbuiten. Ik wil graag iedereen bedanken zonder wiens inspanning dit 

proefschrift niet tot stand zou zijn gekomen. Hierbij wil ik ook alle patiënten bedanken 

voor deelname aan de onderzoeken beschreven in dit proefschrift. 

Mijn promotieteam.
Dr. J.N. Samsom, beste Janneke, jouw enthousiasme voor wetenschap en onuitputtelijke 

doorzettingsvermogen zijn voor mij gedurende de afgelopen jaren een grote inspiratiebron 

geweest. Jouw talent voor doceren, gecombineerd met een zeer uitgebreide basaal 

immunologische kennis en oog voor kwaliteit, deed mij al snel realiseren dat ik als 

promovenda in jouw laboratorium gedurende mijn gehele promotietraject nieuwe 

uitdagingen zou kunnen aangaan. Dit is absoluut waar gebleken. De eerste jaren stonden 

het verkrijgen van technische vaardigheden (“Hoe formuleer je een hypothese? Hoe 

ontwerp je daarbij behorend experiment? Wat betekenen mijn data?”) en het opdoen van 

basaal immunologische kennis centraal. In de jaren daarna heb ik ervan genoten hoe we 

samen mijn presentatievaardigheden en “taligheid” op een hoog niveau hebben gebracht. 

Bedankt dat je me de vrijheid hebt gegeven om deze opgedane vaardigheden optimaal 

te benutten, met als resultaat dat ik mijn promotietraject in de laatste jaren grotendeels 

zelfstandig vorm heb kunnen geven. De doelstelling “zelfstandig onderzoeker worden” 

hebben we denk ik ruimschoots behaald!

	 Prof. dr. J.C. Escher, beste Hankje, bedankt voor je onmiddellijke steun toen ik in 

2014 opeens een zelfgeschreven grant proposal op je bureau neerlegde. Bedankt voor 

de mogelijkheid patiëntgebonden onderzoek te kunnen doen en het aandachtig luisteren 

naar mijn soms complexe immunologische verhalen die daaruit voort vloeiden.

	 Graag wil ik de leescommissie, te weten Prof. dr. R.W. Hendriks, Prof. dr. F. Koning 

en Dr. E. Lubberts, bedanken voor de beoordeling van mijn proefschrift. Beste Rudi, 

bedankt voor het vervullen van de rol van secretaris binnen de kleine commissie. Ik kijk 

met plezier terug op de diverse keren dat ik mijn data mocht presenteren op de door 

jou georganiseerde “T-cell consortium meeting”, met waardevolle input vanuit diverse 

invalshoeken als resultaat. Beste Prof. dr. F. Koning, beste Frits, ik vond het de eerste jaren 

altijd reuze spannend wat voor kritische noten jij bij de door mij gepresenteerde data zou 

gaan plaatsen gedurende onze meetings in Leiden. Ik ben benieuwd wat je tijdens mijn 

verdediging voor me in petto hebt. Beste dr. E. Lubberts, beste Eric, bedankt voor het 

kritisch lezen van mijn proefschrift en het zitting nemen in de promotiecommissie.

	 Beste dr. T. Cupedo, beste Tom, dankzij onze wekelijkse gezamenlijke lab-meetings 

ben jij vanaf het begin nauw betrokken geweest bij mijn promotietraject. Jouw eigenschap 

om buiten bestaande kaders te denken was altijd ontzettend waardevol gedurende onze 
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Merel, bedankt voor het coördineren van alle zaken rond de klinische studies. 

	 Alle arts-onderzoekers bij de kinder-MDL wil ik graag bedanken, te weten Martine, 

Myrthe, Gertrude, Esther, Lotte, Maarten en Dwight. Iedere promovendus heeft het soms 

nodig lief en leed te kunnen delen. Martine, wat hebben we ons gedeelde project tot een 

succes gemaakt. Wat een opluchting toen jij het “C&M team” kwam versterken. Ik heb 

genoten van onze synergistische samenwerking. 

Nationale en internationale samenwerkingen.
Samenwerking tussen onderzoekers, zowel nationaal als internationaal, draagt bij aan 

wederzijdse inspiratie en nieuwe invalshoeken. Beste Sjoukje, wij waren super efficiënt in 

het heen-en-weer pingpongen van ons gedeelde manuscript, ook in de fase dat we beiden 

druk waren met andere zaken. Ik kijk er naar uit jouw proefschrift te ontvangen! Beste 

Marlou, ook jou ben ik dank verschuldigd. Ik ben heel blij dat jij naast je geneeskunde 

studie en drukke bestuursjaar de tijd hebt vrij gemaakt om klinische data voor Hoofdstuk 9 

te verzamelen. Dank voor je enthousiasme, oplettendheid en gezelligheid. 

	 Dr. N. Cerf-Bensussan, dear Nadine, it was an honor working with you, I really 

enjoyed our thorough discussions over Skype on the results described in Chapter 6 of 

this thesis. It was very valuable to learn from your detailed edits and suggestions on the 

manuscript. 

	 Dear Prof. dr. C.O. Elson, dear Chuck, thank you for providing the opportunity to 

visit your laboratory at the University of Alabama at Birmingham, which enabled me to 

determine antibody responses to microbiota in many of our patient samples. I really 

enjoyed my time in your laboratory, working with Wayne and Katie. Dr. K.L. Alexander, 

dear Katie, thank you for sharing your protocol on how to detect antigen-specific CD4+ 

T-cell responses. Also, thank you so much for taking me to the best spots of Birmingham, 

including the “beer and yoga” class. Dear dr. F.E. Lund, dear Frances, although I have only 

spent one day in your laboratory, I am very happy to have had the opportunity to work 

with your postdoc Selene Meza-Perez. Thank you for your enthusiasm and hospitality. 

	 I also want to thank all national representatives of the Porto group of ESPGHAN. 

Your efforts have been crucial to obtain the results for Chapter 8. Prof. A. Levine, dear 

Arie, thank you so much for your positive spirit and continuing support. I am glad that you 

and Lissy provided me with the unique opportunity to participate in a large international 

collaboration. 

Financiën, steun en advies.
Onderzoek doen is alleen mogelijk met financiering. Beste Dr. J.L. Nouwen, beste Jan, en 

beste dr. F.L. van Vliet, beste Frank, bedankt voor het in mij gestelde vertrouwen toen jullie 

besloten mijn onderzoeksvoorstel te steunen met door de NWO toegekend geld. Bedankt 

een vliegende start maken met het analyseren van vele “fcs files”. Ik ben je dankbaar dat je 

alles zo goed geordend aan mij hebt overgedragen. Celia, als begeleider van mijn research 

master afstudeerscriptie was jij betrokken bij mijn eerste stappen in de onderzoekswereld. 

Bedankt voor je pragmatische adviezen. Dankzij jou heb ik vanaf de eerste dag van mijn 

promotieonderzoek een literatuurlijst in Endnote bijgehouden. Daniëlle, je bent als nieuwe 

analist ons team komen versterken in de fase dat ik voornamelijk veel aan het schrijven 

was. Ik ben er van overtuigd dat jouw technische talenten en enthousiasme een enorme 

aanwinst zijn voor het lab. Anne, het was me een genoegen om je te mogen begeleiden 

in je laatste research master fase en je te zien groeien tot jonge onderzoeker. Jouw inzet 

is erg waardevol geweest voor Hoofdstuk 4, bedankt daarvoor. Heel veel succes met je 

promotie onderzoek bij Prof. dr. R.W. Hendriks.

	 Natuurlijk wil ik ook alle andere collega’s en oud-collega’s van het laboratorium 

bedanken, met enkele personen in het bijzonder. Ruben en Theo, als “young healthy 

volunteers” is jullie bijdrage aan dit proefschrift ongekend, dank voor jullie bereidwilligheid 

wanneer ik als bloeddorstige vampier over de afdeling liep. Theo, geniet van je pensioen, 

en Ruben, heel veel succes met het afronden van je promotie. Je wordt een geweldige 

kinderarts. Beste dr. W. Unger, beste Wendy, toen ik je leerde kennen was je net kersverse 

werkgroepleider en nu ben je al weer een tijd UHD. Bedankt voor je waardevolle 

wetenschappelijke adviezen, afgewisseld met leuke gesprekken over stylish outfits bij 

de koffiemachine. Marcel, zonder jou had ik dit boekje niet bij elkaar kunnen pipetteren. 

Als lab-manager heb je honderden van mijn antistof bestellingen in goede banen geleid. 

Ontzettend bedankt voor al je geduld en hulp hierbij.

De kinder-MDL.
Met veel plezier heb ik de afgelopen jaren twee wekelijks de Lab & Kliniek vergadering 

georganiseerd. Dr. L. de Ridder, beste Lissy, jouw onuitputtelijke enthousiasme en 

positieve feedback waren voor mij altijd een zeer grote stimulans om, naast mijn basale 

onderzoeksprojecten, de “klinische touch” niet te verliezen. Ik kijk met zeer veel plezier 

terug op ons uitdagende, maar zeer succesvolle “C&M project”. Dr. B.A.E. de Koning, lieve 

Barbara, onze meetings hadden een perfecte balans: 75% van onze tijd koffie drinken in 

Kade 80 en bijkletsen over de dingen die er écht toe doen in het leven, versus 25% van 

onze tijd effectief en efficiënt lopende onderzoekszaken bespreken. Ik kon en kan bij jou 

altijd terecht voor een luisterend oor en adviezen. Beste dr. J. Hulst, beste Jessie, ondanks 

dat onze projecten niet overlapten, heb ik altijd veel geleerd van je opmerkingen over 

statistiek gedurende onze Lab & Kliniek meeting. Heel veel succes met je nieuwe baan in 

The Hospital for Sick Children. Willie, bij jou het kantoor verlaten zonder een glimlach op 

mijn gezicht is me nog nooit gelukt. Je bent enthousiast, behulpzaam en zo geïnteresseerd, 

altijd als ik “even” kwam buurten waren we gelijk een half uur verder. Beste Martha en 
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aardig op. Lieve Esther, wat een eer dat ik enkele weken voor mijn eigen verdediging jouw 

paranimf mag zijn. Vanaf de start van onze parallel lopende promotietrajecten was het 

gelijk dikke mik tussen ons. Zowel op werk als in de kroeg spreken wij dezelfde taal. Lieve 

Denise, ik herinner me jouw promotieceremonie en feest in 2013 nog goed. Hopelijk laat 

ik ook een dergelijk grote indruk achter. Lieve “mede-Spice Girls”, Stephanie, Anne, Kaisa 

en Estralita. Sinds de skireis met de afdeling interne geneeskunde van het Erasmus MC zijn 

we onafscheidelijk. Ik wordt altijd instant vrolijk van onze koffies, gin-tonics, en gezellige 

get-togethers. Ik kijk er nu al naar uit onze toekomstige opleidingsjaren samen te kunnen 

delen. Lisanne, Jacqueline, Ilona, Esther, Elvira, Manon, Mery, Stefanie en Nicole, bedankt 

voor de vele gezellige borrels en etentjes. Lieve Lisanne, ik vind het bijzonder om te zien 

hoe onze carrières zo parallel lopen, jij in een chirurgisch en ik in een beschouwend vak. Ik 

kijk altijd uit naar ons volgende culinaire etentje (met name als we onze mannen de mise-

en-place laten doen).

	 Soms is het fijn om iets uit handen te geven, zoals de prachtige lay-out van deze 

thesis. Lieve Ietje, hartelijk dank voor het ontwerp van de omslag en vormgeving van dit 

proefschrift. Het was een groot plezier om met je te werken.

	 Mijn paranimfen Sandrine en Laura, jullie hebben beiden lief en leed met me gedeeld 

terwijl we toeleefden naar dit bijzondere moment. Lieve Sandrine, van alle collega’s in het 

lab ken ik jou het langst. Immers, we waren al vriendinnen voordat we aan ons onderzoek 

in het laboratorium begonnen. Aan een half woord of korte blik hebben we genoeg. Wat 

mis ik die momenten nu we niet langer collega’s zijn. Bedankt voor al je support! Lieve 

Laura, ik vind het bewonderingswaardig hoe jij kan genieten van de kleine en simpele 

dingen in het leven. Nadat wij elkaar hebben gezien bruis ik altijd van de positieve energie. 

Ik waardeer ontzettend hoe betrokken en geïnteresseerd je in mij en mijn onderzoek bent 

geweest. Je bent een topper.

	 Mijn schoonouders-in-spe (het is bijna zo ver!). Lieve Patrick en Petra, als geen ander 

weten jullie hoe uitdagend een promotietraject kan zijn. Ik heb jullie leren kennen aan 

het prille begin van mijn promotie, wat tevens het prille begin was van mijn relatie met 

Floris. Gelijktijdig met hem ging ik de uitdaging van een promotietraject aan, en beiden 

met succes. Inmiddels hebben we al zoveel met elkaar meegemaakt. Ik kijk uit naar de 

vele momenten die we in de toekomst nog zullen delen. Maud, Joost en Olaf, dank voor 

jullie heerlijke humor en gezelligheid. Lieve Maud, ik had me geen grotere schat van een 

schoonzusje kunnen wensen. Bedankt voor al je hulp en steun.

	 Mijn broers, lieve Mark en Kevin. We zijn alle drie ontzettend anders, maar eigenlijk 

ook in veel hetzelfde. Een eigenschap die ons alle drie kenmerkt is een onuitputtelijk 

doorzettingsvermogen. Mark, het leven is niet altijd makkelijk en al helemaal niet eerlijk. 

Ik hoop dat je van deze dag kunt genieten. Kijk om je heen, en realiseer je dat heel veel 

mensen iets van jouw onontbeerlijke vechtlust zouden kunnen leren. Kevin, ik vind het 

voor jullie onmisbare “moral support” en advies aan Floris en mij omtrent de organisatie 

van onze jaarlijkse USMLE cursus. 

	 Veel stappen in een carrière worden genomen onder goed advies. Beste Prof. dr. 

van Gelder, beste Teun, wat geweldig dat jij, ooit mijn “research master coach”, nu in mijn 

promotiecommissie zit. Ik ben blij dat ik met jou kon sparren over carrière technische 

zaken. Bedankt voor het bieden van sturing, en bedankt dat je mijn ambitieuze plannen 

altijd hebt gesteund en gestimuleerd. Beste dr. P.L.A. van Daele, beste Paul. In het tweede 

jaar van geneeskunde stelde je me voor aan de opleider interne geneeskunde, Prof. dr. 

J.L.C.M. van Saase, met de woorden “Dit is Linda, en ze wordt internist”. Dit illustreert dat, 

ondanks dat je me nog maar net had leren kennen, je toen al wist wat voor vlees je in de 

kuip had. Je bent voor mij gedurende alle jaren die volgden een voorbeeld geweest en 

weerspiegelt de wijze waarop ik mijn carrière hoop vorm te kunnen geven. 

Klinische skills.
Na 5 jaar onderzoek werd het in oktober 2018 tijd om mijn klinische vaardigheden verder 

te ontwikkelen. Ik wil graag alle leden van de maatschappen interne geneeskunde, 

longziekten en cardiologie van het Ikazia ziekenhuis bedanken. Jullie hebben ervoor 

gezorgd dat ik mij gelijk thuis voelde in de kliniek. Bij jullie ben ik een echte dokter 

geworden. Dr. F.E. de Jongh, beste Felix, bedankt voor de steun gedurende mijn sollicitatie 

voor de interne geneeskunde. Beste drs. M. Wabbijn, lieve Marike, bedankt voor je steun 

en de precies goed getimede berichtjes gedurende de afgelopen periode. Je bent voor mij 

niet alleen een voorbeeld als specialist, maar ook als mens. Ook alle arts-assistenten wil 

ik graag bedanken voor de gezelligheid en fijne samenwerking. Mede dankzij jullie fiets ik 

iedere dag vol nieuw energie over de Erasmusbrug richting het werk. 

Life beyond work.
Het belang van lieve vriendinnen om je heen gedurende een uitdagend promotietraject 

mag niet worden onderschat. Lieve Cox, vijf jaar geleden las ik met trots jouw dankwoord 

waar je noemde hoe heerlijk je het vond om mij van “tips & tricks” te voorzien. Jouw 

vriendinnen-rol als mijn “grote zus” is mij zeer dierbaar, bedankt dat ik altijd op je kan 

rekenen. Femke, iedereen heeft een vriendin nodig die zegt, “Get dressed, we’re going 

on an adventure!”. Ik heb genoten van onze vele avonturen samen: van West naar East 

in de USA en alle fashionable steden in Europa. Lieve Climmy, jouw luisterend oor was 

soms onmisbaar gedurende de ups-en-downs van een promotietraject. Bedankt voor alle 

goede gesprekken. Lieve Lindsay, wat ben ik trots op jouw doorzettingsvermogen, je bent 

de liefste harde bikkel die ik ken. Lieve Marlene, ik net geland in de kliniek, jij al bijna 

specialist. Even ’s avonds voor het slapen samen thee drinken zit er helaas niet meer in, 

maar onze Whatsapp voice-messages vullen de afstand tussen Rotterdam en Nijmegen 
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heel knap dat je bewust gekozen hebt om positief in het leven te staan en je eigen geluk 

creëert. Van meubelmaker tot manager: je bent de afgelopen jaren gegroeid tot een 

zelfstandige jonge professional met een goede dosis zelfvertrouwen. Ik ben trots op je.

	 Lieve pap en mam, waar moet ik beginnen. Bedankt voor jullie onvoorwaardelijke 

steun en vertrouwen, niet alleen gedurende de afgelopen vijf jaar, maar ook alle jaren 

daarvoor die bijgedragen hebben aan de persoon wie ik nu ben. Ik ben ontzettend trots 

om jullie dochter te zijn. Zonder jullie was dit proefschrift er niet geweest.

	 Floris, mijn allerliefste Floris. Zoals het citaat van Matisse al suggereert: eigenlijk is de 

sleutel tot succes heel simpel. Onze liefde voor elkaar en passie voor wat we doen maakt 

ons tot een ijzersterk team, we zijn oprecht “perfect partners in crime”. De afgelopen 

jaren, en met name het onverwachte verlies van ons ongeboren zoontje, hebben ons 

onafscheidelijk gemaakt. Jouw aanstekelijke lach, je creativiteit, je smaak, je gevoel voor 

humor, de manier waarop je in volle teugen geniet van het leven: samen met jou kan ik 

iedere uitdaging aan.
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The cover image of this thesis depicts a Nati ve American boy performing a Powwow 

dance. Nati ve American communiti es lived in many diff erent environments ranging from 

fl atlands and forests to deserts and prairies. They were very close to their environment. 

Any change in nature – including the climate, landscape, plants and animals – required a 

change in their own habits. By adequately responding to changing environmental factors, 

they successfully adapted to and survived in dynamic environments that were constantly 

shift ing and changing. The Powwow dance, in which every moti on that is performed on 

one foot has to be repeated on the other, was performed on social gatherings to remind 

the community of the need for balance between human life and nature.

 Like a Nati ve American community, the immune system in the intesti ne has 

to monitor and adapt to a constantly changing mucosal landscape. In the intesti nal 

environment, immune cells conti nuously encounter a variety of external agents, including 

anti gens derived from dietary components, commensal bacteria and infecti ous pathogens. 

Adaptati on of immune cells to the intesti nal environment requires constant discriminati on 

between harmless anti gens derived from commensal bacteria and harmful pathogens that 

need to be cleared. A large proporti on of immune cells in the intesti nal ti ssue are CD4+ 

memory T cells that have the unique ability to exert memory to previously encountered 

anti gens. These CD4+ memory T-cell responses are essenti al for protecti ve immunity 

against pathogens, but need to be ti ghtly regulated as inadequately controlled immune 

responses to commensal bacterial anti gens can result in chronic intesti nal infl ammati on. 

As such, a dynamic balance between regulatory and infl ammatory CD4+ T-cell populati ons 

determines the outcome between intesti nal health and disease. In search for new 

parameters to classify immunological disease in pati ents with infl ammatory bowel disease 

(IBD), this thesis investi gates the underlying immune mechanisms that establish and 

maintain this balance.


