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Background

Wiskott–Aldrich syndrome (WAS) is a rare X-linked primary immunodeficiency (PID)

characterized by micro-thrombocytopenia, recurrent infections, eczema, which is

associated with a high incidence of auto-immunity and lymphoreticular malignancy. One

of the first diseases to be successfully treated by allogeneic hematopoietic stem cell

transplantation, WAS is currently the subject of several phase I/II gene therapy trials for

patients without HLA-compatible donors.

Purpose of review

This article reviews the preclinical and clinical data leading to the development of gene

therapy of WAS with lentiviral vectors.

Recent findings

A recent clinical trial using a conventional gammaretroviral vector has demonstrated the

proof of principle of gene therapy in WAS, but has also highlighted a common limitation

of the technology. Encouraging preclinical efficacy and safety results using refined

lentiviral vectors, and the development of robust clinical-grade manufacturing

processes have supported the initiation of several phase I/II new studies.

Summary

WAS is amenable to hematopoietic stem cell gene therapy. New trials using lentiviral

vectors are expected to improve efficacy and safety profiles. Beyond proof of principle,

ongoing international efforts to coordinate trials of gene therapy for the WAS may also

provide a model for the expedited development of new treatments for other rare

diseases.
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Introduction

Wiskott–Aldrich syndrome (WAS) (OMIM 301000) is a

rare X-linked immunodeficiency caused by mutations

in a single gene, WAS coding for the Wiskott–Aldrich

syndrome protein (WASp). At present over 295 unique

mutations have been reported in the WAS gene (http://

rapid.rcai.riken.jp/RAPID/mutation?pid_id=AGID_144)

resulting in several overlapping but distinct phenotypes

[1,2]. The classical WAS is a primary immunodeficiency

disease (PID) characterized by micro-thrombocytopenia,

recurrent infections, eczema and associated with a high

incidence of auto-immunity and of lymphoid malignan-

cies. WAS is found in a wide geographic area and in many

diverse ethnic groups. The overall incidence is estimated

to be 4.0 per million live male births. Mutations of

the WAS gene also cause a milder allelic variant that

has been described as hereditary X-linked thrombo-

cytopenia (XLT) (OMIM 313900), or occasionally inter-

mittent X-linked thrombocytopenia (IXLT). Whereas

mutations causing WAS or XLT result in absent or
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severely diminished expression of WASp, extremely rare

WAS gain-of-function gene mutations are now recognized

to cause X-linked neutropenia (XLN) (OMIM 300299),

without the platelet defect or any of the other findings

characteristic for WAS/XLT. A simple clinical scoring

system has been developed to delineate these strikingly

different clinical phenotypes, and to evaluate the variable

severity in patients with loss of function gene mutations

[3].

WAS in its classical form is a life-threatening illness in

the absence of definitive therapy [4]. Fatal complications

may arise from hemorrhage (particularly when the

intrinsic thrombocytopenia is complicated by super-

added autoimmunity), infection, and lymphoreticular

disease. Clinical manifestations suggestive of WAS or

XLT are often present at birth and consist of petechiae,

bruising, and bloody diarrhea. Eczema is a common

feature of classical WAS during infancy and childhood.

Frequent bacterial and viral infections reflect the pre-

sence of complex multilineage immunodeficiency [5,6].
orized reproduction of this article is prohibited.
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2 Primary immune deficiency disease

Key points

� Patients with severe Wiskott–Aldrich syndrome

(WAS) without HLA-compatible donors are candi-

dates for treatment by gene therapy.

� Defined objective criteria for disease severity and

prognosis enable the development of novel treat-

ment options for WAS.

� Conventional gammaretroviral vectors have demon-

strated the feasibility of hematopoietic gene

therapy in WAS but with technological limitations.

� Lentiviral vectors derived from HIV-1 have a satis-

factory efficacy and safety profile in preclinical stu-

dies, supporting testing in phase I/II clinical trials.

� International multicenter gene therapy studies in

WAS represent a model to accelerate the develop-

ment of treatments for rare disease.
Patients with XLT have fewer problems with eczema,

infections or auto-immunity [7] and have an overall

survival rate which is close to that of the normal

male population.

The WAS gene encodes the WASp which is a hemato-

poietic-specific member of a family of cytoskeletal

regulators (reviewed by [8–10]). WASp is found in the

cytoplasm of all leukocytes in which it acts essentially

as an actin nucleation factor through the Arp2/3

complex, causing dynamic cytoskeletal changes that

are essential for multiple cellular functions including

adhesion, migration, phagocytosis, immune synapse

formation, and receptor-mediated cellular activation

processes. These are important for many immune cell

types in the context of pathogen recognition and

elimination, and also for maintenance of homeostatic

mechanisms, including regulatory T-cell function.

Therefore, the lack of WASp impairs a wide variety of

cellular functions that are involved in both innate and

cellular adaptive immunity. The origin of the micro-

thrombocytopenia which is a universal feature of the

WAS and XLT phenotypes is not fully understood,

although there is likely to be a contribution from defec-

tive platelet formation in the bone marrow in addition to

excessive destruction of platelets in the spleen.
Rationale supporting the development of a
novel treatment for the Wiskott–Aldrich
syndrome disease
A combination of clinical observations, molecular

genetics and biochemical tests is used to identify WAS

patients with severe disease or with high probability of

developing severe disease and who need treatment.

A phenotype/genotype correlation exists when patients

are divided into WASp-positive (þ) patients expressing a

mutated protein of normal size in their blood cells, even

at low levels and WASp negative patients with absent or

truncated protein [4]. With some exceptions, WASpþ
patients have the less severe phenotype (predominantly

XLT), whereas WASp-negative patients are more likely

to have classical disease.

The first successful demonstration that allogeneic hema-

topoetic stem cell transplantation (HSCT) could be used

to cure inherited hematological diseases was obtained

almost simultaneously in two patients with WAS and a

severe combined immunodeficiency (SCID) more than

40 years ago [11]. Nowadays, HSCT is considered a

standard curative procedure for WAS, although success

is primarily dependent on the availability of human

leukocyte antigen (HLA)-matched donors and presence

of a low clinical score at the time of treatment (reviewed

by [12]). Long-term outcome of HSCT in WAS has

consistently revealed that HLA-mismatched HSCT for
opyright © Lippincott Williams & Wilkins. Unautho
this condition is associated with substantial morbidity and

mortality, and that mixed chimerism may be a predictor

of future complications [13��].
Natural correction of WAS mutations through spontaneous

‘somatic reversions’ have been frequently reported in

WAS patients. Up to 11% of WAS patients have presented

with somatic mosaicism due to reversion to normal of

the original mutation or alternatively with second-site

compensatory mutations that restore production of a

functional WAS gene product. The vast majority of these

events occur in T cells [14], although they have also been

reported in B cells and natural killer (NK) cells. In general,

however, reversions do not provide significant therapeutic

benefit and to date no reversions have been detected in

myeloid cells suggesting that they are occurring in late

progenitors or mature cells [15].

The WAS is therefore a relatively well characterized

entity at the clinical and molecular level, also in terms

of natural evolution of the disease and outcome of

treatment by HSCT or more conservative strategies.

Objective criteria exist to provide a reasonable evaluation

of disease severity and prognosis which are important

elements for therapeutic development and allow reason-

able evaluation of risks and benefits to the patient.

Patients likely to benefit most from development of

gene therapy (at least in initial trials) are those without

HLA-matched donors and with mutations predictive of

severe disease or with high clinical scores. The fact that

XLT patients have minimal immunological disturbance

in the presence of low levels of WASp activity, and that

WASp expression is associated with a survival advantage

particularly for mature lymphocytes suggests that even

low level correction may be therapeutically effective.

Proof of concept for the feasibility and efficacy of gene

transfer has been obtained in various models of the WAS

disease and recently in clinical trials.
rized reproduction of this article is prohibited.
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Table 1 Referenced hematopoietic gene therapy studies conducted for primary immune deficiencies in the past 10 years

Disease Type of vector Centers
No. of
patients Efficacy Toxicity References

ADA-SCID Gamma retroviral vector
LTR-driven transgene
expression

Italy, UK, US,
Japan

36 Yes for most patients
receiving conditioning
prior to gene therapy

No [16,17]

SCID-X1 Gamma retroviral vector
LTR-driven transgene
expression

France, UK, US 22 Yes (patients
<10 year old)

Yes, insertional
mutagenesis in
5 patients

[18–21]

CGD Gamma retroviral vector,
LTR-driven transgene
expression

Germany, UK,
Switzerland,
US, South
Korea

17 Initial benefit only,
1 patient died
of sepsis

Yes, insertional
mutagenesis in
3 patients

[22–26]

Wiskott–Aldrich
syndrome

Gamma retroviral vector,
LTR-driven transgene
expression

Germany 10 included,
2 reported

Yes Yes, insertional
mutagenesis
in 1 patient

[27��]

LTR, long-terminal repeat.
First trials of gene therapy for Wiskott–Aldrich

syndrome

For more than 10 years now, gene-corrected autologous

hematopoietic stem cells have been used as an alternative

to HLA mis-matched HSCT, to treat certain bone

marrow diseases and more recently WAS (Table 1)

[16–26,27��]. Gammaretroviral vectors derived from

Moloney leukaemia virus (MLV) and expressing a thera-

peutic transgene from the retroviral 50 long-terminal

repeat (LTR) were the first effective gene transfer

vectors developed for these clinical applications. Such

vectors were successfully used to treat patients with

X-linked SCID, adenosine deaminase deficiency (ADA-

SCID), chronic granulomatous disease (CGD) and also

more recently WAS (see Table 1). Gene therapy has been

highly successful for restoration of T-cell homeostasis and

T-cell function in SCID patients, follow-up in some

patients now being more than 10 years [16–19].

Gene therapy for WAS has been attempted more recently

and presents additional challenges, notably the need

to correct multiple lineages of cells including platelets.

A first phase I/II study [27��] conducted in Hannover

included 10 patients treated with a WASp-expressing

LTR-driven gammaretroviral vector following myelosup-

pressive conditioning. The 2.5 years’ follow-up results for

the two first patients treated with this approach were

recently reported, demonstrating stable engraftment of

gene-corrected cells in multiple lineages of cells but with

a clear advantage for corrected lymphoid cells. Biological

parameters were partially restored. Platelet cell numbers

increased, leukocyte function was restored as shown

by TCR-induced proliferative capacity in T cells, NK

cell cytolytic function and dendritic cell cytoskeletal

dynamics. In addition, eczema was ameliorated in one

patient. Immunoglobulin levels were not fully normal-

ized but both patients were successfully vaccinated

against tetanus, diphtheria and hemophilus influenza.

This pioneering trial demonstrates the feasibility of
opyright © Lippincott Williams & Wilkins. Unauth
hematopoietic gene transfer in WAS patients, and also

confirms that the success of gene therapy in this condition

is facilitated by a selective advantage of gene-corrected

lymphocytes (as observed in SCID patients previously

treated by similar methodologies).

Drawbacks of long-terminal repeat-driven

gammaretroviral vectors

In spite of the initial success of the Hannover trial, vector-

induced T-cell leukemia has subsequently occurred

in one of the cohorts (see press release from Hannover

Medical School, http://www.asgct.org/UserFiles/file/

Genetherapy_WAS_final_english.pdf). Vector insertion

was found near the T-cell oncogene LMO2, which is

reminiscent of other cases of vector-induced T-cell

leukemias that have been reported in SCID-X1 patients

[20,21]. The process of vector-induced insertional

mutagenesis is still incompletely understood, but several

factors seem to contribute to provide the first hit that

ultimately leads to cell transformation [28]. The presence

of strong viral enhancers in the vector and the insertional

preferences of the vector are thought to contribute by

influencing the expression of genes in the host genome.

Cellular factors and replicative stress may also be

involved [29]. As well as their propensity to dysregulate

host gene expression, LTR-driven gammaretroviral

vectors are susceptible to epigenetic silencing leading

to loss of therapeutic efficacy, as observed in patients with

chronic granulomatous disease treated by gene therapy

[26]. From the pharmaceutical viewpoint, gammaretro-

viral vectors are relatively poorly characterized starting

materials. Vectors are produced in unpurified cell

culture supernatants harvested from packaging cell lines.

Multiple rounds of infection of hematopoietic cells in the

presence of cell division-inducing cytokines are needed

to achieve high levels of gene transfer with MLV

vectors, and are associated with a loss of long-term

engrafting multipotent HSCs. These issues have

prompted several technological advances in the field of
orized reproduction of this article is prohibited.
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gene therapy. High-performance techniques have been

developed to rapidly identify genomic insertion sites of

the vector and to detect clonal dominance in patients

[30]. Novel preclinical assays have been developed

to model the risk of insertional mutagenesis [31].

Finally and most significantly, vector design and pro-

duction standards have been improved as reviewed

recently [32].

Safer and more efficient vector technology for

Wiskott–Aldrich syndrome gene therapy

Taking advantage of newer technology in gene transfer

vectors, we and others have developed a recombinant

HIV-1-derived (rHIV) lentiviral vector for the gene

therapy for WAS [33]. Vectors derived from HIV-1

present several advantages in terms of efficiency and

lack of dependence on cell division for transduction.

As a consequence, cell culture periods can be minimized,

and HSC activity can be more easily preserved during

the transduction process. Potential interference between

the integrated vector and neighboring gene expression

can be substantially reduced by the use of a self-

inactivated (SIN) design in which viral enhancers and

promoters in the retroviral LTR are deleted [34]. In SIN

vectors, the gene of interest is expressed from an internal

promoter which can be chosen to be a physiological

promoter allowing endogenous gene regulation and

minimizing the risk of insertional mutagenesis [35].

The genomic integration profile of HIV-derived vectors

is also possibly more favorable than that of MLV in

terms of likelihood of activating proto-oncogenes [36].

For WAS, we employed a 1.6 kb native WAS gene prox-

imal promoter sequence to express the WAS full cDNA

in hematopoietic-restricted manner (as is naturally

the case for the WAS gene). A modified woodchuck post-

transcriptional regulatory element (WPRE) sequence

was incorporated in the vector to enhance expression

of the WAS transgene [37]. The vector was pseudotyped

with vesicular stomatitis virus G glycoprotein (VSVg)

which has several advantages, in particular a broad

tropism and adequate stability from a manufacturing

stand-point. Since high concentrations of rHIV-1 vector

particles are usually required for efficient gene transfer in

primary cells the stability of VSVg-pseudotyped rHIV

vectors enables their purification through removal of

about 3 log10 values of protein and DNA contaminants
opyright © Lippincott Williams & Wilkins. Unautho

Table 2 Current ongoing phase I/II gene therapy studies in Wiskot

Centers
No. of patients
to be included Vector

UK (London) 5
Lentiviral vector 1.6 kb

WAS promoter VSVg
pseudotype

France (Paris) 5
US (Boston) 5
Italy (Milan) 6

VSVg, virus G glycoprotein; WAS, Wiskott–Aldrich syndrome.
from the culture medium harvested from producer

cells [38�]. The purification of HIV-1-derived VSVg-

pseudotyped WAS vectors was successfully implemented

for manufacture according to good manufacturing process

(GMP) standards.

Preclinical data supporting the use of lentiviral vectors

for treatment of Wiskott–Aldrich syndrome

The WAS rHIV vector described above was found to

be efficacious and safe in preclinical studies. Human

CD34þ cells were transduced efficiently without toxicity

and using clinically applicable protocols. In mice, ex-vivo

HSC gene therapy resulted in significant levels of

engraftment of WASp-expressing T cells, B cells, plate-

lets, and myeloid cells [39,40�]. T cells harboring one

or two vector copies displayed partial to full correction of

T-cell receptor-driven IL-2 production and proliferation.

Polymerization of F-actin and localization of WASp at

the site of the immunological synapse was restored.

Defects of dendritic cell architecture were corrected

and numbers of splenic B cells were partially restored

[37]. Interestingly, a large proportion of WASp-deficient

mice develop diarrhea as a result of an inflammatory

colitis. In animals successfully engrafted with gene

corrected cells, the incidence and severity of colitis were

markedly reduced or eliminated [37]. The treatment was

well tolerated in mice, and engraftment of transduced

long-term repopulating HSC was documented with

no adverse pathology detected by systematic blood

analysis and autopsy after long observation periods

[40�]. The vector genomic insertion profile conformed

to that expected from rHIV-derived vectors [41], and

there was no evidence for toxicity arising from insertional

mutagenesis or unexpected effects of transgene expres-

sion in vivo [40�] or in vitro [42�].

Current gene therapy trials for Wiskott–Aldrich

syndrome

Encouraging results in preclinical studies, together with

the development of processes to manufacture lentiviral

vectors under defined GMP conditions, have supported

the initiation of several phase I/II gene therapy trials with

the WAS rHIV vector (Table 2). Currently, three trials

are open in London, Paris and Boston to treat WAS

patients with a similar protocol involving the same source

of vector. A fourth similar study is ongoing in Milan to
rized reproduction of this article is prohibited.

t–Aldrich syndrome

Vector
manufacture Sponsor of study

Date of
start trial

Genethon Genethon 2009
Genethon Genethon 2010
Genethon DA Williams (supported NHLBI) 2011
MolMed Fondazione Telethon 2010
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test the same vector configuration but from a different

manufacturing source. This multicenter approach is

designed to facilitate the accrual of data with the same

product in a rare disease indication such as WAS.

These trials include patients with severe WAS and lack-

ing alternative treatment options. Autologous CD34þ
hematopoietic cells are collected from bone marrow or

peripheral blood following mobilization. During ex-vivo

transduction of these cells, patients undergo a cyto-

reductive and immunosuppressive conditioning based

on fludarabine and busulfan administered over 3 days.

The transduced cells are immediately reinfused and

patients are monitored at regular intervals for at least

2 years. These phase I/II studies are designed to demon-

strate safety, restoration of multilineage immunological

function, and correction of microthrombocytopenia.

A fully successful treatment of WAS by gene therapy

is also expected to improve the overall health of the

patient in terms of augmented immunity, reduction

in frequency of infections, resolution of autoimmunity,

improvement in eczema, and reduction in bruising

and bleeding episodes. The level of conditioning

required for effective engraftment of transduced HSC,

and the level of chimerism (corrected versus non-

corrected cells) resulting in clinical recovery will require

long-term follow-up but at least for lymphocytes will

benefit from selective advantage imparted to mature cells

in particular.
Conclusion
The WAS is a well characterized PID which is amenable

to cure by allogeneic HSCT if suitable HLA-compatible

donors are available. However, outcome for patients

without good donors remains suboptimal, and has

driven the development of alternative therapies based

on gene transfer. The first clinical trial in WAS using a

gammaretroviral vector has shown that in spite of the

severity and complexity of this disease, restoration of

cellular function and immunological mechanisms is

feasible. However, this and similar studies in other

hematological disorders have highlighted limitations in

technology and the need to develop enhanced methods.

Multicenter international gene therapy trials for WAS

are ongoing using a physiologically regulated lentiviral

vector following extensive preclinical development.

The aims of these studies are to implement high

standards in vector safety and product quality ultimately

leading to registration of a novel treatment for classical

WAS patients. If safety is verified, a similar strategy may

be equally applicable to milder forms of the disease.

Results obtained in WAS are therefore expected to move

forward the field of gene therapy beyond proof-of-

concept studies and towards the realization of gene

therapy as a recognized treatment for a broad spectrum

of genetic diseases.
opyright © Lippincott Williams & Wilkins. Unauth
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