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ABSTRACT Nonobese diabetic (NOD) mice spontaneously
develop an autoimmune form of diabetes associated with
insulitis. A number ofimmunomodulatory therapies have been
investigated as a treatment for the disease process. Oral
administration of the autoantigens myelin basic protein and
collagen type II suppresses experimental models of encephalo-
myelitis and arthritis. We have now found that oral adminis-
tration of insulin delays the onset and reduces the incidence of
diabetes in NOD mice over a 1-year period in animals admin-
istered 1 mg of porcine insulin orally twice a week for 5 weeks
and then weekly until 1 year of age. As expected, orally
administered insulin had no metabolic effect on blood glucose
levels. The severity of lymphocytic infiltration of pancreatic
islets was also reduced by oral administration of insulin.
Furthermore, splenic T cells from animal orally treated with
insulin adoptively transfer protection against diabetes, dem-
onstrating that oral insulin administration generates active
cellular mechanisms that suppress disease. These results show
that oral insulin affects diabetes and the pancreatic cellular
inflammatory process in the NOD mouse and raise the possi-
bility that oral administration of insulin or other pancreatic
autoantigens may provide a new approach for the treatment of
autoimmune diabetes.

Type I diabetes or insulin-dependent diabetes mellitus
(IDDM) is thought to be an autoimmune disease in humans
(1-3). The nonobese diabetic (NOD) mouse spontaneously
develops IDDM that has many immunological and patholog-
ical similarities to human insulin-dependent diabetes. The
autoimmune nature of the disease is suggested by the lym-
phocytic infiltration of the islets of Langerhans, which pre-
cedes the destruction of insulin-producing beta cells (4). As
such, the NOD mouse has served as one of the primary
models for IDDM and a model in which new approaches for
immunotherapy have been investigated.
A variety of immunomodulatory treatments have been

studied in the NOD mouse. In general, treatments that affect
T-cell function or are immunosuppressive have been effec-
tive, such as neonatal thymectomy and in vivo treatment with
anti-CD4 monoclonal antibody and cyclosporine A (5-7). A
major impetus behind such studies has been to develop
approaches that may be utilized to treat human IDDM.
Clinical trials in humans have demonstrated that antigen
nonspecific immunosuppression with drugs such as cyclo-
sporine A and azathioprine can affect beta-cell destruction
after diabetes onset, but such therapy is not curative and is
associated with drug-related toxicities (8, 9). The ability to
identify patient populations at risk for diabetes (10, 11) makes
the development of disease-specific nontoxic forms of ther-
apy that can be administered to prediabetics to prevent or
reduce the incidence of diabetes a major therapeutic goal.

We have been investigating antigen-driven peripheral im-
mune tolerance as a means to suppress autoimmune pro-
cesses, using the oral route of antigen exposure. Orally
administered antigen stimulates the immune system in a
physiologic fashion and has long been recognized to produce
systematic immunologic hyporesponsiveness or tolerance
(12-14). We and others have found that oral administration of
autoantigens suppresses animal models of autoimmunity
including experimental autoimmune encephalomyelitis
(EAE) (15-17), adjuvant- and collagen-induced arthritis (18-
20), and experimental autoimmune uveitis (21). Oral toler-
ance as a means to treat diabetes is especially attractive
because of its virtual lack of toxicity and its inherent clinical
applicability. In addition, such therapy could be applicable to
pancreatic islet transplantation. In the present report, we
have found suppression of diabetes in theNOD mouse by oral
administration of insulin.

MATERIALS AND METHODS
Animals. NOD mice were purchased from Taconic Farms,

maintained in our animal facility, and fed regularly with
Purina Mouse Chow 5015 or 5008. The animals studied in
experiments in Table 1 and Fig. 4 were housed in a conven-
tional room, and those studied in all other experiments were
housed in a virus antibody-free (VAF) facility. Female NOD
mice were used for all experiments except for recipients in
adoptive transfer experiments.

Assessment of Diabetes. Mice were monitored for develop-
ment of diabetes weekly by urinary glucose testing with test
strips (Eli Lilly). Glycosuric mice were then bled to check for
glycemia by using a glucose analyzer (Beckman). Diabetes
was confirmed by hyperglycemia (>13.8 mM) for 2 consec-
utive weeks.

Antigens. Porcine monocomponent insulin was purchased
from Novo Biolabs (Danbury, CT). Myelin basic protein
(MBP) was prepared as described (15).

Oral Administration of Antigen. Insulin or MBP in phos-
phate-buffered saline (PBS; 1.7 mM KH2PO4/5 mM
Na2HPO4/150 mM NaCI) was administered to mice orally
through a syringe fitted with a ball-type feeding needle in a
volume of 0.5 ml per mouse per feeding.

Histopathology. The animals were sacrificed by cervical
dislocation, and the pancreases were taken and immediately
frozen. Cryosections (3 or 4 sections per mouse) were fixed
with acetone and double-stained with (i) biotinylated mono-
clonal anti-thy-1.2 antibody plus avidin-peroxidase conju-
gate and (ii) monoclonal anti-beta-cell antibody (A2B5) plus
alkaline phosphatase-conjugated anti-mouse IgM. The de-
gree of insulitis was scored blindly by two independent
observers using a semiquantitative scale ranging from 0 to 4:
0, normal islet with no sign of T-cell infiltration; 1, focal
peri-islet T-cell infiltration; 2, more extensive peri-islet infil-

Abbreviations: NOD, nonobese diabetic; IDDM, insulin-dependent
diabetes mellitus; MBP, myelin basic protein; EAE, experimental
autoimmune encephalomyelitis; VAF, virus antibody-free.
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tration but with lymphocytes less than one-third of the islet
area; 3, intraislet T-cell infiltration in one-third to one-half of
the islet area; 4, extensive intraislet inflammation involving
more than half of the islet area.

Adoptive Transfer of Diabetes and T-Cell Depletion. The
adoptive transfer experiments were carried out by the
method of Wicker et al. (22) with slight modifications.
Briefly, donor splenocytes were prepared from newly dia-
betic female animals (diagnosed within 14 days), resuspended
in Hanks' balanced salt solution (HBSS), and injected i.v.
through the retroorbital plexus (1 x 107 cells per recipient) to
7-week-old male NOD mice, which were irradiated with 770
R from a 137Cs source 24 hr prior to the transfer. Five-million
modulator cells from insulin-fed or control-fed animals were
cotransferred with splenocytes from newly diabetic animals
into male recipients. For T-cell depletion, splenocytes from
insulin-fed animals were incubated with anti-thy-1.2 mono-
clonal antibody (diluted 1:200; from Accurate Chemicals,
Westbury, NY) at a concentration of 2 x 107 cells per ml, at
room temperature for 60 min, followed by an incubation with
Low-Tox rabbit complement (1:15; Cedarlane Laboratories,
Hornby, ON, Canada) for 30 min at 370C. Control cells were
treated with complement alone. Cells were washed three
times with HBSS prior to transfer. Five-million anti-thy-1.2-
or complement-treated cells were cotransferred.

RESULTS AND DISCUSSION
A number of autoantigens have been identified as potential
target antigens of an autoimmune attack that leads to the
development ofdiabetes. These include insulin, glutamic acid
decarboxylase (GAD), carboxypeptidase H, insulin secre-
tory granule proteins, and heat shock proteins (23-25). To
test the effect of oral administration of insulin on the devel-
opment of diabetes, female NOD mice at 5 weeks of age were
fed PBS or 10 Ag, 100 jig, or 1 mg of porcine insulin twice
weekly for 5 weeks and then weekly until the animals reached
1 year of age. There was a marked delay in the onset and a
decreased incidence of diabetes in animals fed 1 mg of
porcine insulin (Table 1; Fig. 1, P = 0.02, Kaplan-Meier
analysis) with a slight effect at 100 ,ug. Note that the incidence
of diabetes in the control group was relatively low. This may
be related to the frequent handling of the animals associated
with feeding and to the housing of the animals for this
experiment in a non-VAF facility. To test the effect of oral
insulin in animals with a higher incidence of diabetes, a
second experiment was conducted in a VAF facility. In
addition, a group of animals was also fed 1 mg of MBP as a
control antigen. A decreased incidence of diabetes following
oral insulin was observed, although the overall incidence of
diabetes was higher. Specifically, the incidence of diabetes in
animals at 30 weeks was as follows: 13 of 30 fed PBS, 14 of

Table 1. Suppression of IDDM in NOD mice by oral
administration of porcine insulin

Feeding Diabetes incidence, %
treatment 6 months 9 months 12 months

Control (PBS) 20.5 44.1 49.2
Insulin in PBS

10,ug 16.7 23.8 37.3
100 gg 11.1 28.5 43.8
1 mg 0* 8.0* 26.4t

Five-week-old female NOD mice (27-30 per group) were fed with
various dosages of porcine insulin in PBS (control group received
PBS alone) twice weekly for 5 weeks and weekly until 1 year of age.
Beginning at 12 weeks of age, the mice were examined weekly for
diabetes.
*P c0.01 (compared with control).
tp= 0.02 (compared with control).
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FIG. 1. Effect of oral administration of porcine insulin on IDDM
in female NOD mice. Life table analysis of the control group and the
group fed 1 mg of insulin from Table 1 (P = 0.02, Kaplan-Meier
analysis).

30 fed MBP, 13 of 29 fed 10 ,g of insulin, 10 of 30 fed 100 ,g
of insulin, and 6 of 30 fed 1 mg of insulin (P < 0.05 for animals
fed 1 mg of insulin vs. control and animals fed MBP).

It has been reported (26) that low doses of subcutaneous
insulin may affect the onset of diabetes in NOD mice. Orally
administered insulin is not metabolically active, presumably
because it is degraded in the stomach. Degradation of pro-
teins in the gastrointestinal tract does not affect oral tolerance
and actually may facilitate orally induced tolerance by cre-
ating small protein fragments that are better able to interact
with gut-associated lymphoid tissue (27). Nonetheless, to
determine whether any metabolic effects could be discerned
in animals being fed 1 mg of insulin, blood glucose levels were
measured in 17-week-old animals. The average blood glucose
prior to the weekly insulin feeding was 7.56 mM in animals
fed PBS and 7.53 mM in animals fed 1 mg of insulin. Thirty
minutes after feeding, the blood glucose in animals fed PBS
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FIG. 2. Effect of oral insulin on blood glucose. Seven-week-old
female NOD mice (25 mice per group) were treated orally with 1 mg
of porcine insulin or 1 mg of guinea pig MBP or were injected
subcutaneously with 20 Ag of porcine insulin. All mice were bled
before treatment, and 5 mice from each group were bled again 1, 2,
4, 8, and 24 hr after treatment. Individual plasma samples were
measured in duplicate for glucose levels by using a Beckman glucose
analyzer that was standardized three times during the entire analysis.
Data represent mean value ± standard error.
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FIG. 3. Effect of feeding por-
cine insulin on insulitis in NOD
mice. Five-week-old female NOD
mice (8-10 mice per group) were
fed PBS, 1 mg or 5 mg of insulin in
PBS, or 1 mg ofMBP in PBS twice
weekly for 5 weeks. At 10 weeks
of age, the animals were sacri-
ficed, and pancreases were taken
for histopathological examina-
tions. Eight to 12 islets from each
animal were scored. (A) Insulitis
score. Data are expressed as the
mean score of each group + SEM
(P < 0.001 for group fed 1 mg of
insulin vs. group fed PBS or 1 mg
of MBP). (B) Representative islet
from control animal with pro-
nounced lymphocyte infiltration
(histopathologic score = 4). (C)
Representative islet from animal
fed 1 mg of insulin with minimal
inflammation (histopathologic
score = 1).

was 8.53 mM and in animals fed 1 mg of insulin was 8.63 mM.
In an additional study, 7-week-old NOD mice were fed 1 mg
of insulin or 1 mg of MBP. All animals were kept in a fasting
state. Animals given 20 ,ug of subcutaneous insulin had an
immediate drop in blood glucose (Fig. 2). In animals fed 1 mg
of insulin or 1 mg of MBP, an increase in blood glucose was
observed, perhaps related to the stress of gastric intubation,
followed by a decrease in blood glucose 8 hr later as the
animals were in a fasting state. Note that animals fed 1 mg of
insulin for 1 year responded normally to subcutaneous insulin
(data not shown). These results show that oral insulin has no
metabolic effect on blood glucose either acutely or chroni-
cally.
To determine whether feeding insulin affected lymphocytic

infiltration of pancreatic islets, animals in a separate series of
experiments were fed 1 mg of insulin twice weekly for 5
weeks and were sacrificed at 10 weeks of age and examined
for insulitis. There was a marked reduction of insulitis in
animals fed 1 mg of insulin vs. those fed 1 mg of MBP (Fig.
3; 0.85 + 0.1 vs. 1.99 + 0.1; P < 0.01). Note that feeding 5
mg of insulin did not affect insulitis. A similar dose-response
effect has been observed with oral tolerization to collagen in

animal models of adjuvant and collagen-induced arthritis in
which the suppressive effect of oral collagen was lost with
increased doses (18-20). We also have observed a loss of
suppression of EAE in the SJL mouse by orally administered
MBP with increasing doses (28).
The majority of studies on the mechanism of oral tolerance

report that active cellular suppression occurs (14). We have
adoptively transferred disease protection with lymphocytes
from fed animals in both the EAE and adjuvant arthritis
models (16-18). To investigate whether active cellular mech-
anisms were associated with suppression of diabetes in the
NOD mouse after oral administration of insulin, an acceler-
ated diabetes model was utilized, in which diabetes is accel-
erated in young NOD mice by adoptive transfer of spleno-
cytes from diabetic NOD donors; this provides a sensitive
and more rapid assay for investigating immunomodulation of
disease. Spleen cells from animals fed 1 mg of insulin, PBS,
or 1 mg ofMBP 5 times over 2 weeks were cotransferred with
spleen cells from diabetic animals. Accelerated diabetes in
NOD mice was suppressed by splenocytes from insulin-fed
but not PBS- or MBP-fed animals (Fig. 4; P = 0.037,
"logrank" test for all groups).
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To determine whether the suppression was T cell depen-
dent, T cells were depleted from splenocytes of insulin-fed
animals prior to adoptive transfer. Eight weeks after transfer,
the incidence of accelerated diabetes in animals receiving no
modulators was 10/11; in animals receiving complement-
alone-treated modulators from insulin-fed animals was 2/10,
and in animals receiving T cell-depleted modulators from
insulin-fed animals was 9/10 (P = 0.02). Others have reported
suppression of accelerated disease with transfer of 20 x 106
spleen cells from nondiabetic 8-week-old animals (29). We
did not observe protection by spleen cells from control
animals with 5 x 106 cells transferred.
The effects we observed in the NOD mouse are not related

to nonspecific suppressive effects of orally administered
insulin as oral administration of 1 mg of insulin had no effect
on the development of EAE in the SJL mouse or on cellular
proliferative response to concanavalin A or lipopolysaccha-
ride (data not shown). In other studies of oral tolerance in
autoimmune models, we also found disease protection to be
antigen and disease specific. Thus, the antigens we have used
for oral tolerization, MBP, collagen type II, and S antigen
suppress EAE, adjuvant arthritis, and experimental uveitis,
respectively, without affecting the other diseases. Species-
specific autoantigens are not a requisite to induce oral
tolerance as we have found suppression ofEAE in the Lewis
rat with bovine MBP.
Although we have shown suppression of diabetes and

insulitis in the NOD mouse by oral administration of insulin,
the role of autoimmunity to insulin in the development of
diabetes in the NOD mouse and in man remains to be defined.
Anti-insulin antibodies are found in both NOD mice and
patients with type I diabetes (30). In patients, anti-insulin
autoantibodies can be found prior to the onset of insulin
therapy, are HLA-DR4-associated, and are correlated with the
rate of disease progression (31, 32). Cellular reactivity to
insulin occurs in man and has been reported to be of increased
frequency in prediabetic individuals (33). Cellular immunity to
insulin has not been extensively studied in the NOD mouse,
and in initial experiments we have not found cellular immune
responses to insulin as measured by thymidine incorporation
in the spleen or lymph nodes of NOD mice, though further
investigations are required in this area using more sensitive
assays and studying cells isolated from the pancreas.
Adoptive transfer experiments demonstrate that transfer-

able active suppression of diabetes in the NOD mouse by
splenic T cells is generated by oral administration of insulin.
Recent studies from our laboratory suggest that the T cells
that adoptively transfer suppression of experimental autoim-
mune encephalomyelitis following oral administration of

(11/11)
(5/5)

(12/13)

FIG. 4. Suppression of adoptively transferred
diabetes by splenocytes from female NOD mice fed
insulin. Modulator cells were freshly obtained from
6-week-old female NOD mice that had been fed 1

(6/14) mg of insulin, 1 mg ofMBP, or PBS five times over
the previous 2 weeks. Ten million splenocytes
isolated from female diabetic NOD mice were
cotransferred with 5 million modulator cells from
fed animals to 7-week-old syngeneic male recipients
that had been irradiated with 770 R 24 hr earlier.
The onset of diabetes in the recipients was checked
twice weekly by assaying for glycosuria and con-
firmed by presence of hyperglycemia (>13.8 mM).
P = 0.037 (logrank test) for all groups; P = 0.021 for
animals fed insulin vs. those fed PBS.

MBP are triggered in an antigen-specific fashion but mediate
their effect by the release of the antigen-nonspecific suppres-
sor cytokine transforming growth factor f (TGF-f3) in close
proximity to effector cells (34). We have termed this mech-
anism "antigen-driven bystander suppression" (35). Thus, it
is possible that insulin is not a pathogenic autoantigen in the
NOD mouse but that the regulatory cells generated in the gut
by feeding insulin migrate to the pancreas and are triggered
by insulin to release TGF-pS, which down-regulates the local
inflammatory processes in the pancreas. Further investiga-
tions are required to determine whether oral administration of
insulin affects diabetes in the NOD mouse by suppression of
anti-insulin autoimmunity or by the aforementioned antigen-
driven bystander suppression mechanism.

It remains to be determined whether oral administration of
other islet cell-specific antigens such as glutamic acid decar-
boxylase, carboxypeptidase H, heat shock proteins, or secre-
tory granule proteins can also suppress diabetes in the NOD
mouse. For application to human disease states, we have
found that oral administration of autoantigens suppresses
both established EAE and adjuvant arthritis, demonstrating
the ability to effect an ongoing immune response (18, 36).
Although our data clearly demonstrate amelioration of

diabetes in the NOD mouse by oral administration of insulin,
protection is not complete. We have observed that adjuvants
such as lipopolysaccharide, when given orally, enhance the
protective effects of oral tolerance to MBP in the EAE model
(37). In addition, after week 10 of the NOD mouse, insulin
was administered once per week. Thus, the use oftolerogenic
adjuvants to enhance suppression, or more frequent dosing
schedules, may lead to more complete prevention of diabe-
tes. Additionally, it may be that oral administration of more
than one or a different pancreatic target antigen will further
enhance protection.
One of the primary goals for the immunotherapy of au-

toimmune diseases is to find nontoxic antigen-specific ther-
apies that can be administered early in the course of the
disease. Our results in the NOD mouse model of diabetes
raise the possibility that orally administered insulin and/or
other pancreatic antigens could provide a new approach for
the prevention and treatment ofautoimmune diabetes in man.
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