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Introductio n n 

Crohn' ss  diseas e 

Crohn'ss disease is an inflammatory chronic disorder of [he digestive tract tiiat is usually 

localizedd in the terminal ileum and the colon.1 Clinical features consist of abdominal pain, 

diarrheaa and weight loss, and the disease typically starts in early adult life.; The incidence 

off  Crohn's disease has increased in the past decades, and the current prevalence in the 

northernn part of die world is 0.5-ff,H0i>i>." Crohn's disease and ulcerative colitis are 

consideredd as the inflammatory bowel diseases (IBO). Ulcerative colitis differs from 

Crohn'ss disease with regard to genene background, immunological and clinical features 

andd this condition is not furtiier addressed in this thesis. In diis introduction we wil l 

discusss briefly the present views on etiology and treatment of Crohn's disease. The 

currentt notions on die most important cellular and molecular interactions that are 

invokedd in physiological immune responses wil l be considered in more detail, followed 

byy the role of the immuno-regulatory cytokines, interleukin (IL)-10 and transforming 

growthh factor [3 (TGF-J3), and regulatory- T cells in the intestine. Such knowledge ts 

indispensablee to understand the rationale for II.-10 based gene therapy in Crohn's 

disease,, which is the subject of this thesis. 

Etiolog yy of Crohn' s diseas e 

Accumulatingg evidence suggests that Crohn's disease represents the outcome of diree 

interactivee factors: host susceptibility-, enteric microflora and the mucosal immune 

system.""  Host susceptibility is determined by environmental and genetic factors. 

Potentiallyy relevant environmental factors include smoking and diet.4 Genetic factors 

associatedd with IBD have been extensively studied and the first susceptibility gene for 

Crohn'ss disease has recently been identified. Mutations in the N O D2 gene, which 

encodess a protein with homology to plant disease resistance gene products, were found 

inn approximately 40°'i> of Crohn's disease patients.' Homozygosity for a functionally 

relevantt mutation within this N O D2 gene confers an extremely high risk for the 

developmentt of Crohn's disease, and is considered to be the causative genetic defect in 

aboutt 15" o of the patients. It is tempting to speculate that N O D2 is involved in the 
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defensee against certain luminal bacteria: it is expressed bv antigen presenting cells such as 

monocytess and dendritic cells (Braat H, unpublished results) monocytes and, following 

stimulationn bv bacterial lipopolvsaccharides (LPS), activates nuclear factor (NF)-xB, a 

familyy of signal transduction proteins that regulates expression of many genes (i.e. TNF-ot 

andd IL-1J3) involved in immune and inflammatory responses."' It is possible that early 

recognitionn of (pathogenic) bacteria is defective in Crohn's disease patients with mutant 

N O D 2,, leading to an abnormal T cell mediated response, tissue inflammation and 

aberrantt cytokine production. However, the precise functional consequences of the 

N O D22 mutations that are involved in the pathogenesis of Crohn's disease are not clear 

andd need to be further characterized. 

Manyy experimental and clinical studies have demonstrated that the enteric 

microfloraa is an essential cofactor in driving mucosal inflammation: germ-free mice do 

nott develop experimental colitis,'''!" and diversion of the fecal stream following formation 

off  a loop ileostomy has a beneficial effect in patients with Crohn's disease.11 More direct 

evidencee comes from studies by Duchmann et al, who showed that mucosal, but not 

peripherall  blood, CD4+ T cells from Crohn's disease patients proliferate when exposed 

too autologous intestinal bacteria. " 

Thee mucosal immune system is activated upon exposure to a pathogenic 

microorganism.. Initially , innate immune cells, such as macrophages, dendritic cells and 

naturall  killer cells are recruited to eliminate pathogens bv uptake and destruction or 

degradation.144 Macrophages and dendritic cells are activated and can present the products 

off  pathogen degradation to antigen reactive T cells resulting in an adaptive immune 

response.. T cells, in particular CD4~ T cells, play multiple roles as effector and regulatorv 

cellss in intestinal inflammation: a subset of naïve CD45RBhl , ;h CD4' cells'1 has been 

shownn to induce experimental colitis after transfer to severe combined immunodeficient 

(SCID)) mice."' In addition, the number of activated mucosal T cells secreting pro-

mflammatorvv cytokines that mediate interactions between cells, such as interferon y 

( I F N - Y ) ,, is increased in active Crohn's disease,1 ' '*  Finally, CD4" cell depletion 

amelioratess inflammation in experimental colit is" and in Crohn's disease."" By 

comparison,, whereas CDS' cells are important in first line defence in the epithelium,"1 

thevv do not appear to plav a decisive pathologic role in intestinal inflammation.̂  ^ 
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Basedd on these observations, the current working model of the pathophysiology of 

Crohn'ss disease is that of an uncontrolled abnormal immune response of CD4 cells to 

entericc bacteria in genetically susceptible individuals. 

Therap yy of Crohn' s diseas e 

Currentlyy there is no curative treatment for patients with Crohn's disease. l o r several 

decadess corticosteroids were the onlv potent anti-infiammatorv agents available for 

treatmentt of a c me Crohn's disease." Corticosteroids act rapidly and have a wide range 

off  anti-inflammatory activities, but do not alter the natutal course of the disease; thev do 

nott consistently heal intestinal ulcers, and are associated with mam* side effects."1 The use 

off  immunomodulatory therapy, as azathioprine and methotrexate has provided 

alternativee therapeutic op t ions/ " However, administration of these agents is limited by 

aa relatively slow onset of action, inconstant efficacy, inadequate selectivity and substantial 

shortt and long-term toxicity. At present, more than 50° o of patients wil l require surgical 

interventionn at some point during the course of tiietr disease to treat complications such 

ass stricture, fistula, abscess or medically intractable disease. 

Neww biological therapeutic strategies are based on the increased knowledge of the 

pathophysiologyy of Crohn's disease. Biological agents include recombinant cytokines, 

cytokinee receptor antagonists, chimeric and humanized antibodies, antisense 

oligonucleotidess and viral as well as non-viral vectors for gene transfer. Presendv, of this 

growingg range of biologic therapies, antagonism of TNF-rx with the monoclonal TNI ' -a 

antibodyy infliximab is the only approach that has been approved for clinical use. 

Infliximabb is effective and well-tolerated in patients with moderate to severe Crohn's 

diseasee that is resistant to conventional treatment"1 and can maintain remission up to 44 

weekss if administered by repeated intravenous infusions.v' H i e rapid healing of 

enterocutaneouss fistulas is a good example of the ami-inflammatory activity of infliximab 

inn Crohn's disease.11 Traditional therapeutic agents have limited mucosal healing effects, 

andd in rhe older studies endoscopic severity of ileocolonic Crohn's disease did not 

correlatee yvcll with therapeutic effects as measured bv clinical parameters. However, the 

clinicall  improvement following infliximab therapy has been consistently associated with 

mucosa]]  healing.'"' ,n The long-term efficacy and safety as well as the precise mode of 
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actionn of infliximab arc currently under investigation. However, because of the 

lmmunogenicirvv of monoclonal antibodies and risk of side effects such as opportunistic 

infectionss and malignancy, infliximab may be best suited as a bridge to more long-term 

maintenancee strategics. Recently, gene transfer has emerged as a new and promising 

methodd for maintenance of remissions in chronic inflammatory diseases, such as Crohn's 

disease,, and \vc wil l here provide die rationale for the development of IL-10 based gene 

therapy. . 

Physiologica ll  immun e respons e t o non-pathogeni c antigens : periphera l 

toleranc e e 

Althoughh the intestinal epithelium forms a physical barrier for pathogens, bacterial 

antigenss are continuously sampled by gut mucosal dendntic cells, the major intestinal 

antigenn presenting cells,' and presented to T cells. a The mucosal immune svstem needs 

too discriminate pathogens from dietary antigens and commensal bacteria in the gut 

lumen.. Indeed, a large pool of immune cells resides within the mucosal epithelium and 

laminaa propria. The continuous presence of potential pathogens in close proximity to 

immunee cells must be tight.lv controlled to ensure that pathologic inflammation does not 

develop.. Control is provided bv mechanisms of tolerance. The concept of tolerance 

includes,, bv definition, any mechanism bv which a potentially injurious immune response 

iss prevented, suppressed, or shifted to a non-injurious class of immune response.''' 

Centrall  tolerance refers to thymic deletion of self-reactive cells, which is not 

completee and self-reactive cells escape to the periphery. Several mechanisms arc involved 

inn maintaining peripheral tolerance, i.e. e/ttfrgy (functional unresponsiveness), apoptoas 

(programmedd cell death) and the involvement of tolerogenic dendritic cells or regulatory 'I' cells 

(figuree 1). These mechanisms can interfere during all phases of the immune response 

andd are probably all necessary to control 1) self-reactive cells, 2) cells reactive to non-

pathogenicc microorganisms and 3) cells that become activated following a normal 

immunee response to a foreign antigen. 
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Figur ee I Mechanism s of periphera l toleranc e 

AA normal T cell response is triggered by the recognition of antigen and second signals. Multiple 

mechanismss may function to inhibit the expansion or effector functions (or both) of T cells. As 

discussedd in the text, these mechanisms appear to be most important for the maintenance of 

peripherall tolerance to "se l f and "non-pathogenic, non-self' antigens. APC: antigen presenting 

cell;; CTLA-4: cytotoxic T lymphocyte-associated antigen 4; PD- I : programmed cell death I; PDL: 

PD-II ligand. FasL: Fas ligand; MHC: major histocombatibility complex; TCR; T cell receptor. 

Physio log ica ll  i m m u n e respons e t o pa thogen s 

Thee intestinal mucosa contains a large number of dendritic cells for uptake, processing 

andd transport of antigens to the regional lvmph nodes. Dendritic cells critically steer 

immunee responses through interactions with T cells, requiring close proximity and 

crosstalkk of these two cell types. The decision between immunity and tolerance is taken 

byy dendritic cells: they induce the development of naive T cells into effector or regulatory 

'11 cells, or can induce anergy/apoptosis of T cells.' 

Dendriticc cells express pattern recognition receptors {e.g. Toll like receptors) that 

recognizee pathogen-associated molecules {e.g. LPS) from invading microbes. Such 

activationn of partem recognition receptors generally increases the immune-stimulatory 

capacitiess of dendritic cells. After antigen uptake, activated and maturing dendritic cells 
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startt to express the chemokinc receptor CCR7. Chcmokines are a familv of leukoevte 

chemoattractantss that regulate botli inflammatory cell recruitment and horneostatic 

traffickingg of leukocytes. Dendritic cells migrate to die regional lymph nodes, where 

specializedd high endothelial venules (HE£Ys) express the CCR7 Kgand CCL2.4: CCR7 is 

alsoo present on naive 'I' cells41' **  and directs, together with the lymph node homing 

receptorr L-selecttn (CD62L),4:' the migration of naive 'I' cells to the regional lymph nodes. 

'I"hee passage across the HKV s is a multistep process that involves selectm-supported 

rolling,, followed by a triggering event, and firm integrin-mediated adhesion.4'''4 

Whenn naive 'I' cells encounter their cognate antigen presented by a dendritic cell in a 

lymphh node, they differentiate into effector/memory CD4' or cytotoxic CDS* T cells. 

Basedd on their cytokine secretion profile, CD4' T cells differentiate into at least 2 subsets 

off  helper cells, T helper 1 (Tht) and T helper 2 (Th2) cells (figure 2).48 Thl cells produce 

thee pro-inflammaton- cytokines IL-2 and IFN-y and protect against intracellular 

pathogenss (cellular response), whereas Th2 cells selectively secrete IL-4, 1L-5 and IL-13, 

andd counter extracellular pathogens through production of antibody by B cells (humoral 

response).. Both subsets of T helper cells can also produce the two pivotal 

immunoregulatoryy cytokines, IL-10 and TGh'-j3. However, regulatory T cells, which are 

discussedd more fully below, are the main producers of these cytokines. 

Thee cytokine microenvironmenr to which naive T cells are exposed is the primary 

determiningg factor for the differentiation towards a Thl or Th2 cell type:4'' IL-12 with 

supportt of IT-IS, both produced bv antigen presenting cells, induce Thl 

differentiation,MM " and IL-4, produced by natural killer cells, mast cells, basophils and 

maturee C D 4' cells,'" drives Th2 differentiation." Others factors such as antigen density,'4 

majorr histocombatibility complex (MHC) haplotypes," type of antigen presenting ceILv' 

andd costimulatory factors1 also influence the selective development of T h l / T h2 cells. 
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Figur ee 2 Induct io n an d regu la t io n o f T he lpe r I an d T he lpe r 2 cell s 

Inn the standard model. T helper (Th) cells can differentiate into Th I or Th2 depending on the 

cytokinee micro-environment. Interleukin (IL)-I2 drives Th l cells, whereas IL-4 promotes Th2 

cells.. Interferon y (IFN-y) and IL-4. produced by Th l and Th2 cells respectively, can also act as 

autocrinee growth factors as well as inhibitory factors for the opposite subset. Thl cells enhance 

lgG2aa synthesis by B cells through IFN-y, whereas Th2 cells induce B cell IgE and IgGI 

productionn through IL-4. Functionally. Th l cells promote cell-mediated immunity and host-

defensee against intracellular pathogens, but also contribute to the pathogenesis of diseases such 

ass Crohn's disease, rheumatoid arthritis and psoriasis. Th2 cells attenuate cell-mediated immunity 

butt promote anti-helminth responses, and increase allergic reactions through IL-4. IL-5 and IgE. 

R:: receptor; TCR: T cell receptor. NK: natural killer cell. 
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Afrerr local priming of T cells in the presence of -high levels of- IL-12 and IL-18, the 

differentiatedd effector Thl cells and memory T cells recirculate preferentially to the 

intestinall  mucosa. The integrin a4j37, expressed on these T cells, is the principal gut 

homingg receptor and functions at several steps in the adhesion cascade by interacting 

withh the mucosal addressin MAdCAM- 1 present on endothelial cells.5*''' ' In addition, the 

chemokinee T E CK and its receptor CCR9 are implicated in the migration of a4|37 

memon-- T cells to the small intestine/" Once arrived in the intestine the T hl effector 

cellss mount an inflammatory response on encounter of the antigen, and this response can 

bee amplified by freshly recruited immature dendritic cells (figure 3). 

Afterr elimination of the pathogen, the bulk of the effector T cells become redundant 

andd most of them disappear, in large part through apoptosis. However, a small 

proport ionn survives to become long-lived memory cells/'1 Thus, whereas induction of 

anergyy and apoptosis serve to reduce the number of T cells that can respond to mucosal 

antigens,, this mechanism is not sufficient for elimination of all potentially reactive 

TT cells. Cells that escape these mechanisms of peripheral tolerance need to be controlled 

byy tolerogenic dendritic cells and /or regulatory T cells, which are discussed below. 

IL-100 and TGF-p 

IL-100 and TGF-p are now well recognized as the two main irnrnuno-regulatory cytokines. 

Humann IL-10 is an 18 kDa poivpetide, that shares significant sequence homology to 

mousee IL-10 (73° o amino acid homology)/'2 Mouse IL-10 is specific for mouse cells, but 

humann IL-10 can activate both human and mouse cells. IL-10 is produced by T cells, 

monocytes/macrophages,, dendritic cell, keratinocytes and B cells, usually in response to 

ann activation stimulus/3 The IL-10 receptor (R) is composed of at least two subunits that 

arcc members of the interferon receptor family: IL-10R1 (expressed on most hemopoietic 

cells),, and the coreceptor IL-10R2 (constitutively expressed on most cells}/'1 IL-10 is a 

multifunctionall  cytokine with effects on most hemopoietic cells (functions are 

summarizedd in table 1)/" IL-10 inhibits a broad array of immune parameters, including 

activationn and effector function of T cells, monocytes and macrophages, limiting and 

ultimatelyy terminating inflammatory responses. 
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Tab l ee I Biologica l function s o f interleuki n I 0 * 2 " 

Ce ll  I typ e I Inhibit io n tt Induct io n 

Monocytes// > Production of pro-inflammatory 
Macrophagess cytokines and chemokines 

>> Expression of chemokine 
receptorss and Toll like receptor 4 

yy Antigen presentation 
>> Prostaglandin E2. superoxide 

anionn and nitric oxide production 

Dendriticc > IL-12 

cellss > antigen presentation 

TT cells > Via APC: pro-inflammatory 
cytokinee production and 
proliferation n 

>> Direct: expression of 1L-2, TNF-a, 
IL-55 by CD4+ cells 

NKK cells > via APC: IFN-y production 

BB cells >> MHC class II 

Neutrophilss > Production of pro-inflammatory 
cytokiness and chemokines 

>> Expression of IL-1 receptor 
antagonist,, IL-IRI and IL-IRII, 
solublee p55p75TNFR, LPS 
receptorr (CD 14), Fey-
receptors s 

>> Apoptosis 
>> Decoy receptors for 

inflammatoryy chemokines in 
presencee of pro-inflammatory 
signalss and IL-I06S 

>> Recruitment, cytotoxic activity 
andd proliferation of CD8+ cells 

>> D i rec t IFN-y production by 
CD8++ cells 

>> Anergy of T cells 

>> Expression of TGF-pRII on 
activatedd T cells 

>> D i rec t IFN-y production (in 
presenceof lL- l8 / IL- l2) ) 

>> Survival, proliferation, 
antibodyy secretion (IgA, IgG) 

Virall  IL-10, a product encoded by Kpstein-Barr virus, is highly homologous to both 

humann (84" 1. amino acid homology) and mouse II.-H) and thev share manv biological 

propert ies/'' However, in contrast to human and mouse IL-10, viral IL-10 enhances 

MH CC class IT expression on B cells, does not effectively costimulate thvmocvte or mast 

celll  proliferation and has a reduced ability to inhibit IL- 2 production bv activated CD4 

cellss in vitro? 

TGF-J33 is a 25 kl)a protein that is produced bv all leukocyte lineages, including 

lymphocytes,, macrophages and dendritic cells."4 In mammals, TGF-fi exists in three 

isoforms,, 'FGF-J31, 'l'GF-p"2, and TGF-JE3 that have a high degree of ammo acid 

homology-.. One or more of the '1'GF-JÏ receptors or ügands are expressed in practically 
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even""  tissue of the bodv. The three isoforms have similar effects in rittv, but differential 

expressionn during embrvogenesis is reflective of the distinct funcions. TGF-p is capable 

off  regulating growth, proliferation and differentiation, extracellular matrix formation and 

functionn of immune and non-immune cells. TGF-p modulates the expression of 

adhesionn molecules, provides a chemotactic gradient for leukocytes and other cells 

participatingg in an inflammatory response, and inhibits these cells following activation.' 

Rol ee of IL-10 and TGF-p in vivo 

Thee potent tmmuno-regulatory properties of TGF-p are illustrated in TGF-pl " mice 

thatt develop a severe, multifocal inflammation shortly after birth (lethality 50% in 

TGF-pll  mice and 100°» in TGF-p2 and TGF-p"3 ' mice)/'' On the other hand, 

ovcrexpressionn of TGF-p can also be lethal or depending on the promoter induce tissue 

specificc pathology that may include fibrosis/' Thus, tight regulation of TGF-P appears 

absolutelyy critical for survival. 

Inn contrast with the broad anti-inflammatory activities of TGF-p, the regulator)' 

activitiess of IL-10 seems to be of particular importance in the intestine, IL-10 and 

IT-100 receptor mice develop a chronic enterocolitis resulting in growth retardation and 

anaemia.J'' 'H The development and severity of the colitis are a consequence of an 

inappropriatee immune response to intestinal ant igens/' It is uncertain whether the 

differencee between TGF-p and IL-10 represents a true compartmentalisation of IL-10 

functionn or whether TGF-J3 compensates for IL-10 in IL-10 mice in all organs except 

thee intestine. Evidence that TGF-p functions via IL-10 in the intestine is provided by 

Kitanii  e/ a/, who showed that plasmids encoding TGF-p inhibited a Thl-mediated 

experimentall  colitis and that this was at least in part due to IL-10 induction and 

subsequentt suppression of IL-12. " 

Studiess in IL-10 transgenic mice, in which IL-10 cDNA was regulated by different 

promoters,, indicated that IL-10 can mediate immunosuppressive or immunostimulatory 

activitiess in lim depending on the type of immune response and on the type of cell 

expressingg IL-10. ' ' On the other hand, TGF-J3 has toxic effects at therapeutic doses: 

systemicc administration of high doses of recombinant (r)TGF-pl to rats and rabbits 

producedd a spectrum of lesions in multiple tissues. Moreover, therapeutic use is 
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hamperedd bv rhe extremeh" short half-life of rTGF-fi (< 11 min). ^ Bv contrast, systemic 

administrationn of rIL-10 to mice is safe ' and has therapeutic efficacy in different models 

off  experimental colins, ' * In the only clinical trial to examine die effect of the systemic 

administrationn of a rTGI--fS2 in parients with muluplc sclerosis, significant but reversible 

decliness in rena! function were observed, ' probably due to vasoconstriction and fibrosis 

off  the renal vasculature. " Thus, in experimental as well as clinical studies, systemic use of 

rTGI;-j33 is limited by its adverse effects. 

Anotherr cytokine considered to have ïmmunoregulatorv functions is IL-4, which 

promotess development of Tli 2 cells and inhibits development l l i l cells. The role of IL-4 

inn the intesrinal inflammation is less clear than the role of IL-10: IL- 4 mice show no 

signss of colitis.' In one study, administration of an adenoviral vector containing the IL- 4 

genee to rats with "INB S colitis reduced inflammation, ~ but rIL- 4 treatment did not 

suppress*11 or even exacerbated"" the development of colitis in the CD45RB1,flS CD4 

transferr model. At present, IL- 4 is clinically used for its antitumor activity. 

Thesee data indicate that both IL-10 and TGF-(3, but not IL-4, plav an important role 

inn mucosal homeostasis in die intestine. However, in view of the numerous actions of 

TGF-fï,, die ubiquitous expression of TGF-J3 and its receptors, and die adverse effects of 

systemicc rTGF-fï, and the relative specific regulatory function of IL-10 within the 

mucosall  immune system, the latter cvtokme seems a more attractive candidate for 

therapeuticc application in intestinal inflammauon. 

T y p ess of regu la tor y T cel ls 

Severall  studies in models of experimental colitis indicate that regulatory CD4" T cells 

playy a key role in intestinal peripheral tolerance. Besides regulatory CD4 T cells, other 

regulatoryy cells including CDS' and CD4 CDS T cells have been described," '*4 but their 

rolee in the intestine is less clear and thev wil l not be discussed here. Regulatory T cells 

havee been described as precommitted precursor cells, produced in the thymus,'3 but 

otherss believe that thev are differentiated in the periphery following encounter of 

tolerogenicc stimuli."' 'IFtcse are two non-mumallv exclusive hypotheses and a diird 

unifiedd hypothesis is that thev belong to the same subset of cells in different stages of 
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theirr differentiation. Regulatory C D 4' cells have been studied in various in vitro and in vivo 

modell  systems, and we wil l focus on data relevant for intestinal inflammation. 

Regulatoryy CD4~ cells that express the IL-2 receptor a chain (CD25), are derived 

fromm the thymus. They naturally occur both in mice" and in humans.'1"*'" ' CD25' CD4 

cellss are hyporesponsive to stimulation, are capable of production of low levels of IL-10 

andd perhaps TGI;-j3 (varies among reports), and thev were shown to suppress the 

responsee of CD25 C D 4' cells to stimulation in vilm. Murine CD25" CD45RB1'™ CD4" 

cellss were able to prevent experimental colitis induced in S OD mice by the CD45RBW t 

CD4++ cells.'" 

Threee types of regulatory T cells are described that are believed to differentiate from 

naivee T cells in the periphery upon encounter of antigen. The first type was identified by 

Grouxx <?/ al, who used repeated antigenic stimulation of murine and human CD4* cells in 

thee presence of IL-10 to generate so called Trl cells.'2 Trl cells have a low proliferative 

capacity,, produce large quantities of IL-10, some TGF-fS, low levels of IL-2 and no IL-4. 

Thesee antigen-specific T cell clones suppressed the proliferation of CD4 cells in 

responsee to antigen in vitro  ̂ and prevented experimental colitis induced in SCID mice by 

transferr of CD45RBh* h CD4* cells.J" 

Thee second type, the so called 'l"h3 cell, has been generated in vitro in the presence of 

TGI : -p,, IL-4, IL-10 and anti-IL-12 from naive CD4' cells isolated from T cell receptor 

(TCR)) transgenic mice.'"1 These Th.3 cells primarily secrete TGF-J3, and have also been 

describedd to naturally occur in chronic human helminth infection.'" T cells with a similar 

Th33 phenotvpe have been reported to arise in the intestinal mucosa of mice fed with the 

orall  antigen tntnitrophenol (TNP)-haptenated colonic protein (HCP).'*'' ' The presence 

off  Th3 cells prevented the development of trinitrobenzene sulfonic acid ("ITSJBS) colitis, 

inducedd by intrarectal administration of the haptenating agent 'I'NBS. *' 

TheThe third t\'pe of regulatory T cell is induced by repetitive stimulation of human 

naivee cord blood-derived C D 4' cells with immature dendritic cells.''*  Similar to thymus-

derivedd regulator)' T cells, these cells express CD25, and are hyporesponsive to 

stimulation.. However, they exclusively produce high levels of IL-10 and have the 

functionall  capacity to inhibit proliferation of *lli l cells /// vitro.' 
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Hence,, in recent years it has become clear that different tvpes of regulatory T cells 

functionallyy inhibit activation and proliferation of potentially "pathogenic" effector T 

cellss in I'ilnt  and in experimental colitis. 

Mechanis mm of actio n of regulator y T cell s 

Bothh cell contact dependent-signals '' "" and secretion of immunoregulatorv cytokines 

IL-100 and TGF-p " are thought to be involved in the function of regulatory T cells. 

Celll  contact-dependent suppression is mediated by die cytotoxic T cell-associated 

anrigen-44 (CTLA-4). CTLA-4 is a cell surface molecule that binds to die costimulatorv 

moleculess CD80 and CD8(> present on antigen presenting cells and down regulates T cell 

activation.. ""' " Inhibition of the CTLA-4 pathway, bv using neutralizing antibodies, 

reducedd the suppressor function of CD25' CD45RB1 ' l CD4" cells in experimental colitis 

inn SCID mice/1 The essential role for IL-10 in the function of regulator)- T cells was 

demonstratedd by the observation diat colitis in SCID mice induced by CD45RBh,gl1 CD4' 

cellss was not prevented by CD45RB1"*  cells isolated from IL-10' mice."" The 

importancee of TGF-p was demonstrated in SCID mice, reconstituted with pathogenic 

CD45RBhlt ;hh C D 4' cells and protective CD45RB1'™' CD4 cells that developed colitis 

whenn treated with anti-TGF-p antibodies."1,71 

Expressionn of C'iLA- 4 and secretion of IL-10 and TGF-p by regulatory T cells may 

bee linked. One possible mechanism for die linkage was provided by Chen ef ai, who 

demonstratedd diat cross-linking of CTLA-4 in the presence of TCR-mediated signals 

inducess TGF-p secretion.1"4 In addition, a recent study not only showed diat CTLA-4 

enhancedd TGF-p expression, but also that TGF-p present on the cell surface of 

regulatoryy cells uihibired proliferation (via binding to the TGF-p receptor) of responder 

CD255 C D 4' cells.1"5 

Moreover,, IL-10 and TGF-p are functionally linked, since the protective effect of 

Th33 cells secreting TGF-p in 'I*NBS colitis was abolished by administration of IL-10 

neutralizingg antibodies.' Different, but not mutually exclusive possibilities exist to 

explainn the related function of IL-10 and TGF-p. A first possibility is that IL-10 is 

necessaryy for responsiveness of cells to the regulator}- effects of TGF-p. A recent study 

supportedd this view by showing that activated T cells manifested reduced TGF-pR 
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expressionn in ritrn  and this effect was reversed bv IL-10, facilitating the inhibitory 

functionn of TGF-J3."*' Another study showed that IFN-y could induce intracellular 

productionn of S \ L \ D -7 (inhibitor o f T G F -p signalling) in fibroblasts and thus interfered 

withh intracellular TGF-fS signalling.1" Because IFN-y is downregulated bv IL-10, TGF-J3 

signallingg ts better maintained in the presence of IL-10. Another possibility is that 

decreasee of Thl cytokine production bv IL-10, serves to block the negative effects of this 

classs of cytokines on the expansion of TGF-fi cells.""1'"" However, it is possible that high 

amountss of IL-10 secreted by regulatory T cells also inhibit Thl mediated inflammation 

inn the absence of TGF-p.'"' " Whether regulatory T cells primarily inhibit activation, 

recruitmentt or effector function of their target cells still has to be elucidated. 

Inn summary, the different types of regulatory T cells that are relevant for the work in 

thiss thesis seem to depend on cell-cell contact via CTLA-4-CDH0/86 costimulatory 

moleculess interaction and on the immuno-regulatorv cytokines (membrane bound or 

secreted)) IL-10 and/or TGF-(3 for their suppressive function in vivo. 

Th ee rol e o f antige n in activatio n of regulator y T cell s 

I nn Crohn's disease as well as in experimental models of intestinal inflammation the 

identityy of the inciting antigens is undefined, and the resulting T cell activation is 

polyclonal.. In addition, the antigen-specificity of the regulatory T cells in the intestine is 

unknown.. In fact, exposure to bacterial antigens seems to be dispensable for the effector 

functionn of regulator}- T cells both in vitro " and in rt.vo, as CD45RB'"*  CD4" cells 

isolatedd from germ-free mice were able to inhibit colitis.1'" It is also conceivable that the 

presencee of the normal intestinal flora provides inflammatory signals, which drive the 

expansionn of regulatory "1" cells."1 Moreover, it is possible that regulatory T cells react to 

heatt shock proteins that are ubiquitously exposed at sites of inflammation, and limi t 

mflammatorvv responses in general. Alternatively, regulatory T cells mav be activated bv 

ann irrelevant antigen (for example ovalbumin in experimental models) and inhibit the 

functionn of T cells bv a phenomenon termed 'antigen driven bystander suppression'. 4 

Thee therapeutic potential of anngen-specific regulatory T cells has been shown in 

manyy animal models, including graft versus host disease,111' "'' diabetes," autoimmune 

encephalomyelitis,"**  autoimmune thyroiditis,1'' and immediate hvpersensirivitv/allergy.1"" 
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However,, antigen-nonspecific regulatory T cells have not been previously used in chronic 

inflammatoryy conditions. 

W h a tt  is w r o n g wi t h th e mucosal i m m u n e sys tem in Crohn' s disease? 

Clinicall  and experimental studies have provided evidence tor several defects of the 

mucosall  immune response in Crohn's disease. Based on the predominance of IL-2 and 

IFN-yy secreting mucosal T cells and the specific expression of the 'I "hi driving cytokines 

IL-122 and IL-18 in the intestinal mucosa, Crohn's disease is considered to be a prototype 

Thll  disease.'*' '"' '"' Apparently, mechanisms of peripheral tolerance are not effective- in 

downregulatingg rhis Thl cell mediated inflammation, and two suidies have reported that 

mucosall  T cells in patients with Crohn's disease are resistant to apoptosis.124 '"' Our 

laboratoryy has recently demonstrated that the number of dendritic cells producing IL-12 

andd IL-18 in the intestinal mucosa is increased in patients with Crohn's disease, 

indicatingg the enhanced activation of the immune system in the intestine (te Velde A, 

unpublishedd results). 

Inn the intestinal mucosa of healthy individuals, C D 4' cells have been shown to 

contributee to downregulation of effector T cells, via production of IL-10 and TGI-p.1"' 1 

Conflictingg reports exists concerning suppressor /regulatory cell activity by lamina 

propriaa cells" "M and peripheral blood mononuclear cells1" ' n' in Crohn's disease 

patients.. However, Crohn's disease is characterized by a relatively reduced production of 

bioacrivee IL-1U in the lamina propria, and the resulting IL-10 concentrations seem 

insufficientt to downregulatc pro-inflammatory cytokines.n i ' '1" A low ileal I).-10 

concentrationn is associated with earlv endoscopic recurrence of disease after surgery in 

patientss with Crohn's disease. '" Our laboraton7 has recently found Lhat mucosal memory 

(CD45RB11 u CD45RCT) CD4' cells from patients with Crohn's disease are less abundant 

comparedd with controls and produce less IL-10.114 Conversely, increased TGF-fSl 

expressionn was found in affected mucosa of patients with active Crohn's disease, 1' 

andd it was shown that mucosal T cells from IBD patients were insensitive to the 
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Underr inflammatory conditions, migrating dendritic cells transport antigens to regional lymph 

nodes.. Presentation of antigens to naïve T cells in the presence of IL-12 results in the generation n 

off T helper I (Th I) effector cells that migrate into the intestine to mediate an inflammatory 

response.. Targets for biological agents may be divided according to the different phases of an 

immunee response: I) antigen and antigen presentation, 2) activation of effector T cells, 3) 

cytokine-mediatedd response amplification, 4) adhesion and recruitment, 5) repair and restitution. 

regulatoryy effects of TGF-p" because they overexpress SMAD7, an inhibitor of TGI- ,3 

signalling.133 These data suggest that in Crohn's disease several defects in the mechanisms 

off  peripheral tolerance coexist, including resistance to T cell apoptosis and disrupted 

regulator}'' I cell function, that lead to a final common pathway of Thl cell mediated 

intestinall  inflammation. 
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Recombinan tt  IL-IO fo r Crohn' s diseas e 

Basedd on successful experimental findings showing the central role of IL-10 in 

maintainingg mucosal homeostasis, die clinical benefit of rIL-10 administration was 

studiedd in patients with Crohn's disease. Four controlled randomized trials have been 

conductedd to assess the efficacy of rIL-10 in patients with Crohn's disease.ns l4! A one-

weekk daily intravenous infusion of 0.5-25 |J.g/kg rIL-l U in patients with steroid-refractory 

activee Crohn's disease (46 patients) was safe and well-tolerated.1™ Although the study was 

nott designed to assess efficacy, 50"» of the rIL-10 treated patients versus 2 3% of the 

placeboo patients had a complete clinical remission during the 3-week follow-up period. 

' Iwoo subsequent trials investigated the safety and efficacy of subcutaneous 

administrationn of rIL-H) in mild to moderate and chronic active Crohn's disease patients 

(955 and 329 patients, respectively).11" ' 14" In both studies systemic treatment for 28 

consecutivee days with either placebo or one of four doses of rIL-10 (1, 4 or 5, 8 or 10, 

andd 20 ug/kg) had modest beneficial clinical effects.117, I4" Data at 20-week follow-up 

suggestedd that the beneficial effects may be sustained beyond the period of active 

treatment.M '' In patients responding to rIL-10, a decrease in activation of NF-xB (p65) 

wass observed in ileal biopsy specimens.14" This effect could explain, at least in part, the 

abilityy of IL-10 to suppress the synthesis of pro-inflammatory cytokines, such as IL-1 and 

TNF-aa in the intestinal mucosa. Remarkably, the beneficial effect in both studies of low-

dosee rIL-10 was lost at higher doses, resulting in a "bell-shaped" dose response curve, 

whichh was reminiscent of findings in experimental colitisM : and rheumatoid arthritis.141 

Thee adverse effects of high-dose rIL-10 included mild flu-like symptoms (headache, 

fever,, back pain and dizziness). A possible explanation for this phenomenon was the 

findingg that in Crohn's disease patients as well as in healthy volunteers, high dose rIL-10 

(e.g.(e.g. 20 fig/kg) stimulates IFN-y production resulting in immunostirnulatorv effects.144" Ur' 

Thee fourth study was performed to evaluate safety, tolerance and prevention of 

endoscopicc recurrence by rIL-10 treatment in patients operated on for Crohn's disease 

(655 patients).141 Compared with placebo, rIL-10 (4 or 8 ug/kg) was safe and well-

toleratedd during the twice-weekly subcutaneous administration for 12 weeks and during 

thee 4-week follow-up. Although the power of the study was insufficient to evaluate 
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efficacy,, no clear evidence of prevention of endoscopic recurrence of Crohn's disease 

wass observed. 

Thee short serum half-life of rIL-10 (1.5-3 hours)11*  T4f' diat necessitates frequent 

administrationn of relatively large doses to achieve a therapeutic concentration in the 

targett organ is a limitation of svstemic administration of rIL-10, Systemic rIL-10 

treatmentt in Crohn's disease may result in mucosa] IL-10 concentrations that are 

insufficientt to downregulate inflammation and therefore lack efficacy. In addition, IL-10 

administrationn may be only successful for preventing (and not treating) a disease11'' M" as 

suggestedd bv animal experiments. 

Takenn together, svstemic rIL-10 treatment is safe and modestly effective in patients 

withh Crohn's disease. Svstemic administration is not optimal, because of the side effects 

andd rapid clearance that necessitates frequent administration. Either local administration 

orr targeted gene deliver)- would offer the prospect of achieving higher local 

concentrationss of tli e IL-10 gene for downregulation of the immune response in Crohn's 

diseasee and preventing svstemic undesirable effects. 

Toward ss gen e therap y fo r Crohn' s diseas e 

Vectorss expressing irnrnunoregulatory genes may offer advantages in treatment of 

Crohn'ss disease. Both viral and non-viral vectors have been applied to study gene 

dehvervv in cell cultures and in models of experimental colitis. A summary of these studies 

iss listed in table 2. In addition, genetically modified bacteria can be used to locally deliver 

aa therapeutic gene. Proof of principle of the latter idea was obtained in two models of 

experimentall  colitis, in which intragastric administration of a Lactococcus lactis secreting 

IL-100 prevented the development of colitis.14y 

Forr IL-10 gene therapv, not onlv the choice of vector but also the choice of the 

targett cell is important: IL-10 produced by an epithelial cell wil l have a different effect 

whenn compared with IL-10 produced by a T cell, a dendritic cell or a monocyte. The 

mainn features of gene therapv are reviewed in chapter 3 of this thesis. Suffice to mention 

heree the many experimental studies in models of rheumatoid arthritis, " ''' multiple 

sclerosis1'4'' l " and diabetes,w that have provided a strong rationale for gene therapy of 

txiesee immune-media ted diseases. The considerable experimental evidence for therapeutic 
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Tab l ee 2 In vitr o and in vivo gen e therap y studie s fo r intestina l in f lammat io n 

Vec to r r Feature s s Studie s s 

Nakedd > Potential delivery to wide 
plasmidd DNA/ range of cells 
Liposomee > Transient expression 

>> Low efficiency of gene 
transfer r 

Adenoviruss > Infects wide range of cells 
(Adv)) > Targeting possible 

>> Transient gene expression 
>> High efficiency of gene 

transfer r 
>> Host immune response 

>> Infects wide range of cells 
andd targeting possible 

>> Potential long-term 
expression n 

>> Low immunogenicity 
>> Small packaging capacity 4 kb 

andd difficult manufacturing 

>> Infects only dividing cells 
>> Potential long-term gene 

expression n 
>> High efficiency of gene 

transferr to dividing cells 
>> No immunogenicity 

Lentiviruss > Infects wide range of cells 
>> Potential long-term gene 

expressionn and high efficiency 
off gene transfer 

Adeno--
associated d 
viruss (AAV) 

Retrovirus s 

>> Intranasally or i.m. TGF-p 
plasmidd prevents exp, colitis™ '6I 

>> Efficient infection of intestinal 
epitheliall cells in v i t ro 1 " 

>> IL-IO and IL-4 gene complexed 
too liposomes in Crohn's disease16 

>> Efficient infection of intestinal 
epitheliall cells163"'" and dendritic 
ce l ls ' "" in vitro 

>> AdvlL-10 iv prevents exp. 
c o | j t i s l 6 7 .. 168. 16? 

>> Intrarectal AdvlL-18 antisense 
mRNAA suppresses exp. colitis170 

>> Intragastric AAV expressing p-
galactosidasee prevents lactose 
intolerancee in rats171 

>> Efficient infection of T cells'71 and 
dendriticc cells'73 with a retroviral 
vectorr in vitro 

>> IL-IO transduced CD4+ cells 
peventt exp. colitis174 l75 

>> Efficient infection of T cells'76 and 
intestinall epithelial cells177 with a 
lentivirall vector in vitro 

efficacyy of gene therapy has led to over 600 clinical phase I and IT trials including mure 

thann 3500 patients with monogenic diseases, cancer, and infectious diseases 

(www.vilev.cn.ukl).. Although no gene therapv using anv tvpe of vector has vet been 

approvedd for clinical use, evidence for therapeutic efficacv is suggested bv several 

reports,, " "' The first clinical gene therapv trial in patients with severe Crohn's disease of 

thee rectum is ongoing in which patients receive subcutaneous and submucosal injections 

off  IL-10 and IL- 4 cDXA complexed to canonic lipids in the rectal and perianal region."' 

2H H 
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Outlin ee of the thesis 

Thee main purpose of this thesis was to develop a new maintenance treatment for 

Crohn'ss disease, based on the principle of regulatory T cells generated bv ex rim 

transduction.. In the past years there has been a shift from the use of non-specific anti-

inflammatorvv agents such as steroids to approaches that intervene specifically in the 

intestinall  inflammatory cascade. Among others, rlL-H ) therapy was introduced as a 

potentiall  new anti-inflammatory therapy. Although systemic administration of rIL-10 was 

safee and well-tolerated in patients with Crohn's disease, higher doses were associated 

withh an increased incidence of side effects and decreased efficacy (bell-shaped dose 

responsee curve). 

Inn chapter  2 we provide an explanation for die lack of efficacy of high doses of rlL -

100 m the treatment of Crohn's disease. Our data indicate that high dose rIL-10 (e.g. 

subcutaneouss 20 ng/kg/dav) induced the production of the pro-inflammatory cytokine 

IFN-y.. These findings together with the other limitations of systemic cytokine therapy 

(shortt half-life and limited mucosal bioavailability of rIL-10) provided the rationale to 

studyy alternative wTays of delivering immunoregulatorv genes. 

Inn chapter  3 we review the different strategies for gene therapy in the treatment of 

gastro-intestinall  inflammation. Adenoviral delivery of IL-10 would have the advantage of 

inducingg a more sustained expression of IL-10 as compared with administration of 

rIL-10. . 

Inn chapter  4 we studied the potential therapeutic use of an adenoviral vector 

containingg the IL-10 gene in experimental colitis. However, using adenoviral vectors the 

expressionn of the transgene remains transient (days to wxeks). Retroviral vectors have the 

potentiall  to induce long-term transgene expression (months to years). 

Inn chapter  5 we employed an ex vivo approach to transfer IL-10 using a retroviral 

vectorr to human T cells and performed pbenotvpic and functional analysis in vitro of the 

geneticc engineered T cells. 

Inn chapter  6 we studied cell migration to the intestine after intravenous cell transfer 

intoo mice. We describe the use of animal pinhole single photon emission computed 

tomographyy (SPFCT), a technique for temporal and spatial imaging of the lymphocyte 
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homingg process in experimental colitis. Lastly, to obtain the proof of principle for the 

usee of genetic engineered retroviral T cells overexpressing IL-10, in chapter  7 we 

investigatedd the efficacy of this approach in offering protection against experimental 

colitis. . 
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