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CXC Chemokine Ligand 10 Neutralization Suppresses the
Occurrence of Diabetes in Nonobese Diabetic Mice through
Enhanced � Cell Proliferation without Affecting Insulitis

Jiro Morimoto,* Hiroyuki Yoneyama,† Akira Shimada,* Toshikatsu Shigihara,*
Satoru Yamada,* Yoichi Oikawa,* Kouji Matsushima,† Takao Saruta,* and Shosaku Narumi1†

We have shown that neutralization of IFN-inducible protein 10/CXCL10, a chemokine for Th1 cells, breaks Th1 retention in the
draining lymph nodes, resulting in exacerbation in Th1-dominant autoimmune disease models induced by immunization with
external Ags. However, there have been no studies on the role of CXCL10 neutralization in Th1-dominant disease models induced
by constitutive intrinsic self Ags. So, we have examined the effect of CXCL10 neutralization using a type 1 diabetes model initiated
by developmentally regulated presentation of � cell Ags. CXCL10 neutralization suppressed the occurrence of diabetes after
administration with cyclophosphamide in NOD mice, although CXCL10 neutralization did not significantly inhibit insulitis and
gave no influence on the trafficking of effector T cells into the islets. Because both CXCL10 and CXCR3 were, unexpectedly,
coexpressed on insulin-producing cells, CXCL10 was considered to affect mature and premature � cells in an autocrine and/or
paracrine fashion. In fact, CXCL10 neutralization enhanced proliferative response of � cells and resultantly increased � cell mass
without inhibiting insulitis. Thus, CXCL10 neutralization can be a new therapeutic target for � cell survival, not only during the
early stage of type 1 diabetes, but also after islet transplantation. The Journal of Immunology, 2004, 173: 7017–7024.

T he chemokine family is comprised of �50 proteins, and
the biological function of most chemokines has been ex-
tensively studied (1, 2). There are two major subfamilies

of chemokines, termed CXC and CC according to the arrangement
of the first two conserved cysteines that are separated by one
amino acid and are adjacent, respectively (1, 2). Although CXC
chemokines containing the glutamic acid-leucine-arginine (ELR)2

motif preceding the first conserved cysteine have a chemoattrac-
tant activity for neutrophils (3), IFN-inducible protein 10/
CXCL10, monokine induced by IFN-�/CXCL9, and IFN-induc-
ible T cell � chemoattractant/CXCL11, all of which lack the ELR
motif, are selective chemoattractants for activated T lymphocytes
(4–7), especially Th1 cells (8–10). Furthermore, it was reported
that the common receptor for these three ELR� CXC chemokines,
named CXCR3, is differentially expressed on Th1 and T cytotoxic
type 1 cells generated in vitro, although CCR5 is also characteristic
of them (8, 9, 11).

Because gene expression of these three ELR� CXC chemokines
is induced in tissue-, cell type-, and stimulus-specific fashions (10,
12–14), the effect of CXCL10 neutralization differs depending on
the pathogens or immunogens and the target organs affected. We
have shown that CXCL10 is selectively induced in dendritic cells

(DCs) in the draining lymph nodes (LNs) to retain Th1 cells, main-
taining DC-T cluster formation in acute experimental autoimmune
encephalomyelitis (EAE) (15) and heat-killed Propionibacterium
acnes-induced hepatitis (16). Although CXCL10 neutralization
supplies Th1 cells into the circulation by breaking Th1 retention in
the draining LN, increased or decreased Th1 accumulation in the
target organs depends on the expression of the other two CXCR3
ligands, especially CXCL11 (15–17), whose in vitro chemotactic
activity is 100-fold stronger than that of CXCL9 (10). Thus, in-
creased Th1 accumulation by CXCL10 neutralization exacerbates
EAE (15) and heat-killed P. acnes-induced hepatitis (16), in which
CXCL11 is markedly produced in the target organs, whereas de-
creased accumulation of effector T cells results in the decreased
ability to kill the pathogens in mice with Toxoplasma gondii (17)
or HSV infection (T. Kaburaki, H. Yoneyama, K. Matsushima, and
S. Narumi, manuscript in preparation), in which CXCL11 is in-
duced only slightly or not at all. Whereas all of the four Th1 dis-
ease models are induced by administration with external Ags, there
have been no studies on the role of CXCL10 neutralization on the
development of Th1-dominant autoimmune disease models in-
duced by constitutive intrinsic self Ags.

Type 1 diabetes is a T cell-dependent autoimmune disease, but
the underlying mechanisms that initiate disease and destroy pan-
creatic � cells in genetically susceptible individuals remain un-
clear. NOD mice naturally develop an insulin-dependent diabetes
that is similar to human type 1 diabetes (18). It has been shown that
autoimmune diabetes is initiated by developmentally regulated
presentation of � cell Ags in the pancreatic LNs where those Ags
are transported (19). Then, immune cells infiltrate pancreatic islets
progressively until diabetes culminates (20). Although immuno-
histochemical studies showed that macrophages and T lympho-
cytes are the predominant immune cell phenotypes in the inflamed
islets and that they may promote � cell destruction (21–23), Th1
cells were suggested to be crucial in � cell destruction (24). In
contrast, Th2 cells were suggested to counteract the destructive
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process and thus prevent occurrence of diabetes (25). Cyclophos-
phamide (CY), an immunomodulating agent, when administered to
9- to 10-wk-old NOD mice, induces a rapid influx of immune cells
into the pancreatic islets, resulting in an accelerated and synchro-
nous onset of diabetes (26). Although the mechanism of CY action
is not yet clear, this agent is able to enhance the immune response
under appropriate conditions, either by an induced rebound in the
proliferation of effector T cells sensitive to the internal self Ags, or
by preferentially eliminating Th2 cells and/or regulatory T cells.

We have recently observed the elevated serum levels of
CXCL10 and found a positive correlation between the serum
CXCL10 levels and the numbers of IFN-�-producing CD4� cells
in the peripheral blood, which recognize glutamic acid decarbox-
ylase 65 (GAD65), one of � cell-derived specific self Ags, in both
patient groups of “classical” type 1 diabetes and so-called “slowly
progressive insulin-dependent diabetes mellitus” or “latent auto-
immune diabetes in adults (LADA)” (27, 28). Furthermore, it has
been speculated that the increased serum CXCL10 levels and
GAD65-reactive IFN-�-producing CD4� cells are important for
rapid disease progression in anti-GAD65� diabetic patients with
residual � cell function (28). Here, we would like to clarify the role
of CXCL10 neutralization in the development of type 1 diabetes in
NOD mice after disease acceleration with CY.

Materials and Methods
Neutralizing mAb against mouse CXCL10

Two mAbs (�rIPa and �rIPb), whose IgG subclass is IgG1, against rat
CXCL10 were obtained by immunizing mice with the fusion protein of Fc
(Ig constant region) and rat CXCL10, one amino acid of which was re-
placed with that of mouse CXCL10, and then they were screened by mea-
suring the binding to the fusion protein in which Aic2A (common � sub-
unit of mouse IL-3, IL-5, and GM-CSF receptors) was substituted for Fc (5,
6). In the present study, �rIPb was used, which was confirmed to neutralize
not only rat CXCL10- (6) but also mouse CXCL10-induced chemotaxis of
splenocytes obtained from mice treated with Con A and intracellular cal-
cium influx of Chinese hamster ovary-K1 cells transfected stably with mu-
rine CXCR3 (5, 16). A total of 100 and 200 �g/ml of this mAb could block
the activity of murine CXCL10 (100 ng/ml) by 50% and 100%, respec-
tively, in chemotaxis. The specificity of this mAb for CXCL10 was con-
firmed immunologically against murine CXCL9, CCL3, CCL21, and
CCL22 (16).

Diabetes acceleration after the administration of CY in NOD mice

Nine-week-old female nondiabetic NOD mice were injected i.p. with CY
on day 0 (200 mg/kg body weight) and treated with anti-CXCL10 mAb (6,
15, 16, 29) (200 �g/mouse) or the IgG subclass-matched control Abs (anti-
human parathyroid hormone-related protein (PTHrP) mAb, which is not
cross reactive to mouse PTHrP, from Dr. T. Tamatani, JT Pharmaceutical
Frontier Research Laboratories, Yokohama, Japan; and anti-rotavirus mAb
from Dr. H. Kawachi, Niigata University Graduate School of Medical and
Dental Sciences, Niipota, Japan) every other day from day �1 to day 13.
All animals were assessed for glycosuria daily in the evening, and plasma
glucose was examined in the evening when glycosuria was observed. Di-
abetes was confirmed when glycosuria was positive and plasma glucose
levels in the evening were higher than 200 mg/dl. All animal experiments
complied with the standards set out in the guidelines of Keio University
and the University of Tokyo.

Evaluation of insulitis

The degree of insulitis was assessed by histological score. The pancreas
from each NOD mouse (10 mice per group) was obtained 10 days after CY
injection, immediately before the mice began to exhibit overt diabetes. The
pancreas was fixed in 10% buffered formalin and embedded in paraffin, and
sections were stained with H&E. A minimum of 15 islets from more than
three sections of each pancreas cut at intervals of 150 �m was scored
independently and blindly by three observers using the following rankings:
0, normal; 1, peri-insulitis (mononuclear cells surrounding islets and ducts,
but no infiltration of the islet architecture); 2, moderate insulitis (mononu-
clear cells infiltrating �50% of the islet architecture); and 3, severe insu-
litis (mononuclear cells infiltrating �50% of the islet architecture).

Immunostaining

The pancreas from each NOD mouse (five mice per group) was obtained 10
days after CY injection at a similar time when mice were sacrificed for
evaluation of insulitis. For the in vivo proliferation assay, mice were in-
jected with BrdU (500 �g/mouse; Sigma-Aldrich, St. Louis, MO) 1 h be-
fore they were killed. Each pancreas was inflated with warm OCT com-
pound and snap-frozen in liquid nitrogen. As well as evaluation of insulitis,
a minimum of 15 islets from more than three sections of each pancreas cut
at intervals of 150 �m was examined to count the cells that were positively
stained.

To identify the cell type of pancreatic islet-infiltrating leukocytes, the
following anti-mouse mAbs were used: CD3� (clone 145-2C11), CD4
(RM4-5), CD8a (53-6.7), and pan-NK cells (DX5) (all from BD Pharm-
ingen, San Diego, CA) and F4/80 (Cl:A3-1 from Serotec, Oxford, U.K.).
As a secondary Ab, an HRP- (BioSource, International, Camarillo, CA) or
an alkaline phosphatase-labeled anti-rat Ig (Jackson ImmunoResearch Lab-
oratories, West Grove, PA) was used.

To clarify the localization of CXCL10, CXCL9, and CXCR3, double
immunofluorescence staining was performed. For immunostaining for
CXCL10, CXCL9, and CXCR3, goat polyclonal Abs (pAbs) from Santa
Cruz Biotechnology (Santa Cruz, CA) were used. Each goat pAb against
CXCL10, CXCL9, or CXCR3 has been demonstrated to detect each target
protein specifically (16, 29). Acetone-fixed 4-�m fresh frozen tissue sec-
tions were incubated with each goat pAb, followed by FITC-labeled anti-
goat IgG. At the same time, they were incubated with rabbit anti-insulin
pAb (Santa Cruz Biotechnology), rat anti-PECAM-1, and CD4 mAbs (BD
Pharmingen), followed by Alexa-594-labeled anti-rabbit and rat Ig (Mo-
lecular Probes, Eugene, OR), respectively. Then they were observed by
fluorescence microscopy (16, 29).

To detect replicating cells, a BrdU staining kit (Zymed Laboratories,
South San Francisco, CA) was used, according to the manufacturer’s in-
structions (16, 29). Before BrdU staining was performed, acetone-fixed
4-�m fresh frozen tissue sections were immunostained with rabbit anti-
insulin or amylin pAb (Biogenesis, Poole, U.K.) and/or rat anti-CD3� mAb
using indirect immunoalkaline phosphatase or immunoperoxidase methods
mentioned above, followed by further fixation with 1% glutaraldehyde
(Nacalai Tesque, Kyoto, Japan) in PBS for 9 min. To further confirm
whether BrdU� cells were � cells or T lymphocytes, triple immunofluo-
rescence analysis for BrdU, insulin, and CD3 was performed using Alexa-
488-labeled streptavidin, Alexa-546-labeled anti-rabbit, and Alexa-647-la-
beled anti-rat IgG, respectively (Molecular Probes).

Furthermore, to quantitate insulin content, we calculated the ratio of
insulin-containing cell volume to the whole islet using the spectral confocal
scanning system (TCS SP2 AOBS; Leica Microsystems, Tokyo, Japan)
after immunofluorescent staining for insulin.

Quantitative RT-PCR

Total RNA was extracted from the pancreatic LNs and the pancreas by
homogenization using the RNeasy Mini kit (Qiagen, Courtaboeuf, France)
and was reverse transcribed. Thereafter, cDNA was amplified and quanti-
tatively determined using the ABI 7700 sequence detector system (Applied
Biosystems, Foster City, CA) with a set of primers and probes correspond-
ing to CXCL10, CXCL9, CXCL11, CXCR3, IFN-�, TNF-�, IL-4, IL-10,
TGF�, and GAPDH as previously described (10, 16, 30, 31). Each gene
expression was normalized to that of GAPDH.

Statistics

The incidence of diabetes in NOD mice after CY administration was com-
pared between groups using Fisher’s exact test. The other mean values
among groups with or without CY administration and treated with anti-
CXCL10 mAb or the control mAb were compared using ANOVA followed
by Scheffe’s test. A p value of �0.05 was considered significant.

Results
CXCL10 neutralization suppresses the incidence of diabetes

To clarify whether neutralization of CXCL10 affected the insulitis
and the incidence of diabetes in NOD mice after disease acceler-
ation with CY, female 9- to 10-wk-old NOD mice were injected
i.p. with CY (200 mg/kg body weight) on day 0 and were treated
i.p. with anti-CXCL10 mAb (6, 15, 16, 29) (200 �g/mouse) or the
IgG subclass-matched control mAb, anti-human PTHrP mAb, ev-
ery other day from day �1 to day 13. Then, we checked the cu-
mulative incidence of diabetes by examining urine and plasma
glucose levels. Treatment with anti-CXCL10 mAb significantly
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inhibited the incidence of diabetes, compared with the control
mAb treatment, although the rapidity of the onset, which was ob-
served at least 10 days after the CY administration, was the same
in both groups (Fig. 1). Most blood glucose levels measured in the
evening in mice that were judged as diabetic were �250 mg/dl.
The administration with the control mAb did not show signifi-
cantly different influences on the incidence of diabetes, compared
with the injections with anti-rotavirus mAb or phosphate-buffered
salt solution substituted for anti-PTHrP mAb (data not shown).

To clarify whether the lower incidence of diabetes induced by
CXCL10 neutralization resulted from inhibited development of in-
sulitis due to decreased infiltration of T lymphocytes into pancre-
atic islets, we investigated insulitis scores and the cell numbers of
T lymphocytes, macrophages, and NK cells infiltrating in the islets
from the NOD mice treated with neutralizing anti-CXCL10 mAb
and with the control mAb on day 10 immediately before the mice
began to exhibit overt diabetes (Figs. 2 and 3). First, islet histology

showed that islets from NOD mice treated with anti-CXCL10 mAb
were apparently larger than those from mice treated with the con-
trol mAb (Fig. 2). Against our expectation, however, the insulitis
scores and the numbers of all cell types of inflammatory cells
infiltrated into the pancreatic islets in NOD mice treated with anti-
CXCL10 mAb were not significantly different from those mice
treated with the control mAb (Figs. 2 and 3), although CXCL10
neutralization seemed to inhibit insulitis slightly (Fig. 2). Further-
more, we could not detect any significant difference in gene ex-
pression of IFN-�, IL-4, IL-10, TNF-�, and TGF� in addition to
CXCR3 in the pancreas between both mouse groups (Table I). The
finding that CXCL10 neutralization suppressed the incidence of
diabetes despite the unchanged insulitis scores and T cell infiltra-
tion into the pancreatic islets suggested other mechanisms different
from the effect of CXCL10 neutralization on T cell trafficking.

Islet � cells coexpress both CXCL10 and CXCR3

To investigate why no effect of CXCL10 neutralization on T cell
trafficking into the target organ was seen in the autoimmune dia-
betes model, differing from the four Th1 disease models induced
by administration with external Ags as mentioned in the Introduc-
tion, and to clarify the new function of the CXCL10/CXCR3 sys-
tem other than chemotaxis, we examined the gene expression pat-
terns of CXCL10, CXCL9, CXCL11, and their common receptor
CXCR3 in the pancreases and the draining LN (the pancreatic LN)
of NOD mice at various time points (days 0, 4, 7, and 10) after
disease acceleration with CY (Fig. 4). In the pancreatic LNs,
CXCL10 gene expression began to be induced by day 7, and was
markedly induced on day 10, immediately before diabetes began to
be overt, whereas gene expression of CXCL9 and CXCL11 was
only slightly induced (Fig. 4A). CXCR3 mRNA expression in the
pancreatic LNs was also induced in a similar manner to that of
CXCL10 after administration with CY. Although gene expression
patterns of CXCL10 and CXCL11 were similar to those seen in the
draining LNs in EAE (15), heat-killed P. acnes-induced hepatitis

FIGURE 1. CXCL10 neutralization suppresses the incidence of diabe-
tes in NOD mice after CY administration. The cumulative incidence of
CY-induced diabetes was monitored by measuring urine and plasma glu-
cose levels after CY injection in each group of NOD mice that were treated
with neutralizing mAb against CXCL10 (n � 29) or the control mAb (the
IgG subclass is the same as anti-CXCL10 mAb) (n � 27).

FIGURE 2. The representative islet histology
and insulitis scores in NOD mice treated with anti-
CXCL10 or the control mAb after disease acceler-
ation with CY. NOD mice were injected with CY
and treated with anti-CXCL10 mAb or the control
mAb (10 mice per group). Ten days after CY in-
jection, mice were sacrificed. The pancreases were
fixed in 10% buffered formalin and embedded in
paraffin, and sections were stained with H&E. More
than three sections of each pancreas were examined
for scoring insulitis (magnification, �200). The in-
sulitis scores are presented not only as means but
also as proportions of islets in each scoring category
(0, 1, 2, and 3), or in nondestructive (scores of 0 and
1) and destructive (scores of 2 and 3) islet histology.
The values are shown as mean � SEM. Similar re-
sults were obtained in two separate experiments.
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(16), and HSV infection ((T. Kaburaki, H. Yoneyama, K. Matsus-
hima, and S. Narumi, manuscript in preparation), CXCL9 expres-
sion, which is induced in high endothelial venules (HEVs) (32,
33), was only slightly induced, in contrast with that in the Th1
disease models immunized with external Ags (15, 33). In contrast,
in the pancreas, induction of CXCL10 and CXCL9 was apparently
seen by day 7 and was further increased on day 10, although
CXCL9 mRNA induction was delayed compared with CXCL10
(Fig. 4B). However, CXCL11 gene expression was scarcely de-
tected in the pancreas, as observed in the target organs in mice with
protozoan (17) or viral infection (T. Kaburaki, H. Yoneyama, K.
Matsushima, and S. Narumi, manuscript in preparation), where
decreased accumulation of inflammatory cells was observed.
CXCR3 mRNA expression in the pancreas was also induced grad-
ually since day 7 after administration with CY, as seen in the
pancreatic LN.

We further investigated the cellular localization of CXCL10,
CXCL9, and CXCR3 in the pancreas on day 10 after administra-

tion of CY (Fig. 5). An immunostaining study showed that al-
though CXCL10 and CXCL9 were detected at lower levels in the
islet in NOD mice without CY administration, they were markedly
augmented after the disease acceleration with CY (Fig. 5, A and B).
Interestingly, the augmented CXCL10 expression was observed on
the islet � cells producing insulin (Fig. 5A), but not on the vascular
vessels or islet-infiltrating cells. In contrast, CXCL9 production
was detected in the vascular endothelial cells, which were
shown as PECAM-1� cells, lining capillaries in the islets in
addition to those outside the islets, but not in the islet paren-
chymal cells (Fig. 5B).

CXCR3 expression was observed on a few CD4� T cells sur-
rounding the islets in NOD mice without CY administration (Fig.
5, C and D). Although some islet-infiltrating T lymphocytes ex-
pressed CXCR3 after the disease acceleration with CY, CXCR3
expression was markedly exhibited on the islet � cells similar to
CXCL10 (Fig. 5, A and C), as seen in the epithelial cells in the
murine acute colitis model (29), in which CXCL10 neutralization
protected mice from acute colitis through enhanced crypt cell pro-
liferation without affecting the inflammatory infiltrates (29).

CXCL10 neutralization enhances the proliferation of islet � cells

The coexpression pattern of CXCL10 and its receptor CXCR3 on
the islet � cells suggested that CXCL10 functions on the islet �
cells in an autocrine and/or paracrine fashion. Furthermore, it was

FIGURE 4. Gene expression of CXCR3 and its three ligands in the
pancreatic LNs (A) and the pancreas (B) after administration with CY in
NOD mice. The pancreatic LNs and the pancreases were obtained from
NOD mice on days 0, 4, 7, and 10 after CY injection. Total RNA from four
mice on each day was prepared, pooled, and reverse transcribed. Thereaf-
ter, cDNA was amplified and quantitatively determined using the ABI 7700
sequence detection system (Applied Biosystems). Each amount of CXCR3
and its three ligands was normalized with that of GAPDH. Similar results
were obtained in two separate experiments.

FIGURE 3. The numbers of immune cells infiltrating into pancreatic
islets in NOD mice treated with anti-CXCL10 or the control mAb after
disease acceleration with CY. NOD mice were injected with CY and
treated with anti-CXCL10 mAb or the control mAb (five mice per group).
Ten days after CY injection, mice were sacrificed, and more than three
sections of each pancreas were examined for counting the immune cells
infiltrating into islets, using immunostaining analysis for CD4, CD8, F4/80,
and pan-NK (magnification, �200). The numbers of positive cells in each
islet from each pancreas were counted and divided by the area of the islet.
Then, the average of each immune cell number was obtained from each
mouse and each was compared among the groups. The values are shown as
mean � SEM. Similar results were obtained in two separate experiments.

Table I. Gene expression of cytokines and CXCR3 in the pancreases
on day 10 following administration with CY in NOD mice treated with
anti-CXCL10 or the control mAba

Gene
Expression
Examined

Treatment

Control mAb Anti-CXCL10 mAb

IFN-� 0.618 � 0.275 0.474 � 0.281
TNF-� 0.425 � 0.132 0.954 � 0.171
IL-4 0.0526 � 0.0077 0.0291 � 0.0083
IL-10 0.0955 � 0.0258 0.2360 � 0.0901
TGF� 3.13 � 1.02 2.18 � 0.58
CXCR3 0.906 � 0.372 0.681 � 0.141

a The pancreases were obtained from NOD mice treated with anti-CXCL10 (n �
5) or the control (n � 5) mAb on day 10 following CY injection. Total RNA from
each mouse was prepared and reverse transcribed. Thereafter, cDNA was amplified
and quantitatively determined using the ABI 7700 sequence detection system (Ap-
plied Biosystems). Each gene expression was normalized with that of GAPDH. The
values (�102) are shown as the means � SEM. Similar results were obtained in two
separate experiments.
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demonstrated that CXCL10 possesses the capacity to suppress the
proliferation of intestinal epithelial cells (29), hemopoietic progen-
itor cells (34), and vascular endothelial cells (35). As expected
from the expression pattern of CXCL10 in the islets after CY ad-
ministration, we did not detect significant alterations of PE-
CAM-1� endothelial venules in the islets by treatment with anti-
CXCL10 mAb (data not shown). Therefore, we hypothesized that
CXCL10 neutralization enhanced the proliferation of islet � cells
and increased � cell mass, resulting in the protection of NOD mice
from the onset of diabetes.

We examined the effect of CXCL10 neutralization on the pro-
liferation of islet � cells by in vivo BrdU labeling 1 h before killing
on day 10 after CY administration with or without the treatment
with anti-CXCL10 mAb (Fig. 6). BrdU� islet cells were regarded
as proliferative cells. Whereas the replicating islet cells tended to
be decreased after the development of insulitis, CXCL10 neutral-
ization exhibited a marked increase of BrdU� cells in the islets
(Fig. 6, A–C and F). Although some BrdU� cells in the islets from
mice treated with anti-CXCL10 mAb were also stained with anti-
insulin Ab, some markedly and some faintly (Fig. 6D), most of
them looked like islet cells morphologically (for example, the nu-
clei were not round) and were stained clearly with anti-amylin Ab
and not with anti-CD3 mAb (Fig. 6, D and E), showing that such
BrdU� cells were confirmed as immature � cells and/or islet cells
(36) and not islet-infiltrating T lymphocytes. Thus, most T cells
staining positive for BrdU could be excluded in Fig. 6F. The mot-
tled insulin-staining pattern, observed in the islets with insulitis
after CY administration obtained from NOD mice treated with
CXCL10 neutralization, is similar to that of the animals in the
recovery period after the administration with streptozotocin, an
islet toxin (37). It suggests that the islets in both circumstances
include a considerable number of immature islet cells before and
after the replication. In contrast, CXCL10 neutralization did not

affect the apoptosis of islet � cells according to TUNEL (data not
shown).

Lastly, to quantitate insulin content, we calculated the ratio of
insulin-containing cell volume to the whole islet using the spectral
confocal scanning system (TCS SP2 AOBS; Leica Microsystems)
after immunofluorescent staining for insulin. The � cell mass in the
pancreas from the NOD mice was decreased after the disease ac-
celeration with CY and was restored to the levels in NOD mice
without CY administration by CXCL10 neutralization (Fig. 7),
corresponding to the result of the BrdU� replicating islet cell num-
ber (Fig. 6).

Discussion
We have demonstrated here that CXCL10 neutralization sup-
presses the occurrence of diabetes after disease acceleration with
CY administration in NOD mice, through enhanced proliferation
of � cells, resulting in increased insulin content in the islets with-
out inhibiting insulitis. However, the possibility would be com-
pletely undeniable that the number of � cell-specific autoaggres-
sive T cells infiltrating into the islets is reduced by CXCL10
neutralization, although it is usually accompanied with reduced
migration of total immune cells (38).

The trafficking of inflammatory cells into the target organs
caused by CXCL10 neutralization in the autoimmune diabetes
model in this study differed not only from the animal models of
EAE (15) and heat-killed P. acnes-induced hepatitis (16), in which
T lymphocyte accumulation was increased, but also from the mice
with protozoan (17) or viral infection (T. Kaburaki, H. Yoneyama,
K. Matsushima, and S. Narumi, manuscript in preparation), in
which the accumulation was decreased. Although the gene expres-
sion patterns of CXCR3 ligands in the pancreas (Fig. 4B) sug-
gested that CXCL10 neutralization would inhibit the accumulation
of effector T cells, CXCL10 neutralization, in fact, did not (Fig. 3).

FIGURE 5. Islet � cells coexpress both CXCL10
and CXCR3 in NOD mice after disease acceleration
with CY administration. The pancreases were obtained
from NOD mice 10 days after administration with or
without CY, and double immunofluorescence staining
was performed for CXCL10/insulin (A), CXCL9/PE-
CAM-1 (B), CXCR3/insulin (C), and CXCR3/CD4 (D).
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However, in the draining LNs, whereas CXCL10 produced by DCs
in the paracortex areas (16) was induced in a manner similar to that
of acute Th1 disease models immunized with external Ags (15,
16), CXCL9 produced by HEVs (32, 33) was only slightly induced
in NOD mice (Fig. 4), in contrast with the animal models of EAE
(15), heat-killed P. acnes-induced hepatitis (16, 33), and HSV in-
fection (33). In our recent study on HSV infection, CXCL9 induced
in HEVs is indispensable for plasmacytoid DC precursors to migrate
into the draining LNs from circulation (33). Although the function of
such plasmacytoid DCs is under investigation, the presence or ab-
sence of them in the draining LNs may determine the expression
pattern of chemokine receptors and, resultantly, the CXCR3 depen-
dency of the effector T cells in the retention in the draining LNs and
the migration into the target organs. Alternatively, in the autoim-
mune disease model induced by constitutive intrinsic self Ags,
many more effector T cells may be mobilized in a CXCR3-inde-
pendent manner from the spleen than from the draining LNs, over-

whelming the suppressive effect of CXCL10 neutralization on the
CXCR3-dependent T cell accumulation in the islets. In this con-
text, Cameron et al. (39) reported that expression of MIP-1�/CCL3
in the islets and diabetogenic splenic T cells with CCR5, one of the
CCL3 receptors, contributes to the development of destructive in-
sulitis, which naturally occurs in NOD mice. In contrast, although
it has been recently reported that CXCL10 but not CXCL9 caused
CXCR3-mediated T cell infiltration into the islets in which � cells
were artificially manipulated to produce glycoprotein of lympho-
cytic choriomeningitis virus (38, 40), the effector T cells were
generated through the acute infection with lymphocytic chorio-
meningitis virus. Taken together, whether CXCR3� or CCR5�

effector T cells are preferably induced in Th1-dominant autoim-
mune disease models may depend, at least in part, on whether the
immunogens are external or intrinsic self Ags or on whether the
occurrence of insulitis is acute or chronic. In the present study,
both CXCR3� and CXCR3� (some would be CCR5�) effector T

FIGURE 6. CXCL10 neutralization enhances
the proliferation of islet � cells. NOD mice were
partitioned into three groups. The first group of
NOD mice was injected i.p. with PBS only (n � 5)
(A). The other two groups of NOD mice were in-
jected with CY and treated with anti-CXCL10 mAb
(n � 5) (C) or the control mAb (n � 5) (B). Ten
days after CY injection, mice were injected with
BrdU and sacrificed 1 h later. More than three sec-
tions of each pancreas were examined to count the
number of replicating cells using a BrdU staining
kit (Zymed Laboratories), and BrdU� cells are col-
ored brown (A–C). At the same time, the pancreases
were stained with anti-insulin Ab, and positive cells
were colored blue (A–C) (magnification, �200).
Furthermore, to identify BrdU� cells, triple immu-
nofluorescence analysis for insulin (red), BrdU
(green), and CD3 (blue; magnification, �400) (D)
and triple immunohistochemical analysis for amylin
(blue), BrdU (red), and CD3 (brown; magnification,
�200) (E) were performed using the pancreases
from mice injected with CY and treated with anti-
CXCL10 mAb. The arrows indicated in E show
CD3� T lymphocytes, in which BrdU was not de-
tected. The number of BrdU� islet cells in each islet
was counted and divided by the area of the islet.
Then, the average of the positive cell number was
obtained from each mouse and was compared
among the three groups (F). The values are shown
as mean � SEM. Similar results were obtained in
two separate experiments.
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cells were considered to be generated in NOD mice laid under
drastic immunomodulation by CY injection without immunization
by external Ags. Thus, CXCL10 neutralization could affect insu-
litis and T cell infiltration into the islets less after disease accel-
eration with CY administration in NOD mice (Figs. 2 and 3).
Whatever causes insulitis, CXCL10 neutralization would not ex-
acerbate, but rather would inhibit, the insulitis because the islets do
not produce CXCL11 (Fig. 4), in contrast with EAE (15) and heat-
killed P. acnes-induced hepatitis (16).

CXCL10 expression was exhibited on the islet insulin-produc-
ing cells, whereas CXCL9 production was observed on the vascu-
lar endothelial cells lining capillaries in the islets, in addition to
those outside the islets (Fig. 5). The restrictive production of
CXCL10 and CXCL9 by the parenchymal cells and the vascular
endothelial cells, respectively, was also shown in the intestine with
acute colitis in our recent study on a mouse model of ulcerative
colitis (29). Furthermore, in inflamed LNs, as mentioned above, it
was reported that CXCL9 is selectively detected in a subset of
HEVs (32, 33), whereas CXCL10 is selectively produced by DEC-
205� mature DCs after the immunization with heat-killed P. acnes

(16). This restrictive expression pattern of CXCL10 and CXCL9
differs from that seen in the organs infected with live organisms, in
which CXCL9 in addition to CXCL10 is produced in parenchymal
cells (14). In contrast, CXCL11 expression is induced only slightly
or not at all in the organs, including the CNS infected with live
organisms (17), although it is apparently detected in the CNS in the
EAE model (15).

The islet � cells exhibited coexpression of CXCR3 and
CXCL10 (Fig. 5, A and C). NOD mouse-derived � cell lineage
also induces gene expression of CXCR3 (Y. Kanazawa and A.
Shimada, unpublished observations), which is consistent with the
present in vivo study. The augmented coexpression of CXCL10
and its receptor CXCR3 in the islet insulin-producing cells after
insulitis acceleration suppresses proliferative response of � cells in
an autocrine and/or paracrine fashion (Figs. 6 and 7). This is con-
sistent with our previous study on a murine model of ulcerative
colitis, in which both CXCL10 and CXCR3 were induced in ep-
ithelial cells and inhibited proliferative response of epithelial cells
in an autocrine and/or paracrine fashion (29). Furthermore, we
have confirmed that the recovery of the � cell mass after strepto-
zotocin-induced islet injury, in which T cells are not infiltrated, is
enhanced by CXCL10 neutralization (T. Kaburaki, H. Yoneyama,
K. Matsushima, and S. Narumi, manuscript in preparation). It has
been recently reported that an alternatively spliced variant (named
CXCR3-B) of CXCR3 (renamed CXCR3-A) mediates the inhi-
bition of vascular endothelial cell growth induced by CXCR3
ligands (41). CXCL10-inhibited proliferation of � cells and
intestinal epithelial cells could be caused through CXCR3-B,
although further detailed study is necessary to clarify it.

It was suggested that � precursor cells in adults are located, as
in embryos, in the pancreatic duct and that these cells migrate into
the tissue parenchyma, where they are differentiated and generate
new islets. This compensatory islet growth has been demonstrated
after partial pancreatectomy (42). In addition to the duct, mature
islets also have been considered to contain precursor cells, which
are seen in streptozotocin-induced islet injury (37). In the present
study in NOD mice after CY-induced acceleration of diabetes, the
� cell proliferation enhanced by CXCL10 neutralization was sug-
gested to correspond to the latter case.

For as yet unknown reasons, the pancreatic � cell has a remark-
ably limited proliferation potential, and the production of new �

cells by division is normally �3% per day, a figure that rapidly
declines with increasing age (43). In fact, � cell regeneration is not
a noteworthy feature in either human or animal models for type
1 diabetes, similar to type 2 diabetes (44 – 46). In CY-induced
diabetes in NOD mice, the number of proliferative � cells was
not greater, but rather was less than that of NOD mice without
disease acceleration by CY administration (Fig. 6). The limited
proliferative potential of � cells was suggested to be due, at
least in part, to the induction of CXCL10 by � cells in insulitis,
although some growth stimuli for premature � cells were sug-
gested to be induced. Therefore, CXCL10 neutralization en-
hanced � cell proliferation considerably in pancreatic islets
with insulitis (Figs. 6 and 7).

The � cell mass is a major determinant of the total amount of
insulin that can be secreted by the pancreas. Because CXCL10
neutralization enhances � cell proliferation in insulitis, resulting in
increased � cell mass, and never increases the infiltration of ef-
fector T cells, CXCL10 can be a new therapeutic target for � cell
survival, not only during the early stage of type 1 diabetes, but also
after transplantation of islets or islet stem cells.

FIGURE 7. CXCL10 neutralization increases � cell mass. NOD mice
were partitioned into three groups. The first group of NOD mice was in-
jected i.p. with PBS only (n � 5). The other two groups of NOD mice were
injected with CY and treated with anti-CXCL10 mAb (n � 5) or the con-
trol mAb (n � 5). Ten days after CY injection, mice were sacrificed, and
more than three sections of each pancreas were examined to quantitate
insulin content. We calculated the ratio of insulin-containing cell volume to
the whole islet using the spectral confocal scanning system (TCS SP2
AOBS) (Leica Microsystems), after immunofluorescent staining for insulin
(A). The average of the � cell mass (%) obtained from each mouse and was
compared among the groups (B). The values are shown as mean � SEM.
Similar results were obtained in two separate experiments.
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19. Höglund, P., J. Mintern, C. Waltzinger, W. Heath, C. Benoist, and D. Mathis.

1999. Initiation of autoimmune diabetes by developmentally regulated presenta-
tion of islet cell antigen in the pancreatic lymph nodes. J. Exp. Med. 189:331.

20. Kikutani, H., and S. Makino. 1992. The murine autoimmune diabetes model:
NOD and related strains. Adv. Immunol. 51:285.

21. Signore, A., P. Pozzilli, E. A. M. Gale, D. Andreani, and P. C. L. Beverley. 1989.
The natural history of lymphocyte subsets infiltrating the pancreas of NOD mice.
Diabetologia 32:282.

22. Jansen, A., F. Homo-Delarche, H. Hooijkaas, P. J. Leenen, M. Dardenne, and
H. A. Drexhage. 1994. Immunohistochemical characterization of monocytes-
macrophages and dendritic cells involved in the initiation of the insulitis and
�-cell destruction in NOD mice. Diabetes 43:667.

23. Reddy, S., D. Wu, C. Swinney, and R. B. Elliott. 1995. Immunohistochemical
analyses of pancreatic macrophages and CD4 and CD8 T cell subsets prior to and
following diabetes in the NOD mouse. Pancreas 11:16.

24. Kolb, H. 1997. Benign versus destructive insulitis. Diabetes Metab. Rev. 13:139.
25. Rabinovitch, A. 1998. An update on cytokines in the pathogenesis of insulin-

dependent diabetes mellitus. Diabetes Metab. Rev. 14:129.
26. Harada, M., and S. Makino. 1984. Promotion of spontaneous diabetes in non-

obese diabetes-prone mice by cyclophosphamide. Diabetologia 27:604.
27. Shimada, A., J. Morimoto, K. Kodama, R. Suzuki, Y. Oikawa, O. Funae,

A. Kasuga, T. Saruta, and S. Narumi. 2001. Elevated serum IP-10 levels observed
in type 1 diabetes. Diabetes Care 24:510.

28. Suzuki, R., A. Shimada, T. Maruyama, O. Funae, J. Morimoto, K. Kodama,
Y. Oikawa, A. Kasuga, K. Matsubara, T. Saruta, and S. Narumi. 2003. T-cell
function in anti-GAD65� diabetes with residual �-cell function. J. Autoimmun.
20:83.

29. Sasaki, S., H. Yoneyama, K. Suzuki, H. Suriki, T. Aiba, S. Watanabe,
Y. Kawauchi, H. Kawachi, F. Shimizu, K. Matsushima, H. Asakura, and
S. Narumi. 2002. Blockade of CXCL10 protects mice from acute colitis and
enhances crypt cell survival. Eur. J. Immunol. 32:3197.

30. Overbergh, L., D. Valckx, M. Waer, and C. Mathieu. 1999. Quantification of
murine cytokine mRNAs using real time quantitative reverse transcription PCR.
Cytokine 11:305.

31. Oikawa, Y., A. Shimada, A. Kasuga, J. Morimoto, T. Osaki, H. Tahara,
T. Miyazaki, F. Tashiro, E. Yamato, J. Miyazaki, and T. Saruta. 2003. Systemic
administration of IL-18 promotes diabetes development in young nonobese dia-
betic mice. J. Immunol. 171:5865.

32. Janatpour, M. J., S. Hudak, M. Sathe, J. D. Sedgwick, and M. McEvoy. 2001.
Tumor necrosis factor-dependent segmental control of MIG expression by high
endothelial venules in inflamed lymph nodes regulates monocyte recruitment.
J. Exp. Med. 193:1375.

33. Yoneyama, H., K. Matsuno, Y. Zhang, T. Nishiwaki, M. Kitabatake, S. Ueha,
S. Narumi, S. Morikawa, T. Ezaki, B. Lu, et al. 2004. Evidence for recruitment
of plasmacytoid dendritic cell precursors to inflamed lymph nodes through high
endothelial venules. Int. Immunol. 16:915.

34. Sarris, A. H., H. E. Broxmeyer, U. Wirthmueller, N. Karasavvas, S. Cooper,
L. Lu, J. Krueger, and J. V. Ravetch. 1993. Human interferon-inducible protein
10: expression and purification of recombinant protein demonstrate inhibition of
early human hematopoietic progenitors. J. Exp. Med. 178:1127.

35. Romagnani, P., F. Annunziato, L. Lasagni, E. Lazzeri, C. Beltrame,
M. Francalanci, M. Uguccioni, G. Galli, L. Cosmi, L. Maurenzig, et al. 2001. Cell
cycle-dependent expression of CXC chemokine receptor 3 by endothelial cells
mediates angiostatic activity. J. Clin. Invest. 107:53.

36. Lukinius, A., O. Korsgren, L. Grimelius, and E. Wilander. 1997. Expression of
islet amyloid polypeptide in fetal and adult porcine and human pancreatic islet
cells. Endocrinology 138:5319.

37. Teitelman, G. 1996. Induction of �-cell neogenesis by islet injury. Diabetes
Metab. Rev. 12:91.

38. Christen, U., D. B. McGavern, A. D. Luster, M. G. von Herrath, and
M. B. A. Oldstone. 2003. Among CXCR3 chemokines, IFN-�-inducible protein
of 10 kDa (CXC chemokine ligand (CXCL) 10) but not monokine induced by
IFN-� (CXCL9) imprints a pattern for the subsequent development of autoim-
mune disease. J. Immunol. 171:6838.

39. Cameron, M. J., G. A. Arreaza, M. Grattan, C. Meagher, S. Sharif, M. D. Burdick,
R. M. Strieter, D. N. Cook, and T. L. Delovitch. 2000. Differential expression of CC
chemokines and the CCR5 receptor in the pancreas is associated with progression to
type I diabetes. J. Immunol. 165:1102.

40. Frigerio, S., T. Junt, B. Lu, C. Gerard, U. Zumsteg, G. A. Holländer, and L. Piali.
2002. � Cells are responsible for CXCR3-mediated T-cell infiltration in insulitis.
Nat. Med. 8:1414.

41. Lasagni, L., M. Francalanci, F. Annunziato, E. Lazzeri. S. Giannini, L. Cosmi,
C. Sagrinati, B. Mazzinghi, C. Orlando, E. Maggi, et al. 2003. An alternatively
spliced variant of CXCR3 mediates the inhibition of endothelial cell growth
induced by IP-10, Mig, and I-TAC, and acts as functional receptor for platelet
factor 4. J. Exp. Med. 197:1537.

42. Bonner-Weir, S., L. A. Baxter, G. T. Schuppin, and F. E. Smith. 1993. A second
pathway for regeneration of adult exocrine and endocrine pancreas: a possible
recapitulation of embryonic development. Diabetes 42:1715.

43. Swenne, I. 1983. Effect of aging on the regenerative capacity of the pancreatic
�-cell of the rat. Diabetes 32:14.

44. Hellerström, C. 1984. The life story of the pancreatic �-cell. Diabetologia
26:393.

45. Portha, B., O. Blondel, P. Serradas, R. McEvoy, M. H. Giroix, M. Kergoat, and
D. Bailbe. 1989. The rat models of non-insulin dependent diabetes induced by
neonatal streptozotocin. Diabete. Metab. 15:61.

46. Foulis, A. K. 1993. The pathology of islets in diabetes. Eye 7:197.

7024 CXCL10 NEUTRALIZATION ENHANCES � CELL PROLIFERATION

 at Pennsylvania State U
niv on M

arch 5, 2014
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 

http://www.jimmunol.org/
http://www.jimmunol.org/

