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Jon D. Piganelli, Massimo Trucco and Nick Giannoukakis* 

Overview of Therapeutic Challenges in Type 1 Diabetes 
MeUitus (TID) 

A significant amount of resources has recently been devoted to the restoration of normal 
glycemic regulation in type 1 diabetic patients by transplantation of allogeneic islets of 
Langerhans. Despite the promise offered by this approach, logistical hurdles necessitate 

a comprehensive strategy aimed at different molecular and cellular determinants of the autoim
mune pathology of type 1 diabetes. Developments in gene therapy permit the engineering of 
immune cells, islets, surrogate beta cells as well as the conditioning of the transplant recipient 
in order to facilitate allograft survival. More importandy, manipulation of subsets of immune 
cells also offers an opportunity to intervene prophylactically and within the short time-span 
between clinical diagnosis and complete beta cell mass destruction to restore some degree of 
normoglycemia. While outlining the issues that challenge the translatability of gene therapeu
tics to the diabetic clinic, we give an overview of the exciting potential that such gene therapeu
tic strategies can offer the clinician. 

Molecular and Cellular Determinants of Type 1 Diabetes in Mouse 
and Man 

T I D is considered a classical autoimmune disease that is characterized by a breakdown in 
both central and peripheral tolerance. The breakdown in central tolerance leads to precursor 
pools of self-reactive T cells that escape into the periphery. In the periphery, an immune re
sponse against the pancreatic beta cells is inititiated by as yet-unknown environmental triggers, 
ultimately leading to beta cell destruction and diabetes. ̂ '"̂  In the nonobese diabetic (NOD) 
mouse, the most widely used animal model of TID; the defect in peripheral tolerance is 
evident because the NOD suffers from spontaneous autoimmune diabetes. '̂  However, a very 
important study by Markees et al suggests that NOD mice have an inherent defect in periph
eral tolerance, demonstrated by the inability of anti-CD40-treatment to induced tolerance to 
skin allografts, a tissue to which NOD mice have no known autoimmune reactivity. Further
more, it has been demonstrated that NOD mice display enhanced immune responses and 
prolonged survival of lymphoid cells when immunized with nominal antigens. These data 
support the paradigm that the NOD mouse may have peripheral tolerance defects that go 
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beyond the manifestation of autoimmunity that also render these mice resistant to conven
tional allograft tolerizing strategies as well as exacerbated immune activation upon any anti
genic challenge. Thus it appears that the "rules" governing peripheral tolerance in autoimmune 
prone individuals are vasdy different or more rigorous than those that impact nonautoimmune 
individuals. Therefore if autoimmune-prone individuals have inherendy stringent requirements 
for tolerance induction, then such recipients may require strategic design in therapies includ
ing, combinatorial therapies, in order to achieve successful treatment both prophylactically as 
well as for allograft transplant tolerance. 

Studies conducted in the NOD mouse have determined that the infiltrate within the islets 
is composed of CD4^, CD8^, T lymphocytes, B-lymphocytes, macrophages, and dendritic 
cells. '̂ ^ The T cell subsets play an obligatory role in the initiation of the disease. In the NOD 
mouse it has been demonstrated that CDS T cells are critical for the initiation of disease pro
gression, while the CD4 population is indispensable for the mobilization of the mononuclear 
cell infiltrate. Although CD8^ T cells are critical in the diabetes process, CD8^ T cells isolated 
from stock NOD mice cannot independendy initiate Type I diabetes. '̂̂ '̂̂ ^ Thus it appears 
that the CD8^ T cell population that contributes to T I D development, in the stock NOD 
mouse, is dependent on helper functions provided by CD4^ T cells. This may be due to a 
CD4^ dependent expansion of CD8^ T cells to critical threshold levels, which can then initiate 
pathogenic effects. The CD4'^ and CD8^ TCR transgenic mouse models that express a TCR 
from diabetogenic clones support this concept of critical expansion for initiation of disease. 
Both CD4'^ ^̂  and CDS"̂  TCR-transgenic strains can, independendy of the either T cell 
subtype initiate diabetes. Clearly, the coordinate interaction of both the innate and adaptive 
immune response is necessary for the development of disease. 

A large body of evidence supports the concept that the antigen specific, T cell-mediated 
infiltration of inflammatory cells to the pancreas leads to the generation of reactive oxygen 
species (ROS), {superoxide, (O2'), hydroxyl radical (OH), nitric oxide (NO) and peroxynitrite 
(ONOO)}, and pro-inflammatory cytokines (TNFa, IL-ip and IFNy).^^'^^ Synergistic in
teraction between ROS and these cytokines results in the ultimate destruction of the pancre
atic beta cells by both apoptotic and necrotic cell death. There is an extensive literature on 
the effect of free oxygen and nitric oxide radicals elaborated either by infiltrating immune 
cells or as a result of cytokine-induced beta cell-specific expression of enzymes generating 
these radicals (inducible nitric oxide synthase). Locally produced ROS are involved in the 
effector mechanisms of beta cell destruction. ̂ '̂"̂ ^ In vitro, T cell and macrophage cytokines 
such as IFNy, IL-ip and TNFa induce the production of ROS by beta cells, which leads to 
beta cell destruction. "̂"̂  This destruction may ultimately be caused by an apoptotic mecha
nism. Beta cells engineered to over-express antioxidant proteins have been shown to be 
resistant to ROS and NO^'^^'^^ Furthermore, stable expression of manganese superoxide 
dismutase (Mn-SOD) in insulinoma cells prevented IL-ip-induced cytotoxicity and reduced 
nitric oxide production.^^ Finally, others have shown that transgenic mice with beta 
cell-targeted over-expression of copper, zinc SOD or thioredoxin have increased resistance to 
autoimmune and streptozotocin-induced diabetes.^^'^^ The protective effects demonstrated 
with the use of stable expression of antioxidant genes was recapitulated through the use of a 
superoxide dismutase mimic (a small molecule antioxidant) in an adoptive transfer system of 
autoimmune diabetes by a diabetogenic CD4'^ T cell clone. ̂ '^^ These results are particularly 
exciting, as they are consistent with the previous reports where vector-mediated or transgenic 
over-expression of anti-oxidants protected beta cells. The ability to protect beta cells gainst 
CD4 mediated generation of pro-inflammatory cytokines and free radicals through the use 
of antioxidant therapy support the model of free radical generation as a pathogenic mecha
nism of TID. 
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While less precise and specific data exist for the actual mechanism of beta cell destruction in 
humans, the body of evidence points to similarities between the etiopathology in the NOD 
mouse and htmians. The chronic onset, the presence of a cellular inflammation, the transferabil
ity of diabetes and of proteaion by bone marrow transplantation and the immunosuppressibility 
by conventional pharmacologic agents. The genetics of the disease is multifactorial in humans 
and in the NOD mouse.^^'^^ In humans, two loci (IDDMl and IDDM2) have been con
firmed to be in linkage with the disease. IDDMl encompasses the HLA gene complex and it 
alone defines the most important risk factor. In humans the disease is associated with the 
inheritance of DR3/DR4 haplotypes (DR3: DQA1*0501, DQB1*0201 and DR4: 
DQAr0301, DQB 1*0302.̂ '̂̂ ^ IDDM2 has been mapped to a variable number of tandem 
repeats (VNTR) polymorphism upstream of the insulin gene promoter which can determine 
thymic levels of insulin. '̂ "̂  In fact, a recent study demonstrated that the number of active 
copies of insulin in a transgenic mouse can influence the degree of immune cell reactivity 
towards insulin, a putative autoantigen."^^ A number of other loci have demonstrated sugges
tive associations, but to date, none of these residts have been replicated to establish significant 
linkage with the disease. 

A number of earlier hypotheses with some supporting evidence have been put forward to 
explain the possible mechanism of action of the environmental trigger including beta cell death 
secondary to virally-triggered inflammation, molecular mimicry, superantigens and diet. 
^ '̂̂  What is certain is that at some point post-natally, the immune system of a 
genetically-predisposed individual is activated to chronically infiltrate the islets of Langerhans. 
While the initial phase of infiltration may not involve beta cell destruction, a number of studies 
in vivo and in vitro suggest that immune cells become able to render beta cells dysfiinctional 
through the actions of cytokines they produce. 

Therapeutic Options 
Other than insulin replacement by daily injections of the hormone, the only other 

clinically-acceptable means of insulin restoration remains islet transplantation. ' Recent ad
vances in understanding transplantation immunology in general and the process of insulitis 
and the molecular/genetic bases of failure of central and/or peripheral mechanisms of tolerance 
to tissue-restriaed antigens in particular have yielded a number of approaches for therapy and 
prevention of Tl D. To manipulate the immune system in a prophylactic manner, cell and gene 
based modalities or a combination of both were tested. Therapeutic strategies strive instead to 
improve islet transplantation by improving insulin secretion, engrafi:ment and most impor-
tandy, protection of the transplant from allogeneic immune rejection. In humans, islet grafts 
derive from allogeneic cadaveric donors. Stem/progenitor cells, alone or in engineered form are 
also potential candidates for beta cell replacement. Each approach has shown promise, but each 
approach has also demonstrated its limitations. New data suggest that a critical period between 
time of diagnosis and actual destruction of beta cell mass required for appropriate glycemic 
control (the so-called "honeymoon period"; see below) may be exploited immunologically to 
obviate the need of islet transplantation altogether. While antibody-based approaches are cur-
rendy being tested, it is anticipated that emerging gene and cell therapies can overcome the 
safety and negative systemic effects associated with the antibody approach. 

Insulin Replacement: Islets or Surrogate Beta Cells 
Novel immunosuppressive cocktails, culture in the presence of homologous serum pro

teins, minimization of time between pancreas procurement and islet processing combined with 
transplantation of a larger beta cell mass, were the most significant steps in improving islet 
transplantation outcome in the studies of Shapiro et al.^^'^ Although it is not clear which of 
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the parameters contributed the most to success, many factors still limit a large-scale diffusion 
of islet and beta cell replacement for type 1 diabetic patients. The need for chronic immuno
suppression and for multiple donors as a source for islets remain the prime reasons or factors 
which impose a search for alternative ways of promoting islet cell allograft survival. Tolerogenic 
protocols, once successful, may allow the use of islet transplantation in young diabetic patients. 

Gene transfer technology is such an option and a number of advances have been attained 
in animal models of islet allograft transplantation. Table 1 lists experiments in which signifi
cant prolongation of islet allograft or xenograft survival has been achieved. 

The main obstacle for a gene transfer-based approach is the choice of gene transfer vectors. 
Despite initial enthusiasm about the versatility of adenoviral vectors, their inherent immunoge-
nicity raises a number of serious concerns in view of their possible application to engineer hu
man islets for clinical use. The advent of lentiviral vectors appeared to alleviate some of the 
immunogenicity concerns, but lentivirus are not as efficient as adenoviruses in transducing in
tact human islets. Tables 2 to 4 list a number of gene transfer vectors as well as their pros and 
cons in the context of gene transfer to intact islets. However, an under-appreciated factor that 
very likely affects the success of islet engraitment is the metabolic status of the islets themselves 
following isolation and culture. There is no doubt that the time between organ retrieval and islet 
processing with the ineherent intermediate steps including cold storage and enzymatic/mechanical 
digestion, affects islet yield, viability and function.^^' Furthermore the culture conditions prior 
to transplantation can crucially affect islet cells physiology and, consequendy, the chance of 
successful engraftment. In general, the cessation of the oxygen supply to the pancreatic tissue at 
the time of donor organ harvesting, is known to trigger ischemic damage, free-radical mediated 
cell degeneration as well as initiation of apoptosis. ' Also, the separation of the islets from the 
surrounding matrix and from the nekhbor cells driven by the isolation procedure, further con
tributes to activate cell apoptosis. ' Immediate-onset ischemia has been proposed to be an 
important determinant of acute and chronic allograft rejection.^^ In addition, organs carrying 
contaminating immune and a large number of endothelial cells or in which platelets have been 
trapped, will likely experience a so-called "cytokine storms", where the onset of apoptototic 
processes causes an abnormally large release of stored cytokines and other proinflanmiatory soluble 
mediators. Moreover a cycle is initiated whereby cytokines release can exacerbate the formation 
of reactive oxygen intermediates.^^ Presumably the combination of all these mechanisms predis
pose the islets to environmental damage both during culture and at the transplantation site, 
where inflammation is likely to occur shordy after implant even before allo-immune response 
initiates. Potential approaches to avoid this situation can include the perfusion of the organs 
with solutions containing chemical inhibitors of apoptosis (ZVAD-fmk) as well as anti-apoptotic 
genes like bcl-2,bcl-xL, and enzymes that break down, or prevent, the formation of free-radicals 
such as catalase, thioredoxin, heme-oxigenase-1 and superoxide dismutase.'̂ '̂̂ ^ Some of these 
anti-apoptotic proteins fused to protein-transduction domains can successfully prevent apoptosis 
and significandy improve islet yield and siu^val following isolation. ' "^'^^ We and others have 
also shown that the inclusion of synthetic mimetics of free-redical scavengers seem to prevent 
islet degeneration possibly limiting the initiation of apoptotic processes. '̂ ^ Islets also take up 
oligonucleotides quite efficiendy (unpublished observations). Knowledge of the primary tran
scripts whose protein products are involved in apoptosis activation or suppression of insulin 
production can be targeted with antisense oligonucleotides during the isolation procedure. 

Oligonucleotide therapy offers a simple and convenient method to interfere with not only 
gene expression, but also with transcription using short double-stranded decoys containing 
binding sites for specific transcription factors involved in inflammatory responses, like NF-kB 
and STATs. Soluble binding proteins and ligand-binding domains of chemokines can also be 
considered potential tools with which primary islet dysfunction can be prevented. Chemokines 
are potent immunoattractants fairly resistant to degradation and are sequestered by proteoglycans 
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Table 1. Target genes for the therapy of diabetes 

A. Genes which promote islet allo-/xenograft survival in vitro and in vivo and/or beta cell 
survival in culture 

Anti-apoptotic genes 

ĵ ĵ_274,75,234-236 

bcl-xL 78̂ 237 
heme oxygenase-1 2̂,73,238 
dominant negative protein kinase C delta ^^^ 
dominant negative MyD88 •^^^ 
IGF-I 241 
IkappaB alpha super-repressor ^^^ 
Hsp70 2^^ 
A20 244 

PEA-15 ^̂  
catalase 245.246 

manganese superoxide dismutase ^4^ 
l-kappaB kinase inhibitor 24^ 

Cytokines: 
IL-4 249 (although one report demonstrated no protection 2^0) 
interleukin-1 receptor antagonist protein 2̂ 1 
IL-12p40 2 " 
viral IL-10 253 

IL-10 254 (one report did not show protection 25°) 

TGF-beta 2̂ 4 (one report showed negative results 2^5) 

Immunoregulatory genes: 
Indoleamine 2,3-dioxygenase 2^^ 
CTLA-4lg 257 

Fas ligand 25^ (although in a number of reports Fas ligand was not protective: 25 )̂ 
adenoviral E3 genes 2^° 

B. Other gene/cell therapy approaches to prevent/abrogate autoimmunity and/or promote islet 
allo'/xenograft survival 

Bone marrow transplantation/chimerism induction i83,i88191,222,261266 

Antigen-presenting cell transfer 

class I MHC 267 

autologous dendritic cell transfer ^^^ 

Co-stmulation blockade 
soluble ICAM-1-lg 268 

CTLA-4lg 269-273 

OX40lg 272 

Cytokines 
IL-I 0 274-277 
IL_4 275,278 
soluble IFN-gamma receptor 279.280 
TGF-beta 2̂ 1 
VIL-10 277 

Autoantigen transfer 
GAD 282.283 

Others 
adenovirus E3 proteins 284 
orally-administered putative autoantigens (insulin, GAD) 285-287 
CD152 288 
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Table 2, Gene vectors which transduce islets (with references) 

Plasmid DNA 257,289-291 

y^jjgPQ^jrus 244,250,252,253,258,260,292-299 

Adeno-associated virus 74,75,89,91,24i,242,251,256,300-304 

MoLV retrovirus ̂ °^ 
Lentivirus 249,306,307 

Herpes simplex virus 234,235 

Cationic liposomes 290,291,295 

Peptide fusion domains 78,248,308 

Table 3. Properties of gene transfer vectors with applicability to islet gene transfer 

Vector 
Type 

Plasmid DNA 

Adenovirus 

Adeno-associated virus 

MoLV-based retrovirus 

Lentivirus 

Herpes simplex 
type-1 virus 

Cationic liposome 

Peptide fusion domains 

Stable 
Transduction 

No 

No 

Possibly 

Yes 

Yes 

No 

No 

No 

Cell Cycle 
Requirements 

Dividing/non-dividing 

Dividing/non-dividing 

Dividing/non-dividing 

Dividing 

Dividing/non-dividing 

Dividing/non-dividing 

Dividing/non-dividing 

Dividing/non-dividing 

Immunogenicity 

No 

Yes 

Minor 

No 

No 

Inherent toxicity 

No 

No 

Islets 
Transduced? 

Mouse/human 

Mouse/human 

Human 

(Mouse/human) 
Very poor 

Mouse/human 

Human 

Human 

Human/mouse 

on the endothelium/ ' Chemokines promote endotheUal adhesion in addition to their 
chemotaxin properties/^'^^ Virally-encoded proteins have been identified which bind 
chemokines and could be a means of achieveing chemokine blockade.^^'^^ This blockade can 
easily be attained using peptide transduction domains fused to recombinant proteins or short 
oligonucleotides, especially if administered diu-ing prociu-ement and reperfiision of the donor 
pancreas. However, long-term expression of some of these molecules may have a greater effect 
on graft survival once stable gene expression is achieved. This necessitates the use of gene 
vectors that can deliver the therapeutic gene with the objective of expression for the entire 
lifetime of the recipient. 

Injection of animals with a number of vectors like adenovirus^^'^^ and adeno-associated 
virus^ '̂̂ "^ encoding proinsulin under the control of a number of promoters including CMV, 
insulin, PEPCK and L-pyruvate kinase has resulted in correction of hyperglycemia. In many 
instances, however, the effect appears to have been transient. This approach suffers from the 
potential immunogenicity of the virus and in many cases precludes a second dosing due to 
the generation of neutralizing antibodies. Other issues are related to choice of promoter, 
which in the instance of L-pyruvate kinase demonstrates slow kinetics, although one study 
with this promoter was able to achieve relatively rapid responses to glucose. Finally, many 
tissues do not express the necessary proteinases which process proinsulin into the potent 
bioactive insulin. 
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Table 4. General characteristics of gene delivery vehicles 

Vector Type Pros Cons 

Plasmid DNA Easy to engineer, grow and purify; 
multicistronic variants easy to engineer 

Adenovirus Choice vector for pilot proof-of-principle 
experiments; High titers easily obtained; 
almost all cells and tissues are transducible; 
cell retargeting is possible 

Adeno- Site-specific, stable integration achievable, 
associated almost absent immunogenicity; 
virus many cell types transducible 

MoLV-based Stably integrating vector in rapidly-dividing 
retrovirus cells; cell-type retargeting possible; 

good titers obtainable 

Lentivirus Non-immunogenic, stablyintegrating; Choice 
vector for non-dividing, non-cycling cells; 
good titers obtainable; Data support absence 
of replication-competent-recombinant vector 
particles in stocks 

Herpes simplex Large genome available for multiple large 
type-1 virus size cistrons; good persistence in many 

cell types; cell-type retargeting possible 

Cationic Easy to manipulate to deliver plasmid DNA 
liposome to almost all cells and tissue. 

Non-immunogenic; cell-type non-specific, 
cell-type retargeting possible 

Peptide Many cell-types transducible; High-level 
fusion domains protein/peptide import; intact proteins/ 

peptides delivered; not subject to gene 
regulation; targeting of specific proteins 
possible; high-level peptide production easily 
achievable; no reported immunogenicity 

Poor persistence, non-specific 
cell targeting, poor tissue 
diffusion 

Immunogenic in vivo; 
non-stable transduction 

Time for transgene expression 
can be on the order of days 

Subject to chromosomal 
position—effect sensitivity o f^ 
as well as methylation and 
cytokine effects on gene 
expression 

Clinical safety concerns with 
HIV-1 -based vectors 

Inherent toxicity 

Poor control of diffusion 
kinetics 

Short half life; subject to 
proteolytic degradation; 
large amounts require some 
time to generate 

Beta Cell Surrogates 
Surrogate beta cells offer an alternative to intact islet transplantation and direct injection 

of proinsulin-expressing vectors. A variety of cell types including fibroblasts, muscle, neuroen
docrine cells and hepatocytes have been engineered to produce insulin. ̂ '̂̂ ^ Despite these excit
ing data, a very recent manuscript considers alternative hypotheses for the observations made 
and cautions in favor of very stringent experimentation to make the conclusion that nonbeta 
cells can produce and express insulin. In contrast, the most notable advances have been made 
using engineered hepatocytes.^^'^^'^^ Hepatocytes are particularly attractive because they can 
easily engraft in the liver, and because they possess identical glucose-sensing molecules as the 
pancreas (e.g., GLUT2, GK). Furthermore, one can exploit a number of hepatocyte gene pro
moters which are sensitive to glucose, in order to engineer insulin transgenes to be glucose 
concentration-sensitive. Despite a number of promising approaches exploiting a number of 
glucose-regulated promoters,^^'^^'^^' much more work is needed to make hepatocytes into 
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fully surrogate beta cells. The first feature that a hepatoq^e is missing to properly act like a beta 
cell surrogate is the ability to respond to glucose in a sufficiently rapid fashion, as rapid as that 
characteristic of beta cells. Second, the liver-specific glucose-sensitive promoters have elements 
that respond to hormonal and metabolic signals which can impede, attenuate or abrogate the 
desired objective of tight glucose regulation. For example, instances of hyperglucagonemia 
which is to be expected in the absence of fimctional endogenous beta cells in diabetics, will 
most likely attenuate or repress the LPK promoter as well as other promoters such as glucoki-
nase.̂ '̂̂ ^" '̂̂ ^^ Third, glucose-dependent trans-activation of the LPK promoter requires 
GK-dependent phosphorylation of glucose, an activity that is insulin-dependent^^^). Other 
promoters have been suggested, such as that of phosphoenolcarboxykinase (PEPCK), but this 
promoter is activated by glucagon and inhibited by insulin, which may not result in the desired 
kinetics of physiological gluco-regulation.^^^'^^^ It is possible that a combination of promoter 
elements from different glucose-responive hepatic genes may be needed to create an optimal 
synthetic promoter to drive hepatic insulin expression in a true glucose-sensitive fashion. 

In an entirely different approach, tissue-specific promoters have been exploited to engi
neer cells to express insulin in cells that are not targets of autoimmune destruction. Lipes et al 
have expressed insulin in the anterior pituitary gland of NOD mice under the control of the 
pro-opiomelanocortin promoter. Insulin was expressed, stored into secretory granules and ex
hibited regulated secretion. Moreover, transplantation of transgenic anterior pituitary tissue to 
NOD mice was able to panially restore normoglycemia without any signs of immune rejec
tion. ̂ ^ '̂̂ ^^ It was not clear however, if in these cells, insulin secretion was glucose 
concentration-dependent. More recendy, an ingenious approach harnessing intestinal K-cells 
as surrogate glucose-responsive insulin producers was demonstrated. In this approach, transgenic 
mice expressing human insulin under the control of the gastrointestinal inhibitory peptide 
(GIP) promoter were generated. These mice expressed and secreted insulin from intestinal K 
cells in which the GIP promoter is active. Insulin secretion in these mice was glucose-responsive 
and was maintained following streptozotocin treatment, indicating that the K-cells were spared 
the effects of streptozotocin.^ ̂ ^ These data suggest that it may be feasible to target the intestinal 
cells with vectors encoding the GIP-Insulin transgene, or by ex vivo engineering intestinal cells 
in which glucose-sensitive promoters are driving insulin expression. However, an effective means 
of gene delivery to these cells needs to be developed for in vivo gene therapy, as these cells are 
present in the crypts of the gut, significandy impeding access to viral transduction. 

Stem and Progenitor Cells 
The considerable genetic manipulations that are required to conven nonbeta cells into 

efficient glucose-sensing, insulin-secreting cells have led other investigators into considering 
means of expanding adult or neonatal beta cells or of harnessing the developmental potential of 
islet precursor cells and of embryonal stem cells. However, despite the cidture conditions and 
manipulations, commitment to beta cells and insulin production has not always been consis
tent. Much excitement has also surrounded observations that adult stem cells from bone 
marrow or from other tissues could "transdifferentiate" into a number of other lineage-different 
cell types. Such stem cells have been described and sometimes physically isolated in the nervous 
system, pancreas, epidermis, mesenchyme, liver, bone, muscle and endothelium. Hematopoi
etic stem cells, in some studies were proven able to yield endothelial, brain, muscle, liver and 
mesenchymal cells. In some studies, hematopoietic cells coidd also be generated from neuronal 
or muscle stem cells (reviewed in ref 120). A number of issues however, have tempered the 
enthusiasm with which these observations were initially greeted. The contamination of he
matopoietic stem cells with mesenchymal precursors, or the programming by growth factors in 
culture, and more recendy, the phenomenon of fiision of stem cells with tissue cells and false 
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positives due to insulin in the culture media are perhaps the most important variables to better 
test. ' ' Recent developments, however, strengthen the belief that mesenchymal cells in 
bone marrow may be a multipotent source of cells. ̂ ^̂ '̂ ^ This characteristic can be exploited, 
however there are no data on whether such cells can be differentiated along the islet and beta 
cell lineage. Clearly, the ability to manipulate blood-borne progenitors into the beta cell lin
eage should provide a significant breakthrough for surrogate beta cell technology as insulin 
replacement. 

Despite the current controversy and the serious ethical issues raised by cloning technol
ogy, it is likely that therapeutic cloning, under strict and defined conditions, will find its place 
in stem cell therapies. ̂ "̂ '̂̂ ^̂  In this regard, one possible means of propagating beta cells or 
progenitors while avoiding the complications involved with the immune response could entail 
the removal of DNA or nucleus from somatic cells of a patient, transfer it into an enucleated 
embryonal stem cell and its expansion into an appropriate beta cell lineage. While this remains 
highly speculative at present, the rapid pace of basic work in this area, despite restrictions, will 
likely yiel insight into such manipulations. 

Immortalization of islet cells with a beta cell phenotype has been attempted and success-
fiilly achieved. Insulin production, however, seems to be linked to terminal differentiation of 
the cell, an event normally reached with growth arrest. This problem has so far limited the 
utility of cell immortalization. Also, this approach carries with it the possibility of oncogenic 
transformation. ̂ ^̂ '̂ ^̂  

Although still controversial, there are data indicating that mature human beta cells can be 
induced to replicate under the effects of hepatocyte growth factor (HGF).^^^'^^^ The limitation 
of this approach, however, rests on the loss of differentiation of the induced beta cell along with 
a substantial decrease in insulin production. ̂ ^̂  Conditional replication of nonhuman beta cells 
has been achieved by placing the SV-40 T antigen under the control of an inducible pro
moter. ̂ "̂^ In these studies, beta cells were able to replicate and to maintain differentiated func
tion under inducible conditions. No data exist on whether such an approach is feasible in 
human beta cells. 

Propagation of islet precursor cells with subsequent genetic manipulation to commit them 
to the beta cell lineage and ultimately to beta cells has also been considered. ̂ ^ ' To become 
feasible, this approach, however, requires a more complete understanding of the hierarchy of 
master regulatory transcriptional genes. Depending upon the cell type, PDX-1 over-expression 
can impart onto it a beta cell or a beta-cell-like phenotype. ̂ '̂̂ '̂ ^̂  Indeed, Ferber et al demon
strated that adenoviral gene transfer of a PDX-1 gene into liver resulted in insulin-expressing 
cells, although it was not clear if these cells were glucose-sensitive and were actually secreting 
the insulin in a timely fashion. Other important transcriptional regulators associated with 
differentiation of ductal epithelial cells into endocrine islet cells include the HNF family of 
transcription factors, PAX-4 and PAX-6, NeuroD/B2, Nkx 2.2 and Nkx 6.1. ̂ ^i^^^ ̂ ^^^ ^ j ^ 
intracellular determinants, precursor cells require signalling from their environment to differ
entiate appropriately. A variety of polypeptide growth factors including insulin-like growth 
factors I and 11,̂  "̂  prolactin, placental lactogen,̂ ^ '̂̂ ^^ parathyroid hormone-related pep
tide, ' and to a limited extent, TGF-alpha,^^ can promote pancreatic cell growth and 
islet cell proliferation. Hart and colleagues have produced evidence suggesting that fibroblast 
growth factor (FGF) signalling is important for beta cell generation. ̂ '̂̂ '̂ ^̂  Strategies aimed at 
engineering beta cell progenitors from pancreatic ductular epithelium with FGF in the pres
ence of a permissive PDX-1 expression could promote expansion of beta cell progentors or a 
differentiation of progenitors into a prebeta cell lineage. 

Another class of factors has been identified whose expression and production is associated 
with pancreatic regeneration.^^^'^^^ The Reg secreted protein, in particular, promotes increases 
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in beta cell mass in rats that had undergone pancreatectomy. ' The expression and secre
tion of another molecule that belongs to the Reg family of proteins, termed INGAP (islet 
neogenesis associated protein), is upregulated in hamster islets where neogenesis was artificially 
induced. ' The precise role of INGAP on beta cell proliferation and function, however, 
remains unclear. 

Bonner-Weir and colleagues have shown that it may be feasible to derive beta cell cluster 
buds from exocrine pancreatic tissue from which originate the ductular epithelial cells destined 
to become endocrine pancreatic islet cells. '̂  This approach is exciting in that mature, 
nonendocrine tissue of the pancreas need not be wasted diu îng the process of islet isolation, 
but can be used in defined culture systems to generate islet progenitor cells for fiirther manipu
lation, genetic or hormonal. 

Thus, taken together, the transfer of combinations of genes encoding soluble and intrac
ellular differentiation factors to stem/progenitor cells could become feasible once their precise 
role in the pathway of commitment and differentiation to beta cells becomes clearer. However, 
beta cells have a limited life-span in vitro. To what extent apoptosis or senescence play a role in 
this is uncertain. Nonetheless, a better understanding of cell cycle control in beta cells or neo
natal islet cells could lead to the discovery of molecules that could be exploited, in a conditional 
manner, to promote growth in vivo and maintenance or extension of life-span, both in vitro 
and in vivo. Possible means include the transfer of cyclin-dependent kinases, pro-replication 
and mitotic factors and/or telomerase, to promote expanded cell life-span, all under regulatable 
promoters. Such an approach could achieve the expansion of semi-committed or fully commit
ted islet precursor cells, or early beta cells. Combined with xenogeneic donor manipulation, 
these interventions coiJd provide an almost limidess supply of beta cells for transplantation. 
The recent success in knocking in a nonfunctional al,3)-galactosyltransferase in order to gen
erate a transgenic pig deficient for this enzyme, may forecast the inclusion of modalities in 
which transgenic porcine islets can be used instead of allogeneic human islets for transplanta
tion. ' The importance of this breakthrough is imderscored by the fact that the major 
target of xenoreactive antibodies which promote an acute rejection of porcine tissues is the 
epitope that is synthesized by this enzyme. While this is the major porcine xenoantigen, it is 
almost certain that other minor porcine epitopes will contribute, perhaps not to acute rejec
tion, but to delayed or chronic xenograft rejection and these are challenges that must be sur-
moimted in the future. 

The Gene Vehicles: Viral, Nonviraland Cellular 
An appreciable amount of work has focused on using viral vectors to infect intact islets in 

culture prior to transplantation into recipients to impede the allogeneic rejection (reviewed in 
Giannoukakis et al ' ). The excitement generated by these studies, however, was tempered 
by the appreciation that permanent allograft survival was generally not achieved. Often, to 
explain this limited success, investigators invoke the immunogenicity of the particular vector 
used, although recent evidence suggests that the quality of the islets may be more crucial than 
the vector choice in determining the presence and grade of inflammation in and around the 
graft. Tables 2 to 4 list the vectors that have been used to date to transduce intact human islets 
as well as their pros and cons. The list indirecdy demonstrates that no "ideal" vector yet exists. 
New technology including small interference RNA (siRNA),̂ '̂ ^ adeno-associated virus inverted 
terminal repeat (AAV ITR)-based plasmids,^^ '̂̂ ^^ novel classes of lentivirus (EIAV, FIV),̂ ^^-^^^ 
lentivirus-herpesvirus hybrids and other viral vectors, is in development, but their efficiency 
has yet to be reported in the context of intact islet transduction. Equally unknown is the degree 
to which these vectors can contribute to post-transplantation inflammation. 
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Cell therapy constitutes an alternative approach to induce tolerance to alloantigens. Allo
geneic bone marrow transplantation, with or without the addition of immunoregulatory anti
bodies (blocking CD28:B7 and CD40:CD40 ligand interactions), has been the choice of many 
investigators to promote allogeneic islet transplantation in mouse models of autoimmune dia-

some instances, permanent allograft survival has been reported in prediabetic 
mice (permanent in the sense that the recipient maintained normoglycemia at the time it was 
last tested). It is not clear however, if these strategies would work equally well in an already-diabetic 
individual. A number of studies attempted to promote the activity of regulatory immune cells 
by dendritic cells. This novel and rational approach, however, may require multiple adminis
trations to maintain a sufficient level of activity. ̂ ^̂ '̂ ^ Combinations of these approaches, in
cluding gene-engineered dendritic cells expressing a variety of immunosuppressive molecules 
have shown promise in allograft survival̂ ^ '̂̂ ^^ and are awaiting rigorous testing in the context 
of islet allograft transplantation. Considering successes and failures, it is perhaps fair to con
clude that while gene vectors and cells alone may not have yet supported permanent islet 
allograft survival, their utility cannot be yet dismissed as many important parameters have still 
to be evaluated, including combinative approaches. In fact, very few studies have attempted to 
engineer islets expressing more than one immunoregulatory transgene at a time. This is an 
important aspect of the problem to consider since the immune response against the transplant 
(and perhaps the vector) may involve more than one pathway. 

Prevention Strategies 
In order to prevent the disorder, one must be able to first identify with a sufficient degree 

of confidence individuals who are at very high risk for developing type 1 diabetes. While inher
itance of susceptibility alleles at loci linked to and/or associated with the disorder is an impor
tant risk factor, it alone cannot guarantee that the individual will in fact become diabetic. This 
is the main reason for the ongoing debates on prevention based on genetic screening. ̂ '̂ 
While outright prevention based only on genetic screening may not be yet acceptable, other 
strategies which fall inside the realm of "prevention" can be acceptable. There are data indicat
ing that newly-onset diabetics still possess adequate beta cell mass to sustain normoglycemia if 
the autoimmune inflammation can be prompdy controlled."̂ ^ '̂"̂ ^^ The time between diagnosis 
and elimination of beta cell mass adequate to sustain normoglycemia has been termed the 
"honeymoon" period. One can exploit immunoregulatory networks to promote 
hyporesponsiveness of autoaggressive immune cells in this period as a viable means of improv
ing or restoring normoglycemia. Supporting this approach are the studies where treatment of 
prediabetic and/or overtly-diabetic N O D mice with an anti-CD3 antibody restored 
normoglycemia in a substantial portion of mice for a sustained period of time."̂ ^^ Very recendy, 
human trials using the same approach also seem quite promising. Although clinical diabetes 
onset has most often been associated with beta cell death, it is possible that the the low levels of 
insulin production are due to the effects of cytokines which modulate their production. If this 
is the case, this process can be reversed."̂ ^̂ '"̂ ^̂  Some data strongly suggest that suppression of 
the activity of the insulitic cells by the induction of immune hyporesponsiveness in 
clinically-diabetic individuals may promote either beta cell neogenesis and/or rescue of the 
cytokine-suppressed beta cells in the insulitic environment. ̂ ^̂  

Inherent in this philosophy is the ability to promote TID-specific autoantigen tolerance 
or TID-specific autoantigen immune hyporesponsiveness. To acheieve this, one can target 
genes and/or cells to the thymus, or one can manipulate the peripheral immune effectors using 
cells alone or gene-engineered cells. The evidence suggesting that a preventive approach ma
nipulating the thymic environment of antigen presentation is possible was initially obtained by 
generating transgenic NOD mice with different H2 genes. Mice carrying H2 transgenes 
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conferring resistance did not develop diabetes.'̂ ^ '̂̂ ^^ Additionally, diabetes in the NOD mouse 
was also prevented by thymic inocidation of soluble islet antigens in the form of cellular lysates 
or by expression of putative beta cell autoantigens in the thymus. ̂ ^̂ '"̂ ^̂  Could this approach be 
clinically-applicable? Recent data on plasticity of bone marrow stem cells ' ' seem to 
imply that culture conditions could be defined in which bone marrow progenitors could be 
propagated towards "thymic" antigen-presenting cells. These cells could be engineered using a 
number of viral or nonviral vector methods (gene vectors to be described in a later section) to 
present autoantigen. These cells could then be injected into the host where they could eventu
ally populate the recipient thymus. To obviate the problems associated with graft versus host 
disease in an allogeneic context, one could envisage the use of hematopoietic stem cells propa
gated from peripheral blood precursors of the recipient. Preliminary evidence seems to suggest 
that the newly-generated insulin-generating cells may not have the same phenotypic makeup 
of normal beta cells and because of this characteristic, they may be able to escape the recurrence 
of preexisting autoimmunity. 

A number of studies have shown that allogeneic bone marrow transplantation into NOD 
or BB rats with the aim of inducing a state of chimerism can also prevent diabetes and facilitate 
alio- and xenograft islet transplantation. ̂ ^̂ '̂ "̂̂ '̂ ^̂  While the mechanisms are believed to in
volve central and peripheral tolerance, the applicability of this approach in humans is impeded 
by the use of very high radiation conditioning of the recipient. The need for complete or partial 
myeloablative treatment and of allogeneic donors coidd be obviated by genetically-engineering 
peripheral blood-derived autologous hematopoietic stem cells with transgenes promoting the 
induction and activity of immunoregulatory networks. Independently of the means utilized to 
abrogate autoimmunity, a state in which the diabetic patient is free of autoreactive T-cells and 
their assault on pancreatic beta cells is optimal to allow or promote the rescue or regeneration 
of enough insulin-secreting cells in the endogenous pancreas. This may allow physiologic 
euglycemia. Alternative measures to control the glycemia during the possibly long recovery 
period must also be implemented. 

Although considered potent immunostimulators, dendritic cells (DC) have recendy been 
shown to possess tolerogenic characteristics under defined conditions. DC tolerogenicity mani
fested as the suppression of T cell activation, has been documented in tumor, alio-, and 
auto-immunity. The conditions that can yield tolerogenic DC include UV irradiation, as 
well as exposure to CTLA-4Ig, TGF-beta or IL-IO.̂ ^" '̂̂ ^^ How a tolerogenic DC aas to sup
press immunoreactivity is not completely understood, but may involve the promotion of an-
ergy of T-cells that come into contact with DC, a shift from THl to TH2-type responses, 
apoptosis of the autoreactive T-cells or the induction of regulatory cells including regulatory 
T-cells and NK-T cells.̂ ^̂ '̂ ^̂ '"̂ ^̂  With the aim of establishing a durable tolerogenic state in the 
recipient of an allogeneic transplant, myeloid DC have been genetically modified using aden
oviral and retroviral vectors encoding CTLA-4Ig, TGF-beta and IL-10 in the mouse."^^ '^^ 
CTLA-4Ig-expressing DC significandy prolong allograft survival, can induce alloantigen-specific 
T cell hyporesponsiveness, and display enhanced survival in nonimmunosuppressed, alloge
neic hosts. The in vivo presentation of alloantigens by donor or recipient DC in the absence 
of costimulation along with local production of immunosuppressive molecules like TGF-beta, 
could likely promote the inhibition of anti-donor reactivity and promote tolerance induction 
without causing any major systemic immunosuppression. DC engineered to express vIL-10 
following retroviral gene transfer produce high levels of vIL-10 in vitro, exhibit marked reduc
tion in cell surface MHC and costimulatory molecule expression, decrease T cell allostimulation 
and promote the induction of T cell hyporesponsiveness."^ Genetically-engineered DC may 
be used to prevent islet allograft rejection, since they are able to manipulate anti-donor and/or 
autoantigen immunoreactivity. If recent observations showing islet-specific molecule gene 
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expression in peripheral lymphoid organs can be confirmed in antigen presenting cellŝ "̂̂  like 
bone marrow-derived dendritic cells (Machen et al manuscript submitted), one can envision 
infixsing autologous DC engineered ex vivo to lack costimulatory capability, but also express 
islet-specific genes (e.g., GAD65 or insulin), into prediabetic or early-onset diabetic patients, 
with the objective of inducing autoantigen-specific hyporesponsiveness. In fact, DC have been 
treated ex vivo with oligodeoxyribonucleotide decoys to NF-kB, an important maturational 
transcriptional mediator in DC, and injected into an allogeneic host. These DC were able to 
prolong the survival of an allogeneic heart.^^^ It is likely that this and other transcriptional 
pathways in APC could be exploited by decoy nucleotide strategies to present autoantigen in 
the absence of costimulatory signals or in the presence of death ligands to silence or kill 
autoreactive T-cells. 

Conclusion 
While pharmacologic agents will no doubt continue to be discovered to promote safer 

immunosuppression, insulin sensitisation and enhancement of insulin output, diabetes melli-
tus will continue to be a challenging disorder in which these agents could be applied. Gene 
therapeutics, however, will take advantage of the knowledge of the underlying stage and sever
ity of diabetes and will very likely be patient-specific. Nonetheless, a targeted approach, which 
is offered by gene medicines, is certainly much better than the systemic effects and toxicities 
that many drugs in use today are associated with. 

References 
1. Eisenbarth GS. Molecular aspects of the etiology of type I diabetes mellitus. J Diabetes Complica

tions 1993; 7(2):142-150. 

2. Bach JF. Insulin-dependent diabetes mellitus as an autoimmune disease. Endocr Rev 1994; 

15(4):516-542. 

3. Makino S, Kunimoto K, Muraoka Y et al. Breeding of a nonobese, diabetic strain of mice. Jikken 

Dobutsu 1980; 29(1):1-13. 

4. Arreaza GA, Cameron MJ, Jaramillo A et al. Neonatal activation of C D 2 8 signaling overcomes T 

cell anergy and prevents autoimmune diabetes by an IL-4-dependent mechanism. J Clin Invest 

1997; 100(9):2243-2253. 

5. Tiedge M, Lortz S, Munday R et al. Complementary action of antioxidant enzymes in the protec

tion of bioengineered insulin-producing RINm5F cells against the toxicity of reactive oxygen spe

cies. Diabetes 1998; 47(10):1578-1585. 

6. Markees T G , Serreze DV, Phillips N E et al. N O D mice have a generalized defect in their response 

to transplantation tolerance induction. Diabetes 1999; 48(5):967-974. 

7. Leijon K, Hammarstrom B, Holmberg D. Nonobese diabetic (NOD) mice display enhanced im

mune responses and prolonged survival of lymphoid cells. Int Immunol 1994; 6(2):339-345. 

8. Christianson SW, Shultz LD, Leiter EH. Adoptive transfer of diabetes into immunodeficient 

NOD-scid/scid mice. Relative contributions of CD4+ and CD8+ T-cells from diabetic versus pre

diabetic N O D . N O N T h y - l a donors. Diabetes 1993; 42(l) :44-55. 

9. Haskins K, McDuffie M. Acceleration of diabetes in young N O D mice with a CD4+ islet-specific 

T cell clone. Science 1990; 249(4975): 1433-1436. 

10. Miller BJ, Appel M C , O'Neil JJ et al. Both the Lyt-2+ and L3T4+ T cell subsets are required for 

the transfer of diabetes in nonobese diabetic mice. J Immunol 1988; l40(l) :52-58. 

11. O'Reilly LA, Hutchings PR, Crocker PR et al. Characterization of pancreatic islet cell infiltrates in 

N O D mice: Effect of cell transfer and transgene expression. Eur J Immunol 1991; 21 (5): 1171-1180. 

12. DiIx)renzo TP, Graser RT, Ono T et al. Major histocompatibility complex class I-restricted T cells 

are required for all but the end stages of diabetes development in nonobese diabetic mice and use 

a prevalent T cell receptor alpha chain gene rearrangement. Proc Natl Acad Sci USA 1998; 

95(21):12538-12543. 



30 Gene Therapy of Autoimmune Disease 

13. Serreze DV, Chapman HD, Varnum DS et al. Initiation of autoimmune diabetes in NOD/Lt 
mice is MHC class I- dependent. J Immunol 1997; 158(8):3978-3986. 

14. Graser RT, DiLorenzo TP, Wang F et al. Identification of a CD8 T cell that can independently 
mediate autoimmune diabetes development in the complete absence of CD4 T cell helper fiinc-
tions. J Immunol 2000; 164(7):3913-3918. 

15. Katz JD, Wang B, Haskins K et al. Following a diabetogenic T cell from genesis through patho
genesis. Cell 1993; 74(6): 1089-1100. 

16. Eizirik DL, Flodstrom M, Karlsen AE et al. The harmony of the spheres: Inducible nitric oxide 
synthase and related genes in pancreatic beta cells. Diabetologia 1996; 39(8):875-890. 

17. Mandrup-Poulsen T. The role of interleukin-1 in the pathogenesis of IDDM. Diabetologia 1996; 
39(9):1005-1029. 

18. Rabinovitch A, Suarez-Pinzon WL, Sorensen O et al. Inducible nitric oxide synthase (iNOS) in 
pancreatic islets of nonobese diabetic mice: Identification of iNOS- expressing cells and relation
ships to cytokines expressed in the islets. Endocrinology 1996; 137(5):2093-2099. 

19. Corbett JA, Wang JL, Sweetland MA et al. Interleukin 1 beta induces the formation of nitric 
oxide by beta-cells purified fi:om rodent islets of Langerhans. Evidence for the beta-cell as a source 
and site of action of nitric oxide. J Clin Invest 1992; 90(6):2384-2391. 

20. Grankvist K, Marklund S, Sehlin J et al. Superoxide dismutase, catalase and scavengers of hydroxyl 
radical protect against the toxic action of alloxan on pancreatic islet cells in vitro. Biochem J 1979; 
182(l):17-25. 

21. Kroncke KD, Kolb-Bachofen V, Berschick B et al. Activated macrophages kill pancreatic syngeneic 
islet cells via arginine-dependent nitric oxide generation. Biochem Biophys Res Commun 1991; 
175(3):752-758. 

22. Lortz S, Tiedge M, Nachtwey T et al. Protection of insulin-producing RINm5F cells against 
cytokine-mediated toxicity through overexpression of antioxidant enzymes. Diabetes 2000; 
49(7):1123-1130. 

23. Chervonsky AV, Wang Y, Wong FS et al. The role of Fas in autoimmune diabetes. Cell 1997; 
89(l):17-24. 

24. Itoh N, Imagawa A, Hanafusa T et al. Requirement of Fas for the development of autoimmune 
diabetes in nonobese diabetic mice. J Exp Med 1997; 186(4):613-618. 

25. Kaneto H, Fujii J, Seo HG et al. Apoptotic cell death triggered by nitric oxide in pancreatic 
beta-cells. Diabetes 1995; 44(7):733-738. 

26. Kurrer MO, Pakala SV, Hanson HL et al. Beta cell apoptosis in T cell-mediated autoimmune 
diabetes. Proc Natl Acad Sci USA 1997; 94(1):213-218. 

27. O'Brien BA, Harmon BV, Cameron DP et al. Apoptosis is the mode of beta-cell death responsible 
for the development of IDDM in the nonobese diabetic (NOD) mouse. Diabetes 1997; 
46(5):750-757. 

28. Benhamou PY, Moriscot C, Badet L et al. Strategies for graft immunomodulation in islet trans
plantation. Diabetes Metab 1998; 24(3):215-224. 

29. Hohmeier HE, Thigpen A, Tran W et al. Stable expression of manganese superoxide dismutase 
(MnSOD) in insuHnoma cells prevents IL-lbeta- induced cytotoxicity and reduces nitric oxide 
production. J Clin Invest 1998; 101(9):1811-1820. 

30. Bertera S, Crawford ML, Alexander AM et al. Gene transfer of manganese superoxide dismutase 
extends islet graft function in a mouse model of autoimmune diabetes. Diabetes Feb 2003; 
52(2):387-393. 

31. Hotta M, Tashiro F, Ikegami H et al. Pancreatic beta cell-specific expression of thioredoxin, an 
antioxidative and antiapoptotic protein, prevents autoimmune and streptozotocin-induced diabetes. 
J Exp Med 1998; 188(8):1445-1451. 

32. Kubisch HM, Wang J, Luche R et al. Transgenic copper/zinc superoxide dismutase modulates 
susceptibihty to type I diabetes. Proc Natl Acad Sci USA 1994; 91(21):9956-9959. 

33. Kubisch HM, Wang J, Bray TM et al. Targeted overexpression of Cu/Zn superoxide dismutase 
protects pancreatic beta-cells against oxidative stress. Diabetes 1997; 46(10):1563-1566. 

34. PiganeUi JD, Flores SC, Cruz C et al. A metalloporphyrin-based superoxide dismutase mimic in
hibits adoptive transfer of autoimmune diabetes by a diabetogenic T-cell clone. Diabetes 2002; 
51(2):347-355. 



Gene Therapeutics in Autoimmune Diabetes 31 

35. Bottino R, Balamurugan AN, Bertera S et al. Preservation of human islet cell functional mass by 
anti-oxidative action of a novel SOD mimic compound. Diabetes 2002; 51(8):256l-2567. 

36. Wicker LS, Todd JA, Peterson LB. Genetic control of autoimmune diabetes in the NOD mouse. 
Annu Rev Immunol 1995; 13:179-200. 

37. Vyse TJ, Todd JA. Genetic analysis of autoimmune disease. Cell 1996; 85(3):311-318. 
38. Cordell HJ, Todd JA. Multifactorial inheritance in type 1 diabetes. Trends Genet 1995; 

ll(12):499-504. 
39. Pietropaolo M, Becker DJ, LaPorte RE et al. Progression to insulin-requiring diabetes in seronega

tive prediabetic subjects: The role of two HLA-DQ high-risk haplotypes. Diabetologia 2002; 
45(l):66-76. 

40. Pietropaolo M, Trucco M. Major histocompatibiUty locus and other genes that determine risk of 
development of insulin-dependent diabetes mellitus. In: LeRoith D, Taylor S, Olefsky JM, eds. 
Diabetes MeUitus: A fundamental and Clinical Text. 2nd ed. Philadelphia, PA: J.B. Lippincott & 
Co., 2000:399-410. 

41. Vafiadis P, Bennett ST, Todd JA et al. Insulin expression in human thymus is modulated by INS 
VNTR alleles at the IDDM2 locus. Nat Genet 1997; 15(3):289-292. 

42. Pugliese A, Zeller M, Fernandez Jr A et al. The insulin gene is transcribed in the human thymus 
and transcription levels correlated with allelic variation at the INS VNTR-IDDM2 susceptibility 
locus for type 1 diabetes. Nat Genet 1997; 15(3):293-297. 

43. Chentoufi AA, Polychronakos C. Insulin expression levels in the thymus modulate insulin-specific 
autoreactive T-cell tolerance: The mechanism by which the IDDM2 locus may predispose to dia
betes. Diabetes 2002; 51(5): 1383-1390. 

44. Mein CA, Esposito L, Dunn MG et al. A search for type 1 diabetes susceptibility genes in families 
from the United Kingdom. Nat Genet 1998; 19(3):297-300. 

45. Concannon P, GogoHn-Ewens KJ, Hinds DA et al. A second-generation screen of the human 
genome for susceptibiUty to insulin-dependent diabetes mellitus. Nat Genet 1998; 19(3):292-296. 

46. Davies JL, Kawaguchi Y, Bennett ST et al. A genome-wide search for human type 1 diabetes 
susceptibility genes. Nature 1994; 371 (6493): 130-136. 

47. Oldstone MB. Molecular mimicry and immune-mediated diseases. Faseb J 1998; 12(13):1255-1265. 
48. von Herrath MG, Holz A, Homann D et al. Role of viruses in type I diabetes. Semin Immunol 

1998; 10(1):87-100. 
49. Horwitz MS, Bradley LM, Harbertson J et al. Diabetes induced by Coxsackie virus: Initiation by 

bystander dami^e and not molecular mimicry. Nat Med 1998; 4(7):781-785. 
50. Karges W, Hammond-McKibben D, Cheung RK et al. Immunological aspects of nutritional dia

betes prevention in NOD mice: A pilot study for the cow's milk-based IDDM prevention trial. 
Diabetes 1997; 46(4):557-564. 

51. Kaufman DL, Erlander MG, ClareSalzler M et al. Autoimmunity to two forms of glutamate decar
boxylase in insuHn- dependent diabetes mellitus. J Clin Invest 1992; 89(l):283-292. 

52. Conrad B, Trucco M. Superantigens as etiopathogenetic factors in the development of insulin-
dependent diabetes melHtus. Diabetes Metab Rev 1994; 10(4):309-338. 

53. Conrad B, Weidmann E, Trucco G et al. Evidence for superantigen involvement in insulin-dependent 
diabetes melHtus aetiology. Nature 1994; 371 (6495):351-355. 

54. Acerini CL, Ahmed ML, Ross KM et al. Coeliac disease in children and adolescents with IDDM: 
CUnical characteristics and response to gluten-free diet. Diabet Med 1998; 15(l):38-44. 

55. Virtanen SM, Saukkonen T, Savilahti E et al. Diet, cow's milk protein antibodies and the risk of 
IDDM in Finnish children. Childhood Diabetes in Finland Study Group. Diabetologia 1994; 
37(4):381-387. 

56. Kostraba JN, Dorman JS, LaPorte RE et al. Early infant diet and risk of IDDM in blacks and 
whites. A matched case- control study. Diabetes Care 1992; 15(5):626-631. 

57. Berney T, Buhler L, Caulfield A et al. Transplantation of islets of Langerhans: New developments. 
Swiss Med Wkly 2001; 131 (47-48):671-680. 

58. Boker A, Rothenberg L, Hernandez C et al. Human islet transplantation: Update. World J Surg 
2001; 25(4):481-486. 

59. Berney T, Ricordi C. Islet cell transplantation: The future? Langenbecks Arch Surg 2000; 
385(6):373-378. 



32 Gene Therapy of Autoimmune Disease 

60. Berney T, Ricordi C. Islet transplantation. Cell Transplant 1999; 8(5):461-464. 
61. Shapiro AM, Lakey JR, Ryan EA et al. Islet transplantation in seven patients with type 1 diabetes 

mellitus using a glucocorticoid-free immunosuppressive regimen. N Engl J Med 2000; 
343(4):230-238. 

62. Ryan EA, Lakey JR, Shapiro AM. CHnical results after islet transplantation. J Investig Med 2001; 
49(6):559-562. 

63. Shapiro AM, Ryan EA, Lakey JR. Pancreatic islet transplantation in the treatment of diabetes 
melHtus. Best Pract Res Clin Endocrinol Metab 2001; 15(2):24l-264. 

64. Ryan EA, Lakey JR, Rajotte RV et al. CUnical outcomes and insulin secretion after islet transplan
tation with the Edmonton protocol. Diabetes 2001; 50(4):710-719. 

65. Bottino R, Trucco M, Balamurugan AN et al. Pancreas and islet cell transplantation. Best Pract 
Res Clin Gastroenterol 2002; 16(3):457-474. 

dd. Jaeschke H. Vascular oxidant stress and hepatic ischemia/reperftision injury. Free Radic Res Commun 
1991; 12-13(Pt 2):737-743. 

67. Jaeschke H. Reactive oxygen and ischemia/reperftision injury of the Hver. Chem Biol Interact 1991; 
79(2):115-136. 

68. Paraskevas S, Maysinger D, Wang R et al. Cell loss in isolated human islets occurs by apoptosis. 
Pancreas 2000; 20(3):270-276. 

69. Rosenberg L, Wang R, Paraskevas S et al. Structural and functional changes resulting from islet 
isolation lead to islet cell death. Surgery 1999; 126(2):393-398. 

70. Nagano H, Tilney NL. Chronic allograft failure: The cHnical problem. Am J Med Sci 1997; 
313(5):305-309. 

1\. Bulkley GB. Free radical-mediated reperfusion injury: A selective review. Br J Cancer Suppl 1987; 
8:66-73. 

72. Pileggi A, Molano RD, Berney T et al. Heme oxygenase-1 induction in islet cells results in protec
tion from apoptosis and improved in vivo function after transplantation. Diabetes 2001; 
50(9):1983-1991. 

73. Tobiasch E, Gunther L, Bach FH. Heme oxygenase-1 protects pancreatic beta cells from apoptosis 
caused by various stimuH. J Investig Med 2001; 49(6):566-571. 

74. Contreras JL, Bilbao G, Smyth C et al. Gene transfer of the Bcl-2 gene confers cytoprotection to 
isolated adult porcine pancreatic islets exposed to xenoreactive antibodies and complement. Surgery 
2001; 130(2):166-174. 

75. Contreras JL, Bilbao G, Smyth CA et al. Cytoprotection of pancreatic islets before and soon after 
transplantation by gene transfer of the anti-apoptotic Bcl-2 gene. Transplantation 2001; 
71(8):1015-1023. 

Id. Lortz S, Tiedge M, Nachtwey T et al. Protection of insulin-producing RINm5F cells against 
cytokine-mediated toxicity through overexpression of antioxidant enzymes. Diabetes 2000; 
49(7):1123-1130. 

11. Hotta M, Tashiro F, Ikegami H et al. Pancreatic beta cell-specific expression of thioredoxin, an 
antioxidative and antiapoptotic protein, prevents autoimmune and streptozotocin-induced diabetes. 
J Exp Med 1998; 188(8):1445-1451. 

78. Embury J, Klein D, Pileggi A et al. Proteins linked to a protein transduction domain efficiently 
transduce pancreatic islets. Diabetes 2001; 50(8): 1706-1713. 

79. Jaeschke H, Smith CW, Clemens MG et al. Mechanisms of inflammatory liver injury: Adhesion 
molecules and cytotoxicity of neutrophils. Toxicol Appl Pharmacol 1996; 139(2):213-226. 

80. Jaeschke H. Chemokines, neutrophils, and inflammatory liver injury. Shock 1996; 6(6):403-404. 
81. Dairaghi DJ, Fan RA, McMaster BE et al. HHV8-encoded vMIP-I selectively engages chemokine 

receptor CCR8. Agonist and antagonist profiles of viral chemokines. J Biol Chem 1999; 
274(31):21569-21574. 

82. Howard OM, Oppenheim JJ, Wang JM. Chemokines as molecular targets for therapeutic interven
tion. J Clin Immunol 1999; 19(5):280-292. 

83. Dong H, Woo SL. Hepatic insulin production for type 1 diabetes. Trends Endocrinol Metab 
2001; 12(10):44l-446. 

84. Dong H, Morral N, McEvoy R et al. Hepatic insuhn expression improves glycemic control in type 
1 diabetic rats. Diabetes Res Clin Pract 2001; 52(3):153-163. 



Gene Therapeutics in Autoimmune Diabetes 33 

85. Thule PM, Liu JM. Regulated hepatic insulin gene therapy of STZ-diabetic rats. Gene Ther 2000; 

7(20):1744-1752. 

86. Mitanchez D, Rabier D, Mokhtari M et al. 5-Oxoprolinuria: A cause of neonatal metabolic acido

sis. Acta Paediatr 2001; 90(7):827-828. 

87. Mitanchez D, Chen R, Massias JF et al. Regulated expression of mature human insulin in the liver 

of transgenic mice. FEES Lett 1998; 421(3):285-289. 

88. Mitanchez D, Doiron B, Chen R et al. Glucose-stimulated genes and prospects of gene therapy for 

type I diabetes. Endocr Rev 1997; 18(4):520-540. 

89. Flotte T, Agarwal A, Wang J et al. Efficient ex vivo transduction of pancreatic islet cells with 

recombinant adeno-associated virus vectors. Diabetes 2001; 50(3):515-520. 

90. Lee H C , Kim SJ, Kim KS et al. Remission in models of type 1 diabetes by gene therapy using a 

single- chain insulin analogue. Nature 2000; 408(6811):483-488. 

91 . Yang YW, Kotin RM. Glucose-responsive gene delivery in pancreatic Islet cells via recombinant 

adeno-associated viral vectors. Pharm Res 2000; 17(9): 1056-1061. 

92. Yang YW, Hsieh YC. Regulated secretion of proinsulin/insulin from human hepatoma cells trans

duced by recombinant adeno-associated virus. Biotechnol Appl Biochem 2001; 33(Pt 2): 133-140. 

93. Bochan MR, Sidner RA, Shah R et al. Stable transduction of human pancreatic adenocarcinoma 

cells, rat fibroblasts, and bone marrow-derived stem cells with recombinant adeno- associated virus 

containing the rat preproinsulin II gene. Transplant Proc 1998; 30(2):453-454. 

94. Kasten-Jolly J, Aubrey M T , Conti DJ et al. Reversal of hyperglycemia in diabetic N O D mice by 

human proinsulin gene therapy. Transplant Proc 1997; 29(4):2216-2218. 

95. Bartlett RJ, Denis M, Secore SL et al. Toward engineering skeletal muscle to release peptide hor

mone from the human preproinsulin gene. Transplant Proc 1998; 30(2):451. 

96. Simpson AM, Marshall C M , Tuch BE et al. Gene therapy of diabetes: Glucose-stimulated insulin 

secretion in a human hepatoma cell Hne (HEP G2ins/g). Gene Ther 1997; 4(11):1202-1215. 

97. Simonson G D , Groskreutz DJ, Gorman C M et al. Synthesis and processing of genetically modi

fied human proinsulin by rat myoblast primary cultures. H u m Gene Ther 1996; 7(l) :71-78. 

98. Rajagopal J, Anderson WJ, Kume S et al. InsuUn staining of ES cell progeny from insuHn uptake. 

Science Jan 17 2003; 299(5605):363. 

99. VoUenweider F, Irminger JC, Halban PA. Substrate specificity of proinsulin conversion in the 

constitutive pathway of transfected FAO (hepatoma) cells. Diabetologia 1993; 36(12):1322-1325. 

100. VoUenweider F, Irminger JC, Gross DJ et al. Processing of proinsulin by transfected hepatoma 

(FAO) cells. J Biol Chem 1992; 267(21):14629-14636. 

101. Groskreutz DJ, Sliwkowski MX, Gorman CM. Genetically engineered proinsulin constitutively 

processed and secreted as mature, active insulin. J Biol Chem 1994; 269(8):624l-6245. 

102. Mitanchez D, Chen R, Massias JF et al. Regulated expression of mature human insulin in the liver 

of transgenic mice. FEBS Lett 1998; 421(3):285-289. 

103. Mitanchez D, Doiron B, Chen R et al. Glucose-stimulated genes and prospects of gene therapy for 

type I diabetes. Endocr Rev 1997; 18(4):520-540. 

104. Thule PM, Liu J, Phillips LS. Glucose regulated production of human insulin in rat hepatocytes. 

Gene Ther 2000; 7(3):205-214. 

105. Chen R, Meseck ML, Woo SL. Auto-regulated hepatic insulin gene expression in type 1 diabetic 

rats. Mol Ther 2001; 3(4):584-590. 

106. Chen R, Meseck M, McEvoy RC et al. Glucose-stimulated and self-limiting insulin production by 

glucose 6- phosphatase promoter driven insulin expression in hepatoma cells. Gene Ther 2000; 

7(21):1802-1809. 

107. lynedjian PB, Jotterand D, Nouspikel T et al. Transcriptional induction of glucokinase gene by 

insuHn in cultured liver cells and its repression by the glucagon-cAMP system. J Biol Chem 1989; 

264(36):21824.21829. 

108. lynedjian PB, Pilot PR, Nouspikel T et al. Differential expression and regulation of the glucoki

nase gene in liver and islets of Langerhans. Proc Natl Acad Sci USA 1989; 86(20):7838-7842. 

109. Liu JS, Park EA, Gurney AL et al. Cyclic AMP induction of phosphoenolpyruvate carboxykinase 

(GTP) gene transcription is mediated by multiple promoter elements. J Biol Chem 1991; 

266(28):19095-19102. 



34 Gene Therapy of Autoimmune Disease 

110. Klemm DJ, Roesler WJ, Liu JS et al. In vitro analysis of promoter elements regulating transcrip

tion of the phosphoenolpyruvate carboxykinase (GTP) gene. Mol Cell Biol 1990; 10(2):480-485. 

111. Lipes MA, Cooper EM, Skelly R et al. Insulin-secreting nonislet cells are resistant to autoimmune 

destruction. Proc Natl Acad Sci USA 1996; 93(16):8595-8600. 

112. Lipes MA, Davalli AM, Cooper EM. Genetic engineering of insulin expression in nonislet cells: 

Implications for beta-cell replacement therapy for insulin-dependent diabetes mellitus. Acta Diabetol 

1997; 34(l) :2-5. 

113. Cheung AT, Dayanandan B, Lewis JT et al. Glucose-dependent insulin release from genetically 

engineered K cells. Science 2000; 290(5498): 1959-1962. 

114. Cornelius JG, Tchernev V, Kao KJ et al. In vitro-generation of islets in long-term cultures of 

pluripotent stem cells from adult mouse pancreas. Horm Metab Res 1997; 29(6):271-277. 

115. Beattie GM, Rubin JS, Mally MI et al. Regulation of proliferation and differentiation of human 

fetal pancreatic islet cells by extracellular matrix, hepatocyte growth factor, and cell-cell contact. 

Diabetes 1996; 45(9): 1223-1228. 

116. Beattie GM, Lopez AD, Hayek A. In vivo maturation and growth potential of human fetal 

pancreases: Fresh versus cultured tissue. Transplant Proc 1995; 27(6):3343. 

117. Beattie GM, Hayek A. Outcome of human fetal pancreatic transplants according to implantation 

site. Transplant Proc 1994; 26(6):3299. 

118. Beattie GM, Cirulli V, Lopez AD et al. Ex vivo expansion of human pancreatic endocrine cells. J 

Clin Endocrinol Metab 1997; 82(6):1852-1856. 

119. Lumelsky N , Blondel O, Laeng P et al. Differentiation of embryonic stem cells to insuHn-secreting 

structures similar to pancreatic islets. Science 2001; 292(5520):1389-1394. 

120. Wagers AJ, Christensen JL, Weissman IL. Cell fate determination from stem cells. Gene Ther 

2002; 9(10):606-612. 

121. McKay R. Stem cells—hype and hope. Nature 2000; 406(6794):36l-364. 

122. Jiang Y, Jahagirdar BN, Reinhardt RL et al. Pluripotency of mesenchymal stem cells derived from 

adult marrow. Nature 2002; 4l8(6893):41-49. 

123. Schwartz RE, Reyes M, Koodie L et al. Multipotent adult progenitor cells from bone marrow 

differentiate into functional hepatocyte-Uke cells. J Clin Invest 2002; 109(10):1291-1302. 

124. Reyes M, Verfaillie CM. Characterization of multipotent adult progenitor cells, a subpopulation of 

mesenchymal stem cells. Ann N Y Acad Sci 2001; 938:231-233 discussion 233-235. 

125. Colman A, Kind A. Therapeutic cloning: Concepts and practicalities. Trends Biotechnol 2000; 

18(5):192-196. 

126. Kind A, Colman A. Therapeutic cloning: Needs and prospects. Semin Cell Dev Biol 1999; 

10(3):279-286. 

127. Lanza RP, Cibelli JB, West M D . Human therapeutic cloning. Nat Med 1999; 5(9):975-977. 

128. D'Ambra R, Surana M, Efrat S et al. Regulation of insulin secretion from beta-cell Hnes derived 

from transgenic mice insulinomas resembles that of normal beta-cells. Endocrinology 1990; 

126(6):2815-2822. 

129. Efrat S, Fusco-DeMane D, Lemberg H et al. Conditional transformation of a pancreatic beta-cell 

line derived from transgenic mice expressing a tetracycline-regulated oncogene. Proc Natl Acad Sci 

USA 1995; 92(8):3576-3580. 

130. Efrat S. Cell-based therapy for insulin-dependent diabetes mellitus. Eur J Endocrinol 1998; 

138(2):129-133. 

131. Fleischer N , Chen C, Surana M et al. Functional analysis of a conditionally transformed pancreatic 

beta-cell line. Diabetes 1998; 47(9):1419-1425. 

132. Hayek A, Beattie GM, Cirulli V et al. Growth factor/matrix-induced proliferation of human adult 

beta-cells. Diabetes 1995; 44(12):1458-1460. 

133. Otonkoski T, Beattie GM, Rubin JS et al. Hepatocyte growth factor/scatter factor has insulinotropic 

activity in human fetal pancreatic cells. Diabetes 1994; 43(7):947-953. 

134. Otonkoski T, Cirulli V, Beattie M et al. A role for hepatocyte growth factor/scatter factor in fetal 

mesenchyme- induced pancreatic beta-cell growth. Endocrinology 1996; 137(7):3131-3139. 

135. Levine F, Leibowitz G. Towards gene therapy of diabetes mellitus. Mol Med Today 1999; 

5(4):165-171. 



Gene Therapeutics in Autoimmune Diabetes 35 

136. Beattie GM, Itkin-Ansari P, Cirulli V et al. Sustained proliferation of PDX-1+ cells derived from 
human islets. Diabetes 1999; 48(5):1013-1019. 

137. Habener JF, Stoffers DA. A newly discovered role of transcription factors involved in pancreas 
development and the pathogenesis of diabetes mellitus. Proc Assoc Am Physicians 1998; 
110(1):12-21. 

138. Madsen OD, Jensen J, Petersen HV et al. Transcription factors contributing to the pancreatic 
beta-cell phenotype. Horm Metab Res 1997; 29(6):265-270. 

139. Sander M, German MS. The beta cell transcription factors and development of the pancreas. J 
Mol Med 1997; 75(5):327-340. 

140. Ferber S, Halkin A, Cohen H et al. Pancreatic and duodenal homeobox gene 1 induces expression 
of insulin genes in liver and ameHorates streptozotocin-induced hyperglycemia. Nat Med 2000; 
6(5):568-572. 

141. Wu KL, Gannon M, Peshavaria M et al. Hepatocyte nuclear factor 3beta is involved in pancreatic 
beta-cell- specific transcription of the pdx-1 gene. Mol Cell Biol 1997; 17(10):6002-6013. 

142. Sander M, German MS. The beta cell transcription factors and development of the pancreas. J 
Mol Med 1997; 75(5):327-340. 

143. Oster A, Jensen J, Serup P et al. Rat endocrine pancreatic development in relation to two homeobox 
gene products (Pdx-1 and Nkx 6.1). J Histochem Cytochem 1998; 46(6):707-715. 

144. Hill DJ, Hogg J. Growth factor control of pancreatic B cell hyperplasia. Baillieres Clin Endocrinol 
Metab 1991; 5(4):689-698. 

145. Ilieva A, Yuan S, Wang RN et al. Pancreatic islet cell survival following islet isolation: The role of 
cellular interactions in the pancreas. J Endocrinol 1999; l6l(3):357-364. 

146. Miettinen PJ, Otonkoski T, Voutilainen R. Insulin-like growth factor-II and transforming growth 
factor-alpha in developing human fetal pancreatic.islets. J Endocrinol 1993; 138(1):127-136. 

147. Petrik J, Arany E, McDonald TJ et al. Apoptosis in the pancreatic islet cells of the neonatal rat is 
associated with a reduced expression of insulin-like growth factor II that may act as a survival 
factor. Endocrinology 1998; 139(6):2994-3004. 

148. Petrik J, Pell JM, Arany E et al. Overexpression of insulin-Hke growth factor-II in transgenic mice 
is associated with pancreatic islet cell hyperplasia. Endocrinology 1999; l40(5):2353-2363. 

149. Markoff E, Beattie GM, Hayek A et al. Effects of prolactin and glycosylated prolactin on (pro)insulin 
synthesis and insuHn release from cultured rat pancreatic islets. Pancreas 1990; 5(1):99-103. 

150. Kawai M, Kishi K. In vitro studies of the stimulation of insulin secretion and B-cell proHferation 
by rat placental lactogen-II during pregnancy in rats. J Reprod Fertil 1997; 109(1):145-152. 

151. Billestrup N, Nielsen JH. The stimulatory effect of growth hormone, prolactin, and placental lac
togen on beta-cell proliferation is not mediated by insulin-like growth factor-I. Endocrinology 1991; 
129(2):883-888. 

152. Vasavada RC, Cavaliere C, D'Ercole AJ et al. Overexpression of parathyroid hormone-related pro
tein in the pancreatic islets of transgenic mice causes islet hyperplasia, hyperinsulinemia, and hy
poglycemia. J Biol Chem 1996; 271(2):1200-1208. 

153. Porter SE, Sorenson RL, Dann P et al. Progressive pancreatic islet hyperplasia in the islet-targeted, 
parathyroid hormone-related protein-overexpressing mouse. Endocrinology 1998; 139(9):3743-3751. 

154. Wang RN, Rehfeld JF, Nielsen FC et al. Expression of gastrin and transforming growth factor-alpha 
during duct to islet cell differentiation in the pancreas of duct-ligated adult rats. Diabetologia 
1997; 40(8):887-893. 

155. Miettinen PJ, Otonkoski T, Voutilainen R. Insulin-like growth factor-II and transforming growth 
factor-alpha in developing human fetal pancreatic islets. J Endocrinol 1993; 138(1):127-136. 

156. Miettinen PJ. Transforming growth factor-alpha and epidermal growth factor expression in human 
fetal gastrointestinal tract. Pediatr Res 1993; 33(5):481-486. 

157. Baeza N, Hart A, Ahlgren U et al. Insulin promoter factor-1 controls several aspects of beta-cell 
identity. Diabetes 2001; 50 Suppl 1:S36. 

158. Hart AW, Baeza N, Apelqvist A et al. Attenuation of FGF signalling in mouse beta-cells leads to 
diabetes. Nature 2000; 408(68l4):864-868. 

159. Yamaoka T, Itakura M. Development of pancreatic islets (review). Int J Mol Med 1999; 
3(3):247-261. 



36 Gene Therapy of Autoimmune Disease 

160. Mally MI, Otonkoski T, Lopez AD et al. Developmental gene expression in the human fetal pan

creas. Pediatr Res 1994; 36(4):537-544. 

161. Unno M, Itoh T, Watanabe T et al. Islet beta-cell regeneration and reg genes. Adv Exp Med Biol 

1992; 321:61-66. 

162. Zenilman ME, Chen J, Danesh B et al. Characteristics of rat pancreatic regenerating protein. Sur

gery 1998; 124(5):855-863. 

163. Zenilman ME, Chen J, Magnuson T H . Effect of reg protein on rat pancreatic ductal cells. Pan

creas 1998; 17(3):256-261. 

164. Bone AJ, Banister SH, Zhang S. The REG gene and islet cell repair and renewal in type 1 diabe

tes. Adv Exp Med Biol 1997; 426:321-327. 

165. Vinik A, Rafaeloff R, Pittenger G et al. Induction of pancreatic islet neogenesis. Horm Metab Res 

1997; 29(6):278-293. 

166. Rafaeloff R, Pittenger GL, Barlow SW et al. Cloning and sequencing of the pancreatic islet neo

genesis associated protein (INGAP) gene and its expression in islet neogenesis in hamsters. J Clin 

Invest 1997; 99(9):2100-2109. 

167. Bonner-Weir S, Taneja M, Weir G C et al. In vitro cultivation of human islets from expanded 

ductal tissue. Proc Natl Acad Sci USA 2000; 97(l4):7999-8004. 

168. Dai Y, Vaught T D , Boone J et al. Targeted disruption of the alpha 1,3-galactosyltransferase gene in 

cloned pigs. Nat Biotechnol 2002; 20(3):251-255. 

169. Koike C, Fung JJ, Geller DA et al. Molecular basis of evolutionary loss of the alpha 1,3-

galactosyltransferase gene in higher primates. J Biol Chem 2002; 277(12): 10114-10120. 

170. Phelps CJ, Koike C, Vaught T D et al. Production of {alpha} 1,3-Galactosyltransferase-Deficient 

Pigs. Science 2002; 19:19. 

171. Giannoukakis N , Rudert WA, Robbins PD et al. Targeting autoimmune diabetes with gene therapy. 

Diabetes 1999; 48(11):2107-2121. 

172. Giannoukakis N , Thomson A, Robbins P. Gene therapy in transplantation. Gene Ther 1999; 

6(9):1499-1511. 

173. Sui G, Soohoo C, Affar el B et al. A DNA vector-based RNAi technology to suppress gene expres

sion in mammalian cells. Proc Natl Acad Sci USA 2002; 99(8):5515-5520. 

174. Kogure K, Urabe M, Mizukami H et al. Targeted integration of foreign DNA into a defined locus 

on chromosome 19 in K562 cells using AAV-derived components . Int J Hematol 2 0 0 1 ; 

73(4):469-475. 

175. Pieroni L, Fipaldini C, Monciotti A et al. Targeted integration of adeno-associated virus-derived 

plasmids in transfected human cells. Virology 1998; 249(2):249-259. 

176. Ikeda Y, Collins MK, Radcliffe PA et al. Gene transduction efficiency in cells of different species 

by HIV and EIAV vectors. Gene Ther 2002; 9(l4):932-938. 

177. O'Rourke JP, Newbound GC, Kohn DB et al. Comparison of gene transfer efficiencies and gene 

expression levels achieved with equine infectious anemia virus- and human immunodeficiency virus 

type 1-derived lentivirus vectors. J Virol 2002; 76(3): 1510-1515. 

178. Olsen JC. Gene transfer vectors derived from equine infectious anemia virus. Gene Ther 1998; 

5(11):1481-1487. 

179. Lotery AJ, Derksen TA, Russell SR et al. Gene transfer to the nonhuman primate retina with 

recombinant feline immunodeficiency virus vectors. H u m Gene Ther 2002; 13(6):689-696. 

180. Kelly PF, Vandergriff J, Nathwani A et al. Highly efficient gene transfer into cord blood nonobese 

diabetic/severe combined immunodeficiency repopulating cells by oncoretroviral vector particles 

pseudotyped with the feline endogenous retrovirus (RD114) envelope protein. Blood 2000; 

96(4):1206-1214. 

181. Curran MA, Kaiser SM, Achacoso PL et al. Efficient transduction of nondividing cells by opti

mized feline immunodeficiency virus vectors. Mol Ther 2000; l ( l ) :31-38. 

182. Poeschla EM, Wong-Staal F, Looney DJ. Efficient transduction of nondividing human cells by 

feline immunodeficiency virus lentiviral vectors. Nat Med 1998; 4(3):354-357. 

183. Britt LD, Scharp DW, Lacy PE et al. Transplantation of islet cells across major histocompatibiUty 

barriers after total lymphoid irradiation and infusion of allogeneic bone marrow cells. Diabetes 

1982; 31 Suppl 4:63-68. 



Gene Therapeutics in Autoimmune Diabetes 37 

184. Exner BG, Fowler K, Ildstad ST. Tolerance induction for islet transplantation. Ann Transplant 
1997; 2(3):77-80. 

185. Rossini AA, Parker DC, Phillips NE et al. Induction of immunological tolerance to islet allografts. 
Cell Transplant 1996; 5(l):49-52. 

186. Domenick MA, Ildstad ST. Impact of bone marrow transplantation on type I diabetes. World J 
Surg 2001; 25(4):474-480. 

187. Good RA, Verjee T. Historical and current perspectives on bone marrow transplantation for pre
vention and treatment of immunodeficiencies and autoimmunities. Biol Blood Marrow Transplant 
2001; 7(3):123-135. 

188. Mathieu C, Bouillon R, Rutgeerts O et al. Induction of mixed bone marrow chimerism as poten
tial therapy for autoimmune (type I) diabetes: Experience in the NOD model. Transplant Proc 
1995; 27(1):640-641. 

189. Mathieu C, Vandeputte M, Bouillon R et al. Protection against autoimmune diabetes by induction 
of mixed bone marrow chimerism. Transplant Proc 1993; 25(1 Pt 2):1266-1267. 

190. Li H, Kaufman CL, Ildstad ST. Allogeneic chimerism induces donor-specific tolerance to simulta
neous islet allografts in nonobese diabetic mice. Surgery 1995; 118(2):192-197 discussion 197-198. 

191. Li H, Inverardi L, Ricordi C. Chimerism-induced remission of overt diabetes in nonobese diabetic 
mice. Transplant Proc 1999; 31(l-2):640. 

192. Zorina TD, Subbotin VM, Bertera S et al. Distinct characteristics and features of allogeneic chi
merism in the NOD mouse model of autoimmune diabetes. Cell Transplant 2002; 11 (2): 113-123. 

193. Feili-Hariri M, Dong X, Alber SM et al. Immunotherapy of NOD mice with bone marrow-derived 
dendritic cells. Diabetes 1999; 48(12):2300-2308. 

194. Clare-Salzler MJ, Brooks J, Chai A et al. Prevention of diabetes in nonobese diabetic mice by 
dendritic cell transfer. J Clin Invest 1992; 90(3):74l-748. 

195. Giannoukakis N, Bonham CA, Qian S et al. Prolongation of cardiac allograft survival using den
dritic cells treated with NF-kB decoy oligodeoxyribonucleotides. Mol Ther 2000; 1(5 Pt l):430-437. 

196. Lu L, Thomson AW. Manipulation of dendritic cells for tolerance induction in transplantation 
and autoimmune disease. Transplantation 2002; 73(1 Suppl):S 19-22. 

197. Lu L, Gambotto A, Lee WC et al. Adenoviral delivery of CTLA4Ig into myeloid dendritic cells 
promotes their in vitro tolerogenicity and survival in allogeneic recipients. Gene Ther 1999; 
6(4):554-563. 

198. Lu L, Lee WC, Takayama T et al. Genetic engineering of dendritic cells to express immunosup
pressive molecules (viral IL-10, TGF-beta, and CTLA4Ig). J Leukoc Biol 1999; 66(2):293-296. 

199. Thomson AW, Lu L. Dendritic cells as regulators of immune reactivity: Implications for transplan
tation. Transplantation 1999; 68(1): 1-8. 

200. Lee WC, Zhong C, Qian S et al. Phenotype, fiinction, and in vivo migration and survival of 
allogeneic dendritic cell progenitors genetically engineered to express TGF-beta. Transplantation 
1998; 66(12):1810-1817. 

201. Takayama T, Nishioka Y, Lu L et al. Retroviral delivery of viral interleukin-10 into myeloid den
dritic cells markedly inhibits their allostimulatory activity and promotes the induction of T-cell 
hyporesponsiveness. Transplantation 1998; 66(12): 1567-1574. 

202. Rosenbloom AL, Schatz DA, Krischer JP et al. Therapeutic controversy: Prevention and treatment 
of diabetes in children. J Clin Endocrinol Metab 2000; 85(2):494-522. 

203. Wilson K, Eisenbarth GS. Immunopathogenesis and immunotherapy of type 1 diabetes. Annu Rev 
Med 1990; 41:497-508. 

204. Papoz L, Lenegre F, Hors J et al. ProbabiHty of remission in individual in early adult insulin 
dependent diabetic patients. Results from the Cyclosporine Diabetes French Study Group. Diabete 
Metab 1990; 16(4):303-310. 

205. Shimada A, Imazu Y, Morinaga S et al. T-cell insulitis found in anti-GAD65+ diabetes with re
sidual beta-cell fiinction. A case report. Diabetes Care 1999; 22(4):615-617. 

206. Hamamoto Y, Tsuura Y, Fujimoto S et al. Recovery of function and mass of endogenous beta-cells 
in streptozotocin-induced diabetic rats treated with islet transplantation. Biochem Biophys Res 
Commun 2001; 287(1):104-109. 



38 Gene Therapy of Autoimmune Disease 

207. Rasmussen SB, Sorensen TS, Hansen JB et al. Functional rest through intensive treatment with 

insuHn and potassium channel openers preserves residual beta-cell function and mass in acutely 

diabetic BB rats. Horm Metab Res 2000; 32(7):294-300. 

208. Mayer A, Rharbaoui F, Thivolet C et al. The relationship between peripheral T cell reactivity to 

insulin, clinical remissions and cytokine production in type 1 (insulin- dependent) diabetes melli-

tus. J Clin Endocrinol Metab 1999; 84(7):2419-2424. 

209. Finegood DT, Weir GC, Bonner-Weir S. Prior streptozotocin treatment does not inhibit pancreas 

regeneration after 90% pancreatectomy in rats. Am J Physiol 1999; 276(5 Pt l):E822-827. 

210. Chatenoud L, Thervet E, Primo J et al. Anti-CD3 antibody induces long-term remission of overt 

autoimmunity in nonobese diabetic mice. Proc Natl Acad Sci USA 1994; 91(1): 123-127. 

211 . Herold KC, Hagopian W, Auger JA et al. Anti-CD3 monoclonal antibody in new-onset type 1 

diabetes mellitus. N Engl J Med 2002; 346(22): 1692-1698. 

212. Arnush M, Heitmeier MR, Scarim AL et al. IL-1 produced and released endogenously within 

human islets inhibits beta cell ftmction. J CHn Invest 1998; 102(3):516-526. 

213. Arnush M, Scarim AL, Heitmeier M R et al. Potential role of resident islet macrophage activation 

in the initiation of autoimmune diabetes. J Immunol 1998; 160(6):2684-2691. 

214. Corbett JA, McDaniel ML. Intraislet release of interleukin 1 inhibits beta cell function by induc

ing beta cell expression of inducible nitric oxide synthase. J Exp Med 1995; 181(2):559-568. 

215. Heitmeier MR, Scarim AL, Corbett JA. Interferon-gamma increases the sensitivity of islets of Langer-

hans for inducible nitric-oxide synthase expression induced by interleukin 1. J Biol Chem 1997; 

272(21):13697-13704. 

216. Lacy PE. The intraislet macrophage and type I diabetes. Mt Sinai J Med 1994; 61 (2): 170-174. 

217. McDaniel ML, Kwon G, Hill JR et al. Cytokines and nitric oxide in islet inflammation and diabe

tes. Proc Soc Exp Biol Med 1996; 211(l):24-32. 

218. Scarim AL, Arnush M, Hill JR et al. Evidence for the presence of type I IL-1 receptors on beta-cells 

of islets of Langerhans. Biochim Biophys Acta 1997; 1361(3):313-320. 

219. French MB, Allison J, Cram DS et al. Transgenic expression of mouse proinsulin II prevents 

diabetes in nonobese diabetic mice. Diabetes 1997; 46(l):34-39. 

220. Miyazaki T, Matsuda Y, Toyonaga T et al. Prevention of autoimmune insulitis in nonobese dia

betic mice by expression of major histocompatibiHty complex class I Ld molecules. Proc Natl Acad 

Sci USA 1992; 89(20):9519-9523. 

221. Gerling IC, Serreze DV, Christianson SW et al. Intrathymic islet cell transplantation reduces beta-cell 

autoimmunity and prevents diabetes in N O D / L t mice. Diabetes 1992; 41(12): 1672-1676. 

222. Leykin I, NikoHc B, Sykes M. Mixed bone marrow chimerism as a treatment for autoimmune 

diabetes. Transplant Proc 2001; 33(1-2):120. 

223. Steptoe RJ, Thomson AW. Dendritic cells and tolerance induction. Clin Exp Immunol 1996; 

105(3):397-402. 

224. Takayama T, Nishioka Y, Lu L et al. Retroviral delivery of viral interleukin-10 into myeloid den

dritic cells markedly inhibits their allostimulatory activity and promotes the induction of T-cell 

hyporesponsiveness. Transplantation 1998; 66(12): 1567-1574. 

225. Lu L, Lee W C , Gambotto A et al. Transduction of dendritic cells with adenoviral vectors encoding 

CTLA4-Ig markedly reduces their allostimulatory activity 1998. 

226. Lee W C et al. Phenotype, ftmction and in vivo migration and survival of allogeneic dendritic cell 

progenitors genetically engineered to express TGFb. Transplantation 1998 in press. 

227. Sharif S, Arreaza GA, Zucker P et al. Regulatory natural killer T cells protect against spontaneous 

and recurrent type 1 diabetes. Ann N Y Acad Sci 2002; 958:77-88. 

228. Naumov YN, Bahjat KS, Gausling R et al. Activation of C D Id-restricted T cells protects N O D 

mice from developing diabetes by regulating dendritic cell subsets. Proc Natl Acad Sci USA 2001; 

98(24):13838-13843. 

229. Sharif S, Delovitch TL. Regulation of immune responses by natural killer T cells. Arch Immunol 

Ther Exp (Warsz) 2001; 49(Suppl 1):S23-31. 

230. Sharif S, Arreaza GA, Zucker P et al. Activation of natural killer T cells by alpha-galactosylceramide 

treatment prevents the onset and recurrence of autoimmune Type 1 diabetes. Nat Med 2001; 

7(9):1057-1062. 



Gene Therapeutics in Autoimmune Diabetes 39 

231. Hong S, Wilson M T , Serizawa I et al. The natural killer T-cell ligand alpha-galactosylceramide 

prevents autoimmune diabetes in nonobese diabetic mice. Nat Med 2001; 7(9): 1052-1056. 

232. Pugliese A, Brown D, Garza D et al. Self-antigen-presenting cells expressing diabetes-associated 

autoantigens exist in both thymus and peripheral lymphoid organs. J Clin Invest 2 0 0 1 ; 

107(5):555-564. 

233. Giannoukakis N , Bonham CA, Qian S et al. Prolongation of cardiac allograft survival using den

dritic cells treated with NF-kB decoy oligodeoxyribonucleotides. Mol Ther 2000; 1(5 Ft l):430-437. 

234. Liu Y, Rabinovitch A, Suarez-Pinzon W et al. Expression of the bcl-2 gene from a defective HSV-1 

ampl icon vector protects pancreat ic beta-cells from apoptosis . H u m Gene The r 1996; 

7(14):1719-1726. 

235. Rabinovitch A, Suarez-Pinzon W, Strynadka K et al. Transfection of human pancreatic islets with 

an anti-apoptotic gene (bcl-2) protects beta-cells from cytokine-induced destruction. Diabetes 1999; 

48(6):1223-1229. 

236. Dupraz P, Rinsch C, Pralong WF et al. Lentivirus-mediated Bcl-2 expression in betaTC-tet cells 

improves resistance to hypoxia and cytokine-induced apoptosis while preserving in vitro and in 

vivo control of insulin secretion. Gene Ther 1999; 6(6):1160-1169. 

237. Zhou YP, Pena JC, Roe M W et al. Overexpression of Bcl-x(L) in beta-cells prevents cell death but 

impairs mitochondrial signal for insulin secretion. Am J Physiol Endocrinol Metab 2000; 

278(2):E340-351. 

238. Ye J, Laychock SG. A protective role for heme oxygenase expression in pancreatic islets exposed to 

interleukin-lbeta. Endocrinology 1998; 139(10):4155-4163. 

239. Carpenter L, Cordery D, Biden TJ. Inhibition of protein kinase C delta protects rat INS-1 cells 

against interleukin-lbeta and streptozotocin-induced apoptosis. Diabetes 2002; 51(2):317-324. 

240. Dupraz P, Co t t e t S, H a m b u r g e r F et al. D o m i n a n t negative M y D 8 8 prote ins inhib i t 

interleukin-lbeta /interferon- gamma -mediated induction of nuclear factor kappa B-dependent 

nitrite production and apoptosis in beta cells. J Biol Chem 2000; 275(48):37672-37678. 

241 . Giannoukakis N , Mi Z, Rudert WA et al. Prevention of beta cell dysfunction and apoptosis activa

tion in human islets by adenoviral gene transfer of the insulin-like growth factor I. Gene Ther 

2000; 7(23):2015-2022. 

242. Giannoukakis N , Rudert WA, Trucco M et al. Protection of human islets from the effects of 

interleukin-lbeta by adenoviral gene transfer of an Ikappa B repressor. J Biol Chem 2000; 

275(47):36509-36513. 

243. Burkart V, Liu H, Bellmann K et al. Natural resistance of human beta cells toward nitric oxide is 

mediated by heat shock protein 70. J Biol Chem 2000; 275(26):19521-19528. 

244. Grey ST, Arvelo MB, Hasenkamp W et al. A20 inhibits cytokine-induced apoptosis and nuclear 

factor kappaB- dependent gene activation in islets. J Exp Med 1999; 190(8):1135-1146. 

245. Xu B, Moritz JT, Epstein PN. Overexpression of catalase provides partial protection to transgenic 

mouse beta cells. Free Radic Biol Med 1999; 27(7-8):830-837. 

246. Benhamou PY, Moriscot C, Richard MJ et al. Adenovirus-mediated catalase gene transfer reduces 

oxidant stress in human, porcine and rat pancreatic islets. Diabetologia 1998; 41 (9): 1093-1100. 

247. Hohmeier HE, Thigpen A, Tran W et al. Stable expression of manganese superoxide dismutase 

(MnSOD) in insuHnoma cells prevents IL-lbeta- induced cytotoxicity and reduces nitric oxide 

production. J Clin Invest 1998; 101(9):1811-1820. 

248. Rehman KK, Bertera S, Bottino R et al. Protection of islets by in situ peptide mediated transduc

tion of the Ikappa B kinase (IKK) inhibitor nemo binding domain (NBD) peptide. J Biol Chem 

2003; 9:9. 

249. Gallichan WS, Kafri T, Krahl T et al. Lentivirus-mediated transduction of islet grafts with interleukin 

4 results in sustained gene expression and protection from insulitis. H u m Gene Ther 1998; 

9(18):2717-2726. 

250. Smith DK, Korbutt GS, Suarez-Pinzon WL et al. Interleukin-4 or interleukin-10 expressed from 

adenovirus-transduced syngeneic islet grafts fails to prevent beta cell destruction in diabetic N O D 

mice. Transplantation 1997; 64(7): 1040-1049. 

251. Giannoukakis N , Rudert WA, Ghivizzani SC et al. Adenoviral gene transfer of the interleukin-1 

receptor antagonist protein to human islets prevents IL-1 beta-induced beta-cell impairment and 

activation of islet cell apoptosis in vitro. Diabetes 1999; 48(9): 1730-1736. 



40 Gene Therapy of Autoimmune Disease 

252. Yasuda H, Nagata M, Arisawa K et al. Local expression of immunoregulatory IL-12p40 gene pro
longed syngeneic islet graft survival in diabetic NOD mice. J Clin Invest 1998; 102(10): 1807-1814. 

253. Benhamou PY, Mullen Y, Shaked A et al. Decreased alloreactivity to human islets secreting recom
binant viral interleukin 10. Transplantation 1996; 62(9): 1306-1312. 

254. Deng S, Ketchum RJ, Yang ZD et al. IL-10 and TGF-beta gene transfer to rodent islets: Effect on 
xenogeneic islet graft survival in naive and B-cell-deficient mice. Transplant Proc 1997; 
29(4):2207-2208. 

255. Hao W, Palmer JP. Recombinant human transforming growth factor beta does not inhibit the 
effects of interleukin-1 beta on pancreatic islet cells. J Interferon Cytokine Res 1995; 
15(12):1075-1081. 

256. Alexander AM, Crawford M, Bertera S et al. Indoleamine 2,3-dioxygenase expression in trans
planted NOD Islets prolongs graft survival after adoptive transfer of diabetogenic splenocytes. Dia
betes 2002; 51(2):356-365. 

257. Gainer AL, Korbutt GS, Rajotte RV et al. Expression of CTLA4-Ig by biolistically transfected 
mouse islets promotes islet allograft survival. Transplantation 1997; 63(7): 1017-1021. 

258. Judge TA, Desai NM, Yang Z et al. UtiHty of adenoviral-mediated Fas ligand gene transfer to 
modulate islet allograft survival. Transplantation 1998; 66(4):426-434. 

259. Kang SM, Schneider DB, Lin Z et al. Fas Hgand expression in islets of Langerhans does not confer 
immune privilege and instead targets them for rapid destruction. Nat Med 1997; 3(7):738-743. 

260. von Herrath MG, Efrat S, Oldstone MB et al. Expression of adenoviral E3 transgenes in beta cells 
prevents autoimmune diabetes. Proc Nad Acad Sci USA 1997; 94(18):9808-9813. 

261. Mathieu C, Casteels K, Bouillon R et al. Protection against autoimmune diabetes in mixed bone 
marrow chimeras: Mechanisms involved. J Immunol 1997; 158(3): 1453-1457. 

262. Girman P, Kriz J, Dovolilova E et al. The effect of bone marrow transplantation on survival of 
allogeneic pancreatic islets with short-term tacrolimus conditioning in rats. Ann Transplant 2001; 
6(2):43-45. 

263. Seung E, Iwakoshi N, Woda BA et al. Allogeneic hematopoietic chimerism in mice treated with 
sublethal myeloablation and anti-CD 154 antibody: Absence of graft-versus-host disease, induction 
of skin allograft tolerance, and prevention of recurrent autoimmunity in islet-allografted NOD/Lt 
mice. Blood 2000; 95(6):2175-2182. 

264. Li H, Colson YL, Ildstad ST. Mixed allogeneic chimerism achieved by lethal and nonlethal condi
tioning approaches induces donor-specific tolerance to simultaneous islet allografts. Transplanta
tion 1995; 60(6):523-529. 

265. Li H, Ricordi C, Demetris AJ et al. Mixed xenogeneic chimerism (mouse+rat—>mouse) to induce 
donor-specific tolerance to sequential or simultaneous islet xenografts. Transplantation 1994; 
57(4):592-598. 

266. Rossini AA, Mordes JP, Greiner DL et al. Islet cell transplantation tolerance. Transplantation 2001; 
72(8 Suppl):S43-46. 

267. Ali A, Garrovillo M, Jin MX et al. Major histocompatibility complex class I peptide-pulsed host 
dendritic cells induce antigen-specific acquired thymic tolerance to islet cells. Transplantation 2000; 
69(2):221-226. 

268. Bertry-Coussot L, Lucas B, Danel C et al. Long-term reversal of established autoimmunity upon 
transient blockade of the LFA-1/intercellular adhesion molecule-1 pathway. J Immunol 2002; 
168(7):364l-3648. 

269. Georgiou HM, Brady JL, Silva A et al. Genetic modification of an islet tumor cell line inhibits its 
rejection. Transplant Proc 1997; 29(1-2):1032-1033. 

270. Lew AM, Brady JL, Silva A et al. Secretion of CTLA4Ig by an SV40 T antigen-transformed islet 
cell Une inhibits graft rejection against the neoantigen. Transplantation 1996; 62(l):83-89. 

271. Weber CJ, Hagler MK, Chryssochoos JT et al. CTLA4-Ig prolongs survival of microencapsulated 
rabbit islet xenografts in spontaneously diabetic Nod mice. Transplant Proc 1996; 28(2):821-823. 

272. Brady JL, Lew AM. Additive efficacy of CTLA4Ig and OX40Ig secreted by genetically modified 
grafts. Transplantation 2000; 69(5):724-730. 

273. Sutherland RM, Brady JL, Georgiou HM et al. Protective effect of CTLA4Ig secreted by transgenic 
fetal pancreas allografts. Transplantation 2000; 69(9): 1806-1812. 



Gene Therapeutics in Autoimmune Diabetes 41 

27A. Goudy K, Song S, Wasserfall C et al. Adeno-associated virus vector-mediated IL-10 gene delivery 
prevents type 1 diabetes in NOD mice. Proc Natl Acad Sci USA 2001; 98(24):13913-13918. 

275. Ko KS, Lee M, Koh JJ et al. Combined administration of plasmids encoding IL-4 and IL-10 
prevents the development of autoimmune diabetes in nonobese diabetic mice. Mol Ther 2001; 
4(4):313-316. 

276. Koh JJ, Ko KS, Lee M et al. Degradable polymeric carrier for the delivery of IL-10 plasmid DNA 
to prevent autoimmune insulitis of NOD mice. Gene Ther 2000; 7(24):2099-2104. 

277. Yang Z, Chen M, Wu R et al. Suppression of autoimmune diabetes by viral IL-10 gene transfer. J 
Immunol 2002; l68(12):6479-6485. 

278. Zipris D, Karnieli E. A single treatment With. IL-4 via retrovirally transduced lymphocytes partially 
protects against diabetes in BioBreeding (BB) rats. Jop 2002; 3(3):76-82. 

279. Chang Y, Prud'homme GJ. Intramuscular administration of expression plasmids encoding inter
feron- gamma receptor/IgG 1 or IL-4/IgGl chimeric proteins protects from autoimmunity. J Gene 
Med 1999; l(6):4l5-423. 

280. Prud'homme GJ, Chang Y. Prevention of autoimmune diabetes by intramuscular gene therapy 
with a nonviral vector encoding an interferon-gamma receptor/IgG 1 fusion protein. Gene Ther 
1999; 6(5):771-777. 

281. Piccirillo CA, Chang Y, Prud'homme GJ. TGF-betal somatic gene therapy prevents autoimmune 
disease in nonobese diabetic mice. J Immunol 1998; 161(8):3950-3956. 

282. Balasa B, Boehm BO, Fortnagel A et al. Vaccination with glutamic acid decarboxylase plasmid 
DNA protects mice from spontaneous autoimmune diabetes and B7/CD28 costimulation circum
vents that protection. Clin Immunol 2001; 99(2):24l-252. 

283. Jun HS, Chung YH, Han J et al. Prevention of autoimmune diabetes by immunogene therapy 
using recombinant vaccinia virus expressing glutamic acid decarboxylase. Diabetologia 2002; 
45(5):668-676. 

284. Efrat S, Serreze D, Svetlanov A et al. Adenovirus early region 3(E3) immunomodulatory genes 
decrease the incidence of autoimmune diabetes in NOD mice. Diabetes 2001; 50(5):980-984. 

285. Weiner HL, Friedman A, Miller A et al. Oral tolerance: Immunologic mechanisms and treatment 
of animal and human organ-specific autoimmune diseases by oral administration of autoantigens. 
Annu Rev Immunol 1994; 12:809-837. 

286. Polanski M, Melican NS, Zhang J et al. Oral administration of the immunodominant B-chain of 
insulin reduces diabetes in a cotransfer model of diabetes in the NOD mouse and is associated 
with a switch from Thl to Th2 cytokines. J Autoimmun 1997; 10(4):339-346. 

287. Bergerot I, Arreaza GA, Cameron MJ et al. Insulin B-chain reactive CD4+ regulatory T-cells in
duced by oral insulin treatment protect from type 1 diabetes by blocking the cytokine secretion 
and pancreatic infiltration of diabetogenic effector T-cells. Diabetes 1999; 48(9): 1720-1729. 

288. Prud'homme GJ, Chang Y, Li X. Immunoinhibitory DNA vaccine protects against autoimmune 
diabetes through cDNA encoding a selective CTLA-4 (CD 152) ligand. Hum Gene Ther 2002; 
13(3):395-406. 

289. Gainer AL, Suarez-Pinzon WL, Min WP et al. Improved survival of biolistically transfected mouse 
islet allografts expressing CTLA4-Ig or soluble Fas ligand. Transplantation 1998; 66(2): 194-199. 

290. Welsh N, Oberg C, Hellerstrom C et al. Liposome mediated in vitro transfection of pancreatic 
islet cells. Biomed Biochim Acta 1990; 49(12):1157-1164. 

291. Benhamou PY, Moriscot C, Prevost P et al. Standardization of procedure for efficient ex vivo gene 
transfer into porcine pancreatic islets with cationic liposomes. Transplantation 1997; 63(12): 1798-1803. 

292. Weber M, Deng S, Kucher T et al. Adenoviral transfection of isolated pancreatic islets: A study of 
programmed cell death (apoptosis) and islet function. J Surg Res 1997; 69(l):23-32. 

293. Csete ME, Benhamou PY, Drazan KE et al. Efficient gene transfer to pancreatic islets mediated by 
adenoviral vectors. Transplantation 1995; 59(2):263-268. 

294. Raper SE, DeMatteo RP. Adenovirus-mediated in vivo gene transfer and expression in normal rat 
pancreas. Pancreas 1996; 12(4):401-410. 

295. Saldeen J, Curiel DT, Eizirik DL et al. Efficient gene transfer to dispersed human pancreatic islet 
cells in vitro using adenovirus-polylysine/DNA complexes or polycationic liposomes. Diabetes 1996; 
45(9):1197-1203. 



42 Gene Therapy of Autoimmune Disease 

296. Giannoukakis N, Rudert WA, Ghivizzani SC et al. Adenoviral gene transfer of the interleukin-1 
receptor antagonist protein to human islets prevents IL-1 beta-induced beta-cell impairment and 
activation of islet cell apoptosis in vitro. Diabetes 1999; 48(9): 1730-1736. 

297. Muruve DA, Manfro RC, Strom TB et al. Ex vivo adenovirus-mediated gene delivery leads to 
long-term expression in pancreatic islet transplants. Transplantation 1997; 64 (3): 542-546. 

298. Becker TC, BeltrandelRio H, Noel RJ et al. Overexpression of hexokinase I in isolated islets of 
Langerhans via recombinant adenovirus. Enhancement of glucose metabolism and insulin secretion 
at basal but not stimulatory glucose levels. J Biol Chem 1994; 269(33):21234-21238. 

299. Giannoukakis N, Rudert WA, Trucco M et al. Protection of human islets from the effects of 
interleukin-1 beta by adenoviral gene transfer of an IkappaB repressor. J Biol Chem 2000. 

300. Kapturczak M, Zolotukhin S, Cross J et al. Transduction of human and mouse pancreatic islet, 
cells using a bicistronic recombinant adeno-associated viral vector. Mol Ther 2002; 5(2): 154-160. 

301. Shifrin AL, Auricchio A, Yu QC et al. Adenoviral vector-mediated insulin gene transfer in the 
mouse pancreas corrects streptozotocin-induced hyperglycemia. Gene Ther 2001; 8(19): 1480-1489. 

302. Uchikoshi F, Yang ZD, Rostami S et al. Prevention of autoimmune recurrence and rejection by 
adenovirus- mediated CTLA4Ig gene transfer to the pancreatic graft in BB rat. Diabetes 1999; 
48(3):652-657. 

303. Moriscot C, Pattou F, Kerr-Conte J et al. Contribution of adenoviral-mediated superoxide dismutase 
gene transfer to the reduction in nitric oxide-induced cytotoxicity on human islets and INS-1 
insulin-secreting cells. Diabetologia 2000; 43(5):625-631. 

304. Guo Z, Shen J, Mital D et al. Efficient gene transfer and expression in islets by an adenoviral 
vector that lacks all viral genes. Cell Transplant 1999; 8(6):661-671. 

305. Leibowitz G, Beattie GM, Kafri T et al. Gene transfer to human pancreatic endocrine cells using 
viral vectors. Diabetes 1999; 48(4):745-753. 

306. Ju Q, Edelstein D, Brendel MD et al. Transduction of nondividing adult human pancreatic beta 
cells by an integrating lentiviral vector. Diabetologia 1998; 4l(6):736-739. 

307. Giannoukakis N, Mi Z, Gambotto A et al. Infection of intact human islets by a lentiviral vector. 
Gene Ther 1999; 6(9):1545-1551. 

308. Mi Z, Mai J, Lu X, Robbins PD. Characterization of a class of cationic peptides able to faciUtate 
efficient protein transduction in vitro and in vivo. Mol Ther 2000; 2(4):339-347. 




