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Chapte rr  I 

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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Introductio n n 

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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Chapte rr  I 

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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Introductio n n 

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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Introductio n n 

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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Memoryy CD4 
NKTI.I I 
Mastt cells 
Eosinophils s 

T T 

IL-4 4 

Killl intracellular i«G2a igE.lgGl 
pathogens s 
Organn specific 
auto-immunity y 

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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Introductio n n 

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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Chapte rr  I 

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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Introductio n n 

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.' 

21 1 



Chapterr  I 

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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Abstract t 

Backgroundd & Aims: Interleukin-K) (IL-10) exerts anti-inflammatory actions by 

counteractingg many biological effects of interferon y (IFN-y). To investigate this in 

humanss we studied the effects of human recombinant IL-10 administration on IFN-y 

productionn by patient leukoevtcs. Furthermore we assessed the IFN-y-inducible molecule 

neoptennn and nitrite /nitrate serum levels, which are indicative for endogenous nitric 

oxidee (NO) formation. 

Methods:: As part of two placebo-con trolled double blind studies we analyzed 

patientss with chronic active Crohn's Disease (CACD) who received either subcutaneous 

recombinantt human IL-10 (rIL-10) (n=44) or placebo (n=10) dailv for 28 days, and 

patientss with mild to moderate CD (MCD) treated with either subcutaneous IL-10 

(nn = 52) or placebo (n=16) daily for 28 days. Neopterin and nitrite /ni trate concentrations 

weree measured in serum and ex vivo IFN-y formation by lipopolysaccharide- or 

phytohemagglutininn (PHA)-stimulated whole blood cells were inyestigated before, during 

andd after IL-10 therapy. 

Results:: In patients with CACD, the highest used dose of 20 u.g/kg IL-10 caused a 

significantt increase of serum neopterin on davs +15 and +29 of therapy as compared 

withh pretreatment levels. No changes were observed for nitrite/nitrate levels under either 

condition.. In MCD, treatment with 20 ug/kg IL-10 resulted in a significant increase of 

PHA-inducedd IFN-y production. 

Conclusions:: High doses of IL-10 uprcgulatc the production of IFN-y and 

neopterin.. This phenomenon may be responsible for the lack of efficacy of high doses of 

IL-100 in the treatment of CACD and MCD. 
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Introductio n n 

Interleukinn (IL)-I O is secreted by several cell populations including T helper cells (Th), 

monocytes/macrophages,, dendritic cells, B cells, and keratinocytes.1 This cytokine 

suppressess inflammation by various mechanisms, including reduction of MHC class II 

expression,, decreasing T cell secretion of IL-2, and dirriinishing the production of IL-1 a, 

IL- lp ,, tumor necrosis factor a (TNF-oc) and IL- 8 by activated monocytes/macrophages.1 

Gene-targetedd IL-10-deficient mice develop transmural inflammation of the small and 

largee bowel, reminiscent of Crohn's disease." This tvpe of inflammation is aggravated bv 

thee presence of bacteria within the gut lumen, and can be prevented bv administration of 

IL-10.. Administration of IL-10 ameliorates inflammation in several other animal models 

nott only limited to the gut.' These data together suggested that IL-10 is a promising 

cytokinee for treatment of inflammatory diseases. However, the clinical efficacy of 

recombinantt human (r)IL-10 in the treatment of Crohn's disease has been 

disappointing.'' 4 In both animal models and in endotoxin-challenged volunteers, 

administrationn of rIL-10 caused a significant reduction of TNF-a production.' However, 

wee have reported that in contrast to results obtained in various animal models, 

administrationn of rIL-10 in endotoxin-challenged volunteers caused an increase of the 

productionn of interferon y (IFN-y).5 

Thee circulating concentrations of IFN-y and neopterin are increased in patients with 

activee Crohn's disease (CD), and correlate with clinical disease activity, as measured by 

thee CD activity index (CDAI) / Neopterin, a pyrazino-pyrimidino dcrivate, is mainly 

producedd by monocytes/macrophages under the control of IFN-y, and has thus turned 

outt to be a valuable in vitro and in vivo marker for monitoring cell-mediated immune 

functionn and IFN-y activity/'" In addition, IFN-y, in combination with pro-inflammatory 

cytokiness such as TNI ' -a and IL-1J3, stimulates synthesis of inducible nitric oxide 

synthasee (iNOS), thereby increasing nitric oxide (NO) production." 

Thee present studies were designed to assess the impact of rIL-10 on monocyte and 

TT cell activity by (i) investigating serum levels of neopterin and nitrite/nitrate, the stable 

endproductss of N O in serum/"J in patients with chronic active steroid-unresponsive CD 

(CACD)) and by (ii) studying ex vivo production of TNF-a and IFN-y in patients with 
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mildd to moderately active CD (MCD). The analyzed patients were part oi two large, 

double-blindd randomized multicenrer collaborative trials for studying the therapeutic 

effectss of rl l.-I O in CACD and MCD.'14 

Material ss and Methods 

Pat ien ts s 

Twoo multicenter, randomized, double blind, placebo-controlled smdies were conducted 

inn patients witb CACD and MCD (for details see 1'edorak and colleagues' and Schreiber 

andd colleagues4). In the CACD trial, patients were included if they had active steroid-

resistantt CD involving the colon or both the ileum and colon, with or without external 

fistula.. Active disease was defined as having a CDAI of 200-400 despite treatment with 

prednisonee (1(1 to 40 mg/day for at least 3 months) given alone or in combination with 

6-mercaptopurinee or azathioprine prior to the study. These therapies had to be continued 

duringg the srudv. Patients were allowed to take aminosalicylates and/or antibiotics, 

providingg that the used dosages were kept stable during the study. Patients with CACD 

weree randomly assigned to receive one of four doses (1, 4, 8, and 20 fig/kg body weight) 

off  rIL-10 (Schering-Plough, Kemhvorth, N|) or placebo once daily subcutaneouslv for 28 

consecutivee davs. A total of 329 patients were included in the study. After the 28-days 

treatmentt period patients were followed up for 4 weeks. 

Inn another study of similar design patients with MCD were enrolled. Patients were 

eligiblee if CDAI was 200-350, and the disease involved the ileum and/or colon. 

Concurrentt or recent treatment with corticosteroids (last dose 30 days) or 

immunosuppressivess (up to 90 days) was not allowed. Systemic aminosalicylates and its 

topicall  use had to be discontinued prior to initiation of study medication for at least 24 

hourss or 14 days, respectively. In this study, one of four doses (1, 5, 10, 20 p-g/kg body 

weight)) of rIL-10 or placebo was administered once daily subcutaneouslv for 28 

consecutivee davs. A total of 95 patients were treated (rIL-10, n: : :72; placebo, n=23) with 

aa follow-up of five months. 
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Measuremen tt  o f neopteri n and nitr i te/nitrat e in C A C D patient s 

Thee analyzed patients were part of the international collaborative trial described above. 

Serumm levels of neopterin and nitrite /nitrate were analyzed in 10 patients treated with 

placebo,, 12 patients treated with 1 ^g/kg, 12 patients treated with 4 ug/kg, 10 patients 

treatedd with 8 jag/kg and 10 patients treated with 20 j^g r IL-10/kg body weight 

subcutaneouslv.. Serum levels of neopterin and nitrite/nitrate were determined on days -

1,, +15 and +2(J of therapv and after four weeks of follow-up. Neopterin levels were 

assessedd bv a specific F'.LISA (Brahms, Berlin, Germany). 'Hie detection limi t for 

neopterinn was 3 ntnul/1 and normal values -are below 8 nmol/1/' For determination of 

nitrite/nitratee levels samples were deproteinized bv sulfosalicylic acid and neutralized 

withh NaOH. After enzvmaric reduction of nitrate to nitrite using nitrate reductase 

(Sigma,, Munich, Germanv) total nitrite concentration was determined 

spectrophotometricallvv after addition of the Griess Ilosvay's reagent (Merck, Darmstadt, 

Germanv).'' Sodium nitrite served as standard. The detection limi t for nitrite/nitrate was 

11 u.mol/1. 

Assessmen tt  o f whol e bloo d cel l synthesi s of IFN-y and T N F - a in M C D 

patient s s 

AA total of 68 patients who all completed the trial were studied (placebo, n=6; 1 ^g/kg, 

n=15;; 5 ^g/kg, n=12; 10 ^g/kg, n~12 and 20 fig/kg, n -13 ). Venous blood was 

asepticallvv collected in endotoxin-free hepannized tubes (final heparin concentration 10 

1.7mll  whole blood) and immediately aliquots of 2.5 ml of blood were mixed with 25 p.1 

phvtohemagglutininn (PFIA) (final concentration S fig/ml, Mures Diagnostics Ltd., 

Dartford,, England) or with 25 u.1 lrpopolvsaccharide (LPS) (final concentration 10 ng/ml, 

E.. coil tvpe 055-B5). As a negative control, 2.5 mi of blood was added to 25 JJ.1 

Polvmvxinee B (1 mg /ml endotoxin-free buffered saline). Al l samples were incubated for 

244 hours at 37°C. After incubation the samples were centrifuged at lOOOg for 30 minutes 

att 4°C and platelet poor plasma was stored at -70° until analysis. TNF-a and IFN-y levels 

weree assessed bv specific FT ISA's (OJ.B, Amsterdam, The Netherlands). The detection 

limi tt for TNF-a was 1 pg/ml and for IFN-y 7.4 pg /ml and normal values (heparinized 

plasma)) are below 5 pg /ml and 10 pg/ml, respectively. TNF-a and IFN-y were 
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Tab l ee I Se ru m level s o f n i t r i te /n i t ra t e 

Serumm levels of nitrite/nitrate (umol/l) in patients with C A C D treated with either placebo 

(n=IO),, or recombinant human IL-IO at I (n=l2) , 4 (n=l2), 8 (n= 10) or 20 (n=IO) ug/kg body 

weightt subcutaneously over 28 days. 

Grou p p 

Placebo o 

11 ug/kg 

44 ug/kg 

88 ug/kg 

200 ug/kg 

Day- I I 

31.66 6 

29.66  4.0 

46.00  9.6 

38.00  6.4 

34.44  6.0 

Dayy +15 

32.44  4.0 

38.44  10.6 

46.88  0.4 

38.88  5.2 

39.66  8.0 

Dayy +29 

30.44  3.2 

22.88  3.2 

43.6++ 10.8 

47.66  8.8 

46.0++ 11.6 

pp value * 

0.79 9 

0.27 7 

0.79 9 

0.50 0 

0.29 9 

Follow-u pp wk 4 

36.44  4.8 

28.00  3.6 

38.00 + 8.0 

40.00  5.2 

32.88  6.8 

Dataa are presented as mean  SEM. 

^Statisticall analysis was done using A N O V A . 

determinedd prior to administration of rIL-10 on day + 1, on dav +K (only TNF-ot levels 

assessed)) and 24 h after the last dose of study medication on dav +29. 

Sta t i s t i ca ll  analysi s 

Statisticall  analysis was done using the non-parametric comparison according to Ivruskal-

Walliss and Friedman. ANOV A analysis and the Friedman test were used to allow for 

comparisonn within groups for the CACD study and MCD study, respectively, ' l l i c 

Wilcoxonn signed rank test was used for comparison within groups. Correlation analysis 

herweenn neoptenn/cytokine values and clinical response was performed bv applying the 

Pearsonn correlation test. Data are presented as mean  SHM. A two-tailed p-value of less 

thann 0.D5 was considered to represent a significant difference. 
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Figur ee I Serum neopterin levels in patients wi th C A C D treated with placebo (n=IO), or 

recombinantt human interleukin IO at I (n= 12), 4 (n= 12), 8 (n=IO) or 20 (n=IO) f-ig/kg body 

weightt subcutaneously daily over 28 days. Data are individual values/ mean. * p<0.05 and 

*** p<0.005 compared with pretreatment levels; A N O V A analysis. 

Results s 

C A C DD stud y 

Patientss who received placebo, I u.g/kg or 4 u.g/kg body weight rIL-10 subcutaneously 

showedd no change in serum neopterin values over the observation period. A dose level 

off  8 ug /kg body weight rIL-10 caused a slight, but nonsignificant increase of neopterin 

levelss on day +15 (8.1  0.9 mmol/1) and day +29 (8.4  0.9 mmol/1; p=0.07) of therapy 

ass compared with pretreatment concentrations (6.6 i 0.6 mmol/1) (figure 1). I his 

increasee was more pronounced and highly significant when patients received rIL-ll ) at 

thee highest dose (20 ug/kg body weight). Neopterin levels then increased from 7.5 + 0.5 

mmol/11 at baseline to 13.7+ 1.7 mmol/1 (p<0.00.V) on day - 15 and to 10.4  1.4 mmol/1 

(p<0.05)) on day +29. During follow-up (four weeks after end of therapy) neopterin 

concentrationss returned to baseline levels (figure 1). 
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Figur ee 2 Whole blood cell culture plasma levels of tumour necrosis factor « (TNF-o.) after 

lipopolysaccharidee stimulation in patients with mild to moderately active Crohn's disease treated 

withh placebo (n= 16). or recombinant human interleukin 10 at I (n=l5), 5 (n=l2) , 10 (n=l2) or 

200 (n= I 3) ug/kg body weight subcutaneously daily over 28 days. Data are shown as individual 

values// mean. * p<0.05 compared with pretreatment levels. 

Prerrcarmcnrr neopterin levels in all parienrs (n—54) were 7.9  0.5 mmol /l (nor 

significantlyy increased as compared with healthy controls).' Vie observed no correlation 

betweenn increased neopterin svnthesis and clinical response to cIL-10 treatment. 

Theree were no significant changes in serum nitrite/nitrate levels ar any dose level 

studiedd during the observation period in anv treatment group. However, at the end of 

therapyy (dav +29) patients receiving higher doses of rIL-10 (20 u-g/kg body weight) 

presentedd with higher nitrite/nitrate levels than patients receiving lower rIL-10 doses or 

placeboo (table 1). 

M C DD stud y 

Incubationn of whole blood for 24 h with the negative control polymyxin B resulted in 

virtuallyy no l IN - y and TNF-ot production (data not shown). In the placebo group, 

incubationn with LPS caused increased TNF-a production, and no significant change over 
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Figur ee 3 Whole blood cell culture plasma levels of tumour necrosis factor a (TNF-a) after 

phytohaemagglutininn stimulation in patients with mild to moderately active Crohn's disease 

treatedd with placebo (n=l6) , or recombinant human interleukin 10 at I (n=l5) , 5 (n=l2) , 10 

(n== 12) or 20 (n= 13) ug/kg body weight subcutaneously daily over 28 days. Data are shown as 

individuall values/ mean. 

rimerime was observed (figure 2). Treatment with rIL-10 resulted in a strong, dose-

dependent,, inhibition of LPS-induced TNF-ot release (l [Xg/kg, NS; 5 Ug/kg, p=0.009; 10 

ug/kgg p-0 .028; 20 ug /kg p=0.008) (figure 2). In the placebo group, incubation of whole-

bloodd with PHA induced TNF-ot production and again no significant change over rime-

wass observed (figure 3). Treatment with rIL-10 however resulted in a slight but non-

significantt increase of T N F -a production in the higher dose groups (figure 3). Levels of 

LPS-inducedd IFN-y production were low on both day + I and +29 in all groups (data not 

shown).. However, high rIL-10 doses (20 Ug/kg) significantly increased PHA-induced 

U NN v production at day +29 (p=0.028) (figure 4). 

Whenn correlating PHA-induced IFN-y production and clinical response, we found 

thatt I IN- y production was lower in responding patients (data not shown), but the effect 

didd not reach staustical significance. There was however no correlation between LPS-

inducedd TNF-a values at days --8 and - 29 and clinical response. 
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Figur ee 4 Whole blood cell culture plasma levels of interferon y (IFN-y) after phyto 

haemagglutininn stimulation in patients wi th mild to moderately active Crohn's disease treated 

withh placebo (n=l6) . or recombinant human interleukin 10 at I (n= l5) . 5 (n=l2) , 10 (n= 12) or 

200 (n=l3) jig/kg body weight subcutaneously daily over 28 days. Data are shown as individual 

values// mean. * p<0.05 compared with pretreatment levels. 

Discussion n 

IL-100 is an important negative regulator of cell-mediated immunity.' In many animal 

models,, IL-10 has been shown to inhibit IFN-y secretion from activated Thl cells and 

NKK cells and antagonize the effects of IFN-y towards target cells such as 

macrophages.. ' In mice, the immunoregulatorv roles of IL-10 however appear to 

bee complex. Murray et . / /have shown that IL-10 transgenic mice are unable to clear 

mycobacteriall  infection." In this study, excess administration of IL-10 did not inhibit T 

celll  responses to mycobacteria and IFN-y production in these mice.1' This study 

suggestedd that rJL-10 enhances IFN-y production by antigen specific Thl cells and /or 

nonspeciticallyy by natural killer cells under chronic mflammarorv conditions, 

lur thcrmore,, several studies indicate that II.-10 may act as an immunostimulatorv 

agent.""  In mice with graft-vcrsus-hosr-disease (GVHD) IL-10 administration dose-

dependenihh decreased survival. Perrit et al demonstrated diat proliferation of IL-2-
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activatedd natural killer cells is enhanced by IL-10, and the production of Il'~N-y and 

TNI ; -aa bv IL-2-activated natural killer cells is significantly stimulated by IL-10. '' More 

importantly,, Shibita et a! recently showed that II..-10 may enhance IFN-y production by 

naturall  killer cells.1 

Inn humans, rl l.-l O can also have a dual role. We have previously reported that in low-

dosee endotoxemia in human volunreers a high dose of rl l .-10 (25 ug/kg) increases serum 

levelss of IFN-y/ Recombinant II.-10 treatment also enhanced die release of the IFN-y 

dependentt chemokines IFN-y-inducible protein-10 and monokine induced by IhN-y in 

vim.vim. In addition, increased levels of soluble granzymes were measured after rIL-10 

treatment,, reflecting activation of cytotoxic T cells and natural killer cells.1 

Whetherr die stimulatory or inhibitory effect of rl l.-10 on IFN-y production may be 

predominantt in a chronic inflammatory disease such as Crohn's disease however is not 

known.. In the current study, we decided to assess cytokine production by lymphocytes 

andd monocytes separately, by using specific stimuli (that is, PHA which directly 

stimulatess Ivmphocvtes and LPS which stimulates monocytes). Our data showed 

increasedd formation of neopterin and IFN-y in response to high doses of rIL-10. This 

indicatess that in CACD and MCD, rIL-10 may stimulate IFN-y production thereby 

limitin gg its anti-inflammatory activities. This effect appears to be dose-dependent as low 

dosess of rIL-10 have no influence on neopterin/1FN-y values. Interestingly, our data 

fromm the MCD study indicate that IL-10 differently affects the two pro-inflammatory 

cytokiness TNF-a and IFN-y, as high doses of rIL-10 decrease LPS-induced TNI ' -a 

synthesiss whereas they enhance PHA-strmulated IFN-y synthesis. 'Ihis discrepancy 

betweenn TNF-a and IFN-y after rIL-10 treatment is probably a consequence of different 

effectss of IL-10 on the source cells for both cytokines. IFN-y is exclusively produced by 

Ivmphocvtess and natural killer cells, whereas TNF-a is produced by both monocytes and 

lymphocytes. . 

füevatedd levels of neopterin have been demonstrated in C D' but in our patient 

populationn baseline neopterin concentrations were similar to healthy controls. 'Ihis may 

bee due to concomitant anu-inflarnmatory treatment with steroids as all our patients 

studiedd in the CACD trial were treated with steroids and these agents can suppress 

neopterinn synthesis/' Neopterin is a pteridine derivate, which is produced by human 
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monocytes// macrophages in response to IFN-y.'' llii s effect is due to direct stimulation 

off  the key enzyme of the pteridinc pathway, G TP cyclohydrolasc I, by IFN-y. Thus, it is 

wel]]  established that elevated levels of neopterin reflect enhanced endogenous IFN-y 

activity.''' ' i l i i s has been demonstrated in many different disease states including bone 

marroww and solid organ transplantation, immune-mediated disorders, tumours and 

infectiouss diseases/'1K" ' 

Nitr i te/nitratee levels were not significantly changed over the observation period in 

thee CACD study. In contrast with neopterin, which is produced after stimulation of 

macrophagess by &  single cytokine such as IFN-Y , " ' Ü \ ' OS expression in macrophages or 

hepatocytess requires the combined treatment with IFN-y /TNF-a, 11,-1 and /or LPS to be 

fullyy induced. ~" Thus, increased serum concentrations of a single protein, such as 

IFN-y,, as might occur after therapeutic administration of high doses of rIL-10, stimulate 

neopterinn formation but are not sufficient enough to induce N O formation to an extent 

too alter serum nitrite /nitrate levels. This notion is also supported bv the observation that 

aa "cytokine storm", as occurs during G V H D or allograft rejection, is able to increase 

endogenouss N O formation as well as neopterin production while viral complications in 

thiss setting increase only neopterin but not N O levels.' Thus, neopterin is a more 

reliablee parameter to detect endogenous IFN-y activity than nitrite/nitrate. Nevertheless, 

itt would also appear reasonable that the lack of differences in nitrite/nitrate levels over 

thee observation period may be a consequence of die fact that all patients investigated in 

thiss study received corticosteroids, as corticosteroids can downregulate N O formation bv 

blockingg iNOS expression/' 

Vann Deventer rf a! demonstrated that rIF-10 administered as a daily intravenous 

boluss injection over one week was safe and well tolerated and this small study suggested 

clinicall  efficacy.2 In both the MCD and CACD study rIL-10 was also safe and showed 

somee clinical efficacy.' + Interesnngly, in die MCD study, the major effective dose was 

55 ug/kg body weight, a dose which did not induce IFN-y in our study.1 Whereas a 

tendencyy towards clinical improvement but not remission was observed in the 8 u.g/kg 

dosee group in die CACD study, a dose of 20 j ig/kg rIL-l( l was not associated with any-

clinicall  benefit in both the CACD and the MCD studies. Higher doses of rIL-10 were 

associatedd with systemic side effects such as fever, headache and malaise; this mav be 
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causedd by uprcgulation of 11'N-y and neoptenn production in vim, probably reflecting 

endogenouss formation of IFN-y by activated lymphocytes or natural killer cells. 

Inn conclusion, out data strongly indicate that rIL-10 at a high dose (20 fxg/kgj 

increasess production of IFN-y by peripheral blood lymphocytes. At this dose, no clinical 

efficacyy was observed in patients with active Crohn's disease, and side effects including 

feverr and headache were observed. This suggests that the use of systemically 

administeredd rIL-10 is limited bv its pro-inflammatory effects. This problem may be 

circumventedd by approaches that result in effective mucosal delivery without causing an 

increasee in systemic 11,-10 concentrations. 

Acknowledgement s s 

Wee thank Margot Haun and Miekc Sala for technical assistance, 'lli e authors thank the 

followingg collaborators for their input: Dr. B. Duclos, Department of Gastroenterology, 

Universityy of Strasbourg, France; Dr. R. A. van Hogezand, Department of Gastro-

enterology,, University of Leiden, The Netherlands 

Reference s s 

1.. Moore K\X', A O G, dc Waal Maleryt R, Vieira P, Mosmann TR. lnterleulun-10. Aunu R<>r 

W W )) 993; 11: 165-90. 

2.. Kuhn R, Lohler |, Rennick D, Rajewsky K, Muller W. Interleukin-10-deficient mice develop 

chronicc enterocolitis. Ceil' 1993; 75: 2d.l-74. 

3.. Iedorak RN, Gangl A, IClson (X) , Rutgeerts P, Schreiber S, Wil d G, Hanaucr S, Kilian A, 

(Cohardd M, LeBeaut A, Feagan B, and the Intcrlcukin 10 1 nf lammatory Howe! Disease 

(Cooperativee Study Group. Recombinant human mterleukin 10 in the treatment of patients 

withh mild to moderately active (Crohn's disease. Guitmenterolo ̂ 2000; 119: 147.3-82. 

4.. Schreiber S. Fedorak RN. Nielsen O H, Wild G, Williams NC, Nikolaus S, jacyna M. Lashner 

BA,, Gangl A, Rutgeerts P, Isaacs K, van Deventer S|H, Koningsbergcr J(C, C Cohard M, 

Lebautt A, Hanauer SB, and the Crohn 's disease 11,-10 cooperat ive study group. Safety and 

efficacyy of recombinant human interleukin 10 in chronic active (Crohn's disease, 

GusiTwukmkg)GusiTwukmkg) 201*0; 119: 14dl-T2. 

5.. Lauvv FN, Pajkrt 10, Hack (CIC, kur imoro M, van Deventer SJH, van der Poll '1'. Pro-

inflammatoryy effects of IL-10 during human cndotoxemia. } Immunol'20110; 165: 27K3-9. 

3 ' ' 



Chapterr  2 

6.. Wachter H, Fuchs D, Hansen A. Ne<>ptenn. Biochemistry-methods-clinical application. 

Berlin:: De Gruyter, 1992. 

7.. Huber ('., Batchelor JR, Fuchs D, Hausen A, I^ang A, Niedenvieser D, Reibnegger G, Swetlv 

P,, Troppmair |, Wachter H. Immune response-associated production of neopterin. Release 

fromm macrophages primarily under control of interferon-gamma. ƒ Exp Mrd 1984; 160: 310-6. 

8.. Nathan C, Xie QW. Regulation biosvnrhesis of nitric oxide. / Bw/Cbem 1994; 1994: 13725-8. 

9.. Green IX"., Wagner DA , Glogowski |, Skipper PI., Wishnok [S, Tannenbaum SR. Analvsis of 

nitrate,, nitrite, and [15N]nitrare in biological fluids. AmU' Biodwm 1982; 126: 131-8. 

10.. de Waal Malefvt R, Haanen |, Spits H, Roticarolo MG, te Yelde AA , Figdor C, Johnson K. 

Kasteleinn R, Yssel H, de Yries |IL Interleukin 10 (T1.-10) and vual 1L-10 strongly reduce 

antigen-specificc human '1 cell proliferation bv diminishing the antigen-presenting capacirv of 

monocytess via down regulation of class II major histocompatibility complex expression. / 

K N / ^ W I W I ;; 174:915-24. 

11.. Fiorentmo DF, Xlotnik A, Mosmann '1'R, Howard M. A O G. 1L-10 inhibits cytokine 

productionn by activated macrophages, ƒ Immunol'1991; 147: 3815-22. 

12.. D*Andrea A, Aste-Amezaga M, Valiante NM, Ma X, Kubin M, Tnnchien G. Interleukin 10 

(II..-10)) inhibits human lymphocyte interferon gamma- production by suppressing natural 

killerr cell stimulatory facror/IL-12 synthesis in accessory- cells, ƒ Exp Mtd 1993; 178: 1041-8. 

13.. Bogdan C, Yodovotz Y, Nathan C. Macrophage deactivation by interleukin JO. ƒ Exp Med 

1991;; !74: 1549-55. 

14.. Murray P|, Wang L, Onufryk G, Tcpper RI, Young RA. T cell-derived II.-10 antagonizes 

macrophagee function in mycobacterial infection, ƒ Immunol 1997; 158: 315-21. 

15.. Blazar BR, Taylor PA, Smith S, Vallera DA. Interleukin-10 administration decreases survival 

inn murine recipients of major histocompatibility complex disparate donor bone marrow 

grafts.. Yilmd 1995; 85: 842-51. 

16.. Peritt D , Aste-Amezaga M, Gerosa P, Paganin C, Trinchieri G. Interleukin-10 induction bv 

IL-12:: a possible modulatory- mechanism? .-J«// A Y Atwf S\i 1996; 795: 387-9. 

17.. Shibata Y. Foster I,A, Kurimoto M, Okamura H, Nakamura RM, Kawajiri K, justice IP, Van 

Scottt MR, Myrvik Q N, Metzger WJ. Immunoregulatorv roles of IL-10 in innate immururv: 

II.-100 inhibits macrophage production of IFX-gamma-induciiig factors but enhances NK cell 

productionn of t l 'X-gamrna. / //«W///W1998; 161: 4283-8. 

18.. Tilg Fi, Vogel W, Auhtzky \VE, Schonttzcr D. Margreitcr R, Dietze (.), |udmaier G. Wachter 

H.. Huber C. Neopterin excretion after liver transplantation and its value in differential 

diagnosiss of complications. Transplantation 1989:48: 594-9. 

19.. Niederwieser J). Herold M, Woloszczuk W, Aulitzkv W, Meister B, Til g H, Gastl G, Bowden 

R,, Huber C [endogenous IFN-gamma during human bone marrow transplantation. Analvsis 

58 8 



Effect ss of rIL-1 0 on IFN-y productio n in Crohn' s diseas e 

off  scrum levels of interferon and interferon-dependent secondary messages. Transplantation 

1990;; 5(1:620-5. 

Truppmairr J, Nachbaur K, Herold M, Aulitzky W, Til g H, Gastl G, Bieling P, rvotlan B, 

Flenerr R, Mull B, et al. In-vitro and in-vivo studies on the induction of neopterin 

biosynthesiss bv cytokines, alloantigens and lip op oh-saccharide (ITS). Clin risp Immunol 1988; 

74:: 392-7. 

Weisss G, kxonberger P, Conrad F, Bodner F, Wachter H, Reibnegger G. Neopterin and 

prognosiss in patients with adenocarcinoma of the colon. Cancer Rts 1993; 53: 260-5. 

Moncadaa S, Higgs A. The I ,-arginine-nitric oxide pathwav. A" En%/J Mtd 1993; 329: 2002-12, 

Xi ee Q\V, Cho H] , Calaycay J, Mumford RA, Swidcrek KM , Lee I D , Ding A, Troso T, 

Nathann C. Cloning and characterization of inducible nitric oxide svnthase from mouse 

macrophages.. Sciefar 1992; 256; 225-8. 

Geilerr DA, Lowenstein C], Shapiro RA, \ uss ler AK , Di Silvio M, Wang SC, Nakavama DK , 

Simmonss RL, Snvder SH, Billiar '1'R. Molecular cloning and expression of inducible nitric 

oxidee synthase from human hepatocytes. Pros Natl Acad Sa USA 1993; 90: 3491-5. 

Weisss G, Scmvaighofer H, Herold M, Nachbaur D, Wachter H, Niederwieser D, Werner ER. 

Nitri cc oxide formation as predictive parameter for acute graft-versus- host disease after 

humann allogeneic bone marrow transplantation. Transplantation 1995; 60: 1239-44. 

Radomskii  MW, Palmer RM, Moncada S. Glucocorticoids inhibit the expression of an 

inducible,, but not the constitutive, nitric oxide svnthase in vascular endothelial cells. Prw'Satl 

AcadSaVSAAcadSaVSA 1990; 87: 10043-7. 

vann Deventer S)H, Flson C O, Fedorak RN, for the Crohn's Disease Study Group. Multipl e 

dosess of intravenous interleukin 10 in steroid-refractory Crohn's disease. Gastmnnleroks) 1997: 

113:383-9. . 

59 9 

file:///ussler




Chapte rr  3 

Retrovirall gene therapy for intestinal inflammation 

Catherinee van Montfrans', Anje A. te Velde1, Sander J.H. van Deventer2 

andd Maria Sol Rodriguez Pena' 

Departmentss of Experimental Internal Medicine and "Gastroenterology and Hepatology 

(Academicc Medical Center. Amsterdam. The Netherlands) 

submittedd for publication 



Chapte rr  3 

Introductio n n 

Inflammationn is a major feature in a vast number of gastro-intestinal (GI) diseases, such 

ass inflammatory bowel disease, cancer,1 cystic fibrosis," familial adenomatous polyposis,' 

ischemia/reperfusion,, radiation enterit is/ Barret's oesophagus," celiac disease, ' * and 

Helicobacterr pylori infection.' For some of these disorders there is no satisfactory 

therapy.. Whereas the inflammatory changes arc usually confined to the gut mucosa, most 

medicall  therapies make use of the systemic administration of drugs that often have 

severee side effects. We here propose an alternative approach to the delivery of specific 

immunomodulatoryy signals to the gut mucosa, using gene transfer. Gene therapy was 

initiall yy developed for the treatment of inherited diseases with a single gene defect, but at 

presentt most of the approved clinical protocols involve cancer patients.1" More recently, 

diee possibility of treating inflammatory diseases by deliver)' of anti-inflammatory or 

immunomodulatoryy genes has attracted significant interest.11 In this review we 

summarizee different strategies for using gene therapy in the treatment of gastro-intestinal 

(GI)) inflammation, focusing on retroviral gene transfer. 

62 2 



G e n ee the rap y fo r intest ina l i n f l a m m a t i o n 

Tab l ee I Potentia l transgene s in gastro-intestina l in f lammat io n 

Transgen ee Act io n Reference s 

Dominantt negative I kappa B Inhibition of N F - K B activation " " M 

kinasee (IKK-2) mutant 

Anti-inflammatoryy cytokines Inhibition of Th I response and " • 5 6 

(IL-4,, IL-IO, TGF-J3 ) antigen presentation 

IL-II receptor antagonist and Inhibition of actions of pro- S7-58 

solublee TNF receptor inflammatory cytokines iL-1 and TNF 

IL-I2p400 Antagonism of effects of IL-I2p70 s* 

CTLA-44 Ig Inhibition of costimulation 6t> 6t 

FasLL Induaion of apoptosis 61 

Abbreviations:: NF: nuclear factor; IL: interleukin: TGF: transforming growth factor; TNF; tumour 
necrosiss factor; CTLA-4: cytotoxic T lymphocyte-associated antigen; jg: immunoglobulin; FasL 
Fass ligand. 

Requirement ss fo r gen e therap y 

Genee of interes t 

Genee therapy is the transfer of genetic material to cells with the aim of offering 

therapeuticc benefit. The gene of interest (transgene) is transferred to the target cell bx a 

delivenn vehicle (vector), obtaining selective gene expression at the site of interest. The 

transgenee mav encode for therapeutic RNA, such as ribozvmes or amisense RXA , or for 

proteins.. Cil inflammation is regulated by numerous genes that modify the pattern of 

genee expression (e.g. transcription factors) of inflammatory cells, regulate antigen 

presentation,, and modulate T cell responses (cytokine secretion), accessory signals from 

costimulatoryy molecules, cell recruitment via chemotaxis and cell adhesion, as well as 

moree general downstream effector functions. F^xamples of potential transgenes are 

providedd in table 1. 

V e c t o r r 

AA vector is required to facilitate uptake and expression of the transgene into target cells. 

Vectorss can be non-viral (plasmids and liposomes) or viral (adenovirus, adeno-associated 
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Tabl ee 2 Vector s fo r gene transfe r 

Size e 
transgene e 

Titre e 
(particles/ml) ) 

Integration n 

Sustained d 
expression n 

Inn vivo 
delivery y 

Quiescent t 
cells s 

Retro --
viru s s 

<8kb b 

I06-I07 7 

Yes s 

Variable e 

Poor r 

No o 

Vira l l 

Lenti --
viru s s 

<IOkb <IOkb 

io 1 0 0 

Yes s 

Variable e 

Variable e 

Yes s 

Ad V V 

<7-8kb b 

!0 l0-!013 3 

No o 

Transient t 

High h 

Yes s 

AA V V 

<4kb b 

IO9 9 

Yes s 

Transient t 

High h 

Yes s 

Non n 

Lipo --
some s s 

>20kb b 

NA A 

No o 

Transient t 

High h 

Yes s 

l l 

Plasmi d d 
DNA A 

>20kb b 

NA A 

No o 

No o 

Poor r 

Yes s 

Insertionall Insertional Host Difficult 
Disadvantagess muta- muta- immune manu-

genesiss genesis response facturing 

Cellular r 
toxicity y 

Local l 
effect t 
only y 

Abbreviations:: AdV: Adenovirus; AAV: adeno-associated virus; kb: kilobases; NA: not applicable. 

virus:: AAV , and retrovirus). Each vector system is characterized by an inherent set of 

propertiess (summarized in table 2) that affect its suitability for specific applications. Any 

vectorr should meet four important criteria: safecv, efficiency, reliability and preferably 

induciblee expression of the transgene. At present, viral vectors are far more efficient 

agentss for gene transfer than non-viral agents. Viral vectors exploit the natural ability of 

virusess to introduce their genetic material into the cells rhev infect with high efficiency. 

Treatmentt of GI inflammation requires additional features of the vector, including 

long-termm local gene expression from a relatively small proport ion of cells. A retroviral 

vectorr is a promising candidate to accomplish this goal. Firstly, it integrates efficiently 

intoo the genome of the target cell. Secondly, it docs not transfer any viral gene, thus 

reducingg the risk of an immune response against the transduced cells. Both of these 

propertiess are likely to be crucial for achieving sustained expression of the transgene. 

Lastly,, retroviral vectors have a large cloning capacity, up to 8 kb. The distinct 

disadvantagee of traditional retroviral vectors is that the viral particles require disrupuon 

off  the nuclear membrane in order to gain access to die DNA in the host cell, as a result 
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off  which their application is limited to dividing cells such as lymphocytes. ~' ' Several 

potentiall  targets of gene therapy are cells that rarely if ever proliferate, such as neurons, 

hepatocytes,, myocytes, crypt cells and macrophages. L'nlike die traditional 

oncoretroviruses,, lentiviruses (e.g. the human immunodeficiency virus: HIV ) can infect 

non-mitoticc cells, reiving on active transport of the so-called pre-integration complex 

(virall  cDNA and viral proteins) through the nucleopore by the nuclear import machinery 

off  the target cell. The most widely accepted theory to explain this property of lendviruses 

iss that nucleophilic virion proteins chaperone viral nucleic acids across the nuclear 

11 i4. 15 

envelope. . 

Clearlv,, these properties distinguish retroviral vectors from adenoviral vectors. 

Adenovirall  vectors infect a wide number of dividing and non-dividing cells, they are 

relativelyy easy to prepare and purify, and the levels of transgene expression are high. A 

majorr disadvantage of adenoviral vectors is their episomal status in the nucleus after cell 

entry,, allowing onlv transient expression of the therapeutic gene. '' Furthermore, 

expressionn of viral genes provokes inflammatory reactions and toxicities that limi t the 

repeatedd application of adenoviral vectors. Although several modifications of adenoviral 

vectorss may reduce host tesponses,1 within the near future the use of these vectors 

remainss restricted to situations that require high levels of gene expression for a limited 

periodd of time; examples include cancer therapy, tissue repair and vaccination. Hor 

extensivee reviews of vectors we refer to recent publications. 

Retrovira ll  vector s 

Retrovirusess are lipid-enveloped particles comprising two identical positive (single-

stranded)) RNA molecules. The prototype genome consists of three transcriptional units 

(gag,(gag, pol and cw) with a long terminal repeat (LTR) sequence (needed tor the integration 

off  the genome incorporated in the recombinant retroviral particles into the host genome 

andd containing the retroviral promoter) at both ends. T\IG gag region encodes genes that 

comprisee the capsid proteins; die pol region encodes the reverse transcriptase and 

integrasee proteins; and the env region encodes the proteins needed for receptor 

recognitionn and envelope anchoring, thus dictating the host range of the retroviral 

particless (figure l).1" Following cellular entry, the reverse transcriptase synthesizes viral 
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Figur ee I Structur e o f th e M M L V and H I V retrovira l genome s 

A)) The proviral MMLV D N A as it is inserted into host D N A is shown, wit h the long terminal 

repeatss (LTRs) composed of U3. R, and U5 elements at each end. The gag (encodes capsid 

proteins),, pol (encodes the reverse transcriptase and the integrase) and env (encodes the 

envelopee proteins) genes are located invariably in the positions shown in all retroviruses. The (vjf) 

virall packaging signal directs incorporation of vector RNA into virions. 

B)) The HIV genome codes for three structural genes (gag. pol and env). common to all 

retroviruses,, and six regulatory genes (Vif, Vpr. Vpu, Tat. Rev, Nef). 

DNAA using the viral RNA as its template. The cellular machinery then synthesizes the 

complementaryy DNA . which is circularized and randomly inserted into the host genome. 

Followingg insertion, the viral genome is transcribed and viral replication is completed.18 

Twoo varieties ot retroviral vectors are used in gene therapy: oncoretroviral vectors 

{e.g.{e.g. Moloney Murine Leukemia Virus: MMLV ) and lentiviral vectors (e.g. HTV-derivcd 

vectors).. MMI A modified viruses are very attractive for clinical gene therapy protocols 

(fablee 2). 1 hese viruses are generated from plasmids containing the gene of interest 

flankedd by the two MMIA ' LTRs (a retroviral plasmid is shown in figure 2). As no viral 

geness are present in the plasmid, a packaging cell line, providing all the viral proteins, is 

requiredd to incorporate the gene of interest within viral particles (figure 3). The modified 

virall  particlê  are replication-defective and retain only one round of infeenvin, since they 
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doo nor contain anv viral gene. Because retroviral vectors integrate in the host genome, 

thee transgene is maintained after cell division. Combined with the efficient and sustained 

expressionn of the retroviral promoter present in the LTRs (the viral promotor), retroviral 

vectorss have the potential to result in long-term transgene expression. 

Safetyy concerns associated with retroviral vectors include immune responses against 

cellss expressing the therapeutic gene, the potential risk of inscrtional mutagenesis and 

contaminationn with replication competent virus. However, experimental studies have 

suggestedd that the frequency of cell trans formation after retroviral transduction is not 

higherr than that of spontaneous trans forma tion."" 

Inn the early nineties, a clinical study proved the therapeutic benefit of ex vivo gene 

transferr to T cells in patients with adenine deaminase severe combined immuno-

deficiency."11 '~ More recently, two patients with severe combined immunodeficiency-Xl, 

aa disease with a cytokine receptor y chain (yc) gene deficiency, received retroviral 

transducedd hematopoietic progenitor cells overexpressing the missing gene. After a 10-

monthh follow-up, the disease phenotvpe was corrected with normal counts of functional, 

ycc transgene-cxpressing T and natural killer cells." To our knowledge, no reports have 

beenn published so far on the use of retroviral transduced T cells in experimental or 

clinicall  GI inflammation. In other inflammatory disease models such as experimental 

multiplee sclerosis and arthritis, T cells overexpressing anti-inflammatory cytokines such 

ass transforming growth factor (TGF)-j3 or interlcukin (IL)-10 prevented disease." ' "̂  

Lentivira ll  vec to rs 

Lentivirall  vectors are promising vectors for gene thcrapv, because of the aforementioned 

uniquee ability to infect non-dividing cells."'' In addition to the gag, pol and ettr genes, 

lentivirusess have accessory genes such as Ypr and Rev, which complicates the design and 

productionn of safe lentiviral vectors (figure 1)." The amount of HIV sequence present in 

thee vector is correlated with the risk of generating replication competent virus, and it is 

stilll  unclear how much of the viral genome can be deleted during vector construction 

withoutt adversely affecting the efficiency of the vector."* 

Lentivirall  vectors can be pseudotyped with the G protein from the vesicular 

stomatitiss virus (YSY-G) to expand the host range beyond their natural 'target' cells, the 
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Figur ee 2 St ructur e o f a replicatio n defectiv e ret rov i ra l vecto r 

Thee genes necessary for viral replication are replaced by the gene(s) of interest. Efficient gene 

expressionn and integration depends on the inclusion in the retroviral vector of a number of viral 

elements.. These include a promoter, a polyadenylation signal a viral packaging signal (>)/) as well 

ass signals required for reverse transcription such as a transfer RNA-binding site (PBS), a 

polypurinee tract (PPT), a repeated (R) region at both ends of the viral RNA, and short, partially 

invertedd repeats located at the termini of the viral LTRs required for integration. 

CD44 1 cells." Significant progress has been made towards the recovery of safe and 

efficientt lentiviral vectors, and the use of these vectors in the development of gene 

therapyy in non-dividing cells represents a reality rather than a promise."' " There are. 

however,, still problems that wil l need to he resolved before clinical application wil l be 

possible:: the lack of a high output, stable packaging cell line for clinical protocols, the 

frequentlyy observed decline in levels of transgene expression with time and biosafety 

issues.' ' 

Deliver yy rout e 

l h ee deliver)' route provides a crude means of the targeting necessary to ensure that the 

therapeuticc gene has the desired effect in the diseased tissue, without being detrimental to 

healthss tissue. The vector can he delivered to gastro-iniestmal nssue in different ways. A 

straightforwardd method is the /// vivo delivery, i.e the direct introduction of the vector into 

thee patient. An injectable vector should be retained in the organs and (issues that harbor 
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Figur ee 3 Strateg y fo r generat io n of repl icatio n defectiv e retrovi ra l vecto r 

AA packaging cell line is generated by stable transfection of all the retroviral genes necessary for 

replicationn (gag, pol and env genes). To generate recombinant vector, the retroviral construct 

containingg the gene of interest is transfected into the packaging cells. The expressed viral RNA, 

byy virtue of the packaging signal \\i. is incorporated into maturing viral particles. The supernatants 

aree harvested and used to infect the target cells. 

thee target cells. The routes used for conventional medication can be used, including 

intravenousintravenous and intraperitoneal administration. 

However,, in addition to particle binding specificity, other factors such as size, 

charge,, and dispersion wil l have an influence on vector distribution in the body. For GI 
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inflammation,, intnt-htminal administration seems a suitable route. For example, peroral 

administrationn (through a gastric tube) of an AA V vector expressing {ï-galactosidase as a 

markerr gene was efficient for lactose intolerance in rats and gave persistent and stable 

expressionn in the gastrointestinal system for up to 6 months.1: hi vitm studies showed 

thatt intestinal epithelial cell lines could be readily transduced with a lentiviral" or 

adenovirall  vector containing a marker gene/4, ^ Intra-rectal administration of an 

adenovirall  vector containing a cytokine g e n e/ in healthv mice induced intestinal but not 

systemicc transgene expression. However, the duration of rransgene expression after rectal 

administrationn remains to be investigated, as epithelial cell turnover is rapid. Reccndv a 

clinicall  trial was begun in patients with severe Crohn's disease of the rectum,1 studying 

subcutaneouss and submucosal administration in the rectal and perianal region of the 

humann IL-HJ and IL-4 gene complexed to canonic lipids, a non-viral vector. 

Alternatively,, direct /'// situ injection is possible, for example in case of a colorectal tumor 

accessiblee via endoscopy. 

Adenovirus,, AAV , herpes simplex virus or non-viral vectors that can transfer genes 

too quiescent cells are most suitable for /'// vim delivery. A disadvantage of in vivo 

administrationn of gene therapy vectors is the potential exposure of multiple organs to 

highh concentrations of the gene product or the vector, which may lead to side effects. 

Youngg and Mautner recently discussed safety issues related to the direct introduction of 

adenovirall  vectors into patients.' 

Alternatively,, gene therapy vectors may be delivered to the target cells outside the 

patient,, and subsequently reinjected, the so-called ex rim delivery route. Aldiough this 

approachh is more time-consuming, and usually needs to be patient-tailored, it does not 

exposee patients to vectors. Moreover, the target cells can be isolated and modified under 

controlledd conditions, hx rim strategies involving the use of retroviral vectors and 

peripherall  blood mononuclear cells (PBMCs) as target cells, provide an appealing 

approachh to the delivery of genes into the GI tract. For instance, peripheral T cells are 

easilyy available, readily expanded in culture and have the ability to migrate to the gastro-

intestinall  mucosa. The transduction efficiency of primary human '1' cells approaches 50% 

orr more, using optimized methods of retroviral gene transfer.1* 4" Furthermore, gene 

therapyy clinical triats using adenosine deaminase or the herpex simplex rvpe 1 thymidine 
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kinasee gents have shown that transduced '1' cells can persist in rii'o  for several months up 

too 4 vcars. 

Strategiess for  specific targeting 

Despitee all the recent advances in gene deliver)', more sophisticated methods of targeting 

wil ll  be needed, since most of the vectors and transgenes used for gene therapy are 

neitherr cell nor tissue specific. Targeting viral vectors can be achieved at the level of 

eitherr gene expression or gene delivery. 

Inn the first place, targeted gene expression (transcriptional targeting) can be 

accomplishedd bv designing vectors with restricted transgene expression in target cells 

usingg upstream generic elements such as cell-specific promorers, enhancers or silencers. 

Whenn this approach is used, the integration of the viral vector is not cell-specific, bur the 

transgenee is exclusively expressed in cells diat have the necessary transcription factor 

proteins,, For example, the 'liver' fatty acid binding protein promotor expressed by the 

continuouslyy regenerating epithelium could be used to obtain local transgene expression 

withinn the intestine.4'' 

Secondly,, gene deliver)- (transductional targeting) can be modified by altering the 

retrovirall  vector host range.4'' 4f' The first step of wild-type retroviral infection is the 

recognitionn of a specific cell-surface receptor by the viral envelope, encoded by the em-

gene.44 The host specificity of retroviruses is therefore primarily dictated by the nature of 

thee envelope proteins that they earn-. Kach type of retrovirus recognizes a different 

receptor,, but only some of these receptors have been cloned and characterized. Por 

example,, murine cells normally express mCAT-1 (a cationic amino acid), which is 

recognizedd bv the MMJ \T ecotropic envelope, and human cells express Ram-1 (a 

phospharee transporter), the receptor for the MML Y 4070 amphorropic envelope. 

However,, not all cell types (not even hematopoietic progenitor cells) are equally well 

infectedd with retroviruses. Bv means of genetic manipulation retroviral vectors can be 

designedd that express different envelope proteins, a method known as "pseudotyping". 

Forr example, pscudotvping a retrovirus with the YSY-G envelope allows the entering of 
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hostt celts via nonspecific binding to membrane phospholipids and permits the 

concentrationn of viral particles by ui traeen tri fuga tion.4*  In addition, MML Y vectors can 

bee pseudotyped with truncated HIV glycoproteins to mediate specific gene transfer to 

CD44 T cells.4' Another strategy for altering gene delivery involves decorating die surface 

off  viral particles with agents that display an affinity for cell-surface markers that are 

differentt from the natural receptor. A third strategy relies on the genetic modification of 

thee retroviral envelope glycoprotein.4' 

Ann example of targeted gene transfer is the use of gut-homing T cells as carriers of a 

therapeuticc gene, since these are casüv infected with currently available retroviral vectors. 

Wee have recently shown that a retroviral vector containing the II.-10 gene efficiently 

transducedd human PBMCs and possessed gut-homing properties.'"' 

Futur ee prospect s 

GII  inflammation is a complex and littl e understood process. Treatment at present is ven* 

oftenn unsatisfacton*  due to either a lack of efficacy or to side effects.̂  Novel gene-based 

approachess are being studied but they are still at an early stage of development. Many 

potentiall  target genes are identified in GI inflammation but we still need safe and 

efficientt methods of delivery to inflamed GI tissues. MML Y based retroviral vectors 

havee been used safely in humans with severe monogenic diseases but their use in GI 

inflammationn has not yet been reported. Experimental data in mice support the idea that 

inflammationn can be treated with T cells retrovirally transduced with a "dicrapcutic" 

gene.. With regard to T-cells as deliver*,' tools, their sunival /// vivo and the duration of 

transgenee expression after retroviral infection need to be determined. 

Withh any deliver}*  tool, the efficiency, the ability to target specifically the inflamed 

tissue,, the expression levels of the gene of interest and the safety of the gene-transfer 

systemm are important for successful application and acceptance of this strategy in 

humans.. In die last few years, considerable efforts have been made in these areas of 

research.. Retroviral vectors and packaging cells have been modified to improve gene 

expressionn and increase viral titres respectively. The study and further use of tissue-
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specificc promoters (cither constitutive or inducible) and enhancers will allow the design 

off  vectors with a restricted gene expression. Moreover, strategies for modifying gene 

deliveryy are under development with a view to improving the infection efficiency of 

targett cells. 
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Abstract t 

Backgroundd & Aims: The transfer of genes encoding immunomodulatory proteins to the 

intestinall  mucosa is a promising new approach to the treatment of Crohn's disease (CD). 

Methods:: 'liti s studv investigates die therapeutic efficacy of an adenoviral vector 

encodingg IL-10 (AdvmuIL-10) in experimental colitis. BALB/ c mice were treated with a 

singlee intravenous injection of AdvmuIL-10, empty cassette virus (AdvO) or PBS prior to 

diee induction of trinitrobenzene sulfonic acid (TNBS) colitis. 

Results:: AdvmuIL-10 treatment prevented the severe toss of body weight associated 

withh TNBS administration. In addition, AdvmuIL-10 therapy led to a significant 

reductionn in both stool pro-inflammatory protein levels (IL-1J3 and TNIR- I I ) and acute 

phasee response (serum amvloid protein). Finally, the histological scores of mice with 

TXB SS colitis treated with AdvmuIL-U) were significandy lower than AdvO or PBS 

treatedd controls. 'Hie therapeutic efficacy of AdvmuIL-10 was associated widi a decrease 

inn the IFN-y and IL- 6 levels detected in colonic homogenates from mice with TNBS 

colitis,, whereas no effect was observed on cytokine release from stimulated systemic 

lymphocytes. . 

Conclusions:: AdvmuIL-10 is an effective therapy in the TNBS model of colitis. 

Genee therapy strategies using adenoviral vectors encoding IL-10 may prove to be a 

potentt therapy for chronic inflammatory conditions such as Crohn's disease. 
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Introductio n n 

Studiess of II..-1U deficient (IL-10 ) and IL-10 receptor-2 deficient mice show that these 

micee develop a T helper (Th)-l cell mediated intestinal inflammation and indicate that 

II--100 is an important regulatory cytokine within the mucosal immune system.1' : 'Iti e 

activity'' of IL-10 in counter-regulating mucosal inflammation is likely to be multifactorial. 

IL-100 is a potent downregulator of IJ.,-12 production and dius acts at the level of Thl cell 

induction.'' In addition, IL-10 suppresses production of other pro-inflammatory 

cytokiness and chemokines including TNF-oc, IL-1J3, IL- 6 and IL-8.4 Finally, there is 

substantiall  evidence that IL-10 acts both to promote the differentiation and augment the 

activityy of regulatory T cells."̂  

Thee observations in II..-] (1 mice have laid die foundation for therapeutic trials of 

IL-100 in several other models of colitis. 'Iliese studies have shown that systemic IL-10 

administrationn is able to prevent intestinal inflammation by downregulating the intestinal 

pro-inflammatoryy T hl response.1, K "' Based on these successful experimental findings, 

recombinantt (r)IL-U) was administered by subcutaneous injection to patients witi i either 

mi ld/moderatee or steroid refractory Crohn's disease, as well as in patients undergoing 

ileall  resection to prevent postoperative recurrence." M Although the data indicated that 

systemicc rIL-10 therapy is safe and well tolerated, this therapy did only have a modest 

therapeuticc effect compared with placebo. Explanations for this lack of efficacy include 

thee short half-life of rIL-10,14 local delivery of insufficient amounts of rIL-10 to inhibit 

mucosall  Thl responses and the side effects associated with high dose rlL-lO.1,1 

Sustainedd IL-10 delivery may prove more effective than daily svstemic injections. 

Indeed,, daily intragastric administration of II.-10-secreting Lactococcus lactis caused a 

50lJ-'uu reduction in disease severity in mice with dextran sulfate sodium induced colitis and 

preventedd the onset of colitis in IL-10 mice.'r' Alternatively, adenoviral vectors could be 

usedd to deliver the IL-10 gene and secure constant expression of high levels of IL-10 

withinn the gastro-intestinal tract. Adenoviral vectors can infect intestinal epithelial cells 

withh high efficiency' and after intravenous administration they target die liver and the 

spleen,, but also the colon.1'11 v> Adenoviral transfer of IL-10 has been shown to be 

beneficiall  in murine experimental arthritis, another 'I*hl cell mediated disease." '" Finally, 
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wcc have recently demonstrated the efficacy of adenovirus mediated IL-10 gene transfer 

inn die treatment of established colitis in IL-U t mice.""' 

Inn the present srudv, we have investigated the therapeutic efficacy of murine 

(m)IL-l OO adenovirus mediated (AdvmuIL-10) gene transfer in murine TNBS colitis, 

whichh has many histological and immunological similarities to Crohn's disease, and is 

alsoo relatively unresponsive to daily systemic injections of rIL-10r Intrarectal TNBS 

administrationn induces a transmural colitis, which results from the rapid induction of an 

IL-122 driven. Thl cell mediated response that is not balanced by the prompt appearance 

off  a regulatory response.2' The TNBS colitis model is associated with increased 

concentrationss of IFN-y and TNT'-ot in the intestinal mucosa/' In this paper we 

demonstratee that systemic administration of adenovirus expressing mil .-10, but not the 

controll  adenovirus or PBS vehicle, reduces both the clinical and histopathological signs 

off  TNBS colitis. These data suggest that adenovirus-mediated gene transfer may be a 

valuablee therapeutic alternative in Crohn's disease. 

Material ss  and method s 

Adenovira ll  vector s 

Thee adenovirus encoding mlL-10 under an RSV promotor (AdvmuIL-10) and the empty 

cassettee adenovirus (Advti) were a gift from Professor Dallman (Imperial College, 

London,, 1'K). Viruses were propagated in the 293 human embryonic kidney cell line 

(Quantumm Biotechnology, Montreal, Canada) and purified by ultracentri f Ligation through 

twoo cesium chloride gradients (Boehringer Mannheim, Lewes. L'K) . ' l l i e titre of the 

adenovirall  vectors was determined bv plaque assav on 293 ceils." Viral stocks were 

alitjuotcdd and stored in 10" <i glycerol at -SO°C until use. 

Mic ee and inductio n of coliti s 

BALH/ cc mice were purchased from Charles River (Charles River, Someren, the 

Netherlands)) and maintained in filter-top cages under specific-pathogen tree conditions 

att our animal care facility. The Animal Studies Kthics Committee of the 
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Tabl ee I Experimenta l set-u p 

Grou pp (numbe r of mice ) TNBS/contro l Treatmen t t 

11 (n=!2) 

22 (n=12) 

33 (n=!2) 

44 (n=6) 

55 (n=6) 

66 <n=6) 

TNBS S 

TNBS S 

TNBS S 

saline e 

saline e 

saline e 

PBS S 

AdO O 

AdvmulL--

PBS S 

AdO O 

10 0 

AdvmulL-10 0 

1'niversitvv of Amsterdam, the Netherlands approved all experiments. The experiments 

weree conducted in 8-week old female mice. Colitis was induced by rectal administration 

off  0.5 mg 2,4,6-trinitrobenzene sulfonic acid (TNBS) (Sigma Chemical Co, St Louis, MO, 

LTSA)) dissolved in 40% ethanol (Merck, Darmstadt, Germany), using a vinyl catheter that 

wass positioned 3 centimetres from the anus, as described previously."" Control mice 

underwentt identical procedures, but were instilled with similar volumes of saline (NaCl 

0.9%).. One dav prior to the first instillation of TNBS/sal inc, mice received a tail vein 

injectionn of 1x10* PFU of AdvmuIL-10, AdvO or saline vehicle (table 1). 

Assessmen tt  o f inf lammatio n 

Rodvv weights were recorded and wasting disease was determined by percentage of weight 

losss from initial bodv weight. Mice were sacrificed 9 days after the first TNBS/sal ine 

instillationn (i.e. 48 hours following the second TXBS challenge) by cardiac puncture. 

Serumm was separated bv centrifugation (10,000g for 10 min) from whole blood and 

storedd at -20°C until use. The spleen, caudal lymph nodes, liver and colon were 

harvestedd through a midline incision. The colon was opened longitudinally and the stools 

weree collected. The wet weight of the distal 6 cm of colon was measured and used as an 

indexx of disease related intestinal wall thickening. Subsequently, each colon was divided 

longitudinallvv into two parts: (me for histology, the other was snap-frozen in liquid 

nitrogenn and stored at -80°C for cytokine measurement. Liver and colon homogenates 

weree made with a tissue homogenrzer in 9 volumes of Greenberger lysis buffer (300 mM 
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NaCl,, 15 mM Tris, 2 mM MgCL, 2 mM Triton (X-](')(.)). Pepsratin A, Leupeptin, 

Aprotonmee (all 20 ng/mJ), Ph7.4). Tissue was lysed for 30 minutes on ice followed bv 

twoo times centrifugation (10 min 14(100 g). Homogenatcs were stored at -20°C until 

furtherr use. 

Histo logicall  analysis 

Thee longitudinally divided colons were rolled up and fixed in 4".:» formalin, fixed tissues 

weree embedded in paraffin, and 4-6 um sections were stained with haematoxvlki and 

eosinn for histological evaluation. An experienced pathologist blinded to treatment 

allocationn scored the following parameters: 1) percentage of colon involved, 2) fibrosis, 

3)) edema, 4) erosions and ulcerations, 5) crypt loss, 6) infiltration of mononuclear cells 

andd 7) polymorhonuclear cells as described previously.1" The total score ranges from 0 

(normall  colon) to a maximum of 20 points (severe inflammation). 

Celll  cu l ture s 

Celll  suspensions of the spleens and caudal and mesenteric lymph nodes were prepared bv 

filtrationn through a cell strainer (Becton Dickinson) and red cell lysis of splenocvte 

suspensions.. Cells were suspended in RPMI 1640 medium (Biowhirtaker, Walkcrsville, 

MD ,, I S A ) , supplemented with 10% FCS and 1" •> penicillin-streptomycin-glutamine 

solutionn (GibcoBRL, Grand Island, NY, L'SA). Cells (1 x UT/well) were seeded on 96-

wclll round bot tom plates (Costar) precoated with anti-(o<)CD3 antibodv (1:30 

concentration;; 145.2C11 clone) in a final volume of 200 jd in the presence of soluble 

«CD288 monoclonal antibodies (mAb) (1:1000 concentration, Pharmingen, San Diego, 

CA,, l7SA) under standard conditions (37°C, 5% CCX). Culture supernatants were 

collectedd from 3 wells after 48 hours (h), pooled and stored at -20°C until use. 

Stooll  samp les 

Stooll samples were collected upon sacrifice from all animals and weighed. Samples were 

emulsifiedd in 500 JJ.1 per 100 ug stool weight of a soluuon of 1 mg/tnl sov trypsin 

inhibitorr and 1 mg /ml phenylmethylsulfonyl fluoride in PBS. Supernatants were 

collectedd after centnfugation at 10,O00g for 15 minutes and stored at -20°C. 



Adenovira ll  IL-10 gen e transfe r in TNB S coliti s 

Cytokin ee analysi s and seru m amyloi d protei n measuremen t 

Cytokinee concentrations (II.-I D and TNI ' -a (BD Pharmingen, San Diego, CA, L'SA)); 

IFN-yy (Genzvme Diagnostics, Cambridge, MA , L'SA); 11,-1(3 (K& D Systems, Abingdon, 

Oxon,, L'K) ; and IL- 6 (Sandoz, Basel, Switzerland) were measured bv sandwich ELISA 

usingg paired Abs according to the manufacturers recommendations. Serum amvloid 

proteinn (SAP) levels were measured in serum samples bv MUS A as described 

previously."" " 

Statistica ll  analysi s 

Differencess between treatment groups were analyzed bv the Mann-WTutnev I ' test. 

Resultss are expressed as mean  SUM. A p value nf less than 0.05 was considered to 

representt a significant difference. 

Result s s 

Biodistributio nn of IL-10 expressio n 

Intravenouss administration of adenoviral vectors predominandv results in transduction 

off  hepatoevtes. To confirm that AdvmuIL-10 infection was successful, IL-10 

expressionn was assessed in liver homogenates of BALB/ c mice with TNBS coliris treated 

withh 1x10* PIT" AdvmuIL-10, AdvO or PBS vehicle (n = 5 tested/group, figure 1). The 

meann II .-10 concentration ten days after AdvmuIL-10 injection was 760  99 pg/rng 

comparedd with 331  80 pg/ml in PBS (p=0.031) and 224  32 pg /ml in AdvO (p-0.008) 

treatedd mice. Ten days after injection, IL-10 (400 (50-1230) pg/ml) was detected in die 

serumm of 6 out of the 15 surviving mice that had received AdvmuIL-10. In all the other 

micee IL-10 levels in the serum were below the detection limit . There were no differences 

betweenn the treatment groups in the concentration of IL-10 detected in colon 

homogenatess (data not shown). 
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Figur ee I Advmu lL - I O administrat io n induce s hepati c IL-I O expressio n 

Twenty-fourr hours prior to induction of TNBS colitis. BALB/c mice received I x 10tf PFU 

AdvmulL-IO,, AdvO or PBS by tail vein injection. After 10 days, mice were sacrificed and IL-IO 

levelss were determined in liver homogenates. Results are expressed as mean  SEM (n=5/group). 

*p=0.03ll (AdvmulL-IO versus PBS) and p=0.008 (AdvmulL-IO versus AdvO). 

A d v m u l L - 11 0 t r e a t m e n t r e d u c e d b o d y w e i g h t los s in T N B S col i t i s 

Too determine whether AdvmuLL-10 was able to prevent TNBS colitis, disease was 

inducedd in BALB/ c mice- 24 h after tail vein injection of 1x10* PIT." of AdvmuIL-10. 

Controll  mice with TNBS colitis received AdvO or PBS alone. There was 25" n mortality in 

eachh TNBS group. As expected, intrarectal instillation of TNBS resulted in diarrhea and 

wastingg in mice treated with PBS and AdvO (figure 2). However, recipients of 

AdvmulL-100 suffered less severe weight loss and by the end of the experiment, the bod\ 

weightss of AdvmulL-10 treated mice were significantly higher than PBS treated 

(p=0.015)) or AdvO treated mice (p—0.020). All negative control mice that received intra-

rectall  saline 24 h after svstemic injection with PBS, AdvO or AdvmulL-10 survived and 

gainedd weight throughout the experiment (data not shown). These results indicate that 

administrationn of AdvmuIL-10 significant!) attenuated body weight loss associated with 

TNBS-inducedd colitis. 
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'' treatment 
• 1 P B S S 
ES^AdvO O 
L^Advmu iL -10 0 

Figur ee 2 Advmu lL - I O t r e a t m e n t prevent s bod y weigh t loss 

BALB/cc mice received Ix lO8 PFU AdvmulL-IO. AdvO or PBS by tail vein injection 24 h prior to a 

rectall instillation of 0.5 mg TNBS in 40% ethanol (n=l2/group). All mice received a second dose 

77 days later, and were sacrificed after a further 48 h. Body weights of surviving mice, measured at 

thee end of the experiments, are expressed as a percentage of initial body weight. Results are 

expressedd as mean  SEM (n=9/group). Data are pooled from two separate experiments. ': 

p=0.0155 (AdvmulL-10 versus PBS) and p=0.020 (AdvmulL-10 versus AdvO). 

in n 

AdvmulL-11 0 diminished both stool and serum markers of inflammation in 

TNBSS colitis 

Bothh Crohn's disease and experimental colitis are associated with a profound increase 

faecall  levels of pro-inflammatory proteins.23 ' Therefore, stools collected upon sacrifice 

weree assayed for II.-13 and sTNFR by F.LISA (figure 3). As expected, IL-I 3 and TNFR-

III  levels were high in TNBS mice treated with BBS (731  348 pg /ml and 441  90 

pg/mll  respectively) and undetectable in all saline control mice. In stools of AdvmuIL-10 

treatedd TNBS mice, a reduction in IL-lp" level (16.9  3 pg/ml) was observed compared 

withh both PBS (see above, p=0.046) and AdvO treated TNBS mice (135  58 pg/ml, 

p=0.073).. In addition, AdvmulL-10 treatment significantly decreased TNFR-I1 levels 

(1600  29 pg/ml) compared with both BBS (see above. p<0.001) and AdvO treatment 

(2799  14 pg/ml, p<0.001). 
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Figur ee 3 Advmul l_ - I 0 diminishe s th e stoo l cytokin e level s in T N B S coliti s 

Stoolss were harvested 48 h after the second dose of TNBS from BALB/c mice treated with Ix lO8 

PFUU AdvmulL-IO, Adv O or PBS. Level s of IL-IB (A) and TNFR-II (B) were assayed by ELISA in 

duplicate.. Each symbol represents an individual mouse. Bars indicate mean levels for each group. 

Dataa are pooled from two separate experiments. *p=0.046 (AdvmulL-IO versus PBS) and 

**p<0.00ll (AdvmulL-IO and versus AdvO). 

Systemicc II.-6 levels and SAP were determined as markers of disease activity in serum 

samples.. AdvmuIL-10 treatment resulted in reduced serum 11.-6 levels (14.4  1.4 pg/ml) 

comparedd with PBS (48  24 pg/ml, p=0.040) and Advil treatment (47  25 pg/ml, nor 

significant)) in mice with TNBS colitis. As shown in figure 4, SAP levels were significantly 

lowerr in AdvmuIL-10 treated mice f244  23 u.g/ml) than in PBS (1 162  413 [ig/ml , 

p<0.001)) and Advil treated colitic mice (5H7  141 [Ag/ml, p=0.004). AdvmuII.-IO did 

nott alter systemic II.-6 or SAP levels in the saline control mice (data not shown). 

Together,, these findings indicate that AdvmuIL-10 therapy diminishes both the local 

consequencess and systemic manifestations of TNBS colitis. 
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"lOOOOnn i 1 t reatment: 

r—^—•• ' P B S 
•• AdvO 

__ a AdvmulL-10 
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< < 
CO O 

100 0 

Figur ee 4 Advmul l_ - I 0 therap y reduce s seru m amyloi d protei n (SAP) level s 

Serumm samples were collected 48 h after the second dose of TNBS from BALB/c mice treated 

wit hh  Ix lO8 PFU AdvmulL-IO . Adv O or PBS. The SAP concentration was assayed by ELISA in 

duplicate.. Each symbol represents an individual mouse. Bars indicate mean levels for each group. 

Dataa are pooled from two separate experiments. **p<0.000 l (AdvmulL-IO versus PBS) or 

p=0.0044 (AdvmulL-IO versus AdvO). 

A d v m u l L - I OO t r e a t m e n t dec rease d in tes t ina l i n f l a m m a t i o n i n B A L B / c m i c e 

w i t hh T N B S col i t i s 

Macroscopicc signs of inflammation observed in TNBS-induced colitis arc marked edema 

andd mucosal thickening, which are reflected by increased colon weight." Mice were 

sacrificedd on dav 10, and the weight of rhe last 6 cm of the colon was determined. There 

wass a significant increase in the mean colon weight in all groups that received TNBS 

comparedd with the corresponding saline control groups irrespective of whether the mice 

hadd been treated with PBS (p=0.001), AdvO (p<0.001), or AdvmuIL-10 (p<0.001). 

However,, colons from mice with TNBS colitis that had received \dvmul l . -10 weighed 

lesss (208  7 mg) than colons from colitic mice that had received either AdvO (237  13 

mg.. p=0.038) or PBS vehicle (244  22 mg, p=0.080), although this did not reach 

statisticall  significance for the latter. 
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Figur ee 5 Advmu lL - I O t r ea tmen t decrease d tota l histologica l score s 

TNBSS mice were created with Ix IO8 PFU AdvmulL-IO, AdvO or PBS by tail vein injection on day 

0.. Upon sacrifice at day 10, the extent of mucosal inflammation was examined and graded (see 

materialss and methods). Each symbol represents an individual mouse. Bars indicate mean colitis 

scoree for each group. *p=0.038 (AdvmulL-10 versus PBS) or p=0.012 (AdvmulL-10 versus AdvO). 

TNBSS administration results in an acute colitis that is characterized by mucosal 

ulcerationn and an influx of inflammatory cells. A pathologist blinded to treatment 

allocationn performed histological analysis of colons harvested from mice in the above 

experimentss (figure 5). The total histological score was decreased in AdvmuIL-lO treated 

TNBSS mice (7.1  0.9) compared wall PBS (10.8  1.3, p=0.038) and AdvO (10.4  1.0. 

p=0.012)) treated TNBS mice. As illustrated by the pictures in figure 6. mice with TNBS 

colitiss that had been treated with AdvmuIL-10 displayed less mucosal ulceration, crypt 

losss and fibrosis, as well as a diminished influx of polymorphonuclear cells. The colons 

harvestedd from saline instilled mice showed only mild edema. There were no significant 

differencess in histological scores between PBS, AdvO and AdvmuIL-10 treated mice 

(meann scores 2.0  0.7, 0.8  I).5 and 1.7  1.0 respectively). Thus, the AdvmuIL-10 

treatmentt prevented development of severe TNBS colitis. 
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Figur ee 6 Advmu lL -1 0 t r e a t m e n t at tenuate d coloni c in f lammat io n 

H&EE staining of the colons of mice with TNBS induced colitis. A) Severe colitis in mouse treated 

withh PBS, characterized by an extensive inflammatory cell infiltrate, ulcerations and crypt loss. B) 

Severee colitis in mouse treated with AdvO. with histological features similar to photo A. C) 

Colonn of a mouse treated with AdvmulL-10. Inflammation was present but significantly less 

severe,, wi th no ulcerations, less crypt loss, fibrosis and polymorphonuclear cell influx. Original 

magnifications:: 33 x. 

AdvmulL-100 treatment decreases local cytokine production 

Too investigate whether the therapeutic efficacy of AdvmulL-10 treatment was related to 

aa generalized reduction of T cell responsiveness, cells horn caudal lymph nodes and 

spleenss were isolated and stimulated in vitro for 48 h with oc(7D3/CD28 Abs. [FN-v and 

TNF-aa levels were quantified by I .LISA. No significant differences were found in IFN-y 

andd TNF-a concentrations in supernatants of stimulated caudal lymph node and spleen 

celll  cultures harvested from both TNBS and saline control mice treated with PBS, AdvO 

orr AdvmulL-10 (data not shown). By contrast. AdvmuIL-l l ) therapy did affect local pro-

inflammatoryy cytokine release within the colon. IFM-v and II.-6 concentrations in 

colonicc homogenates from AdvmulL-10 treated TNBS mice (262  41 pg/ml and 172

188 pg/ml) were lower than those from TNBS mice treated with LBS (429  79 pg/ml, 

p=0.044 and 10(1(1  600 pg/ml, p=0.038) and AdvO (430 8 and 428  201 pg/ml, 

bothh not significant). TNF-a concentrations were similar in the AdvmulL-10 and AdvO 

treatedd mice (66  9 pg/ml and 72  10 pg/ml). although both were lower than in the 

PBSS treated mice (160  75 pg/ml). These results suggest thai AdvmulL-10 reduced 
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colonn inflammation by modulating local production of pro-inflammatory cytokines such 

ass IFX-y and IL-6. 

Discussion n 

Thee results presented here show that a single systemic dose of AdvmuIL-10 attenuated 

TNBSS colitis. This effect was related specifically to IL-10 transgene expression, since 

bothh the empty cassette vector and PBS vehicle were unable to modify the course of 

disease.. Furthermore, AdvmuIL-10 suppressed the pro-mflammatorv cytokine levels in 

stooll  samples and colonic homogenates as well as inhibiting the acute-phase response 

andd systemic 11.-6 release. 

Ass expected, the systemic administration of adenoviral vectors targeted hepatoevtes, 

sincee high levels of IL-tO were detected in liver homogenates of AdvmuIL-10 treated 

micee 10 days after administration. In addition, IL-10 was detected at high levels in the 

serumm of several mice that had received AdvmuIL-10. This agrees with our previous 

observationn that serum mIL-10 levels are raised for approximately one week after 

AdvmuIL-100 administration in IL-10 mice.̂  In contrast, there was no difference in the 

levelss of IL-10 detected in colon homogenates from AdvmuIL-10 or control treated mice 

withh TNBS colitis. Finally, in tiii s study we did not assess the host anti-adenovirus 

response,, which may shorten the duration of transgenic IL-10 expression. However, in 

otherr animal models, we"1 and others'"' '' have shown that the delivery of immuno-

regulatoryy genes is able to suppress the development of anti-adenoviral antibodies 

resultingg in extended transgene expression. 

Previouss studies of IL-10 therapy in TNBS colitis have yielded mixed results. Pre-

treatmentt of BALB/ c mice with high dose intra-pentoneal mIL-10, restored the 

tolerancee of lamina propria mononuclear cells to autologous colonic bacterial sonicates, 

whilstt not affecting the proliferative response to heterologous bacterial sonicates.12 

However,, the effect of IL-10 on the histological seventy of colitis was not reported. A 

separatee study that assessed the effect of daily IL-10 injections on rats with TNBS colitis 

demonstratedd no effect on the histological disease severity even if the IL-10 injections 
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weree commenced prior to colitis induction." Finally, Barbara el al examined the 

therapeuticc efficacy of an adenoviral vector encoding human II.-10 administered by intra-

peritoneall  injection to rats witi i TNBS colitis. In die latter studv only 12 pg /ml IL-10 

wass detected 24 h after injection in the serum, and no changes were demonstrated in 

histologicall  scores when die virus was administered one hour after colitis induction. 

However,, thev did demonstrate a small but significant improvement in colitis if the 

adenovirall  vector was injected 24 h prior to TNBS administration. 

Thee experiments reported here demonstrate that a single systemic dose of 

AdvmuIL-100 prior to TNBS administration results in significandv less weight loss and 

lowerr histological scores than control virus. We extended the findings of Barbara el alhx 

delineatingg the effect of II .-10 gene therapy on the cytokine network within the inflamed 

mucosa.""  The mechanisms by which IL-10, induced by AdvmuIL-10 therapy, could have 

diminishedd disease severity in the intestine include downregulation of antigen presenting 

celll  activity, inhibition of pro-inflammatory cytokine production and activation of 

regulatoryy T cells. Our experiments did not address these mechanisms directly. However, 

AdvmuIL-100 therapy was found to decrease the levels of Th-1 cytokines detected in the 

colonicc mucosa, which suggests an effect on T cell differentiation and cytokine release. 

Thiss effect was localized to the mucosa, as AdvmuIL-lU had no effect on the ability of 

systemicc lymphocytes to respond to T cell receptor stimulation. 

Thee 34% drop in histological score seen with AdvmuII.-10 therapy in TNBS colitis 

iss not as impressive as the drop seen in IL-10 " mice,"1 However, this is not surprising 

givenn the breadth of the inflammatory cascade that is activated by TNBS administration, 

comparedd with the isolated defect in IL-10 mice. In fact, the results compare 

favourablyy with other therapeutic strategies reported in mice with TNBS colitis; for 

example,, IL-18 binding protein (42% fall in histological score)"'' and the chemokine 

receptorr antagonist Met-RANTLS (57% fall in histological score).14 

Wee recently showed that systemic administration of high dose rIL-10 mav have pro-

inflammatoryy effects via induction of IFN-y. ^ In this studv we found no indications for 

pro-inflammatoryy effects of IL-10, since spleen cell production of IFN-y and TNF-sc was 

nott altered after AdvmuIL-10 treatment and serum levels of IL-6 were decreased. 

However,, systemic administration of AdvmuIL-10 leading to high serum levels of IL-10 
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mavv cause systemic side effects. To minimize exposure of non-target organs to both the 

transgenee and the adenoviral vector, local gene therapy is the next step in the 

developmentt of targeted biological therapy. In fact, a recent study has demonstrated that 

tntra-rectall  administration of an El deleted adenoviral vector expressing 11.-18 antisense 

mRNTAA inhibits mucosal II :N-y release and suppresses inflammation in the transfer 

modell  of colitis. ' Alternative strategics to reduce the systemic side effects of 

immunoregulatorvv gene therapy include die use of less common adenovirus serotypes, r' 

orr modifications that alter the tropism of the virus. Local administration of adenoviruses 

withh normal fiber structure to the inflamed mucosa mainlv targeted epithelial cells, 

whereass adenoviruses with a modified fibre structure infected lamina propria '1' cells and 

mononuclearr cells. " Further studies are required to determine the most appropriate 

vectorr for immunotherapy of intestinal inflammation. 

Immunoregulatorvv gene delivery offers the prospect of local downregularion of the 

immunee response in Crohn's disease. The results of die present study, showing that 

transientt overexpression of IT-HI by prior administration of the adenoviral vector 

attenuatess the signs of TNBS colitis, confirm the therapeutic potential of IL-K ) gene 

therapyy in intestinal inflammation. 
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Abstrac t t 

Backgroundd ik Aims: Systemic treatment of Crohn's disease patients using rIL-ll ) has nor 

resultedd in relevant therapeutic benefit presumably due to limited bioavailability and 

unexpectedd pro-inflammatory effects of high-dose rIL-10. I;.v iv'tv gene transfer of the 

IL-100 gene to gut-homing CD4 cells may lead to improved long-term management. 

Methods:: PBMCs were transduced with a retroviral vector containing the IL-10 and 

GFPP gene or a control vector containing GFP only. Transduced C D 4' cells were sorted 

andd maintained in culture for phenotypic and functional analysis. 

Results:: Stimulated IL-10-GFP CD4' cells produced significant higher levels of 

IL-1ÜÜ than control cells for at least 4 months. The IL-10 transgene was biologically active 

andd decreased proliferation of IL-10-GFP CD4 cells as well as expression of MH C 

classs II , proliferation of autologous responder cells and IL-12 production by dendritic 

cells.. The majority of transduced CD4" cells had a gut-homing potential, since they 

expressedd the mucosal integrin a4£7, and displayed efficient binding to MAdCAM-1 -

expressingg cells in vitro. 

Conclusions:: Transduction of peripheral blood CD4~ lymphocytes with TL-10 

resultss in a regulatory phenotype. The use of regulatory gut-homing human CD4' cells 

mayy provide a novel approach to local delivery of immunomodulatory signals to the 

intestinee in Crohn's disease. 
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Introductio n n 

Crohn'ss disease is characterized by a chronic inflammation of the gastro-intesrinal tract. 

Inn most patients with active disease remissions can be induced using corticosteroids or 

tumourr necrosis factor a (TNF-ot) neutralizing antibodies. However, such remissions 

aree oftentimes short-lived and about 50% of die patients treated with corticosteroids 

showw an early relapse.4 Repeated infusions of TNF-neutralizing antibodies can maintain 

thee therapeutic effects in a significant number of patients,'' but long-term administration 

iss costly and can be immunogenic. Hence, there is a continued need for effective 

maintenancee therapy in Crohn's disease. 

Substantiall  evidence indicates that activated CD4 T helper 1 (TM) c e u s> winch 

producee pro-mflammatorv cytokines such as TNF-a, mediate mucosal inflammation and 

tissuee damage/'' A recently recognized subset of CD4~ cells deserves special attention as 

i tt predominantly produces IL-10.*"' " IL-10 inhibits a broad array of immune parameters, 

includingg activation and effector function of T cells, monocytes and dendritic cells 

(DCs),, limiting and ultimately terminating inflammatory responses.11' ]" These IL-10 

producingg cells are named regulatory T cells, because of their immunosuppressive effects 

bodii  in vitro*'  and in experimental colitis in viva* Regulator)*  T cells produce littl e IL-2, no 

IL- 44 and the production rate of IL-5, IFNI--y and transforming growth factor beta 

(TGF-P)) is similar to naive T cell clones. The mechanisms by which regulatory T cells 

mediatee immunosuppressive activities in vim are still unknown, but some regulatory T cell 

populationss are dependent on IL-10 for their function.14 '' 

I tt has been reported that subcutaneous administration of recombinant (r)IL-10 in 

Crohn'ss disease is safe, well tolerated and has some therapeutic efficacy. '' However, 

highh concentrations of rIL-10 {e.g. subcutaneous 20 ug/kg) are associated with adverse 

effectss such as headache and fever as well as overproduction of pro-inflammatory 

cytokines."""  Moreover, studies in healthy human volunteers1'' and Crohn's disease 

patients"""  demonstrated that svstemicallv administered rIL-10 has a restricted half live 

(2.55 hours) and may have limited mucosal bioavailability-. The limitations of systemic 

rIL-100 therapy might be overcome by targeting 11,-10 production to the intestine using 

IL-100 gene transfer. CD4 cells are ideal earners for the IL-10 gene, because subsets of 
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CD44 cells have die capability to "home" to the intestine, which is mainly mediated by 

thee interaction of the integrin »4J37 and the mucosal addressin MAdCAM-1.~' 

Becausee of the central role of IL-10 in controlling intestinal inflammation, we have 

soughtt to engineer human CD4' cells that constitutive]v produce IL-10 using a retroviral 

vectorr containing the IL-10 cDNA. We mvestigared whether these CD4 cells produced 

moree IL-10 compared with control cells and determined whether II , 10 production was 

activanon-dependent.. Furthermore, we studied the biological activity of the IL-10 

transgenee and the gut-homing potential of the transduced CD4 cells. 

Materia ll  and method s 

Vector ss and vira l productio n 

Thee LZRSpBMN-IRKS-GFP retroviral plasmid (referred to as GFP) has been previously 

reported.""  Briefly, the G FP complementary DNA (cDNAj (Clontech, Palo Alto, C \ , 

ISA)) was cloned downstream of an internal ribosome entry sire (IRLS) in the LZRS 

retrovirall  vector (kindly provided by G. Nolan)"1 and expressed from the retroviral long 

terminall  repeat (LIU ) from the Moloney Murine Leukemia Virus (MMLV) . A 536-bp 

PCRR fragment containing the human IL-10 cONA" was amplified from human cDNA 

withh primers containing a BamHI (fw: G G A T C C U ^ A T G C A C A G C T C A G GA 

CTGCTCTGT)) and a Xho I (rv: C' l 'CCJAGTCIACi 'nTCCi ' lWl 'ClTCATTCnïJATG'O 

restrictionn site. The fragment was sequenced and cloned in the Baml i l /Xhol sires 

upstreamm of the IRLS in LZRSpBMN-IRKS-GF'P. The final bicistronic retroviral 

reporterr construct was termed LZRSpBM\T-IL-10-IRKS-GFP and referred to as IL-10-

GFP. . 

293TT Phoenix packaging cells expressing the amphotropic envelope (kindlv provided 

hvv (.1. Nolan) were cultured in Dulbecco's modified Laglc's medium (GibcoBRL, Grand 

Island,, NY, ISA) supplemented with 10% fetal calf serum (FCS) (Biowhittaker, 

Vt'alkersville,, MO, 1'SA), 2 mM glutaminc. 10(1 I "/ml penicillin, and 100 mg/ml 

streptomycinn (GibcoBRL) under standard conditions (A^°C, 5% G O j. The packaging 

cellss were rransfecred with the retroviral plasmids using calcium phosphate precipitation 
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(GibcoBRU)) as described elsewhere.'' Viral supernatants were harvested after two weeks 

off  puromvein selection (Clontech), filtered using a 0.45 \xm filter (Nalge, Rochester, NV, 

USA)) and stored at -80°C. Virus utres were determined using N I H 3T3 lines, as 

previouslyy described.21 Virus stocks with titres of W-K)' ' IL'/ml were used for 

transductionn of human '1' cells. 

Retrovira ll  transductio n of huma n T cell s 

PBMCss were obtained from healthy adults after informed consent by Picoll HyPaque 

(Pharmacia,, Uppsala, Sweden) density gradient centnfugation. PBMCs (IxUV'/well ) were 

seededd in 24 well plares (Costar Europe Ltd, Badhuevedorp, Trie Netherlands) and 

culturedd under standard conditions in Iscoves modified Dulbccco's medium (IMDM , 

Biowhitt taker) supplemented with 1 (>,h
 t> human scrum (Biowhittaker), 2 mM glutamine, 

andd 1% antibiotic-antimvcotic solution (GibcoBRL). Cells were snmulatcd with 1 ug /ml 

off  phv to hemagglutinin (PHA, Murex Diagnostics, Dartford, UK) and 10 U /ml of 

recombinantt human II.-2 (Chiron, Amsterdam, The Netherlands) under standard 

conditions.. After 48 hours (h), 5x10*' cells were seeded in 6 well RetroNec tin-coated 

platess (Takara, Otsu, Japan), and transduced overnight with 1 ml of retroviral 

supernatant,, then, cells were washed and transferred to 24 well plates in supplemented 

IMDM .. After at least 2 davs the transduced cells were analyzed by flow cytometry for 

GI-'PP expression. T cells (3x107'well) were expanded in the presence of a feeder mixture 

consistingg of irradiated allogeneic human PBMCs of two donors ( l x lO ' /ml each), 

1x107m]]  of irradiated ]Y celts, 10(1 ng/ml PHA and 10 U/ml IL-2. 

Purificatio nn of transduce d C D 4 + T cell s 

Too obtain a purified CD4' cell subset, eight to ten days after transduction, ceils were 

stainedd with CD4-PU (Coulter-Immunotech, Marseille, Prance) and sorted in a 1ACS 

Vantagee Cell Sorter (Becton Dickinson, CA. USA) into subsets of CD4 and G PP 

expressingg cells. After sorting, a double-positive population was purified to at least 90%. 

'l l i ee sorted GPP" CD4" cells were expanded and cultured in the feeder mixture for 

furtherr analysis. 
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Cytokin ee measuremen t 

Thee cytokine profile of transduced CD4' cells was determined 1(1 davs after the addition 

off  a feedermix. Cecils were washed in medium and IxKV cells/well were plated out on 

96-welll  round bottom plates (Costar) in a final volume of 200 ul of medium in the 

absencee or presence of immobilized anti-(a)CD3 (clone SPV-T3b):3 and 2 j ig/ml soluble 

otCD288 monoclonal antibodies (rnAb) (clone CLB-CD28/1 ascites fluid, CLB, 

Amsterdam.. The Netherlands). After a 24 and 48 h incubation, cell-free supernatants 

collectedd from 4 wells were ponied and stored at -20°C until further use. Cytokine levels 

inn culture supernatants were measured in duplicate bv a sandwich enzyme-linked 

immunosorbentt assays (HI.ISA) for II.-2 (R&D systems, Abingdon, UK), 11.-4. IL-10. 

II-'N-yy and ' I N I - a (CLB) and IL-5 (Pharmingcn, San Diego, CA, L'SA), according to 

manufacturer'ss instructions. 

Ann IL-10 secretion assay (Miltenyi Biotec, Auburn, CA, L'SA) was performed 

accordingg to the instructions of the manufacturer, after 1-month culture. In short, 

transducedd CD4' cells were stimulated for 24 hour with « C D 3 / C D 28 as described 

above.. Subsequendy, cells were harvested, washed and an IL-1Ü specific catch reagent 

(Miltenyii  Biotec) was added and incubated for 5 min on ice. After a 45 min secretion 

periodd at 37°C, cells were washed and stained with a PK labelled IL-10 detection 

antibodyy (Miltenyi Biotec) and Cy5-CD4 (Beekman-Coulter, Fullerton, CA, L'SA) for 

I'ACScann (Becfon Dickinson) analysis. 

Cel ll  proliferatio n assay s 

Thee proliferation rate of the transduced CD4" T cells was measured at the same time 

pointt (48 h) and under equal conditions ( + /- activation) as cytokine production. During 

thee last 6 h of culture, cells were incubated with 0,25 u.Ci/well Ï-I-thymidine (Amersham, 

Less Llis, France). At 48 h the cells were lyzed, die homogenates were harvested on a 

filterr and the incorporated radioactivity was measured on a Topcount scintillation 

counterr (Packard Instruments, Meriden, CT, t 'SA). The proliferation rate is given as 

stimulationn index, calculated as incorporated radioactivity of aCD3 /CD28 activated 

CD4'' cells divided by the incorporated radioactivity of resting CD4 cells. 
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Inn separate experiments, the proliferation rate of increasing numbers (up to 5x10''/well) 

off  sorted transduced CD4' cells was measured after stimulation with allogeneic 

monocytess (lxlfVySvell) . Monocytes were isolated using Percoll (Pharmacia, L'ppsala, 

Sweden)) density centnfugation (90% CD14"). Cells were cocultured in a final volume of 

2000 p.1 of medium in 96-well round bottom plates (Costar). 

Inn coculture experiments, autologous responder cells (cultured CD4* cells and fresh 

PBMCs)) (5xl04/well) were isolated as described above and stimulated with monocytes 

(lxlO'Avcll) .. Cell proliferation assays were conducted in the presence of increasing 

concentrationss of rl l.-l O (0 to 20 ng/ml, Strathmann Biotec, Hannover, Germany) or 

supernatantss of transduced cells (lxlf)Vwell) , collected after 48 h of «CD3 /CD28 

stimulation.. Transduced CD4' cells were tested for their ability to suppress tlie 

proliferationn of autologous CD4" cells and PBMCs. For suppression, increasing numbers 

(upp to 5x10Vwell) of irradiated IL-10-GFP or control transduced CD4~ cells were added. 

Cellss were cocultured in a final volume of 200 JJLI of medium in 96-well round bottom 

platess (Costar). After 3 days, wells were pulsed for 16 h with 0,25 |j.Ci/wcll 7-1-thymidine 

(Amersham)) and the incorporated radioactivity was determined as described. 

Analysi ss  o f IL-12 productio n by dendriti c cell s 

DCss were generated from PBMCs as described previously."'' " In brief, monocytes 

isolatedd bv Percoll density gradient centri fuga non were cultured (0.5xH>Vwell) in IMD M 

supplementedd with 1% FCS (Hyclone, Logan, L"T) and GM-CSF (500 L'/ml, Schering-

Plough,, L'den, The Netherlands) and IL- 4 (250 L'/ml , PBH, Hannover, Germany). After 

66 days of culture, irradiated IL-10-GFP or control transduced C D 4' cells (0.5xI0f ' 

cells/well)) were added in duplicate wells in the presence of GM-CSF (1000 L'/ml). On 

dayy 8 DCs were harvested, washed extensively and plated (2xl04/well) in duplicate with 

CD40LL expressing cells (2xl04/well7 CD40I, transfected J558L cell line kindly provided 

bvv Peter Lane, Lniversitv of Birmingham, Birmingham, L'K) in 96-well plates (Costar) in 

IMD MM containing 10"-u FCS (Hvclone). DCs were cultured in the presence or absence of 

III  N-y (100(1 L'/ml) in a final volume of 200 ul for 24 h. IL-12p70 levels were analyzed in 

culturee supernatants in duplicate by HLISA (R&D systems, Abingdon, L'K) , according to 

manufacturer'ss instructions. 
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Celll  surfac e phenotypin g 

'Ilit ;; expression of several activation and differentiation markers was sRidied on resting 

CD44 cells after transduction. Cells were harvested, washed with cold F ACS butfer ((J.5" o 

BSA,, 0.01% N'aN, and 0.3 mM EDTA in PBS, pH 7.4) and incubated for 20 min on ice 

withh die following mAbs: Cv5-CD4 (Beckman-Coulter), PE-CD154 (Immunotech, 

Hamburg,, Germany), or unlabeled CD18, CD25, C:D27, CD28 (all CLE), CD44 

(Pharmingen),, CD45RO (Dako, Glostrup, Denmark), CD62L (Becton Dickinson), 

CDD 152 (Imniunotech), x4|37 (gift from Lcukositc, Cambridge, MA , l"SA), CXCR3 

(Pharmingen),, Q5 /T3 (MHC cl II , gift from S. Feronne, Medical (College, Valhalla, NY, 

L'SA)) followed bv Pl l- rabbit-anti-mouse F(ab): (Dako). Isorype controls included Pl> 

andd Cv5-conjungated IgG (Immunotech). Stained cells were analyzed using a F ACScan 

(Bectonn Dickinson) and the data were processed with CellQuest computer software. 

Adhesio nn assay 

Wee investigated whether transduced CD4" cells were able to bind to the mucosal 

addressinn MAdCAM- 1 measuring their adhesion to 293T cells stably expressing the 

murinee MAdCAM cDNA (kindly provided by Dr. S. Fong, Genentech Inc., San 

Fransisco,, CA, L'SA). Transduced C D 4' cells were labelled with 50 p.M 

carboxvfluoresceinn diacetate succinimidvl ester (CF'DSF,: Molecular probes, F^ugene, 

Oregon,, L'SA) at 37°C for 10 min, washed in ice-cold PBS and rcsuspended in adhesion 

assayy medium consisting of Dulbecco's without phenol red (GibcoBRL) supplemented 

withh 10"-» FCS (Biowhittaker), 2 mM glutamine, and 1"-Ï> antibiotic-anrimycotic solution 

(GibcoBRL).. "Ihe CFDS E-labelled CD4 cells were preincubatcd with the following 

mAbss for 20 mm before the adhesion assay a4|37 (Act-1, gift from Leukosite), 

MAdCAM- tt (MECA-367, gift from Dr. R. Mebius, Vrij e Universiteit Medical Center, 

Amsterdam,, The Netherlands) and a control antibody (145 2C11, gift from Dr. R. 

Mebius).. MAdCAM- 1 overexpressing and control 2<J3T cells (5x!04/wetl) were plated on 

%-welll  plates (Costar) and cultured for 24 h. Labelled CD4' cells (lxl0"/\vell ) were 

addedd in quintuplicate and incubated for 30 nun at 37° C. Non-adherent C D 4' cells were 

washedd with adhesion assav medium, fluorescence was measured in a Cytofluor plate 

readerr (Perceptive Biosystems, Framingham, MA , L'SA) before and after washing. The 
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adherencee was calculated as the percentage of fluorescent cells remaining after washing. 

Thee maximum binding was calculated as the difference in adherence to MAdCAM- 1 

transactedd and control 293T cells. 

Statist icall  analysis 

Differencess in cytokine production and proliferation between different cell populations 

weree analyzed bv the non-pa ram e trie Mann-Whitney L*  test. Differences in proliferation 

weree also rested bv analysis of variance (ANOVA ) for repeated measures. Results are 

expressedd as the mean  SLÏM. A two-tailed p value of less than 0.M5 was considered to 

representt a significant difference. 

Results s 

Efficien tt  transductio n and stabl e expressio n o f GFP by transduce d CD4+ T 

cell s s 

Freshh PBMCs were stimulated with PHA and IL-2 for 48 h. Stimulated PBMC 

populationss routinely consisted of >90" o CD3~ cells (data not shown). The PBMCs were 

subsequentlyy transduced with IL-10-GFP or GFP retroviral constructs and the 

transductionn efficiencies were determined after 48 h on the basis of GFP expression in 

viablee cells. Transduction efficiencies ranged from 13 to 48"!], with a mean of 26  3"» 

(166 transductions performed in 8 different donors). PBMCs were sorted on the basis ot 

CD44 and GFP expression using a FACS Vantage flow cy tome ter (figure 1 A). GFP 

expressionn correlated well with IL-10 secretion as shown in figure IB. L'pon reanalysis, 

thee sorted GFP' CD4 cells had a purirv of 93  2"n. This percentage remained constant 

duringg the ennre period of cell culture (more than 4 months), indicating that the 

transgenee was stably integrated and expressed. This is in agreement with a previous study 

describingg stable transgene expression in human T cells for up to 6 months using the 

samee LZRS vector containing telomerase." 
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F iguree I FAC S analysis and s o r t i n g of IL- 10-GFP t r ansduced C D 4 * cells 

A)) FACS analysis and sorting of CD4 and GFP expressing cells was performed 48 h after 

transductionn with the IL-10-GFP containing MMLV vector. The y-axis represents CD4 expression 

andd the x-axis represents GFP fluorescence. Percentages of GFP' CD4" cells are indicated before 

(leftt panel) and after sorting (right panel). This is a representative image of 8 independent 

transductions. . 

B)) An IL-10 secretion assay was performed with the sorted control GFP (left panel) and IL-I0-

GFPP CD4 ' cells (right panel) one month after the transduction as described in the materials and 

methodss section. IL-10 secreting cells were stained with a PE labelled IL-10 detection antibody. 

Thee y-axis represents the IL-10 secretion and the x-axis represents the GFP fluorescence. 

Percentagess of GFP* IL-IO* cells are indicated for the control GFP (left panel) and IL-10-GFP 

CD4"" cells (right panel). 
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Figur ee 2 I L - I 0 productio n by transduce d CD4* cell s 

C D 4 '' cells ( IxlOVwell) isolated from a healthy donor were cultured in the absence (A) or 

presencee (B) of (/.CD3/CD28 mAbs for a period of 48 h on a 96-well plate as described in the 

materialss and methods section. The supernatants were harvested and IL-I0 concentrations were 

measuredd by ELISA at different time-points (2, 6, 10 and 17 weeks) after retroviral transduction. 

Thee production of IL-I0 is expressed in nanograms of IL-10 per ml per 48 h (ng/ml/48 h). Each 

valuee is the mean of duplicate measurements  SEM. 

C y t o k i n ee p r o d u c t i o n analysi s 

Wee first quantified the amount of II.-i n in the supernatants of sorted GFP CD4 cell 

culturess from one healthy donor. The production of IL-10 by IL-10-GFP CD4 cells was 

measuredd 2. 6, HI and 17 weeks after transduction. Ir is clear from Figure 2\ that 

ocCD3/CD288 activated II . 10 GFP CD4 cells had a high and stable EL-10 production 

comparedd with control GFP CD4" cells. 

Ass previously reported, transgene expression increases substantially when retroviral 

transducedd lvmphocvres are reactivated by C D 3 / C D 28 engagement.' IL-10-GFP CD4" 

cellss upregulated IL-10 expression indeed after a C D 3 / C D 28 stimulation significantly 

comparedd with resting cells. \ representative example is given in figure 2A and B. 1 hese 

resultss were highly reproducible when studied in 8 other donors: stimulated I I . -1" 

producnonn was 12.9 + 2.1 (figure 3) versus ".59  0.116 ng/ml, 4<S h by resting 
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Figur ee 3 Cytokin e profil e of transduce d C D 4 * cell s 

Cytokinee concentrations were measured by ELISA in the supernatants of sorted GFPCD4" cells 

afterr transduction with either GFP or IL-IO-GFP, as described in the legend of figure 2. IL-2 and 

IL-44 levels are given after 24h of (/.CD3/CD28 stimulation, as these cytokines are rapidly 

consumed.. The other cytokines are given after 48 h of stimulation, because their production 

peakedd at this time point. Results of pooled data from 8 donors are expressed as mean  SEM 

andd * represents a significant difference (p=0.002). 

II .. 10-GFP CD4' cells (p=0.003). ACD.VCD28 stimulation of" control ( i l l » C l )4' cells 

alsoo led to a higher IL-10 expression (figure 3) compared with non-stimulated CD4 cells 

(2.088  0.61 versus 0.19  0.1 n g / m l / 48 h, p=0.002), though these levels were evidendy 

lowerr than the LL-10 levels in the supernatants of the II . 10-GFP CD4' cells. To 

examinee whether the cytokine profile was affected bv transduction with IL-10-GFP, we 

measuredd the production of 1 h I (IL-2, 1IX -y and TNF-oc) and Th2 cytokines (IL-4, IL-5 

andd IL-10) after ocCD3/CD28 stimulation (figure 3). II .-2 and IL-4 levels are provided 

afterr 24 h of stimulation, as thev are rapidlv consumed. 1 he levels of the other cytokines 

aree shown after 4<S h stimulation, because their production peaked at this rime point. 

IL-10-GFPP CD4 cells produced approximately 6-fold higher levels of IL-10 rhan 

controll  G FP CD4 cells (p=0.002), bur there was no significant difference in the 

productionn of I'hl and other I h2 cytokines (figure 3). Remarkablv, activation of both 

celll  types resulted in high levels of IJ N-y. 
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Figur ee 4 Autocr in e inhibit io n o f I L - I 0 -GF P transduce d CD4* cel l prol i ferat io n 

A)) The proliferation of transduced CD4 ' cells from 2 donors was measured after a 48 h 

incubationn in the presence or absence of «CD3/CD28 mAbs. Incorporation of 3H-thymidine was 

determinedd after a pulse 3H-thymidine during the last 6 h of culture. The proliferation rate is 

givenn as stimulation index, calculated as incorporated radioactivity of «CD3/CD28 activated 

CD4 '' cells divided by the incorporated radioactivity of resting CD4~ cells. This experiment, 

performedd in parallel wi th the cell cultures used for cytokine detection, represents one of 3 

independentt experiments yielding similar results. Each value is the mean of measurements  SEM 

andd * indicates a significant difference (p=0.004). 

B)) Increasing numbers of irradiated or non-irradiated IL-I0-GFP and control CD4* cells (0 to 

5XI0"11 cells/well) were stimulated for three days with allogeneic monocytes (IxlO'Vwell). 

Incorporationn of 3H-thymidine was determined after a pulse 'H-thymidine during the last 18 

hourss of culture. Each value is the mean of triplicate measurements  SEM and analysis of 

variancee (ANOVA) for repeated measures indicated that proliferation of the two cell types 

differedd significantly from 6.3x10' cells/well and onwards (p<0.00l). The results are 

representativee of 3 independent experiments. 

IL-I0-GFPP CD4+ cells have a blunted proliferative response and suppress 

proliferationn of autologous cells in a paracrine way 

Ann important feature of LL-10 is die inhibition of T cell proliferation.1 To rest this 

biologicall  activity, we performed a H-thymidine incorporation assay on our transduced 
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celll  cultures in parallel to the cytokine production assays after 48 h of ocC.D3/CD28 

activation.. Figure 4A shows the stimulation index of 2 representative donors of a total of 

6.. 'Hie IL-KI-GF P CD4 cells had a reduced proliferative response to a C D 3 / C D 28 

activationn in comparison to control G FP CD4 cells. Similar results were obtained after 

722 h of cxCD3/CD28 activation (data not shown). These data indicate that the increased 

productionn of IL-10 bv activated IL-IO-GFP CD4 cells, as shown in figure 3, reflects an 

increasedd IL-10 production per cell, as it could not he ascribed to an increased number of 

cellss due to proliferation. In addition, IL-10-GFP CD4~ cells had a blunted proliferative 

responsee when stimulated with allogeneic monocytes in sharp contrast to the control 

G F P C D 4""  cells (figure 4B). 

Too obtain the effect of rIL-10 on alloantigen induced proliferation of responder cells 

(t-.g.(t-.g. cultured CD4' cells and fresh PBMCs), these cells were stimulated with purified 

allogeneicc monocytes. In figure 5A, it is shown that rIL-10 inhibited the proliferative 

responsess in a dose-dependent fashion. Significant inhibitory effects were already 

observedd at rIL-10 concentrations of 1.25 ng/ml (p=0.049 versus no rIL-10 added) and 

2.55 ng/ml (p=(J.050 versus no rIL-10 added) in the CD4' cells and PBMCs, respectively. 

VX'ee compared this effect of rIL-10 with supernatants collected from IL-IO-GFP or 

controll  G FP CD4" cells after 48 h of a C D 3 / C D 28 stimulation, containing IL-10 

concentrationss of 4.1  0.2 and 0.4  0.07 ng/ml, respectively. The supernatants from 

thee IL-IO-GFP CD4" cells suppressed the proliferation of the autologous CD4 cells and 

PBMCC responder cells bv an average of 61" o and 18" i>, respectively (figure 5B). 

Wee next tested the ability of die transduced cells to suppress the proliferative 

responsess of autologous responder cells to alloantigens in coculture experiments. 

Responderr cells were stimulated with monocytes and different numbers of irradiated 

transducedd cells. As shown in figure 5C at a ratio of L2 (IL-10-GFP CD4" cells: 

responderr cells), the proliferation of CD4 cells and PBMCs was inhibited bv an average 

off  67% and 38" n, respectively. At a ratio of 1:1 the proliferative responses were even 

moree reduced (data not shown) compared with the control G FP C D 4' cells. From this 

wee conclude that the expression of the FL-10 transgene leads to secretion of IL-10 that is 

biologicallyy active in both an autocrine and paracrine fashion. 
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## [rlL-10] ng/well CD4" T cells PBMCs C D 4 T cells PBMCs 

Figur ee 5 Inhibit io n of th e prol i ferativ e respons e of autologou s responde r cell s t o 

alloantigen ss in th e presenc e of r IL- IO , th e supernatant s o r transduce d cell s 

Culturedd CD4 ' cells or freshly isolated PBMCs (5x lO'Vwell) were stimulated for three days with 

allogeneicc monocytes (IxlO'Vwell). A) In the presence of increasing concentrations of rIL-IO (0 

too 20 ng/ml). B) In the presence of supernatants of the transduced CD4* cells (IxlOVwell) , 

harvestedd after 48 h (/CD3/CD28 stimulation. C) In the presence of irradiated IL-IO-GFP or 

controll CD4 ' cells (2.5xl0"7well). Incorporation of 3H-thymidine was determined after a pulse 

3H-thymidinee during the last 18 h of culture. Each value is the mean of triplicate measurements

SEMM and * represents a significant difference (p<0.05). The results are representative of 3 

independentt experiments. 

IL-IO-GFPP CD4+ cells reduce IL-I2 production by dendritic cells 

Wee next investigated whether interaction of the IL-IO-GFP transduced CD4 cells with 

DCss influenced the capacity of DCs to produce II.-12, since it is known diat rll.-l( ) 

suppressess 11.-12 production by DCs.'" To this end, immature DCs were cocultured for 

488 h with irradiated IL-10-GFP or control G FP CD4 cells followed by thorough 

washing.. DCs were incubated for another 24 h in the presence or absence of IFN-y. In 

threee independent experiments coculrure of IL-10-GFP CD4* cells with DCs resulted in 

aa 8-fold decrease in [L-12p70 production (mean 79  21 pg /m l /24 h) compared with 

coculruree with control GFP CD4* cells (mean 436  75 pg /m l /24 h, p=0.004). DCs 

activatedd with [FN y also produced less IL-12p70 after coculture with IL-IO-GFP CD4 

cellss ('162  46 versus 451  74, p= 0.01). These combined results indicate that the 

suppressivee activities of IL-10-GFP CD4 cells extend from (.1)4 cells and monocytes 

too DCs. 
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Tab l ee I Phenotypi c analysi s o f transduce d C D 4 + cell s 

Marke r r Ant ige n n 

Expressio nn level s 

contro ll  GFP IL - IO-GF P P 

Activation n 

Adhesion n 

MHCcl l 

CD25 5 

CD27 7 

CD152 2 

CDD 154 

CDD 18 

CD44 4 

CD62L L 

+ + 

++ + 

+ + 

++ + 

+ + 

Sortedd GFP+CD4+ cells were stained with mAbs directly or indirectly labelled with PE or Cy as 
describedd in material and methods and analyzed on a FACScan, Gates were set to contain live 
cellss only. Indicated are the levels of expression (mean fluorescence intensity: MFI) in four 
categoriess as follows:: MFI<I0. -; MFI 10-200, ; MFI 200-500, +; MFI >500, ++. The mean MFI of 
22 donors (the same as used in figure 4) analyzed in one experiment is shown and the results are 
representativee for 8 donors. 

Phenotyp ee of IL-10 transduce d T cell s 

Wee studied the coll surface phenorypc of resting transduced cells by FACSscan analysis. 

Ass expected, MHC class II antigen was downrcguLated on IL-10 transduced CD4 cells 

(tablee I). On the other hand, ÏL-10-Gl 'P transduction did not influence the expression of 

otherr activation markers (table I). CD154 (surface C'll.A-4), important for 

downregulatiunn of activated CD4 cells," was not detectable. Essentially all transduced 

CD44 cells expressed the CD45RO marker of memory T cells.' 

Sincee the IL- HI transduced CD4 cells should be specifically directed to the intestine 

afterr rein fusion to a patient, we studied the expression of different adhesion markers. 

Thee CD18, CD44, CD62L and Qt4fS7 adhesion molecules direct lymphocytes respectively 

too inflammatorv sites," high endothelial venules (HEYs)," peripheral lymph nodes, and 

too the intestine.'1 We observed an intermediate expression of CD62L (L-selectin) and 

highh expression of CD18 (LEA-l j and CD44 on all transduced cells. 
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Figur ee 6 Hig h expressio n o f </.4(i7 o n fres h and cul ture d huma n C D 4 * cell s 

Floww cytometry analysis of a4J37 expression on A) fresh CD4* cells of a healthy donor, cultured 

CD4 '' cells that were either B) non-transduced or C) transduced with the control GFP vector or 

D)) the IL-IO-GFP vector. The y-axis represents the relative cell number (counts) and the x-axis 

representss Ct4|37 expression. The results shown are representative for 8 donors. 

Importantly,, expression of the principal gut-homing molecule a4J37 was high on both 

transducedd and non-transduced cultured CD4" cells as compared with freshly isolated 

CD4'' cells (figure 6). The expression of the Thl related molecule CXCR3 was 

comparablee in both culture conditions. 

</4(i77 mediates adhesion of transduced CD4+ T cells to MAdCAM-l 

Sincee adhesion of gut-homing 1 cells to the intestinal III'A' s depends on the expression 

off  a functional form of -JAZ~ on the cell surface, we investigated whether adhesion of 

transducedd Cl )4 cells to MAdCAM- l transfected 293T cells was oc4|37 -dependent. The 

GFPP and IL-10-GFP CD4 cells adhered more efficient to the MAdCAM- l transfected 
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Figuree 7 Inh ib i t i on of C D 4 * cel l adhes ion t o M A d C A M - l t r ans fec ted 293T cells by 

u 4 p . 7 a n d ( / M A d C A M - ll m A b s 

Adhesionn of sorted CD4* cells, transduced with GFP (I donor) or IL-IO-GFP (2 donors), to 

MAdCAM-ll transfected 293T cells was determined after preincubation with or without the 

followingg mAbs: 145 2 C I I (control), act-1 (</4p7) or MECA-367 (aMAdCAM- l ) . Fluorescent-

labelledd CD4" cells were added to a 96-well plate that contained confluent MAdCAM-l 

transfectedd 293T cells or control 293T cells. Relative binding inhibition was referred to the 

maximumm binding achieved in the absence of mAbs (as described in materials and methods). 

cellss than to control 293T cells (44% versus 26".,, respectively). As shown in figure . 

adhesionn of II . 10-GFP and control GFP CD4 T cells to MAdCAM- 1 transfected cells 

wass partially blocked by prc-irearmenr with mAb against 7.4,3" or MAdGAM-1, but not 

byy pre-treatment with a control antibody. These results indicate that the expressed -y.437 

mediatedd binding to MAdCAM-l , and T cells retain the capacity to bind r<> MAdCAM- 1 

afterr retroviral transduction. 
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Discussio n n 

Inn this study, wc aimed ro genetically modify human C D 4' cells ?x vivo in order to induce 

increasedd production of 11,-10. We hypothesized that such T cells would acquire a 

regulatoryy phenotvpe, ultimately aiming at using these cells therapeutically in Crohn's 

diseasee and possibly other Thl cell mediated inflammatory diseases. 

PBMCss obtained from healthy donors were transduced using a MMLV-based 

retrovirall  vector containing IL-10-GFP or G FP alone as a control. In accordance with 

otherr studies,"' " we demonstrate an efficient retroviral gene transfer to primary CD4 

cells.. C D 3 / C D 28 stimulated CD4 cells transduced with IL-10-GFP produced 6-fold 

moree IL-10 as compared with CD4 cells transduced with GFP only and IL-10 and GFP 

transgenee expression i« vitro was stable for a period of more than 4 months. This finding 

iss in agreement with recent publications on retroviral transduction o f '1' cells that report 

long-termm transgene expression in vitro.2*'^ 

Thee efficiency and longevity of IL-10 transgene expression in vivo remains to be 

determinedd as it depends on both the survival of the transduced T cells and the LTR viral 

promoterr activity. MMLV-based viral vectors have shown a propensity for the 

acquisitionn of de novo methylation in vivo, causing silencing of transgene expression. ' 

However,, long term survival of T cells after adoptive transfer and transgene expression 

hass been repeatedly reported. For example, the survival of T cells transduced with 

adenosinee deaminase gene, the herpes simplex type I thymidine kinase gene or the yc 

cytokinee receptor subunit gene varied between several months '' and 4 years. In the 

latterr study, two patients with SCID-X1, a disease with a cytokine receptor y chain (yc) 

genee deficiency, were treated with retrovirallv transduced hematopoietic progenitor cells 

overexpressingg the missing gene. After a 10-month follow-up, the disease phenotvpe was 

correctedd with normal counts of functional, yc transgene-express ing T and NK cells. In 

addition,, in a model of experimental colitis we demonstrated that murine T cells, which 

weree transduced with die same IL-10 vector as used in this study, survived more than 15 

weeks,, effectively producing IL-10 throughout the study period. ' Hence, we expect 

IL-100 transduced T cells to have a long half-life /'// vivo. 
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Downregulanonn of MH C class II expression and inhibition of T cell proliferation are two 

majorr immunosupressive activities of IL-10."' ' ""' 1 As expected, MHC class IT 

expressionn was decreased on the surface of ÏL -10-GIP CD4" cells. Analysis of the 

proliferativee responses of the transduced cells revealed that IL-10-GP'P transduction of 

CD44 cells resulted in a reduction of dieir proliferative capacity following polyclonal 

activationn or stimulation with alloantigens. In addition, IL-IÜ-GH P CD4 cells 

suppressedd the proliferation of autologous responder cells, indicating that these cells 

havee immunomodulatory properties. 

Anotherr biologically relevant finding was that IL-10-GFP CD4~ cells potently 

downregulatedd IL-12 production by DCs. II.,-12 is a major 'I l i l inducing cytokine and in 

Crohn'ss disease both IL-12 and its receptor are upregulated within the inflamed 

mucosa.1"' **  'line functional importance of mucosal IL-12 production in Crohn's disease 

iss strongly supported by the finding that IL-12 contributes to the preferential expansion 

off  ILN- y secreting cells.'" Studies in murine models have demonstrated tiiat 

neutralizationn of IL-12 leads to complete recovery of experimental colitis.'" Hence, 

inhibitionn of T hl cell development via IL-12 downregulation and control of C D 4' cell 

proliferationn by IL-10-GI ;P CD4 cells are expected to control mucosal immune 

responsess in Crohn's disease. 

Inn the absence of TCR stimulation, 11,-1(1 production by control GFP CD4" cells 

wass undetectable, whereas resting IL-10-GPP C D 4' cells made some IL-10, Stimulation 

withh « C D 3 / C D 28 significantly induced IL-10 production by these cells. Our finding 

addss to an increasing number of publications,""' ' ' lS reporting that activation of 1 cells 

influencess transgene expression of MMLY-based vectors."' " ' Y It is known that the 

MML VV 5'L'I'R promoter driving transgene expression can be influenced by the activation 

statee of the T cell.''' This finding confers promising perspectives to the use of MML V 

transducedd CD4" cells in patients with Crohn's disease, because focal inflammation in 

thesee patients wil l potentially stimulate the local expression of the transgene. 

Wee subsequently investigated whether IL-10 gene transfer influenced the cytokine 

profilee of transduced T cells. The production of IL-2, IL-4, 1L-5, TNTI ;-a and ILN- y by 

otCD-VCD288 activated and non-activared transduced cells was identical, with the 

exceptionn of IL-10. This is consistent with the observation made by others,1" '" that 
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retrovirall  transduction with a regulatory gene does not influence the overall cytokine 

profilee of the transduced cells. In addition, it is known rhat retroviral integration and 

expressionn of GFP does not interfere with '1' cell function, such as surface molecule 

expression,, cytokine pattern, antigen specificity and cy to toxicity. * IL-10-GFP CD4 cells 

secretedd low levels of 11.-2 and IL-4, substantial levels of IL-5 and TNF-a and high levels 

off  IFN-y (figure 3 and data not shown). The culture conditions could have favoured the 

productionn of IFN-y; as it is known rhat even skin and peripheral blood derived Th2 

clones''11 mav produce IFN-y after repeated feeder stimulations, presumably as a result of 

IFN-yy inducing factors like IL-12 produced by feeder cells''2 and upregulntion of IL-12R 

beta22 chain expression bv 'I' cells cultured in feeder mixtures/'" Although IFN-y is 

generallyy regarded as a pro-inflammatory cytokine/'1 it is also produced by regulatory I 

cells""  and it may be needed to counteract T cell mediated immune activation in die early-

responsee of intestinal inflammation/'4 Indeed, it has recently been reported that naturally 

occurringg regulatory T cells are characterized by increased production of both IF-10 and 

IFN-y/'5 5 

Systemicc administration of rhtL-10 to patients with Crohn's disease lacks tissue 

specificityy and may have systemic side effects/1' Hence, for intestinal mucosal IL-10 

transgenee expression without systemic IL-10 exposure, IL-10-GFP transduced CD4 

cellss need to specifically home to die intestinal mucosa. The integrin «4(37 regulates 

selectivee homing of lymphocytes to mucosal sites by binding to MAdCAM-1, which is 

selectivelyy found in the gut-associated lymphoid tissue/' " ''*  A4£7 is normally present at 

loww levels on all naive peripheral blood lymphocytes and on a subset of memory I cells 

withh gut tropism,:i ''''"'" " MAdCAM- 1 is upregulated in the inflamed intestinal mucosa, 

increasingg the chances of T-cetl homing to these areas/1*" ' We therefore identified a4p7 

ass a candidate to specifically direct the transduced C D 4' cells to the intestine. 

Thee expression of a4|37 on the surface of the engineered CD4" cells was high, and 

wee demonstrated that a 4 ?7 did mediated specific adhesion of the transduced CD4' cells 

too the mucosal addrcssin MAdCAM- 1 in vitm. High a4[$7 expression was not specific for 

IL-10-GFPP CD4* cells, and was also observed on control GFP and non-transduced 

CD4""  cells cultured in parallel. Although a recent study reported fhat a transduction 

proceduree wkh an MML Y vector containing GFP per se did not alter the expression of 
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lymphocytee homing receptors, ~ our finding is in concordance with another studv that 

demonstratedd upregularion of «4f37 by both human and murine C D 4' cells under similar 

culturee conditions. ' In addition, IL -10-GIP transduced cells showed an intermediate 

expressionn of CD62L and high expression of CD] 8 and CD44, other adhesion molecules 

involvedd in mucosal homing. 

Thee concept of therapeutic use of retroviral]}' transduced T cells expressing IL-10 

wass proven in experimental ovalbumin (OYA)-induced arthritis, also a Thl mediated 

disease.. 4 In this model, OYA-specific T cells infected with a retroviral vector containing 

IL-100 migrated to the inflamed joint, and exerted a local anti-inflammatory response. In 

experimentall  autoimmune encephalomyelitis (TJ'.AL), a Thl mediated disease, efficient 

deliver)-- to the site of inflammation of either therapeutic "*  or exacerbating factors '̂ by 

geneticallyy modified T celts has been reported. Kncouraging results were obtained from a 

studyy showing that antigen specific T cell clones transfected with IL-10 cDNA were able 

too inhibit HA 1:1. ' In these disease models the causative antigens have been identified, 

enablingg the use of antigen-specific regulatory T cells. Neither in Crohn's disease, nor in 

mostt experimental animal models of inflammatory bowel disease, causative antigens have 

beenn identified. However, we expect that specific T cells within the large polyclonal 

IL-100 transduced population wil l be activated within the mucosal compartment and wil l 

exhibitt regulatory functions including inhibition of proliferation of T cells and 

downregulationn of IL-12 production by DCs (a mechanism known as "bystander 

suppression").. "s Indeed, we have recently demonstrated the feasibility of this approach 

inn experimental colitis induced by transfer of CD45RBl l , t *  CD4' cells in S OD mice.4,J' '' 

Inn conclusion, efficient transduction of peripheral blood T cells with a retroviral 

vectorr containing IL-10 is feasible and this results in long-term IL-10 production. IL-10 

transducedd cells actively suppress proliferation of autologous responder cells and IL-12 

productionn by DCs. These cells have the adhesion characteristics necessary to home to 

thee intestinal mucosa and produce IL-10 in an activation-dependent manner. A major 

advantagee of the ability to engineer T cells ('.v vivo is that systemic exposure to the 

retrovirall  vector is avoided, and that adrmnstrarion of such cells is not expected to cause 

highh systemic JL-10 concentrations. Therefore, we consider such ex vim engineered 
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regulatoryregulatory T cells an attractive approach to maintain long-term remissions in Crohn's 

disease. . 
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Abstract t 

Backgroundd & Aims: Blockade of lvmphocvte recruitment to the intestinal mucosa is 

consideredd a useful therapy for IBD and anti-oc4 antibodies have clinical benefit in 

patientss with active Crohn's disease. The aim of this study was to evaluate a non-invasive 

3-dirnensionall  scintigraphic technique to assess hmphocvte homing to the colon in 

TXBS-inducedd experimental colitis. 

Methods:: TNBS sensitized and non-sensitized munne total lvmphocvtes or CD4" 

lvmphocvtess were radioactivelv labelled with mIndiLim-oxinate ('' In). Cells were injected 

intoo control mice or mice with TNBS colids. Specific abdominal radioactive uptake was 

determinedd bv single photon emission computed tomography (SPFCT) using a dedicated 

pinholee system 48 hours after cell transfer. The severity of inflammation was determined 

bvv histological scoring of the colon. 

Results:: The radioactive colon uptake was most evident in mice with TNBS colitis 

thatt received sensitized lymphocytes. The sensitized 1I!In labelled lymphocytes 

exacerbatedd colitis compared with non-sensitized lymphocytes. The colon uptake 

correlatedd well with both colon weight and histological score. The use of In labelled 

C D 4'' lymphocytes resulted in a similar homing pattern. Administration of an anti-a4 

antibodyy decreased radioactivity colon uptake of the m I n labelled cells compared with 

thee control antibody in mice with TNBS colitis. 

Conclusions:: Animal pinhole SPIiCT can be applied for temporal and spatial 

analysiss of the lymphocyte homing process in experimental colitis and allows for optimal 

evaluationn of therapeutic efficacy of new drugs that interfere with lymphocyte migration. 

Moreover,, colon radioactivity uptake can be used as a parameter of disease activity in 

experimentall  colitis. 
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Introductio n n 

II  nder normal conditions, naive T lymphocytes migrate randomly from blood ro 

secondaryy lymphoid tissues for immune surveillance. When naive T lymphocytes 

encounterr an antigen in me draining lymph nodes of the gut, they differentiate into 

memory/effectorr cells. If such an encounter takes place in the mesenterial lymph nodes, 

migrationn is subsequently directed back to the intestinal mucosa.1 I h i s process is 

controlledd by the expression of different sets of adhesion molecules and chemokines."' 

Thee integrin alpha(ot)4 beta(p)7 is the principal gut-homing receptor and functions at 

severall  steps in the adhesion cascade by interacting with me mucosal addressin 

MAdCAM- 11 present on endothelial cells.4' 3 Naive lymphocytes express low levels of 

oc4p77 but upon activation a significant amount of functionally active «4(37 appears on the 

surface/'' During intestinal inflammation MAdCAM- 1 is upregulated resulting in an 

increasedd influx of lymphocytes. In addition, the chemokine T E CK and its receptor 

CCR99 are involved in the migration of ot4 7̂ memory T lymphocytes to the small 

intestine.. Surprisingly, only few cells in the colon express CCR9, which indicates that 

effectorr and memory T lymphocyte homing to the gut may be divisible into particular 

H.. 'I 

streams. . 

Inn inflammatory bowel disease, increased numbers of activated CD4' T helper 1 

(Thl)) lymphocytes, that locally produce pro-inflammatory cytokines, such as interferon y 

(IFN-y)) and tumour necrosis factor w (TNF-a), mediate mucosal inflammation and tissue 

damage.1""  Blockade of lymphocyte recruitment to the intestinal mucosa is considered a 

usefull  therapv for inflammatory bowel disease. Indeed, administration of antibodies that 

bindd either the a4 integrin alone or in combination with (37 has resulted in therapeutic 

benefitt in cxpenmental colitis11 !" and in patients with active Crohn's disease. In 

addition,, in other models of T lymphocyte mediated disease, such as asthma and 

rheumatoidd arthritis, specific chemokine or chemokine receptor antagonists have been 

reportedd to block cell recruitment and these targets are expected to have therapeutic 

effectss in inflammatory bowel disease as well.1' '*  Although these results are promising, 

thee number of in rivo studies is limited. More insight into the complex migratory 

pathwayss of lymphocytes to the intestine and the role chemokines and their receptors 
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playy herein, is necessary. Several techniques have been used for imaging of Ivmphocvte 

migration,, such as intravital fluorescence microscopy,1"" ' biolumimscence assavs with 

luciferasee expressing cells" and magnetic resonance imaging of 'I' lvmphocvres loaded 

withh superparamagnetic nanoparriclesr" 2~ However, restrictions of these methods 

includee invasiveness, modification of donor cells for detection, or analvsis of a limited 

numberr of anatomic sites or time points. Previous studies have shown that in rim 2-

dimensionall  planar imaging of radioactive labelled lvmphocvres is a technique that allows 

forr in vim detection of lymphocytes on multiple time points in the entire b o d v ." 

Inn the present study, we have evaluated a 3-dimensional non-invasive scintigraphic 

methodd (single photon emission computed tomographv: SP IX ' i) for assessment of 

radioacüvelyy labelled ! " Ind ium (In)-oxinate Ivmphocvte homing to the gut in 2,4,6-

trimtrobenzenesulfonicc acid (TNBS) induced experimental colitis in mice. TNBS colitis is 

characterisedd by a T helper-1 cell mediated transmural colitis and resembles human 

Crohn'ss disease."*  We performed SIM X T analvsis 48 hours (h) after injection of 

radioacüvelyy labelled cells, since we showed in pilot experiments that colon radioactivity 

uptakee increased over time and peaked at 48 h post injection."' Further, we applied this 

techniquee to study blockade of intestinal Ivmphocvte influx in '1"NBS colitis with an 

anti-a44 mtegrin antibody. Our results provide evidence rhat ' " i n labelled Ivmphocvte 

SIMM X T is a suitable tool to assess lymphocyte homing and disease activity in rim in 

experimentall  colitis. 

Material ss  and Method s 

Mice e 

BAl.B/ cc female mice were purchased from Charles River (Charles River, Someren, rhe 

Netherlands)) and maintained under standard conditions at our animal care facilitv. The 

animall  welfare committee approved all experiments. Mice were used at 8 to 10 weeks of 

age. . 
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Tabl ee I Visua l uptak e and mea n colo n uptak e ratio s o f S P E C T 

Exp . . 

Expp 1 

Expp 1 

Expp 1 

Expp 1 

Expp 2 

Expp 2 

Expp 2 

Expp 2 

Expp 3 

Expp 3 

Dono r r 

NaCI I 

TNBS S 

NaCI I 

TNBS S 

NaCI I 

TNBS S 

NaCI I 

TNBS S 

TNBS S 

TNBS S 

Accep to r r 

-- NaCI 

-- NaCI 

-- TNBS 

-- TNBS 

-- NaCI 

-- NaCI 

-- TNBS 

-- TNBS 

-- TNBS 

-- TNBS 

numbe r r 
o ff  mic e 

5 5 

5 5 

5 5 

6 6 

2 2 

2 2 

3 3 

2 2 

5 5 

5 5 

Splee n n 
cel ll  typ e 

total l 

total l 

total l 

total l 

CD4+ + 

CD4+ + 

C D 4 ' ' 

CD4+ + 

CD4+ + 

CD4+ + 

A b b 

--
--
--
--
--
--
--
--

control l 

anti-ot4 4 

Visua l l 
uptak e e 

+ + 

H-H-

+1-+1-

++ ++ 
--

+1-+1-

+1-+1-

+ + 

++ ++ 

+ + 

Uptak e e 
rat i o o 

0.299  0.025 

0.222  0.035 

0.222  0,036 

0.511  0.033 

0.11 1 

0.25 5 

0.23 3 

1.18 8 

0.722 4 

0.333  0.025 

Radioactivityy uptake in the colon was scored visually, as follows: - no uptake (equal to 
background)),, +/- equivocal uptake (higher than background but lower than bone marrow 
uptake).. + positive uptake (equal to bone marrow uptake) or ++ manifest uptake (higher than 
bonee marrow uptake). For the uptake ratio five consecutive transverse slices wi th the highest 
colonn uptake were selected and added. Regions of interest (ROI) were set for the colon, pelvic 
bonee marrow and abdominal background adjacent to the colon and counts in each ROI were 
determinedd to determine the ratio of specific activity and non-specific activity. The colon uptake 
ratioo was calculated normalized to the pelvic bone marrow uptake corrected for background 
activityy (counts colon-counts background/counts bone marrow-counts background). Results are 
expressedd as mean + SEM. 

E x p e r i m e n t s s 

Thee studv was divided in three experimental protocols to assess lvmphocvte migration bv 

SPECTT (Table 1). We first addressed homing characteristics of sensitized and non-

sensitizedd total splenic lymphocytes in TNBS or control mice (experiment 1). Secondlv, 

wee evaluated homing characteristics of sensitized and non-sensitized CD4~ Ivmphocvtes 

inn TNBS or control mice (experiment 2). Finally, we studied the ability of an ana-a4 

integrinn antibodv to interfere with recruitment of sensitized CD4' Ivmphocvtes in TNBS-

inducedd colitis (experiment 3). 

I n d u c t i o nn o f T N B S col i t i s 

Colitiss was induced by recral administration of 0.5-2 mg TNBS (Sigma Chemical Co, St 

Louis,, MO, L'SA) dissolved in 40°» ethanol (Merck, Darmstadt, Germany), using a vinyl 

catheterr positioned 3 centimeters from the anus, as previously described." Control mice 
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underwentt identical procedures, but were insrillcd with saline (NaCl O/J",,). The donor 

mice,, used for lymphocyte isolation from the spleen, received 1 dose of saline or T\"RS 

andd were sacrificed after 7 davs. The recipient mice, used for transfer of radioacnvelv 

labelledd lymphocytes and SPKCT analysis, were instilled with saline or TNBS twice, 

separatedd by a 7-dav interval (to induce a I hi mediated delayed tvpe hypersensitivity 

response). . 

MM 'In labelling and adoptive transfer 

BALB/ cc lymphocytes from either saline or TNBS mice were used as source for 

radioactivee labelling and transfer. Briefly, lvmphocvte suspensions from the spleen were 

preparedd using filter cell strainers (Becton Dickinson, New Jersey, I S A) and red cell 

lysis.. The cells were labelled with ' " I n either directly or after CD4' cell enrichment. For 

CD4""  cell enrichment, lvmphocvtes were labelled with the following rat anti-mouse 

monoclonall  antibodies (mAbs): B220 (clone RA.V6B2), Mac-1 (clone M l / 7 0 ) , and CDHa 

(clonee 53-6.7) (gift from Dr. R. Mebius, Vrij e Universiteit Medical Center, Amsterdam, 

Thee Nedierlands) and the triAb-stained cells were removed in a magnetic field using 

sheepp anti-rat IgG coated magnetic beads (Dvnal, Hamburg, Germany). CD4* 

enrichmentt of total splenic lymphocytes resulted in > (»(.)% CD4 lvmphocvtes. 

,M In-oxinatee (1.4(1 MBq, Mallinckrodr. Petten, the Netherlands) was added for each 

1x10'' cells, and incubated for 15 minutes at room temperature. After washing, 2(H) ul of 

celll  suspension (approximately 25x10'' cells and 25 MBq per mouse) was injected 

intravenouslyy (iv) in the tail vein of randomly assigned TNBS or saline recipient mice on 

dayy 7. 

Floww cytometry 

Inn separate experiments, splenocvtes from donor mice were stained with fluorochrome-

conjugatedd CD4, CD45RB. CD25, a4p7, CD62L, CD44 (aU Pharmnigen) mAbs and rat 

!gG2aa and IgG2b isotypc controls and analyzed on a IACS Calibur flow cytometer 

(Bectonn Dickinson, CA, L'SA). 
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InIn  vivo  homin g assay usin g SPECT 

Scintigraphyy was performed using a recently described and validated high-resolution 

pinholee SPECT.11 Animals were sedated with fentanyl and fluamsone (Janssen 

Pharmaceutics,, Beerse, Belgium) and midazolam (Roche, Mijdrecht, the Netherlands). 

SPECTT was performed 48 h after injection of the m I n labelled cells. SPECT 

reconstructionn was performed using a HERMES (Nuclear Diagnostics, Stockholm, 

Sweden)) application program, using filtered back projection adapted to pinhole SPECT. 

Imagess were visually interpreted on transversal slices by two experienced nuclear 

medicinee phvsicians (R.B. and HA'.). Radioactivity uptake in the colon was scored as 

follows:: no uptake (equal to background)), equivocal uptake (higher than background but 

lowerr than bone marrow uptake), positive uptake (equal to bone marrow uptake) or 

manifestt uptake (higher than bone marrow uptake). To determine me radioactivity 

uptakee semiquantitative!}, five consecutive transverse slices with the highest colon uptake 

weree selected and added. Regions of interest (ROI) were set for the colon, pelvic bone 

marroww and abdominal background adjacent to the colon and counts in each ROI to 

determinee the ratio of specific activity and non-specific activity. The colon uptake ratio 

wass calculated normalized to the pelvic bone marrow uptake corrected for background 

activityy ((counts colon-counts background)/(counts bone marrow-counts background)). 

Afterr SPECT the mice were sacrificed and colons were removed through a midline 

incision.. To validate the results of the SPECT, isolated colons were cleaned for standard 

planarr pinhole scintigraphy. In the anti-ot4 versus control antibody experiment, the colon 

andd a blood sample were weighed and counted in a gamma (y)-counter (Packard 5530) 

afterr SPECT and planar scintigraphy. Results of the y-counrer were corrected for decay 

andd expressed as counts per minute (cpm)/gram tissue. To correct for non-specific 

binding,, ratios were calculated normalized to radioactivity in blood ((cpm/gram colon-

cpm/gramm blood) / (cpm/gram blood)). 

Blockad ee of a4 integrt n 

Ratt mAb specific for a4 (PS/2, IgG2b) or an irrelevant isotype-matched control antibody 

(ratt IgG2b both mAbs were kindly provided by Biogen, Cambridge, MA , USA) were 

administeredd to recipient mice by a single intraperitoneal injection of 2(H) f ig/mouse 
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followingg the second instillation of TNBS. In addition, approximated 25x10" , nI n 

Libelledd donor cells were treated for 20 min at 4°C with 20 ug /ml of the appropriate _\b 

beforee transfer. Next, the U ! I n labelled donor cells were washed, resuspended in saline 

andd equal volumes were injected iv into recipient mice. 

Assessmen tt  o f inflammatio n 

Thee wet weight of the distal 6 cm of the colon was used as an index of disease-related 

intestinall  wall thickening. An expenenced pathologist (I'.K.) blinded to the experimental 

protocoll  performed microscopic evaluation on formalin fixed tissue sections stained with 

hematoxylinn and eosin. as previously described.'" Two sections of rolled colons were 

scoredd using the following parameters 1}  percentage of colon involved, 2) fibrosis, 3) 

edema,, 4) erosions and ulcerations, 5) crypt loss, (>) infiltration of mononuclear cells and 

7)) polymorhonuclear cells. The total score ranges from 0 (normal colon) to a maximum 

off  20 points (most severe inflammation). 

Stat ist icall  analysis 

Differencess between groups were analyzed by the Mann-Whitney L' test. For comparison 

off  multiple data sets, statistical analysis was performed according to Kruskal-Wallis. 

Correlationn analysis between uptake ratios and histological scores or colon weights was 

performedd by applying the Spearman's rho correlation test. Results are expressed as the 

meann  SK.M. A two-railed p value of less than 0.05 was considered to represent a 

significantt difference. 

Results s 

Phenotyp ee of dono r lymphocyte s 

hirst,, we analyzed the phenotype of spleen lymphocytes isolated from TNBS sensitized 

orr saline control mice by flow cytometry. TNBS sensitization increased the proportion of 

CD44 lymphocytes expressing the memory marker CD45RB1'"*  (69  8"o) compared with 
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33% % 

1033 104 

ct4p7 7 

Figur ee I Phenotyp e o f dono r CD4 + l ymphocy te s 

Floww cytometry analysis of C.4B7 expression on fresh CD4" lymphocytes isolated from spleens of 

TNBSS or saline control BALB/c mice. The y-axis represents the relative cell number (counts) and 

thee x-axis represents a.4(37 expression overlaid onto the isotype control. Gates were set to 

containn live lymphocytes only. This is a representative image of I 3 mice. 

salinee (51  1"")- Further, TNBS sensitization decreased expression of CD62L, that is 

involvedd in Lymphocyte homing to peripheral lymph nodes,'" on CD4 lymphocytes 

(meann fluorescence intensity (Mi l ) : 1S5  18) compared with saline sensitization 

(MFI :: 377  68). Bv contrast, expression of CD44, which directs lymphocytes to the high 

endotheliall  venules,33 was higher (MFI: 249  20) in the TNBS sensitized CD4 

populationn compared widi the non-sensitized CD4' populauon (MIT : 199  17). As 

shownn in figure 1 CD4~ lymphocytes of saline and TNBS sensitized mice both expressed 

intermediatee levels of the a4|37. 

I I 
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F iguree 2 C o l o n rad ioac t i v i t y up take is increased in m i ce w i t h T N B S co l i t is 

t r a n s f e r r e dd w i t h T N B S sensi t ized ' " I n labe l led l ymphocy tes 

SPECTT was performed 48 h after transfer of ' " I n labelled TNBS sensitized or non-sensitized 

lymphocytess to TNBS and saline control mice. Colon uptake was calculated normalized to the 

bonee marrow uptake in the pelvis and corrected for background activity. Boxplot of mean 

radioactivityy uptake of the four groups as indicated (donor/acceptor). Overall comparison 

p=0.002.. individual comparison between TNBS-TNBS group and the 3 other groups **p=0.004. 

S P E C TT a s s e s s m e n t o f ' " I n l a b e l l e d l y m p h o c y t e i n f l u x t o t h e c o l o n 

Splenicc lymphocytes were isolated from both TNBS sensitized and non-sensitized mice 

andd radioactively labelled with ' " in , with an efficiency ranging from 60 to 80%. In saline 

controll  mice there was no significant difference in the colon uptake ratio between 

sensitizedd and non-sensitized total lymphocytes 48 h after cell transfer (figure 2 and 3). 

Byy contrast, mice with TNBS colitis had significantly higher colon uptake ratios after 

transferr of sensitized total lymphocytes compared with non-sensitized lymphocytes 

(p=0.004,, figure 2). Visual uptake assessment on transverse SPECT slices (table l and 

figuree 3 on page 138) confirmed the colon uptake ratios. In addition, ex vivo planar 

scintigraphyy of isolated colons showed clear differences between mice with TNBS colitis 

thatt received sensitized lymphocytes and the orner groups (data not shown). These 

observationss indicate thai TNBS sensitization was required for lymphocyte homing to 

thee I XBS exposed colon. 
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Figur ee 4 T N B S sensitize d lymphocyte s exacerbat e coliti s 

TNBSS or saline control mice were transferred with TNBS sensitized or non-sensitized " ' I n 

labelledd lymphocytes as indicated (donor-acceptor). Weight of the last 6 cm of the colon was 

determinedd upon sacrifice after SPECT. The TNBS-TNBS mice had significantly lower colon 

weightss than the other mice. Data represent means  SEM. Overall comparison p=0.00l5, 

individuall comparison between TNBS-TNBS group and three other groups **p<0.05. 

111 ' In labelled spleen lymphocytes are funct ional in vivo 

Thee weight of the lasr 6 cm of the colon was determined upon sacrifice at dav 9. I he-

colonn weight of mice with TNBS colitis that received sensitized lymphocytes (238  24 

mg)) was significantlv higher than die weights of mice thai received non-sensitized 

lymphocytess (162  19 mg, p=0.028) and saline mice that received sensitized 

lymphocytess (114  5 mg. p=0.006) or non-sensitized lymphocytes (101  5 mg, 

p=0.006)) (figure 4). 

Next,, tissue sections of the colons were examined microscopically to assess whether 

recruitmentt of 'In labelled lymphocytes was associated with histological signs of 

inflammatoryy activity (figure 5). Histological scoring indicated that transfer of the 

sensitizedd lymphocytes exacerbated disease in TNBS colitis compared with non-

sensitizedd lymphocytes (histological score 12  0.4 and 7 + 0.8, p=0.006). By contrast, no 

pathologicall  changes were detected in the colons of saline control mice (figure 5). These 

dataa indicate that ; In labelled lymphocytes were functional /'// vivo, as they aggravated 
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Figuree 3 Increased rad ioac t i v i t y on S P E C T o f m i c e w i t h T N B S col i t is t r ans fe r red 

w i t hh T N B S sensi t ized ' " I n label led l ymphocy tes 

SPECTT was performed 48 h after transfer of " ' I n labelled TNBS sensitized or non-sensitized 

lymphocytess to TNBS and saline control mice. Transverse slices from the abdominal region at 

thee pelvic level. The amount of ' " In uptake is colour-coded from low (black) to high (yellow-

white).. The four images are representative for the four groups (donor-acceptor): A) in the NaCI-

NaCII mouse uptake is low, B) in the TNBS-NaCI mouse uptake is equivocal. C) in the NaCi-

TNBSS mouse uptake is equivocal, and D) in the TNBS-TNBS mouse uptake is manifest. 
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Figur ee 5 T N B S sensitize d lymphocyte s exacerbat e coliti s 

H&EE stained colon sections. The extent of mucosal inflammation was graded (see materials and 

methods)) and the mean total histological scores per group (donor-acceptor) are shown. The 

photoss A) NaCI-NaCI mouse and B) TNBS-NaCI mouse, show normal colon architecture with a 

smalll number of leukocytes in the mucosa. C) NaCI-TNBS mouse with inflammation (significantly 

lesss severe than in D), consisting of edema and influx of inflammatory cells, but ulcerations and 

fibrosiss are absent. D) TNBS-TNBS mouse with severe colitis characterized by edema, an 

extensivee influx of inflammatory cells, ulcerations, crypt loss and fibrosis. Original magnifications: 

333 x. 

diseasee activity. To determine whether SIM T T could be used to assess disease activity in 

VIVO,VIVO, we performed a correlation analysis between the colon uptake ratios and the 

histologicall  scores (figure 6.\) or the colon weights (figure 6B). Both the total histological 

scoress and colon weights correlated with the colon uptake ratios in mice with TNBS 

colitiss (for both p<0.(Kll). Hence, the colon uptake ratio is a reliable parameter for the 

severityy of colitis in rim. 
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Figur ee 6 Colo n uptak e rat i o corre late d wi t h parameter s of coliti s 

Micee with TNBS colitis were transferred with TNBS sensitized or non-sensitized ' In labelled 

lymphocytes.. Each symbol represents an individual mouse. 

A)) Significant correlation between histology (x-axis) and colon uptake ratio (y-axis) (p<0.00l). 

Correlationn coefficient R~= 0.933. 

B)) Significant correlation between colon weight (x-axis) and colon uptake ratio (y-axis) (p<0.00l). 

Correlationn coefficient R2= 0.836. 

Increasedd migration of CD4+ lymphocytes to the colon 

Sincee the CD4' cell population is primarily responsible for transferring TNBS-induced 

colitis,, ' we analyzed the specificity of In labelled CD4~ spleen cell scintigraphy for 

migrationn to both inflamed and healthy colons (experiment 2, table I). As expected. 

transferr of sensitized CD4 lymphocytes to mice with TNBS colitis resulted in a higher 

colonn uptake ratio than transfer of non-sensitized CD4" lymphocytes. Saline control 

micee that received sensitized or non-sensitized CD4 lymphocytes showed low colon 

uptakee ratios similar to those found after transfer of total lymphocytes (table 1). Visual 

uptakee assessment on transverse SPECT slices (table I) and ex vivo planar scanning of 

isolatedd colons (data not shown) confirmed the SPECT results. Mice with TNBS colitis 

thatt received sensitized CD4 lymphocytes had a more severe colitis upon histological 

evaluarionn compared with mice receiving non-sensitized CD4 lymphocytes (histological 

scoree of 14 and 1') respectively), although no statistical analysis was performed 
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Figur ee 7 Colo n radioactivit y uptak e is decrease d afte r anti-u 4 ant ibod y injectio n 

SPECTT was performed of mice with TNBS colitis 48 h after transfer of ' " I n labelled TNBS 

sensitizedd lymphocytes and injection of a control or anti-(/.4 antibody. 

A)) Colon uptake ratio was calculated normalized to the bone marrow uptake in the pelvis. 

Boxplott of mean radioactivity uptake of the two groups as indicated (*p=0.012). 

B)) Isolated colons were also counted in a y-counter. Results of the y-counter were corrected for 

decayy and expressed as counts per minute (cpm)/gram tissue. To correct for non-specific 

binding,, ratios were calculated normalized to radioactivity in blood ((cpm/gram colon-cpm/gram 

blood)/cpm/gramm blood) (*p=0.05). 

duee to die limited number of mice per group (n = 2). No difference was observed in 

histologicall  score in the healthy control mice that received sensitized or non-sensitized 

CD-II  lymphocytes (histological score of 2 and 3 respectively). 

Blockadee of a4 integrins inhibits migration into the intestine 

Micee with TNBS colitis received a single injection with anti-oc4 antibody or a control 

antibody,, 4 h before transfer of TNBS sensitized " i n labelled CD4" lymphocytes 

(experimentt 3). SPECT after 48 h demonstrated that there was a significant decrease in 

colonn uptake ratio after treatment with the anti-«4 antibody compared with the control 

antibodvv (p=0.012, figure 7A). Visual uptake assessment on the transverse S P E C! slices 

(tablee 1) and ex vivo scanning of the isolated colons ('figure 8) confirmed the difference 

betweenn the anti-7.4 antibodv treated and control mice. In addition, y-counting of the 
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Figur ee 8 Blockad e o f C D 4 * cel l migrat io n t o th e colo n afte r anti-(/ 4 antibod y 

injectio n n 

Exx vivo planar scintigraphic images of isolated cleaned colon show distinct colon radioactivity 

uptakee in a mouse with TNBS colitis transferred with sensitized 'In labelled CD4* lymphocytes 

(panell A). Colon radioactivity uptake is decreased after treatment with an anti-«4 antibody 

(panell B). Images are representative of 5 mice per group. 

isolatedd colon corrected for weight and normalized to blood radioactivirj showed a 

decreasedd radioactivity in the group treated with the anti-oc4 antibody as compared with 

rhee group treated with the control antibody (figure 7B, p 0.05), The induced colitis was 

nott severe 'maximal histological score 8) and there was no significant difference in colon 

weightss or histological scores between the two groups, rbgether, these data indicate that 

thee anti oc4 antibod}  partiall}  inhibited CD4* cell migration to the colon in I NHS colitis. 

Moreover,, this inhibition can be adequately detected b) SP] I 1 

Discussio n n 

Thee data presented here --how that animal pinhole S P E C! can be applied to study 

lymphocytee migration in vivo in experimental colitis, allowing non invasive temporal and 

spatiall  assessment of lymphocyte migration to the inflamed colon. We visualized homing 

ott fNBS sensitized lymphocytes to the inflamed intestine 1>\ SIM.(I and confirmed our 

findingsfindings with standard planar scintigrapln of isolated colon-. TNBS sensitized 
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lymphocytess remained functional after , nI n labelling as they exacerbated signs of colitis. 

Inn addition, the colon radioactivity uptake correlated well with the histological scores of 

intestinall  inflammation and can thus be used as a parameter of disease activity in 

experimentall  colitis, finally, blockade of lymphocyte homing by an anti-oc4 antibody was 

detectedd bv SPEICT in vivo and could be confirmed by planar scintigraphy of isolated 

colons. . 

Severall  radioactive lymphocyte-labelling techniques have been compared for in vivo 

biodistributionn studies." ' In-oxinate seems the most appropnate radiolabel for 

combinedd spatial and temporal in vivo analysis of T lymphocyte distribution, because of 

itss adequate labelling efficiency, long half-life (TV2 =67.2 h), and gammaphoton energy 

peakss (171 keY and 245 keV) that allow for satisfactory y-camera photon detection.1" For 

pinholee SPECT, a minimal amount of radioactivity in the target organ is needed for 

imaging.. With a labelling efficiency of 60-80° 0 in our study, this resulted in a required 

meann dose of 1.40 MBq/10' cells, which is considerably higher than the dose used for 

thee above mentioned in vitro indium labelling and toxicity studies. Detrimental effects of 

isotopee labelling, induced bv radio-ionising effects, chelate toxicity and chemical toxicity 

off  indium or its decay product cadmium may affect cell viability/'" 42 However, our results 

clearlyy confirm in vivo functionality of the transferred n i I n labelled lymphocytes. First, 

specificc colon uptake was significandy higher in the inflamed intestine as compared with 

thee saline controls, indicating active migration to the intesrine. After intravenous 

injection,, lymphocytes pass the lungs and dien the liver and spleen. Most non-viable 

lymphocytess are trapped in the liver4' and it is believed that free radiolabel is not 

reualizedd by lymphocytes but probably transferred to non-circulating cells like liver 

macrophages.. ' *• *' Secondly, we previously showed that colon uptake increased over 

timee and peaked at 48 h post injecdon in mice witiS TNBS co!itis,2'J suggesting continuous 

lymphocytee migration to the colon in time. Finally, m I n Libelled TNBS sensitized 

lymphocytess exacerbated signs of intestinal inflammation. Togedier these data indicate 

thatt In labelled lymphocytes homed to the inflamed intestine and that m I n labelled 

sensitizedd lymphocytes were actively involved in the pathogenesis of colitis. 

Inn this study we compared migration of TNBS sensitized lymphocytes with non-

sensitizedd lymphocytes. The immunologically active moiety of TNBS links to autologous 
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colonicc proteins, which become immunogenic and are presented via MHC-class II on 

antigenn presenting cells to Th'1 lvmphocvtes."*  7"NBS sensitized CD4' lymphocytes 

acquiree an effector/memon' phenotvpe and preferentialIv migrate to the tissues with high 

exposuree to the inciting antigen. We showed that adoptive transfer of total splenic 

lymphocytess or CD4" lvmphocvres from TNBS sensitized mice, a population that 

includedd CD4* memon- lymphocytes (CD45RBl " \ CDf>2L''•* and CD44W;h), resulted in a 

significantlyy higher colon uptake ratio in the inflamed colon compared with transfer of 

ivmphocvtess from non-sensitized mice. Moreover, the mice with TNBS colitis that 

receivedd sensitized lvmphocvtes had a more severe colitis as determined bv histological 

scoringg and colon weights. These data arc consistent with a studv showing that 

transferredd splenic lymphocytes isolated from rats with TNBS colitis migrated to the 

colonn of recipients and exacerbated disease. The colon uptake ratio correlated w7ell with 

thee total histological score and the colon weight of mice with TNBS colitis. Indeed, the 

numberr of lymphocytes in the colon is one of the histological parameters of colitis 

severity.. These findings prove that the colon uptake ratio assessed bv SPI.-'CT can be 

usedd as a parameter of disease activitv /'// vivo. 

Thee presence of lymphocytes in the colon was determined visually and semi

quantitativee bv means of a ratio on transverse slices. The uptake ratio of colon to bone 

marroww uptake eliminates variables dependent on the exact amount of radioactivity 

injectedd intravenously and normalizes subjects within and in-between groups. This is 

importantt for comparison, since the exact amount of radioactivirv and number of 

labelledd lvmphocvtes injected intravenously is mostlv unknown due to toxic cell loss and 

possiblee partial paravasal administration. The homing pattern of lvmphocvtes was further 

confirmedd by the presence of radioactivity in the isolated colon of recipient mice as 

determinedd bv planar scanning and y-counting. 

Basedd on the increasing knowledge of the molecular basis of leukocyte trafficking, 

neww therapeutic strategies are designed that intervene with lymphocyte migration to the 

inflamedd intestine. For optimal evaluation of therapy efficacy and understanding of the 

mechanismm of action of new drugs, serial analysis of lymphocyte migration in animal 

modelss is a prerequisite for pre-clinical development. Treatment of mice with TNBS 

colitiss with the anti-ot4 antibody served as an example for the possible applications of 
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SPKCT.. We showed that animal pinhole scintigraphy of mice with TNBS colitis 

successfully-- detected inhibition of lymphocyte migration to the intestine by a single 

injectionn of an anti-a4 antibody. In tine with previous studies, ' homing of CD4 

lymphocytess to the inflamed intestine was partially blocked by a single injection of an 

anti-«44 antibody. Planar scanning and y-counring of the isolated colon confirmed the 

SPKCTT findings. The set-up of this experiment was nor therapeutic and we found no 

differencee in our parameters of inflammation between administration of the anti-a4 or 

controll  antibody. l o r a therapeutic effect, earlier administration during the course of 

TNBSS colitis of the anti-ot4 antibody may be necessary, lifficacy of new therapeutic 

strategiess with for example chemokine antagonists can be assessed by the here-described 

technique. . 

Collectively,, the results of this study indicate that SPI\CT of  n ,I n labelled 

lymphocytess is a straightforward and reliable technique to assess lymphocyte migration to 

thee colon in experimental colitis and the radioactive uptake ratio of the colon can be used 

ass a parameter of disease activity in rim. Moreover, SPELCT wil l improve the pre-clinical 

developmentt of drugs that intervene with lymphocyte migration to the inflamed 

intestine. . 
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Chapterr 7 

Abstrac t t 

Backgroundd & Aims: Regulatory CD4~ cells secreting the arm-inflammatory cytokine 

IL-100 play a key role in maintaining the immune balance in the intestinal mucosa. In this 

studyy we engineered primary CD4 cells to express II,-10, and investigated the efficacy of 

tinss approach in offering protection against experimental colitis. 

Methods:: Spleen-derived CD-T cells were transduced using a retroviral (MMI.A' ) 

vectorr to simultaneously express IL-10 and green fluorescent protein (Cil-'P). The 

therapeuticc benefit of CD4 cells transduced with IL-10-GFP was studied in 

experimentall  chronic colitis, induced bv transfer of C D 4 5 R BM ' CD4" cells to S OD 

mice,, and in acute TNBS-induced colitis. 

Results:: Transferred engineered Cil'P fluorescent cells were detected for at least 15 

weekss in peripheral blood, spleens, colon, and Ivmph nodes draining the intestine of 

recipientt S OD mice. IL-10-GFP CD4' cells prevented CD45RBh* h CD4" cell-induced 

transferr colitis effectively, whereas no effect was observed after transfer of non-

transducedd CD4" cells. IL-10-GPP CD45RBh vh CD4 cells lost the capacity to induce 

colitis.. By contrast, no therapeutic benefit was observed in TNBS-induced colitis. 

Conclusions:: Primary murine CD4' cells that were engineered to express IL-10 bv 

retrovirall  transduction act as regulator)- cells in CD45RBh,Bt' CD4 cell-induced transfer 

colitis.. I n i s approach may induce long-term maintenance of mucosal immune 

homeostasiss in Crohn's disease. 
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Introductio n n 

Antigenn -dependent CD4" cell proliferation and enhanced secretion of pro-infiammatorv 

cytokincss arc pivotal in the initiation of mucosal inflammation in both humans and 

animall  models.' : Recent therapeutic strategies for Crohn's disease have focused on 

targetingg pro-inflammatory cytokines and their receptors. It has become apparent that, 

besidess having anti-inflammatory effects, several of these therapies also alter T-cell 

function.. For example, the clinical benefit of the anti-tumour necrosis factor a (TNF-a) 

antibodyy infliximab in Crohn's disease seems to be mediated, at least pardv, bv induction 

off  apoptosis of mucosal lvmphocvtes,1' and the efficacy of blockade of IL-12 or IL-6 in 

animall  models is also related to apoptosis induction.1" Hence, inhibition of T cell 

activationn can cause remissions in (animal models of) Crohn's disease. Although 

blockadee of TNF-a results in a therapeutic response in the majority of patients with 

activee Crohn's disease, in most patients remissions are transient. The mucosa] immune 

systemm seems therefore unable to control inflammation in patients with Crohn's disease, 

evenn after induction of a complete remission. 

Regulator)'' CD4' cells play a dominant role in controlling mucosal inflammation in 

partt by secretion of anti-infkmmatorv cytokines such as interlcukin-10 (IL-10). 

Unfortunately,, systemic treatment of patients with Crohn's disease with recombinant 

(r)) IL-10 has resulted in only a modest therapeutic benefit, "' ' presumably due to limited 

mucosall  bioavailablitv and pro-inflammatory effects of high-dose IL-10. ' ' In addition, 

i tt is likely that IL-10 functions as a regulator)- cytokine in the context of intimate cell-cell 

interactions,, rather than as a circulating cytokine. Clinical application of regulatory CD4 

cellss is precluded by the low proliferation rate of these cells and the high cost of the 

rIL-100 required for their generation in vi(rou' An alternative approach is the use of T cells 

thatt are genetically engineered to express regulatory cytokines. 

Thee concept of employing T cells as vehicles for delivering regulatory cytokines has 

beenn investigated in several '111 1 -biased animal models of human disease. An anti-myelin 

basicc protein T cell clone transduced with transforming growth factor ]3 (TGF-J3) 

protectedd mice against experimental autoimmune encephalomyelitis induced by 

immunizationn with either myelin basic protein or proteolipid protein.' In experimental 
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arthritis,, antigen specific T cells transduced with IL-HV* or II..-41 ' ameliorated rhe disease 

withoutt impairing systemic immune responses to the antigen. 

Inn this study we have explored rhc therapeutic effect of T cells transduced ex rim 

wirhh IL-I O in two murine models of colitis. For IL-H) gene transfer into T cells retroviral 

techniquess were employed, since they are efficient and non-cvtotoxic, and result in long-

termm gene expression. Our results indicate that M.-ll ) transduced CD-I' cells prevent 

C D 4 5 R BM ;; induced transfer colitis succesfully, and that 11.-10 transduced CD45RBl , v h 

CD44 cells lost the capacity to induce colitis. By contrast, no therapeutic benefit was 

observedd in TNBS-induccd colitis. These data indicate that local deinen- of therapeutic 

proteinss via CD4 T cells mav be a promising strategy for controlling the failing mucosal 

immunee balance in Crohn's disease. 

Material ss  and Method s 

Mice e 

BALB/ cc and C.B.-17 SCID mice were purchased from Charles River (Charles River, 

Somcrcn,, the Netherlands) and maintained in filter-top cages under specific-pathogen 

freee conditions at our animal care facility. All experiments were approved bv the animal 

welfaree committee. Mice were used at 7-11) weeks of age. 

Productio nn of replication-defectiv e retroviru s 

Thee L /RSpBMN-IRKS-GFP retroviral plasmid (referred to as GFP) was constructed as 

describedd previously."' Briefly, G f P complementary DNA (cDNA) (Clomech, Palo Alto, 

CA)) was cloned downstream of an internal nbosome entry site (IRKS) in the L/.RS 

retrovirall  vector ("kindly provided by G. Nolan)"1 and expressed from rhe retroviral long 

terminall  repeat of the Moloney Murine Leukemia Virus (MMLY) . A 536-bp PCR 

fragmentt containing the human 11,-1(1 cDXA" " was amplified from human cDNA with 

primerss containing a BamHI (fw: ( iGATCCACCATGCACAGCTCAGCACTGC'1 "fVI ' 

GTjj  and a Xho 1 (IT: CI CGACYICAGTITCGTA TCTTC A1TGTCATGT) restriction 
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site.. The fragment was sequenced and cloned in the BamHl /Xhol sites upstream of the 

IRKSS in LZRSpBMN-IRES-GPP. The final bicistronic retroviral reporter construct was 

termedd LZRSpBMN-IL-HMRKS-GFP and referred to as IL-IO-GFT. 

Transfectionn of an amphotropic producer cell line was performed as described 

previously."""  Viral supernatants were used to infect the ecotropic 293T Phoenix 

packagingg cells (kindlv provided by G. Nolan) for 16 hours (h) in the presence of 10 

[ig/mll  D E AL (Sigma, St Louis, MI) . Single infected Phoenix cells were sorted by a 

FACSS Vantage Cell Sorter (Becton Dickinson, Mountain View, CA) using an automatic 

celll  deposition unit (Becton Dickinson), and virus-containing supernatants were 

generatedd with titres of ÏOMO* I l ' /m l . 

Infectio nn of splenocyte s 

BALB/ cc splenocytes were isolated using filter cell strainers (Becton Dickinson) and red 

cellss were lvzed. Splenocytes (3-5x10(,/well) were seeded in 24 well plates (Costar Kurope 

Ltd,, Badhoevedorp, l l i c Netherlands) in Iscoves modified Dulbecco's medium 

(Biowhittaker)) supplemented with 10% FCS (Biowhittaker), 50 uM 2-ME (Merck, 

Darmstadt,, Germany), 1% penicühn-strep torn vein-glutamine solution (GibcoBRL, 

Grandd Island, NY) and 20 L'/mJ of rIL- 2 (Chiron, Amsterdam, The Netherlands). Cells 

weree activated for 24 h with irnmobilized anti-(a)CD3 (1:30 concentration, clone 145-

2C11)) and soluble aCD28 monoclonal antibodies (mAb) (1:1000 concentration, 

Pharmingen,, San Diego, CA) under standard conditions (37CC, 5" o CCX). Retrovirus-

containingg supernatants were added for overnight incubation. Medium was exchanged 

withh supplemented Iscoye's medium and acCD2H mAb (1:3000 concentration, 

Pharmingen)) for an additional 48 h. 

Splenocytess were harvested and stained with cychrome-conjugatcd aCD4 mAb 

(Coulter-Immunotcch,, Marseille, France) and routinely consisted of 42  5% CD4 cells. 

Cellss were either used direcdv for injection into BALB/ c mice or, in separate 

experiments,, sorted into subsets of CD4 and GFP expressing cells using a FACS Vantage 

Celll  Sorter (Becton Dickinson). Sorted subsets were reanalyzed following the initial 

collectionn to confirm fraction puntv, which was routinely >90%. In a second set of 

experiments,, splenocytes were also stained using phveoerythrin (PL) -conjugated 
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Tabl ee I Experimenta l set-u p transfe r IL-IO CD4+ cell s 

Cellss  injecte d Numbe r of cell s x 10s (numbe r of mice ) 

Phenotyp e e 

CD45RBhl*hCD4** cells 

CD45RBhl£hh CD4* cells + 
CD45RBlowCD4** cells 

CD45RBhlghh CD4+ cells + 
IL-I0-GFPCD4** cells 

CD45RBhl*hh CD4* cells + 
controll CD4+ cells 

expp 1 

1.22 (n=7) 

1.22 + 
0.66 (n=6) 

1.22 + 
2.66 {n=6) 

1.22 + 
2.66 (n=6) 

expp 2 

4.00 (n=4) 

4.00 + 
2.66 (n=3) 

4.00 + 
3.44 (n=4) 

4.00 + 
3.44 (n=3) 

expp 3 

2.77 (n=3) 

2.77 + 
2.66 (n=3) 

2.77 + 
3.44 (n=2) 

2.77 + 
3.44 (n=3) 

CD45RBB (Couker-Immunotech) and sorted inro subsets of CD45RB'11'1 CD4 and GI P 

expressingg cells. L pon reanalvsis, the sorted cells were > 9(1° o pure. A small fraction of 

thee sorted cells ( lx l i r /wei l ) was used for analysis of cytokine production and the 

remainingg cells were injected intrapentoneallv in recipient mice (see below). 

Inductio nn of CD45RB h '£ h transfe r coliti s and t reatmen t protoco l 

Chronicc CD45RB"M ; transfer colitis was induced as previously described." Briefly, 

BALB/ cc splcnocvtes were fust enriched for CD4 cells by red cell lysis and negative 

selectionn using the following rat anti-mouse mAbs: B220 (clone RA3-6B2), Mac-1 (clone 

M l /70 ) ,, a.nd CD8« (clone 53-6.7) (gift from Dr. R. Mebius, Yrij e Universiteit Medical 

Center,, Amsterdam, The Netherlands), MAb-staincd cells were removed in a magnetic 

fieldd using sheep anti-rat IgG coated magnetic beads (Dvnal, Hamburg, Germany). The 

resultingg CD4 cells were stained with evehrome (Cv)-con|ugated CD4 and fluorescein 

ssothiocvanafee (HTC)-conjugated CD45RB (both Pharrningen) mAbs. Subpopularions 

off  CD4 cells were generated bv two colour sorting on the I'ACS sorter (Bee ton 

Dickinson).. Populations were > 95" u pure upon reanalysis. 

C.B-177 SCID mice received intraperitoneal injections of sorted CD4 cell 

subpopularionss in PBS. To induce colitis, CD45RBlu''f CD4 cells ( l -4xl<0 were 

transferredd to four groups of mice m a first set of experiments (table 1). The mice 
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Tablee 2 Experimental set-up transfer 1L-I0 CD45RBhigtl cells 

__ „ . . . Number of cells x 10s 

Cellss injected . . , v '' (number of mice) 

Groupp Phenotype exp I exp 2 exp 3 

11 CD45RBh'*hCD4+ cells 2 (n=7) 2 (n=4) 2 (n=3) 

22 !L-IO-GFPCD45RBh,ïhCD4+cells 2 (n=5) 2 (n=4) 2 (n=3) 

receivedd CD45RB1'* 11 CD4' cells alone (Group 1) or in combination with 0 ) 4 5 R BU l 

C D 4'' cells (Group 2), sorted 11,-10-GIP CD4 cells (Group 3) or control CD4" cells 

(Groupp 4). In a second set of experiments, S OD mice received cither non-transduced 

controll  C D 4 5 R BM CD4' cells or IL -10-GiP transduced CD45RBl ," h CD4* cells 

(tablee 2). 

Induc t ionn of T N B S col i t is and t r e a t m e n t p ro toco l 

Acutee colitis was induced in BALB/ c mice by rectal administration of two doses 

(separatedd bv a 7 dav interval, i.e. on davs 0 and 7) of 2 mg TNBS (Sigma (Chemical Co., 

St.. Louis, MO, L'SA) in 40° n ethanol (Merck, Darmstadt, Germanv), as described 

previously"44 On die dav of the first 'I"NBS administrarion, the mice received an 

intravenouss injection of either non-transduced control splenocvtes or non-sorted IL-I0 -

Gf 'PP transduced splenocvtes. Nine davs after the first TNBS administration the mice 

weree sacrificed. 

Assessmentt of i n f lammat ion 

Micee with chronic colitis (transfer model) were weighed twice a week and mice with 

acutee colitis (TNBS model) were weighed dailv. Bodv weight loss was determined bv 

percentagee of weight loss from baseline bodv weight. Peripheral blood was drawn at 

differentt time points bv retro-orbital sinus puncture for plasma II..-H.) measurement and 

FACScann analvsis of GI :P expression. At necropsv, colons were removed through a 

midlinee incision and opened longitudinallv. The wet weight of the distal 6 cm was used as 

ann index of disease-related intestinal wall thickening. Subseejuendv, the colons were 
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longitudinallyy divided into two parts: one for histology, the other for cytokine assay, 

RNAA isolation or detection of GFP expressing cells. Intestinal cells and colon 

homogenatess were prepared as described in an earlier study."4 Cell suspensions of die 

spleens,, the caudal and the mesenteric lymph nodes were isolated"4 and, if cell numbers 

weree sufficient, plated ( lx l l F cells/well) on 96-well round bottom plates (Costar) in a 

finall  volume of 2U0 fil in the presence of aCD.VCD28 tnAbs for assessment of cytokine 

production.. The remaining cells were resuspended in I'ACS buffer for detection of G FP 

expression.. Culture supernatants were collected from 4 wells after 48 h, pooled and 

storedd at -2()°C until use. 

Cytokinee anal/sis 

Cytokinee concentrations (IF-2, IL-4, 11,-5, TNF-a and IFN-y) in cell culture supernatants 

derivedd from spleen and lymph nodes were measured by a cytometric bead assay (CBA, 

Bectonn Dickinson) according to manufacturer's instructions. Briefly, a mixture of 

cytokinee capture beads that have discrete fluorescence intensity characteristics, was added 

too the supernatants and cytokine standards. Next, samples were incubated at RT wifh a 

T h l / T h22 PE-conjugated detection reagent, containing a-murine 1L-2, IL-4, IL-5, TNF-a 

andd IFN-y Abs. After 2 h, samples were washed in a wash buffer and analyzed on a 

FACSS Calibur using CBA software (both Becton Dickinson). F.xpression of human 

Il.-ll )) was analyzed in plasma samples, culture supernatants of spleens, caudal and 

mesentericc lvmph nodes and in colon homogenates bv ELISA (CLB, Amsterdam, The 

Nedierlands).. A TNF-a FXISA was performed on the colon homogenates (R&D 

Systems,, Abingdon, L'K) . 

Analysi ss  of GFP expressio n 

Cellss from peripheral blood, colon, spleen and lvmph nodes were incubated for 2<J mm 

onn ice with fluorochromc-conjugated CD4-Cv or an isotvpe control mAb (both 

Pharmingen)) and analyzed using a FACS Cahbur in conjunction with FACScan software 

(bothh Becton Dickinson). Gates were set to exclusively detect viable lymphocytes and 

negativee green fluorescence was set at less dian 1%, using cells from a mouse that had 

receivedd control CD4" cells. 
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H is to logy y 

Thee longitudinally divided colons were rolled up and fixed in 4°<> buffered formalin. 

Fixedd tissues were embedded in paraffin, and 4-6 j^m sections were stained with 

haematoxvlinn and eosin for histological grading. An experienced pathologist blinded to 

treatmentt allocation scored all sections. In the transfer model inflammation was scored 

onn a scale of 0-4, representing no inflammation to severe inflammation.2, A different 

scoringg system was used for die '1NBS colitis model using the following parameters 1) 

percentagee of colon involved, 2) fibrosis, 3) edema, 4) erosions and ulcerations, 5) crvpt 

loss,, 6) infiltration of mononuclear cells and 7) polvmorhonuclear cells as described 

previously.""  'ITie total score ranges from 0 (normal colon) to a maximum of 20 points 

(mostt severe inflammation). 

RT-PCRforlL-10-GF P P 

Totall  RNA was isolated from colon homogenates using TR IZOL (Gibco BRL) and 

treatedd with RNAase-free DNAase (GibcoBRL). First strand cDNA synthesis was 

carriedd out with 2-5 ug total RNA, I).5 mM dNTPs, 250 ng random primers, 10 uM 

DTT,, 40L' Ribonuclease inhibitor and 200L' of MML V reverse transcriptase (RT) in a 

finall  volume of 20 ul, with buffer and incubations according to the instructions of 

GibcoBRL.. Separate reaction rubes without reverse transcriptase were used as control of 

D N AA contamination. PCR was performed in a thcrmocvcler Gene AMP" PCR System 

97000 (Perltin Klmer, Norwalk, CT, L'SA) using 2-4 u.1 of cDNA template, 0.2 mM 

dNTPs,, 0.2 uM of each primer GL^lOfwS'CTAACGTrCTGGCCGAAGC.V; 

G r j ^ 5 T C r r G T A G T T G C C G T C G T C C 3 ')) and 1L' of Ampli7W/ polymerase (Pcrkin 

Elmerr Corp., Branchburg, NJ, LTSA), in a final volume of 25 uj containing 10 mM Tris-

HC:ii  pH 9.0, 1.5 mM MgCL, 50 mM KC1 and 0 .1% Triton X-I00. The cycling conditions 

weree as follows: denaturation 94°C for 4 min, then 30 cvcles of (94°C, 30 sec; 50°C 30 

sec;; 72°C 45 sec) and a final extension at 72°C for 5 min. A second PCR using fJ-acrin 

primerss fmftactinfw S 'GTCAGAAGGACTCCTATG TG3 '; mpactinrv 5'GCT 

CGTTGCCAATAGTGATG3 ')) was performed under the same conditions. The PCR 

productss were separated on a l°u agarose gel and visualized by LA' illumination. 
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Statistica ll  analysi s 

Differencess between treatment groups were analyzed bv the Mann-Whitney L test. 

Differencess between treatment groups in time were tested by analysis of variance 

(AXOYA )) for repeated measures. Results are expressed as median (range) or as mean

SI\MM where appropriate. All statistical tests were done using SPSS for Windows (SPSS 

Inc.,, Chigago, Illinois, 1'SAJ. A two-tailed p value of less than 0.05 was considered to 

representt a significant difference. 

Result s s 

Efficien tt  transductio n and sortin g of murin e splenocyte s 

Too generate TL-10 expressing CD4 cells, activated murine splenocytes were transduced 

withh the IL-10-GFP retroviral construct. The percentage of GFP-cxpressing cells 

(transductionn efficiency) in several independent experiments (n—II) was 16  2'V Atter 

488 h, viable GFP~CD4 -expressing splenocytes were sorted using a FACS Vantage flow 

cytometer,, while G F P C D4 cells served as negative controls, resulting in populations 

consistingg of 89  2% (GFP~CD4~) and 97  1% (GFPCD4 ') cells respectively. The 

culturee supernatants from activated and resting IL-10-GFP C D 4' cells ( lx loVml ) 

containedd up to 570(1 and P8 pg IL-10/m]/48 h respectively. By contrast, the 

supernatantss of non-transduced cells did not contain detectable levels of 11,-10. As we 

previouslyy observed in human CD4 cells,"-1, "'' the transduction procedure did not 

significantlyy alter CD45RB expression (memory- marker) or cytokine production (IL-2, 

IL-4 .. IL-5, IFN-y and TNI-ot) in the absence or presence of « C D 3 / C D 28 activation 

(dataa not shown). 

Long-ter mm surviva l o f IL-IO-GF P cell s 

Colitiss was induced in S OD mice by the transfer of CD45RB,1,llh C D 4' cells. SCID mice 

receivedd CD45RBM l CD4 cells alone (Group I) or in combination with a single 

administrationn of CIMSRB'"*  CD4" cells (Group 2), N.-KI-GFP CD4 cells (Group 3) or 

controll  non-transduced (T)4 cells (Group 4) (sec table 1). 
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Groupp 3 
CD45RB"9"" CD4"cells + 
IL-10-GFPCD4** cells 

Groupp 4. 
CD45RB"''"" CD4"cells + 
controll CD4' cells 

Figur ee I Surviva l o f GFP expressin g cell s in periphera l bloo d of S C I D mic e 

reconsti tute dd wit h CD45RB h i g h C D 4 + cell s 

FACSS analysis of peripheral blood was performed at 1,1, 13 and 15 weeks after transfer of IL-10-

GFPP (upper panel) or control C D 4 ' cells (lower panel). The y-axis represents CD4 expression 

andd the x-axis represents GFP fluorescence of gated viable lymphocytes. Representative images 

off I out of 12 mice are shown. Mean percentages of GFP* cells in the CD4" population are 

indicated. . 

Too study the survival of EL-10-GFP CD4"1 cells, we analyzed die GFP expression of 

peripherall  blood cells in the recipient mice by FACS at different times after cotransfer of 

[L-10-GFPP and CD45RBh,fih CD4' cells. As shown in figure 1. GFP 'C1)4' cells were 

delectedd at all time points rested (2, 7, 13 and 15 weeks) in all the mice (n— 12), and after 

155 weeks constituted a substantial proport ion (8.6  1.0" <>)  of the CD4 population. 

Virtuallyy no (auto)fluorescenr cells were detected following transfer of control CD4 cells 

(0.99  0.3%, n=12). In all the mice tested (n=6 from each group) circulating levels of 

EL-lOO were below the detection limi t 2 weck.s after transfer and upon sacrifice. Transfer 

off  n.-10-GFP CD4 cells resulted m G IT" expressing cells in the spleen 11 1.2  0.7% of 

CD4~cells)) and caudal lymph node (10.4  L.2% of CD4 cells), which drains the large 

intestine.. Less than 1% CD4 cells displayed (auto)fluorescence in the same organs after 

transferr of control CD4' cells (n=12). Hence, the IL-10-GFP transduced C.D4 cells 

persistedd /';/ vivo. 

66 5% 100 5% 133 2% 88 6% 

weekk 2 

08 8 % % 

% % 

Tr—s—w w 

weekk 7 weekk 13 

11 0% 0.4% % 
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00 9% 
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CD45RB"" CWcells -

Grr 1 no treatment 
Gr22 CD45RB'" CD4" 
Gr3"" IL-10-GFPCD4" 

" '' Gr4 control CD4' 

Grr 1 Gr2 Gr 3 Gr4 u Gr 1 G r 2 G r 3 Gr4 

Figuree 2 IL-I O t r ansduced C D 4 * cells reduce was t ing and increase o f co lon we igh t 

SCIDD mice received CD45RBnigh CD4* cells alone or in combination with other subpopulations 

ass indicated. A) Body weights, measured at the end of the experiments, are expressed as a 

percentagee of initial body weight. IL-IO-GFP CD4" treated mice had significantly higher body 

weightss than untreated (p=0.013) or control CD4" cell treated mice (p=0.03l). B) The weight of 

thee last 6 cm of the colon was determined upon sacrifice. IL-IO-GFP CD4* treated mice had 

significantlyy lower colon weights than untreated (p=0.034) or control CD4 ' cell treated mice 

(p=0.007).. Each symbol represents an individual mouse. Bar indicates median weight for each 

group.. Data are pooled from two separate experiments. 

I L - I OO t r a n s d u c e d C D 4 + ce l l s p r e v e n t t r a n s f e r c o l i t i s 

Too determine whether the IL-IO-GFP CD4" cells were able to prevent colitis induced In 

transferr of CD45RB '^ CD4 cells to SCTD mice, we performed the experiments 

summarizedd in fable l. In these experiments, the interval between transfer of CD45RB1"8'' 

cellss and cotransfer of IL-10-GFP transduced cells ranged from 4 to 14 davs. The results 

off  the experiments were identical, and the data were therefore pooled. After 15-18 weeks, 

micee transferred with CD45RBh,Rh CD4* cells alone (Group I) or cotransferred with 

controll  CD4 cells (Group 4) developed a hunched appearance and lost weight (figure 

2A);; the experiment was terminated and all the mice were sacrificed. 

Ass previously described." transfer of CD45RBh'^' CD4" cells into SCID mice 

resultedd in severe colitis, with an increase in colon weight (figure 2B) and histological 

signss ot mucosal inflammation (figure 3 and 4). 
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Figur ee 3 Colo n o f S C I D mic e afte r transfe r of CD45RB h i g h C D 4 + cell s alon e o r in 

combinat io nn w i t h o the r subpopulation s 

A)) Severe colitis induced by CD45RBhlgl' CD4 ' cells, characterized by an extensive inflammatory 

celll infiltrate, epithelial cell hyperplasia, and loss of goblet cells. B) Colon of a mouse treated with 

CD45RB'oww CD4* cells. This picture shows normal colon architecture. C) Colon of a mouse 

treatedd with IL-IO-GFP C D 4 ' cells, showing a normal architecture with a small number of 

leukocytess in the mucosa and a large number of goblet cells in the crypts. D) Colitis in a mouse 

treatedd with control CD4* cells; histological features included crypt hyperplasia, ulceration and 

cryptt abscesses. Hematoxylin and eosin staining. Original magnifications: 33 x. 

Micee that were cotreated with CD45RB " CD4 cells (Group 2), whose protective effect 

inn this model is on record," did nor develop colitis as reflected by normal body weight 

gainn and normal colon weights (figure 2). Treatment with IL-10-GI P C D4 cells (Group 

3)) also protected rhe mice from inducnon ot colitis: by the end of the experiment body 

weightss were significaridy higher compared with the untreated (p—0.013) or control 

CD4~~ cell treated mice (p=0.031), and colon weights were significantly lower compared 

withh the untreated (p=0.034) or control CD4' cell treated mice (p=0.007). By contrast, 

cotransferr of the non-transduced control CD4" cells (Group 4) did nor offer protection 
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noo treatment 
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Figur ee 4 Prevent io n o f coliti s in mic e t rea te d wi t h IL- IO-GF P C D 4 + cell s 

SCIDD mice received CD45RB'"*" CD4 ' cells alone or in combination with other subpopulations 

ass indicated. The extent of mucosal inflammation was examined and graded (see materials and 

methods).. Each symbol represents an individual mouse. Bars indicate mean colitis score for each 

groupp and * indicates a significant difference between IL-IO-GFP CD4" cell treated mice and 

untreatedd (p<0.00l) or control CD4* cell treated mice (p<0.00l). 

fromm colitis, and even seemed ro aggravate the signs (figure 2). Histological pictures of 

colonss of recipient SCID mice and total histological scores are shown in figures 3 and 4 

respectively.. Colitis in mice that received CD45RB "^ (.'1)4' cells (figure 3A) was 

characterizedd by an extensive inflammatory cell infiltrate, marked crypt hyperplasia, and 

losss of goblel cells (histological score 2.33  0.28). The large intestine of mice. 

cotransferredd with CD45RB C D 4' cells (figure 3Bj showed either no change, or 

minimall  changes consisting of influx of a few leukoevtes and slight epithelial hyperplasia 

(histologicall  score 0.33  0.14). Similarly, in EL-10-GFP CD4' cell recipients (figure 3Q 

eitherr no histological changes were found, or minimal ones consisting of slight crypt 

hyperplasiaa and some influx of leukocytes in the mucosa fhistological score 0.~2  0.19). 

Byy comparison, crypt abscesses and ulcerations were the signs of colitis seen in the 

recipientss of control CD4" cells (histological score 2.42  0.29) (figure 3D). The 

histologicall  scores for all groups are shown in figure 4. Colonic inflammation was 
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reducedd significantly after transfer of IL-10-GFP C D 4' cells compared with the 

untreatedd (p<0.001) or control CD4~ cell treated mice (p<0.001). 

Transfe rr  of IL-10 C D 4 + cell s reduce s pro-inflammator y cytokin e level s 

Too investigate the mechanism by which IL-1 <)-(i FP (-D4" cells influenced the 

developmentt of colitis, we quantified cytokine production of caudal lymph node and 

splenicc lymphocytes isolated from mice treated widi IL-10-GFP or control CD4 cells. 

Cellss were stimulated with aCD3/CD2K mAb /// rilro,  and IL-2, 11.-4. IL-5, IFN-y and 

TNF-aa levels in culture supernatants were measured using a CBA. Production of these 

cytokiness bv splenocvres was not altered by treatment with IL-10-GFP CD4 cells (data 

nott shown). By contrast, production of IFN-y and TNF-x by caudal lymph node cells 

wass lower in the IL-10-GFP CD4 cell treated mice (n=7 tested) (TNF-a 253 (40-1165) 

andd IFN-y 814 (40-62^9) p g / m l / 48 h) than in the control CD4 cell treated mice (n=5) 

(TNF-aa 924 (120-5000) and IFN-y 3675 (240-13925) pg /m l /48 h), although no statistical 

significancee was reached. In addition, when colon homogenates were analyzed by KIJSA, 

aa reduction in TNF-a (n=6 tested) levels was observed in IL- I0-GFP C D 4' cell treated 

micee compared wim control CD4' cell treated mice (n=6 tested) (101 (46-135) versus 

2533 (53-397) pg/ml, not significant). 

IL-100 levels were below die detection limi t (<2.4 pg/ml) in the colon homogenates. 

However,, IL-10 was detected in 4 out of 8 caudal lymph node and 7 out of 12 spleen cell 

supernatantss of mice treated with IL-10-GFP CD4 cells. By contrast, IL-10 levels were 

beloww the detection limi t in all caudal lymph node (n=5) and spleen cell ( n= l l ) 

supernatantss of mice treated with control CD4' cells. These results suggesr that the 

transferr of IL-10 producing CD4' cells mainly inhibited inflammation in the local 

mucosall  compartment, without interfering with systemic (spleen) immune activation. 

IL-100 transduce d CD45RB hi s h C D 4 + T cell s are non-pathogeni c in SCID mic e 

Ann earlier study reports that transfer of C;D45RBM '" C D 4' cells isolated from IL-I N 

transgenicc mice does not cause colitis in SCID mice/11 We therefore performed a second 

sett of experiments, in which CÜ45RB, , vh CD4' cells were sorted into IL-10-GFP 
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Figuree 5 IL-10-GF P t r ansduced CD45RB h i g h C D 4 + cells p r e v e n t loss o f body w e i g h t 

SCIDD mice received equal numbers of control or IL-10-GFP CD45RBh,sh CD4* cells as indicated. 

Bodyy weights were recorded twice weekly during the entire experiment. The change of weight is 

expressedd as the mean percentage of initial weight per group  SEM. A N O V A for repeated 

measuress indicated that bodyweights of the two groups differed significantly in time (p<0.00l). 

Dataa are pooled from three separate experiments. 

transducedd and non-transduced subsets in order ro test for their ability to induce colitis 

afterr transfer into SCID mice (table 2). For recipients of non-transduced control 

CD45RB""'' CD4 cells (Group \). the course of the disease was typical: loss of weight 

withinn about 4 weeks after cell transfer and sickness from then on (figure 5). BY contrast, 

thee recipients of II.-LO-GFP CD45RB1"* 1' CD4" cells (Group 2) gained weight early on 

andd were able ro maintain their weight during the entire experiment (ANOVA repeated 

measuree test p<0.001 Group 1 versus Group 2). 

Transferr of CD4 cells into SCID mice results in preferential repopulation of gut 

associatedd lymphoid tissues with immunocompetent CD4" cells and subsequent 

expansionn in the lamina propria of the host."' " FACS analysis of intestinal lymphocytes 

revealedd that GFP fluorescent CD4~ cells were indeed present 12 weeks after transfer of 

LL-1Q-GFPP CD45R1V"I : CD4 cells (figure 6.\i. In addition. GFP fluorescent cells were 

foundd in the spleen, and the caudal and mesenteric lymph nodes (figure 6A). Using RT-
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F iguree 6 IL- IO-GF P express ion in SC ID m i ce r e c o n s t i t u t e d w i t h IL- IO-GF P 

CD45RB h i g hh CD4* cells 

A)) FACS analysis of colon, caudal and mesenteric lymph node and spleen cell suspensions was 

performedd at sacrifice 9-12 weeks after transfer of control CD45RBhgh CD4* cells (Group I: 

upperr panel) or IL-IO-GFP CD45RB1'*' CD4* cells (Group 2: lower panel). The y-axis represents 

CD44 expression and the x-axis represents GFP fluorescence of gated viable lymphocytes. 

Representativee images of I out of 14 mice (Group I) and 12 mice (Group 2) are shown. Mean 

percentagess of GFP" cells in the CD4 ' population are indicated. 

B)) The expression of the IL-IO-GFP transgene was assessed by reverse transcription of total 

colonicc RNA and PCR as described in material and methods. The upper panel shows a PCR of 

micee receiving IL-IO-GFP CD4" cells ( I ) o r non-transduced control CD4" cells (2) and PCR of a 

plasmidd containing the construct IL-10-IRES-GFP (3). The reverse transcription reaction with 

mousee (i-actin primers was performed parallel to a control of RNA quality (lower panel). The 

8799 bp and 628 bp bands are specific for the IL-IO-GFP transgene and [3-actin cDNAs 

respectively. . 
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PCR.. the IF-10-GFP encoding mRNA was detected in colons of mice that h id been 

treatedd with I1.-10-GFP CD4 cells 15 weeks after cell transfer, but not in the control 

treatedd mice (figure 6B). 

Ass expected, recipients of control cells (n=14) bad increased colon weights, whereas 

colonn weights of I1.-10-GFP CD45RBb,L'h CD4" eel] recipients fn= 12) were virtually 

normall  (346  35 and 224 r IK mg respectively, p=0.006). Histological analysis indicated 

thatt the colons of control CD45RBh,üh CD4 cell recipients had the tvpical features of 

inflammationn in this model (liistological score 2.4  0.27, figure 7Aj . Conversely, only a 

minorr influx of mononuclear cells and granulocytes in the colon was f< mnd after transfer 

off  IL-10-GFP CD45RBl lILl ' CD4 cells (histological score 1.0  0.21. figure 7R). Indeed, 

thee histological scores differed significantly herween the two groups (p<0JI01). 

IL-IO-GF PP CD45RB hi s h CD4+cell s influenc e pro-inf lammator y cytokin e 

productio n n 

Cytokinee levels (IL-2, 11,-4, IF-5, IFN-y and TNF-a) in spleen cell supernatant*  in the 2 

groupss did not diverge (data not shown). However, IFN-y production bv mesenteric 

lymphh node cells was lower after transfer of I l .-10-GFP CD45RBh* h CD4" cells (figure 8. 

Groupp 1: 2880 (59-12760) versus Group 2: MHO (20-4171), p=0.05), indicating that these 

cellss modulated cytokine production in the lvmph nodes that drain the intestine. 

TNF-ott production by mesenteric lymph node cells did nor differ (Group 1: 480 (20-

2115)) versus Group 2: 27~ (20-672)). In addition, 'ITsT'-a concentrations in colon 

homugenatcss were lower in 11,-10-GFP CD4' cell recipients than in control O^SR iy " '* 

recipientss (300 (260-441) versus 570 (472-669) pg /ml, p = 0.05). 11,-10 could be detected 

inn 4 out of 5 colon homogenatcs of the IL-10-GFP CD45RBt : v i ' CD4 cell treated mice 

butt not in homogenates of control mice. In addition, IL-10 was detected in 2 out of 9 

mesentericc lymph node and 6 out of 9 spleen cell supernatanrs of the mice transferred 

withh I1.-10-GFP CD45RBll,fl h CD4 cells but not in control mice. 

Takenn together, these results demonstrate that transduction of CD45RBK,th CD4 

cellss with the IL-10-GFP construct prevented induction of colitis in S OD mice. 

Moreover,, the transduced cells migrated to the intestine and the draining lvmph nodes, 

andd influenced local production of pro-inflammatory cytokines. 
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Noo effec t of IL-IO-GFP cell s in TNBS colitis 

Intrarectall  administration of TNBS induces an acute ' l l i l cell mediated colitis with 

associatedd systemic features such as bodv weight loss. To assess the effect of IL-10-GHP 

transducedd cells on die disease in this model, BALB/ c mice (n=50) received a single 

intravenouss injection with either non-transduced control splenocytes isolated from 

syngeneicc donor mice or splenoctves transduced with IL-10-GFP (cxp I: 3.HxlO' and 

expp 2: 0.5x10'' G F P' cells) on the dav of die first TNBS administration. In these 

experiments,, the cells were not sorted for CD4 or G FP expression. Nine days after 

transferr a small percentage (<1%) of the lymphocytes in the peripheral blood, spleen, 

andd caudal Ivmph nodes expressed GFP. Transfer of IL-10-GFP transduced CD4' cells 

hadd no effect on body weight, colon weight or histological score (data not shown). 

Discussio n n 

Wee here report that IL-10-GFP transduced CD4T cells protect against transfer colitis in 

S ODD mice, even when administration was delayed up to 14 days after transfer of 

CD45RBh,Ki ll CD4~ cells. We have shown that the protective effect of the IL-10-GFP 

C D 4'' cells was a consequence of their regulating properties. This was demonstrated by 

thee following findings. First, we included a control group to exclude the possibility that 

CD45RB1'™™ CD4" cells present within the IL-10 transduced population prevented colitis. 

Thiss control group was treated with non-transduced C D 4' cells that expressed CD45RB 

levelss similar to transduced cells. Transfer of the control CD4" cells was not protective 

andd even slightly increased the severity of the colitis. The latter effect may have been 

causedd bv the presence of CD45RB'"Kt l CD4' cells in this population. The cytokine profile 

(1L-2,, IL-4, IL-5, TNF-ot, IFN-y) of aCD3/CD2H activated and non-activated IL-10-

GF'PP transduced and control CD4' cells was identical, with the exception of IL-10. 

Secondly,, human IL-10, which is bioactive in mice^! and which was incorporated in the 

retrovirall  vector to distinguish transgene expression from endogenous produced murine 

IL-10,, was detected in the intestinal draining lymph nodes, spleen and colon of IL-10-

GFPP CD4~ cell treated mice. IL-10-GFP C D 4' cell transfer resulted in a decreased 
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F iguree 7 Lack of in tes t ina l i n f l a m m a t i o n in S C I D rec ip ien ts o f IL- I 0-GFP CD45RB h i g h 

C D 4 ** T cells 

Colonn of SCID mice after transfer of control or IL-I0-GFP CD45RBh,£h CD4* cells. A) Severe 

colitiss induced by control CD45RB'"8" CD4~ cells, characterized by a significant depletion of 

goblett cells and disorganization of the epithelial cells (mean score 2.4  0.27). B) Some influx of 

mononuclearr cells and granulocytes (mean score 1.0  0.2 I )(p<0.00l). Hematoxylin and eosin 

staining.. Original magnifications: 33 x. 
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F iguree 8. Decreased p r o d u c t i o n o f I F N - by m e s e n t e r i c l y m p h node cells a f te r 

t rans fe rr o f IL- I 0-GFP CD45RB h i g h C D 4 + cells 

Mesentericc lymph node cells were isolated 9-12 weeks after transfer of control CD45RB'" |h 

CD4** cells (Group I) or IL-I 0-GFP CD45RBh,*h CD4~ cells (Group 2). Cells ( Ix lOVwel l) were 

stimulatedd with «CD3/CD28 and IFN-y and TNF-c/ production were measured after 48 h in the 

supernatants.. Mesenteric lymph node cells f rom IL-I 0-GFP CD45RBh'sh CD4* reconstituted mice 

producedd less IFN-y compared with the control mice (p=0.05). Each symbol represents an 

individuall mouse. Bars indicate median cytokine production for each group. Data are pooled 

f romm three separate experiments. 
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productionn of TNF-ot in the colon and a decreased production of IFN-y and/or TNF-ot 

inn the intestinal draining lymph nodes. Lastly, IL-10-GFP transduced CD45RBhlgh CD4~ 

cellss failed to induce colitis. A similar protective effect is shown in an earlier study," in 

whichh S OD mice did not develop colitis after reconstitution with CD45RBh! i*  CD4* cells 

isolatedd from transgenic mice that expressed IL-10 under control of the IL- 2 promoter. 

Together,, these observations strongly suggest that the in mm protective properties of the 

IL-10-GFPP transduced CD4 cells resulted from increased expression of IL-10. 

IL-100 is a regulator;' cytokine that inhibits activation and effector function of T cells, 

monocytess and dendritic cells ~' and plavs a central regulatory role in the immune 

responsess of the intestine, 4 limiting and ultimately terminating inflammatory responses. 

IL-100 has therefore been considered an attractive candidate for treatment of Crohn's 

disease.. Recent studies have indicated that systemic administration of rIL-10 in Crohn's 

diseasee was relatively safe and well tolerated, but resulted in only a modest therapeutic 

benefit.1""  ' ' In fact, higher doses of IL-10 were associated witi i systemic side effects 

suchh as fever, headache and malaise, most likely caused by an induction of IFN-y 

productionn in vivo}*' "t} Moreover, systemic rIL-10 is rapidly cleared and mucosal 

bioavailablityy seems to be limited. " '' Our data indicate that transfer of IL-10 producing 

CD4""  cells successfully inhibited inflammation in the local mucosal compartment, and 

preventedd induction of colitis without interfering with systemic immune activation. This 

treatmentt was not associated with increased concentrations of circulating IL-10 and 

cytokinee production bv C D 3 / C D 28 activated splenocvtes was not altered. G FP 

fluorescentt CD4' cells were present in the blood, spleen, colon, and lymph nodes 

drainingg the intestine, indicating that in effect the IL-10-GFP CD4" cells migrated to the 

mucosall  compartment. 

Althoughh CD45RB",t;in and IL-10-GFP CD4' cells were injected at a ratio of 1:1 or 

1:2,, G F P' cells comprized onlv 6,5% of the circulating CD4' population two weeks 

followingg cell transfer. We hypothesize that the relative reduction of G F P' cells was a 

consequencee of preferential expansion of the CD45RBh* 11 C D 4' cells. We have 

previouslyy shown that human CD4" cells transduced with the same IL-10-GFP vector 

havee a blunted proliferative response after stimulation,"^'"'' However, the percentage of 

circulatingg GFP* CD4" cells subsequendv remained constant throughout the entire 
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observationn period. This finding argues against alternative explanations including 

silencingg of the viral long terminal repeat (LTR) promotor' '1 and immunological clearance 

off  GFP cells." 4" Others have reported a sustained LTR driven transgene expression 

afterr retroviral transduction in mice for at least 16-20 weeks in immunocompetent 

-41.. 41 

mice. . 

Wee observed no tiierapeutic benefit from administration of IL-10 transduced cells in 

acutee colitis induced by TNTBS. It should be noted that svstemic administration of rLL-l U 

(1-10000 pig/kg/day) did not affect the severity of mucosal necrosis in TNBS colins in 

rats.44 Moreover, endogenous expression of colonic IL-10 is increased in TNBS 

colitis,"444 and the immuno-regulatory cytokine response mav already be maximally 

induced.. In acute colitis, addition of exogenous rIL-10 mav have no synergistic effects 

andd mav even be counteractive. '' 

Inn other ThI-biased models of disease, such as experimental autoimmune 

encephalomyelitiss and arthritis, antigen specific T cells have been used for the delivery7 of 

immunoo -regulatory cytokine genes into inflamed areas. " ' The triggering antigens in 

Crohn'ss disease or in animal models of inflammatory bowel disease have not been 

identified,, and an antigen-specific T cell approach is thus not feasible. In the present 

studyy we have demonstrated that polyclonal, antigen non-specific, IL-10 transduced 

CD44 cells had an anti-inflammatory effect. In addition, an earlier study reported that 

exposuree to bacterial antigens is not required for the function of regulatory T cells in the 

transferr model, since CD45RB ™ cells isolated from germ-free mice were able to inhibit 

colitis.444 In fact, regulatory T cell clones can inhibit inflammatory responses via a 

mechanismm called "bystander suppression", for example, regulatory T cells derived from 

CD44 cells expressing a transgenic TCR specific for ovalbumin inhibited the function of 

TT cells responding to unknown intestinal antigens.' Hence, the effector function of IL-10 

transducedd CD4' cells can be antigen non-specific. 

Differentt and mutually not exclusive mechanisms of the effector function ot 

regulatoryy T cells have been postulated.11 Interaction of regulator) T cells with dendritic 

cellss following priming mav impair the costimulatorv capacity of dendrmc cells via 

inhibitionn of costimulatorv molecule expression. Alternatively, regulatory T cells may 

interferee with proliferative and homing capacity of activated T cells, preventing the 
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accumulationn of pathogenic 1' cells in the intestine. Finally, anti-inflammatory cytokines 

producedd by regulatory T cells in the intestine may prevent the release of chemokines 

andd proinf lammatory cytokines bv macrophages, inhibiting the progression of the 

inflammatoryy response. In line with these hypotheses, we have demonstrated that human 

IL-1Ü-GPPP transduced CD4' cells inhibit proliferation of autologous responder C D 4' 

cellss and IL-12 production by DCs /" 

Severall  other delivery systems have been used to locally deliver IL-10 to the 

intestine,, such as adenoviral vectors4 '4 or cationic lipids completed to immuno-

regulatonn genes,*  but a common major disadvantage of these methods is that transgene 

IL-100 expression is transient. Alternatively, bacteria can be genetically engineered to 

expresss IL-10. Proof of concept was obtained in a recent study showing that daily 

administrationn of IL-10 expressing Lactococcus lacti prevented colitis in two models of 

experimentall  colitis.4' This method required a much lower amount of IL-10 compared 

withh intraperitoneal rIL-10 administration. However, the IL-10 producing Lactococci 

onlyy transiendy increase mucosal IL-10 concentrations, as these engineered bacteria do 

nott colonize the intestine. Moreover, at present it is unclear whether these approaches 

wil ll  induce the development of T cells with a regulatory function. Bx vim retroviral gene 

transferr combines non-direct exposure of the organism to the genetic engineered viral 

particless with efficient and sustained gene expression. 

Inn conclusion, we have demonstrated that experimental colitis is controlled by CD4 

cellss transduced with IL-10, without systemic immune suppression. We propose mat the 

geneticc engineering of peripheral CD4" cells using retroviral IL-10 gene transfer may 

becomee a clinically viable approach to the treatment of Crohn's disease and other T cell 

mediatedd inflammatory diseases. Our data suggest that this approach would be best 

suitedd to maintenance treatment rather than to induction of remissions in severely active 

Crohn'ss disease. 
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Summar y y 

Crohn'ss disease is a chronic inflammation of the gastrointestinal tract, characterized hv 

ann uncontrolled immune response of intestinal CD4 T cells to enteric bacteria in 

geneticallyy susceptible individuals. TTiere is a need for better maintenance therapies for 

Crohn'ss disease and the ability to therapeutically intervene has increased as a result of the 

improvedd understanding of the pathogenesis of Crohn's disease. 

Inn search for a new maintenance therapy, the immuno-regulatory cytokine 

intcrleulunn 10 (IL-10) was identified as a promising candidate. IL-H) plavs a central role 

inn controlling the homeostasis in the intestinal mucosa, which is best exemplified by 

1J.-100 gene deficient mice that develop chronic colitis." The therapeutic efficacy of 

recombinantt (r)IJ.-I0 was studied both in animal models '1 and in patients with Crohn's 

disease.''' ' Although systemic rlL-H ) therapy is safe and well tolerated in patients, the 

therapeuticc benefit of this therapy is modest compared with placebo, explanations for 

thee limited efficacy include the short half-life of r lL- l l / ' ' " ' and the delivery of insufficient 

amountss of rIL-l( l to the intestine. Moreover, the systemic administration of rIL-10 is 

hamperedd by an increased incidence of side effects and decreased efficacy at higher doses 

(bell-shapedd dose response curve). The use of 11,-10 gene transfer to achieve local and 

sustainedd expression or IL-tO in the intestine could circumvent the limitations of 

systemicc rIL-10 administration. 

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

Crohn'ss disease based on 11,-10 gene therapy. 

Inn chapter  1 we summarize the current views on the etiology and treatment of 

Crohn'ss disease. Furthermore, the function of the intestinal immune system is discussed. 

Inn Crohn's disease, the regulatory mechanisms involved in the prevention of chronic 

inflammationn do not function properly, ultimately leading to chronic intestinal 

inflammation.. IL-H'i plavs an important role in preventing and terminating the mucosal 

immunee response and IL-10 gene transfer to the intestine seems a promising approach 

forr maintenance of remissions in Crohn's disease. 

Inn chapter  2 we investigated the effect of systemic rIL-10 administration in Crohn's 

diseasee patients on pro-inflammatory cytokine production to obtain an explanation for 
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thee bell-shaped dose response curve. In rwo placebo-con trolled double blind studies, we 

analvzedd cytokine production in patients with chronic active (CACD) and mild to 

moderatee (MCD) Crohn's disease treated with placebo or subcutaneous rIL-10 daily for 

2ttt consecutive davs. In CACD patients serum concentrations of neopterin (a pyrazono-

pyrimidinoo derivate) and nitrite/nitrate were measured, all induced by interferon y 

(II-N-y) .. In ex rim lipopolysaccharide (LPS)- or phytohaemagglutinin (PHA)-stimulated 

wholee blood cells of MCD patients, we measured IFN-y and tumour necrosis factor a 

(TNF-a)) release. The IFN-y-inducible molecule neopterin in CACD patients was 

significantlyy increased after treatment with the highest dose of 20 ug rIL-H)/k g body 

weightt compared with pretreatment levels. In addition, the PHA-induced release of 1FN-

y,y, but not TNT-a in MCD patients was significantiy increased after treatment with the 

highestt dose of 20 ug r IF-10/kg body weight. These data indicate that rIL-10 at high 

dosee (20 ng/kg) increases production of IFN-y by peripheral blood lymphocytes. Hence, 

thee use of high dose, svstemically administered rIL-10 is limited by its lymphocyte-

activatingg and pro-inflammatory effects. 

I nn chapter  3 we review the main features of gene therapy, focussing on the 

treatmentt of gastro-intestinal inflammation and retroviral gene transfer. We discuss the 

basicc requirements for gene therapy, including the potential therapeutic genes 

(transgenes),, different vectors (that deliver transgenes) and deliver}- routes. 

Inn chapter  4 we report on a study that was designed to investigate the therapeutic 

efficacyy of an adenoviral vector containing the IL-10 gene (AdvmuIL-10) in the 

trinitrobenzenee sulfonic acid flTsiBS) mouse model of experimental colitis. AdvmuIL-10 

wass administered intravenously prior to inducnon of TNBS colitis in mice and the 

therapeuticc efficacy of AdvmuIL-10 was compared with a control virus (an empty 

cassettee virus, AdvO) and with phosphate buffered saline (PBS). AdvmuIL-10 treatment 

preventedd severe body weight loss, and reduced the systemic acute phase response and 

pro-inflammatoryy cytokine concentrations in the stool. In addinon, the histological 

scoress of intestinal inflammation were significantly lower after treatment with AdvmuIL-

100 compared with AdvO- or PBS treatment o fTNBS mice. Thus, systemic adminisrranon 

off  adenovirus expressing IL-10 reduced parameters of TNBS colitis underscoring the 

therapeuticc potential of IL-10 gene therapy in intestinal inflammation. Adenoviral 
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transgenee expression is transient, because the virus remains episomal and is not 

incorporatedd in the host eel] genome. We hypothesized that it would be necessary to 

achievee long-term IL-10 expression because Crohn's disease cannot be cured and often 

relapsess after months to vears. 

Inn chapter  5 we describe a study in which the retroviral Molonev Murine Leukemia 

Viruss (MMLV)-dcrived vector was used. The MML V vector has the potential to induce 

long-termm transgene expression and is able to infect (=transduce) preselected target cells 

exex vivo. Human peripheral blood mononuclear cells (PBMCs) were transduced with a 

retrovirall  vector containing the IL-10 and the green fluorescent protein (GFP) marker 

genee or a control vector containing the G I T gene only. Transduced CD4' cells were 

sortedd on the basis of G I T fluorescence and maintained in culture for phenotvpic and 

functionall  analysis. IL-IO-GFP CD4" cells responded to C D V C D 2K stimulation with a 

6-foldd increase in IL-1 0 production during more than four months. The IL-10 produced 

wass biologically active as evidenced by the following findings: 1) decreased proliferation 

off  IL-IO-GFP CD4 cells, 2) decreased expression of major histocompatibility complex 

classs II on the IL-IO-GFP C D 4' cells, 3) decreased proliferation of autologous responder 

cellss and 4) decreased production of the pro-mfkmrnatorv cytokine IL-12 bv dendritic 

cells.. The majority of transduced CD4' cells had a gut-homing potential, since they 

expressedd the mucosal adhesion molecule «4(37, and displayed efficient binding to the 

mucosall  addressin MAdCAM-1-expressing cells in vitro. These data indicate that 

transductionn of peripheral blood CD4' lymphocytes with IL-1 0 results in a immune-

rcguktorvv function of these celts. 

Inn chapter  6 we applied the recently developed and validated animal pinhole single 

photonn emission computed tomography (SPKCT) technique for in vivo visualization of 

radioactivee labelled lymphocyte migration to the intestine in mice. To study the migration 

patternn of lymphocytes after transfer, we isolated lymphocytes from the spleens of 

healthyy mice and mice with TNBS colitis (sensitized lymphocytes). Subsecjuendy, the 

cellss were radioactively labelled with l i l Indium-oxinate and injected intravenously into 

controll  mice or mice with TNBS colitis. On SPFCT analysis, the radioactive colon 

uptakee was most evident in mice with TNBS colitis that received sensitized lymphocytes 

488 h after cell transfer. Our findings were confirmed bv standard planar scintigraphy. The 
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sensitizedd m I n labelled lvmphocvtcs retained their functionality and even exacerbated 

colitiss compared with non-sensitized lymphocytes. The colon radioactivity uptake 

correlatedd well with parameters of colitis (colon weight and histological score of intestinal 

inflammation).. Administration of an anti-x4 antibody (blocks -a4-mediated adhesion) 

decreasedd radioactivity uptake in the colon compared with a control antibody. Together, 

thesee findings demonstrate that SPECT can be applied for temporal and spatial analysis 

off  the Ivmphocvte homing process in experimental colitis, and for assessment of efficacy 

off  new therapeutic strategies that intervene with lymphocyte migration. 

Inn chapter  7 we show that transfer of engineered murine lymphocytes that express 

IL-100 offer protection against experimental colitis. Spleen-derived CD4' cells were 

transducedd using the MMI. V vector containing the human 11,-10 and GFP gene. 

Transducedd cells were injected into severe combined immunodeficient (SOD) mice, 

beforee induction of chronic colitis bv transfer of a pathogenic population of CD45RB "̂  

CD4~~ cells, and into B-VLB/c mice before induction of acute '1NBS colitis. II.-10-GFP 

C D 4'' cells prevented CD45RBh,!ih induced colitis effectively, whereas no therapeutic 

effectt was observed after injection of non-transduced CD4" cells. In addition, IL-10-

G FPP CD45RBh, i th CD4 cells lost the capacity to induce colitis when compared with non-

transducedd CD45RBh, f*  CD4 cells. By contrast, no therapeutic benefit was observed in 

TNBS-inducedd colitis. From this study we conclude that primary murine CD4 cells, 

engineeredd to express IL-10 bv retroviral transduction, act as regulatory cells in 

0 0 4 5 1 1 1 '̂' CD4~ cell -induced colitis. 

Conclusion ss and futur e perspective s 

Thee studies presented in this thesis provide a rationale for the use of IL-10 gene therapy 

inn Crohn's disease and demonstrate the therapeutic principle of this approach in 

experimentall  colitis. /;/ vim intravenous administration of an adenoviral vector expressing 

thee IL-10 gene prevented severe colitis in mice. Although the duration of IL-10 

expressionn after adenoviral gene transfer wil l be longer than after administration of 

rIL-10,, expression of adenoviral IL-10 is transient and systemic side effects may occur 
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afterr intravenous administration. 1'sing the e.\ vivo approach it was possible to transduce 

humann CD-I- cells with a retroviral vector and achieve long-term expression of bioactivc 

IL-1ÜÜ in vitro. Murine II.-H) transduced CD4 cells prevented the development of 

experimentall  colitis in vim. 

Clinicall  experience published so far indicated only a modest therapeutic effect of 

systemicc IL-K ) therapy. However, our results have shed new light on the possibilities for 

IL-10-bascdd therapy in Crohn's disease. Moreover, IL-10-based gene thcrapv has 

therapeuticc potential beyond Crohn's disease and can be applied in a wide variety of 

TT cell mediated inflammatory diseases {e.g. rheumatoid arthritis, multiple sclerosis, 

psoriasis,, allergy, transplantation rejection). Besides IL-10, a wide range of therapeutic 

transgeness can be explored. Of course, the development of IL-K ) gene therapv has onlv 

justt started and the pre-clinical evidence needs to be translated to die clinical setting. 

Wee consider the following points relevant for further development of IL-10 gene 

therapy:: for maintenance treatment of Crohn's disease long-term transgene expression is 

desirable.. The duration of expression is determined by the vector tvpe, the promoter that 

regulatess transcription of the transgene, and fhe lif e span of the target cells. Furthermore, 

thee regulation of transgene expression, the specificity of the treatment, the level of IL-10 

expression,, the number of cells that needs to express IL-10 and the safety of the gene 

therapyy should be considered. 

forr long-term transgene expression, an adeno-associated viral (AAV ) vector can be 

furtherr explored for intraluminal, /// vim administration. AAV provides a more sustained 

transgenee expression when compared with the adenoviral vector studied here because it 

integratess in the host cell genome. Alternatively, using an ex vivo approach, lentiviral 

vectorss are attractive vectors. Lentiviral vecrors integrate in the host cell genome of non-

dividingg cells, eliminating the need to stimulate the target cells prior to transduction and 

reducingg the period of cell culture. 

Thee duration of transgene expression in vivo is unknown for most vectors and not 

onlyy depends on vector characteristics, but also on the activity of the promoter used. 

'11 ranscriptional silencing of retroviral promoters does occur in viro but vectors can be 

modifiedd or ditferent promoters can be used to prevent this phenomenon. The lifespan 

off  the target cells is also a determining factor for the transgene expression. When C D 4' 
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cellss are used, long-term gene expression can be expected since CD4* cells, in particular 

memoryy CD4~ cells, potentially have a long lif e span. 

Long-termm expression of transgenes needs to be regulated, and for this purpose 

tissue-specificc or activation-dependent promoters can be incorporated in the viral vector. 

Forr example, the 'liver' fattv acid binding protein promoter expressed bv the 

continuouslyy regenerating epithelium mav be used to obtain local transgene expression 

withinn the intestine, or the IL- 2 promoter can be inserted for transgene expression upon 

TT cell activation. In the work presented in this thesis, we have shown the natural 

inducibilitvv of the retroviral M\ IL V promoter (LTR) in response to stimulation of the '1' 

celll  receptor of transduced C D 4' cells. Furthermore, to obtain a "failsafe" control 

mechanism,, a suicide gene that induces cell death upon exposure to specific drugs can be 

incorporatedd in die vector, for example the CD20 surface marker gene that is recognized 

byy the humanized anti-CD20 monoclonal antibody rituximab, or the gene for the herpes 

simplexx virus-1 thymidine kinase that combined widi ganciclovir induces cell death. 

Too prevent systemic side effects using the ex vim approach, the IL-U ) producing cells 

thatt migrate to the intestine could be sorted before adoptive transfer. The IL-10 

transducedd cells mav be selected employing an isolation procedure for 1L-10 secreting 

cells.. Alternatively, a bicistronic vector can be used containing both the II.-10 gene and a 

surfacee marker, such as CD20 or the low affinity nerve growth factor gene. Transduced 

cellss expressing these surface markers can be selected with antibodies. Subsequently, local 

IL-100 expression in the intestine may be accomplished by sorting die transduced cells 

-beforee adoptive transfer- for expression of the gut-homing adhesion molecule c/A$~!'. 

Thee concentration of IL-10 in the intestine and the number of cells that needs to be 

transducedd for a therapeutic effect is unknown. We have shown that systemic 

administrationn of high dose rIL-10 induces pro-inflammatory effects, indicating the 

therapeuticc window of IL-10. We hypothesize that relatively low local IL-10 

concentrationss are needed to control mucosal inflammation based on the following 

findings:: First, a study by Steidler ef a! showed that experimental colitis was prevented bv 

aa much lower concentration of IL-10, produced locally in the intestine bv genetic 

modifiedd bacteria, than obtained bv systemic rIL-JÜ administration. Second, in healthy 

volunteerss and patients with Crohn's disease about 0.5-2% of PBMCs secrete IL-10 (our 
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unpublishedd data, not presented in this thesis), and this low percentage is sufficient to 

maintainn homeostasis in healthy persons. Finally, it has been shown that in experimental 

arthritiss a small number of transduced cells overexpressing 1L-10 can ameliorate joint 

inflammation. . 

Safetyy issues such as insertional mutagenesis, toxicity, immune response against die 

vectorss and long-term effects wil l have to be addressed in pre-clinical and clinical studies. 

However,, a large number of patients has been treated with retroviral vectors, and thus has 

norr vet led to an increased incidence of lymphoma's or odier malignancies compared 

withh the non-treated population. 

Clearly,, we are only starting to grasp the therapeutic potential of the approach 

presentedd in this thesis. Nonetheless, the preliminary experiments reported in this thesis 

indicatee that altering the functional properties of '1' cells by ex vivo gene therapy is a 

promisingg approach for long-term control of the mucosal immune response in patients 

withh Crohn's disease. Our results provide a strong rationale for furdier clinical 

developmentt of the chosen approach. 

Referencess see page 195 
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Samenvatting g 

Dee ziekte van Crohn is een chronische ontsteking van het maag-darm kanaal. Deze 

ziektee wordt, in genetisch vatbare individuen, veroorzaakt door een ongecontroleerde 

ïmmuunresponss in de darm tegen aldaar aanwezige bacteriën.1 De huidige tiierapieën zijn 

redelijkk succesvol in de initiële bestrijding, maar hebben relatief veel bijwerkingen op de 

langee termijn. Er is een behoefte aan nieuwe therapieën die juist op de lange termijn 

effectieff  zijn en recidieven kunnen voorkomen. 

Eenn eiwit dat gebruikt zou kunnen worden om patiënten met de ziekte van Crohn in 

remissiee te houden, is het immuun-regulatoire cytokine mtcrleukine 10 (IL-10). IL-10 

speeltt een centrale rol in het controleren van her Immunologisch evenwicht in de darm. 

Illustratieff  hiervoor zijn muizen die her tL-10 gen missen en die een chronische 

darmontstekingg ontwikkelend Het effect van systemische toediening van het 

recombinantt eiwit (r)IL-H) is bestudeerd in muismodel len '' en in patiënten met de ziekte 

vann O o h n / '! Alhoewel systemische rIL-10 behandeling veilig bleek en goed verdragen 

werdd door patiënten, was het therapeutisch effect bescheiden in vergelijking met placebo 

behandeling.. De korte halfwaarde rijd van rlL-K)" ' '" en afgifte van onvoldoende 

hoeveelhedenn rIL-10 aan de darm vormen mogelijke verklaringen voor dit geringe effect. 

Bovendienn wordt de svstcmische toediening van rIL-10 belemmerd door een toename 

vann de bijwerkingen en een afname van de effectiviteit van hoge doses rIL-10 (klok 

vormigee dosis respons curve).11 Om deze beperkingen van svstemische rIL-10 toediening 

tee omzeilen zou IL-10 gen-transfer (gentherapie) gebruikt kunnen worden voor lokale en 

langdurigee expressie van 11,-1(1 in de darm. Het onderwerp van dit proefschrift is dan ook 

dee ontwikkeling van een nieuwe behandeling voor patiënten met de ziekte van Crohn op 

basiss van IL-10 gentherapie. 

Inn hoofdstuk 1 worden de huidige opvatnngen besproken over de etiologie en 

behandelingg van de ziekte van Crohn. Tevens wordt achtergrond informatie gegeven 

overr de functie van het immuunsysteem in de darm. Het idee is dat bij de ziekte van 

Crohnn de mechanismen die een immuunrespons controleren niet goed functioneren, 

hetgeenn leidt tot een chronische darmontsteking. IJ .-K.) speelt een belangrijke rol bij her 

voorkómenn en beëindigen van de intestinale immuunrespons. Daarom zou IL-10 gen-
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transferr naar de darm toegepast kunnen worden als onderhoudsbehandeling voor 

patiëntenn met de ziekte van Crohn. 

Inn hoofdstuk 2 wordt een verklaring gegeven voor de bijwerkingen van hoge doses 

systemischh rIL-10 bij patiënten met de ziekte Crohn. In twee placebo-gecontroleerde, 

dubbelblindee studies is de pro-inflammatoirc evtokine productie gemeten bij patiënten 

mett chronisch actieve (CACD) and mild tot matig actieve (MCD) Crohn. Deze patiënten 

werdenn behandeld met placebo of met subcutaan ril --10, dat dagelijks werd toegediend 

gedurendee 28 opeenvolgende dagen. Bij CACD patiënten werden serum concentraties 

gemetenn van neoptenne, een pvrazono-pvrimidino derivaat, en van nitriet en nitraat, allen 

geïnduceerdd door interferon y (IFN-y). In het bloed van MCD patiënten is de IFN-y and 

tumorr necrosis factor a (TNF-a) productie gemeten na cv vh'o stimulatie met of 

lipopolvsaccharidee (LPS, monocvt activatie}  of phvtohemagglutinine (PHA, T cel 

activatie).. Neoptenne concentraties waren significant verhoogd in CACD patiënten na 

behandelingg met de hoogste dosis rIL-10 (20 [jtg/kg lichaamsgewicht) in vergelijking met 

dee concentraties vóór behandeling. Tevens was de PHA-geinduceerde productie van 

IFN-y,, maar niet die van TNF-a, bij MCD patiënten significant toegenomen na 

behandelingg met de hoogste dosis rIL-10. Deze resultaten geven aan dat toediening van 

hogee dosis rIL-10 (20 fig/kg) leidt tot productie van het pro-inflammatoire IFN-y Het 

gebruikk van hoge dosis, svstemisch toegediend rILl- 0 wordt dus beperkt door een 

ongewenstt pro-inflarnmatoir effect. 

Inn hoofdstuk 3 bespreken we de belangrijkste kenmerken van gentherapie, met in 

hett bijzonder aandacht voor gastro-intestinale ontsteking en rerroviraal-gemedieerde 

gentransfer.. De basale aspecten van gentherapie komen aan bod, waaronder de mogelijke 

therapeutischee genen (transgenen), verschillende vectoren (die transgenen transporteren) 

enn toedieningswegen. 

Hoofdstukk 4 is gewijd aan een studie naar de effectiviteit van een adenovirale 

vector,, die het muizen (mu)lL-lO gen bevat (AdvmuIL-10), Muizen werden eerst 

intraveneuss behandeld met ofwel dit AdvmuII--l() , ofwel met een controle virus zonder 

1L-100 (AdvO) of met fosfaat gebufferd zout (PBS). Daarna werd colitis geïnduceerd door 

intrarectalcc toediening van trinitrobenzene sulfonzuur fI*NBS) en ethanol. AdvmuIL-10 

behandelingg voorkwam ernstig verlies van lichaamsgewicht, en verlaagde zowel de 
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systemischee acute fase respons als de pro-inflammatoire cytokine concentraties in de 

ondasting.. Bovendien bleek bij muizen die behandeld waren met AdvmuIL-10, de 

darmontstekingg minder ernstig, en was de histologische o ntste kings score lager dan bij 

[*XB SS muizen die behandeld waren met AdvO of PBS. Concluderend verbeterde 

systemischee toediening van een adenoviralc vector met IL-10 de verschillende parameters 

vann TNBS colitis. Deze bevindingen onderstrepen de mogelijkheden van IL-10 

gentherapiee bij darmontsteking. De expressie van een adcnoviraal transgen is echter 

tijdelijk ,, omdat het virus episomaal blijf t en niet geïncorporeerd wordt in het genoom van 

dee gastheercel. Daar de ziekte van Crohn tot dusver nier genezen kan worden en vaak na 

maandenn of jaren weer opvlamt, gaan we er vanuit dat een langdurige expressie van IL-10 

nodigg zal zijn om deze patiënten in remissie te houden. 

Inn hoofdstuk 5 wordt verslag gedaan van een studie waarin de zogenaamde Moloney 

MurineMurine leukemia I irus (MMLV ) retrovirale vector is gebruikt. Deze vector kan langdurige 

transgenexpressiee geven en van tevoren geselecteerde cellen ex i'iro  infecteren 

(=transduccren).. Humane mononuc leate cellen uir het perifere bloed (PBMCs) werden 

getransduceerdd met een retroviralc vector, waarin of zowel het IL-1Ü gen als het green 

fluorescentfluorescent ptvtein (GFP) marker gen waren ingebouwd of alleen het GFP gen. 

Getransduceerdee CD4 cellen werden vervolgens gesorteerd op basis van G FP 

fluorescentiee en gekweekt voor fenotypische en functionele analvsc. Na C D 3 / C D 28 

stimulatiee van de T cel receptor produceerden IL-10-GFP CD4' cellen 6-maal zoveel 

IL-100 als controle-cellen gedurende meer dan vier maanden. De volgende bevindingen 

bevestigdenn dat dit geproduceerde IL-10 ook daadwerkeüjk biologisch actief was: 1) een 

verminderdee proliferatie van IL-IO-GFP CD4 cellen, 2) een lagere expressie van het 

majormajor histocompatibility complex class II op de IL-10-GFP CD4' cellen, 3) een verminderde 

proliferatiee van autologe responder-cellen en 4) een lagere productie van het pro-

inflammatoiree cytokine IL-12 door dendrirische cellen. Het merendeel van de 

getransduceerdee CD4' cellen had in principe het vermogen om naar de darm te 

migreren,, daar zij het mucosalc adhesie molecuul x4j37 tot expressie brachten, en efficiënt 

bondenn aan mucosal addressin MAdCAM-1-positieve cellen in ritro. Li t deze gegevens 

concluderenn wij dat retroviralc rransductie met IL-10 van CD4' cellen uit het perifere 

bloedd resulteert in een immuno-regulatoire functie van deze cellen. 
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Inn hoofdstuk 6 wordt de toepassing beschreven van de recent ontwikkelde en 

gevalideerdee techniek van dutten, pinhole single photon emission computed tomography (SPEC1"), 

waarmeee bij muizen in vim de migratie van radioactief gelabelde lymfoevten naar de darm 

inn beeld gebracht kon worden. Kerst werden lymfoevten geïsoleerd uit de milt van zowel 

gezondee muizen als van muizen met ' INBS colitis (gensensibiliseerde Ivmfocvten). 

Vervolgenss zijn de cellen radioactief gelabeld met '" Indium-oxinaat en intraveneus 

toegediendd aan controle-muizen of muizen met ' INBS coliris. Hij beoordeling van de 

SP1ZCTT opnames bleek de radioactiviteit in het colon het duidelijkst in muizen met 

' INB SS colitis, 48 uur na toediening van gesensibiliseerde Ivmfocvten. Deze resultaten 

werdenn bevestigd door standaard planaire scintigrafie. De gesensibiliseerde, m I n 

gelabeldee lymfoevten behielden hun functionaliteit en verergerden de darmontsteking 

zelfss in vergelijking met niet-gesensibiliseerde lymfoevten. De opname van radioactiviteit 

inn het colon vertoonde een goede correlatie met de parameters van colitis (gewicht van 

hett colon en his to logische score van darmontsteking). Behandeling van TNBS muizen 

mett een anti-»4 antilichaam, dat «4-gemediecrde adhesie blokkeert, leidde tot een 

verlaagdee opname van radioactiviteit in het colon in vergelijking met een controle 

antilichaam.. In experimentele colitis kan SPECT dus worden toegepast voor 3-

dimensionalee analyse van het homing proces van lymfoevten in het verloop van de tijd. 

Dezee techniek kan tevens gebruikt worden voor het beoordelen van de effectiviteit van 

nieuwee therapeutische strategieën die ingrijpen op de migratie van Ivmfocvten in 

experimentelee colitis. 

Inn hoofdstuk 7 laten we zien dat mmzen-lymfocvten, die getransduceerd zijn met 

retroviraall  IL-lü , bescherming bieden tegen experimentele colitis. CD4* cellen uit de milt 

werdenn getransduceerd met de MAIL V vector die het humane IL-10 gen en het GFP gen 

bevatte.. De getransduceerde cellen werden geïnjecteerd in severe combined immunodefident 

(SOD)) muizen vóór inductie van chronische colitis (geïnduceerd door transfer van een 

pathogenee populatie van (;D45RBhlgil CD4' cellen), en in BALB/ c muizen vóór inductie 

vann acute TNBS colitis. De I1,-10-GFP CD4' cellen voorkwamen CD45RB1" * 

geïnduceerdee colitis, terwijl er geen therapeutisch effect werd gezien van niet-

getransduceerdee C D 4' cellen. Ook verloren IL-10-GFP getransduceerde 0)45RB,"* h 

CD44 cellen (norrmaal parhogeen) de capaciteit om colitis te induceren. In TNBS-
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geïndd uceerde colitis zagen wc echter geen effect van behandeling met 1L-1U-GIP CD4 

cellen.. I it deze studie concluderen wij dat primaire muizen CD4 cellen, die na 

retmviralee transductic IL-10 tot expressie brengen, zich als regulatoire cellen gedragen in 

C I M S R B ^'' CDA' cel-geïnduceerde colitis. 

Conclusie ss en perspectieve n voo r toekomstig e ontwikkelinge n 

Dee studies die beschreven sraan in dit proefschrift geven de motivatie voor de 

ontwikkelingg van ÏI.-11> gentherapie als behandeling van de ziekte van Crohn en laten 

zienn dat IL-10 gentherapie werkt in experimentele colitis. Intraveneuze -in rim- toediening 

vann een adenovirale vector die het l l ,- l n gen tot expressie brengt voorkwam ernstige 

colitiss bij muizen. Alhoewel de duur van IL-10 expressie na adenovirale gen transfer 

langerr zal zijn dan na toediening van rIL-10, blijf t deze tijdelijk en kunnen systcmischc 

bijwerkingenn voorkomen na intraveneuze toediening. Met de f.v v/ro aanpak was het 

mogelijkk humane CD4~ cellen te transduceren met een retmvirale vector en langdurige 

expressiee van bioactief IL-10 /// ritm te verkrijgen. Bovendien voorkwam toediening van 

dezee CD4 cellen de ontwikkeling van experimentele colitis in vim. 

Dee klinische studies die rot nu toe gepubliceerd zijn toonden slechts een bescheiden 

therapeutischh effect aan van behandeling met systemisch rIL-10. Onze resultaten werpen 

eenn nieuw licht op de mogelijkheden van II.-1 U-gebaseerde behandeling van patiënten 

mett de ziekte van Crohn. Bovendien zou IL-l M gentherapie nier alleen bij de ziekte van 

Crohnn toegepast kunnen worden, maar ook bij een breed scala van andere 1 cel 

gemedieerdee ontstckingsziekten (o.a. reumatoïde artritis, multiple sclerose, psoriasis, 

allergie,, afstoting van transplantatie). Niet alleen IL-10, maar ook allerlei andere 

therapeutischee transgenen kunnen onderzocht worden. Hoewel de therapeutische 

mogelijkhedenn van IL-10 gentherapie veelbelovend zijn, zullen de hier beschreven 

preklinischee studies moeten worden vertaald naar de klinische situatie. 

Voorr de verdere ontwikkeling van IL-10 gentherapie achten wij de volgende punten 

relevant:: Voor onderhoudsbchandeling van patiënten met de ziek re van Crohn is een 

langdurigee expressie van IL- tÓ is gewenst. De duur van expressie wordt bepaald door het 
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tvpee vector, de promoter (die transcriptie van het transgen reguleert), en de levensduur 

vann de gastheercellen. Daarnaast zijn van belang de regulatie van transgenexpressie, de 

specificiteitt van de behandeling, de hoeveelheid IL-10 expressie, het aantal cellen dat 

IL-100 tot overexpressie moet brengen en de veiligheid van de behandeling. 

Voorr langdurige transgenexpressie zou, naast de in onze studies gebruikte 

adcnoviralcc of MMI. V retrovirale vectoren, een adeno-geassocieerde virale (AAV ) vector 

onderzochtt kunnen worden voor intraluminale -in vivo- toediening. AA V vectoren geven 

eenn langer aanhoudende transgenexpressie vergeleken met adenovirale vectoren omdat ze 

integrerenn in het genoom van de gastheercel. Voor de cv vivo aanpak lijken lenriviralc 

vectorenn veelbelovend. Zij integreren ook in het genoom van de gastheercel, zonder dat 

daarr celdeling voor nodig is. Stimulatie van de cellen voorafgaande aan de transductie 

lijk tt daarom overbodig en de periode van celkweek kan beperkt blijven. 

Dee duur van transgenexpressie /// vivo is onbekend voor de meeste vectoren en is dus 

niett alleen afhankelijk van de kenmerken van de vector, maar ook van de activiteit van de 

promoter.. Retrovirale promoters kunnen uitgezet worden in vim, een proces dat 

transcriptionaltranscriptional silencing wordt genoemd, maar dit kan voorkomen worden door aanpassing 

vann vectoren of het gebruik van andere promoters. De levensduur van de gastheercellen 

iss ook een bepalende factor voor transgenexpressie. Als bijvoorbeeld CD4" cellen 

gebruiktt worden kan een langdurige transgen expressie verwacht worden daar CD4* 

cellenn en in het bijzonder memory CD4' cellen lang kunnen leven. 

Dee gewenste langdurige expressie van transgenen zal echter wel gereguleerd moeten 

worden.. Hiertoe kunnen weefsel-specifieke of acnvatie-afliankelijkc promoters 

geïncorporeerdd kunnen worden in de virale vector. Zo kan bijvoorbeeld de 'liver' fctfty acid 

bindingbinding protein promoter gebruikt worden die tot expressie komt in het zich continu 

regenererendee epitheel om lokale transgenproductic in de darm te verkrijgen. Ook kan de 

IL- 22 promoter ingevoegd worden voor transgenexpressie bij T cel activatic. In de hier 

gepresenteerdee studies hebben we laten zien dat de retrovirale MML V promoter (LTR) 

zelff  al geactiveerd wordt bij stimulatie van de T cel receptor van de gastheercel. Verwacht 

wordtt dat deze promoter "aan" zal gaan op de plaats van ontstekingen. Voorts zou een 

zogenaamdd zelfmoordgen ingebouwd kunnen worden om een failsafe controle-

mechanismee te verkrijgen, dat de gastheercel doodt na blootstelling aan een specifiek 
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medicijn.. Voorbeelden hiervan zijn het gen voor de CD20 oppervlakte marker, dat 

herkendd wordt door het gehumaniseerde anri-CD20 monoclonale antüichaam ntuximab 

or""  het gen voor het herpes simplex virus-1 thymidine kinase dat in combinatie met 

ganciclovirr getransduceerde cellen doodt. 

Omm bij de ex rim aanpak systemischc bijwerkingen te voorkomen, kan ernaar 

gestreefdd worden IL-10 producerende cellen te sorteren, die na toediening aan de patienr 

specifiekk naar de darm migreren. De IL-10 getransduceerde cellen kunnen gesorteerd 

wordenn via een isolatie procedure van IL-10 secernerende cellen. Als alternatief kan een 

zogenaamdee bicistronische vector gebruikt worden die zowel het IL-tO gen als een gen 

voorr een oppervlaktemarker bevat, zoals CD20 of het low affinity nenv gnnvlJ) factor gen. 

Getransduceerdee cellen die deze oppervlakte markers tot expressie brengen kunnen 

geselecteerdd worden met behulp van antilichamen. Om vervolgens lokale IL-10 expressie 

tee krijgen, kunnen de getransduceerde cellen voor toediening ook nog gesorteerd worden 

opp expressie van het fitu'-homing adhesie molecuul a4fï7. 

Dee benodigde concentratie IL-10 in de darm en het aantal celten dat daarvoor 

getransduceerdd moet worden is onbekend. We hebben laten zien dat svstemische 

toedieningg van een hoge dosis rIL-10 pro-inflamrnatoire effecten heeft. Op basis van de 

volgendee bevindingen veronderstellen wij dat een relatief lage lokale IL-10 concentratie 

inn de darm voldoende is voor controle van de darmontsteking bij de ziekre van Crohn. 

Tenn eerste is in een studie vernchr door Stcidler et al aangetoond dat voor een 

therapeutischh effect bij experimentele colitis, een veel lagere hoeveelheid lokaal IL-10 

nodigg was, dat in het darmlumen gemaakt werd door generisch gemodificeerde bacteriën, 

dann svstemisch toegediend rlL-10. Ten tweede blijk t in gezonde vrijwilliger s en patiënten 

mett de ziekte van Crohn ongeveer 0.5-2° o van de PBMCs IL-10 te produceren (onze niet 

gepubliceerdee gegevens, niet beschreven in dit proefschrift). Dit lage percentage is 

voldoendee om bij gezonde mensen een darmonsteking te voorkomen. Tenslotte is het 

ookk bekend dat in experimentele artritis slechts een klein aantal getransduceerde cellen 

diee IL-10 tot overexpressie brengen, de gewrichtsontsteking kan verbeteren. 

Inn preklinische en klinische studies zullen veiligheidsaspecten zoals itmrlintiüi 

mutagenesis^mutagenesis^ toxiciteit, een immuunrespons regen vectoren of transgenen en lange-termijn 

effectenn bestudeerd moeten worden. Ken groot aantal patiënten is echter al behandeld 
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mett retrovirale vectoren en dit heeft tot dusver niet geleid tot een toegenomen incidentje 

vann lymfomen of andere maligniteiten in vergelijking met de onbehandelde populatie. 

Inn dit proefschrift worden de eerste stappen gezet in de richting van IL-10 

gentherapiee als behandeling voor patiënten met de ziekte van Crohn. De experimenten 

diee in dit proefschrift beschreven staan wijzen erop dat door verandering van de functie 

vann T cellen door ex vivo gentherapie een langdurige controle van de mucosale 

irnmuunresponss bereikt kan worden. Onze resultaten geven een krachtige stimulans voor 

verderee klinische ontwikkeling van deze aanpak. 
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Lezer,, l slaat nu het dankwoord op van her proefschrift van Bibi van Montfrans. L' 

heeftt het proefschrift eindelijk bijna uit, en als U goed gelezen heeft, weet L", na de 

voorgaandee honderd? evenennegen tig bladzijden, alles van II ,-10, gendierapie en 

chronischee dannonrsteking. L" rekt zich nog eens uit en legt uw voeten op de bank. Want 

nuu komt, hoopt L', de persoon achter de auteur aan het woord. Waarschijnlijker is echter 

datt r net de enveloppe heeft opengemaakt, even heeft uitgezocht welke van de 

verschillendee hoofdstukken al zijn gepubliceerd en daarna direct naar het dankwoord 

heeftt gegrepen. Ik wd L' dan ook onverwijld bedanken, want wie weet heeft l.' wel heel 

ergg geholpen bij het tot stand komen van dit proefschrift of heeft L.' mij , vanaf de zijlijn , 

200 nu en dan bemoedigend toegesproken. L" kunt nu besluiten niet verder te lezen, maar 

L'' bent vast nieuwsgierig en l" laat zich verleiden om mij te vergezellen op mijn laatste 

dagg in het Academisch Medisch Centrum, zodat ik V kan voorstellen, en zelf afscheid 

kann nemen van al die anderen die bij mijn onderzoek betrokken zijn geweest. 

Dee zon komt net op, er is geen regen voorspeld, en we gaan dus met de fiets van 

mijnn huis in Amsterdam Üud-West naar het Academisch Medisch Centrum in 

Amsterdamm Zuid-Oost. We passeren de Utrechtse brug en de Amstel wenst ons mistig 

goedemorgen.. We proberen om niet door het rode licht te rijden. Het fietspad leidt ons 

langss volkstuinen, kippen en hanen, bulldozers en werklieden die kabels aanleggen. Bij 

Piett de Fietsenmaker stallen we de fiets. 

Allereerstt hebben we een afspraak met Sander van Deventer, mijn promotor. Hem 

gaann we bedanken omdat hij mij in staat heeft gesteld vier jaar lang wetenschappelijk 

onderzoekk te verrichten, voor alle inhoudelijke suggesties en het kritisch lezen en 

becommentariërenn van de verschillende versies van mijn dissertatie. Daarvoor en voor 

zijnn onverwoestbare, bemoedigende optimisme over het welslagen van mijn project ben 

ikk hem zeer erkentelijk. Vervolgens gaan we naar de kamer van mijn co-promotoren. 

Anjee te Velde heeft mij ingewijd in de wereld van de pipetten en de incubatoren, en mij 

consciëntieuss begeleid bij mijn eerste passen op het steile pad van de wetenschap; 

Marisoll  Rodriguez Pena heeft de verantwoordelijkheid gedragen voor het virologisch 

gedeeltee van mijn onderzoek. Beiden ben ik veel verschuldigd. Dan op naar het 

laboratoriumm Kxperimentele Interne Geneeskunde. Daar hebben Nita Ladiges, en later 

Ingee Pronk mij vertrouwd gemaakt met de technische aspecten van het uitvoeren van 
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proeven.. Daar ook hebben Joost Daalhuizen en Ingvild Kop onze dierexperimenten 

kundigg begeleid. In de bomvolle AlÜ-kamer, waar ik achter in de hoek het rustigste want 

tochtigstee plekje had, treffen we de leden van de onderzoeksgroepen Inflammatoire 

Darmziekten,, Signaaltransducrie en Infectieziekten. Met hen kon ik van gedachten 

wisselenn over het soms wat eentonige tète-a-tête met mijn muizen en hun cellen. Deze 

omgangg met vertegenwoordigers van de menselijke soort heeft voor doorgaans welkome 

afleidingg gezorgd. Op de afdelingen celbiologie, experimentele hepatologie, gastro-

enterologie,, nucleaire geneeskunde, pathologie, virologie, de Medical Research BV, het 

GDIAA en Amsterdam Molecular Therapeutics zien we al die anderen die (bewast of 

onbewust)) hebben bijgedragen aan de totstandkoming van dit proefschrift. Ons bezoek 

heeftt al lang geduurd en het Nederlands Kanker Instituut, het Vrij e Universiteit Medisch 

Centrum,, her Kennedv Instituut in Londen, Ferring in Kopenhagen en Canji in San 

Diegoo dank ik daarom vanaf hier voor de samenwerking en de geleverde reagentia. 

Buitenn hangt de zon vermoeid boven de A2. Het is tijd om het Academisch Medisch 

Centrumm achter ons te laten. Als wc nog één keer omkijken, lichten de rode letters fel op 

enn steekt het bonkige silhouet scherp af tegen de lucht. Op weg naar huis vertel ik U over 

mijnn vrienden en familieleden, zonder wie ik minder had genoten van de verschillende 

statiess van deze tocht. Samen met de andere oprichters van de vereniging voor arts-

onderzoekerss ontdekte ik hoe leuk het is om als medicus onderzoek te doen. Mij n 

vriendenn zorgden ervoor dat dit geen vieren twin tig- uurs taak werd. In het bijzonder 

warenn dat Femke Stoelinga en mijn boezemvriendin, Moira Muller. Marijke van 

Montfranss probeerde mij onvermoeibaar, ondanks het keurslijf van het medisch jargon, 

leesbaarr Engels te laten schrijven. Mij n ouders, Gert en Manet, hebben mij de weg 

gewezenn en zijn vaak een eindje met mij opgefietst. Door hun gedrevenheid en 

enthousiasmee zijn zij voor mij een voorbeeld. 

Bijj  de ingang van mijn huis laat L" mij achter. Onze wegen scheiden zich nu. L gaat 

weerr terug naar bladzijde 1 van her proefschrift en begint aan de serieuze lectuur. Ik ga 

naarr binnen en voeg me, zoals het een vrouw na doorstane beproevingen betaamt, bij de 

mann van mijn leven, mijn toekomstige echtgenoot, Hein. Hij rekt zich uit en legt zijn 

voetenn op de bank. Hij kan het proefschrift zo langzamerhand wel dromen, alleen het 

dankwoordd kent hij nog niet. 
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assistentschapp gynaecologie liep zij in 1996 in het Sint Elisabeth Hospitaal op Curacao, 
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