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B Abstract

OBJECTIVE: Complete Freund’s Adjuvant (CFA) is known
to arrest autoimmune diabetes development in non-obese
diabetic (NOD) mice. However, CFA alone cannot induce
effective remission in diabetic NOD mice. Previously, we
reported that anti-CXC chemokine ligand 10 (CXCL10) anti-
body can promote beta-cell proliferation in NOD mice. In the
present study, we aimed to examine whether anti-CXCL10
plus CFA treatment can effectively reverse autoimmune dia-
betes development. METHODS: Systemic supply of anti-
CXCL10 antibody by CXCL10 DNA vaccination in combina-
tion with CFA injection was performed in new-onset diabetic
NOD mice. Remission rate of diabetes, histological charac-
teristics of residual insulitis lesions, residual beta-cell mass,
and regulatory T cell population in local pancreas were ex-

amined. RESULTS: A high frequency of diabetes reversal
was observed after combination treatment with anti-CXCL10
plus CFA. In mice showing diabetes reversal, residual beta-
cell mass was significantly increased, and some beta-cells
were in a proliferative state. Although systemic cytokine pro-
files were unaffected, the frequency of “hybrid regulatory T
cells”, i.e. regulatory T cells expressing CXCR3, was signifi-
cantly increased in local pancreatic lesions. This was possi-
bly associated with the regulation of anti-islet autoimmunity.
CONCLUSIONS: Anti-CXCL10 plus appropriate immune
adjuvant therapy arrested, and reversed, type 1 diabetes de-
velopment.

Keywords: type 1 diabetes - NOD mouse - Complete
Freund’s Adjuvant - regulatory T cell - DNA accination -
CXC chemokine ligand 10 - beta-cell proliferation

Introduction

# ype 1 diabetes (T1D) is considered to be a
T cell-mediated autoimmune disease charac-
=52 terized by selective destruction of pancreatic
B-cells, resulting in insulin deficiency and hyper-
glycemia [1]. Many studies using the non-obese
diabetic (NOD) mouse have suggested that T-
helper 1 (Th1) cells are critical in the development
of autoimmune B-cell injury [2, 3].
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CXC chemokine ligand 10 (CXCL10), also
known as interferon-y inducible protein 10 (IP-10),
is a Thl-related chemokine. It serves as a signal-
ing molecule, and is produced by several types of
cells (monocytes, endothelial cells, fibroblasts, etc.)
in response to interferon (IFN)-y.

CXCL10 is a potent chemotactic agent that di-
rects the migration of lymphocytes expressing
chemokine (C-X-C motif) receptor 3 (CXCR3), a re-
ceptor for CXCL10. Also, it promotes Thl-type
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immune responses [4]. Recent studies revealed
CXCL10 to be involved in the pathogenesis of
T1D. We and others have demonstrated that high
risk T1D patients have elevated serum CXCL10
levels [5, 6]. These levels are also increased in
adult patients with latent autoimmune diabetes
(LADA) [7], but to a lesser extent.

Abbreviations:

Ab - antibody

APC - antigen-presenting cell

arlPb - anti-rat IP-10 Ab

BCG - Bacillus Calmette-Guerin

CAG - CMV immediate enhancer/g-actin

CD4 - cluster of differentiation 4 (glycoprotein expressed on
lymphocytes)

cDNA - complementary DNA

CFA - Complete Freund’s Adjuvant

CMV - cytomegalovirus

CXC - C-X-C motif chemotactic cytokine

CXCL10 - C-X-C motif chemokine ligand 10

CXCR3 - CXC chemokine receptor 3 (mediate the biological
activities of chemokines)

CY - cyclophosphamide

DAB - diaminobenzidine

DNA - deoxyribonucleic acid

ELISA - enzyme-linked immunosorbent assay

FCS - fetal calf serum

FoxP3 - forkhead box P3 (transcriptional activator)

GrB - granzyme B

HBSS - Hanks’ balanced salt solution

H&E stain - hematoxylin and eosin stain

HRP - horseradish peroxidase

Ig - immunglobulin

19gG - immunglobulin G

IEN-y - interferon gamma

IL - interleukin

IP-10 - interferon gamma-induced protein 10 kDa (also
known as CXCL10)

Ki-67 protein - protein detected by monoclonal antibody
anti-Ki-67 (proliferation marker)

LADA - latent autoimmune diabetes

NIH - National Institutes of Health

NOD - non-obese diabetic

OCT - optimal cutting temperature

OD - optical density

PCAGGS plasmid - CAG promoter plasmid (monocistronic
vector under the control of the CAG promoter; gives higher
levels of transgene than conventional CMV and -actin
promoters)

Pdx-1 - pancreas duodenum homeobox 1

PFA - paraformaldehyde

RPMI-1640 medium - Roswell Park Memorial Institute
1640 (cell culture medium for leukocytes)

SCID - severe combined immunodeficiency (mouse model
without functional T and B cells)

T1D - type 1 diabetes

TGF-g - transforming growth factor beta

Thl- T-helper 1

TMB - tetramethylbenzidine

TNF - tumor necrosis factor

Treg cell - regulatory T cell
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In animal models, we have shown anti-CXCL10
antibody administration to suppress the develop-
ment of cyclophosphamide (CY)-induced diabetes
in NOD mice [8]. Also, in vivo induction of anti-
CXCL10 antibody by CXCL10 DNA vaccination
suppressed spontaneous development of diabetes
in NOD mice [9]. Also, other research groups have
reported that blockade of CXCL10-CXCR3 interac-
tion could suppress the development of insulitis in
a virus-induced diabetes model [10, 11]. These
studies have demonstrated that suppression of
diabetes development is possible in different ani-
mal models. However, there are no reports of hy-
perglycemia reversal in established autoimmune
diabetes, through administration of CXCL10
blockade.

CXCL10 is expressed in residual g-cells of insu-
litis lesions in NOD mice [12] and human T1D pa-
tients [13, 14]. Moreover, Rhode et al. reported
that constitutive CXCL10 expression in p-cells ac-
celerated autoimmune diabetes development in a
virus-induced diabetes model [15]. These findings
suggested a close association between p-cell-
specific localization of CXCL10 and pathogenesis
of T1D. Recently, CXCL10 was found to directly
impair function, or induce apoptosis, of g-cells [13].
We have shown that CXCL10 has an anti-
proliferative effect on B-cells. Also, blocking
CXCL10-CXCR3 interaction by anti-CXCL10 anti-
body, promoted B-cell proliferation in pre-diabetic
NOD mice, which contributed to the prevention of
autoimmune diabetes development [8, 9, 16].
Thus, blocking CXCL10 action could be a strategy
for reversing hyperglycemia in established auto-
immune diabetes, via amelioration of p-cell dys-
function, prevention of g-cell apoptosis, and/or
promotion of g-cell proliferation.

CFA and Bacillus Calmette-Guerin (BCG) con-
tain mycobacterial cell wall components. Also,
they exert an immune adjuvant effect protecting
NOD mice from diabetes onset [17, 18, 19]. CFA
was identified as an inducer of tumor necrosis fac-
tor (TNF)-« production by antigen-presenting cells
(APCs) [20]. Temporarily, it can eliminate diabe-
togenic T cells in NOD mice, via induction of apop-
tosis mediated by TNF-« [20]. This effect contrib-
utes to the inhibition of spontaneous diabetes de-
velopment in NOD mice. Moreover, it was recently
reported that CFA treatment can induce regula-
tory T (Treg) cells in pancreatic lymph nodes of
diabetic NOD mice [21]. Therefore, CFA may be
an essential inducer of Treg cells in the inhibition
of autoimmune diabetes.

However, in most studies, CFA treatment alone
has failed to reverse hyperglycemia in NOD mice
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with new-onset diabetes [22, 23]. Therefore, we
hypothesized that a combined intervention with
anti-CXCL10 plus CFA can promote remission of
autoimmune diabetes. We assumed that induction
of residual g-cell proliferation, together with regu-
lation of anti-islet autoimmunity, promotes remis-
sion of autoimmune diabetes. Therefore, in an ef-
fort to effectively reverse hyperglycemia in auto-
immune diabetes, we treated new-onset diabetic
NOD mice with CFA in combination with CXCL10
DNA vaccination, to induce anti-mouse CXCL10
antibody production, and to promote the reversal
of hyperglycemia in vivo [9].

Materials and methods
Mice

Eight week old female NOD mice were pur-
chased from CLEA Japan Inc. (Tokyo, Japan).
They were kept under specific pathogen-free con-
ditions in the animal facility of Keio University
School of Medicine. Urinary glucose analysis was
started at 12 weeks of age, and performed weekly
using Tes-tape (Shionogi, Osaka, Japan). Blood
glucose levels were determined using Glutest-Ace
(Sanwa Kagaku, Nagoya, Japan) when glycosuria
was detected. The onset of diabetes was defined by
blood glucose levels above 250 mg/dl in two con-
secutive measurements taken 48 h apart. All ex-
periments using mice were approved by, and per-
formed according to, the guidelines of the animal
committee of Keio University.

Plasmid vectors

Plasmid pCAGGS-CXCL10 was constructed by
inserting CXCL10 cDNA into rat. In the CXCL10
cDNA, one amino acid (number 92) of its deduced
amino acid sequence was replaced by that of
mouse CXCL10 [24]. The replacement was per-
formed into the multiple cloning site of the
pCAGGS expression vector [9]. Previously, we ob-
tained a monoclonal antibody (Ab), anti-rat IP-10
Ab (arlPb), by immunizing mice with rat CXCL10.
This Ab neutralizes rat and mouse CXCL10 [24,
25]. The expression capacity of the resulting
pPCAGGS-CXCL10 plasmid DNA was confirmed by
transient transfection into 293 cells. The tran-
script was detected in 293 cells, and in the culture
medium, by western blotting using arlPb [9] (data
not shown).

CFA injection and DNA vaccination

New-onset diabetic NOD mice were anesthe-
tized with pentobarbital 2 days after diabetes on-
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set. Then, 50 pl CFA (Sigma-Aldrich, St. Louis,
MO, USA) conjugated with an equal volume of sa-
line (final concentration 0.5 mg/ml) was injected
into each foot pad (total 100 ul/mouse). Simultane-
ously, 50 pg pCAGGS-CXCL10, or pCAGGS plas-
mid DNA (control plasmid DNA), were injected
into the bilateral tibialis anterior muscles (total of
100 pg plasmid DNA/mouse) using an electropora-
tion method, and an insulin syringe with a 27-
gauge needle [9, 26]. For electroporation, a pair of
electrode needles with a 5-mm gap was inserted
into the muscle to encompass the DNA injection
sites, and electric pulses were delivered using an
electric pulse generator. Three pulses of 100 V
each were delivered to each injection site at a rate
of one pulse per second. Each pulse had a duration
of 50 ms. Then, three pulses of the opposite polar-
ity were applied [9, 26].

DNA vaccination was repeated two weeks later.
After treatment, blood glucose levels were followed
over time. Two consecutive non-fasting measure-
ments below 200 mg/dl were considered as a re-
versal of hyperglycemia. If blood glucose levels
were again above 250 mg/dl by 10 weeks after first
DNA vaccination, the mice were finally considered
to be diabetic.

Measurement of anti-mouse CXCL10 antibody
in sera of NOD mice treated with DNA vacci-
nation plus CFA injection

A direct ELISA was used to determine the anti-
mouse CXCL10 antibody level in sera of NOD
mice, as reported previously [9]. Briefly, recombi-
nant mouse CXCL10 (Pepro Tech, London, UK)
was used to coat a 96-well ELISA plate (Nunc,
Roskilde, Denmark) at a concentration of 50
ng/well. Diluted serum (1:8) from treated mice was
added to the plate. Sheep anti-mouse Ig horserad-
ish peroxidase (HRP)-conjugated antibody (Amer-
sham Pharmacia Biotech, UK) was used as a la-
beled antibody. Tetramethylbenzidine (TMB;
Pharmingen, San Diego, CA, USA) was used as a
soluble HRP substrate. Antibody level was ex-
pressed as optical density (OD) value.

Evaluation of insulitis and measurement of
residual islet area

The pancreas was removed from each mouse,
fixed in 10% formaldehyde, and embedded in par-
affin. Thin sections at five levels, at least at 150
um centers, were cut for H&E staining to evaluate
islet-infiltrating immune cells by light microscopy.

Rev Diabet Stud (2010) 7:209-224
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Figure 1. CXCL10 DNA vaccination in combination with CFA injection effectively reversed hyperglycemia in new-onset
diabetic NOD mice. A, B, C: Time courses of blood glucose levels in NOD mice after the indicated treatments. A: Mice
treated with control DNA vaccination plus CFA injection (n = 22). B: Mice treated with CXCL10 DNA vaccination plus CFA
injection (n = 26). C: Mice treated with CXCL10 DNA vaccination alone (n = 10). D: Kaplan-Meier plot of cumulative inci-
dence in diabetes remission after the indicated treatments. Closed circles and solid lines: Mice treated with CXCL10 DNA
vaccination plus CFA injection. Open circles and solid lines: Mice treated with control DNA vaccination plus CFA injection.
Closed triangles and dotted lines: Mice treated with CXCL10 DNA vaccination alone. * p < 0.05 by the log-rank test.

At least 30 islets from each mouse were analyzed
by two independent observers. Histology was clas-
sified as follows: islet free of insulitis, peri-
insulitis, intra-insulitis, and contracted islet. Con-
currently, residual islet area in the insulitis lesion
was defined as an area of islet cell region free of
infiltrating immune cells. This was determined in
square micrometers using ImageJ software (NIH,
USA), and H&E stained pancreatic tissue section.

Rev Diabet Stud (2010) 7:209-224

Immunohistological analyses

Insulin, glucagon, and forkhead box P3 (FoxP3)
staining was performed using pancreatic tissue, or
a pancreatic lymph node, which was removed from
each mouse, fixed in 10% formaldehyde, and em-
bedded in paraffin. Thin sections of these tissues
were prepared, being cut at 100 um centers. The
cut samples were deparaffinized, and stained with
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anti-insulin antibody (Oriental Yeast Co., Tokyo, science, San Diego, CA, USA). This was followed
Japan), anti-glucagon antibody (Nichirei Co., To- by sequential incubations with the appropriate
kyo, Japan), or anti-mouse FoxP3 antibody (eBio-  biotinylated secondary antibodies, avidin-biotin

olnsulitis free = Peri-insulitis
E (%) Slntra-insulitis m Contracted

Area of each islet (x10*“mm3)

Figure 2. Increased residual islet areas in CXCL10 DNA group with rever-
sal of hyperglycemia. A-D: HE staining. Representative islet lesions in pre-
diabetic NOD mice (A), new-onset diabetic NOD mice (B), established
diabetic NOD mice in control DNA group (C), and CXCL10 DNA group
with reversal of hyperglycemia (D). E: Islet areas in the four groups were
measured and plotted. Residual islet areas were larger in mice with reversal
of hyperglycemia from the CXCL10 DNA group. F: Degrees of insulitis in
the four groups. Each group consisted of 8 mice, and at least 30 islets from
each mouse were observed by two independent observers. More than half
of the residual islets in the CXCL10 DNA group with reversal of hypergly-
cemia showed peri-insulitis or no insulitis (D). "p < 0.05, "p < 0.01 by
Mann-Whitney U test. Scale bars: 80 um.
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complex and H.,O.-
diaminobenzidine (DAB).

The pancreas was removed
from each mouse, inflated with
OCT compound, and snap-
frozen in liquid nitrogen, to
perform pancreas duodenum
homeobox 1 (Pdx-1) and Ki-67
staining. Four percent para-
formaldehyde (PFA)-fixed 6-
wm fresh frozen pancreatic tis-
sue sections, were incubated
with anti-Ki-67 antibody (Invi-
trogen, Carlsbad, CA, USA),
and anti-mouse Pdx-1 anti-
body (Trans Genic Inc., Ku-
mamoto, Japan). This was fol-
lowed by Alexa-568-labeled
anti-rat 1gG, and Alexa-488-
labeled anti-rabbit 119G, re-
spectively (Molecular Probes
Inc., Eugene, OR, USA).

Flow cytometric analysis

Lymphocyte staining was
performed using the following
antibodies:

- FITC-conjugated anti-
mouse CD4 monoclonal
antibody (H129.19,
PharMingen, San Diego,
CA, USA),

- PE-conjugated anti-
mouse CD8 monoclonal
antibody (53-6.7, PharM-
ingen),

- FITC-conjugated  anti-
mouse T cell receptor
(TCR)-g monoclonal an-
tibody (H57-597, PharM-
ingen),

- PE-conjugated anti-
mouse CD11b mono-
clonal antibody (M1/70,
PharMingen),

- FITC-conjugated  anti-
mouse CD45R/B220

monoclonal antibody
(RA3-6B2, PharMingen),
and

Rev Diabet Stud (2010) 7:209-224
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- PE-conjugated anti-mouse CXCR3 mono-
clonal antibody (R&D Systems, Minneapolis,
MN, USA).

Cells were fixed, and permeabilized, with
Foxp3 staining buffer (eBioscience), for intercellu-
lar staining. Permeabilized cells were stained with
FITC-conjugated anti-mouse Foxp3 monoclonal
antibody (FJK-16s, eBioscience). The prepared
cells were analyzed with Epics Altra (Coulter,
Hialeah, FL, USA).

Semi-quantitative real-time PCR

Total RNA was extracted from a pancreatic
lymph node or the spleen using an RNeasy Mini
Kit (Qiagen, Valencia, CA, USA). DNase treat-
ment was performed according to manufacturer
instructions. Extracted RNA was reverse tran-
scribed using Not 1-d(T)18 primer, and a first-
strand cDNA synthesis kit (GE Healthcare Bio-
Sciences, Piscataway, NJ, USA), according to
manufacturer instructions. Semi-quantitative RT-
PCR was carried out for IFN-y, IL-10, IL-4, trans-
forming growth factor (TGF)-8, FoxP3, and
glyceraldehyde-3-phosphate dehydrogenase
(GAPDH; internal control), using an ABI Prism
7700 sequence detector (PE Applied Biosystems,
Foster City, CA, USA) and assay-on-demand real-
time PCR kits (PE Applied Biosystems). All reac-
tions were performed using TagMan Universal
MasterMix (PE Applied Biosystems). The obtained
mMRNA level was expressed in relation to the am-
plified GAPDH PCR product from the same sam-
ple: (sample PCR product/GAPDH PCR product) x
constant.

Adoptive transfer of splenocytes

Ten weeks after first DNA vaccination, spleno-
cytes were harvested from NOD mice treated with
CXCL10, or control DNA vaccination in combina-
tion with CFA injection. Then, 1 x 10° splenocytes
were transferred into female NOD-SCID mice (n =
8 per group). Blood glucose levels were measured
twice weekly, thereafter.

Isolation of mononuclear cells in local pan-
creas

Mononuclear cells that locally infiltrated the
pancreas were isolated using a modification of our
previously reported method [27]. In brief, mice
were killed, and pancreatic lymph nodes, easily
detectable by their size and shape, were discarded.

Rev Diabet Stud (2010) 7:209-224

Next, the common bile duct was clamped at its en-
trance to the duodenum, and cannulated under a
dissecting microscope, using a 26-gauge needle.
Approximately 2.5 ml of cold Hanks’ balanced salt
solution (HBSS) (Sigma-Aldrich) containing colla-
genase XI (1 mg/ml; Sigma-Aldrich) were injected
into the common bile duct.

Figure 3. a-cells scattered within residual islets in the group
of CXCL10 DNA-treated mice with reversal of hyperglyce-
mia. Immunohistochemical staining of insulin (A, C, E) and
glucagon (B, D, F) was performed. A and B: Representative
insulitis lesions in established diabetic NOD mice in the
group of control DNA mice. C and D: Representative insu-
litis lesions in the group of CXCL10 DNA-treated mice with
reversal of hyperglycemia 8 to 10 weeks after first DNA vac-
cination. Glucagon-positive cells («-cells) are scattered
within remaining islets (D). E and F: Representative typical
distribution patterns of «-cells and B-cells in insulitis lesions
of a new-onset diabetic NOD mice. Scale bars: 80 pm.

The distended pancreas was removed and in-
cubated in a 50 ml plastic tube for 15 min in a
37°C water bath. Cold HBSS was added to stop
the digestion. After vortexing the tube for 15 sec,
it was centrifuged at 320 g for 5 min. The super-
natant was discarded, and the pellet was washed 3

Copyright © by Lab & Life Press/SBDR
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Figure 4. Increased residual B-cells in a proliferative state in
the group of CXCL10 DNA-treated mice with reversal of
hyperglycemia. HE staining (A, C, E) and immunohisto-
chemical double staining of Pdx-1 and Ki67 (B, D, F) were
performed. A and B: Representative insulitis lesion in a new-
onset diabetic NOD mouse. C, D, E, and F: Two representa-
tive insulitis lesions in a CXCL10 DNA vaccinated mouse
with reversal of hyperglycemia at 8 to 10 weeks after first
DNA vaccination. White arrows indicate Pdx-1 and Ki67
double-positive islet cells (C, D: intra-insulitis, E, F: peri-
insulitis). G: The numbers of Pdx-1 and Ki67 double-positive
islet cells per islet were counted and plotted. Open circles:
new-onset diabetic NOD mice (n = 6, total of 24 islets).
Filled circles: CXCL10 DNA-treated mice with reversal of
hyperglycemia (n = 8, total of 24 islets). * p < 0.01 by
Mann-Whitney U test. Scale bars: 80 pm.

times with RPMI-1640 (Life Technologies, Grand
Island, NY, USA) containing 2% fetal calf serum

www.The-RDS.org

(FCS) (Life Technologies). The suspension, includ-
ing mononuclear cells, was filtered through a 70
um nylon mesh cell strainer (BD Bioscience, Bed-
ford, MA, USA), and was then used for flow cy-
tometric analysis.

Statistical analyses

Results are presented as means + SEM. After
application of the adoptive transfer system, log-
rank test was used to compare the remission of
diabetes, and diabetes development. Comparisons
between the two groups were made using the
Mann-Whitney U test. P-values less than 0.05
were considered statistically significant.

Results

Anti-mouse CXCL10 antibody was induced in
sera from mice treated with CXCL10 DNA
vaccination plus CFA injection

To determine whether anti-mouse CXCL10 an-
tibody was induced in pCAGGS-CXCL10-treated
NOD mice, we determined the level of serum anti-
mouse CXCL10 antibody at 8 to 10 weeks after
first CXCL10 DNA vaccination, using direct
ELISA. As shown in supplementary Figure Al
(see Appendix), CXCL10 vaccination using
pCAGGS-CXCL10 plus CFA injection (CXCL10
DNA group) induced anti-mouse CXCL10 antibody
in the sera of most treated NOD mice. The anti-
body levels were the same as those found in our
previous study [9]. On the other hand, anti-mouse
CXCL10 antibody was not induced in any NOD
mice receiving gene transfer of pCAGGS-control
plus CFA (control DNA group).

CXCL10 DNA vaccination in combination
with CFA injection reversed hyperglycemia in
new-onset diabetic NOD mice

We performed CXCL10, or control, DNA vacci-
nation in combination with CFA injection in new-
onset diabetic NOD mice, and followed blood sugar
levels in the two groups. As shown in Figure 1 (A,
B, and D), a much higher frequency of hypergly-
cemia reversal was observed in the CXCL10 DNA
than in the control DNA group (69.2% (18/26) to
18.2% (4/22)), by 10 weeks after first DNA vacci-
nation. CXCL10 DNA vaccination without CFA
treatment produced a low frequency of hypergly-
cemia reversal (10%, 1/10) (Figure 1 (C and D).

Rev Diabet Stud (2010) 7:209-224
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Figure 5. Increased local hybrid Treg cell population in the pancreas of mice in weeks after first DNA vac-
the CXCL10 DNA group. Treg cell-related populations in the spleen (A and D), cination (Figure 3D). Con-
pancreatic lymph nodes (B and E), and local pancreatic tissue (C and F) were sidering that o-cells are
measured by flow cytometry 4 weeks after first DNA vaccination. Representative generally localized around
flow cytometric data from the control DNA group (A-C) and the CXCL10 DNA insulitis lesions in new-
group (D-F) are shown. G and H: The ratio of FoxP3"'CD4" cells to CD4" cells (G) onset diabetic NOD mice
and the ratio of CXCR3'FoxP3'CD4" (hybrid Treg) cells to CD4" cells (H) are (Figure 3F), the distinct
shown. Open circles: control DNA group (n = 6). Filled circles: CXCL10 DNA pattern of o-cell localiza-
group (n = 6). * p < 0.05 by Mann-Whitney U test. PLN: pancreatic lymph node. tion, shown in Figure 3D,

Residual islet size was increased in NOD mice
with hyperglycemia reversal

To study the characteristics of residual islets in
NOD mice showing reversal of hyperglycemia,

pancreatic sections were H&E stained. In com-
parison with new-onset diabetic NOD mice, or es-

Rev Diabet Stud (2010) 7:209-224

raised the possibility of de-
regulated proliferation of
residual g-cells in the proc-
ess of diabetes reversal.

Proliferating p-cells were common in NOD
mice showing diabetes reversal

Next, we evaluated the proliferative state of re-
sidual g-cells in NOD mice showing diabetes re-
versal. We performed immunohistochemical dou-

Copyright © by Lab & Life Press/SBDR
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ble-staining of Pdx-1, a key gene for mature -
cells, and Ki-67, a marker of cell proliferation, 8 to
10 weeks after first DNA vaccination. As shown in
Figure 4, a higher frequency of Ki-67-positive islet
cells was observed in CXCL10 DNA group mice
showing diabetes reversal. Also, most Ki-67-
positive cells inside residual insulitis lesions were
positive for Pdx-1, indicating a portion of the re-
sidual p-cells to be in a proliferative state.

Systemic cytokine profile was not affected and
anti-islet autoimmunity persisted in NOD
mice with hyperglycemia reversal

Flow cytometric analysis showed reduced CD4"
and CD8’ T cells in the spleens of mice with rever-
sal of hyperglycemia in the CXCL10 DNA group,
compared to control DNA group mice (supplemen-
tal Figure A2, see Appendix). However, there were
no significant differences between the two groups
in MRNA expression levels of cytokines (IFN-y, IL-
10, IL-4), or Treg-related factors (FoxP3, TGF-B) in
the spleen (supplementary Figure A3, and data
not shown). This suggested that autoimmune
regulation did not play a crucial role in the process
of hyperglycemia reversal, at least not in the pe-
riphery.

To investigate whether diabetogenic T cells cir-
culated in the periphery of CXCL10 DNA group
mice with hyperglycemia reversal, adoptive trans-
fer of splenocytes from each group into NOD-SCID
mice was performed. Essentially, the incidence of
diabetes development in recipients of splenocytes
from the CXCL10 DNA group with reversal of hy-
perglycemia, was equivalent to that in recipients
of splenocytes from the control DNA group without
reversal of hyperglycemia (supplemental Figure
A4, see Appendix). This indicated that anti-islet
autoimmunity persisted in CXCL10 DNA group
mice showing hyperglycemia reversal.

Local pancreatic “hybrid regulatory T cell”
frequency was increased in NOD mice with
hyperglycemia reversal

To investigate the involvement of Treg cells in
CXCL10 DNA group mice with reversal of hyper-
glycemia, we determined the population of
FoxP3'CD4" cells in NOD mice at 4 weeks after
first DNA vaccination. We found that there were
no significant differences in splenic, pancreatic
lymph node, or local pancreatic Treg cell popula-
tions between the CXCL10 DNA group and the
control DNA group (Figure 5G).
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CXCR3'FoxP3'CD4" cells have very recently at-
tracted attention as a distinct subset of Treg cells,
referred to as “hybrid Treg cells”. They are re-
ported to be induced by CXCR3 FoxP3'CD4" regu-
latory T cells (i.e. usual Treg cells) under Thl-type
immune-skewed local conditions in vivo [28]. To
investigate the involvement of hybrid Treg cells in
the process of hyperglycemia reversal in mice from
the CXCL10 DNA group, we analyzed this cell
population in spleen, pancreatic lymph nodes, and
local pancreatic tissues 4 weeks after first DNA
vaccination. Intriguingly, the local pancreatic
population of hybrid Treg cells was almost 10-fold
higher in the CXCL10 DNA group than in the con-
trol DNA group, a very significant difference (Fig-
ure 5 (C, F, and H)). In contrast, there was no sig-
nificant difference in the incidence of hybrid Treg
cells in spleen, or pancreatic lymph nodes, be-
tween the CXCL10 DNA group and the control
DNA group (Figure 5 (A, B, D, E, and H)).

Discussion

CXCL10 DNA vaccination, in combination with
CFA injection, reversed hyperglycemia in new-
onset diabetic NOD mice (Figure 1 (B and D)). In
this study, we aimed to elucidate the mechanism
underlying the remission of autoimmune diabetes.
We focused on the induction of residual g-cell pro-
liferation, and on the regulation of anti-islet auto-
immunity.

The onset of overt hyperglycemia in T1D is be-
lieved to be due to severe B-cell loss, i.e. residual $-
cells are virtually destroyed early in the disease
process. However, our previous study in NOD mice
revealed that overt hyperglycemia can be caused
by g-cell dysfunction rather than severe g-cell loss,
at least in the early disease process [29]. Also, we
found that severe B-cell destruction can appear
late in the autoimmune process [30]. In typical
new-onset T1D patients, residual functional 3-cell
mass is hot necessarily eliminated, and may even
be larger than was previously thought [31, 32].
Residual g-cell mass should not be neglected as it
represents a target for interventions aimed at pre-
vention, and possibly a cure, of T1D.

B-cell dysfunction early in the disease process
can be caused by pro-inflammatory cytokines, and
chemokines, secreted from islet-infiltrating im-
mune cells or islet cells. It was recently reported
that CXCL10 is produced by g-cells stimulated by
IFN-y and TNF-«, and that CXCL10 directly af-
fects B-cells, leading to g-cell dysfunction or apop-
tosis [13]. In NOD mice, pro-inflammatory cyto-
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kines are abundant in insulitis lesions [33], which
possibly contributes to the induction of CXCL10 in
B-cells. Previously, we showed that CXCL10 is ex-
pressed in residual g-cells within insulitis lesions
[12], which could contribute to s-cell dysfunction
including impaired B-cell proliferation [8, 9, 13].
Moreover, our previous studies demonstrated that
CXCL10 neutralization suppressed autoimmune
diabetes development via accelerated residual B-
cell proliferation [8, 9]. Therefore, we hypothesized
that blocking CXCL10 action in insulitis lesions
might be critical to achieve remission of autoim-
mune diabetes.

In the present study, we used the method
known as DNA vaccination [34, 35]. CXCL10 DNA
vaccination was performed using in vivo gene
transfer of rat CXCL10-expressing plasmid DNA.
Due to a difference in the amino acid sequence be-
tween mouse and rat CXCL10, rat CXCL10 pro-
tein produced in the injected muscles was identi-
fied as a foreign material by the immune systems
of mice. This resulted in the in vivo induction of
anti-CXCL10 antibody in mice.

Previously, we showed that anti-CXCL10 anti-
body produced in the periphery of NOD mice
treated with rat CXCL10 DNA vaccination, reacts
with rat CXCL10 and mouse CXCL10 [9]. Simi-
larly, the present study detected anti-CXCL10 an-
tibody as anti-mouse antibody (supplementary
Figure Al, see Appendix), thus implying the effi-
cacy, and reproducibility, of our CXCL10 vaccina-
tion method. It remains to be shown whether the
in vivo induced anti-mouse CXCL10 antibody in
our system can neutralize mouse CXCL10. Previ-
ously, to address this issue, we established a hy-
bridoma producing neutralizing antibodies against
mouse CXCL10 via immunization of mice with re-
combinant rat CXCL10 protein [24, 25]. The re-
sults obtained suggested that a portion of the anti-
CXCL10 antibodies induced by rat CXCL10 DNA
vaccination could neutralize mouse CXCL10. Al-
though, further study is needed to clarify the de-
tails of this neutralizing action.

In NOD mice showing reversal of hyperglyce-
mia, residual islet mass was increased (Figure 2
(D and E)), and some residual 3-cells were positive
for Ki-67 in their nuclei (Figure 4 (D, F, and G)).
This means that some portion of the residual B-
cells were in a proliferative state. Surprisingly,
there was a scattered distribution of «-cells within
residual islets (Figure 3D). Generally, «-cells are
distributed in the periphery of the insulitis area,
and are spared in the natural course of insulitis
development in NOD mice (Figure 3F). Therefore,
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this unexpected observation suggests that residual
B-cells proliferated in a non-physiological manner
during the process of diabetes remission.

CFA is reported to have potency to eliminate
anti-islet autoimmunity by inducing apoptosis of
effector T cells [22]. However, this effect is consid-
ered to be temporary [22]. In the present study,
CFA injection in combination with control DNA
vaccination induced hyperglycemia reversal only
in a small portion of new-onset diabetic NOD mice
(Figure 1A and D). This has already been demon-
strated by several investigations using CFA injec-
tion alone [22, 23]. Considering that diabetes re-
versal in control DNA mice observed within a few
weeks of first treatment (Figure 1A and D), it
seems unlikely that reversal by CFA alone is asso-
ciated with g-cell proliferation. In fact, proliferat-
ing B-cells (Pdx-1 and Ki-67 double positive cells)
were not observed in control group mice with hy-
perglycemia reversal (data not shown). Instead, it
seems that hyperglycemia reversal by CFA alone
was mainly provided by improvement of B-cell
function. Also, it seemed that the anti-diabetic ef-
fect of CFA may be dependent on the remaining
mass of B-cells, which could have contributed to
the amelioration of hyperglycemia. The details of
this process are still not clear.

On the other hand, despite the persistence of
diabetogenic immune cells (supplemental Figure
A4, see Appendix), mice in the CXCL10 DNA
group showed efficient reversal of hyperglycemia,
and maintained near-normal blood sugar levels.
This suggested an immunoregulatory mechanism
operating at the local level in pancreatic tissues.
In fact, the FoxP3-positive cell population was in-
creased in both insulitis lesions and pancreatic
lymph nodes CXCL10 DNA group mice, long after
reversal of hyperglycemia. This was in association
with elevated expression of TGF- in pancreatic
lymph nodes (supplemental Figure A5, see Appen-
dix). However, contrary to our expectations, most
of the Treg cells (FoxP3'CD4" cells) did not differ
between the CXCL10 DNA group and the control
DNA group, in the early stage after first DNA vac-
cination (Figure 5G). Therefore, this study was fo-
cused on a distinct subset of Treg cells.

There are reports describing an association be-
tween CFA injection and Treg cell induction in lo-
cal pancreatic lesions of NOD mice [21, 36]. Inter-
estingly, Qin et al. reported that granzyme B
(GrB)-producing CD4 cells were induced in NOD
mice injected with CFA, leading to protection
against autoimmune diabetes [36]. According to
their study, these CD4 cells are a Treg cell subset
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that can induce apoptosis of diabetogenic effector
lymphocytes via a GrB-dependent mechanism. Re-
cently, it was proposed that a portion of GrB-
producing Treg cells may be hybrid Treg cells that
express CXCR3 on their surfaces. These hybrid
Treg cells were derived from CXCR3-negative
Treg cells, via a T bet-dependent mechanism in
response to Thl-type immunity [28]. In our study,
local pancreatic hybrid Treg cell frequency was
significantly increased in NOD mice showing hy-
perglycemia reversal (Figure 5H). Therefore, CFA
may play an important role in the induction of hy-
brid Treg cells in response to Thl-type immunity
in insulitis lesions.

It remains to be shown whether there is a di-
rect association between anti-CXCL10 antibody
and the increase in pancreatic hybrid Treg cell
frequency. However, residual B-cell proliferation
triggered by anti-CXCL10 antibody may lead to
release of islet-associated antigens, and persis-
tence of Thl-type anti-islet autoimmunity in insu-
litis lesions, which in turn may contribute to the
local expansion of hybrid Treg cells in the pan-
creas. This possible relation could be an important
aspect in autoimmune diabetes, and merits fur-
ther study. Whether hybrid Treg cells play a direct
role in anti-islet autoimmunity remains uncertain.
Our CXCR3-deficient NOD mice showed accelera-
tion of diabetes development (unpublished data),
suggesting that hybrid Treg cells may be essential
to the regulation of anti-islet autoimmunity.

As we reported previously, CXCL10 DNA vac-
cination suppressed diabetes development in NOD
mice through enhanced B-cell proliferation without
affecting the degree of insulitis, or the systemic
and local cytokine profiles, in the accelerated
phase of diabetes development [9]. These findings
suggest that anti-mouse CXCL10 antibody, in-
duced by CXCL10 DNA vaccination, has the abil-
ity to induce g-cell proliferation. It does not seem
to affect the chemotaxis of CXCR3-positive T cells,
which are usually considered to be Thl cells, to-
wards CXCL10-producing tissues. Also, our study
demonstrated that CXCL10 DNA vaccination did
not affect systemic cytokine profiles (supplemental
Figure A3,), or anti-islet autoimmunity (supple-
mental Figure A4, both in the Appendix). This
suggested that CXCL10 DNA vaccination itself did
not contribute directly to the induction or local
distribution of Treg cells including hybrid Treg
cells.

CFA was expected to induce apoptosis of diabe-
togenic effector T cells and to promote Treg cell ac-
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tivity in NOD mice. However, CXCL10 DNA vac-
cination plus CFA treatment showed persistence
of anti-islet autoimmunity in the spleen (supple-
mental Figure A4). Consequently, we speculated
that Treg cell activity promoted by CFA injection
was essential for the reversal of hyperglycemia in
CXCL10 DNA group mice, as CXCL10 DNA vacci-
nation without CFA treatment produced only a
low frequency of hyperglycemia reversal (Figure 1
(C and D)). Previous reports demonstrated that
CFA treatment has a strong potency to suppress
the development of autoimmune diabetes in NOD
mice via the development of Treg cells, especially
in pancreatic lymph nodes [21, 36]. In our study,
hybrid Treg cells were significantly increased in
the local pancreas, but not in the spleen, of mice
from the CXCL10 DNA group (Figure 5H). These
findings suggested that CFA-induced anti-islet
autoimmune tolerance was performed mainly at
the local pancreas, but not in the periphery. This
may have contributed to the survival of a portion
of diabetogenic effector cells in the spleen of
CXCL10 DNA group mice, despite CFA injection.
However, this is a matter of speculation. Further
studies are required to reveal details.

In conclusion, we have demonstrated that
CXCL10 DNA vaccination in combination with
CFA injection could provide a strategy for treating
autoimmune diabetes. Unfortunately, whilst CFA
is an excellent immune regulator of anti-islet auto-
immunity in NOD mice, it cannot be applied to
humans because of its toxicity. Therefore, in its
present form, translation to clinic is not realistic.
However, humanized CXCL10 neutralizing anti-
body is now being tested in an ongoing clinical
trial. Possibly, CFA might be replaced by another
immune therapy, such as anti-CD3 antibody [37,
38], anti-CD20 antibody [39], or Bacillus Cal-
mette-Guerin vaccination [40]. Anti-CXCL10 anti-
body in combination with another immune ther-
apy may offer a novel future strategy for T1D. We
hope that our findings provide a strong foundation
for the development of such a combination ther-

apy.
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Figure Al. Anti-mouse CXCL10 antibody was induced by CXCL10 DNA vaccination. In combination with CFA treatment, the
first DNA vaccination with pCAGGS-CXCL10 (CXCL10 DNA vaccination), or pCAGGS control plasmid DNA (control DNA
vaccination), was performed in new-onset diabetic NOD mice. Each DNA vaccination was repeated two weeks later. 8 to 10
weeks after the DNA vaccination, a direct ELISA was performed to measure the OD values of anti-mouse CXCL10 antibody in
sera. The OD values in the control DNA group (n = 9) and the CXCL10 DNA group (n = 9) were 0.09 + 0.04 and 0.49 +
0.10, respectively. * p < 0.05 by Mann-Whitney U test.
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Figure A2. Lymphocyte populations in the spleen were affected by CXCL10 DNA vaccination in combination with CFA in-
jection. Populations of splenic lymphocytes (CD4" cells, CD8" cells, whole T cells (TCR-g), macrophages (CD11b), and B
cells (B220)) were measured by flow cytometry 8 to 10 weeks after first DNA vaccination. Counts of splenic CD4", CD8", and
whole T cells were slightly reduced in the group of CXCL10 DNA-treated mice with reversal of hyperglycemia (filled bar, n =
7), as compared to the control DNA group (open bar, n = 7). In contrast, splenic macrophage count was increased. Cell
populations are presented as the ratio of each cell count to that of gated lymphocytes. * p < 0.05 by Mann-Whitney U test.

Rev Diabet Stud (2010) 7:209-224 Copyright © by Lab & Life Press/SBDR



DNA Vaccination and Diabetes Reversal The Review of DIABETIC STUDIES 221
Vol. 7 [(No. 3 (2010

A B
2 1.6,
B [ ) ] °
[e] o ]
o . :,' 1.2_
= [ )
£ 1 o . S 08 °
Z 1 L ]
: b= o4 89 b
i 8 ‘ 1 '
0’ e 0 8 H
Control CXCL10 Control CXCL10
C D
6 ° 10 o
i 1 °
4 * ° ]
S 2 4 .
2' g %) ° } J ¢] {) .+
] 21 ©
9 $ ; !
0 ! s 0 e
Control CXCL10 Control CXCL10

Figure A3. Splenic cytokines and FoxP3 mRNA expression levels were not affected by CXCL10 vaccination in combination
with CFA injection. The expression levels of IFN-y, IL-10, and FoxP3 mRNAs in the spleen were measured by semi-
guantitative real-time PCR 8 to 10 weeks after first DNA vaccination. The control DNA group (n = 8) and the CXCL10 DNA
group (n=12) are indicated by open and filled circles, respectively. A, C, and D: Data are presented in arbitrary units. B: The
ratio of IFN-y to IL-10 mRNA expression levels is presented.
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Figure A4. Anti-islet autoimmunity persists in the spleens of mice with reversal of hyperglycemia in the CXCL10 DNA
group. Adoptive transfer of whole splenocytes from the CXCL10 DNA group with reversal of hyperglycemia, or from control
DNA group without reversal, was performed in female NOD-SCID mice 8 to 10 weeks after the first DNA vaccination. The
incidence of diabetes development was investigated. The control DNA group (n = 8) and the CXCL10 DNA group (n = 8) are
indicated by dotted and solid lines, respectively. There was no significant difference in diabetes incidence between the two
groups, calculated by log-rank test.
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Figure A5. FoxP3-positive cells persisted in both insulitis lesions and pancreatic lymph nodes in the group of CXCL10 DNA-
treated mice long after reversal of hyperglycemia. Immunochistochemical staining of FoxP3 was performed more than 10
weeks after the first DNA vaccination. A and B: Representative insulitis lesion in the control DNA group without reversal of
hyperglycemia. C and D: Representative insulitis lesion in the CXCL10 DNA group with reversal of hyperglycemia. E, F, and
G: Representative pancreatic lymph node in the control DNA group without reversal of hyperglycemia (E), and in the CXCL10
DNA group with reversal of hyperglycemia (F and G). H: FoxP3 and TGF-3 mRNA expression levels in pancreatic lymph
nodes were measured in control DNA group mice without reversal of hyperglycemia (open circles, n = 3), and in CXCL10
DNA group mice with reversal of hyperglycemia (filled circles, n = 3) by semi-quantitative real-time PCR. Scale bars: 80 um.
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