Induction and acceleration of insulitis /diabetes in
mice with a viral mimic (polyinosinic-polycytidylic
acid) and an insulin self-peptide

Hiroaki Moriyama*, Li Wen', Norio Abiru*, Edwin Liu*, Liping Yu*, Dongmei Miao*, Roberto Gianani*, F. Susan Wong$,

and George S. Eisenbarth*T

*Barbara Davis Center for Childhood Diabetes, *Department of Pathology, University of Colorado Health Sciences Center, 4200 East 9th Avenue, Denver, CO
80262; TSection of Endocrinology, Department of Internal Medicine, Yale University School of Medicine, 330 Cedar Street, New Haven, CT 06520; and
SDepartment of Pathology and Microbiology, University of Bristol, School of Medical Sciences, University Walk, Bristol BS8 1TD, United Kingdom

Communicated by David W. Talmage, University of Colorado Health Sciences Center, Denver, CO, February 28, 2002 (received for review October 24, 2001)

Polyinosinic-polycytidylic acid (PolylC), a “mimic” of double-stranded
viral RNA, can induce diabetes when administered to rats with RT1Y,
and immunization of normal H-29 mice (e.g., BALB/c) with insulin
B:9-23 peptide (but not H-2) results in the rapid induction of insulin
autoantibodies. Because a mouse model of PolylC/antigen-induced
diabetes is lacking, we sought to produce insulitis and diabetes with
either PolylC and/or B:9-23 peptide immunization. Simultaneous
administration of PolylC and B:9-23 peptide to BALB/c mice (but with
neither alone) induced insulitis. CD4 T lymphocytes predominated
within islets, and the mice did not progress to hyperglycemia. Islets
with transgene-induced expression of the costimulatory B7-1 mole-
cule have enhanced diabetes susceptibility. Diabetes was frequently
induced in B7-1 transgenic mice with H-29 in contrast to H-2P mice
after PolylC administration. Disease induction was accelerated by
adding B:9-23 immunization to PolylC. These studies demonstrate
that “normal” mice have autoreactive T lymphocytes able to rapidly
target islets and insulin given appropriate MHC alleles and that a
peripherally administered insulin peptide (an altered peptide ligand
of which is in clinical trials) can enhance specific anti-islet autoimmu-
nity. These first PolylC/insulin-induced murine models should provide
an important tool to study the pathogenesis of type 1 diabetes with
experimental autoimmune diabetes.

I nduction of severe 3 cell destruction with permanent diabetes
in a convenient murine experimental model has proven diffi-
cult to achieve. In 1956, Witebsky and colleagues reported that
autoimmune thyroid disease could be induced with the admin-
istration of thyroid antigens in complete Freund’s adjuvant. This
seminal observation led to the characterization of autoimmune
disorders of animal models and of man, and “the Rose and
Witebsky” criteria for autoimmune diseases (1). Type 1A dia-
betes has become a prototypic immune-mediated disorder with
spontaneous animal models, disease transfer with T lympho-
cytes, and extensive studies of children developing type 1 dia-
betes monitored from birth (2-6). In the 1960s, Renold, Soeld-
ner, and colleagues produced insulitis in cows immunized with
bovine insulin in complete Freund’s adjuvant (7). These studies
were not pursued further, in part, because of the difficulty of the
animal model. Also in the 1960s Grodsky and coworkers re-
ported the induction of insulitis in rabbits (and in a subset,
diabetes) following immunization with bovine insulin in com-
plete Freund’s adjuvant (8). The insulin preparations used were
not as pure as would soon be available, and subsequent studies
by other investigators did not result in insulitis or diabetes.

A heat-shock protein administered to mice produced a tran-
sient “mild” (glucose <250 mg/dl) diabetes (9). Injection of
autoantigens into diabetes-prone animals such as the NOD
(nonobese diabetic) mice or rats with RT1" could accelerate or
inhibit the timing of diabetes development (10-12) and multiple
clones of T cells able to transfer diabetes into immunodeficient
or young NOD mice have been derived (10, 13, 14).
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Polyinosinic-polycytidylic acid (PolyIC) has been used as a
viral RNA mimic to stimulate the innate immune system and in
RTI1" rat strains can often induce insulitis and, less often,
diabetes (15), although in NOD mice PolyIC prevents diabetes
(16). B7-1 is a potent costimulatory molecule that provides
signals to T cells. Rat insulin promoter (RIP)-B7.1 C57BL/6
mice expressing B7-1 molecules on pancreatic 8 cells, however,
infrequently develop insulitis or diabetes. With the Yale strain
studied here, less than 3% (3 in more than 100 mice older than
10 months) developed diabetes. When these mice were back-
crossed once to NOD strain or bred with human DQS transgenic
mice, these mice developed spontaneous diabetes (17, 18). These
reports demonstrate that islet B7-1 enhances susceptibility to
autoimmune destruction.

Proinsulin/insulin (19-21) and the insulin B:9-23 peptide are
studied extensively as islet autoantigens (22), and insulin was an
early subject of immune response (Ir)-gene-dependent recognition,
with of interest the observation that response to the B chain of
insulin was H-29 restricted. H-2" mice gave a low or absent response
to the B chain but responded to A chain determinants (23, 24). The
sequence of the B:9-23 insulin peptide is identical in mice and
humans, and T cell responses to this peptide can be demonstrated
in both species. The crystal structure of B:9-23 bound to the
high-risk HLA allele DQS8 was recently elucidated (25). This
peptide is recognized by islet-infiltrating T cells of the NOD mouse
(22, 26), and some of the clones can respond to B:9-23 presented
by BALB/c antigen-presenting cells in addition to NOD antigen-
presenting cells (27). In addition, administration of the B:9-23
peptide to BALB/c mice, but not C57BL/6 mice, and congenic
strains with H-29 but not H-2° results in high titers of insulin
autoantibodies (28). Note that the induced insulin autoantibodies
react with intact insulin and cannot be absorbed with the immu-
nizing B:9-23 insulin peptide. In this article, we describe the
induction of insulitis by using the B:9-23 peptide and PolyIC in
BALB/c mice and the production of diabetes with these molecules
in mice with islet B7-1 expression.

Methods

Mice. BALB/cBy or BALB/cAn mice were purchased from The
Jackson Laboratory or Harlan Breeders (Indianapolis, IN).
RIP-B7.1 C57BL/6 mice expressing B7-1 molecules on pancre-
atic B cells were generated as described (18). BALB/c mice
(H-29) were crossed with RIP-B7.1 C57BL/6 mice (H-2") to
generate F1 (H-2%/9) mice. The RIP-B7.1 transgene was de-

Abbreviations: NOD, nonobese diabetic; RIP, rat promoter insulin; TT, tetanus toxin; IAA,
insulin autoantibody; IFA, incomplete Freund’s adjuvant; PolyIC, polyinosinic-polycytidylic
acid.
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Fig. 1.

IAA expression following peptide in IFA with PolyIC treatment in BALB/c mice. Each of five mice were s.c. injected at 4 weeks of age (day 1) with 100

g of B:9-23 (a) or TT (b) peptide in IFA. They were also injected i.p. with 7.5 ug/g body weight of PolyIC (days 1-5 and 8-13). (c) IAA plotted for B7-1 transgenic
mice with H-29injected with PolylC and control TT peptide in IFA or IFA alone (n = 16). Longer arrows indicate the time of immunization of peptide in IFA. Shorter
arrows indicate the time of administration of PolyIC. Levels of IAA were then determined every 2 weeks.

tected by PCR amplification by using genomic DNA isolated
from mouse tails as described (18). The B7-1" F1 mice were
further backcrossed with BALB/c mice to generate the B7-1*
backcross generation with MHC H-294 or H-2%4 alleles (N2).
These mice were genotyped for the microsatellite maker that is
linked to H-2 gene (D17Mit34) and used in this study.

The B7-1" littermates were used as control mice. The mice
were housed in specific pathogen-free facilities with approved
University of Colorado Health Science Center Animal Care and
Use Committee protocols.

Antigens and Reagents. Insulin B:9-23 chain (SHLVEALYL-
VCGERG) and tetanus toxin (TT)-peptides 830-843 (QYIKAN-
SKFIGIFE) were synthesized and purified by reverse-phase high-
performance liquid chromatography and identified by mass
spectroscopy (Research Genetics, Huntsville, AL). These peptides
were used as immunogens. PolylC sodium salt was purchased from
Sigma.

Disease Induction Protocol. B:9-23 or TT peptide (100 wg/mouse)
in incomplete Freund’s adjuvant (IFA) was given s.c. to BALB/c
mice at 4 weeks of age (day 1). Additionally, PolyIC (7.5 ng/g
body weight on days 1-5 and 8-14) was administered i.p.

First-backcross generation mice having B7-1 and H-24/d or bid
were also immunized with B:9-23 or TT peptide with PolyIC
treatment in the same way.

Insulin autoantibody (IAA) expression of serum was evalu-
ated prospectively beginning at 4 weeks of age until the devel-
opment of diabetes or until 32 weeks of age. TAA were measured
with a 96-well filtration plate micro TA A assay as described (29).

The blood glucose levels of the mice were monitored every
week by using an Elite Glucometer (Bayer, Elkhart, IN). The
mice were considered to be diabetic after two consecutive blood
glucose values greater than 250 mg/dl.

Histological and Immunohistochemical Analysis. A portion of the
pancreata, thyroid, and salivary glands obtained from the mice was
fixed in 10% formalin, paraffin-embedded, and stained with he-
matoxylin and eosin. Pancreatic sections were microscopically
examined for the presence of insulitis. In brief, pancreatic frozen
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sections were stained by using monoclonal antibodies to mouse
CD4 and CDS8 (Becton Dickinson). A universal peroxidase-
conjugated secondary antibody (Dako) was used as a detection
system. Paraffin-embedded pancreatic sections were stained with
polyclonal guinea pig anti-insulin and anti-glucacon antibodies
(Linco Research Immunoassay, St. Charles, MO), followed by
incubation with a peroxidase-labeled anti-guinea pig IgG secondary
(Kirkegaard & Perry Laboratories). Subsequently, the sections
were counterstained with hematoxylin and coverslipped.

Results

Fig. la illustrates the development of anti-insulin autoantibodies
in BALB/c mice after s.c. injection of the B:9-23 insulin peptide
in IFA with injections of PolyIC. High levels (note log scale) of
IAA were rapidly induced as reported with administration of
B:9-23 alone (28). In BALB/c mice receiving a control peptide
and PolyIC, minimal or no induction of IAA occurred (Fig. 1b).

Although B:9-23 peptide in IFA induced insulin autoanti-
bodies, insulitis was not detected (Fig. 2a), and PolyIC alone also
did not induce insulitis (Fig. 2b). In contrast administration of
B:9-23 with PolyIC resulted in insulitis in BALB/c mice (Fig. 2
¢ and d), but again without the development of diabetes. The
infiltrating T lymphocytes were primarily CD4* with scattered
CD8 T cells (see Fig. 4 a and D).

We crossed BALB/c mice with RIP-B7.1 C57BL/6 mice
(RIP-B7.1, a transgene that results in B cell expression of the
B7-1 costimulatory molecule). Crossing to BALB/c results in
mice with the major histocompatibility complex from BALB/c
(H-24) able to generate insulin autoantibodies after B:9-23
immunization (28). These B7-1 mice with H-2¢ did not sponta-
neously develop insulitis or diabetes (0 of 11). These B7-1 mice
with H-2¢ were immunized at 4 weeks of age with B:9-23 peptide
in IFA concomitant with PolyIC injections.

Fig. 3 illustrates blood glucose levels in the B7-1, H-29 mice.
Even PolyIC without insulin B:9-23 peptide immunization (Fig.
3 Right) produced hyperglycemia in a subset of mice. As illus-
trated in Fig. 5, B:9-23 peptide immunization combined with
PolyIC treatment (Fig. 3 Left) accelerated diabetes compared
with treatment with PolyIC without B:9-23 (P < 0.05). Most of
the mice (5 of 9) in the group treated with B:9-23 concomitant
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Fig. 2.

Histopathology of insulitis in BALB/c mice. Hematoxylin/eosin staining of pancreatic islets. (a) Insulin peptide B:9-23 immunization alone (low

magnification): no insulitis. (b) Tetanus toxin immunization with PolyIC (low magnification): no insulitis. (c) B:9-23 immunization with PolylC (low magnification):
with induced insulitis. (d) B:9-23 immunization with PolylC (high magnification) with induced insulitis. Five mice in each group were examined for histopathology
of insulitis in BALB/c mice. All mice examined showed the same results for the presence of insulitis.

with PolyIC developed diabetes by 10 weeks of age, and some
of these mice developed diabetes as early as 2 weeks after
immunization.

Diabetes was induced in mice with the MHC genotype H-29¢ and
H-29% (Fig. 3 Left; 4 of 4 H-2% mice became diabetic and 5 of 5
H-29 mice, Fig. 3 Right; 6 of 8 H-2¢d mice and 6 of 8 H-29" mice
became diabetic). Of 16 H-2¢, B7-1 mice treated with PolyIC,
without B:9-23, 9 developed low levels of insulin autoantibodies
(Fig. 1c).

Because even PolyIC with IFA or TT in IFA could induce
diabetes, we have checked in B7-1", H-29 mice further whether
B:9-23 immunization alone (without PolyIC) could induce
diabetes. Three of 3 mice with B:9-23 alone expressed high titer
of IAA (IAA peak, 0.717, 0.596, and 0.965, respectively), and 2
of 3 mice developed diabetes by 20 weeks of age (diabetic age;
11 and 17 weeks of age). To evaluate the effect of PolyIC itself
in B7-1 mice without control immunization, PolyIC alone
(without IFA or TT in IFA) was administered. As expected, 3 of
4 mice with PolyIC alone developed diabetes by 28 weeks of age
(diabetic age; 13, 21, and 28 weeks of age). None of the mice (0
of 7) developed diabetes without the B7-1 transgene even when
given PolyIC and the B:9-23 peptide.
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No inflammatory infiltration was observed in either the thyroid
or salivary gland in PolyIC-treated B7-1, H-29 mice with B:9-23
immunization (not shown). Severe insulitis was observed in PolyIC-
treated B7-1, H-2¢ mice with or without B:9-23 immunization. Fig.
4d illustrates the marked infiltration by CD8 T lymphocytes into the
islets of a diabetic B7-1, H-29 mouse that was immunized with
B:9-23 and PolyIC treatment. Marked destruction of islet 3 cells
occurred (Fig. 4 e is stained for glucagon and f for insulin). In
normal mice, islets contain ~5-fold more B cells as compared with
«a cells, whereas in these diabetic mice relatively few B cells remain,
with approximately an equal number of « cells, consistent with
selective B cell destruction.

We also studied induction of diabetes in H-2" mice with islet B7-1
after PolyIC with or without B:9-23. PolyIC alone induced diabetes
in one H-2"® mouse with islet B7-1 (1 of 6; 6 weeks of age). PolyIC
plus B:9-23 peptide also only induced diabetes in one mouse (1 of
6; 20 weeks of age) with the diabetic mouse having a marked cellular
infiltration of CD4, CDS§, and B cells (not shown).

Discussion

Our prior studies indicate that immunization with the B:9-23
peptide but not other insulin peptides (A:1-15, A:7-21, B:1-15,
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Blood glucose levels in B7-1 mice with H-29 (d/d or d/b). These mice were s.c. injected with 100 ug of peptide in IFA or just IFA at 4 weeks of age (day

1). They were also injected i.p. with 7.5 ng/g body weight of PolyIC (days 1-5 and 8—-13). Longer arrows indicate the time of immunization of peptide in IFA.
Shorter arrows indicate the time of administration of PolylC. Blood glucose was measured weekly. The mice were considered diabetic after two consecutive blood
glucose values above 250 mg/dl. Closed squares (H-29?) and circles (H-2%d) indicate nondiabetic mice. Open squares (H-24°) and circles (H-29d) indicate diabetic
mice. (Left) B:9-23 in IFA + PolylIC. (Right) Tetanus toxin (TT) in IFA or IFA alone + PolyIC.

B:16-30) induce insulin autoantibodies in mice with H-2¢7 (e.g.,
NOD) or H-2¢ (e.g., BALB/c, BI0OD2H-2¢) (28). The study of
congenic strains indicates that this autoantibody response maps to
the MHC and not to background genes with H-2° unable to support
autoantibody induction after immunization with insulin peptide
B:9-23 (28). In that the autoantibodies generated react with intact
insulin and cannot be absorbed with the B:9-23 insulin peptide,
normal BALB/c mice presumably have T cells able to respond to
the B:9-23 peptide and activate B lymphocytes able to produce
IAA.

The combination of B:9-23 peptide and PolylC, but neither
alone, induced insulitis in BALB/c, but did not induce diabetes.
The insulitis was composed predominantly of CD4 T cells. The
RIP-B7.1 transgene was originally bred onto C57BL/6 (H-2"®)
mice. Diabetes was induced in a small percentage of the mice
lacking H-2¢ with administration of PolyIC alone, or with admin-
istration of B:9-23 peptide plus PolyIC. In contrast, B7-1, H-2¢
mice were readily susceptible to the induction of diabetes. H-2¢
mice were highly inducible with just PolyIC administration or
insulin B:9-23 peptide immunization, and disease induction was
enhanced with PolyIC plus B:9-23. Disease, as well as autoantibody
induction, was influenced by MHC alleles (e.g., H-2® vs. H-29 mice).
At present the pathogenic mechanisms determining the differences
between H-2" and H-29 mice are not defined but are likely to relate
to differences in peptide presentation, thymic deletion, and/or
immunoregulation. Exploration of these mechanisms would benefit
from class II B:9-23 peptide tetramers that are being pursued.

In the current study, diabetes depends on islet expression of
B7-1. The most obvious histologic difference between mice with
and without the B7-1 transgene is the marked islet infiltrate of
CDS8 T cells with B7-1, and it is likely that CD8 T cells similar
to those described by Wong and coworkers reacting with insulin
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peptides contribute to B cell destruction (30). The lesions within
the pancreas are limited to islets, and diabetes can develop within
2 weeks of immunization.

At present several human trials are underway to prevent
autoimmune £ cell destruction by using islet antigens, including
a study with an altered peptide ligand of the B:9-23 peptide. A
major difficulty of such trials is our current inability to measure
accurately either an induced protective or pathogenic T cell
immune response. As illustrated by the current study, the
possibility exists with an insulin self-peptide of accelerating a
pathogenic T cell response. Having an experimental autoim-
mune diabetes model (similar to experimental autoimmune
encephalitis models) should aid in the discovery of surrogate
markers of such pathogenic immune responses. In addition it is
of interest that PolyIC or immunization with insulin peptides in
the periphery (relative to pancreas) can so easily induce insulitis.

PolyIC is a potent inducer of IFN-a and activator of toll
receptors. The effect of PolyIC can depend on the dose and timing
of administration. For example, low-dose PolyIC treatment pre-
vented diabetes in the diabetes prone BioBreeding (BB) rat (31),
whereas a high dose of polyIC accelerated diabetes (32). PolyIC
protected NOD mice (16). The difference between the effect of
PolyIC in NOD mice and in our model may be related to the
multiple genetic differences between the two strains including the
iddm loci of the NOD strain. It is likely that PolyIC contributes to
the induction of insulitis through its effects on the innate immune
system. PolyIC is often used as a viral RNA mimic. One can
hypothesize that a viral infection with or without a peptide mim-
icking insulin (or other antigens), with the activation of innate
immunity could provide the stimulus for autoimmune S cell de-
struction in a genetically susceptible host.

As illustrated by this study, immune reactivity can proceed to
diabetes despite transient administration of the environmental

Moriyama et al.



Fig.4. Immunohistochemistry of pancreatic sections of B7-1~ BALB/c mouse (a and b) and B7-1* diabetic mouse having H-29 (c-f). Mice received immunization with
B:9-23 peptide and PolyIC treatments and were killed for the examination of islets histology at 13 weeks of age. (a and ¢) CD4* cells. (b and d) CD8™ cells. Islet-infiltrating
cells in B7-1~ mice were primarily CD4" with fewer CD8 T cells. Islet infiltrating cells in B7-1* mice contained a marked CD8 T cell infiltration with fewer CD4 T cells.
e is stained for glucagon-producing cells and f for insulin. Relatively few remaining  cells were observed with approximately an equal number of « cells.
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The induction of diabetes in PolylC-treated H-29, B7-1 mice immunized with insulin peptide B:9-23 in IFA, or IFA alone, or IFA with control tetanus toxin

(TT) peptide. The solid line with closed squares represents B:9-23 in IFA. The solid line with closed triangles represents TT in IFA or IFA alone; the solid line with
closed circles represents untreated mice. Longer arrows indicate the time of immunization of peptide in IFA. Shorter arrows indicate the time of administration
of PolylC. *, P < 0.05 by log-rank test when compared with TT or nonimmunized group.

factor. With the ability now to identify children on the basis of
HLA typing with more than a 50% risk of activating anti-islet
autoimmunity in the first 2 years of life (33), it should be possible
to search for such contributing viral infections. At present we do
not know whether other peptides of insulin or peptides of other
islet antigens in model systems can similarly accelerate or create
insulitis/diabetes. A wealth of murine knockout and transgenic
strains is available (34), and these strains can now be combined
with the above experimentally induced diabetes models to
understand disease pathogenesis better.
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