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Abstract

Pancreatic islet transplantation is a promisingttrent option for Type 1 Diabetics, offering impeov
glycaemic control through restoration of insulinoguction and freedom from life-threatening
hypoglycaemic episodes. Implementation of the Edomnprotocol in 2000, a glucocorticoid-free
immunosuppressive regimen has led to improved fisdesplantation success. >50% of islets are lost-p
transplantation primarily through cytokine-mediatagdoptosis, ischemia and hypoxia. Gene therapy
presents a novel strategy to modify islets for iomed survival post-transplantation. Current islehg
therapy approaches aim to improve islet functidipclo apoptosis and inhibit rejection. Gene transfer
vectors include adenoviral, adeno-associated vihespes simplex virus vectors, retroviral vectors
(including lentiviral vectors) and non-viral vecsorAdeno-associated virus is currently the best igéne
therapy vector, due to the vectors minimal immumagjgy and high safety profile. In animal modelsjng
viral vectors to deliver genes conferring local immoregulation, anti-apoptotic genes or angiogeriteg

to islets can significantly improve islet survivalthe early post-transplant period and influeramglterm
engraftment. With recent improvements in gene éejivand increased understanding of the mechanisms
underlying graft failure, gene therapy for isletrisplantation has the potential to move closehéoctinic

as a treatment for patients with Type 1 Diabetes.



Introduction

Type 1 diabetes (T1D) is a chronic, life-long amtoiune disease in which the immune system desthays t
insulin-producing B-cells within the pancreatic islets. Islet transpddion is a promising treatment
approach for T1D, maintaining blood glucose levelan extent that has not been possible with ioawit
insulin injections [1, 2]. The potential of isleahsplantation as a treatment for T1D was demadestria
2000, with the introduction of a steroid-free immanppressive protocol, termed the Edmonton Protocol
[3]. To date, more than 700 diabetic patients haeeived an islet transplant [4], and there is ictarable
clinical evidence to suggest that islet transpl@acan improve glycaemic control above that comefe

by exogenous insulin treatment. The benefit isipalgrly significant for diabetic patients that farf

hypoglycaemic unawareness [5].

A major limitation to the success of clinical istednsplantation is the early loss of islet mass-28 hours
post-transplantation. Immediately following traresphtion, islets face a number of environmental
challenges and stresses, including cytokine assmdt inflammation, which lead to significant islet
apoptosis. Pancreatic islets are one of the masitilgevascularized structures in the body and gisan of

the capillary network during isolation results iglet ischemia and hypoxia. Islets are also highly
immunogenic cellular structures, a property whieavies them vulnerable to the effects of alloimnmunit

and recurrence of anti-islet autoimmunity [6].

The development of highly efficient viral vectorapable of transferring useful genes to human cells
has led to the concept of gene therapy, a therapstrategy that could be used for a variety of
metabolic disorders and autoimmune diseases [Tly Eansplant stresses such as apoptosis and acute
rejection may potentially be overcome through tse ofex vivo gene therapy strategies to deliver
immunomodulatory, anti-apoptotic or angiogenic get® the islets to improve post-transplant islet

viability, engraftment, survival and resistancedjection.

This review will discuss various viral-mediated getnansfer strategies that have been employed to
improve islet survival in preclinical models, inding the delivery of anti-apoptotic and angiogenic

genes, as well as those conferring local immundagign to the islet graft.

Viral-M ediated Gene Transfer to Pancreatic | Slets

There are four major classes of viral vectors zdii in gene therapy, adenoviruses (AdV), adeno-
associated viruses (AAV), herpes simplex virusesk ratroviruses (including lentiviruses) as shown in
tablel. A number of studies have demonstrated the ahifithese vectors to infect pancreatic islets of

both human and animal origin [8-11].



Commonly used gene delivery viral vectors. Table

Type

Adenovirus

Adeno-associated virus

Herpes Simplex/i

Retrovirus

Lentivirus

Packaging Capacity

Medium 7.5 kilo base pairs

Lowsd.5 kilo base pairs)

Large30 kilo base pairs)

Mediunx kilo base pairs)

Mediunx8 kilo base pairs)

Duration of Transient Stable, long-term Stable, long-term Tiemishowever stability Stable, long-term
expression of expression from newer
generation vectors is
markedly improved to
produce sustained expressian
I mmunogenicity High Low Low Low Low
Repeated dosing Not possible Possible Possible Possible Possible
Clinical Trials Yes Yes Yes Yes Yes
Advantages Infects both dividing and non- Infects both dividing and

dividing cells, provides

transient expression,
particularly high short term
expression, generates high
titer viral stocks

non-dividing cells,
integrates into host
genome, provides long-
term expressiom vivo,
elicits minimal immune
response, generates high
viral titers

Large genome, non-
pathogenic, unable to

reactivate, broad host range,

persists long-term.

Integrates into host genome
provides long-term expressig
and stable transduction

, Infects both dividing and

n non-dividing cells, genome

integration, long-term
expression

Disadvantages

Immunogenic, cause mild

Requires helper virus, sloy
respiratory disease in humans

expression onset,

v Potentially provoke antivira

responses against HSV-

inefficient large-scale virug
production, small genome
limiting packaging capacity

infected cells

Low efficiencyin vivo, risk of
insertional mutagenesis, low
titer, host range restricted td

dividing cells only

Safety concerns, productio
inefficient

-




Adenoviral Vectors

The majority of AdV vectors are based on humantgpsas 2 and 5 which are known to cause a mild
respiratory disease and are non-oncogenic [12]eMbnical trials utilise AdV-based vectors tharyan
other vector currently available [13] and the apgdtility and safety of AdV for gene therapy hasrbee
studied extensively [14-17].

AdV vectors can trigger the innate immune respdhsaugh the induction of type | interferons [18,
19]. This reduces the efficacy of gene transfeeliyinating expression of the genes encoded by the
construct [20, 21]. In addition, patients treateithwAdV constructs may suffer complications or even
death [20, 22, 23]. Heavily immunosupressed patieare especially susceptible to severe AdV

complications from treatment.

A major advantage of AdV for gene therapy is tletyt possess a medium size genomg7b kilo
base (kb) pairs, which allows them to accommodatgel or multiple transgenes. In addition, AdV
generate high titer viral stocks (0" virus particles per ml), and provide high trangihrc
efficiency. AdV infect both dividing and non-diviaj cells, an important property when considering
the transduction of senescent islet cells. The AdvWiome is extra chromosomal, which significantly
minimises the risk of insertional mutagenesis tasylfrom insertion of exogenous DNA into the
genome [24]AdV requires the coxsackie/adenovirus receptor (LARparin sulphatey,fs integrin
and o, s adherin for infection [24, 25]. CAR has been fowrd murine islets anf@-cell lines, which
may explain the relatively high efficacy of AdV tisduction in islets [26]. Successful AdV infectioh
rodent pancreatic islets has been described by mesmarch groups [27-30]. Safety studies in human
islets demonstrated that AdV infection does notidisi f-cell viability or functionin vitro [28, 30,
31]. Leibowitz and colleagues [32] compared the¢hmajor classes of viral vectors, and found AdV

to be the most effective vector for infection afict islets.

Adeno-Associated Virus Vectors

AAV are small, non-enveloped single-stranded DNAIsés that require a helper-virus for productive
infection [33]. AAV possess many properties thatkenthem attractive for use as gene transfer vector
in gene therapy. AAV vectors infect quiescent ¢edlicit a minimal immune response and are non-
pathogenic [34]. In addition, AAV achieve targetadd stable expression through site-specific
integration, and possess low mutagenic and oncogestential [35]. AAV may integrate randomly

into the host genome at sites of double-stranded bi¢aks [36] but display low frequency of random

integration into the genome [37].



A major limitation of AAV vectors is that the maximm size of the gene insertd4.5 kb pairs (smaller
than AdV). This limits the potential for insertimgultiple genes. AAV gene transfer of the cystic
fibrosis transmembrane regulator has progressquhase |l trials in cystic fibrosis patients [34]dan
other AAV vectors have been evaluated as candidateslemophilia A and B treatment with gene

therapy in both preclinical and clinical models]38

The ability of AAV to transduce a given cell typepknds on the presence of membrane-associated
heparan sulfate proteoglycan (HSPG) receptors [@3d co-receptors including.fs integrin
heterodimers, fibroblast growth factor receptoretyp and c-met [40-43]. Kahn and colleagues [44]
have identified the presence of HSPG on humansisiBtansduction of islets with AAV has been
shown by a number of groups [45-49]. Wang and aglles [45] revealed distinct AAV islet
transduction efficiency and gene transfer pattbetgieen different vector serotypes and administnati
routes. Local intra pancreatic ductal administratid AAV6 showed the best transduction efficienay i
B-cells. Intraductal and intraperitoneal administnatof AAV8 revealed efficient transduction of both
exocrine acinar cells and endocripeells. The transduction efficiency of AAVS is dtable to the
distinct properties of this viral serotype, inclngdiits receptor, laminin, which is highly expressed
the pancreas, and facilitates viral entry into gancreatic cells [46]. Despite a number of AAV

serotype studies, the optimal serotype for islidtion is yet to be determined.
Herpes Smplex Viral Vectors

Herpes Simplex Virus (HSV) is a double-strande@dinDNA virus, 152 kb in size with a virion
structure consisting of an envelope, tegument, idapad core. HSV-1 forms part of the larger
Herpesviridae family, and is the most frequently used herpessvior gene transfer. HSV-1 infection
is common in the general population, manifestisglftas cold-sores however in rare cases it cagecau

encephalitis [50].

HSV-1 possesses a broad host range with the abdlitpfect many cell types. In particular, HSV-1
vectors provide efficient transduction and generesgion within the nervous system [53-55].
Therefore, most of the research utilizing HSV-1teex has focused on therapies to target neurolbgica
diseases. The large genome of HSV=B(Q kb pairs) allows the vector to accommodate layge
multiple transgenes or regions including regulatigments or promoters [51]. In addition, the HSV-1
vector remains as an extrachromosomal episome, hwhicreases the likelihood of insertional
mutagenesis within the host’s genome [52]. Thespegrties combined with the ability of HSV-1 to

infect non-dividing cells makes it a suitable veagstem for use in islet gene therapy [51].

To date, there have been a limited number of studEmonstrating the ability of HSV-1 to infect
pancreatic islets [62, 63]. Liu and colleagues [B&8Ye shown that murine islets anfl-aell line were
efficiently transduced by a HSV vector, and thatokine-mediated3-cell apoptosis was blocked by

transduction with an anti-apoptotic Bcl-2 expregditV-1 vector.



In order for HSV to become a viable option for aal islet gene therapy two major disadvantages of
this vector system must be overcome. Firstly, H®ieles can be toxic and have the ability to
provoke potent antiviral responses against HSVeteig cells [64]. Secondly, HSV provide only short
transgene expression. New generation, completefgctiee HSV vectors are currently being

developed that could allow these vector obstacldgtovercome [65].

Retroviral vectors

The first human gene therapy clinical trial wasduhen a retroviral vector, for correction of adénes
deaminase deficiency. In this study, both integrattroviral vector and adenosine deaminase gene
expression persisted for several years [66]. Retibvectors possess many advantages over othadr vir
vectors for long-term treatment or correction ofigelefects. Retroviral vectors allow for an inséze

of up to 7 kb pairs and they integrate into thegearcell genome, resulting in sustained gene

expression.

There are over 250 currently approved retroviralegiherapy clinical trials, accounting for nearB£8

of the total clinical trials approved worldwide [6However, retroviral vectors are unable to infect
non-dividing cells, such as islets, severely limgtitheir potential for use in islet gene therapy.
Lentiviruses however are a subset of retrovirusits the ability to infect non-dividing cells andear
therefore a logical retroviral candidate for useistet gene therapy [68-70]. The first successful
transduction of adult human pancredticells was performed using lentivirus, by Ju anlieagues in
1998 [11]. One study comparing infection of intadéts found that while no infection was achieved

using retroviral vectors, up to 25% of theells could be infected with lentivirus [32].

Lentiviral vectors have been shown to efficienthrisduce dispersed islets [11], monolayer cultafes
islets [32] and intact islets [10, 71-74] from @ifént species including human. Giannoukakis and
colleagues [10] demonstrated the ability of lem#ivivectors to transduce islets at a comparable
efficiency to AdV without the drawbacks of immunmoggty. Furthermore, lentiviral vectors can
efficiently transduce whole islets [9] and lentidrtransduced rat islets display no changes in isle

morphology or function [75], further supporting these in islet gene therapy.
Non-Viral-M ediated Gene Transfer to Pancreatic | dets

Various non-viral islet transduction strategieshsas bacterial plasmids, cationic lipid- and polyme
based carriers, gene gun technology and calciurapttate precipitation have been considered [76-84],

with low transduction efficiency being the majorstdcle reported to date.

A number of research groups [84-86] have investijahe use of protein transduction technology in
islet gene therapy. This is a novel technique wtattbws delivery of specific proteins or peptides
fused to small cell-penetrating peptides known raggin transduction domains to cells or tissueg.[87

Delivery of a JNK inhibitory peptide via this systegrevented islet apoptosis following isolation and



improved islet graft function. Furthermore, an NB-inhibitor infused into the mouse pancreatic duct

prior to isolation yielded islets with enhancedbiiity [88].

Non-viral vectors offer several advantages ovemlvivectors including high clinical safety, no
immunogenicity and ease of production. Despite, this-viral vectors provide low islet transduction
efficiency, owing to both the large size of theets|[83] and the diffusive barrier created by et
nuclear membrane [78]. In addition, non-viral vestoffer only transient gene expression and require
high doses [77, 81, 82] when compared to viral aesctAt present, despite extensive investigation of

non-viral approaches for use in islet gene therapystudies have progressed to clinical trials.
Summary

The four groups of viral gene therapy vectors dbedr have specific strengths and weaknesses
regarding their usefulness for islet transplantatidAV have no known disease association and
provide site-specific integration of DNA, wheredhar viruses such as lentivirus insert randomlg int
the host genome and exhibit preference for integradt active transcription sites, generating comce
regarding risk of insertional mutagenesis [89]. Ngameration integration-deficient lentiviral vector
(IDLVs) have been developed that exhibit a redudskl of causing insertional mutagenesis [90] and

therefore may be a useful vector to pursue in &igane therapy studies.

Vectors such as AdV that carry large inserts mayfdwoured over others for some applications,
however the safety concerns surrounding AdV, hegiaplex virus and lentiviral vectors limit their
clinical potential. Non-viral vectors offer highirmical safety over their viral vector counterpatisit
they have the disadvantage of very low islet tranidn compared to AdV vectors which provide very
high islet transduction efficiency [10]. Of the oemtly available viral vectors, AAV provides thesbe
gene therapy tool available for islet transplaptatilue to its minimal immunogenicity, safety prefil
and its ability to produce high viral titers reletdor clinical use. However, expanded understagdin
AAV biology and differences between vector serogyje required to lead to improved and varied

clinical applications for AAV gene therapies in tiuture.
Gene Transfer Strategiesto Improve Idet Transplantation

There are a number of cellular processes that reagrigeted by gene therapy to improve the outcomes
of islet transplantation. Once the appropriate gbreapy vector has been selected, this must bbedai
with the optimal gene to be delivered. Effectiveripy may result from the overexpression of an
active protein, or the inhibition of a deleteriogene. Genes that are likely to be useful for islet
transplantation fall into three main categoriesmumomodulatory, anti-apoptotic and angiogenic
(summarized in Fig(1)). Numerous studies have investigated the poteafiglene therapy for islet

transplantation in animal models (TaB)e
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Gene transfer strategies to improve islet transpteom. Figurel

Three areas of islet cell biology that are curreriibing targeted by gene therapy are depicted.
Immunomodulatorystrategies (upper left panel) include co-stimolatblockade with CTLA4lg and

production of immunomodulatory interleukin-10 (II031 and interleukin-4 (IL-4)._Anti-apoptotic
approaches (upper right panel) target extrinsia §timulation of death receptors) and intrinsite@ee

of apoptotic factors by mitochondria) apoptosishpatys in the3-cell. Bcl-XL and Bcl2 (blue box)
block pro-apoptotic proteins while XIAP (white bodjrectly inhibits caspases 3 and_9. Angiogenic
(lower panel) factors VEGF, HGF, FGF and matrix alleproteinases are induced during hypoxia and
can be therapeutically overexpressed to enhan@scalarization. Antisense blockade of angiostatic
TSP-1 (white hexagons) improves the potency of mymgenic factors. Figure represents a whole
islet, with constituenia- (blue; glucagon-producing3- (green; insulin-producing) and PP-(white;
pancreatic polypeptide-producing) cells depictedhi@ upper left panel. Enlarged representations of

infiltrating immune cells are shown (APC = antigeesenting cell; Ag = islet-specific antigen).



Genes delivered to pancreatic islets using viratoars. Table2

Pathway Transgene Vector Comment
Immunomodulation CTLA4Ig Adenovirus Expression of CTLA4lg in isletan prolong islet graft survival [93-96]
Lentivirus Islets transduced with CTLA4Ig prologeaft survival in a rat to mouse transplantatiordeid74]

Interleukin-10

Adeno-associated virus

IL-4 transtlicislets resulted in impaired metabolic function fecipient mice and

normoglycaemia in only 1/7 mice [102]. Viral IL-Iftroduced systemically sustained suppression

of autoimmune responses and prolonged islet afogwavival [101]

Interleukin-4 Adeno-associated virus AAV-8 mediatkd! gene transfer to islets prevented the onkdiabetes in NOD mice [103]
CTLA41g/CDA40lg Adenovirus Results in simultaneousdiade of co-stimulation pathways [97]
Anti-Apoptotic Bcl-2 Adenovirus Over expression of Bcl-2 in istetls failed to prevent cytokine induced toxicifylD] and reduce
inflammation in porcine islets [112]
Lentivirus Bcl-2 transduction of an pancrediicell line provided protection against apoptosiduiced by
various stimuli including hypoxia and pro-inflamrogt cytokines and corrected hyperglycaem
for several months when transplanted under thegkidapsule of diabetic C3H mice [111]
Herpes Simplex Virus-1 Cytokine-mediated beta-@glbptosis was blocked by transduction with an Baxpressing
HSV-1 vector [63]
Bcl-XL Adenovirus Bcl-XL transduction of a rat ingwoma cell line blocked cytokine induced apoptd&is4]
XIAP Adenovirus Adenoviral-XIAP transducedTC-Tet cells and human islets are highly resistarttypoxia and
cytokine induced apoptosia vitro andpTC-Tet cells transplanted into SCID mice succebsfu
reverse diabetes in 3 days compared to 21 for @locetls [121-123]
Angiogenic VEGF Adenovirus Rat islet grafts with elevated VE@®Bduction exhibited significantly increased miasculature,
insulin content and reversed hyperglycaemia inetiabmice [136]
HGF Adenovirus Co-expression of hHGF and hlL-1Ra tie significant decrease in caspase-3 inducedumalm

islets by cytokine challenga vitro. Transduction of human islets improved the outcaislet
transplantation [137]. Pre-transplant islet genergpy with HGF markedly improved isl¢
transplant outcomes even in the setting of immuppmessant-induced insulin resistance 8nd
cell toxicity [140]

—
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Immunomodulatory Genes

A variety of immunomodulatory gene transductionatggies have been employed to confer islet

transplant survival, by controlling or limiting lacimmune-mediated destruction.

CTLAdIg

CTLAdIg is an immunomodulatory molecule that is gaseed of the binding domain of human
cytotoxic T lymphocyte associated antigen-4 attdctee the Fc portion of human IgG1l. CTLA4Ig
binds to CD80/86 and blocks costimulatory signatimpugh CD28 thus preventing T cell activation -
a process important for maintenance of the inflatonyaresponseAs an immunosuppressive strategy,
CTLAdIg has been approved for the treatment of mmeoid arthritis with the therapeutic drug
Abatacept [91]. A second generation drug, Belatgcép in phase Il clinical trial for renal

transplantation [92].

Feng and colleagues [93] demonstrated prolonget gsaft survival when AdV-CTLA4Ig transduced
rat islets were transplanted into streptozotoc@ated mice. A number of studies have shown that
systemic administration of CTLA4lg is more effeetithan local delivery in both allograft and
xenograft models of islet transplantation [94] [95iis is probably reflective of the action of CTLWy4
which blocks antigen presentation during T celivation, a process likely to occur at a distang sit

such as the regional lymph nodes.

Another costimulatory pathway, CD40/CD40L has dieen targeted using gene therapy to prolong
graft survival. Local blockade of the CD40/CDA40Ltipaay provided little to marginal improvement in
survival of islet xenografts [96]. Combination getherapy using CTLA4Ig and anti-CD40Ig has also
been applied to xenogeneic islet transplant moded®/ expression of both CD40lg and CTLA4Ig
results in simultaneous blockade of co-stimulatpathways, meaning this may be an acceptable

method to induce immune tolerance [97].

Whilst most of the studies of co-stimulatory moliecgene transduction have been performed with
AdV, Fernandes and colleagues [74] compared Adth \éntiviral gene delivery using combined
CTLAdIg and TGFp, and concluded that lentivirus gave no significadivantage over AdV in terms

of immune protection.

Interleukin-4 and Interleukin-10

Both auto- and allo-immunity are major contributifagtors to islet loss post-transplantation. Skewin
of the alloimmune response away from a TH1 and tdsvaither a TH2 or regulatory T cell phenotype
may improve graft survival. Transduction of pantiesslets with two key TH2 cytokines (Interleukin

(IL)-10 and IL-4) is a promising strategy to sultwhiese immune responses.
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IL-10 is a pleiotropic cytokine affecting a widenge of immune cells including dendritic cells, dewn
regulating the expression of co-stimulation molesuCD80/86 and inhibiting production of the TH1
promoting cytokine 1L-12 [98]. Pure cellular IL-Kiimulates NK cells and cytotoxic T cells, whereas
the Epstein Barr viral IL-10 homologue has immurmmessive properties without potential
immunostimulation. Both systemic and local admimisbn of IL-10 has been investigated in the
setting of islet transplantation. Islets from trgeisic mice which over express IL-10 show no sulviva
advantage when compared to wild type murine is[68]. In fact, under some circumstances,
expression of IL-10 within the pancreatic islet bagn associated with early and rapid development o
diabetes in autoimmune-prone NOD mouse [100]. Hamewhen viral IL-10 was introduced
systemically using AAV in NOD mice, there was sustd suppression of autoimmune responses and

prolongation of islet allograft survival was obsea\{101].

IL-4 transduced murine islets displayed impairedtaibelic function in a syngeneic model [102].
However other studies by Rehman and colleagueq [fb08d that local expression of murine IL-4 in
islets prevented islet destruction and blocked ienrtaunity, partly through regulation of T cell
function. In a combinatorial approach, human andimauslets have been successfully transduced with
IL-4 and IL-10 [49].

Summary

These studies demonstrate that the introductiamofunomodulatory genes to islets by gene therapy
has generally not been as effective in blockingogemeic, allo- and auto-immune responses as the
systemic expression of these genes. While the efgliof immunomodulatory cytokines (such as IL-4)
that alter the local inflammatory milieu may pretz@nmune injury to some extent, other approaches
that target initial immune recognition (such as @#lg) may require systemic expression to be
effective. Therefore, islet transplantation outcemmay ultimately be enhanced by the local expressio
of a carefully selected immunomodulatory gene injaoction with a transgene directed at another

target.
Anti-Apoptotic Genes

Following transplantation, islets undergo extensipeptosis induced by various intrinsic and exicins
stimuli (see Fig(1)). One approach to preserfeell mass in the early post transplant periodbeen
to directly inhibit the apoptotic cascade. Somethed earliest efforts in prevention @fcell death

following transplantation involved inhibition of tpkine and Fas-mediated apoptosis [104-108].
Bcl-2

Bcl-2 is an anti-apoptotic protein, located in timembranes of the endoplasmic reticulum, nuclear
envelope and outer membranes of the mitochondhia.over-expression of Bcl-2 has been reported in
variousp-cell lines [109-111] and has been shown to prebetit cytokine- and hypoxia-induced cell

deathin vitro. Although this effect has not always been repidah the whole islet [110] possibly due

12



to the requirement of the gene to be expressedvényeprotected cell. While some authors have
reported a cytoprotective effect of Bcl-2 expressiovivo [112] it is thought that Bcl-2 alone is not

sufficient to increase preservation of islet madoWwing transplantation [113].
Bcl-XL

Bcl-XL is an anti-apoptotic member of the Bcl-2 féyof proteins and is an important regulator off ce
death. Transduction of a rat insulinoma cell linghwBcl-XL blocked both inducible nitric oxide
synthesis (iNOS), cytokine-mediated mitochondrizmges, and subsequent apoptosis [114]. In islets,
Bcl-XL is important for survival and deletion of BEL in pancreaticB-cells renders them abnormally

sensitive to apoptotic stimuin vitro andin vivo [115].
X-linked Inhibitor of Apoptosis Protein

X-linked Inhibitor of Apoptosis Protein (XIAP) isnather potent inhibitor of apoptosis, which works
by blocking the activation of multiple downstreamspases [116-120]. AdV-XIAP transduction of
human and mousg-cell lines and whole islets confers resistancagoptosis following exposure to
hypoxia and cytokinem vitro [121-123]. AdV-XIAP over expression preserved bptbell viability
and glucose responsiveness, the latter beingieatritinction that ordinarily disappears very eaoty
during hypoxic stress. Furthermore, an AdV-XIAPhsduced-cell line transplanted into SCID mice,

showed successful reversal of diabetes in 3 dayspared to 21 days for control cells.

In allogeneic islet transplantation, a recent st shown that 90% of streptozotocin-induced
diabetic animals receiving XIAP transduced islaisvived up to 72 days, compared with a mean
allograft survival of 17 days in control grafts B]2 Thein vitro allogeneic response of splenocytes
isolated from recipients of XIAP-expressing graftsveeks post-transplant was similar to that seen in
non-primed allogeneic mice, suggesting that XIARroexpression may lead to the acceptance of islet
allografts in diabetic recipients. The mechanisrhite this remains to be determined, but may involve

T-cell anergy or the production of alternative radory cytokines.

Summary

Anti-apoptotic genes, such as Bcl-2, Bcl-XL and RiAhave the potential to prevent islet cell death
following transplantation. However, the difficulligs in the requirement for all or most cells tpmss
the gene in order to gain protection. Despite tRi®\P appears to be an effective target, as it can
prevent apoptosis triggered by a number of stinmuliitro and has resulted in significaimt vivo islet

protection in some models.
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Angiogenic Genes

Pancreatic islets are a heavily vascularized tjsstiizing around 10% of pancreatic blood flow
despite only making up 1% of the tissue mass. Quisolation, islets are removed from the blood
supply and become rapidly hypoxic, exacerbatinyeail death ang-cell loss [124, 125]. Following

transplantation, islets slowly revascularize, the titimate vascular density and function is reduce

compared to that of native pancreatic microvasatgat

During development and throughout life, islets proel a wide number of pro-angiogenic and
angiostatic factors that maintain the dense, speeth vasculature while avoiding aberrant vessel
production. Gene therapy, involving the delivery pfo-angiogenic genes or the inhibition of
angiostatic factors, may be an ideal approach pyamre the efficiency of engraftment and enhance the

function of transplanted pancreatic islets.

Vascular Endothelial Growth Factor

Vascular Endothelial Growth Factor (VEGF) is aniaggnic factor for pancreatic islets. It is highly

expressed during development [126] and is largegponsible for the resultant dense intra-islet
capillary network and the maintenance of fenestration the endothelial cells in adulthood [127].
Genetic studies have suggested that VEGF may plaptective role in the development of Type |

diabetes [128] and exogenous VEGF prevents iskthdaduced by serum starvation in human islets
invitro [129].

VEGEF is also essential for the revascularizatiotrarfisplanted pancreatic islets [130]. Upon isolgti
VEGF expression in islets increases, but is sigaifily reduced within 2—3 days post-transplant [131
This impairment is further pronounced in the preseaf prevailing hyperglycemia, which coincides

with delayed and insufficient islet revasculariaatin diabetic mice [131-134].

A number of studies have investigated VEGF in isttsplantation, either delivered as a proteiviar
gene therapy [135, 136]. Olsson and colleagues] [fbBind that while the culture of islets with VEGF
improved graft revascularization one month postdpdantation, VEGF treated islets had similar or
worse vascular engraftment compared to contralsisighang and colleagues [136] transferred human
VEGF to murine islets, followed by transplantatioto diabetic mice. Islet grafts with elevated VEGF
production exhibited significantly increased miceegulature and insulin content, contributing to the
reversal of hyperglycemia in diabetic recipient eni€hae and colleagues [135] have demonstrated
effective glycemic control achieved by transplagtimon-viral liposome-mediated VEGF transfected
islets in streptozotocin-induced diabetic mice gsinnon-viral cationic lipid reagent as a VEGF gene

carrier.
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Additional angiogenic factors

While VEGF appears to be one of the most imporéaugiogenic factors, other factors with angiogenic
activity such as hepatocyte growth factor (HGFjrdblast growth factor (FGF) and matrix
metalloproteinases are also expressed naturallysleys, particularly during hypoxia [138]. The
potential use of gene therapy to deliver these cubtds to islets prior to transplantation has been

shown in a number of studies [139, 140].

Inhibition of angiostatic factors

Pancreatic islets express a number of angiostatitoffs that prevent aberrant vessel formation in
adulthood [138]. One of the most important factorsslet transplantation is thrombospondin-1 (TSP-
1) which, unlike other factors, is not downreguthby hypoxia and may contribute largely to the poor
revascularization of islets following transplantati At least one study has shown that the inhibitd

TSP-1 in murine islets by siRNA transfection impgeuvhe revascularization and function of the islets

transplanted into nude mice [141].

Summary

Experimental models provide proof-of-principle thatal over-expression of angiogenic molecules in
islet grafts can stimulate graft angiogenesis artthace islet revascularization, thereby improvimg t

outcome of marginal islet transplantation with eetglycemic control in diabetic mice. Angiogenic

factors are naturally produced by islets in respdoshypoxia, but their potency may be improved by
concurrently inhibiting endogenous angiostatic dezt One concern with an angiogenic approach to
improve transplant engraftment, is that it may éastllorecognition and immune attack. However, in
the clinic, islet transplants are administered urttie cover of systemic immunosupression. Thus,

improvement of revascularization may be the moneartant consideration.

State of The Art: Idlet Gene Therapy

Islet transplantation is limited by a myriad of lggoost-transplantation factors that conspire toitli
islet function and survival. In order to improvestbutcome of islet transplantation, measures that
promote islet engraftment and revascularizatiopr@vent rapid apoptosis following transplantation
need to be improved. To this end, isolated isleasideal candidates for local gene therapy, whiaee t
tissue is treate@x vivo prior to transplantation. The field must focus several areas that present
potential intervention targets, such as immunoseggive B-cell toxicity, apoptosis, autoimmunity
recurrence and angiogenesis. Furthermore, thedieislet gene therapy should focus future efforts
identifying the optimal combination of transgenesbe delivered to isolated islets in culture, whils

simultaneously identifying the most effective vecthat provides the least immunogenicity. Pro-
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survival Insulin Like Growth Factor, angiogenic dfeédoxin-1 and immunomodulatory IL-4 may
represent a valid combination of targets for iglansplantation and could be investigated further.
With the current state of gene vector technologgluding the development of mutants with improved
transduction and safety profiles, AAV vectors aiteelly to be the best choice for providing safe

delivery of transgenes to pancreatic islets at foveetor doses.

Conclusion

Gene therapy is a powerful and novel therapeutiortigue, allowing modulation of the processes that
are occurring in the local islet environment, tlwsiding potential systemic side effects. While AdV
based vectors have been the most commonly usedrseased in preclinical studies, the improved
safety profile of AAV vectors makes them the camadid of choice for islet transplantation. The
successes presented by the field to date have debvimportant insights into the delivery of
immunomodulatory, anti-apoptotic and angiogenicegeto islets. The advantage of secreted proteins,
such as anti-inflammatory cytokines and angiogéators, is that they do not need to be expregsed i
every cell. While all three gene classes hold gakfor preventing significant islet loss follovgrislet
transplantation, it is likely that a combinatoradproach will be required in future studies aiming

promote early islet survival following transplarbat.
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