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Abstract Gene therapy using autologous haematopoietic

stem cells offers a valuable treatment option for patients

with primary immunodeficiencies who do not have access

to an HLA-matched donor, although such treatments have

not been without their problems. This review details gene

therapy trials for X-linked and adenosine deaminase

(ADA)-deficient severe combined immunodeficiency

(SCID), Wiskott–Aldrich syndrome (WAS) and chronic

granulomatous disease (CGD). X-linked SCID was chosen

for gene therapy because of previous ‘natural’ genetic

correction through a reversion event in a single lymphoid

precursor, demonstrating limited thymopoiesis and

restricted T-lymphocyte receptor repertoire, showing

selective advantage of progenitors possessing the wild-type

gene. In early studies, patients were treated with long ter-

minal repeats-intact gamma-retroviral vectors, without

additional chemotherapy. Early results demonstrated gene-

transduced cells, sustained thymopoiesis, and a diverse

T-lymphocyte repertoire with normal function. Serious

adverse effects were subsequently reported in 5 of 20

patients, with T-lymphocyte leukaemia developing, sec-

ondary to the viral vector integrating adjacent to a known

oncogene. New trials using self-inactivating gamma-ret-

roviral vectors are progressing. Trials for ADA-SCID using

gamma-retroviral vectors have been successful, with no

similar serious adverse effects reported; trials using len-

tiviral vectors are in progress. Patients with WAS and CGD

treated with early gamma-retroviral vectors have devel-

oped similar lymphoproliferative adverse effects to those

seen in X-SCID—current trials are using new-generation

vectors. Targeted gene insertion using homologous

recombination of corrected gene sequences by cellular

DNA repair pathways following targeted DNA breakage

will improve efficacy and safety of gene therapy. A number

of new techniques are discussed.

1 Introduction

Since the first report of a patient with primary immuno-

deficiency (PID) in 1956, in a boy with X-linked aga-

mmaglobulinemia, over 200 primary immunodeficiencies

have been described [1].

Whilst many PID are life-threatening, haematopoietic

stem cell transplantation (HSCT) can be curative. Over the

last 40 years, the rate of successful treatment has dramat-

ically improved, and for patients in optimum physical

condition and with a well-matched family donor, suc-

cessful HSCT can be achieved in about 90 % of cases [2,

3]. Despite these improvements in success rates, there

remain significant differences in outcome related to the

molecular defect. The outcome of HSCT is best for

patients with subtypes of severe combined immunodefi-

ciency (SCID), and worse for other T-lymphocyte

immunodeficiencies, in particular haemophagocytic lym-

phohistiocytosis [2, 31]. In part, this may be due to the

delay in transplanting patients with non-SCID PID, for

many of whom conservative prophylactic treatments are

available, in contrast to patients with SCID who generally

undergo HSCT shortly after diagnosis. For patients who

present with pre-existing co-morbidities, or for whom a

well-matched donor cannot be found, serious adverse

W. Qasim

Institute of Child Health, University College London, London,

UK

A. R. Gennery (&)

Institute of Cellular Medicine, Newcastle University,

Framlington Place, Newcastle upon Tyne NE4 6BE, UK

e-mail: andrew.gennery@newcastle.ac.uk

Drugs (2014) 74:963–969

DOI 10.1007/s40265-014-0223-7



effects remain a challenge. The most serious of these

remain steroid-resistant, or steroid-dependent graft-versus-

host disease, and overwhelming infection during the period

of immunocompromise following transplantation before

full immune reconstitution is achieved. Significant sequa-

lae may also follow HSCT, particularly if conditioning

chemotherapy is used to facilitate stem cell engraftment.

As primary immunodeficiencies demonstrate monogenic

mendelian inheritance, addition of a normal complemen-

tary DNA (cDNA) copy within a progenitor cell can result

in normal gene and protein expression within subsequent

differentiated cells, and has the potential to cure certain

diseases. Many are fatal diseases of early childhood, and as

current treatment carries significant risk and sequelae,

inherited immune disorders are ideal models for ex vivo

gene therapy strategies, particularly those in which the

results of HSCT are less favourable. This review will

describe previous and current results of gene therapy trials

for PID, and discuss new indications and new develop-

ments in gene editing.

2 Gene Therapy for Severe Combined

Immunodeficiency

Supportive evidence for the potential of gene therapy was

demonstrated in rare atypical patients who presented with

attenuated SCID due to a reversion to wild-type of a

mutated gene, the common gamma chain gene [4, 5]. These

in vivo reversions demonstrated that ‘natural’ genetic

correction through a reversion event, in even a single

lymphoid precursor, can support limited thymopoiesis and

provide a restricted T-lymphocyte receptor repertoire

leading to attenuation of the severe disease phenotype

usually associated with such conditions. Furthermore, they

showed that progenitors possessing the wild-type gene had

a selective advantage over those carrying the mutated gene.

In trials performed in Paris and London at the end of the

1990s and early 2000s, X-linked SCID was chosen to

establish gene therapy as an effective treatment in PID [8,

9]. Infusion of haematopoietic stem cells (HSCs) from a

geno-identical sibling leads to restoration of T-lymphocyte

function and long-term thymopoiesis in the majority of

patients [10, 11]. However, the results of treatment from a

T-lymphocyte-depleted haploidentical donor are less posi-

tive, and therefore 20 patients lacking a geno-identical

donor and suffering significant pre-existing co-morbidities

were initially enrolled into the trials. The studies used

comparable long terminal repeats (LTR)–intact gamma-

retroviral vectors, with different pseudotypes but identical

common gamma chain transgenes. All received ex vivo-

transduced CD34? cells infused without any additional

chemotherapy (Table 1).

Early results were very encouraging, with evidence of

gene-transduced cells and thymopoiesis. Seventeen

patients had evidence of sustained thymopoiesis, a diverse

T-lymphocyte repertoire and normal T-lymphocyte func-

tion, which led to initial clearance of life-threatening

infection such as vaccine-induced BCG infection. Fur-

thermore, long-lasting protection has been demonstrated

against subsequent viral infection up to 12 years following

the procedure. The results of gene therapy treatment for

patients with hypomorphic mutations causing atypical

SCID, or in older subjects with poor immune reconstitution

following conventional HSCT, have been more disap-

pointing, with limited or absent improvement in T-lym-

phocyte function, probably due to a prior loss of thymic

function. Long-term natural killer cell reconstitution has

not occurred to the same extent, a situation analagous to

that following conventional non-conditioned HSCT. Low

levels of B lymphocyte marking were found following the

procedure, typically accounting for \1 % of circulating B

lymphocytes. Despite this, many of the patients were

independent of immunoglobulin infusions, with normal

levels of immunoglobulin isotypes and evidence of IgG

responses against vaccine antigens. However, not all

patients achieved immunoglobulin independence.

Serious adverse effects were subsequently reported in 5

of the 20 patients, with T-lymphocyte leukaemia devel-

oping. Analysis of integration sites has shown that in the

clones that became leukaemic, the viral vector had inte-

grated adjacent to a known oncogene, most commonly

LMO2, in four of five cases that developed leukeamia. The

LTR enhancer activity of the retroviral vector was able to

deregulate proto-oncogene expression, leading to clonal

proliferation. Remarkably, the four survivors of subsequent

leukaemia therapy continue to demonstrate thymopoiesis

with a diverse T-lymphocyte repertoire after chemotherapy

treatment, indicating that self-replicating HSCs had been

transduced. Overall, 17 patients have good long-term

immune recovery and are living broadly unrestricted life-

styles more than 10 years after therapy [12, 13].

Once the mutagenic potential of LTR intact vectors was

uncovered, strenuous efforts have been underway to reduce

the risk of adverse effects. A new generation of self-inac-

tivating gamma-retroviral vectors, with enhancer-deleted

U3 regions, have entered testing in multicentre phase I

studies for SCID-X1 [14]. As in the first study, patients

without HLA-matched donors are eligible for treatment

with ex vivo-transduced autologous CD34? stem cells.

Early indications suggest successful reconstitution had

been achieved in some of the first patients treated, although

longer-term follow-up will be required to determine the

risk of insertional mutagenesis.

Adenosine deaminase (ADA)-deficient SCID is an

autosomal recessive disorder, and one of the most common
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forms of SCID. Whilst leading to a T-B-NK-SCID phe-

notype, the defect in the purine-pyramidine salvage path-

way is systemic, and therefore patients also present with

extra-immunological features due to the accumulation of

toxic purine metabolites. These non-immunological mani-

festations include neurological abnormalities, bone mal-

formation and lung disease. For patients with a matched

sibling or matched family donor, HSCT leads to very good

results, even without conditioning [15]. However, the

outcome for patients with a matched unrelated donor or

mismatched family donor is poor. Uniquely amongst SCID

diseases, ADA-SCID can be treated with polyethylene

glycosylated-ADA (PEG-ADA) given as weekly infusions

and restoring at least some immune function. Treatment

with PEG-ADA facilitates some immune reconstitution,

with suboptimal lymphocyte numbers and function, but

enough immunity for patients to amount an immune

response to PEG-ADA after long-term treatment, rendering

the treatment less effective.

The first gene therapy trials for PID were attempted in

the early 1990s for ADA-SCID, and although these only

demonstrated limited efficacy, transduced cells were

detected in patients for a number of years [6, 7]. It is

possible that because in these early trials, patients had

received PEG-ADA for some time before gene therapy

treatment, and continued treatment with PEG-ADA, gene-

transduced progenitors had little competitive advantage

over those cells corrected by PEG-ADA, and therefore

efficacy was blunted.

At around the time that the initial common gamma chain

gene therapy trials were initiated, similar gamma-retroviral

ADA vectors were used in trials conducted in London,

Milan and Los Angeles. Following lessons learnt from the

very early ADA gene therapy trials in the early 1990s,

enzyme replacement therapy was discontinued prior to

gene therapy to diminish the selective advantage of the

PEG-ADA-corrected cells. To date, over 40 children have

been treated, most following low-dose non-myeloablative

chemotherapy using either reduced-dose busulphan or

melphalan. All are alive, with no reports of insertional

mutagenesis, and around 70 % of these children no longer

receive enzyme replacement therapy [15–17]. The success

of these trials, and in particular the published experience

from Milan, has led to pharmaceutical interest, with the

UK-based GlaxoSmithKline entering into licencing agree-

ments to commercialise the retroviral platform for ADA

SCID. Whilst none of the subjects have developed leu-

kaemic transformation, a number have evidence of clonal

expansions, with vector integrants close to known proto-

oncogenes. Alternative self-inactivating lentiviral vectors,

which are less likely to insert near transcriptional start sites

and have reduced potential for insertional transactivation,

have recently entered phase I testing in London.

3 Gene Therapy for Wiskott–Aldrich Syndrome

Wiskott–Aldrich syndrome (WAS) is an X-linked com-

bined immunodeficiency characterised by eczema, throm-

bocytopenia with reduced platelet volume, which may

present with haemorrhage, and recurrent infection. Infec-

tion with Epstein–Barr virus predisposes to the develop-

ment of lymphoma, and there is an increased incidence of

autoimmunity. HSCT is curative, with good results for

patients who receive a matched sibling or well-matched

unrelated donor transplant [18]. However, results following

mismatched HSCT use are not so favourable. The first trial

of gene therapy for WAS was performed in Hannover,

Germany, using an LTR-intact gamma-retroviral vector

[19]. Ten patients were treated on this protocol in which

they first received reduced-dose busulphan conditioning,

sufficient to cause myelosuppression and facilitate

engraftment of transduced stem cells. Early reports showed

restoration in myeloid and lymphoid cells of WAS protein,

with improvement in clinical condition, and a rise in the

platelet count, although not to normal levels. However,

seven patients in this trial developed leukaemia (six T-cell

acute lymphoblastic leukaemia [ALL], three acute myeloid

leukemia [two secondary to ALL]). As in the SCID-X1

trial, the strong LTR enhancer associated with the gamma-

retroviral vector appears to have integrated near to, and

activated, proto-oncogenes such as LMO2. Alternative

self-inactivating lentiviral vectors encoding an endogenous

WASP promoter have been used to treat patients in Milan,

with a recent publication providing the first proof-of-prin-

ciple data, with good T-lymphocyte recovery and

Table 1 Features of gamma-retroviral and lentiviral vectors

Gamma-retroviral vector Lentiviral vectors

Mostly LTR intact, using viral promoter elements Self-inactivating DU3 configuration with internal (human) promoters

Target transcription start sites of active genes Target active genes. Less likely to cause insertional mutagenesis

Insertional mutagenesis following HSC modification No reliable producer cell lines for vector production

Stable packaging systems

HSC haematopoietic stem cell, LTR long terminal repeat
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stabilisation, although not complete resolution of throm-

bocytopenia [20]. Additional lentiviral-based studies are

underway in Paris, Boston and London with the first

patients treated.

3.1 Gene Therapy for Chronic Granulomatous Disease

Chronic granulomatous disease (CGD) is a rare disorder of

phagocytic cells, due to a defect in the NADPH enzyme

complex responsible for generating the superoxide respi-

ratory burst, which kills intracellular pathogens. Patients

are particularly susceptible to infection with catalase-

positive organisms, including Staphylococcus aureus or

Aspergillus fumigatis. Inflammatory complications mani-

fest, predominantly as inflammatory pneumonitis, inflam-

matory bowel disease mimicking Crohns disease, and

inflammation of the genitourinary tract. The defect may

affect any of the five subunits of NADPH, but the most

common defect affects the CYBB gene on the X-chromo-

some, encoding gp91phox. Whilst conventional treatment

with prophylactic antibiotics and antifungals prevents the

majority of infections, inflammatory sequelae remain

serious complications. Outcomes following HSCT are very

good when a matched sibling or well-matched unrelated

donor is available [3], although pre-existing inflammation

or fungal infection is associated with a worse prognosis

[21]. HSCT using a T-lymphocyte-depleted graft is par-

ticularly challenging [22]. However, gene therapy for CGD

also has particular challenges. Gene-transduced neutrophils

have no survival advantage over faulty neutrophils. Fur-

thermore, neutrophils have a lifespan of only a few days,

and therefore to achieve stable, long-term production of

gene-transduced neutrophils, engraftment of relatively high

numbers of gene-transduced haematopoietic stems cells is

required, necessitating the administration of myeloablative

chemotherapy prior to infusion of transduced cells. A

gamma-retroviral gene therapy trial for CGD was per-

formed in Frankfurt and Zurich [23]. Significant clinical

benefit was seen in the early phases following treatment,

with clearance of life-threatening fungal infection. How-

ever, the clinical benefits were not sustained as functional

neutrophils disappeared over time. Methylation of the LTR

promoter elements led to silencing of gene expression,

whilst intact enhancer activity drove transactivation of

proto-oncogenes, including MDS/EVI, leading to myelo-

dysplasia in three patients. Two of these subjects died,

although the third was successfully treated by HSCT. A

fourth patient in Zurich developed clonal expansion,

although not associated with chromosomal abnormalities,

and has successfully undergone HSCT. An additional study

in London also found evidence of transient benefit from

autologous gene-modified CD34? stem cells, but long-

term persistence of corrected neutrophils was not

demonstrated. A new multicentre trial sponsored by

Genothon has recently opened using a self-inactivating

lentiviral vector encoding a chimeric myeloid promoter.

4 Additional Candidate Immune Deficiencies

The success of gene therapy approaches for SCID-X1 and

ADA SCID has encouraged development of strategies for

more complex SCID disorders. For example, defects of

antigen receptor VDJ recombination arising due to muta-

tions in recombinase activating genes (RAG1 or RAG2) are

being targeted for lentiviral correction. However, complex

compartment-specific and time-limited regulation of these

genes is required to mimic the normal gene expression

required during thymopoiesis and during B-cell maturation

and to prevent mutagenic transformation and immune

dysregulation [32, 33]. CD40 ligand deficiency (Hyper-

IgM syndrome) has similarly complex gene regulation and

early attempts to use retroviral vectors to correct HSC

uncovered an unacceptably high rate of T-lymphocyte

lymphoproliferation [24]. Inclusion of CD40 ligand regu-

latory sequences in vector configurations, or targeted gene

insertion to the CD40L locus may address these issues.

Amongst the neutrophil disorders, leukocyte adhesion

deficiency (LAD), where expression of the b-integrin

CD18 is defective, leading to defective neutrophil migra-

tion, is an attractive candidate disorder. Correction of LAD

dog models has been achieved using foamy virus vectors

[25], and, of note, even low levels of neutrophil recovery

can maintain health. Another group of candidate disorders

for correction by autologous ex vivo gene delivery to HSC

are the haemophagocytic lymphohistiocytosis syndromes.

Here, defective cytotoxic pathways can arise due to single

gene disorders, most notably within the perforin and

MUNC genes. Lentiviral-mediated correction of these

pathways is under development and could offer an alter-

native to allogeneic HSCT where donor matching is poor.

5 Emerging Technologies and Future Perspectives

To date, clinical gene therapy approaches have relied on

the harvest, ex vivo manipulation and re-infusion of engi-

neered HSC. The approaches have relied on the stable

integration of an additional copy (or copies) of cDNA,

delivered by viral vectors. A more elegant approach would

be to correct or edit defect genes at their genomic locus,

thereby maintaining appropriate regulatory control of gene

expression and not risking genotoxicity through ectopic

vector insertion. Technologies that allow highly specific

double-stranded DNA cleavage are beginning to be used

for targeted gene insertion. This can be achieved by
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homologous recombination of corrected gene sequences by

cellular DNA repair pathways following targeted DNA

breakage. Zinc finger nucleases (ZFNs), meganucleases

(MN), transcription activator-like effector nucleases (TA-

LENS) and, more recently, clustered, regularly interspaced,

short palindromic repeat (CRISPR) nucleases are all being

developed to create highly specific gene targeting [26–29].

The efficiency of gene editing using these techniques has

improved notably in cell lines and certain primary cell

lineages, although remains limited in primary HSC.

Nonetheless, for disorders such as SCID-X1, where cor-

rected cells acquire a notable survival advantage, gene

repair by homologous recombination holds promise as the

efficiency of nuclease reagents improves [30]. Whilst the

most notable successes in the field of gene therapy for PID

have been for those patients with SCID disorders, the

impact of successful therapy should be notable for patients

with non-SCID PID because these constitute a greater

proportion of the PID population and, historically, results

of HSCT are generally less positive. Furthermore, HSCT

for SCID in the newborn period offers excellent results

[34], and the advent of newborn screening is likely to mean

that many patients with SCID will be diagnosed before

symptoms appear [35]. Conversely, the adoption of a safe

therapy with minimal adverse effects, including toxic

short- and long-term effects of cytoreductive chemotherapy

delivered to pre-symptomatic newborn SCID patients [36,

37] may advocate the continuation of gene therapy in this

population. There are certainly a number of challenges

ahead before gene-based therapies become more widely

applicable. Production of sufficient vector stocks, in par-

ticular when self-inactivating configurations are employed,

is problematic. Furthermore, the expertise and infrastruc-

ture required to harvest autologous stem cells, culture and

transduce them is only available in a limited number of

centres. Most of the current approaches have collected,

engineered and infused stem cells without cryopreservation

steps, adding to the logistic complexity of the procedures.

Nonetheless, as vectors evolve and these practical hurdles

are addressed, wider applicability should follow.

6 Concluding Remarks

Gene therapy has made significant progress over the last

20 years. Previous trials have demonstrated efficacy. The

mechanism of unexpected adverse events is now under-

stood, and has driven the search for safer viral vectors.

New technologies to target gene insertion should enhance

safety further. As data from the current clinical trials

become available, it is likely that gene therapy will move

from an experimental approach to become part of the

mainstream therapeutic cellular armament, although long-

term follow-up of treated patients will be required to

monitor potential long-term adverse events. The adoption

of vector manufacture by mainstream pharmaceutical

companies is likely to accelerate the adoption of gene

therapy as a standard tool of cellular therapies. Further

details of trials currently in progress can be found at the

following websites:

• http://www.clinicaltrials.gov

• http://www.abedia.com/wiley/index.html
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