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Prevention of Early Loss of Transplanted Islets in the
Liver of Mice by Adenosine

Tomoyuki Nitta,' Takeshi Itoh," Nobuhide Matsuoka,’ Toshiyuki Mera," Daibo Kojima,’
Masahiko Nakano,” Yuichi Yamashita,” and Yohichi Yasunami®>

Background. The low efficiency of islet transplantation necessitating sequential transplantations with the use 0of 2 to 3
donors for a recipient has been a major obstacle facing clinical islet transplantation. We determined whether adenosine
has any beneficial effects on preventing early loss of transplanted islets in the liver, thereby facilitating successful islet
transplantation from one donor to one recipient in mice.

Methods. Two hundred islets, the number of islets from a single mouse pancreas, were grafted into the liver of
streptozotocin-induced diabetic C57BL/6 mice. Adenosine was administered once at the time of islet transplantation.
Mononuclear cells in the liver of mice receiving islets were isolated and examined by flow cytometry.

Results. A single injection of adenosine at the time of transplantation ameliorated hyperglycemia of diabetic mice
receiving 200 syngenic islets with suppression of interferon (IEN)-vy production of hepatic NKT cells and neutrophils,
while that of control did not. The IEN-vy production of NKT cells and neutrophils in the liver of mice treated with
a-galactosylceramide, a synthetic ligand of NKT cells was suppressed by adenosine. The beneficial effect of adenosine
was also observed for BALB/c islet allografts when alloimmune rejection was prevented by anti-CD4 antibody.
Conclusions. Adenosine suppresses the NKT cell-mediated IFN-y production of neutrophils in the liver of mice
receiving islets, thus leading to prevention of early loss of transplanted syngenic and allogenic islets. The findings

indicate that adenosine may improve efficiency of clinical islet transplantation.
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ancreatic islet transplantation has now become a proce-

dure of choice for the treatment of insulin-dependent
diabetes mellitus (1). Currently, however, pancreatic islet
transplantation has limited success in achieving insulin inde-
pendence of a diabetic patient after transplantation of islets
from a single donor (2), and therefore sequential transplan-
tations of islets with the use of 2 to 3 donor pancreases are
required for the treatment of a single recipient (I). Therefore,
the inability to produce successful islet transplantation from
one donor to one recipient has been a major obstacle facing
clinical islet transplantation.
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The necessity of sequential transplantations of islets to
achieve insulin independence from a single donor after trans-
plantation may imply that transplanted islets are lost after
transplantation and that the amount of insulin produced
from transplanted islets is not enough to maintain glycemic
control without an exogenous insulin treatment. Ryan et al. (3)
recently reported that an islet graft mass of insulin-independent
diabetic patients after having received sequential transplanta-
tions of islets is only 36% even though they received a total of
1 million islets, which is the equivalent number of islets in a
single human pancreas. Therefore, the islet graft loss after
transplantation seems to be a major limiting factor for suc-
cessful islet transplantation.

There are several major factors responsible for the
islet graft loss after transplantation including the toxic ef-
fects of calcineurin inhibitors as immunosuppressive
agents such as FK506 and cyclosporine A (4) and of sus-
tained hyperglycemia (5) on transplanted islets and allo-
and auto-immune rejection. We have previously shown
another novel mechanism that is involved in islet graft loss
after transplantation, namely an early loss of transplanted
islets within 24 hr after transplantation, in which NKT
cell-dependent interferon (IFN)-vy production of Gr-
1"CD11b" cells (neutrophils) plays an essential role (6).
These previous findings indicate that NXT cells and Gr-
17CD11b" cells may be targets for intervention to im-
prove efficiency of islet transplantation.
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Adenosine is a purine nucleoside and is emerging as a
key regulatory molecule which has anti-inflammatory, anti-
coagulatory, and pro-angiogenic effects in hypoxic and in-
flamed tissues (7). From an immunological point of view,
adenosine has been reported to attenuate neutrophil and
macrophage functions (8, 9), and it is a potent inhibitor of T
cell-mediated immune responses (10, 11). Recently, adeno-
sine has been found to be a key molecule that is responsible
for the suppressive function of regulatory T cells (12). More-
over, adenosine has been reported to have an inhibitory effect
that is mediated by NKT cells on the ischemia-induced reper-
fusion injury of the liver in mice (13).

On the basis of these previous reports, we hypothesize
that adenosine may have a beneficial etfect on preventing
early loss of transplanted islets by improving the efficiency of
islet transplantation because the NKT cell-mediated 1FN-y
production of Gr-1*CD11b™ cells (neutrophil) is an essen-
tial component of the early loss of transplanted islets (6) and
because adenosine is expected to have an inhibitory effect on
NKT cells. Importantly, adenosine and an adenosine trans-
porter inhibitor that increases the extracellular levels of aden-
osine such as dipyridamole have already been used in the
clinical practice for the examination and the treatment of
heart function and disease, respectively. Therefore, the safety
issue related to the clinical use for islet transplantation has
already been cleared.

The present study demonstrates that adenosine and an
adenosine transporter inhibitor, dipyridamole can suppress
the NKT cell-mediated IFN-vy production of Gr-1*CD11b™
cells, enabling islet transplantation from one donor to one
recipient in mice, and thus suggesting that adenosine may
improve the efficiency of clinical islet transplantation.

MATERIALS AND METHODS

Animals

Male BALB/c (H-2d) and C57BL/6 (H-2b) mice were
purchased from Charles River Japan (Kanagawa, Japan) and
used for the experiments. Because the severity of diabetes
made with streptozotocin (STZ) injection differed depending
on the weight of mice, only the mice weighing 23 to 25g were
used as recipients. Mice weighing 25 to 30g served as donors,
Diabetes was induced in the recipients by the intravenous
injection of STZ (180 mg/kg) (Sigma, St. Louis, MO). The
plasma glucose levels of the mice exceeded 400 mg/dL at 2 to
3 days after the STZ injection, and the mice remained hyper-
glycemic at the time of islet transplantation. All experiments
were performed in accordance with the Institutional Animal
Care and Use Committee of Fukuoka University.

Islet Isolation and Transplantation

Islets were isolated by the static digestion method using
collagenase (14) and then separated by centrifugation using
Ficoll-Conray gradients (15). Islets of 150 to 250 um in diam-
eter were hand-selected using Pasteur pipette with the aid of a
dissecting microscope, because it was critical to minimize the
size variation of individual islets to compare the effects of the
difference in the number of donor islets. The size of individ-
ual islets in each islet isolation procedure was confirmed by
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using a phase-contrast microscope equipped with a scale in
the eyepiece. Hand-picked islets were transplanted into the
liver through the recipient’s portal vein (16) at 3 days after the
induction of diabetes with STZ injection.

Monitoring Plasma Glucose and Body Weight

The nonfasting plasma glucose levels and body weight
were monitored three times a week in all the recipients for 60
days after islet transplantation. The plasma glucose was mea-
sured using a Beckman glucose analyzer (Beckman Japan,
Tokyo, Japan). Normoglycemia after transplantation was de-
fined as two consecutive plasma glucose levels with a reading
below 200 mg/dL.

Administration of Adenosine,
a-Galactosylceramide, Dipyridamole,
Nitrobenzylthioinosine, and Anti-CD4 Antibody

Adenosine (Daiichi Pharmaceutical Co., Tokyo, Japan)
and dipyridamole (Boehringer Ingelheim, Ingelheim, Ger-
many) were dissolved in saline and were administered intra-
venously; nitrobenzylthioinosine (NBTI) (Sigma Aldrich, St.
Louis, MO) was dissolved in 10%DMSO and administered
intraperitoneally (IP) into appropriate groups of diabetic re-
cipient mice, once at the time of islet transplantation.

a-Galactosylceramide (a-GalCer) was a generous gift
from Dr. Masaru Taniguchi (RIKEN Research Center for Al-
lergy and Immunology, Yokohama, Japan) and was adminis-
tered intravenously to naive mice.

Anti-CD4 antibody (200 pg/injection/mouse, YTS177,
rat IgG1; R&D, Minneapolis, MN) was administered IP to
appropriate groups of diabetic recipient mice receiving allo-
genic islets into the liver.

Intraperitoneal Glucose Tolerance Test

Intraperitoneal glucose tolerance test (IPGTT) was per-
formed in recipient mice at 60 days after the islet transplan-
tation. The mice were fasted for 8 hr before the start of the
examination. Blood samples were obtained from the orbital
sinuses of recipient mice at 0, 30, and 120 min after the IP
injection of glucose (1 g/kg body weight), and the plasma
glucose was measured as previously described.

Morphological Study

The livers bearing islet grafts and pancreas were exam-
ined morphologically at 60 days after transplantation in ap-
propriate groups of mice, and the pancreases of recipient
mice were also examined simultaneously. The liver and pan-
creas were fixed with Bouin’s solution, processed, and then
were embedded in paraffin. The sections were prepared for
light microscopy and stained with hematoxylin-eosin, and
aldehyde and fuchsin.

Preparation of Hepatic Mononuclear Cells
Hepatic mononuclear cells (MNCs) were prepared as
described previously (17). In brief, an excised liver was
pressed through a stainless steel mesh, and the resulting dis-
sociated liver tissues were suspended in Dulbecco’s modified
Eagle medium (D-MEM/F-12, Life Technologies, Tokyo, Ja-
pan) and washed twice. The mixture was resuspended in an
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isotonic 33% Percoll solution containing heparin (67 U/mL)
and centrifuged at 2000g at 4°C for 15 min. The resulting
pellet was suspended in a 0.83% ammonium chloride solu-
tion to lyse erythrocytes. After counting, these MNCs were
washed twice in PBS and used for further analysis.

Antibody and Flow Cytometry Analysis

The antibodies (Abs) used for the flow cytometry anal-
ysis were as follows: Fc block (anti-mouse FcRyHI/II mAb,
2.4G2), fluorescein isothiocyanate-conjugated anti-CD3e (clone
145-2C11, American Hamster IgGlk), phycoerythrin-CY5-
conjugated rat anti-mouse CD4 mAb (clone RM4-5, Rat
1gG2a), allophycocyanin-conjugated anti-IFN-y mAb (clone
XMG1.2,Rat IgG1), fluorescein isothiocyanate-conjugated anti-
CD11b (M1/70), PerCP-conjugated anti-Gr-1 (RB6—8C5), and
their isotype control {clone R3-34, Rat IgG1) were purchased
from Pharmingen (San Diego, CA). Phycoerythrin-conjugated
a-GalCer-loaded CD1d tetramers were prepared as described (18).
For intracellular staining, cells were incubated with anti-
FcRYII/TI and neutravidin (Invitrogen), surface stained,
fixed, permeabilized, stained with mAbs, and analyzed on a
flow cytometer (FACS Calibur; Becton Dickinson). A total of
10,000 viable cells were analyzed.

Statistical Analysis

The statistical significance with respect to the rate of
euglycemia in streptozotocin-induced diabetic mice after
transplantation and to the plasma glucose levels during
IPGTT was determined by Fisher’s exact test and Student’s ¢
test, respectively. Differences were considered significant
when the P values were less than 0.05.

RESULTS

Early Loss of Transplanted Syngenic Islets in the
Liver of Mice is Prevented by Adenosine

First, we determined whether adenosine has any bene-
ficial effect on preventing early loss of transplanted syngenic
islets in the liver of STZ-induced diabetic mice. Previously, we
have shown that hyperglycemia of diabetic recipient mice is
ameliorated after the transplantation of 400 syngenic islets
into the liver, but not of 200 islets (6), the number of islets
isolated from a single mouse pancreas. In this study, we de-
termined whether hyperglycemia of diabetic mice that re-
ceived 200 syngenic islets into the liver is ameliorated by
adenosine. When diabetic mice received 200 islets and were
treated with saline as a control, all the recipient mice (n=5)
did not become normoglycemic after the transplantation
(Fig. 1, upper panel). When diabetic mice received the same
number of islets and were treated with 0.5 or 5 mg/kg aden-
osine once at the time of islet transplantation, 0 of 4 or 5 of 5
recipient mice became normoglycemic after the transplanta-
tion (Fig. 1, middle and lower panels). A histologic study
revealed that intact or degenerated islets with well or poorly
granulated B cells were seen in the liver of the normoglycemic
or hyperglycemic recipient mice, respectively (histology not
shown). The findings show that the amount of insulin pro-
duced from islet grafts was sufficient to ameliorate hypergly-
cemia of the diabetic recipient mice treated with 5 mg/kg
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FIGURE 1. Plasma glucose levels of streptozotosin-induced

diabetic mice receiving 200 syngenic islets into the liver. Dia-
betic mice receiving 200 syngenic islets were treated with
saline (A), 0.5 mg/kg (B), or 8 mg/kg adenosine (C) once at
the time of islet transplantation. Individual line represents the
nonfasting plasma glucose levels of each animal.
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FIGURE 2. Intraperitoneal glucose tolerance test of diabetic
mice receiving syngenic islets at 60 days after transplantation.
Recipient mice were fasted for 8 hr before the examination, and
plasma glucose levels were determined at 0, 30, and 120
min after the glucose injection (intraperitoneally, 1 g/kg).
Experimental groups included diabetic mice without islet
transplantation ([, n=4), those receiving 400 islets without
treatment (¢, n=5), 200 islets treated with adenosine (5
mg/kg) (@, n=>5), orsaline (V,n=4). Untreated mice served
as control (O, n=4). The plasma glucose levelsat 30and 120
min after the glucose injection between the mice receiving
400 islets without treatment and those receiving 200 islets
and treated with adenosine were significantly different
(*P<C0.08 by the Student’s-t test).

adenosine but not that of the mice treated with saline or 0.5
mg/kg adenosine, indicating that early loss of transplanted
islets is prevented by 5 mg/kg adenosine. Therefore, 5 mg/kg
adenosine was used for the following studies.

Increase in Functional Islet Mass in the Liver of
Recipient Mice by Adenosine

To evaluate the extent that adenosine improves the ef-
ficiency of islet transplantation, IPGTT was performed in ap-
propriate groups of recipient mice. As shown previously (19),
the plasma glucose levels of diabetic mice (n=5) receiving
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FIGURE 3.

Flowcytometry of mononuclear cells in the liver of mice. Mononuclear cells in the liver of diabetic mice

receiving 200 syngenic islets and treated with saline (B) or adenosine (5 mg/kg) (C) were isolated at 6 hr after islet
transplantation and examined by the flow cytometry. NKT cells defined as the cells expressing a-galactosylceramide/CD1d
tetramer and CD3 on their cell surface were further analyzed with respect to the CD4 expression and the interferon-y
production (second column). Gr-1"CD1 1b™* cells were gated to examine the interferon-y production (4th column). The
numbers in the figures represent the percentage of cells in the corresponding areas. Representative data from the three

experiments are shown.

200 islets at 0, 30, and 120 min after the IP injection of glucose
(1g/kg) were similar to those of diabetic hyperglycemic mice
without islet transplantation (n=5; Fig. 2). In marked con-
trast, the plasma glucose levels of the normoglycemic mice
received 200 islets and treated with 5 mg/kg adenosine were
significantly lower in comparison with those of the normo-
glycemic mice receiving 400 islets at 30 and 120 min after the
IP injection of glucose (1 g/kg; Fig. 2). The findings indicate
that the treatment with adenosine (5 mg/kg/injection) pre-
vented a significant decrease of the islet mass in the liver of
recipient mice after transplantation.

IFN-y Production of NKT Cells and Gr-1*CD11b™
Cells in the Liver of Mice Receiving Syngenic
Islets is Suppressed by Adenosine

Previously, we have shown that the NKT cell-mediated
IFN-y production of Gr-1"CD11b ™ cells (neutrophils) is an
essential component of the early loss of transplanted islets in
the liver of mice (6). Therefore, in this study we determined
whether adenosine has any effect on the NKT cell-mediated
IFN-v production of Gr-1"CD11b™ cells in the liver receiv-
ing islets. For these purposes, MNCs in the liver of mice re-
ceiving islets and treated with adenosine or with saline were
isolated and examined by flow cytometry with respect to
IFN-v production of ¢-GalCer/CD1d-tetramer * CD3 "NKT
cells and Gr-1"CD11b™ cells (neutrophils). NKT cells are
composed of two major populations, namely CD4"CD8™
and CD4~CD8™ NKT cells. It was found that the IFN-+y pro-
duction of both NKT cell populations in the liver of mice
receiving syngenic islets and treated with saline was upregti-
lated at 6 hr after transplantation (Fig. 3,11, 2nd column). The
[FN-vy production of CD4"NKT cells was significantly sup-

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

pressed in the liver of the mice treated with adenosine. The
IFN-v production of Gr-1*CD11b™ cells accumulated in the
liver of mice receiving islets and treated with adenosine was
suppressed at 6 hr after transplantation (Fig. 3, Il and I1I, 4th
column). Interestingly, the number of accumulated Gr-1 *CD11b™
cells in the liver of mice receiving islets was not altered irre-
spective of the treatment with adenosine (Fig. 3, 3rd column).
Therefore, these findings show that adenosine has an inhibi-
tory effect on the IFN-vy production of NKT cells and Gr-
17CD11b™ cells in the liver of mice after islet transplantation.

Adenosine Prevents a-GalCer-Stimulated IFN-y
Production of NKT Cells and Gr-1"CD11b™ Cells

To confirm further an essential role of adenosine in
NKT cell activation, a-GalCer, a synthetic ligand of NKT cells
was used in the experiments and determined whether the
IFN-vy production of NKT cells in response to a-GalCer was
suppressed by adenosine. As originally reported (20), it is well
known that NKT cells produce large amount of IFN-vy in
response to a-GalCer. The fluorescence-activated cell sorting
analysis of MNC in the liver of mice at 2 hr after the IV injec-
tion of «a-GalCer (10 pg/kg/injection/mouse) revealed a
marked increase in IFN-y production of «-GalCer/CD1d-
tetramer” CD3 NKT cells and Gr-17CD11b ™ cells (neutro-
phils) in comparison with control mice treated with vehicle
(Fig. 4, 1 and II). In contrast, the IFN-vy production of NKT
cellsand Gr-1"CD11b™ cells in the liver of mice treated with
adenosine in conjunction with a-GalCer was suppressed (Fig.
4, 111). Thus, adenosine has an inhibitory effect on activation
of NKT cell and Gr-1"CD11b* cell activation in response to
a-GalCer.
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FIGURE 4. Flow cytometry of mononuclear cells in the liver of mice treated with intravenous administration of
a-galactosylceramide (x-GalCer). Mononuclear cells in the liver of mice treated with (C) or without adenosine (8 mg/kg)
(B) were isolated at 2 hr after the intravenous injection of a-GalCer (10 ng/kg) and examined by the flow cytometry. Mice
treated with vehicle served as the control (A). The a-GalCer-CD1d tetramer” CD3™ NKT cells were further gated to examine
the interferon-y production of CD4" or CD4~ NKT cells (second column). The Gr-1 *CD11b™ cells were further examined
with respect to the interferon-y production (4th column). The numbers in the figures represent the percentage of cellsin the
corresponding areas. Representative data from the three experiments are shown.

Beneficial Effects of Adenosine Transporter
Inhibitors, Dipyridamole, and
Nitrobenzylthioinosine on Prevention of Early
Loss of Transplanted Islets

Thereafter, we determined whether adenosine trans-
porter inhibitors, such as dipyridamole and NBTI, which in-
crease extracellular levels of adenosine have a similar effect to
adenosine with respect to prevention of early loss of trans-
planted islets. When diabetic mice receiving 200 syngenic is-
lets into the liver were treated with vehicle as controls, all the
recipient mice remained hyperglycemic for more than 60
days after the transplantation (Fig. 5, A). In contrast, diabetic
mice receiving 200 syngenic islets into the liver and treated
with dipyridamole or NBTI became normoglycemic by 60
days after the transplantation (Fig. 5, B and C). Histologically,
intact islets with well-granulated or degranulated 3 cells were
identified in the liver of the normoglycemic or hyperglycemic
mice, respectively at 60 days after the transplantation (histol-
ogy not shown).

Adenosine Prevents Early Loss of Transplanted
Allogenic Islets in the Liver of Recipient Mice
Treated With Anti-CD4 Antibody

Finally, we determined whether the beneficial effect of
adenosine on prevention of early loss of transplanted syn-
genic islets in the liver of mice is similar for islet allotransplan-
tation. When 200 BALB/c islets were grafted into the liver of
STZ-diabetic C57BL/6 mice treated with saline, recipient
mice did not become normoglycemic and remained hyper-
glycemic by 60 days after the transplantation (Fig. 6, A, left
panel). Histologic examinations revealed that foci of MNCs
were seen in the liver of mice receiving islet allografts at 14

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

days after the transplantation, whereas only a few insulin pro-
ducing cells were identified (Fig. 6, A, right panels). In con-
trast, when 200 BALB/c islets were grafted into the liver of
STZ-diabetic C57BL/6 mice treated with adenosine once at
the time of islet transplantation, hyperglycemia of recipient
mice was ameliorated by 3 days and the mice became hyper-
glycemic again by 7 days after the transplantation (Fig. 6, B,
left panel). Histologically, islet grafts infiltrated with MNCs
were seen in the liver of the recipient mice at the time of
rejection {Fig. 6, B, right panels). When diabetic mice re-
ceived 200 allogenic islets and were treated with anti-CD4
antibody, the recipient mice remained hyperglycemic by 60
days after transplantation (Fig. 6, C, left panel). Histologi-
cally, islets with degranulated B cells were seen in the liver of
the recipient mice at 60 days after the transplantation as re-
ported previously (19; data not shown). When diabetic mice
received 200 allogenic islets and were treated with adeno-
sine in conjunction with anti-CD4 antibody, the recipient
mice became normoglycemic by 5 days and remained in
this state for more than 60 days after transplantation (Fig. 6,
D, left panel). Histologically, intact islets with well-granulated 8
cells were seen in the liver of the recipient mice at 60 days after
the transplantation (Fig. 6, D, right panels). These findings
indicate that adenosine promotes early engraftment while
anti-CD4 antibody prevents the alloimmune rejection of
transplanted allogenic islets.

DISCUSSION
These findings clearly show that adenosine prevents the
early loss of transplanted syngenic islets by suppressing the
NKT cell-mediated IFN-v production of Gr-1*CD11b™ cells
in the liver of mice receiving islets, thus enabling islet trans-
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plantation from one donor to one recipient in mice. More-
over, the beneficial effect of adenosine was also found in islet
allotransplantation when alloimmune rejection was pre-
vented under an immunosuppressive agent such as anti-CD4
antibody.

Adenosine has long been used as a supplemental com-
ponent of preservation solution for organ transplantation to
minimize ischemic damage of donor organs during preserva-
tion (21). Accumulating evidences now show that adenosine
is produced in various cells when they are placed under stress
such as ischemia and inflammation, and it serve as a suppres-
sive molecule through its receptor on cellular membrane,
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FIGURE 5. Beneficial effects of dipyridamole and nitro-

benzylethioinosine on prevention of early loss of trans-
planted islets. Individual line represents the nonfasting
plasma glucose levels of each diabetic mouse receiving
200 syngenicislets and treated with vehicle (A), dipyridamole
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FIGURE 6. Early loss of transplanted allo-
genic islets was prevented by adenosine.
The plasma glucose levels of diabetic mice
receiving 200 allogenic islets and treated
with saline or adenosine (8 mg/kg, adminis-
tered intravenously) are shown in groups A
or B, respectively. In groups D or C, recipient
mice receiving 200 allogenic islets were
treated with anti-CD4 antibody combined
with and without the treatment by adenosine,
respectively. The livers of mice receiving is-
let allografts were examined morphologi-
cally at 14 (A and B) or 60 days (D) after the
transplantation (right columns). nd, not
done; HE, hematoxylin-eosin stain; AF, alde-
hyde and fuchsin stain. Original magnifica-
tion X100.
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such as adenosine A2A receptor (22). Thus, the presence of
adenosine outside of the cells seems to be essential for the
inhibitory effect of adenosine. Adenosine is present in equal
amounts between inside and outside the cells and its trans-
port is controlled by the equilibrium nucleoside transporter
(ENT) onthe cellular membrane (23). Adenosine is produced
from adenosine triphosphate/adenosine diphosphate and
adenosine monophosphate mediated by CD39 (ectonucleo-
side triphosphate diphosphohydrolase-1) and CD73 (ecto-5-
nuclectidase), respectively, and from s-adenosylhomosistein
by adenosine hydrolase (24). Adenosine is degraded by aden-
osine deaminase (25). Therefore, there are several ways to
increase the extracellular concentration of adenosine includ-
ing the administration of adenosine itself, the blockade of
ENT to prevent transportation of adenosine from outside to
inside the cells, the prevention of adenosine degradation and
the promotion of adenosine production. In this study, we
focused on the former two interventions because adenosine
and the ENT inhibitor, dipyridamole have already been used
in the clinic and are ready to be applied to clinical islet trans-
plantation. First, we determined whether adenosine has any
beneficial effect on prevention of the early loss of syngenic
transplanted islets and found that this was the case as shown
in Figure 1. The flowcytometry of MNC in the liver of mice
receiving islets and treated with adenosine revealed that the
IFN-vy production of NKT cells and neutrophils infiltrated
into the liver of mice after islet transplantation was sup-
pressed. The finding suggests that the beneficial effect of
adenosine was mediated through the inhibition of NKT cells
and not though the activation of neutrophils, because the
IFN-vy production of neutrohils in the liver of mice receiving
islets, which is an essential component of the early loss of
transplanted islets, was dependent on NKT cells (6). To ex-
amine further whether NKT cells were responsible for the
inhibitory effect of adenosine, we determined whether IFN-+y
production of NKT cells in response to a-GalCer, a synthetic
ligand of NKT cells (20), was inhibited by adenosine. The flow
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cytomety of MNC in the liver of mice treated with the 1V
injection of a-GalCer showed that the IFN-v production of
NKT cells in response to «-GalCer was suppressed by the
treatment with adenosine and, consequently, the IFN-vy pro-
duction of neutrophils that infiltrated the liver was also sup-
pressed. Recently, Lappas et al. (13) reported that hepatic
reperfusion injury was initiated by the activation of NKT cells
that was inhibited by the adenosine A2A receptor agonist.
Thus, these findings strongly suggest that the inhibitory effect
of adenosine on prevention of early loss of transplanted islets
is primarily mediated by NKT cells, although it remains un-
certain whether the site of inhibitory action by adenosine in-
cludes the upstream pathway(s) of NKT cell activation, in
which dendritic cells and macrophages (kupffer cells) might
be involved.

Another important issue to consider is whether adeno-
sine has protective effects directly on transplanted islets and
whether islet cells express adenosine receptor(s). Recently, an
adenosine receptor knockout mouse was developed (26), and
it was reported that the tissue damage in Con A hepatitis was
exacerbated in adenosine receptor 2A™/” mice compared
with wild-type mice (27). However, no information is avail-
able regarding whether islet cells themselves express adeno-
sine receptors and whether adenosine has a direct protective
effect on islet cells under stresses including hypoxia and in-
flammation. More importantly, the molecular mechanisms
of the inhibitory effects by adenosine in the individual cells
after binding adenosine receptor remain unclear. These issues
are matters of interests for future investigations.

Because the low efficiency of islet transplantation re-
mains a major obstacle to overcome in clinical islet transplan-
tation, it is important and interesting to understand the
extent and the efficiency of islet transplantation improve-
ment by adenosine. The IPGTT at 60 days after transplan-
tation disclosed that the glucose tolerance of STZ-induced
diabetic mice receiving 200 islets from a single donor and
treated with adenosine was superior in comparison with diabetic
mice receiving 400 islets from two donors, thus indicating that
adenosine facilitates a greater than 2-fold improvement in the
efficiency of islet transplantation.

We found that the inhibitory effect of adenosine on the
early loss of transplanted syngenic islets was also similar for
islet allotransplantation, in which STZ-diabetic mice receiv-
ing 200 allogenic islets from a single donor and treated with
adenosine became normoglycemic after the transplantation.
However, the normoglycemic recipient mice became hyper-
glycemic again by 7 days after the transplantation, thus indi-
cating that a single injection of adenosine has an inhibitory
effect on the early loss of transplanted islets but not on the
alloimmune rejection. Previously, we have shown that NKT cells
play an essential role in alloimmune rejection of islet allografts
in the liver of mice by using Val4 NKT cell- and CD1d-
deficient mice, in which the survival of islet allografts is pro-
longed without any immunosuppression (28). These findings
suggest that adenosine may have an inhibitory effect on alloim-
mune rejection when administered appropriately with
respect to its dosage and its duration, and with respect to the
timing of the treatment. To clarify these, further studies are
required. Importantly, a beneficial effect of adenosine on pre-
venting the early loss of transplanted allogenic islets was
found to be maintained when alloimmune rejection was pre-
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vented by anti-CD4 antibody. It is important to determine
whether immunosuppressive agents such as antithymocyte
globulin, which has been recently introduced into clinical is-
let transplantation, have any beneficial effect on the engraft-
ment of transplanted islets. Furthermore, it is important to
clarify whether the adenosine receptor agonist such as ATL-
146¢ (29), which is currently being developed for clinical ap-
plication, has any beneficial effect and how adenosine itself is
effective in the improvement of the engraftment of trans-
planted islets in comparison to the other strategies including
the procedures targeting proinflammatory cytokines {19) and
instant blood-mediated inflammatory reactions {30, 31).

In summary, this study demonstrates that adenosine
produces beneficial effects for the prevention of early loss of
transplanted islets, enabling islet transplantation from one
donor to one recipient in mice. Because adenosine and the
adenosine transporter inhibitor, dipyridamole have already
been used in the clinic, the safety issues with respect to the
clinical use for islet transplantation has been cleared. Thus,
adenosine may improve the efficiency of clinical islet trans-
plantation provided that the beneficial effect of adenosine
demonstrated in this study holds true in humans, although
the effective dosage and the duration of the treatment still
need to be clarified in a clinical setting.
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Islet transplantation for the treatment of type 1 diabetes mellitus is limited in its clinical application mainly
due to early loss of the transplanted islets, resulting in low transplantation efficiency. NKT cell-dependent
IFN-y production by Gr-1*CD11b* cells is essential for this loss, but the upstream events in the process remain
undetermined. Here, we have demonstrated that high-mobility group box 1 (HMGB1) plays a crucial role in
the initial events of early loss of transplanted islets in a mouse model of diabetes. Pancreatic islets contained
abundant HMGB1, which was released into the circulation soon after islet transplantation into the liver. Treat-
ment with an HMGB1-specific antibody prevented the early islet graft loss and inhibited 1FN-y production
by NKT cells and Gr-1*CD11b* cells. Moreover, mice lacking either of the known HMGB1 receptors TLR2 or
receptor for advanced glycation end products (RAGE), but not the known HMGB1 receptor TLR4, failed to
exhibit early islet graft loss. Mechanistically, HMGB1 stimulated hepatic mononuclear cells (MNCs) in vivo
and in vitro; in particular, it upregulated CD40 expression and enhanced IL-12 production by DCs, leading to
NKT cell activation and subsequent NKT celi-dependent augmented IFN-y production by Gr-1:CD11b* cells.
Thus, treatment with either |L-12- or CD40L-specific antibody prevented the early islet graft loss. These find-
ings indicate that the HMGB1-mediated pathway eliciting early islet loss is a potential target for intervention

to improve the efficiency of islet transplantation.

Introduction

Pancreatic islet transplantation, although an attractive procedure
for the treatment of type 1 diabetes mellitus, usually fails to achieve
insulin independence of a diabetic recipient from a single donor due
to early loss of transplanted islets and therefore requires sequential
transplantations of islets with the use of 2-3 donors (1). Thus, the
low efficiency of islet transplantation has been a major obstacle fac-
ing islet transplantation and hampers its clinical application.

We have previously shown in mice that loss of transplanted islets
soon after transplantation is caused by NKT cell-dependent IFN-y
production by Gr-1:CD11b- celis and is suiccessfully prevented by
treatment of NKT cells with repeated stimulation with their syn-
thetic ligand, a-galactosylceramide {a-GalCer), to downregulate
IFN-y production of NKT cells, or by depletion of Gr-1°CD11b- cells
with anti~Gr-1 antibody (2). However, precisely how itis involved in
the upstream events in the activation of NKT ceflsand Gr-1-CD11b
cells in the early loss of transplanted islets remains to be solved.

High-mobility group box 1 (HMGB?1) protein was initially
found to be a DNA-binding protein present in almost all eukary-
otic cells, where it stabilizes nucleosome formation and acts as
a nuclear factor that enhances transcription (3, 4). Recently,
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HMGB1 has been demonstrated to play crucial roles in response
to tissue damage, indicating that HMGB1 is a prototype of the
emerging damage-associated molecular pattern molecule (4,
5). HMGB1 is also known to be secreted by activated immune
cells, including macrophages (6, 7), DCs (8), and NK cells (9) in
response to infection and inflammatory stimuli. Once secreted,
HMGB1 induces inflammatory responses by transduction of cel-
lular signals through its receptors, such as TLR2, TLR4 (10-12),
and receptor for advanced glycation end products (RAGE) (8.
13, 14). Moreover, HMGBT1 levels are markedly increased during
severe sepsis in humans and animais, and administration of neu-
tralizing HMGB1-specific antibodies prevents lethality from sep-
sis (6). Recent accumulating evidence now suggests that HMGB1
acquires or augments proinflammatory activity by binding to
proinflammatory mediators such as LPS, {L-1 (14), and DNA
(15-17). These observations indicate that HMGB1 is an essential
mediator of organ damage; however, its precise role and mecha-
nism remain unknown. Here, we investigate the mechanisms of
action of HMGB?1 in the early loss of transplanted islets.

Results
fnvolvement of HMGB?1 in early loss of transplanted islets. 1t has previ-
ously been shown that hyperglycemia of streptozotocin-induced
{(STZ-induced) diabetic recipient mice was ameliorated after trans-
plantation of 400 syngenic islets in the liver but not of 200 islets
(Figure 1A, no treatment), the number of islets isolated from a
valume 120
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Essential roles of HMGB1 in early loss of transplanted islets. (A) Nonfasting plasma glucose levels in STZ-induced diabetic mice received 200
syngeneic islets {top panel) and those treated with chicken anti-HMGB1 antibody or control chicken igG. Individual lines represent glucose levels
of each animal. (B) FACS profiles of liver MNCs from naive mice, STZ-induced diabetic mice that received 200 syngenic islets (Islet Tx), and
islet transplanted mice treated with anti-HMGB1 antibody or with chicken IgG. NKT cells (top 2 rows) and Gr-1+CD11b+ celis {(bottom 2 rows)
were analyzed for IFN-y {(second and fourth rows). The numbers in the figures represent the percentage of cells in the corresponding square
areas. Representative data from 4 experiments are shown. (C) FACS profiles of NKT cells and Gr-1+CD11b* cells after HMGBH1 treatment. Liver
MNCs from wild-type or Ja78~- mice treated with i.v. injection of saline or HMGB1 (100 pg/mouse) were isolated 2 hours after the injection and
examined by flow cytometry for IFN-; production by NKT cells and Gr-1+CD11b* cells. The numbers in the figures represent the percentage of
cells in the corresponding square areas. Representative data from 4 experiments are shown.

single mouse pancreas (2). By using the diabetes model mice, we
first investigated the effects of anti-HMGB1 antibody to examine
whether HMGBT1 is directly involved in early oss of transplanted
islets. STZ-induced diabetic mice that received 200 isiets together
with anti-HMGB1 antibody once at the time of isiet transplan-
tation became normoglycemic, in contrast to mice treated with
control chicken 1gG (Figure 1A). The resuits demonstrated that
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the anti-HMGB1 antibody ameliorates hyperglycemia of diabetic
mice, indicating that the early loss of transplanted istets is pre-
vented by anti-HMGB1. Thus, HMGB1 plays a cruciai role in early
foss of transplanted islets.

IFN-y production of NKT cells and Gr-1:CD11b- cells in the liver receiv-
ing islets is inhibited by anti-HMGB1 antibody. Next, we determined
whether anti-HMGB1 antibody treatment has any effect on [FN-y
Nareh 2010
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HMGB1 receptors involved in early loss of transplanted islets. (A) In vitro cytokine production by liver MNCs. Liver MNCs (2 x 10%well) isolated
from wild-type, Tir27~, Tlr4~-, or Rage~- mice were cultured with indicated doses of HMGB1 in vitro for 48 hours, and IL-12 or IFN-y levels in the
culture supernatant were measured. Representative data from 2 experiments are shown. (B) Nonfasting plasma glucose levels of STZ-induced
diabetic wild-type, Tlr2+-, Tir4~-, or Rage~- mice that received 200 syngeneic islets. Individual lines represent the glucose leve! of each animal.

production by NKT cells and Gr-1-CD11b- cells in the fiver of
mice receiving islets, which are essential components of early loss
of transplanted islets, as shown previously (2). For those purposes,
mononuclear cells (MNCs) in the liver of recipient mice were isolat-
ed at 6 hours after islet transplantation of 200 syngenic islets into
the liver and examined by FACS as to IFN-y production by NKT
cellsand Gr-1-CD11br cellsin the liver. Theresultsare in agreement
with the previous findings (2) that, within 6 hours after transplan-
tation of syngeneic islets into the liver, NKT cells and Gr-1:-CD11b-
cells accumulated into the liver with uprequiated production of
|FN-y (Figure 1B). This upregulated production of IFN-y after
islet transplantation was inhibited by anti-HMGB?1. Since the
treatment with anti-HMGB1 antibody did not affect the number
of infiltrated Gr-1"CD11b- cells (Figure 1B), the recruitment of
Gr-1-CD11b" cells was due not to HMGB1, but rather probably
to the events of transplantation itself. These findings suggest that
HMGB1 isessentially involved in the activation of NKT cellsand/or
Gr-1"CD11br cells in the liver after islet transplantation.

NKT cell-dependent |FN-y production by Gr-1-CD11b- cells upon stim-
ulation with HMGB?1. In order to confirm HMGB1-dependent IFN-y
production, we investigated whether HMGB?1 has any stimulatory
effects in vivo on NKT cells and/or Gr-1-CD11b- cells in the liver
of mice (Figure 1C). For those purposes, HMGB1 was adminis-
tered i.v. into naive wild-type and NKT celi-deficient Jo.18-- mice,
and their hepatic MNCs were isolated at 2 hours after the injec-
tion and examined by flow cytometry. [t was found that IFN-;
production was upregulated in NKT cellsand Gr-1'*CD11b* celis
in the fiver of wild-type mice treated with HMGB1 (Figure 1C).
Importantly, the IFN-y production by Gr-1-CD11b- cells in the
liver of Ju18~~ mice treated with HMGB1 was not upregulated,
although accumulation of Gr-1-CD11b- cells was similar to that
in witd-type mice (Figure 1C). These findings indicate that IFN-y
production by Gr-1"CD11b- ceils in the liver of mice treated with
HMGB1 is dependent on NKT cells.

The fournal of Clinical Investigation
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Involvement of TLR2 and RAGE but not TLR4 in HMGB1-dependent
early lossof transplanted islets. We further investigated whether HMGB1-
dependent early loss of transplanted islets is dependent on TLR2,
TLR4, and/or RAGE, which is known to be a potential receptor of
HMGB1 (10-14). Isolated liver MNCs from wild-type mice induced
augmented production of IL-12 and IFN-v in response to HMGB?1 in
vitro {Figure 2A), which were greatly reduced in TIr2--and Rage-"~ liver
MNCsbut not in Tird-- liver MNCs, whose cytokine production levels
were equivalent to those of wild-type mice in response to HMGB1.

To elucidate which receptor(s) for HMGB1 are actually involved
in early loss of transplanted islets, STZ-induced diabetic Tir2-",
Tird--, or Rage~™ mice that received 200 syngenic islets were inves-
tigated for glucose levels in the serum. Interestingly, all of Tir2-- or
Rage-"- mice (5 of 5) became normoglycemic, while Tird-- mice
remained hyperglycemic after transplantation, indicating that
TLR2 and RAGE, but not TLR4, play an essential role in the early
loss of transplanted islets (Figure 2B).

Pancreatic islet cells are a major source of HMGB1, which mediates
IFN-y production by NKT cells and Gr-1*CD11b- cells. To validate
the involvement of HMGB1 in early loss of transplanted islets,
we carried out histological examination on islets before and
after transplantation. HMGB1 was detected at a high level in
cytoplasm as well as nucleus of transplanted islets as early as
3 hours after transplantation, while HMGB1 was stained only in
the nucleus of isiets in the naive pancreas and of isolated islets
(Figure 3A). The results suggest that HMGB1 is localized in the
nucleus of pancreatic islets, shuttled to cytopiasm, and possibly
secreted into the circulation soon after transplantation.

Next, we examined the amounts of HMGBT1 in isolated islets
in comparison with those in other organs, including the thymus,
lung, spleen, liver, and pancreas, as weil as of FACS-sorted liver
MNCs, including NK, NKT, T, B, Gr-1-CD11b-, and Gr-1:CD11b
cells. Currently, there are no data available with respect to the
HMGB1 content in the different cell types, although tissue dis-
Yolume 120 Number 2
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HMGB1 production in tissues and cell types. (A) Photomicrographs of islets. Islet cells 3 hours after transplantation in the liver (top row) and those
of naive pancreas or isolated islets were examined. Sections stained with anti-insulin or anti-HMGB1 followed by staining with hematoxylin are
shown. In general, HMGB1 was detected in the nucleus (brown), while some was detected in cytoplasm, as indicated by arrowheads. Original
magnification: x100 (first and second columns) and x800 (third column). Boxed regions in the second column were enlarged. (B) HMGB1 contents
{ng/ug DNA) of individual organs (n = 5), isolated islets, or FACS-sorted liver MNCs (n = 3). (C) Left panels: Fluorescence photomicrographs of
isolated islets (original magnification, x200) stained with HO 342 (blue) and P! (red} at 24 hours after in vitro culture with or without IFN+y, TNF-a,
and IL-1p (20 ng/ml each) or IL-10 (20 ng/ml). Right panels: HMGB1 levels in the culture (200 cells/dish) were also measured at the indicated time
points in the absence of cytokine or the presence of cytokine mixtures or of control cytokine (IL-10). The values are expressed as the mean + SD
in each group (n = 5). (D) Serum HMGB1 levels were measured after STZ injection and also after transplantation of 400 syngeneic islets, which
had been performed 72 hours after STZ injection (n = 5-6). The values are expressed as the mean + SD. "P < 0.05; P <0.01.

tribution of HMGB1 has been reported previousty (18). To our
surprise, 1solated islets contained high levels of HMGB1, which
were 20 times more greater than in other organs or FACS-sorted
cells tested (Figure 3B). The physiological roles of high concentra-
tions of HMGB?1 in isiet cells as well as their etiology are a matter
of interest and need to be clarified in future studies.

To investigate a direct relationship between HMGB1 and isiet cell
damage, we cultured isolated mouse isiets in theabsence or presence
of cytotoxic proinflammatory cytokines, including IFN-y, TNF-,
and IL-1p, which are known to induce islet cell death in vitro (19)
with elevated concentrations of HMGB1 in the culture medium (20).
IL-10 was used as a control. Islet cell death was assessed by fluores-
cence microscopy with the use of the DNA-binding dye propidium
iodide (P!) and Hoechst 33342 (HO 342) (19). P1, a highly polar dye
that is impermeable to celis with preserved membranes, stains DNA
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red when membranes are damaged. HO 342 freely passes the plasma
membrane, readily enters cells with intact membranes, and stains
DNA blue. Thus, the nuclei of dead cells stained red by P, while
those of intact cells stained blue without fragmentation and con-
densation by HO 342. Pl-positive islet cells were increased in num-
ber with time in the presence of cytotoxic cytokines, while those in
the absence of cytotoxic cytokines and in the presence of the control
cytokine remained low in number (Figure 3C). In paraliel, HMGB1
concentration in the islet cell cuiture medium increased with time
in the presence of cytotoxic cytokines, while, incontrast, that in the
absence of cytotoxic cytokines as well as in the presence of the con-
trol cytokine remained tow (Figure 3C).

The above findings suggest that HMGB1 of transplanted islets
may be released into the circulation of recipient mice in association
with their damage soon after transplantation. In fact, the serum
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NKT cell-dependent IL-12 and IFN-y production by liver MNCs in response to HMGBH1. (A) Liver MNCs (2 x 108/well) isolated from wild-type
or Ja18+ mice were cultured with the indicated doses of HMGB1 in vitro for 48 hours and measured for IL-12 and IFN-;. Representative
data from 2 experiments are shown. (B) PCR analysis on HMGB1 receptors. FACS-sorted liver MNCs (2 x 103 for Tir2, Rage, or Hprt) were
analyzed for mRNA levels by quantitative real-time PCR. Data were analyzed by the AACt method using the expression ievel in Mo/M¢ as nor-
malized control. (C) Cytokine production in FACS-sorted liver MNCs upon stimulation with HMGB1. FACS-sorted cells were cultured in vitro
(1 x 105 cells/well) for 48 hours in the presence of HMGB1 (20 ug/mi). The amounts of IL-12 and IFN-y were measured by CBA (n = 3). (D)
Cytokine production by DCs, Mo/Mg, or Neu in the presence of NKT cells. FACS-sorted Gr-1-CD11b*CD11¢* DCs, Gr-1-CD11b+CD11c- Mo/Mg,
and Gr-1*CD11b+*CD11c~Neu (4 x 10%) were cocultured in vitro with NKT cells (2 x 10%) in the presence of HMGB1 (20 ug/ml) for 48 hours. The
amounts of IL-12 and IFN-y were measured by CBA (n = 3). (E) Intracellular cytokine staining of liver MNCs after HMGB1 treatment. Liver MNCs
(2 x 10°%) were cultured with HMGB1 (20 ug/ml) for 24 hours, and the indicated cells were gated and analyzed for their production of IFN-y by

intracellular cytokine staining.

HMGB?1 levels in the STZ-induced diabetic mice were elevated, with
a peak at 24 hours, and returned to the preinjection levelsby 72 hours
after i.v. injection of STZ, while, after islet transplantation, HMGB1
peaked at 6 hours and returned to pretransplant levels by 7 days
(Figure 3D). The findings suggest that the first peak of the serum
HMGB1 elevation is due to islet cell damage caused by STZ injec-
tion, which is a toxic agent to f§ cells of islets, while the second
HMGB1 peak is due to the early loss of transplanted isiets,

Cell types responsible for HMGB1-mediated cytokine production. We
investigated the mechanisms of action of HMGB1 by measuring in
vitro production of IFN-y and IL-12 in the culture of isolated liver
MNCs from wild-type and Ja18-- mice in response to HMGB1,
since IFN-y iscritical in the early isiet graft loss (2) and also because
IL-12 is essential for IFN-y production by NKT celis (21). Isolated
liver MNCs from wild-type mice induced augmented production
of 1L-12 and IFN-y in response to HMGBT1 in vitro (Figure 4A).
Importantly, the amount of 1L-12 and IFN-y produced by liver
MNCs in NKT celi-deficient Jo.18-- mice treated with HMGB1
was greatly reduced (Figure 4A), indicating that NKT cells aug-
ment HMGB1-dependent IL-12 and IFN-y production.

The Journal of Clinical Investigation
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We then investigated expression of TIr2 and Rage by quantitative
real-time PCR in each FACS-sorted cellular population from the
liver, including NK1.1*CD3- NK, a-GalCer/CD1d dimer- NKT,
CD3* T, and CD19" B cells; Gr-1-CD11b-CD11¢ neutrophils
(Neu); and Gr-1-CD11b- cells, which were further divided into
CD11¢-F4/80- DCs and CD11¢F4/80° monocytes/macrophages
{Mo/M¢) (Supplemental Figure 1; supplemental material available
ontine with this article; doi:10.1172/JC141360DS1). TIr2 and Rage
were detected at high levels on Neu {Figure 4B). DCs also expressed
modest levels of both Tir2 and Rage. However, Mo/Mé¢ expressed
modest fevels of Tir2 but low fevels of Rage, while expression of
either Tir2 or Rage was barely detected in other cell populations
(NK, NKT, T, and B celis) (Figure 4B).

In order to dissect further the mechanisms of action of HMGB1,
we investigated in vitro 1L-12 and {FN-y production in the cutture
of FACS-sorted individual cellular populations from iiver MNCs
in response to HMGB?1. IL-12 was mainly produced from DCs
rather than Neu or Mo/Mg (Figure 4C). However. IFN-y produc-
tion was not detected in any individual cell population among all
liver MNC subpopulations tested (Figure 4C).
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Involvement of CD40-CD40L interaction in production of IL-12 and IFN- in early loss of transplanted islets. (A) CD40 expression in DCs and Neu
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at the time of transplantation. Individual lines represent the nonfasting plasma glucose levels of each diabetic mouse after islet transplantation.

Since 1L.-12 was produced in vitro from DCs in response to
HMGB1 (Figure 4C) and since NKT celi-dependent IFN-y pro-
duction by Neu is an essential component of early loss of trans-
planted islets as shown previously (2), IL-12 and 1FN-y produc-
tion of FACS-sorted DCs, Mo/Mé¢. or Neu cocultured in the
presence of NKT cells with addition of HMGB1 was examined.
The production of |L-12 was greatly augmented in response to
HMGBT, especially when DCs were cocultured with NKT cells
{Figure 4D). The production of IFN-y became evident in the
culture medium of DCs cocultured with NKT cells in the pres-
ence of HMGB?1 (Figure 4D). The cell types responsible for the
production of IFN-y in response to HMGB1 in Figure 4D were
NKT ceils but not DCs, because intraceliular cytokine staining
revealed that NKT cells, but not DCs, produced IFN-y (Figure 4E).
It was also shown that Neu production of {FN-y was augmented
in the presence of NKT cells (Figure 4D).

it is known that IFN-y production by NKT cellis is largely depen-
dent on the interaction between CDA40L expression on activated
NKT cells and CD40 expression on DCs (22). Thus, we measured
CD40 expression on DCs and Neu stimulated with HMGB1.
C D40 surface expression was detected in both ceil types in rest-
ing conditions, while upregulation of CD40 was observed in DCs
rather than Neu in HMGB1-treated conditions (Figure 5A). Fur-
thermore, production of both IL-12 and IFN-y mounted in vitro
by HMGB1 stimulation was blocked by anti-CD40L antibody
(Figure 5B), indicating that augmented IL-12 production from
DCs and Neu and also {FN-y production by NKT celis and Neu
are triggered by CD40/CD40L interaction.
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To confirm the data shown in Figure 5, A and B, we determined
in vivo requirement of {L-12 and CD40-CDA40L interaction in
early loss of transplanted islets. Hypergiycemia of STZ diabetic
mice receiving 200 syngenic islets in the liver was ameliorated by
treatment with either anti-1L-12 or anti-CD40L antibody once at
the time of islet transplantation, while that of mice treated with
control antibody was not (Figure 5C). Together with the previous
studies showing that the anti-1FN-y treatment normalizes hyper-
glycemia (22), the results indicate that IL-12 and CD40-CD40L
interaction together with IFN-y actuaily play a crucial role in vivo
inearly loss of transplanted islets.

Discussion
Among the most important findings of the present study is that
pancreatic islets contain abundant HMGB1 compared with other
organs and individual cell populations in the liver, the site of islet
transplantation. Immunohistochemical staining of the pancreas
revealed that HMGBT1 is mainly stained in the nucleus of islet cells
but not in other cell types, while HMGB?1 is detected in the circu-
lation after islet cell damage. In fact, the piasma concentration of
HMGB1 in wild-type mice was elevated and peaked at 24 hours
after i.v. injection of STZ and returned to the preinjection level
72 hours after STZ injection. The plasma levels of HMGB1 in dia-
betic recipient mice were elevated after islet transplantation with
a peak at 6 hours and returned to pretransplant levels by 24 hours.
These findings suggest that the first peak of the elevated HMGB1
fevels is caused by destruction of islet ceils by a toxic agent of STZ
specific to f cells of islets and that the second peak in recipient
fumber 3
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mice after islet transplantation is related to the damage of istet
grafts soon after transplantation. Thus, combined with invitro
findings of elevated concentrations of HMGB1 in the culture
medium of isolated islets in the presenice of cytotoxic cytokines,
the plasma levels of HMGB1 may reflect the degree of islet dam-
age in the liver after transpiantation. Furthermore, the treat-
ment with anti-HMGB1 antibody delayed the onset of diabetes
in NOD mice, suggesting that HMGB1 plays a significant role in
disease progression {23).

The above findings prompted us to determine whether HMGB1 is
involved in the early toss of transplanted islets, which occurs within
6 hours after islet transplantation and is an event caused by inflam-
matory cytokines, as we previously reported (2, 23). In fact, the
hyperglycemia of islet-transplanted diabetic mice was ameliorated
by treatment with anti-HMGB1 antibody, indicating that HMGB1
is essentially involved in the early loss of transplanted istets.

Concerning the mechanisms of HMGB1-mediated early islet
graft loss, 3 cell types, NKT cells, Gr-1-CD11b CD11¢F4/80- DCs,
and Gr-1"CD11b* Neu, were found to be involved in the initial
phase of early loss of transplanted islets. Among these cell types,
the primary cellular targets of HMGB1 does not seem to be NKT
cells, since the receptors for HMGB1 (10-14) TLR2 and RAGE but
not TLR4 (Figure 2B) are'expressed on DCs, Mo/M¢, and Neu, but
not on NKT cells (Figure 4B). IL-12, which is essential for NKT
celi-dependent production of IFN-y, was mainly produced by
DCs after HMGB1 stimulation (Figure 4C). Thus, it is likely that
the first target for HMGB1 is DCs, which in turn activate NKT
cells. Then, activated NKT cells themselves produce IFN-y and also
stimulate Neu to produce [FN-y (Figure 4D), which is an essential
component of HMGB1-mediated early loss of transplanted islets.

Thus, the present study unveils a role of DCs in HMGB1-
dependent IFN-y production by NKT cells. DCs stimulated with
HMGBT1 in vitro upregulate their CD40 expression and produce
IL-12, which is markedly augmented in the presence of NKT cells,
facititating IFN-y production by NKT cells and subsequently that
of Neu. The requirement of CD40-CD40L interaction and {L-12
is confirmed by the fact that anti-CD40L and anti-IL-12 antibod-
ies prevented early loss of transplanted islets, leading to amelio-
ration of hypergiycemia of islet-transplanted diabetic recipient
mice, while the corresponding control antibody did not. Thus,
the uncovered pathways involved in the early loss of transplanted
islets in the present study afford further new targets for interven-
tion to improve the efficiency of islet transplantation,

TLR2, TLR4, and RAGE as potential receptors for HMGB1 (10-14)
are expressed mainly on DCs, Mo/M¢, and Neu {Figure 4B). How-
ever, invitroand in vivo experiments revealed that TLR2 and RAGE
but not TLR4 are involved in the early loss of transplanted islets
{Figure 2B). It has been reported that HMGB1-mediated biological
effects and usage of their receptors are different in the experimen-
tal models. For example, TLR4, but not TLR2 or RAGE, has been
shown to be an HMGB1 receptor in hepatic reperfusion injury
(24). Similarly, HMGB1 signaling through TLR2 and TLR4 but
not RAGE contributes to LPS-induced inflammation (11). In the
case of SLE, HMGB?1 present in DNA-containing immune com-
plexes triggers activation of autoreactive B cells and plasmacytoid
DCs through RAGE (17). These differences in HMGB1-mediated
effects might be due to the presence, in different systems, of cell
types with distinctly different HMGB1 receptor expression pro-
files, and also due to the formation of complexes of HMGB1 with
different molecules under varying disease conditions.

The Journal of Clinical investigation
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Concerning the form of HMGB1, HMGB1 acquires and/or aug-
ments inflammatory effects when it binds to other inflammatory
molecules, such as iL-1, the TLR4 ligand LPS, the TLRY ligand
CpG-ODN, or the TLR1-TLRZ ligand Pam3CSK (14-17). Recent
studies on HMGB1-deficient mice also showed that HMGB pro-
teins function as universal sentinels for nucleic acids (25). How-
ever, in the present studies, it still remains unsolved what types of
molecules interact with HMGB1 protein to mediate its function,

Chen et al. (26) have reported that the direct effects of RAGE on
conventional T cell functions resulted in the prolongation of syn-
geneic and allogeneic islet graft transplanted in the subcapsular
space of kidney, in that anti-CD3/CD28-induced T cell prolifera-
tion, mixed iymphocyte reaction, and T celi production of 1L-10,
IL-5, and TNF-a but not IFN-y were inhibited in RAGE-deficient
mice and mice receiving RAGE inhibitor. Since no conventional T
cellswere involved in the early loss of islet transplanted in the liver,
and also because {FN-y, but not IL-10 nor IL-5, isa major player in
theearly islet loss, the mechanisms observed in the present studies
are different from those described by Chen et al. (26).

Concerning the potential sites for islet transplantation — includ-
ing the liver, renal subcapsular space, omental pouch, abdominal
cavity, intramuscular site, subcutaneum — the Hver is currently the
only site where insulin independence in patients with type 1 diabe-
tes mellitus can be achieved with clinical islet transplantation, as
reported by Shapiroet al. (1). Although we do not have any data on
islet transplantation at non-NKT cell-dense sites, the NKT cell-
mediated early loss of islets can occur at any tissue, as it has been
demonstrated in the allogeneic heart transplantation model that
NKT cells migrate immediately into non-NKT cell-dense trans-
plantation sites, where CXCL186, the ligand for chemokine recep-
tor CXCRG selectively expressed on NKT cells, is expressed (27).

Taken collectively, the findings in the present study shed light on
the mechanisms involved in the early loss of transplanted islets as
follows. First, islet cells themselves are a major source of HMGB1,
which is released from transplanted islets. Since the plasma levels
of HMGB1 reflect the degree of islet damage, HMGB1 could be a
marker to predict rejection of transplanted islets. Second, HMGB1
stimulates production of inflammatory cytokines including 1L-12
and IFN-y in concert with DCs, NKT cells, and Neu in the liver
receiving islets. Third, these inflamrmatory cytokines accelerated
the injuries of transplanted islets. Thus, a vicious cycle harmful
to transplanted islets is now unveiled. Therefore, each pathway
involved in the early ioss of transpianted islets revealed by the
present study is a potential target for intervention to improve effi-
ciency of islet transplantation.

Methods

Mice, C57BL/6 mice were purchased {rom Charles River Japan Inc. or
CLEA lapan Inc. Ja18-deficient mice were generated previously (28) and
backcrossed more than10 times to C57BL/6 mice. Rage-™~ mice (29) were
described previously. TIr2-- and Tird-"- mice were provided by Shizuo Akira
(Osaka University. Osaka, Japan). Mice were kept under specific patho-
gen-free conditions and used al 8-16 weeks of age. All experiments were in
accordance with protocols approved by the Aniimal Care and Use Commit-
tee of Fukuoka University and RIKEN.

Islet isolation and transplantation. Islets were isolated (30. 31) and trans-
planted into the liver via the portal vein (32) of STZ-induced (180 mg/kg;
Sigma-Aldrich) diabetic mice at 3 days alter the injection of STZ. The non-
fasting plasma glucose levels of mice were measured using a Beckman glu-
cose analyzer (Beckman Japan)
tarch 2010 L
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Immunohisiochemistry. The pancreas of naive mice, isolated islets. and
the liver of ransplant recipients were fixed in 10% lormaldehyde solution
processed, and embedded in paraffin. The sections were stained immuno-
histochernically with anti-mouse insulin antibody {Novocastra) and rabbit
anti-bovine HMGB1 antibody (Shino-Test Co ) by a streplavidin-hiotin-
peroxidase complex method (33).

HMGB1 and cytokine measurement. HMGB1 levels in mouse serum and
in the culture medium of isolated islets was measured with an ELISA kit
(Shino-Test Co.) (34). IFN-y concentrations in the cullure supernatant
of liver MNCs were determined by FACS with cytometric heads assay
(CBA) (BD Biosciences). 1L-12 concentration in the medium was mea-
sured by ELISA (Endogen).

For measuremenl of tissue concentration of HMGB1, individual tis-
sues (1-2 mg wet weighl/organ), isolated islets (200 Lotal). and FACS-
sorted cells (2 x 10° to 6 x 10%) of each population in the liver of mice
were sonicated in PBS. Then, the resulting tissues were treated as report-
ed by Sanders (35) in which perchioric acid (HCIO,) was added to the
homogenates with a concentration of 0.75 M. The content of HMGB1 in
the solution was measured with ELISA after the adjustment of pH t0 7.0
as well as the appropriate dilution with PBS containing 1% bovine calf
serum. The sonicated tissues were also used for measuring DNA content
with a Wako assay Kit.

Reagents. Bovine HMGB1 was purchased from Shino-Test Co. Bovine
HMGB1 was extracted from the bovine thymus and further purified
by CM-Sephadex C2§ ion column chromatography according to the
melhod described by Sanders (35). The biological activity of purified
HMGB1 was reported elsewhere (36). Anti-HMGB1 antibody was pur-
chased from Shino-Test Co. This is a polycional antibody made by
immunizing chicken with purified bovine HMGB1. and the neutral-
izing effect of the anti-HMGB1 anlibody was reported previously (37,
38). Goat anti-mouse IL-12 antibodies and rabbit anti-mouse CD40L
antibody were purchased from BD Biosciences and Sigma-Aldrich,
respectively. Recombinant mouse IFN-y, TNF-o, IL-1g, and IL-10 were
purchased from Sigma-Aldrich.

Flow cytometry. Antibodies used for flow cytometric analysis were as fol-
lows: anti-mouse FeRyH/111 (2.4G2), FITC- or Pacific blue-conjugated
anti-CD3e (145-2C11), FITC- or PerCP-Cy5.5-conjugated anti-CD11b
(M1/70), allophycocyanin-conjugated (APC-conjugated) anti-1FN-y
(XMG1.2). peridinin-chlorophyl protein- (PerCP-) or FITC-conjugated
anti-Gr-1 (RB6-8C5), PE-conjugated NK1.1 (PK136). PE-Cy7-conjugat-
ed CD19 (1D3), biotinylated anti-CD11c (N418), APC-Cy7-conjugated
avidin, APC-conjugated anti-F4/80 (BM8) (BD Biosciences or eBiosci-
ence). PE- or APC-labeled a-GalCer-loaded CD1d dimer was prepared
as described (39). Intracellular cytokine staining was performed as previ-
ously described (39). Flow cytometry was performed using a FACSCalibur
and FACSAria (BD) with Flowjo software (Tree Star). The purity of sorted
cells was usually greater than 99%.

Cell preparation and culture. Liver MNCs were prepared as described pre-
viously (40). For in vitro culture, fiver MNCs and those of FACS-sorted
cells were culturad in RPMI imedium (Sigma-Aldrich) supplemented with
5% fetal hovine serum (Biosource) and 100 ug/ i kanamycin (Meiji Seika)
and isolated islets in DMEM medium {(Nissui) supplemented with 2% BSA
{Sigma-Aldrich) and 100 ug/ml kanamysin in a CO: incubator (95% air
plus 5% COy) at24°C or 37°C.

Quantitative real-time PCR. Total RNA was isolated from FACS-purified
cell populations using TRIzow reagent {nvitrogen). ¢cDNA was prepared
by Superscript 111 RNase H- Reverse Transcriptase with random hexam-
ers {Invitrogen). Quantitative real-time PCR was performed with SYBR
GreenER gPCR SuperMix (Invitrogen) for ABI PRISM 7900HT (Applied
Biosystems). Total mRNA from cells (2 x 10%) was used as templates to
analyze expression levels of Tir2, Rage, or Hprt. Gene-specific primer
sequences were as follows: Thr2-fw, GGGGCTTCACTTCTCTGCTT, Th2rv.
AGCATCCTCTGAGATTTGACG: Rage-fw. 5-GTGTCGGGCAAC-
TAACAGG-3', Rage-rv, 5'-CTGGCTTCCCAGGAATCTG-3": Hpri-fw, 5'-
TCCTCCTCAGACCGCTTTT-3. Hprt-ry, 5-CCTGGTTCATCATCGCTA-
ATC-3'. Quantitative analysis was performed by the AACt method by using
Hprt as an internal control.

Statistics. The statistical significance of differences was determined by
1-tailed Student’s t test. Values were expressed as mean = SD from inde-
pendent experiments. Any difference with a P value less than 0.05 was
considered significant.
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Novel roles of NKT cells in rejection of pancreatic islet transplantation

OEESIHBEEOMREZEL T, NKTHEORE, RELSTICERREIEMRRISICHS T 2REIEHS
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LT, BREBHICEEL T NKT MlROREMED 4> FER 2 &5 72 NKT MilEH {EEFEOREBEHE L,
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