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Chapter 1 

Summary 

Inflammatory bowel disease (IBD), with ulcerative colitis and Crohn's disease as its two most 

prominent forms, are chronically relapsing disorders causing long-term morbidity. Much of our 

insight into the pathogenesis of IBD comes from animal models that in part mimic the human 

disease. It has now become appreciated that colitis develops because of a hyperactive response of 

the mucosal immune system against commensal bacteria in the lumen of the colon. Here we 

discuss the different pathways through which the immune system either induces or prevents 

development of colitis in T helper 1 (TH1 (-dependent mouse models. First the role of cytokines 

and pro-inflammatory mediators produced by the innate and acquired immune system is 

discussed. Second we describe the importance for receptors ligand pairs in the interactions 

between helper T cells and antigen-presenting cells. Lastly, we review the role of immune 

suppression by CD25~ regulatory T cells, their development and their mechanism of action in 

experimental colitis. 
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Introduction 

1. Introduction 

The two main forms of inflammatory bowel disease (IBD), namely ulcerative colitis (UC) and 

Crohn's disease (CD), are chronically relapsing disorders typically presenting with diarrhea, 

rectal bleeding and abdominal pain. Whereas UC usually starts in the rectum and stays limited to 

the colon, CD can cause lesions anywhere in the gastrointestinal tract, often with rectal sparing. 

Other differences between the two disorders are the continuity of the inflamed area, i.e. 

continuous inflammation in UC vs. skip-lesions in CD; possible involvement of liver and or 

pancreas in CD; and histological differences, i.e. mucosal inflammation with neutrophil influx in 

UC versus submucosal and transmural inflammation with granulomas in CD (1, 2). Both diseases 

are believed to be polygenic disorders with locations on chromosomes 6 (HLA region), 14 and 16 

implicated in susceptibility for CD and on chromosomes 6 and 12 for UC (3). Recently, the first 

susceptibility gene for CD has been identified, namely nod2 (4, 5). 

In recent years, great advances have been made in the understanding of the pathogenesis of IBD. 

It now appears that CD and UC are immune-mediated disorders where, as opposed to most other 

autoimmune diseases, inflammation is directed against bacteria in the lumen of the intestines. In 

immunology, great emphasis has been placed on the differences in helper T cell proliferation. 

Although clearer in mice than man, naive helper T (TH) cells can polarize to at least two distinct 

directions: a cellular TH1 or humoral TH2 immune response (6-8). Whereas most murine 

autoimmune models are associated with TH1 cell activation, allergic reactions depend on the 

polarization towards a TH2 phenotype. In patients with CD, TH cells seem to display a TH1 

phenotype with high expression of its key cytokines interferon-y (IFN-y) and tumor necrosis 

factor (TNF) (9, 10). In contrast, inflammation in UC is reported to be either non-polarized or 

somewhat Tn2-polarized, with enhanced expression of interlcukin (IL) 4 and IL-5 (11, 12). 

Our basic assumption in this review is a model in which naive TH cells are activated by antigen 

presenting cells (APCs) such as macrophages, dendritic cells and intestinal epithelial cells, which 

present luminal antigens. Because no experimental colitis is observed when mice are housed in a 

germ-free environment (13), it is likely that bacterial antigens are driving the activation of TH 

cells. Once polarized to a TH1 phenotype, these TH cells migrate back to the colonic lamina 
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propria where they activate macrophages and other APCs to produce pro-inflammatory and 

chemoattractive mediators which starts an inflammatory cascade (Fig. 1). 

luminal bacteria 

Fig. 1: A simplified model of T H l -media ted colitis 

Dendriric cells (DCs) sample luminal anugcns and migrate to organized lymphoid organs such as mesenreric lymph 

nodes. There they present these antigens to naive TH cells (n-Tn), which are then activated to a Tul phenotvpe through 

cytokine and cell-cell interactions. These T>(1 cells migrate back to the colonic lamina propria where they activate 

macrophages (M(f>), starting an inflammatory cascade with the production of pro-inflammatory and chemoartractant 

mediators (IEC= intestinal epithelial cell). 

2. Mouse models of inflammatory bowel disease 

Due to advances in genetics and immunology, a number of mouse models for IBD have been 

discovered in the past decade. These animal models are mostly TH1 -dependent whilst some are 

Tn2-dcpendent. Practically, they can be divided in several categories. The first group involves 

genetic mutations, either spontaneous or induced by gene recombination or •knock-out' 

technology. Thus, unknown mutations in C3H/HeJBir and Sampl/Yit mice or targeted deletion 

of the genes encoding for 1L-2, IL-10, T cell receptor (TCR) a, A20 and transforming growth 

factor (TGF)-(3 all led to animals that spontaneously developed autoimmune diseases including 
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colitis (14-20). Except for the TCRa"'" model, they all display a Tul polarized inflammation (21). 

Of these, the IL-10"'" model has gained the most widespread use due to its availability, penetrance 

of colitis and relatively moderate disease that allows the animals to stay alive while studying 

different manipulations (22). A second group is formed by transfer models, in which autoimmune 

disease with colitis is caused by CD4~ T cells depleted of their regulatory counterparts, so-called 

•suppressor' or 'regulatory' T (TR) cells. The best-studied example is the transfer of 'naive' 

CD45RBhi without the 'memory' CD45RB1'1 T cell population into immunodeficient recipient 

mice, which causes a general wasting disease with colitis (23, 24). The elegance of this model 

lies in the findings that re-introduction of the CD4XD25^ T cell population can prevent disease, 

thereby creating a perfect system to dissect the relative contributions of both aggressor TH1 and 

suppressor TR cells (25). We have developed a second transfer model of chronic colitis, namely 

bone marrow transferred tge26 mice (BM->tgs26). The tgs26 mouse has an early and complete 

block in T cell and natural killer (NK) cell development because of the high copy number of 

CD3e transgenes (26). This block is at the CD44CD25" thymocyte stage, which is before the 

CD44"CD25+ stage found in severe-combined immunodeficient (Scid) mice or recombination-

activating gene deficient (RAG"'") mice. When wild-type BM is grafted into adult tgc26 mice, the 

rudimentary orthotopic thymus cannot support normal thymocyte development (27). It therefore 

exports T cells that are aberrantly educated and cause a wasting disease with colitis (28). In 

contrast, the thymus in fetal or neonatal tgs26 mice has the ability to support normal thymic 

development similar to RAG" mice (27, 29). Therefore these mice do not develop colitis after 

BM transplant. This model allows to study the role of the thymus in the generation of aggressor 

and regulatory T cells. A third category involves models in which disease is induced by 

chemically disrupting the epithelial barrier. These acute colitis models, e.g. dextran sodium 

sulphate (DSS) and trinitrobenzene sulphonic acid (TNBS), are very helpful in quickly assessing 

the impact of genetic disruptions or treatments. 
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Table 1: Experimental Murine Colitis Models 

Categories 
Spontaneous 
A: «ene disruption 

• IL-2"-
• i L - i c r 
• TGF-p"-
• A20--
• TNFAARE 
• tg IL-7 
• TCRa'" 

B: natural 
• Sampl/Yit 
• C3H/HeJBir 

Transfer 
• CD45RB'"-»Scid/RAG ' 
• BM->tec26 

Chemical 
• TNBS 
• Oxazolone 
• DSS 

Barrier 
• I IF * 
• N-cadherin DN 

TH1 

+ 
+ 

+ 
+ 

+ 

T„2 

+ 

+ 

+ 
+ 

Mechanism 

Impaired TR cell generation or activation? 
Impaired TR cell generation? 
Impaired T cell suppression 
Uncontrolled responses to TNF 
Enhanced levels of naturally occurring TNF 
Enhanced lamina propria T cell activation 
Pathogenic TCRpp T cells? 

Inflammation mediated by activated TH1 cells 
Inflammation mediated bv activated TH1 cells 

Absence of TR cells 
No thymic education of TK cells 

Barrier erosion & luminal antigen haptenization 
Barrier erosion & luminal antigen haptenization Barrier 
erosion 

Decreased epithelial healing after injury 

+: dependent; --: not dependent: DN: dominant negative: tg: transgenic: * increased susceptibility for colitis after 

DSS administration 

Even though none of these models resembles either UC or CD exactly, many share one or more 

features with the human disease. In the CD45RB1" transfer model, histological findings include 

transmural inflammation, ulcers, skip-lesions and the involvement of the distal ileum. In contrast, 

colons from BM-»tgs26 mice have continuous mucosal inflammation starting in the distal colon 

with crypt abcesses. Both models display a TH1 -type inflammatory response, but their distinct 

histological pathology makes it hard to associate either model with a specific form ofTBD. 

3. Pro-inflammatory cytokines and mediators in experimental colitis 

Many pro-inflammatory cytokines have been implicated by expression profiles in human 1BD as 

well as murine colitis models (30). We here focus on those whose functional importance has been 

studied in experimental colitis. 
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3.1 Macrophage-Migration Inhibitory Factor enhances TNF, IL-6 and Nitric Oxide production 

Macrophage-migration inhibitory factor (MIF), the first cytokine discovered (31, 32), has 

experienced a recent revival because of its strong pro-inflammatory effects. MIF is able to 'over

ride' the immunosuppressive effects of steroids but can also upregulate TNF and nitric oxide 

(NO) production by lipopolysaccharidc (LPS) stimulated macrophages in a steroid-independent 

fashion (33). By studying MIF"" mice in the CD45RBhl transfer model, we found that MIF was 

essential for the induction of chronic colitis. This was confirmed in the TNBS model where MIF" 
/_ mice were protected from disease. Disease was shown to predominantly depend on MIF 

production by innate immune cells, probably macrophages (34). However, administration of DSS 

to MIF"'" mice for 7 days led to enhanced disease compared to wild-type mice, and a similar 

exacerbation was also observed in MIF" "RAG"" mice (K. Clarke, YPJ, CT, unpublished 

observations). These findings showed that MIF produced by the innate immune system 

contributed to chronic murine colitis whereas it protected animals from acute DSS colitis. In 

addition, anti-MIF was the first reagent that in our hands could completely abrogate the 

perpetuation of chronic colitis, possibly due to its inhibitory effects on IL-6 and IL-12 production 

by macrophages (34). 

Three of the pro-inflammatory mediators enhanced by MIF, namely TNF, NO and IL-6, were 

also studied in murine colitis models. TNF, one of the earliest cytokines tested, is a pleiotropic 

mediator of inflammation that is widely expressed. Several groups were able to show its 

importance in murine colitis, where administration of anti-TNF was able to prevent colitis in 

several models (35-37). In further studies using the CD45RB1" and BM->tgs26 models, 

development of colitis only needed TNF production by the recipient mouse and was independent 

of TNF produced by aggressor TH1 cells (38)(YPJ, CT, unpublished data). Notwithstanding the 

unequivocal effect of preventing disease in many colitis models, anti-TNF could not rescue mice 

when administered after the onset of disease or when therapy was discontinued (35, 36). This 

showed that blocking the TNF pathway could prevent but not cure experimental colitis. In 

addition to TNF, MIF also induces NO, the most prominent of reactive metabolites that are 

essential in killing of many pathogens and play a wide role in inflammation (39). Whereas mice 

need constitutive NO synthase (cNOS) for normal development, NO production is augmented in 

inflammation through upregulation of inducible NO synthase (iNOS). It is therefore not 

surprising that many groups have investigated the role of iNOS-blocking reagents or iNOS" 
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mice in colitis models. However, conflicting results have been achieved in many different 

models. Whereas the nonspecific NOS inhibitor L-NAME was reported to ameliorate intestinal 

inflammation in several chemically induced models, including TNBS (40), no effect (41) or an 

exacerbation of disease was observed by other groups (42). In our laboratory, administration of L-

NAME to BM—>tgs26 mice caused an exacerbation of disease when administered from the start 

of the experiment whereas addition of L-NAME after 3 weeks attenuated inflammation (S. 

Tytgat, S. Shah, YPJ and CT, unpublished observations). Although this does not explain the 

contradicting reports in the acute models, it clearly proves that there are both positive and 

negative effects of blocking NO in experimental colitis. Because L-NAME does not block iNOS 

specifically, several groups went on to study the phenotype of iNOS" mice in colitis models. As 

with the chemical blocking reagents, no clear picture has emerged from these studies. 

Administration of TNBS to iNOS"" mice of similar genetic backgrounds either protected (43, 44) 

or exacerbated (45) colitis as compared to wild-type mice. In another chemically-induced acute 

model, resolution of disease was shown to be impaired in iNOS" mice (46). As a third factor 

induced by MIF. two groups have reported the importance of IL-6 in murine colitis. Even though 

IL-6 is a factor influencing TH2 polarization and is also secreted by TH2 cells (8,47), its role had 

long been established in experimental autoimmunity models. Likewise, blocking anti-IL-6 

receptor (R) was able to prevent chronic murine colitis, probably by downregulating transcription 

of IL-1 p\ IFN-y and TNF (48). This was further supported by findings that anti-IL-6R could cure 

established disease in both acute and chronic colitis models, presumably by inhibiting the anti-

apoptotic role of IL-6 trans signaling (49). These findings combined illustrate that the most 

upstream pro-inflammatory mediator MIF appears effective at suppressing experimental colitis 

similar to IL-6, whilst TNF is able to prevent disease and the role of NO remains controversial. 

3.2 The Tul loop: interleukin-12 and interferon-y 

As the key-mediator of THI polarization, IL-12 has been extensively studied in different colitis 

models. Not only did anti-IL-12 inhibit acute colitis in the TNBS model (50). three different 

models of chronic colitis were also dependent on this pathway. In the IL-10"" and BM^tgs26 

models, colitis was prevented by anti-IL-12 administration (51, 52). In addition, the use of donor 

T cells from Stat-4"" mice, which are unresponsive to IL-12R signals, prevented severe colitis in 

the CD45RBh' and BM->tge26 models (51). However, between 10-40% residual disease 
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remained after IL-12 blockade, and IFN-y- and TNF-producing T cells were still present in tgc26 

mice that had received Stat-4"" BM. This indicated that other factors than IL-12 could drive TH1 

expansion and activation. Clinically more important, therapeutic effectiveness of anti-IL-12 was 

reported in the CD45RB1" model, even though little effect was observed in an adaptation of the 

IL-10"" model (52, 53). Having studied the polarization of TH1 cells, their signature cytokine 

IFN-y was an obvious next mediator of intestinal inflammation to be investigated in colitis 

models. The first functional reports on IFN-y in experimental colitis showed its indispensable 

role, i.e. anti-IFN-y could block disease and IFN-y"" T cells were unable to induce any wasting 

disease (35, 54). Subsequent reports using similar and different models were unable to see any 

clinical or histological difference between the colitis-inducing ability of wild-type and IFN-y" T 

cells (51) or of anti-IFN-y treatment (52). This controversy was further complicated by findings 

that anti-IFN-y could abrogate IL-12-induced disease enhancement in the acute DSS model (55), 

but that IFN-yR"" mice were shown to suffer from similar disease with exacerbated T cell 

activation in comparison to wild-type controls (56). This showed that IFN-y is most likely 

dispensable in the pathogenesis of murine colitis, whilst inhibition of Tul -polarization through 

inhibition of IL-12 signaling can largely prevent the development of disease. 

3.3 The expanding IL-1 family 

Pro-inflammatory signals of TL-lct and |3 are counteracted by the naturally occurring IL-1 

receptor antagonist (IL-IRa), making this an attractive system for immune-intervention. 

Recently, this family of cytokines and inhibitors has grown and now includes IL-18 and several 

novel homologues (57). IL-18 is particularly interesting because its receptor is specifically 

expressed on TH1 cells and can augment THI activation (7). In studies using either 5 day or 3 

week DSS protocols, contradicting results on the effectiveness of inhibiting IL-1 have been 

reported. Whereas one group found an exacerbation of disease in a 7 day acute protocol and no 

effect of anti—IL-1 in a 3 week chronic protocol, another group reported significant suppression 

of disease by blocking IL-1 in a 12 day system (58, 59). In addition, acute colitis in two models 

could be inhibited by administration of recombinant IL-IRa and was reduced in IL-1 converting 

enzyme deficient (ICE") mice, although in the latter experiment the effects of blocking IL-1, IL-

18 and possible other ICE-substrates could not be dissected (60, 61). These results combined 

suggest an ambiguous role for IL-1 in experimental colitis. The role of IL-18 appears less 
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controversial. Colitis was dependent on IL-18 in the DSS as well as the TNBS models, where a 

significant reduction of disease was observed after administration of anti—IL-18 and IL-18 

Binding Protein or by using IL-18"" mice (62-64). Thus disease clearly appears to be dependent 

on IL-18 with the role of IL-1 remaining ambiguous. 

Fig. 2: Pro-inflammatory cytokines and mediators in colitis 

Although their targets and mechanisms of action largely remain to be clarified, several cytokines produced bv 

macrophages (Mtp) and other antigen-presenting cells are essential in the development of murine colitis. In contrast, 

inflammation can develop in the absence (crossed out) of Mtp-produced IL-1, NO, as well as TNF, l.Ta or IFN-y 

produced by T helper 1 (Tnl) cells. 

It is not easy to grasp the complex ways in which these pro-inflammatory mediators influence 

disease and induce each other's expression (Fig. 2). Two lessons could be drawn from the above-

mentioned observations. First, pro-inflammatory cytokines in the interactions between TH1 cells 

and APCs in colitis are mostly produced by macrophages and possibly other innate immune cells. 

For some cytokines, such as IL-1, IL-12 and IL-18, this could be deduced from the observations 

that TH1 cells do not significantly produce them (9, 63). For other ubiquitously expressed 

cytokines such as TNF, little to no effect was observed when it was blocked on T cells only (38). 

As for MIF, making bone marrow chimeras in which only innate immune cells could produce this 

pro-inflammatory cytokine showed that disease predominantly depended on MIF produced by 

non-T hematopoietic cells (34). And finally, the importance of macrophages was formally proven 

by depletion experiments in which TNBS-induced colitis was substantially attenuated (63). 

Second, several pro-inflammatory mediators seem to have both protective and detrimental effect 
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on experimental colitis, depending on the experimental system and time of action. It appears that 

blocking several mediators protects mice in the acute phase of inflammation whereas in chronic 

colitis these same mediators become detrimental to disease. This was illustrated for IL-1 and 

TNF (58), for NO in our BM—»tge26 experiments and could be an explanation for our MIF 

findings, where MIF"" mice were protected from chronic colitis while suffering from exacerbated 

DSS-induced disease. 

Thanks to studies in murine colitis models, several novel targets for intervention in IBD have 

been discovered. Blocking reagents against MIF, 1L-6, IL-12 and IL-18 all hold promise for 

future drugs while the anti-TNF infliximab has already been shown effective for CD in man (65). 

4. Receptor interactions between TH1 cells and APCs 

Communication between TH cells and APCs is, apart from cytokines, largely dependent on 

receptor cross talk. Antigens presented to the TCR/CD3 complex are the primary signal. When 

given without a secondary or costimulatory signal, the TH cell is rendered anergic or undergoes 

apoptosis. In this chapter we review three families of costimulatory and pro-inflammatory 

receptors that play a role in T H I - A P C interactions of murine colitis. 

4.1 THI cell costimulation by the CD28 family 

The CD28-B7 family of receptors and ligands has recently expanded and now includes two 

activating signals, CD28 and ICOS, and two negative regulators, CTLA-4 and PD-1, with a fifth 

member binding to B7-H3 still to be discovered (Fig. 3)(65-67). Although disease was recently 

shown to be completely blocked in the absence of CD28-B7-1 signaling (68), wc only observed a 

small reduction in colitis when CD28"'" T cells were studied in the CD45RB1" transfer model (YPJ 

et al., manuscript submitted). This could be explained by the difference in genetic background, 

with the 'Tul prone' C57B1/6 background in our studies having less need for CD28 

costimulation. Blocking ICOS in various ways had no effect on the outcome of chronic colitis, 

but the combination of blocking ICOS on CD28" CD45RB1" T cells largely abrogated disease 

induction (YPJ et al., manuscript submitted). To counter these activating signals there are two 

negative regulators of the same family, namely CTLA-4 and PD-1. Two groups showed that 
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disease was exacerbated when CTLA-4 was blocked. Whether this was due to an increase in Tul 

activation (68), or to impairment of regulatory T cell functioning (25) remains controversial. In 

our studies, we did find an enhanced induction of colitis when PD-1 was blocked on wild-type 

CD45RBhi cells (YPJ, S.Rietdijk, A.Coyle, CT, unpublished observations). 

These findings showed that the four CD28 family members studied to date are all involved in 

murine colitis, either by augmenting or inhibiting T cell activation. 

Fig. 3: Co-stimulation of T u l cells by CD28-family members 

Antigen presenting cells (APCs) display many B7 family ligands of the CD28 family of co-stimulatory receptors. Of the 

fourCD28 family members tested to date, CD28 and [COS appear to give an activation signal (f) to Tul cells whereas 

PD-1 and CTLA-4 give an inhibitory- signal (-p). 

4.2 Activation signals through the TNF family 

In contrast to TNF, many members of this family of pro-inflammatory receptors appear to exert 

their function without being cleaved from the cell membrane (Fig. 4). As noted, the absence of 

TNF on T cells did not influence disease outcome (38) whilst in the BM—»tg£26 model TNFR1'" 

and -R2'" T cells were able to induce colitis with respectively similar or more severity than wild-

type T cells (YPJ and CT, unpublished observations). This showed that the TNF-TNFR 

interactions do not play an essential role in the activation between APCs and Tul cells. In 

contrast, the absence of functional CD 154, which binds CD40 on APCs, impairs the development 

of chronic colitis in three different models (69-71), while therapeutic treatment slowed down 

progression of established colitis (69). Blocking CD154 resulted in less IL-12 production. 
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showing that the CD154-CD40 pathway is an important signal with which TH1 cells activate 

APCs (69, 70). Fas-L-CD95 interaction was one of the earliest apoptotic pathways to be studied. 

In murine colitis, both TH and CD8" T cells display cytotoxicity (72, 73) and in TNBS colitis 

anti—IL-12 was shown to exert part of its function by inducing CD95-mediated apoptosis (74). 

However, absence of T cell-expressed Fas-L did not influence disease outcome in the 

BM—»tgs26 model (73), showing that this pathway was redundant in the activation and/or 

apoptosis in this colitis model. In contrast, inhibiting interactions between CD 134 and its ligand, 

OX40L, were very potent at preventing chronic colitis in both the IL-2"'" and CD45RB111 models 

(75, 76). Interestingly, OX40L was not expressed in the colon but in the mesenteric lymph nodes, 

suggesting that this pathway was involved in the priming more than effector function of TH1 cells 

(76). The finding that in the IL-2 ' model only a CD134-Ig fusion protein and not a OX40L-Ig 

fusion protein could prevent disease (75) could be explained by the hypothesis that colitis is 

dependent on OX40L binding to another receptor than CD 134. This promiscuity of most TNF 

family members was also illustrated by the potent immunosuppressive effects of soluble 

lymphotoxin-p receptor (sLT-(3R) in murine colitis (36). Although possibly inhibiting 

interactions between LT-P and its receptor, sLT-pR also binds to the TNF family member 

LIGHT. This was shown by the ability of both sLT-pR and LIGHT-Fc fusion protein to inhibit 

graft-vs-host disease with similar potency (77). In addition, T cells did not require LT-a to cause 

colitis (38) (YPJ and CT, unpublished observations), further suggesting that LT hcterotrimers 

may not be essential for the Tnl-APC interactions in colitis. Thus, impaired colitis development 

after sLT-pR treatment is more likely due to impaired LIGHT- than to impaired LTp-signaling. 

These combined observations clearly illustrate the important yet complicated role for a number of 

TNF family members in murine colitis. Trials with CD154-blocking reagents and sLT-pR will 

show their possible clinical usefulness. 
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CD154 CD40 
CD134 OX40L 

| | P H T , -APRIL 

i n t '••••TNFR2 
F$$-L CD95 

Fig. 4: Co-stimulation between APCs and T u l cells by TNF-family members 

The T N F family members CD 154, CD 134 and LIGHT arc essential for the development of murine colitis, whereas TNF 

and Fas-I. are redundant. Although TNF family members are depicted as expressed on Tnl cells and binding their 

ligands on APCs, the reverse is also true, most notably with APC produced TNF. 

As with the pro-inflammatory cytokines, studies so far have only shed light on which receptors 

are non-redundant in the inflammatory response leading to colitis. Many important issues remain 

to be elucidated. First, what is the consecutive order in which signals lead to expression or 

downregulation of receptors? It has been shown that signals through CD28 can upregulate ICOS 

on TH cells (78) which, when engaging its ligand B7rpl, can induce CD 154 expression (79) (YPJ 

et al, manuscript submitted). However, activation of APCs through CD40 leads to induction of 

the two CD28 ligands B7-1 and B7-2, illustrating that the chicken/egg question is far from 

resolved even for two of the best-studied receptor-ligand systems in immunology. Second, 

identifying the phenotypes of the different APCs involved and how they exert their respective 

functions. It now starts to become appreciated that macrophages, which express costimulatory 

and pro-inflammatory receptors abundantly in colitis, are the main producers of pro

inflammatory cytokines. However, what is the role for intestinal epithelial cells, which in vitro 

have the ability to present MHC class II antigens? Another important question is how TH cells are 

primed in lymph nodes and whether this is exclusively done by dendritic cells. This is now 

starting to be dissected by the findings that OX40L was expressed only on dendritic cells in the 

mesenteric lymph nodes and not on lamina propria APCs (76). 
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Although so many questions remain unresolved, inhibiting interactions between T R I - A P C cells 

is likely to interfere with perpetuation of inflammation in TH cell-dependent diseases such as 

IBD. 

5. Control of aggressor TH1 cells by regulatory T cell subsets 

5.1 CD25\ Trl, CD45RB1" and TH3 cells: one and the same? 

Recently suppressor or regulatory T (TR) cells have made a remarkable comeback (80). 

Spearheaded by Sakaguchi and colleagues who showed that autoimmune gastritis in their day 3 

thymectomy (3dTx) model was due to the depletion of CD4~CD25+ T cells, a reliable and easily 

identifiable marker has been found (81, 82). In the past decade several other observations had 

been made in regard to regulatory TH subsets. As noted, Powrie and Morrissey had independently 

shown that the 'memory' CD45RB1" TH cell population contained cells that could prevent the 

induction of colitis by nai've TH cells in the CD45RB1" colitis model (23, 24). In the autoimmune 

allergic encephalomyelitis (EAE) field, feeding peptides to wild-type mice was able to induce TH 

cells that upon transfer could protect mice from EAE. These cells were shown to produce TGF-(3 

and IL-4, and because of their distinct phenotype termed 'TH3' cells (83). Another group reported 

TCR transgenic TH cells that, when cultured in the presence of IL-10, were able to suppress in 

vitro proliferation of nai've TH cells and prevent colitis when activated by their specific antigen in 

vivo. These were named T r l ' cells (84). Although they have several functions in common, it 

remains to be formally proven whether in vitro grown Trl cells, oral-tolerance induced TH3 cells 

and the CD25' subpopulation of CD45RB10 cells (25) are all similar to Sakaguchi's TR cells, on 

which we will focus in this review. 

5.2 Thymic development O/TR cells 

TR cells appear to be thymically derived as a separate lineage of TH cells, distinct from nai've TH 

cells. This was suggested by the observation that -5-10% of mature CD4CD8" single positive 

(SP) thymocytes are CD25+ while expressing a memory-like phenotype, i.e. CD44", 

CD45RBinll°, CD62Lh''inl and CD691"inl (85, 86). Their distinct suppressive phenotype was 

confirmed by the ability to inhibit proliferation of naive T cells in vitro (87) and prevent 

autoimmune gastritis and diabetes in vivo (85, 88). However, the exact mechanisms driving TR 
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cell development are only starting to be elucidated. Elegant studies using SI-specific TCR 

transgenic mice showed that high-affinity SI interactions resulted in -50% of transgenic TH cells 

with a CD25CD45RB10 and anergic phenotype (89). Subsequent studies indicated that these 

transgenic TH cells indeed had the capability to suppress naive T cell proliferation in vitro, 

thereby making them TR cells. These TR cells arose in the thymus without the need to encounter 

their antigen in the periphery (90). Thymic maturation of transgenic TR cells followed the same 

pathways as defined by receptor expression but was slower, explaining earlier observations in the 

3dTx model where the lack of TR cell export before 3 days of age caused autoimmune gastritis 

(91). Using bone marrow chimeras, non-hematopoietic cells were shown to be responsible for 

educating SI-specific transgenic TR cells (90). These were further defined as being thymic 

epithelial cells (TECs) in the cortex, because mice expressing MHC class II only on cortical 

TECs were able to educate TR cells in contrast to complete MHC class Il-deficient mice (92). The 

functional importance of cortical TECs vvas illustrated by the disease observed in the BM—»tge26 

colitis model. Whereas both RAG"" and adult tgs26 mice do not have a thymic medulla, adult 

tgs26 mice also lack an organized cortex (29) without keratin-5"8" TECs (93) (Fig. 5). In contrast 

to RAG" mice that develop a fully functional lymphocyte compartment after BM transplant, 

adult tgs26 mice failed to develop TR cells, causing a severe wasting disease with colitis (YPJ. 

WAF and CT, manuscript submitted). Interestingly, the fetal or neonatal thymus remains the 

capability to educate TR cells up to 9 days after birth (28, 94). Due to the prolonged absence of 

CD44 CD25 double negative thymocytes later in life, keratin-5 8 cortical TECs cannot develop 

into keratin-5"8~ TECs leading to a loss of TR cell education (93, 95)(YPJ, WAF and CT. 

manuscript submitted). 
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Fig. 5: Thymic development of CD25* T R cells 

Unknown interactions of early CD44CD25* double negative (DN) thymocyte with keratin (K)8'5* cortico-medullary 

thymic epithelial cells (TF.Cs) drives the differentiation of K8'5- TECs. High-affinity TCR-MHC class 11 interactions 

between these K8+5" TEC and thymocytes lead to the development of TR cells. Apart from high-affinity TCR 

stimulation, it is probable that receptor ligand interactions and IL-2 production from unknown origin are required for TR 

cell differentiation. 

Many important questions regarding thymic development of TR cells remain unanswered. Given 

that TR cells are selected on cortical TECs because of their high-affinity TCR, how do these cells 

escape negative selection in the medulla? Upregulation of a number of genes involved in T cell 

survival, e.g. FAP-1 and RAR-y, may be responsible for the resistance to negative selection (96). 

Is there an influence of peripheral antigenic stimulation on thymic development? In the rat, the 

presence of peripheral auto-antigens is not necessary for thymic development but is required for 

peripheral maintenance of TR cells. This was demonstrated by studies in which peripheral TH 

cells from athyroid rats could not suppress autoimmune thyroiditis whilst CD25" SP thymocytes 

were able to prevent disease (97). It thus seems unlikely that peripheral antigens arc required for 

the development of TR cells. However, in studies using TR cells from germ-free mice we and 

other have observed that these TR cells are less efficient in protecting mice from colitis in the 
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CD45RB1" models (98) (WAF, C.Albright, S.Rietdijk, YPJ, R. Sartor and CT, manuscript in 

preparation). There are several possible explanations for these observations. First, allo-antigens 

could be required for the education of TR cells that control experimental colitis. Second, allo-

antigens from the lumen of the colon are required for maintenance of TR cells, similar to the 

autoimmune thyroiditis rat model. Or third, bacterially induced auto-antigens are required for the 

education and/or maintenance of TR cells. Apart from antigenic maintenance of TR cells we have 

observed a second influence of disease on thymic development. Onset of disease in both the 

BM—>tgc26 and CD45RB11 models correlated with the destruction of thymic architecture. In the 

CD45RB11' model, activated THI cells remigrated to the thymus, which resulted in the destruction 

of immature thymocytes (YPJ, WAF, CT, manuscript submitted). This prevents export of new 

thymocytes, including TR cells, and possibly influences the balance between aggression and 

regulation in colitis. 

5.3 Antigen specificity O/TR cells 

In contrast to thymic development, the need for peripheral high-affinity TCR interactions in the 

activation and expansion of TR cell remains controversial. One group reported that TR cells 

remained functionally competent when only cortical TECs expressed MHC class II, suggesting 

that no TCR stimulation was necessary for peripheral homeostasis of TR cells (92). However, 

another group did not observe any significant expansion when TR cells were transferred into 

MHC class II-deficient animals (96). They concluded that unlike memory T cells, TR cells need 

antigenic stimulation for homeostatic proliferation. In contrast to peripheral homeostasis and 

expansion, activation of TR cells requires TCR stimulation, at least in vitro. However, once 

activated. TR cells become effective suppressors in vitro without their specific antigen being 

present, presumably through "by-standcr" mechanisms (99, 100). This was confirmed in murine 

colitis, where TCR transgenic Trl cells were able to prevent disease when stimulated by their 

appropriate antigen, presumably through by-stander suppression (84). Thus a model starts to be 

shaped in which TR cells need low dose antigen to become activated after which they develop 

into effector TR cells that are antigen non-specific, presumably through direct TR-TH interactions 

involving as of yet unknown receptors (101). 
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5.4 Costimulation on TR cells 

Similar to aggressor TH1 cells, several groups have looked at the need for costimulatory signals 

on TR cells. One obvious target was CTLA-4, a potent inhibitor of T cell activation that is 

constitutively expressed on resting TR cells (102, 103). Although blocking CTLA-4 was reported 

to impair TR cell functioning in vitro (103), others could not confirm these findings (101). As 

noted, anti-CTLA-4 treatment exacerbated colitis, although it was not yet clear whether this was 

due to enhanced activation of TH1 cells or the impairment of TR cells (25, 68). Recently, TR cells 

from CTLA-4"" mice were stated as being able to prevent murine colitis, further questioning the 

indispensability of this receptor for TR functioning (98). Blocking a second negative signaling 

receptor of the same family, namely PD-1, did not impair TR cells from preventing colitis, 

although in these studies no distinction could be made between blocking PD-1 on naïve TH or on 

TR cells (YPJ, S.Rietdijk, A.Coyle, CT, unpublished observations). Activating signals through the 

third family member CD28 turned out to be more controversial. In vitro costimulation of TR cells 

was not only able to break anergy but also abolish their suppressive function (99), which could 

not be confirmed by another group (104). However, NOD mice suffered from accelerated onset 

of diabetes when crossed to B7-1/2" mice (102), and we found CD28"'" TR cells to be strongly 

impaired in their suppressive capability in the CD45RB1" colitis model (YPJ et al, manuscript 

submitted). To add to the controversy, a recent report indicated that CD28" TR cells were able to 

prevent colitis with similar efficiency as wild-type TR cells in the same CD45RB ' model (68). 

Although some contradictions remain, these findings combined point to an important role for 

CD28 costimulation on TR cells, with the exact mechanisms leading to the breaking of anergy 

and activation in vivo needing further studies. In contrast to CD28, blocking ICOS on TR cells 

had no effect on their ability to suppress colitis (YPJ et al, manuscript submitted). This was 

surprising because ICOS is very potent at inducing IL-10 production (79), but its requirement in 

vivo only became apparent when blocked on CD28 " TR cells. Next, the requirement for the TNF-

TNFR family members CD154, glucocorticoid-induced TNFR related gene (G1TR) and CD134 

(OX40) have been studied in immune suppression. In the case of CD154-CD40 signaling, both 

CD40" and CD 154" mice displayed reduced frequencies of TR cells. However, no clear and 

simple picture emerged when tested functionally. Whereas CD40"'" TH cells induced a variety of 

autoimmune diseases when transferred into nude mice, CD154"" TR cells were still able to 

prevent colitis in the CD45RBhi model (98, 105). GITR is a novel TNFR family member that is 
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strongly upregulated on TR cells (96). Recently, it was shown to be of key importance in breaking 

self-tolerance, because stimulation of GITR on TR cells abrogated their suppressive abilities 

leading to autoimmunity (106. 107). Similar to anti-GITR, anti-CD 134 was shown effective in 

breaking tolerance, although in these studies this was not proven to be due to CD 134 

costimulation on TR cells (108). These results illustrate that, similar to Tul cell activation, both 

activating and inhibitory signals on TR cells are dependent on TNF and CD28 family members 

(Fig 6). 
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Fig. 6: Co-stimulatory requirements of CD25* TR cells 

Similar to Tul cells, activation and inhibition of TR cells requires co-stimulation. Both the CD2K anil CD154 pathways 

seem to activate TR cells whereas the TNI ' family member GITR has strong inhibitory effects. The CD134 pathway is 

likely impairing TR cell activation, whilst CTLA4 may activate TR cells. 

5.5 Cytokines involved in suppression 

Although suppression by TR cells in vitro appears to work through cell-cell contact and was 

postulated to be independent of IL-4, IL-10 or TGF-(3 (104), several cytokines were implicated 

for TR cell development and activation. 

IL-2 likely plays a role in TR cell functioning, first of all because CD25 is the IL-2Rot-chain. 

However, no clear picture has emerged as to how IL-2 contributes to suppression. On the one 

hand, absence of IL-2, IL-2Ra or J3 in vivo leads to spontaneous autoimmune diseases including 

colitis (16, 109, 110). In addition, IL-2" mice were shown to lack TR cells (111) and wild-type 
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cells could protect mice from autoimmune disease induced by IL-2'" cells, suggesting regulation 

by a subset of leukocytes that were able to produce IL-2 (112). On the other hand, TR cells 

inhibited IL-2 production by naive T cells in vitro. Furthermore, addition of IL-2 to TR cells in 

vitro not only overcame their anergic state but also abolished their suppressive abilities (99, 104). 

Thus, whereas TR cells seem to work in vitro by reducing IL-2 production by na'ive cells and are 

themselves impaired by high-dose IL-2, in vivo observations suggest that IL-2 is necessary for 

the development and/or maintenance of TR cells. 

IL-4 was shown to be mediator of suppression by several groups. Initially Tn3 cells were 

postulated to depend on IL-4 for proliferation (113) while TR cells needed IL-4 secretion to 

control autoimmune thyroiditis in the rat (114). In addition, TR cells in human peripheral blood 

produce higher amounts of IL-4 than their CD25" counterparts (87). However, IL-4 appeared non

essential for suppression in several systems. The suppressive subset within the CD45RB" 

population from IL-4"~ mice were as effective as from wild-type animals (115), which was later 

also observed for TH3 cells from IL-4" mice (116). Therefore, IL-4 likely plays an as of yet 

undefined role in immune suppression but does not seem to be essential for TR cell functioning. 

IL-10 has several immune-suppressive functions, including the downregulation of MHC class II 

and B7 costimulatory receptors on APCs (117). Its essential role in suppression was best 

illustrated by the spontaneous colitic phenotypes of IL-10"" and IL-10R"' mice (17, 118). The 

phenotype of IL-10"' mice could only be rescued by IL-10 treatment starting at weaning but not 

in adulthood (119). Disease was likely due to a defect in TR cell functioning, because IL-10" TR 

cells could not prevent the onset of colitis in the CD45RBhi model and suppression of wild-type 

TR cells was hindered by anti-IL-10R treatment, although in the latter experiment IL-10 was not 

specifically blocked on TR cells (120). Interestingly, growth of Trl cells is dependent on IL-10 

present in the in vitro culture, although it is not yet clear whether suppression by Trl cells can be 

abrogated by blocking IL-10 production (84). These combined observations suggest that IL-10 is 

an important factor for the development and/or expansion of TR cells but is not essential for their 

ability to suppress, as IL-10" TR cells remain able to inhibit T cell proliferation in vitro (101). 

TGF-(3 is an ubiquitously expressed growth factor that also has immunosuppressive functions, as 

was shown by the severe autoimmune phenotype of TGF-p" mice (19). This phenotype resulted 

from T cells being unresponsive to inhibitory signals of TGF-P (121). TGF-P had been 

recognized as a factor expressed by TR and Tn3 cells (113, 114) and was recently reported to 
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exert its suppressive effects while staying bound to the membrane of TR cells (122). This 

explained earlier findings that suppression was TR-TH cell contact dependent and did not depend 

on soluble factors (104). Furthermore, Nakamura and colleagues found that TGF-(3 production 

was enhanced by CTLA-4 stimulation on TR cells, explaining at least in part why this 

costimulatory pathway is important in immune regulation (122). Although other groups have 

reported that TR cells could still suppress proliferation of naive T cells in vitro in the presence of 

anti-TGF-p (101), this cytokine is clearly one of the important pathways by which TR cells 

regulate the immune response. 

6. Conclusions 

Many exciting developments have taken place over the past decade in understanding the immune 

responses involved in IBD. Although not exactly CD or UC, murine colitis models seem to 

mimic enough aspects of these human diseases to study immunological pathways and test novel 

therapies. So far, this has lead to the successful introduction of the anti-TNF infliximab (65). 

Interestingly, the mechanism by which infliximab suppresses CD seems different from the 

absorption of free TNF in mice (123, 124), which was also illustrated by the recent observation 

that another TNF blocking reagent appears not nearly as effective as infliximab (125). These 

findings illustrate that immune pathways originally discovered in murine colitis may lead to 

human therapies, even though the underlying mechanisms need not necessarily be similar. 

As noted, many novel targets that have been identified in murine models are or will be tested in 

man. So far, recombinant IL-10 (126), anti-CD 154, sLT-(3R and anti-IL-12 are in the process of 

being tested in IBD. Based on the potent immunosuppressive effects in mice, reagents directed 

against IL-6, IL-18 and MIF form possible future therapies. However, there are several 

foreseeable complications with these new drug targets. Apart from general concerns regarding 

opportunistic infections and impaired tumor suppression, a new worry has accompanied the re-

emergence of TR cells. Whereas several pathways may be predominantly important in exercising 

pro-inflammatory effects of Tul cells, many are shared by TR cells. This was best illustrated by 

our CD28 studies, where blocking CD28 appears to impair TR cells much more than aggressor 

THI cells. Similar complications could be expected for CD 154. which is not only important in 
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suppressing Tul activation but also plays a role on TR cell functioning (69, 70, 105). In contrast 

to CD28 and CD 154, GITR and CD 134 seem particularly interesting targets for the modulation 

of IBD. As noted, interfering in CD134-OX40L signaling prevented colitis whereas stimulating 

CD 134 abrogated self-tolerance (75, 76, 108). Likewise, blocking GITR may protect TR cells 

from being inactivated, although the effects of GITR on THI cells remain to be elucidated (106). 

Thus, caution should as always be exercised in the use of new immunomodulatory reagents. 

However, the CD 134 and GITR findings give hope that pathways exist that suppress THI while 

leaving TR cells undisturbed. This would bypass the need for inventing a way to target pro

inflammatory receptors specifically on Tul cells. 

The identification of the first susceptibility gene for CD has started a new era in understanding 

IBD. However, the fact that the majority of mutated nod2 carriers in the population do not 

develop CD illustrates that IBD are diseases based on a complex genetic predisposition combined 

with environmental factors that have not yet been identified. In contrast to the current therapies 

aimed at suppressing the immune response, only understanding the genetic and environmental 

factors will allow us to discover a cure for these severely disabling disorders. 
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