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Abstract 

The genetic modification of organs or cells is an attractive approach to protect allogeneic 

transplants from acute rejection and other complications. The transplant setting offers a 

unique opportunity to utilise ex vivo gene therapy for modification of allogeneic organs 

and tissues prior to implantation. Significant challenges to applying this concept to 

human organ transplantation, however, include the large number of potential molecular 

targets, the diversity and safety profile of available vector delivery systems and the 

merging of gene-based therapies with existing immunosuppressive regimens. 

Accordingly many different therapeutic concepts and vector systems have been 

investigated in the pre-clinical area with a view to prolonging allograft survival but 

translation of promising gene therapy strategies to human clinical transplant studies has 

lagged behind the progress seen in other medical fields. In this article recent pre-clinical 

experimental applications of gene transfer to transplantation are outlined and the degree 

to which gene therapy has been clinically tested in organ transplant recipients is critically 

reviewed.  
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1. Introduction: 

Solid organ transplantation is the therapy of choice for many patients suffering from end 

stage organ disease. Due to differences between donor and recipient major 

histocompatibility complex (MHC) class I and II genes allogeneic grafts are generally 

rejected by the recipient’s immune response. Although several new immunosuppressive 

drugs have been developed over the last three decades (e.g. cyclosporine, tacrolimus, 

sirolimus, mycophenolate mofetil) and have led to significant prolongations of allogeneic 

graft survival, the long-term prognosis for many human organ transplants remains 

relatively poor. Moreover, drugs currently given routinely to transplant recipients 

(generally as triple or quadruple therapy) fail to induce immunologic tolerance against to 

allogeneic grafts and, therefore, must be given continuously in order to prevent rejection. 

In addition, long-term non-specific immunosuppression enhances the risk of re-activation 

of latent virus infections such as Cytomegalovirus (CMV) and Epstein-Barr Virus (EBV). 

Ideally, novel antigen-specific therapies will be developed which, under optimized 

conditions, need only be applied for a short period around the time of transplantation. The 

development of novel therapies, however, requires a fundamental understanding of the 

mechanisms of rejection of vascularised allogeneic grafts.  

The immune system of the transplant recipient plays a pivotal part in the rejection process 

of vascularised grafts with both humoral and cellular immune responses contributing. 

Shortly after transplantation, passenger leukocytes leave the graft, migrate to the draining 

lymph node and present alloantigens via donor-derived MHC molecules to residing host 

CD4 and CD8 T cells. This strong stimulus leads to activation, proliferation and 

migration of recipient T cells into the graft and, ultimately, to its destruction. This 

pathway of activation of host immunity is called the direct pathway of T-cell activation 

and leads to acute graft rejection [1]. In addition to the direct activation of recipient T 

cells by donor-derived antigen-presenting cells (APCs), host APCs may contribute to the 

rejection process by collecting alloantigen from the graft and presenting it in the context 

of “self” MHC molecules to recipient T cells. This modality of alloantigen presentation is 

referred to as the indirect pathway of T-cell activation and also results in anti-graft 

cellular immunity although less strongly as compared to the direct pathway. Nonetheless 

there is evidence that the indirect pathway is primarily responsible for chronic rejection 
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of allogeneic grafts over a period of months or even years. Whereas acute rejection can 

be well controlled by current anti-inflammatory drugs there is often little influence of 

immunosuppressive drug administration on chronic graft rejection. Finally, in addition to 

MHC class I/II incompatibilities, ischemia/reperfusion injury (IRI) plays a critical role in 

the development of chronic graft rejection.  

 

2. Gene therapy as novel therapeutic approach to prevent graft rejection 

The tremendous advances in molecular medicine and biology within the last decades 

have led to the development of novel therapeutic tools for the treatment of cancer, 

inherited and infectious diseases, autoimmune disorders and allogeneic transplantation. 

These include the generation of gene-based approaches for the correction of defective 

genes or for over-expression of therapeutic molecules [2,3]. To date however, the success 

of gene-based therapies has been limited. This is mainly due to as yet unsolved problems 

concerning the gene transfer vehicle (e.g. the viral vector), the efficiency of gene transfer, 

the level of therapeutic gene expression and the potential for unwanted immunologic 

responses directed against the vector or the transferred therapeutic gene. Despite these 

challenges, promising clinical trials using gene therapy are currently underway, an 

example being a recent study demonstrating its successful use in patients with Leber's 

congenital amaurosis  [4]. 

 

a: Vectors used for gene therapy 

Viral vectors are generally characterized by high infectivity and broad tropism, although 

transduction efficiency may vary, depending on the cell type [5]. Therefore the selection 

of a gene therapy vector is critically dependent on the cell type or target tissue. Different 

virus families have been investigated for their potential as gene therapy vectors. These 

include vectors derived from retroviruses, adenoviruses (Ad), adeno-associated viruses 

(AAV) or herpesviruses. The most frequently used carriers for the transfer of genetic 

information in human gene therapy trials have been adenoviruses and retroviruses [6]. 

Adenoviral vectors have shown considerable efficiency in pre-clinical and clinical gene 

therapy studies but, when administered in vivo, induce an inflammatory cascade against 

the vector itself and against the transduced cells or tissues which can lead to strong, 
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destructive immune responses [5]. Despite this immunological activation numerous 

studies have been performed using Ad-vectors in gene therapy trials predominantly in 

patients with advanced malignancies.  

Retroviral vectors have also been frequently used as gene transfer vehicles. It is believed 

that gene delivery with retroviral vectors leads to long-term expression of the therapeutic 

gene due to the integration of the viral genome into the cellular DNA. In addition, 

retroviral vectors do not seem to induce strong immune responses. However, integration 

into transcriptionally-active sites within the cellular DNA may lead to undesired side 

effects due to insertional mutagenesis [7]. For safety reasons and space constrains 

regarding the size of the therapeutic gene an in vitro triple/quadruple transfection system 

for the different components of the retroviral genome has been established.  

Finally, AAV has been investigated for its potential as a gene therapy vector. To date ten 

serotypes (AAV 1-10) with different cell specificities have been identified and apparently 

lack pathologic effects upon infection in humans. In contrast to Ad-vectors, AAV does 

not induce a strong immune response due to the absence of immunogenic viral proteins. 

Clinical trials using AAV are in progress for the treatment of cystic fibrosis, hemophilia, 

muscular dystrophy and inherited blindness [4,8-10].  

Other gene transfer techniques which do not use viruses as shuttle vector (non-viral gene 

transfer) include transfer of “naked” plasmid-DNA, use of DNA-liposomes complexes, 

electroporation or “gene gun”-mediated transfer of genetic material into cells or tissues. 

 

b: Genetic modification of the allograft to prevent immune-mediated rejection 

The genetic modification of organs or cells is an attractive approach to protect allografts 

from acute rejection. The transplant setting offers the unique advantage for gene therapy 

to modify allografts ex vivo prior to transplantation. Local expression of the therapeutic 

gene provides new and exciting prospects which may result in improved bioavailability 

of the immunomodulatory agent and additionally reduce or avoid systemic immune 

suppression. A significant problem in applying this concept to human organ 

transplantation, however, is that it remains unclear which specific therapeutic molecules 

should be expressed or which receptor should be blocked to most efficiently induce long-

term allograft survival or even tolerance. Accordingly many therapeutic molecules and 
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different vector systems have been investigated in numerous pre-clinical studies aimed at 

demonstrating prolonged allograft survival. In this section of the review some of the more 

promising candidates are briefly described. 

The full activation of alloantigen-specific T cells is one of the critical steps in transplant 

rejection. CTLA-4 (CD152), a protein homologous to CD28, is expressed on activated T 

cells and binds B7 on APC with high affinity. It has been shown that CTLA-4 interferes 

with the B7-CD28 interaction (negative signalling). Several studies have shown 

beneficial effects of systemic administration of CTLA-4Ig - a soluble fusion protein 

consisting of the extracellular domain of CTLA-4 fused to the immunoglobulin constant 

domain which inhibits CD28-B7 interaction - in allograft rejection and autoimmune 

diseases [11]. Interestingly, it has been speculated that localised expression of CTLA-4Ig 

through gene therapy techniques may also increase the number of regulatory T cells 

linking co-stimulatory blockade to the generation of regulatory T cell populations 

[12,13]. Although initial results from studies in rodent models were very encouraging, the 

translation of systemic or localised CTLA-4Ig therapy into the clinic has been hampered 

by disappointing results obtained in nonhuman primates showing much less efficacy in 

this setting [14,15]. However, since then a number of encouraging approaches have been 

undertaken to develop higher affinity forms of CTLA-4Ig [16]. In addition, other co-

stimulatory pathways such as Inducible Costimulator (ICOS)/ICOSL) [17], and PD-

1/PD-1L [18] attracted the attention of various research groups as it became clear that T 

cell activation and transplant rejection can occur in the absence of CD28-B7 or CD40L-

CD40 signals [19,20]. 

Besides targeting co-stimulatory events, over-expression of anti-inflammatory cytokines 

is another interesting option to modulate immune responses against allogeneic grafts. IL-

10 is a potent immunomodulatory cytokine that interacts with APCs and inhibits 

production of monokines such as IL-1, IL-6, IL-8, and TNF-α [21]. It has been shown by 

various groups that gene transfer of IL-10 can lead to prolonged graft survival in different 

transplant models [22,23]. However gene transfer of cytokines may be problematic due to 

the pleiotropic effects of cytokines and to their short half-life in serum. 

 

c: Genetic modification of the allograft to prevent ischemia-reperfusion injury 
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Although the introduction of immunosuppressive regimens to prevent acute transplant 

rejection has significantly improved early allograft survival rates, the half-life of 

transplanted organs remains below expectations. Nevertheless, the success of 

transplantation has enhanced the disparity between the number of donor organs available 

and number of patients on transplant waiting lists. This donor shortage has led to an 

increase in the transplantation of organs from so-called “marginal” donors (i.e., from 

older individuals or those with a history of hypertension and cardiovascular disease) 

whose tissue may be more susceptible to chronic damage following ischemia-reperfusion 

injury (IRI).  

IRI is a complex, antigen-independent event surrounding organ harvesting, storage, and 

reperfusion, which often leads to primary graft dysfunction as well increased incidence of 

acute and/or chronic rejection. Indeed, prolonged warm and cold ischemic time (>12h) 

correlates with an increase in primary graft dysfunction. The mechanism of IRI is 

multifaceted and includes impaired blood flow reconstitution, increased expression of 

adhesion molecules, neutrophil activation, activation of APCs, cytokine and chemokine 

release by infiltrating leukocytes, oxidative stress, and endothelial cell apoptosis [24]. 

Several gene therapy strategies to prevent IRI have been designed with the aim of 

blocking oxidative injury locally within the transplant itself. Among these strategies over-

expression of anti-apoptotic molecules (Bcl-2, Bcl-xL, Bag-1) or graft-protective genes 

(Heme Oxygenase-1) reduced ischemia/reperfusion injury and in some pre-clinical 

studies prolonged graft survival. Interestingly it has also become clear that “danger” 

signals which are associated with innate immunity may contribute both to IRI and to 

initiation of transplant rejection [25]. The involvement of Toll-like receptor (TLR) 

activation in IRI has been documented by using liver transplants from TLR4 knock-out 

mice. Disruption of TLR4 signalling down-regulated early pro-inflammatory responses 

and ameliorated liver IRI [26]. In one recent study, over-expression of viral IL-10 (vIL-

10) by adenovirus-mediated gene transfer was shown to prevent hepatic IRI in 

association with depressed expression of innate TLR4 and adaptive T helper type 1 

cytokine/chemokine programs [27]. In summary these results indicate that both innate 

and adaptive immune responses may contribute to graft preservation and long-term 

survival and constitute important targets for gene therapy-mediated interventions. 
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d: Use of genetically modified cells to prevent transplant complications 

Dendritic cells (DCs) are the most potent APC that respond to local injury by uptake and 

processing of antigenic material, migration to local lymphoid tissue and activation of 

antigen-specific T cells (for review see: [28,29]). In the normal steady state (absence of 

inflammation), DCs reside as interstitial immature APCs in most peripheral tissues. 

Immature DCs internalize exogenous antigens efficiently and exhibit low naive T cell 

stimulatory capacity (characterized by low MHC class II and CD80/CD86 expression) 

[30]. During inflammation, however, maturation of immature DCs is triggered by various 

stimuli including cytokines or bacterial and viral components via TLRs (for review see 

[25]). Activated DCs express high levels of MHC class II and co-stimulatory molecules 

(e.g. CD80 and CD86) that enable them to recruit and activate T cells in the lymph nodes. 

In addition, DCs have the potential to induce tolerance under defined conditions (for 

review see: [31]). Conditions that favour induction of tolerogenic DCs include exposure 

to Th2 cytokines such as IL-4, IL-10 or TGF-β. The processes thought to be involved 

include a shift to a Th2-mediated immune response, induction of apoptosis or regulatory 

T cells. DCs which have been transduced with gene therapy vectors encoding for genes 

expressing IL-10, CTLA4Ig or TGF-β significantly prolonged allogeneic heart graft 

survival in small animal models [32-34]. Gene-modified DCs expressing vIL-10 

produced high levels of this cytokine in vitro with subsequent marked reduction of MHC 

antigen expression resulting in decreased T cell stimulation and induction of T cell 

hyporesponsiveness [32].  

As previously discussed, a significant problem in transplantation remains the reactivation 

of latent viral infections such as EBV and CMV due to immunosuppressive medication. 

Conventional antiviral therapies for these pathogens may be associated with toxicity, 

viral resistance or triggering of graft rejection, therefore novel therapeutic regimens are 

required. One promising treatment strategy is the ex-vivo generation of recipient-derived 

virus-specific T cells which upon re-infusion into the patient remove virus-infected cells 

[35]. Interestingly, the generation of virus-specific T cells which were stimulated by ex-

vivo adenovirally-modified DCs expressing CMV specific antigens has recently been 

successfully brought forward into the clinic [36]. 
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The ex-vivo generation of T cells with regulatory capacity in vivo by repeated incubation 

of T cells with IL-10 has also been described experimentally [37]. Since then many 

groups have reported the generation of regulatory T cells (Treg) both in vivo and in vitro 

by various techniques including gene transfer. Recently, cell-based gene therapy using 

genetically modified T cells expressing the forkhead-winged helix transcription factor 

FOXP3 has been described [38]. The importance of this transcription factor for the 

generation of Treg first came to light in a mouse mutant strain called scurfy which exhibits 

an X-linked recessive autoimmune and inflammatory diseases as a result of uncontrolled 

activation and expansion of CD4
+
 T cells [39]. A similar phenotype has been identified in 

humans with X-linked autoimmunity-allergic dysregulation syndrome [40]. Efforts to 

identify the defect revealed mutations in the gene encoding FOXP3 in affected mice and 

humans [40,41]. Subsequently it was shown that retrovirus-mediated gene transfer of 

FOXP3 cDNA in naïve T cells generates a phenotype similar to that of naturally 

occurring Treg and adoptive transfer prevents the onset of autoimmune disease in a model 

of inflammatory bowel disease [38]. Therefore the generation of FOXP3-expressing T 

cells has become an interesting option for the treatment of various diseases including 

allergy, autoimmunity and transplantation [38,42,43].  

 

e: Other niche applications of gene therapy in transplantation 

Other therapeutic opportunities for combining transplantation and gene transfer 

techniques in specific challenging patient groups have been identified and investigated in 

the pre-clinical arena. For example gene therapy represents an attractive strategy for 

increasing the therapeutic potency of isolated cells such as pancreatic islets or 

hepatocytes as an alternative to whole organ transplantation for metabolic diseases. Pre-

clinical studies involving the transplantation of gene-modified islets into diabetic animals 

have shown promising results although this approach has not been clinically applied to 

date [44]. In contrast the ex-vivo genetic modification of hepatocytes has already shown 

its potential for clinical application in the correction of genetic defects (see below). 

Similarly, the association of certain malignancies with chronic organ failure (e.g. 

hepatocellular carcinoma, lung carcinoma) has generated interest in the administration of 

anti-tumor gene therapy in combination with organ transplantation and, as described in 



 10

the following section, this is one of the few strategies that has been directly tested in a 

clinical trial setting.  

 

3. Clinical Application of Gene Therapy in Transplantation: The Reality 

Despite the enthusiasm that has been shown for gene therapy concepts and applications 

within the field of experimental transplantation [45] the translation of this work toward 

improving the outcome of human organ and tissue transplants has been surprisingly 

limited. This fact seems all the more unusual given the “bold steps” that have historically 

marked the progress of transplantation as a clinical intervention [46] but, as discussed 

later, there may be some specific explanations for the dearth of gene therapy trials among 

transplant recipients. In this section of the review, the limited but potentially important 

clinical reports involving gene therapy in recipients of non-haematological transplants or 

in patients groups that may be of direct relevance to transplantation are described.   

Registered clinical gene therapy trial in transplantation: Clinical trial registries provide a 

valuable overview of the level and diversity of human translational research that has been 

inspired by basic and pre-clinical work in various emerging fields such as gene therapy. 

The most wide-reaching of these registries, ClinicalTrials.gov (www.clinicaltrials.gov), 

lists, as of April 1
st
 2009, over 1600 completed, active or planned human clinical trials 

involving in vivo or ex vivo viral and non-viral gene transfer techniques. A review of the 

protocol descriptions for these studies reveals that the largest number of registered gene 

therapy trials is targeted toward the therapy of malignant solid tumours while other 

indications for which multiple trials have been initiated include haematological 

malignancies and genetically-based immune deficiencies, non-immunological genetic 

disorders, chronic infections, cardiovascular diseases, neurological diseases and 

autoimmunity. Remarkably, while a search of this database for trials combining the terms 

“gene therapy (or gene transfer)” and “transplantation” returns over 100 studies, the large 

majority of these involve bone marrow/haematopoietic stem cell transplantation or non-

interventional genetic studies of transplant recipients. Only one registered study 

(discussed below) represents a bona fide gene transfer technique in the context of solid 

organ transplantation [47]. Further searches of this database as well as other clinical trials 

registries and meta-registries (e.g. ISRCTN (isrctn.org), WHO ICTRP 
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(www.who.int/ictrp/en/) and Current Controlled Trials (www.controlled-

trials.com/mrct/)) revealed only one additional ongoing trial of a nucleic-acid based 

therapeutic product in organ transplant recipients. In this multi-centre phase I/II study 

(described at www.quarkpharma.com/qbi-en/products/QPI-1002DGF/) the effect of a 

small interfering RNA (siRNA) preparation directed against the stress/ischemia-activated 

protein p53 on renal allograft delayed function will be compared to placebo.   

Reported results for gene therapy trials in human transplant recipients: In 1995, 

Grossman et al. reported the results of a novel clinical study in which primary 

hepatocytes, cultured from partial hepatectomy specimens of 5 patients with homozygous 

familial hypercholesterolemia, were retrovirally transfected ex vivo with the low density 

lipoprotein receptor and then transplanted back into the remaining liver through the portal 

vein [48]. In this pioneering auto-transplant trial, which followed an extensive pre-

clinical research program, prolonged significant reduction in fasting serum cholesterol 

occurred in 3 of 5 treated patients and transgene-positive hepatocytes were detectable by 

liver biopsy in all 5. Although the protocol required substantial interventions, no severe 

detrimental effects occurred. While this study appeared to offer proof of principle for 

transplantation of virally-transfected primary cells in patients, it was not followed by 

additional similar human trials. Nonetheless, clinical interest in ex vivo gene therapy of 

human hepatocytes remains active, as evidenced by the recent report of Birraux et al. in 

which high-level lentiviral transduction of hepatocytes from a child with Crigler-Najjar 

type 1 syndrome was achieved and shown to result in expression of the deficient enzyme, 

diphosphate glucuronosyltransferase [49]. 

In the most significant clinical trial reported to date, Li and colleagues describe the results 

of an open-label clinical study comparing adenovirus-mediated delivery of herpes 

simplex virus thymidine kinase (n = 23) with no additional intervention (n = 22) in liver 

transplant recipients with large (>5cm), non-metastatic hepatocellular carcinoma [47]. 

Treated patients received a total of 5 x 10
11

 viral particles directly injected into the peri-

hepatic and upper abdominal peritoneum during transplantation. This was followed by 

intravenous ganciclovir administered twice daily between days 1 and 10 post-transplant. 

The adenovirally-treated group experienced an increased rate of recurrence-free survival 

over a median follow-up of 26 months (44% vs. 9%) and of overall 2-year survival (70% 
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vs. 20%) despite very similar tumour number, tumour size and frequency of vascular 

invasion at baseline. Subgroup analysis indicated that, in those with documented vascular 

invasion at the time of transplant, adenoviral therapy delayed but did not prevent 

recurrence. In contrast, beneficial effects of gene therapy on recurrence-free survival 

were more striking in transplant recipients without vascular invasion with 100% patient 

survival up to 50 months. The only adverse effects described for adenovirus 

administration were mild catarrhal symptoms and low grade pyrexia limited to the first 5 

days post-transplant. Systemically detectable adenoviral DNA peaked at 12 hours and 

disappeared by 7 days. Although confirmation of the beneficial effects will be essential, 

this well-conducted clinical study represents the best evidence to date that a viral gene 

therapy strategy can be successfully and safely applied as an adjuvant intervention at the 

time of organ transplant with the possibility of improved outcome for a challenging group 

of patients. 

One other gene therapy strategy – the use of ex vivo hypothermic organ perfusion with 

preservation solutions containing viral vectors – has also been tested to a limited degree 

using human tissue. Within the past year, Henry et al. have reported superior transfection 

of human primary hepatocytes with VSV-G-pseudotyped lentiviral vectors under 

hypothermic conditions when virus was delivered in University of Wisconsin (UW) 

solution compared to histidine tryptophan ketoglutarate (HTK) solution and other 

vehicles. Viral transduction was shown to be specifically promoted by the presence of 

hydroxylethyl starch in UW preservation solution [50]. While not addressing safety or in 

vivo efficacy issues, this study does provide a step forward in the translation of a 

conceptual gene therapy strategy into practical protocols for delivering nucleic acid-based 

products directly into transplantable organs and tissues. 

Other human gene therapy trials with relevance to transplantation:   Given the apparent 

caution in proceeding to the clinic with gene therapy interventions in human organ 

transplant recipients as well as the diversity of experimental protocols that have arisen, it 

is worth briefly considering clinical gene transfer strategies that have been successfully 

pursued in other patient groups that share common therapeutic needs. A good example of 

such an experience is the successful delivery to hematopoietic stem cell recipients of 

cytomegalovirus (CMV)-specific T-cells generated ex vivo by stimulation with dendritic 
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cells adenovirally transfected to express viral antigens [36]. As CMV disease continues to 

be a common cause of morbidity following organ transplantation, the success of this 

therapeutic approach may well be reproducible in organ allograft recipients. Similarly, 

the development of viral antigen-specific T-cells against Epstein Barr virus (EBV)-

associated post-transplant lymphoma represents a strategy for which clinical precedent 

exists in the haematological literature [51]. 

Although much has been made of the potential for gene therapy approaches to modify 

ischemia-reperfusion injury in human organs procured for transplantation [45], no clinical 

testing of this concept has been reported to date. In contrast, the field of cardiovascular 

medicine has recently seen the completion of sizeable clinical trials designed to examine 

the safety and therapeutic efficacy of virally or non-virally encoded protective factors 

such as vascular endothelial growth factor (VEGF), hepatocyte growth factor (HGF), 

fibroblast growth factor 1 (FGF-1) and hypoxia-inducible factor 1α (HIF-1α) in cardiac 

and limb ischemia [52-56]. It is beyond the scope of this review to provide a detailed 

summary of the results of these studies but a common emerging theme is that genetic 

vectors encoding protective factors against ischemic tissue injury can be safely and 

reliably delivered to complex patient groups often in combination with other well-

established interventions. Some of these studies have also recruited large enough patient 

groups to control and treatment arms to convincingly demonstrate objective or subjective 

clinical benefits for specific gene therapies [52-55]. It is to be hoped that further clinical 

trial successes in the fields of cancer, haematological disease and cardiovascular diseases 

will provide a framework for new applications of gene transfer technologies to human 

transplant recipients.        

 

4. Conclusions: Has Gene Therapy in Transplantation Been Lost in Translation? 

Figure 1 summarises the degree to which several major transplant-related gene therapy 

concepts have progressed from the laboratory to the clinic during the past two decades. 

As can readily be seen, the translation of pre-clinical experiments to human clinical trials 

has been minimal despite an abundance of promising animal model studies. It is 

reasonable, therefore, to reflect on the reasons for this “log jam” and on what barriers 

must be eliminated for robust clinical application to occur. A number of factors may have 
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contributed to what appears to be reluctance among transplant centres to initiate clinical 

studies involving gene therapy: 

(a) Current short-term results for most organ transplants leave relatively little room 

for improvement and would require large patient numbers to be recruited to any 

clinical trial designed, for instance, to show a reduction in acute rejection or an 

increase in 1-year graft survival.  

(b) Gene therapy approaches to treating chronic graft deterioration would likely 

require vector technology for long-term, stable intra-graft gene expression that is 

not yet available for clinical application. 

(c) Much of the externally-funded clinical trial activity in transplantation during the 

past two decades has focussed on comparisons of immunosuppressive regimens 

and, to a lesser degree, on the development of tolerogenic protocols. Specifically, 

there has been little interest from the pharmacologic industry in developing and 

testing gene-based therapies as an alternative to conventional drugs and biological 

agents. 

(d) In contrast to the early history of organ transplantation, the modern clinical 

transplant field has become highly regulated and increasingly risk-averse. With 

centres in several countries facing censure for “lower-than-expected” graft 

outcomes, safety concerns from early human gene therapy studies continue to 

exert a negative influence on the use of viral vectors in organ allograft recipients. 

Although these factors will likely continue to engender caution there is also reason to 

believe that gene therapy trials in transplantation will become more common in the 

coming years. Successful results from other fields [51-56] should bring clinical 

confidence as well as renewed industry interest. The development of novel gene therapy 

vectors with less immunogenicity or toxicity will also be highly important to move this 

research closer to potential clinical applications for non-life threatening diseases. In 

particular the development of third and fourth generations of adenoviral or retroviral 

vectors will be essential for safe application of gene therapy to the prevention of 

allogeneic graft rejection. Significant progress in this area includes the development of 

third generation adenoviral vectors (also referred to as helper-dependent or gut-less Ad-

vectors) which are devoid of any adenoviral DNA sequences save the inverted repeats 
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and the packaging signal required for efficient packaging into the Ad-capsids [57,58]. It 

has recently been shown that immune responses against third generation Ad after 

systemic injection are reduced and prolonged expression of the therapeutic gene has been 

reported [59]. This may even allow repeated application of Ad-vectors if required. Non-

specific integration of retroviral vectors which may eventually lead to uncontrolled 

proliferation and tumour formation of transduced cells is a major concern for the 

application of retroviral vectors in gene therapy trials [7]. Consequently retroviral vectors 

which do not integrate but remain in an episomal location have been developed [60]. In 

addition, retroviral vectors with improved safety potential in terms of site-specific 

integration are under currently under investigation. Finally, combined cell-/gene therapy 

has the potential to move towards multiple clinical applications within the next few years 

and, in addition, is likely to be increasingly valuable as a tool to study the mechanisms of 

acute and chronic allograft loss in more detail.  
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Figure Legends 

 

Figure 1 

A diagram is shown representing current progress toward human clinical application of 

five different gene therapy concepts in the field of organ and tissue transplantation. 

Arrows represent the translational stage based on available current literature and clinical 

trials registries. The extended white arrows indicate that human case series or controlled 

trials have been reported for other patient groups (e.g. haematological stem cell transplant 

recipients, patients with acute MI) but not for organ transplant recipients. Relevant recent 

references (REFS) are indicated at the far right. * = references pertaining to non-organ 

transplant recipients. 
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