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1. ABSTRACT

For more than eighty years, insulin injection has
been the only treatment option for all type I and many type
II diabetic individuals. Whole pancreas transplantation has
been a successful approach for some patients, but is a
difficult and complex operation. Recently, it was
demonstrated that a glucocorticoid-free immunosuppressive
regimen led to remarkably successful islet transplantation.
However, both pancreas and islet cell transplantation are
limited by the tremendous shortage of cadaveric pancreases
that are available for transplantation. Therefore, a major
goal of diabetes research is to generate an unlimited source
of cells exhibiting glucose-responsive insulin secretion that
can be used for transplantation, ideally without the need for
systemic immunosuppression. The focus of this review is
on how gene therapy can be used in beta cell replacement
strategies. Gene transfer to beta cells as well as recent
advances in beta cell growth and development will be
discussed.

2. INTRODUCTION

The goal of diabetes mellitus therapy is to
maintain normoglycemia in the face of variations in dietary
intake. The Diabetes Control and Complication Trial
(DCCT) has shown that tight glucose control is necessary
in order to lower the incidence of diabetic complications.
However, tight glucose control by multiple insulin injection

leads to an increase in the number and severity of
hypoglycemic episodes due to the absence of an ideal
glucose sensing system coupled to insulin administration
(1). Although much effort has been devoted to the
development of an artificial glucose sensor, there are still
substantial technical obstacles that need to be overcome (2-
4). Thus, cell transplantation therapy may be the best
solution for the restoration of normal physiological glucose
control.

Pancreatic islet transplantation has been a subject
of study for the last thirty years (5). However, it was not
until the 1990’s that the first successful procedures were
reported (6). In 1996, the Islet Transplant Registry
estimated that only 6 percent of patients who received islet
transplantation in the years from 1990 to 1995 were free
from insulin treatment for up to a year (7). The reason for
this was thought to be due at least in part to toxic effects of
the immunosuppressive drugs, particularly steroids, on beta
cell function. Recently, it was shown that a glucocorticoid-
free immunosuppressive regimen allowed successful islet
transplantation in patients with type 1 diabetes who had a
history of severe hypoglycemia and metabolic instability
(8). Seven of seven patients maintained normal blood
glucose concentrations and glycosylated hemoglobin values
without exogenous insulin for an average of one year.  This
study represents a breakthrough since it demonstrated for
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Figure 1. Strategies for expanding human beta cells. 1)
Limited collagenase digestion releases islets from a
cadaveric human pancreas. 2) beta cells are induced to
divide using hepatocyte growth factor (HGF/SF) and a
complex extracellular matrix (ECM). 3) Retroviral vectors
are used to transfer growth stimulatory genes into the
dividing beta cells to create immortalized cell lines. 4&6)
Expanded primary cells can be induced to withdraw from
the cell cycle and differentiate by growing the cells as
aggregates in suspension and removing HGF/SF. 5&6)
Immortalized cell lines can be induced to withdraw from
the cell cycle and differentiate by deleting the growth
stimulatory gene using the cre-lox recombinase system and
growing the cells as aggregates. 7) Aggregated cells are
transplanted in vivo.

the first time that islet transplantation could consistently
cure diabetes. Larger scale clinical trials using a similar
protocol are in progress at an expanded number of islet
transplant centers around the world. However, to achieve a
cure for the millions of patients with insulin-dependent
diabetes, the lack of a sufficient number of cadaveric
donors, as well as the autoimmune and allograft rejection
after transplantation, have to be overcome.  Thus, there is a
need to generate an unlimited source of cells with glucose
responsive insulin secretion, ideally without requiring
systemic immunosuppression.

3. CELL TRANSPLANTATION THERAPY FOR
DIABETES

There is an imbalance between the supply and
demand for cadaveric pancreases to be used as a source of
tissue for transplantation in individuals with diabetes. In the
USA, there are ~30,000 new cases of type 1 diabetes each
year (9), as well as a considerable number of patients with
insulin dependent type 2 diabetes who might be candidates
for beta cell replacement. However, only ~5,000 brain-dead
organ donors are available each year, and just some of
these can be used as a source of pancreatic tissue (10). To
solve this problem, other sources of cells are being studied
as candidates for cell based diabetes therapy.

Beta cells from human or non-human sources are
the obvious source of cells for beta cell replacement
strategies. The use of xenogeneic beta cells, particularly
from pigs, is being studied intensively. Although the supply
of tissue would not be an issue, the potent xenogeneic
immune response and the potential for endogenous porcine
retrovirus infections would have to be overcome (11-15).

Human beta cells are an attractive source of tissue, but
require the ability to expand the limited amount of tissue in
vitro in order to treat the large number of insulin-dependent
diabetic patients “figure 1”. The expansion of primary beta
cells or beta cell lines in vitro has been the focus of many
studies (16-18). This is a challenge for a number of reasons.
First, the signals that trigger beta cell proliferation are
incompletely understood. Second, when beta cells are
induced to proliferate, they tend to lose differentiated
function. Finally, as will be discussed further below,
primary beta cells have a very limited in vitro lifespan.

Introducing the complex cellular machinery
involved in glucose-responsive insulin secretion in non-
beta cells represents another option for cell transplantation.
This approach has the advantage of providing flexibility
regarding the choice of starting cell but has the
disadvantage of needing to precisely understand and mimic
the incompletely understood machinery involved in
glucose-responsive insulin secretion. Therefore, the best
source of cells for a successful and widely applicable beta
cell replacement strategy is likely to come from human beta
cells or beta cell precursors.

4. PANCREATIC BETA CELLS FOR CELL
TRANPLANTATION

4.1. Xenogeneic beta cells
Xenotransplantation, the transplantation of

organs, tissues or cells between animal species, would
provide an unlimited number of beta cells. The pig has
been studied as the most suitable animal donor (19-22) and
the recent report of pig cloning may have a major impact
on the eventual success of xenotransplantation (23).
However, it is very difficult to obtain healthy adult pig
islets due to their poor survival in tissue culture (24,25). A
major problem with the use of pig organs for
transplantation is the phenomenon of hyperacute rejection,
mediated by preexisting antibodies to an alpha-galactosyl
xenoepitope in pigs. Although xenogeneic islets, unlike
vascularized solid organs, do not undergo hyperacute
rejection, they eventually undergo a delayed xenograft
rejection. Delayed rejection does not appear to be alpha-
galactosyl xenoepitope dependent (11-13), but is mediated
by other undefined xenoantigens (14). Another serious
concern regarding xenotransplantation comes from the risk
of an infection by endogenous porcine retroviruses that
have been shown to infect human cells in vitro and in vivo
(15,26). The breeding of pigs lacking the endogenous
retroviruses will be extremely difficult, since multiple
copies of the virus are integrated in the animal genome
(27).

4.2. Expansion of primary pancreatic beta cells and beta
cell precursors

Although beta cells are known to have a limited
capacity for replication, hepatocyte growth factor/scattered
factor (HGF/SF) in combination with complex extracellular
matrices stimulate adult beta cells and beta cell precursors
to proliferate (28,29). However, growth stimulation leads to
loss of differentiation, with a rapid decrease in insulin
expression (29,30). Moreover, primary beta cell expansion
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is limited to 10-20 population doublings, after which they
undergo growth arrest due to cellular senescence (29,31). It
has been demonstrated that expanded primary cells have
shortened telomeres, elevated levels of senescence-
associated beta-galactosidase, and increased expression of
the cyclin dependent kinase inhibitor p16 INK4a (32).

Beta cell precursors have been suggested as a source of
tissue for transplantation because they may have an
increased proliferative potential (33). However, this has not
yet been formally demonstrated. Furthermore, despite great
effort directed towards understanding the factors
controlling the growth and development of human beta cell
precursors, the identity of the physiologically relevant
factors remains unknown for the most part (28,34-36). In
vivo, the neogenesis of endocrine islets from ductal
epithelium has been described after various experimental
conditions such as 90% pancreatectomy, pancreas
wrapping in the rodent, (37,38) or when transplanted
together with fetal mesenchyme into nude mice (39). In
vitro, the neogenesis of endocrine islets from ducts with the
use of matrix and growth factors has been suggested as an
approach to human islet propagation in order to increase
the mass of endocrine tissue obtained from adult cadaveric
pancreases for transplantation (40). Recently, it was shown
that human ductal cells exposed to Matrigel and growth
factors could be directed to differentiate into islet endocrine
cells in vitro. Under these conditions, the formation of
structures that were called cultivated human islet buds
(CHIBs) was observed. While this is a promising
beginning, it is limited so far by the very limited yield of
differentiated cells (41).

Another possible source of cells is embryonal
stem (ES) cells, as they have the ability to differentiate in
vitro into different cell lineages (42-43). It has been shown
that an insulin-secreting cell clone from undifferentiated ES
cells normalized the glycemia in streptozotocin-induced
diabetic mice. The cell clone was obtained by expressing
and selecting for a construct with a neomycin dominant
selectable marker gene under the control of the human
insulin promoter. Surviving cells expressed the endogenous
insulin gene and were implanted into the spleen of mice
(44). However, 40% of the animals that achieved
normoglycemia after implantation developed
hyperglycemia 12 weeks after the transplant. Unfortunately
in the other 60% of the animals that remained
normoglycemic, the spleen was never removed to rule out
the possibility of pancreas regeneration. Moreover, it is not
clear how the immune response was controlled since no
immunosuppression or encapsulation was used.

Ramiya et al. have reported the formation of islet
cells generated in vitro from pancreatic ductal epithelial
cells isolated from adult non-obese diabetic (NOD) mice.
This study showed that pluripotent stem cells isolated from
the pancreatic ducts and maintained in long-term culture
were able to reverse insulin-dependent diabetes after
transplantation under the kidney capsule of diabetic NOD
mice (45). Because the kidney with the graft was not
removed, it is impossible to rule out the possibility that the
reversal of diabetes was due to the graft and not to

regeneration from autologous cells. It is interesting that,
although the transplanted cells came from pre-diabetic
NOD mice, the transplanted animals did not develop
diabetes. This is a very puzzling finding that, if
reproducible, raises the possibility that cultured islets cells
from an early diabetic patient could be transplanted back
into that patient without rejection.

 5. PANCREATIC DEVELOPMENT

As discussed above, the limited replication
capacity of mature beta cells makes beta cell progenitors
attractive candidates as a source of tissue for
transplantation. Using beta cell progenitors, particularly in
approaches where differentiation is induced in vitro,
requires that the process of beta cell growth and
development be well understood. The pancreas is generated
from the upper duodenal part of the embryonic gut via a
dorsal and ventral protrusion of the epithelium directly
posterior to the developing stomach. Both formation of the
pancreas and the small intestine from the embryonic gut are
dependent on intercellular signaling between the
endodermal and mesodermal cells of the gut (46-49).
Similar to the pancreas in general, pancreatic endocrine cell
development involves a complex interaction among
extracellular soluble factors, cell-matrix and cell-cell
interactions, which will ultimately act through transcription
factors. While there has been an explosion of new
information about this process, particularly in the
identification of transcription factors that promote and
maintain beta cell function, large gaps in our knowledge
remain. Filling in those gaps is a major priority of diabetes
research, as the genes encoding molecules important for
beta cell development are potential targets for gene therapy
to promote beta cell development from precursors both in
vivo and in vitro.

5.1. Secreted growth and differentiation factors
To develop new sources of insulin-producing

cells for transplantation, much attention has been devoted
to the extracellular signals that mediate endocrine cell
development. Studies in the chick have shown that
notochord can repress sonic hedgehog (shh) expression,
allowing for pancreatic differentiation through intercellular
signaling molecules, including activin beta B and fibroblast
growth factor 2 (50). Other lines of evidence also point to a
role for activins in pancreas development. Transgenic mice
expressing activin receptor mutants show hypoplasia of
pancreatic islets (51). Moreover, follistatin, the activin
binding protein, can mimic the repressive effects of the
mesenchyme on the differentiation of rat pancreatic
endocrine cells (52).

In some cases, activins have been shown to work
in concert with other factors to promote endocrine
differentiation. Betacellulin was originally isolated from a
mouse pancreatic beta cell tumor line and has been shown
to promote the proliferation of the rat insulinoma cell line
INS-1 (53). It is a member of the epidermal growth factor
(EGF) family and is expressed in the human pancreas (54).
It was shown that betacellulin and EGF receptor (EGFR)
expression are present in the human pancreas and that there
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is a disturbed formation of pancreatic islets in mice lacking
EGFR (54,55). Moreover, betacellulin has been shown to
be required for insulin gene expression in clonal alpha cells
transfected with the PDX-1 gene (56). Activin A and
betacellulin act synergistically to convert exocrine AR42J
cells to insulin expressing cells (57). This was also
observed when the exocrine cells were treated with activin
A and hepatocyte growth factor (58). However, in human
undifferentiated pancreatic epithelial cells, activin A and
betacellulin were shown to have distinct effects. Activin A
induced endocrine differentiation with an increase in
insulin expression while betacellulin promoted proliferation
(59).

Hepatocyte growth factor/scatter factor (HGF/SF)
is a mesenchyme-derived protein that acts on epithelial
cells through a membrane-spanning tyrosine kinase
receptor, c-met. HGF/SF and c-met gene expression are
highly expressed during early pancreas development, and
maintained at low levels during puberty and adult life (60-
62). Immunofluorescence studies have demonstrated co-
localization of the c-Met receptor protein with insulin-
containing cells in the islet. Furthermore, it has been shown
that HGF/SF is mitogenic to epithelial cells from the
human fetal pancreas (61). HGF/SF alone is also able to
convert pancreatic acinar AR42J cells into insulin-
producing cells (58). Moreover, HGF/SF overexpression in
the islet of transgenic mice leads to an increase in beta cell
proliferation, islet mass and to mild hypoglycemia (63). In
addition, HGF/SF was shown to increase the expression of
Reg, a protein implicated in pancreatic regeneration, in
human fetal islets (64).

Other factors that may play important roles in
endocrine growth and differentiation include prolactin,
which is a potent activator of islet cell growth in vitro (65)
and glucagon-like peptide 1 (GLP-1) and its more stable
analog exendin-4. GLP-1 induced AR42J cells to
differentiate into insulin, pancreatic polypeptide and
glucagon positive cells (66), and exendin-4 stimulated beta
cell replication and neogenesis in diabetic rats (67).
Moreover, activation of the GLP-1 receptor was shown to
act synergistically with the transcription factor PDX-1 and
cell-cell contact to activate insulin gene in a human beta
cell line (68).

5.2. Extracellular matrix and cell adhesion factors
It is known that tissue differentiation during

development depends on the expression of molecules that
regulate cell-cell and cell-matrix interactions (69,70). Cell
adhesion molecules from the CAM immunoglobin
superfamily and the calcium dependent cadherin family
have been shown to be important in the development of
pancreas (71,72). Moreover, connexin 43 gene expression
promoted insulin gene expression in rat insulinoma cells
(73). Extracellular matrix has been found to play a role in
ex-vivo expansion of human pancreatic endocrine cells
(28), although the signaling pathway involved has not been
identified. Cell-cell contact can induces differentiation in
pancreatic primary cells (30) and also in human pancreatic
cell lines when acting in synergy with the homeodomain
transcription factor PDX-1 (74).

5.3. Transcription Factors
Inducing beta cell differentiation from precursors

or extrapancreatic cells by the expression of transcription
factors that are necessary for beta cell development is one
of the possible approaches to gene therapy for diabetes.
There has been an explosion in our understanding of the
transcription factors that are involved in beta cell
development, but large gaps remain (75-80).

The homeodomain transcription factor PDX-1
(also known as IDX-1, IUF-1, STF-1, and IPF-1) is
expressed in the epithelium where pancreatic evaginations
appear (81). Homozygosity for mutations in the PDX-1
gene in mice and humans results in pancreas agenesis
(76,82). Although PDX-1 is not required for bud formation,
its absence compromises pancreatic epithelial proliferation,
branching and differentiation (75-80,83,84). In mature beta
cells, PDX-1 transactivates the insulin gene and other
fundamental islet cell genes as GLUT2, glucokinase, islet-
amyloid polypeptide (IAPP) and somatostatin (85,86).
Heterozygosity for mutations in the human PDX-1 gene
leads to maturity-onset diabetes of the young (MODY 4)
(87). Thus, PDX- plays a dual role, being essential early in
development for the development of the entire organ as
well as late in development for beta cell function. To test
the idea that PDX-1 might be a master regulator of beta cell
differentiation, an adenoviral vector was used to express
PDX-1 in rodent liver in vivo. While this resulted in the
generation of a small number of insulin-positive cells, the
origin of those cells and whether they exhibit glucose-
responsive insulin secretion is not yet known (88).

Transcription factors other than PDX-1 that are
important in beta cell differentiation and function cause
other forms of MODY. MODY 1 and 3 are caused by
mutations in hepatocyte nuclear factor (HNF)-4 alpha and –
1alpha, respectively; MODY 5 to mutations in HNF-1 beta.
MODY 2 is an outlier, being caused by mutations in the
glucose-sensing enzyme glucokinase (89-91). ISL1, a LIM-
homeodomain transcription factor, is important in pancreas
development. Mice lacking ISL1 do not develop the dorsal
pancreatic mesenchyme and have a failure of exocrine cell
differentiation in the dorsal, but not the ventral, pancreas.
There is also a complete loss of differentiated islet cells
(75). Genes of the Pax family are important for endocrine
pancreatic cell differentiation. Mice that are homozygous
for Pax 6 gene deletions have a reduced number of all
differentiated cell types and hormone production
(79,83,92). In contrast, Pax 4 gene knockout mice fail to
develop beta and delta cells associated with alpha cell
hyperplasia (78). Some of the NK-homeodomain
transcriptional factors have been shown to have a crucial
role in beta cell development. Nkx 2.2 (-/-) mice do not
have insulin cells and have a reduced number of glucagon
and pancreatic polypeptide secreting cells. Nkx2.2 is
required for the development of both the early insulin-
expressing cells and the later mature beta cells in contrast
to Pax4 and Nkx6.1 (80). Nkx 6.1 is expressed specifically
in beta cells and is activated when islet tumor cells assume
an insulin-producing phenotype (77,93). Studies in rats
demonstrated that Nkx6.1 is important in pancreatic
development and in mature insulin cell function (94).
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Recently, using transgenic mice doubly mutated in Nkx6.1 and
Nkx2.2, it was demonstrated that Nkx6.1 acts downstream of
Nkx2.2 in pancreatic beta cell development (95).

NeuroD/Beta2 is a basic helix-loop-helix (bHLH)
transcription factor expressed in pancreatic endocrine cells
as well as in the central nervous system (96,97). In
NeuroD/Beta2-deficient mice, the endocrine cells appear
with reduced number, especially beta cells (98). The
expression in the endocrine pancreas of genes such as
NeuroD/Beta2 that are also present in the nervous system
played a role in the mistaken suggestions that there may be
a common embryological origin for those cell types. Notch
signaling, which plays a critical role in neural development,
is important in the development of pancreatic endocrine
cells. Mice lacking the Notch ligand Delta-like gene
(1Dll1) (99) or the intracellular mediator Rpb-jk (100) have
an increased number of endocrine cells in the pancreas
(101). A similar phenotype was found in mice over-
expressing neurogenin 3 (ngn 3) or the intracellular form of
Notch3, a repressor of Notch signaling (102-103). On the
other hand, loss of neurogenin 3 function in mice results in
a complete absence of endocrine cell differentiation (104).
It has been demonstrated that the first step of pancreatic
epithelial cells towards an endocrine phenotype is
controlled by neurogenin 3. The bHLH proteins are
antagonized by the Notch pathway, partly due to a Hairy
and Enhancer-of-split/HES-type protein, Hes-1, which
encodes a bHLH transcriptional repressor (105). Mice
deficient in Hes1 have severe pancreatic hypoplasia due to
depletion of pancreatic epithelial precursors caused by
accelerated differentiation of post-mitotic glucagon-
expressing cells. Thus, Hes-1 acts as a negative regulator of
endodermal endocrine differentiation (106).

6. PANCREATIC ENDOCRINE CELL LINES

The generation of functional beta cell lines could
overcome the shortage of tissue for transplantation without
the need for complex matrices and growth factors to
stimulate in vitro expansion. Cell lines are a more
reproducible source when compared with islets and can be
modified by gene transfer in culture to further improve
their properties. There has been great interest in beta cell
lines from a basic science point of view, as they represent
an excellent tool to elucidate the mechanisms involved in
glucose responsiveness, insulin gene transcription and for
isolating pancreas-specific genes (107-109).

Significant progress has been made in developing
rodent pancreatic cell lines (107,108,110-112). Therefore,
most work with beta cell lines has been focused on mice,
rats and hamsters. The sources for those cell lines include:
spontaneous insulinomas (113), carcinogen-induced
insulinomas (114), oncogenic virus-induced insulinomas
(115-116), insulinomas induced by a combination of
carcinogen treatment and oncogenic viruses (115), and
insulinomas from transgenic mice expressing dominant
oncogenes, particularly SV40 T antigen under the control
of the insulin promoter (117-119). The most studied
pancreatic cell lines are those derived from a radiation-
induced, transplantable insulinoma found in inbred New
England Deaconess Hospital (NEDH) albino rats (114),

including the RIN (120), MSL (121), INS (110), and CRI
(122) series of cell lines.

While rodent cell lines have served as excellent
model systems in many ways, they do have some
limitations with respect to their usefulness in both basic and
clinical application. Rodent beta cells have some relevant
biologic differences when compared to human beta cells.
For example, there are reports that rodent and human beta
cells differ in their response to inflammatory cytokines
(123). There may be differences in the response to growth
factors such as HGF/SF (28,35,124,125). Rodents have two
copies of the insulin gene instead of the single human
insulin gene, and there are differences in pattern of gene
regulation compared to the human insulin promoter (126).
The GLUT 2 gene, which is a critical glucose transporter
on the surface of rodent beta cells, is expressed at much
lower levels in the human beta cell and may not be an
important glucose transporter in those cells (127,128).
These biologic differences and the problems with
xenogeneic transplantation have led to an increased interest
in developing human beta cell lines.

The development of human pancreatic endocrine
cell lines has been a difficult task (129-132). Unlike the
case with rodents, it has proven to be extraordinarily
difficult to develop cell lines from spontaneous human
insulinomas (129,133-138). Human pancreatic endocrine
tumors are rare and it has been shown to be difficult to
adapt primary human pancreatic endocrine tumors to
culture in vitro (139). Moreover, there is only a single
report of a cell line derived from a human insulinoma
(132). Thus, most of human beta cell lines development has
been made with the use of oncogenes to induce replication
of beta cells (129,130,140,141).

There are some advantages to using oncogenes as
an approach for cell line development. First, it is possible to
have some control over the starting primary cell from
which the cell line will be derived. Second, the oncogenes
used to develop the cell line are known, and thus able to
have defined and somewhat controllable effects on the
growth and differentiation of the resulting cell line. The
dominant oncogenes SV40 T antigen and H-rasval 12 have
been used to develop cell lines from human beta cells and
beta cell precursors (130,141,142). Although the
introduction of these oncogenes enables the cells to replicate
beyond their expected lifespan (143), they still face a
proliferative block known as “crisis”. This can lead them to
stop growing or to die. In order to overcome crisis, which is a
delayed form of cellular senescence (31), the strategy of
induction of telomerase activity in the cell lines by gene
transfer of the reverse transcriptase component of the human
telomerase (hTRT) together with the oncogenes was used and
has been shown to provide immortalization (31).

While the use of oncogenes to develop cell lines
leads to indefinite growth, it has profound effects on the
ability of the cells to differentiate. However, we have
shown that a human cell line, TRM-6, derived from human
fetal islets, is able to differentiate along the delta cell
lineage upon expression of the transcription factor PDX-1
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Figure 2. Light micrograph of human adult pancreas
immunostained for insulin (brown) (A), and of beta
lox5PDX aggregates exposed to exendin 4 in vitro for 4
days and transplanted under the kidney capsule of nude
mice. The graft was harvested after 4 weeks and
immunostained for insulin (brown) (B).

and promotion of cell-cell contact (74). Recently, we
showed that betalox5, a cell line derived from purified adult
beta cells can be induced to exhibit glucose-responsive
insulin secretion in vitro and in vivo (68) “figure 2”. This is
the first report of a functional human beta cell line and
provides proof of the principle that a human beta cell line
can be used for a cell-based therapy for diabetes.

One of the potential drawbacks of grafting
transformed and/or immortalized cell lines in vivo is the
risk of tumor formation. Both rodent (107,144) and human
(129,130,140,141) transformed beta cells have shown some
phenotypic instability and de-differentiation. This is due to
the fact that transformed cells may have their differentiated
functions turned off while turning on those functions
necessary to cell proliferation. Additionally, the phenotypic
changes may come together with the inherent genetic
instability of transformed cells. In order to solve this
problem, some approaches have been developed based in
the idea of turning oncogene expression off after sufficient
cell numbers have been obtained. To this end, conditional
promoters have been used to regulate the expression of the
SVT40 antigen oncoprotein in beta cells (145). The
promoter used was based on the bacterial tetracycline (tet)

operon (146). Other inducible promoters (140,141,145,147)
as well as the cre-lox recombinase system, which mediates
complete deletion of the introduced oncogenes
(31,148,149), have also been used to regulate oncogene
expression. Immortalized human hepatocytes had the
SV40T gene completely excised by cre-lox site-specific
recombination before transplantation into the spleen of rats
(150). The incorporation of “suicide” genes such as the
herpesvirus thymidine kinase (TK) gene to make cells
susceptible to killing with ganciclovir (151) has been used
to selectively eliminate cells that escape from growth
control (152,153).

7. GENE TRANSFER TO PRIMARY BETA CELLS

Gene delivery into primary beta cells has to meet
a number of requirements, including the expression of
transgenes within post-mitotic cells, the potential need to
target a specific cell type within the islet, and the need of
achieving an optimal duration of transgene expression.
Non-viral methods of gene transfer, such as calcium-
phosphate mediated transfection, are inefficient and limited
to delivery into actively proliferating cells in vitro. Several
kinds of viruses have been manipulated for gene transfer
and gene therapy applications and there are some
advantages and disadvantages regarding each system (for
review see (154). Adenoviral vectors do not integrate into
the host cell genome and can induce potent immune
response against structural proteins, leading to transient
expression (155), although they can infect non-dividing
cells efficiently. Conventional retroviral vectors cannot
infect non-dividing cells (156) but can stably integrate into
the host cell genome of dividing cells. More recently,
lentiviral vectors such as those based on the human
immunodeficiency virus (HIV), have been shown to infect
and express genes in both mitotic and post-mitotic cells
(157,158).

7.1. Transduction of pancreatic islets with vectors based
on DNA viruses
Adenovirus vectors have been used to transfer genes into a
variety of endocrine cells like pituitary cells (159), thyroid
cells (160) and beta cells. It has been shown that they can
transfer genes into pancreatic islets from different species
including pigs (161), rodents (162-164) and humans (165).
An adenoviral vector carrying the leptin gene have been
used to correct the phenotype of the ob/ob mouse, with
normalization of food intake, body weight, serum insulin
concentration and glucose tolerance (166). Experiments in
which Zucker rat pancreas was exposed to adenovirus
vectors containing the leptin receptor have shown
restoration of islet function (167). Intravenous injection of
adenoviral vectors carrying a modified proinsulin cDNA
resulted in insulin expression and a reduction in the blood
glucose in diabetic mice, but the insulin secretion was
constitutive, not glucose-responsive (168).

In vivo and ex vivo transduction of pancreatic
cells from rats or mice has been described after exposure to
recombinant adenovirus vectors encoding hexokinase I or
betagalactosidase (162,163). Direct in vivo approaches have
been tested in rats, using the pancreatico-biliary duct with
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Figure 3. Confocal microscopic analysis of cultured adult
human pancreatic cells infected with a lentiviral vector
expressing GFP (green) and immunostained for insulin
(red). Arrowheads indicate cells with colocalization of GFP
and insulin at low (A) and high (B) power.

transduction into the ductal epithelium, acinar cells and islets
(169). However, that was associated with pancreatitis and
determined only transient gene expression. Although infection
with adenoviral vectors does not have a direct effect on insulin
secretion, the vectors induce a potent inflammatory response in
both ex vivo (infection of islets prior to grafting) (170) and
after direct in vivo adenovirus vector-mediated gene transfer
(164,171). Antibody production against the transgene carried
by the vector is also a problem in some cases (164). Immune
response to viral antigens and transgenes is responsible to a
substantial degree for the reduction of transgene expression
that is commonly observed several weeks after infection with
adenoviral vectors (172). Nonimmunologic mechanisms may
also be involved since transient gene expression was observed
in pancreatic islets transplanted to nude mice (164). The
immune response generated against first generation (E1
deleted) adenoviral vectors has led to attempts to delete more
genes in the adenovirus genome in order to reduce endogenous
gene expression. New generations of so-called “gutless”
adenoviral vectors from which all viral genes have been
deleted represent a promising approach for in vivo gene
expression, but have not yet been applied to the pancreas (173-
175).

Adeno-associated viruses (AAV), members of the
parvoviridae family, have been used to transfer the leptin gene
to correct the endocrine dysfunction in ob/ob mice. This study
achieved long-term correction of body weight, food intake,
insulin and glucose concentrations, with a normal glucose
tolerance test (176). A recombinant AAV vector has been used
to infect the liver of diabetic mice with the rat insulin gene,
resulting in a decrease in serum glucose concentrations (177).
However, similar to the adenovirus studies, insulin secretion
was not glucose-responsive. An improvement on that approach
used an engineered single chain insulin driven from the
glucose-responsive pyruvate kinase promoter. Infection of
liver cells with a large amount of virus resulted in glucose-
responsive insulin secretion sufficient to substantially cure
diabetes in NOD mice, albeit with delayed kinetics compared
with secretion from beta cells (178).

7.2. Transduction of pancreatic islets with vectors based
on RNA viruses

Retroviral vectors derived from murine
retroviruses, particularly Moloney murine leukemia virus,
have been the most widely used gene transfer vectors,

particularly in human clinical trials (183). Recombinant
retroviral vectors lack all retroviral genes, which are
replaced with the marker and/or therapeutic genes. The
drawbacks of murine retroviral vectors include: the
inability to transduce non-dividing cells, random insertion
into the host genome, low titers, and the potential shut-off
of transgene expression over time. However, they can
mediate long-term transgene expression in humans, stably
transduce dividing cells, and do not express viral genes that
can trigger immune responses (184). Although Mo-MLV
retroviral vectors are not the best choice for in vivo gene
transfer to the endocrine system due to the low rate of
proliferation of most endocrine cells, they are useful for
transduction of a wide variety of cell types in vitro
including anterior pituitary AcT20 cells (185), thyroid cells
(186,187), and pancreatic cells (165).

To overcome some of the problems with the
murine vectors, particularly the inability to infect non-
dividing cells, vectors derived from lentiviruses are
becoming increasingly popular. The human
immunodeficiency virus (HIV) is the best known lentivirus.
Unlike murine retroviral vectors, lentiviral vectors can
infect non-dividing cells such as beta cells and integrate
into the cell genome. They share with murine retroviral
vectors the advantage of being relatively non-immunogenic
compared with adenoviral vectors (157,158,188). In a study
comparing different viral vectors for their ability to infect
human adult and fetal pancreatic endocrine cells infection,
lentiviral vectors infected a higher percentage of pancreatic
beta cells when compared with murine retroviral vectors
“figure 3” (165,189). Recently, a lentiviral vector was used
to deliver and express significant levels of soluble
interleukin-1 receptor antagonist protein in intact islets.
There was no impairment of glucose stimulated insulin
secretion following lentiviral infection of islets (190).

7.3. Nonviral Gene Transfer to Pancreatic Islets
Gene delivery using nonviral systems is generally

thought of as safer than using vectors derived from
pathogenic viruses (172). However, non-viral methods are
almost invariably less efficient than viral vectors (191). A
variety of non-viral methods of gene transfer have been
applied to islet cells, including calcium phosphate
coprecipitation (129), and mono- and polycationic lipids
such as lipofectin and lipofectamine (192,193). Lipofection
is a simple and relatively non-toxic technique that can lead
to the expression of a transgene in approximately half of
cells from rodent and human islets when the islets were
dispersed in a single cell suspension (192). Less common
nonviral delivery approaches like electroporation and
biolistic transfection have been tested in pancreatic islets
(for review see 16). However, there is no apparent
advantage when comparing these methods with lipofection,
which is a simpler and more efficient technique.

8. ENGINEERING OF GLUCOSE RESPONSE IN
NON-BETA CELLS

The scarcity of donors for transplantation and the
risk of a recurrent autoimmune response to transplanted
islets are the two main reasons why non-beta cells have
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been studied as a source of tissue for cell-based therapy for
diabetes (194-197). The major obstacle to this approach is
the need to reproduce beta cell function in non-beta cells,
particularly the process of proinsulin synthesis, processing
and storage in secretory granules, followed by secretion in
response to glucose. Preproinsulin cDNA can be expressed
in non-beta cells using cell-specific promoters (198-200).
However, non-beta cells, unlike neuroendocrine cells, do
not express the specific endopeptidases necessary to cleave
proinsulin into mature insulin. To solve this problem, the
cleavage site of the proinsulin can be modified so that it
can be cleaved by the ubiquitous endoprotease furin
(201,202). To reduce the complexity of having to engineer
all of the complex machinery involved in glucose-
responsive insulin secretion, cells such from the pituitary,
adrenals, and liver, that possess at least some of the
characteristics of beta cells, such as regulated secretion,
have become the most studied candidates for insulin gene
therapy.

8.1.  Neuroendocrine Cells
Neuroendocrine cells such as those found in the

pituitary and adrenals possess the secretory machinery
needed for a regulated secretion of polypeptide hormones
in response to external stimuli. Due to the expression of
prohormone convertases (PC) 2 and 3, some of these cells
can process proinsulin to insulin without any further
genetic manipulation.

Many of the studies using neuroendocrine cells as
a target for insulin gene therapy have been performed in
AtT20, a neuroendocrine cell line derived from a mouse
pituitary corticotroph tumor (198,203). AtT20 cells express
PC2, PC3 (204) and glucokinase (205), but no GLUT-2.
Transfection of the proinsulin gene allowed AtT20 cells to
secrete insulin (206-209). Despite storing and secreting
processed insulin, these cells did not exhibit glucose
responsiveness (205,206,209). The expression of GLUT-2
in AtT20 cells was shown to establish glucose-responsive
insulin secretion, but with insulin levels below the
magnitude required physiologically (206,210). Moreover,
diabetic animals transplanted with these cells developed
Cushing’s syndrome due to concomitant ACTH production
(211). Recently, recombinant adenoviruses carrying
GLUT2 and the islet isoform of glucokinase were delivered
into intermediate lobe pituitary cells transfected with the
insulin gene. This resulted in insulin secretion sufficient to
cure diabetes in NOD mice (212). However, the insulin
secretion was not glucose-responsive.

8.2. Hepatocytes
Hepatocytes express elements of the glucose-

sensing machinery such as glucokinase and GLUT2, and
respond to extracellular glucose levels. This property
makes them an attractive target for gene therapy for
diabetes. However, hepatocytes do not possess the
regulated secretory pathway, and when the preproinsulin
gene is expressed in them, exhibit constitutive secretion of
proinsulin, with no mature insulin production (196,200).
Efficient conversion of proinsulin to insulin was achieved
with the introduction of the endoproteases PC2 and PC3

(213,214), and with the modification of the proinsulin
cleavage sites into furin-cleavable sites (201,202,215).

Recombinant-adenovirus-mediated gene transfer of
PDX-1 in vivo to the livers of BALB/C and C57BL/6 mice
resulted in activation of the endogenous genes for mouse
insulin 1 and 2, as well as the PC 1 and PC 3. This ameliorated
hyperglycemia in streptozotocin-induced diabetic mice,
although the subpopulation of liver cells that responded to this
trans-differentiation is not fully characterized and may not
even be hepatocytes (88).

Because glucose-induced insulin secretion through
the regulated secretory pathway has been so difficult to
reproduce in non-beta cells (177,196,215-217), there has been
interest in using glucose-sensitive transcriptional response-
elements coupled to constitutive insulin secretion to mimic
beta cell function. Hepatocytes express a number of genes
containing glucose-responsive promoters, including the
phosphoenolpyruvate carboxykinase (PEPCK) and pyruvate
kinase promoters (178,218,219). However, relying on
transcriptional responses to control insulin secretion has a
number of drawbacks, including delayed kinetics as well as
complex responses to other factors that modulate transcription
of the promoter, such as glucagon and cAMP in the case of the
PEPCK promoter.

9. PERSPECTIVE

Cell-based therapy for diabetes has been the subject
of intense interest over the past two decades. Its successful
achievement would represent a cure for diabetes, with the end
of the injections, glucose monitoring, and dietary restrictions
required to maintain metabolic homeostasis and eliminate the
extremely serious complications of the disease. Many years
have been dedicated to the development of islet transplantation
as a therapeutic option. The impressive results reported from
University of Alberta, Canada (8) have brought a new light to
the field of beta cell replacement. Unfortunately, the limited
supply of primary tissue is still an obstacle to be overcome and
is one of the most important targets of gene therapy for
diabetes. The complexities involved in the beta cell machinery
have made the engineering of non- beta cells an extremely
difficult task. Despite some important achievements in the ex-
vivo expansion of primary beta cells, our understanding of beta
cell biology is not yet sufficient to move this approach into the
clinic. The development of beta cell lines represent a very
promising approach but has to overcome technical challenges
and the potential risks of the growth stimulatory genes used in
the process. Creating beta cells from pancreatic or other stem
cells has great promise but is likely to require a greatly
improved understanding of the process of beta cell growth and
differentiation. Overall, the key to developing an effective beta
cell replacement therapy for diabetes increasingly seems to
rely upon a better understanding of the process of beta cell
growth and development.
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