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Abstract Gene therapy is a highly attractive strategy for many types of inherited dis-

orders of the immune system. Adenosine deaminase (ADA) deficient-severe combined

immunodeficiency (SCID) has been the target of several clinical trials based on the use of

hematopoietic stem/progenitor cells engineered with retroviral vectors. The introduction of

a low intensity conditioning regimen has been a crucial factor in achieving stable eng-

rafment of hematopoietic stem cells and therapeutic levels of ADA-expressing cells.

Recent studies have demonstrated that gene therapy for ADA-SCID has favorable safety

profile and is effective in restoring normal purine metabolism and immune functions. Stem

cell gene therapy combined with appropriate conditioning regimens might be extended to

other genetic disorders of the hematopoietic system.
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Introduction

Somatic gene therapy is a promising therapeutic option for genetic disorders of the immune

system [1, 2]. This approach is based on the principle that a genetic defect can be amended

by stably introducing a healthy copy of the defective gene in the target cell population or

its progenitor cells. RNA viral vectors derived from murine gammaretroviruses have been
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used in clinical trials since 1990 to deliver therapeutic genes for the treatment of severe

combined immunodeficiencies (SCID) [2, 3]. Adenosine deaminase (ADA) deficient-SCID

has been the target of intensive preclinical and clinical investigation and represents a

paradigmatic model of gene therapy for inherited disorders [4, 5].

ADA deficient-SCID: disease characteristics and current therapeutic strategies

ADA-deficiency is the cause of approximately 15–20% of all cases of SCID, with an

overall prevalence ranging from 1:375,000 to1:660,000 live births. The ADA enzyme

catalyses the irreversible deamination of adenosine (Ado) and deoxyadenosine (dAdo) in

the purine catabolic pathway. The disease is characterized by impaired T, B, NK cell

development and function, recurrent infections, and failure to thrive. In addition, non-

immunological abnormalities occur in several organs, including the liver, lung, skeleton,

and brain, as the consequence of the systemic metabolic defect due to the accumulation of

purine toxic metabolites [6, 7].

Bone marrow transplant from an HLA-identical sibling donor is the treatment of choice

for ADA-SCID, but available for a minority of patients. Despite recent improvements in the

outcome of alternative transplants, the use of alternative bone marrow donor is still asso-

ciated with high morbidity and mortality [8]. Indeed, the survival after transplant of

hematopoietic stem cells (HSC) from matched unrelated donors (MUD) or mismatched

related donors (MMRD) is reported in European registries to be 63% and 30%, respectively

[8, 9]. The administration of enzyme replacement therapy (pegylated bovine ADA, PEG-

ADA) results in clinical improvement with about 70–80% survival, but the immunological

reconstitution is often incomplete [7, 8]. In addition, its high costs represent a major

drawback for its worldwide diffusion and a considerable burden for national health systems.

Rationale for gene therapy and comparison with other treatments

Several lines of evidence support the use of autologous gene corrected cells for ADA

deficient-SCID [6]. First, the ADA gene is a housekeeping gene, expressed in all body

cells. Therefore, even poorly regulated promoters such as the one present in gammaret-

roviral vectors can be used. Second, enzymatic levels as low as 10% allow normal immune

functions in healthy individuals carrying a normal ADA gene. Third, normal or gene

corrected cells have a selective survival advantage over deficient cells in hematopoietic

cell transplantation and preclinical gene therapy models [4]. Thus, even relatively low

amounts of engrafted HSC may result in successful therapy.

Gene therapy has several potential advantages over existing treatment methods suitable

for patients who do not have access to an HLA-identical sibling donor [3]. With respect to

BMT, transplantation of transduced HSC is potentially applicable to all ADA-SCID

patients, independent from the availability of a donor, since it is an autologous procedure

and there is no delay for donor search. Moreover, the use of autologous gene corrected cells

avoids rejection and graft-versus-host disease due to HLA-mismatches or minor antigens

incompatibility. Finally, gene therapy does not require the use of immunosuppressive

prophylaxes or high dose conditioning regimens associated with organ toxicity (liver, lung,

kidney, CNS), prolonged period of myelosuppression, and increased risks of infections.

Gene therapy has also a great potential advantage over enzyme replacement therapy.

Indeed, a single infusion of gene corrected HSC may be sufficient to treat a patient lifelong,
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thus avoiding the need for continuous supplementation of the enzyme and its high burden

in terms of costs and patients’ quality of life. Moreover, there is evidence from preclinical

studies and bone marrow transplant that endogenous ADA is more effective than exoge-

nously administered ADA [6, 10].

On the other hand, gene therapy can present also some peculiar risks and limitations.

Integrating vectors carry an inherent risk of insertional mutagenesis associated with ret-

roviral insertions at sensitive genomic sites [11]. Vector regulatory elements promoters may

‘‘turn-on’’ cellular proto-oncogenes adjacent to where they integrate, which, in combination

to disease-specific risk factors, may lead to the appearance of clonal expansion or leukemic

proliferation, as occurred in the case of chronic granulomatous disease [12] and SCID-X1

[13, 14]. So far, the experience of gene therapy for ADA-SCID did not reveal the occurrence

of such complications [15], indicating that it has a favorable risk-benefit profile. Being an

autologous procedure, a low content in autologous bone marrow HSC or pre-existing

chromosomal alterations in bone marrow progenitors, may exclude patients from gene

therapy [16]. Finally, the efficiency of gene transfer and the level of transgene expression

can represent important limiting factor for the successful outcome of the procedure.

Gene therapy studies with mature T lymphocytes

Gene therapy pilot studies for ADA deficient-SCID using retroviral vectors started in 1991.

They differed considerably in terms of target cells, transduction procedures, and clinical

protocols (reviewed in [4]). The first approaches were based on the infusion of autologous

mature T lymphocytes, transduced with non-competent retroviral vectors derived from

Moloney Murine Leukemia Virus (MLV), carrying the ADA gene cDNA. Patients who

were eligible for gene therapy were chosen among those lacking a matched familiar donor

or displaying inadequate immune reconstitution after enzymatic replacement therapy. All

the patients enrolled in pilot studies continued to receive PEG-ADA, in order to avoid the

risk of a further deterioration of immune function, being the efficacy of gene therapy still

under investigation. Seven ADA-SCID patients have been reported to be treated with

multiple infusions of gene corrected PBL, in three different clinical trials [17–20]. No

adverse events or toxicity have been observed, and in the majority of patients and trans-

duced T cells persisted many years after infusions were discontinued, demonstrating the

safety and the therapeutic potential of PBL gene therapy. However, the clinical efficacy has

been difficult to evaluate because all patients continued to receive enzyme replacement

therapy. In one patient, in whom PEG-ADA was discontinued, gene corrected T cells

progressively took the place of the ADA-deficient cells, resulting in improvement of T-cell

counts, restoration of normal T-cell functions, and antibody responses to a neoantigen. This

study was instrumental in demonstrating that withdrawal of PEG-ADA favored a selective

growth advantage for gene corrected cells. However, infusion of gene corrected T cells was

not sufficient to allow full correction of the metabolic defect [21], indicating the need for a

broader reconstitution of ADA expression in multiple lineages.

Pilot gene therapy trials with hematopoietic stem cells

Autologous HSC have been considered the optimal target cells for definitive correction of

the metabolic and immunological defects in ADA-SCID patients. The first two clinical trials

were based on transduction and reinfusion of bone marrow or cord blood progenitors cells
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transduced with a retroviral vector encoding ADA, without any preparative conditioning

[18, 22, 23] (Table 1). In the clinical trial conducted at the Children’s Hospital of Los

Angeles in three ADA-SCID patients, lymphocytes derived from ADA-transduced cord

blood HSC accumulated over time and were detectable for at least 8 years after the pro-

cedure [24], indicating a selective advantage for the T-cell lineage. The study performed at

the San Raffaele Scientific Institute in Milano showed that ex vivo transduced bone marrow

progenitor cells were capable of differentiating in vivo into multiple lineages, but did not

achieve therapeutic levels of ADA expression [18]. Overall, both studies were limited by a

low gene transfer efficiency and engraftment level of pluripotent HSC, which did not result

in significant clinical benefit. In addition, immune functions were not proven to be sustained

by gene corrected cells, since all patients continued to receive enzyme replacement therapy.

The HSR-TIGET clinical trial: introducing nonmyeloablative conditioning in gene
therapy

The cumulative experience of the early gene therapy trials pointed out the need to improve

gene transfer efficiency and favor the engraftment of long-lasting gene corrected HSC, in

order to increase the pool of transduced progenitors and extend the correction of the ADA

defect to all hematopoietic lineages. The experience in SCID patients who received bone

marrow transplantation without cytoreductive regimen taught us that donor T lymphocyte

lineages engraft long-term while most or all of the B lymphoid and myeloid lineage cells

remain those of the host [25]. In contrast, the use of chemotherapeutic conditioning of the

recipient permits the engraftment of HSC and all lympho-hematopoietic lineages.

In 2000 we started the first clinical trial of gene therapy administering a chemothera-

peutic agent to ‘make space’ in the bone marrow, in order to increase the engraftment of

gene corrected HSC (Fig. 1). The rationale for the adoption of a nonmyeloablative regimen

originated from gene marking studies in animal models and from the transplantation

Table 1 Summary of patients enrolled in clinical trials of gene transfer for ADA-SCID involving hema-
topoietic stem/progenitor cells. BM, bone marrow, UCB, umbilical cord blood

Investigators Number of
patients

Target cell PEG-ADA after
gene therapy

Conditioning

Bordignon et al.
[18]

2 BM mononuclear cells Yes No

Kohn et al.
[22, 23]

3 UCB CD34? cells Yes, briefly discontinued in
one patient

No

Aiuti et al.
[33, 35]

10 BM CD34? cells No Busulfan
(4 mg/Kg)

Sokolic et al.
[39]

4 BM CD34? cells Yes No

Sokolic et al.
[39]

Engel et al.
[16]

4 BM CD34? cells No Busulfan
(75 mg/m2)

Gaspar et al.
[37]

1 BM CD34? cells No Melphalan
(140 mg/m2)

Otsu et al.
[38]

2 BM CD34? cells No No
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experiences in the field of hematological pediatric disorders [26–28]. In particular,

busulfan, used alone, was chosen because of its potent effects on primitive hematopoietic

progenitors [29], and the lack of organ toxicity at reduced doses in nonmyeloablative

regimens for HSC transplant, including pediatric SCID patients [30]. The administered

dose (2 mg/Kg for 2 consecutive days) represented about 25% of the total dose of busulfan

used in fully myeloablative protocols. In addition, the transduction protocol was optimized

by the use of a retroviral supernatant produced in conditions that were adapted for human

CD34? cells [31], and target cells were transduced in the presence of retronectin [32] and

of a culture medium containing an optimized cytokine cocktail, including FLT3-ligand,

stem cell factor, thrombopoietin, and IL-3 [33, 34].

Two patients, who lacked and HLA-identical sibling donor and did not have access to

PEG-ADA therapy, were enrolled in the pilot clinical trials carried out at the Hadassah

University Hospital (Jerusalem) and at HSR-TIGET (Milano), respectively [33] (Table 1).

Gene therapy resulted in an engraftment that was sustained by transduced CD34? BM

progenitor cells, with multilineage differentiation, increase of lymphocyte counts,

improvement of cellular and humoral responses, and a substantial decrease in toxic

metabolites. These results represented the first demonstration of the clinical efficacy of

HSC gene therapy for ADA-SCID. Subsequently, eight additional children affected by

early onset of SCID were enrolled and treated according to the same strategy (Table 1)

[35]. Patients lacked a compatible sibling donor and PEG-ADA were unavailable or did not

achieve adequate immune reconstitution. In the latter case, enzyme replacement therapy

was discontinued to fully exploit the selective growth advantage for gene corrected over

defective cells and to evaluate the efficacy of gene therapy alone.

At present, all the 10 treated patients are alive and in good clinical conditions, with the

exception of one patient who requires steroid treatment due to recurrent episodes of

autoimmunity, previously observed while on PEG-ADA [35]. Nine of the ten ADA-SCID

Fig. 1 Gene therapy with hematopoietic stem cells. Schematic representation of the main phases of the
gene therapy clinical protocol for ADA-SCID conducted at HSR-TIGET. Patients received the infusion of
autologous gene corrected bone marrow CD34? cells combined to low dose busulfan, resulting in correction
of the metabolic and immunological defect and clinical benefit
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patients treated displayed progressive restoration of immune functions, improvement of

patients’ physical development, and protection from severe infections. None of the patients

showed clonal proliferation or adverse events related to gene transfer, with a median

follow-up of 4 years [35]. All children maintain stable engraftment of vector ADA-

transduced cells with sustained ADA enzymatic activity and efficient systemic detoxifi-

cation, with the longest follow at 8 years after treatment. Gene corrected cells were

detected in all myeloid and lymphoid subsets, the latter being more represented due to their

survival advantage. Clonal analysis of long-term repopulating cell progeny revealed

polyclonal T-cell populations, with[100 different gene corrected progenitors contributing

to T lymphopoiesis [15]. In addition, the presence of shared vector integrations among

multiple hematopoietic lineages demonstrated the engraftment of multipotent HSC [15].

Gene therapy led to a recovery of thymic activity, significant increase in lymphocyte

counts and normalization of T-cell functions, including sensitivity to apoptosis, cytokine

production, and proliferative responses upon mitogens and antigens stimulation [36].

Serum Ig levels increased, and IVIG were discontinued in five patients with evidence of

antigen-specific antibodies to vaccinal antigens and pathogens [35]. In summary, these

results show the clinical efficacy of ADA gene transfer in restoring normal immune and

metabolic functions of ADA-SCID patients.

Other gene therapy trials for ADA-SCID

A group at Great Ormond Street Hospital (London) has reported the success of a gene

therapy clinical trial for ADA-deficienct SCID in a patient with an inadequate response to

PEG-ADA [37]. As conditioning regimen, a single dose of melphalan (140 mg/m2) was

used instead of busulfan. Following reinfusion of transduced bone marrow cells, the

majority of T cells and NK cells were gene corrected, but a lower proportion of vector

positive B cells (10%) and granulocytes (0.1%) were observed, as compared to the HSR-

TIGET clinical trial, indicating that type of cytoreductive agents may influence differently

HSC engraftment. Two years after the procedure thymopoiesis had recovered after the

procedure and improvement in T-cell counts was observed. ADA expression was observed

in different lineages, including red blood cells, and adequate metabolic detoxification was

detected in the absence of external detoxification, with no adverse events related to gene

transfer.

Another group in Japan reported at the 2006 meeting of the American Society of Gene

Therapy (ASGT) the first results of a different clinical trial based on infusion of autologous

bone marrow CD34? cells in two ADA-SCID children (Table 1). In this case, PEG-ADA

was discontinued to enhance selective advantage, but no cytoreductive preparative regimen

was given. The investigators reported a delayed immune reconstitution and effective

detoxification of purine metabolites, although no information on engraftment of HSC was

available [38].

The groups at the National Institute of Health and Children’s Hospital of Los Angeles

recently reported at the 2008 ASGT meeting the preliminary outcome of two clinical trials

of gene transfer in bone marrow CD34? cells, designed originally to compare the effi-

ciency of two different retroviral vectors [39] (Table 1). In the first protocol, four patients

were treated with no myelosuppression, and continued to receive enzyme replacement

therapy. Low levels of marking were detected in two patients (\1%) and no sustained

improvement in immunological parameters were observed during the follow-up. In the

second clinical trial, the investigators adopted a design similar to the HSR-TIGET
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protocol, based on busulfan administration and withdrawal of PEG-ADA. The preliminary

data indicate that this approach leads to improved immunological and metabolic outcome

as compared to the first version of the clinical trial [39]. Another patient experienced a

prolonged cytopenia following busulfan conditioning, which was related to a pre-existing

cytogenetic abnormality, indicating an important limitation to be considered for autologous

HSC gene transfer [16].

Safety of gene therapy for ADA-SCID

Gene therapy has been shown to be beneficial for patients affected by SCID-X1 and CGD,

but its application was seriously limited by the occurrence of clonal expansion and leu-

kemic proliferation associated with retroviral vector integrations in the proximity of

cellular proto-oncogenes [12–14]. Since 1990, over 35 ADA-SCID patients have been

enrolled in phase I/II gene therapy trials in 10 different clinical trials [3, 5]. The cumulative

experience of our study [5, 8] as well as of other clinical trials for ADA deficient-SCID [3]

(Table 1), indicates that gene therapy for ADA deficient-SCID has a favorable risk-benefit

profile, since no event of insertional oncogenesis have been observed over a long period of

follow-up. This is consistent with the polyclonal pattern of vector integration and T-cell

repertoire [15], the lack of in vivo skewing for potentially dangerous insertions [35], and

the absence of transcriptional perturbation of cellular protoncogenes (Cassani and Aiuti,

unpublished results). Unique factors typical of the SCID-X1 or CGD trials may have

contributed to the different outcomes, including specific vector promoter and constructs,

inappropriate expression of transgene products involved in cell signaling [3], cooperation

between transgene and cellular proto-oncogenes [40], or disease background [41] associ-

ated with high rate of transformation. The use of self-inactivating vectors with improved

safety profile, such as lentiviral vectors [42, 43], might increase the safety of gene therapy

for diseases carrying an intrinsic higher risk due to the disease or transgene [44, 45].

Perspectives for other diseases

Our study suggests that gene transfer into HSC combined with appropriate conditioning

regimens could be successfully extended to other inherited blood borne disorders. Indeed,

the average level of 5% correction in bone marrow progenitors observed in our trial is

clinically relevant for an inherited disorder with a relatively low therapeutic threshold,

such as certain metabolic disorders, or for other primary immunodeficiencies in which

transduced lymphocytes can expand preferentially due to a selective survival or prolifer-

ative advantage, such as Wiskott-Aldrich Syndrome [46, 47]. On the other hand, lysosomal

storage disorders or thalassemia will require the use of more efficient and regulated vectors

such as lentiviral vectors [42], as well as of more intense preparative regimens to enhance

the survival advantage of gene modified HSC.

Conclusions

The gene transfer trials for ADA-SCID represent a paradigmatic approach for gene therapy

of inherited disorders of the immune system. The pilot studies showed the therapeutic

potential and limitations of gene transfer into HSC. The introduction of improved gene
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transfer protocol, the use of a reduced intensity conditioning, and withdrawal of enzyme

replacement therapy were instrumental in the successful outcome of recent clinical trials,

allowing to achieve full correction of the immune and metabolic defects, with proven

clinical benefit. No adverse events related to gene transfer were observed, but safety

monitoring will be continued to be implemented long-term in all patients. Taken together,

the results of the most recent gene therapy studies indicate that gene therapy with non-

myeloablative conditioning is now an option to be considered for all ADA-SCID patients

lacking an HLA-identical sibling donor.
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