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Abstract Donor dendritic cells (DCs) within allografts
initiate the induction of an allospecific T cell response,
while an abortive alloantigen presentation by DCs may
induce allospecific unresponsiveness. We thus investi-
gated the tolerogenic effect of donor DCs that were
made incompetent in alloantigen presentation by treat-
ment of CTLA4Ig. When we treated rats with donor
DCs (2 x 10%rat i.v.) on the preoperative day, nine
rejected allografts in an accelerated manner (5.0 £ 2.2
vs. 8.2 + 1.6 days in the control group). Preoperative
inoculation of DCs pulsed with CTLA4Ig, a procedure
which suppresses an allogeneic mixed lymphocyte reac-
tion (MLR), also provoked an accelerated rejection
(5.6 £ 1.7 days). When DCs and CTLA4Ig (500 pg/rat
i.p. on days -9, =7 and —5) were concomitantly inocu-
lated, allograft survival was significantly prolonged
(>38.7 £ 40.0 days); a preoperative CTLA4Ig inocula-
tion alone failed to do so (7.5 + 1.2 days). Long-term
graft survivors tolerated skin grafts from the donor but
not from those from a third party. These results indicate
that abortive alloantigen presentation by donor DCs,
upon which an accessory signal pathway is suppressed
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by CTLAA4Ig, leads to prolonged graft survival and
donor-specific tolerance.
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Introduction

Intravenous administration of donor cells can often
induce prolongation of allografts [12], but, in some
instances, sensitization to the donor occurs and graft
rejection is accelerated [1]. Although the mechanism of
this ambiguous effect is unclear, the presence of non-
professional antigen presenting cells (APCs) such as B
cells in the inoculated cell populations have to be con-
sidered. Antigen presentation to T cells through non-
professional APC may result in an antigen-specific T cell
unresponsiveness, through absent or incomplete inter-
action between costimulatory signals such as CD80/86
molecules on APCs and CD28 on T cells [13]. On the
contrary, APCs such as dendritic cells (DCs) potently
and consistently stimulate T cells.

DCs are characterized by the expression of MHC
class I, II, and costimulatory molecules [4]. Signals from
DCs are indispensable in alloantigen recognition; DCs
have been regarded as major passenger leukocytes in
engrafted organs and these cells migrate into host
lymphoid organs to provoke an allospecific T cell
response (passenger cell theory) [6]. Thus, the injection
of DCs, not whole blood cells, T cells, B cells, or
adherent cells, restored a strong allospecific response
to passenger cell-depleted allografts [7].

CTLAA4Ig is a recombinant protein composed of the
extracellular domain of a counter receptor to CD 80/86
and the Fc portion of 1gG. CTLA4Ig has a 20-fold high
affinity to its ligand, CD80, compared to that exhibited
by CD28, and this protein has successfully prolonged
graft survival [2, 11, 16]. Accordingly, if CTLA4Ig
is admixed with DCs, the blockade of costimulatory
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signals to T cells occurs [9]. As systematic CTLA4Ig
administration has been done postoperatively in most of
previous studies, where several types of APCs of donor
or recipient origin are intermingled in vivo, the following
questions have remained unanswered: on which APCs,
donor or host, does CTLA4Ig work? And on what type
of cells, APCs of DC or non-professional origin or other
types of cells, does CTLA4Ig work? We conducted a
study, therefore, focusing on the effectiveness of donor
DCs with abortive alloantigen presentation, by preop-
eratively injecting donor DCs in combination with
CTLAA4Ig.

Material and methods

Animals

Inbred rat strains, LEW/Hkm (RT1'), WKAH/Hkm (RT1¥) and
ACI/Hkm (RTI1%), maintained and fed at the Center for Animal
Experimentation, Hokkaido University School of Medicine in ac-
cordance with the Guide for Care and Use of Laboratory Animals,
Hokkaido University School of Medicine, 1988 were used. Only
males (200-300 g) were used in the present study. Principles of
laboratory animal care (NIH publication No. 86-23, revised 1984)
were also followed.

Reagents

Murine CTLA4-human IgG (CTLA4Ig) hybrid protein was pro-
duced, using the El- and E3-deleted recombinant adenovirus vec-
tor, AdexICACTLA4IgG [10]. Briefly, recombinant CTLA4Ig
proteins were obtained from culture supernatants of CTLA4Ig
gene-transfected COS7 cells, using protein A-sepharose 4B conju-
gate (Zymed, San Francisco, Calif., USA). Purified human IgG
(hIgG) (O.E.M. Concepts Inc., Toms River, N.J., USA) were used
as control proteins. The CTLA4Ilg and hlgG were diluted in
pyrogen-free phosphate-buffered saline (PBS). The OX-6 (anti rat
MHC class II), OX-62 (anti-rat dendritic cell), G4.18 (anti-rat
CD3) were purchased from PharMingen (San Diego, Calif., USA);
RLN-9D3 (anti-rat pan B cells) was purchased from Seikagaku Co.
(Tokyo, Japan). Mouse anti-rat intercellular adhesion molecule-1
(ICAM-1) mAb, 1A29, was a gift from Dr. M. Miyasaka, Osaka
University School of Medicine [17]. The FITC-conjugated rabbit
anti mouse IgG Fc (Cappel, Durham, N.C., USA) and FITC-
conjugated anti-human IgG (Cappel) were used as second anti-
bodies in the flow cytometric analysis.

Dendritic cells

The purification of rat DCs was done according to Knight et al. [5]
and Havenith et al. [3], but with some modifications. Briefly, spleen
cells of LEW rats were prepared by incubating minced spleen with
150 U/ml collagenase (Wako Pure Chemical Industries, Osaka,
Japan) and 10 U/ml DNAse (Promaga, Madison, Wis. USA) in
RPMI-1640 (GIBCO, Grand Island, N.Y., USA), containing 10%
heat-inactivated fetal bovine serum (FBS) (JRH Bioscience, Le-
nexa, Kan., USA). The spleen cell suspension was cultured
overnight on 100 mm>-tissue culture plastic dishes at the concen-
tration of 1 x 10® cells/dish in 5 x 10> M 2-mercaptoethnol (Wako)
in RPMI-1640 medium with 10% FBS. The non-adherent cells
were collected to put on the 14.5% Nycodenz (Nycomed, Oslo,
Norway) gradient. After centrifugation for 25 min at 600 g at room
temperature, cells were collected from the interphase. These low
density cells were composed of dendritic cells (70-80%), macro-
phages (20-30%) and B cells (<5%) (unpublished observation).
To eliminate macrophages and B cells, low density cells were re-

suspended in Hanks’ salt solution containing 3% bovine serum
albumin then incubated in a 100 mm? plastic dish for 60 min at
37 °C according to Severson et al. [14]. Non-adherent cells, with a
viability exceeding 95% were used as freshly isolated DCs.

Flow cytometry

Freshly isolated DCs were subjected to analysis using a FACScan
flow cytometer (Becton Dickinson, Mountain View, Calif., USA).
DCs were first incubated with either OX-6, CTLA4Ig, 1A29,
G4.18, RLN-9D3 or OX-62, followed by FITC-labeled isotype-
specific second antibodies. Prior to the scanning, cells were stained
with propidum iodide (Sigma, St. Louis, MO, USA), then, positive
cells were gated out as dead cells.

Pulsing dendritic cells with CTLA4Ig

The LEW DCs were incubated for 60 min on ice with variable
concentrations of CTLA4Ig. To eliminate excess CTLA4Ig, the DC
preparation was washed four times with PBS. Human IgG was
used for the isotype-matched controls.

Mixed lymphocyte reaction (MLR)

The LEW DCs, spleen cells (SPCs) and lymphnode cells (LNCs)
were used as stimulators. The WKAH (syngeneic), LEW and ACI
(allogeneic) LNCs were used as responders. The LEW DCs pulsed
with CTLA4Ig ex vivo were used as stimulators in one experiment.
Responder cells were added at 1 x 10°/well. Stimulator cells,
1.25x 10* to 2x 10°/well in cases of SPC and LNC, and
1.25x 10 to 2 x 104/well in case of DC, were treated with
25 mg/ml of mitomycin C, and mixed with responder cells. MLR
was done in a 96-well microtiter culture plate in RPMI-1640,
containing 10% FBS (JRH Biosciences Lenexa, Kan., USA) and
5% 10° M 2-mercaptoethanol (Wako Pure Chemical Industries
Osaka, Japan) for 96 h in a humidified 5% CO, atmosphere at
37 °C. Various concentrations of CTLA4lg were added to the
medium in a separate experiment. Then, [methyl->H]thymidine,
0.5 um Ci (Amersham Life Science, Bucks, UK), was added to each
well 16 h before the cells were harvested, with a cell harvester.
Radioactivity was measured in a liquid scintillation counter. All
experiments were done in triplicate.

Experimental design

Seven experimental groups were prepared to test the hypothesis
that donor DCs are required in preoperative CTLA4Ig-induced
graft prolongation. In Group I, the LEW kidney was transplanted
to recipient WKAH, without any further treatment. In Group II,
CTLA4Ig at 500 pg/rat was administered i.p. on 9, 7 and 5 days
prior to transplantation (days —9, =7 and -5). In Group III, donor
DCs (2 x 10%/rat) were given i.v. on day —9. In Group IV, donor
DCs pulsed with 500 pg/ml of CTLA4Ig were given i.v. on day 9.
In Group V, donor DCs pulsed with human IgG were given i.v. on
day —9. In Group VI, donor DCs (2 x 10%/rat) were administered
i.v. on day =9, and i.p. administration of CTLA4Ig was given on
days -9, =7 and —5. In Group VII, donor DCs (2 x 10%/rat) were
administered i.v. on day -9, and human IgG was administered i.p.
on days -9, =7 and -5.

Rat renal transplantation

Allogeneic renal transplantation in the rat was done as described [8]
but with some modifications, in the combination of LEW and
WKAH as donors and recipients, respectively. Native kidneys in
the recipients were removed, and graft survival time was evaluated.
Animals who died within the first 24 h were regarded as a technical
failure and excluded from the study. Serial graft biopsy was done
for histological analysis in randomly selected long-survivors in
Group VL



Rat skin transplantation

In Group VI, in which long term-survivors were present, skin
transplantation was carried out to determine if the graft acceptance
was donor-specific. Tail skin tissues, 10 mm in diameter, from three
rat strains (LEW, allogeneic donor; WKAH, syngeneic, and ACI,
allogeneic third-party) were transplanted to the dorsum of long-
surviving WKAH rats. For each recipient, two pieces of skin tissue
from a donor strain were transplanted. Thus, a recipient had a total
of six skin grafts on the dorsum. The graft was considered to be
rejected at the time of complete necrosis.

Statistics

Graft and MLR survival were statistically evaluated using Stu-
dent’s z-test. A P < 0.05 value was considered to have statistical
significance.

Results
Phenotype and allostimulatory activity of dendritic cells

They strongly expressed MHC class II, CD 80/86,
ICAM-1 and rat dendritic cell marker OX-62 antigens
(Fig. 1). A small number of B cells were present. Den-
dritic cells were much more potent in inducing primary
allogeneic responses in MLR than were LNCs or SPCs;
the scintillation counts were approximately 20 times
higher in DCs than in LNCs or SPCs (Fig. 2). Dendritic
cells also stimulated autologous MLR. These data
strongly suggest that splenic non-adherent cells of low
density prepared in this study were indeed CDS80/
86-positive DCs, with strong allostimulatory activity.

Suppression of allogeneic mixed lymphocyte reaction
by CTLA4Ig

Next we examined the suppressive effect of purified
CTLAA4Ig in allogeneic MLR. A MLR was carried out
using the combination of mitomycin C-treated LEW
DGCs (2 x 104/well) as stimulators and WKAH LNCs

Fig. 1 Surface antigen profile
of purified dendritic cells (DCs)
from the spleen of the rat. This
is representative of three inde-
pendent experiments
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(1 x 10°/well) as responders. The CTLA4Ig or control
human IgG was added at the beginning of co-culture, at
final concentrations of 0 to 500 pg/ml. The CTLA4Ig in
the culture media suppressed MLR activity, in a dose-
dependent manner (Fig. 3a). Stimulator DCs were
coated with CTLA4Ig and MLR was then carried out.
Allostimulatory activity of DCs was reduced by coating
with CTLA4Ig, in a dose-dependent manner (Fig. 3b).

Acceleration of allograft rejection by pre-injection
of donor DCs and rescue of accelerated rejection
by addition of CTLA4Ig (Table 1)

Allografts in Group 1 were rejected within
8.2 £ 1.6 days. In Group II, we inoculated CTLA4Ig
preoperatively to act as controls for Group VI, resulting
in an unaltered graft survival (7.5 = 1.2 day). We next
asked if preoperative transfusion of donor DCs would
accelerate graft rejection (Group III); graft survival
was significantly shortened (5.0 + 2.2 days), when
compared with that in Group I. When donor DCs
coated with CTLA4Ig were transfused preoperatively
(Group 1V), allograft survival remained shortened
(5.6 £ 1.7 days), as it did in the control allografts in
Group V (4.0 £ 1.1 days). A significantly prolonged
survival time, >38.7 + 40.0 days, occurred in Group
VI, where a combined preoperative administration of
donor DCs and CTLA4lg was given. The graft
prolongation was specific for the combination of DC
and CTLA4Ig, because another combination, DC and
human IgG (Group VII), did not exhibit this effect
(5.3 £ 4.1 days).

Allogeneic skin transplantation to long-surviving,
renal allograft recipients (Table 2)

Skin transplantation was done to the long-surviving
recipients in Group VI. Three recipient rats (WKAH)

MHC class 1 CD80/ 86

ICAM-1

DC antigen

Log fluorescence intensity
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Fig. 2A—C Stimulatory activity

of dendritic cells (DCs) to au-
tologous and allogeneic T cells
detected by the mixed lympho-
cyte reaction (MLR). Filled tri-
angles, mitomycin C-treated
DCs; filled circles, lymphnode
cells (LNC) and filled squares,
spleen cells (SPC) of LEW
origin were stimulatory cells.
Responder cells were LNCs
from (A) LEW syngeneic, (B)
WKAH allogeneic, and (C)
ACI allogeneic third-party
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Fig. 3 A Effect of CTLA4Ig on LEW-to-WKAH mixed lymphocyte
reaction (MLR). Purified CTLA4Ig at various concentrations were
added to the medium at the beginning of MLR, remaining mixed
throughout the reaction. B Purified CTLA4Ig at various concentra-
tions were added to DC suspension for 60 min, then washed four
times with phosphate buffered saline, followed by MLR

were given skin allografts. Skin donors were WKAH as
syngeneic control, LEW as experimental allogeneic, and
ACI as third-party control. All recipient rats accepted
LEW allografts for the 50-day observation period. All
third party skin allografts were rejected within 15 days.
In a naive WKAH recipient, LEW skin was vigorously
rejected. These results support that donor-specific
tolerance was induced in rats in Group VI.

Histologic findings of allografts
from long-term survivors

Biopsy of renal grafts was done from long-term survi-
vors (> 100 days) in Group VI. Structures of glomeruli

5 20 031 125 5 20 031 125 5 20 DC

Number of stimulator cells ( x 10%)

and renal tubules were well preserved, with arteries and
arterioles being fairly well intact. Collections of small
numbers of inflammatory cells, mostly lymphocytes,
were present in the interstitium.

Discussion

Dendritic cells prepared in this study, expressed MHC
class II, ICAM-1, OX-62, and, most importantly, CD80/
86 antigens. They strongly stimulated allogeneic, and
even autologous, MLR. As detected by flow cytometry,
CTLAA4Ig binds onto the surface of DCs, through the
interaction with CD80/86 costimulatory molecules. The
striking allostimulatory activity of DCs injected preop-
eratively was also shown in the form of accelerated graft
rejection. The CTLA4Ig suppressed the DC-induced
MLR, when added to culture media, or when pulsed
onto DCs in a dose-dependent manner. However, pre-
operative injection of DCs pulsed with CTLA4Ig did
not prolong rejection (Group IV), which indicates an
unaltered allostimulatory activity. This could be due
to detachment of, or internalization of a significant
proportion of CTLA4Ig in vivo, or to newly synthesized
CD80/86 molecules that may be present on the surface
of DCs in vivo. Steurer et al. showed that ex vivo
coating of islet cell allograft with CTLA4/Fc induces
graft acceptance [15]. This may relate to the cells used in
the two studies; islet cells and DCs have a strikingly
different capability for activating T cells. This is possibly
due to the differential density and the nature of
costimulatory molecules. The present data indicated that
concomitant inoculation of DCs and CTLA4Ig should
be chosen instead of DCs pulsed with CTLA4Ig.

The most important observation in this study is that
the strong allostimulatory action of preoperatively
injected DCs is abrogated by the preoperative i.p.
administration of CTLA4Ig. This procedure even led to
long-term survivors. The suppression is specifically seen
only in the combination of preoperative DCs and
CTLA4Ig (Group VI), but not in preoperative DCs
(Groups III, V and VII), or preoperative CTLA4Ig
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Table 1 Renal allograft survival with preoperative administration of donor dendritic cells (DCs) in combination with CTLA4Ig*

Group Treatment Graft survival (days) Mean survival (days)
1 None 6,7,8,8,10, 10 82 + 1.6

11 Pre-transplant CTLA4Ig 6,6,8,8,8, 7.5 £ 1.2

111 DCs 3,3,3,4,556,6 5.0 £ 2.2%

1V DCs coated with CTLA4Ig 3,3,5,5,56,7,7,7,8 5.6 £ 1.7

\% DCs coated with hIgG 3,3,4,4,4, 40 £ 1.1

VI DCs and pre-transplant CTLA4lg 4, 4, 4, 10, 15, 16, 21, 30, > 60, >100, >100, >100 >38.7 £ 40.0%*

VII DCs and pre-transplant hlgG 3,3,3,4,5,5,5 5 53 + 4.1

#CTLA4Ig 500 pg/ml was given intraperitoneally on days —9 (9 days before renal transplantation), —7 and —5 in Groups II and VI.
Human IgG (hIgG) at 500 pg/ml was given intraperitoneally on days -9, —=7 and -5 in Group VII
Dendritic cells of the donor strain were intravenously injected on day —9 in Groups III, IV, V, VI and VII. In addition, DCs inoculated in

Groups IV and V were coated with either CTLA4Ig or higG
*P < 0.01 vs. Group I
*¥*P = 0.085 vs. Group I, P < 0.02 vs. Group III

Table 2 Skin graft survival in long-term renal allograft survivors.
Skin tissues from WKAH (syngeneic), LEW (allogeneic, experi-
mental), and ACI (allogeneic, third-party) were transplanted to
long-term survivors in Group VI (n = 3). Two pieces of skin tis-

sues were transplanted from respective donor strains, resulting in
six skin patches on the dorsum. Complete necrosis of graft was
defined as rejection. Observation of the grafts stopped on day 50

Recipients of skin graft Graft survival (days)

Skin graft from WKAH Skin graft from LEW Skin graft from ACI
Rat #1 in Group VI >50, >50 >50, >50 12, 13
Rat #2 in Group VI >50, >50 >50, >50 14, 14
Rat #3 in Group VI > 50, >50 > 50, >50 13, 14
Naive WKAH rat >50, >50 12, 16 13, 13
alone (Group II). Resultant unresponsiveness is donor-
References

specific in that long-term survivors accepted skin grafts
from the donor strain (LEW) but not from the third
party strain (ACI). The mechanism of induction of
donor-specific unresponsiveness, therefore, appears
to be an incomplete alloantigen presentation by DCs to
alloreactive T cells.

Four rats in Group VI failed to prolong survival,
three of which exhibited accelerated graft rejection.
Masking of CD80/86 on DCs by CTLA4Ig may not
work, or preparation of DCs may fail. Allogeneic DCs
inoculated in these rats might not be efficiently coated
with CTLA4Ig in vivo; the dose of CTLA4Ig, 500 png/ml
1.p., could not be enough to reproduce complete in vivo
masking. Conversely, we decline to postulate that
preparation of DCs failed, because, provided that DCs
inoculated in these rats were not viable, the grafts could
not have been acceleratedly rejected. Instead, level of
graft survival should be similar to that for Group II.

This study clearly demonstrated the critical impor-
tance of donor cells, especially donor DCs, in the
induction of CTLA4Ig-mediated graft acceptance. The
requirement for donor DCs in the effectiveness of
preoperative inoculation of CTLA4Ig, strongly supports
the concept that blockade of CD80/86 molecules on
professional APC generates abortive alloantigen pre-
sentation, leading to donor-specific unresponsiveness.
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