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Abstract: The Wiskott–Aldrich syndrome (WAS) is an X-linked disorder caused by 
mutations in the WAS gene resulting in congenital thrombocytopenia, eczema, recurrent 
infections and an increased incidence of autoimmune diseases and malignancies. 
Without curative therapies, affected patients have diminished life expectancy and 
reduced quality of life. Since WAS protein (WASP) is constitutively expressed only 
in hematopoietic stem cell-derived lineages, hematopoietic stem cell transplantation 
(HSCT) and gene therapy (GT) are well suited to correct the hematologic and immu
nologic defects. Advances in high-resolution HLA typing, new techniques to prevent 
GvHD allowing the use of haploidentical donors, and the introduction of reduced 
intensity conditioning regimens with myeloablative features have increased overall 
survival (OS) to over 90%. The development of GT for WAS has provided basic 
knowledge into vector selection and random integration of various viral vectors into 
the genome, with the possibility of inducing leukemogenesis. After trials and errors, 
inactivating lentiviral vectors carrying the WAS gene were successfully evaluated in 
clinical trials, demonstrating cure of the disease except for insufficient resolution of the 
platelet defect. Thus, 50 years of clinical evaluation, genetic exploration and extensive 
clinical trials, a lethal syndrome has turned into a curable disorder. 
Keywords: Wiskott–Aldrich syndrome, WAS, X-linked thrombocytopenia, XLT, X-linked 
neutropenia, XLN, hematopoietic stem cell transplantation, HSCT, reduced intensity 
conditioning, gene therapy, GT, lentiviral vectors

Introduction
In 1937, Wiskott reported 3 brothers who died in early infancy with a history 
of early onset thrombocytopenia, frequent infections and severe eczema.1 

Wiskott, examining blood smears of his patients, noticed that the platelets 
were tiny, in contrast to the large platelets characteristic for “Morbus 
Werlhofii”, the term used at that time for idiopathic thrombocytopenia (ITP). 
Seventeen years later, Aldrich observed a family with multiple generations 
where boys died during infancy of similar complications, demonstrating 
X-linked inheritance.2 Subsequently, the Wiskott–Aldrich Syndrome (WAS) 
was expanded to include adaptive and innate immune deficiency, autoimmunity 
and lymphoid malignancies.3–9 The identification of the molecular defect, 
mutations in the WAS gene,10 has broadened the clinical spectrum of the 
syndrome.11–15
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Pathogenesis
The incidence of WAS has been estimated to be 
1:100,000 live birth.16 With awareness of the different 
clinical phenotypes and the availability of reliable diag
nostic tools, the incidence of pathologic entities caused 
by mutations in the WAS gene may be higher. The WAS 
protein (WASP) is constitutively expressed in all hema
topoietic stem cell-derived lineages and is located pre
dominantly in the cytoplasm with the highest protein 
expression toward the cell membrane. WASP is 
a member of a distinct family of proteins that link signal
ing pathways to actin cytoskeleton reorganization by 
inducing actin polymerization mediated by actin-related 
protein (Arp) 2/3. WASP is organized into several func
tional domains.17 The pleckstrin homology domain, 
located at the N-terminal region of WASP, interacts 
with lipids and may play a role in the localization of 
WASP in the immunologic synapse, the site of the inter
action between various leukocyte subpopulations. 
A functional synapse facilitates the physical contact 
between antigen presenting cells, T and B cells required 
for a strong and lasting adaptive immune response, 
including class switch recombination, somatic hypermu
tation and cytokine production.3–6,18,19 While circulating 
NK cells are normal in number, the cytotoxicity of WAS- 
deficient NK cells is impaired as a result of defective 
synapse formation.20 For similar reasons, WASP- 
deficient patients as well as was-/- mice have regulatory 
T cells (Tregs) that fail to suppress effector cells in vitro 
and are incapable of controlling autoimmunity when stu
died in mouse models.21 While not required for the 

generation of Tregs in the thymus, WASP plays 
a crucial role in the homeostasis and function of these 
cells.22 The increased incidence of autoimmunity in WAS 
has been associated with deficient Treg cell function,21,22 

B cell-intrinsic loss of tolerance by positive selection of 
self-reactive B cells23 and the production of a broad 
spectrum of autoantibodies.24 WASP-deficient neutro
phils and monocytes exhibit impaired phagocytosis and 
chemotaxis,4,8,17,25,26 and monocytes, macrophages and 
dendritic cells from WAS patients lack the formation of 
podosomes and exhibit abnormal polarization and aber
rant lamellipodia formation.9 Thrombocytopenia has 
been explained by ineffective thrombocytopoiesis,4 and 
reduced survival due to intrinsic platelet abnormalities or 
immune-mediated consumption.27,28

Clinical Spectrum of Mutations in 
the WAS Gene
As originally described by Wiskott, the syndrome is char
acterized by the triad of frequent infections caused by 
immunodeficiency, eczema and hemorrhagic diathesis 
due to micro-thrombocytopenia.1 This “classic” WAS phe
notype was subsequently expanded to include autoimmu
nity initiated by immune dysregulation, and an increased 
incidence of hematologic malignancies. The generation of 
a large data base of patients with WAS mutations revealed 
variable clinical phenotypes and allowed a reasonably 
accurate genotype/phenotype correlation.29–31 The intro
duction of a scoring system based on disease severity 
and clinical phenotype (Table 1) has facilitated the cate
gorization of patients, prognostic predictions and 

Table 1 Scoring System to Define Clinical Phenotypes Associated with Mutations in the WAS Gene

Clinical Phenotype XLN iXLT XLT. Classic WAS

Score 0 <1 1 2 3 4 5

Clinical/laboratory findings
Thrombocytopenia – –/+ + + + + +
Small platelets – + + + + + +

Eczema – – – (+) + ++ –/(+)/+/++

Immunodeficiency –/(+) – –/(+) (+) + + (+)/+
Infections –/(+) – – (+) + +/++ –/(+)/+/++

Autoimmunity and/or malignancy – – – – – – +

Congenital neutropenia + – – – – – –
Myelodysplasia –/+ – – – – – –

Notes: Scoring system: –/(+), absent or mild; –/+, intermittent thrombocytopenia, possible myelodysplasia; (+), mild, transient eczema or mild, infrequent infections not 
resulting in sequelae; +, thrombocytopenia, persistent but therapy-responsive eczema, and recurrent infections requiring antibiotics and often intravenous immunoglobulin 
prophylaxis; ++, eczema that is difficult to control and severe, life-threatening infections. Reproduced with permission from Albert MH, Notarangelo LD, Ochs HD. Clinical 
spectrum, pathophysiology and treatment of the Wiskott–Aldrich syndrome. Curr Opin Hematol. 2011;18(1):42–48.30 Copyright © 2011, Wolters Kluwer Health. 
Abbreviations: WAS, Wiskott–Aldrich syndrome; XLN, X-linked neutropenia; XLT, X-linked thrombocytopenia; iXLT, intermittent XLT.
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individualized therapeutic decisions.30 A score of 1 or 2 
defines patients with XLT, while a score of 3 and 4 is 
reserved for those with a classic WAS phenotype; a score 
of 5 identifies patients who have developed autoimmunity 
and/or malignancies. Patients with intermittent XLT are 
given a score of <1 and those with XLN a score of “0”. 
The WAS score merely reflects severity of the clinical 
phenotype, without considering the type of mutation.30 

Of note, the most consistent genotype/phenotype correla
tion was obtained when the patients were divided into two 
categories: WASP positive if peripheral blood mononuc
lear cells (PBMC) express the mutated protein at normal 
size, and WASP negative if the protein is absent or 
truncated.29–31 The clinical phenotype may evolve over 
time and is often incomplete in children younger than 2 
years of age. For this reason, scoring disease severity at 
a very young age is of little value.30

WAS patients with the severe phenotype and a score of 
3 or 4 present typically in early childhood with bloody 
diarrhea, petechiae, severe eczema and recurrent, often 
life-threatening bacterial, viral and fungal infections. 
They suffer from combined immune deficiency with 
abnormal antibody responses, declining T cell numbers 
and reduced lymphocyte proliferation to anti-CD3 and to 
specific antigens. IgA and IgE are elevated, while IgG and 
IgM are generally within normal range.17 Unless full 
hematologic and immunologic reconstitution by hemato
poietic stem cell transplantation (HSCT) or gene therapy 
(GT) is achieved, quality of life is severely impacted and 
life expectancy reduced.3,6

The discovery of the WAS gene confirmed that “famil
ial sex-linked thrombocytopenia”32 was in fact a mild 
variant of WAS11,12 with normal life expectancy, but 
severely reduced event-free survival probability due to 
life-threatening infections, cerebral hemorrhage, autoim
munity or cancer.14 Recognizing these risks in therapeutic 
decision-making is important, especially in view of the 
frequent misdiagnosis of XLT patients as ITP. The high 
success rate of HSCT in WAS patients makes this option 
more attractive for this group of patients.33,34

While loss of function mutations in the WAS gene 
cause WAS/XLT, unique gain of function (GOF) mutations 
in the GTPase-binding domain interfere with the autoinhi
bitory confirmation of the WAS protein, leading to 
increased and continuous actin polymerization resulting 
in congenital XLN. These patients have profound neutro
penia, at times associated with lymphopenia, reduced 
in vitro lymphoproliferation in response to anti-CD3 and 

are at risk for myelodysplastic changes in the bone 
marrow.15,35 The neutropenia of XLN patients respond to 
G-CSF, but two patients were reported to have developed 
a myelodysplastic syndrome and acute myelogenous leu
kemia, respectively, both with somatic mutations in the 
G-CSF receptor gene and monosomy 7 in the leukemic 
cells.36

The diagnosis of WAS/XLT should be considered in 
any male patient presenting with petechiae, bruises and 
congenital or early-onset micro-thrombocytopenia. To 
confirm the diagnosis, a deleterious mutation in the 
WAS gene is required, often associated with absent or 
reduced WASP expression in PBMCs. Presence of mild 
or severe eczema, bloody diarrhea and a history of 
recurrent infections supports the diagnosis. The diagno
sis of XLN has to be considered in any male patient 
presenting with severe congenital neutropenia, and is 
confirmed by sequencing the WAS gene with focus on 
the GTPase-binding site.15,35 WASP-interacting protein 
(WIP) stabilizes WASP. WIP deficiency, an autosomal 
recessive disorder, should be suspected in patients with 
features of WAS but normal sequence of the WAS gene 
and normal levels of mRNA but absent WAS protein. 
The diagnosis of WIP deficiency is confirmed by sequen
cing the WIPF1 gene; the treatment of choice is 
HSCT.37,38

Treatment of WAS/XLT is initiated with conventional 
measures including prophylactic antibiotics and antivirals 
for recurrent infections, and IgG replacement (IV or subcu
taneous) for patients with demonstrated antibody deficiency. 
Platelet transfusions are used only to treat major bleeding 
episodes, such as acute CNS hemorrhage, gastrointestinal 
bleeding, or during major surgery. Eltrombopag, an oral 
thrombopoietin receptor agonist,39 or romiplostim given 
subcutaneously,40 have been used in WAS patients while 
waiting for HSCT but is less effective in raising platelet 
counts in WAS/XLT than in ITP. Immunosuppressive ther
apy, such as rituximab or other immunosuppressive therapies 
for autoimmune complications, may be required. Elective 
splenectomy has been advocated in selected patients with 
WAS or XLT to reverse the thrombocytopenia and prevent 
the bleeding tendency by increasing the number of circulat
ing platelets.41 However, splenectomy markedly increases 
the risk of septicemia14,41 and is not recommended as routine 
procedure, especially not for those patients who are consid
ered for future HSCT or gene therapy. Those who undergo 
splenectomy require lifelong antibiotic prophylaxis.
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Hematopoietic Stem Cell 
Transplantation
Allogeneic hematopoietic stem cell transplantation 
(HSCT) is the primary curative approach in WAS patients 
providing long-term correction of the underlying immuno
deficiency and thrombocytopenia. The first sibling donor 
bone marrow (BM) HSCT for WAS was performed in 
1968. Initially, following minimal conditioning, the patient 
established donor-derived T-cell immunity while severe 
thrombocytopenia persisted.42 A second HSCT following 
myeloablative conditioning (MAC) regimen, from the 
same donor, was performed resulting in successful mye
loid engraftment and normal platelet counts.42 Early 
experiences indicated reconstitution of lymphoid cells but 
not always platelet reconstitution, demonstrating the need 
for both immuno-ablation and myeloablation when trans
planting WAS patients.42–45

Since these early attempts, HSCT outcomes have 
improved greatly (Table 2). Transplantation with HLA- 
identical sibling BM grafts has resulted in event-free sur
vival (EFS) reaching 88% as early as 200146 and overall 
survival (OS) of 90–95% in subsequent years.33,47,48 

Results of unrelated and alternative donor HSCT for treat
ment of WAS have also improved over time.49,50 

Advances in high-resolution HLA allele typing and 
increasing availability of international donors and cord 
blood registries have facilitated optimal selection of unre
lated donors for WAS patients. Several studies found 
comparable survival rates among recipients of HLA- 
matched sibling and HLA-matched unrelated donors. 
Earlier reports of long-term OS for recipients of unrelated 
bone marrow grafts ranged between 70%-78%,46,51,52 

improving more recently to upwards of 90%.33,49 

A collaborative study by Moratto et al, analyzing the out
comes of 194 WAS patients transplanted between 1980 
and 2009, found improved transplant survival for all donor 
types, including matched unrelated donor grafts in those 
transplanted after 2000.47

Age at time of HSCT has been reported to consistently 
impact survival of WAS patients, likely related to the 
degree of comorbidities and higher WAS scores with 
increasing age. A 2001 study facilitated by the 
International Bone Marrow Transplant Registry (IBMTR) 
revealed that age greater than 5 years at time of transplant 
was associated with a strikingly increased risk of 
mortality46 and subsequent studies have endorsed this 
observation.47,48 In the cohort reported by Moratto et al, 

the 5-year OS was 91.9% for patients who received 
a matched unrelated donor transplant at younger than 2 
years of age compared to 73.3% for those older than 5 
years.47 Most recently, the Primary Immune Deficiency 
Treatment Consortium (PIDTC) reported the outcomes of 
129 WAS patients (93 were <2 years old) who underwent 
HSCT between 2005 and 2015 in North America, and 
again confirmed that age was the only factor that had 
a significant impact on OS.33 Specifically, WAS patients 
< 5 years of age at time of HSCT had an OS of 94% 
compared to those ≥ 5 years of age who had a OS of 
66%.33 Indications for early HSCT reflect a trend towards 
earlier and faster diagnosis of WAS, in addition to broader 
donor availability. While these factors support the strategy 
of early transplantation before the onset of disease-related 
complications, the potential late effects of intense condi
tioning at a young age remains to be determined.

While earlier studies demonstrated poor outcomes for 
WAS patients receiving alternative donor umbilical cord 
blood (UCB) and mismatched related/haploidentical 
HSCT,47,48 outcomes with the use of alternative donors 
have improved greatly over the past decades by overcom
ing barriers of graft rejection and graft-vs-host disease 
(GvHD). Shekhovtsova et al reported the use of UCB 
HSCT for 90 WAS patients following myeloablative con
ditioning between 1996 and 2013 and demonstrated an OS 
of 75% for the entire cohort, with an event-free survival 
(EFS) of 70% and graft failure rate of 11%.53 Multivariate 
analysis found age > 2 years was a risk factor for a worse 
outcome following UCB HSCT, and a trend towards 
improved overall survival in patients transplanted after 
2007.53 Burroughs et al reported a cohort of 39 WAS 
patients receiving UCB HSCT between 2005 and 2015 
with a 5-year OS of 90%.33 Overall, there was no signifi
cant difference in OS based on donor type comparing 
HLA-matched sibling, unrelated donor, or UCB grafts. 
This improvement over the past decade may be related to 
better UCB selection based on the degree of HLA-match, 
cell dose and improved supportive care during HSCT.

Historically, the selection of mismatched family donors 
required the use of ex-vivo T-cell depletion to overcome 
the risk of GvHD, which has been associated with inferior 
survival. The main challenge in using an HLA- 
mismatched related donors (MMRD)/haploidentical graft 
has been related to poor engraftment and incomplete 
immune reconstitution with high infectious complications. 
Earlier experiences with T-cell depleted MMRD HSCT for 
WAS patients resulted in OS between 37% and 
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55%.46,48,54 As has been the case with other graft sources, 
OS improved to 91.7% for recipients of MMRD-HSCT 
after 2000, compared to OS of 52.2% for those WAS 
patients transplanted between 1980 and 1999.47

Most recently, the introduction of post-transplant 
cyclophosphamide (PT-Cy)55,56 or the use of TCRαβ/ 
CD19-depletion57–62 have yielded favorable results in 
alternative donor transplantation for WAS and other 
PIDs. Both methods reduce the incidence of acute and 
chronic GvHD and improve immune reconstitution. 
Laberko et al reported 98 PID patients (including 36 
WAS patients) who underwent TCRαβ/CD19-depleted 
unrelated donors or MMRD HSCT59 and demonstrated 
an OS of 86% and 87%, respectively, with secondary 
graft failure occurring in 17% of patients. Late graft dys
function noted in some WAS patients, was possibly related 
to the degree of donor chimerism, though the donor chi
merism results were not presented in detail. 
A significantly lower OS of 52% was observed in patients 
who had poorly controlled infectious or autoimmune dis
eases at the time of HSCT. Encouragingly, the rates of 
grade II–IV acute GvHD and mild limited chronic GvHD 
were low at 17% and 9%, respectively, in the unrelated 
donor cohort, and 22% and 13%, respectively, in the 
MMRD group. Rate of CMV viremia was high with 
17% of patients developing invasive disease. A similar 
rate of graft rejection was noted by Balashov et al in 
a cohort of 37 PID patients undergoing TCRαβ/CD19- 
depleted HSCT.60 To improve donor engraftment, they 
evaluated the addition of G-CSF and plerixafor to the 
conditioning regimen of 16 WAS patients undergoing 
TCRαβ/CD19-depleted HSCT.62 The OS reached 93.8% 
and no graft rejection was observed, with all participating 
patients achieving full donor chimerism in whole blood 
and in the CD3+ compartment.63

While the results are encouraging, TCRαβ/CD19- 
depletion is costly and resource restrictive. As such, the 
PT-Cy approach for GvHD prophylaxis with alternative 
donors is a viable option. Fernandes et al published the 
outcomes of haploidentical BM HSCT using PT-Cy in 73 
patients with primary immunodeficiencies (PID), includ
ing 14 WAS patients, performed between 2012 and 
2019.56 The 2-year OS for the WAS patients was 86%, 
while graft failure was experienced in 2 patients who 
received a reduced-intensity conditioning regimen. Using 
a MAC regimen reduced the incidence of graft failure and 
mixed chimerism. The incidence of grade II–IV aGVHD 
was slightly higher than the rates reported from studies 

with in vitro T cell-depletion techniques and TCRab/CD19 
depletion, though comparable to those reported with other 
alternative sources, such as cord blood and MUDs. Yue 
et al reported good outcomes of 5 WAS patients receiving 
a busulfan-based MAC regimen with PT-Cy for GvHD 
prophylaxis following combined BM and peripheral blood 
(PB) stem cell haploidentical donor HSCT. All 5 patients 
engrafted, and are alive at last follow-up, with full donor 
chimerism and no post-HSCT autoimmune cytopenias.55

While the published number of patients is limited, 
there does not appear to be an increase incidence of post- 
transplant autoimmunity or immune dysregulation with 
PT-Cy, though larger studies are needed. Full intensity 
myeloablative conditioning is needed to overcome graft 
rejection with these methods, and further assessment of the 
degree and duration of lineage-specific donor chimerism 
achieved is being evaluated.

Despite an increase in the National Marrow Donor 
Program’s Registry size in recent years, racial disparities 
in access to matched unrelated donors have not improved, 
especially for African Americans.64 Thus, emphasizing the 
ongoing need to advance use of alternative graft sources 
such as cord blood transplant and haploidentical transplant 
in order to provide donor options in the ethnic groups not 
well represented in the donor databases is imperative. The 
results of alternative donor HSCT using UCB donors and 
TCRαβ/CD19-depletion or PT-Cy for mismatched/haploi
dentical donors is very promising, and provides new 
opportunities for successful curative therapy in WAS/ 
XLT patients of minority ethnicities. Additionally, 
advances in gene therapy for WAS patients will increase 
treatment options for patients of minority ethnicity without 
suitable donors, though the limitations of high cost and 
restrictive resources will need to be addressed to make it 
widely accessible to all patients.

Regardless of the graft source, both myelo- and 
immuno-ablation are required to overcome graft rejection, 
establish myeloid and lymphoid engraftment and to correct 
the clinical manifestations of WAS. Myeloablative condi
tioning regimens have achieved excellent results in young 
WAS patients though short- and long-term toxicities 
remain a concern. While reduced intensity conditioning 
(RIC) regimens can significantly reduce early transplanta
tion-related morbidity and mortality, especially in older 
patients, there is a greater risk for mixed chimerism, 
transplant associated complications and delayed graft 
failure.65,66 A more recent report found no difference in 
OS between patients receiving a MAC or RIC regimen, 
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although significantly different donor T-cell, B-cell and 
myeloid engraftment was observed in patients receiving 
MAC vs RIC regimens.33 Stability or reversal of WAS 
symptoms post HSCT depends on the degree and long- 
term stability of donor cell engraftment in the hematopoie
tic lineage of interest. The degree of donor chimerism 
necessary for WAS symptom correction has been 
established.47,48 Lower levels of donor chimerism were 
observed more often in myeloid than in lymphoid lineages. 
Persistent thrombocytopenia after HSCT was strongly 
associated with mixed myeloid chimerism, suggesting 
that robust and stable engraftment of donor-derived mye
loid cells is required to correct the defect.33,47 Burroughs 
et al noted that platelet count recovery post-HSCT was 
related to the degree of donor myeloid chimerism. At 
1 year post-HSCT, patients with <50% donor myeloid 
engraftment were found to have a significantly lower 
median platelet count (40,000/mm3) compared to patients 
who attained ≥50% donor myeloid engraftment and 
achieved normal platelet counts,33 highlighting the need 
for ≥50% donor myeloid engraftment for correction of the 
thrombocytopenia. T and B-cell donor chimerism has also 
been shown to correlate with the intensity of the condi
tioning regimen.33

An association between mixed chimerism and post- 
transplant autoimmunity was reported in some WAS 
patients by several investigators. Specifically, in 
a multicenter European study of 96 patients who survived 
at least 2 years after HSCT, as many as 20% of the long- 
term survivors developed autoimmunity independent of 
chronic GvHD. The risk of autoimmunity was significantly 
higher for patients who developed mixed chimerism after 
receiving matched unrelated or MMRD HSCT.48 

Cytopenias and endocrinopathies were predominant de- 
novo autoimmune disease following transplantation with 
time of onset and resolution being year and a half and four 
years respectively. Similarly, Moratto et al reported that 
autoimmune manifestations, predominantly cytopenias and 
endocrinopathies, occurred in 13.9% of patients following 
transplantation.47 These patients were noted to have 
a lower degree of chimerism in the T, B, and myeloid 
lineages compared with patients who did not develop 
autoimmunity, suggesting that mixed chimerism is a risk 
factor for developing autoimmune disease post-HSCT. 
However, subsequent studies did not confirm such an 
association.33,49,67 A retrospective analysis by the PIDTC 
evaluated if mixed donor chimerism (<95%) at day 100 or 
at 6 months following HSCT correlated with an increased 

risk for the development of de novo autoimmunity.33 

Overall, 14% of patients developed 1 or more de novo 
autoimmune disease within the first year post-HSCT. 
However, unlike the results published earlier47,48 the ana
lysis did not find a persistent association between mixed 
T-cell or B-cell donor chimerism and the development of 
de novo autoimmunity in long-term survivors. There was, 
however, an increased incidence of de novo autoimmunity 
in those with mixed myeloid donor chimerism at 6 months 
post-HSCT.33 Autoimmune cytopenia (AIHA being most 
prevalent) was the predominant de-novo autoimmunity 
with complete resolution occurring in most of the patients. 
Importantly, the presence of autoimmune disease prior to 
HSCT did not increase the risk of developing de novo 
autoimmune disorders after HSCT, nor did the WAS 
score and age at HSCT.33 Interestingly, none of the 
patients receiving a matched sibling donor HSCT devel
oped de novo autoimmune disease post-HSCT, whereas 
23% of patients receiving matched unrelated grafts and 
9% receiving UCB grafts did.33 A smaller cohort of WAS 
patients followed prospectively at a single transplant cen
ter did not reveal an association between autoimmune 
cytopenia and mixed chimerism.67

Gene Therapy
HSCT outcomes have significantly improved over the last five 
decades since the first WAS patient was transplanted in 1968. 
Nevertheless, HSCT remains associated with significant 
short- and long-term problems, especially when a matched 
donor is not available. The need for intense conditioning to 
achieve successful myeloid and lymphoid engraftment, the 
risk of acute and chronic GvHD and the long-term sequelae 
associated with myeloablative conditioning have led to devel
opment of alternative treatment approaches.

Over the last 25 years, the field of gene therapy (GT) has 
progressed from basic research to standard of care in 
patients with certain monogenic PID’s.68,69 WAS is an 
ideal candidate for gene therapy due to selective expression 
of WASP in cells of the hematopoietic lineage, which are 
expected to have proliferative advantage over the host 
WASP negative cells.70–72 The initial GT trial for WAS 
patients was started in 2006 and utilized a gibbon ape 
leukemia virus (GALV)- γ-retroviral vector.73 The first 2 
patients, both 3 years of age, received autologous WASP- 
expressing retroviral vector transduced PB stem cells fol
lowing Busulfan (8mg/kg) conditioning. Both patients 
showed evidence of successful correction of the myeloid 
and lymphoid defects, demonstrating a selective advantage 
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of the vector transduced stem cells.73 Following these pro
mising initial results, 8 additional patients were enrolled by 
2009. In all 10 patients, autologous stem cells were isolated 
from peripheral blood mobilized with G-CSF (n=2) or 
G-CSF and Plerixafor (n=8). Participants were 2 to 14 
years of age (2 patients were older than 5) and each received 
a robust stem cell product. Nine of ten patients demonstrated 
sustained engraftment with correction of WASP expression 
in myeloid and lymphoid lineages. GT resulted in partial or 
complete correction of infectious, autoimmune or bleeding 
manifestations of the disease. Eight patients had pre GT 
autoimmunity, with two patients having ongoing autoimmu
nity following treatment, however with milder manifesta
tions. The participant with the lowest stem cell dose showed 
only partial lymphoid correction without myeloid or stem 
cell WASP expression noted and without improvement in 
disease manifestations. Unfortunately, despite early clinical 
success, 7 patients developed acute leukemia 16 to 60 
months following therapy. Six patients developed T-ALL 
(2 of these patients subsequently developed AML during 
maintenance therapy for T-ALL) and 1 patient AML.74 

Analysis of the retroviral integration demonstrated 
a polyclonal pattern during the early phase, followed by 
development of dominant clones with integration at the 
LMO2, MDS1 and MN1 loci. Unlike the insertional leuke
mogenesis observed in the X-SCID trials,75–77 expansion of 
clones in the WAS patients treated with GT was more rapid. 
Five patients have subsequently been successfully treated 
with HSCT.74 High vector copy number as well as strong 
enhancer/promoter elements, although associated with bet
ter efficacy, may lead to increased genotoxicity and 
leukemogenesis.

Additional 31 WAS patients were reported to have 
undergone GT since 2013 utilizing lentiviral vector 
mediated gene transfer. Transition to lentiviral vector use 
(based on human immunodeficiency virus) was driven by 
the ability of lentiviruses to easily transverse the nuclear 
membrane and transduce non-mitotic hematopoietic stem 
cells, as opposed to γ-retroviral vectors which require cell 
division for integration.78 To improve vector safety, a self- 
inactivating design has been adopted to decrease or elim
inate activation of enhancer and promoter regions.79,80 

Into these novel lentiviral constructs, a codon optimized 
human WAS cDNA was placed under the control of 
a fragment of the endogenous promoter.

The first three lentiviral treated patients were reported 
by the Milan group in 2013,81,82 followed by a publication 
in 2019 of their interim results.81,82 The 8 patients treated 

with GT had WAS scores of 3–5 and age range 1.1 to 12.4 
years. Additionally, 9 patients were treated on an expanded 
access protocol (age 1.4–35.1 years) with a total of 14 
patients having more than 1 year of follow-up.83 Five 
patients were older than 5 years of age at the time of 
GT. Bone marrow was the source of stem cells in the 
first 6 patients, with transition to mobilized PB stem cells 
in the remaining patients. Reduced intensity conditioning 
consisted of Rituximab 375mg/m2 given on day −22, with 
Busulfan (AUC 45–60 mg*hr/L) and Fludarabine 60mg/ 
m2 given day −3 to day −1. Overall survival was 94% in 
17 treated patients. Lentiviral transduced colonies were 
noted in the bone marrow at 3 months and persisted up 
to 8 years. High levels of multilineage engraftment and 
sustained WASP expression was noted in lymphocytes and 
platelets. All evaluable patients from the 2 cohorts were 
able to discontinue IVIG supplementation at a median time 
of 0.9 years (range 0.2–5 years) following GT. Median 
platelet counts improved from baseline of 19,500 to 
39,800/mm3 (14,000–272,000/mm3) at 12 months follow
ing GT, with all patients attaining independence from 
platelet transfusions by 9 months following therapy. Pre 
GT autoimmunity resolved in all but 1 patient from the 
initial cohort who developed transient immune thrombo
cytopenia post GT. Reduction in severe infections, fre
quency and severity of bleeding episode as well as 
improvement or resolution of eczema were noted follow
ing GT. Stable polyclonal gene marking with high number 
of unique insertion sites were observed. No replication 
competent virus was noted in any subjects. Furthermore, 
significant clinical benefit was observed in patients over 5 
years of age, which historically has been the cohort with 
poorest HSCT survival.

Hacein-Bey-Albina et al described 7 patients who 
underwent lentiviral GT following more intense myeloa
blative conditioning with Busulfan 12mg/kg given over 3 
days, Fludarabine 120mg/m3 with Rituximab or 
Alemtuzumab serotherapy. All patients had a severe 
WAS phenotype (WAS scores of 3–5), lacked matched 
related or unrelated donors and ranged in age between 10 
months and 15.5 years (4 patients were over 5 years of 
age).84 There was equal distribution of BM and mobilized 
PB stem cells with a robust median transduced CD34+ 

dose. One patient died 7 months following GT of refrac
tory herpes infection. The remaining 6 patients demon
strated clinical improvement in eczema, bleeding severity 
and frequency, infections and autoimmunity. Only one 
patient continued to experience vasculitis following GT 
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which was mild compared to severe limb vasculitis leading 
to impaired ambulation pre GT. Minimal improvement in 
platelet counts occurred in patients who were not splenec
tomized (either before or following gene therapy) with no 
patient reaching platelet counts greater than 50,000/mm3.

Five additional WAS patients were treated in the 
Boston based U.S trial.83 As in the other 2 trials, patients 
had severe WAS with age range of 1.4 to 8 years. 
Myeloablative conditioning was used with busulfan of 
12–15mg/kg total (target AUC 70–80 mg*hr/L) and 
Fludarabine of 120mg/m2. Multilineage vector gene mark
ing was sustained over time, however WASP expression 
even though increased from the baseline remained below 
normal. Two patients demonstrated an increase in platelet 
counts over 50,000/mm3. The clinical benefits observed 
were similar to those reported in the other trials, except for 
2 patients whose autoimmunity failed to resolve with GT. 
The use of lentiviral vector was not associated with any 
events concerning safety, with highly polyclonal pattern of 
vector integration.

The first adult WAS patient treated with lentiviral GT 
was reported in 2017.85 He received the same conditioning 
described by Hacein-Bey-Albina et al GT led to resolution 
of autoimmunity and IVIG discontinuation. As this patient 
had prior splenectomy, GT-related platelet count recovery 
could not be evaluated.

Lentiviral GT trials utilizing the endogenous WAS 
promoter have demonstrated clinical efficacy, with 
improvement in infectious, autoimmune and bleeding 
complications in treated patients. Overall safety of the 
lentiviral vectors has been demonstrated, and so far, no 
adverse events associated with the use of transduced stem 
cells have occurred, with polyclonal pattern of vector 
integration and without evidence of replication compe
tent lentivirus. However, reconstitution of the platelet 
count to normal range has not been achieved in the 
majority of patients. Platelet reconstitution was further 
evaluated by Sereni et al analyzing platelet phenotype, 
activation state, and overall function in WAS patients 
following GT.86 Post GT, platelets were found as having 
normal volume, granule content with greater than 90% 
WASP expressing platelets noted in patients followed 
longer than 2 years. De-novo autoimmunity following 
GT occurred at the comparable rate as seen with HSCT, 
with 3 patients reported.81–83 However, mean fluores
cence intensity of WASP was low demonstrating subop
timal expression. Platelet activation and aggregation 
normalized following GT. However, while the 

dysregulated and activated state of platelets typical for 
WAS patients improved, it did not normalize, possibly 
contributing to the persistent thrombocytopenia fre
quently seen following gene therapy.

Conclusion
When originally recognized as a clinical entity, patients 
with classical WAS typically died during infancy/early 
childhood. Better understanding of the underlying hema
tologic and immunologic abnormalities has led to sympto
matic therapies, including corticosteroids, antimicrobials 
and immunoglobulin replacement that improved modestly 
the quality of life and extended life expectancy into the 
early twenties. Since the initial success of HSCT in 1968, 
significant progress has been made in confirming the diag
nosis earlier, establishing genotype phenotype correlation, 
and designing and improving curative therapies for WAS 
patients. As is the case in other PIDs, earlier intervention 
and disease correction has led to better outcomes and 
improved event-free survival. HSCT and GT have reached 
an OS above 90%, however some challenges remain. 
Potential late effects due to intense conditioning regimens, 
insufficient donor chimerism leading to only partial dis
ease correction, difficulties achieving normal platelet 
recovery and function, and the potential risk of insertional 
mutagenesis following GT still need to be evaluated in the 
decades to come.
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