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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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Retrovira ll  IL-10 gen e transfe r in experimenta l coliti s 

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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Chapte rr  7 

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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Retrovirall IL-10 g e n e transfer in experimental colitis 

H i s t o l o g y 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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Ret rov i ra ll  IL -1 0 gen e t ransfe r in e x p e r i m e n t a l colit i s 

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% % 

weekk 15 

00 9% 

M M 
GFPP expression 
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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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Retrov i ra ll  IL-1 0 gen e t rans fe r in expe r imen ta l coliti s 

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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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. . 

11 2 3 
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167 7 



Chapte rr  7 

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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