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Adenosine-deaminase-deficient SCID was the first inherited disease to be treated with gene
therapy. This life-threatening disorder is characterized by a purine defect that leads to impaired
immune functions, recurrent infections and systemic metabolic abnormalities. The early gene
therapy trials showed the safety and feasibility of engineering haematopoietic stem cells and
peripheral blood lymphocytes using retroviral vectors. However, all patients were maintained on
enzyme-replacement therapy, which prevented the evaluation of its efficacy and abolished the
selective advantage for gene-corrected cells. It is only recently that the clinical efficacy of gene
therapy has been investigated in the absence of enzyme-replacement therapy. Results of these
studies showed that gene therapy with peripheral blood lymphocytes allowed correction of the
T-cell defect, but provided insufficient systemic detoxification. Gene transfer in bone marrow
stem cells, associated with non-myeloablative conditioning, allowed full immunological and
metabolic correction of the adenosine-deaminase defect with clinical benefit. These results have
important implications for future applications of gene therapy in other blood-borne disorders.
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Somatic gene therapy represents a promising therapeutic option for inherited disorders
of the immune system. Severe combined immunodeficiency (SCID) due to adenosine-
deaminase (ADA) deficiency was the first inherited disease to be treated with a gene
transfer approach. The first clinical trials represented an important milestone for proving
the safety and feasibility of gene therapy, but did not reach therapeutic levels. Recent trials
designed to overcome the initial hurdles have produced crucial information on the role of
genetically modified peripheral blood lymphocytes (PBLs) and haematopoietic stem cells
(HSCs) in correcting the immune and metabolic defects, with the first demonstration of
clinical efficacy for this disease. The knowledge and expertise deriving from these studies
represent an important platform for the development of other gene transfer protocols
for acquired or genetic disorders involving the haematopoietic system.
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CHARACTERISTICS OF ADA-SCID

SCID diseases are fatal inherited disorders caused by mutations in crucial genes
controlling the development and functions of immune cells. ADA deficiency is an
autosomal-recessive disorder representing the cause of about 20% of SCID
diseases.1–3 ADA is an enzyme belonging to the purine metabolism pathway, expressed
ubiquitously, that catalyses the conversion of adenosine into inosine. The ADA enzyme
is predominantly intracellular, but a fraction is present on the cell surface of
lymphocytes bound to CD26 molecules.4 A lack of ADA is responsible for an increase
in adenosine and 20-deoxyadenosine in the plasma and an increase of nucleotides
(mainly dATP) in lymphoid tissues, red blood cells (RBCs) and organs such as kidney and
liver.5 The intracellular accumulation of purine metabolites leads to impaired growth,
differentiation and functions of immunocompetent cells through different mechanisms.
There is a quantitative relationship between residual ADA activity and the metabolic
and clinical phenotype.6 Mild forms of the disease are also detected in adults, with
predominance of the autoimmune manifestations.7 In addition to the immune defect,
there is increasing evidence that the accumulation of toxic metabolites may also cause
alterations in non-lymphoid organs. Skeletal, renal, hepatic and neurological
abnormalities have been described in some patients, indicating that the disease should
be considered as a ‘systemic’ metabolic disorder.3,8,9

CURRENT THERAPEUTIC OPTIONS AND PROBLEMS

Allogeneic transplantation of HSCs from an HLA-identical sibling donor is a safe and
effective procedure, but this is only available for a minority of patients. Transplantation
from haplo-identical or matched unrelated donors is affected by high morbidity and
mortality due to infections or graft-vs-host disease, with an overall survival of less than
30%.10 Moreover, HSC transplantation may result in variable correction of B-cell
deficiency and of the metabolic defect11,12, with no significant improvement in the
behavioural abnormalities observed in ADA-SCID patients.9

Weekly intramuscular injections of bovine ADA conjugated to polyethylene-glycol
(PEG-ADA) have resulted in correction of metabolic abnormalities, improved growth
and a decrease in the incidence of severe infections.2,3,13 However, most patients
remain lymphopenic and about 20% of patients fail to respond to the treatment. In
addition, the therapeutic potential of PEG-ADA is limited by the high costs and the risk
of developing neutralizing antibodies or autoimmunity.2,3

THE RATIONALE FOR GENE THERAPY

The strong rationale for somatic gene therapy and the need for alternative
treatments led to the design of clinical trials based on retroviral-mediated gene
transfer of the normal ADA gene into autologous HSCs or PBLs.14 Replication-
deficient, recombinant retroviruses derived from the backbone of Moloney murine
leukaemia virus (MMLV) were selected for these trials because of their safety
records and the ability to efficiently insert the transduced gene into the genome of
dividing haematopoietic cells. The marker gene encoding neomycin resistance (neoR)
was usually contained in the vector to permit monitoring and selection of
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transduced cells. Several lines of evidence supported the rationale for gene therapy
with haematopoietic cells in ADA-deficient SCID.15 First, the initial in-vitro gene
transfer studies showed that expressing a normal ADA gene into deficient
lymphocytes corrected their abnormal sensitivity to adenosine purine metabolites.16

Second, the ADA gene is expressed ubiquitously and does not require regulation,
and ADA enzymatic activity as low as 10% of normal is sufficient to allow normal
immune functions. Finally, cells carrying a normal ADA gene have a selective growth
advantage over deficient cells in haematopoietic cell transplantation.3 These
hypotheses were confirmed in preclinical models in which gene-corrected PBLs
from ADA-SCID patients were injected into immunodeficient mice; the transduced
PBLs survived in the long term and were endowed with survival advantage with
respect to uncorrected ADA-deficient cells.17,18 The selective growth advantage for
corrected cells was also supported by the finding of T-cell clones that spontaneously
reverted the ADA mutation in vivo in patients.19,20 These preclinical results were
instrumental for the approval of the first gene therapy protocols of ADA at the
National Institutes of Health (NIH)21 and at the Scientific Institute HS Raffaele in
Milan.22

EARLY GENE THERAPY STUDIES

Pilot trials initiated in the 1990s were based on the infusion of autologous PBLs and/or
HSCs, genetically modified ex vivo by retroviral vectors that stably insert the ADA gene
into the target cells and their progeny.23–25

Gene therapy with PBLs

PBL gene therapy was proposed for the treatment of ADA deficiency as an alternative
or in combination with HSC gene therapy, based on the finding that patients receiving a
bone marrow (BM) transplant reached sufficient immune reconstitution by sole
engraftment of donor T cells. Six ADA-SCID patients enrolled in three different
protocols have been treated with multiple infusions of gene-corrected PBLs.23,24,26–29

The three protocols employed similar retroviral vectors but differed in the method of
T-cell activation, the duration of ex-vivo culture, and the dose of infused cells (Table 1).30

The available follow-up of the treated patients extends from 6 years to over 12 years,
with a cumulative observation time of almost 60 years; no adverse events or toxicity
have been reported. Overall, a total of more than 3 £ 1011 PBLs have been infused and
the integrated vector persisted long after the patients stopped receiving treatment. In
the first patient treated at NIH, 10 years after the last cell infusion, 20% of the PBLs still
contained vector ADA and expressed enzyme activity at approximately 25% of normal
levels.29 Significant improvements in immune functions, including raises in PBL cell
counts and normalization of proliferative responses to mitogens and antigens, were
observed. However, all patients continued PEG-ADA, thus preventing assessment of
the actual impact of gene therapy on the disease. Furthermore, it is likely that the
systemic delivery of the ADA enzyme abolished the growth advantage for cells carrying
the normal ADA gene. This has been reported in patients carrying ‘naturally’ corrected
T cells due to spontaneous reverse mutations, in whom the initiation of PEG-ADA
caused a progressive decline of corrected T cells (Table 1).3,20
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Gene therapy with HSCs

Since the design of the first gene therapy trials, HSCs have been considered to be the
optimal target cells for long-term, complete correction of ADA deficiency.15 Early gene
therapy studies showed that retroviral-mediated transfer of the ADA gene into
autologous BM23,31 or umbilical cord blood (UCB) progenitors was feasible, resulting in
engraftment and differentiation into multiple lineages.23,32 However, the proportion of
transduced cells was insufficient to achieve ADA expression at therapeutic levels.
A recent study by Schmidt et al used molecular techniques to evaluate the number of
genetically modified progenitors giving rise to mature T lymphocytes in one patient
treated after birth with infusion of UCB CD34þ cells.33 In this study, the majority of
transduced T lymphocytes originated from a single, prethymic, stem/progenitor cell33,
persisting up to 94 months after gene therapy. The transduced T lymphocytes carried a
diverse T-cell receptor(TCR) repertoire, and no signs of leukaemic transformation were
observed. These data suggest that few long-lasting progenitor cells were transduced and
engrafted in this ADA-SCID patient. As discussed above, this could be related to the lack
of a selective pressure for the growth and expansion of gene-corrected cells, since all
the patients continued to receive enzyme-replacement therapy.

THE EFFECT OF PEG-ADA DISCONTINUATION
ON PBL GENE THERAPY

Despite the rationale for discontinuation of enzyme-replacement therapy, it was difficult
from an ethical point of view to justify cessation of a potentially beneficial treatment.
Conditions for discontinuation were recognized in a patient who failed to maintain
immune responses and who displayed clinical features of immune imbalance during PEG-
ADA treatment.28 During the initial tapering-down phase of PEG-ADA, the infusions of
transduced T cells were intensified and then stopped. Shortly after PEG-ADA cessation,
the large majority of PBLs became vector-transduced lymphocytes, indicating the
presence of a selective advantage in a non-detoxified environment. T-cell counts
increased to values significantly higher than those observed during enzyme-replacement
therapy, and biochemical studies showed restoration of ADA enzymatic activity in
T cells.28 Immune correction was demonstrated by the development of normal in-vitro
T-cell proliferative responses, as well as by primary and secondary antibody production
after vaccination. During this period, the patient had normal growth and did not

Table 1. Gene therapy trials for adenosine-deaminase-deficient severe combined immunodeficiency using

peripheral blood lymphocytes.

Investigators Patients Gene transfer protocol Other treatments

Blaese et al24,29 2 Transduction after stimulation with
antiCD3 monoclonal antibody and
IL-2

PEG-ADA

Bordignon et al23 2 Transduction after stimulation with
PHA þ IL-2

PEG-ADA

Onodera et al26 1 Same as Ref. 24 PEG-ADA
Aiuti et al28 1 Same as Ref.23 PEG-ADA then discontinued

PEG-ADA, polyethylene glycol-adenosine deaminase; IL-2, interleukin-2.
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experience severe infections. However, after discontinuation of PEG-ADA, the systemic
purine metabolites increased, leading to a decrease in B-cell numbers and serum
immunoglobulins. Thus, the mass of ADA-corrected T lymphocytes was insufficient to
achieve adequate levels of detoxification. Taken together, these data show that PBL gene
therapy can be efficacious as a single therapy in correcting the T-cell defect, but not the
metabolic defect. Increasing the dose of PBLs and ADA expression might contribute to
correct the metabolic disease in ADA-SCID patients.

STEM CELL GENE THERAPY COMBINED WITH LOW-INTENSITY
MYELOABLATION RESULTS IN CORRECTION OF IMMUNE
AND METABOLIC DEFECTS

Overall, these clinical studies highlighted the importance of developing more efficient and
rational gene transfer approaches based on HSCs. We therefore designed an improved
clinical protocol that attempted to overcome the limitations of the early trials by:
(i) adopting an improved gene transfer procedure to increase the number of transduced
HSCs infused; (ii) favouring HSC engraftment with low-intensity conditioning; and
(iii) providing a selective advantage to gene-corrected cells in the absence of PEG-ADA.34

Based on recent advances in the field of retroviral-mediated gene transfer into
HSCs35–38, several improvements were introduced in the design of the gene transfer
protocol. The retroviral supernatant was produced under conditions optimized for
human CD34þ cell gene transfer.39 The culture medium included the growth factors
FLT3 ligand, stem cell factor, thrombopoietin and interleukin-3, a combination that was
found to be optimal for gene transfer into HSCs from ADA-SCID patients, and allowed
maintenance of their differentiation capacity into myeloid, natural killer (NK), B and
T cells (Ficara et al, manuscript submitted). The retroviral vector was preloaded on a
surface coated with a recombinant fibronectin fragment (Retronectin)40 to facilitate the
co-localization of cells and retroviral particles. The total length of ex-vivo manipulation
of the BM CD34þ cells was 4 days, which included the first day of prestimulation with
cytokines, followed by 3 days of transduction with the retroviral vector.

Busulfan was chosen as the single chemotherapeutic drug because of its wide use in
HSC transplantation for paediatric patients41, including primary immunodeficiencies.
The proposed dosage (2 mg/kg for two consecutive days) represented about 25% of the
typical dosage used in full myeloablative regimens, that usually comprise additional
drugs. The rationale for the use of a non-myeloablative regimen derived from gene-
marking studies in animal models and recent experience in BM transplantation for
haematological disorders. When non-myeloablative regimens were used in the context
of allogeneic transplant for the congenital haematological disorders, sufficient levels of
donor engraftment were achieved with no major toxicity.42 Animal studies found that
sustained marking was achieved at relevant levels in both lymphoid and myeloid cells
using an improved gene transfer protocol and non-myeloablative conditions.43,44

Previous studies indicated that gene-corrected cells only acquire a selective growth
advantage in the absence of PEG-ADA. Therefore, we chose to recruit patients who did
not have access to enzyme-replacement therapy. This allowed us to evaluate the
efficacy of gene therapy alone.

Two ADA-SCID patients who did not have an HLA-identical sibling donor were
enrolled in this new gene therapy protocol.34 Patient 1 (aged 7 months) received one
log higher BM CD34þ cells/Kg compared with Patient 2 (aged 30 months), containing a
similar proportion of transduced progenitors. Neither of the patients experienced
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toxicity or required transfusions, and after a transient myelosuppression, haematopoi-
esis recovered as expected.

Following infusion of autologous transduced BM CD34þ cells, a remarkable and
sustained degree of marking (up to 10%) was observed in granulocytes as well as
megakaryocytic, erythroid and CD34þ progenitors. The engraftment of multipotent
engineered HSCs was also proven by the consistent finding of a significant proportion of
BM CD34þ cells that contained the ADA vector and retained the ability to repopulate
the human lymphoid system after secondary transplant in the SCID-hu mouse model.
The highest levels of engraftment were observed in T, B and NK cells (up to 100% of
transduced cells), confirming that, in the absence of systemic detoxification, gene-
corrected lymphocytes could gain the strongest selective advantage over untransduced
cells. Gene therapy resulted in normalization of PBL counts in Patient 1 and improvement
in Patient 2, with normalization of in-vitro T-cell proliferative responses in both
patients.34 Restoration of thymic activity was demonstrated by the increase in
phenotypically naive T cells and by the appearance of T-cell receptor excision circles in
the peripheral blood. Serum immunoglobulin levels improved and production of specific
antibodies after antigen vaccination was observed in Patient 1, allowing intravenous
immuno globulins (IVIG) infusions to cease. Biochemical studies demonstrated the
production of ADA enzymatic activity in lymphocytes, as well as in other haematopoietic
cells, such as myeloid cells and RBCs. This was paralleled by an important decline in RBC
toxic dAXP metabolites and a substantial amelioration of systemic toxicity. Two additional
patients have been treated recently with similar results.45 All patients have remained
clinically well, free from severe infections, with normal growth and development, and off
PEG-ADA.34,45 Furthermore, no adverse events have been observed, with the longest
follow-up now at over 3 years. Collectively, these results show that gene therapy with
engineered HSCs is efficacious in correcting both the immune and metabolic defects of
ADA deficiency with documented clinical benefit (Table 2).

Table 2. Gene therapy trials for adenosine-deaminase-deficient severe combined immunodeficiency using

haematopoietic stem cells.

Investigators Patients Gene transfer protocol Other treatments

Bordignon et al23 2 Infection of BM mononuclear cells
with viral supernatant, no cytokines
added

PEG-ADA

Kohn et al25,32,33 3 Infection of UCB CD34þ cells with
viral supernatant in the presence of
cytokines (IL-3, SCF, IL-6)

PEG-ADA, discontinued briefly
in one patient

Hoogerbrugge et al31 3 Co-culture of BM CD34þ cells on
irradiated producer with IL-3

PEG-ADA, in one of the patients
started after 4 months

Aiuti et al34,45 (and
unpublished data)

4 Infection of BM CD34þ cells with
viral supernatant, in the presence
of retronectin and cytokines (SCF,
TPO, FLT3 ligand, IL-3)

No PEG-ADA; Low-intensity
conditioning with busulfan

Candotti et al47,53 4 Infection of BM CD34þ cells with
viral supernatant, in
the presence of retronectin and
cytokines (SCF, TPO, FLT3 ligand)

PEG-ADA; No conditioning

UCB, umbilical cord blood; BM, bone marrow; SCF, stem cell factor; TPO, thrombopoietin; IL-3,

interleukin-3; IL-6, interleukin-6; PEG-ADA, polyethylene glycol-adenosine deaminase.

510 A. Aiuti



SAFETY ISSUES

The cumulative results of PBL gene therapy in ADA-SCID show the safety of gene
therapy with autologous T cells, considering the high number of infused T cells, their in-
vivo long-term persistence and the extended period of observation. The overall safety
of retroviral-mediated gene transfer is further supported by recent results obtained in
31 patients affected by leukaemias or lymphomas who received transduced PBLs for
controlling graft-vs-host disease after allogeneic BM transplantation.46 None of the
patients showed evidence of adverse events or toxicity related to gene therapy.

None of the ADA-SCID patients treated with HSC gene therapy in the early or
recent trials have developed serious side-effects or toxicity.30,47 Concerns regarding
the safety of retroviral-vector-mediated gene therapy were raised after the report of
two cases of uncontrolled lymphoid proliferation in SCID-X1 patients treated with
gene therapy.48 Activation of the LMO2 proto-oncogene at the site of vector
integration played a key role in the development of leukaemia, but other factors may
have contributed49,50 including features of SCID-X1 patients, the effect of gc
transgene51 or an abnormal proliferative advantage of corrected cells. In addition,
there has been no other report of adverse events in more than 10 years of studies in
large animal models and gene therapy clinical trials with retroviral vectors. In summary,
these data suggest that the risk of insertional mutagenesis due to retroviral-mediated
gene transfer in ADA-SCID remains low. Nevertheless, careful patient monitoring
should be continued to assess the long-term safety of ADA-SCID patients treated with
transduced HSCs.52

DISCUSSION

The role of PBL gene therapy

PBL gene therapy can restore normal T-cell ADA activity and functions if a selective
advantage for transduced cells is created upon removal of systemic detoxification.
However, PEG-ADA treatment is required for achieving adequate numbers of
lymphocytes for ex-vivo gene transfer into PBLs.30 Important limitations of PBL gene
therapy include the inability to correct a previously skewed T-cell repertoire and to
generate de-novo specificities29, as well as an insufficient correction of the systemic
metabolic defect.28

The use of conditioning to improve HSC engraftment

Several lines of evidence indicate that a certain degree of BM ablation is necessary for
adequate engraftment of genetically modified HSCs in animal models. Nevertheless,
concerns about chemotherapy-associated toxicity had prevented the use of
conditioning in gene therapy trials for inherited disorders in humans.

Recently, four ADA-SCID patients have been treated with a different clinical
protocol based on an improved gene transfer procedure for BM CD34þ cells, without
administering chemotherapy and continuing PEG-ADA injections. Results of the first
year of follow-up showed very low levels of engraftment of marked cells, even in the
lymphoid lineage, with no significant immune improvements, thus confirming the
requirement for a selective advantage for the engraftment and expansion of HSCs and
their lymphoid progeny.53 In the gene therapy trials for SCID-X1, no conditioning was
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administered prior to re-infusion of autologous engineered BM CD34þ cells.54,55 In
nine of 10 patients treated with gene therapy, normal T- and NK-gene-corrected cells
developed, allowing restoration of numbers, phenotype, repertoire and functions of T
cells.48 However, B lymphocytes and other haematopoietic cells remained mainly
untransduced, and B-cell functions were variably corrected.54,55

The results of our ADA-SCID trial suggest that a low-intensity conditioning regimen
can be safely administered to patients, allowing the stable engraftment of gene-
corrected multilineage HSCs, resulting in a higher frequency of transduced myeloid
cells and B lymphocytes. This is in agreement with the experience of BM transplants for
SCID diseases, which showed that the use of a conditioning regimen increased the
frequency of sustained engraftment and allowed more frequent engraftment of donor B
cells and myeloid cells.3,56,57 Finally, conditioning may also promote immunological
tolerance of both the engineered cells and the proteins encoded by the vector, which is
of particular relevance for the treatment of diseases in which the patients are
immunocompetent.

Enzyme-replacement therapy and selective advantage

Early gene therapy trials based on MMLV retroviral vectors showed poor transduction
efficiency of HSCs. The results of the ADA-SCID study, as well as those of the SCID-X1
gene therapy trial, indicate that MMLV vectors are efficacious tools for gene transfer
into human stem/progenitor cells when used in adequate gene transfer protocols. A
major factor in the successful outcomes of these trials resided in the selective growth
advantage conferred in vivo to transduced lymphocytes in the context of a SCID
disease. Avoiding the use of enzyme-replacement therapy in the ADA-SCID trial34

enabled evaluation of the clinical efficacy of gene therapy alone, and full exploitation of
the selective advantage for gene-corrected cells. Indeed, in the absence of systemic
detoxification, gene-corrected lymphocytes could gain the strongest selective
advantage over untransduced cells. However, in haematological disorders lacking
such an advantage, alternative strategies should be considered to increase gene transfer
efficacy, transgene expression, HSC engraftment or in-vivo selection.

Further improvements are desirable

Different degrees of engraftment and immune reconstitution were observed among
ADA-SCID patients treated with gene therapy. In the second patient treated with HSCs
and conditioning, the overall levels of engraftment and reconstitution were lower than
in other patients. This finding might be explained by the lower dose of transduced HSCs
transplanted and the reduced degree of host BM ablation observed in this patient.34

Further improvements in vector design and gene transfer protocol, as well as
optimization of the cell dose and conditioning, may ensure more consistent outcomes
in the future.

SUMMARY

The results from the ADA-SCID gene therapy trial represent a paradigmatic approach
for gene transfer technologies based on retroviral vectors. The pilot studies showed
the therapeutic potential and limitations of gene transfer into HSCs. Recent clinical
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trials produced crucial information about the role of genetically modified PBLs and
HSCs in correcting immune and metabolic defects, with the first demonstration of
clinical efficacy for this disease.

Both engineered T lymphocytes and HSCs persisted in the long term in treated
patients, and the absence of enzyme-replacement therapy conferred a marked selective
advantage for gene-corrected cells of lymphoid lineage. However, only HSC-based gene
therapy allowed full correction of both the immune and metabolic defects of ADA
deficiency. These results also suggest that moderate conditioning can be safely
administered to the patients in order to facilitate the engraftment of gene-corrected
HSCs, and achieve higher levels of transduced myeloid cells and B-lymphocytes. A
prolonged observation time in a larger cohort of patients will be required for full
evaluation of long-term safety and efficacy of ADA-SCID gene therapy. The use of low-
intensity conditioning associated with transplantation of gene-corrected HSCs may
have important implications for the treatment of other genetic and acquired diseases,
including primary immunodeficiencies, metabolic disorders, haemoglobinopathies,
acquired immunodeficiency syndrome and malignancies.
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