
Diabetes mellitus affects approx 17 million
people in the United States (approx 6.3% of
the entire American population) and based on
this scenario its prevalence is increasing to
likely epidemic proportions by 2050 (1). On
the basis of recent data, the disease accounts
for about one sixth of all expenditures for
health care (2). In type 1 diabetes, the beta
cells of the pancreas fail to produce enough

insulin to meet the body’s demand because
the immune system selectively inhibits the
function and then destroys the islet beta cells
(3). Type 1 diabetics, therefore, must manage
their disease by following a regulated-diet,
exercise plan, and replacing insulin by daily
injections or insulin pump. While insulin
replacement has drastically improved the
lifespan of diabetics, its administration fails to
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mimic its physiologic regulation and that of
glucoregulation in the body. Although multi-
ple clinical trials have shown that insulin
replacement can delay the life-threatening
complications of diabetes, it by no means can
be considered a cure.

Given the pivotal role of beta cell mass in
determining whether an individual will
progress to type 1 diabetes (3), serious efforts
have been under way for 20 yr to identify
alternative means of improving glycemic con-
trol in diabetic patients. The major advance
that is now clinically acceptable and, to a
degree, successful, offering a potential cure
for type 1 diabetes is the transplantation of
islets of Langherans (4). Islet transplants,
however, are limited by the availability of
donors and their initial function following
transplantation is challenged by apoptotic cell
death that generally occurs during the isola-
tion process and immediately following trans-
plantation. Furthermore, transplant patients
have to receive long-term—probably life-
time—immunosuppression therapy with all
its associated side-effects.

A considerable number of studies demon-
strate the feasibility of using viral gene deliv-
ery vehicles to import transgenes into intact
islets ex vivo with the aim of facilitating their
transplantation, function, and resilience
against alloimmune rejection and autoim-
mune impairment/destruction (5–8). The
transgenes fall into three broad categories:
those that encode soluble proteins interacting
with infiltrating immune cells, those that
encode intracellular prosurvival/antiapoptotic
proteins, and those that encode differentiation
factors for beta cell progenitors. At the other
end of the spectrum are methods that rely on
systemic production of factors that promote
immune cell regulation (either by enhancing
the number and activity of regulatory T cells
or by attenuating the effects of antigraft
immune cells, for example). We have recently

published a list of transgenes successfully
employed to date in facilitating islet allograft
survival and/or promoting networks of
immune cell hyporesponsiveness to allografts
or autoimmunity suppression (reviewed in
refs. 5–8).

Perusing those studies, it is obvious that the
most widely used gene vectors are adenovirus
(Ad) and adeno-associated virus (AAV). The
former transfer vehicle is often E1-deleted
and in some instances E1- and E3- or E1/E4-
deleted (9–17). The question raised by many
is whether it is prime time to begin testing
these vectors in safety trials in humans.

There are two key concerns that previous
safety trials in humans raise: vector toxicity to
transduced tissue and anti-vector responses
(9–17). These two concerns are crucial for
attempts to administer transgenes systemi-
cally in humans. We believe, however, that ex
vivo transduction of cells and tissues fol-
lowed by transplantation, may not carry the
risks and dangers associated with systemic
administration. First, the ex vivo approach
involves considerable washing of the vector
along with cells that may be apoptotic and
dysfunctional. This has the twofold effect of
removing much of the non-specifically adher-
ent vector that has not been internalized and
removes the “danger” signals that the host
immune system sees in apoptotic cells of
allogeneic origin. Therefore, we propose that
ex vivo transduction of allogeneic islets of
Langerhans with adenoviral vectors is ready
for prime time.

AAV, on the other hand, offers additional
attractive features in that some serotypes are
less immunogenic than others and certainly
less so than adenoviral vehicles (18–31). The
possibility of AAV integration into the host
genome is also an attractive feature that could
ensure long-term transgene persistence in vivo
following transplantation of ex vivo–engi-
neered islets of Langerhans for example.
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Although limited, recent studies are begin-
ning to confirm the utility of direct intrapan-
creatic vector administration for diabetes
therapy, originally reported a decade ago (32)
and improved more recently (33–35). Along
these lines, a recent study by Bosch and col-
leagues (36) is important in two respects.
First, it confirmed those few early reports
(32,37,38) demonstrating that direct in vivo
delivery of a viral vector into the pancreas
achieves reasonable transduction of pancre-
atic cells (that may include potential stem
cells developing into endocrine cells) and
second, and most importantly, it should raise
serious considerations that it is time for the
field to move away from mice and into larger
animals. Embedded in the study by Bosch and
colleagues is preliminary reassurance that
adenoviral vector transduction of the endoge-
nous pancreas may not be associated with the
inflammatory and toxic effects shown in a
plethora of liver-directed gene therapies and
the Gelsinger case a few years ago (39,40). It
is no secret that the immune system, the bio-
chemistry, and the physiology of mice and
man are not identical. Extrapolating thera-
peutic success from mouse models to humans
can be misleading without an intermediate
step of testing the therapy in large animals. In
fact, it may be time to consider completely
bypassing rodents, when the in vitro data are
overwhelmingly convincing.

Transplantation of gene-modified islets
and direct intrapancreatic gene transfer fall
inside this category of “rodent-bypassing”
lines of investigation. Chemical immunosup-
pression required to prevent allogeneic islet
rejection has been directly implicated in beta
cell functional impairment (41–43) and sig-
nificantly impedes the immune capacity of
the recipient at a systemic level. Gene-engi-
neered islets may offer local immunoregula-
tory effects without impairing the immune
system systemically, although this has not yet

been completely and convincingly formally
proven. Furthermore, islets may be engi-
neered in such a way as to direct local
immune hyporesponsiveness in addition to
providing trophic stimuli for endocrine stem
cell differentiation, especially if the trans-
plant is placed inside a site with endocrine
stem cell potential. Direct intrapancreatic
administration of gene vectors may not result
in as precise a distribution of transgene prod-
uct as that produced by a transplant, but it
offers the potential for minimal trauma to the
transduced tissue (unlike ex vivo transduced
islets which are often infected by many par-
ticles per cell). In this context, large animals
offer procedural ease; the liver of a rhesus
monkey is considerably larger than that of a
mouse, and monkey pancreata are more read-
ily manipulatable.

New accumulating evidence suggests that
once autoimmunity is abrogated the endocrine
pancreas properties may be sufficient to allow
the physiological regenerative process to
restore endogenous insulin production (44–48)
even after the disease has become clinically
manifest (49–52). The physiologic regenera-
tive potential of the endocrine pancreas seems
to be still quite high immediately after (or very
close to) the onset of the disease when, in gen-
eral, there still are some insulin-producing
cells able to secrete sufficient insulin to make
C-peptide testing possible, i.e., over the
minimum level detectable by the appropriate
assays (53). In the mouse and possibly in the
monkey (e.g., cynomolgus), the regenerative
process seems to take more than 3 mo to sub-
stitute enough beta cells to allow the detection
of an influence on the control of the glycemia
of the animal. Even at this point in time, both
of these animals do not yet have perfect con-
trol of the glycemia, because intravenous glu-
cose tolerance tests (IVGTTs) are still far
from normal. However, this result would
already constitute a great advantage for the
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diabetic patient, even if we do not know for
sure whether, at a longer time after clinical
onset, the reparative process may still work
and at the same speed observed immediately
after onset. Preliminary studies in animals
seem to indicate that the regenerative process
works proportionally more slowly as the time
from onset of the disease increases (54). In
Fig. 1, we show the regenerative process at
work in diabetic rhesus monkeys.

To help the system to activate the regener-
ative process or to speed up a possibly very
slow physiologic recovery, even after pro-

tracted diabetes insulin therapy, it would be
useful to test different factors that have been
proven to be efficient in better achieving this
goal (55,56). For other factors, like PAX4 (57),
HGF (58), IGF-1 (59,60), or GLP-1 (61), the
insulin promoter should be used to construct
the cassettes eventually introduced into the
vector. In a recent study (35), the capacity of
adeno-associated-virus (AAV)–mediated pan-
creatic gene transfer was reexamined using the
recently available novel serotypes of AAV
coupled with an improved double-stranded
AAV vector DNA cassette, which facilitates
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Fig. 1. Regeneration of endocrine tissue in the pancreas of diabetic rhesus monkeys. Pancreata from
normal (top row) or streptozotocin-induced diabetic rhesus monkeys (second and third row) were
obtained, fixed, sectioned, and then stained with antibodies specific for proinsulin (green), GLUT-2 glu-
cose transporter (red), and cytokeratin-19 (CK19)—a marker of ductal epithelium from which endocrine
progenitor cells appear to arise (blue). Magnification 40×. Co-staining of all three proteins in diabetic pan-
creata and co-localization of cytokeratin-19 and proinsulin along with GLUT-2 (beta cell-specific glucose
transporter) suggests a common origin of insulin-producing cells from a ductal epithelial progenitor in a
regenerative process.
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rapid and stronger transgene expression (62).
It has been shown that robust and long-term
gene transfer can be achieved by these vectors
in the vast majority, if not all, of the islets.
Gene transfer efficiency and vector distribu-
tion in the islets are determined by the choice
of AAV serotype vectors, as well as by the
delivery methods. The pancreatic exocrine
acinar cells are highly susceptible to AAV8
infection. To minimize the unwanted gene
transfer to non-endocrine pancreatic and non-
pancreatic tissues seen after ip or iv delivery,
we explored a topical route by retrograde
delivery into the pancreatic duct, similar to the
ERCP (endoscopic retrograde cholangio-pan-
creatography) technique commonly used in
patients with pancreatitis. Because the pan-
creatic beta cell is, by definition, the most
important target in gene transfer and therapy
for diabetes, we explored the use of the insulin
promoter to minimize non-specific transgene
expression in unintended cells, such as the
pancreatic acinar cells and those beyond the
pancreas. As expected, 2 wk after delivery of
AAV8-insulin-promoter-GFP vector in adult
mice, strong GFP expression was readily

detected exclusively in the islets, but not in the
exocrine acinar cells (35).

In the rapidly shifting priorities of research
support for diabetes, translational research
toward therapy has not kept pace with the
explosive discoveries in the field of molecular
investigation. This is most true for gene therapy
for diabetes. Third and fourth generation viral
vectors are now available with low-to-zero
potential for immunogenicity. A large array of
transgenes awaits to be transferred into islets
for subsequent transplantation and/or directly
injected into the pancreas to promote the sur-
vival of residual beta cell mass and to direct the
differentiation of stem cells into endocrine
cells in situ. The mouse will always serve its
function as the proving ground; however, the
large animal will validate this proving ground.
In this regard, the study by Bosch and col-
leagues (36) should at the very least challenge
the diabetes gene therapy community to seri-
ously consider bypassing the mouse, when it is
obvious that a large animal model offers a
physiologic and immunologic environment
closer to humans and a rational host for human-
directed therapies.
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