
Fas (APO-1, CD95) was originally described as a cell-
surface molecule involved in mediating apoptotic cell
death of transformed cells [1, 2]. In addition, chroni-
cally activated human T cells (e.g. T-cell clones) are
also susceptible to Fas-mediated apoptosis [3]. The

recent demonstration that lymphoproliferative dis-
eases in lpr and gld mice are caused by defects in the
genes encoding Fas and Fas ligand (FasL), respective-
ly [4±6], indicates an important role for these proteins
in regulating normal immune responses and main-
taining self-tolerance. Recent findings also suggest a
role for FasL in preventing allogeneic rejection of
testis grafts and in establishing immune privileged
status of anterior chamber of the eye [7, 8]. More-
over, Lau et al. [9] demonstrated that islet allograft
rejection could be prevented using engineered synge-
neic myoblasts expressing FasL which were trans-
planted together with allogeneic islets in mice. In
contrast, Allison et al. [10] recently reported that
FasL-expressing islets were not protected from al-
lograft rejection, and Kang et al. [11] also reported
that islets infected with adenoviral vector containing
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Summary Fas ligand (FasL) is highly expressed in tes-
ticular tissues and thought to be responsible for pro-
tection from allograft rejection by inducing apoptosis
of anti-graft activated T cells. FasL-expressing islets
have been shown to induce a granulocyte-mediated
inflammatory reaction. We investigated whether a
graft can be protected from alloimmune responses
by manipulating the Fas/FasL-system. We transplant-
ed allogeneic islets under the kidney capsule of strep-
tozotocin-induced diabetic mice together with testic-
ular tissue. Significant prolongation of survival of
C3H islet allograft was observed in C57BL/6 (B6) re-
cipients transplanted with C3H testicular tissue, but
not in those transplanted with C3H-gld testicular tis-
sue expressing non-functional FasL. No significant
prolongation was observed in B6-lpr recipients ex-
pressing non-functional Fas. Immunohistochemical
staining of C3H testicular tissue in the composite

graft showed a high expression of FasL, but not that
of the C3H-gld testicular tissue. In situ terminal de-
oxynucleotidyl transferase-mediated dUDP-biotin
catalysed DNA nick-end labelling (TUNEL) staining
of a composite graft of C3H islet and testicular tissue
in B6 recipients demonstrated extensive apoptosis of
infiltrating mononuclear cells around the graft. The
protective effect of C3H testicular tissue was abrogat-
ed when anti-FasL monoclonal antibody was admin-
istered i.p. postoperatively. Our results suggest that
FasL-positive testicular allografts protect composite
islet allografts and indicate that manipulation of Fas/
FasL mediated apoptosis is a suitable strategy for
controlling rejection of islet allografts. [Diabetologia
(1998) 41: 315±321]
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the murine FasL cDNA underwent accelerated neu-
trophilic rejection.

The above studies indicate that the role of FasL in
regulation of allograft rejection is still uncertain. In
the present study, we show that islet allograft trans-
planted together with FasL-expressing testicular allo-
grafts can be protected in a Fas/FasL-dependent fash-
ion.

Materials and methods

Animals. Male C3H/HeJ (C3H) and C57BL/6J (B6) mice were
purchased at 7 weeks of age from CLEA Japan, Inc. (Tokyo,
Japan). C3H/HeJ-gld/gld (C3H-gld) and C57BL/6J-lpr/lpr
(B6-lpr) mice were purchased at 5±7 weeks of age from Japan
SLC, Inc. (Hamamatsu, Japan). ICR nu/nu mice were obtained
from Charles River Japan, Inc. (Kanagawa, Japan). Mice were
reared in a specific pathogen-free environment at the Institute
of Experimental Animal Sciences, Osaka University Medical
School (Osaka, Japan).

Monoclonal antibodies. Anti-mouse FasL monoclonal anti-
body (mAb) (K10) [12] was obtained by injecting a hybri-
doma into nude mice and the collected ascitic fluid was pu-
rified with 50 % saturated ammonium sulphate (SAS) pre-
cipitation and protein G-Sepharose (MAbTrapTMGII; Phar-
macia Biotech, Uppsala, Sweden). Biotinylation of K10 was
carried out with N-hydroxysuccinimido-biotin (H-1759, Sig-
ma Chemicals Co., St Louis, Mo., USA). The K10 mAb
dose not react with non-functional FasL expressed in C3H-
gld mice [12]. Mouse anti-rat CD54 mAb (1A29) [13] which
does not crossreact with mouse CD54, was used as a control
mAb.

Testicular tissue transplantation. C3H and C3H-gld mice were
used as testis donors. B6 and B6-lpr mice were used as recipi-
ents. A pellet (20 ml) of testicular tissue, which was prepared
by passage through an 18 gauge needle after removal of the
capsule, was transplanted under the kidney capsule. The graft-
ed testicular tissue was subjected to histological analysis up to
10 weeks post-transplantation.

Islet and testicular tissue transplantation. C3H and C3H-gld
mice were used as testis and islet donors. B6 and B6-lpr mice
were used as recipients. Islets were isolated by stationary colla-
genase digestion as described previously [14]. The number of
Sertoli cells in each testicular tissue preparation was counted
under light microscopy based on the description of Fawcett
et al. [15]. A composite graft of C3H islets (300±400 is-
lets = 2 ml) with C3H or C3H-gld testicular tissue (containing
4.0 ± 0.2 ´ 105 Sertoli cells = 2 ml) was transplanted under the
kidney capsule of streptozotocin-induced diabetic B6 or B6-
lpr mice. We also examined the effect of reducing or increasing
C3H testicular tissue (1 ml or 10 ml) on islet allograft survival in
B6 mice. Rejection was defined by a blood glucose level of
more than 16.7 mmol/l.

In the next series of transplantations, a number of the recip-
ients with a composite graft of C3H islets and testicular tissue
were injected with anti-mouse FasL mAb (K10) or control
mAb (1A29) (0.1 mg i. p. on days 2, 4, 6). Finally, C3H islets
and C3H testicular tissue were transplanted separately in an-
other group of B6 recipients into the contralateral renal sub-
capsular space.

Immunohistological analysis. The grafts were harvested from
recipients by nephrectomy 8 days after the transplantation.
The tissues were fixed in 4 % paraformaldehyde for 12 h. Par-
affin-embedded sections were stained with haematoxylin and
eosin and evaluated by light microscopy. For detection of
FasL in the graft, the tissue sections were rinsed in phosphate
buffered saline (PBS) and endogenous peroxidase activity
was blocked with 1.0 % H2O2 and 0.1 % NaN3 for 20 min at
room temperature. Next, the sections were rinsed three times
for 5 min in PBS, and biotinylated mAb to FasL (K10) was
added to the sections at 150 mg/ml for 2 h at room temperature.
The slides were washed three times for 5 min with PBS and an-
tibody binding was visualized using a peroxidase-labelled
biotin-avidin detection systems (Histofine SAB-PO kit;
Nichirei Co., Tokyo, Japan) with diaminobenzidine as the sub-
strate.

For detection of Fas in the graft, the tissue sections were in-
cubated with 10 mg/ml of rat anti-mouse Fas mAb (RMF-6
D027±3; Medical and Biological Laboratories Co., Nagoya, Ja-
pan) in a humidified chamber for 2 h at room temperature. The
sections were washed three times for 5 min in PBS, followed by
the addition of fluorescein isothiocyanate (FITC)-conjugated
goat anti-rat immunoglobulin (IgM + IgG, H + L, Southern
Biotechnology Associates, Inc., Birmingham, Ala., USA). Af-
ter washing three times for 5 min in PBS, antibody localization
was determined using a fluorescence microscope.

Detection of apoptosis. Apoptotic cells in paraffin-embedded
sections were stained by the terminal deoxynucleotidyl trans-
ferase (TdT)-mediated dUDP-biotin catalysed DNA nick-end
labelling (TUNEL) method using Apop Tag kit (Oncor
S7100, Gaithersburg, Md., USA) with diaminobenzidine as
the substrate.

Statistical analysis. Each group consisted of five or more mice.
All experiments were repeated three or four times, and repre-
sentative data are shown in the Figures. Transplant survival
time in different experimental groups was compared using the
Breslow-Gehan-Wilcoxon test. Student's t-test was used for
comparison of paired and non-paired measurements. P-values
lower than 0.05 were considered to be significant. All statistical
calculations were performed using StatView-J 4.11 for Macin-
tosh system 7.5 software.

Results

Testicular allograft survival under the kidney capsule
of B6 mice. C3H testicular tissue was histologically
identified in B6 recipients up to 3 weeks after trans-
plantation with relatively little cell infiltration. In
contrast, no C3H-gld testicular tissue was detected
in B6 recipients and only massive cell infiltration
was noted. C3H testicular tissue was also histological-
ly destroyed in B6-lpr mice (data not shown). These
findings suggest that protection of testicular allo-
grafts is possible only when both graft FasL and recip-
ient Fas are functional.

Composite graft survival under the kidney capsule of
B6 mice. B6 islet alone or B6 islet and testicular tissue
composite grafts survived over the period of observa-
tion (10 weeks) when transplanted under the kidney
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capsule of syngeneic animals. All C3H islet allografts
were rejected by day 14 with a mean survival time
(MST) of 10.6 ± 2.2 days, whereas C3H islet and tes-
ticular tissue (approximately 4 ´ 105 Sertoli cells)
composite allografts survived significantly longer
with an MST of 17.5 ± 9.1 days (p < 0.01 vs control)
(Fig.1). C3H islet and C3H-gld testicular composites
were rejected in a manner similar to that of the con-

trol with an MSTof 10.4 ± 2.6 days. When C3H testic-
ular and islet composite grafts were implanted in B6-
lpr mice, they were rejected with an MST of
9.8 ± 3.4 days. Thus, the protective effect was ob-
served only in the presence of functional FasL in tes-
ticular tissue and functional Fas in the recipient.

Transplantation of only 50% of the mass of C3H
testicular tissue (2 ´ 105 Sertoli cells), together with
C3H islet, did not prolong graft survival (MST:
10.3 ± 2.6 days). Similarly, when a larger mass of tes-
ticular tissue (2 ´ 106 Sertoli cells) was transplanted,
the recipient mice failed to achieve normoglycaemia
after transplantation.

Abrogation of allograft survival prolongation by anti-
FasL mAb. When anti-mouse FasL mAb (K10) was
administered i. p. postoperatively daily for 3 days
(days 2, 4, 6) to B6 recipient mice grafted with a
C3H islet and testicular composite grafts, no signifi-
cant prolongation was observed and graft survival
time was similar to that in untreated mice
(11.8 ± 2.0 days) (Fig.2). On the other hand, when
control mAb (1A29) was administered, significant
prolongation was observed (16.9 ± days, p < 0.01 vs
control). These results further indicated that the pro-
tective effect was mediated by FasL.

Survival of islet allografts transplanted separately
from testicular allografts. When C3H testicular tissue
was transplanted separately into the contralateral
kidney of B6 mice, the C3H islet allografts were re-
jected in a normal manner (12.5 ± 4.2 days) (Fig.2).
This indicated that the protective effect of testicular
tissue was local.

Immunohistological examination of the composite
graft. Histological examination of the grafts in each
group showed marked mononuclear cell dominant in-
filtration around the islet tissue, although islet de-
struction varied among the groups. C3H islets were
still visible and spared from destruction when they
were transplanted together with C3H testicular tissue
in B6 recipient mice (Fig.3B), whereas their destruc-
tion was almost complete when they were transplant-
ed alone (Fig.3A), with C3H-gld testicular tissue
(Fig.3C) or when the composite grafts had been
transplanted into the B6-lpr mice (Fig.3D).

The C3H testicular tissue in the composite graft
was positive for FasL expression (Fig.3F, H), whereas
the C3H-gld testicular tissue was FasL-negative
(Fig.3G). C3H islets in the composite graft were also
negative for Fas expression (Fig.3J). The infiltrating
mononuclear cells around the C3H islet and testicu-
lar tissue showed Fas expression (Fig.3J) and exten-
sive apoptosis, detected by TUNEL staining
(Fig.3L). However, the infiltrating mononuclear cells
in other composite grafts showed minimal evidence
of apoptosis (Fig.3M, N).
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Fig.1. Survival of islet and testicular composite graft under the
kidney capsule. Protection of islet allografts transplanted to-
gether with Fas ligand expressing testicular allografts.
C3H islets (U) were transplanted under the kidney capsule of
streptozotocin-induced diabetic B6 mice. A composite graft
of C3H islets with C3H (X) or C3H-gld (A) testicular tissue
was transplanted under the kidney capsule of diabetic B6 or
B6-lpr (^) mice. Significant prolongation of C3H islet al-
lograft survival was observed in B6 mice transplanted with
C3H testicular tissue, but not in the mice transplanted with
C3H-gld testicular tissue. No significant prolongation was ob-
served in B6-lpr mice

Fig.2. Abrogation of protection by testicular tissue following
anti-FasL mAb treatment or contralateral grafting.
Mice transplanted with C3H islet alone (U) or testicular com-
posite graft (X) were injected with 0.1 mg i. p. of anti-FasL
(X) or control mAb ( + ) on days 2, 4, 6. The protective effect
of testicular tissue was abrogated by administration of anti-
FasL mAb. C3H islets and C3H testicular tissue were trans-
planted separately into the contralateral renal subcapsular
space of B6 recipients (E). The protective effect of FasL-posi-
tive testicular tissue is site specific
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Discussion

Korbutt et al. [16] have recently shown that cultured
testicular cells and islets composite graft can be pro-
tected in a rat allogeneic model, although the precise
mechanisms were not clearly elucidated. In this study,
we demonstrated that prolongation of survival of the
composite graft was mediated by Fas-FasL system,
which resulted in apoptosis of infiltrating mononucle-
ar cells. Significant prolongation of survival of C3H
composite islet allograft over the control (islet al-
lograft alone) was observed when the testicular tissue
was derived from mice with functional FasL and the
recipient mice had intact Fas, but not when the testic-
ular tissue was from mice with non-functional FasL or
the recipient mice had a defective Fas. The protective
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Fig.3A±N. Histological comparison of C3H islets and C3H or
C3H-gld testicular tissue composite allograft under the kidney
capsule of streptozotocin-induced diabetic B6 or B6-lpr mice.
The graft was dissected 8 days after transplantation, and paraffin
sections were stained with haematoxylin and eosin (A, B, C, D,
I), or by immunohistochemistry with anti-FasL (E, F, G, H) or
anti-Fas (J) mAb. Apoptosis was detected by the TUNEL meth-
od (K, L, M, N). A, E, K; Photomicrograph of C3H islets trans-
planted under the kidney capsule of B6 mice. B, C, D, F, G, H, I,
J, L, M, N; Composite graft of C3H islets with C3H (B, F, I, J,
L) or C3H-gld (C, G, M) testicular tissue was transplanted under
the kidney capsule of diabetic B6 or B6-lpr (D, H, N) mice. Islets
were spared when they were transplanted together with C3H tes-
ticular tissue in B6 mice (B arrow). C3H testicular tissue was pos-
itive for FasL expression (F, H), whereas that of C3H-gld was
FasL-negative (G). Islet tissue (arrow) was negative for Fas ex-
pression. Apoptosis of mononuclear cells was noted only when
testicular tissue expressing functional FasL was grafted into Fas-
intact recipient (L)



effect of testicular tissue on islet allograft was abro-
gated by anti-FasL mAb treatment, but not by control
mAb treatment. These results clearly indicated that
FasL expression C3H testicular tissue could protect
C3H islet allografts.

Our immunohistological studies provided a fur-
ther confirmation of our hypothesis. C3H testicular
tissue was highly positive for FasL expression, where-
as that of C3H-gld was negative. Furthermore, the in-
filtrating mononuclear cells in the B6 recipients were
positive for Fas expression. Extensive apoptosis of
mononuclear cells was noted only when testicular tis-
sue expressing functional FasL was grafted together
with islets in the recipients having intact Fas. Islet tis-
sue was negative for Fas expression. Therefore, it
seems likely that the provision of FasL by testicular
tissue can deliver a death signal to infiltrating
allo-activated T cells that express Fas.

The use of FasL to protect islet grafts has not always
had positive consequences. We have previously shown
that subcutaneous engraftment of FasL-transfectants
resulted in FasL-mediated recruitment of neutrophils,
which in turn led to acute graft rejection [17, 18]. Alli-
son et al. [10] reported that fetal pancreas obtained
from transgenic mice expressing mouse FasL on their
islet beta cells, were massively infiltrated with neutro-
phils, but not with lymphocytes. Kang et al. [11] dem-
onstrated that islets infected with adenoviral vector
containing FasL cDNA underwent accelerated neu-
trophilic rejection, and failed to protect the grafts
when transplanted into allogeneic hosts. We also ex-
amined the infiltrating cells around the testicular tis-
sue under the kidney capsule and found that mononu-
clear cells were dominant and granulocytes were mar-
ginally visible around the testicular allografts in the re-
nal subcapsular space. This finding is compatible with
Lau et al. [9] who reported that the infiltrating cells
around the graft were mononuclear cells and that ex-
tensive apoptosis was evident in these cells, resulting
in the protection of composite islet allografts.

The mechanisms for neutrophil recruitment by
FasL needs to be determined. Allison et al. [10] re-
ported that most islets of transgenic mice expressing
murine FasL on high level were infiltrated by large
numbers of neutrophils, eosinophils, and macrophag-
es, whereas islets of transgenic mice with lower levels
of FasL had a milder pathology. These results suggest
a dose-dependent relationship between FasL expres-
sion and intensity of neutrophilic infiltration. Overex-
pression of FasL may recruit neutrophilic infiltration,
and FasL-mediated protection can only occur when a
critical amount of FasL is expressed on the graft. It is
possible that the expression of FasL leads to upregula-
tion of interleukin (IL)-8 expression in surrounding
tissues, which in turn results in the recruitment of neu-
trophils [19, 20], as ligation of Fas on epithelial cells
can induce secretion of IL-8 [21, 22]. It is also possible
that soluble FasL, which is released from the cell sur-

face by metalloprotease cleavage of membrane-
bound FasL [23±25], can act directly as a neutrophil
chemotactic factor. In our model in which testicular
tissue was used as a physiological source of FasL, no
significant IL-8 production in response to appropriate
levels of FasL, or no expression of FasL-processing
metalloprotease in the testis may be one of the reasons
for the successful Fas/FasL-mediated graft protection.
Alternatively, some factor derived from the testicular
tissue such as transforming growth factor-beta (TGF-
b) may suppress the FasL-mediated neutrophil re-
cruitment.

Islet expression of Fas, either constitutively or
through upregulation by local immune response, is
also a critical factor for protection of islets by FasL.
Yamada et al. [26] reported that mouse Il-1 alpha in-
duced the expression of Fas on primary cultured
mouse islet cells and these islet cells were destructed
by an agonistic anti-Fas monoclonal antibody. Cher-
vonsky et al. [27] established transgenic non-obese
diabetic mice that expressed FasL on islet cells and
found an accelerated onset of diabetes in some trans-
genic mice. They demonstrated that islet destruction
was related to the induction of Fas expression on islet
cells. In our model, expression of Fas was not detect-
ed on the islet cells while significant Fas expression
was detected in infiltrating lymphocytes. This would
be another reason for protection of islets by FasL pos-
itive testicular tissue.

To examine whether the protection of islets by
FasL-positive testicular tissue is mediated locally or
systemically, we transplanted testicular tissue into
the contralateral kidney separate from islet tissue.
When C3H islets and the same amount of C3H testic-
ular tissue were transplanted separately into the con-
tralateral kidney, the islets were rejected in a normal
manner. These data suggest that the protective effect
of FasL-positive testicular tissue is locally limited.
This is consistent with the finding of Lau et al. [9]
who showed that islet allografts transplanted sepa-
rately from FasL-expressing myoblasts into the con-
tralateral kidney were rejected in a normal manner.

Abrogation of neutrophil recruitment might sub-
stantiate the utility of FasL to protect allografts from
T-cell-mediated rejection, but the testis and islet com-
posite grafts were eventually rejected in our model.
Currently, we cannot explain the difference between
our results and those of Bellegrau et al. [12] although
these difference might be attributed to a difference in
the specific activity of FasL due to polymorphism.

A critical number of FasL-expressing cells is nec-
essary for long-term protection of a composite graft.
In our study, islet and testicular tissue composite al-
lograft contained approximately 4 ´ 105 Sertoli cells.
When a smaller population of C3H testicular tissue
(2 ´ 105 cells) was transplanted together with C3H is-
let, no prolongation of graft survival was observed.
On the other hand, when a larger amount of testicular
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tissue (2 ´ 106 cells) was transplanted, the recipient
mice failed to achieve normoglycaemia after trans-
plantation, possibly due to a poor nutritional condi-
tion around the islets. This finding is consistent with
that of Lau et al. [9] who showed that a reduction in
the number of FasL expressing myoblasts (from
2 ´ 106 to 1 ´ 104, equivalent to 6.6 ´ 103/islet and
3.3 ´ 101/islet, respectively) co-transplanted with the
islet allograft resulted in a decrease in MST and that
blood glucose concentrations fluctuated in less than
25% of the animals receiving a large number of myo-
blasts within the first 10 days after transplantation.
Korbutt et al. [16] also reported a similar finding
that testicular cell aggregates (containing 11 ´ 106

cells, more than 75 % Sertoli cells) together with
2000 purified Lewis rat islets (5.5 ´ 103/islet) reversed
the diabetic state for more than 95 days in Wistar-
Furth recipients, but testicular tissue samples con-
taining 50% fewer testicular aggregates did not [16].
Considered together, it seems that an appropriate
number of FasL-positive cells per islets ( > 1 ´ 103/is-
let) is necessary to provide local protection of the is-
lets.

In conclusion, our present study clearly indicates
that allograft rejection can be controlled by compos-
ite grafting of FasL-positive testicular tissue that in-
duces apoptosis of graft infiltrating mononuclear cells
without neutrophil recruitment. Further studies are
in progress for successful clinical application of the
present findings.
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