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Gene Therapy For Adenosine Deaminase
Deficiency: Successes and Limitations
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INTRODUCTION
Severe combined immunodeficiency disease (SCID),
often dubbed the "baby in a bubble" syndrome,
represents the most severe type of primary
immunodeficiencies (1). It is a heterogeneous group of
congenital disorders caused by a number of different
defects of the lymphoid lineages (2) and the estimated
incidence is 1 in 100,000 live births (3). Several natural
mutants have been characterized in humans, all of
which involve complete block of T-cell development,
and will directly or indirectly impair B-cell immunity
(1, 4). This leads to devastating clinical symptoms as a
result of predisposition to infections from many
opportunistic pathogens (4). In many cases, severe
infections starting at 1 to 3 months of age will lead to
death if untreated (5, 6, 7). This disease received
worldwide recognition in the 1970s when the story of
David Vetter, who lived all of his 12 years of life inside
a sealed plastic bubble designed to protect him from
infections was brought to light. Subsequently, his life
story and the unique strategies used to treat David,
received widespread media attention, being the subject
of movies and television shows .
The adenosine deaminase (ADA) deficient variant of
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SCID is an autosomal recessive disorder and accounts
for approximately 20% of all SCIDs (8). This inherited
deficiency results in decreased enzymatic activity or the
lack of production of adenosine deaminase a
housekeeping enzyme of the purine salvage pathway (9,
10). ADA was the first gene associated with a SCID
condition to be identified (11), and was the focus of the
first gene therapy trial in 1990 (12). ADA-SCID is a
lethal disorder that is now treated with either allogeneic
bone marrow transplantation or enzyme replacement
therapy (2, 13). Gene therapy of this disease is in
clinical trials and has produced the most promising
clinical experience thus far of all the genetic diseases.
ADA-SCID patients have been transplanted with
transduced
autologous
T
lymphocytes
and
hematopoietic stem cells (HSC) (4, 7). The progress
made in the attempt to treat this disease reflects both the
successes of gene therapy and the limitations of it that
have to be overcome before it can be a reliable and
realistic treatment for ADA deficiency and other genetic
diseases. The past, present and future therapies of ADASCID will be examined to demonstrate this progress.
WHAT IS ADENOSINE DEAMINASE?
Adenosine deaminase (ADA) is an important
deaminating enzyme of the purine salvage pathway that
converts adenosine and 2'-deoxyadenosine to inosine
and 2'-deoxyinosine respectively (2, 11, 12, 14). ADA
allows for the conversion of adenosine into other
purines to be recycled and removed by formation of uric
acid, which is the end product of purine metabolism in
humans (14). ADA is especially critical for cells such as
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lymphocytes and erythrocytes that lack or have very
low activity of the de novo purine synthetic pathway
(2).
In humans, there are two isoforms of the ADA
enzyme, adenosine deaminase1 (ADA1) and adenosine
deaminase 2 (ADA2). Intracellular ADA activity is
mainly mediated by ADA1, while ADA2 is the
predominant isoform in human plasma and serum (14).
The cellular source of the latter has been linked to the
monocyte-macrophage cell system, although it is
widely accepted that ADA2 activity represents T-cell
function, and measurements of ADA2 activity has been
used to evaluate the disease severity of patients with
acquired immunodeficiency syndrome (14).
The importance of maintaining normal levels of ADA
activity can be seen in patients with a genetic deficiency
of this enzyme. Lack of ADA activity, which is
important in T-cell development, is associated with a
form of severe combined immunodeficiency disease
referred to as ADA-SCID (11, 14). In terms of
biochemistry, the lymphospecific toxicity associated
with this disease is thought to be the result of the
accumulation of 2'-deoxyadenosine (a substrate of
ADA) and its conversion to the phosphorylated form
(deoxyadenosine triphosphate, dATP), which is an
inhibitor of ribonucleotide reductase, a key enzyme in
DNA synthesis and DNA repair in dividing T cells (15).
This leads to cell death in non-dividing T cells (1, 14).
A second mechanism contributing to the pathology of
ADA-SCID involves the methylation reactions of Sadenosylmethionine to S-adenosylhomocysteine
(AdoHcy) (14). AdoHcy is hydrolyzed to adenosine and
homocysteine by AdoHcy hydrolase. In patients with
ADA-SCID, accumulating 2'-deoxyadenosine inhibits
AdoHcy hydrolase resulting in the accumulation of
AdoHcy. AdoHcy then functions as a competitive
inhibitor of many transmethylation reactions critical to
cellular functions (14).
CLINICAL AND PATHOLOGIC FEATURES OF
ADA-SCID
Classically, SCID is defined as a fatal infantile
syndrome with symptoms resulting from the absence of
cellular and humoral immunity. Most infants suffering
from ADA-SCID have shown the same clinical and
immunological manifestations as patients with nonADA-SCID (16, 17). Although these infants suffer from
lymphopenia and absence of non-maternally derived
immunoglobulin, symptoms may not appear until
several weeks to several months of life (2). The fullblown syndrome includes overwhelming fungal, viral
and bacterial infections and failure to thrive (10).
While the underlying immunodeficiency in ADASCID appears early in life, there is a progressive
worsening of the condition as toxic metabolites
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accumulate (due to the absence of ADA) and continue
to interfere with normal T-cell and B-cell function.
Although 15% of ADA-SCID patients show a slightly
later onset and a slower progression of symptoms, it is
still fatal. The variability of disease progression may be
partly a result of environmental factors and undoubtedly
of genetic origin. If left untreated, ADA-SCID is fatal
by 1-2 years of age; however, it is more common for
death to occur during the first few months of life (2).
In addition to infantile-onset ADA-SCID, cases of
later onset immunodeficiency have also been reported
(2). In one of the earliest cases of ADA deficiency,
clinical symptoms did not appear until two years of age
and the only detectable abnormality suggestive of an
immunodeficient phenotype, prior to disease onset, was
a phasic appearance of lymphopenia and eosinophilia
(18). Since then, other cases have been reported and
reviews of patient medical history and laboratory
findings reveal common features. At the time of
diagnosis, all had diminished T cell counts with low
mitogen responses; however, several showed normal
total Ig and antibody responses to some antigens (19,
20, 21). They had substantially high IgE and/or
eosinophilia, a history of recurring sinopulmonary
bacterial infections including pneumococcal pneumonia
and septicemia, and inability to produce antibody to
some antigens such as pneumococcus (19, 20, 21). An
interesting feature seen in two cases was the diagnosis
of "autoimmune" hypothyroidism (20, 21), which could
directly reflect toxicity to the thyroid or autoimmune
disease due to abnormal regulation of the immune
response. These later onset ADA-SCID patients would
show more residual ADA activity than those with the
infantile-onset disease (2).
CURRENT TREATMENTS FOR ADA-SCID
Bone Marrow Transplantation
The current curative treatment of choice for all SCID
patients including ADA-SCID is bone marrow
transplantation (BMT) from an HLA-identical sibling
(11, 12, 13). HLA, an abbreviation of human leukocyte
antigen, is the major histocompatibility antigen
occurring on human nucleated cells, including
lymphocytes. This form of treatment results in a longterm cure rate of 95-100% (22), however, less than one
third of patients have access to an HLA-identical donor
(11, 12). In the absence of an HLA-identical sibling
donor, T-cell depleted parental bone marrow
(haploidentical donor) is preferred over an unrelated
donor. This alternative has provided less encouraging
results and reports have shown that treatment success
rates of BMT for ADA-SCID patients lacking an HLAgenotypically identical donor have not improved over
the last 20 years (12). Significant side effects can result
due to the need for conditioning cytoreduction and
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immunosuppression with systemic chemotherapy and
total body irradiation, which increases the risk of both
short and long term complications. Complications
include life-threatening infections, acute cardiomyopathy,
progressive pulmonary fibrosis, irreversible sterility
and secondary malignancies (10). For all these reasons,
BMT is not a useful treatment for all SCID patients,
especially those who are too sick to tolerate cytoreductive
therapy or where the risks associated with this treatment
is felt to be too high (10).
Polyethylene Glycol-modified Bovine ADA (PEGADA)
For patients with ADA-SCID who are lacking an
HLA-identical bone marrow donor, an alternative
treatment would be enzyme replacement therapy using
polyethylene glycol-modified bovine ADA (PEG-ADA)
(23). Because the toxic substrates of ADA (adenosine
and deoxyadenosine) diffuses freely throughout the
body, injecting this enzyme into ADA-deficient patients
can replace the function of the missing enzyme (24).
Infusions of purified bovine ADA linked to
polyethylene glycol have been successful in decreasing
the number of infections by increasing lymphocyte
count and by restoring partial T-cell function. However,
the formation of inactivating antibodies against the
bovine ADA has been observed, and full immune
reconstitution is less regularly achieved with this
therapy (4, 8, 25). This treatment is also very expensive,
costing an estimated US $250,000/yr./patient (11, 26).
In a study by Bordignon et al. (1993), two children
suffering form ADA-SCID were treated with PEG
enzyme replacement therapy and showed very
promising initial results (10). Weekly doses of 20 U/kg
body weight resulted in a therapeutically constant
plasma level abolishing all the tested biochemical
abnormalities associated with ADA deficiency.
Improvements included the absence of infections and
restored weight and height gain, and after three months
of therapy, the patients did not require isolation or
hospitalization. During these three months, their
absolute lymphocyte counts normalized, as well as
percentages of CD3+, CD4+, CD8+ T cell populations,
and lymphocyte proliferative responses to PHA and IL2, indicating an improved immune system. One patient,
upon receiving vaccination from tetanus toxoid and
FSME virus one year after initial PEG-ADA treatment,
developed specific antibodies and produced specific Tcells to both antigens. Unfortunately, these
improvements did not persist after discontinuation of
i.v. immunoglobulin prophylaxis, with the appearance
of decreased total lymphocyte counts, reduction of TCR
repertoire and antigen specific responses. In addition,
results indicated that intracellular production of ADA
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activity would be more efficient in promoting
lymphocyte survival and immune functions rather than
extracellular detoxification as in the case with PEGADA replacement therapy.

RATIONALE FOR THE GENE THERAPY OF
SEVERE COMBINED IMMUNODEFICIENCIES
(SCID)
Over the past 3 decades, advances in molecular
biology have demonstrated the usefulness of gene
therapy as a new tool to correct patient cell function and
to alleviate disease. The first successful gene transfer
with a retroviral vector to murine hematopoietic cells
was reported in 1983 (27), and since then, numerous
studies using murine hematopoietic stem cells have
been done to assess the potential use for human stem
cell gene therapy (12). Encouraging murine in vivo
studies in which recombinant murine retroviruses infect
murine hematopoietic stem cells, have demonstrated
high efficiency (28). More importantly, these cells had
the ability to maintain long-term expression of the
transduced gene. These successes led to the belief that
human stem cell gene therapy could soon be a reliable
treatment for various congenital or acquired human
diseases.
There are a number of reasons that have made this
disease a primary focus for gene therapy. First, ADA
deficiency is the most extensively studied congenital
immunodeficiency disease (12). The genomic and
cDNA sequences encoding ADA were identified early
on (29, 30), and the structure and function of this
enzyme is well understood (12). Second, it is a disease
that if left untreated, results in debilitating and lethal
effects. Because an alternative effective therapy is
currently not available for every patient, the potential
risk of gene therapy experimentation becomes more
acceptable. Third, it is known that patients receiving
bone marrow transplantation can be cured of this
disease (9, 31), and so the target tissue for the
introduction of the ADA gene is the easily accessible
hemopoietic system. Fourth, based on various studies, it
is expected that the genetically corrected cells should
persist and should have a selective growth advantage
over the non-transduced cells in vivo after
transplantation (32, 33). Finally, the regulation of the
ADA gene would not have to be precisely regulated nor
would the expression have to be cell-type specific for
beneficial effects to occur. Patients exhibiting 10% of
normal ADA levels do not show any apparent immune
impairments (34) while patients with ADA activity
greater than 50-fold above normal suffer only from a
moderate hemolytic anemia (35). If the ADA gene can
be introduced in pluripotent hemopoietic stem cells
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(PHSC), reimplantation and normal growth of these
transduced cells could result in a life-long production of
corrected immune cells.
GENE THERAPY FOR ADENOSINE
DEAMINASE DEFICIENCY
Gene therapy involves the introduction of exogenous
genetic material to correct or modify the function of a
cell. It is an emerging medical procedure where genetic
diseases could be corrected by transfer of a normal
version of a relevant gene into a patient's somatic cells.
Gene transfer into a patient's hematopoietic stem cells
followed by their autologous transplantation could
provide the same benefits as allogenic transplantation
without the immunological complications such as graft
rejection, graft versus host disease, and posttransplantation immunosuppressive therapy. Although
gene therapy to treat blood diseases seems logical, there
are still more problems than successes, mainly from
inadequate tools used for gene transfer and gene
expression. However, despite bouts of successes and
failures, techniques for gene transfer, gene expression
and hematopoietic stem cell manipulation have steadily
improved.
To date, a number of clinical gene transfer trials using
human hematopoietic stem cells (HSCs) have been
performed worldwide to test the potential of human
stem cell gene therapy to treat ADA-SCID (7, 36, 37).
However, the results from these trials are somewhat
disappointing, revealing that murine studies cannot
always apply to humans. The transduction frequencies
in human HSCs were low and clinical benefits were not
apparent in all cases. In spite of these failures, many
lessons were learned that could be applied to gene
therapy of other genetic diseases.
The lessons learnt from preclinical studies and
subsequent early clinical trials for ADA-SCID
demonstrate the advances in gene therapy made so far.
Preclinical studies in the 1980's showed that murine
hematopoietic stem cells (HSCs) could be transduced in
vitro using the Moloney murine leukemia virus
(MoMLV)-based retroviral vector, containing the
human copy of the ADA gene (9, 38). These cells were
subsequently transplanted into irradiated mice resulting
in circulating lymphohematopoietic cells that carried
and expressed the human ADA gene (9, 38). These
preclinical results suggested that a similar strategy
could be applied in humans to successfully treat patients
with ADA deficiency. As a result, researchers proposed
to harvest autologous bone marrow from ADA-SCID
patients, to transduce these cells in vitro with a
retroviral vector carrying the normal human ADA gene,
and to infuse these cells into the respective patients
without using pretransplant myeloablative chemotherapy.
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Although it was a good idea, researchers at the time
lacked in vitro and in vivo systems to evaluate human
HSC gene transduction, so preclinical research could
not definitively conclude that human HSC could be
transduced (9). Instead, many researchers turned their
attention to the transduction of peripheral blood T
lymphocytes of ADA-deficient patients who were
receiving PEG-ADA enzyme replacement therapy. This
different approach was a result of preclinical studies
showing that in vitro transduction of peripheral blood T
lymphocytes from ADA-SCID patients, using a
retroviral vector, was possible (33). The genetically
modified lymphocytes were transplanted intraperitoneally
into immunodeficient mice, and were examined one
month later. Results indicated that T lymphocytes,
which had been transduced with the normal human
ADA gene, persisted, while T lymphocytes transduced
with a control vector did not (33). This indicated that
transduction of the normal ADA gene into ADAdeficient T lymphocytes was a feasible approach to
treating ADA-SCID (10, 24, 33).
These preclinical experiments were very encouraging
and led investigators at the National Institutes of Health
(NIH) to use a similar strategy to treat humans. In 1990,
the Blaese group at the NIH performed the first clinical
gene therapy trial on 2 young female patients with
ADA-SCID (4, 12). They targeted peripheral blood T
lymphocytes from the patients with ADA-SCID on
PEG-ADA therapy with a MoMLV-based retroviral
vector containing the normal human ADA gene (LASN)
(4). The patient's lymphocytes were harvested,
genetically modified, expanded more than 50-fold, and
given back by infusion (4). Over 2 years, the patients
received a total of 11-12 infusions of autologous
genetically corrected lymphocytes and as a result,
immune functions of both patients were better than
when only on PEG-ADA treatment alone (4, 12).
Unfortunately, the transduction frequency of the infused
T lymphocytes differed in the two patients (30% and
<1%) and they also continued to receive PEG-ADA
therapy throughout the procedure (4). These
experiments were able to show that transduction of
human peripheral blood T lymphocytes are possible and
that their progeny could persist in vivo for many years.
These experiments also raised many questions such as;
what was the antigenic repertoire of the transduced
cells? More importantly, could the transduced T-cells
persist without the exogenous source of ADA that was
coming from the PEG-ADA therapy?
As a result of these questions, many groups had the
ambitious goal to permanently correct ADA deficiency
by genetically correcting autologous haematopoietic
stem cells (HSC). If successful, they would avoid the
possible problem of defects in the antigenic repertoire
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of the mature T cell used in previous transplantations,
and only one infusion of genetically corrected stem
cells would be needed to restore the patient's immune
functions (23). Three clinical trials have been conducted
examining the use of transduced autologous HSC to
treat ADA deficiency. One trial used only bone marrow
HSC, another used bone marrow HSC in addition to
peripheral blood T lymphocytes, and the last used
umbilical cord blood HSC (9, 24).
The group conducting the clinical trial using CD34+
cells from bone marrow alone, reported that the
transduction efficiency was disappointingly low and
that transduced peripheral leukocytes could not be
detected in the long-term (9, 12, 37).
On the other hand, in 1992, Bordignon et al., using
transduced CD34+ bone marrow cells and PEG-ADA
dependent T lymphocytes, showed rapid improvements
in patient immune functions after gene therapy (7).
Bordignon's group used two different retroviral vectors
to transduce a normal ADA cDNA separately into
peripheral T-lymphocytes or bone marrow cells to
determine which cell population was the major source
of the circulating peripheral blood T lymphocytes. Their
results show that immediately after transplantation the
circulating transduced T cells originated from the
infused peripheral T lymphocytes, but as time passed
they were replaced with transduced T cells derived from
the transduced bone marrow cells (7, 9). This suggests
that bone marrow HSC can be transduced and that
genetically modified HSC can give rise to functional
mature cells detectible in the peripheral circulation.
Unfortunately, the patients in this trial continued to
receive PEG-ADA enzyme replacement therapy, so it
remains unclear if transduction of T lymphocytes of
HSC origin can provide clinical benefits to ADA-SCID
(9).
The third study used CD34+ cells from umbilical
cord blood (9, 12, 36). Three neonates were diagnosed
in utero with ADA deficiency and cells were transduced
with the same LASN vector used in Bordignon's study
(9). Transduction of progenitor cells was efficient and
longitudinal evaluation of the patients for transduced
leukocytes occurred. A year after transplantation, the
group reported low but sustained levels of transduced
cells in mononuclear cells and granulocytes and
increased ADA activity in HSC (36). These patients
started PEG-ADA therapy during their first week of life
and showed characteristics of a normal functioning
immune system. At age 2, PEG-ADA treatment doses
were decreased, resulting in a significant decrease in
circulating T lymphocytes and a 100-fold increase in the
frequency of T lymphocyte transduction without change
in myeloid cells or B cells (36). As the dose of PEGADA decreased, a selective advantage in survival of the
transduced T cells originating from the transduced HSC
occurred, but was nonexistent in B cells or other
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hematopoietic cells (24, 36). At age 5, PEG-ADA
therapy was discontinued in one patient, and over a twomonth period, plasma ADA levels of this patient
became undetectable, levels of ADA substrates
increased, and there was substantial decrease in
percentage and absolute levels of natural killer (NK)
cells and B lymphocytes although no changes in levels
of T lymphocytes occurred (36). Again, results showed
a selective advantage in survival of the transduced T
cell progeny of the transduced HSC. In addition,
analysis of T cell function revealed a loss of antigenspecific blastogenesis to tetanus toxoid and candida (9).
Interestingly, results also showed that expression of the
MoMLV-based retroviral vectors were low in resting
human T cells but were relatively high in dividing T
lymphocytes, indicating that LASN vector is expressed
during thymopoiesis and not in resting peripheral blood
T lymphocytes (9). Results suggest that cessation of
PEG-ADA therapy resulted in the loss of both
transduced and nontransduced antigen-specific
peripheral blood T lymphocytes. Since the patient
started to show clinical symptoms of immune
deficiency such as weight loss, oral thrush and upper
respiratory infection, the patient resumed PEG-ADA
therapy, resulting in restoration of good health (9, 36).
The results obtained from this trial suggest that cord
blood provides a stem cell population more suitable for
efficient retroviral-mediated gene transfer than does
bone marrow, however, significant advances are still
needed in this transfer technique before human HSCs
can be used to restore effective immunity and to achieve
clinical benefits (11).
CONCLUSION
The current clinical results of gene therapy for ADASCID are encouraging but also reveal current
limitations of gene therapy for immunodeficiency
disorders. Results have shown that transduction and
transplantation of HSC from both bone marrow and
cord blood is possible, and that transduction frequency
in T lymphocytes can reach as high as 10-30% if a
selection advantage existed in vivo. Unfortunately,
when an exogenous source of ADA was removed,
results showed a lack of gene expression in nondividing
T lymphocytes, indicating the loss of both transduced
and nontransduced antigen-specific peripheral blood T
lymphocytes. Successful treatment of SCID or diseases
involving lymphoid differentiation will ultimately
require expression of vectors in mature, nondividing
lymphoid cells. For this reason, many investigators are
focusing on improving gene transfer technologies.
Recent improvements have resulted in the development
of better vectors, packaging cell lines and culture
conditions for human HSC transduction. For example,
use of certain cytokines and recombinant fibronectin
has improved transduction efficiency of HSCs in
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baboon and rhesus monkeys (39, 40). These cytokines
can induce cycling of immature CD34+ cells making
them more receptive to transgene integration. Also, new
packaging cell lines have been designed which
enhances binding of retrovirus to hematopoietic cells by
pseudotyping with the gibbon ape leukemia virus
envelope resulting in increased rate of CD34+ cell
transduction (41). To reduce risk of in vivo transgene
silencing, deletion of silencing sequences from viral
LTR has been examined. Design of lentiviral vectors
have also provided encouraging results, being able to
infect non-cycling cells. Although attempts to cure
ADA-SCID with gene therapy have yet to prove
successful, study of this disease has resulted, by far, in
the most promising clinical experience by identifying
current limitations and providing enough successes to
encourage the pursuit of the solutions.
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