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Abstract

MHC-class Il genes determine susceptibility in human type-1 diabetes. In their context, presentation
of target antigen(s) results in autoimmunity and p-cell destruction. An animal model, in which human
B-cell autoantigen(s) are presented to effector-cells in the context of human MHC-class Il diabetes
susceptibility genes, would be desirable for studying molecular mechanisms of disease and
developing antigen-specific immune-interventions. We report the development of antigen-specific
insulitis in double-transgenic mice carrying the HLA-DQ8 diabetes susceptibility haplotype and
expressing the human autoantigen GADG65 in pancreatic B-cells. Immunization with human GAD65
cDNA resulted in severe insulitis and low antibody levels in double-transgenic mice while control
mice were mostly insulitis free. CFA/protein immunization resulted in high antibody levels and
modest insulitis. Pancreatic lymphocytic infiltration progressed through stages (exocrine pancreas
followed by peri and intra-insulitis). Adoptive transfer of splenocytes from DNA-immunized mice
resulted in development of insulitis in recipient transgenics. Our results show that immunization with
a clinically relevant, type-1 diabetes human autoantigen, in a humanized genetic setting, results in
the development of an immune response that homes to islets of Langerhans. This animal model will
facilitate studies of autoimmunity to GAD65 in the context of HLA-DQS8, and development of
methods to induce tolerance and prevent insulitis.
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Introduction

Genetic susceptibility and target specificity of an immune attack characterize most organ-
specific autoimmune diseases. Type-1 diabetes (T1D) is an organ-specific autoimmune disease
that results from an autoimmune destruction of pancreatic B-cells in a process that can span
several years and results in glucose intolerance and disease when the majority of B-cells have
been depleted. The destruction is marked by circulating antibodies to B-cell autoantigens in
the blood and by a massive infiltration of mononuclear lymphocytes into the islets of
Langerhans while p-cells still remain, and their retraction when p-cells are completely
destroyed. For T1D, the genetic susceptibility is linked to major histocompatibility (MHC)-
class Il molecules [1]. The strongest association is with HLA DR3, DQ2 (DQB1*0201) and
HLA DR4 (DRB1*0401), DQ8 (DQB1*0302) haplotypes in Caucasian populations [2]. HLA
DQ8 is believed to be the dominant susceptibility tissue type in humans [3]. The most
significant link lies in the presence or absence of an aspartic acid at position 57 of the HLA-
DQ B-chain [of which DQS8 is the best studied example, 4]. In T1D, specific target autoantigens
of the immune attack have been identified and extensively studied. Two major autoantigens in
the human disease have been identified by immunoprecipitation of islet-cell proteins by T1D
and prediabetes sera. They were first described jointly as a 64kD autoantigen
immunoprecipitated by about 80% of T1D sera [5-9;10 and 11]. One of the 64kD antigens was
identified as the smaller isoform of the gamma-amino-butyric acid (GABA)-synthesizing
enzyme, glutamic acid decarboxylase, GAD65 [9]. This protein is recognized by 70-80% of
patients’ sera. A second component of the 64kD antigen recognized by human-diabetes sera
was identified as a putative tyrosine phosphatase, and named IA-2 [11-16]. This antigen is
recognized by 60-70% of patients’ sera. More than 90% of T1D patients have antibodies to
one or both of these antigens in the period preceding the clinical onset of T1D. Autoantibodies
to insulin are also found at a high incidence in young T1D patients [19 and 20]. A highly
homologous isoform of GAD65, GAD67, is recognized by virtue of cross-reacting antibodies
in 11-18% of patients, but is not an independent autoantigen in human diabetes [21 and 22].
Whereas mouse p-cells predominantly express GAD67, human B-cells only express the
GADG5 isoform [23 and 24].

Multiple models are available that mimic immune-mediated diabetes to varying degrees. The
spontaneous models, the Biobreeding (BB) rat [25] and the non-obese diabetic (NOD) mouse
[26 for review] have been instructive for elucidating basic molecular mechanisms involved in
autoimmune destruction of pancreatic B-cells. However, these models do not carry human
MHC-class 1l molecules and the nature of the primary target antigen remains unclear. The
NOD mouse has several features, which distinguish it from the human disease. For example,
the induction of organ-specific autoimmunity in humans may be caused by human pathogens
and/or toxins, autoimmunity seems to be the default mechanism in the NOD mouse. Thus mice
in a clean, pathogen-free environment have a high incidence of disease, whereas a variety of
regimens which stimulate the immune system, such as viral infections, prevent disease [27].
More than 125 methods for preventing or curing disease in the NOD mouse have been
described; however, most are not applicable to humans [26]. In the case of the BB rat,
spontaneous T-cell mediated diabetes is significantly distinct from the human disease in that
it is accompanied by autoantibodies to lymphocytes and a severe lymphocytopenia which is
essential for development of B-cell autoimmunity and diabetes in this model [25]. In an attempt
to develop better models of diabetes, ‘humanized’ transgenic mice that express diabetes-
susceptibility human MHC-class Il molecules were developed [28 and 29 as examples]. Since
these animals did not develop spontaneous diabetes, many were backcrossed into the NOD
background. However, such backcrossing failed to induce diabetes [28 and 30] in most cases.
Other animal models of T1D, some of them carrying human MHC-class 11 diabetes-
susceptibility genes, were developed by inducing expression of ectopic antigens in pancreatic
islets using the rat insulin promoter (RIP) [31 and 32 as examples]. While diabetes did not
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develop spontaneously in those models, autoimmunity and p-cell destruction was induced
following immunization with an antigen [33] or infection with a virus expressing the antigen
[34]. Overall, none of these models accurately mimic the human disease in which an immune
response against a target human p-cell autoantigen(s) in the context of human MHC-class 11
antigens is mounted and insulitis/diabetes ensues.

We hypothesized that a combination of human, diabetes-susceptibility MHC-class Il molecules
and a human B-cell autoantigen like GADG5 fully expressed as a transgene in mouse f-cells
would increase the susceptibility for diabetes in mice. A transgenic mouse line that expresses
human GADG65 (hGADG65) has been developed [35]. These mice express hGADG5 from the
rat insulin Il promoter (RIP). Expression of GAD65 and GABA in the pancreatic -cells of
these mice results in a modest decrease in first-phase insulin secretion but autoimmunity and
diabetes do not develop [35]. The expression of GADG5 is restricted to pancreatic p-cells and
the level of expression is similar to endogenous expression of GAD65 in human B-cells [as
opposed to negligible expression in mice, 36]. We have bred hGADS5 transgenics with mice in
which endogenous mouse MHC-class Il antigens have been replaced with the human HLA-
DQ8 susceptibility locus for diabetes. DNA immunization of these double transgenics with
cDNA encoding hGADG5 resulted in induction of autoimmunity and lymphocytic homing to
islets of Langerhans. In contrast, numerous protocols, including DNA and protein
immunization of autoantigens, carried out in mice and in non-human primates who did not
express the unique combination of a human p-cell target autoantigen and a human MHC-class
Il diabetes-susceptibility gene failed to generate insulitis and/or diabetes [9].

METHODS

Mice

HLA-DQA1*0301/DQB1*0302 (DQ8) transgenic, murine MHC-class Il molecule—deficient
(mll-) C57BL/6 mice (Kindly provided by Dr. Wen, Yale, New Haven, CT) [31] were crossed
with RIP7-hGADG5 line 1 transgenic C57BL/6 mice [35] to generate DQ8*/mII~/RIP7-
hGADG65"* double-transgenic mice. Mice were bred to homozygosity for DQ8 and RIP7-
hGADG5 genes. PBMCs from 50 F2 transgenics were screened from the crossing of
heterozygous (F1) DQ8*~/mI1*/~/RIP7-hGAD65*~ mice. DQ8 homozygosity was
determined by screening simultaneously for DQ8 expression and absence of mll antigens using
monoclonal anti-HLA-DQ antibody conjugated with fluorescein isothiocyanate (FITC) and
monoclonal anti-murine MHC-class 11 (mll) antibody conjugated with phycoerythrin (PE)
respectively (Pharmingen, Becton & Dickinson Biosciences, Mountain View, CA). Cell-
associated fluorescence was measured by flow cytometry (FACS). RIP7-hGADG5 expression
was analyzed using tail biopsy and PCR analysis of genomic DNA. RNA dot blot analysis with
radiolabeled probe was used to establish homozygosity which was later confirmed by PCR of
backcrossed littermates. All mice used in this study were >N6 crosses. All animal protocols
were approved by the University of California San Francisco, the University of Wisconsin and
the Veterans Affair animal research committees.

Protein and cDNA used for immunization

For DNA immunization, the cDNA fragment encoding full-length hGADG5 was inserted into
the CpG-rich pCl vector (Promega, Madison, WI). Plasmids were grown in E. coli, followed
by alkaline lysis of bacteria, and purification with maxi plasmid prep kit (Promega, Madison,
WI). Recombinant-hGADG5 protein expressed in Saccharomyces cerevisiae strain
c13ABYSB86, was kindly provided by Drs. M. Powell, B. Rees-Smith, and J. Furmaniak, FIRS
Laboratories, RSR Ltd, Cardiff, UK. The purified protein was conformationally stable and was
recognized by a series of human monoclonal antibodies recognizing conformational epitopes
in GADG5 (not shown).
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A cDNA encoding mouse interleukin 12 [m1L12, kindly provided by Dr. Watanabe, NIH, NClI,
Bethesda, MD, 37] was also sub-cloned in the pCl vector (Promega, Madison, WI).
Polyinosinic-polycytidylic acid (poly 1:C) was from Sigma (St. Louis, MO).

Histology and Immunohistochemistry

Pancreata were snap-frozen in Tissue Tek (Miles Laboratories, Elkhart, IN), and 5um-thick
sections stained with hematoxilin and eosin. A minimum of 80 islets per individual pancreas
were assessed for insulitis and graded as follows: 0, no insulitis; 1, peri-insulitis; 2, insulitis in
<50% of the islet; 3, insulitis in >50% of the islet [38]. Graded islets were expressed as a
percentage of the total number of islets in each mouse group. For example 10 weeks post-
inmunization, in the DNA-immunized double-transgenic group, we found 11 % of their total
islets with no insulitis (Grade 0); 53% with peri-insulitis (Grade 1); 25% with Grade 2 insulitis
and 11% with Grade 3. Results were reported by 3 independent observers blinded to the
immunization protocol and genotype. In addition, pancreas cryostat sections were stained with
biotinylated MAb directed against CD4, CD8 and CD68 (Serotec, Raleigh, NC) followed by
streptavidin-FITC conjugate and TO-PRO 3 as a counter-stain (Molecular Probes, Eugene,
OR) and examined by confocal microscopy. For in vivo bromodeoxyuridine (BrdU) labeling,
histology, and immunostaining, mice were given two intraperitoneal injections of 200ul of a
4mg/ml solution of 5-bromo-2'-deoxyuridine (Sigma, St. Louis, MO) 4 hours apart. The
pancreata and spleens were collected 12 hours later. Quantization of the percentage of islet-
infiltrating cells and splenocytes that incorporated BrdU was done on frozen tissue using BrdU
staining kit (Amersham Biosciences, Piscataway, NJ).

T-cell proliferation assays

Peripheral Blood Mononuclear Cells (PBMCs) and splenocytes were isolated from whole
blood and spleen respectively. Mononuclear cells were separated by standard gradient
centrifugation in Ficoll-Hypaque, washed in RPMI medium and rested overnight in AIM-V
medium at 10%/ml concentration. 100ul (~10° cells) were added per well to 96 well tissue
culture treated plates in triplicates and incubated with 10ul of either culture media, anti-CD3
(Becton Dickinson Biosciences, Mountain View, CA) or hGADG5 protein (1 and 5 ug) for 48
hours at 37°C in a tissue culture incubator. Cells were pulsed ON with 25ul of 20uCi/ml 3H
labeled thymidine (Amersham Biosciences). Cells were harvested and radioactivity measured
in a plate scintillation counter (Perkin Elmer, USA).

Antibody measurement

Human GADG5 was expressed from the corresponding wild type cDNA in an in vitro
transcription/translation system (TNT SP6 Coupled Reticulocyte Lysate System from
Promega, Madison, WI) in the presence of 35S-methionine (1000Ci/mmol; Amersham
Biosciences). Unincorporated radioactivity was removed by gel filtration of the transcription/
translation mixture on a PD10 column, (Amersham Biosciences) in immunoprecipitation (IP)
buffer (10mM Hepes, 10mM benzamidine/HCI, 150mM NaCl, 0.5mM methionine, 5mM
EDTA, 0.1% w/v BSA, and 0.5% v/v Triton X-114). Aliquots containing 50,000 cpm of
freshly 35S-labelled protein in 50l of IP buffer were incubated overnight at 4°C with 5ul mouse
serum or GAD6 mMADb (positive control). Immune complexes were isolated by adsorption to
25ul of Protein A Sepharose and Protein G Sepharose 50% v/v mixture (Protein A-G
Sepharose; Amersham Biosciences) in IP buffer for 45 minutes at 4°C. The Sepharose beads
were washed five times in IP buffer to remove unbound protein. Immune complexes bound to
Protein A-G Sepharose were eluted by boiling in an SDS-sample buffer (0.1M Tris HCI, pH
6.8, 5% w/v sodium dodecyl sulphate, 0.005% w/v Bromophenol blue, 20% v/v glycerol, 0.5%
v/v B-mercaptoethanol), followed by scintillation counting using Ecolume (ICN, Costa Mesa,
CA). Normal mouse serum (5ul) was used as a negative control in all immunoprecipitation

J Autoimmun. Author manuscript; available in PMC 2010 August 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Elagin et al.

Page 5

assays. Four standard deviations above that value were considered positive. A world standard
control for measurement of mouse GADG65 antibodies [GAD6 mMADb, 39] was used as a
positive control in all immunoprecipitation experiments. In order to determine the GAD6
mMAD dilution at which maximum immunoprecipitation of 3°S-labelled GAD65 was reached,
increasing concentrations of GAD6 mMAD were tested prior to the mouse serum experiments.
The results were transformed to reactivity units (RU) by defining the maximum amount of
GADG5 immunoprecipitated by GADG antigen as 100%. The experiments were carried out in
duplicate and repeated at least three times.

Adoptive transfers

Recipient mice used for adoptive transfer experiments were irradiated (600 rads, CS source)
1 day before the transfer. Splenocytes (10° in 200ul of sterile PBS per recipient) from donor
mice were intravenously injected (tail vein) into littermate recipient mice immediately after
being isolated.

Glucose measurements

Blood sugar was monitored once a week for the first 4 weeks and every other week thereafter
using a Ascencia Elite (Bayer, Mishawaka, IN) glucometer. 10-20ul of blood were drawn
directly into an heparinized microtiter tube after nicking the tail vein.

Statistical analysis

RESULTS

One tailed probability of the chi-square distribution was used to compare results between
different groups.

Induction of antigen specific insulitis with hGAD65 DNA in DQ8-RIP7ThGAD65 mice

A colony of homozygous double-transgenic mice carrying RIP7-hGADG65 [35] and DQ8 [31]
was established. Spontaneous diabetes was not observed in mice carrying one or both
transgenes during a 12 month follow up. Initially, we tested the ability of two different
immunization methods to generate insulitis in groups of double-transgenic (DQ8-
RIP7ThGADG5+/+), single-transgenic (either DQ8+/+ or RIP7ThGADG65+/+) and non-
transgenic C57BL/6 controls. Ten 6-8 week old animals in each group received 2 intradermal
(i.d.) injections (1 week apart) of GAD65 encoded in a plasmid (50ug of plasmid in a total
volume of 50ul of PBS) designed to induce strong T-cell helper 1 (Th1) responses [40]. This
approach has been shown to induce cytotoxic T lymphocyte (CTL) responses that persist for
several months after initial immunizations and can be boosted by additional DNA
immunizations several weeks or months later while antibody levels remain low [41]. Another
ten, 6-8 week old animals, were immunized intradermally with 10ug of protein in complete
Freund’s adjuvant (CFA). Immunization was repeated at 1 week with 10ug of protein in
incomplete Freund’s adjuvant (IFA). In the NOD mouse model, it has been shown that Thl
CDA4+ cells are critical for development of destructive insulitis. To induce an innate immune
response and enhance the development of a Th1 CD4+ cells, all animals received i.d, injections
of a plasmid encoding mIL12 DNA [37] 50ug in 50ul PBS once every 4 days x 4 starting on
the day of the first immunization. Mice also received 100ug of poly I:C, in PBS
intraperitoneally for 10 days (two sets of 5 with 2 resting days in between) starting the day of
the first GAD65 immunization [33]. Poly I:C (also known as synthetic RNA) induces innate
immune responses similar to the ones observed post viral infections [viral mimicry, 33].

Animals were followed for 10 weeks post-immunization. Weekly non-fasting glucose
measurements were observed to fluctuate in a broader range in immunized double-transgenics
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than in single-transgenics or controls over the 10 week follow up (135 = 55 vs. 100 * 20 vs.
106 + 6 mg/dl respectively). At 8 weeks after immunization, DNA-immunized mice had
significantly higher blood glucoses (170 + 8 mg/dl) than protein-immunized (145 + 6 mg/dI
p<0,001) double-transgenics and controls.

All animals were euthanized at 10 weeks post-immunization. Pancreas was obtained for
histology (Fig. 1). Hematoxilin/eosin staining of frozen pancreatic sections revealed
lymphocytic infiltration of islets mostly in DNA-immunized double-transgenics. Insulitis
scores rated as, Grade 0, no insulitis; Grade 1, peri-insulitis; Grade 2, insulitis in <50% of the
islet; and Grade 3, insulitis in >50% of the islet [39] were assigned to all experimental groups
(Fig. 2). All ten double-transgenic, DNA-immunized animals developed severe intra-insulitis
(Grades 2 or 3). Animals in this group had between 25 and 50 % of their islets with Grades 2
and 3 infiltration. In contrast, only two of ten protein-immunized double-transgenic animals
developed Grade 2 insulitis (12 % of their islets) and one of these mice had both Grade 2 and
3 (few islets) insulitis All other groups had sporadic (less than 1 %) or none Grade 2 or 3
insulitis (Fig. 1 and 2). Staining of pancreatic sections with antibodies to CD4 and CD8, showed
presence of both CD4 and CD8 positive T cells in the peri and intra-islet infiltrates indicative
of a targeted, active inflammatory process.

Blood samples were analyzed for GADG65 autoantibodies (Fig. 3) and PBMCs isolated. PBMCs
and splenocytes were prepared for analyses of T cell responses (Fig. 4).

Antibodies to GADG65 were detected in all immunized groups, suggesting lack of active
tolerance to the GADG5 protein in controls and transgenics (regardless of the presence of the
GADSG5 transgene). Within the groups of double-transgenic animals, 7 of 10 protein-
immunized and 5 of 10 DNA-immunized mice developed detectable antibodies to GADG5.
Furthermore, amongst the GAD65 antibody-positive animals, the levels for protein-immunized
animals were significantly higher (115 +/— 52 RU in the protein-immunized vs. 65 +/— 30 RU
in the DNA-immunized group) (Fig. 3). Among single-transgenics, 4 of 5 mice immunized
with protein developed antibodies to GAD65 and the levels were 76 +/— 6 RU. None of 5
single-transgenics who received a DNA immunization developed antibodies. Finally, among
non-transgenics, 4 of 5 mice receiving protein immunization developed antibodies while none
of the mice receiving DNA-immunizations had detectable antibodies.

T-cell proliferation assays were performed using PBMCs and splenocytes from selected
animals. Proliferative responses from DNA-immunized animals are shown in Fig. 4. While
proliferative responses to hGADG5 in PBMCs were moderate, and similar in all groups (Fig.
4 and results not shown), splenocyte response to hGADG65 was significantly higher (p < 0.05)
in double-transgenic than in single (Fig. 4 right panels) and non-transgenic mice.

The presence of GADG65 autoantibodies and T cell proliferative responses in DNA-immunized
and protein-immunized animals suggest that an immune response to GADG65 has been induced
by both regimens. However, while protein immunization generated stronger antibody
responses, DNA immunization induced stronger GAD65 specific T-cell proliferative
responses. The detection of insulitis in double-transgenics, demonstrated that the immune
response had homed to the pancreas and islets in all animals in the double-transgenic group
immunized with DNA. In comparison, protein-immunized double-transgenics failed to show
high grade insulitis. Furthermore in single and non-transgenics, only grade 0 or grade 1 (peri-
insulitis) was observed. Thus, the combination of the DQ8 and RIP7-hGADG65 transgenes and
the administration of GADG5 as DNA in a regimen that induces Thl CD4+ cells and CTL
responses in other mouse models [40 and 41] were most effective for development of insulitis.
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DQ8-RIP7-hGADG65 double transgenics and progression of antigen specific insulitis

In order to study the development and progression of the insulitis in GAD65 DNA- immunized
double-transgenics, 20 animals (equal number of male and female) were immunized at 6-8
weeks of age and two weeks later using the protocol described above. Two to three animals
were euthanized at 11 days, 5 weeks, 9 weeks, 13 weeks, 17 weeks, 25 weeks and 37 weeks
post-immunization and the pancreas frozen for histology. Frozen sections were stained with
hematoxilin and eosin as described above. As early as 11 days post-immunization, generalized
pancreatic infiltration was detected in both euthanized animals (Fig. 5, A). At 5 weeks post
immunization peri-insular lymphocytic infiltration was first detected (Fig. 5, B). At 9 weeks,
the infiltration was mainly localized to the peri-islet area but 10 % of the islets showed intra-
insulitis (Fig. 5, C) similar to what we observed at week 10 in the first phase study (see Fig.
1). At 13 weeks, intra-islet infiltration was massive in approximately 25% of islets (Fig. 5, D
& E). Animals euthanized at 17, 25, and 37 weeks showed progressively increased percentage
of intra-islet infiltration (40% vs. 60% vs. 85% respectively). BrdU treatment of another 2
animals euthanized at week 17 revealed mitotic figures (Fig. 5, F) exclusively in the islets,
indicative of active cell proliferation. The generalized pancreas infiltration observed in the
early weeks after immunization, had almost completely disappeared at week 25 and was
localized to the peri- or intra-islet areas. Immunostaining with anti-CD4 and anti-CD8 of
section from animals euthanized at 25 weeks showed positive staining for both markers (Fig.
5 G and H respectively). Pancreata from animals euthanized at week 37, revealed similar
characteristics as at week 25 but with a higher percentage of infiltrated islets.

Adoptive transfer of insulitis

We addressed the question of whether splenocytes from DNA-immunized double-transgenics,
could home to islets and generate lymphocytic infiltration in non-immunized littermates. The
spleen was removed from DNA-immunized double-transgenics 13 weeks after the first
immunization (2 male donors) and 10° lymphocytes were transferred to non-immunized
irradiated littermates (4 female recipients). Analyses of pancreatic sections of recipient mice
1 week after transfer revealed generalized and peri-islet infiltrates. At five weeks most (75%)
of the islets were infiltrated (Fig. 5 I). Transfer of splenocytes from control non-immunized
double-transgenic mice, did not generate insulitis (results not shown). These results
demonstrate that splenocytes in DNA-immunized but not in non-immunized mice specifically
induce insulitis in recipient mice.

DISCUSSION

MHC-class 11 genes are critical determinants of genetic susceptibility in human T1D.
Presentation of primary target antigen(s) in the context of these genes is an essential component
of the pathogenesis of the disease [reviewed in 42]. 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
Il susceptibility genes, would be useful for studies of molecular mechanisms of disease and
for testing antigen specific immune-interventions applicable to humans.

We have generated mice that express high levels of hGADG65 in B-cells and at the same time
have their endogenous mouse MHC-class 11 antigens replaced by the human HLA-DQ8
susceptibility locus for diabetes. After introducing genetic susceptibility for T1D with the
human HLA genes and human quantitative expression of hGADG5 at the B-cell level, we
reasoned we needed to mimic environmental triggers of the disease. Immunization with
hGADG65 cDNA sub-cloned in a CpG-rich plasmid together with immunization with mIL12
and poly I:C (viral mimicry) produced a strong cellular immune response that homed to the
islets of Langerhans. As in human T1D, no statistically significant gender differences were
noted. Interestingly, hGADG65 protein/CFA immunization had a much milder degree of islet
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infiltration. Antibodies on the other hand, were present in high levels in protein/CFA-
immunized animals (as opposed to the DNA-immunized animals in which antibody levels were
present at much lower concentrations and not always detectable). This observation may imply
a deviation to a Th2 type of helper response with protein immunization. Overall, the hGAD65
antibody response to either DNA or protein immunizations demonstrated a lack of tolerance
to hGADG5, while being expressed as a transgene.

Although the DNA-immunized double-transgenics experienced episodic hyperglycemia, none
of the animals developed diabetes during the 37 weeks of the study. The lymphocytic
infiltration of the pancreas progressed from localizing mainly to the exocrine pancreas (11
days), moving into the endocrine pancreas (59 weeks), localizing to the peri-islet area (9-13
weeks), and becoming intra-insular (17-37 weeks). From week 9 onwards, islets containing
different degrees of lymphocytic infiltration coexisted in the same pancreas. Quantification of
the degree of insulitis over time (Fig. 5) showed that instead of retracting after the immunization
stimulus finished, the insulitis progressed and became more pronounced over time.
Furthermore, the presence of BrdU retained cells indicated active proliferation. Mitotic figures
within islets confirmed active proliferation (Fig. 5 F). The positive BrdU staining within islets
may represent lymphocytic proliferation although the possibility of islet cell regeneration
cannot be excluded [43]. The characteristics of the infiltration with the simultaneous presence
of CD4 and CD8 cells indicate the presence of an active immune attack [44]. At week 25,
insulin staining (not shown) indicated the presence of remaining islet function. Thus, the
immune attack either did not efficiently eliminate the majority of the B-cells or p-cell
regeneration occurred at a sufficient rate to replenished the B-cell mass. Other possible
explanation for the lack of a full-blown diabetes phenotype may be inherent to the mouse strain
chosen. C57BL/6 may be best described, as a strain of low diabetes susceptibility. Despite the
decrease insulin secretion seen in elder C57BL/6 mice, this line is relatively resistant to, for
example, obesity-induced diabetes. Other strains like BTBR are more diabetes susceptible. The
BTBR strain seems to have a relative deficiency of 8 cell neogenesis. When obese, these mice
develop severe diabetes (fasting glucose >400 mg/dL). By contrast, C57BL/6 mice are able to
compensate for the obesity-induced insulin resistance by increasing pancreatic insulin
secretion and thus maintain only slightly elevated plasma glucose levels (<250 mg/dL)[45].

While the mechanisms involved in progression from insulitis to insulin dependent diabetes are
still under investigation, our model is suitable for testing factors implicated in other models
and in humans, including, but not limited to upregulation of MHC class | antigens [46], and/
or interferons [47], and viral infections [48].

Finally, adoptive transfer of splenocytes from DNA-immunized mice resulted in insulitis of
naive-recipient double-transgenics. Progression of disease was observed when comparing early
islet specimens (within a week) to specimens obtained 5 week post-adoptive transfer (Fig. 5

).

Taken together, our results show that while protein immunization with a clinically relevant
human autoantigen, in a regimen that induces strong antibody responses fails to induce
significant insulitis, immunization with cDNA encoding GAD65 in a regimen that induces
modest antibody responses, results in the development of progressive insulitis. The results
demonstrate the requirement for both expression of hGADG5 in pancreatic -cells and its
presentation in the context of a human MHC-class |1 diabetes-susceptibility genes for
development of severe insulitis.
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Figure 1. Pancreas histology of protein-immunized and DNA-immunized mice

Frozen sections of pancreas were stained with hematoxylin and eosin (A-D) or immune-stained
for CD4 (E) or CD8 (F). (A), DNA-immunized non-transgenic mouse pancreas, (B), protein-
immunized DQ8-RIP7-hGADG5, double-transgenic mouse pancreas. (C-D), DNA-immunized
DQ8-RIP7-GADG65 double-transgenic mouse pancreas. Note the more aggressive
characteristic of the lymphocytic infiltration in C (some islet tissue preserved), and D (complete
islet destruction) of the GAD65 DNA-immunized double-transgenic as compared with the peri-
insular infiltration of protein-immunized double-transgenic mouse (B). Confluent nuclei in E
and F (red) correspond to islet area (arrow delineated). Islets are indicated with arrowheads.
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Figure 2. Summary of islet infiltrate scores following GAD65 DNA or protein immunization
protocols in double-transgenic (DT), DQ8 and RIP7-GADG5, single- transgenic, ST), or non-
transgenic control mice

Insulitis scores were rated as, Grade 0, no insulitis (white bars); grade 1, peri-insulitis (dotted
bars); grade 2, insulitis in <50% of the islet (stripped bars); grade 3, insulitis in >50% of the
islet (black bars) [39]. The percentage of islets in each scoring category is shown. All 10 DT,
DNA-immunized animals developed Grade 2 and 3 insulitis. Only two of ten protein-
immunized DT animals developed Grade 2 insulitis and one these mice had both grade 2 and
3 insulitis. All other groups had sporadic or no Grade 2 or 3 insulitis. * Indicates statistically
significant differences (p <0.005) within the same grade, as compared to controls and all other
groups.
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Figure 3. Humoral immunity in immunized mice

GADG5 antibodies in DNA or protein immunized mice. Animals were named by a number and
the first initial of their gender (f or m). A world standard control for measurement of GAD65
antibodies (GAD6 mMADb) was used as a positive control in all immunoprecipitation
experiments. The results were transformed to reactivity units (RU) by defining the maximum
amount of GADG65 radioactivity precipitated by GAD6 mMADb as 100%. The experiments were
carried out in duplicate and repeated at least three times. The antibody levels of hGAD65
protein-immunized animals (right panel) were consistently higher than those of the hGAD65
DNA-immunized group (left panel). Not all animals developed detectable antibodies in either
group (5 of 10 in DNA-immunized vs. 7 of 10 in protein-immunized groups).
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Figure 4. Cellular immunity in immunized mice
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T-cell proliferation assays were performed using peripheral blood mononuclear cells (PBMCs,
left panel) and splenocytes (right panel). DNA-immunized animals’ results shown.
Radioactivity from radiolabeled thymidine incorporation to proliferating T cells is expressed
in CPM x 103 (Y axis, left margin). DT indicates double transgenics (DQ8-RIP7-hGADG5)
while ST indicates single transgenics (GADG65 ST shown). None = no antigen added (negative
control), Anti-CD3 was used to stimulate proliferation (positive control). Mean and standard
deviation of triplicate results from 5 animals in each group (double or single transgenics) is
shown. All double-transgenic animals tested had significant central (splenocytes) antigen
specific proliferative responses to hGADG5 (top right) when compared to single-transgenic

mice (bottom right).
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Figure 5. Progression of insulitis in DNA-immunized double-transgenic mice

Frozen pancreatic sections, obtained at different time points following DNA immunization,
were stained with hematoxilin and eosin (A-E and 1), anti-BrdU (F), anti-CD4 (G), or anti-
CD8 (H). White arrowheads indicate islets. A, eleven days post-immunization (infiltration
present). B, week 5 post-immunization pancreas appeared massively infiltrated. C, week 9
post-immunization (more localized infiltration noted). D, week 13 post-immunization
specimen shows a severely infiltrated islet. E: panoramic view of D showing the concomitant
presence of normal islet (top left corner). F, post-BrdU treatment of an animal euthanized at
week 17 (proliferating cells are exclusively detected in the islet). G and H, pancreas 25 weeks
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post-immunization (G=anti-CD4, H=anti-CD8). |, pancreas section of a recipient of adoptively
transferred splenocytes 5 weeks post transfer.
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