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Gene therapy in transplantation: overview
and approach

While application of gene therapy to human subjects has

yet to achieve widespread success, clinical features of

transplantation make it uniquely amenable to interven-

tion by this therapeutic modality. As all transplantation

requires the isolation and manipulation of donor organs

or tissues, there is already an opening in which gene ther-

apy can be both delivered and assessed. Moreover, in

most instances only the donor organ would require trans-

genic modification, a further advantage in that not all

cells of the transplant recipient would be exposed to the

treatment as is often the case in gene therapy approaches

to systemic illness. A final and often unconsidered

advantage is that the recipient is likely to be exposed to

immunosuppression, at least temporarily. Even if gene

therapy approaches can promote immunologic tolerance,

the removal of an initial period of immunosuppression

from the transplant protocol would certainly be much

further in the future. The use and knowledge of immuno-

suppressive agents in current approaches to transplanta-

tion present a unique opportunity for the development

and refinement of gene therapy approaches. In many

current gene therapy approaches, the success of the tech-

nique is limited by immune responses both to the vector

and to the gene product that is delivered. The appropriate

use of immunosuppression may limit the deleterious

effect of the immune system while the vector is estab-

lished; in fact, the deleterious immune response to the
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Summary

Organ transplantation represents the only definitive therapy for many causes of

end-organ failure. However, the universal success of this therapy is limited by

chronic allograft rejection, the side effects of chronic immunosuppressive ther-

apy, and a severe shortage of donor organs. Presently, the success of solid-

organ transplantation depends on the continuous administration of toxic and

nonspecific immunosuppressive agents, therapies that present risks for oppor-

tunistic infection, malignancy, and a variety of agent-specific side effects. To

promote the use of transplantation with limited risk of long-term sequelae,

three dominant research challenges emerge: (i) elimination of the need for exo-

genous immunosuppression by immunological tolerance induction; (ii) preven-

tion of chronic rejection/graft dysfunction; and (iii) expansion of available

organs for transplantation. Gene therapy may provide significant advances and

solutions in each of these areas. Rejection of the graft in the immediate post-

transplant period has been attacked through the transfer of immunomodu-

latory molecules in addition to tolerance inducing approaches. Chronic graft

rejection may be similarly addressed through permanent tolerance induction or

alternatively through the introduction of molecules to resist chronic graft dam-

age. Genetic manipulation of stem cells may ultimately produce transgenic ani-

mals to serve as tissue donors to overcome the limited donor organ supply.

This review will highlight ongoing developments in the translation of gene

therapy approaches to the challenges inherent in transplantation.
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viral vector and its contents may be partially responsible

for negative outcomes in some previous clinical trials [1].

As the gene product in transplantation applications of

gene therapy will also be immunomodulatory, transplan-

tation may provide a unique area in which the limitations

of current gene therapy protocols may be overcome. The

combination of gene therapy targeted at elements of the

immune system together with the already extensive know-

ledge of immunosuppression in the transplant field

should assist in bringing candidate interventions to clin-

ical testing.

Gene therapy to prevent acute allograft rejection

The most direct and immediate barrier to the success of

allogeneic transplantation is the recipient immune

response that necessitates a lifetime of immunosuppres-

sive therapy. Fortunately, aspects of the immune response

are highly inviting to intervention by gene therapy

approaches. The immune response to an immediately vas-

cularized allogeneic organ is multifaceted and includes

both cell- and antibody-mediated effector mechanisms of

rejection [2]. Immune activation entails interactions on

multiple levels beginning with the stimulation during

transplantation of both host and donor antigen present-

ing cells (APCs). This stimulations is followed by the

presentation of allogeneic major hosts compatibility com-

plex (MHC) molecules and peptides by the direct and

indirect pathways to recipient T cells, the stimulation of

these T cells through the TCR and numerous secondary

signals, and finally the infiltration and destruction of graf-

ted tissue by T cells and by other cell types participating

in the cytokine-coordinated immune response. The graft

may be protected from this complex network through

gene-transfer strategies to deliver protein molecules to the

graft to modulate host immune responses, a strategy

which may limit toxicity when compared with systemic

administration. Targets for intervention at this level

include selected cytokines that may downregulate or dis-

rupt the nascent immune response in addition to soluble

ligands designed to interfere with co-stimulation of graft

specific T cells. Qin et al. [3] tested this hypothesis by

transferring the genes that encode transforming growth

factor beta (TGF-a) and interleukin 10 (IL-10) to the

mouse myoblast and nonvascularized heart graft. Using a

retrovirus- or plasmid-delivery system, grafts transfected

with genes that encode IL-10 and TGF-a experienced sig-

nificantly prolonged survival when compared with the

vector alone (12 days with vector compared with 26 days

with TGF-a and 39 days with IL-10 expression). The

efficacy of transduced IL-10 and TGF-b has been shown

in numerous follow-up studies using several vectors for

transduction [4–9]. Not only has the effect been demon-

strated in cases where the grafted tissue (including heart,

islet, and liver) was transduced but there has also been

utility in transducing recipient stem cells with these cy-

tokines [10,11]. The latter delivery method is particularly

desirable as the mechanism of action likely results in the

generation of regulatory (foxp3+) T cells within the

recipient and may be facilitated by inoculation of precur-

sor stem cells with regulatory cytokines. This mechanism

is supported by the various studies demonstrating

reduced cellular proliferation to graft antigen challenge,

isolation of CD4+ CD25+ Tregs following therapy, and

recent demonstrations of newly generated foxp3+ cells

[12,13].

In addition to altering the cytokine balance in the

recipient, several studies have described the usefulness of

modulating the available co-stimulation via systemic

administration of CTLA4Ig in preventing allograft and

xenograft rejection [14–19]. CTLA4Ig is a soluble fusion

protein that blocks T-cell co-stimulation by binding

CD80/86 thereby preventing CD28 signaling; therefore,

the local production of CTLA4Ig in the graft might inhi-

bit the immune response directed against the allograft

and promote long-term allograft survival. Our center has

explored ex vivo perfusion of allografts (liver, pancreas or

heart) with adenoviral vectors that encode CTLA4Ig

cDNA. Olthoff et al. [20] reported permanent survival of

rat liver allografts transduced with adenoviral CTLA4Ig.

The effect of adenoviral-mediated CTLA4Ig gene transfer

to the pancreas, a highly immunogenic organ, in the pre-

vention of rejection and recurrence of autoimmune diabe-

tes was investigated [18,21,22]. Local expression of the

CTLA4Ig-encoding gene permitted long-term graft survi-

val in the rat pancreas transplant model across highly dis-

parate allogeneic barriers. The immunosuppressive effect

of the CTLA4Ig protein was essentially limited to the

transduced organ, rather than being a systemic phenom-

enon.

While introducing immunosuppressive molecules

directly into the graft appears a promising strategy, gene

therapy can also deliver other molecules that may protect

the graft from immune surveillance. Lau et al. [23,24]

have investigated the use of FasL to induce apoptosis in

those lymphocytes that survey the area of grafted tissue.

They transfected myoblasts of recipient origin ex vivo

with an expression plasmid containing the cDNA for

CTLA4Ig or Fas ligand (FasL) and then transplanted allo-

geneic islets together with the transfected muscle cells.

In this setting, local production of CTLA4Ig resulted in

prolonged survival (from 11 to 31 days) and expression

of the FasL gene resulted in an even longer survival time

(>90 days) of the transplanted allogeneic islet tissue.

However, when subsequent studies have investigated

direct transduction of islet cells with FasL, islet cell
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destruction either by neutrophilic infiltration or auto-

crine-induced apoptosis has resulted [25,26]. Overall,

these data demonstrate the interesting concept that a

molecule may be immunoprotective when delivered on a

carrier cell in the vicinity of the graft but may lead to cell

death if expressed by the grafted tissue itself. However,

this strategy may be worth reconsideration with the

recent report of an anti-Fas ribozyme that can reduce Fas

expression in vitroin beta cells and hence may protect

them from Fas-mediated apoptosis following FasL trans-

duction [27]. Other recent studies have attempted to

retain the ability of FasL to promote elimination of allo-

geneic T cells while restricting its intracellular signaling

capacity [28,29]. There has been some success with viral

delivery of a CTLA4-FasL fusion protein, which may be

carried by activated dendritic cells to sites of T-cell activa-

tion though further studies will be required to delineate

how length of expression correlates with the specificity of

tolerance induction [28,29].

Together, the results from initial gene-therapy experi-

ments in the prevention of allograft rejection appear

promising, although some of the benefits are limited by

an immune response to the viral vector, a complication

that may be addressed through adjunct use of immuno-

suppression. The local production of biologically active

proteins from the graft, achieved by gene transfer to the

graft ex vivo, can inhibit the immune response against the

allograft and promote long-term graft survival. Similar

studies should be performed in large-animal transplant

models, and it is hoped that clinical application of this

strategy will follow.

Gene therapy to prevent chronic allograft
rejection

While acute rejection remains among the most well-

known challenges to transplantation, our current pharma-

cologic armamentarium is effective in preventing this

complication. Despite our successes in the post-transplant

period, chronic rejection persists as a distinct problem

inadequately addressed by current therapies. It has been

postulated that chronic allograft dysfunction is mediated

by both alloantigen-dependent (MHC incompatibility,

acute rejection) and alloantigen-independent (ischemia

and infection) factors [30]. A low-level immune response

characterized by perivascular inflammation may induce

persistent low-grade damage to the allograft vascular

endothelium. In turn, endothelial cells secrete growth fac-

tors in response to this damage, stimulating the prolifer-

ation of smooth muscle cells and myocyte migration from

the media to the intima, forming arteriosclerotic lesions.

Ultimately, vascular ischemia and/or interstitial fibrosis

develop and characterize chronic allograft rejection.

Ongoing studies have elucidated the mechanisms

involved in chronic graft injury and have utilized gene

therapy to intervene in candidate pathways. Based on the

proposed mechanism, opportunities for therapy exist both

for modulation of the immune system and direct inhibi-

tion of the graft response. The T cell-mediated graft

response involving secretion by T cells of PDGF, VEGF,

and Ang1 may contribute to tissue injury and to the sti-

mulation of mitotic activity among intimal cells [31].

While gene therapy approaches are only beginning to

address these interactions, there is preliminary evidence

that blockade these pathways may facilitate graft survival.

Savikko et al. [32] recently demonstrated that inhibition

of PDGF activity with imatinib was able to decrease chro-

nic allograft dysfunction in a kidney transplant model.

The stage is also being set for evaluation of these other

mediators as antisense oligonucleotides have been repor-

ted to disrupt the secretion of VEGF and TGFa; these

strategies may be suitable for future testing in experimen-

tal transplant settings.

In addition to limiting T-cell production of factors

promoting graft injury, preventing the response of local

tissue to these secreted factors may be equally efficacious

and may be easily delivered by manipulation of the graf-

ted tissue prior to transplantation. Several studies have

used gene therapy approaches to modulate intimal hyper-

plasia after arterial injury and new therapies are being

developed with several strategies aimed at preventing

smooth muscle cell migration.

The activation of matrix metalloproteinases in the vas-

cular wall allows smooth muscle cells to digest the sur-

rounding extracellular matrix and migrates from the

media into the intima. Expression of the gene that

encodes human tissue inhibitor of metalloproteinase

(hTIMP) by adenoviral-mediated gene transfer can signi-

ficantly prevent this smooth muscle cell migration and

resultant neointimal formation [33–35]. As the process by

which smooth muscle cells migrate has become better

understood, the role of the plasminogen activator/urokin-

ase system has also been revealed. Lamfers et al. [36] have

constructed a novel hybrid protein combining inhibitors

of metalloproteinase and urokinase activity and have

demonstrated decreased intimal thickening following

adenoviral-mediated transfer in saphenous vein culture, a

therapy that warrants evaluation in the transplant setting.

The potential for application of these novel strategies

continues to be developed in vitro; construction of a vec-

tor containing human TIMP has recently been reported

that may permit future applications of this principal to

human transplantation [37]. Other gene transfer studies

have demonstrated an inhibitory effect on intimal thick-

ening by transfer of a variety of genes that encode anti-

apoptotic proteins, antisense oligodeoxynucleotides of

Moore et al. Gene therapy in transplantation

ª 2006 The Authors

Journal compilation ª 2006 European Society for Organ Transplantation 19 (2006) 435–445 437



adhesion molecules, nitric oxide synthase or vascular

growth factor to endothelial cells [38–41]. Recent evi-

dence suggests the efficacy of increased levels of HO-1 for

tissue protection against chronic allograft rejection. Both

Chauveau et al. and Bouche et al. have used adenoviral

gene transfer of HO-1 to prevent intimal thickening in

aortic graft models [42,43]. The enzyme heme-oxygenase

participates in the breakdown of heme and generates CO

as one of its products. The increased local CO may down-

regulate macrophage activity and protect endothelial cells

from apoptosis. Further studies of the CO molecule sug-

gest that this product may be a major mediator of the

effect and may act through modulation of nuclear factor

kB (NF-kB) pathways [44,45]. Overall, strategies aimed at

decreasing chronic inflammatory injury by repressing

secreted mediators or changing local tissue metabolism

demonstrate significant potential for the prevention and

treatment of chronic graft dysfunction.

Gene therapy and xenotransplantation

While new strategies to prevent acute and chronic trans-

plant damage by gene therapy continue to arise, the success

of clinical transplantation remains limited by the lack of

donor organs. Xenotransplantation represents one means

to address the critical organ shortage. However, while the

immunologic challenges hindering allotransplantation are

significant, the complications are multiplied when species

barriers are crossed. In pig-to-human or pig-to-baboon

models, the grafted organ is rejected within minutes or

hours by antibody-mediated complement activation

(hyperacute rejection or HAR) [46]. Because activation of

the complement cascade is regulated by various species-

specific proteins, overcoming HAR by genetic transfer of

human complement regulators has been the major focus in

this field. Several groups have successfully introduced genes

that encode human complement regulators, such as human

decay-accelerating factor (DAF), membrane cofactor pro-

tein or CD59, into the pronuclei of fertilized pig oocytes

[47–49]. Organs from DAF-expressing pigs survived for up

to 8 days when transplanted into baboons, in the contin-

ued absence of any visible HAR [50].

In addition to the inhibition of complement activa-

tion, HAR may also be prevented by more direct

approaches to avoid the attack of the preformed anti-

body, so-called xenoreactive natural antibodies (XNAs).

As has been described for other specificities in the nat-

ural antibody repertoire, the human immune system

possesses preformed antibody with affinity for the

unique patterns of glycosylation present on xenogeneic

tissue because of species-specific expression of unique

galactosyltransferases. To address this immunologic

obstacle, investigators have attempted to either imbue

the recipient immune system with the appropriate

transferase or alternatively to eliminate glycosylation

from the cells of the donor animal. Bracy et al. [51]

explored the potential of gene therapy to overcome anti-

aGal (Gala1-3Galb1-4GlcNAc-R) antibody-mediated

rejection in a murine model and showed that produc-

tion of anti-aGal XNAs could be inhibited by introdu-

cing a gene encoding a-galactosyltransferase in

autologous bone marrow. This treatment provides a the-

oretical basis to circumvent the difficulties associated

with engraftment of xenogeneic bone marrow in humans

for the purpose of inducing tolerance. While this ther-

apy has provided evidence that tolerance can be induced

to species-specific glycosylation, elimination of the

alpha-galactosyltransferase within a line of transgenic

pigs to circumvent this challenge has been considered as

an alternative approach. Tissue from alpha-Gal KO

donors was shown to attenuate hyperacute rejection in a

renal transplant model and also in a model of lung

transplantation [52–54]. Although these methods repre-

sent significant advances in addressing principle elements

of the hyperacute xenograft response, there remain signi-

ficant obstacles to xenotransplantation from the humoral

immune system. A recent report by Chen et al. [55]

revealed antibody-mediated rejection of Gal KO pig

organs transplanted into baboons suggesting a critical

role of antibody against nongal antigens in acute

humoral xenograft rejection. Whether the specific targets

of these antibodies can be identified and overcome with

a similar gene-targeted approach is an area of active

new investigation.

However, even if HAR can be avoided, the xenograft is

subject to delayed xenograft rejection (DXR) within sev-

eral days. DXR is a T cell independent but complex pro-

cess in which many factors, including antibodies,

macrophages, NK cells, cytokines, and chemokines are

involved [56]. Such DXR is probably initiated by XNAs,

many of which are directed against cell surface sugar resi-

dues that are expressed on the blood vessel of donor

organs, leading to endothelial cell activation – a crucial

event in DXR. Endothelial cell activation may contribute

further to DXR through activation of proinflammatory

genes (such as chemokines, cytokines and adhesion mole-

cules). In addition, activated endothelial cells may them-

selves serve as antigen presenters as suggested in

allotransplant models and may be a more vigorous stimu-

lus in xenogeneic models [57–61]; in addition to antigen

presentation, recent studies have implicated expression of

ICOSL in endothelial cell-dependent activation of anti-

graft CD8 T cells [62,63]. The response of the vascular

endothelium to the trauma of transplantation through

upregulation of cytokines and costimulatory ligands may

both be mediated largely via NF-kB, a transcription factor
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that plays a crucial role in controlling many proinflam-

matory genes [64,65].

While inhibition of NF-kB by IkB was a logical initial

intervention, its overexpression acutely sensitized endo-

thelium to apoptosis mediated by TNF [66]. Anrather et

al. [67] improved on this system with dominant-negative

IkB mutants that partially inhibit the myriad functions of

NFkB. Overexpression of the gene that encodes p65 RHD

in endothelial cells blocked the activation of NF-kB and

thus suppressed the upregulation of proinflammatory

genes but did not sensitize the endothelial cells to TNF-

mediated apoptosis. While the role of the NF-kB pathway

has thus far been evaluated primarily in allograft models,

its application to xenograft protection where endothelium

is targeted by multiple pathways may lead to better

engraftment and graft survival. We anticipate renewed

interest in these pathways as the initial obstacles in xeno-

transplantation are managed. As the problems of HAR,

and eventually DXR, are overcome, host T-cell responses

against the xenograft must finally be addressed. The char-

acterization of T-cell responses to xenografts has been

hindered in most discordant models by limited survival

beyond the HAR and DXR phases. Nevertheless, experi-

ments with skin and pancreatic islet xenografts, which

are not subject to HAR or DXR, demonstrate that T-cell-

mediated xenograft rejection is at least vigorous as

T-cell-mediated allograft rejection [68,69]. Importantly,

conventional immunosuppressive agents may be less

effective at prolonging xenograft survival than at prolong-

ing allograft survival [70]. In particular, as our reagents

for the inhibition of alloreactivity become more specific,

they may further lose the ability to hinder xenorejection.

This concept is highlighted in a recent publication by

Mirenda et al. [69], where variants of the CTLA4 mole-

cule in a xenotransplantation model are selectively able to

hinder the direct (presentation by xeno-APCs) and indi-

rect (presentation by allo-APCs) pathways. As it is critical

to address both pathways of T-cell activation, we can

anticipate that reagents that have been tailored for the

allopresentation pathway may be relatively or completely

ineffective in preventing presentation by xenogeneic

APCs. Therefore, T-cell-mediated rejection of discordant

xenografts represents a third hurdle to the success of xen-

otransplantation. Recently, several groups have investi-

gated the effect of gene transfer on islet xenograft

survival. Transfer of the CTLA4Ig gene mediated either by

adenovirus or a gene gun resulted in a significant prolon-

gation of islet xenograft survival [21,71]. Extension to

other organs where direct presentation may play a greater

role may be facilitated by targeting both allogeneic and

xenogeneic CD28 molecules as described above. In addi-

tion, we showed that transfer of the genes that encode

IL-10 and TGF-b resulted in prolonged islet xenograft

survival in a highly discordant dog-to-rat islet transplant

model, but the same strategy actually accelerated islet

xenograft rejection in a rat-to-mouse islet transplant

model, probably by enhancing the humoral immune

response [72]. These data point out the importance of

better understanding cytokine regulation and interaction

in the xenoimmune response to design better gene ther-

apy approaches to this challenging problem.

Gene therapy approaches to successful islet
transplantation

While direct control of acute and chronic graft-reactivity

is critical to the success of allo and xeno-transplantation,

our investigation into islet transplantation has also high-

lighted additional areas in which gene therapy may bene-

fit transplantation. The implementation of islet

transplantation is largely limited by the need for an aver-

age of two donor pancreata for the treatment of each

recipient, a stringent challenge given the organ shortage.

In addition, the continued requirement for long-term

immunosuppression challenges our ability to balance the

benefits and risks for all patients with diabetes. To opti-

mize the application of this therapy, it is necessary to

limit the need for immunosuppression and improve the

number of recipients that can be cured from a single

donor. Gene therapy again offers a number of therapeutic

opportunities based on our knowledge of the immune

process leading to beta cell destruction as well as our

appreciation of basic beta cell physiology.

While T cells are the final effectors of islet cell death, the

mechanism by which islet cells are destroyed remains

under active investigation. Although cell–cell contact

between CD4 or CD8 T cells and islets may be a factor in

this progression, many studies have suggested that such

intimate contact is unnecessary [73,74]. Rather, secreted

cytokines may mediate direct toxic effects on islet tissue

and activate islet cell apoptosis resulting in beta cell

destruction and diabetes [75,76]. Within the cytokine

pathway, secretion of IFNa, Il-1, and TNF-á has been most

reliably associated with progression to diabetes [77–81]. In

fact, alterations in the availability of these factors or in

their signal transduction apparatus have been associated

with the prevention of autoimmunity in diabetes-prone

non-obese diabetic (NOD) mice. Islet cells themselves pos-

sess the ability to receive signals through these mediators

and contact with these ligands involves activation of mul-

tiple islet factors including STAT1, AP-1, and NF-kB

[75,82]. Ultimately, transduction via these stress-related

pathways leads to production of pro-apoptotic genes such

as Bax and islet cell death. These pathways have been

amenable to intervention through a variety of gene therapy

approaches. Interference in the IL-1-mediated apoptotic
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pathway has been most reliably obtained by transduction

of islet cells with a construct expressing IRAP, the interleu-

kin-1 receptor antagonist protein. Tellez et al. recently

showed improved islet cell survival and replication follow-

ing adenoviral transduction with this cytokine, an exten-

sion of the prior findings of Giannoukakis [83,84].

Protection from cytokine-mediated apoptosis has also been

achieved following viral induction of islet cell expression of

TNFRIg, baculovirus p35 protein, and insulin-like growth

factor IGF-1 [85–87]. In addition to preventing the initial

activation of the apoptotic pathway, strategies to over-

express antiapoptotic proteins such as the TNF-a inducible

transcription factor A20 or bcl-2 have also been effective in

extending islet survival by preventing islet loss [38,88,89].

While protecting islet cells from cytokine-mediated

injury may both prolong their survival and decrease the

number of cells needed for curative transplantation, we

have also investigated gene therapy approaches to induce

islet cell proliferation or to augment directly the function

of the transplanted tissue to promote disease cure with

fewer donor islets. We have demonstrated effective islet

cell proliferation following lentiviral-mediated cellular

transduction with a chimeric construct in which the ery-

thropoietin receptor signaling apparatus is fused to FK

binding protein (FKBP)-binding domains, which can be

cross-linked by exposure to a chemical inducer of dimeri-

zation [90]. In this study, there was successful prolifer-

ation demonstrated both in vitro and in vivo, retention of

appropriate glucose responsiveness, and stability of the

differentiated phenotype of the transduced cells. The

induction of islet cell proliferation with decreased min-

imal islet mass for cure has also been found following

islet transduction with hepatocyte growth factor (HGF)

[91,92]. The physiologic role of this pathway has been

supported in more recent studies demonstrating

decreased islet function in the absence of the HGF recep-

tor [93]. In addition to the induction of islet prolifer-

ation, we have investigated the augmentation of

individual islet cell function such that one islet may sub-

serve the function of many, a ‘superislet’ approach. As

the major function of the transplanted islet tissue is the

secretion of insulin in response to glucose and other

nutritional stimulation, we have hypothesized that trans-

duction of islet beta cells with the insulin gene would

increase the ability of individual beta cells to produce

insulin in response to hyperglycemic challenge [94]. We

have demonstrated that the required islet mass for cure of

diabetes in mice is significantly reduced following this

modification with only 25–50% of the previously needed

islet mass now rendered curative. Further improvement

in these approaches may enable living-related islet cell

donation in the future, which would greatly expand the

potential for transplantation for autoimmune diabetes.

Gene therapy and transplantation tolerance
induction

While solutions may be tailored via gene therapy to

address individually, the myriad challenges of organ

transplantation, the future combination of gene therapy,

and transplantation will seek the ultimate remedy – the

induction of permanent donor-specific tolerance. Despite

the enormous success achieved in rodent models, induc-

tion of permanent graft tolerance in large-animal models

and humans has not been achieved routinely. Fortunately,

the application of gene therapy may provide numerous

approaches to achieve or enhance induction of tolerance

in phylogenetically advanced mammals. While acute rejec-

tion is effectively managed by pharmacologic means, the

induction of long-term tolerance can be sought by usurp-

ing the function of the normal tolerance maintaining

machinery including both central (thymically mediated)

and peripheral tolerance mechanisms. There has been

considerable effort in introducing donor-specific proteins

into the recipient thereby manufacturing an expansion of

the recipient definition of ‘self’ with associated protection

from immune destruction. This manipulation has been

achieved temporarily through donor-specific transfusion

and is provided on a more permanent basis through the

generation of microchimerism in which the recipient

bone marrow is altered to express donor proteins.

Numerous groups have repeatedly demonstrated long-

term tolerance induction following gene transfer of MHC

class I or class II to create matching to donor organs in

murine models of transplantation [95–101]. These models

have demonstrated efficacy even with single haplotype

matching, a finding that may significantly simplify the

vectors needed for clinical transplantation, where the

degree of MHC mismatching is often large and unpre-

dictable. While much insight has been gained into the

utility of gene therapy to fabricate immunologic matches,

the success of these early therapies also highlights the

challenges inherent within the system. Present approaches

focus on the transduction of autologous bone marrow

and aim at minimizing the preparative and myeloablative

regimens necessary to inoculate critically ill recipients

with reconstituting bone marrow. While other gene deliv-

ery approaches have been presented, most notably the

direct inoculation of the recipient thymus with MHC-

encoding cDNAs, this technique has not been fully devel-

oped for clinical application and if developed would face

the challenge of thymic involution that characterizes the

aged population most likely to be recipients [102]. None-

theless, the introduction of donor MHC into recipient

bone marrow or thymus with simple conditioning and

treatment regimens remains a plausible therapy for the

induction of permanent allograft tolerance.
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Although there has been much success with and much

enthusiasm for experimental approaches to generate mic-

rochimerism for the purpose of tolerance induction, the

need in most systems for reinfusion of recipient bone

marrow may limit the applicability of this strategy as

many patients in need of transplantation are critically ill

and may not tolerate this procedure. Yet, the core con-

cept – manipulation of the specificities recognized by the

recipient immune system – can be modified based on

current research. The new millennium has seen a renewed

interest in regulatory T cells, CD4+ CD25+ Foxp3+ cells

that can control the responsiveness of other T lympho-

cytes. Several recent reports suggest that these cells can

prolong allograft survival or promote indefinite tolerance

[103–106]. Initial reports of this phenomenon focused on

polyclonal regulatory cells without known specificity.

However, we and others have recently reported the ability

of antigen-specific regulatory cells to mediate prolonga-

tion for grafted tissue expressing their cognate antigen

[107–109]. Of critical importance from the gene therapy

perspective, these cells can be generated from CD4+

CD25) negative precursors by transduction with the

foxp3 gene, the master mediator of regulatory cell devel-

opment [110]. These artificially generated regulatory cells

can prevent graft versus host disease (GVHD) and pro-

mote skin allograft survival. While other attempts have

been made to imbue graft reactive T cells with graft pro-

tective cytokines such as Il-10 or TGFa, the induction of

the full regulatory cell pattern via the master transcrip-

tional regulator may represent the most effective means

to generate tolerance through Tregs. There would be a

number of benefits if this process could be similarly

applied to human research including the use of autologous

cells for gene-modification thereby avoiding potential

GVHD. The efficacy of this strategy would be enhanced if

transferred tolerance to defined antigens is demonstrated

to expand to other epitopes; this ‘linked’ tolerance has

been a reported characteristic of tolerant systems in which

regulatory cell function is the predominant mechanism.

So-called ‘infectious tolerance’ suggests that regulatory

cells specific for one epitope may cause other naı̈ve cells

recognizing distinct antigens shared by the graft to deviate

along a regulatory path of development [111,112]. In this

way, tolerance may become widespread against multiple

graft antigens with minimum requirements for transduc-

tion efficiency and may also be self-perpetuating.

Moreover, the development of antigen specific immune

regulation would be a substantial improvement over pre-

vious approaches. This specificity could be produced

either through genetic strategies such as coupling foxp3

transduction with co-inoculation of engineered T-cell

receptors [113,114] or by classic immunologic methods

such as expanding donor reactive cells via alloantigen

exposure prior to or coincident with foxp3 expression.

Specific targeting of the desired proteins against which to

provide regulation by taking advantage of the specificity

inherent in the TCR-MHC interaction may limit global

immunosuppression, minimize side effects, and offer bet-

ter prospects for long-term safety.

Challenges and prospects

Gene therapy strategies offer the potential to prevent allo-

graft and xenograft rejection by several approaches. To

date, the results of experiments in animal models have been

encouraging and have demonstrated proof of principle.

However, major challenges in the application of gene ther-

apy in transplantation remain. Such problems include: [1]

a low level of gene expression using currently available

gene-delivery systems; [2] immune responses to gene-deliv-

ery vectors, such as adenoviral vectors, or risks associated

with these viral vectors; [3] an incomplete understanding

of the mechanisms of both rejection and tolerance, such as

the details of regulatory cytokine networks, MHC-antigen

interactions during the rejection process, and a complete

understanding of costimulatory factors and their functions.

It is expected that, as gene therapy technology improves,

more clinically acceptable and efficient means of gene

transfer will develop. The mechanisms of tolerance and

rejection and the role of MHC class I and class II molecules

will be better understood, such that strategies that favor

the development of transplantation tolerance will emerge.

Similarly, as the details of cytokine regulation of the

immune response become clear, more effective manipula-

tion of the immune response through the control of local

or systemic levels of specific cytokines will be achieved. We

look forward to the extension of findings in allogeneic mu-

rine systems, where tolerance is readily achieved to the

more complex setting of cross-species immunity in xeno-

transplantation. We anticipate greater understanding of

the xenorejection process and, with new successes, greater

knowledge of our opportunities for intervention. By com-

bining genetic modification of donor tissue or whole

donor animals with complementary changes to the recipi-

ent immune systems, long-term graft survival without

ongoing immunosuppression is an achievable goal.
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