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The genetic contribution of antigen-presenting molecules and the environmental ignition of an antigen-
specific immune attack to pancreatic b-cells define autoimmune diabetes. We focused here on generating
an antigen-specific model of autoimmune diabetes in humanized double-transgenic mice carrying anti-
gen-presenting HLA-DQ8 diabetes-linked haplotype and expressing human autoantigen GAD65 in pan-
creatic b-cells using a relatively diabetes-susceptible strain of mice. Double transgenic (DQ8-GAD65)
mice and controls were immunized with cDNA encoding human GAD65 in adenoviral vectors and mon-
itored for glucose intolerance and diabetes. Human-GAD65 immunization induced insulitis, glucose
intolerance and diabetes in double-transgenic mice, while controls were insulitis free and glucose toler-
ant. Glucose intolerance 10 weeks post-immunization was followed by diabetes later on in most animals.
Destructive insulitis characterized by inflammation and apoptosis correlated with the diabetes outcome.
Humoral immune responses to hGAD65 were sustained in mice with diabetes while transient in non-
responders. Insulitis was massive in mice with diabetes while mild in non-responders by the end of
the study. Our results show for the first time the occurrence of antigen-specific induced insulitis,
impaired glucose homeostasis and diabetes after immunization with a clinically relevant, human
autoantigen in the context of HLA-DQ8 diabetes-susceptibility transgenes and human GAD65 expression
in b-cells. This animal model will facilitate studies of mechanisms of disease involved in development of
autoimmunity to GAD65 in the context of HLA-DQ8. Furthermore, this model would be ideal for testing
therapeutic strategies aimed at preventing human b-cell loss and/or restoring function in the setting of
autoimmune diabetes.

Published by Elsevier Inc.
1. Introduction

Selective autoimmune destruction of pancreatic b-cells, in a
process that can span several years, results in glucose intolerance
and type 1 diabetes (T1D) when the majority of b-cells have been
depleted. This process requires the genetic contribution of certain
antigen-presenting molecules, and the environmental ignition of
an antigen(s)-specific immune attack. Genetic contribution is pro-
vided by, among others, major histocompatibility complex (MHC)
molecules of which HLA-DQ8 is believed to be the dominant sus-
ceptibility tissue type in humans [1]. Environmental ignition is
yet to be defined. However, the earliest link to the initial event,
the immune response against b-cells, has been studied in detail.
Two major autoantigens in human disease have been identified
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using sera immunoprecipitation experiments. One of them, the
smaller isoform of the gamma amino butyric acid (GABA)-synthe-
sizing enzyme, glutamic acid decarboxylase (GAD65) is recognized
by 70–80% of diabetes patients’ sera [2]. The other one, identified
as tyrosine phosphatase insulinoma-associated protein 2 (IA-2)
[3], is recognized by 60–70% of patients’ sera [4]. More than 90%
of patients have antibodies to one or both of these antigens in
the pre-diabetes phase. A highly homologous isoform of GAD65,
GAD67, is recognized by virtue of cross-reacting antibodies only
in 11–18% of patients, but is not an independent autoantigen in hu-
man diabetes [5]. Whereas mouse b-cells predominantly express
GAD67, human b-cells only express the GAD65 isoform [6].

Although MHC-class II genes are critical determinants of diabe-
tes genetic susceptibility, it is presentation of primary target anti-
gen(s) in the context of these genes that favors the development of
disease [7]. An animal model of T1D, in which primary human b-
cell autoantigen(s) are presented to effector cells in the context
of human MHC-class II diabetes-susceptibility genes, would be
highly desirable for studies of molecular mechanisms of disease
and for development of immune-modulation therapies applicable
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to man. Therefore, we generated transgenic mice that carry human
diabetes-susceptibility by expressing human MHC-class II (DQ8) in
antigen-presenting cells and human b-cell autoantigen GAD65 in
b-cells. The expression of hGAD65 in these mice is restricted to
pancreatic b-cells and the level of that expression is similar to
endogenous expression of GAD65 in human b-cells (as opposed
to negligible expression in wild type mice [6]). Immunization of
these double transgenics (DQ8-GAD65) with cDNA encoding
hGAD65 resulted in induction of autoimmunity and lymphocytic
homing to islets of Langerhans [8]. However, diabetes did not de-
velop in these C57BL/6 double transgenics. Aside from experienc-
ing transient fluctuation of fasting blood glucose, mice were
glucose tolerant. Signs of mitotic activity in some islets suggested
that b-cell neogenesis/proliferation was present and could account
for the glycemic control observed [8]. Hence, we searched for
mouse-strain variations with compromised b-cell neogenesis/pro-
liferation expressed as relative insulin deficiency. BTBR mice have
lower whole-pancreas insulin content and demonstrate a striking
loss of islet tissue without developing diabetes [9]. Possible mech-
anisms that may account for this difference include deficient b-cell
neogenesis/proliferation, and/or increased apoptosis [9,10]. There-
fore, we introduced the same transgenes we had incorporated in
the C57BL/6 strain into the BTBR genetic background to convert a
somewhat diabetes resistant animal model to a more diabetes
prone one. We report here the development of a new animal model
of human diabetes where antigen-specific insulitis progresses to
autoimmune diabetes.

2. Materials and methods

2.1. Mice

HLA-DQA1�0301/DQB1�0302 (DQ8) transgenic, murine MHC-
class II molecule-deficient (mII-) C57BL/6 mice (kindly provided
by Dr. Wen, Yale, New Haven, CT [11]) and RIP7-hGAD65 line 1
transgenic C57BL/6 mice (kindly provided by Dr. Baekkeskov,
UCSF, San Francisco, CA [12]) were crossed to BTBR (Jackson Labo-
ratories, Bar Harbor, ME). DQ8 and RIP7-hGAD65 homozygosity
was determined as previously described [8]. All mice used in this
study were >N6 crosses. All animal protocols were approved by
the University of Wisconsin and the Veterans Affair animal re-
search committees.

2.2. Adenoviral constructs for immunization

Adenoviral constructs were made using the Gateway system
(Invitrogen, Carlsbad, CA). hGAD65 was excised from pCI-hGAD65
with EcoRI and NotI (Invitrogen) and subcloned into the same sites
in pENTR for pAD-CMV cloning and the sequence confirmed. pAD-
CMVhGAD65 were propagated in AAV-293 cells (Stratagene, Gar-
den Grove, CA), crude viral lysate purified by CsCl density gradient
centrifugation and viral particle concentration determined by mea-
suring the absorbance at 260 nm. All viruses used in this study
were from the same preparation and were stored in aliquots at
�80 �C. hGAD65 expression from pAD-CMVhGAD65 was con-
firmed by Western blot. Immunizations were performed two times
at 2 week intervals. Mice were intraperitoneally (ip) injected with
100 ll of PBS containing 1011 particles of pAD-CMVhGAD65
[13,14]. Immunization experiments were repeated twice.
2.3. Histology and immunohistochemistry

Pancreata were snap-frozen in Tissue Tek (Miles Laboratories,
Elkhart, IN). About 5 lm-thick sections were stained with hema-
toxylin/eosin and biotinylated mAb directed against CD8 (Serotec,
Raleigh, NC) followed by streptavidin-FITC conjugate and TO-PRO 3
(Molecular Probes, Eugene, OR) as counter-stain. Apoptotic cells
were identified in pancreatic sections using transferase-mediated
dUTP nick-end labeling (TUNEL) (Roche Applied Science, Indianap-
olis, IN). Then tissue slides were washed in PBS and double stained
with anti-GAD65 antibody [8]. Nuclei were also counterstained
with TO-PRO 3. All images were acquired by confocal microscopy.

2.4. Antibody measurement

Anti-GAD65 antibodies from mice serum samples were quanti-
fied with an ELISA kit (Kronus, Boise, ID) according with manufac-
turer instructions. Validation of the ELISA results were done with a
parallel immunoprecipitation assay previously standardized in our
lab [8]. Control-mouse serum samples show less than 5 U/ml of
anti-GAD65 antibody concentration. At least two independent
experiments in duplicated wells were performed, and average val-
ues for each sample was obtained.

2.5. Glucose tolerance test (GTT)

All experimental and control animals were subjected to GTT in
at least two time points before and after immunization. Mice were
fasted overnight for 14 h followed by ip injection of glucose 2 g.
Blood samples were obtained from tail vein at 0, 20, 40, 60, 80,
120 and 180 min after injection, and glucose level was assessed
using a glucometer.

2.6. Serum insulin measurements

Blood was collected into microfuge tubes from tail vein using
heparinized capillary tubes during the GTT. The blood samples
were allowed to clot at room temperature (10 min) and then
placed on ice. Samples were spun at 4 �C and 3000 rpm for
20 min, and sera was transferred to new microfuge tubes. Sera
was stored �20 �C until analyzed. Serum insulin concentrations
were assayed using a mouse insulin ELISA kit (Crystal Chem Inc.,
Downers Grove, IL) and mouse insulin used as standard.

2.7. Statistical analysis

Two tailed probability of the v2 distribution was used to com-
pare results.
3. Results

3.1. Glucose intolerance and diabetes correlates with insulitis

A colony of homozygous double-transgenic mice carrying DQ8
[11] and RIP7-hGAD65 [12] was established as previously done
[8] on the BTBR background. Spontaneous diabetes was not ob-
served in mice carrying one or both transgenes during a 6-month
follow up period. We tested the ability of hGAD65-adenovirus
immunization to generate insulitis and diabetes in groups of dou-
ble-transgenic mice (DQ8-RIP7hGAD65+/+), single-transgenic mice
(DQ8+/+ and RIP7hGAD65+/+) and non-transgenic BTBR/C57BL/6
controls. About 6–8 week old mice in each group received two
intraperitoneal injections (2 week apart) of 1011 hGAD65-adenovi-
rus particles. Adenoviral vectors are known to induce innate im-
mune responses similar to those observed post-viral infections
and to enhance the development of Th1 CD4 and CD8(+) cells [14].

Animals were followed for 24 weeks post-immunization. Eight
weeks after immunization, hGAD65-adenovirus immunized
double-transgenic mice had statistically significantly higher blood
glucoses (225 ± 52 mg/dl) than single transgenics (148 ± 13 mg/dl;
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p < 0.001) and non-transgenic controls (137 ± 22 mg/dl; p < 0.001).
All animals were tested for glucose tolerance before and at
10 weeks post-immunization. After an overnight fasting, 2 g glu-
cose bolus was given intraperitoneally to animals at time 0 and
blood drawn immediately pre-bolus and at 5, 10, 20, 40, 60, 120,
and 180 min later for glucose measurement. Insulin was measured
also at pre-bolus and 5, 10, and 20 min. Post-immunization glucose
tolerance test of representative transgenics in different back-
grounds and non-transgenic controls is shown (Fig. 1A). The results
clearly show that our new model is glucose intolerant when com-
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Fig. 1. GTT, insulin response, insulitis and apoptosis. (A) Shows glucose tolerance test at
strains. (B) Shows glucose and insulin values during a glucose tolerance test of 20, 6–8
insulin values from the same 19 of 20 mices (one animal died before 2nd immunizatio
Please note that while insulin was readily detectable in post-immunized animals, they
intolerant). (D) Several markers were used to characterize the lymphocytic infiltration in
nuclei red, 20�) is shown, islets perimeters delineated. (E) Confocal images of islet co-stai
green and red co-localize as yellow. (For interpretation of color mentioned in this figure
pared with controls. Moreover, at 10-week post-immunization all
immunized double transgenics had post-glucose bolus insulin-
surge not capable of controlling glycemia (Fig. 1B and C). As in hu-
mans, our antigen-specific diabetes model shows evidence of im-
paired fasting glucose and glucose intolerance before the onset of
diabetes.

By week 16 post-immunization animals manifested signs of dia-
betes. Animals were consequently euthanized upon development of
diabetes as diagnosed by fasting glucose P250 mg/dl for 2 consecu-
tive days. Staining of pancreatic sections of diabetic mice with differ-
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10 week post-immunization of representative mice in different control background
week old double transgenic (DQ8/RIP7hGAD65) BTBR mice. (C) Shows glucose and
n) during a similar glucose tolerance test performed 10 weeks post-immunization.

were not capable of sustaining normal glycemia post-glucose challenge (glucose
islets of Langerhans in animals with diabetes, confocal resolution of anti-CD8 (green,
ned with ant-GAD65 (red) and TUNEL (green), nuclei (blue, 40�) is shown. Note that

the reader is referred to the web version of the article.)
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ent lymphocytic markers was consistent with a targeted immune re-
sponse. Showed in Fig. 1D, the presence of CD8-positive T cells in the
intra-islet infiltrates exemplifies the presence of an active inflam-
matory process. Co-staining for GAD65 and TUNEL confirmed the
presence of an apoptotic process targeted to b-cells (Fig. 1E). As pre-
viously showed [8], antigen-specific insulitis clinically manifested
as glucose intolerance and diabetes in this new model.

3.2. Diabetes develops in some but not all double transgenics

Although most double-transgenic mice had glucose intolerance
at 10 week post-immunization, not all developed overt diabetes
during this 24 week study.
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Fig. 2. Humoral immunity and insulitis. (A) Shows antibody levels for individual double-
mice that developed diabetes (+), other mice develop immune responses that either fa
representative animals stained with hematoxylin and eosin is shown. Left, euthanized at
the study. Note the more aggressive characteristic of the lymphocytic infiltration in left
To monitor the immune response, blood samples were peri-
odically obtained and analyzed for GAD65 autoantibodies
(Fig. 2A). Antibodies to hGAD65 were detected post-immuniza-
tion in most animals. This demonstrates lack of tolerance to
the GAD65 antigen in non-transgenic controls (as expected)
and also in GAD65 transgenics (despite the presence of the
GAD65 transgene). Antibody levels fluctuated in frequency and
amplitude but were sustained and correlated with destructive
insulitis in mice with diabetes (Fig. 2A (+) and B left). For mice
that did not develop diabetes, antibody levels generally declined
or became undetectable by the end of the study and the lym-
phocytic infiltration was localized mostly to the peri-islet areas
(Fig. 2A and B right).
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ded away or manifested later on. (B) Frozen sections of pancreas of two different
week 17 after development of diabetes; right, euthanized at week 24 at the end of
(almost no islet tissue preserved), versus right (only peri-insular infiltration).
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4. Discussion

We have previously generated mice that express high levels of
human GAD65 in b-cells and at the same time, have their endoge-
nous mouse MHC-class II replaced by the human HLA-DQ8 diabe-
tes-susceptibility locus [8]. After introducing genetic susceptibility
for T1D, immunization with hGAD65 cDNA, produced a strong cel-
lular immune response that homed to the islets of Langerhans [8].
Despite the presence of destructive insulitis, diabetes did not de-
velop in these C57BL/6 transgenics [8]. We postulated that the ob-
serve insulitis was insufficient to affect glucose homeostasis may
be due to b-cell proliferative/neogenic capacity [8]. Conversely,
BTBR is a strain of mice with a relative deficiency in b-cell function-
ality with lower whole-pancreas insulin content [9,10]. BTBR mice
bear the black-and-tan at allele of agouti gene, associated with a
tan coat color over the ventrum; this allele is dominant to the
non-agouti a allele carried by C57BL/6 mice [15,16]. A mouse locus,
which is strongly associated with high fasting plasma insulin
neighbors the agouti gene and has important effects on diabetes
syndromes in experimental systems [17]. BTBR mice, however,
do not develop spontaneous diabetes. Hence, we developed our
new model in this genetic background.

Our double-transgenic mice developed impaired fasting blood
glucose, glucose intolerance and diabetes when immunized with
adenoviral hGAD65. Quantification of antibody response showed
that instead of retracting after the immunization stimulus finished,
the response clearly progressed as animals developed diabetes. The
characteristics of the infiltration with the simultaneous presence
CD8 cells [8,18] and apoptosis of b-cells indicate the presence of
an active and specific immune attack [8,19].

We believe the availability of our animal model is of utmost
importance for studying immune-modulation of disease especially
in the setting of hGAD65 immunization. Recently, clinical trials
have shown that immunization with hGAD65 protein in alum
adjuvant may contribute to the preservation of residual insulin
secretion in patients with recent-onset T1D [20]. As opposed to
our DNA immunization, protein immunization seems to preserve
b-cell function. Considering that ultimately DNA is likely translated
to protein in our model, it is intriguing that the two methods of
immunization radically differ in their outcome (induction of diabe-
tes versus preservation of b-cell function).

5. Conclusion

All together, our results show for the first time, the occurrence
of antigen-specific diabetes after immunization with a clinically
relevant human autoantigen, in the context of human MHC-class
II diabetes-susceptibility transgenes, while the autoantigen is
being expressed in the target cell and in appropriate quantities.
Since the nature of the immune attack is specific to a human auto-
antigen (GAD65), presented in the context of human diabetes-sus-
ceptibility genes (DQ8), we believe this new animal model
provides an ideal tool in which to test therapeutic modalities
appropriate for treatment of human autoimmune diabetes.
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