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Summary 

Our goal is to determine whether gene vaccination can be used for the treatment of insulin-dependent diabetes 
mellitus (IDDM), an autoimmune disease. In this work, weanling non-obese diabetic (NOD) mice, an animal model 
system for the study of IDDM, received intramuscular injections of “naked” plasmid DNA encoding either 
intracellular or secreted human glutamic acid decarboxylase (GAD), one of the major autoantigens recognized 
during the onset of IDDM. Seven weeks later, each pancreas was scored for insulitis, an inflammation indicative of 
the disease. Mice treated with either type of gad gene-carrying plasmid showed a significant decrease in the severity 
of insulitis when compared to controls. These results suggest that vaccination using autoantigen-encoding genes 
may provide a means of treating IDDM.  
 

 
I. Introduction 
Insulin dependent diabetes mellitus (IDDM), or type I 

diabetes, is a disease with high morbidity and mortality that 
affects 1 in 300 persons in North America, with a 
prevalence ever increasing in small children (for a review 
see Mandrup-Poulsen, 1998). Although also called juvenile 
diabetes because it often affects young people, a similar 
disease has been diagnosed in patients 50 years of age and 
older (Molbak et al., 1994). IDDM is thought to be caused 
by both genetic and environmental factors, and is 
associated with the autoimmune destruction of insulin-
producing beta cells found in the pancreatic islets of 
Langerhans. Loss of these insulin-secreting cells results in 

the inability to metabolize glucose, leading to 
hyperglycemia and ketoacidosis, which in turn cause a 
variety of debilitating and life-threatening ailments such as 
blindness, kidney disease, heart attack, stroke, and 
neuropathy. Although injection of the hormone insulin can 
prolong life of IDDM patients, it does not provide a cure 
for the disease, likely due to lack of proper regulation of 
insulin levels within the body. A cure for IDDM could be 
achieved if the destruction of beta cells were averted. 

IDDM has been characterized as an autoimmune 
disease based on the observations that patients suffering 
from this illness have high levels of islet cell autoantibodies 
in their sera (Bottazo et al., 1974), and chronic 
mononuclear cell infiltration of their pancreatic islets 
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(Gepts and Lecompte, 1981). Presence of autoantibodies 
can be detected years before the onset of symptoms, and is 
considered to be diagnostic for IDDM (Maclaren, 1988), 
although it does not always imply occurrence of the 
disease. In humans, the nature of these antibodies varies 
with age: autoantibodies against insulin and tyrosine 
phosphatase IA-2 are associated with early childhood, 
glutamic acid decarboxylase (GAD) and islet cell 
cytoplasmic protein autoantibodies with late childhood and 
adolescence, while late onset can be associated with other 
typical immune markers (Mandrup-Poulsen, 1998). 
Inflammatory infiltration of the islets (insulitis) and beta 
cell destruction are due mostly to T lymphocytes, both 
CD4+ helper and CD8+ cytotoxic (Itoh et al., 1993; 
Peakman et al., 1994), and result in loss of islet cell mass. 
When this cell mass drops below 10% of normal, 
hyperglycemia and ketosis develop. 

A large part of what is known about IDDM comes from 
studies of animal model systems, in particular the non-
obese diabetic (NOD) mouse. The NOD mouse possesses 
most of the characteristics of human IDDM, such as 
genetic predisposition due to MHC II linkage, development 
of insulitis with infiltration of T lymphocytes selectively 
toxic to insulin-producing beta cells, and humoral reactivity 
to beta cells (for a review see Bowman et al., 1994). 
However, unlike humans, NOD mice have a strong gender 
bias in the appearance of the disease: 91% of females 
NOD/Lt mice manifest diabetes at 250 days of age, while 
only 21% of males show a similar symptom at that age 
(Baxter et al., 1991). 

Studies of NOD mice (Kaufman et al., 1993; Tisch et 
al., 1993) and patients (Baekkeskov et al., 1990) indicate 
that the GAD protein is a major autoantigen recognized 
during the onset of IDDM. GAD is an enzyme found 
mostly in neurons (Erlander et al., 1991) and pancreatic 
islet cells (Christgau et al., 1991), where it catalyzes the 
synthesis of gamma-aminobutyric acid (GABA). GABA is 
an inhibitory neurotransmitter in the central nervous 
system, and may be a paracrine signaling molecule in the 
pancreas. Two forms of GAD are encoded by different 
genes in mammals, a 65 kDa (previously called 64) and a 
67 kDa (previously called 65) molecular weight form. 
GAD65 is a membrane-anchored intracellular protein, 
while GAD67 is found soluble in the cytosol (Christgau et 
al., 1991; Christgau et al., 1992). Both GAD65 and GAD67 
are recognized by the immune system of IDDM patients 
(Baekkeskov et al., 1990; Honeyman et al., 1993). In 
addition, the first T cell response against beta cell antigens 
in 4-week old NOD mice is against GAD65 (Kaufman et 
al., 1993;Tisch et al., 1993), and both CD8+ cytotoxic 
(Panina-Bordignon et al., 1995) and CD4+ T helper 1 (Th1) 
(Tabata et al., 1998) lymphocytes specific for GAD65 can 
be found in patients suffering from IDDM. Together with 
the finding that adoptive transfer of GAD-reactive T cells 
can cause diabetes in NOD/SCID mice (Zekzer et al., 
1998), these observations strongly indicate that GAD65 

plays an important role as an autoantigen during onset of 
IDDM. 

The NOD mouse serves not only as a model to study 
IDDM, it is also an excellent system for the development of 
new methods for preventive transfer of this form of 
diabetes. Such therapies include immunosuppression, 
immunostimulation, tolerance induction, manipulation of 
hormonal/dietary milieu, and anti-inflammatory agents 
(Bowman et al., 1994). In this work, we have investigated 
whether gene vaccination could be used to prevent insulitis 
in the NOD mouse. Specifically, we have used 
intramuscular injection of “naked” plasmid DNA encoding 
human GAD65 and SGAD55, an engineered secreted form 
of this protein. We report that injection of DNA encoding 
these proteins resulted in significant decreases in insulitis, 
suggesting the possibility that this form of gene therapy 
might be useful to prevent clinical manifestation of IDDM. 

 

II. Results 
A. Construction of a secreted form of 

human GAD65 
Extracellular antigens can be used for tolerization or for 

suppression of MHC class II restricted Th1 inflammatory 
response, probably through a MHC class II restricted CD4+ 
Th2 lymphocyte response, as Th1 and Th2 responses 
appear to be mutually exclusive (Mosmann and Sad, 1996). 
Therefore, two genes encoding GAD proteins that had the 
potential of being secreted by mammalian cells were 
constructed. 

The first construct consisted of the leader peptide from 
human interleukin-2 (IL-2) protein fused to full-length 
human GAD65, generating a fusion protein encoded by the 
sgad65 gene. This leader sequence was previously shown 
to cause secretion by mammalian cells of normally 
intracellular proteins (Okano et al., 1990; Liu et al., 1997). 
However, because GAD65 is a membrane-anchored 
protein, the protein region responsible for the anchoring 
could have interfered with secretion. The sequence 
corresponding to approximately the first 100 amino acids 
(aa) of human GAD65 contains a Golgi-targeting sequence 
(Solimena et al., 1994), as well as cysteine residues that are 
palmitoylated and responsible for membrane anchoring 
(Christgau et al., 1992). In addition, this sequence is not 
recognized by autoantibodies from IDDM patients (Richter 
et al., 1993). The first 88 aa of the human GAD65 protein 
were therefore deleted, and the remainder of the protein 
was fused to the IL-2 leader sequence, generating a fusion 
protein (SGAD55) encoded by the sgad55 gene (Fig. 1B). 
Simian COS-7 cells were transiently transfected with the 
two gene constructs coding for these proteins, and 
immunoblot analysis of intracellular GAD protein was 
performed using a monoclonal human GAD65 antibody. 
Results confirmed the synthesis of SGAD65 (Fig. 2A, lane 
3), and of the lower molecular weight SGAD55 (Fig. 2A, 
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lane 4). To determine whether SGAD65 and SGAD55 were 
secreted by mammalian cells, proteins from COS-7 cells 
transiently transfected with the different gene constructs 
were labeled in vivo with 35S-methionine. Culture media 
from these cells were then used for immunoprecipitation 
using the same antibody used for immunoblot analysis, and 
immunoprecipitates were fractionated using sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE). Results showed that SGAD55 protein was 
immunoprecipitated from cell culture media (Fig. 2B, lane 
3). In contrast, no secreted SGAD65 protein could be 
detected (Fig. 2B, lane 4). The gene construct sgad55 was 
therefore selected for further use in animal experiments. 

 
 
Figure 1. Gene constructs used for 

intramuscular DNA injection. Three 
genes were placed under 
transcriptional control of the 
cytomegalovirus promoter (CMV) into 
an expression plasmid, gad65, 
encoding a wild type intracellular 
human GAD65 protein (A), sgad55, 
encoding a fusion of the IL-2 leader 
sequence (IL2-LS) to a truncated 
human GAD65 protein (B), and sruc3, 
encoding a secreted Renilla luciferase 
(C). 

 
 

 
Figure 2. Detection of GAD proteins 

from lysates (A) and culture media (B) of 
mammalian cells grown in vitro. A. 
Immunoblot analysis of simian COS-7 cells 
transiently transfected with different gad 
genes. Cells were transfected with plasmid 
vector only (lane 1), plasmid carrying gene 
gad65 (lane 2), sgad65 (lane 3), or sgad55 
(lane 4). Lane 5 contains a truncated version 
of GAD65 isolated from Escherichia coli as 
control. Total cells lysates were fractionated 
using SDS-PAGE, transferred onto a 
membrane, and reacted with a mouse 
monoclonal antibody raised against wild-
type human GAD65, and subsequently to a 
secondary antibody bound to alkaline 
phosphatase for chemiluminescent detection. 
B. Immunoprecipitation of 35S-methionine-
labeled proteins from culture media. Culture 
media from COS-7 cells transiently 
transfected with plasmid vector only (lane 1), 
plasmid carrying gene gad65 (lane 2), 
sgad55 (lane 3), or sgad65 (lane 4) were 
used for immunoprecipitation using the same 
antibody used in A. Immunoprecipitates 
were then fractionated using SDS-PAGE and 
exposed to X-ray film. 
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Figure 3. Histopathological examination of pancreatic islets. Islets with score 0 (A), and 3 (B) from a GAD65-treated mouse are 

shown for comparison with islets with score 5 (C) and 6 (D) from a control animal. Arrows point to T cell infiltration. 
 

 

B. Effects of intramuscular injection of 
GAD-encoding genes on insulitis and cytokine 
profile 

Each of four groups of three-week old female NOD 
mice received injections of one of four plasmid DNAs, and 
injections were repeated after three days. Mice were 
injected with either plasmid vector only, plasmid vector 
carrying the sruc3 gene encoding a stable mutant (JL and 
AE, unpublished data) of a secreted soft coral luciferase 
(Liu et al., 1997), the human gad65 gene, or the sgad55 
gene encoding secreted GAD protein. The sruc3 gene was 
used as control for possible non-specific effects of 
synthesis of a plasmid-encoded antigen on insulitis. 
Another group of NOD mice was used as a non-injected 
control (N.B. this group was kept in a different animal 
room at Loma Linda University, and at a different time). 

Mice were killed when 10 weeks old for 
histopathological analysis, insulitis scoring, and immune 
assay. None of the mice had developed diabetes, as 
determined by urine and blood glucose analysis (data not 
shown). Figure 3 shows representative islets illustrating 
the levels of insulitis that were observed. Figure 4A shows 
that a significant reduction in the severity of insulitis was 
detected in mice receiving injections of plasmids carrying 
the gad65 and sgad55 genes, when compared to the three 
control groups. In addition, mice injected with these gad 

genes also had a higher percentage of insulitis-free islets 
(Fig. 4B). Cytokine profiles of GAD65-stimulated spleen 
lymphocytes (splenocytes) tended to support the 
histological findings. While the Th1-type cytokines (IFNγ 
and IL-2) were not different between groups (Fig. 5A and 
B), IL-4 production (Th2-type) was higher in the gene-
vaccinated groups (Fig. 5C, 3 and 4) than in the controls 
(Fig. 5C, 1 and 2), when challenged in vitro with 
recombinant human GAD65 protein. 

 

III. Discussion 
Gene vaccination consists of the introduction and 

expression of a gene into an organism, with the purpose of 
generating an immune response against its encoded 
product. The simplest way of achieving this purpose is to 
use the method of intramuscular or subcutaneous “naked” 
DNA injection, originally presented as a means of 
expressing plasmid-encoded genes after direct injection of 
DNA into mouse muscle (Wolff et al., 1990). This method 
has since been used to generate immune responses to a 
wide variety of antigens, such as human 
immunodefficiency virus 1 glycoproteins, and malarial 
circumsporozoite protein (for a review see Tighe et al., 
1998). Although the majority of studies have focused on 
infectious diseases, “naked” DNA  

 
 

Figure 4. Insulitis scores 
of 10-week old female NOD 
mice. Severity of insulitis is 
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presented based on a 0-6 scale 
(A), and as percentage of 

islets showing intra-, peri-, or 
no insulitis (B). Insulitis was 

scored with untreated mice 
(group 1, n= 5), mice 

receiving injections of 
plasmid vector only (group 2, 
n=5), or vector carrying gene 

sruc3 (group 3, n= 6), gene 
gad65 (group 4, n=7), or gene 

sgad55 (group 5, n=7). Data 
are presented as the mean 

score ± SEM. When 
individually compared to 

control groups 1 (*), 2 (* *), 
or 3 (* * *), group 4 or 5 

showed statistically 
significant differences (P 

value <0.05). No statistically 
significant differences were 
found among groups 1, 2, 3, 

or groups 4 and 5.  
 
 

 
 
 
 
 
 
 
 
 
 
Figure 5. Cytokine profile of GAD65 protein-stimulated splenocytes. Splenocytes from mice receiving injections with plasmid 

vector only (1), or plasmid carrying the sruc3 (2), gad65 (3), or sgad55 (4) gene were stimulated with 1.5 µg/mL of isolated 
recombinant human GAD65 protein. After 72 hrs, culture supernates were assayed for IFNγ (A), IL-2 (B), and IL-4 (C). 

 
 

gene vaccination can also be applied to studies of 
alloimmunity (Geissler et al., 1994) and treatment of cancer 
(Condon et al., 1996). Recently, gene vaccination was used 
to suppress the symptoms of autoimmune 
encephalomyelitis in rats through synthesis of an 
autoantigenic peptide (Lobell et al., 1998). 

Glutamic acid decarboxylase (GAD) is thought to be a 
major autoantigen contributing to the onset of insulin-
dependent diabetes mellitus (IDDM), and injection of GAD 
protein can delay the onset of the disease in NOD mice 
(Kaufman et al., 1993; Tisch et al., 1993; Elliot et al., 1994; 
Petersen et al., 1994; Sai et al., 1996). In addition, similar 
results are obtained with oral feeding of the protein (Ma et 
al., 1997; Ramiya et al., 1997). In this work, we 
investigated whether expression of genes encoding two 

forms of human GAD could cause reduction of insulitis in 
the NOD mouse, an inflammation of pancreatic islets 
which is characteristic of IDDM in this model.  

Two gad genes were used for expression in muscle 
tissue, a gad65 cDNA encoding human GAD65 protein, 
and sgad55, a gene construct based on gad65, encoding the 
interleukin-2 (IL-2) leader sequence fused to a GAD65 
protein lacking its first 88 amino acids (SGAD55) (Fig.1). 
The N-terminal region of GAD65 was removed in the 
SGAD55 fusion protein because we suspected that it could 
interfere with its secretion, since this region contains a 
Golgi-targeting and membrane-anchoring sequence. This 
was confirmed by the finding that a fusion of the IL-2 
leader sequence to full-length GAD65 could not be 
detected in the culture media of mammalian cells 
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expressing its encoding gene (Figure 2B, lane 4). In 
contrast, SGAD55 protein was detected in culture media of 
cells expressing the sgad55 gene (Fig. 2B, lane 3).  

Intracellular and secreted forms of GAD65 were used in 
this study because of the known differences in the type of 
immune response that intra- and extra-cellular antigens can 
generate.  Intracellular antigens are presented by MHC 
class I molecules and generate a CD8+ cytotoxic T 
lymphocyte response, while extracellular antigens are 
presented by MHC class II molecules on the surface of 
antigen presenting cells, generating a CD4+ helper T 
lymphocyte response (Tighe et al., 1998). Although 
secreted proteins are synthesized within a cell, they appear 
to be less likely to be presented by MHC class I molecules 
than cytosolic proteins (Yewdell et al., 1998). 

Synthesis of intracellular GAD65 by muscle cells was 
not expected to effect insulitis. Considering the small 
number of muscle cells able to express injected genes, the 
levels of intracellular GAD65 protein found in injected and 
non-injected mice NOD should not have differed greatly 
enough to generate an immune response influencing T cell 
infiltration of islets. This supposition was corroborated by 
the finding that in NOD mice transgenic for murine gad65, 
only those mice showing the highest levels of transgene 
expression could exacerbate insulitis and diabetes (Geng et 
al., 1998). In contrast, secretion of SGAD55 could have 
caused either reduced insulitis (through an anti-
inflammatory Th2 response) or increased insulitis (through 
an inflammatory Th1 response), depending on the levels of 
extracellular antigens attained (Hosken et al., 1995). 

Our results show that injections of gad65-carrying 
plasmids caused a reduction of insulitis similar, if not 
greater, to that resulting from injections of sgad55-carrying 
plasmid (Fig. 4). A variety of non-exclusive mechanisms 
are thought to lead to Th1 and Th2 immune responses after 
plasmid DNA injection, such as release of antigens from 
intact cells expressing the plasmid-carried gene, or from 
lysed cells after a cytotoxic T lymphocyte response, and 
direct transfection of antigen presenting cells (Davis et al., 
1993; Xiang et al., 1994; Condon et al., 1996; Gregoriadis 
et al., 1997). Our results suggest that one (or both) of the 
latter two putative mechanisms was likely to be responsible 
for the similar reduction of insulitis after intramuscular 
injection of gad65 or sgad55 gene, since neither the intra- 
nor extra-cellular nature of the plasmid-encoded GAD 
antigens appeared to affect the extent of insulitis 
differently.  

To determine the nature of the immune response 
generated in plasmid-treated NOD mice, cytokine secretion 
by splenocyte was measured after challenge with 
recombinant human GAD65 protein. Splenocytes of all 
plasmid-injected mice secreted similar levels of Th1-
specific IFNγ (Fig. 5A) and IL-2 (Fig. 5B). However, cells 
from mice receiving injections of gad65 or sgad55 genes 
maintained higher levels of Th2-specific IL-4 than the 

controls when challenged with GAD65 autoantigen (Fig. 
5C). No differences in splenic memory cell numbers 
(immunophenotyping) or blood levels of cytokines could 
be demonstrated between groups (data not shown). These 
results suggest that the reduced levels of insulitis observed 
after injection of gad65 or sgad55 genes could have been 
the result of a Th2-mediated response. This would be in 
accordance with the observation that suppression of 
insulitis is associated with elevated synthesis of IL-4 and 
IL-10 (for a review see Rabinovitch, 1998), and that 
suppression of the diabetogenic response in NOD mice 
after injection of GAD65 protein is mediated by the 
induction of GAD65-specific regulatory Th2 cells (Tisch et 
al., 1998). Failure to detect systemic changes in circulating 
cytokine levels (IFNγ 75-1365 pg/mL) and splenic 
phenotypes (13-15% CD62Lneg CD44pos T helper cells) 
was expected in light of the well-established organ-
specificity of this disease. Further work on the cellular 
infiltrate should reveal more relevant information. 

Immunomodulatory gene therapy has been previously 
considered as a possible approach for the prevention of 
IDDM. In one study, islet-specific Th1 cells transduced 
with engineered retroviruses carrying a gene encoding the 
anti-inflammatory cytokine IL-10 were able to cause 
reduced insulitis and delayed onset of diabetes when 
injected into NOD mice (Moritani et al., 1996). In contrast, 
intramuscular injection of plasmid DNA encoding IL-10 
did not cause reduced insulitis, but did result in delay of 
diabetes onset (Nitta et al., 1998). In another study, 
intramuscular injection of DNA encoding TGF-β1 caused 
both reduced insulitis and delayed onset of diabetes 
(Piccirillo et al, 1998). Our data suggest that intramuscular 
injection of DNA coding for an IDDM autoantigen could 
also be used for this purpose. Plasmid injection offers 
potentially both therapeutic and economical advantages. 
Injection of plasmid DNA could permit the development of 
plasmid “cocktails” encoding combinations of different 
autoantigens and immunomodulating cytokines. When 
compared to injection of isolated proteins, the availability, 
quality, and cost of these therapeutic proteins would not be 
a concern, since their synthesis would occur within the 
host. Clearly, injection of plasmid DNA is a promising 
approach for suppressing symptoms of IDDM or other 
autoimmune diseases in the future.  

 

IV. Materials and Methods 
A. Gene and plasmid construction 
The sgad65 gene encodes a fusion of the leader peptide from 

human IL-2 to full-length human GAD65 protein. This gene was 
constructed by ligating an 89 base pair (bp) DNA fragment 
encoding the first 23 amino acids of IL-2 (isolated previously by 
PCR from human cell line A293 as described by Liu et al., 1997) 
in frame with a 1.8 Kilobase pair (Kb) NcoI-XhoI DNA fragment 
carrying a human GAD65 cDNA. The sgad55 gene encodes a 
fusion of the leader peptide from human IL-2 to a truncated 
version of human GAD65 with 88 aa deleted at its N-terminus. 
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Two oligonucleotides were used to amplify the 89 bp DNA 
fragment encoding the IL-2 leader peptide from gene sgad65, IL-
01 (TTT TCT AGA ATG TAC AGG ATG CAA CTC CTG) and 
IL-03 (TTT ACG CGT AAG TAG GTG CAC TGT TTG TGA). 
IL-03 introduced an MluI site which was used to clone the PCR 
product in frame with the MluI-XhoI 1.5 Kb DNA fragment 
encoding GAD55, the truncated version of human GAD65. The 
identity of PCR products and gene fusion junctions were 
confirmed using automated DNA sequencing.  

For cell culture work, the gad65, sgad65, and sgad55 genes 
were cloned under transcriptional control of the cytomegalovirus 
(CMV) promoter into plasmid vector pLNCX (Miller and 
Rosman, 1989). For muscle injection, all genes were cloned under 
transcriptional control of the CMV promoter in plasmid pND-2, a 
vector known to provide high gene expression in muscle tissues 
(Gary Rhodes and Robert Malone, unpublished data). 

 

B. Mammalian cell culture and transfection 
Simian COS-7 cells were grown in 60 mm tissue culture 

dishes containing 3 mL DMEM medium with 10% fetal bovine 
serum (FBS). Media were changed 3 hrs prior to transfection 
when cells were 70% confluent. Cell transfection was performed 
using the ProFection calcium phosphate system (Promega, 
Madison, WI) using 40 µg of plasmid DNA per plate. Cells were 
incubated with the DNA-calcium phosphate complex for 6 hours, 
washed twice with phosphate-buffered saline (PBS), and 3 mL 
DMEM medium +10% FBS was added into each plate. Culture 
plates were then incubated for 48 hrs before harvesting cells and 
media for analysis.  

C. Immunoblot analysis  
Simian COS-7 cells were washed twice with cold PBS 48 hrs 

after transfection, and harvested in 100 µl hot 2x gel-loading 
buffer (100mM Tris.HCl, 4% SDS, 20% glycerol, 10% 2-
mercaptoethanol, 0.01% bromophenol blue) using a rubber 
policeman. Cells were lysed by sonication, boiled for 3 min, and 
lysates were centrifuged at 1000x g for 10 min to pellet cell 
debris. Twenty microliters from each sample was loaded on a 
12% SDS-polyacrylamide gel for fractionation. Proteins were 
then transferred onto a nylon membrane by electroblotting, and a 
GAD65 monoclonal antibody was used to detected GAD protein 
using a method previously described (Liu et al., 1997).  

 

D. Protein radiolabeling and immunoprecipitation 
To detect secreted GAD proteins in cell culture media, 35S-

methionine (specific activity>1000 Ci/mmol, from DuPont NEN, 
Boston, MA) was used to label total cell protein from COS-7 
cells. Media were removed after incubation with the DNA-
calcium phosphate complex, and cells were rinsed twice with 1 x 
PBS and once with medium without methionine and serum. Cells 
were then incubated in 3 mL DMEM medium without methionine 
+ 1% dialyzed FBS for 20 min to deplete intracellular pools of 
endogenous methionine. One hundred microcuries of 35S-
methionine was then added directly into media for protein 
labeling. Cells were incubated for 24 hrs before being harvested. 
Media were collected and concentrated using a Centricon spin 
column (15 kDa molecular weight cut-off, from Amicon) to a 
final volume of 500 µL. 35S-labeled GAD protein was 
immunoprecipitated from media using the Protein A 
Immunoprecipitation Kit (Boehringer Mannheim, Indianapolis, 

IN) and a monoclonal antibody raised against human GAD65. 
Immunoprecipitates were fractionated in a 12% SDS-
polyacrylamide gel, and protein bands were detected by exposure 
to X-ray film. 

 

E. Isolation of plasmid DNA for muscle injection 
Plasmid DNA was amplified in Escherichia coli strain DH5-

α, using the alkaline-lysis method, and isolated by standard 
double-round cesium chloride purification (Maniatis et al., 1989). 
The quality and quantity of DNA was determined by U.V. 
spectrophotometry (A260/A280 ratio greater than 1.8) and by 
agarose gel electrophoresis. Plasmid DNA was dissolved under 
sterile conditions in double distilled water at a final concentration 
of 2 µg/µL, and stored at -20oC. 

 
F. Intramuscular DNA injection 
Three-week old female NOD mice were purchased from 

Taconic Laboratories (Germantown, NY) and kept at Loma Linda 
University animal facilities. Mice were injected with DNA (200 
µg/100 µL/leg) into each quadriceps muscle with a 27-gauge 
needle under general anaesthesia (Ketamine, 66 mg/Kg body 
weight, from Phoenix Scientific, St Joseph, MO; Oxylazine, 7.5 
mg/Kg body weight, from LLOYD Laboratories, Shenandoa, IO; 
and Acepromazine Maleate, 1.5 mg/Kg body weight, from 
Fermenta Animal Health Co., MO), and injections were repeated 
three days later. Urine glucose levels were monitored weekly with 
Clinistix Reagent Strips for Urinalysis (Bayer Corporation, 
Elkhart, IN). Mice were killed for insulitis scoring at the age of 10 
weeks, and blood glucose levels were checked with ACC.-CHEK 
Advantage (Boehringer Mannheim Corporation, Indianapolis, 
IN). 

 

G. Histopathological analysis of insulitis 
Pancreatic tissues were fixed with 10% buffered Formalin, 

stained with hematoxylin, and counterstained with eosin, and an 
average of fifteen islets/mouse were scored. A 7-level semi-
quantitative scoring scale (Zhang et al., 1991) was used for 
insulitis scoring: 0, normal islet tissue without any detectable T 
cell infiltration; 1, focal peri-islet T cell infiltration with less than 
one-third of the peri-islet area; 2, more extensive peri-islet T cell 
infiltration with less than two-thirds of the peri-islet area; 3, peri-
islet T cell infiltration with more than two-thirds of the peri-islet 
area; 4, intra-islet T cell infiltration with less than one-third of the 
islet area; 5, intra-islet T cell infiltration with less than two-thirds 
of the islet area; 6, severe intra-islet T cell infiltration with more 
than two-thirds of the islet area. Scoring of 1-3 indicated peri-
insulitis, and scoring of 4-6 indicated intra-insulitis. Scoring was 
conducted using the double-blind method by two different scorers. 

 

H. In vitro challenge of splenocytes 
Lymphocytes were flushed from splenic pulp and washed in 

complete media (RPMI, 10% FBS, 2% L-Glutamine, and 4 x 10-5 
M 2-mercaptoethanol). In a 24-well plate, 1x106 cells in 1 mL 
complete media (unstimulated control) or 1 mL GAD65 (1.5 
µg/mL) were cultured (37oC, 5% CO2) for 72 hrs. Cell culture 
supernatants and blood plasma (from terminal bleeds) were 
assayed by standard sandwich ELISA (Endogen, Woburn, MA) 
for IFNγ, IL-2 and IL-4. 
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I. Immunophenotyping of splenocytes 
Since antigen-specific memory cells of the Th1-type T 

lymphocytes express CD44 and lose expression of CD62 ligand 
(CD62L) (Mocci and Coffman, 1997; Bradley et al., 1992), 
splenocytes were stained with three fluorochrome-conjugated 
monoclonal antibodies (Becton Dickinson, Immunocytochemistry 
Systems, San Jose, CA) to CD4, CD44 and CD62L. After red 
cells lysis, the phenotypes were analyzed by 3-color flow 
cytometry. Phenotyping controls included untreated 
(autofluorescence) and isotype antibody-treated cells (nonspecific 
staining). CD4 T cells (phycoerythrin) were back-gated and these 
were analyzed for the expression of CD44 (PerCP) and CD62L 
(FITC). 

 

J. Statistical analysis 
Comparison between groups was done using a ONE-WAY 

ANOVA and Duncans post-hoc test for multiple comparisons. 

Acknowledgements 
The authors would like to thank John Elliot for giving 

the GAD65 cDNA, isolated GAD protein, and monoclonal 
GAD65 antibody, Robert Malone for the gift of plasmid 
pND2, and William H.R. Langridge for helpful comments 
during preparation of the manuscript. This work was made 
possible by funds from Loma Linda University Medical 
School, and by a grant from the National Medical 
Technology Testbed to Loma Linda University.  The view, 
opinions and/or findings contained in this report are those 
of the authors and should not be construed as a position, 
policy, decision or endorsement of the Federal Government 
the National Medical Technology Testbed Inc. 
 

References  

Baekkeskov S, Aanstoot HJ, Christgau S, Reetz A, Solimena M, 
Cascalho M, Folli F, Richter-Olesen H, DeCamilli P. (1990) 
Identification of the 64K autoantigen in insulin-dependent 
diabetes as the GABA-synthesizing enzyme glutamic acid 
decarboxylase. Nature 347, 151-156. 

Baxter AG, Koulmanda M, Mandel TE. (1991). High and low 
diabetes incidence nonobese diabetic (NOD) mice, origins 
and characterisation. Autoimmunity 9, 61-67. 

Bottazzo GF, Florin-Christensen A, Doniach D. (1974). Islet-cell 
antibodies in diabetes mellitus with autoimmune 
polyendocrine deficiencies. Lancet 2, 1279-1283.  

Bowman MA, Leiter EH, Atkinson MA. (1994). Prevention of 
diabetes in the NOD mouse, implications for therapeutic 
intervention in human disease. Immunol Today 15, 115-120 . 

Bradley LM, Atkins GG, Swain SL. (1992). Long-term CD4+ 
memory T cells from the spleen lack MEL-14, the lymph 
node homing receptor. J Immunol 148, 324-331.  

Christgau S, Aanstoot HJ, Schierbeck H, Begley K, Tullin S, 
Hejnaes K, Baekkeskov S. (1992). Membrane anchoring of 
the autoantigen GAD65 to microvesicles in pancreatic beta-
cells by palmitoylation in the NH2-terminal domain. J Cell 
Biol 118, 309-320. 

Christgau S, Schierbeck H, Aanstoot HJ, Aagaard L, Begley K, 
Kofod H, Hejnaes K, Baekkeskov S. (1991). Pancreatic beta 
cells express two autoantigenic forms of glutamic acid 
decarboxylase, a 65-kDa hydrophilic form and a 64-kDa 
amphiphilic form which can be both membrane-bound and 
soluble. J Biol Chem 266, 21257-21264. 

Condon C, Watkins SC, Celluzzi CM, Thompson K, Falo LD Jr. 
(1996). DNA-based immunization by in vivo transfection of 
dendritic cells. Nat Med 2, 1122-1128. 

Davis HL, Demeneix BA, Quantin B, Coulombe J, Whalen RG. 
(1993). Plasmid DNA is superior to viral vectors for direct 
gene transfer into adult mouse skeletal muscle. Hum Gene 
Ther 4, 733-740. 

Elliott JF, Qin HY, Bhatti S, Smith DK, Singh RK, Dillon T, 
Lauzon J, Singh B. (1994). Immunization with the larger 
isoform of mouse glutamic acid decarboxylase (GAD67) 
prevents autoimmune diabetes in NOD mice. Diabetes 43, 
1494-1499. 

Erlander MG, Tillakaratne NJ, Feldblum S, Patel N, Tobin AJ. 
(1991). Two genes encode distinct glutamate decarboxylases. 
Neuron 7, 91-100. 

Geissler EK, Wang J, Fechner JH Jr, Burlingham WJ, Knechtle 
SJ. (1994). Immunity to MHC class I antigen after direct 
DNA transfer into skeletal muscle. J Immunol 152, 413-421. 

Geng L, Solimena M, Flavell RA, Sherwin RS, Hayday AC. 
(1998). Widespread expression of an autoantigen-GAD65 
transgene does not tolerize non-obese diabetic mice and can 
exacerbate disease. Proc Natl Acad Sci USA 95, 10055-
10060. 

Gepts W, Lecompte PM. (1981). The pancreatic islets in diabetes. 
Am J Med 70, 105-115. 

Gregoriadis G, Saffie R, de Souza JB. (1997). Liposome-mediated 
DNA vaccination. FEBS Lett 402, 107-110. 

Honeyman MC, Cram DS, Harrison LC. (1993). Glutamic Acid 
decarboxylase 67-reactive T cells, a marker of insulin-
dependent diabetes. J Exp Med 177, 533-540.  

Hosken NA, Shibuya K, Heath AW, Murphy KM, O'Garra A. 
(1995). The effect of antigen dose on CD4+ T helper cell 
phenotype development in a T cell receptor-alpha beta-
transgenic model. J Exp Med 182, 1579-1584. 

Itoh N, Hanafusa T, Miyazaki A, Miyagawa J, Yamagata K, 
Yamamoto K, Waguri M, Imagawa A, Tamura S, Inada M, et 
al. (1993). Mononuclear cell infiltration and its relation to the 
expression of major histocompatibility complex antigens and 
adhesion molecules in pancreas biopsy specimens from newly 
diagnosed insulin-dependent diabetes mellitus patients. J Clin 
Invest 92, 2313-2322. 

Kaufman DL, Clare-Salzler M, Tian J, Forsthuber T, Ting GS, 
Robinson P, Atkinson MA, Sercarz EE, Tobin AJ, Lehmann 
PV. (1993). Spontaneous loss of T-cell tolerance to glutamic 
acid decarboxylase in murine insulin-dependent diabetes. 
Nature 366, 69-72. 

Liu J, O'Kane DJ, Escher A. (1997). Secretion of functional 
Renilla reniformis luciferase by mammalian cells. Gene 203, 
141-148. 

Lobell A, Weissert R, Storch MK, Svanholm C, de Graaf KL, 
Lassmann H, Andersson R, Olsson T, Wigzell H. (1998). 
Vaccination with DNA encoding an immunodominant myelin 



Gene Therapy and Molecular Biology Vol 3, page 205 

205 

basic protein peptide targeted to Fc of immunoglobulin G 
suppresses experimental autoimmune encephalomyelitis. J 
Exp Med 187, 1543-1548. 

Ma SW, Zhao DL, Yin ZQ, Mukherjee R, Singh B, Qin HY, 
Stiller CR, Jevnikar AM. (1997). Transgenic plants 
expressing autoantigens fed to mice to induce oral immune 
tolerance. Nat Med 3, 793-796. 

Maclaren NK. (1988). How, when, and why to predict IDDM. 
Diabetes 37, 1591-1594 

Mandrup-Poulsen T. (1998). Diabetes. BMJ 316, 1221-1225. 
Maniatis T, Fritsch EF, Sambrook J. (1989). Molecular Cloning. 

A Laboratory Manual, second edition. Cold Spring Harbor 
Laboratory, Cold Spring Harbor, NY. 

Miller AD, Rosman GJ. (1989). Improved retroviral vectors for 
gene transfer and expression. Biotechniques 7, 980-990.  

Mocci S, Coffman RL. (1997). The mechanism of in vitro T 
helper cell type 1 to T helper cell type 2 switching in highly 
polarized Leishmania major-specific T cell populations. J 
Immunol 158, 1559-1564.  

Molbak AG, Christau B, Marner B, Borch-Johnsen K, Nerup J. 
(1994). Incidence of insulin-dependent diabetes mellitus in 
age groups over 30 years in Denmark. Diabet Med 11, 650-
655. 

Moritani M, Yoshimoto K, Ii S, Kondo M, Iwahana H, Yamaoka 
T, Sano T, Nakano N, Kikutani H, Itakura M. (1996). 
Prevention of adoptively transferred diabetes in nonobese 
diabetic mice with IL-10-transduced islet-specific Th1 
lymphocytes. A gene therapy model for autoimmune diabetes. 
J Clin Invest 98, 1851-1859. 

Mosmann TR, Sad S. (1996). The expanding universe of T-cell 
subsets, Th1, Th2 and more. Immunol Today 17, 138-146. 

Nitta Y, Tashiro F, Tokui M, Shimada A, Takei I, Tabayashi K, 
Miyazaki J. (1998). Systemic delivery of interleukin 10 by 
intramuscular injection of expression plasmid DNA prevents 
autoimmune diabetes in nonobese diabetic mice. Hum Gene 
Ther 9, 1701-1707. 

Okano K, Aoki Y, Shimizu H, Naruto M. (1990). Functional 
expression of human leukocyte elastase (HLE)/medullasin in 
eukaryotic cells. Biochem Biophys Res Commun 167, 1326-
1332 . 

Panina-Bordignon P, Lang R, van Endert PM, Benazzi E, Felix 
AM, Pastore RM, Spinas GA, Sinigaglia F. (1995). Cytotoxic 
T cells specific for glutamic acid decarboxylase in 
autoimmune diabetes. J Exp Med 181, 1923-7. 

Peakman M, Wen L, McNab GL, Watkins PJ, Tan KC, Vergani 
D. (1994). T cell clones generated from patients with type 1 
diabetes using interleukin-2 proliferate to human islet 
antigens. Autoimmunity 17, 31-39.  

Petersen JS, Karlsen AE, Markholst H, Worsaae A, Dyrberg T, 
Michelsen B. (1994). Neonatal tolerization with glutamic acid 
decarboxylase but not with bovine serum albumin delays the 
onset of diabetes in NOD mice. Diabetes 43, 1478-1484. 

Piccirillo CA, Chang Y, Prud'homme GJ. (1998). TGF-beta1 
somatic gene therapy prevents autoimmune disease in 
nonobese diabetic mice. J Immunol 161, 3950-3956. 

Rabinovitch A. (1998). An update on cytokines in the 

pathogenesis of insulin-dependent diabetes mellitus. Diabetes 
Metab Rev 14, 129-151.  

Ramiya VK, Shang XZ, Wasserfall CH, Maclaren NK. (1997). 
Effect of oral and intravenous insulin and glutamic acid 
decarboxylase in NOD mice. Autoimmunity 26, 139-151.  

Richter W, Shi Y, Baekkeskov S. (1993). Autoreactive epitopes 
defined by diabetes-associated human monoclonal antibodies 
are localized in the middle and C-terminal domains of the 
smaller form of glutamate decarboxylase. Proc Natl Acad Sci 
USA 90, 2832-2836. 

Sai P, Rivereau AS, Granier C, Haertle T, Martignat L. (1996). 
Immunization of non-obese diabetic (NOD) mice with 
glutamic acid decarboxylase-derived peptide 524-543 reduces 
cyclophosphamide-accelerated diabetes. Clin Exp Immunol 
105, 330-337. 

Solimena M, Dirkx R Jr, Radzynski M, Mundigl O, De Camilli P. 
(1994). A signal located within amino acids 1-27 of GAD65 is 
required for its targeting to the Golgi complex region. J Cell 
Biol 126, 331-341. 

Tabata H, Kanai T, Yoshizumi H, Nishiyama S, Fujimoto S, 
Matsuda I, Yasukawa M, Matsushita S, Nishimura Y. (1998). 
Characterization of self-glutamic acid decarboxylase 65-
reactive CD4+ T-cell clones established from Japanese 
patients with insulin-dependent diabetes mellitus. Hum 
Immunol 59, 549-560. 

Tighe H, Corr M, Roman M, Raz E. (1998). Gene vaccination, 
plasmid DNA is more than just a blueprint. Immunol Today 
19, 89-97. 

Tisch R, Liblau RS, Yang XD, Liblau P, McDevitt HO. (1998). 
Induction of GAD65-specific regulatory T-cells inhibits 
ongoing autoimmune diabetes in nonobese diabetic mice. 
Diabetes 47, 894-899. 

Tisch R, Yang XD, Singer SM, Liblau RS, Fugger L, McDevitt 
HO. (1993). Immune response to glutamic acid decarboxylase 
correlates with insulitis in non-obese diabetic mice. Nature 
366, 72-75. 

Wolff JA, Malone RW, Williams P, Chong W, Acsadi G, Jani A, 
Felgner PL. (1990). Direct gene transfer into mouse muscle in 
vivo. Science 247, 1465-1468. 

Xiang ZQ, Spitalnik S, Tran M, Wunner WH, Cheng J, Ertl HC. 
(1994). Vaccination with a plasmid vector carrying the rabies 
virus glycoprotein gene induces protective immunity against 
rabies virus. Virology 199, 132-140. 

Yewdell JW, Snyder HL, Bacik I, Anton LC, Deng Y, Behrens 
TW, Bachi T, Bennink JR. (1998). TAP-independent delivery 
of antigenic peptides to the endoplasmic reticulum, 
therapeutic potential and insights into TAP-dependent antigen 
processing. J Immunother 21, 127-131.  

Zekzer D, Wong FS, Ayalon O, Millet I, Altieri M, Shintani S, 
Solimena M, Sherwin RS. (1998). GAD-reactive CD4+ Th1 
cells induce diabetes in NOD/SCID mice. J Clin Invest 101, 
68-73.  

Zhang ZJ, Davidson L, Eisenbarth G, Weiner HL. (1991). 
Suppression of diabetes in nonobese diabetic mice by oral 
administration of porcine insulin. Proc Natl Acad Sci USA 
88, 10252-10256. 

  



Liu et al: Intramuscular injection of glutamic acid decarboxylase DNA and insulitis 
 

206 

 

 


