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Ischaemia is linked to inflammation and induction of angiogenesis
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Summary

B-cell replacement is the only way to restore euglycaemia in patients with
type-1 diabetes. Pancreatic tissue, processed for subsequent clinical islet
transplantation, is exposed to ischaemia causing injury and death in a large
number of islets before and after transplantation. In this review we summa-
rize what is known on the sources of environmental stress for pancreatic islets,
such as insufficient oxygen supply during pancreas procurement and in cul-
ture prior to intraportal transplantation, nutritional and oxygen deprivation
during the isolation process, and the consequences of hyperglycaemia. An
increasingly recognized role in the modulation of B-cell function and these
environmental stress factors plays the vascular network of the pancreatic
islets. Islet revascularization by angiogenesis is relevant for the survival of the
graft subsequent to transplantation. Potential strategies offered by therapeu-
tic induction of revascularization to ameliorate the detrimental impact of
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Introduction

Clinical diabetes is associated with progressive loss of the
insulin producing B-cells of the endocrine pancreas. Type-1
diabetes is an autoimmune disease characterized by activa-
tion of the Thl-phenotype, lymphocytic infiltration of
pancreatic islets, and programmed cell death of [-cells.
Death of the pancreatic B-cells is associated with hyper-
glycaemia which is the main determinant of chronic vascu-
lar complications in people with diabetes. Intensive insulin
therapies reduce the onset and progression of diabetic com-
plications but they are related to an increased risk of life-
threatening hypoglycaemic episodes. B-cell replacement is
the only way to restore euglycaemia and ameliorate the
progression of diabetic complications. Pancreas or pancre-
atic islet transplantation are such strategies to treat patients
with type-1 diabetes, since if successful could provide a
cure for the disease. The transplantation of isolated islets
represents a minimal invasive approach for B-cell replace-
ment and recently developed protocols enhanced the short-
term success rate of islet transplantation [1]. However,
there is still a lack of metabolic capacity in islet transplants
in the long run which cannot even be compensated by
transplantation of a massive amount of islets. This

these factors on the quality of islet transplants are discussed.
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phenomenon must be mainly attributed to detrimental
nutritional and inflammatory conditions against which
pancreatic islets possess no significant means of protec-
tion. In particular, delayed and insufficient islet revasculari-
ziation can deprive newly transplanted islets of oxygen,
resulting in permanent cell death and contributing to early
graft failure.

Inflammatory molecules, such as FasL and cytokines like
IL-1B, TNF-a. and IFN-gamma have the potential to dam-
age B-cells [2,3]. They promote insulitis and B-cell destruc-
tion in autoimmune diabetes together with nonspecific
toxic molecules, such as reactive oxygen species (ROS). ROS
will cause DNA damage in B-cells which by activation of
repair enzymes will compromise ATP production in the
cells [4].

Glucose in chronic excess causes toxic effects on structure
and function of organs, including the pancreatic islet. Mul-
tiple biochemical pathways and mechanisms of action for
glucose toxicity have been suggested including protein kinase
C activation, hexosamine metabolism, and oxidative phos-
phorylation. Glucose metabolites traveling along these path-
ways were found in relation to P-cell damage. These
pathways have in common the formation of ROS that over
time, result in chronic oxidative stress, which in turn causes
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defective insulin gene expression, reduced insulin secretion,
and increased apoptosis of B-cells.

Pancreatic insulitis was described to be linked to increased
blood flow in islets [5]. Inflammatory tissue is prone to
induce new vessel formation in different diseases, such as
bacterial infection of skin wounds, rheumatoid arthritis, and
cancer [6-8]. On the other hand, islets transplanted into a
syngenic environment do not induce sufficient angiogenesis
to ensure optimal oxygen supply [9]. Transplanted islets
seem to suffer from chronic oxygen deficiency [10]. Hypoxia
and inflammation both are inhibiting factors for the success
of pancreatic islet transplantation. They are also mechanisms
driving angiogenesis of pancreatic islet grafts.

In this review we want to present links between the differ-
ent stress factors, inflammatory, nutritional and hypoxic
stress of pancreatic B-cells and endothelial cells with a par-
ticular focus on the consequences for islet transplantation.

Sources of nutritional and inflammatory stress

In response to short periods of hypoxia, cells adapt to low
oxygen by different strategies. Cell activities demanding high
amount of ATP are decreased to conserve energy for main-
tenance of essential elements for survival. Oxygen delivery is
increased and glycolysis is enhanced by induction of genes
that are associated with angiogenesis and glucose metabo-
lism. Hypoxia activates survival pathways if cells are threat-
ened by damage and death [11]. If hypoxia exists persistently,
death programs will be finally activated. Although it has been
already speculated that apoptosis or necrosis secondary to
hypoxia contributes to islet loss after transplantation, there is
lacking clarity about the regulating mechanisms in an islet
graft.

Islets represent approximately 1% of the pancreatic tissue
but receive more than 15% of the total pancreatic blood flow
[12]. When islets are isolated the capillary network necessary
for blood supply is destroyed and cultured islets are supplied
with oxygen and nutrients solely by diffusion from the
medium. Isolated islets cultured under hypoxic conditions
show a zone of central necrosis (Fig. 1). Hypoxic damage in
cultured islets depends on different factors, such as depth of
the culture vessel, seeding density of the islets, islet size, and
synergistic nutrient deprivation [13]. Central cell death in
large islets also correlates with the depletion of the intracel-
lular ATP content which significantly deteriorates glucose-
stimulated insulin release and morphological viability [14].

Prior to necrosis of B-cells hypoxia can result in increased
expression of NFkB and genes associated with apoptosis and
the stress response (unpublished observations). Experiments
in human islets suggest that ischaemia induces general
inflammatory responses which include the expression of
gene products such as tissue factor and MCP-1 [15]. MCP-1
is known for its potent chemotactic activity for monocytes
whereas the expression of tissue factor was identified as the
main trigger of an instant blood-mediated inflammatory

Fig. 1. Dead cells in human islets cultured at normoxia and hypoxia

Human islets were cultured under (a) normal air or (b) 2% oxygen for
24 h following overnight culture after isolation. Propidium iodide only
penetrates cells with incomplete membranes and stains them red while
Hoechst probe enters all cells freely (blue). Photos were taken by Yi Lai.

reaction, a significant mediator of hyperacute islet destruc-
tion [16]. Production of these proteins correlates with a neg-
ative outcome after islet transplantation.

Of interest, the members of stress and apoptotic-related
genes are highly involved in the regulation of survival of islet
cells under hypoxia. Stress proteins HSP32 and HSP70 can
assist recovery from cellular damage and protect cells from
subsequent stress. The HSP70 family is involved in the pro-
tection of proteins from denaturation and also helps to
refold denatured proteins [17]. Overexpression of HSP70 in
rat and human islets provided resistance against injury
caused by NO [18]. The expression of HSP 70 in islets of dia-
betes-prone BB rats was diminished compared to diabetes-
resistant rats [19]. HSP32 plays a key role in protection of
islets against damages. HSP32 is highly inducible under a
variety of conditions associated with oxidative stress [20].
HSP32 mediated protective responses of rat islets against IL-
1B protects pancreatic B-cells from apoptosis induced by
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various stimuli and improved in vivo function after trans-
plantation [21].

Moreover, hypoxia is clearly involved in apoptosis and
regulates apoptotic signalling pathways in a complex way
[22]. The critical regulators of the intrinsic pathway of apop-
tosis are the Bcl-2 family members. Bcl-2 and Bcl-xl are
antiapoptotic proteins that can keep mitochondrial integrity
and avoid the release of cytochrome C that activates the
caspase cascade. Bax and Bad are proapoptotic proteins that
can induce the release of cytochrome C from the mitochon-
dria. High glucose influences the expression of Bcl-2 family
members in human islets [23]. Bax mRNA, but not Bcl-2
mRNA, was expressed at a higher level in islets compared
with spleens, which makes islets susceptible to apoptosis.

The supply of oxygen is essential for an adequate cellular
energy generation. Maintenance of the aerobic mitochon-
drial ATP synthesis through continuous oxygen supply dur-
ing cold storage preserves cellular and metabolic viability
during prolonged ischaemia. In particular, the protection of
mitochondrial integrity is essential to prevent activation of
the cytochrome pathway promoted by increased Bax expres-
sion after prolonged ischaemia [24].

At higher glucose concentrations normoxic rodent islets
clearly prefer mitochondrial glycolysis whereas low concen-
trations of glucose stimulates both the aerobic as well as the
anaerobic pathway [25]. In an hypoxic environment lactate
production is increased in glucose-stimulated islets suggest-
ing that the interrelation of respiratory and anaerobic path-
way of glucose breakdown depends on the ambient oxygen
concentration [26].

Considering the enormous demand for blood supply and
the preference for aerobic glucose metabolization it seems
questionable whether islets can adequately adapt to hypoxia
at all. Increasing oxygen tension in the culture atmosphere
could represent a simple possibility to overcome insufficient
oxygen supply to cultured islets. But attempts to decrease the
immunogenicity of isolated rat islets by exposure to a high
oxygen atmosphere resulted in complete islet disintegration
within 4-5 days of culture [27]. Up to now no studies have
been performed do define the highest nontoxic oxygen pres-
sure for improving oxygen delivery in cultured islets.

Pancreatic ischaemia will result in the temperature-
dependent activation of endogeneous proteases and nonpro-
teolytic enzymes. Normothermic ischaemia will activate
these enzymes within a shorter period than cold ischaemia
[28]. During enzymatic pancreas digestion oxygen tension
will decrease. At the end of the isolation procedure an anoxic
level is reached resulting in severe depletion of islet ATP
content. This can be efficiently counteracted by the supple-
mentation of preoxygenated perfluorocarbon and the simul-
taneous administration of ATP precursors during pancreas
dissociation [29]. Whether this recently published procedure
is feasible for human islet isolation needs further evaluation.

Another aspect in regard to transplantation is function
rates of pancreases derived from brain-dead donors are

Environmental stress for pancreatic islets

inferior in comparison with living related or unrelated
donors. Injury of the central nervous system is a trigger of a
cascade of proinflammatory events accompanied by the
time-dependent release of cytokines into the serum and acti-
vation of T-lymphocyte and macrophage-associated cytok-
ines in the pancreas [30]. After activation of endothelial cells
and enhanced expression of molecules for adhesion and
costimulation the infiltration of leucocytes is observed [31].
This does not only result in a loss of organ quality for islet
isolation but also in enhanced immunogenicity as indicated
by increased expression of class I and II major histocompat-
ibility antigens. Further, islets from brain-dead rats were also
found to be immunologically highly activated characterized
by enhanced expression of cytokines and MCP-1 [32].

Destruction of the natural microenvironment

In their natural environment islets are integrated in hetero-
geneous tissue mainly composed of acinar, ductal, vascular
and nerval cells. Although the metabolic function of the
individual components of the pancreas are well defined, the
importance of an intact environment for proliferation, dif-
ferentiation, and regeneration of islets has recently become
more evident.

Following islet isolation the enzymatic digestion by pro-
teolytic enzymes, such as collagenase results in the dissocia-
tion of islet-attached acinar and ductal tissue. A component
of crude collagenase is endotoxin, a proinflammatory sub-
stance which is related to poor islet engraftment [33]. It was
demonstrated that endotoxin is a significant trigger of
inflammatory reactions involving intraislet cytokine produc-
tion, inhibition of insulin secretion and apoptotic cell death
[34,35].

Newly transplanted islets are vulnerable to ischaemia-
reperfusion injury, an adverse event that can also cause
inflammation and induce cellular apoptosis. Recent data
show that tissue factor plays a causative role in triggering a
instant blood-mediated inflammatory reaction when islets
come into contact with blood [36]. Moreover, it was dem-
onstrated that the expression of a number of cytokines
including 11-6, 1I-8, and MCP-1 is markedly elevated in
freshly isolated human islets, coinciding with partially
impaired insulin secretory function in islets before trans-
plantation [37]. Collectively, these factors account for the
observation that most functional losses of islet mass ensue
during early post-transplant phase [38].

The isolation of islets is believed to be accompanied not
only by the reduction of immunogenic connective tissue but
also by the depletion of growth factors. This could be of rel-
evance for the absence of a trophic interaction between islets
and ductal epithelium which is believed to be essential for
regeneration and repair of islet cells [39]. Recently, a positive
correlation was observed between metabolic outcome in islet
graft recipients and the amount of ductal tissue cotrans-
planted with allogenic human islets [40].
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The loss of peripheral islet cells during poorly controlled
pancreas digestion is a consequence of the enzymatic
destruction of islet microenvironment which is formed by
the extracellular matrix. Matrix is differentiated into two
components, the interstitial matrix and the basement mem-
brane (BM). In contrast to motile cells, islet cells require sig-
nals from the basal membrane to survive and to maintain
their characteristic topographical arrangement essential for
secretory function [41]. These Basal membrane—cell interac-
tions seem to be mediated to a large extent by integrins. If
detachment of peripheral cells from the basal membrane
occurs in a consequence of uncontrolled enzyme activity, the
communication between cell surface integrin receptors and
matrix molecules is disrupted and apoptosis is induced.
Although BM can be re-established during certain culture
conditions down-regulation of integrin expression is gener-
ally observed in islets isolated from several species [42]. In
this context the reduction of the fibronectin receptor inte-
grin a5 is of particular importance since it is linked to the
up-regulation of Bcl-2 essential to prevent mitochondrial
cytochrome C release as an early event in apoptosis [43].

Islet microvasculature and blood flow

Pancreatic islets comprise four functionally distinct cell
types, namely glucagon-secreting a-cells, insulin secreting
B-cells, somatostatin-secreting &-cells and pancreatic
polypeptide-secreting cells [44]. These cells are highly orga-
nized with B-cells clustered in the central core and other
nonf-cell types located on the periphery of islets. Such a
structural organization of islets is physiologically important
in orchestrating intra-islet cellular communication between
different cell types for modulating the release of islet hor-
mones in response to changes in metabolic states.

In keeping with this spatial arrangement of cells within
islets, islet microvasculature is also organized in a nonran-
dom manner for its functional adaptation to metabolic reg-
ulation. Using rodent islets as a model system it was
demonstrated that islet microcirculation is supplied by a few
different arterioles that pass through the nonf3-rim into the
central core where they ramify into fenestrated capillaries,
and drain coalescing into an efferent plexus exiting the islet
through several venules. Such a core-to-mantle islet angio-
architecture is thought to maintain blood flow from central
[-cells to peripheral o cells providing an anatomic priority
for B-cells to detect blood glucose fluctuations and cross-talk
to downstream nonf-cells via rapid release of insulin in
response to a rise in blood glucose levels [45].

The pancreatic islet angioarchitecture entails a blood per-
fusion of the pancreatic islets that is 10 times higher than
that in the exocrine pancreas and similar to that seen in the
renal cortex (57 ml/min/g). However, during the process of
isolation and in vitro culture of pancreatic islets preceding
transplantation, the islet vasculature is believed to dedif-
ferentiate or degenerate. Therefore, immediately after

transplantation, the pancreatic islets are supplied with oxy-
gen and nutrients solely by diffusion from the surrounding
tissues. The revascularization process is initiated within a few
days, and the islets are generally thought to be fully revascu-
larized by 1 month post-transplantation. However, oxygen
tension and blood flow was reported to be reduced in islet
grafts independent from the site of transplantation [46].

Recent clinical data indicate that even when fasting gly-
caemia is corrected in diabetic recipients, the functional per-
formance of engrafted islets with respect to the first-phase
insulin secretion in response to intravenous glucose load is
about 20% of normal [47]. Furthermore, it was observed
that diabetic rats suffer from hypoglycaemia in response to
prolonged exercise due to impaired glucagon secretion in
transplanted islets [48]. Whether or not these abnormalities
in insulin and glucagon release in transplant subjects are
related to the lack of adequate islet revascularization remain
to be determined but there is evidence that a lack of adequate
islet revascularization can reduce microvascular perfusion to
islet grafts and compromise the function of transplanted
islets, contributing to suboptimal performance of functional
islets post transplantation [49]. Furthermore, a significant
gain in islet revascularization, caused by VEGF-mediated
augmentation of angiogenesis in islet grafts, is associated
with improved glucose-stimulated insulin release and
enhanced glucose tolerance in diabetic recipient mice [50].
While inadequate islet mass has been considered a culprit for
prolonged postprandial blood glucose excursions as well as
for impaired ability to tolerate intravenously injected glu-
cose, these data implicate inadequate islet revascularization
as another underlying cause for the observed metabolic
anomaly in transplant subjects.

Islet angiogenesis in vitro and in vivo

Intra-islet endothelial cells were described before in rodent
and also human pancreas [51]. We demonstrated spon-
taneous sprouting activity of islet endothelia embedding
islets into fibrin gels soaked with VEGF and bFGF [52]. With
this approach it is possible to study mechanisms of the
angiogenic process under standardized conditions. -cells
and endothelial cells are focally delivered into a three-
dimensional fibrin matrix, allowing sprouting to occur by
invasion into the extracellular matrix. Furthermore, utilizing
a replication-deficient retrovirus transducing the PymT pro-
tein we generated islet endothelioma cells and confirmed
that endothelial cells were present in the islets either pro-
liferating or in a quiescent state.

The initiation of neovascularization is triggered by local
hypoxia and requires angiogenic factors released from the
transplanted islets. The change of the expression of angio-
genic factors directs the revascularization process. Hypoxia
has multiple effects on the metabolism and function of cells.
Islets respond to a decrease in local oxygen supply by a
number of strategies to increase oxygen delivery including
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the elevation of VEGF-A165 expression [53]. Rat islets cul-
tures at 1% oxygen demonstrated an up-regulation of VEGF;
a similar increase of VEGF expression was found in rat islet
grafts subsequent to transplantation [54]. It is not well
defined in what way hypoxia modulates angiogenic pro-
perties of islets in the earliest phase after transplantation.
We have also demonstrated that human and porcine islets
respond with specific expression patterns of VEGF-A165 and
bFGF; however, this was not sufficient to prevent a decay of
islet endothelial cells in culture [55].

VEGEF plays a role in pancreatic organogenesis and normal
physiological function [56]. It is a major stimulant of
neovascularization by inducing proliferation and migration
of endothelial cells and tube formation. VEGF regulates
down-stream events including activation of MAPK/Erk and
inhibition of SAPK/JK signalling transduction [57].

High expression levels of vascular endothelial growth fac-
tors observed in endocrine cells have been recently hypoth-
esized to be responsible for the pronounced vascularization
of native islets.

Effect of endothelial cells on islet survival
and function

Islet endothelium is involved in development, physiology
and the pathogenesis of diseases of the endocrine pancreas.
Insulin gene expression in the fetal pancreas is induced by
the mutual interaction of endothelium and endoderm [56].
The dorsal pancreatic bud arises during embryogenesis from
the portion of the foregut endoderm that contacts the endot-
helium of the dorsal aorta and two vitelline veins. Recombi-
nation of dorsal endoderm with aortic endothelium can
induce pancreatic endocrine differentiation, whereas recom-
bination with tissues such as the adjacent notochord or neu-
ral tube cannot [58]. Removal of endothelial cell precursors
in embryos resulted in failure of endocrine gene expression
patterns in pancreatic endoderm. These results suggest that
EC contact and signalling is necessary and sufficient for
endocrine pancreas development.

Adult islets are highly and specifically vascularized com-
pared to the surrounding exocrine pancreatic tissue
(Fig. 2). The islet microcirculation is characterized by a
network of sinusoidal capillaries with a distinctive fenes-
trated endothelium branching from arterioles entering the
islet [59]. Each endocrine cell is in close proximity to an
endothelial cell. This facilitates rapid exchange of signals
and substances. It is an open issue if the islet endothelium
is involved in the regulation of insulin release. Insulin could
enter the vascular lumen through fenestrated capillaries or
by transcytosis through the endothelial cell [60]. In VEGF-
A165 deficient islets 10 times less endothelial fenestrae were
observed and blood glucose levels were elevated [61]
implying that fenestrated capillary network is required for
the full secretory function of islets. Another study suggests
that insulin is secreted directly to the interstitial space

Environmental stress for pancreatic islets

Fig. 2. Pancreatic rat islet stained with CD31 (PECAM) antibody for
endothelial cells demonstrating high vascular density compared to sur-

rounding exocrine pancreas tissue (black bar 100 pm). Photo taken by
Thomas Linn.

between the B cells without detour through endothelial
cells [62].

During an immune attack on pancreatic islets, endothelial
cells adopt an activated phenotype and are likely to be
involved in regulating mononuclear cell accumulation in the
islets. Adhesion molecules activate costimulatory pathways
in endothelial cells allowing mononuclear cells such as lym-
phocytes and monocytes to transmigrate and home to pan-
creatic islets [63]. Therefore studying the characteristics of
islet endothelial cells is of major interest in terms of potential
anti-inflammatory therapy against autoimmune or allogenic
processes within the endocrine pancreas.

Signals from endothelium may also have a role in postna-
tal islet cell proliferation and neogenesis. We and others have
found that intraislet endothelial cells contribute to revascu-
larization of transplanted pancreatic islets [52,64,65]. Induc-
tion of endothelial cell proliferation in transplanted islets by
VEGEF resulted in increased functional B-cell mass in murine
and human islets [55,66].

Using a chemical diabetes model experimental evidence
was found that bone-marrow derived cells were recruited to
the pancreas in response to islet injury. A major proportion
of the donor-derived bone marrow cells developed the char-
acteristics of endothelial cells so that the authors concluded
they had observed endothelial progenitor cells from the bone
marrow differentiate into endothelium [67]. Furthermore,
human islets could be protected from instant blood-
mediated inflammatory reaction when they were cocultured
with primary human aortic endothelial cells. This inflamma-
tory reaction is elicited when islets come into contact with
blood after intraportal transplantation. Islets coated with
endothelial cells were transplanted and showed less infiltra-
tion with CD11b positive immune cells [68].
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Therapeutic implications of reducing environmental
stress using angiogenesis

Gene therapy with VEGF was demonstrated to increase the
success of islet revascularization subsequent to transplanta-
tion [50]. This may be due to the distribution of the VEGF
receptors within the pancreatic islet and a natural high
expression of VEGF of the f-cells. VEGFR2 is highly
expressed by the vascular endothelial cells in the islet while
the other VEGF-A receptor, VEGFRI, is mainly expressed by
the cells of the islet periphery [61]. VEGFR2 is the main sig-
nalling receptor for VEGF-A, while VEGFR1 is thought to be
an antagonist of VEGF-A signalling. According to the distri-
bution of the VEGF-A receptors, Konstantinova and Lam-
mert [69] proposed that high VEGF-A levels would be locally
active within the islet core and attract vessels to the islet cen-
tre where they branch into a fine capillary network while the
VEGF-R1 expressing islet cell mantle reduces the spreading
of these factors into the exocrine tissue.

Therapeutic angiogenesis is an innovative application to
induce collateral vessel formation and restore blood flow to
tissue with chronic ischaemia via local delivery of pro-
angiogenic growth factors in the form of proteins or genes.
This approach as opposed to systemic administration of
angiogenic factors, is designed to achieve therapeutic effect
locally within target tissue without significant elevation of

plasma levels of angiogenic factors. Therapeutic angiogene-
sis via local delivery of plasmids or adenoviral vectors encod-
ing VEGF gene to enhance new vessel formation has been
used for treating myocardial or lower limb ischaemia in a
number of clinical trials [70,71]. Significant improvements
in clinical symptoms were achieved and no severe adverse
side-effects associated with local production of VEGF in
tissue were reported [55,72-74].

There is evidence that islets preconditioned ex vivo with
augmented angiogenic function with either VEGF gene or
protein induce revascularization more efficiently following
transplantation in diabetic mice. Also there is a principal
effect, still there are critical issues, for instance the introduc-
tion of angiogenic proteins or genes into islets must not alter
their structural and functional integrity; and the expression
profile or kinetic release of angiogenic proteins within
islet grafts should match the transient nature of islet
revascularization to allow rapid onset of angiogenesis and
formation of functional microvasculature in islets. It would
be ideal to construct a system for controlled release to
achieve short-term release of angiogenic molecules locally in
transplanted islets.

Adenovirus is the most commonly used vector system in
preclinical studies due to its high transduction efficiency
for both proliferating and quiescent cell types. Figure 3
demonstrates efficient transduction of the VEGF gene by

Fig. 3. Microscopic images of human pancreatic islets 3 days after infection with Adenovec-hVEGF-A165 and Adenovec-0 (no VEGF) both expressing

green fluorescent protein. (a—c) show controls without Adenovec infection, (d—f) represent islets infected with Adenovec-0 and (g—i) show islets infected
with Adenovec-hVEGF-A165. Magnification is X10 (a—c) and x20 (d-i), respectively. Infection experiments and photos from Ingrid Hauck-

Schmalenberger.
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adenovirus in human pancreatic islets. This virus is capable
of accommodating large DNA inserts and can be produced
in a large quantity and a relatively high titre. The recombi-
nant adenoviral vectors are replication-defective. Adenoviral
transduction of islets is carried out ex vivo in culture media
and free un-transduced adenovirus will be washed off before
islet transplantation. This may hopefully prevent systemic
exposure to free adenovirus after islet transplantation and
the expression of angiogenic factors will be limited locally
within islet grafts. Adenovirus-mediated transgene expres-
sion is short-lived which matches the transient nature of islet
revascularization. A drawback for adenovirus-mediated gene
delivery is its immunogenicity associated with leaky expres-
sion of residual adenoviral proteins [75].

Conclusions and future research

Over recent years significant knowledge has been accumu-
lated on the detrimental effects of ischaemia to pancreatic
islets. Optimal blood flow protects pancreatic islets from
both inflammatory and nutrient stress. Vascular growth fac-
tors were demonstrated to successfully induce a functional
vascular network in islet grafts. However, in spite of the
development of attenuated viruses the delivery of genes by
viral carriers still is an ethical issue for human islet trans-
plantation. Future research may focus on endothelial cells
attached to islets in vitro prior to transplantation. Endothe-
lial cells may also be beneficial when provided to islets under
inflammatory attack in the native pancreatic environment.
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