Successful Islet Transplantation to Two Recipients
From a Single Donor by Targeting Proinflammatory
Cytokines in Mice
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Currently, the inability to achieve successful islet transplantation from one donor to one recipient is a
major obstacle facing clinical islet transplantation. We herein determined whether thislimitation could be overcome by
targeting pro-inflammatory cytokines with the prevention of immediate islet graft loss in association with engraftment
in mice.

Methods. Isolated islets were grafted into the liver of streptozotocin-induced diabetic mice and the role of proinflam-
matory cytokines in the engraftment of islets was evaluated with the use of interferon (IFN)-y ™'~ mice and monoclonal
antibodies against proinflammatory cytokines.

Results. Hyperglycemia in streptozotocin-induced diabetic mice receiving 200 syngenic islets, which were isolated from
a single mouse pancreas, was ameliorated when IFN-y™'~, but not wild-type mice, were used as recipients. The
treatment with anti-TFN-y antibody produced normoglycemia in diabetic wild-type mice receiving 200, but not 100
islets, However, when anti—tumor necrosis factor-a and anti-interleukin-1p antibodies were administered in conjunc-
tion with anti-1IFN-y antibody, wild-type diabetic mice receiving 100 islets became normoglycemic after transplanta-
tion. In addition, the favorable effect of the combined use of antibodies was similarly achieved in mice receiving islet
allografts when rejection was prevented with anti-CD4 antibody treatment.

Conclusions. These findings clearly demonstrate that successful islet transplantation from one donor to two recipients
is feasible by targeting pro-inflammatory cytokines in mice, thus suggesting a potential application in clinical islet

transplantation if similar mechanisms of islet graft loss could be mediated in humans.
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hapiro et al. recently reported that patients with insulin-

dependent diabetes mellitus (IDDM) do not need exoge-
nous insulin after islet transplantation with the introduction
of a novel immunosuppressive regime distinct from that of
pancreatic organ transplantation (I). Since then, pancreatic
islet transplantation has been considered a feasible procedure
for the treatment of IDDM. Currently, however, sequential
islet transplantations with the use of two to three donors are
required to produce insulin-independence in a diabetic re-
cipient after islet transplantation (1,2). This implies that the
amount of insulin released from islet grafts from a single do-
nor is not sufficient to maintain normoglycemia in recipients
without the administration of exogenous insulin after trans-
plantation, thus necessitating additional islet transplantation
to produce insulin independence. Ryan et al. reported that
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islet graft mass in diabetic patients receiving sequential islet
transplantations is approximately 36% of that of normal in-
dividuals, even though these patients received almost the
equivalent number ofislets as normal individuals (3). There-
fore, these findings indicate that islet grafts are lost after trans-
plantation with unknown etiology, resulting in the inability
to achieve insulin-independence after islet transplantation
from a single donor.

One factor responsible for the decreased islet mass after
transplantation may be the destruction of the islet grafts by in-
flammatory responses caused by islet transplantation in the liver
of the recipients. Earlier studies suggested that islets exposed to
allogeneic blood by grafting to the liver via the portal vein of
recipients are subject to an immediate blood-mediated in-
flammatory reaction (IBMIR) that involves the activation of
coagulation and complement systems resulting in islet graft
destruction (4—6). However, the exact cellular and molecular
mechanisms involved in islet graft loss remain unclear. We
previously demonstrated that natural killer T (NKT) cells,
which are a recently identified novel lymphoid subset distinct
from conventional T cells (7), play an essential role in islet
graft loss soon after transplantation in mice. Within 6 hr after
islet transplantation, Gr-1"CD11b" cells, which are neutro-
phils in morphology, accumulate in the liver, which is the site
of islet transplantation, and infiltrate into grafted islets with
upregulation of interferon (IFN)-y production. In the liver of
NKT cell-deficient mice, the IFN-y production of these Gr-
1°CD11b" cells is downregulated facilitating the prevention
of islet graft loss, which leads to the amelioration of hypergly-
cemia in diabetic mice with islet transplantation from one
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donor to one or even two recipients (8). These findings
prompted us to determine whether the treatment targeting
pro-inflammatory cytokines including IFN-y could help pre-
vent islet graft loss, thus leading to successful islet cell trans-
plantation from one donor to one recipient. The present
study demonstrates that islet transplantation from one donor
to two recipients thus becomes feasible in mice with the
combined use of anti-IFN-vy, anti-tumor necrosis factor
(TNF)-a, and anti-interleukin (IL)- 1B antibodies at the time
of 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, [FN-y deficient (IFN-y KO) mice
with a C57BL/6 background were provided by Y. Iwakura
(Institute of Medical Science, University of Tokyo, Tokyo,
Japan) (9). Because it was found that the severity of diabetes
made with streptozotocin (STZ) injection differed depending
upon the weight of the mice, only mice weighing 23-25 g were
used as recipients. Mice weighing 25-30 g 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.

Islet Isolation and Transplantation

Islets were isolated by the static digestion method using
collagenase (10) and then separated by centrifugation on Fi-
coll-Conray gradients (11). Islets of 150 to 250 pm in diam-
eter were hand-selected using a Pasteur pipette with the aid of
a dissecting microscope, since 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
using a phase-contrast microscope equipped with a scale in
the eyepiece. Hand-picked islets were transplanted into the
liver via the recipient’s portal vein (12) 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 level readings below
200 mg/dL.

Exogenous Administration of IFN-y

Human recombinant [FN-y was kindly supplied by
Shionogi Pharmaceutical Co. (Osaka, Japan). Human recom-
binant [FN-v (50,000 units) was administered IP into an ap-
propriate group of diabetic IFN-y~'~ mice once per day for 7
days after islet transplantation.
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Treatment With Monocloncal Antibodies
Antimouse IFN-y monoclonal antibody (mAb; R4-
6A2; rat IgGlk), antimouse TNF-a mAb (MP6-XT3; rat
IgGlk), and antimouse IL-18 mAb (B122; Armenian Ham-
ster 1gG) were purchased from e-Bioscience (Kyoto, Japan)
and were administered 1P three times after transplantation at
days 0, 2, and 4. Nondepleting anti-CD4 mAb (200 pg/injec-
tion/mouse, YTS177, rat IgGl; R&D, Minneapolis, MN) was
administered [P once at the time of islet transplantation.

Intraperitoneal Glucose Tolerance Test

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

Morphological Study

The livers bearing islet grafts were examined morpholog-
ically at 60 days after transplantation in appropriate groups of
mice, and the pancreases of recipient mice were also examined
simultaneously. The liver and the pancreas were fixed with
Bouin's solution, processed, and embedded in paraffin. The sec-
tions were prepared for light microscopy and stained with hema-
toxylin and eosin (HE), and aldehyde and fuchsin (AF).

Preparation of Hepatic Mononuclear Cells

Hepatic mononuclear cells (HMNCs) were prepared as
described previously (13). Briefly, an excised liver was pressed
through a stainless steel mesh, and the resulting dissociated
liver tissues were suspended in Dulbecco’s modified Eagle
medium (D-MEM/F-12; Life Technologies, Tokyo, Japan)
and washed twice. The mixture was re-suspended in an iso-
tonic 33% Percoll solution containing heparin (67 U/mL),
and centrifuged 2,000%g 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 HMNCs were
washed twice in phosphate-buffered saline (PBS) and used
for further analysis.

Flow Cytometry Analysis

The following mAbs were used: antimouse FcRyIUII
(2.4G2), fluorescein isothiocyanate (FITC)-conjugated anti-
CD3e (145-2C11), FITC- or phycoerythrin (PE)-conjugated
anti-CD11b (M1/70), allophycocyanin-conjugated anti-IFN-y
(XMG1.2), anti-tumor necrosis factor (TNF)-a (MP6-XT22),
PerCP-conjugated anti-Gr-1 (Rb6-8¢5), and isotype control
(clone R3-34, Rat 1gG1) and were purchased from BD Bio-
sciences (San Jose, CA). PE—a-galactosylceramide( a-GalCer )~
CD1d tetramers were prepared as previously described (14). For
intracellular staining, cells were incubated with anti-FcRyI1/111
and neutravidin (Invitrogen), surface stained, fixed, permeabil-
ized, stained with mAbs, and analyzed on a flow cytometer
(FACSCalibur; Becton Dickinson). A total of 10,000 viable cells
were analyzed.

Statistical
The statistical significance with respect to the rate of
euglycemia in streptozotocin-induced diabetic mice after is-
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let transplantation and that of 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

Amelioration of Hyperglycemia in
Streptozotocin-Induced Diabetic IFN-y-Deficient
Mice Receiving Islets From a Single Donor

Previously, we have shown that the rate of normogly-
cemia in STZ-induced diabetic C57BL/6 mice receiving 200
and 400 syngenic islets after transplantation into the liver was
0 or 100%, respectively (8). In the present study, we used 200
islets, which is the number of islets isolated from a single
mouse pancreas, as the marginal mass of donor islets.

First, we examined the effect of [FN-y on engraftments
of islets with the use of IFN-y~'~ mice as recipients. Diabetic
mice (n=7) receiving 200 syngeneic islets remained hypergly-
cemic after transplantation (Fig. 1, I). In marked contrast to
wild-type mice, hyperglycemia of STZ-induced diabetic IFN-
¥~'~ mice (n=5) was ameliorated after the transplantation of
200 syngeneic islets into the liver (Fig. 1, II). Morphologically,
de-granulated and well-granulated B cells of islet grafts were
seen in the liver of wild-type and IFN-y™'" mice, respec-
tively, at 60 days after transplantation (histology not shown).
The difference in the rates of normoglycemia between dia-
betic wild-type and IFN-y~'~ mice receiving 200 islets was
statistically significant (P<0.05). When [FN-y (50,000 unit,
human recombinant) was administered [P once per day for 6
days from day 0 to day 5, four out of five IFN-y~'~ mice
receiving 200 islets were hyperglycemic at 60 days after trans-
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FIGURE 1. Deleterious effects of [FN-y on the engraft-

ment of islets in the liver of mice. Two hundred syngenic
islets were grafted into the liver of STZ-induced diabetic
wild-type (I) or IFN-y-deficient (Il and [II) C57BL/6 mice.
Human recombinant INF-y (50,000 U) was administered
into INF-y-deficient mice 7 times after islet transplantation
from day 0 to 6 (III). Individual lines represent plasma glu-
cose levels of each animal.
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plantation (Fig. 1, l11). Therefore, the exogenous administra-
tion of IFN-vy induced hyperglycemia in IFN-y~'~ mice with
200 islets, which otherwise were normoglycemic after
transplantation.

Beneficial Effects of Anti-Proinflammatory
Cytokine Antibodies on Engraftments of Islets

We next examined the effects of the treatment with
anti-pro-inflammatory cytokine antibodies including anti-
IFN-v, anti-TNF-a and anti-IL-1p8 antibodies on engraft-
ment of islets. First, we determined the effect of anti-IFN-y
antibody since the deleterious role of IFN-yin engraftment of
islets became evident with the use of IFN-y-deficient mice.
When STZ-induced diabetic mice receiving 200 islets into the
liver were treated with 1, 10 (Fig. 2, I1), or 100 pg anti-IFN-y
antibody for three times after islet transplantation at day 0, 2
and 4, 0/3, 5/5, or 4/5 recipient mice, respectively, became
normoglycemic. Diabetic mice (n=4) with 200 islets and
treated with control antibody remained hyperglycemic after
transplantation (Fig. 2, 1). The difference in the rate of nor-
moglycemia at 60 days was statistically significant between
the mice treated with 1 pg and those treated with 10 pg anti-
INF-v antibody (P<0.05), but it was not statistically signifi-
cant between the mice treated with 10 and those treated with
100 pg anti-INF-y antibody. Therefore, the dosage of 10 pg
IFN-y /injection was used for the following experiments.
When the number of donor islets was reduced to 100 and
diabetic mice were treated with IFN-y (10 pgfinjection),
none of recipient mice (n=5) became normoglycemic after
islet transplantation (Fig. 2, V).

To further determine the role of anti-[FN-y antibody
on the engraftment of islets, mononuclear cells in the liver of
mice receiving 200 syngeneic islets and treated with anti-
IFN-v antibody were isolated and examined by flow cytom-
etry. We found that not only IFN-y, but also the TNF-a
production of Gr-1"CD11b" cells, accumulated in the liver
of wild-type mice receiving 200 islets, was up-regulated at 6 hr
after islet transplantation (Fig. 3, lower panel). In the diabetic
mice receiving 200 islets and treated with anti-IFN-y anti-
body, the accumulation of Gr-1"CD11b™ cells in the liver
after islet transplantation also occurred (Fig. 3, middle panel),
but the TNF-a production of Gr-1*CD11b " cells was down-
regulated at 6 hr after transplantation (Fig. 3, lower panel).

A similar beneficial effect of anti-TNF-a and anti-
IL-1 antibodies to that of anti-IFN-y antibody on engraft-
ments of islets was noted, in which either the treatment with
anti-TNF-a (n=3) or anti-IL-18 antibody (n=3) alone ame-
liorated hyperglycemia of diabetic mice receiving 200 islets
(Fig. 2, [l and IV) but not that of mice receiving 100 islets and
treated with anti-TNF-a antibody (n=6) or anti-IL-B anti-
body (n=5) (Fig. 2, VI and VII). We further determined
whether the beneficial effects on islet engraftments were
achieved when three kinds of antibodies were administered
simultaneously after islet transplantation. As shown above,
neither the treatment with anti-IFN-y antibody (n=6), anti-
TNF-a antibody (n=6), nor anti-IL-18 antibody (n=5)
alone ameliorated hyperglycemia of diabetic mice when 100
donor islets were grafted into the liver (Fig. 2, V, VI, and VII).
In marked contrast, all diabetic mice (n=5) receiving 100
islets and treated with a combination of the three kinds of
antibodies became normoglycemic after transplantation (Fig.
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FIGURE 2. Beneficial eflects of anti-proinflammatory cyto-
kine antibodies on the amelioration of hyperglycemia in dia-
betic mice receiving 200 syngenic islets. Wild-type diabetic
mice receiving syngenic 200 islets were treated with control
(1), anti-IFN-y (II), anti-TNF-« (IIT), or anti-IL-1§ antibody (TV)
and those receiving 100 islets were treated with anti-IFN-y
(V), anti-TNF-a (VI), or anti-Il-1f antibody (VII). Diabetic
mice receiving 100 (VIII) or 50 islets (IX) were treated with the
combination of three antibodies. Each antibody (10 ug/injec-
tion/mouse) was admirnistered [P three times at day 0, 2, and 4
after transplantation. Individual lines represent the nonfasting
plasma glucose levels of each animal.
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FIGURE 3. The downregulation of TNF-a production in
Gr-1"CDI11b" cells accumulated in the liver of mice re-
ceiving islets and treated with anti-IFN-y antibody. Mono-
nuclear cells in the liver of naive mice (left panel) were
isolated and examined by flow cytometry. Mononuclear
cells in the liver of mice receiving islets and treated with
control antibody (middle panel) or anti-IFN-y antibody
(right panel) were isolated at 6 hr after transplantation and
examined by flow cytometry. The figures show the percent-
age of the cells in the corresponding area. Representative
data of two to three experimenits are shown.

2, VIII). However, when the number of donor islets was fur-
ther reduced to 50 and the mice (n=3) were treated with the
combined three antibodies, the mice remained hyperglyce-
mic after islet transplantation (Fig. 2, 1X). These findings
indicate that the amelioration of hyperglycemia with the
combined use of three antibodies in STZ-induced diabetic
mice can only be achieved when more than 100 donor islets
are grafted into the liver, and that treatment alone is not suf-
ficient to affect the plasma glucose levels of STZ-induced di-
abetic mice.

Glucose Tolerance in Mice Grafted With 100
Islets and Treated With Anti-Pro-Inflammatory
Cytokine Antibodies Is Superior to That of Those
Crafted With 400 Islets Without Treatment

To evaluate the functional mass of islet grafts in the livers
of recipient mice, an intraperitoneal glucose tolerance test
(IPGTT) was performed. The plasma glucose levels of naive un-
treated C57BL/6 mice (n=4) were 59,1=3.1 (mean=SD),
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249.8+5.,6 and 133.3+4.8 mg/dl at 0, 30 and 120 min, respec-
tively, after the IP injection of 1.0 g/kg glucose (Fig. 4A), and
those of diabetic mice (n=3) without islet transplantation at 60
days after the injection of STZ were 460.0=57.0, 658.3%16.6,
539.0+7.4 mg/dl, respectively (Fig. 4A).

The plasma glucose levels of the diabetic mice (n=5) re-
ceiving 200 islets were 308.8+69.0, 657.8+42.2 and 544.4+*
40.2 mg/dL, those of mice (n=6) with 400 were 66.5=4.1,
413.3%17.4 and 260.0+18.7 mg/dL, and those of mice (n=4)
with 700 islets were 58.5%7.6, 252.8%27.9 and 147.8£20.1
mg/dL at 0, 30 and 120 min, respectively (Fig, 4A).

The plasma glucose levels of diabetic mice (n=5) re-
ceiving 200 islets and treated with anti-INF-vy antibody were
80.0%18.2, 352.4:+57.7 and 229.8+85.7 mg/dL and those of
mice (n=4) treated with control antibody were 440.5£75.8,
634.5+80.1 and 456.0%= 164.8, respectively at 0, 30 and 120
min after the injection of glucose (Fig. 4B). The difference in
the plasma glucose levels at 30 and 120 min between the mice
with 200 islets and treated with anti-IFN-y antibody and
those with 400 islets without the treatment was statistically
significant (P<<0.05 by Student’s ¢ test). The plasma glucose
levels of diabetic mice (n=4) with 100 islets and treated with
anti-IFN-y antibody alone were 385.5£188.5, 590.0£155.4
and 514.3%190.2 mg/dL and those of mice (n=5) treated
with the combined antibodies were 67.8+8.3, 298.6+=37.9
and 160.8%17.2, respectively at 0, 30 and 120 min after the
injection of glucose (Fig. 4B). Therefore, the glucose toler-
ance of diabetic mice receiving 100 islets and treated with the
combined antibodies was similar to that of mice grafted with
200 islets and treated with anti-IFN-y antibody alone, and

b
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FIGURE 4. Intraperitoneal glucose tolerance test in
mice. Intraperitoneal glucose tolerance test (IPGTT) in STZ-
induced diabetic mice was performed at 80 days after islet
transplantation. Mice were fasted for 8 hr prior to IPGTT and
glucose (1g/kg) was injected IP. Blood es were taken
from the orbital sinuses at 0, 30 and 120 min after the glu-
cose injection. (A) Experimental groups include diabetic
mice without islet transplantation (closed square, n=3),
those receiving 200 (closed downward triangle, n=8§), 400
(closed upward triangle, n=6), or 700 syngeneic islets
(closed diamond, n=4) without antibody treatment. Age-
matched naive untreated mice (open diamond, n=4)
served as controls. (B) Diabetic mice receiving 200 syn-
genic islets and treated with either control antibody (open
circle, n=4) or anti-IFN-y antibody (open square, n=5). Di-
abetic mice receiving 100 syngenic islets were treated with
anti-IFN-y antibody alone (downward open triangle, n=4)
or the three combined antibodies (upward open triangle,
n=5),
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superior to that of mice receiving 400 islets without any anti-
body treatment.

Beneficial Effects of Anti-proinflammatory
Cytokine Antibodies on the Engraftment of Islet
Allografts

Finally, we determined whether the beneficial effect of
anti-proinflammatory cytokine antibodies on the engraft-
ment of islets seen in islet isografis was also observed in allo-
grafts. Preliminary experiments revealed that STZ-induced
diabetic C57BL/6 mice receiving 400 BALB/c islets into the
liver became normoglycemic within a few days after trans-
plantation and hyperglycemic again at 9 days (median sur-
vival days) without immunosuppression. Rejection was
confirmed histologically, in which fragmented islet grafts in-
filtrated with mononuclear cells were seen in the livers of
recipient mice. When recipient mice with 400 islet allografts
were treated with anti-CD4 antibody (IP, 200 ug) once at the
time of transplantation, islet allografts were accepted and the
mice remained normoglycemic for more than 60 days after
transplantation (data not shown). Morphologically, intact is-
lets with well-granulated B cells were seen in the livers of
recipient mice and no accumulations of mononuclear cells
were identified. Therefore, the treatment with anti-CD4 an-
tibody was thus found to prevent islet allograft rejection in
this model.

When the number of BALB/c donor islets was reduced
from 400 to 200, recipient mice (n=5) did not become nor-
moglycemic at all after transplantation (Fig. 5, [, left panel).
Histologically, infiltrated islet grafts with mononuclear cells
were seen in the liver at 14 days after transplantation (Fig. 5, 1,
right panel). When diabetic mice receiving 200 allogeneic is-
lets and treated with anti-IFN-y antibody (10 ug/injection/
day) three times, at day 0, 2, and 4 after islet transplantation,
all mice (n=5) became normoglycemic at 2 to 3 days and
hyperglycemic again by 10 days (Fig. 5, 11, left panel). Rejec-
tion was confirmed histologically, in which islet allografts in-
filtrated with mononuclear cells were seen (Fig. 5, I, right
panel). When diabetic mice with 200 allogenic islets were
treated with anti-CD4 antibody, recipient mice (n=4) re-
mained hyperglycemic at 60 days after rransplantation (Fig. 5,
[I, left panel). However, islet allografts were seen morpho-
logically in the liver of mice, and found to be de-granulated
(Fig. 5, I11, right panel). These findings indicate that the re-
jection of 200 islet allografts was prevented by the treatment
with anti-CD4 antibody and that grafted islets failed to pro-
duce normoglycemia in recipients. In contrast, hyperglyce-
mia in diabetic mice receiving 200 islet allografts and treated
with anti-CD4 antibody (n=35) was ameliorated when anti-
IFN-v antibody (10 pg/injection) was administered at the
time of islet transplantation (Fig. 5, IV, left panel). Morpho-
logically, intact islets with well-granulated B cells were seen
(Fig. 5, IV, right panel). When the number of allogeneic do-
nor islets was further reduced to 100 and recipient mice were
treated with anti-CD4 antibody in conjunction with anti-
IFN-v antibody, all mice (n=5) remained hyperglycemic
(Fig. 5. V, left panel). Morphologically, degranulated islets
without accumulation of mononuclear cells were seen in the
liver of mice at 60 days after transplantation (Fig. 5, V, right
panel). When diabetic mice receiving 100 allogeneic islets and
treated with anti-CD4 antibody in conjunction with the com-
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FIGURE 5. Effects of anti-proinflammatory cytokine antibodies on the engraftment of islet allografts. Two hundred (I, 11,
11, and IV) or 100 (V and VI) BALB/c islets were grafted into the liver of STZ-induced diabetic C57BL/6 mice. Nondepleting
anti-CD4 antibody (200 pg/injection/mouse) was administered IP into recipient mice (Ill, [V, V, and VI) once at the time of
islet transplantation. Anti-IFN-y antibody (10 pg/injection) was administered IP at days 0, 2, and 4 after islet transplantation
(II, IV, V and VI). Anti-[FN-v, anti-TNF-a (10 pg/injection), and anti-IL-15 (10 ug/injection) were administered simulta-
neously into diabetic mice receiving 100 allogeneic islets in conjunction with anti-CD4 antibody (VI). Individual lines
represent the nonfasting plasma glucose levels of each animal. In the right panels, photomicrographs of islet allografts at 14
(Tand IT) and 60 days after transplantation (II, IV, V and V1) were shown. The sections were stained with hematoxylin & eosin
(HE) and aldehyde & fuchshin (AF). Original magnification, X200.

bined use of three antibodies including anti-IFN-v, anti-
TNF-a and anti-1L-18, mice (n=3) became normoglycemic
after islet transplantation (Fig. 5, V1, left panel). Intact islets
with well-granulated B cells were seen in the liver (Fig. 5, VI,
right panel). These findings show that the beneficial effect of
the combined use of antibodies on islet isografts engraftment
is also observed in islet allotransplantation when rejection is
prevented with an appropriate immunosuppressive agent.

DISCUSSION
These findings clearly demonstrate that pro-inflammatory
cytokines, including IFN-y, TNF-a, and [L-18 play a delete-
rious effect on islets in the liver, which is the site of clinical
islet transplantation. In addition, the concurrent treatment
with monoclonal antibodies against these cytokines has a fa-
vorable effect on the amelioration of hyperglycemia in dia-

betic mice receiving 100 islets, which is half the number of
islets isolated from a single mouse pancreas.

IFN-y has been reported to be an essential molecule for
the destruction of islets, resulting in the development of dia-
betes in a mouse model with virus-induced IDDM (15).
IFN-v is well known to be toxic to B cells of islets in vitro
(16~18), which is mediated by nitric oxide in combination
with IL-1 (19). Our previous study demonstrated that the
[FN-y production of Gr-1"CD11b" cells dependent on NKT
cells is an essential component of islet graft loss in the liver
soon after transplantation (8). Therefore, these findings indi-
cate that pro-inflammatory cytokines are essentially involved
in islet graft destruction in the liver in association with en-
graftments, and that they might be targets for intervention to
increase islet graft mass after transplantation. In order to
prove this, we first examined the role of IFN-vy in engraft-
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ments of islets with the use of INF-y™'~ mice as recipients. As
expected, diabetic INF-y ™'~ mice receiving 200 syngenic is-
lets became normoglycemic after transplantation (Fig. 1, I1)
which is in contrast to wild-type diabetic mice, which re-
mained hyperglycemic despite receiving the same number of
islets (Fig. 1, I). Furthermore, exogenous administration of
IFN-v failed to induce normoglycemia in diabetic [FN-y~'~
mice with 200 islets (Fig. 1, IIT). These findings indicate that
IFN-v plays an essential role in the destruction of islet grafts
after transplantation. Among cellular populations regarding
the IFN-y production in the liver, we have previously shown that
Gr-17CD11b" cells play an essential role in islet graft loss in
association with engraftments and that the [FN-vy production of
Gr-1"CD11b" cells is dependent on NKT cells (8). Soon after
activation, NKT cells have been reported to produce a large
amount of IFN-vy (20,21) which, in turn, acts upon other cell
populations such as NK cells, macrophages, or CD8 T cells to
produce IFN-y (7). Therefore, it remains unknown whether
IFN-vy from NKT cells or Gr-1*CD11b™ cells or both are re-
sponsible for the destruction of islets in vivo.

We herein found that besides anti-IFN-vy antibody, an-
ti-TNF-a and anti-IL-1B antibodies also have beneficial ef-
fects on the amelioration of hyperglycemia in diabetic mice
receiving 200 islets, which were otherwise hyperglycemic
without the treatment. It would be interesting to learn
whether these cytokines are produced from the same popu-
lation of cells or from a different one to serve as regulatory
and/or effecter molecules. In addition, we found that the pro-
duction of TNF-a is also upregulated in Gr-1"CD11b " cells
in the liver of mice receiving islets and that it is down-regu-
lated in mice treated with anti-IFN-y antibody treatment
(Fig. 3). It remains undetermined whether the suppressive
effect of anti-IFN-y antibody on the TNF-a production of
Gr-1'CD11b" cells is direct or indirect and whether it is
mediated by other cell populations such as NKT cells.

The most impressive finding in the present study is that
the glucose tolerance of normoglycemic recipients receiving
100 islets and treated with the combined use of anti-IFN-v,
anti-TNF-a and anti-IL- 1B antibodies is significantly supe-
rior to that of normoglycemic mice receiving 400 islets with-
out the antibody treatment (Fig. 4). This finding indicates
that the islet graft mass in mice receiving 100 islets and treated
with the combined use of antibodies is greater than that in
mice receiving 400 1slets without the treatment. Therefore,
the present study shows that the number of donor islets can
be reduced to more than one-fourth to produce an amelioration
of hyperglycemia in diabetic mice after islet transplantation with
the simultaneous administration of three kinds of monoclonal
antibodies against proinflammatory cytokines. Importantly, the
effect of the combined use of anti-proinflammatory antibodies
on the engraftment of islets was found to also be true in islet
allotransplantation when rejection is prevented by an appropri-
ate immunosuppressive regimen such as treatment with anti-
CD4 antibody.

Previously, we have shown that nicotinamide (22),
troglitazone (23), hepatocyte growth factor (24) and
a-galactosylceramide, a synthetic ligand of NKT cells (8),
have favorable effects on the amelioration of hyperglyce-
mia in STZ-induced diabetic rats and mice receiving a
marginal mass of islets into the liver. We herein afford
another promising approach to prevent islet graft loss in
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association with engraftments in the liver after transplan-
tation. Since the treatment targeted pro-inflammatory
cytokines such as monoclonal antibodies and receptor an-
tagonists have been introduced into clinics for the treat-
ment of inflammatory diseases including inflammatory
bowel disease (25,26), rheumatoid arthritis (27) and neo-
natal-onset multisystem inflammatory disease (28), the is-
sue of safety has been cleared and it seems ready to apply
these to clinical islet transplantation. In fact, a clinical trial
with the use of anti-TNF-a antibody has been initiated
(29). Therefore, when the beneficial effects of the proce-
dure targeting pro-inflammatory cytokines can be demon-
strated in humans, then an enhanced success in clinical
islet transplantation may be seen.
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The Immunoregulatory Roles of Natural Killer T Cells
in Cyclophosphamide-Induced Tolerance

Toshiro Iwai,' Yukihiro Tomita,"® Ichiro Shimizu,' Takashi Kajiwara,! Tatsushi Onzuka,’ Shinji Okano,”
Yohichi Yasunami," Yasunobu Yoshikai,* Kikuo Nomoto,” and Rywji Tominaga'

Background. Recent studies have indicated that natural killer T (NKT) cells are essential for the establishment of
transpl ion tol e. In the p study, we have elucidated the role of recipient and donor NKT cells in
cyclophosphamide (CP)-induced tolerance.

Method. DBA/2 (DBA; H-2*) mice were used as donors and BALB/¢ (BALB; H-2") wild-type (WT) or Viel4 NKT-
knockout (KO, BALB/c background) mice were used as recipients. Recipients were treated with CP-induced tolerance
regimen, which consists of donor spleen cells (SC) on day 0 and CP on day 2. In some experiments, NKT KO mice,
which received NKT cells from either WT, inferon-y KO, or interleukin-4 KO mice, were treated with tolerant regimen.
To deplete Lyd9 inhibitory receptors un NKT cells in the recipient mice, anti- Ly4% monoclonal antibody cocktails were
injected on day = | when indicated.

Results. Donor skin graft was permanently accepted in recipient BALB WT mice with induction of donor mixed
chimerism. On the contrary, donor DBA skin allografts were chromically rejected in NK'T' KO recipient. Lower levels of
mixed chimerism were observed in NKT KO recipients comparing to the WT recipients. The production of interferon-y
or interleukin-4 from NKT cells did not affect the mduction of tolerance. Depletion of Ly49 positive NKT cells abrogated the
induction of skin graft tolerance.

Conclusion. Recipient NKT cells, but not donor NKT cells, were dominantly required for the induction of allograft
tolerance. Our results indicated that the single cytokine produced by NKT cells did nor mediate the regulatory function
in the induction of allograft tolerance.

Keywords: Cyclophosphamide, Tolerance, Transplantation, NKT.

(Transplantation 2007;84: 1686-1695)

Natura] killer T (NKT) cells, which are characterized by
co-expression of natural killer (NK) cell receptorsand a
single invariant T-cell antigen receptor (TCR) encoded by
Viel4 and Ja2B1 gene segments, have been identified as a
novel lymphoid lineage distinct from conventional T cells or
NK cells. CD1 is related to major histocompatibility complex
(MHC) I antigen, and classified to group 1 of CDla, CD1b,
and CDI¢, and group [ of CD1d (1). Group I of CD1 mole-
cule is expressed on human, and present lipid-containing an

tigens to T cells with diverse TCRs (2). CD1d form a dimmer
with B2-microgroblin, which is expressed in both humanand
mice, Humans have invariant Va24 NKT cells, and the anti-
gen recognition by TCR of NKT cell is highly restricted to
group Il CD1d in both human and mice (3). Thus, Vald
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NKT cell recognize endogenous antigen as well as exogenous
antigen expressed via CDId of antigen-presenting cells
(APC) (4, 5). Although the physiological role of NKT cells
remains obscure, Var 14 NKT cells have been demonstrated to
playan important role in tumor immunity (6), suppression of
autoimmune disease (7), and infectious immunity (8, 9), or
suppress graft-versus- host disense (GVHD) (10) via the dom-
inant production of Thl cytokine interferon (IFN)-y and
Th2 cytokine interleukin (IL)-4. With regard to transplanta-
tion immunity, it has been indicated that NKT cells have a
regulatory role in both allogeneic and xenogeneic organ
transplantation (11-13).

We have investigated cyclophosphamide (CP)-induced
tolerance, which consists of an intravenous (i.v.) injection of
1 X10® allogeneic spleen cells (SC; day 0) followed by an in-
traperitonieal (i-p.) administration of 200 mg/kg of CP on day
2 (14-25). Using this method, long-lasting skin allograft tol-
erance was induced in the recipient received graft from H-2-
matched and minor antigen mismatched donors (17-19).
Our previous studies have elucidated the two major mecha-
nisms of tolerance induction (18-21). The first mechanism is
the clonal deletion of the donor reactive T-cell populations,
which proliferate in the periphery after donor SC injection,
and deleted by CP treatment (21). The second mechanism is
the establishment of intrathymic chimerism and intrathymic
clonal deletion of donor-reactive T cells at 4—6 weeks after
treatment (19, 20).

The aim of the present study was to investigate the reg-
ulatory role of NKT cells in our CP-induced tolerance system
by using Val4 NKT-knockout (KO) mice. Although an es-
sentinl role of NKT cells for the induction of transplantation
tolerance has been suggested in two previous reports (11, 12),
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the detailed mechanisms have not been clarified, Here, we
evaluated the role of both recipient and donor NKT cells, and
which cytokine generated by NKT cells 1s essential in the CP-
induced tolerance system. The results suggested that the NKT
cells from recipient mice play an important role for the in-
duction of tolerance; however, donor NKT cells do not. In
addition, Ly49 inhibitory receptors on NKT cells played an im-
portant role for its regulatory function. The lack of each single
cytokine production from NKT cells (such as [FN-v, [L-4, or
IL-10) did not affect the induction of graft tolerance. The role of
NKT cells in transplantation tolerance is discussed.

MATERIALS AND METHODS

Animals

Inbred mice of the Balb/c AnNCrj (BALB; H-2¢, Lyt-1.2,
Mis-1%, Mls-2*) and DBA/2 NCyj (DBA; H-2", Lyt-1.1, Mls-1*,
MIs-2°) strains were obtained from Charles River Japan Inc.
(Yokohama, Kanagawa, Japan). Inbred mice of the B10.D2
SnSle (B10.D2; H-2%, Mis-1°, Mls-2°) strain were obtained from
Japan SLC Inc. (Hamamatsu, Shizuoka, Japan). Ja281 knockout
(V14 NKT KO) mice with a BALB background were also used
as recipients (6). IFN-y and I1-4 knockout (KO) mice with a
BALB background were purchased from Jackson Laboratory
(Ann Arbor, MI) and maintained in the Animal Facility of Ky-
ushu University. The recipients were used at 12-16 weeks of age.
Allanimals received humane care in compliance with the Guide-
lines for Anirnal Experiments of Kyushu University and the Law
(no. 105) and Notification (no. 6) of the Japanese government.

Cell Preparation

Mice were sacrificed by decapitation. The spleens were
collected and kept on ice in Roswell Park Memorial Institute
(RPMI) 1640 medium (GIBCO, Grand Island, NY) supple-
mented with antibiotics (100 u/mL penicillin and 100 ug/mL
streptomycin). Spleens were disrupted in the medium by
pressing spleen fragments between two glass slides. Cell sus-
pensions were filtered through cotton gauze and washed
three times with the RPMI medium, Viable nucleated cells
were counted and usually adjusted to 2 10%/ml.

Conditioning of CP-Induced Tolerance

A 0.5-mL aliquot containing 1% 10" SC from donor
mice was injected into the tail vein of recipient mice. Two
days later, CP (Endoxan, Shionogi, Osaka, Japan) dissolved in
phosphate-buffered saline at a concentration of 10 mg/mL
was injected 1.p. at a dose of 200 mg/kg. The day of the injec-
tion of DBA SC is referred to as day 0 throughout this report.

Reconstitution of NKT Cells in NKT KO Mice

To reconstitute NKT cells in NKT KO mice, recipient
BALB NKT KO mice were irradiated with 3 Gy on day -28
and then received 1107 SC and 5% 10° bone marrow cells
(BMC) from wild-type (WT), IFN-y KO, or [L-4 KO mice on
the same day. The preparation of BMC was performed ac-
cording to a previous method (26). Briefly, the bone marrow
in the femoral and tibial bones was flushed out usinga 5-mL
syringe with a 26-G needle (Terumo, Tokyo, Japan).

Skin Grafting
Skin grafting was performed using our previously re-
ported procedure (27). Briefly, a square full-thickness skin

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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grafl (1 cm?) was prepared on the right lateral thoracic wall of
the recipient mouse. The graft was fixed to the graft bed with
eight interrupted sutures of 5-0 silk thread and covered with
protective tape. The first inspection was carried out on the
seventh day, followed by daily inspection for 3 weeks. Grafis
were considered as rejected at the time of complete sloughing
or when they formed a dry scar. Survival was expressed as the
median survival time (median) and the mean survival time
(MST) £standard deviation (SD).

Flow Cytometry

Phenotyping was performed at various times, beginning
at 2 weeks after the injection of SC. Recipients were tail-bled and
white blood cells (WBC) were prepared by hypotonic shock
(28). Staining with both donor-specific and T-cell-specific
monoclonal antibodies (mAbs) was performed on each recipi-
entand control mouse. Cells were incubated with phycoerythrin
(PE}-conjugated anti-Lyt-1 {Lyt-1.1+Ly1-1.2; PharMingen, San
Diego, CA) mAb and fluorescein isothiocyanate (FITC)-
conjugated Lyt-1.1 (PharMingen) mAb for 30 min a1 4°C and
then washed twice. To block nonspecific FcyR binding of labeled
antibodies, 10 il of an undiluted culture supernatant of 2.4G2
(rat antimouse FcyR mAb) was added to the first incubation. All
data were collected and analyzed by a FACSCalibure and
CellQuest software (Becton Dickinson, Sunnyvale, CA). Dead
cells were excluded by gating out low forward scatter-high pro-
pidium iodide-retaining cells.

For the analysis of TCR expression on T cells of WBC,
two-color analysis was performed (28). WBC were labeled
with FITC-conjugated anti-VB36, VB3, or VB8.1/8.2 mAb
(PharMingen), and PE-conjugated anti-CD4 (PharMingen)
mAb. To determine the percentage of CD4 ™ T cells that were
VB6',VB3or VBS.1/8.27, 10,000 to 20,000 gated CD4 " cells
were collected.

For the staining NKT cells, SC or liver mononuclear
cells (LMNC) were stained with PE-conjugated «-galactosyl
ceramide («GalCer)/CD1d-tetramers and FITC-conjugated
anti-CD3 mAb (PharMingen). PE-conjugated aGalCer/
CD1d-tetramers were prepared as previously described (29).
The liver was disrupted in the RPMI 1640 medium (GIBCO,
Grand Island, NY) supplemented with 10% fetal calf serum
(FCS) by pressing liver fragments between two-glass slides,
washed, resuspended in a 40% isotonic Percoll solution (Am-
ersham Biosciences, Piscataway, NJ), and underlaid with a
67.5% isotonic Percoll solution, Centrifugation for 30 min at
3000 rpm at room temperature isolated the liver mononu-
clear cells (LMNC) at the interface. Cells were washed two
times with Hank’s balanced salt solution containing 2% FCS
and resuspended in it.

Monoclonal and Polyclonal Antibodies

To elucidate the role of IL-10 in NKT cell-mediated
immunoregulation, anti-IL-10 mAb (100 ug: PharMingen
Co, San Diego, CA) was injected into NKT cell-reconstituted
NKT KO recipients on day —28, and then weekly until the
end of the experiment. Anti-Ly-49A (YEL48), C/1 (5E6), and
G2 (4D11) mAbs, which were kindly provided by Dr. William
J. Murphy (Intramural Research Support Program, Freder-
ick, MD), were injected 1.p. into recipients on day —1 (each
mAb: 25 pug) and then weekly until the end of the experiment.
The depletions of Ly-49A-, C/1-, and G2-positive cells were con-
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firmed by a flow cytometry by both direct staiming with Ly49
mAb, and indirect staining with PE-conjugated antimouse im-
munoglobulin (Ig), k-light chain, and PE-conjugated antirat Ig,
x-light chain Abs. Rabbit polyclonal antiasialo GM1 was pur-
chased from Wako Chemical Industries (Osaka, Japan).

Statistics

The statistical significance of the data was determined by a
Mann-Whitney U test when the data were nonparametric, or a
Student's t test when the data were parametric. A P value of less
than 0.05 was considered to be statistically significant.

RESULTS

Skin Allograft Prolongation in H2-Matched DBA
(H-2%) — BALB WT }u-z‘) or BALB Background
Vald NKT KO (H-2%) Combination Mice by Using
1x10® DBA SC Followed by 200 mg/kg CP

In the first experiment, DBA/2 (DBA, H-2") mice were
used ns donors, and BALB/c (BALB, H-2%) mice or NKT KO
(H-2", BALB background) mice were used as recipients. H2
matched DBA skin allografis (H-2?) were rejected within 14
days in untreated BALB WT or NKT KO recipients (Fig. 1A,
B). DBA skin grafts were rejected within 14 days in BALB WT
or NKT KO mice treated with DBA WT SC alone or 200
mg/kg CP alone (data not shown). All of the DBA skin allo-
grafts survived for more than 100 days in the recipient BALB
WT mice treated with DBA WT SC followed by CP (n=6;
MST =100 days; median =100 days). On the other hand, the
survival of DBA skin grafts was only partially prolonged, and
all grafts were rejected within 48 days in the recipient NKT

A BALB WT Recipients

Transplantation * Volume 84, Number 12, December 27, 2007

KO mice treated with DBA WT SC followed by CP (n=10;
MST=36.4%7.1 days, median 39 days). This skin allograft
prolongation was tolerogen-specific since the third-party
skin graftof the B10.D2 strain {H-2%) was rejected ina normal
fashion (Fig. 1B).

Skin Allograft Prolongation in H2-Matched BALB
WT or NKT KO — DBA WT or B10.D2 WT (H-2%)
Combination Mice by Using 1x10° Donor SC
Followed by 200 mg/kg CP

In the next experiment, BALB NKT KO mice were used
as donors, and DBA or B10.D2 mice were used as recipients
Donor BALB skins survived permanently in recipient DBA or
B10.D2 WT mice treated with BALB WT SC and CP (n=6in
each group; Fig. 2). All of the BALB skin grafts were nccepted
in DBA or B10.D2 WT mice treated with BALB NKT KO SC
and CP (n=10 in each group). BALB skin grafts were rejected
within 14 days in DBA or B10.D2 WT mice treated with BALB
NKT KO SC alone or 200 mg/kg CP alone (data not shown),
This skin allograft prolongation was tolerogen-specific since
the third party skin grafts were rejected in a normal fashion
(Fig. 2Alii] and 2B[ii]; n=5 in each group).

Chimerism and Reduction of Mls-1*-Reactive
CD4*' V6" or Mls-2°-Reactive CD4" V33" T Cells
of WBC in Recipient Mice Treated With Donor
SC Plus CP

The kinetics of the donor mixed chimerism after the
treatments with donor SC and CP were examined by flow

B BALB NKT KO Recipients
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FIGURE 1.

(i) Donor DBA skin allograft survival in the recipient BALB WT mice treated with DBA WT SC and CP (WT

SC/CP) (A; n=8; MST == 100 days; median >> 100 days) or BALB NKT KO mice treated with WT SC/CP (B: n=10; MST 36.4=7.]
days, median 39 days). Untreated BALB WT or NKT KO recipient mice rejected donor DBA skin grafts within 14 days (n=8
in each groups). (ii) Third-party B10.D2 skin grafts were rejected within 14 days after grafting in all groups. Recipient mice
received donor or third mice skin grafts at 4 weeks after treatments.
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(A) (i) Donor BALB skin allograft survival in the recipient DBA WT mice treated with BALE WT SC and CP (WT

SC/CP) (n=8, MST > 100 days, median > 100 days) or BALB NKT KO SC/CP (n=10, MST>100 days, median > 100 days). (ii)
Third party B10.D2 skin grafts were rejected within 14 days after grafting in all groups. Recipient mice received daner or
third mice skin grafts at 4 weeks after treatments. (B) (1) Donor BALB skin allograft survival in the recipient B10.D2 WT mice
treated with BALB WT SC/CP (n=6, MST >100 days, median >100 days) or BALB NKT KO SC/CP (n=10, MST >100 days,
median >100 days). (ii) Third-party DBA skin grafts were rejected within 14 days after grafting inall groups. Unireated BALB
WT or NET KO recipient mice rejected donor DBA skin grafis within 14 days (n=8 in (A)i and (B)i). Recipient mice received

donor or third mice skin grafts at 4 weeks alter treatments.

cytometry, WBCs were obtained from the recipient mice al 2
and 8 weeks after tolerance induction (Table 1).

In the first experiment (EXP1), where BALB WT or NKT
KO mice were used as recipient and DBA as donors, 2-4% of
Lyt-1.1+ donor DBA cells were detected in the recipient periph-
eral WBC after tolerance induction (Table 1, EXP1, Group 4). In
contrast, the level of the mixed chimerism was significantly low
in the NKT KO recipient treated with donor DBA 5C and CP
(EXP1, Group 4 vs. Group 5,3.5%1.2 vs, 1.320.3, and £.0205
vs.0.90.3, at 2 weeks and 8 weeks, respectively; P<0.01 in both
time point). These results were reproducible in five independent
experiments (data not shown).

Donor Mls- 1*-reactive TCR V{36 in BALB WT or NKT
KO (Mls-1%) mice were also examined after treatments with
DBA (Mls-1") WT SC and CP (first experiment). The WBC
from the recipients was stained with FITC-conjugated anti
VB6 mAb and PE-conjugated anti-CD4 mAb (EXP1, Table
1). In the WBC of untreated BALB WT and NKT KO mice,
CD4'VB6' T cells were detected (EXP1, Groups | and 2
respectively), whereas they were hardly detectable in the
WBC of untreated DBA mice (EXP1, Group 3). In all of the
BALB WT mice treated with DBA WT SC and CP (EXPI,
Group 4), CD4"VB6 " T cells were significantly reduced at 3
weeks. The same results were obtained in the WBC of NKT
KO mice treated with DBA SC and CP (EXP1, Group 5).
There was no significant difference between Groups 4 and 5.
The disappearance of T cells from the WBC was specific for

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

VB6™ T cells, and the percentage of nondonor reactive V8.1/
82" T-cells population were similar (EXP1, Groups 4 vs. 5).

The level of the mixed chimerism was also analyzed in
DBA WT recipient mice treated with BALB WT or NKT KO
5C and CP (EXP2, Groups 4 and 5). There was no statistical
significance between the level of mixed chimerism in DBA
WT mice treated with SC from either BALB WT or NKT KO
mice and CP (EXP2, P=>0.05, Groups 4 vs. 5).

In the third experiment (EXP3), in which B10.D2 mice
were used as recipients and BALB WT or NKT KO mice used
as donors, the expression of donor Mls-2"-reactive TCR V3
was examined by flow cytometry (Table 1, EXP3). Certain
level of CD4 "VB3 "' T cells were detected in the WBC of un
treated B10.D2 WT mice (EXP3, Group 1), which was elimi
nated in the WBC of untreated BALB WT and NKT KO mice
(EXP2, Groups | and 2, respectively). Inall of the BIO.D2 WT
mice treated with BALE WT SC and CP (EXP3, Group 2),
CD4 VB3' T cells were significantly reduced at 3 and 9
weeks. The same results were obtained in B10.D2 WT mice
treated with BALB NKT KO SC and CP (EXP3, Group 3). The
disappearance of T cells from the WBC was specific for V3"
T cells, since the percentage of nondonor reactive V8.1/
8.2 T cells was observed in the similar level throughout the
experiment. These results indicated that the NKT cells in the
recipient, but not the donor NKT cells, were critical for
the induction and the subsequent maintenance of donor
mixed chimerism.
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Induction of DBA Skin Graft Prolongation in NKT
KO Mice Reconstituted With NKT Cells From
BALB WT Mice

To clarify whether NKT cells were involved in the limita-
tion of skin graft 1olerance in CP-induced tolerance, NKT cells
were reconstituted into NKT KO mice. When SC and liver
mononuclear cells (LMNC) were stained with PE-conjugated
aGalCer/CD1d-tetramers  and FITC-conjugated anti-CD3
mAb, aGalCer/CD Ld-tetramers ' CD3 " cellsaccounts for about
1.0%0.3 and 19.5%5.4% of SC and LMNC in untreated BALB
WT mice (n=3), respectively, and 0.3£0.1 and 1.2:£0.2%in 5C
and LMNC of untreated NKT KO mice (n=3), respectively.
Small percentage of aGalCer/CD1d-tetramers  CD3 " cells were
detected in NKT KO mice because NKT KO mice in this study
were generated by the disruption of Ja|8 gene (6).

On the other hand, a«GalCer/CD1d-tetramers ' CD3"
cells account for about 0.4+0.1 and 4.3%0.5% in SC and
[LMNC of NKT KO mice (n=3) injected with BALB WT SC 7
days earlier, respectively. When NKT KO mice were injected
with 1% 10* $C from BALB WT mice on day -7 and treated
with SC on day 0 and CP on day 2, the survival of DBA skin
grafts wassignificantly prolonged, but 3 of 7 recipients chron-
ically rejected (n=7; MST > 100 days).

We planned the following experiment. To further re-
constitute NKT cells in NKT KO mice, recipient NKT mice
were irradiated with 3 Gy on day -28 and then injected with
1 X107 8C and 3% 10" untreated BMC from WT mice on the
same day. In NKT KO mice (n=5) irradiated and injected
with BALB WT SC and BMC 28 days earlier, aGalCer/CD1d-
tetramers” CD3 " cells account for about 0.7%0.1% and
9.5%2.6% of SC and LMNC, respectively. DBA skin grafts
were accepted for more than 100 days in all the NKT KO mice
irradiated with 3 Gy on day —28, reconstituted with 1107
SC and 5% 10* BMC from BALB WT mice on day -28, and
then treated with DBA 5C on day Dand CP on day 2 (Fig. 3A;
n=6: MST =100 days). This skin allograft prolongation was
tolerogen-specific since the third-party skin of the B10.D2
strain (H-29) was rejected in a normal fashion (Fig. 3A and B;
n=35 in ench group).

NKT cells have been well documented to produce large
amounts of bath 1L-4 and IFN-y upon activation, which are
considered to play a role in both immuneactivation and im-
munoregulation (6-9). More recent studies have suggested
that IL-10 produced by NKT cells mediates immunaoregula-
tion (30). To elucidate the role of cytokines produced form
NKT cells, BALB NKT KO mice were reconstituted with NKT
cells from IFN-y or [L-4 KO mice and received tolerance
conditioning. In the other group, BALB NKT KO mice were
reconstituted NKT cells from WT mice and treated with anti-
1L-10 mAb weekly. As shown in Figure 3A, all of the donor
DBA skin grafts were accepted more than 100 days in irradi-
ated BALB NKT KO mice reconstituted NKT cells from
IFN-7 or [L-4 KO mice and received lolerance conditioning
(each group, n=6; MST =100 days). On the other hand, only
partial prolongation of donor skin graft survival was observed
in NKT KO mice reconstituted from NKT KO mice and re-
ceived tolerance conditioning (n=6; MST=51.5%13.8 days,
median 54.5 days). In the BALB NKT KO mice reconstituted
with WT NKT cells and received tolerance conditioning to-
gether with anti-1L-10 neutralizing mAb weekly, all of the
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danor skin grafts survived more than 100 days (n=6; MST
=100 days). This skin allograft prolongation was tolerogen-
specific because the third-party skin of the B10.D2 strain
(H-2") was rejected in a normal fashion (Fig. 3Ain=5ineach
group). Thus, each single cytokine from NKT cells, such as
IFN-v, I1.-4, IL-10, was dispensable (o induce tolerance in
CP-induced tolerance conditioning,

Anti-Ly-49 Inhibitory Receptor mAbs Can
Attenuate Graft Prolongation

NKT cells express —49 inhibitory receptors, such as
Ly-49A, G2, and C/1, and do not express activation receptors,
such as Ly-49D and Ly-49H molecules (31). Next study was
designed to determine the regulatory function of the NKT
cells via Ly49 receptors. WT or NKT KO recipients were
treated with anti-Ly49A (A-1), Ly49C/1 (5E6), and Ly49G2
(4D11) mAb cocktail from day —1 (each mAb: 25 pg) and
then weekly, and received tolerance conditioning. Depletion
of Ly49-positive cells were confirmed by flow cytometry as
described in Materials and Methods. As shown in Figure 3B,
DBA skin allografts survived for more than 100 days in WT
mice treated with SC and CP without mAbs (n=6; MST =100
days). In Ly49-depleted WT mice treated with SC and CPs,
however, the survival of DBA skin grafts was prolonged, but 4
of 6 recipient WT mice rejected donor grafts within 100 days
after grafting (n=6; MST=57.8+36.2 days, median=32.5
days). DBA skin grafts were rejected within 52 and 45 days in
NKT KO mice treated with SC and CP with or without mAbs,
respectively (n=6; MST=33.7%11.8 days or 38.3%7.6 days,
median=31.5 or 41 days, respectively). NK cells were selec-
tively depleted, but not NKT cells, by the treatment with an-
tiasialo GM1, because ol the marginal expression of asialo
GM1 on NKT cells as a surface molecule (32, 33). Thus, NK
cells of recipient BALB W'T mice were depleted by antiasialo
GMI injected on day —1 and then weekly, and then treated
with donor DBA SC and CP. Donor DBA skin grafts were
permanently accepted (n=6) in the NK-depleted WT recipi-
ents. However, DBA skin grafis were rejected within 70 days
in WT mice treated with DBA SC, antiasialo GM 1, and anti-
Ly49 mAbs (n=6; MST=55.1£30.5 days, median =57 days).
Thus the donor skin graft tolerance was abrogated by the
depletion of Ly49-positive NKT cells, but not by the depletion
of NK cells. This skin allograft prolongation was tolerogen-
specific since third-party skin B10.D2 (H-2") allografts were
rejected in a normal fashion (Fig. 3B; n=6 in each group).
Thus, NKT cell, but not NK cells, was required to induce skin
grafl tolerance. The resultsalso indicated that NKT cells with
Ly49 inhibitory receptors were the major population for in-
duction of tolerance.

DISCUSSION

Using the H2-matched murine combination of DBA
into BALB and mAbs against T-cell markers (Lyt-1.1 and
Thy-1.2) and TCR V 86, we have demonstrated the sequential
mechanisms of cyclophosphamide-induced tolerance (18-20).
These are as follows: 1) clonal destruction of antigen-
stimulated T cells followed by destruction of proliferating 1
cells by CP; 2) establishment of stable mixed chimerism; 3)
intrathymic clonal deletion; and 4) regulatory mechanisms at
the late stage of tolerance. These four conditions are achieved
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FIGURE 3. (A) (a) Donor DBA skin allograft survival in recipient BALB NET KO mice reconstituted with NET cells from
cytokine knockout mice. Recipient BALB NET KO mice were irradiated with 3 Gy and received both SC and BMC from BALB
WT (red square, n=6; MST > 100 days), BALB NKT KO (black diamond, n=6, MST 8]1.5+ 13.8 days, median 54.5 days), BALB
IFN-y KO (green triangle, n=6, MST =100 days), or B ALB IL-4 KO (yellow inverted triangle, n=8, MST > 100 days), and then
treated with DBA SC/CP. In another group, irradiated BALB NKT KO mice were reconstituted with SC and BMC from BALB
WT mice, administered with anti-IL10 mAb, and then treated with DBA SC and CP (purple circle, n=8, MST > 100 days). NKT
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by our tolerance inducible conditioning, which consist of do-
nor SCand 200 mg/kg CP in the recipient received grafts form
H2-matched donors. In the present study, we have elucidated
the role of donor and recipient NKT cells in the induction of
skin allografl tolerance, mixed chimerism, and clonal de-
struction in CP-induced tolerance.

Cional destruction of Mls-1*-reactive CD4'VB6' T
cells were observed in WBC of BALB WT mice treated with
DBA SC and CP (EXP1L, Table 1). Similarly, clonal destruc-
tion was observed when BALB NKT KO mice were used as
recipients. Concerning establishment and maintenance of
mixed chimerism, permanent mixed chimerism (Lyt-1.1"
cells) could be clearly detected in BALB WT mice treated with
DBA SC and CP (EXPI, Table 1). On the other hand, a lower
degree of mixed chimerism was detectable at 2 weeks but did
not seem lo terminate al 8 weeks in BALB WT mice (reated
with DBA SC and CP. Skin allograft tolerance was induced in
BALB WT mice treated with DBA SC and CP, but not in
BALB NKT KO mice treated with DBA 5C and CP (Fig. 1).
Our previous study indicated that a higher level of chimerism
is required for the induction of skin allograft tolerance (34).
These results showed that NKT cells in recipients are essential
for the induction of transplantation tolerance,

Another interesting observation is that there is no
requirement for donor NKT cells in the induction and main-
tenance of CP-induced tolerance, Clonal destruction of Mls-
2% reactive CD4"VB3" T cells were observed in WBC of
B10.D2 WT mice treated with BALB WT 5C and CP (EXP3,
Table 1). Similarly, clonal destruction was observed when
BALB NKT KO mice were used as donors. With regard to the
establishment and maintenance of mixed chimerism, perma-
nent mixed chimerism (Lyt-1.1  cells) could be clearly de-

FIGURE 3. (Continued) KO mice rejected DBA donor
skins within 14 days (blue square, n=5). (b) Third-party
B10.D2 skin grafts were rejected within 14 days after graft-
ing in all groups. Recipient mice received donor skins at 4
weeks after treatments. (B) Administration of anti-Ly49A
(YEL48), C/1 (8ES), and G2 (4D11) mAbs against inhibitory
receptors attenuated the induction of skin allograft toler-
ance, (a) Groups and mean and median DBA skin graft sur-
vival time were as follows: WT mice treated with 8C and CP
without mAbs (red square, n=8, MST =100 days). In WT
mice treated with SC and CP and anti-Ly49 mAbs (pink
square with dotted line, n=86; MST 57.8:£36.2 days, medi-
an=52.5 days). Donor DBA skin grafts were chronically re-
jected in NKT KO mice treated with SC and CP, and there
was no difference after depletion of Ly49-positive cells
(gray diamond, n=8, MST 33.7x11.8 days) or without de-
pletion (black diamonds, 38.3+7.6 days, median=31.8
daysor 41 days), respectively. Donor skin graft was perma-
nently accepted in WT mice treated with DBA 5C and CP
after NK cell depletion (green triangle, n=86, MST =100
days). Onthe contrary, graft was chronically rejected in WT
mice treated with DBA 5C and CP after combined depletion
of NK cells and Ly49-positive cells (orange triangle, n=8,
MST 56.1>30.5 days, median =57 days). Untreated BALB
WT or NKT KO recipient mice rejected donor DBA skin
grafts within 14 days (n=6). (b) Third-party B10.D2 skin
grafts were rejected within 14 days after graiting in all
groups. Recipient mice received skin grafts at 4 weeks
after treatments.
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tected in DBA WT mice treated with BALB WT SC and CP
(EXP2, Table 1). The same degree of mixed chimerism was
detectable a1 2 and 8 weeks in DBA WT mice weated with
BALB NKT KO SC and CP. Skin allograft tolerance was in-
duced in DBA or B10.D2 WT mice treated with BALBWT or
NKT KO SC and CP (Fig, 2).

Twao reports have previously described the critical role
of recipient NKT cells for inducing transplantation tolerance
(11, 12). However, the precise mechanisms at the cellular and
maolecular level have remained unclear. It has been well doc
umented that NKT cells produce Jarge amounts of bath [1-4
and IFN-y upon activation (35-37). Given that IL-4 and
IFN-7y have opposite effects on the development of Thl and
Th2 cells, extensive analyses have been performed with vari-
ous experimental systems, and conflicting results have been
reported (38-40). Using IL-4 KO and IFN-y KO mice, the
mechanisms of the NKT-mediated role in transplantation
tolerance induction have been investigated in two different
studies and produced conflicting results (11, 12). Ikehara et
al. (12) suggested that there was little involvement of these
two cytokines in C57BL/6 mice injected with anti-CID4 mAb
and grafted with ral islets. On the other hand, Seino et al.
suggested that IFN-y partially contributes to tolerance induc-
tion in C57BL/6 mice injected with anti-LFA-1 and [CAM-1
mAbs and grafted with BALB (H-2*) mice (11). However,
these results do not seem to be definitive, since they could not
clearly show whether IFN-y produced by NKT cells was in-
volved in one or mare of the steps that induce and maintain
transplantation lolerance, such as activation of effector T
cells, apoptosis of effector T cells, reprogramming of effector
T cells (anergy induction), and the generation of regulatory T
cells. In the present study, we showed that skin allograft tol-
erance can be easily induced in NKT KO mice reconstituted
with NKT cells from IFN-y or IL-4 KO mice (Fig. 3A). The
present results strongly suggested that our CP-induced toler-
ance is mediated by NKT cells with involvement of neither
[FN-ynor [L.-4.

More recently, two reports have described the mecha-
nisms of NKT-mediated immunoregulation in transplant
immunity (13, 41). One study reported the critical role of
CXCL16/CXCR6 in NKT-dependent transplantation toler-
ance (13). The other study showed that NKT cells have lim-
ited ability to suppress skin graft rejection (41). As shown in
Figure 1, DBA skin grafts were rejected within 14 days inall of
the untreated BALB WT and NKT KO mice, suggesting thal
NKT cells have no effect on rejection of multiminor histo-
compatibility antigen-mismatched combination of DBA and
BALB mice. In the H-Y antigen-mismatched combination of
B6 male with untreated B6 female mice, however, the immu-
noregulation by NKT cells could mildly prolong male skins
(41). The investigators showed that this H-Y graft prolonga-
tion depends on 11-10 generated by NKT cells. in the present
study, we showed that administration with anti-IL-10 mAb
did not abrogate skin allogralt tolerance in BALB NKT KO
mice reconstituted with WT NKT cells (Fig. 3A). Our results
strongly suggested that our CP-induced tolerance is mediated
by NKT cells without involvement of IL-10.

NKT cells express both invariant V14 NKT-specific
antigen receptors as well as an NK marker. Regarding the
ligand for NKT cell receplors, however, the glycolipid antigen
does not seem to be implicated in allogeneic transplant im-
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munity. Recently, on the other hand, NK cells have been clar-
ified to recognize the class I molecule of target cells via CD94/
NKG2A and Ly-49 receptors (42). The mouse Ly-49 families
are composed of at least nine highly related genes designated
Ly-49A to | (43). Ly-49 receptors are expressed on NK cells,
which recognize MHC class [ molecules and deliver either
inhibitory or activating signals. They are expressed on over-
lapping subsets of NK cells and NKT cells. NKT cells have
been reported to express inhibitory receptors for Ly-49A, G2,
and C/1 molecules, but do not express activation receptors for
Ly-49D and Ly-49H molecules (31, 44). We found that the
administration of mAbs agmrm Ly-49A, C/1, and G2 inhibi-
tory receptors that recognize MHC class 1 D limited graft
prolongation in WT mice treated with DBA SC and CP but
did not affect graft prolongation in NKT KO mice treated
with DBA SC and CP (Fig. 3B). We found that the admin-
istration of mAbs against Ly-49A, C/I, and G2 inhibitory
receptors which recognize MHC class | D limited graft
prolongation in NK-depleted WT mice treated with DBA
SC and CP but did not affect grafl prolongation in NKT
KO mice treated with DBA SCand CP (Fig. 3B). Since NKT
cells contain high frequencies of Ly49 inhibitory receptors
(45), it is still possible that reduced number of NKT cell in
the Ly49-depleted recipient affected the poor outcome of
the skin graft survival. The recent study reported that some
T cells express Ly-49 molecules (46). Thus, there is some
possibility that as the T cells were depleted with Ly-49
mAbs, tolerance was broken. Further investigations will
clarify the immunoregulatory ligands of NKT cells in
transplantation immunity.
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Regulation of MyD88-Dependent Signaling Events by S Nitrosylation
Retards Toll-Like Receptor Signal Transduction and Initiation of

Acute-Phase Immune Responses’

Takeshi Into,"* Megumi Inomata; Misako Nakashima,' Ken-ichiro Shibata,?
Hans Hacker,® and Kenji Matsushita’

Department of Oral Disease Research, National Institute for Longevity Sciences, National Center for Gertatrics and Gerontology,

y Department of
Oral Pathobiological Science, Hokkaido University Graduate School of Dental Medicine, Sapporo 060-8586,
Japan®; and Department of Infectious Diseases, St. Jude Children's Research Hospital,
332 North Lauderdale Street, Memphis, Tennessee 38105°

Received 7 August 2007/Returned for modification 23 September 2007/Accepted 28 November 2007

36-3, Gengo, Morioka, Obu, Aichi 474-8522, Japan'; Laboratory of Oral Molecular Microbiology,

Nitric oxide (NO) has been thought to regulate the immune system through S nitrosylation of the tran-
scriptional factor NF-«xB. However, regulatory effects of NO on innate immune responses are unclear. Here, we
report that NO has a capability to control Toll-like receptor-mediated signaling through S nitrosylation. We
found that the adaptor protein MyD88 was primarily S nitrosylated, depending on the presence of endothelial
NO synthase (eNOS). S nitrosylation at a particular cysteine residue within the TIR domain of MyD88 resulted
in slight reduction of the NF-xB-activating property. This medification could be restored by the antioxidant
ghutathione. Through S nitrosylation, NO could negatively regulate the multiple steps of MyDS88 functioning,
including translocation to the cell membrane after LPS stimulation, interaction with TIRAP, binding to
TRAF6, and induction of IxkBa phosphorylation. Interestingly, glutathione could reversely neutralize such
NO-derived effects. We also found that an acute febrile response to LPS was precipitated in eNOS-deficient
mice, indicating that eNOS-derived NO exerts an initial suppressive effect on inflammatory processes. Thus,
NO has a potential to retard induction of MyD88-dependent signaling events through the reversible and
oxidative modification by NO, by which precipitous signaling reactions are relieved. Such an effect may reflect

appropriate regulation of the acute-phase inflammatory responses in living organisms.

It is increasingly becoming evident that nitric oxide (NO) reg-
ulates a broad spectrum of protein functions through S nitrosy-
lation, a posttranscriptional modification that forms S-nitrosothiol
by covalent addition to cysteine residues of an NO moiety (14, 42,
43). Through S nitrosylation, NO is thought to exert a physiolog-
ical inhibitory effect on nuclear factor xB (NF-kB) (25, 32, 33, 39),
the major transcriptional factor family deeply associated with
regulation of the immune system through transcription of a wide
range of genes, including cytokines, adhesion molecules, antimi-
crobial molecules, and antiapoptotic molecules (10, 13, 24). S
nitrosylation of NF-xB inhibits its DNA binding, promoter activ-
ity, and subsequent transcription (25, 33). It has been known that
S nitrosylation targets a particular cysteine residue of the NF«B
p50 and p65 subunits located in the N-terminal DNA binding
loop within the Rel homology domain (25, 32, 33). This residue is
conserved in other NF-xB subunits, including p52, p100, p105,
and c-Rel, and other Rel homology domain-containing mole-
cules. Upstream of NF-xB, IxB kinase B (IKKB), a catalytic
subunit of the IkB (inhibitor of NF-xB) kinase complex, also
undergoes S nitrosylation, resulting in reduction of its kinase
function on phosphorylation of IxB (39). Such reduction of the
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IKK@ function leads to reduced IxB ubiquitinylation and protea-
somal degradation, resulting in NF-xB inhibition (14, 32, 39).
Toll-like receptors (TLRs) are the central innate immune
sensors for a broad array of pathogen-associated molecular
patterns, ranging from bacterial constituents to viral genomes
(2, 35). TLRs initiate early processes of proinflammatory im-
mune responses that help to strengthen the processes of innate
and adaptive immunity (2, 20), in which NF-xB plays many
important roles (13, 24). TLRs utilize MyD88, a Toll/interleu-
kin-1 receptor (IL-1R) homology (TIR) domain-containing
adaptor molecule, to activate the NF-xB pathway through IL-
1R-associated kinases (IRAKs) and tumor necrosis factor
(TNF) receptor-associated factor 6 (TRAF6) (1). It has been
thought that TLR agonistic molecules, such as lipopolysaccha-
ride (LPS), can regulate NO generation through upregulation
of expression of all NO synthase (NOS) isoforms through
NF-xB activation (4, 9, 32). TLR stimulation can directly ac-
tivate an antimicrobial property through inducible NOS
(INOS) expression and NO generation in macrophages (46).
NO generation is a general feature of immune cells, including
neutrophils, monocytes, macrophages, dendritic cells, and NK
cells, as well as other cells, including endothelial cells, epithe-
lial cells, and fibroblasts (4), all of which express multiple
members of the TLR family. However, il has remained obscure
whether generated NO exerts any regulatory effects on TLR
signaling or subsequent processes of innate immune responses.
There has been an accumulation of biochemical evidence
indicating that TLR signaling components, including IKKg
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and NF-xB, might be regulated by S nitrosylation. S nitrosyla-
tion inhibits the kinase activity of apoptosis signal regulation
kinase 1 (ASK1) through inhibition of its binding to substrates
(38). ASKI1 is known as an important regulator of the TRAF6-
p38 mitogen-activated protein kinase (MAPK) pathway down-
stream of TLR4 and is also involved in modulation of both the
NF-xB and apoptotic pathways downstream of TLR2 (19, 34).
Caspse-1 was recently found to be involved in TLR2- and
TLR4-mediated signal transduction of the MyD88-dependent
pathway through the cleavage of the TIR domain-containing
adaptor protein TIRAP (also known as Mal) (37). Caspase-1
also undergoes S nitrosylation at a cysieine residue within the
enzymatic active sile, suppressing its proteolytic activity (6, 31).
Thus, it is possible that NO provides regulatory effects on the
multiple steps of TLR-mediated innate immune signaling
through S nitrosylation. In this study, we therefore designed
experiments to determine the effect of S nitrosylation on TLR
signaling. We further investigated how S nitrosylation affects
TLR-initiated immune responses in vivo. We report here that
S nitrosylation controls TLR signaling through redox-sensitive
and reversible suppression of the MyDB8 pathway, which fa-
cilitates appropriate control of acute-phase inflammatory re-
sponses in vivo.

CONTROL OF MyD88 SIGNALING BY NO 1339

N-terminal Flag-tagged and Myc-tagged MyD8S, Myc-tagged TIRAP, and
IRAK-1 were amplified by PCR and cloned into the pcDNAJ.] veator (Invitro-
gen). The construct encoding human TLR2 was as described previously (17).
Cmsmlcu encoding mutated Flag-MyD88 were obtained using a Okahangg i
site-directed is kit (Stratagene) fing to the facturer's in-
structions,

Protein purification. Recombinant Flag-MyD88 proteins were prepared using
a FLAG M purification kit (Sigma-Aldrich) from HEK293 cells stably expressing
Flag- MyDﬁB constructs, according 1o the manufacturer’s instructions. Purity of

was confirmed by sodium dodecy! sulfate- puhact)hmuk
gel c!cctmphorﬁn (SD5-PAGE), followed by silver ing and
ting with anti-Flag antibody.

Detection of S-nitrosylated proteins. To detect S-nitrosylated MyD88 from
lung lysates from wild-type mice and eNOS™'" mice, we referred 1o the protocol
described by Jaffrey et al. (21). Several experiments were performed using a
NitroGlo nitrosylation detection kit (PerkinElmer) amn!.ing to the manufac-
turer's instructions. Lung lysates from wild-type and eNOS ™'~ mice were sub-
jected to the biotin mlcltm; S-nitrosylation assay, and then biotinylated proteins

were purified on strep Purified p eluted by 2 P
ethanol were dl‘-'teﬂnd by mumblonm; \I'ilh nnn-Mme antibody,
The of § | i MyD88 by

ELISA was performed as [ollows, Briefly, recombinant Flag-MyD&8 (150 ug)
was treated with or without SNAP for 30 min at 37°C in the dark, Tllcn.lhehu
sulfides of Flag-MyD88 were blocked with 4 mM methylmethanethi

for 15 min. After purification by using Micro Bio-Spin chromatography columns
(Bio-Rad Laboratories), Flag-MyDB8 was reacted with 25 mM ascorbate to be
completely denitrosylated. Free sulfides were then labeled with a biotin-conju-
galed maleimide, using a biotin labeling kit (SH: Dojindo Laboratories) accord-
ing to the manufacturer's instructions. The diluents of biotinylated Flag-MyDS8
proteins dissolved in Tris-buffered saline (pH 7.2) were stabilized in the wells of

MATERIALS AND METHODS immobilizer strepravidin plates {Nm}. Flag- MyDBB pmmmmmewclh were

Reagents and cell culture N°-M hyl-L-argini (1~ ! 'MMSMIM it llldl ly conjugated with
NMMA), S-nit glutathi (GSNO), glutathi (GSH), N-ethylmaleimid L id i ic was e d by absorb on a
coumermycin A, N-acetyl L-cysteine (NAC), bic acid, and diphenyleneiod: h 4 ntSOmRmduweupmdumamfﬂuﬂud

nium (DPT) were obtained from Sigma-Aldrich. SNAP (&mmw-ﬁw-u-

dwhtims {SD) of l.hm d:tcrm!mlium

penicillamine) was purchased from Cayman Chemical. ODQ (LH-{1.2,
zolo[4,3-a)quinoxalin-1-one) and KT5823 were obtained from
Preparation of TLR ligands, mdudmg hldﬂy wlﬁadbdnm:hn coli LPS, Sal-
monella LPS, Pam,CSK,, phage ptide 2 (MALP-2), and
Sahmdhmummmuuumﬁmﬂhuwumumuﬂy
(18). Recombinant human IL-18 was from R&D Systems. Human sortic endo-
thelial cells (HAECs) and human embryonic kidney 293 (HEK293) cells were
maintained as described previously (18). HEK293 cells stably expressing human
TLR4, MD2, and CD14 (203-TLR# cells) and HEK293 cells stably expressing
human TLR2 and CD14 (293-TLRZ cells) were obtained from InvivoGen.
Mice. INOS-deficient (INOS~"~) mice and end inl-NOS (eNOS)-defic
(eNOS™'~) mice were from The Jackson Laboratories. CSTBL/S) control (wild-
type) mice were obtained from Japan SLC. All mice were kept under specific
pathogen-free conditions, Male mice between 6 and 10 weeks of age were used

Mouse lung lysates were exposed for 3
mmmaw—vhible Ilghl mmulyupor Iamp according to a protocol recently

ibed (8). The were then subjected to the biotin switch technique as
described above.

Luciferase reporter assay. 293-TLR2 cells were transiently transfected with
wild-type MyD88-GyrB or MyD88-GyrB mutants, each with a cysteine residue
replaced with a serine residue, together with 50 ng of an NF-xB (5x) luciferase
reporter plasmid (pNF-xB-Luc, Stratagene) and 5 ng of an intemal control
luciferase reporter plasmid (pRL-TK; Promega) and incubated for 16 h. AL 6 h
before the end of incubation, cells were treated with or without 250 uM SNAP.
Cells were then stimulsted with 100 ng/ml PamyCSK, for 6 h. HEK293 ceils
stably expressing MyD88-GyrB were transfected with pNF-xB-Luc and pRL-TE.
After 24 h of incubation, cells were stimulated with yein A in the
presence and absence of 250 WM SNAP. The dual luciferase activity was mea-
sured as described previously (19).

Immunoblot analysis of IRAK-1 and IxBa. HAECGs were stimulatad with 10
ng’nﬂufl.l‘S!mmammm HEK293 cells stably expressing MyD&8-Gyr B were

1 wnhlwmhrmmm&lbwmlysdmtbewm

for all of experiments. All animal pr Is were ppr 'bylhe National
Institute for Longevity Sci Experi i at the
National Center for Geristrics and Gemlnlny (A.:hl, lem).

For LPS-induced acute lung injury, hetized mice received Eschenchio coli
LPS dissolved in pngew{mc phaphte-bul:md saline [PBS) ining 1
mg/ml Evans Blue i Iy # y after mech | ventilation. Al-
tw]ﬂmmolldmlnhnthnhmgmuﬂudmmmhmdhr’ bl

of g (Roche) at 4°C. Cell
lynles or lysates ﬁ:nm the mouse lungs were separated by SDS-PAGE, followed
bl lyses using anti-IRAK-1, anti-lxBa, and phmplmqlnm

analysis. The febrile responses in mice treated with £ coli LPS were tested
according to a protocol described previously (45, 49). Mice [n = 6) ware main-
tained at a neutral ambient temperature of 31°C and challenged by intraperito-
neal (i.p.) injection of 5 mg LPS/kg of body weight dissolved in pyrogen-free PBS.
Alu;hdnuufm{mn|m50m3fkg}whmlwithh90minm:ﬂm"'
mice. A coloni was | d and fixed to the base of the tail with
adhesive tape. Theehmge in temperature was monitored at S-min intervals
during a period of 120 min after LPS administration. All of the lesis were
performed at the 1emperature of 31°C. After 2 h or 12 h of LPS administration,
depmmmpddmmahahdnmnﬂmunlmhmm Auids
were i and ged for of ki duction by an
crnym:—bnked immnuorbnnl asmay (ELISA). P:rptullon of peritoneal mac-
ges was as d 28).

mmDNAWruﬂemIIlme Flag-tagged MyD88 fused to the
B subunit of the bacterial DNA gyrase (MyD88-GyrB) was as described previ-
ouﬂ;(ll).ﬂmua:nmdhghumuymmm?wcmmmhm
K Of (Emory U y School of Medicine), The cDNAs of

BAr

specific anti-IxBa (Ser32/Ser36) antibodies (Cell Signaling Technology).

RNA extracti udm-mr PCR. Total RNA was isolated from
mouse p i with 100 ng/ml LPS and 10 ngiml
gamma imuimm. and mmc:ipu were quantified by real-time quantitative
reverse transcription-PCR on a LightCycler ST300 system (Roche). All values
were normalized to the level of B-actin mRNA. The primer sets used are as
follows: for mouse macrophage inflammatory protein 2 (MIP-2), 5-ATCCAG
AGCTTGAGTGTGACGC-3' (sense) and 5-AAGGCAAACTTTTTGACCG
AA-3 (antisense); for mouse IL-6, 5'-CCACGGCCTTCCCTAC-Y (sense) and
5 AGTGCATCATCGTTGTTC-3" (antisense); and for mouse B-actin, 5-AA
ATCGTGCGTGACATCAAA-Y' (sense) and 5'-AAGGAAGGCTGGAAAAG
AGC-3' (antisense),

Cytokine ELISA. C: of human IL-8, mouse MIP-2, and mouse
Mm&lcmhwdumlmmlﬂmkﬁ(mmnm}mrdhgmm
manufacturer’s instructions.

fractionation of HEK293 cells stably
expressing Flag-MyD88 and 293-TLR4 cells stably expressing Flag-MyD88-GyrB
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