Tolerance to Cardiac Allografts Via Local and Systemic
Mechanisms After Adenovirus-Mediated CTLA4lg Expression
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Blockade of the CD28/B7 T cell costimulatory pathway prolongs allograft survival and induces tolerance in some animal models.
We analyzed the efficacy of a CTLA4Ig-expressing adenovirus in preventing cardiac allorejection in rats, the mechanisms un-
derlying heart transplant acceptance, and whether the effects of CTLA4lg were restricted to the graft microenvironment or were
systemic. CTLA4lg gene transfer into the myocardium allowed indefinite graft survival &100 days vs & 1 days for controls) in
90% of cases, whereas CTLA4Ig protein injected systemically only prolonged cardiac allograft survival (by up to 22 days).
CTLAA4Ig could be detected in the graft and in the serum for at least 1 year after gene transfer. CTLA4lg gene transfer induced
local intragraft immunomodulation at day 5 after transplantation, as shown by decreased expression of the IL-2R and MHC Il
Ags; decreased levels of mMRNA encoding for IFNy, inducible NO synthase, and TGF; and inhibited proliferative responses of
graft-infiltrating cells. Systemic immune responses were also down-modulated, as shown by the suppression of Ab production
against donor alloantigens and cognate Ags, up to at least 120 days after gene transfer. Alloantigenic and mitogenic proliferative
responses of graft-infiltrating cells and total splenocytes were inhibited and were not reversed by IL-2. In contrast, lymph node
cells and T cells purified from splenocytes showed normal proliferation. Recipients of long-term grafts treated with adenovirus
coding for CTLA4Ig showed organ and donor-specific tolerance. These data show that expression of CTLA4Ig was high and long
lasting after adenovirus-mediated gene transfer. This expression resulted in down-modulation of responses against cognate Ags,
efficient suppression of local and systemic allograft immune responses, and ultimate induction of donor-specific toleranc&he
Journal of Immunology, 2000, 164: 5258-5268.

raft rejection depends on the activation of alloreactive T Administration of CTLA4lg, a recombinant fusion protein that

cells. Optimal and sustained activation of T cells, lead- contains the extracellular domain of CTLA4 fused to IgG heavy

ing to proliferation, cytokine production, and effector chain constant domain, competitively inhibits binding of B7 mol-
functions, requires three signals. The first signal is delivered by thecules to CD28, but also to CTLA4 (1). The net effect of CTLA4Ig
TCR after interaction with antigenic peptides presented on MHGs to inhibit T cell activation, and thus effectively suppress immune
molecules of APCs. The second, or costimulatory signal, is proresponses in various transplantation and autoimmune models.
vided through the interaction of T cell molecules; among them, CTLA4Ig differs in its efficacy to prevent acute rejection or to
CD28 is one of the most important ones, with the APC moleculesnduce transplantation tolerance (defined as permanent graft ac-
CD80 and CD86. The third signal allows amplification of the im- ceptance in the absence of immunosuppressorgharahic rejec-
mune response and is provided by cytokine receptors after intetion) of various vascularized grafts in rodents. In rats and
action with their ligands (IL-2, IL-4). Other signaling membrane several mouse models, CTLA4lg prevents acute cardiac rejec-
molecules, among them CTLA4, transduce inhibitory signals totion, but does not induce tolerance, even after prolonged ad-
activated T cells (1). CTLA-4 is highly homologous to CD28, but ministration, unless associated with other treatments (1) (2-5).
has a higher affinity for CD80 and CD86 as compared with CD28In contrast, other vascularized grafts, such as kidney allografts,
and also a slower kinetics of expression. have been shown to be permanently accepted after a single
administration of CTLA4Ig (5, 6).

Gene transfer of sequences coding for soluble immunosuppres-

sive molecules into transplanted organs aims to create a local mi-
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Gene transfer in transplantation has been performed using &as monitored daily by palpation through the abdominal wall. Rejection was
variety of vectors, including recombinant adenoviruses Ayl defined as total cessation of cardiac beating and was confirmed by direct ex-

have attractive properties for transducing vascularized organs (8 mination following laparotomy. Full-thickness dorsal skin from syngeneic,

. . irst, and third party donors were transplanted onto the dorsal trunk area, and
We have previously shown that Ad-mediated gene transfer Oikin rejection was defined as75% graft necrosis.

TGF-B (9) or IL-10 (10) delays rejection of cardiac allografts. The fusion protein CTLA4lg, composed of the extracellular portion of
Adenovirus-mediated gene transfer of murine CTLA4Ig to themouse CTLA4 and the constant dorr_\ains of mouse IgG1 (kindly prpvided
rat liver (11) and cardiac (12) transplantation models resulted "ggilgr('i E- Egag)]’friﬁiﬂlé“ﬁﬁeyrifst?;éggiaﬁf};ﬁgﬁ'uvgﬁg'dgssl gdf’;‘;lrg)'\i’tii'ge‘j
. . . .p., L )
prolongation of aIIograft _surV|vaI. Neverthgless, the immune re-, previously described protocol (17).
sponses of grafted recipients toward nominal Ags other than al-

loantigens or the mechanisms underlying graft acceptance have nfhmunizations

been fully characterized. SRBC (16 in 800 ul of sterile PBS) were injected i.p. at the day of trans-
The aim of this study was to evaluate the efficacy of an Adplantation. Keyhole limpet hemocyanin (KLH; Sigma, St. Louis, MO) was

coding for murine CTLA4Ig in preventing allograft rejection in a injected either i.p. (2 mg in 80@l of sterile PBS) at the indicated time

rat cardiac allotransplantation model, to analyze the mechanisnRPints or in the footpad (5.9 emulsified in 400l of CFA) at the day of

implicated in graft acceptance by CTLA4Ig, to define WhethertranSplamaﬂon'

gene transfer into the heart resulted in graft-restricted or systemiDetection of circulating CTLA4Ig

'm_munOSUppr_e_ssmn' and whether imunosuppression was a“OSpE'TLAmg in sera was detected using a sandwich ELISA. Plates (Nunc

cific or aspecific. Maxisorp, Nalge Nunc International, Naperville, IL) were coated overnight
Adenovirus-mediated gene transfer of CTLA4Ig resulted in per-at 4°C with a hamster anti-murine CTLA4-specific mAb (4F10, kindly

manent graft acceptance and prolonged expression of CTLA4Igprovided by Dr. J. Bluestone, Chicago, IL) (0 at 5.6 ug/ml). Plates

. ; ; were blocked with a solution of PBS, 0.1% Tween, and 1% BSA, and then
whereas repeated administration of recombinant CTLA4|gwashed and incubatedrf@ h at37°C with serial dilutions of rat serum in

(rCTLA4lIg) only moderately prolonged graft survival. Recipients y|qcking buffer. After washing, either a peroxidase-conjugated goat anti-
of AdCTLAA4Ig-treated cardiac grafts showed systemic inhibition human IgG (Byosis, Compiegne, France) or goat anti-mouse IgG (Jackson
of humoral and of cell-mediated immune responses against dondmmunoResearch, West Grove, PA) was added and incubate?! foat

Ags (splenocytes but not of lymph node cells) and cognate Ags?’7oc' The reaction was developed using ABTS (Boehringer Mannheim,

L . i . Mannheim, Germany), and the absorbance of duplicate samples read at 405
Leukocytes infiltrating grafts injected with AdCTLA4Ig showed nm. CTLA4lg, either mouse CTLA4 and the constant domains of human

decreased expression of MHC class Il Ags and CD25; reducegyG1, or mouse CTLA4 and the constant domains of mouse IgG1 diluted
IFN-y, TGF8, and iINOS mRNA accumulation; and decreasedin rat serum were used as standards to quantitate serum levels in treated

proliferative responses to alloantigens. Recipients with permaanimals. The ELISA detection limit was 1 ng/ml.
nently accepted AACTLA4Ig-treated cardiac grafts accepted dormmunohistology

nor-matched second heart grafts, but rejected donor-matched sklin histol . g at secti oushv d
; ; mmunohistology was performed in cryostat sections, as previously de-
and third party skin and hearts. . cribed (15). To detect CTLA4Ig in tissues, sections were subsequently
These resglts demonstrate that intragraft gene transfer .q cubated (60 min) with a biotin-conjugated rat IgG-absorbed F{@wat
CTLA4lg, a simple and perfectly tolerated procedure, resulted inanti-human Fc portion of the IgG Ab (Jackson ImmunoResearch), or ham-
very efficient induction of permanent cardiac graft acceptancester mAb anti-murine CTLA4 (4F10). Tissues probed with the mAb were
This effect was dependent on local and systemic immunosuppréhen incubated with a biotin-conjugated rat IgG-absorbed anti-hamster 1I9G

; : . - . Ab (60 min; Vector Laboratories, Burlingame, CA). Sections were incu-
sive eflects leading to the establishment of active donor- and O@ated with HRP-conjugated streptavidin (45 min; Vector Laboratories),

gan-specific tolerance mechanisms. revealed (5 min) with very intense purple (VIP) substrate (Vector Labo-
ratories), and counterstained by incubation with hematoxylin and lithium
Materials and Methods chloride.

Immunohistological analysis of infiltrating leukocytes was performed at
day 5 after transplantation using mouse mAb: a mixture of two anti-
Ad were constructed, propagated, purified, and titered (in PFU) accordinggukocyte CD45 mAbs (OX1 and OX30), anti-monocyte/macrophage
to standard protocols (13), as previously described (14, 15). The cDNACD68 (ED1), antieg TCR (R.7.3), anti-CD4 (W3/25); anti-CD&-chain
sequences from the extracellular portion of mouse CTLA4 and the codind©OX8), anti-monomorphic class II MHC Ags (OX6), anti-CD25 (OX39)
sequences of the constant domains of human IgG1 (16) (kindly provided b{@ll from European Cell Culture Collection (ECACC), Wiltshire, U.K.),

P. Lane) were placed under the transcriptional control of a short truncate@nd an irrelevant mouse mAb (3G8, anti-human CD16). Slides were then
CMV promoter. AddI324 is a noncoding Ad. Adenovirus stocks were incubated with a biOtin'COnjUgated anti-mouse Ig Ab (60 min; Vector Lab-
tested for the absence of replication-competent adenoviruses by PCR arftatories), followed by HRP-conjugated streptavidin (45 min; Vector Lab-
plification of the E1 adenoviral region (the detection limit was 1 adenoviralOratories) and VIP substrate. Quantification was performed by the point-
particle in 16 PFU of Ad). counting technique (18). Briefly, positive cells were counted using a square
grid in the eyepiece of the microscope on 15 high powet0) fields of
Animals, transplantation, adenovirus-mediated gene transfer,  each slide and expressed as the percentage of the area of biopsy occupied

and administration of rCTLA4Ig by cells.

The rats used in this study were inbred male Lewis 1W (LEW.1W, haplotypeQuantitative RT-PCR
RT1Y), LEW.1A (haplotype RT9), Brown Norway (BN, haplotype RT}
(Centre d’Elevage R. Janvier, Le Genest St. Isle, France), and Fischer (ha

ﬁduid nitrogen and stored at80°C until use. Total RNA was isolated
lotype RT1"Y) (IFFA CREDO, L'Arbresle, France). These are congeneic an- . o S ) '
imals completely mismatched for the class I, Il, and I-like genes of the MHcUYSNd the acid-guanidium phenol-chloroform method, angid@f mRNA

) h - . . ~was reverse transcribed using the Moloney murine leukemia virus reverse-
region. Heterotopic cardiac allografts were placed into the abdomen (flrsgV 9 y

Recombinant adenoviruses

Heart samples at day 5 after transplantation were immediately frozen in

) ) . ranscriptase kit (Life Technologies, Paisley, U.K.) (15). Transcript levels
rafts) or into the neck (second grafts). Immediately after transplantation, A ; ] :
?at th()-:A indicated doses( in 25ﬂ)gwere) slowly injeci/ed into thepapex and Jor cytokines and hypoxanthine phosphoribosyltransferase (HPRT) were

. . h -~ _ quantified using real-time quantitative PCR and the SYBR green DNA dye
ventricular walls of the clamped heart at four different points (9). Graft survival (ABI Prism 7700; Perkin-ElmeApplied Biosystems, Foster City, CA) (19).

Primer sequences were as follows: IFN-5'-CAGCTCTGCCTCATG
3 Abbreviations used in this paper: Ad, recombinant adenovirus; ABTS;a2j20- GCC-3 (sense) and /EGATTCTGGTGACA,GCTGGTG'?’ (a,ntlsense); IL-
bis(3-ethylbenzthiazoline-6-sulfonic acid); BN, Brown Norway, GIC, graft-infiltrat- 13, S'AGCAACATCACACA_AGACCA_G‘S’ (sense) and 'SCACAACT
ing cells; HPRT, hypoxanthine phosphoribosyltransferase; iNOS, inducible NO synGAGGTCCACAGCT-3 (antisense); INOS, 'SGGAGTGTCAGTGGC
thase; KLH, keyhole limpet hemocyanin; LEW, Lewis. TTCCAG-3 (sense) and STGGCTCTTGAGCTGGAAGAAG-3




5260 TOLERANCE INDUCTION TO HEART ALLOGRAFTS AFTER CTLA4lg GENE TRANSFER

(antisense); TGPB1, 5-CTACTGCTTCAGCTCCACAG-3 (sense) and's

TGCACTTGCAGGAGCGCAC-3 (antisense); TNy, 5-CCTTACG 100 J . 5—5}’
GAACCCCCTATATT-3 (sense) and 5SGACCCGTAGGGCGATTA A—y—x——jxﬂm_m__
CAG-3 (antisense); HPRT,5TGCTGGATTACATTAAAGCGC-3 (sense) 80 J 1
and 3-CTTGGCTTTTCCACTTCGC-3(antisense). = —e— NT

Results were expressed as the intrasample ratio of cytokine to HPRT E 60

- - Addi324
mRNA copy numbers. 5
Proliferative responses against alloantigens, mitogens, and KLH g 404 A AJCTLAdIE LIWTDLIA)
. ) 20 —— AdCTLA4Ig (L1A —PLIW)

Spleen and mesenteric lymph nodes were pressed through a stainless steel 1
mesh, and mononuclear cells were isolated using density-gradient centrif- -8 - (CTLA4lg
ugation on Ficoll-Hypaque. T cells were purified from total splenocytes by 04 . /-

negative selection usjna T cell purification kit (R&D Systems, Abingdon, 200 300

U.K.). Graft-infiltrating cells (GIC) were isolated by incubating finely

minced heart allografts in 4 ml of collagenase D (2 mg/ml; Boehringer Days after heart transplantation

Mannheim, Indianapolis, IN) (30 min at 37°C), followed by passage

through a stainless steel mesh and density-gradient centrifugation on FFIGURE 1. Permanent survival of cardiac allografts treated with
coll-Hypaque. Cells were resuspended in culture medium consisting 0AdCTLA4lg. Untreated LEW.1A recipients were transplanted with
RPMI 1640 supplemented with 10% heat-inactivated FCS, 2 mjli- | Ew.1W hearts (day 0) that were either nontransduced (B n = 7) or
tamine, 100 U/ml penicillin, 0.1 mg/ml streptomycin, 1 mM sodium pyru- yansguced (119 PFU) with the noncoding adenovirus Addi324 (10:8
vate, 1% nonessential amino acids, ang 30> M 2-ME (all from Sig- 2,n = 5) or AdCTLA4Ig (>100 days survival in 90% of the grafts,=

L . . 1
ma). Dendritic cells were enriched from spleen fragments digested witl : )
collagenase D (2 mg/ml) for 15 min at 37°C and in the presence @10 rEO). A group of LEW.1W animals was transplanted with LEW.1A hearts

EDTA during the last 5 min. The cell suspension was washed twice andransduced with AdCTLA4Ig%100 days survivaln = 3). T, Animals
resuspended in BM EDTA-PBS containing 2% heat-inactivated FCS at sacrificed with well-functioning grafts for analysis of immune responses.
4°C, at 1-2x 1P cells/ml. Four milliliters of this suspension were layered Two animals were treated for 10 days with H@/day i.p. of murine
onto 4 ml of 14.5% (w/v) metrizamide (grade I; Sigma) and centrifuged forrCTLA4Ig from day O after transplantation.

13 min at 1500x g at 4°C. Low density cells were recovered, resuspended
at 10’ cells/ml, and cultured overnight in complete medium containing rat
IL-4 and human GM-CSF. Nonadherent cells were gently harvested an
contained on average 70% of dendritic cells. Total splenocytes, purified esults

cells, or GIC were seeded (A@ells/well) onto round-bottom 96-well Adenovirus-mediated gene transfer of CTLA4Ig indefinitely

plates (Nunc, Naperville, IL) in triplicate cultures and evaluated for their prolongs cardiac allograft survival

proliferative response against irradiated dendritic cells (50* cells/well)

or Con A (12.5ug/ml). Cells were cultured for 3 and 5 days, and for the 10 evaluate the effect of CTLA4Ig produced by the graft on allo-
final 8 h of culture, 1uCi [*H]thymidine deoxyribose was added to each graft survival, we performed adenovirus-mediated gene transfer
well and thymidine incorporation was quantified using a scintillation jnto the myocardium using a previously published method (9, 10).

counter. } o
Proliferation against KLH was analyzed in popliteal lymph node cells We have previously shown Fhat .ceIIuIar ‘transductlon is largely
from naive or transplanted animals injected with either noncoding or“m'ted to focal areas of cardiac tissue, with low or undetectable
CTLA4Ig-coding adenoviruses. Seven days after injection of KLH (at daytransduction of liver, lungs, and spleen (10).
0) in the footpad, lymph node cells were culturedX310° cells/well, 3 The mean survival time= SD of cardiac allografts injected with
dBays) Wit_h_KLH (25;L_g/m| and decreasing doses) and pulsed withCl 10%*° PFU of the noncoding adenovirus Addl234 (16:8L.2,n =
[*Hjthymidine deoxyribose. 5) was indistinguishable from that of control untreated hearts (9
Detection of alloantibodies, anti-SRBC, and anti-KLH Abs 1,n = 7) (Fig. 1). Cardiac allografts injected with TOPFU of

LEW.1W or BN splenocytes (X 10° cells/ml) were cultured with Con A AdC'Z'I.'LA4Ig. showed indefinite survivai4100 days il.1 90.% of the.
(Sigma) at 7ug/ml in complete medium for 72 h. Viable blasts were recipients) in both the LEW.1W to LEW.1A combination and in
harvested after a Ficoll-Hypaque density-gradient centrifugation and incuthe LEW.1A to LEW.1W combination (which otherwise reject be-

ey i P55 ol were o v arl ubmos i St EEn days 7 and 9) (ig. ). This nclcates tha nhbion of grat
FITC-coupled donkey anti-rat 1gG (HL) (Jackson ImmunoResearch), or rejection by gene transfer of CTLA4lg was not restricted to a sin-

FITC-coupled goat anti-rat IgM (Jackson ImmunoResearch). For detectio@le recipient MHC haplotype.
of anti-SRBC Abs, serially diluted sera (heat inactivated) were incubated Daily systemic administration of rCTLA4lg (5@ug) in the
with SRBC, and developed using a sheep-absorbed FITC-coupled donkqyE\w.1W to LEW.1A combination during 10 days moderately pro-

anti-rat |gG or mouse mAbs directed against kathain (MARK-1), rat ; ;
lgG1 (MARG1-2), rat IgG2a (MARG2a-7), or rat IgG2b (MARG2b-3) longed allograft survival (up to a maximum of 21 and 22 days)

(provided by Dr. D. Lattine, Brussels, Belgium), followed by incubation (Fig. 1).

with a FITC-conjugated rat Ig-absorbed F(gbgoat anti-mouse lg Ab These results show that adenovirus-mediated gene transfer of
(Jackson ImmunoResearch). Serum levels of anti-donor, anti-third party, o€ TLA4Ig into the heart allowed permanent graft survival, and that
f‘mi'DS.REC Abss""e“f] deteg‘i;‘ed 5’3’ Cy'[OtﬂLéjOI’Olntﬁtfy (FACSr‘:a”b“Ir?ﬂBec‘this was not due to a particular susceptibility of the LEW.1W to
on Dickinson, San Jose, and reported as the mean channel fluores; . o N . - .
cence at a dilution of 1/10 (highest diIEtion resulting in maximal signal in TEW.1A strain combination used in this study since administration
the sera of immunized untreated controls). of rCTLA4Ig only moderately prolonged graft survival.

Anti-KLH Abs were detected by ELISA. Plates (Immulon 1; Dynatech )
Laboratories, Chantilly, VA) were coated overnight at 4°C with 80of Detection of CTLA4Ig

KLH (10 ug/ml). The blocking, washing steps, and the incubation of se- - : . :
rially diluted sera were performed as mentioned above. A peroxidase-con(-'\’-“‘A4Ig expression was analyzed in the sera at different times

jugated donkey anti-rat IgG (HL) (Jackson ImmunoResearch) was added after gene transfer, using an ELISA (Fig. 2). Levels of CTLA4lg
and incubated o2 h at37°C. The reaction was developed using ABTS were higher (between 25 and 15@/ml) at days 5 and 30 after

(Bffhtrin%ef Mannhi‘igw). oo | diluted 1/20. 1/100 ene transfer than at later time points. Nevertheless, most animals
nti-adenovirus S were analyzed In sera dilute , , an
1/1000, as previously described (15). howed levels of CT_LA4Ig above 30g/ml 60 and 90 days after

o . gene transfer. All animals tested between days 120 and 160 after
Statistical analysis gene transfer showed levels between 5 ang.dnl and of 0.5-4

Statistical significance was evaluated using a one-way ANOVA test andtd/ml between 200 days and more than 1 year after gene transfer.
Kaplan-Meier analysis for graft survival. Animals injected daily with rCTLA4Ig at transplantation for 10

T T ™7
46 66 86 100 "
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untreated animals or of recipients bearing grafts treated with either

16 . o AdCTLA4lg AdCTLA4Ig or noncoding adenoviruses (PFU). None of the
14 " Untreated animals 6 = 5) in the group treated with AACTLA4lg showed
12 - eated | detectable levels of anti-adenovirus Abs (at 1/20 serum dilution:
10 mean* SD of 0.115+ 0.017 OD; ranging from 0.098 to 0.149)
E 0 v N at any dilution tested. These values were identical to those ob-
?ﬁ served in the sera of animals not injected with adenoviruses (
60 . > 2, 0.130= 0.010, ranging from 0.120 to 0.141). In contrast, three
40} L4 : of four animals that received AddI324 showed detectable anti-
20La ’ . adenovirus Ab levels (0.31& 0.102, ranging from 0.145 to
] . « . 0.408).
0 20 40 60 8 100 120 140 Imso These results indicate that CTLA4Ig was still being produced
Days after transplantation long after gene transfer, and that this was associated to an inhibi-

tion of humoral anti-adenovirus immune responses. The presence
FIGURE 2. Detection of CTLA4Ig in serum after adenovirus-mediated of CTLA4lg was not restricted to the graft because it was also

gene transfer. Serum from animals transplanted with untreated graftgetected in the serum, spleen, and lymph nodes.
(n = 13)or grafts transduced with AdCTLA4Ilg were harvested at the in-

dicated time points and analyzed by ELISA for CTLA4lg detection. Immunohistological analysis of leukocytes infiltrating the grafts

Total leukocytes, mononuclear cell subsets, actiVation markers
days showed levels of CTLA4Ig in the sera of 1.5 andgdml at ~ were quantitatively analyzed in cardiac grafts 5 days after transplan-
day 5, 0.1 and 0.4g/ml at day 15, and undetectable levels at daytation and gene transfer (Fig. 4). Hearts injected with AdCTLA4Ig or
20 after transplantation. controls showed comparable infiltration by total leukocytes (OX1

CTLA4Ig was detected by immunohistology in hearts that wereand OX30"), monocytes/macrophages (ED1aBT (R73"), CD4"
injected with AACTLA4lg and harvested at days 5 and 120 after{W3/25"), and CD8 (OX8") cells. In spite of this, hearts treated
gene transfer, but was undetectable in AddI324-injected heartwith AACTLA4Ig showed a significant reduction in the number of
(Fig. 3, A-C). CTLA4lg immunoreactivity was widespread cells expressing molecules involved in allorejection, such as MHC
throughout the whole graft. Higher levels of CTLA4Ig were de- class Il molecules (OX6) or thea-chain of the IL-2R (OX39) (Fig.
tected in grafts harvested at early time points, but hearts still ex4) compared with untreated hearts or those injected with the noncod-
pressed CTLA4Ig at least 120 days after gene transfer. Five dayigg adenovirus.
after transplantation, CTLA4lg was also strongly detected by im- These results suggests that local expression of CTLA4lg does
munohistology in the red pulp and B cell areas of the spleen fronnot affect the total numbers and subset composition of graft-infil-
animals transplanted with AACTLA4Ig-transduced hearts, but notrating leukocytes, but can modulate the expression of activation
in spleens from controls (Fig. I andE). CTLA4Ig was also  markers associated with graft rejection.
detected in mesenteric lymph nodes from animals transplanted ) ) o
with AdCTLA4Ig-transduced hearts (FigF3 Analysis of cytokine expression in the grafts

Long lasting CTLA4Ig expression could be due to the inhibition Quantification of mMRNA levels for cytokines and iINOS expressed
of anti-adenovirus immune responses by CTLA4Ig itself. Anti- within transplanted hearts 5 days after transplantation showed that
adenovirus Ab levels were analyzed by ELISA in the serum ofhearts treated with ACTLA4Ig contained significantly reduced

FIGURE 3. Presence of CTLA4Ig in tissues after adenovirus-mediated gene transfer. Tissue cryostat sections were analyzed by immunohistology using

anti-human 1gG Abs. LEW.1W heart grafts transduced with noncoding AddI324 adenoviruses and harvested 5 d&ysstatere(l lack of detectable
CTLA4Ig. LEW.1W heart grafts transduced with AJCTLA4Ig showed the presence of more abundant labeling aByigah @t day 120Q) after gene
transfer. Spleens from animals transplanted with hearts transduced with noncoding AddI324 aden®jrasé@siCTLA4Ilg (E) were analyzed 7 days

after transplantation. CTLA4Ig was detected in the red pulp and B cell areas of spleens. Lymph nodes from animals transplanted with hearts transduce

with AACTLAA4Ig (F) harvested 7 days after transplantation also showed the presence of CTLA4Ig.
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FIGURE 4. Quantitative immunohistochemi-

cal analysis of heart leukocyte infiltration at day 5
after transplantation and gene transfer. Native
hearts or cardiac grafts either untreated or in-
jected with 16° PFU of AddI324 or »
AdCTLA4Ig-Ig were harvested and frozen, and
cryostat sections were incubated with mAbs.
Tissues were analyzed morphometrically, and
data are expressed as the percentage area of .
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biopsy occupied by cells= SE. Photomicro-

graphs correspond to cryostat sections of
AddI324- or AJCTLA4Ig-treated grafts ana-
lyzed 5 days after transplantation with OX6 anti-
MHC class Il mAb.*, p < 0.05 as compared
with untreated or AddI324-treated animals.

0X39 (IL2-R)

% OX39+

s
.
3
2
1
°

[ native hearts, n=3

transcript levels for IFNy, iNOS, and TGF81, whereas IL-13
levels were increased in three of six grafts, but this increase wasodes (Fig. €) was performed 5 days after transplantation. Pro-
not statistically significant (Fig. 5).

These results suggest that CTLA4Ig expression induced a locgarty BN dendritic cells, or Con A.

modification in the production of cytokines with an inhibition of

E3 non-treated rejections, 5 d, n=3 &I AddI324,5d,n=3

ED1 (CD68) R73 (afTCR)

% ED1+

% R73+

., OX8(CD8+)

»

AddI324,d5 | 2
0X6 (x10) G Tl

% OX8+

AdCTLA4Ig,d 5

0X6 (MHCII) L

% OX6+

AdCTLAAIg, 5d, n=5

cells harvested from grafts (FigAB spleens (Fig. B), or lymph
liferative responses were evaluated against donor LEW.1W, third

In comparison with GIC from grafts either untreated or treated

type 1 (IFN<y) cytokine production and in some animals an in- with the noncoding adenovirus, GIC from AdCTLA4Ig-treated
creased type 2 (IL-13) production. The reduction in iNOS genegrafts showed a profound inhibition of proliferation not only in
expression furthermore suggests a decreased macrophage andiggponse to donor cells, but also to third party cells or Con A (data

endothelial cell activation.

Inhibition of the MLR responses of graft-infiltrating cells and
splenocytes, but not of lymph node cells from animals bearing MLR from animals bearing AdCTLAdIg-treated grafts (Figh)6

AdCTLAdIg-treated grafts

not shown) after 3 (Fig.A&) or 5 days of culture (data not shown).
Incubation with IL-2 increased proliferative responses of both
groups of animals, but did not reverse the inhibition observed in

Compared with controls, splenocytes from animals bearing

To analyze the effect of adenovirus-mediated CTLA4lg expressiotAdCTLA4Ig-treated grafts also showed an inhibition of prolifer-
on cellular allogeneic responses, analysis of MLR responses withtion in response to donor or third party cells and Con A after 3

(Fig. 6B) or 5 days of culture (data not shown). Addition of IL-2
only slightly increased their proliferation (FigBh Interestingly, T

v IL-13 = IFNy cells purified from splenocytes of animals bearing AdCTLA4Ig-
£2 &0 I treated grafts showed comparable proliferative responses to those
o > of T cells from control animals (Fig.B. The lack of proliferation
; 1 él in response to Con A in the absence of IL-2 is explained by the fact
< ] R that purified T cells are unable to proliferate in response to Con A
Z0 Z 5 x * in the absence of APC or exogenous IL-2. Addition of IL-2 did not
g0 0 untreated increase the proliferation of T cells against alloantigens in either
Addi324 Adanug;’;‘e':gf: Addi324 ADCTLAAIg .o o group, but induced their proliferation to Con A (FigB)

. In contrast to splenocytes, mesenteric lymph node cells from
2y TGFB £3 iNOs animals bearing AdCTLA4Ig-treated grafts showed proliferative
E o E I responses to alloantigens and to Con A comparable with those of
= 3 :.: &2 % animals either untreated or treated with noncoding adenoviruses, in
S 2 -:- l z .:5,& the presence or absence of IL-2 after 3 days (F&).@ 5 days of
< |eieleid Slmenged % culture (data not shown).

E ! n:-_-:- g :"! Because GIC and recipient splenocytes from animals bearing
g 0 untreated AdCTLA4Ig-treated grafts showed staining for CTLA4Ig (Fig. 3),
Addi324 AdCTLA‘“gf;gfgﬁff Addis24 AdCTLMIgrejcction most likely reflecting binding to B7 molecules on APC, we eval-

uated the capacity of both cell populations to act as APCs and

FIGURE 5. Analysis of cytokine mRNA accumulation within grafts by - ;) 1ate an MLR response. Splenocytes from LEW.1W animals
guantitative RT-PCR. Total RNA was extracted from cardiac grafts 5 days " . .

: o ° “depleted of dendritic cells proliferated in the presence of spleno-
after gene transfer, retrotranscribed, and analyzed by quantitative real-time

PCR. Results were expressed as the intrasample ratio of cytokine to HPRYYES from_ either untreated or 7‘0009_0"”9 ade'_qov'rgs'treated
MRNA copy numbers. Data represent the mea8E from four to six rats ~ LEW.1A animals, but showed-90% inhibition of proliferation in

per group and from experiments repeated at least twicp.< 0.05 as  response to splenocytes from animals bearing AACTLA4Ig-treated
compared with untreated or AddI324-treated animals. grafts (data not shown). As APCs from AdCTLA4Ig-treated
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produced or released by recipient APC, and that would also block
IZ costimulation by donor APCs. CTLAA4Ig levels were low in MLR

supernatants from GIC (2.2 and 2.4 ng/ml) and undetectable in
MLR supernatants from splenocytes. Since the minimal concen-
tration needed to inhibit-90% of MLR responses is ig/ml (17),
the absence or very low concentrations of CTLA4lg present in the
MLR supernatant from AdCTLA4Ig-treated recipients cannot ex-
plain the inhibition of proliferative responses due to direct Ag
presentation.

Altogether, these results show that despite the presence of
CTLAA4Ig in spleen and lymph nodes (see Fig. 3), allogeneic and
mitogenic proliferative responses were inhibited in some (graft and
spleen), but not all (lymph nodes) lymphoid compartments. Be-
cause direct recognition by T cells of allodeterminants on donor
APCs was at least in part present (i.e., T cells responded to donor
Ags), the inhibition of MLR responses against donor Ags is not
explained by T cell anergy and suggests that at least a part of the
Untreated, +IL-2 3OOAdCTLA4Ie-treated, +IL-2 alloreactive clones have not been deleted. The concomitant inhi-

bition of donor, third party, and mitogen-driven proliferative re-

Untreated AdCTLA4Ig-treated

200
150
100

50

cpm x 108

splenocytes T cells splenocytes T cells

300

cpm x 103
N
S
S

sponses favors the existence of suppressive interactions between T
1 cells and non-T cells in the graft and in the spleen, resulting in
splenocytes T cells splenocytes T cells

nonspecific suppression.

Inhibition of alloantibody production in AACTLA4Ig-treated

C recipients
140 Omedium P

2

»

g

(=%

<

OLEW 1W Anti-allogeneic humoral responses of ADCTLA4Ig-treated recipi-
BN

OConA ents were evaluated by cytofluorometric analysis at different time

points (Fig. 7). When compared with untreated rejected hearts,
—1 | recipients treated with ACTLA4lg showed virtually undetectable
Untreated AdCTLA4Ig levels of IgM and IgG Abs against LEW.1W at every time point
analyzed up to 90 days after transplantation. These findings were
FIGURE 6. Inhibition of one-way MLR responses in recipients grafted confirmed by immunohistological analysis of grafts more than 100

¥Vith AdcftT'Q-A'g“”g'ltra”Sdé‘)C?_l‘_’ helf“ts' MLR rTgs;;ofr\ses °f| cells ?ar)"esmddays after transplantation, which showed the absence of detectable
rom graft (), spleens cells were purified from splenocytes), or : o
lymph nodes €) from the same LEW.1A recipient grafted with either alloantibody deposition (data not shown).

untreated or AACTLA4Ig-treated hearts were analyzed 5 days after trans-
plantation. Cellular allogeneic responses against first party LEW.1W ofExpression of CTLA4Ig by transduced hearts results in

third party BN dendritic cells, in the presence or absence of IL-2, Werejinhibition of immune responses against Cognate Ags

analyzed after 3 days of culture. Results are expressed as thezm8an . . )

cpm of one representative animal from two tested for GIC, five tested forVe then determined whether the immunosuppressive effect de-
splenocytes, and three for lymph node cells. tected within animals treated with AACTLA4lg was specific for

anti-donor humoral immune responses or whether it also affected
unrelated cognate Ags. We thus analyzed immune responses
against SRBC injected immediately after transplantation or against
LEW.1A animals were not capable of stimulating LEW.1IW T KLH injected at 30, 60, or 120 days after allotransplantation and
cells, the inhibition of MLR responses observed using LEW.1Wgene transfer. All animals that received AddI324 or ADCTLA4Ig
APCs as stimulators and LEW.1A splenocytes as responders camere successively immunized against SRBC at day 0 and against
be either explained by the absence of costimulation (blockade dkKLH at day 60. Anti-SRBC levels in animals transplanted with
B7) or by a suppressive activity of APCs. AdCTLA4Ig-transduced grafts were comparable with those of
We hypothesized that inhibition of proliferation could be due to nonimmunized controls (for IgM and all IgG subclasses) and lower
the presence of CTLA4lg in MLR supernatants that could be eithethan those of recipients treated with noncoding adenovirus (Fig.

FIGURE 7. Suppression of alloantibody pro- IgM 10000 IgG —

duction in recipients grafted with AdCTLA4Ig-

transduced hearts. Sera from LEW.1A recipients 350 -] 1000 o grafted + Addi324
: 300 o _ o rafted + AdCTLA4Ig

grafted with LEW.1W hearts were collected at the 250 & a o o

indicated time points. Serial dilutions were incu- &= 200 o < 100

bated with LEW.1W Con A blasts and analyzed 5 150 : 5 g ] 4 &

by cytofluorometry for the presence of Igh)(or 100 * 0 = 10 .

IgG (B) alloantibodies. Results are expressed as 50 3 s ¢ 1

mean channel fluorescence (MCF) at the dilution 0 15 30 45 60 75 90 0 15 30 45 60 75 90

of 1/10.

days after transplantation days after transplantation
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trols. Recipients injected with rCTLA4lg and injected with KLH at

day 30 after transplantation showed high levels of anti-KLH Abs,
10000 comparable with those of untreated immunized controls (data not
1000 shown).
g" 100 These results indicate that recipients of hearts transduced with
5 0 AdCTLA4Ig showed a systemic suppression of immune responses
= that lasted longer than that observed in recipients treated with
1 F rCTLA4lg.
0,1
Animal group - Addi324 AdCTLA4IgrCTLA4lg Graft survival and systemic humoral immune responses at doses
SRBC ) . . N of AACTLA4Ig lower than 1§ PFU
days after grafting 0 0 0 Since the injection of ¥ PFU of AACTLA4Ig allowed indefinite
n= 3) (3) 3 @ graft survival in all recipients, but induced systemic immunosup-

pression of humoral immune responses, we performed gene trans-
fer with lower doses of AACTLA4Ilg and analyzed graft survival
and Ab production to cognate Ags (Table I). Recipients trans-
planted with grafts transduced with doses of ADCTLA4Ig lower
than 13° PFU showed the presence of CTLA4Ig in serum that
were lower than those found in animals that had receivé8 RBU
of AACTLAAIg (see Fig. 2), but the levels obtained did not strictly
correlate with the amount of ADCTLAA4Ig injected into the grafts.
Animals transplanted with grafts injected with % 10° PFU
showed indefinite survival and complete inhibition of anti-SRBC
KLH o+ 4 s (immunization at day 0) and anti-KLH Ab production (immuniza-
days after grafting 30 60 30 60 120 tion at day 90). One of two grafts injected with 226 10° or
1.25 X 10° PFU showed prolonged survival, but were ultimately
rejected (at days 17 and 43, respectively), whereas the remaining
FIGURE 8. Suppression of Ab production against cognate Ags in re-graft in each group was permanently accepted. Recipients who
cipients grafted with AdCTLA4Ig-transduced hearts. Rats grafted withreceived the two lowest doses showed complete inhibition of anti-
hearts transduced with AddI324 or AdCTLA4lg, or injected with SRBC Ab production, but showed a partial response against KLH.
rCTLA4Ig were immunized with SRBC at the day of transplantation. Lev-  |n conclusion, decreasing the doses of AdCTLA4lg belo#’10
els of anti-SRBC Abs (IgG2a) in sera were analyzed by cytofluorometry apryy enabled prolongation of heart survival, but reduced the effi-
day 15 after transplantatio®\). At later time points after transplantation ciency in achieving indefinite graft acceptance. Systemic humoral

days 30, 60, and 120), KLH (2 mg/kg) was injected, and levels of anti-. . .
&UY' Abs in sera were )analyze(d bygELgI)SA 10 dJayS latBy. (¢, p < 0.05 immune responses were suppressed at early time points, but par-
’ tially present at later time points.

as compared with untreated or AddI324-treated immunized animals.

Animal group - - AddI324 ~ AdCTLA4lg

n= 33 6 3 o

Donor-specific tolerance in recipients with long surviving grafts
after adenovirus-mediated CTLA4Ig gene transfer

8A). Recipients injected with rCTLA4Ig (from day O to 10) also To evaluate whether recipientgith long-term surviving grafts
showed complete suppression of anti-SRBC Ab production. showed donor-specific tolerance, we grafted these animals with
Animals grafted with AdCTLA4Ig-treated hearts and injected in skin or a second heart from LEW.1A (syngeneic), LEW.1W
the footpad with KLH at transplantation showed 40-50% less cellgfirst party donor), or Fischer (third party donor) origin animals
in draining lymph nodes, and secondary in vitro proliferative re-(Table II).
sponses against KLH were inhibited between 60 and 75% as com- Skin from LEW.1A syngeneic animals was permanently ac-
pared with control animals grafted with AddI324-treated heartscepted, whereas skin from LEW.1W first party donors was rejected
(data not shown). with the same kinetics as for skin from unrelated third party donors
To analyze the humoral immune response in animals trans(Table II).
planted with AdCTLA4Ig-transduced grafts at later time points, The skin and the heart show different rejection mechanisms
KLH was injected and levels of anti-KLH Abs were analyzed 10 (20). In some models of tolerance induction toward vascularized
days later (Fig. B). Animals treated with AdCTLA4lg showed organs, a dichotomy between rejection of first party-matched sec-
inhibition in the production of anti-KLH Abs compared with con- ond skin graft and acceptance of a second vascularized graft has

Table I. Dose-response effect of AACTLA%Ig

CTLA4Ig in Serum Survival Anti-SRBC Anti-KLH

AdCTLAA4Ig (pfu) n (ng/ml) (days) Inhibition (%) Inhibition (%)
1.25x 10° 2 3,154 17>100 >95 52,76
2.5% 10° 2 17,12 43>100 >95 52,78
5 X 10° 2 1.7, 4.3 >100 >95 83, 91

2 AdCTLA4Ig was delivered into cardiac grafts (LEW.1W to LEW.1A combination) at the indicated doses. CTLA4lg was
quantified in serum at day 10 after gene transfer using a sandwich ELISA. SRBC and KLH were administered at days 0 and 90,
respectively, after gene transfer. Anti-SRBC Abs and anti-KLH Abs were quantified by cytofluorimetry and ELISA, respectively.
Levels for both kinds of Abs were compared to those (100% reactivity) of positive control animals, i.e. those immunized with
the Ag and treated with noncoding Add1324 adenoviruses.
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Table Il. Donor- and organ-specific tolerance in recipients with the MLR response of splenocytes from recipients with perma-
AdCTLAdIg-treated long surviving heafts nently accepted grafts, whereas proliferation of splenocytes from
control animals was unchanged. Addition of IL-2 to the MLR cul-
Second Graft Survival (days) tures with dendritic cells of third party origin did not modify the
Donor Strain proliferative responses of either group. Proliferation induced by
(MHC haplotype) Skin Heart (neck) Con A was increased in all animals in the presence of IL-2. Im-
LEW 1A (RTT) ~50 ND portantly, and gs_observ_ed at day 5, T (_:ells purified from spleno-
LEW 1W (RTLY) 8.9 10 ~150, >150, >150 cytes from recipients with Iong surviving AdCTLAAIg-treated
Fischer (RT19 8,99 18, 20, 20 grafts showed MLR responses identical to those of T cells from

untreated controls (data not shown).
2 LEW.1A recipients bearing AdCTLA4Ig-transduced LEW.1W long-terri60 ( . ) .
days) surviving hearts (grafted in the abdomen) received a second graft, either skin or 1N€S€ results show that recipients bearing AdCTLA4Ig-trans-

a cardiac graft (grafted onto the neck). Donor strains were LEW.1A (syngeneic conduced grafts show donor-specific tolerance toward a vascularized

‘Crgr'])t'n')-l)E_W'lw (same haplotype as the first cardiac graft), or Fischer (third-party 5 o5 hyt not to skin. Permanent heart acceptance was dependent
on active immune mechanisms, as demonstrated by in vivo and in
vitro experiments.

been described (3). Therefore, we performed second cardiac grafts
in recipients with long surviving grafts150 days). In contrast to Discussion
skin, second hearts from LEW.1W donors were indefinitely ac-
cepted 150 days,n = 3) (Table Il). Hearts from third party Blocking T cell costimulatory signals has been successfully ap-
Fischer donors were rejected (9 1 day,n = 3), despite pro- plied to inhibit immune responses in autoimmune diseases and
longed survival as compared with survival in untreated LEW.1Atransplantation (1). In particular, blockade of CD28-B7 by a single
recipients (8+ 1,n = 3). All first LEW.1W grafts were functional administration of rCTLA4Ilg prolongs survival of vascularized
>150 days after grafting of first or third party second hearts. Re-grafts and can lead to permanent acceptance in models such as
jection of LEW.1W skin induced rejection of the first LEW.1w kidney and islet allotransplantation (1). However, this is not the
heart graft in one of three recipients 45 days after skincase in rat heart allotransplantation models (2, 5, 6, 17). Even
transplantation. prolonged (7 or up to 21 days) administration of low (0.05 mg) or
To further analyze the mechanisms underlying permanent graffigh doses (0.5 mg) of rCTLA4Ig did not extend heart allograft
acceptance in recipients with long surviving AdCTLA4Ig-trans- Survival (from 7 days in controls to 30 days) compared with that
duced hearts, we performed an analysis of MLR responses frofibtained after a single administration (2, 17). Indefinite heart sur-
splenocytes and purified T cells against either first or third partyvival with rCTLA4Ig has only been achieved by simultaneous ad-
donor dendritic cells or Con A. When compared with controls (200Ministration of donor cells (2, 5), anti-CD4 (3), or anti-CD40L
days after untreated rejections), splenocytes from animals bearinAb (4, 21). Adenovirus-mediated gene transfer of CTLA4lg in
AdCTLA4Ig-treated permanently accepted grafts showed 50—5594€ liver resulted in permanent acceptance of liver allografts (11),
inhibition of MLR responses against donor-matched dendritic cellévhereas systemic gene transfer in a heart allotransplantation model
after 3 (Fig. 9) or 5 days of culture (data not shown). Proliferationmoderately prolonged allograft survival (12). The present study
against third party cells was reduced by 10-15%, and proliferatioshows that intragraft expression of CTLA4lg following adenovi-
against Con A was not inhibited. Addition of IL-2 to the MLR rus-mediated gene delivery results in indefinite heart survival,

cultures with dendritic cells of donor origin significantly increased Whereas administration of rCTLA4Ig for 10 days prolonged heart
survival for up to 22 days. As compared with administration of

rCTLA4Ig, the indefinite heart survival obtained with AACTLA4Ig
is probably the consequence of higher serum levels of CTLA4lg

j(;: that persist for longer. Alternatively, it is possible that production
of CTLA4Ig within the graft allows better bioavailability, and thus
40y a more effective blockade of B7 molecules expressed by graft-
35¢ infiltrating macrophages, dendritic cells, and activated endothelial
E301 cells (22).

Ezs. CTLA4Ig was detected throughout in AACTLA4Ig-transduced
20t hearts, despite the fact that the gene transfer by intramyocardial
154 injection only allows cell transduction to areas that are relatively
10k restricted to injection points, as detected when using a transgene

5 ] i product retained within cells such as nislacZ (10). It is likely that
ozl ] en g N 52 52 o b cells positively stained with anti-CTLA4lg Abs were transduced
untreated AdCTLA4IgAdCTLA4Ig untreated AdCTLA4IGAdCTLA4Ig cardiomyocytes producing the protein and B7-positive cells (i.e.,
200 200 J200 J200 j200 jzoo infiltrating leukocytes and endothelial cells) coated with CTLA4Ig.
+12 The presence of CTLA4Ig in serum for long periods after gene

B ) transfer can only be explained by continuous production of
FIGURE 9. Donor-specific hyporesponsiveness of one-way MLR re- cT| A4lg by transduced cells. Inhibition of anti-adenovirus im-
sponses in recipients with AdCTLA4Ig-treated permanently acceptedmune responses and long-term transgene expression have already
hearts. Recipients were grafted with untreated hearts (rejected at day 10) Boen described using adenoviruses coding for CTLA4Ig (23)

hearts transduced with AACTLA4Ig (permanently accepted, two animals),. LY . . L
and proliferative responses were analyzed 200 days after transplantatioﬁ'nce we observed inhibition of anti-adenovirus Ab production in

Cellular responses against first party LEW.1W, third party BN dendritic "€CiPients of AdCTLA4Ig-treated grafts, it is very likely that pro-

cells, or Con A, in the presence or absence of IL-2, were analyzed after #onged expression of CTLA4Ig after gene transfer in the graft is
days of culture. Results are expressed as the me&B cpm ., Medium; due to blunted anti-adenovirus immune responses. CTLA4Ig se-
mE, LEW.1w; O, BN; E, Con A. rum levels in rats, after transplantation and gene transfer, were
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close to those that have been shown to prolong liver allograft surpression could represent a risk for the recipient. This risk could be
vival after gene transfer with adenoviruses (11). CTLA4lg waslimited through the use of an adenovirus coding for CTLA4Ig
also detected in areas of lymphoid tissues rich in B7-positive cellsunder the transcriptional control of an inducible promoter. This
and therefore probably represents binding of CTLA4Ig to recipientwould allow exploration of the minimal time required to establish
B7-expressing cells. It is also likely that among these cells, APCghe tolerogenic mechanisms responsible for indefinite heart allo-
of donor origin that normally migrate from the heart to the spleengraft survival.
(24) have also interacted with CTLA4Ig, either in the graft or Although CTLA4Ig induces anergy in vitro (defined as absence
during the transit from the graft to the spleen. of T cell proliferation), CTLA4Ig in vivo results in prolonged un-
Gene transfer with AACTLA4Ig did not eliminate the prominent responsiveness through the action of inhibitory mechanisms and
mononuclear cell infiltrate observed in untreated allogeneic heartaot through anergy induction (27, 31, 32). In vivo treatment with
at day 5 after transplantation, a finding that we and others hav€TLA4Ig in transplantation models has either shown no inhibition
described in various tolerance-inducing models with or without the(21, 30) or moderate<(50%) inhibition of subsequent MLR re-
use of CTLA4Ig (2, 6, 10, 11, 22, 25, 26). As already described insponses (2, 17, 33) or against mitogens (30). Our results clearly
previous studies (6, 11, 27) in long surviving grafts usingindicated that GIC and splenocyte proliferative responses at early
CTLA4Ig, permanently accepted hearts in our study also showedime points (5 days) were not only profoundly inhibited against
the presence of infiltrating leukocytes, albeit at lower levels than atlonor-matched alloantigens, but also to third party cells and mi-
day 5 after transplantation. As in previous studies (6, 11, 27), thestogens. T cells derived from splenocytes proliferated normally,
hearts did not show signs of chronic rejection vascular diseasandicating that T cells were not anergic, but rather partially deleted
(data not shown). The presence of a leukocyte infiltrate indicateand/or functionally inhibited. Inhibition of MLR responses indi-
the persistence of cellular responses against the grafted tissue, dmtes that alloantigen presentation by both recipient APCs and do-
spite the absence of rejection, and most likely reflects the estalmor APCs is inhibited. Responses to Con A, which are heavily
lishment of tolerogenic mechanisms. The crucial issue is the antidependent on APC signaling, were also inhibited in these organs.
inflammatory and immunodeviating activity of these leukocytes aBlockage of T cell signaling by recipient APCs could be due to the
opposed to the proinflammatory and tissue-destructive potential dfinding of CTLA4Ig, but this is unlikely to be the mechanism
leukocytes present in grafts that will be rejected. This is shown atesponsible for the blockade of stimulator APCs in the MLR be-
the phenotypic level by the lower expression of CD25 and MHCcause levels of CTLA4Ig from MLR supernatants were undetect-
class Il Ags, and functionally by the different pattern of cytokine able or too low to mediate this effect and anti-CD28 mAb did not
expression and by the suppressed proliferative responses of Gl@verse the inhibition of proliferative responses (data not shown).
from AACTLAA4Ig-treated grafts compared with controls. Furthermore, despite that APCs from lymph nodes showed binding
In several studies, administration of CTLA4Ig has been associof CTLA4lg as for spleen, MLR or Con A proliferative responses
ated with a switch in the production from type 1 to type 2 cyto- were not inhibited, strongly suggesting that the inhibition of pro-
kines within the grafts (6, 11, 28) as well as with an inhibition in liferation observed for GICs and spleen cells was not only due to
the production of INOS and TGB4 (28). In our study, gene trans- B7 blockade by CTLA4Ig. It is unlikely that this is explained by
fer of CTLA4Ig induced decreased IFINMRNA levels within the  differences in tissue distribution of CTLA4lg because treatment
grafts, which was also confirmed at the protein level (data nowith CTLA4lg has been shown to modulate lymph node immune
shown), and a nonsignificant increase in IL-13 transcripts, reflectresponses (30), and in recipients with AACTLA4Ig-treated grafts
ing a local decrease in the production of type 1 cytokines andve demonstrated binding of CTLA4lg in lymph nodes and inhi-
possibly of the proinflammatory potential of graft-infiltrating leu- bition of secondary proliferative responses of lymph node cells
kocytes. Furthermore, the reduction in INOS mRNA levels alsoagainst KLH. This dichotomy of proliferative responses against
suggests that local activation of macrophages and endothelial celloantigens and mitogens between GIC and splenocytes vs lymph
(the two major sources of INOS) may also be reduced. Despite thaode cells may be explained by the presence of donor APCs in the
fact that gene transfer of TGB1 in the heart induces indefinite graft and in the spleen, but not in lymph nodes after heart trans-
graft acceptance (9) and that tolerance induced by donor-specifiglantation (24). Alternatively, alloreactive T cells may not be
blood transfusion is dependent on T@E-production (9), expres- found in the lymph nodes because activated T cells lose expression
sion of TGFB1 MRNA was reduced in grafts treated with of CD62L (explaining why they cannot home in lymph nodes) and
AdCTLAA4Ig. These results provide evidence for the existence ofgain expression of VLA4 (explaining their homing to the graft
diverse tolerance mechanisms and suggest that various experimehrough interaction with VCAM-1 expressed by activated endo-
tal models may activate different mechanisms. thelial cells) (34). The APC/T interaction in the context of co-
Systemic administration of rCTLA4lg has been described to ef-stimulation blockade would generate a suppressive environment
ficiently inhibit in vivo priming against nominal Ags (29-32), but (35) in the graft or spleen, but not in lymph nodes, by production
this phenomenon has never been analyzed after gene transfer aff suppressive factors by either the APCs, the T cells, or both, as
CTLA4Ig in the transplantation setting (11, 12). CTLA4Ig pro- it has been recently described in other models (35, 36). We have
duced after adenovirus-mediated gene transfer into the graft resbserved identical inhibition of MLR responses with splenocytes
sulted in immunosuppressive effects on Ags other than donor aland GICs, but not lymph nodes in tolerant animals after donor-
loantigens, as shown by the inhibition of alloantibody productionspecific blood transfusion (unpublished results).
and lymph node proliferation against nominal Ags (SRBC or In contrast to the profound and nonspecific inhibition of prolif-
KLH). Gene transfer with lower doses of ADCTLA4Ig resulted in erative responses at early time points, splenocyte proliferation in
complete inhibition of humoral immune responses at early timerecipients with long surviving grafts showed donor-specific hypo-
points (SRBC), partial inhibition of humoral immune responses atresponsiveness, suggesting a recovery of immune responses or the
late time points (KLH), and a lower frequency of permanently existence of weaker but donor-specific regulatory mechanisms ac-
accepted grafts. These results indicate that to obtain permanetive during the maintenance phase of tolerance in our model. Our
graft acceptance, high levels and/or long-term expression oflata confirm previously published results in which administration
CTLA4Ig are necessary. Immunosuppression during long-ternmof CTLA4Ig resulted in tolerance of pancreatic islets through the
CTLAA4Ig protein administration or after adenovirus-mediated ex-activity of suppressive mechanisms (27). Previous reports have
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also shown that in vivo tolerance to a cognate Ag is not due to

anergy, but rather to a dual mechanism of decreased expansion 06f Saveah M. H. E. Akdlin W. W. H M E Russol G B. G
. . P P . , M. H., E. y . . , M. E. , C. B. ter,
Ag-reactive cells and decreased functional activity of remaining > 5°a 2 an ancoe 1SSe arpenter

cells (32).

Importantly, our in vitro results suggesting the existence of do- 7.

nor-specific tolerance mechanisms in long surviving recipients are
supported by our in vivo results showing acceptance of first party

matched second hearts and rejection of third party hearts. Furthers.

more, the in vitro results showing that anergy or complete T cell
clonal deletion was not the mechanism of heart tolerance were
supported in vivo by the rejection of skin of donor origin. In pre-

vious allograft tolerance models induced by administration of
rCTLA4lg, the recipients showed donor-specific tolerance when

rechallenged with the same organ as the first graft, but rejectegio'
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9. Josien, R., P. Douillard, C. Guillot, M. Mghen, I. Anegon, J. Chetritt,

second skin grafts (2, 6, 11, 27, 37). One of three long surviving

recipients rejected their heart graft after rejection of skin from first11.

party donors. As in our study, rejection of skin from first party
origin induced rejection of the first heart graft in one of four an-

imals in the only previous study that addressed this issue (2). Acz2.

ceptance of second hearts and rejection of skin, as well as trigger-
ing of rejection of long surviving recipients, can be explained by

the presence of skin-specific Ags, by the higher content of APCgas.

in skin, and by strong direct alloantigen presentation (20).

Adenovirus-mediated CTLA4Ig gene transfer in our heart trans-

plantation model allowed definition of some of the drawbacks and14
advantages of this type of therapeutic strategy in transplantation.
Circulating CTLA4Ig resulted in systemic immunosuppression of
T cell-dependent humoral immune and proliferative (lymph node

cells) responses against cognate Ags as well as inhibition of prots.

liferation (MLR and Con A) of splenocytes. Certain immune re-

sponses were nevertheless conserved, such as proliferation of
lymph node cells against alloantigens or Con A.

Additionally, adenovirus-mediated CTLA4Ig resulted not only
in very efficient induction of donor-specific tolerance, but also re-
vealed potentially new peripheral mechanisms of tolerance induc-

tion such as suppressive APC/T interactions in the graft or spleen,
but not in lymph nodes. Both gene transfer methods and vectors

need to be improved to obtain spatial and temporal regulation of

gene expression, and therefore determine the minimum length of
time during which CTLA4Ig is needed for tolerance induction and

to

reduce nonspecific immunosuppression, while maintaining &

safe and efficient gene therapy strategy.

20.
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