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Abstract

Aims/hypothesis. This study examined whether locally
expressed CTLA4-Ig can suppress the accelerated is-
let allograft rejection that is induced by donor-specific
transfusion.

Methods. CTLAA4-Ig-transfected or parental MING
cells were transplanted subcutaneously into the right
flank of streptozotocin-induced diabetic C3H/Hej
mice with or without donor-specific transfusion.
For donor-specific transfusion, spleen cells from
C57BL/6 mice were injected i.v. at the time of trans-
plantation. In other experiments, CTLA4-Ig-transfec-
ted and parental MING6 cells were transplanted sepa-
rately into each flank, together with donor-specific
transfusion. Rejection was defined as a blood glucose
concentration of more than 300 mg/dl in two consec-
utive measurements, and graft survival was con-
firmed by hyperglycaemia after the grafts were re-
moved. The effect of an anti-CTLA4 antibody on the
survival of CTLAA4-Ig-transfected MING cells was
also examined.

Results. In 7 of 12 donor-specific transfusion sensiti-
sed mice, CTLA4-Ig-transfected MING cells remained
viable 20 days after grafting, whereas al parenta
MING cells (n = 10) were rejected promptly, within
14 days. The prolonged allograft survival was ob-
served even in the absence of detectable levels of se-
rum CTLA4-1g, while the surviving allografts contin-
ued to produce CTLA4-Ig in situ. This protection was
abrogated by an anti-CTLA4 antibody, but not by a
control antibody. Furthermore, six animals that main-
tained normoglycaemia after the separate transplanta-
tion of parental and CTLA4-Ig-transfected MING cells
into each flank all showed abrupt hyperglycaemia af-
ter the CTLAA4-Ig/MING graft was removed, suggest-
ing that this protection operated locally.

Conclusion/interpretation. A beta-cell line genetically
engineered to secrete CTLA4-Ig can protect a graft lo-
cally from the alloimmune response induced by donor-
specific transfusion. [Diabetol ogia (2002) 45:831-840]
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The insulin-secreting islets comprise only a small
fraction of the whole pancreas (~1%); therefore, the
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transplantation of purified islets rather than the whole
pancreas seems to be a reasonable approach to control
metabolic dysfunction in patients with Type | (insulin-
dependent) diabetes mellitus. Although the survival of
vascularised pancreas allografts at one year has signif-
icantly improved following the introduction of T cell-
specific immunosuppressants such as cyclosporin and
FK506 [1], the survival of pancreatic islet grafts under
the same immunosuppressive regimen is still under
30% one year after transplantation [2]. However, a
current study reports that seven consecutive patients
attained sustained insulin independence after pancre-
atic idet transplantation [3]. All these recipients were
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preuremic and given islets alone under steroid-free
immunosuppressive regimen. It is still not known
whether similar results can be obtained when islets are
given together with a kidney allograft into a uremic
patient with Type | diabetes because it has been shown
that islet grafts are quite vulnerable to alloimmune re-
sponse [4, 5].

We have previously shown in a rodent islet trans-
plantation model that crude collagenase-digested islets
obtained after separation in a Ficoll density gradient
are highly immunogenic, and that the removal of con-
taminants such as lymph nodes and vascular and duc-
tal tissues from the islets by handpicking markedly re-
duces the idlet graft immunogenicity [5]. When trans-
planted to alogeneic recipient mice, some of the puri-
fied idlet alografts survived indefinitely without im-
munosuppression [5]. On the other hand, when the pu-
rified islets and contaminants were transplanted to-
gether into the same renal subcapsular space or sepa-
rately into the contralateral renal subcapsular spaces,
the purified islet alografts were acutely rejected.
These results suggest that purified islets are less im-
munogenic than crude preparations, but are vulnerable
once an immune response is generated. Thus, blood
transfusion [4] or simultaneous kidney allotransplan-
tation, which has been carried out in most of previous
islet recipients [1], might cause a systemic anti-donor
response that would lead to the destruction of islet
alografts.

We and others have shown that the site-specific de-
livery of immunosuppressive molecules could provide
an alternative strategy to avoid the hazardous side ef-
fects of conventional immunosuppressants [6, 7, 8, 9].
Various immunosuppressive molecules have been test-
ed in a variety of transplantation models and need to
be assessed for their effectiveness on graft prolonga-
tion. In one of the strategies examined, the blockade
of co-stimulatory signals by immunosuppressive pro-
teins has been shown to prolong alograft survival in
various transplantation settings [10, 11]. In T cell-me-
diated immunity, the full activation of naive T cellsre-
quires co-stimulatory signals generated by the ligation
of CD28 on T cells with their receptor, B7-1/B7-2, on
antigen-presenting cells (APCs) [12]. CTLA4, a ho-
mologue of CD28, when expressed on activated T
cells, can bind B7-1/B7-2 with a higher affinity than
CD28, and compete efficiently for B7-1/B7-2, thereby
blocking the co-stimulatory signals for T cells[13]. A
chimeric fusion protein, CTLA4-1g, which is com-
posed of the extracellular region of CTLA4 and the Fc
portion of 1gG1, similarly blocks the CD28-mediated
co-stimulatory pathways, and down-regulates the im-
mune response in various experimental transplantation
models. When administered systemically [14, 15, 16,
17] or expressed in engrafted tissues by gene transfer
[8, 9, 18], CTLA4-Ig prolongs graft survival, and oc-
casionally induces graft-specific unresponsiveness.
However, it has not yet been established whether the
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prolongation of graft survival is obtained by alocal or
systemic immunoregulatory mechanism.

In this study, we used the insulinoma cell line
MING, which retains the physiological characteristics
of pancresatic beta cells and secretes insulin in a glu-
cose-dependent manner [19], to examine the effects of
local CTLA4-Ig expression on beta-cell survival in di-
abetic recipient mice. To induce a systemic anti-donor
response, we performed a donor-specific transfusion
(DST) of spleen cells at the time of transplantation,
which causes a dose-dependent accelerated rejection
of purified islets [5].

Here we showed that MING cells that were geneti-
cally engineered to produce CTLAA4-1g protected en-
grafted MING cells locally, but did not protect MING
cells at a remote site, when an anti-donor response
was generated by DST.

Materials and methods

Mice. Male 6- to 8-week-old C3H/Hegj (H-2%) and C57BL/6
(H-2) mice were purchased from Clea Japan (Osaka, Japan).
Mice were reared in a specific pathogen-free environment at
the Institute of Experimental Animal Sciences, Osaka Univer-
sity Graduate School of Medicine. C3H/Hej mice in which dia-
betes was induced with streptozotocin (STZ) (Sigma Chemi-
cal, St. Louis, Mo., USA) (300 mg/kg body) were used as re-
cipients. The experimental protocol was approved by the Eth-
ics Review Committee for Animal Experimentation of Osaka
University Graduate School of Medicine.

Cell lines. A pancreatic beta-cell line (MING) was previously
established from an insulinoma that had developed in a trans-
genic mouse (C57BL/6) expressing the SV40 T-antigen gene
under the control of the human insulin-promoter [19]. The
MING cells were cultured in DMEM (Sigma Chemical, St.
Louis, Mo., USA) supplemented with 25 mmol/l glucose, 15%
heat-inactivated fetal calf serum (FCS) (Dainippon Pharma-
ceuticals, Osaka, Japan), 100 U/ml penicillin, 100 pg/ml strep-
tomycin, 10 mmol/l HEPES, and 50 pmol/l 2-mercaptoethanol
(Life Technologies, Carlsbad, Calif., USA). MING6 cells were
used at 15-20 passages. B7.1-transfected P815 cells [20],
which were kindly donated by Dr. H. Yagita (Department of
Immunology, Juntendo University School of Medicine, Tokyo,
Japan) were cultured in RPMI 1640 medium supplemented
with 10% heat-inactivated FCS, 10 mmol/l HEPES, 2 mmol/|
L-glutamine, 1 mmol/l sodium pyruvate, 100 U/ml penicillin,
100 pg/ml streptomycin, 0.1 mmol/l non-essential amino acids,
and 50 pmol/l 2-mercaptoethanol, as described previously [20].
Plasmid preparation. CTLA4-1g consists of the extracellular
portion of murine CTLA4 and the Fc portion of human 1gG1,
as previously described [21]. The cDNA fragment encoding
CTLAA4-Ig was excised from the expression vector CDM8-
CTLA4Ig. The ends were blunted and ligated with an EcoRI
linker. The cDNA fragment was then inserted into the expres-
sion vector pCXN [22], which contains the chicken beta actin
promoter and the neomycin phosphotransferase Il gene, to gen-
erate the expression plasmid pCXN-CTLA4-1g.

Transfection of COS7 cells with CTLA4-1g. To obtain CTLA4-
Ig protein, COS7 cells were transfected with pCXN-CTLA4-1g
using a DEAE-dextran method [23] (Pharmacia Biotech, Upp-
sala, Sweden). The CTLA4-Ig protein was purified from se-
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rum-free conditioned medium by 50% saturated ammonium
sulfate precipitation and protein G-Sepharose affinity chroma-
tography (MAbTrapTMGII; Pharmacia Biotech). Purified
CTLA4-1g were separated by SDS-PAGE and quantitated by
densitometry of Coomassie blue-stained gels.

Preparation of spleen cells. The spleen was asepticaly re-
moved and mechanically teased in 10 ml of Hank’s balanced
salt solution containing 2% FCS, 100 U/ml penicillin and
100 pg/ml streptomycin. Cell suspensions were filtered
through 100-um nylon mesh, and then treated with NH,Cl/Tris
buffer to remove red blood cells. Thereafter, cells were washed
three times and prepared for DST in Hank’s balanced salt solu-
tion.

Transfection of MING cells with CTLA4-1g. To generate stable
transfectants, pCXN-CTLA4-Ig was transfected into MING
cells (passage 15) using Lipofectamin (Life Technologies). As
a negative control, the pCXN vector without the CTLA4-Ig in-
sert was transfected into MING cells. Selection was begun
2 days after transfection by adding G418 (Sigma) to the media
at 600 pg/ml. Surviving colonies were cloned and screened for
secretion of CTLA4-1g by flow cytometry as described below.
Three independent MING6 transfectants that constitutively pro-
duce similar amounts of CTLA4-1g in vitro were selected. In
the preliminary in vivo transplantation experiments (see be-
low), these transfectants gave similar results. Transfectants
were cultured for at least 2 months before transplantation. A
MING transfectant (CTLA4-1g/MING) was selected and used in
this study.

Detection of CTLA4-Ig in vitro by flow cytometry. B7.1-transfec-
ted P815 cells were incubated with culture supernatant from
CTLAA4-Ig-transfected or parental MIN6 cells for 1 h, then
washed, and incubated for 30 min with FITC-labelled polyclonal
goat anti-human 1gG (Cappel, Melvern, Pa., USA) diluted to
1:100. The cells were then washed and analysed on an EPICS-
XL flow cytometer (Coulter Electronics, Hialeah, Fla.,, USA).

Mixed lymphocyte reaction (MLR). Mesenteric lymph node
cells from recipient mice (C3H/Hej) suspended in complete
RPMI 1640 medium (5x105/well) were cultured with the same
number of 20-Gy y-irradiated splenocytes in 96-well flat-bot-
tom microtitre plates. Serial dilutions of CTLA4-1g obtained
from a COS7 transfectant or culture supernatant of MING cells
transfected with CTLA4-1g were then added. After 4 days of
culture, the cells were pulsed with [methyl-3H]-thymidine
(TdR) (Amersham International, Buckinghamshire, UK) for
6 h (1.0 pCi/well). The cells were then harvested onto glass fi-
bre filters, and 3H-TdR uptake was measured in a liquid scin-
tillation counter (Wallac, Turku, Finland).

Insulin secretion in vitro. The amount of insulin secreted in vit-
ro by CTLA4-Ig-transfected or parental MING cells was deter-
mined as previously described [19]. Briefly, cells (5x10°) were
plated onto six-well plates and grown in DMEM growth medi-
um for 2 days. The cells were washed twice in DMEM con-
taining 0.5 mmol/l glucose and 15% FCS and incubated for
1 h. The medium was then replaced with fresh DMEM con-
taining 5% FCS and 0, 5.6, or 25 mmol/I glucose. The culture
supernatants were collected after 12 h of incubation, spun to
remove cell debris, and stored at —20°C. Samples were later
analysed for insulin content using an insulin ELISA kit (Mori-
naga, Yokohama, Japan).

Transplantation of CTLA4-lg transfectants. CTLA4-Ig-trans-
fected or parental MING cells (1x106) were transplanted subcu-
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taneously into the right flank of STZ-induced diabetic
C3H/Hegj mice. Spleen cells (1x10%) from the donor strain
(C57BL/6) were injected i.v. at the time of transplantation to
accelerate the immune response to the MING6 cells (DST).
Some of the recipients were given i.p. injections of either an
anti-CTLA4 monoclona antibody (mAb) (UC104F10) [24],
which was kindly given by Dr. J. A. Bluestone (Committee on
Immunology, The University of Chicago, Chicago, Ill., USA)
or a control hamster IgG mAb (0.2 mg on day 0 and 0.1 mg on
days 3, 6, 9, 12, and 15). The function of the graft was moni-
tored by measuring the blood glucose concentration. Rejection
was defined as a blood glucose concentration higher than
300 mg/dl in two consecutive measurements.

Determination of the serum level of CTLA4-lg in recipi-
ents. Serum concentrations of CTLA4-1g in mice were assayed
by ELISA. Serum samples were collected periodically from
the tail vein. Goat anti-human 1gG (10 pg/ml in PBS; preab-
sorbed with mouse IgG) (American Qualex, San Clemente,
Cdlif, USA) was coated onto 96-well microplates (50 pl/well)
(Sumilon MS-8596F; Sumitomo Bakelite, Tokyo, Japan) at
4°C overnight. The wells were then blocked with 3% bovine
serum albuminin PBS for 2 h. A test serum sample or standard
CTLAA4-1g was added to each well and incubated for 30 min.
After washing, biotinylated hamster anti-mouse CTLA4 mAb
(1.0 pg/ml; 1B8; Southern Biotechnology Associates, Birming-
ham, Al., USA) was added to each well and incubated for
30 min. After washing, peroxidase-conjugated streptavidin
(1 pg/ml; Zymed, San Francisco, Calif., USA) was added. For
detection, o-phenylenediamine (0.4 mg/ml; 50 pl/well) was
added, and the chromogenic reaction was allowed to proceed
for 10 min at room temperature. The reaction was stopped with
25 pl 8 N H,S0O,, and the plates were then read at 490 nmin a
microtitre plate reader (InterMed, Tokyo, Japan).

Immunohisitochemistry. For immunohistochemical analysis,
MING or CTLA4-1g/MING cells (1x107) were transplanted into
STZ-induced diabetic C3H/Hej mice with or without DST.
DST similarly induced acute rejection of MIN6 grafts under
this condition. Grafts were harvested 8 days after transplanta-
tion. For detection of insulin in the graft, the paraffin sections
were stained using the Histofine SAB-PO insulin kit (Nichirei,
Tokyo, Japan). For detection of T cells, paraffin sections were
pretreated with microwave-heating for 15 min and incubated
with rabbit anti-CD3 antibody (1:100; DAKO, Copenhagen,
Denmark) at 37°C for 60 min [25]. The sections were washed
in PBS, and incubated with 4 pg/ml peroxidase conjugated an-
ti-rabbit 1gG (Nichirei) for 30 min at room temperature. Anti-
body binding was visualised using a Histofine SAB-PO kit
(Nichirei) with diaminobenzidine as a substrate. The slides
were counterstained with hematoxylin. For detection of MHC
class | (H-2KY), cryostat sections fixed in acetone were incu-
bated with the biotin-conjugated anti-mouse H-2KP mAb
(1 pg/ml; AF6-88.5; Pharmingen, San Diego, Calif., USA) at
4°C overnight. After washing with PBS, the sections were in-
cubated with peroxidase-conjugated streptavidin and diamino-
benzidine as a substrate. Control tissue sections were incubat-
ed in the same way, with the first step omitted.

Detection of in situ production of CTLA4-1g. Frozen sections
were fixed with acetone and were incubated with 5 pg/ml goat
anti-human 1gG (American Qualex) for 2 h. The sections were
washed three times in PBS, and incubated with peroxidase-la-
belled rabbit anti-goat 1gG (American Qualex) for 30 min. An-
tibody binding was visualised using metal-enhanced diamino-
benzidine (Pierce, Rockford, I1l., USA). The slides were count-
erstained with Giemsa solution.
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Fig. 1A—C. Production of functional CTLA4-1g and regulated
insulin secretion in CTLA4-1g/MING cells. A Recombinant
CTLAA4-1g bound to B7-expressing cells (dotted line: superna-
tant from MING; solid line: supernatant from CTLA4-
[g/MING). B Recombinant CTLA4-1g inhibited the allogeneic
MLR in a dose-dependent manner. Lymphocytes from recipi-
ent mice (C3H/Hej) were incubated with irradiated stimulator
splenocytes and supernatant from CTLA4-1g/MING (final dilu-
tion: 25%) or serial dilutions of purified CTLA4-Ig for 4 days
in triplicate wells. After a 6-h pulse of 1.0 uCi of [3H]-TdR,
lymphocyte proliferation was measured as 3H uptake (cpm).
Culture supernatant of CTLA4-Ig/MING cells containing
2.2 pg/ml CTLA4-Ig was used in this experiment. Similar re-
sults were obtained in two independent experiments. C Insulin
secretion by CTLA4-Ig/IMING cells. Mock transfected or
CTLAA4-1g/MING cells were preincubated in medium contain-
ing 0.5 mmol/l glucose for 1 h and further incubated in medi-
um containing 5% FCS and open bars 0, shaded bars 5.6, or
solid bars 25 mmol/l glucose for 12 h. The culture superna-
tants were collected and assayed for insulin content. Results
obtained from one of the two independent experiments were
shown
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Fig. 2A-D. Blood glucose concentrations of animals given
MING or CTLA4-1g/MING with or without simultaneous DST.
MING cells (A: n = 4) or CTLA4-1g/MING cells (B: n = 6)
were transplanted (1x10° cells) into the lateral flank of STZ-
induced diabetic C3H/Hegj mice without DST. MING6 cells
(C: n=10) or CTLA4-1g/IMING cells (D: n=12) were transplant-
ed similarly but with DST (1x106 splenocytes). MING6 cells
and CTLA4-1g/MING cells survived in non-sensitised diabetic
C3H/Hel mice and restored euglycaemia (A, B)

Smultaneous grafting of CTLA4-1g transfectants and parental
MING cells. CTLA4-Ig-transfected and parental MING6 cells
(1x108) were transplanted separately into the right and left
flanks of STZ-induced diabetic C3H/Hgj mice (n = 17). In con-
trol mice, only MING cells were transplanted. In both groups,
spleen cells (1x106) from the donor strain (C57BL/6) were in-
jected i.v. at the time of transplantation. On day 21 after trans-
plantation, survival of the grafted MING6 cells in both groups
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Insulin

Fig. 3A—1. The histological appearance of subcutaneously
transplanted MIN6 or CTLA4-1g/MING cells with or without
DST treatment. MING cells (A—F) or CTLA4-1g/MING cells
(G-1) (1x107) were transplanted into STZ-induced diabetic
C3H/Hej mice with (D) or without DST (A-C). Grafts were
dissected 8 days after transplantation. Paraffin-embedded tis-
Sue sections were stained with anti-insulin antibody (A, D and
G) or anti-CD3 antibody (B, E and H). Frozen sections were
stained with anti-MHC class | (H-2KP) mAb (C, F and I). Ar-
rows indicate CD3* cells infiltrated into MIN6 or CTLA4-
Ig/MING grafts. Scales bars, 50 pm

was determined macroscopically. In mice given a simultaneous
transplantation of CTLA4-1g/MING6 and MING cells, rejection
of MING cells was further confirmed by the presence of hyper-
glycaemia after surgical remova of the visible CTLA4-
Ig/MING graft.

Satistical analysis. Data were expressed as the means + the
SD. Graft survival in different experimental groups was com-
pared using the log-rank test. Student’s t test was used for the
comparison of paired and unpaired measurements. A p vaue
of less than 0.05 was considered to be statistically significant.
All statistical calculations were performed using Statview-J5.0
for Macintosh system 8.6 software.

CD3

835

MHC class |

Results

Transfected MING cells secreted functional CTLA4-
lg. MING cells were transfected with pCXN-CTLA4-
Ig to generate stable transformants. After G418 selec-
tion, transformants were examined for CTLA4-Ig pro-
duction. The culture supernatant of a stable transfor-
mant cell line (CTLA4-1g/MING) contained CTLA4-
Ig that was specifically reactive with B7.1-expressing
cells (Fig. 1A). Purified CTLAA4-Ig inhibited the MLR
with an 1C50 of 1 pg/ml. Supernatant from CTLA4-
[g/MING also inhibited the MLR to 58% of control
levels when it was diluted to 25% (Fig. 1B). Upon
glucose loading, CTLA4-1g/MING cells showed in-
creased insulin secretion in a dose-dependent manner,
similar to original MIN6 or mock cells. Taken togeth-
er, these results indicate that the CTLA4-Ig/MING
cells constitutively produced CTLA4-1g and were ca-
pable of secreting insulin in response to high extracel-
lular glucose (Fig. 1C).

Locally expressed CTLA4-1g prolonged the survival of
MING cellsin a model of DST-induced transplantation
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Table 1. Effect of anti-CTLA4 mAb on prolongation of graft survival by CTLA4-Ig

Group  Graft and Treatment n Graft survival (days) MST£SD (days) p?

Exp. 1

1 CTLA4-1g/MING + DST 4 22, > 40x3 >35.5+ 9.0

2 CTLA4-1g/MING + DST+ control mAb 4 24, > 40x3 >36.0+ 8.0 NSvs1

3 CTLA4-1g/MIN6+DST+anti-CTLA4mAb 4 12,17,17,> 40 215+126 0.029vs1, 2, NSvs4
4 MING6+DST 4 12, 22,22, 24 205+54 0.041vs1,0.018vs 2
Exp. 2

1 MING alone 3 >26x3 >26+0

2 MING + anti-CTLA4 mADb 5 >26x5 >26+0

3 MIN6+DST 5 17,19, 19, 21, 23 19.8+23

4 MING6+DST+anti-CTLA4 mAb 5 15, 15,19, 21, 21 18.2+ 3.0 NSvs3

aDetermined by the log rank test

CTLA4-1g/MING or parental MING cells (1x10%) were trans-
planted into STZ-induced diabetic C3H/Hegj (H-2 k) mice with
simultaneous DST (1x106 splenocytes). Some of the recipients
were given i.p. injections of either anti-CTLA4 mAb or control

rejection. When 1x108 MING cells of C57BL/6 origin
or CTLA4-1g/MING cells were transplanted into the
flank of STZ-induced diabetic C3H/Hegj recipients,
most of the animals showed restored euglycaemia
(< 200 mg/dl) within 1 week post-transplantation and
maintained it for more than 1 month (Fig. 2A, B). As
we previously demonstrated [5], DST of spleen cells
accelerated the host immune response, providing a
model of pancreatic beta-cell transplantation rejection
that is relevant to clinical settings where graft rejec-
tion is initiated by contaminating immunogenic non-
islet cell populations. Whereas parental MING cells of
C57BL/6 origin survived in non-sensitised diabetic
C3H/Hej mice and restored euglycaemia, the same
cells were acutely rejected when DST was given to
the recipient animals simultaneously (MST was
10.7£2.2 days) (Fig. 2C). Histologically, the MIN6
graft showed a minimum level of cellular infiltration
by T cels, and was positively stained for insulin
(Fig. 3A, B). Following DST, the MIN6 graft showed
obvious signs of rejection with infiltration of CD3* T
cells (Fig. 3E). Both CD4* and CD8* T cell subsets
were amost equally observed in the MING graft (data
not shown). Importantly, while the MING6 graft ex-
presses only margina levels of MHC class | before
DST (Fig. 3C), it came to express MHC class | abun-
dantly after DST (Fig. 3F). The rejecting MING graft
was stained only weakly for insulin after DST
(Fig. 3D). These results indicate that MING cells, like
purified murine islet beta cells, are only weakly im-
munogenic, but can be rejected by recipient mice by
the concomitant sensitisation with immunogenic do-
nor cells.

To determine whether this rejection can be circum-
vented by local expression of CTLA4-lg, CTLA4-
Ig/MING cells were transplanted into diabetic
C3H/Hegl mice sensitised with DST at the time of

hamster IgG mAb (0.2 mg on day 0 and 0.1 mg on days 3, 6, 9,
12, and 15). Graft survival was monitored by blood glucose
concentrations, and rejection was defined as a glucose concen-
tration of >300 mg/dl in two consecutive measurements

grafting. As shown in Fig. 2D, 7 of 12 CTLA4-
Ig/MING grafts survived beyond day 20 after trans-
plantation in allogeneic diabetic C3H/Hegl mice given
simultaneous DST, whereas none of the grafts of pa
rental MING cells survived beyond this time point in
DST-sensitised mice. Histologically, the CTLA4-
Ig/MING grafts showed little sign of tissue injury with
only dlight cellular infiltration even after DST
(Fig. 3H), and no marked increase in MHC class | an-
tigen expression (Fig. 31). The overall survival of the
CTLAA4-Ig/MING cells (MST was >24.8+12.7 days)
was significantly prolonged compared with that of pa-
rental MING cells (MST was 10.7+2.2 days). These
results indicate that, under our experimental condi-
tions, the forced expression of CTLA4-1g can success-
fully suppress the accelerated rejection response in-
duced by DST.

To ascertain whether the prolonged survival was at-
tributable to CTLA4-Ig produced locally by the MING6
transfectants, the effects of a neutralising anti-CTLA4
mAb were examined. As shown in Table 1, i.p. admin-
istration of the anti-CTLA4 mAb, but not an isotype-
matched control mAb, induced prompt rejection of the
CTLA4-1g/MING cells. When the subcutaneously in-
oculated CTLAA4-1g transfected cells were removed
from normoglycaemic mice, blood glucose concentra-
tions increased to over 300 mg/dl within 2 days, indi-
cating that the transfected MING6 cells were responsi-
ble for maintaining the normal blood glucose concen-
trations. In separate experiments, we also tested the
effects of anti-CTLA4 mAb on the survival of paren-
tal MING cells. While previous studies reported that
administration of neutralising anti-CTLA4 mAb en-
hances T-cell responses by blocking inhibitory func-
tions of CTLA4 [24], we found that the anti-CTLA4
mAD treatment did not affect survival of the parental
MING graft in either untreated- or DST-sensitised re-
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Table 2. Effect of contralateral transplantation of CTLA4-Ig/MIN6 on MING survival at a remote site. In group 1, MING cells
(1x106) alone were transplanted into the right flank of STZ-induced diabetic C3H/Hej mice (n = 5)

Group Graft Duration of normoglycaemia Number of MIN6

graft surviving on day 21
1 MING aone (right) 11, 17,19, 21, >21 15
2 MING (right)+CTLA4-1g/MING (I€ft) 11x2, 14x2, 17, 21 >21x4, >21x62 0/62

aNormoglycaemic mice bearing a visible CTLA4-Ig/MING
graft but no visible MING graft

In Group 2, CTLA4-1g/IMING (1x10%) and parental MING cells
(1x108) were transplanted separately into each flank of STZ-
induced diabetic C3H/Hegj mice (n = 17). In both groups,
spleen cells (1x106) from the donor strain (C57BL/6) were in-

cipient mice in our system (Table 1). Collectively,
these results suggest that the prolonged graft survival
was dependent on CTLA4-Ig secreted by the transfec-
ted cells.

CTLAM4-Ig prolonged survival of MING cells via local
mechanism. To investigate whether locally expressed
CTLAA4-1g is also beneficial for the survival of MING
cells at a remote site, we then transplanted MING
cells into diabetic C3H/Hej mice with or without the
contralateral transplantation of CTLA4-1g/MING
cells. Mice were given DST at the time of grafting,
and MING cell survival was examined on day 21 after
transplantation. Of mice transplanted with MING cells
alone, only one of five animals showed MING6 cell
survival and norma blood glucose concentrations
(Table 2). Of mice transplanted with MIN6 and
CTLA4-1g/IMING cells simultaneously at separate
sites (n = 17), 10 were normoglycaemic, while none
retained a palpable MING6 graft. To examine whether
the normoglycaemia was due to the survival of the
CTLAA4-Ig/graft but not the MING graft, six mice
with clearly visible CTLA4-1g/MING grafts were se-
lected and subjected to further analysis. As summa-
rized in Table 2, all six animals showed abrupt hyper-
glycaemia after removal of the CTLA4-1g/MING graft,
indicating that the CTLA4-Ig/MING6 graft survived
preferentially and that the MING cells had been reject-
ed, even in the presence of the contralateral CTLA4-
Ig/MING graft. Together, these results suggest that 1o-
cally expressed CTLA4-1g was effective only in situ
and did not prolong the survival of MING cells at re-
mote sites.

Because CTLA4-1g is a secreted protein, its effica-
cy could be due to systemic immunosuppressive ef-
fects, even when it is expressed locally. To examine
whether the prolonged survival of the CTLA4-
Ig/MING grafts was associated with the presence of
CTLAA4-Ig in the periphera blood, the serum concen-
tration of CTLA4-1g was determined at various time
points after CTLA4-1g/MING transplantation. CTLA4-
Ig was readily detectable on day 6 after transplanta-
tion, (mean 268+66 ng/ml), but not on days 14 and 21

jected i.v. at the time of transplantation. The survival of the pa-
rental MING cells was examined on day 21 after transplanta-
tion, when only one out of five control animals (Group 1)
showed normoglycaemia. At this time point, none of the ani-
mals in Group 2 showed a recognisable MIN6 graft
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Fig. 4. CTLAA4-Ig concentrations in the periphera blood of
mice transplanted with CTLA4-Ig/MING cells. CTLA4-
Ig/MING cells (1x106) were subcutaneously transplanted into
STZ-induced diabetic C3H/Hegl mice. Mouse serum samples
were collected from CTLA4-Ig/MING6-transplanted, eu-
glycaemic mice at 6, 14, and 21 days after transplantation.
Concentrations of CTLA4-1g were determined by ELISA. The
shaded zone indicates the range where CTLA4-1g concentra-
tions were below the detection level (3 ng/ml)

(Fig. 4), indicating that CTLA4-Ig was present sys-
temically during an early stage after transplantation
but disappeared thereafter from the circulation. When
in situ CTLA4-Ig production was examined by immu-
nohistochemistry, a strong signal was observed within
and around the engrafted CTLA4-1g/MING cells at
72 days after transplantation (Fig. 5). These results
suggest that the prolonged survival of CTLA4-
Ig/MING cells was associated with the continued pres-
ence of CTLA4-1gin situ, and that its protective effect
was conferred locally.
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Fig. 5A,B. Long-term production of CTLA4-Ig by a CTLA4-
[g/MING graft in situ. Cryostat sections were made from a
CTLA4-1g/MING graft 72 days after transplantation with si-
multaneous DST (A) and a MING graft 20 days after transplan-
tation without DST (B), and incubated with goat anti-human
IgG to detect CTLAA4-Ig. The sections were then stained with
horseradish peroxidase-labelled anti-goat 1gG. (original magni-
fications: x50)

Discussion

Our study demonstrates that locally expressed CTLA4-
Ig in transplanted MING cells significantly prolonged
the survival of the beta cells in sensitised recipient
mice. Administration of a high dose of CTLA4-1g was
previously reported to SUpPPress immune responses sys-
temically [14, 15,16, 17], and several preceding studies
indicate that local delivery of CTLA4-Ig prolongs the
survival of idlet allograftsin mice [8, 9, 18]. Using ad-
enovirus-mediated expression of CTLA4-1g, investiga-
tors [26] recently reported that the production of
CTLA4-Ig by idet cells themselves, but not by cells
located in remote sites, is effective in prolonging islet
allograft survival. Another study [27] showed that ex
vivo “coating” of idet alografts with CTLA4-Ig pro-
tein before transplantation resulted in a long-term en-
graftment of the idet alografts. However, little has
been known about mechanisms involved in the prolon-
gation of alograft survival in sensitised animals by lo-
cally delivered CTLAA4-1g in vivo.
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To investigate this issue, we transplanted CTLA4-
Ig/MING cells and MING cells separately into each
flank of antigen-sensitised diabetic C3H/Hegj mice,
and examined the survival of the allografts. The re-
sults showed that locally expressed CTLAA4-Ig pro-
longed the survival of the CTLA4-1g/MING cells, but
not of the MING cells at a remote site, suggesting that
the protective effect of the CTLA4-1g was conferred
locally. In addition, we found that the prolonged sur-
vival of CTLA4-Ig/MING allografts was closely asso-
ciated with the continued production of CTLA4-1g in
situ, but not with its presence in the systemic circula-
tion. Immunohistochemical analysis confirmed that
the surviving CTLA4-1g/MING alografts continued to
produce CTLA4-Ig in situ more than 70 days after
transplantation (Fig. 5). In contrast, serum CTLA4-1g
was detectable on day 6 (mean 268 + 66 ng/ml), but
not on days 14 and 21 in the CTLA4-1g/MING-en-
grafted mice. (The minimum detection level of the as-
say used was 3 ng/ml.) The level of CTLAA4-Ig detect-
ed in the peripheral blood was presumably insufficient
to suppress the host T-cell response systemically, be-
cause our in vitro studies showed that higher concen-
trations of CTLA4-1g are required to suppress the an-
ti-alloantigen T-cell responses (Fig. 1B). In support of
this notion, mice engrafted with CTLA4-1g/MING
cells showed almost normal T-cell responses to alloan-
tigen in vitro and rejected a donor type skin graft in a
first set fashion (data not shown). Taken together,
these results suggest that the locally produced
CTLA4-Ig by MING cells did not induce systemic an-
tigen-specific unresponsiveness, but rather provided a
local microenvironment that facilitated the survival of
the engrafted MING cells.

An immunosuppressive effect of the locally pro-
duced CTLA4-Ig could be exerted in steps, as follows.
First, secreted CTLA4-1g could help abrogate the ini-
tial T-cell responses by interrupting the CD28-B7-de-
pendent co-stimulatory signals. The CTLA4-1g/MING
cells are devoid of B7 antigen expression; therefore,
B7+ APCs need to be recruited to the graft site for a
CD28-B7-mediated rejection response to take place.
Locally produced CTLAA4-1g could suppress the initial
T-helper responses by inhibiting the co-stimulatory
signals provided by B7+ APCs. Second, locally ex-
pressed CTLA4-1g could help down-regulate the im-
munogenicity of MING6 cells. While unstimulated
MING cells were poorly immunogenic and could not
be recognized by unprimed allogeneic C3H/Hej mice
(Fig. 2A), they were rapidly rejected upon simulta-
neous DST (Fig. 2C). This indicates that MING6 cells
are vulnerable to immunological attack once an accel-
erated rejection response is generated. While the
MING cells barely express MHC class | in unsensiti-
sed mice, they express MHC class | abundantly in
mice given DST. In sharp contrast, CTLA4-1g/MING
cells did not express readily detectable amounts of
MHC class | antigen expression even after DST.
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Therefore, by blocking the co-stimulatory signals of
B7+ APCs locally, CTLA4-1g may inhibit production
of cytokines, such as TNFa and IFN-y, that can upreg-
ulate MHC expression in MING cells[19].

Although our results suggest that CTLA4-Ig ex-
pressed in MING cells prolonged the graft survival via
local mechanisms, it is also possible that secreted
CTLAA4-1g could affect T-cell functionsin the draining
lymph nodes, where the immune responses to MING
grafts is probably initiated. Because CTLA4-1g was
detected in the circulation during an early stage after
transplantation in this study, secreted CTLA4-1g could
affect immune responses in the lymph nodes at this
time point. We previously showed that DST induces
production of various cytokines and donor microchi-
merism in lymphoid tissues [28]. Accordingly, it is
possible that secreted CTLA4-Ig could modulate DST-
induced immune response to alloantigens in lymph
nodes during an early stage after transplantation. To
gain a better understanding of mechanisms underlying
site-specific effects of CTLA4-Ig produced by trans-
fected MING cells, it is necessary in future to examine
cytokine production and T-cell responses against allo-
antigens in lymphoid tissues including draining lymph
nodes at various time points after transplantation.

Although the local expression of CTLA4-Ig in
MING cells appeared to be advantageous for their sur-
vival, graft rejection was still observed in some recipi-
ent mice. There are several possible reasons for the
different responses of these mice. For instance, it is
now evident that the co-stimulatory signals for T-cells
are redundant and that several ligand and receptor
pairs including the CD40/CD40 ligand pathway are
involved in T-cell activation [29]. Therefore, blockage
of the CD28-dependent co-stimulatory signals by
CTLA4-Ig done might not have been sufficient for
the complete suppression of T cells. In addition, in the
rejected grafts, it is conceivable that the production of
CTLAA4-Ig was not sufficient to override the accelerat-
ed regjection response induced by DST. While we used
stably transfected MING6 cells to produce CTLA4-Ig,
the rate at which the CTLA4-Ig is produced in indi-
vidual grafts in vivo could be affected by their local
environment in situ. In addition, the immunogenicity
of the human-lg-based chimeric CTLA4 protein used
in this study could have played arole in the outcome.
In fact, we found anti-human IgG activity in the serum
samples of mice engrafted with CTLA4-1g/MING cells
(data not shown), which could have reduced the effi-
cacy of the CTLA4-lg. CTLA4-Ig with mouse Fc
could be more suitable for inhibiting CD28-dependent
co-stimulatory signalsin mice.

While we found that locally expressed CTLA4-Ig
significantly suppressed the acute rejection response
induced by DST, a study [30] reported that the i.p. ad-
ministration of CTLAA4-1g failed to prolong the allo-
graft survival in mice given DST. Differences in the
route of CTLA4-Ig delivery, timing of the DST, or
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combinations of mouse strains used or both could
have contributed to this apparent discrepancy in re-
sults.

Under most clinical settings for islet transplanta-
tion, which involves simultaneous organ transplanta-
tion or islet transplantation from multiple donors shar-
ing MHC antigens, the purified islets might be injured
by the systemic anti-donor immune response elicited
by the donor antigens. Our results demonstrate that |o-
cal expression of CTLA4-1g by the genetically engi-
neered pancreatic beta-cell line MIN6 successfully
circumvented the accelerated rejection responses in-
duced by DST, and significantly prolonged the allo-
graft survival in vivo, suggesting that the targeted de-
livery of CTLA4-Ig could protect the graft without
causing systemic immunosuppression. Together with
technical advances in targeted gene delivery, precise
site-directed immunosuppression could become an im-
portant strategy in clinical islet transplantation.
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