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Fulminant Type 1 Diabetes Mellitus

Akihisa IMAGAWA, MD, PhD, FACP*! and Toshiaki HANAFUSA, MD, PhD, FACP*2

Fulminant type 1 diabetes is a novel subtype characterized by a markedly rapid progression and almost
complete destruction of pancreatic beta cells. The number of patients in Japan has been speculated to be
5,000-7,000. A marked decrease of beta cells in addition to alpha cells and mononuclear cell infiltration both
in the endocrine and exocrine pancreas are characteristic pathological findings in recent-onset fulminant type
1 diabetes. Laboratory examinations have revealed a high blood glucose level, near normal hemoglobin Alc,
ketosis or ketoacidosis, elevation of serum pancreatic exocrine enzymes, and absence of anti-islet autoanti-
bodies such as anti-glutamic acid decarboxylase (GAD) antibody or anti-insulinoma-associated antigen-2 (IA-
2) antibody at disease onset. Genetic factors of HLA-DR-D@, CTLA-4, and HLA-B are associated with this
subtype. Both diagnostic criteria for screening and establishing have been announced by the Japan Diabetes
Society. In approximately half of fulminant type 1 diabetes, HbAlc was lower than 6.2% at disease onset,
indicating that newly proposed diagnostic criteria of diabetes (HbAlc > 6.5%) from the joint committee of the
American Diabetes Society, the European Association for the Study of Diabetes, and the International Diabe-
tes Federation are not applicable to fulminant type 1 diabetes. In conclusion, all medical practitioners must
remember that fulminant type 1 diabetes, an extremely rapidly progressing type of diabetes, does exist, and
must pay special attention to avoid overlooking this disease.

[Rinsho Byori 58 : 216~224, 2010]
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Figure 1 Histological findings of fulminant type 1 diabetes soon after the disease onset.
In HE staining (a) and immune staining for insulin (b) and glucagon (c), massive infiltration of mononu-
clear cells to islet and exocrine pancreas was observed (referred from 11 with minor modification) .

Figure 2 Expression of enterovirus RNA in the pancreas of fulminant type 1 diabetes soon after the

disease onset.

Enterovirus RNA was visualized in an islet by 77 sifu hybridization (a). Glucagon positive cells were ob-
served in the serial section (b) (referred from 11 with minor modification) . ’
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Table 1 Diagnostic criteria for fulminant type 1 diabetes (2004)

TR I~ OTRATOEEZHLT D OEEIE 1 BUERRE L 2F T 5.
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(referred from 4)
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Table 2 Clinical and laboratory findings of fulminant and type 1A diabetes at disease onset

HIRERY B R

N 161 137
HEERER (B) 4.4%3.1 36.4%25.1
REAEEER

% (%) 93.7 93.3

RBERIER (%) 71.7 26.9

BEEREER (%) 72.5 75

B#RLANVETF (%) 45.2 5.3

EIREHE (%) 21.0 15
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Figure 3 HbAlc levels of fulminant type 1 diabetes at disease onset.
HbAlc levels were below 6.2% in approximately half of the patients.

Table 3 Clinical findings of fulminant type 1 diabetes according to HbAlc levels at disease onset

SERERE D HbAlc

n(M/F)

EH

R (|
A\l

s fE <200mg/dl

M E (mg/dD)

pH

Mg C X7F K (ng/dl)

BT 200mg/dl Bl L Td o728, HbAlc O HEER
RO EENE () 2R 7c S B E1X 55 4 (55.6%)
FELR (Fig. 3). T7bb, MENERICLFT
5 RIE 1 BISERAS TiZ, HbAlc OAERWH®
HE(R) 2RISRV BELERELZ LBHELM
272 >7z, Table 3 IZIZHBERRZUIEME (B) 2 #572
TRELHIEESRVVEBEOREFRRERT, 540
BETIIHBN2ENEERTHEOELADT,
720 HbAlc<62% Th oTc. BARTIZBH B2, FR
& HbAlc fEDO A TiZ/e <, MEEEZ D% M
BANDBERD B2, '

Rk, BOAERERZICBVWTERER bR
HHENDBT I T —+H a2A % heat shock protein 10 T
X$DHEDS, BIE 1 BUBERIR BEIC BN T HRD
BRDLVS ZEDHEINTEY, LEFITOR
ERp Y ek (0 Rtk
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55(22/33) 44(22/22)
41t16* 48%15
416 514
5 6
0 0
7471353 851+386
7.15%0.14 7.16%£0.23
0.15+0.11* 0.254+0.20

*»<0.05
V. & -3

A, BEH (RER) OAE
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Viral infection is one of the important factors for the pathogenesis of type 1 diabetes. Particularly, in ful-
minant type 1 diabetes, rapid p-cell destruction is suggested to be triggered by viral infection. Recently,
glucagon-like peptide 1 (GLP-1) receptor agonists have been reported to have direct beneficial effects on
B-cells, such as anti-apoptotic effect, increasing p-cell mass, and improvement of g-cell function. How-

Keywords: ever, their effects on B-cell destruction induced by viral infections have not been elucidated. In this study,
E'?Cf-‘phalomyocafdms virus we used an encephalomyocarditis virus (EMCV)-induced diabetic model mouse to show that a GLP-1
gii?:;sn-like peptide-1 receptor agonist, exendin-4, prevents p-cell destruction. Nine-week-old male DBA/2 mice were intraper-
Exendin-4 itoneally injected with EMCV (200 plaque forming units (PFU) mouse™"). Low (20 nmol kg~ d~) or high
Macrophage (40 nmol kg™" d~") doses of exendin-4 were administered for 10 d, starting from 2 d before the infection,

and the rate of diabetic onset was evaluated. In addition, the number of infiltrating macrophage per islet
and the ratio of f-cell area to islet area were determined. The effects of exendin-4 on infected -cells and
macrophages were investigated by using MIN6 and RAW264 mouse macrophages. The incidence of dia-
betes was significantly lower in the high-dose exendin-4-treated group than in the control group. Fur-
thermore, the B-cell area was significantly more preserved in the high-dose exendin-4-treated group
than in the control. In addition, the number of macrophages infiltrating into the islets was significantly
less in the high-dose exendin-4-treated group than in the control group. In vitro, exendin-4 reduced
p-ceil apoptosis, and tumor necrosis factor o (TNFat), interleukin B (IL-B), and inducible nitric oxide syn-
thase (iNOS) production of infected or lipopolysaccharide (LPS)-stimulated macrophages. These results
suggested that exendin-4 limits p-cell destruction by protecting § cells and reducing the inflammatory
response of macrophages.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

The onset of type 1 diabetes is strongly associated with genetic
factors (such as HLA type) and environmental factors. Particularly,
viral infection is regarded as the most important environmental
factor [2,3]. In Japan, fulminant type 1 diabetes accounts for about
20% of the cases of acute-onset type 1 diabetes and is characterized
by extremely rapid p-cell destruction. Fulminant type 1 diabetes
appears to be triggered by viral infection based on the following
findings: (1) it occurs after flu-like symptoms; (2) anti-enterovirus
antibody titers in these patients are higher than those in healthy
individuals [4-6]; (3) macrophages infiltration into islets was de-
tected in autopsy pancreatic tissue from patients who died soon
after the onset of fulminant type 1 diabetes; and (4) enteroviral
antigen or RNA was detected in some patient’s pancreas [7,8].

* Corresponding author. Fax: +81 72 683 1801.
E-mail address: in1209@poh.osaka-med.ac.jp (H. Sano).

0006-291X/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2010.12.020

Encephalomyocarditis virus (EMCV) belongs to the Picornaviri-
dae family and causes diabetes, myocarditis, and paralysis in sus-
ceptible mice. After EMCV infection, diabetes occurs within a
week as a result of almost complete destruction of g-cells. The clin-
ical course of this model resembles that of fulminant type 1 diabe-
tes in humans [9].

Glucagon-like peptide-1 (GLP-1), a hormone that is secreted
from the L-cells of the small intestine during digestion, enhances
the glucose-dependent insulin secretion and decreases glucagon
secretion [10-12]. GLP-1 receptors are abundantly expressed not
only in B-cells but also in many other cells [1]. Recently, it was
reported that much higher blood GLP-1 levels than physiological
level brought by GLP-1 receptor agonist injection exhibit many ef-
fects, including anti-apoptotic and proliferative effects on B-cells
[13-16], decreased food intake [22], and protection against heart
injuries [23-25].

Here, we show that a high-dose exendin-4, a GLP-1 receptor
agonist, suppresses EMCV-induced B-cell destruction through not
only anti-apoptotic effect on B-cells but also anti-inflammatory
effects against macrophages.
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2. Materials and methods
2.1. Animals

All animal experimentation was conducted in accordance with
the European Communities Council Directive of 24 November
1986 (86/609/EEC). The study protocol was approved by the Ani-
mal Care and Use Committee of Osaka Medical College. Male
DBA/2 mice 9 weeks old were purchased from CLEA Japan Inc.
and housed in bio-safety facilities at Osaka Medical College. Mice
were maintained at a constant room temperature of 25 °C with a
12 h photoperiod. They were fed a standard rodent chow and given
access to water ad libitum.

2.2. Virus

Encephalomyocarditis virus (EMCV) was kindly provided by
Katsuaki Dan (Keio University, Tokyo, Japan). The virus was grown
in DBA/2 mice or L929 cells. The viral titer was determined by a
plaque assay on 1929 cells as described previously [17,18].

2.3. Viral infection and measurement of blood glucose and pancreatic
insulin content

Nine-week-old male DBA/2 mice, which are the most suscepti-
ble strain to EMCV, were intraperitoneally injected with 200 pla-
que forming units (PFU) EMCV in 0.1 mL phosphate-buffered
saline (PBS) pH 7.4. Low (20nmolkg~'d™") (n=7) or high
(40 nmol kg™' d~1) (n=7) doses of exendin-4, a GLP-1 receptor
agonist, were intraperitoneally injected for 10 d, starting from 2 d
before the infection. Control mice (n =14) were intraperitoneally
injected with corresponding dose of PBS for same period. Blood
samples were obtained from the tail vein and glucose levels were
measured by using Glutest Sensor (Sanwa, Japan) for 14d after
infection. Mice with blood glucose levels greater than 250 mg dL ™!
were considered to be diabetic. Fifteen days after infection, intra-
peritoneal glucose tolerance test (IPGTT) was performed with
1 g glucose kg™'. Afterwards, the mice were sacrificed to measure
the pancreatic insulin content.

Pancreatic insulin content was measured by using the acid eth-
anol method [28]. Briefly, fresh pancreas was homogenized in acid
ethanol (0.18 N hydrochloric acid, 75% ethanol), and then incu-
bated overnight at 4 °C. After centrifugation, the supernatant was
neutralized. The insulin concentration of the extract was measured
by using an insulin enzyme-linked immunosorbent assay (ELISA)
kit (Sibayagi, Japan). The protein concentration was measured by
using the bicinchoninic acid (BCA) method. The pancreatic insulin
content was calculated by dividing the insulin concentration by the
protein concentration.

2.4. Histopathology of the pancreas

Sixteen control mice infected with EMCV and 16 mice treated
with high-dose exendin-4 were sacrificed at 48, 72, 96, and 120 h
after infection, and then their pancreas was excised, fixed with 4%
paraformaldehyde, and embedded in paraffin. Four-micrometer-
thick paraffin sections were deparaffinized in xylene and rehydrated
in a graded ethanol series (100% to 50%). After washing in PBS,
the target retrieval was performed with proteinase K for 6 min.
Peroxidase activity was inhibited by immersing the sections in
3% methanolic hydrogen peroxide for 15 min, and non-specific
binding of the antibody was blocked by pre-incubation with
Non-Specific Staining Blocking Regent (X0909 Dako, Japan). The
sections were then incubated at room temperature for 30 min
with either rat anti-Mac-2 antibody (CL8942AP Cedarlane Labora-
tory, 1:500 dilution) or guinea pig polyclonal anti-swine insulin

antibody (A0564 Dako, Japan, 1:800 dilution). After washing in
PBS 3 times, the slides were incubated with secondary antibodies
for 30 min at room temperature; Envision + (K4003 Dako, Japan)
was used for the insulin slides and Vectastain Elite ABC Rat Kit (Vec-
tor Laboratories, Burlingame, CA) was used for Mac-2 slides. After
washing in PBS, the antibody binding was detected by using diamin-
obenizidine (DAB). Finally, the slides were counterstained with
hematoxylin. The B-cell area was measured as the percentage of
the insulin-positive area per islet area by using a Scanscope XT Dig-
ital Slide Scanner (Aperio). The number of macrophages was
counted by using a Scanscope XT Digital Slide Scanner and ex-
pressed as the number of Mac-2 positive cells per islet area. At least
5 islets were chosen at random from each section for statistical
analysis.

2.5. Flow cytometry apoptosis assay of a p-cell line

MING, a p-cell line, was used for the apoptosis assay. MING6 cells
were cultured in high glucose Dulbecco’s modified Eagle’s medium
(DMEM) with 15% fetal calf serum (FCS). Confluent dishes were
incubated with EMCV (about 1 PFU cell~!) for 48 h or 2 uM stauro-
sporine (Sigma-Aldrich) for 18 h with or without 12 nM exendin-4.
In the apoptosis assay with staurosporine, the control wells were
incubated with the corresponding concentration of dimethyl sulf-
oxide (DMSO). After incubation, cell dissociation buffer (Gibco)
was added to each well, and then the cell samples were washed
with ice-cold medium and centrifuged for 5 min at 500g. Then,
the supernatant was thrown away. For the latter process, Annexin
V-FITC Kit System for Detection of Apoptosis (Beckman Coulter,
Inc., Fullerton, CA) was used. Briefly, samples were diluted with
binding buffer to 5 x 10°-5 x 10° cells mL~". Afterwards, the An-
nexin V-FITC and propidium iodide (PI) solutions were added,
and the samples were incubated on ice in the dark for 10 min.
Immediately afterwards, the apoptosis rate was measured by flow
cytometer, BD FACSAria™ (Becton, Dickinson and Company).

2.6. Exendin-4 pretreatment of LPS activated or EMCV infected
macrophages

After washing with PBS, RAW264 macrophage cells were incu-
bated with or without 12 nM exendin-4 for 1 h. Then, EMCV (1
PFU cell!) was added and incubated for 12 h, or 1 pg mL™! LPS
(Sigma-Aldrich) was added and incubated for 1 h. To inhibit the
exendin-4 signal, RAW264 cells were incubated with 5 uM MDL-
12330A (Sigma-Aldrich), an adenylate cyclase inhibitor, at the
same time that the exendin-4 was added.

2.7. Isolation of RNA and quantitative real-time polymerase chain
reaction .

Total RNA was extracted from treated RAW264 cells by using
the RNeasy Mini Kit (Qiagen, Tokyo, Japan). First-strand cDNA
was synthesized by using the Transcriptor First strand cDNA syn-
thesis kit (Roche Diagnostics GMBH, Mannheim, Germany), with
the included random hexamers as the priming strategy. The result-
ing cDNAs were mixed with the LightCycler FastStart DNA Master
Hybridization Probes reagent (Roche), TagMan"™ probes, and prim-
ers in LightCycler capillaries. Then, the sample carousel with the
capillaries was centrifuged in the LightCycler Carousel Centrifuge
and placed into the LightCycler. After denaturing for 10 min at
95 °C, 55 polymerase chain reaction (PCR) cycles were run. Each
cycle consisted of 10s at 95°C and 20s at 60 °C. Fluorescence
was measured at the end of every cycle. After the final cycle, the
capillaries were cooled for 2 s at 40 °C. Fluorescence curves were
analyzed with the LightCycler software, Ver. 3.5. Cycles 15-55
were used to calculate the crossing points, which were defined
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Fig. 1. Exendin-4 prevents the onset of diabetes in encephalomyocarditis virus (EMCV)-infected mice. (A) Changes in the incidence of diabetes during treatment with or
without exendin-4 in EMCV-infected mice. B, High-dose exendin-4; (I, low-dose exendin-4; ®, control. p = 0.03 control vs. high-dose exendin-4. (B) The change in blood
glucose levels after infection. B, High-dose exendin-4; 0, low-dose exendin-4; @, control. *p < 0.05 control vs. high-dose exendin-4, 'p < 0.05 low-dose exendin-4 vs. high-
dose exendin-4. (C) Intraperitoneal glucose tolerance test (IPGTT) 15 d after infection. &, High-dose exendin-4; O, low-dose exendin-4; ®, control. *p < 0.05 control vs. high-
dose exendin-4. (D) Pancreatic insulin content 15 d after infection. Black bar, high-dose exendin-4; gray bar, low-dose exendin-4: white bar, control. The bar of healthy
control (n=4) was added. (E) Survival rate after infection. B, High-dose exendin-4; [J, low-dose exendin-4; ®, control. There was no significant difference between each
group. (F) change in body weight after infection. Black bar, high-dose exendin-4; gray bar, low-dose exendin-4; white bar, control. There was no significant difference
between each group.
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Fig. 2. Exendin-4 reduces macrophages infiltration into islets and B-cell destruction in EMCV-infected mice. (A) Histological changes in the high-dose exendin-4-treated
group and control group at 48, 72, 96, and 120 h after infection. Mac-2 positive cells indicate macrophages, and insulin-positive cells indicate B-cells. Original magnification:
150x. (B) The upper panel shows number of macrophages per islet area (-1073/um?), and the lower panel shows the (B-cell areafislet area) x100 in the high-dose exendin-4
group and the control group at 48, 72, 96 and 120 h after infection. Black bar, high-dose exendin-4; white bar, control. Statistical analysis: Student’s t-test.

as the maximum of the second derivative from the fluorescence ative maximum method. The sequences of the primers and Roche
curves. Automated calculation was performed by the second deriv- universal probe number (#) are as follows: TNFo (GenBank
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Accession No. M13049.1): left primer (TCTTCTCATTCCTGCTTGT
GG), right primer (GGTCTGGGCCATAGAACTGA), and #49 probe;
IL-1B (NM_008361.3): left primer (TGTAATGAAAGACGGCACACC),
right primer (TCTTCTTTGGGTATTGCTTGG), and #78 probe; iNOS
(NM_010927.3): left primer (GGGCTGTCACGGAGATCA), right
primer (CCATGATGGTCACATTCIGC), and #76 probe; GAPDH
(NM_008084): left primer (TGTCCGTCGTGGATCTGAC), right pri-
mer (CCTGCTTCACCACCTTCTTG), and #80 probe.

2.8. Data analysis
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than those in the high-dose exendin-4 treated mice (Fig. 1A and

performed 15 d after infection showed that the glucose
30, 60, and 120 min were significantly lower in the

high-dose exendin-4 group than those in the control mice
(Fig. 1C). The pancreatic insulin content 15 d after infection was
significantly higher in the high-dose exendin-4 group than that
in the control group (Fig. 1D). After viral infection, the survival rate
was the highest in the high-dose exendin-4 group (Fig. 1E). In addi-

tion, after viral infection, the body weight of all of the mice
decreased, but the degree of weight reduction was less in the
high-dose group than in other groups (Fig. 1F).

The data for the incidence of diabetes and the survival rate were

analyzed by the log-rank test. Other data were presented as mean
(SEM). Unless noted, statistically significant differences among

islets

multiple groups were analyzed by one-way analysis of variance

(ANOVA). Sheffe’s F-test was used for comparing each group. A p-
value less than 0.05 were considered a statistically significant

difference.

3. Results

3.1. The effect of exendin-4 on the prevention of diabetes in EMCV-

infected mice

Five days after the infection, the blood glucose level and the
incidence of diabetes was significantly higher in the control mice

A

3.2. Effects of exendin-4 on B-cell mass and macrophage infiltration of

The pB-cell area was dramatically decreased in the control group
compared with that in the high-dose exendin-4 group, and the de-

gree of macrophage infiltration into the islets was severer in the
control group than in the high-dose exendin-4 group (Fig. 2A). To
evaluate these findings quantitatively, we measured the percent-
age of the B-cell area to the area of each islet and the number of

macrophages per islet area. After 96 h, the B-cell area was signifi-

cantly less in the control group than in the high-dose exendin-4
group, and at 72 and 120 h, the number of macrophages was signif-

(Fig. 2B).
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Fig. 3. Exendin-4 has an anti-apoptotic effect on B-cells, but EMCV does not directly induce apoptosis of p-cells. (A) MING cells were incubated for 48 h with EMCV and
exendin-4. (B) MING cells were incubated for 18 h with staurosporine and exendin-4. Cells were co-stained with annexin V-FITC and propidium iodide (P1), and then analyzed
by flow cytometry. A representative dot-plot is shown for each condition (n = 3-5). Q3, live cells; Q4, early apoptotic cells; Q2, late apoptotic cells; Q1, necrotic cells. (Cand D)
Comparison of the percentage of cells collected as live cells (Q3, black bar) or apoptotic cells (Q2 + 4, white bar) (n = 3 in each group). Statistical analysis: Student’s t-test.
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Fig. 4. Exendin-4 reduces the inflammatory response of macrophages. RAW264 cells were incubated with 12 nM exendin-4 for 1 h or with exendin-4 and 5 nM MDL-12330A
for 1 h followed by treatment with EMCV (1 plaque forming unit (PFU) cell™") for 12 h (A) or lipopolysaccharide (LPS) (1 ugmL™") for 1 h (B). Then, the mRNA expression
levels of tumor necrosis factor (TNF)-o, inducible nitric oxide synthase (iNOS), and interleukin B (IL-B) were determined by real-time quantitative polymerase chain reaction
(RT-PCR). The gene expression level in RAW264 cells without the addition of anything was defined as 1.0 (n = 3-7). Statistical analysis: Student’s t-test.

3.3. Exendin-4 protects p-cells from apoptosis, but EMCV does not
directly destroy p-cells

To investigate whether exendin-4 has a preventive effect on
EMCV-induced B-cell apoptosis, MIN6 cells were incubated with
or without EMCV. Forty-eight hours after incubation, no significant
difference was observed between the control cells and the EMCV-
infected cells (Fig. 3A-and C). Staurosporine treatment induced
apoptosis in MING cells, but pre-incubation with exendin-4 sup-
pressed it (Fig. 3B and D).

3.4. Exendin-4 modulates macrophage function

Incubation of RAW264 cells with EMCV for 12 h induced a 2-
30-fold increases in the RNA expression levels of TNFq, IL-B, and
iNOS. Exendin-4 significantly suppressed EMCV-induced RNA
expression (Fig. 4A). Likewise, LPS enhanced the RNA expression
of TNFa, IL-B, and iNOS, but exendin-4 significantly suppressed
them (Fig. 4B). As for TNFa and iNOS, MDL-12330A blocked the
effects of exendin-4.

4. Discussion

This study has clearly shown that high-dose exendin-4 injection
suppresses the onset of EMCV-induced diabetes. To the best of our
knowledge, this is the first report showing that exendin-4 is useful
for preventing diabetes induced by EMCV. By inhibiting the infil-
tration of macrophages into the islets and the expression of macro-
phage-derived chemical mediators, exendin-4 markedly reduced
B-cell destruction. These results suggested that the anti-diabetic

effect of exendin-4 occurs through mechanisms that are indepen-
dent of the enhancement of glucose-dependent insulin secretion
or glucagon suppression.

To investigate the mechanism underlying the preservation of
B-cells, we first examined whether exendin-4 protects -cells from
EMCV-induced apoptosis. Surprisingly, the in vitro apoptosis assay
showed that EMCV did not directly destroy B-cells. On the other
hand, exendin-4 suppressed B-cell apoptosis induced by stauro-
sporine, an apoptosis inducer. In mice infected with EMCV, the
depletion of macrophages resulted in a much greater decrease in
the incidence of diabetes [26,27], which suggested that EMCV did
not directly destroy B-cells but macrophage played important role
in B-cell destruction.

The infection of macrophages with EMCV induces the expres-
sion of chemical mediators [19] and that induce B-cell death
[21]. Since macrophages express GLP-1 receptors [20], we hypoth-
esized that chemical mediators, such as TNFa, IL-1p, and iNOS,
from infected macrophages play a pivotal role in the destruction
of B-cells and that exendin-4 modulates the expression of these
mediators. Our results showed that exendin-4 suppressed their
expression in infected macrophages. It has previously been re-
ported that EMCV-infected mice treated with an antibody against
IL-1B or TNFo or with an iNOS inhibitor exhibited a significant de-
crease in the incidence of diabetes [30]. Our results are in agree-
ment with this report, which suggested the importance of
macrophage-derived mediators in the pathogenesis of diabetes in
this EMCV model.

The effect of GLP-1 is mainly mediated by the activation of
adenylate cyclase and the elevation of intracellular cyclic AMP lev-
els [29]. By using MDL-12330A, we demonstrated that the
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elevation of cyclic AMP levels is essential for the attenuation of
TNFa and iNOS mRNA expression in EMCV-infected cells. However,
MDL-12330A did not inhibit the suppressive effect of exendin-4 on
IL-1p mRNA expression, which indicated that this effect is not
mediated by cyclic AMP.

In conclusion, our data suggested that exendin-4 prevents the
onset of EMCV-induced diabetes in mice by suppressing the expres-
sion of TNF-q¢, IL-1B, and iNOS in activated macrophages and reduc-
ing the B-cell death. Because the macrophages infiltration into
islets is observed predominantly in fulminant type 1 diabetes in
humans, it has clinical significance to have clarified the effect that
exendin-4 suppresses the inflammatory response of activated mac-
rophages. These findings might provide new therapeutic strategies
for type 1 diabetes including fulminant type 1 diabetes.
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Expression of chemokines, CXC chemokine ligand 10
(CXCL10) and CXCR3 in the inflamed islets of patients with
recent-onset autoimmune type 1 diabetes
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Abstract. The aim of this study is to present direct evidence for the involvement of CXC chemokine ligand 10 (CXCL10)
and CXCR3 in human autoimmune type 1 diabetes. We examined five patients with recent-onset type 1 diabetes and five
control subjects without diabetes. Islet cell antibodies or GAD antibodies or both were detected in all five patients. We
used double-immunofluorescence to detect the expression of CXCL10 and CXCR3 (the receptor of CXCL10). CXCL10
was detected in the islets of all five patients. Almost all (84.2 + 10.3 %, mean + SD) CXCL10-positive cells were insulin-
positive in the islet area. CXCL10-positive cells with glucagons, somatostatins or pancreatic polypeptides were not
detected at all. CXCL10 expression was not seen in any islet without beta cells. CXCR3 was detected in the islet areas of
all five patients. Almost all (80.3 & 13.4 %, mean * SD) CXCR3-positive cells were CD3-positive T cells. Our study
showed that CXCL10 was expressed in the remaining beta cells, and the infiltrating T cells expressed CXCR3, in pancreatic
islets of patients with recent-onset type 1 diabetes. The interaction of CXCL10 and CXCR3 would contribute to the
selective destruction of beta cells in the development of type 1 diabetes.

Key words: Biopsy, Chemokine, IP-10, CXCL10, CXCR3

TYPE 1A DIABETES is an autoimmune disease re-
sulting from the destruction of pancreatic beta cells
[1]. T cell dominant insulitis is a hallmark of this dis-
ease both in human and in rodent models. T cells are
supposed to play a central role in beta cell destruction
because they infiltrate beta cell-positive islets but dis-
appear from the islets when beta cells are completely
destroyed. In insulitis lesions, several cytokines in-
duced by Thl subtypes, including interferon gamma,
tumor necrosis factor alpha and interleukin 1 beta,
contribute to the final phase of beta cell damage.
Chemokines, a subgroup of cytokines, are defined
as a family of small proinflammatory peptides that me-
diate the recruitment of different subsets of peripheral
blood leukocytes [2]. Among them, CXC chemokine
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ligand 10 (CXCL10/ IP-10), an interferon-inducible
chemokine, is known to be expressed stromal cell type
of various lymphoid tissues and intestinal epithelial
cells, and has activities related to the mechanism of im-
mune response or inflammation including cell migra-
tion against monocytes and activated T cells [3], and
inhibition of vascular neogenesis [4]. While its recep-
tor, CXCR3 is expressed in various cell types such as
activated T cells, ThO cells, Thl cells, and some of B
lymphocytes and NK cells [5]. CXCL10 relates to the
development of type 1 diabetes in rodent models. The
expression of this chemokine in pancreatic beta cells
increases with the severity of insulitis in NOD mice
[6]. Islet-specific expression of CXCL10 accelerated
diabetes development [7]. Elevated serum levels of
CXCL10 are detected in the patients with recent-onset
type 1 diabetes [8]. CXCR3, a receptor of CXCL10 in
addition to CXCL9 and CXCL11, was also implicat-
ed in the development of type 1 diabetes. In CXCR3-
deficient mice, the onset of type 1 diabetes is substan-
tially delayed [9]. CXCR3 was expressed on the T
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cells of islet infiltrating T cells in a rodent model [10].

To present direct evidence for the involvement of
CXCL10 and CXCR3 in human autoimmune type 1
diabetes, we investigated the expression of CXCL10
and its receptor CXCR3 in pancreatic biopsy speci-
mens obtained from patients with recent-onset type 1
diabetes.

Materials and Methods

Subjects

We examined five patients with recent-onset type 1
diabetes. All of the patients fulfilled the criteria of the
American Diabetes Association and the World Health
Organization for a diagnosis of type 1 diabetes. The
mean age of the patients was 23.6 + 7.1 years (mean =
SD) and the mean duration of diabetes was 3.6 + 2.8
months (mean + SD). Islet cell antibodies or GAD
antibodies or both were positive in all five patients.
Pancreatic tissues from five patients without diabetes
were also examined as a control. Part of the histologi-
cal findings of the type 1 diabetic patients was report-
ed previously [11]. We randomly selected from insuli-
tis positive samples of those patients.

Pancreatic sections

The study protocol was approved by the Ethics
Committee of Osaka University Medical School and
written informed consent was obtained from all pa-
tients. Pancreatic biopsies were performed as de-
scribed previously and there were no major complica-
tions [11].

Immunohistochemistry

We used double-immunofluorescence to detect the
expression of CXCL10 and CXCR3 as reported previ-
ously with minor modification. After being air dried
and fixed in ice-cold acetone, the sections were incu-
bated overnight at 4°C with primary antibodies: anti-
human CXCL10 (R&D systems, Minneapolis, MN,
USA) or anti-human CXCR3 (BD Pharmingen, San
Diego, CA, USA). Then, the sections were incu-
bated with biotinylated anti-goat or anti-mouse im-
munoglobulins (Vector Laboratories, Burlingame,
CA, USA) followed by the incubation with fluores-
cein isothiocyanate (FITC)-conjugated avidin (Vector
Laboratories) or rhodamine-conjugated avidin (Vector
Laboratories). To examine the relationships between
CXCL10-positive cells and islet cells, and between

Uno ef al.

CXCR3-positive cells and T cells, the above men-
tioned procedures were followed by incubation with
guinea pig anti-insulin antibodies (Dako Japan, Kyoto,
Japan), guinea pig anti-glucagon antibodies (Linco
Research, St. Chales, MO, USA) or antibodies target-
ing T cells (CD3 T3-4BS; Dako Japan). Then, the sec-
tions were incubated with the corresponding second-
ary antibody, rhodamine-conjugated anti-guinea pig
immunoglobulinsg (Chemicon International, Temecula,
CA, USA) or Alexa Fluor 488 goat anti-rabbit im-
munoglobulins (Vector Laboratories). Otherwise,
sections were first incubated with rabbit anti-human
somatostatin (Dako Japan) or rabbit anti-human pan-
creatic polypeptide (Dako Japan), followed by Alexa
Fluor 594 chicken anti-rabbit immunoglobulins and
then staining of CXCL10.

To achieve localization of the islets, staining for in-
sulin and glucagon was done on adjacent serial sec-
tions in part of the patients. Data are presented as the
percentage of CXCR3-positive cells with T cells in
double immunofluorescence-stained sections.

Before the examination of pancreas specimens, we
confirmed specificity and no cross reactivity of the an-
tibodies to CXCL10 and CXCR3 by the staining to
colon sections of the patients with ulcerative colitis.
We also performed equivalent volume of normal IgG
as primary antibody for negative control.

Results

Expression of CXCL10

We examined all 32 islets from five patients in total.
CXCL10 was detected in the islets of all five patients.
CXCLI10 staining was available in the cytoplasm as
shown in Fig. 1. Double-immunofluorescence re-
vealed that 71.4 to 94.1 % (84.2 + 10.3 %, mean * SD)
of CXCL10-producing cells were beta cells in the islet
area (Table 1). On the other hand, 3.9 to 20.0 % (10.7
+ 5.9 %, mean + SD) of beta cells expressed CXCL10
(Table 1). CXCLI10 expression was not seen in any
islets without beta cells. CXCL10-positive cells that
were also glucagon-, somatostatin- or pancreatic poly-
peptide-positive cells were not detected at all (Fig. 2).
CXCL10-positive cells were not detected in the five
control subjects (84 islets examined in total).

Expression of CXCR3
We examined all 32 islets from five patients in to-
tal. When islets with two or more infiltrating T cells
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Fig. 1 Pancreatic sections from a patient with recent-onset type 1 diabetes were stained with anti-insulin antibody (red, a), anti-
CXCL10 antibody (green, b) and merge (c) and anti-CD3 antibody (green, d), anti-CXCR3 antibody (red, e) and merge (f).
CXCL10 is detected in insulin-positive cells (shown in yellow, ¢). CXCR3 is detected on T cells infiltrating to the islets (shown
in yellow, f). Representative CXCLI10 (b), CD3 (d) and CXCR3 (e) -positive cells are indicated by arrows. Representative
double-positive cells are indicated by arrowheads (¢, f).

Table 1 Expression of CXCL10 for beta cells and CXCR3 for T cells infiltrating in the islets

CXCL10" beta cell CXCL10" beta cell CXCR3" T cell CXCR3*Teell
Case No / beta cell / CXCL10"cell /T cell / CXCR3" cell
%) %) (%) (%)
| 10/107 10/14 15/71 15/18
9.3) (71.4) (1.1) (83.3)
) 8/40 8/9 61/262 61/67
(20.0) (88.9) 23.3) (91.0)
3 11/93 11/12 7/25 7/8
(11.8) 91.7) (28.0) (87.5)
4 16/182 16/17 4/17 4/7
(8.8) (94.1) (23.5) (57.1)
5 3/76 3/4 19/40 19/23
(3.9) (75.0) 47.5) (82.6)
Mean+SD (10.7£5.9) (84.2£10.3) (28.7+10.8) (80.3£13.4)

Data are shown in number and percentage (in parentheses).
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Fig. 2 Pancreatic sections from a patient with recent-onset type 1 diabetes were stained with anti-glucagon antibody (red, a), anti-
CXCL10 antibody (green, b) and merge (c), anti-somatostatin antibody (red, d), anti-CXCL10 antibody (green, e) and merge (f)
and anti-pancreatic polypeptide antibody (red, g), anti-CXCL10 antibody (green, h) and merge (i). CXCL10-positive cells that

were also glucagons-positive cells were not detected at all.

were defined as insulitis-positive, 40.0 to 83.3% (56.0
+ 18.8 %, mean + SD) of the examined islets in the
five patients were insulitis-positive. CXCR3 was de-
tected in the islet area of all five patients. Double-
immunofluorescence revealed that 57.1 to 91.0 % (80.3
+ 13.4 %, mean + SD) of CXCR3-positive cells were
T cells in the islet area (Table 1). 21.1t047.5 % (28.7
+ 10.8 %, mean + SD) of T cells infiltrating into the
islets expressed CXCR3 in the five patients. CXCR3-

positive cells were not detected in the five control sub-
jects (75 islets examined in total).

Discussion

This study has clearly revealed the expression of
CXCL10 and CXCR3 in islet lesions of human type 1
diabetes. CXCL10 was almost exclusively expressed
in the remaining beta cells and CXCR3 was mainly
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