CD4* V014 natural killer T cells are essential for acceptance
of rat islet xenografts in mice
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Pancreatic islet transplantation represents a potential treatment for insulin-dependent diabetes mel-
litus. However, the precise cellular and molecular mechanisms of the immune reactions against allo-
geneic and xenogeneic transplanted islets remain unclear. Here, we demonstrate that CD4* V14 nat-
ural killer T (NKT) cells, a recently identified lymphoid cell lineage, are required for the acceptance of
intrahepatic rat islet xenografts. An anti-CD4 mAb, administrated after transplantation, allowed islet
xenografts to be accepted by C57BL/6 mice, with no need for immunosuppressive drugs. The dose of
anti-CD4 mAb was critical, and the beneficial effect appeared to be associated with the reappearance
of CD4* NKT cells at around 14 days after transplantation. Interestingly, rat islet xenografts were
rejected, despite the anti-CD4 mAb treatment, in V014 NKT cell-deficient mice, which exhibit the nor-
mal complement of conventional lymphoid cells; adoptive transfer of Va14 NKT cells into Vo 14 NKT
cell-deficient mice restored the acceptance of rat islet xenografts. In addition, rat islet xenografts were
accepted by Va14 NKT mice having only Vo14 NKT cells and no other lymphoid cells. These results
indicate that Va14 NKT cells play a crucial role in the acceptance of rat islet xenografts in mice treat-

ed with anti-CD4 antibody, probably by serving as immunosuppressive regulatory cells.

J. Clin. Invest. 105:1761-1767 (2000).

Introduction

It is well documented that CD4" helper T cells can be
classified into two distinct subpopulations on the
basis of their cytokine production patterns and are
designated as type 1 T helper (Th1) and type 2 T helper
(Th2) cells (1). Th1 cells produce IL-2, IFN-y, and TNEF-
B, whereas Th2 cells produce IL-4, IL-5, and IL-10. In
allograft immunity, the development of Th1 cells is
reported to be critical and required for the induction
of cytotoxic effector T cells responsible for graft rejec-
tion (2). Thus, the inhibition of CD4 T-cell function
may result in the prevention of rejection of trans-
planted organs or tissues. In fact, it has been reported
that the administration of anti-CD4 mAb prevents
rejection in various experimental transplantation sys-
tems, including those with allogeneic and those with
xenogeneic grafts (3-8).

Recently, natural killer T (NKT) cells have been iden-
tified as a novel lymphoid lineage distinct from con-
ventional T cells or NK cells. NKT cells express both
invariant Vo 14 NKT specific antigen receptor as well as
an NK marker (NK1.1) (9-13). Va14 NKT cells specifi-
cally recognize CD1d molecules (14-17). The function
of Va14 NKT cells appears to involve important roles
in the development of autoimmune diseases, including
Ipr mouse model (18), diabetes mellitus (19, 20), sys-
temic lupus erythematosus and systemic sclerosis (21),

and the prevention of experimental tumor metastasis
(22, 23). Thus, it appears evident that Va14 NKT cells
are involved in the regulation of the development of
various diseases. In addition, NKT cells have been sug-
gested to play an important role in bone marrow trans-
plantation (24-26). However, the roles of NKT cells in
other organ grafts, such as allogeneic and xenogeneic
pancreatic islet grafts, have not been elucidated.

Here, we investigate the role of Vai14 NKT cells in
islet xenotransplantation by using Va14 NKT-defi-
cient mice in which only Va14 NKT cells are lacking,
whereas other conventional immune systems, such as
T cells, B cells, and NK cells, remain intact. The results
clearly show the requirement of Vot 14 NKT cells for the
acceptance of rat islet xenografts.

Methods

Animals. Lewis rats (7-10 weeks old) and C57BL/6 (B6)
mice (7-10 weeks old) were purchased from Charles
River Japan (Kanagawa, Japan) and used as donors and
recipients, respectively. Ja281-deficient (Va14 NKT
cell-deficient [KO]) mice with a B6 background (22)
were also used as recipients. In Vo14 NKT-KO mice,
other lymphoid populations, such as T, B, and NK cells,
remain intact (22). Vo 14 NKT mice (RAG17/-, Va14 Tg,
and V8.2 Tg) with a B6 background were also used
(22). This mouse line expresses only transgenic Vo 14
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Table 1
Survival rate of rat islet xenografts in B6 mice*

Co., St. Louis, Missouri, USA). Plasma
glucose levels were measured by a Beck-

man glucose analyzer (Beckman Instru-

Group mADb treatment® n Individual graft survival® Percent survival rate

(Lg) (d) at 30 days ments Japan, Tokyo, Japan). The plasma
| None 7 7.7,8,8,8,8,10 0 glucose levels exceeded 400 mg/dL by 2
Il Control 1gG (50) 5 7,7,7,7,7 0 or 3 days after the STZ injection, and the
1l Anti-CD4 (50) 21 1>8301 (9):1212)D277> 6283’(?31) J6e miFe remained hypefglycemic at the time
IV Ant-CD4(200) 6 15,27,27,27,29,>30 17 of islet transplantation.

AFive hundred Lewis rat islets were transplanted into the liver via the portal vein of STZ-induced
diabetic B6 mice. BAnti-CD4 mAb was administered intraperitoneally three times on days 0,
2, and 4 after transplantation. “Rejection was determined to have occurred when two con-
secutive plasma glucose levels in a recipient exceeded 200 mg/dL after transplantation. PMice
that were normoglycemic at 30 days after transplantation and subjected to histological stud-
ies as well as to other experiments. FThere was a statistical difference in the survival rate on day

30 between the groups Il and IV.

and V8.2, resulting in the preferential development of
Va14 NKT cells with no conventional T cells, B cells,
and NK cells detectable. IL-4-deficient mice were orig-
inally generated by M. Kopf et al. (27). IFN-y-KO mice
(28) were provided by Y. Iwakura (Institute of Medical
Science, University of Tokyo, Tokyo, Japan).

Induction of diabetes in mice. Diabetes was induced in
the recipient mice by an intravenous injection of
streptozotocin (STZ; 200 mg/kg; Sigma Chemical

¥ ] < -
L

Figure 1

Light photomicrographs of transplanted islet grafts in the liver. (a) An intact islet with well-granulated 3 cells observed in the liver of a mouse
treated with 50 g of anti-CD4 mAb. The sample was prepared 60 days after transplantation. (b) A representative islet xenograft in the liver

Islet isolation and transplantation. Islets were
isolated using collagenase (29) and sepa-
rated by Ficoll-Conray gradients (30). Five
hundred islets were transplanted into the
liver of a diabetic mouse via the portal vein
at 5-8 days after STZ injection as
described elsewhere (31). Nonfasting plas-
ma glucose levels and body weight were
monitored three times per week before and after trans-
plantation. Rejection was considered to have occurred
when two consecutive plasma glucose levels exceeded
200 mg/dL after transplantation.

mADb treatment. Anti-CD4 mAb (GK1.5; rat IgG2b)
(32) was administered intraperitoneally three times
after transplantation on days 0, 2, and 4.

Morpbhological study. For light microscopic examina-
tions, the liver and pancreata were fixed with Bouin’s

AF

of a mouse treated with 200 g of anti-CD4 mAb. HE, hematoxylin and eosin staining; AF, aldehyde and fuchsin staining. x160.
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Figure 2

CD3*CD4* cells in the liver. CD4/CD3 profiles of hepatic mononuclear
cells and splenocytes of B6 mice (a and d). NK1.1 and IL-2R[3 expres-
sion on CD3"™CD4* cells (b and e) and CD3e"CD4* (c and f).

solution, processed, and embedded in paraffin. The sec-
tions were stained with hematoxylin and eosin, or alde-
hyde and fuchsin.

Cell preparation. Hepatic mononuclear cells were pre-
pared as described previously (33). The liver was
excised, cut into small pieces with scissors, pressed
through a stainless steel mesh, and suspended in
Eagle’s minimal essential medium (MEM; Nissui Phar-
maceutical Co., Tokyo, Japan) containing 5 mM
HEPES (Nissui Pharmaceutical Co.) and 2% heat-inac-
tivated bovine calf serum. Hepatic mononuclear cells
were separated by Percoll gradient centrifugation.
Splenocytes were obtained by forcing the spleen
through a 200-gauge stainless steel mesh.

Flow cytometry analysis. The following FITC-, biotin-,
or phycoerythrin- conjugated mAb’s were purchased
from PharMingen Co. (San Diego, California, USA);
anti-CD3 (145-2C11), anti-IL-2 receptor [ chain
(TMP1), anti-CD4 (GK1.5), anti-CD8a (53-6.7), anti-
CD8B (53-5.8), anti-TCRP (HS57-597), and anti-
NK1.1(PK136). The stained cells were analyzed by
FACScan (Becton Dickinson Co., Mountain View, Cal-
ifornia, USA). Ten thousand live cells were collected
and analyzed.

Statistical analysis. The statistical significance of
graft survival and the flow cytometry data were deter-
mined by Fisher’s exact test and Student’s ¢ test,
respectively.

Results

Prevention of rat xenograft rejection in C57BL/6 mice with
anti-CD4 treatment. The goal of this study is to identi-
fy the role of Va14 NKT cells in rejection and main-

tenance of intrahepatic rat islet xenografts. As shown
in Table 1, intrahepatic islet xenografts were rejected
with mean survival time of 7.6 + 1.1 days (» = 10) with-
out mAD treatment. Histological study at the time of
rejection revealed multiple foci containing mononu-
clear cells and no transplanted islet grafts in the liver
(data not shown). However, when transplanted mice
were treated with anti-CD4 mAb (50 [g on days 0, 2,
and 4), graft survival was significantly prolonged, and
about 76% (16/21) of the mice were normoglycemic
30 days after transplantation (Table 1, group III). His-
tologically, intact islet grafts were seen in the liver of
the normoglycemic mice (Figure 1a). Small foci of
mononuclear cells were scattered adjacent to the islet
grafts, whereas no infiltration was observed. Interest-
ingly, however, when the dose of anti-CD4 mAb was
increased to 200 Hg, the prevention of rejection was
less impressive, and five of six mice became hyper-
glycemic within 30 days after transplantation, sug-
gesting that the islet xenografts were rejected (Table
1, group IV). As expected, a massive infiltration of
mononuclear cells was seen around the islet grafts in
the liver of mice in group IV. Representative results
are shown in Figure 1b.

Appearance of CD4* NKT cells in the liver of mice receiv-
ing anti-CD4 mAb. To elucidate the dosage effect of
anti-CD4 mAb treatment on xenograft survival,
hepatic mononuclear cells were examined by flow
cytometry analysis periodically after transplantation,
with particular attention paid to cells expressing
CD4. Without mAb treatment, the percentage of
CD3*CD4* cells in the liver was 25.7% + 5.9% (n = 3;
data not shown). The CD3*CD4"* cells can be divided
into two subpopulations with respect to the expres-
sion level of TCR/CD3, i.e., TCR/CD3-intermediate
cells and TCR/CD3-bright cells. The former express-
es NK1.1 and the IL-2R that is characteristic of NKT
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Figure 3
CD4/CD3 profiles of hepatic mononuclear cells after anti-CD4
treatment. Hepatic mononuclear cells were isolated from

mAb
mice

receiving islet isografts and anti-CD4 mAb. The percentages of

CD3CD4* cells and CD3"g"CD4" cells are shown.
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Figure 4

The survival of rat islet xenografts in Vo 14 NKT-KO mice treated with
anti-CD4 mAb. Rat islet xenografts were transplanted into the livers
of STZ-induced diabetic Va14 NKT-KO mice (squares; n = 8) or wild-
type littermate mice (triangles; n = 21), and the transplanted mice
were treated with 50 Hg of anti-CD4 mAb on days 0, 2, and 4. The
difference in graft survival between these two experimental groups
was statistically significant (P < 0.01). Va14 NKT-KO mice received
2 x 107 splenocytes from V14 NKT mice via the portal vein at the
time of islet transplantation, and then the mice were treated with 50

Ug of anti-CD4 mAb (circles; n = 7).

100

% Graft survival
[4))
(=)

cells (Figure 2). The percentages of CD4*NK1.1* and
CD4*NK1.1- were 9.7 £ 0.4% (n = 3) and 16.0 £ 3.0%
(n = 3), respectively (data not shown).

As shown in the left panels of Figure 3, the percent-
ages of both CD4* NKT cells and conventional CD4* T
cells decreased dramatically at around 7 days after
transplantation. This suggests that treatment with
anti-CD4 mAb (50 or 200 Hg) depleted CD4* cells from
the liver almost completely regardless of their CD3
expression. Interestingly, however, on day 14 after
transplantation, significant numbers of CD3-interme-
diate CD4* cells (CD4* NKT cells) reappeared in the
liver of mice treated with 50 pg, but not with 200 Ug,
anti-CD4 (Figure 3, middle panels). After 30 days, both
CD4*CD3" NKT cells and conventional CD4*CD3* T
cells were recovered at similar levels in both groups
(Figure 3, right panels). Similar patterns of recovery
were observed in the spleen (data not shown).

Requirement of Va14 NKT cells for the acceptance of rat islet
xenografts in mice treated with anti-CD4 mAb. To address
the role of Voi14 NKT cells in the acceptance of rat islet
xenografts, Vo 14 NKT-KO mice were used as recipi-

20 30 40 50 60

Days after transplantation

10

ents. As shown in Figure 4, all Voi14 NKT cell-deficient
mice (n = 8) rejected the xenografts within 30 days after
transplantation, even at a dose of the 50 g anti-CD4
mAb. Under the same conditions, 16 of 21 wild-type
mice accepted the grafts (triangles in Figure 4).

Rescue of the acceptance of islet xenografts by the adoptive
transfer of V14 NKT cells. The role of Va14 NKT cells
in the acceptance of rat islet xenografts was further
investigated by cell transfer experiments. Splenocytes
from Va14 NKT mice were transferred into STZ-
induced diabetic Va14 NKT-KO mice via the portal
vein at the time of islet transplantation. The mice
were treated with 50 Pg of anti-CD4 mAb (on days 0,
2, and 4). The survival rate of islet xenografts in mice
receiving 2 X 107 splenocytes from Va14 NKT mice
was significantly increased and was 71% (5/7) 30 days
after transplantation (Figure 4). Three of seven mice
receiving 2 X 107 splenocytes were normoglycemic for
more than 60 days after islet transplantation (Figure
4). Similar to wild-type mice, well-granulated f3 cells
and accumulations of mononuclear cells adjacent to
the grafts were observed in the liver of normoglycemic
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Figure 5

Histological analysis of rat islet xenografts in the livers of Va14 NKT-KO mice receiving transferred Vo 14 NKT cells. Va14 NKT-KO
mice receiving Vo 14 NKT cell transfers as described for Figure 4 were normoglycemic for more than 60 days. A representative islet
graft in the liver is shown. x160.
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Figure 6

Survival of rat islet xenografts in I1L-4-KO and IFN-y-KO mice treated
with anti-CD4 mAb. [L-4-KO mice treated with (open squares; n = 4)
or without (filled squares; n = 5) anti-CD4 mAb (50 pg), and IFN-y-
KO mice treated with (open circles; n = 4) or without (filled circles;
n=6) anti-CD4 (50 g) were used as recipients.

recipients (Figure 5). These results suggest that Vo 14
NKT cells are essential for the acceptance of rat islet
xenografts in mice treated with anti-CD4 mAb.

Regulatory role of Val4 NKT cells in islet xenograft trans-
plantation. Va14 NKT cells are known to produce both
IL-4 and IFN-y after TCR cross-linking (34-37), and
therefore IL-4-KO and IFN-y-KO mice were used as
recipients to address whether these cytokines are
involved in the process leading to the acceptance of
islet xenografts. As shown in Figure 6, IL-4-KO mice
rejected islet xenografts within 10 days after trans-
plantation if anti-CD4 mAb was not administrated
(closed squares; mean survival time is 6.2 + 1.1 days; n
= 5). The survival rate was significantly increased by
treatment with anti-CD4 mAb (open squares) to 75%
(3/4) after 30 days, a result similar to that seen in
wild-type mice (see Table 1). This result suggests that
IL-4 is not involved in the process of Va14 NKT
cell-mediated acceptance of islet xenografts. In con-
trast, a significant prolongation of islet xenograft sur-
vival was seen in IFN-y-deficient mice even without
anti-CD4 treatment (Figure 6, closed circles). The
mean survival time was 33.0 + 9.2 days (n = 6). How-
ever, it was also noted that all the grafts in IFN-y-KO
mice were rejected by 44 days. When IFN-y-KO mice
were treated with anti-CD4 mADb, the survival rate was
100% on day 30 and 75% on day 60 after transplanta-
tion (Figure 6, open circles). This result suggests that
IFN-yis involved in the process of xenograft rejection,
but not in the process of Va14 NKT cell-mediated
suppression of xenograft rejection.

Finally, we used Va14 NKT mice as recipients to
determine whether Va14 NKT cells serve as effector
cells for the rejection of islet xenografts. As reported
previously, only Va14 NKT cells develop in Vo14 NKT
mice in which essentially no conventional T cells were
detected (22). Figure 7 shows the plasma glucose levels
of Vo14 NKT mice with islet xenografts; all islet
xenografts (n = 4) were accepted even without anti-CD4
treatment, and the mice were normoglycemic more
than 60 days after transplantation. These results sug-
gest that Va14 NKT cells do not serve as effector cells
in the rejection of islet xenografts.
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Discussion

It has been reported that the rejection of islet allografts is
dependent on both CD4* and CD8* T cells, as evidenced
by the fact that a single treatment with either anti-CD4
(38) or anti-CD8 (39) mAb is sufficient to prevent graft
rejection. In the allotransplantation experimental system,
CD4 T cells are thought to activate and induce CDS8 effec-
tor T cells, and treatment with mAb specific for either
CD4 or CD8 may interfere with the processes of activa-
tion and/or the function of CD8 cytotoxic T cells. In con-
trast, the immune responses leading to islet xenograft
rejection appear to be CD8 T cell-independent based on
the findings that anti-CD8 treatment fails to prevent islet
xenograft rejection (40) and that the rejection of islet
xenografts is observed in CD8 T cell-deficient mice (41).
Several studies have demonstrated that the administra-
tion of anti-CD4 mAb induces various levels of prolon-
gation of xenograft survival in the case of rat islets trans-
planted into mouse (39, 42, 43) and that of pig islets
transplanted into mouse (44), suggesting that the rejec-
tion of xenografts is CD4 T-cell dependent.
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Figure 7

Plasma glucose levels of STZ-induced diabetic Va14 NKT mice

receiving rat islet xenografts without anti-CD4 mAb treatment.

The

individual lines represent the nonfasting plasma glucose levels of

each animal after transplantation (n = 4).
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In the present study, we confirmed that rat islet
xenografts were accepted in mice receiving anti-CD4
mAb. Interestingly, it was also noted that the dose of
anti-CD4 mAD appeared to be critical. Treatment with
low doses of anti-CD4 mAb (50 pig) showed potent inhi-
bition of xenograft rejection, whereas a high anti-CD4
dose (200 pg) had a significantly diminished inhibitory
effect (Table 1). To understand this paradox, careful flow
cytometry analyses of hepatic mononuclear cells from
mice receiving anti-CD4 treatment were performed. The
appearance of CD3i* CD4* NKT cells was found to be
correlated with the beneficial effects (Figure 3). The
behavior of conventional CD3*CD4* T cells, another
anti-CD4-sensitive cell type in the liver, remained
unchanged with either of these two treatments. From
these results, we hypothesized that CD4* NKT cells play
an important regulatory role in immune responses lead-
ing to xenograft rejection, and a set of experiments with
Va14 NKT-KO mice was performed. We found that
Va14 NKT cells are crucial for the acceptance of islet
xenografts in the liver of mice treated with anti-CD4
mAD. V14 NKT cells are likely to serve as regulatory
cells but not effector cells, because Va14 NKT mice,
which have only Va14 NKT cells without conventional
lymphocytes, did not reject islet xenografts.

Although it is not clear why CD4* NKT cells reap-
peared more quickly than conventional CD4* T cells in
the liver (Figure 3), one possible explanation is that
NKT cells are more resistant to apoptosis. Several inves-
tigators reported that NKT cells are more resistant to
radiation- and glucocorticoid-induced apoptotic cell
death (45, 46), perhaps because of high expression lev-
els of Bcl-2 (45). Although this unique feature of NKT
cells could explain the differences in susceptibility to
anti-CD4-mAb-mediated cell death, this seems unlike-
ly because almost all CD4* NKT cells and conventional
CD4* T cells were depleted in the liver 7 days after trans-
plantation (Figure 3). Another possibility is that NKT
cells regenerate more quickly than CD4* T cells. This
possibility is consistent with our observation (Figure 3).

It has been well documented that NKT cells produce
large amounts of both IL-4 and IFN-y upon activation
(34-37). Given that IL-4 and IFN-y have opposite effects
on the development of Th1 and Th2 cells, extensive
analyses with various experimental systems have been
performed, and conflicting results have been reported
(47-52). More recently, using d-galactosylceramide, a
ligand for the V14 NKT cell receptor (53), the regula-
tory role of Va14 NKT cells in Th1/Th2 cell develop-
ment has been addressed. Again, evidence suggesting
both the IFN-y-mediated inhibition of Th2 responses
and IL-4-induced Th2-cell induction have been report-
ed (54-56). In addition, an IL-4-induced augmentation
of NKT cell-mediated cytotoxic function has been
noted (57). In any event, it is conceivable that either IL-
4 or IFN-yis involved in the process of the Vo14 NKT
cell-mediated inhibition of xenograft rejection. How-
ever, the results from IL-4-KO mice and IFN-y-KO mice
suggest little involvement of these two cytokines (Fig-

ure 6). Our preliminary results suggest that activated
Val4 NKT cells with a-galactosylceramide produce
other inhibitory cytokines such as TNF-a, TGF-f3, IL-6,
lymphotoxin, and IL-10 (data not shown). However, the
effector molecules of the Va14 NKT cell-mediated inhi-
bition of xenograft rejection have not yet identified.
Cytokine production profiles of Vo14 NKT cells in the
liver of mice undergoing xenotransplantation and anti-
CD4 treatment are worth determining.

In IFN-y-KO mice, a prolongation of graft survival
was observed even without anti-CD4 treatment (Figure
6). This finding suggests that IFN-y may play a certain
role at the effector phase, probably on other cell popu-
lations such as cytotoxic T cells rather than the regula-
tory Vo 14 NKT cells. The IFN-y required for the rejec-
tion of xenografts may be produced by activated CD4*
T cells or NKT cells. However, a set of cell transfer
experiments is required to address this issue.

Recently, Eberl et al. revealed that NKT cells can be
divided into the two subpopulations depending on the
reactivity of NKT cells toward the monomorphic MHC
class I-like molecule CD1d (58). It has also been sug-
gested that the percentages of these two NKT cells dif-
fer among organs. In the present study, we addressed
only Vo14 NKT cells, which belong to the cell type with
a CD1d restriction. It is conceivable that the molecular
requirement for activation, subsequent production of
cytokines, and resulting regulatory effects are distinct
between these two NKT cell subpopulations. Thus, an
analysis focusing on the function of each NKT cell sub-
population would be of interest and helpful for under-
standing the precise molecular mechanisms operating
in the immune responses against xenografts.

In summary, the present study provides evidence sug-
gesting that CD4* Va14 NKT cells are essential for the
acceptance of islet xenografts in mice treated with anti-
CD4 mAb. These results may provide new insights for
understanding transplantation immunobiology and are
helpful for the establishment of a novel treatment for
diabetes involving islet transplantation in humans.
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