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PID 
primary immune deficiency

• Primary immunodeficiencies (PID) are rare genetic disorders of the 
innate and adaptive immune system.

• Among PID, severe combined immunodeficiencies (SCID) have poor 
prognosis.

• Over 120 different gene mutations have been identified which cause 
PID 

• Transplant of hematopoietic stem cells (HSC) from an HLA-identical 
sibling donor is the treatment of choice for (SCID) and other types of 
PID with poor prognosis

• Gene therapy could represent a valid alternative to HSC 
transplantation when the genetic mutation of the patient has been 
identified.



PIDs-causing defects 

Introduction

Human primary immunodeficiencies (PIDs) are a het-
erogeneous group of rare genetic disorders that compro-
mise the functionality of the immune system (Fig. 1).
So far, about 250 gene mutations have been identified
that cause defects in innate and adaptive immunity
(Bousfiha et al 2013).

Hematopoietic stem cell transplant (HSCT) is the
treatment of choice for the cure of most severe forms
of PIDs. The increasing knowledge on hematopoiesis
has gradually been translated in clinical practice, mak-
ing bone marrow transplantation (BMT) a highly suc-
cessful, standard treatment for a number of diseases. At
the same time, the requirement for a matched donor is a
major hurdle for allogeneic BMT, as a compatible fam-
ily donor is available for <20 % of patients (Griffith
et al 2013). Therefore alternative curative therapies are
highly needed. Autologous hematopoietic stem cells
(HSC) gene therapy consists in the insertion of a nor-
mal copy of the defective gene into HSC and represents
a valid alternative to conventional transplantation, espe-
cially when a compatible donor is not available. This
approach may present several advantages because it can
be applied to every patient whereas the requirement for
a human leukocyte antigen (HLA)- compatible donor
limits the number of patients that can be treated, it
reduces the morbidity and mortality of the transplant
procedure, and it does present no risk of GvHD and

consequently no need for post-transplant immunosup-
pression. HSC gene therapy has been recently success-
fully employed in treating different genetic diseases,
including PIDs (Fischer and Cavazzana-Calvo 2008;
Aiuti et al 2009, 2013a; Biffi et al 2013).

Over the past two decades, HSC gene therapy based
on the use of γ-retroviral vectors (γ-RVs) has been
exploited in clinical trials for different PIDs, such as
X-linked severe combined immunodeficiency (SCID-
X1), adenosine deaminase deficiency (ADA-SCID),
chronic granulomatous disease (CGD) and Wiskott-
Aldrich syndrome (WAS) (Cavazzana-Calvo et al 2000;
Aiuti et al 2002; Aiuti et al 2009; Boztug et al 2010;
Hacein-Bey-Abina et al 2010). These trials have
underlined the great potential of gene therapy, although
adverse reactions related to insertional mutagenesis by
integrating gene vectors have emerged as a major lim-
itation (Hacein-Bey-Abina et al 2003; Ott et al 2006;
Stein et al 2010; Gaspar et al 2011a). These cases were
triggered by retroviral insertional mediated activation of
oncogenes, leading to the development of leukemias and
myelodysplasia. Safety monitoring by the study of the
vector insertional profile has become increasingly im-
portant in clinical applications (Brady et al 2009; Biasco
et al 2011, 2012; Aiuti et al 2013b).

Since the enhancer elements within the LTR of γ-retroviral
vectors are prone to activate the transcription of nearby proto-
oncogenes, lentiviral vectors (LVVs) derived from HIV were
developed to overcome this hurdle and reduce the risk of
genotoxicity. Typically, the integration pattern of LVVs is
randomly spread in the entire active transcribed genes while
γ-retroviral vectors prefer promoter and enhancer regions.
LVVswith self-inactivating (SIN) LTRs offer important safety
advantages in terms of safety and efficacy that have been
demonstrated in several preclinical studies for different PIDs.
Recent advances in preclinical and clinical will be summa-
rized in this review.

WAS gene therapy

WAS is a rare inherited X-linked immunodeficiency typically
characterized by eczema, thrombocytopenia, recurrent infec-
tions and, in the most severe forms, autoimmunity and higher
risk to develop tumors. This disease is caused by mutation in
WAS gene, encoding for a protein (WASp) exclusively
expressed in hematopoietic lineages and involved in actin
cytoskeleton reorganization and signal transduction
(Thrasher and Burns 2010; Massaad et al 2013). Allogeneic
hematopoietic stem cell transplantation represents the only
curative treatment, but it is still associated with risk of mor-
bidity and mortality particularly in those cases lacking a

Fig. 1 Scheme of PIDs-causing defects currently addressed by LV-based
clinical or pre-clinical studies. Genetic defects in HSC progeny could
cause block of development or functional failure at different levels of
immune system. Deficiencies affecting the common lymphoid progeni-
tors generate SCIDs (Artemis, RAG-1/-2, IL2RG, ADA) characterized by
the absence or the non-functional presence of B, Tand NK populations. If
FOXP3 gene is mutated, nTreg cells are lacking their suppressive pheno-
type. In CGD, neutrophils cannot produce oxidative burst to kill phago-
cytosed pathogens. WAS protein deficiency impairs several immune cell
functions, but most importantly platelets. Preclinical and/or clinical stud-
ies using lentiviral vectors are ongoing to overcome these defects and
restore the immune system functionality
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Genetic defects in HSC progeny could cause block of development or functional failure at 
different levels of immune system. Deficiencies affecting the common lymphoid 
progenitors generate SCIDs (Artemis, RAG-1/-2, IL2RG, ADA) characterized by the absence 
or the non-functional presence of B, T and NK populations. If FOXP3 gene is mutated, 
nTreg cells are lacking their suppressive phenotype. In CGD, neutrophils cannot produce 
oxidative burst to kill phagocytosed pathogens. WAS protein deficiency impairs several 
immune cell functions, but most importantly platelets. 

HSC, hematopoietic stem cell
CGD, chronic granulomatous disease
WAS, Wiskott-Aldrich syndrome

IL2RG, encodes for gc chain of the 
IL2 receptor
ADA, encodes for Adenine 
DeAminase

CD34
+



List of diseases, OMIM catalogue numbers and 
HUGO-approved gene symbols

– WAS (Wiskott-Aldrich syndrome), OMIM #301000, WAS gene
– CGD (X-linked Chronic Granulomatous Disease), OMIM #306400, CYBB gene
– ADA-SCID (Adenosine Deaminase deficiency), OMIM #102700, ADA gene
– Artemis deficiency, OMIM #602450, DCLRE1C gene
– RAG1/RAG2 (Recombination Activating Genes 1 and 2)
deficiency, OMIM #601457, RAG1 and RAG2 genes
– SCIDX1 (X-linked Severe Combined Immunodeficiency or
γchain deficiency), OMIM #300400, IL2RG gene
– XLP1 (X-linked lymphoproliferative disease type 1),
OMIM #308240, SH2D1A gene
– XLP2 (X-linked lymphoproliferative disease type 2),
OMIM #300635, XIAP gene
– IPEX (Immune dysregulation, polyendocrinopathy, enter-
opathy, X-linked) syndrome, OMIM #304790, FOXP3 gene



SCID, severe combined immunodeficiencies
11 different phenotupes and mutations in 10 genes

Rear diseases:1:50000-1:100000 nati vivi

the gc chain is 
shared by several 
receptors including 
IL2, IL4,IL7,IL9 IL15

Frequenza relativa 
rispetto a tutte le SCID

X linked-SCID



Toward SCID gene therapy

Gene transfer approaches based on integrating vectors
possibly risk of insertional mutagenesis, which is dependent on the type of
vector employed, the disease background, and the nature of the 
transgene

Gene therapy has several potential advantages over allogeneic transplant
• rapid access to treatment (allogenic stem cells)
• lack of graft-versus-host disease



Milestones toward SCID gene therapy

very useful way to stabilize patients before a definitive procedure
can be implemented.19,20 Several clinical trials were initiated in
the early 1990s using gammaretroviral vectors that had been evalu-
ated in murine and primate model systems, and in which ADA
cDNA transgene expression was regulated by the retroviral long ter-
minal repeat (LTR). It was also anticipated that the selective growth
and survival advantage imparted to gene-corrected cells would
obviate the need for preconditioning of the patient. However, these
early studies using residual peripheral blood lymphocytes, umbilical
cord blood, and bone marrow failed to provide clear clinical benefit
over and above that of PEG-ADA, which the patients continued to
receive.21–24 Subsequent studies (again using LTR-intact gammare-
troviral vectors) introduced some key changes, including the with-
drawal of PEG-ADA to enhance the selective advantage of corrected
cells, and most importantly the use of low- and/or reduced-intensity
conditioning with alkylating agents (usually busulphan, but in a few
patients melphalan) to promote engraftment of HSC/Ps.25–32 The
combined overall survival rate of around 50 patients treated in
these studies was 100%, with a disease-free survival rate (not
requiring re-introduction of PEG-ADA or HSCT) of more than
70%. Immunological reconstitution has in general been robust,
with high-level gene marking in lymphocytes and, for the first
time, albeit at lower levels in myeloid cells, which is an effective sur-
rogate for HSC/P marking in bone marrow. Permanent withdrawal

of immunoglobulin supplementation was achieved in approximately
50% of patients, suggesting that further improvements are still
possible. Recently, a collaboration among GlaxoSmithKline (GSK),
Fondazione Telethon, and Ospedale San Raffaele secured European
Marketing Authorisation for Strimvelis TM, which is the original
LTR-based vector studied in Milan.22 From proof of concept in hu-
mans to this first ex vivo market authorization for a gene therapy
product, vector technology has advanced considerably. HIV-1-based
lentiviruses in particular have been adopted as the current vector of
choice for HSC/P gene transfer because they appear to offer some
advantages in terms of mutagenicity (because of a more favorable
genome insertion profile within transcriptional units rather than
at transcription start sites [TSSs], a theoretical advantage), lack of
intrinsic retroviral LTR enhancer activity (a modification that has
also been duplicated in a new generation of gammaretroviruses),
and higher efficiency of gene transfer.33–35 Following several years
of preclinical development, clinical studies using lentiviral vectors
are under way for ADA-SCID.36 Early indications in more than
32 treated patients, some of whom were identified by newborn
screening, are of excellent efficacy and no associated toxicity (H.B.
Gaspar and D.B. Kohn, personal communication).

Interestingly, no clinically manifesting vector-related toxicities have
been observed in any of these studies to date. This is surprising
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Figure 1. The Development of Viral Vector Technology and Its Application to Human Gene Therapy

The blue time line shows the various ups and downs of the field based on successes and setbacks. References are included in the text.
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Gene therapy in SCIDs

Following the advent of the retroviral vector technology, clinical trials were 
successfully initiated for SCID-X1 ( gc deficiency) in 1999 and then 
adenosine deaminase (ADA) deficiency. 

To date, gene therapy results are available for:
• 35 patients with typical X-linked SCIDs
• five patients with atypical SCIDs  
• 38 patients with ADA deficiency

(Aiuti et al., 2002, 2009; Candotti et al., 2012; Cavazzana-Calvo et al., 2000; Gaspar et al., 2011a, 2011b; 
Hacein-Bey-Abina et al., 2010)



ADA-SCID

ADA-deficiency is a SCID variant characterized by
• Impaired T, B, and NK cell development and functions
• Recurrent infections
non-immunological abnormalities have been described in 
several organs as result of the accumulation of purine toxic 
metabolites (hepatic, skeletal, neurologic, behavioral
alterations and sensorineural deafness).

ADA- Adenine Deaminase dysfunction.  ADA enzyme is responsible for the 
deamination of adenosine and deoxyadenosine in the purine salvage pathway. When 
metabolites accumulate, they become particularly toxic in the bone marrow, thymus 
and lymph nodes. 

The genetic defect

The clinic defects

ADA-SCID (adenosine deaminase deficiency) affects 1:200,000 to 1:1,000,000 live 
births.



ADA therapies
Allogeneic transplant

Allogeneic transplant from mismatched related donors is affected by a higher 
morbidity and mortality as compared with other SCID variants

pegylated bovine ADA, PEG-ADA

ADA-SCID children who lack a compatible donor are often treated with enzyme 
replacement therapy (pegylated bovine ADA, PEG-ADA).
PEGADA results in clinical improvement and metabolic correction, but the 
immunological reconstitution is often incomplete and lifelong treatment is very 
expensive.



the patients
Culver, Anderson, and Blaese with gene 
therapy patients

Ashi DeSilva was 
born with ADA 
deficiency. In 1990 
at the age of 4, she 
was the first 
successful gene 
therapy recipient



Negli anni 80 due ricercatori WF Anderson e RM Blaese unirono le loro 
competenze a quelle di due oncologi, S. Rosenberg e M Lotze ed insieme 
pensarono di 
•Trattare una patologia ereditaria del sistema immunitario
•Con vettori virali



INITIAL TRIALS FOR ADA 
GENE THERAPY

Blaese RM, Culver KW, Miller AD, et al. T lymphocyte-directed gene 
therapy for ADA- SCID: initial trial results after 4 years. Science. 
1995;270:475-480.

Bordignon C, Notarangelo LD, Nobili N, et al. Gene therapy in 
peripheral blood lymphocytes and bone marrow for ADA-
immunodeficient patients. Science;1995;270:470-475.
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becco's minimum essential medium (DMEM) in the
presence of polybrene (8 ,ug/ml) as described (18).
Cells were washed twice in phosphate-buffered saline
(PBS), resuspended in fresh medium, and cultured for
3 to 4 days. Transduced cells were tested for the
presence of helper virus and cryopreserved until use.

36. BM mononuclear cells were obtained as a Ficoll frac-
tion and grown for 2 to 3 days in complete DMEM at
a density of 6 x 105 to 8 x 105 cells/cm2 (35). T cell
depletion and progenitor cell enrichment were ob-
tained as described (3, 35). Gene transfer was carried
out by multiple infection cycles with cell-free, helper
virus-tested viral supernatants in the presence of
polybrene (8 ,ug/ml) (35). BM cells were maintained in
a long-term culture system over adherent layers with-
out addition of exogenous growth factors, and infect-
ed during the first 3 days of culture. Transduced cells
were tested for the presence of helper virus and cryo-
preserved until use. At that time, the transduced cells
were washed, resuspended in normal saline contain-
ing 4% human albumin, and reinfused into the patient.

37. C. Bordignon etal., Proc. Nati. Acad. Sci. U.S.A. 86,
6748 (1989).

38. PHA blasts or antigen-specific T cells were cloned by
limiting dilution. The relative frequencies of trans-

duced cells was obtained by comparing the precur-
sor frequency in the absence and presence of G418
(800 ,ug/ml). G41 8-resistant T cell clones were iso-
lated and maintained as described (44, 45).

39. The relative frequencies of transduced BM progen-
itor cells were obtained by comparing the frequen-
cy of CFU-G, CFU-GM, BFU-E, and CFU-GEMM
cells in the absence and presence of increasing
doses of G418 (0.7, 1.0, 1.5 mg/ml) as described
(37). In selected experiments, individual G418-re-
sistant colonies were collected for analysis of vec-
tor transduction and expression.

40. M. J. Barnett et al., Blood 84, 724 (1994).
41. C. Bordignon et al., data not shown.
42. J. Sambrook, E. F. Fritsch, T. Maniatis, Molecular

Cloning: A Laboratory Manual (Cold Spring Harbor
Laboratory, Cold Spring Harbor, NY, ed. 2, 1989).

43. P. J. Southern and P. Berg, J. Mol. Appl. Genet. 1,
327 (1982).

44. A. Lanzavecchia, Nature 314, 537 (1985).
45. P. Panina-Bordignon et al., Eur. J. Immunol. 19,

2237 (1989).
46. Y. Choi et al., Proc. Natl. Acad. Sci. U.S.A. 86, 8941

(1989).
47. E. Y. Loh, J. F. Elliot, S. Cwirla, L. L. Lanier, M. M.

Davis, Science 243, 217 (1989).
48. T cell receptor Vp-chain usage was analyzed on

transduced T cell lines by reverse transcriptase-
PCR. Briefly, total RNA was reverse transcribed with
oligo(dT) and oligo(dG) primers and subjected to
PCR with V,- or C-specific oligonucleotides (46) or
to anchored PCR with a C13-specific oligonucleotide
as described (4 7). Amplified products were analyzed
by agarose gel electrophoresis.

49. We are indebted to L. Ruggieri and A. Wack for per-
forming some of the ex vivo and in vitro analyses of
gene transfer frequency; to the nurses and clinical
staff of the Clinica Pediatrica, School of Medicine,
University of Brescia, for skilled and dedicated care; to
A. Arrighini and A. Crescenzo for clinical assistance in
the extended care of the two patients; to A. Plebani for
dosing specific antibody production; to M. Hershfield,
P. Dellabona, and A. Ballabio for helpful discussions;
and to Enzon, Inc., and Ophan Europe for providing
PEG-ADA before commercial distribution. Supported
by grants from Telethon, the Italian National Research
Council, and the Italian Ministry of Health (IV-VII AIDS
Projects).
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Richard A. Morgan, W. French Anderson§

In 1990, a clinical trial was started using retroviral-mediated transfer of the adenosine
deaminase (ADA) gene into the T cells of two children with severe combined immuno-
deficiency (ADA- SCID). The number of blood T cells normalized as did many cellular and
humoral immune responses. Gene treatment ended after 2 years, but integrated vector
and ADA gene expression in T cells persisted. Although many components remain to be
perfected, it is concluded here that gene therapy can be a safe and effective addition to
treatment for some patients with this severe immunodeficiency disease.

The possibility of using gene transfer as a
therapy for human disease has great appeal.
The decision to enter clinical trials awaited
the development of safe and efficient tech-
niques of gene transfer and improved un-
derstanding of the basic pathology and bi-
ology underlying likely candidate diseases
and target cells. The advent of useful retro-
viral vectors that permitted relatively high
efficiency gene transfer and stable integra-
tion was a critical advance (1, 2), as was the
demonstration that this procedure of gene
transfer could be effectively and safely used
in humans (3).

Severe combined immunodeficiency
secondary to a genetic defect in the purine
catabolic enzyme adenosine deaminase
[ADA- SCID] is characterized by defective
T and B cell function and recurrent infec-
tions, often involving opportunistic patho-
gens. Large amounts of deoxyadenosine, an
ADA substrate, are present in these pa-

tients; deoxyadenosine is preferentially con-
verted to the toxic compound deoxyade-
nosine triphosphate in T cells, disabling the
immune system (4).

Because this disease is curable by alloge-
neic bone marrow transplantation given
without pretransplantation cytoreductive
conditioning, it was initially assumed that
gene therapy should be directed at the bone
marrow stem cell. However, initial attempts
to use stem cell gene transfer in primates
resulted in only low-level, transient gene
expression, insufficient for clinical use. The
observation that the only donor cells de-
tected in some patients "cured" by alloge-
neic bone marrow transplantation was their
T cells-the others remaining ADA-defi-
cient (5) raised the possibility that T cell-
directed gene therapy also might be a useful
treatment.

The introduction of enzyme replace-
ment with ADA-containing erythrocytes
SCIENCE * VOL. 270 * 20 OCTOBER 1995

(6) or with bovine ADA conjugated with
polyethylene glycol (PEG-ADA) (7) has
made this approach feasible. PEG-ADA has
provided noncurative, life-saving treatment
for ADA- SCID patients; with this treat-
ment, most patients have experienced
weight gain and decreased opportunistic in-
fections. Full immune reconstitution has
been less regularly achieved with enzyme
therapy. T cell function as measured by in
vitro mitogen responses improved in most
patients, but fewer patients recovered con-
sistent immune responses to specific anti-
gens [for instance, as measured by normal
delayed-type hypersensitivity (DTH) skin
test reactivity] (8-10). Nearly all PEG-
ADA-treated patients showed increased
peripheral T cell counts, which provided a
source of T cells for gene correction not
available without enzyme therapy. Further-
more, enzyme treatment could be continued
during the gene therapy trial so that the
ethical dilemma of withholding or stopping
a life-saving therapy to test an unknown
treatment could be avoided.

The adenosine deaminase complemen-
tary DNA (cDNA) (11) is 1.5 kb and fits
within a retroviral vector. With the use of
an ADA-containing retroviral vector,
ADA-deficient T cell lines were transduced
to express normal amounts of ADA; this
rendered them normally resistant to intox-
ication and growth inhibition when chal-
lenged with deoxyadenosine (12, 13).
Next, studies in mice, rabbits, and nonhu-
man primates using T cells modified with
retroviral vectors showed normal cell sur-
vival and function after their reintroduc-
tion into recipient animals (14). Finally,
Bordignon and colleagues (15) showed that
ADA gene-corrected T cells acquired a
survival advantage compared with uncor-
rected ADA-deficient cells when trans-
planted into immunodeficient, but ADA-
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In 1990, a clinical trial was started using retroviral-mediated transfer of the adenosine
deaminase (ADA) gene into the T cells of two children with severe combined immuno-
deficiency (ADA- SCID). The number of blood T cells normalized as did many cellular and
humoral immune responses. Gene treatment ended after 2 years, but integrated vector
and ADA gene expression in T cells persisted. Although many components remain to be
perfected, it is concluded here that gene therapy can be a safe and effective addition to
treatment for some patients with this severe immunodeficiency disease.

The possibility of using gene transfer as a
therapy for human disease has great appeal.
The decision to enter clinical trials awaited
the development of safe and efficient tech-
niques of gene transfer and improved un-
derstanding of the basic pathology and bi-
ology underlying likely candidate diseases
and target cells. The advent of useful retro-
viral vectors that permitted relatively high
efficiency gene transfer and stable integra-
tion was a critical advance (1, 2), as was the
demonstration that this procedure of gene
transfer could be effectively and safely used
in humans (3).

Severe combined immunodeficiency
secondary to a genetic defect in the purine
catabolic enzyme adenosine deaminase
[ADA- SCID] is characterized by defective
T and B cell function and recurrent infec-
tions, often involving opportunistic patho-
gens. Large amounts of deoxyadenosine, an
ADA substrate, are present in these pa-

tients; deoxyadenosine is preferentially con-
verted to the toxic compound deoxyade-
nosine triphosphate in T cells, disabling the
immune system (4).

Because this disease is curable by alloge-
neic bone marrow transplantation given
without pretransplantation cytoreductive
conditioning, it was initially assumed that
gene therapy should be directed at the bone
marrow stem cell. However, initial attempts
to use stem cell gene transfer in primates
resulted in only low-level, transient gene
expression, insufficient for clinical use. The
observation that the only donor cells de-
tected in some patients "cured" by alloge-
neic bone marrow transplantation was their
T cells-the others remaining ADA-defi-
cient (5) raised the possibility that T cell-
directed gene therapy also might be a useful
treatment.

The introduction of enzyme replace-
ment with ADA-containing erythrocytes
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(6) or with bovine ADA conjugated with
polyethylene glycol (PEG-ADA) (7) has
made this approach feasible. PEG-ADA has
provided noncurative, life-saving treatment
for ADA- SCID patients; with this treat-
ment, most patients have experienced
weight gain and decreased opportunistic in-
fections. Full immune reconstitution has
been less regularly achieved with enzyme
therapy. T cell function as measured by in
vitro mitogen responses improved in most
patients, but fewer patients recovered con-
sistent immune responses to specific anti-
gens [for instance, as measured by normal
delayed-type hypersensitivity (DTH) skin
test reactivity] (8-10). Nearly all PEG-
ADA-treated patients showed increased
peripheral T cell counts, which provided a
source of T cells for gene correction not
available without enzyme therapy. Further-
more, enzyme treatment could be continued
during the gene therapy trial so that the
ethical dilemma of withholding or stopping
a life-saving therapy to test an unknown
treatment could be avoided.

The adenosine deaminase complemen-
tary DNA (cDNA) (11) is 1.5 kb and fits
within a retroviral vector. With the use of
an ADA-containing retroviral vector,
ADA-deficient T cell lines were transduced
to express normal amounts of ADA; this
rendered them normally resistant to intox-
ication and growth inhibition when chal-
lenged with deoxyadenosine (12, 13).
Next, studies in mice, rabbits, and nonhu-
man primates using T cells modified with
retroviral vectors showed normal cell sur-
vival and function after their reintroduc-
tion into recipient animals (14). Finally,
Bordignon and colleagues (15) showed that
ADA gene-corrected T cells acquired a
survival advantage compared with uncor-
rected ADA-deficient cells when trans-
planted into immunodeficient, but ADA-
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presence of helper virus and cryopreserved until use.

36. BM mononuclear cells were obtained as a Ficoll frac-
tion and grown for 2 to 3 days in complete DMEM at
a density of 6 x 105 to 8 x 105 cells/cm2 (35). T cell
depletion and progenitor cell enrichment were ob-
tained as described (3, 35). Gene transfer was carried
out by multiple infection cycles with cell-free, helper
virus-tested viral supernatants in the presence of
polybrene (8 ,ug/ml) (35). BM cells were maintained in
a long-term culture system over adherent layers with-
out addition of exogenous growth factors, and infect-
ed during the first 3 days of culture. Transduced cells
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were washed, resuspended in normal saline contain-
ing 4% human albumin, and reinfused into the patient.
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cy of CFU-G, CFU-GM, BFU-E, and CFU-GEMM
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doses of G418 (0.7, 1.0, 1.5 mg/ml) as described
(37). In selected experiments, individual G418-re-
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to anchored PCR with a C13-specific oligonucleotide
as described (4 7). Amplified products were analyzed
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In 1990, a clinical trial was started using retroviral-mediated transfer of the adenosine
deaminase (ADA) gene into the T cells of two children with severe combined immuno-
deficiency (ADA- SCID). The number of blood T cells normalized as did many cellular and
humoral immune responses. Gene treatment ended after 2 years, but integrated vector
and ADA gene expression in T cells persisted. Although many components remain to be
perfected, it is concluded here that gene therapy can be a safe and effective addition to
treatment for some patients with this severe immunodeficiency disease.

The possibility of using gene transfer as a
therapy for human disease has great appeal.
The decision to enter clinical trials awaited
the development of safe and efficient tech-
niques of gene transfer and improved un-
derstanding of the basic pathology and bi-
ology underlying likely candidate diseases
and target cells. The advent of useful retro-
viral vectors that permitted relatively high
efficiency gene transfer and stable integra-
tion was a critical advance (1, 2), as was the
demonstration that this procedure of gene
transfer could be effectively and safely used
in humans (3).

Severe combined immunodeficiency
secondary to a genetic defect in the purine
catabolic enzyme adenosine deaminase
[ADA- SCID] is characterized by defective
T and B cell function and recurrent infec-
tions, often involving opportunistic patho-
gens. Large amounts of deoxyadenosine, an
ADA substrate, are present in these pa-

tients; deoxyadenosine is preferentially con-
verted to the toxic compound deoxyade-
nosine triphosphate in T cells, disabling the
immune system (4).

Because this disease is curable by alloge-
neic bone marrow transplantation given
without pretransplantation cytoreductive
conditioning, it was initially assumed that
gene therapy should be directed at the bone
marrow stem cell. However, initial attempts
to use stem cell gene transfer in primates
resulted in only low-level, transient gene
expression, insufficient for clinical use. The
observation that the only donor cells de-
tected in some patients "cured" by alloge-
neic bone marrow transplantation was their
T cells-the others remaining ADA-defi-
cient (5) raised the possibility that T cell-
directed gene therapy also might be a useful
treatment.

The introduction of enzyme replace-
ment with ADA-containing erythrocytes
SCIENCE * VOL. 270 * 20 OCTOBER 1995

(6) or with bovine ADA conjugated with
polyethylene glycol (PEG-ADA) (7) has
made this approach feasible. PEG-ADA has
provided noncurative, life-saving treatment
for ADA- SCID patients; with this treat-
ment, most patients have experienced
weight gain and decreased opportunistic in-
fections. Full immune reconstitution has
been less regularly achieved with enzyme
therapy. T cell function as measured by in
vitro mitogen responses improved in most
patients, but fewer patients recovered con-
sistent immune responses to specific anti-
gens [for instance, as measured by normal
delayed-type hypersensitivity (DTH) skin
test reactivity] (8-10). Nearly all PEG-
ADA-treated patients showed increased
peripheral T cell counts, which provided a
source of T cells for gene correction not
available without enzyme therapy. Further-
more, enzyme treatment could be continued
during the gene therapy trial so that the
ethical dilemma of withholding or stopping
a life-saving therapy to test an unknown
treatment could be avoided.

The adenosine deaminase complemen-
tary DNA (cDNA) (11) is 1.5 kb and fits
within a retroviral vector. With the use of
an ADA-containing retroviral vector,
ADA-deficient T cell lines were transduced
to express normal amounts of ADA; this
rendered them normally resistant to intox-
ication and growth inhibition when chal-
lenged with deoxyadenosine (12, 13).
Next, studies in mice, rabbits, and nonhu-
man primates using T cells modified with
retroviral vectors showed normal cell sur-
vival and function after their reintroduc-
tion into recipient animals (14). Finally,
Bordignon and colleagues (15) showed that
ADA gene-corrected T cells acquired a
survival advantage compared with uncor-
rected ADA-deficient cells when trans-
planted into immunodeficient, but ADA-
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polybrene (8 ,ug/ml) (35). BM cells were maintained in
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out addition of exogenous growth factors, and infect-
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In 1990, a clinical trial was started using retroviral-mediated transfer of the adenosine
deaminase (ADA) gene into the T cells of two children with severe combined immuno-
deficiency (ADA- SCID). The number of blood T cells normalized as did many cellular and
humoral immune responses. Gene treatment ended after 2 years, but integrated vector
and ADA gene expression in T cells persisted. Although many components remain to be
perfected, it is concluded here that gene therapy can be a safe and effective addition to
treatment for some patients with this severe immunodeficiency disease.

The possibility of using gene transfer as a
therapy for human disease has great appeal.
The decision to enter clinical trials awaited
the development of safe and efficient tech-
niques of gene transfer and improved un-
derstanding of the basic pathology and bi-
ology underlying likely candidate diseases
and target cells. The advent of useful retro-
viral vectors that permitted relatively high
efficiency gene transfer and stable integra-
tion was a critical advance (1, 2), as was the
demonstration that this procedure of gene
transfer could be effectively and safely used
in humans (3).

Severe combined immunodeficiency
secondary to a genetic defect in the purine
catabolic enzyme adenosine deaminase
[ADA- SCID] is characterized by defective
T and B cell function and recurrent infec-
tions, often involving opportunistic patho-
gens. Large amounts of deoxyadenosine, an
ADA substrate, are present in these pa-

tients; deoxyadenosine is preferentially con-
verted to the toxic compound deoxyade-
nosine triphosphate in T cells, disabling the
immune system (4).

Because this disease is curable by alloge-
neic bone marrow transplantation given
without pretransplantation cytoreductive
conditioning, it was initially assumed that
gene therapy should be directed at the bone
marrow stem cell. However, initial attempts
to use stem cell gene transfer in primates
resulted in only low-level, transient gene
expression, insufficient for clinical use. The
observation that the only donor cells de-
tected in some patients "cured" by alloge-
neic bone marrow transplantation was their
T cells-the others remaining ADA-defi-
cient (5) raised the possibility that T cell-
directed gene therapy also might be a useful
treatment.

The introduction of enzyme replace-
ment with ADA-containing erythrocytes
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(6) or with bovine ADA conjugated with
polyethylene glycol (PEG-ADA) (7) has
made this approach feasible. PEG-ADA has
provided noncurative, life-saving treatment
for ADA- SCID patients; with this treat-
ment, most patients have experienced
weight gain and decreased opportunistic in-
fections. Full immune reconstitution has
been less regularly achieved with enzyme
therapy. T cell function as measured by in
vitro mitogen responses improved in most
patients, but fewer patients recovered con-
sistent immune responses to specific anti-
gens [for instance, as measured by normal
delayed-type hypersensitivity (DTH) skin
test reactivity] (8-10). Nearly all PEG-
ADA-treated patients showed increased
peripheral T cell counts, which provided a
source of T cells for gene correction not
available without enzyme therapy. Further-
more, enzyme treatment could be continued
during the gene therapy trial so that the
ethical dilemma of withholding or stopping
a life-saving therapy to test an unknown
treatment could be avoided.

The adenosine deaminase complemen-
tary DNA (cDNA) (11) is 1.5 kb and fits
within a retroviral vector. With the use of
an ADA-containing retroviral vector,
ADA-deficient T cell lines were transduced
to express normal amounts of ADA; this
rendered them normally resistant to intox-
ication and growth inhibition when chal-
lenged with deoxyadenosine (12, 13).
Next, studies in mice, rabbits, and nonhu-
man primates using T cells modified with
retroviral vectors showed normal cell sur-
vival and function after their reintroduc-
tion into recipient animals (14). Finally,
Bordignon and colleagues (15) showed that
ADA gene-corrected T cells acquired a
survival advantage compared with uncor-
rected ADA-deficient cells when trans-
planted into immunodeficient, but ADA-
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tion and grown for 2 to 3 days in complete DMEM at
a density of 6 x 105 to 8 x 105 cells/cm2 (35). T cell
depletion and progenitor cell enrichment were ob-
tained as described (3, 35). Gene transfer was carried
out by multiple infection cycles with cell-free, helper
virus-tested viral supernatants in the presence of
polybrene (8 ,ug/ml) (35). BM cells were maintained in
a long-term culture system over adherent layers with-
out addition of exogenous growth factors, and infect-
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In 1990, a clinical trial was started using retroviral-mediated transfer of the adenosine
deaminase (ADA) gene into the T cells of two children with severe combined immuno-
deficiency (ADA- SCID). The number of blood T cells normalized as did many cellular and
humoral immune responses. Gene treatment ended after 2 years, but integrated vector
and ADA gene expression in T cells persisted. Although many components remain to be
perfected, it is concluded here that gene therapy can be a safe and effective addition to
treatment for some patients with this severe immunodeficiency disease.

The possibility of using gene transfer as a
therapy for human disease has great appeal.
The decision to enter clinical trials awaited
the development of safe and efficient tech-
niques of gene transfer and improved un-
derstanding of the basic pathology and bi-
ology underlying likely candidate diseases
and target cells. The advent of useful retro-
viral vectors that permitted relatively high
efficiency gene transfer and stable integra-
tion was a critical advance (1, 2), as was the
demonstration that this procedure of gene
transfer could be effectively and safely used
in humans (3).

Severe combined immunodeficiency
secondary to a genetic defect in the purine
catabolic enzyme adenosine deaminase
[ADA- SCID] is characterized by defective
T and B cell function and recurrent infec-
tions, often involving opportunistic patho-
gens. Large amounts of deoxyadenosine, an
ADA substrate, are present in these pa-

tients; deoxyadenosine is preferentially con-
verted to the toxic compound deoxyade-
nosine triphosphate in T cells, disabling the
immune system (4).

Because this disease is curable by alloge-
neic bone marrow transplantation given
without pretransplantation cytoreductive
conditioning, it was initially assumed that
gene therapy should be directed at the bone
marrow stem cell. However, initial attempts
to use stem cell gene transfer in primates
resulted in only low-level, transient gene
expression, insufficient for clinical use. The
observation that the only donor cells de-
tected in some patients "cured" by alloge-
neic bone marrow transplantation was their
T cells-the others remaining ADA-defi-
cient (5) raised the possibility that T cell-
directed gene therapy also might be a useful
treatment.

The introduction of enzyme replace-
ment with ADA-containing erythrocytes
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(6) or with bovine ADA conjugated with
polyethylene glycol (PEG-ADA) (7) has
made this approach feasible. PEG-ADA has
provided noncurative, life-saving treatment
for ADA- SCID patients; with this treat-
ment, most patients have experienced
weight gain and decreased opportunistic in-
fections. Full immune reconstitution has
been less regularly achieved with enzyme
therapy. T cell function as measured by in
vitro mitogen responses improved in most
patients, but fewer patients recovered con-
sistent immune responses to specific anti-
gens [for instance, as measured by normal
delayed-type hypersensitivity (DTH) skin
test reactivity] (8-10). Nearly all PEG-
ADA-treated patients showed increased
peripheral T cell counts, which provided a
source of T cells for gene correction not
available without enzyme therapy. Further-
more, enzyme treatment could be continued
during the gene therapy trial so that the
ethical dilemma of withholding or stopping
a life-saving therapy to test an unknown
treatment could be avoided.

The adenosine deaminase complemen-
tary DNA (cDNA) (11) is 1.5 kb and fits
within a retroviral vector. With the use of
an ADA-containing retroviral vector,
ADA-deficient T cell lines were transduced
to express normal amounts of ADA; this
rendered them normally resistant to intox-
ication and growth inhibition when chal-
lenged with deoxyadenosine (12, 13).
Next, studies in mice, rabbits, and nonhu-
man primates using T cells modified with
retroviral vectors showed normal cell sur-
vival and function after their reintroduc-
tion into recipient animals (14). Finally,
Bordignon and colleagues (15) showed that
ADA gene-corrected T cells acquired a
survival advantage compared with uncor-
rected ADA-deficient cells when trans-
planted into immunodeficient, but ADA-
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SCID: Initial Trial Results After 4 Years
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In 1990, a clinical trial was started using retroviral-mediated transfer of the adenosine
deaminase (ADA) gene into the T cells of two children with severe combined immuno-
deficiency (ADA- SCID). The number of blood T cells normalized as did many cellular and
humoral immune responses. Gene treatment ended after 2 years, but integrated vector
and ADA gene expression in T cells persisted. Although many components remain to be
perfected, it is concluded here that gene therapy can be a safe and effective addition to
treatment for some patients with this severe immunodeficiency disease.

The possibility of using gene transfer as a
therapy for human disease has great appeal.
The decision to enter clinical trials awaited
the development of safe and efficient tech-
niques of gene transfer and improved un-
derstanding of the basic pathology and bi-
ology underlying likely candidate diseases
and target cells. The advent of useful retro-
viral vectors that permitted relatively high
efficiency gene transfer and stable integra-
tion was a critical advance (1, 2), as was the
demonstration that this procedure of gene
transfer could be effectively and safely used
in humans (3).

Severe combined immunodeficiency
secondary to a genetic defect in the purine
catabolic enzyme adenosine deaminase
[ADA- SCID] is characterized by defective
T and B cell function and recurrent infec-
tions, often involving opportunistic patho-
gens. Large amounts of deoxyadenosine, an
ADA substrate, are present in these pa-

tients; deoxyadenosine is preferentially con-
verted to the toxic compound deoxyade-
nosine triphosphate in T cells, disabling the
immune system (4).

Because this disease is curable by alloge-
neic bone marrow transplantation given
without pretransplantation cytoreductive
conditioning, it was initially assumed that
gene therapy should be directed at the bone
marrow stem cell. However, initial attempts
to use stem cell gene transfer in primates
resulted in only low-level, transient gene
expression, insufficient for clinical use. The
observation that the only donor cells de-
tected in some patients "cured" by alloge-
neic bone marrow transplantation was their
T cells-the others remaining ADA-defi-
cient (5) raised the possibility that T cell-
directed gene therapy also might be a useful
treatment.

The introduction of enzyme replace-
ment with ADA-containing erythrocytes
SCIENCE * VOL. 270 * 20 OCTOBER 1995

(6) or with bovine ADA conjugated with
polyethylene glycol (PEG-ADA) (7) has
made this approach feasible. PEG-ADA has
provided noncurative, life-saving treatment
for ADA- SCID patients; with this treat-
ment, most patients have experienced
weight gain and decreased opportunistic in-
fections. Full immune reconstitution has
been less regularly achieved with enzyme
therapy. T cell function as measured by in
vitro mitogen responses improved in most
patients, but fewer patients recovered con-
sistent immune responses to specific anti-
gens [for instance, as measured by normal
delayed-type hypersensitivity (DTH) skin
test reactivity] (8-10). Nearly all PEG-
ADA-treated patients showed increased
peripheral T cell counts, which provided a
source of T cells for gene correction not
available without enzyme therapy. Further-
more, enzyme treatment could be continued
during the gene therapy trial so that the
ethical dilemma of withholding or stopping
a life-saving therapy to test an unknown
treatment could be avoided.

The adenosine deaminase complemen-
tary DNA (cDNA) (11) is 1.5 kb and fits
within a retroviral vector. With the use of
an ADA-containing retroviral vector,
ADA-deficient T cell lines were transduced
to express normal amounts of ADA; this
rendered them normally resistant to intox-
ication and growth inhibition when chal-
lenged with deoxyadenosine (12, 13).
Next, studies in mice, rabbits, and nonhu-
man primates using T cells modified with
retroviral vectors showed normal cell sur-
vival and function after their reintroduc-
tion into recipient animals (14). Finally,
Bordignon and colleagues (15) showed that
ADA gene-corrected T cells acquired a
survival advantage compared with uncor-
rected ADA-deficient cells when trans-
planted into immunodeficient, but ADA-
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Patients selection and enrollment

Patients with documented ADA SCID were eligible if they did not have a human 
lymphocyte antigcn-niatched sibling as a potential donor for marrow 
transplantation and if they had been treated with PEG-ADA for at least 9 months 
without full immune reconstitution 

Fig. 1. Peripheral blood T cell counts 3000

since the time the diagnosis of ADA A

deficiency was made, dates of treat- 2500
ments, and the total number of cells l
infused for each patient. ADA level is 3 2000-
measured in nanomoles of adenosine 150 <

deaminated per minute per 108 cells. ° oi
Vertical bars indicate the dates of cell 1000- cA.
infusion, and their height represents the T cells
total number of nonselected cells in- 500- CD

fused at each treatment. The T cell
numbers represent total CD3-bearing 0-

T cells determined by standard flow cy- (730) (365) 0 365

tometric analysis. (A) Patient 1 began
gene therapy on 14 September 1990 (protocol day 0) and received a total of
11 infusions. Cellular ADA enzyme level is indicated by the dashed line. ADA
activity was determined as described (13, 25). Values shown are the mean of
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duplicate samples and represent EHNA-sensitive ADA enzyme activity. (B)
Patient 2 began gene therapy on 31 January 1991 (protocol day 0) and
received of a total of 12 infusions.

normal BNX recipient mice.
The clinical protocol used here has been

described elsewhere (16). Patients with
documented ADA- SCID were eligible if
they did not have a human lymphocyte
antigen-matched sibling as a potential do-
nor for marrow transplantation and if they
had been treated with PEG-ADA for at
least 9 months without full immune recon-

stitution. T cells were obtained from their
blood by apheresis, induced to proliferate in
culture, transduced with the ADA retrovi-
ral vector LASN, culture-expanded, and
then reinfused into the patient after 9 to 12
days (17). No selection procedure was used
to enrich for gene-transduced cells.

The clinical histories and ADA gene mu-

tations of each patient have been reported
(18, 19). Patient 1 presented with infection at
2 days of age and had recurrent infections and
very poor growth until 26 months of age,
when the diagnosis of ADA deficiency was
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established and she was started on PEG-ADA
[30 U per kilogram of body weight per week
(30 U/kg/week)]. Treatment with PEG-ADA
enzyme for approximately 2 years had resulted
in significant, but incomplete, benefit. With
PEG-ADA she gained weight, had fewer in-
fections, and transiently developed a normal
peripheral blood T cell count (Fig. 1A), and
her T cells had acquired the ability to respond
to mitogens in vitro. However, significant
immune deficiency persisted, including recur-

rence of her T lymphopenia (Fig. lA), DTH
skin test anergy (Table 1), depressed in vitro
immune reactivity to specific antigens such as

tetanus toxoid, failure to generate normal cy-
totoxic T cells to viral antigens or allogeneic
cells, defective immunoglobulin production
and absent or weak antibody responses to
several vaccine antigens, and borderline iso-
hemagglutinin titers (Table 1). At 4 years of
age, she was enrolled in this trial.

The course of disease in patient 2 (who
was 9 years old when enrolled in the trial)
was milder than that seen in classic SCID
(19). She had her first serious infection at
age 3, and septic arthritis at age 5; the
diagnosis was finally established at age 6
when significant lymphopenia with ADA
deficiency was confirmed. This patient had
an excellent initial improvement in periph-
eral T cell numbers after the start of PEG-
ADA therapy (30 U/kg/week) at age 5, but
lymphopenia recurred in the third and
fourth years of enzyme treatment (Fig. iB).
During the year before gene therapy, repeat-
ed evaluation of her immune system showed
persisting immunodeficiency, but less se-

vere than that in patient 1. Despite 4 years
of enzyme treatment, DTH skin test reac-

tivity was absent (Table 1), cytotoxic T
cells to viral antigens and allogeneic cells
were deficient, and isohemagglutinins were

barely detectable. However, illustrating the
variability seen in the responses of patient 2
over time, blood lymphocytes that were

cryopreserved from the day the clinical trial
began and tested later showed normal cyto-
toxic activity to allogeneic cells.

Within 5 to 6 months of beginning gene
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therapy, the peripheral blood T cell counts
for patient 1 (Fig. 1A) rapidly increased in
number and stabilized in the normal range
and have remained normal since that time
(20). ADA enzyme activity, nearly unde-
tectable in her blood lymphocytes initially,
progressively increased in concentration
during the first 2 years of treatment to reach
a level roughly half the concentration
found in heterozygous carriers (expressing
only one intact ADA allele) and has re-

Table 1. DTH skin test reactivity and isohemag-
glutinin titers in sera of each patient at various
times during the treatment protocol. Skin tests
were applied as Multitest (Pasteur Merieux, Lyon,
France) and scored according to the manufactur-
er's instructions 48 to 72 hours after being placed.
Seven antigens were placed on the dates indicat-
ed, although only five were technically satisfactory
on day 1252 for patient 1 and on day 1118 for
patient 2. Isohemagglutinin titers were determined
by standard blood bank techniques (34). Ninety
five percent of normal children over the age of 2
years will have a titer of .1:16 and 82% will have
a titer -1: 32 (35). ND, not done. For the DTH skin
tests, positive tests were elicited; T, tetanus tox-
oid; D, diphtheria toxoid; C, Candida albicans; P,
Proteus antigen; S, streptococcal antigen; OT, old
tuberculin.

Protocol Isohemnag- DTH skin tests
day glutinins

Patient 1
-9 16 None (0/7)
115 256 ND
251 128 ND
314 32 T, D,C
455 32 T,D,C,S,P
510 64 ND
707 32 ND
1252 ND D, C, P

Patient 2
-122 4 None (0/7)
_9 4 ND
90 256 ND
186 128 ND
291 128 ND
501 128 T, D, C, S, OT
676 64 ND
957 16 ND
1118 ND T, D, S, P
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Fig. 1. Peripheral blood T cell counts 3000

since the time the diagnosis of ADA A

deficiency was made, dates of treat- 2500
ments, and the total number of cells l
infused for each patient. ADA level is 3 2000-
measured in nanomoles of adenosine 150 <

deaminated per minute per 108 cells. ° oi
Vertical bars indicate the dates of cell 1000- cA.
infusion, and their height represents the T cells
total number of nonselected cells in- 500- CD

fused at each treatment. The T cell
numbers represent total CD3-bearing 0-

T cells determined by standard flow cy- (730) (365) 0 365

tometric analysis. (A) Patient 1 began
gene therapy on 14 September 1990 (protocol day 0) and received a total of
11 infusions. Cellular ADA enzyme level is indicated by the dashed line. ADA
activity was determined as described (13, 25). Values shown are the mean of
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duplicate samples and represent EHNA-sensitive ADA enzyme activity. (B)
Patient 2 began gene therapy on 31 January 1991 (protocol day 0) and
received of a total of 12 infusions.

normal BNX recipient mice.
The clinical protocol used here has been

described elsewhere (16). Patients with
documented ADA- SCID were eligible if
they did not have a human lymphocyte
antigen-matched sibling as a potential do-
nor for marrow transplantation and if they
had been treated with PEG-ADA for at
least 9 months without full immune recon-

stitution. T cells were obtained from their
blood by apheresis, induced to proliferate in
culture, transduced with the ADA retrovi-
ral vector LASN, culture-expanded, and
then reinfused into the patient after 9 to 12
days (17). No selection procedure was used
to enrich for gene-transduced cells.

The clinical histories and ADA gene mu-

tations of each patient have been reported
(18, 19). Patient 1 presented with infection at
2 days of age and had recurrent infections and
very poor growth until 26 months of age,
when the diagnosis of ADA deficiency was
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established and she was started on PEG-ADA
[30 U per kilogram of body weight per week
(30 U/kg/week)]. Treatment with PEG-ADA
enzyme for approximately 2 years had resulted
in significant, but incomplete, benefit. With
PEG-ADA she gained weight, had fewer in-
fections, and transiently developed a normal
peripheral blood T cell count (Fig. 1A), and
her T cells had acquired the ability to respond
to mitogens in vitro. However, significant
immune deficiency persisted, including recur-

rence of her T lymphopenia (Fig. lA), DTH
skin test anergy (Table 1), depressed in vitro
immune reactivity to specific antigens such as

tetanus toxoid, failure to generate normal cy-
totoxic T cells to viral antigens or allogeneic
cells, defective immunoglobulin production
and absent or weak antibody responses to
several vaccine antigens, and borderline iso-
hemagglutinin titers (Table 1). At 4 years of
age, she was enrolled in this trial.

The course of disease in patient 2 (who
was 9 years old when enrolled in the trial)
was milder than that seen in classic SCID
(19). She had her first serious infection at
age 3, and septic arthritis at age 5; the
diagnosis was finally established at age 6
when significant lymphopenia with ADA
deficiency was confirmed. This patient had
an excellent initial improvement in periph-
eral T cell numbers after the start of PEG-
ADA therapy (30 U/kg/week) at age 5, but
lymphopenia recurred in the third and
fourth years of enzyme treatment (Fig. iB).
During the year before gene therapy, repeat-
ed evaluation of her immune system showed
persisting immunodeficiency, but less se-

vere than that in patient 1. Despite 4 years
of enzyme treatment, DTH skin test reac-

tivity was absent (Table 1), cytotoxic T
cells to viral antigens and allogeneic cells
were deficient, and isohemagglutinins were

barely detectable. However, illustrating the
variability seen in the responses of patient 2
over time, blood lymphocytes that were

cryopreserved from the day the clinical trial
began and tested later showed normal cyto-
toxic activity to allogeneic cells.

Within 5 to 6 months of beginning gene
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therapy, the peripheral blood T cell counts
for patient 1 (Fig. 1A) rapidly increased in
number and stabilized in the normal range
and have remained normal since that time
(20). ADA enzyme activity, nearly unde-
tectable in her blood lymphocytes initially,
progressively increased in concentration
during the first 2 years of treatment to reach
a level roughly half the concentration
found in heterozygous carriers (expressing
only one intact ADA allele) and has re-

Table 1. DTH skin test reactivity and isohemag-
glutinin titers in sera of each patient at various
times during the treatment protocol. Skin tests
were applied as Multitest (Pasteur Merieux, Lyon,
France) and scored according to the manufactur-
er's instructions 48 to 72 hours after being placed.
Seven antigens were placed on the dates indicat-
ed, although only five were technically satisfactory
on day 1252 for patient 1 and on day 1118 for
patient 2. Isohemagglutinin titers were determined
by standard blood bank techniques (34). Ninety
five percent of normal children over the age of 2
years will have a titer of .1:16 and 82% will have
a titer -1: 32 (35). ND, not done. For the DTH skin
tests, positive tests were elicited; T, tetanus tox-
oid; D, diphtheria toxoid; C, Candida albicans; P,
Proteus antigen; S, streptococcal antigen; OT, old
tuberculin.

Protocol Isohemnag- DTH skin tests
day glutinins

Patient 1
-9 16 None (0/7)
115 256 ND
251 128 ND
314 32 T, D,C
455 32 T,D,C,S,P
510 64 ND
707 32 ND
1252 ND D, C, P

Patient 2
-122 4 None (0/7)
_9 4 ND
90 256 ND
186 128 ND
291 128 ND
501 128 T, D, C, S, OT
676 64 ND
957 16 ND
1118 ND T, D, S, P
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Fig. 1. Peripheral blood T cell counts 3000

since the time the diagnosis of ADA A

deficiency was made, dates of treat- 2500
ments, and the total number of cells l
infused for each patient. ADA level is 3 2000-
measured in nanomoles of adenosine 150 <

deaminated per minute per 108 cells. ° oi
Vertical bars indicate the dates of cell 1000- cA.
infusion, and their height represents the T cells
total number of nonselected cells in- 500- CD

fused at each treatment. The T cell
numbers represent total CD3-bearing 0-

T cells determined by standard flow cy- (730) (365) 0 365

tometric analysis. (A) Patient 1 began
gene therapy on 14 September 1990 (protocol day 0) and received a total of
11 infusions. Cellular ADA enzyme level is indicated by the dashed line. ADA
activity was determined as described (13, 25). Values shown are the mean of
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duplicate samples and represent EHNA-sensitive ADA enzyme activity. (B)
Patient 2 began gene therapy on 31 January 1991 (protocol day 0) and
received of a total of 12 infusions.

normal BNX recipient mice.
The clinical protocol used here has been

described elsewhere (16). Patients with
documented ADA- SCID were eligible if
they did not have a human lymphocyte
antigen-matched sibling as a potential do-
nor for marrow transplantation and if they
had been treated with PEG-ADA for at
least 9 months without full immune recon-

stitution. T cells were obtained from their
blood by apheresis, induced to proliferate in
culture, transduced with the ADA retrovi-
ral vector LASN, culture-expanded, and
then reinfused into the patient after 9 to 12
days (17). No selection procedure was used
to enrich for gene-transduced cells.

The clinical histories and ADA gene mu-

tations of each patient have been reported
(18, 19). Patient 1 presented with infection at
2 days of age and had recurrent infections and
very poor growth until 26 months of age,
when the diagnosis of ADA deficiency was
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(30 U/kg/week)]. Treatment with PEG-ADA
enzyme for approximately 2 years had resulted
in significant, but incomplete, benefit. With
PEG-ADA she gained weight, had fewer in-
fections, and transiently developed a normal
peripheral blood T cell count (Fig. 1A), and
her T cells had acquired the ability to respond
to mitogens in vitro. However, significant
immune deficiency persisted, including recur-
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skin test anergy (Table 1), depressed in vitro
immune reactivity to specific antigens such as

tetanus toxoid, failure to generate normal cy-
totoxic T cells to viral antigens or allogeneic
cells, defective immunoglobulin production
and absent or weak antibody responses to
several vaccine antigens, and borderline iso-
hemagglutinin titers (Table 1). At 4 years of
age, she was enrolled in this trial.

The course of disease in patient 2 (who
was 9 years old when enrolled in the trial)
was milder than that seen in classic SCID
(19). She had her first serious infection at
age 3, and septic arthritis at age 5; the
diagnosis was finally established at age 6
when significant lymphopenia with ADA
deficiency was confirmed. This patient had
an excellent initial improvement in periph-
eral T cell numbers after the start of PEG-
ADA therapy (30 U/kg/week) at age 5, but
lymphopenia recurred in the third and
fourth years of enzyme treatment (Fig. iB).
During the year before gene therapy, repeat-
ed evaluation of her immune system showed
persisting immunodeficiency, but less se-

vere than that in patient 1. Despite 4 years
of enzyme treatment, DTH skin test reac-

tivity was absent (Table 1), cytotoxic T
cells to viral antigens and allogeneic cells
were deficient, and isohemagglutinins were

barely detectable. However, illustrating the
variability seen in the responses of patient 2
over time, blood lymphocytes that were

cryopreserved from the day the clinical trial
began and tested later showed normal cyto-
toxic activity to allogeneic cells.

Within 5 to 6 months of beginning gene
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therapy, the peripheral blood T cell counts
for patient 1 (Fig. 1A) rapidly increased in
number and stabilized in the normal range
and have remained normal since that time
(20). ADA enzyme activity, nearly unde-
tectable in her blood lymphocytes initially,
progressively increased in concentration
during the first 2 years of treatment to reach
a level roughly half the concentration
found in heterozygous carriers (expressing
only one intact ADA allele) and has re-

Table 1. DTH skin test reactivity and isohemag-
glutinin titers in sera of each patient at various
times during the treatment protocol. Skin tests
were applied as Multitest (Pasteur Merieux, Lyon,
France) and scored according to the manufactur-
er's instructions 48 to 72 hours after being placed.
Seven antigens were placed on the dates indicat-
ed, although only five were technically satisfactory
on day 1252 for patient 1 and on day 1118 for
patient 2. Isohemagglutinin titers were determined
by standard blood bank techniques (34). Ninety
five percent of normal children over the age of 2
years will have a titer of .1:16 and 82% will have
a titer -1: 32 (35). ND, not done. For the DTH skin
tests, positive tests were elicited; T, tetanus tox-
oid; D, diphtheria toxoid; C, Candida albicans; P,
Proteus antigen; S, streptococcal antigen; OT, old
tuberculin.

Protocol Isohemnag- DTH skin tests
day glutinins

Patient 1
-9 16 None (0/7)
115 256 ND
251 128 ND
314 32 T, D,C
455 32 T,D,C,S,P
510 64 ND
707 32 ND
1252 ND D, C, P
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ments, and the total number of cells l
infused for each patient. ADA level is 3 2000-
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duplicate samples and represent EHNA-sensitive ADA enzyme activity. (B)
Patient 2 began gene therapy on 31 January 1991 (protocol day 0) and
received of a total of 12 infusions.

normal BNX recipient mice.
The clinical protocol used here has been

described elsewhere (16). Patients with
documented ADA- SCID were eligible if
they did not have a human lymphocyte
antigen-matched sibling as a potential do-
nor for marrow transplantation and if they
had been treated with PEG-ADA for at
least 9 months without full immune recon-

stitution. T cells were obtained from their
blood by apheresis, induced to proliferate in
culture, transduced with the ADA retrovi-
ral vector LASN, culture-expanded, and
then reinfused into the patient after 9 to 12
days (17). No selection procedure was used
to enrich for gene-transduced cells.

The clinical histories and ADA gene mu-

tations of each patient have been reported
(18, 19). Patient 1 presented with infection at
2 days of age and had recurrent infections and
very poor growth until 26 months of age,
when the diagnosis of ADA deficiency was
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established and she was started on PEG-ADA
[30 U per kilogram of body weight per week
(30 U/kg/week)]. Treatment with PEG-ADA
enzyme for approximately 2 years had resulted
in significant, but incomplete, benefit. With
PEG-ADA she gained weight, had fewer in-
fections, and transiently developed a normal
peripheral blood T cell count (Fig. 1A), and
her T cells had acquired the ability to respond
to mitogens in vitro. However, significant
immune deficiency persisted, including recur-

rence of her T lymphopenia (Fig. lA), DTH
skin test anergy (Table 1), depressed in vitro
immune reactivity to specific antigens such as

tetanus toxoid, failure to generate normal cy-
totoxic T cells to viral antigens or allogeneic
cells, defective immunoglobulin production
and absent or weak antibody responses to
several vaccine antigens, and borderline iso-
hemagglutinin titers (Table 1). At 4 years of
age, she was enrolled in this trial.

The course of disease in patient 2 (who
was 9 years old when enrolled in the trial)
was milder than that seen in classic SCID
(19). She had her first serious infection at
age 3, and septic arthritis at age 5; the
diagnosis was finally established at age 6
when significant lymphopenia with ADA
deficiency was confirmed. This patient had
an excellent initial improvement in periph-
eral T cell numbers after the start of PEG-
ADA therapy (30 U/kg/week) at age 5, but
lymphopenia recurred in the third and
fourth years of enzyme treatment (Fig. iB).
During the year before gene therapy, repeat-
ed evaluation of her immune system showed
persisting immunodeficiency, but less se-

vere than that in patient 1. Despite 4 years
of enzyme treatment, DTH skin test reac-

tivity was absent (Table 1), cytotoxic T
cells to viral antigens and allogeneic cells
were deficient, and isohemagglutinins were

barely detectable. However, illustrating the
variability seen in the responses of patient 2
over time, blood lymphocytes that were

cryopreserved from the day the clinical trial
began and tested later showed normal cyto-
toxic activity to allogeneic cells.

Within 5 to 6 months of beginning gene
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therapy, the peripheral blood T cell counts
for patient 1 (Fig. 1A) rapidly increased in
number and stabilized in the normal range
and have remained normal since that time
(20). ADA enzyme activity, nearly unde-
tectable in her blood lymphocytes initially,
progressively increased in concentration
during the first 2 years of treatment to reach
a level roughly half the concentration
found in heterozygous carriers (expressing
only one intact ADA allele) and has re-

Table 1. DTH skin test reactivity and isohemag-
glutinin titers in sera of each patient at various
times during the treatment protocol. Skin tests
were applied as Multitest (Pasteur Merieux, Lyon,
France) and scored according to the manufactur-
er's instructions 48 to 72 hours after being placed.
Seven antigens were placed on the dates indicat-
ed, although only five were technically satisfactory
on day 1252 for patient 1 and on day 1118 for
patient 2. Isohemagglutinin titers were determined
by standard blood bank techniques (34). Ninety
five percent of normal children over the age of 2
years will have a titer of .1:16 and 82% will have
a titer -1: 32 (35). ND, not done. For the DTH skin
tests, positive tests were elicited; T, tetanus tox-
oid; D, diphtheria toxoid; C, Candida albicans; P,
Proteus antigen; S, streptococcal antigen; OT, old
tuberculin.

Protocol Isohemnag- DTH skin tests
day glutinins

Patient 1
-9 16 None (0/7)
115 256 ND
251 128 ND
314 32 T, D,C
455 32 T,D,C,S,P
510 64 ND
707 32 ND
1252 ND D, C, P

Patient 2
-122 4 None (0/7)
_9 4 ND
90 256 ND
186 128 ND
291 128 ND
501 128 T, D, C, S, OT
676 64 ND
957 16 ND
1118 ND T, D, S, P
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Gene therapy protocol

• T cells were obtained from their blood by apheresis, 
• induced to proliferate in Culture, 
• transduced with the ADA retroviral vector LASN, 
• culture-cxpanded, and
• then rcinfused into the patient after 9 to 12 days (17). 
• No selection procedure was used to enrich for gcne-transduced cell



•Il cDNA di ADA (1,5 kb) clonato in un vettore retrovirale
•Linfociti T trasfettati esprimevano valori normali di ADA
•Linfociti T trasfettati  in topi, conigli e primati mostravano 
una sopravvivenza normale
•Se inoculati in un background ada-, essi avevano un vantaggio 
selettivo

ADA vector



Patient 1 (4 years )                                Patient 2 (9 years)

Aumento di T cells
Aumento dei livelli di ADA

Aumento lievi di T cells
Aumento lievo dei livelli di ADA



mained at that level since (Fig. IA). Thus,
both the reconstituted number of peripheral
blood T cells and the elevated T cell ADA
enzyme concentration have persisted since
the patient's last treatment, indicating that
peripheral T cells can have an unexpectedly
long life-span and that gene expression
from the retroviral vector has not been
silenced over this period.

Patient 2, who had variable immune re-
activity before enrollment, responded to the
institution of lymphocyte infusions, with
her peripheral T cell count rapidly increas-
ing to levels in the high normal range (Fig
IB). Beginning with infusion 5, which in-
cluded protocol modifications to partially
deplete CD8 cells from the initially cul-
tured cell population (21), her T cell count
fell into the mid-normal range, where it
persisted throughout the treatment period
and for a year after the last cell infusion. In
contrast to those in patient 1, ADA enzyme
levels in the circulating T cells of patient 2
did not rise significantly above the small
amounts seen before gene therapy treat-
ment ( 1.5 nmol/108 cells per minute).

The differences in final lymphocyte ADA
concentration are consistent with the levels of
gene transfer reached in these patients. For
several months in the second protocol year
during which cell infusions were not given,
LASN vector sequences detected by poly-
merase chain reaction (PCR) maintained a
stable frequency in the peripheral blood of
patient 1 at a level greater than the PCR-
positive control standard containing the
equivalent of 0.3 vector copies/cell (Fig. 2).
By contrast, although vector-containing cells
were also stably detected throughout a similar
period in patient 2, their level reached only a
value equivalent to 0.1 to 1.0% of her circu-
lating cells carrying the inserted ADA vector.

The principal contributor to the differ-
ence in the final frequency of LASN vec-
tor-modified T cells in patients 1 and 2 was
the low gene transfer efficiency in the cells
of patient 2; this was consistently only a
tenth or less of what was routinely achieved

in the cells from patient 1. Despite the gross
differences in the final proportion of vector-
containing cells reached in these two pa-
tients, both CD4 and CD8 T cell popula-
tions from each have remained consistently
positive for integrated vector sequences
since the first infusion through protocol day
1480 for patient 1 and through protocol day
1198 for patient 2 (Fig. 2).

To more accurately measure the propor-
tion of vector-containing cells in patient 1,
we performed quantitative Southern (DNA)
hybridization analysis for vector sequence on
DNA isolated from her peripheral blood T
cells at different days during the course of
this protocol. On protocol days 816 and
1252, which represent samples taken 109
and 545 days after the last treatment, the
vector concentration was at the level of
approximately one vector copy per cell (Fig.
3). Longitudinal studies of samples obtained
throughout the study show that this large
amount of integrated vector was reached by
infusion 8 (D707) and that it has remained
in this range since that time (22).

The use of a restriction endonuclease that
cuts only once within the vector sequence
does not give detectable bands (Fig. 3), indi-
cating that the population of blood T cells at
these dates is not oligoclonal with respect to
integrated vector. Vector-derived mRNA
was readily detected by reverse transcription
(RT)-PCR at these same times (Fig. 3), con-
firming that vector expression persisted and
was correlated with the presence of ADA
enzyme activity in her circulating T cells.

To evaluate the effect of gene therapy on
the immune function of these two patients in
addition to its beneficial effect on T cell
numbers, we performed a panel of immuno-
logic studies both before, and at various times
after, treatment. DTH skin test reactivity to
common environmental and vaccine antigens
tests the overall competence of the cellular
immune system because a response depends
on the full complement of cellular functions,
not just cell proliferation or secretion of a
single cytokine (Table 1). Patient 1 was an-

ergic before our protocol treatment despite
nearly 2 years of PEG-ADA treatment. Eight
months after the initiation of gene therapy
(protocol day 251), she had a brisk DTH
response to a single intradermal skin test with
tetanus toxoid. By protocol day 455, DTH
responses to five of seven antigens were
present, and this increased responsiveness has
persisted, through day 1252.

Before the protocol, patient 2 had no
positive DTH skin test (Table 1). At pro-
tocol day 501, five positive DTH skin tests
were elicited, and this increased DTH reac-
tivity had persisted when she was last tested
on day 1118. She also acquired palpable
lymph nodes and visible tonsils during the
period of protocol treatment.

To corroborate the improved immune
function indicated by these DTH tests, we
evaluated the capacity of peripheral T cells
from our patients to produce interleukin-2
(IL-2) or to kill antigenic target cells in
vitro. In several patients treated with PEG-
ADA, in vitro T cell proliferative responses
to mitogens may normalize, whereas respons-
es to specific antigens are less improved (7-
10). During PEG-ADA treatment before
gene therapy, T cells from patient 1 pro-
duced IL-2 in response to stimulation with

Sst I Eco Rl Sst I Sst I
I - n

Probe
I- 3.1 kb

Southern RT-PCR
SstI Eco RI~~~~~~~~N

POW*::527
bp3.1

kb

Fig. 2. PCR evaluation of the frequency of LASN A Patient 1 STD vector copies/cell
vector-positive cells in the blood of patients 1 and

D304 D346D381 D416 D455 D500 D591 0.01 0.05 0.30
2 at various protocol days. (A) Cells from patient 1 l l l-Il
for protocol days (D) 304 to 591 (see Fig. 1 A). PCR
analysis was performed as described (26) in an B
ethidium-stained gel. (B) Cells from patient 2 for Patient 2 STD vector copies/cell
protocol days (D) 333 to 501 (see Fig. 1 B). PCR D333 D389D438 D501 0001 0.01 0.05
products were probed with 32P-labeled neo gene mi , ii
as described (26). (C) Purified CD4+ and CD8+ * * *. * NI
cell subpopulations from patient 1 (Dl 480) and C
patient 2 (Dl 198) prepared by separation of pe- STD vector copies/cell Patient 1 Patient 2
ripheral blood mononuclear cells (PBMCs) by flu-

0.5 0.1 0.05 0.010.001 PBMC CD4 CD8 PBMC CD4 CD8orescence-activated cell sorting (FACS). The pu-
rity of the separated T cell subpopulations from
which DNA was extracted exceeded 98%, as confirmed by FACS analysis. Direct PCR with [32P]deoxy-
cytosine triphosphate was performed as described (27). Standards (STD) were prepared from DNA
obtained from cell mixtures of a known proportion of LASN-transduced cells containing a single vector
insert mixed with vector-negative cells. C, vector-negative control cells.

SCIENCE * VOL. 270 * 20 OCTOBER 1995

Fig. 3. Quantitative Southern hybridization analy-
sis of DNA prepared from the blood mononuclear
cells of patient 1 on protocol days (D) 816 and
1252 (28). DNA digested with Sst should yield a
single restriction fragment of 3.1 kb containing
both the vector neo and ADA genes. Eco RI cuts
only once within the vector sequence, and there-
fore a detectable band would indicate that a pre-
dominant clone with a single unique vector integra-
tion site was present in that blood sample. None
was detected. Polyadenylated mRNA was extract-
ed from the patient cells on days 0, 816, and 1252
and analyzed for vector message by RT-PCR (29).
The primer locations used are indicated as short
solid lines above the vector diagram. SV, SV40
early promoter; (A)n, polyadenylation site; 4, ex-
tended retrovirus packaging signal. Hatched re-
gions indicate protein coding regions.
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becco's minimum essential medium (DMEM) in the
presence of polybrene (8 ,ug/ml) as described (18).
Cells were washed twice in phosphate-buffered saline
(PBS), resuspended in fresh medium, and cultured for
3 to 4 days. Transduced cells were tested for the
presence of helper virus and cryopreserved until use.

36. BM mononuclear cells were obtained as a Ficoll frac-
tion and grown for 2 to 3 days in complete DMEM at
a density of 6 x 105 to 8 x 105 cells/cm2 (35). T cell
depletion and progenitor cell enrichment were ob-
tained as described (3, 35). Gene transfer was carried
out by multiple infection cycles with cell-free, helper
virus-tested viral supernatants in the presence of
polybrene (8 ,ug/ml) (35). BM cells were maintained in
a long-term culture system over adherent layers with-
out addition of exogenous growth factors, and infect-
ed during the first 3 days of culture. Transduced cells
were tested for the presence of helper virus and cryo-
preserved until use. At that time, the transduced cells
were washed, resuspended in normal saline contain-
ing 4% human albumin, and reinfused into the patient.

37. C. Bordignon etal., Proc. Nati. Acad. Sci. U.S.A. 86,
6748 (1989).

38. PHA blasts or antigen-specific T cells were cloned by
limiting dilution. The relative frequencies of trans-

duced cells was obtained by comparing the precur-
sor frequency in the absence and presence of G418
(800 ,ug/ml). G41 8-resistant T cell clones were iso-
lated and maintained as described (44, 45).

39. The relative frequencies of transduced BM progen-
itor cells were obtained by comparing the frequen-
cy of CFU-G, CFU-GM, BFU-E, and CFU-GEMM
cells in the absence and presence of increasing
doses of G418 (0.7, 1.0, 1.5 mg/ml) as described
(37). In selected experiments, individual G418-re-
sistant colonies were collected for analysis of vec-
tor transduction and expression.

40. M. J. Barnett et al., Blood 84, 724 (1994).
41. C. Bordignon et al., data not shown.
42. J. Sambrook, E. F. Fritsch, T. Maniatis, Molecular

Cloning: A Laboratory Manual (Cold Spring Harbor
Laboratory, Cold Spring Harbor, NY, ed. 2, 1989).

43. P. J. Southern and P. Berg, J. Mol. Appl. Genet. 1,
327 (1982).

44. A. Lanzavecchia, Nature 314, 537 (1985).
45. P. Panina-Bordignon et al., Eur. J. Immunol. 19,

2237 (1989).
46. Y. Choi et al., Proc. Natl. Acad. Sci. U.S.A. 86, 8941

(1989).
47. E. Y. Loh, J. F. Elliot, S. Cwirla, L. L. Lanier, M. M.

Davis, Science 243, 217 (1989).
48. T cell receptor Vp-chain usage was analyzed on

transduced T cell lines by reverse transcriptase-
PCR. Briefly, total RNA was reverse transcribed with
oligo(dT) and oligo(dG) primers and subjected to
PCR with V,- or C-specific oligonucleotides (46) or
to anchored PCR with a C13-specific oligonucleotide
as described (4 7). Amplified products were analyzed
by agarose gel electrophoresis.

49. We are indebted to L. Ruggieri and A. Wack for per-
forming some of the ex vivo and in vitro analyses of
gene transfer frequency; to the nurses and clinical
staff of the Clinica Pediatrica, School of Medicine,
University of Brescia, for skilled and dedicated care; to
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the extended care of the two patients; to A. Plebani for
dosing specific antibody production; to M. Hershfield,
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T Lymphocyte-Directed Gene Therapy for ADA-
SCID: Initial Trial Results After 4 Years

R. Michael Blaese,* Kenneth W. Culver, A. Dusty Miller,
Charles S. Carter, Thomas Fleisher, Mario Clerici,

Gene Shearer, Lauren Chang, Yawen Chiang, Paul Tolstoshev,
Jay J. Greenblatt, Steven A. Rosenberg, Harvey Klein,

Melvin Berger, Craig A. Mullen,t W. Jay Ramsey, Linda Muul,
Richard A. Morgan, W. French Anderson§

In 1990, a clinical trial was started using retroviral-mediated transfer of the adenosine
deaminase (ADA) gene into the T cells of two children with severe combined immuno-
deficiency (ADA- SCID). The number of blood T cells normalized as did many cellular and
humoral immune responses. Gene treatment ended after 2 years, but integrated vector
and ADA gene expression in T cells persisted. Although many components remain to be
perfected, it is concluded here that gene therapy can be a safe and effective addition to
treatment for some patients with this severe immunodeficiency disease.

The possibility of using gene transfer as a
therapy for human disease has great appeal.
The decision to enter clinical trials awaited
the development of safe and efficient tech-
niques of gene transfer and improved un-
derstanding of the basic pathology and bi-
ology underlying likely candidate diseases
and target cells. The advent of useful retro-
viral vectors that permitted relatively high
efficiency gene transfer and stable integra-
tion was a critical advance (1, 2), as was the
demonstration that this procedure of gene
transfer could be effectively and safely used
in humans (3).

Severe combined immunodeficiency
secondary to a genetic defect in the purine
catabolic enzyme adenosine deaminase
[ADA- SCID] is characterized by defective
T and B cell function and recurrent infec-
tions, often involving opportunistic patho-
gens. Large amounts of deoxyadenosine, an
ADA substrate, are present in these pa-

tients; deoxyadenosine is preferentially con-
verted to the toxic compound deoxyade-
nosine triphosphate in T cells, disabling the
immune system (4).

Because this disease is curable by alloge-
neic bone marrow transplantation given
without pretransplantation cytoreductive
conditioning, it was initially assumed that
gene therapy should be directed at the bone
marrow stem cell. However, initial attempts
to use stem cell gene transfer in primates
resulted in only low-level, transient gene
expression, insufficient for clinical use. The
observation that the only donor cells de-
tected in some patients "cured" by alloge-
neic bone marrow transplantation was their
T cells-the others remaining ADA-defi-
cient (5) raised the possibility that T cell-
directed gene therapy also might be a useful
treatment.

The introduction of enzyme replace-
ment with ADA-containing erythrocytes
SCIENCE * VOL. 270 * 20 OCTOBER 1995

(6) or with bovine ADA conjugated with
polyethylene glycol (PEG-ADA) (7) has
made this approach feasible. PEG-ADA has
provided noncurative, life-saving treatment
for ADA- SCID patients; with this treat-
ment, most patients have experienced
weight gain and decreased opportunistic in-
fections. Full immune reconstitution has
been less regularly achieved with enzyme
therapy. T cell function as measured by in
vitro mitogen responses improved in most
patients, but fewer patients recovered con-
sistent immune responses to specific anti-
gens [for instance, as measured by normal
delayed-type hypersensitivity (DTH) skin
test reactivity] (8-10). Nearly all PEG-
ADA-treated patients showed increased
peripheral T cell counts, which provided a
source of T cells for gene correction not
available without enzyme therapy. Further-
more, enzyme treatment could be continued
during the gene therapy trial so that the
ethical dilemma of withholding or stopping
a life-saving therapy to test an unknown
treatment could be avoided.

The adenosine deaminase complemen-
tary DNA (cDNA) (11) is 1.5 kb and fits
within a retroviral vector. With the use of
an ADA-containing retroviral vector,
ADA-deficient T cell lines were transduced
to express normal amounts of ADA; this
rendered them normally resistant to intox-
ication and growth inhibition when chal-
lenged with deoxyadenosine (12, 13).
Next, studies in mice, rabbits, and nonhu-
man primates using T cells modified with
retroviral vectors showed normal cell sur-
vival and function after their reintroduc-
tion into recipient animals (14). Finally,
Bordignon and colleagues (15) showed that
ADA gene-corrected T cells acquired a
survival advantage compared with uncor-
rected ADA-deficient cells when trans-
planted into immunodeficient, but ADA-
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Gene therapy outcome

T lymphocytes transduction with ADA was not sufficient to 
achieve significant clinical benefit.

gene-corrected HSC 
(hematopoietic stem cells)



HSC gene therapy
HSC, hematopoietic stem cells

le HSC vengono reiniettate nel paziente. Mediante questa procedura, l’efficienza
di trasferimento genico è estremamente elevata; non necessariamente, tuttavia,
questo comporta la trasduzione delle HSC con reali proprietà staminali, ovvero
in grado di ripopolare il midollo in vivo, come discusso in seguito.

Applicazioni della terapia genica nelle cellule staminali ematopoietiche

Le principali applicazioni della terapia genica della HSC comprendono i seguen-
ti campi di interesse:
1. terapia genica delle malattie ereditarie monogeniche del sistema ematopoietico

e immunitario. Uno dei settori di maggior interesse è quello la terapia genica

CAPITOLO 4 • Sperimentazioni cliniche di terapia genica124

Fig. 4.2. Terapia genica delle cellule staminali ematopoietiche. Cellule staminali ematopoieti-
che CD34+ sono recuperate dal midollo ossero o dal sangue periferico del paziente, mante-
nute ex vivo per consentire il trasferimento genico usualmente utilizzando un vettore
gamma- o lenti-virale, e quindi reinfuse nel paziente

delle malattie ereditarie monogeniche che si manifestano nei globuli rossi,
nelle cellule mieloidi e nei linfociti, tra cui le immunodeficienze congenite, le
talassemie e i disordini dei monociti/macrofaci quali la malattia granulomato-
sa cronica. La terapia genica di queste patologie, cui sono rivolte la maggioran-
za delle sperimentazioni, sarà descritta in dettaglio in questo Capitolo;

2. modificazione della risposta immunitaria contro antigeni tumorali o virali.
Il trasferimento genico nelle HSC consente anche di modificare le proprie-
tà dei linfociti T. In particolare, il trasferimento di geni che modificano la
specificità del riconoscimento antigene-linfocita consente di re-indirizzare
la risposta immunitaria contro antigeni specifici (ad esempio, indirizzare i
linfociti al riconoscimento di specifici antigeni espressi da cellule infettate
da un virus o dalle cellule tumorali; quest’ultima applicazione è affrontata
più in dettaglio nelle sezioni sulle Subunità del T-cell receptor (TCR) e sulla
Terapia genica dei tumori;

3 . purging del midollo osseo. Un’altra applicazione della terapia genica della
HSC è offerta dalla possibilità di interferire con i meccanismi responsabili del-
l’insorgenza di tumori nella progenie di questa cellula (in particolare, leuce-
mie e linfomi). Dal momento che la trasformazione neoplastica avviene a
carico della HSC, anche se poi si manifesta prevalentemente in tipi cellulari
specifici che derivano da questa cellula, risulta interessante la possibilità di
trasferire geni terapeutici che sopprimano selettivamente la proliferazione
delle HSC neoplastiche, determinando quindi la “ripulitura” (purging) del

Terapia genica delle cellule staminali ematopoietiche 125

Fig. 4.3. Trasferimento genico nelle cellule staminali ematopoietiche. Le cellule staminali ema-
topoietiche sono cellule a riposo, che necessitano di essere stimolate con un cocktail di cito-
chine in grado di indurre il loro rientro nel ciclo cellulare. Dopo la stimolazione, le cellule
sono trasdotte con un vettore retrovirale e reinfuse nel paziente, dove continuano a prolife-
rare e si differenziano nei diversi stipiti cellulari che derivano dalla cellula staminale emato-
poietica, all’interno dei quali esprimono il gene con cui sono state trasdotte

HSC CD34+/CD38- is a small non-differentiated cells





In patients receiving gene-corrected HSC, vector-transduced 
cells remained below the therapeutic threshold. 

Immune cells were not proven to be sustained by gene-
corrected cells, since all patients continued to receive enzyme 
replacement therapy

Results from the first approach 
using HSC-corrected cells



Withdrawal of PEG-ADA
Withdrawal of PEG-ADA favored the selective accumulation of gene-

corrected T cells, leading to improved immune response
however

transduced T cells appeared not sufficient to allow adequate systemic 
detoxification.



Pazienti: pt 1 (3 years old)
• One month before GT, PEG-ADA was dismessed
• day -2: treatment with Melphalane (140 mg/kg)
• Day 0, isolation of CD34+ cells, transduction with GIADA (retroviral vector with ADA 

gene); efficiency of transduction, 25-30%
• Reinfusion of 1,4 x 106 cells/kg



Toward the best protocol
A major improvement was obtained after the introduction of a reduced 
dose of intravenous busulfan (4 mg/kg) prior cell reinfusion to make 
space in the bone marrow for gene corrected HSC10 and allow 
multilineage reconstitution and ADA expression.

busulfan is a non-myeloablative drug

myeloid or myelogenous cells are blood cells that arise from a progenitor cell 
for granulocytes, monocytes, erythrocytes, or platelets

Lymphoid progenitor cells that give rise to B and T cells



Pazienti: pt 1 (7 mesi) e pt 2 (2 anni e 6 mezzo)
Treatment (busulfonano 4 mg/kg)
Cells CD34+, transduced with GIADA (viral vector with ADA cDNA)
pt1, 8,6 x 106 cells/kg (25% trasdotte); pt2, 0,9x 106 cells/kg (21% 
trasdotte)



Quantitative PCR analysis for vector-containing cells

Pt1 (A to D) 

Pt2 (E to H).

CD34 progenitor cells (gray squares), 
CD61 megakaryocytic cells (solid diamonds),  
glycophorin A erythroid cells (open diamonds

from the PB
CD3 T cells (open circles),
CD56/CD16 NK cells (gray circles)
T-cell lines (solidmcircles)

CD15 granulocytic cells,
Open  triangles, BM
Closed triangles, PB

CD19 B cells from the BM (open boxes) 
the PB (solid boxes

BM, bone marrow
PB, periferal blood



Caratterizzazione biochimica di ADA in pt1 e pt2

Intracellular ADA activity in Pt1

ADA activity in PBL (peripheral blood 
lymphocytes ■) and RBC (red blood 
cells ○)

ADA activity in the plasma, before (white) after 
(black) treatment

Normal ADA activity in PBL 1350+/- 650 nmol/hr/mg, in RBC 12 +/-2 µmol/h/ml values 



ADA and purine metabolites

C Concentration of dAXP purine 
metabilites in RBC in Pt1 ○ and Pt2 
●

D Serum level of LDH and 
E aspartate aminotransferase
prior (white) and after (black) 
the ttreatment

LDH and aspartate aminotransferase are 
markers of cytoxicity. 



organic carbon would thus be degraded at a
rate of (0.88 to 1.50) ! 10"4 gC cm"3

year"1. As a consequence, even sapropels
consisting entirely of organic carbon (#0.9
gC cm"3) would be completely degraded
within 10,000 years. Organic carbon com-
pounds in sapropels have been preserved over
much longer time intervals, although a high
fraction of microbial cells in the sapropels are
physiologically active and continue to use
organic carbon originating from the sa-
propels. The above comparison thus indicates
that prokaryotes in sapropels have signifi-
cantly lower maintenance energy require-
ments than any of the pure cultures investi-
gated to date.

Mediterranean sapropels harbor large
populations of previously unknown members
of the green nonsulfur bacteria and crenar-
chaeota. Our cumulative evidence suggests
that these prokaryotes are physiologically ac-
tive, are specifically adapted to the specific
conditions as they prevail in sediments with
large amounts of subfossil kerogen, and are
capable of altering the organic matter in situ
even 217,000 years after its deposition.
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Correction of ADA-SCID by Stem
Cell Gene Therapy Combined with
Nonmyeloablative Conditioning
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Hematopoietic stem cell (HSC) gene therapy for adenosine deaminase (ADA)–
deficient severe combined immunodeficiency (SCID) has shown limited clinical
efficacy because of the small proportion of engrafted genetically corrected
HSCs. We describe an improved protocol for gene transfer into HSCs associated
with nonmyeloablative conditioning. This protocol was used in two patients for
whom enzyme replacement therapy was not available, which allowed the effect
of gene therapy alone to be evaluated. Sustained engraftment of engineered
HSCs with differentiation into multiple lineages resulted in increased lympho-
cyte counts, improved immune functions (including antigen-specific responses),
and lower toxic metabolites. Both patients are currently at home and clinically
well, with normal growth and development. These results indicate the safety
and efficacy of HSC gene therapy combined with nonmyeloablative condition-
ing for the treatment of SCID.

Gene therapy trials have demonstrated the
safety and feasibility of engineering hemato-
poietic stem cells (HSCs) for treating inher-
ited hematopoietic diseases (1–6). In these
studies, however, the frequency of multipo-
tent genetically modified HSCs and the levels
of long-term transgene expression were vari-
able, with limited clinical effect. This vari-
ability could be influenced by vector design,
gene transfer protocols, or inadequate en-
graftment and expansion of genetically cor-
rected HSCs. Recent improvements in HSC
gene transfer, combined with a strong selec-

tive advantage for growth and differentiation
of lymphoid cells, allowed investigators to
correct the immune defect in the SCID vari-
ant due to $-chain deficiency (SCID-X1) (7).

In ADA-SCID the purine metabolic defect
(8) leads primarily to impaired lymphocyte
development and function but also to nonim-
munological abnormalities, which indicates
that this disease is more complex than other
SCIDs (8–10). The accumulation of toxic
metabolites may offer a selective advantage
to cells that produce sufficient vector-derived
ADA. In previous gene therapy trials, this
advantage might have been lost because of
simultaneous treatment with bovine enzyme
[polyethylene glycol–conjugated ADA (PEG-
ADA)] replacement therapy. Recent experi-
ence with an ADA-SCID patient treated with
transduced peripheral blood lymphocytes
(PBL) (11, 12) shows that PEG-ADA discon-
tinuation results in preferential expansion of
T cells containing the ADA gene capable of
sustaining immune functions, but it did not
completely correct the metabolic defect (12).
These data suggest that, for long-term full
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Since the year 2000, at TIGET15 patients without HLA-identical sibling 
donors have been treated with transduced autologous bone marrow CD34+ 
cells according to this experimental protocol 

GOSH, London
HSR, TIGET, Milan
CHLA, Los Angeles



• 18 ADA-SCID patients successfully treated in 2000 -2011
• Follow up for 8 years
• 100% survival
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Adenosine deaminase (ADA) deficiency results in the 
accumulation of toxic metabolites that destroy the 
immune system, causing severe combined immunodefi-
ciency (ADA-SCID), often referred to as the “bubble boy” 
disease. Strimvelis is a European Medicines Agency 
approved gene therapy for ADA-SCID patients without a 
suitable bone marrow donor.

NAME
Strimvelis (GSK2696273); international nonproprietary name: 
autologous CD34+ enriched cell fraction that contains CD34+ cells 
transduced with retroviral vector that encodes for the human ADA 
cDNA sequence

APPROVED FOR 
Treatment of severe combined immunodeficiency due to adenosine 
deaminase deficiency (ADA-SCID) in patients who cannot be treated 
by a bone-marrow transplant because they do not have a suitable, 
matched, related donor

TYPE
Gene therapy: autologous CD34+ enriched cell fraction that contains 
CD34+ cells transduced with retroviral vector (LXSN vector) that 
encodes for the human ADA cDNA sequence 

CELLULAR TARGETS
CD34+ hematopoietic cells

EFFECTS ON TARGETS

Replaces defective adenosine deaminase in immune cells

DEVELOPED BY
GlaxoSmithKline, MolMed, San Raffaele Telethon Institute for 
Gene Therapy

References for further reading are available with this article online: www.cell.com/cell/fulltext/S0092-8674(16)30857-1

Day 0:
Wash transduced
CD34+ cells and
infuse into patient

Day -4:
Harvest bone
marrow

Day -4:
Isolate CD34+ cells

Day -3 to -1:
Three daily rounds of
retroviral supernatant
addition

Stimulate with cytokines
(SCF, Flt3, TPO, IL-3)

1970 1975 1985 1990 1995 2000 2005 2010 2015

1972
ADA deficiency discovered
in two SCID patients

1990
First ever gene therapy 
performed at NIH in 
ADA-SCID patient

1980

HLA-matched related donorsDisease frequency Treatments to date 

1-9
1,000,000

2000
First patient treated
with Strimvelis protocol

2002
Report on pilot study with two 
patients given gene therapy with 
enhanced transduction protocol, 
without enzyme replacement therapy

2009
Long-term follow up 
(median 4.0 years) 
reported for 10 patients 
with 100% survival rate

2016
Strimvelis approved 
in Europe for 
ADA-SCID

>75% of patients do not  
have a suitable  
HLA-meatched 
related donor

OUT OF 
EVERY

LIVE BIRTHS
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Adenosine deaminase deficiency has now been treated with modern gene therapy 
techniques, following the inclusion of 38 patients in three trials (performed in Italy, the UK 
and the USA) (Aiuti et al., 2002, 2009; Cavazzana-Calvo et al., 2012; Ferrua et al., 2010).

An important difference, with other GT protocols, was related to the use of a mild 
conditioning regimen (4 mg/kg busulfan for most patients), in order to improve transduced 
stem cell engraftment. This choice was motivated by the fact that ADA deficiency is a 
metabolic disease in which increasing the number of transduced cells within the different 
cell lineages could be advantageous. 

Efficacy (judged in terms of T cell development and the absence of clinical indications for 
supplementing patients with pegylated ADA) has been seen in 28 of the 30 patients, 
whereas the 10 others are alive and on enzyme replacement therapy. 
The median follow-up is 3.5 years (range: 1 to 11.5 years). 

Significant transduced B, NK lymphocyte and myeloid cell counts have been 
detected as a consequence of the mild myeloablation and the transduced stem cells' good 
engraftment. These results are very encouraging and suggest that gene therapy is a 
coherent therapeutic option for patients with ADA deficiency. 

Gene therapy in ADA deficiency: a summary



Gene therapy for X-SCID



Most frequent form of SCID (46%)
More frequent in male than in female
The gene was identified as the coding of the gamma chain of IL-2 receptor
The gene localizes in the X chromosome. 

X-linked SCID
Severe immunodeficiency X-linked, characterized by deficiency in T and NK cells

SCID-X1



Gene therapy for X-SCID

SCID-X1 is caused by gc deficiency. IL2RG encodes for the common
cytokine receptor gamma chain (γc), which is part of the receptors for 
IL-2 and five other cytokines (IL-4, IL-7, IL-9, IL-15, and IL-21).

The clinic defects
SCID-X1 patients lack T and 
NK cells, while B cells are 
present but functionally 
impaired

The genetic defect



Multiple defects are caused by the absence of
IL2RG 

Patient phenotype (T-B+NK-)
Absence of T (T-) – alteration of IL-7 signalling; block in the development of
thymocytes at the double negative stage before the production rearrangement
of the TCR genes. This cytokine also contributes with IL-15 to the survival of
memory CD8 + T lymphocytes.

Absence NK (NK-) - IL-15 is a critical factor for the development and survival
of NK cells and the absence of these cells in the SCIDs is the result of their
developmental block in the absence of a correct action of IL-15.

Presence of B (B+) – development of B cells is independent from IL-7.
However, the function of B cells (defective activation, lack of switches) is
compromised not only by the absence of T cells but also by the absence of IL-
4 and IL-21.



First gene therapy for SCID-X1
The first clinical gene therapy protocol was conducted at 
Hôpital Necker (Paris) and was based on ex vivo γc gene 
transfer using retroviral vectors into autologous CD34+ 
bone marrow cells

gc human cDNA

Hacein-Bein et al, Blood 87(8): 3108, 1996



Purezza cell CD34+: 79%

Tot N= 5x106 cells

Retrovirus codificante 
per human gc

8,2x105 TU



Paziente: 
Child, 9 month affetto da SCID-X1





Characterisation of T cells in peripheral blood after 
gene therapy

Detection of cell surface γc protein expression on T
cells in peripheral blood by fluorescence activated
cell sorting. The first panel shows blood from a normal
control patient with T (CD3+) cells expressing γ c in the
upper right quadrant. Such cells were absent from our
patient’s blood 1 month after gene therapy, but appeared
progressively from 3 months.

CD3+ gc +



Results

§T cells observed after 75 days from the treatment
§Two weeks after treatment general improvement of the patient’s
condition was observed
§T cells level did not reach physiological level, nor complete
reconstitution of the immune system was observed
§The patient underwentbone marrow transplantation

A low dose of CD34 + cells with the correct gene was used

Other trials with the same vector

1999-2002
Patients: 10 bambini, 0-5 year
Dose 1-3 x 106 CD34+/kg 



Overall, 17 out of the 20 SCID-X1 patients enrolled in both clinical 
trials benefited from gene therapy.
In nearly all patients T-cell counts reached normal levels and the 
cells were functionally competent, as demonstrated by normal 
responses to mitogens and specific antigens.



treatment of SCID-X1 patients at later stage of disease 
was not efficacious

Five patients were treated later in life (at between 10 and 20 years of age) 
because of either an atypical SCID-X1 caused by hypomorphic mutation or 
poorly reconstituted T cell immunity years after HSCT. 
Despite technically efficient gene transfer, the results have been disappointing 
— with little or no improvement in T cell immunity.

Defective residual thymic function at a later age in SCID patients very probably 
accounts for these failures and raises the question of how long the thymus 
remains potentially functional in a patient lacking effective thymopoiesis. 



SCID-X1 mooving forward
A new clinical trial has been reinitiated for which a SIN retroviral vector with a 
satisfactory in vitro safety data (Modlich et al., 2009) containing the c gene has 
been designed. This international  (running in the United Kingdom, United States 
and France) trial has been initiated two years ago and should provide within the 
next couple of years the expected informations on its combined safety/efficacy 
profile.



Adverse events

activation of the proto-oncogene LMO2 caused by the retroviral LTR



From Hacein-Bey-Abina 2010

Four patients in the French trial and one in the English trial developed
clonal T-cell proliferation that became evident 2 to 6 years after treatment.

This leukemia-like disease was the result of vector-mediated up-regulation of host
cellular oncogenes by the MLV LTR.

Chemotherapy allowed sustained remission in 4 cases, and these patients ontinued
to benefit from gene therapy, but 1 patient died due to refractory leukemia



Published and Ongoing Clinical Trials for 
Primary Immune Deficiencies 

treated with gammaretroviral gene therapy in the absence of condi-
tioning, achieved very low (<0.1%) levels of gene marking in neutro-
phils, with no corrected cells detectable in the periphery after
2 months.107 More recently, the canine (canine LAD [CLAD]) and
murine models of disease have been successfully treated using
HSCs transduced with either foamy or lentiviral vectors expressing
CD18.108,109 In many of these conditions, preclinical efficacy and
safety studies using improved viral vectors, including vector plat-
forms developed from other classes of retrovirus such as foamy and
avian viruses (which may have enhanced safety in terms of genotox-
icity), are currently being undertaken in order to determine clinical
applicability.110–112

Gene-Editing Approaches for PID

There has been an explosion of gene-editing technologies over recent
years, including homology repair platforms based on zinc-finger
nucleases (ZFNs), transcription activator-like effector nucleases
(TALENs), and more recently CRISPR/Cas9. The advantages over
gene addition include safety through precise editing of mutations
(as long as off-target effects are minimal), targeting specific gene
loci to harness natural regulatory elements, or targeting to “safe har-
bors” within the genome, which are known to tolerate transgene inte-
gration without risk for mutagenesis. Considerable interest has been
placed on editing in PID, particular where selective advantage is im-

parted to corrected cells (for example, in SCID and WAS), or where
precise gene regulation is desirable (XHIGM, XLA, RAG-SCID, JAK-
3-deficient SCID, IL-7R-deficient SCID). Proof of concept has now
been demonstrated in HSC/Ps from SCID-X1 and CGD patients (at
safe harbor and at natural gene locus) and for XHIGM in
T cells.113–115 One intriguing recent report has used a gene-editing
strategy to convert a mutant NCF1 pseudogene into a functional
gene, thereby permitting correction of all molecular variants of
p47phox-deficient CGD through a single approach.116 Although
functional correction through editing has now been demonstrated
in induced pluripotent stem cells (iPSCs) and human HSC/Ps, it still
probably remains limited by efficiency in true HSCs, which is
required for sustained clinical effect in many PIDs.117 In contrast, ef-
ficiency of editing in mature T cells can be quite high as demonstrated
for XHIGM, although the challenge here will be to engraft sufficient
numbers of T cells for long-term effect. These strategies are exciting,
but some careful technology development is required before they are
clinically applicable. Aside from obvious concerns about off-target
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Twenty-Five Years of Gene Therapy for ADA-SCID:
From Bubble Babies to an Approved Drug

Francesca Ferrua1,2 and Alessandro Aiuti1,2,*
1San Raffaele Telethon Institute for Gene Therapy (SR-Tiget), Pediatric Immunohematology and Bone Marrow Transplantation Unit, San Raffaele Scientific Institute,
Milan, Italy;2Vita-Salute San Raffaele University, Milan, Italy.

Twenty-five years have passed since first attempts of gene therapy (GT) in children affected by severe
combined immunodeficiency (SCID) due to adenosine deaminase (ADA) defect, also known by the general
public as bubble babies. ADA-SCID is fatal early in life if untreated. Unconditioned hematopoietic stem
cell (HSC) transplant from matched sibling donor represents a curative treatment but is available for few
patients. Enzyme replacement therapy can be life-saving, but its chronic use has many drawbacks. This
review summarizes the history of ADA-SCID GT over the last 25 years, starting from first pioneering
studies in the early 1990s using gamma-retroviral vectors, based on multiple infusions of genetically
corrected autologous peripheral blood lymphocytes. HSC represented the ideal target for gene correction
to guarantee production of engineered multi-lineage progeny, but it required a decade to achieve thera-
peutic benefit with this approach. Introduction of low-intensity conditioning represented a crucial step in
achieving stable gene-corrected HSC engraftment and therapeutic levels of ADA-expressing cells. Recent
clinical trials demonstrated that gamma-retroviral GT for ADA-SCID has a favorable safety profile and is
effective in restoring normal purine metabolism and immune functions in patients >13 years after
treatment. No abnormal clonal proliferation or leukemia development have been observed in >40 patients
treated experimentally in five different centers worldwide. In 2016, the medicinal product Strimvelis!
received marketing approval in Europe for patients affected by ADA-SCID without a suitable human
leukocyte antigen–matched related donor. Positive safety and efficacy results have been obtained in GT
clinical trials using lentiviral vectors encoding ADA. The results obtained in last 25 years in ADA-SCID
GT development fundamentally contributed to improve patients’ prognosis, together with earlier diag-
nosis thanks to newborn screening. These advances open the way to further clinical development of GT as
treatment for broader applications, from inherited diseases to cancer.

Keywords: gene therapy, ADA-SCID, clinical trial, primary immunodeficiency, adenosine deaminase

INTRODUCTION
ADENOSINE DEAMINASE (ADA) deficiency is a rare,
autosomal recessive severe combined immunode-
ficiency (SCID; OMIM#102700).1 ADA-SCID is
caused by mutations in the ADA gene and repre-
sents the cause of 10–15% of all SCIDs, with an
overall prevalence in Europe ranging between
1:375,000 and 1:660,000 live births. In 1972, it be-
came the first immunodeficiency for which a spe-
cific molecular defect was identified, at both the
genetic and biochemical level. The importance of
ADA for immune function was revealed when it

was discovered that the enzyme was absent in
several immunodeficient patients being considered
for bone-marrow transplantation (BMT). This
finding showed the crucial role of the enzyme in-
volved in purine metabolism in the development of
immune system, which was later confirmed by
studies in murine models of immunodeficiency.2

The main features of the disease are impaired dif-
ferentiation and functions of T, B, and natural
killer (NK) cells, predisposing patients to develop
severe, opportunistic, and recurrent infections and
failure to thrive.1 Similarly to other SCIDs, ADA-
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che restituì loro una funzionalità a lungo termine dei linfociti T e una corretta 

attività del sistema immunitario [Aiuti et al., 2017].

Tra il 2000 e il 2011, diciotto pazienti affetti da ADA-SCID furono trattati presso 

l'SR-Tiget con un trapianto autologo di HSC geneticamente corrette: considerati 

gli ottimi risultati di questi studi clinici, nel 2016 l'European Medicines Agency 

(EMA) ha approvato lo StrimvelisTM, una frazione di cellule HSC CD34+ 

autologhe trafettate con un vettore γ-retrovirale contenente il cDNA del gene 

ADA umano, che attualmente è il primo e l'unico prodotto di terapia genica 

approvato in tutto il mondo [Ferrua & Aiuti, 2017].

5. Conclusioni

L'approvazione dello StrimvelisTM e le promettenti applicazioni cliniche dei 

vettori lentivirali fanno presagire una futura crescita della terapia genica non 

solamente  per le SCID ma anche per altre malattie, per esempio il cancro [Aiuti 

et al., 2017]. Attualmente, la terapia genica è limitata alle cellule somatiche, 

come dichiarato in un documento del 1997 redatto dal Council of Europe's 

Convention on Human Rights and Biomedicine: "Un intervento vòlto alla 

modifica del genoma umano deve essere effettuato unicamente per fini 

preventivi, diagnostici, oppure terapeutici e non per introdurre modifiche nel 

genoma dei discendenti". Ciò significa che la terapia genetica non può essere 

effettuata sulle cellule della linea germinale, poiché ciò comporterebbe una 

modifica genetica dei gameti oppure degli embrioni umani [Carvalho et al., 

2017].
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