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Abstract: Wiskott—Aldrich syndrome (WAS) is a rare X-linked recessive inborn error
of immunity (IEI) first described in 1937. Classic WAS is characterized by the triad of
thrombocytopenia with small platelets, recurrent infections due to combined immuno-
deficiency, and eczema. Hematopoietic stem cell transplantation (HSCT) was the only
curative option available for five decades, with excellent outcomes reported for
matched sibling donors (MSD) and matched unrelated donors (MUD). More recently,
alternative donor transplants such as umbilical cord blood (UCB) and haploidentical
transplant have emerged as viable options due to improvements in better graft selection,
cell dosing, and effective allograft manipulation measures. Gene therapy is another
potential curative option with promising results, yet currently is offered only as part of
a clinical trial.
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Wiskott—Aldrich syndrome is a rare X-linked recessive inborn error of immunity
first described in 1937. Classic WAS is characterized by the triad of thrombocyto-
penia with small platelets, recurrent infections due to combined immunodeficiency,
and eczema.'? Furthermore, there is also an increased incidence of autoimmune
conditions and lymphoid malignancies due to immune dysregulation. The WAS
gene, which has 12 exons, is found on the short arm of the X chromosome at
11.22-23 locus and encodes a 502-amino-acid protein known as WAS protein
(WASp). This cytosolic protein is expressed in myeloid, lymphoid, and hemato-
poietic stem cells (HSCs). WASp plays a key role in cytoskeletal remodeling and
actin polymerization, as well as being a crucial regulator of the immunologic
synapse between T and B cells.** In addition, T regulatory function, NK cell
cytotoxicity, monocyte chemotaxis, and dendritic cell shape have all been found
to be aberrant in WAS patients.” ' To date, more than 300 different WAS mutations
have been discovered, with nine mutational hot spots accounting for around one-
third of the overall number of mutations observed.®

The global prevalence of WAS is estimated to be 1-10 males per million. As an
X-linked disease, it usually affects males. Females are often obligate carriers;
however, they can be affected by skewed lyonization, Turner syndrome, or

a deleterious mutation on the paternal X chromosome.’

Received: 17 September 2021
Accepted: 24 November 2021
Published: 23 December 2021

Journal of Multidisciplinary Healthcare 2021:14 3497-3512 3497
© 2021 Hosahalli Vasanna et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at htps://www.dovepress.
Y _No

com/terms.php and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://c licenses/by-nc/3.0/). By
accessing the work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly
attributed. For permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).



mailto:jignesh.dalal@uhhospitals.org
http://www.dovepress.com/permissions.php
https://www.dovepress.com

Hosahalli Vasanna et al

Dove

Structure and Function of WAS

Protein

WASPp has three distinct functional domains: a pleckstrin
homology domain that binds phosphatidylinositol bispho-
sphate; a Cdc42-binding domain; and a 70-amino-acid
conserved verprolin-homology domain that forms the
actin-binding area and is important for actin cytoskeleton
control. WASp is a downstream effector of Cdc42, which
is a small GTPase that regulates actin polymerization and
cytoskeletal structure. The interaction of WASp with the
Arp 2/3 complex is required for Cdc42-dependent actin

assembly.” !

Clinical Features

Although classic WAS is usually diagnosed within the first
few months to a few years of life, diagnosis of milder
cases can be delayed much farther into adulthood."'? The
classical triad of microthrombocytopenia, recurrent infec-
tions and eczema is seen only in about a quarter of
patients.

Thrombocytopenia
Thrombocytopenia is one of the first clinical signs of
WAS. It is seen in nearly 80% of the patients at the time
of diagnosis and about half of them have severe thrombo-
cytopenia (platelet count <20,000/uL). The bleeding man-
ifestations  might from

range non-life-threatening

(petechiae, purpura, hematoma, epistaxis) to severe bleed-

ing (intestinal and intracranial)."'

While newborns pre-
sent with bloody diarrhea/bleeding from the umbilical
stump or bleeding after circumcision, the most common
bleeding symptoms noticed in older children include cuta-
neous and gastrointestinal (GI) bleeding. Bleeding-related
deaths occurred in 4-10% of the patients, with serious
observed with GI

bleeding."'* Thrombocytopenia occurs regardless of the

consequences and intracranial
severity of the mutation, which is attributed to the instabil-
ity of the mutated WASp in platelets."* Normal mean
platelet volume (MPV) is 7.2—-11.7 fL and in WAS it is
usually <5 fL. Micro platelets, considered the hallmark of
WAS, were found only in 53% of the patients as reported
by Sullivan et al.' There are anecdotal reports of WAS
presenting with normal or even increased MPV, particu-
larly in the context of autoimmunity, splenectomy, and
post platelet transfusion.'>”!” WAS can be misdiagnosed
as immune thrombocytopenia (ITP), especially when

thrombocytopenia is the only presenting symptom.'®

Thrombocytopenia in WAS is multifactorial and is attrib-
uted to defective platelet production from the megakaryo-
cytes and splenic destruction involving both immune and
non-immune mechanisms.

Immunodeficiency

The PID portion manifests with failure to thrive and recur-
rent infections due to combined immunodeficiency. The
severity of immune deficiency may vary from family to
family and sometimes can be life-threatening. Infections
include bacterial (sinopulmonary infections, skin abscess,
sepsis, meningitis), viral (herpes and severe hemorrhagic
varicella), invasive fungal infections (candida), and oppor-
tunistic infections (Pneumocystis jirovecii).'*'* T cell
defects are characterized by both qualitative and quantita-
tive abnormalities. Though at birth T cell numbers are
normal, progressive apoptosis leads to T lymphopenia by
6-8 years of age. Nearly half of the patients have an
abnormal proliferative response to mitogens indicative of
T cell qualitative abnormalities. B cell defects manifest
with abnormal immunoglobulin profile, which includes
low IgM, high IgA, and high IgE levels. IgG levels are
usually normal, although the ability to mount sufficient
antibody response to polysaccharide antigens and certain
peptide antigens, including diphtheria, tetanus, and Hib
vaccine, is decreased. This abnormal antibody response
is a direct consequence of defective T cell and B cell
interaction, resulting in failure of memory B cells to iso-
type switch. Abnormalities of NK cell function and pha-
gocytic cells have also been reported. Defective NK cell
cytotoxicity has been attributed to the increased risk of
viral infections and malignancy. Functional defects in pha-
gocytic cells due to defective chemotaxis, degranulation,
and podosome assembly have been described, which are
attributed to impaired intraphagosomal microbial killing.”
Abnormal newborn screening assays for severe combined
immunodeficiency can identify a small fraction of WAS,
leading to early diagnosis before the onset of clinical
symptoms.’

Eczema

Eczema roughly affects three-quarters of WAS patients,
with about half of those suffering from severe refractory
eczema. XLT patients have milder symptoms due to resi-
dual WASp expression. Associated food allergies and sec-
ondary bacterial infections have been associated with
severe exacerbations, which tend to improve with dietary
modification and antibiotics. Although the exact cause of
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eczema in WAS patients is uncertain, a skewed Th2 cyto-
kine profile resulting in elevated IgE levels and ectopic
dermal location of Langerhan’s cell due to aberrant cell
trafficking is proposed.”?!

Autoimmune Manifestations
Autoimmune manifestations were reported in 26-72% of
WAS patients in various studies.'**'***>* The most com-
mon autoimmune manifestation described in WAS patients
is autoimmune hemolytic anemia (AIHA). In a cohort of
55 patients, Dupuis et al found that 36% had ATHA, 29%
had arthritis, 25% had autoimmune neutropenia, 25% had
vasculitis [skin (22%) and cerebral vasculitis (7%)], 9%
had inflammatory bowel disease, and 3% had renal
disease.”* Other reported manifestations include autoim-
mune thrombocytopenia, IgA nephropathy, and a higher
incidence of food and drug allergies.”>> Autoimmunity
has been described as an independent poor prognostic
marker with a predisposition to malignancy.' The mechan-
ism of autoimmunity is correlated with impaired Treg and
B cell function. Treg cells play a vital role in the preven-
tion of autoimmunity by modulating T-effector cells,
which promote autoimmunity. Treg cells in WAS patients
have an impaired ability to suppress activated T-effector
cells, leading to loss of self-tolerance and autoimmunity.”
Dupuis et al found a substantial correlation between high
IgM levels and the development of autoimmunity. In their
patient population, 90% of those with elevated IgM devel-
oped ATHA, in comparison to none with low IgM levels.**
Also, abnormal NKT cell (cells possessing properties of
NK and T cells) function has been described to play a role
in autoimmunity due to the production of autoreactive
B cells.?

Malignancies

Hematolymphoid malignancies are the most common can-
cers associated with WAS. Adolescents and young adults
are more likely to be affected than children. Sullivan et al
found a 13% (21 of 154 patients) malignancy rate in their
cohort. Hematologic malignancies were the most common,
and the only three other non-hematologic malignancies
reported were glioma, acoustic neuroma, and testicular
carcinoma. The mean age of development of cancers in
their patient cohort was 9.5 years. Due to its aggressive
character, malignancy in the setting of WAS was asso-
ciated with death in nearly all patients in this cohort.'
Perry et al found that the relative risk of cancer was 100
times higher in the WAS group than in the general

population, and the risk increased with age.”’” Lymphoid
malignancies in WAS occur due to loss-of-function muta-
tions, whereas acute myeloid leukemia (AML) and mye-
lodysplastic syndrome (MDS) in X-linked neutropenia
(XLN) occur due to gain-of-function mutations.”® Non-
Hodgkin lymphomas (NHL), especially B cell lymphomas,
have a higher incidence than Hodgkin Lymphoma (HL) in
WAS patients.”’ EBV-associated lymphoproliferative dis-
orders (LPD) are frequently seen in patients receiving
immunosuppressive therapy after organ transplantation
but they can also occur in IEIs, including WAS.'?°
N-WASP, a protein closely related to WASp that is
expressed primarily in neural cells, has 50% sequence
homology to WASp and is also thought to play a role in
the development of malignancies.”> N-WASp is also an
actin regulatory protein with a role in cytoskeletal reorga-
nization, mainly in the actin-based filopodia in mammalian
cells. N-WASp has a crucial role in cancer invasion as
elucidated in various studies. This occurs through Arp 2/
3-complex-mediated actin polymerization and matrix
metalloproteinase (MMR) dependent mechanisms. Liu
et al described the potential role of N-WASp as
a prognostic factor in clear cell renal carcinoma. They
found low expression of N-WASp correlated with poor
histologic grades; however, high expression correlated
with poor survival.*' Various other independent observers
have described the role of N-WASp and its prognostic
significance in endometrial cancer, hepatocellular carci-
noma, breast cancer metastasis, and esophageal squamous

cell carcinoma.’>

Atypical Presentations
A subset of patients with WAS rather present with atypical
manifestations, and unless, already been diagnosed with
WAS or there is a strong family history of WAS, this can
pose diagnostic challenge. There are few published case
reports of occurence of aortic aneurysms in WAS diag-
nosed patients during follow-up, needing immediate surgi-
cal repair.’>?® Pellier et al reported the occurrence of
aortic aneurysms in 5 out of 38 patients (13%) between
the ages of 10—16 years.?’ Barutcu et al reported a 7-year-
old boy managed as chronic ITP who was diagnosed with
WAS after noticing an aortic aneurysm.*® The pathophy-
siology of WAS-associated vasculitis remains unclear but
is attributed to immunoglobulin A and E deposition in the
vessel wall leading to chronic inflammation. Aneurysmal
rupture is associated with a high risk of mortality, and
hence some recommend

experts periodic
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echocardiography and magnetic resonance imaging for
surveillance due to higher likelihood of its occurrence
in WAS.

He et al reported a toddler boy with WAS presenting
with extensive subcutaneous bleeding, thrombocytopenia
and isolated prolonged activated partial thromboplastin
time (APTT). On further investigation, this patient had
Factor VIII deficiency and an extremely high level of
Factor VIII inhibitor, which led to the diagnosis of
acquired hemophilia A.*° Patil et al described a 3-month-
old male infant who presented with poor feeding/oral
ulceration, coomb’s positive hemolytic anemia and throm-
bocytopenia who was being managed as Evan’s syndrome,
until the development of generalized eczematous rash and
the genetic testing then revealed WAS mutation.*® Severe
generalized eczema when combined with bleeding mani-
festations and severe recurrent infections not limited to the
skin should raise the suspicion for WAS as reported by
Kumar et al.*!

Genotype-Phenotype Correlation

Using linkage and mutation analysis it was established that
XLT is caused by mutations in the same gene as WAS.
WASp gene mutations result in three distinct phenotypes:
Classic WAS, milder XLT variant (characterized only by
thrombocytopenia/mild eczema), and X-linked neutrope-
nia (XLN) without any findings of WAS/XLT. Jin et al
found a high genotype—phenotype correlation in their
research of two large cohorts in North America and
Europe.” Absent WASp expression (WASp-) leads to
a more severe phenotype (WAS), whereas residual protein
expression (WASp+) results in milder phenotypes (XLT/
XLN).8 Single nucleotide substitutions, small insertions,
deletions, splice site mutations throughout the coding
regions, and intron/exon junctions were the most often
noted mutations in various studies.”** The most common
mutations observed in WASp+ patients were missense
mutations located within the PH domain (exons 1-3),
whereas WASp- patients had nonsense mutations/dele-
tions/insertions.'>**** WASp activating mutations are
thought to be the cause of XLN.*® Among five common
mutational “hot spots”, three of them (168 >T mutation,
290C>N/291G>N mutation, IVS6 +5g>a mutation)
occurred predominantly in WASp+ (mild phenotype),
whereas 665C> T mutation and IVS8+1 g mutations
occurred in WASp- patients (severe phenotype) among
unrelated families (P< 0.001).> Environmental factors
and genetic determinants unrelated to WASp, on the

other hand, are likely to influence the clinical phenotype,
which could explain the variable WAS phenotypes seen in

some families.!**

Scoring Systems

The clinical scoring system uses five parameters, namely
thrombocytopenia, the severity of eczema, infections,
development of autoimmunity, and malignancy. Each com-
ponent is given a score of 1 with a total score of 5. Patients
with a classic triad obtain a score of 3—4, while those with
autoimmunity or malignancy receive a score of 5.

Any score >3 indicates a severe phenotype, and those
with a score of <3 indicates a milder phenotype/XLT,
which is characterized by only thrombocytopenia with
mild/no eczema, and absence/mild recurrent infections
and scores anywhere between 0.5 and 2.5.%'" A score of
0.5 is given for intermittent thrombocytopenia in the
absence of other symptoms.*® This classification helps
predict which patients are likely to develop severe com-
plications and would benefit from an early HSCT. Since
the disease might not have fully evolved, this scoring
system is less reliable in infants and young children (<2
years). Hence, this predictive model is not absolute and
based on the clinical course of the individual patients,
further evaluation for WASp expression and/or genetic
testing is needed.

Diagnosis

The management of WAS begins with a proper diagnosis
of the condition as clinical manifestations are extremely
heterogeneous. The classic triad is seen only in about 15—
27%."*" Because of the wide range of clinical presenta-
tions, the median age of diagnosis ranged from 1.75 to 24
months in various studies.'®*>*® Recurrent infections or
autoimmunity could be the presenting complaints in
a small portion of patients. WAS should always be sus-
pected in a male patient with thrombocytopenia and low
mean platelet volume. Diagnostic tests include screening
for T and B cell function, mutational analysis of DNA, and
flow cytometry for WASp expression.

Treatment

Depending on the severity, a variety of therapeutic options are
available for patients with WAS. Potential treatment options
include supportive care, splenectomy, hematopoietic stem cell
transplantation (HSCT), and autologous HSC gene therapy.
More than one of these modalities may be required for any
one patient. WAS, being a complex and chronic disorder, is
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best managed by a multidisciplinary team including stem cell
transplant physicians, pediatric immunologists, dermatolo-
gists, dietitians, geneticists, and social workers. The standard
of care for classic WAS is early transplant before the onset of
severe infections, autoimmunity, and malignancy. Treatment
decision based on the clinical symptoms, genetic mutation,
and WASp expression is described in Figure 1.

Supportive Care

Supportive care is critical in the management of patients with
WAS/XLT. This includes management of bleeding symp-
toms, initiating antimicrobial prophylaxis and immunoglobu-
lin (IgG) replacement for classic WAS and XLT patients with
recurrent infections, and appropriate management of autoim-
mune manifestations and malignancy. Patients with severe
eczema should be referred to dermatology and dietitian for
appropriate management of food allergy. This is crucial due

Severe Symptoms
Score > 3

Classic WAS
Severe Refractory Thrombocytopenia
Autoimmunity
Malignancy

Initiate Supportive Care
& Donor Search

MSD or
MUD 10/ 10 available or
Cord blood 4-6/6 available
with good cell dose

Clinical Diagnosis of WAS

to increased infection risk from the central line and immu-
nosuppression caused by the transplant. XLT requires little
supportive care when compared to classical WAS.
Supportive care for patients is summarized in Table 1.

Alternative Therapies for
Thrombocytopenia

Role of Splenectomy

Splenectomy has been shown to normalize platelet counts
and lower the risk of major bleeding in WAS/XLT. In one
study due to normalization of platelet counts, splenecto-
mized patients had a much longer median survival than
non-splenectomized patients, with a median survival of 25
years compared to 5 years in patients who did not undergo
transplant.*’ However, splenectomy raises the risk of over-
whelming sepsis, especially in the post-transplant period
despite being on prophylactic antibiotics. Various studies

Mild Symptoms
Score 1-2

Perform Mutation Analysis
WASp expression by
flowcytometry

Non Sense
Deletional/
insertional mutation
or Missense mutation or
Absent WASp Residual WASp expression
expression

Initiate Supportive Care +
Long Term Follow Up

Life Threatening Bleeding or
Refractory thrombocytopenia
or
Life Threatening infection
or
Develops Autoimmunity/

* Significant Organ toxicity malignancy during follow up

limiting transplant

Early HSCT performed
Before 5yrs, Ideally < 2yrs

Haploidentical HSCT

Gene Therapy
(Clinical Trial)

Figure | Treatment decision algorithm for WAS/ XLT based on the severity of clinical symptoms, type of genetic mutation, and WASp expression. For patients with classic
WAS with a suitable MSD/MUD donor or CB 5-6/6 or 4/6 with a good cell dose, an early transplant should be performed. In the absence of a suitable matched donor,
a Haploidentical transplant or gene therapy trial should be discussed. XLT patients with severe thrombocytopenia or mutation suggestive of a severe phenotype and absent

WASp expression should also be transplanted.
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Table | Supportive Care in WAS

Thrombocytopenia

General measures

Avoid contact sports, NSAIDs, and aspirin

Major bleeding

Platelet transfusions

Indicated only for active clinical bleeding/pre-procedural
Use only irradiated, CMV-negative, and leuco-reduced products

Minimize prophylactic platelet transfusions due to the risk of alloimmunization

Minor bleeding

Mucocutaneous bleeding

Antifibrinolytic agents
Aminocaproic acid: 100 mg/kg loading dose, followed by 50—100 mg/kg every 6
hrs x 7-10 days

Menorrhagia

Tranexamic acid 1300 mg every 8 hrs for 5 days at the start of menstruation

ITP
Suspect when no appropriate increment in platelets or resolution of

clinical bleeding after platelet transfusion

IVIG | mg/kg single dose or steroids (first line)

Rituximab 375 mg/m? weekly for 4 weeks (second line)

Refractory thrombocytopenia

Splenectomy
Normalizes platelet count and mean platelet volume, but associated high risk of

post-splenectomy sepsis especially post-transplant

Other Investigational agents for thrombocytopenia

Eltrombopag and IL-2 being studied in clinical trials

Recurrent Infections

Immunoglobulin replacement

400-600 pg/kg should be started for all classical WAS and XLT with infections
IV every 3 weekly or SQ weekly
Higher doses of IgG replacements needed in WAS compared to other IEls due to

higher catabolism

Prophylactic antimicrobials

Antibacterial and PJP prophylaxis

Trimethoprim/Sulfamethoxazole

30 mg/kg once daily (based on trimethoprim component)

Recurrent respiratory tract infections/ Pneumonia

Azithromycin (For immunomodulatory action)
10 mg/kg PO x 3 days/week

Antiviral and antifungal

Routine prophylaxis not indicated
Acyclovir considered in case of recurrent herpes simplex virus infections

Antifungals are considered for patients with a history of fungal infections

Vaccines

All live viral vaccines are contraindicated due to risk of infection from the vaccine
strain
Do not administer any vaccines other than flu vaccine once immunoglobulin

replacement is started

Eczema

General measures

Skin hydration using emollients and moisturizers is the key

Dietary modification including hypoallergenic formula

Topical steroids

Use thick creams/ointments with low/no water content
Desonide 0.05%, hydrocortisone 2.5% (low potency)
Fluocinolone 0.025%, triamcinolone 0.1%, betamethasone dipropionate 0.05%

(medium to high potency)

Severe recalcitrant eczema

Dermatology consultation, wet wraps, dupilumab (IL-4 receptor alpha antagonist)

Pruritus associated with eczema

Oral antihistamines

https:
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have also found no reduction in the risk of autoimmune
and lymphoproliferative disorders after HSCT in splenec-
tomized patients.’>>' Lifelong antibiotic prophylaxis is
recommended for WAS/XLT patients who undergo sple-
nectomy. As a result, the current trend is to avoid sple-
nectomy, especially

in patients who will undergo

transplants.

Low-Dose Interleukin-2 (IL-2)

Low-dose IL-2 was employed as an immunostimulant treat-
ment in WAS/XLT patients in Phase 1 clinical research at
a level of 0.5 million U/m?/day. There was a statistically
significant rise in platelet count, as well as high T, B, and
NK cell numbers and T regulatory cell percentages. More
research is needed, however, to prove efficacy.””

Thrombopoietin Mimetics

Eltrombopag has been explored in patients with hereditary
thrombocytopenia, including WAS/XLT, and has shown
a slight rise in platelet count. Zaninetti et al in their
Phase II clinical trial enrolling patients with various inher-
ited including WAS/XLT,
patients with a 3- to 6-week course of eltrombopag. The

thrombocytopenia treated
pretreatment platelet count of the cohort was 40,000/uL
and post-treatment, 11 out of 23 patients (47.8%) showed
a major response (platelet count >100,000/uL) and 10
(43.5%) showed a minor response (platelet count at least
twice the baseline value) and 2 (8.7%) had no response.
Eltrombopag was well tolerated without any major side
effects.>

Eltrombopag was used as a bridge to transplant in
a patient with early-onset WAS with severe refractory
thrombocytopenia with a high frequency of clinical bleed-
ing. The initial starting dose of eltrombopag used was
0.8 mg/kg/day and increased up to a maximum of 5 mg/
kg/day. The patient benefitted with a significant reduction
in clinical bleeding symptoms with complete elimination
of platelet transfusion reducing the risk of
alloimmunization.>*

Gerrits et al investigated the effect of eltrombopag on
platelet count and platelet activation in WAS/XLT patients
in a clinical trial enrolling nine WAS/XLT patients and
eight age-matched controls. In this study, eltrombopag had
favorable effects on increasing platelet count but not plate-
let activation in WAS/XLT, the reason being micro plate-
lets. Platelet function as measured by agonist-induced
surface GPIIb-IIla and P-selectin activation was propor-

tional to the platelet size in WAS/XLT patients.>

Autoimmunity and Malignancy

AIHA is treated with corticosteroids. Other immunosup-
pressive medications, such as IVIG, rituximab, cyclopho-
sphamide, azathioprine, and calcineurin inhibitors, have
been utilized to treat autoimmune diseases linked to
WAS. The use of immunosuppressive drugs to treat auto-
immunity could potentially increase the risk of infection in
WAS patients. In several trials, definitive therapy with
HSCT resulted in the resolution of autoimmunity.*
Treatment for various cancers is similar to that of other
pediatric oncology patients.

Definitive Therapy
Hematopoietic Stem Cell Transplantation
in WAS

The first successful transplant for WAS was performed in
1968 on a 2-year-old boy.>® Since then, allogeneic HSCT
has emerged as the most reliable curative treatment for
WAS as it can correct both hematologic and immunologic
abnormalities. Early referral to transplant and suitable
donor search should be initiated immediately following
diagnosis. HLA typing of the patient and all potential
family members should be implemented. In the absence
of a suitable family donor, matched unrelated donor search
through a worldwide registry should be initiated. Various
published studies on transplants along with salient features
are illustrated in Table 2.

Indications for Transplant
The decision to transplant is usually made based on the
clinical severity, the type of genetic mutation, and residual
WASp expression. HSCT is recommended for all patients
with classic/severe WAS (Clinical score >3) and those
with severe refractory thrombocytopenia due to the risk
of life-threatening bleeding. Autoimmunity or malignancy
(clinical score 5) are two other high-risk conditions that
require transplantation. In young children in whom disease
manifestation is yet incomplete, the presence of severe
genetic mutation and/or absence of WASp expression
should guide towards transplant, as the natural course of
the disease is expected to worsen over time. Imai et al in
their study demonstrated a correlation of WASp expression
to survival, where WASp — (n=23) patients had a lower 10-
year overall survival (OS) than WASp+ (n=27) individuals
(76% vs 92.3%).'?

Unlike classic WAS, clear recommendations on the
role and timing of HSCT in XLT are lacking. Albert et al
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found that, despite good OS rates, event-free survival
(EFS) was unsatisfactory in a long-term outcome study
of XLT patients. XLT individuals suffered major bleeding
(13.9%), life-threatening infections (6.9%), autoimmunity
(12.1%), and cancer (5.2%) during follow-up, according to
the same study.®> As a result, if MSD is available, HSCT
should be considered for XLT patients.

Timing of Transplant

Multiple studies have consistently found that transplants
performed at a younger age (under 5 years) had superior
OS rates.’"*** Burroughs et al found that in their cohort of
129 patients, the 5-year OS rate was 94% vs 66% with
P=0.0008 for patients transplanted <5 years vs >5 years,
respectively.* Also, they reported intensity of conditioning
regimen, donor type, hematopoietic stem cell source,
HSCT year, WAS score, and WASp expression were not
significantly associated with 0S.* On the contrary,
Moratto et al described transplants performed after
the year 2000 as having improved survival for all donor
types.’! Transplant at an older age may be complicated by

® No survival difference between Haploidentical vs MUD transplants (93.8% vs 88.5%)

o Addition of G-CSF & Plerixafor to the conditioning along with TCR af|+/CD 19+ cell
o Intensity of conditioning regimen, affected T-cell and myeloid engraftment but not survival

® Myeloid chimerism correlates with post-transplant platelet counts
depletion improved graft success

o RIC (specifically Flu/Mel): achieved < 50% donor myeloid chimerism

o Age <5 yrs superior OS (94% vs 66%)

e 100% full donor chimerism

the risk of primary disease progression with development

of autoimmunity or cancer, viral reactivation, and a higher

prevalence of graft versus host disease (GVHD).%* ¢

Whereas, transplant in infants should be proceeded with

Bu, busulfan; Cy, cyclophosphamide; ATG, anti-thymocyte globulin; Flu, fludarabine; Mel, melphalan; Treo, treosulfan; Alem, alemtuzumab; G-CSF, granulocyte colony stimulating factor; AUC, area under the curve; OS, overall survival;

Abbreviations: TBI, total body irradiation; MSD, matched sibling donor; MUD, matched unrelated donor; MMFD, mismatched family donor; URD, unrelated donor; MAC, myeloablative conditioning; RIC, reduced intensity conditioning;

* caution due to the potential disadvantage of toxicity of the
" . % conditioning regimen and variation in drug metabolism at
3 ; o such a young age.
8 8 8
Donor Type and Graft Source
s A matched sibling donor (MSD) is the preferred donor for
é g %o HSCT with excellent 5-year Overall Survival (OS) 90—
. E £ % g 3 3 95% and event-free survival (EFS) of 88%.°%°%%
2 % % % o 5 é Historically, inferior outcomes were reported in the setting
5\% z "'§ g g o= 3 < o= of matched unrelated donors (MUD) and mismatched
8EZ|EO raazfaa related donors (MMRD) when compared to MSD.
Filipovich et al in a cohort of 170 patients, studied
© ~ 1 between 1968 and 1996 in a collaborative study of
E i i International Bone Marrow Transplant Registry (IBMTR)
& S § and National Marrow Donor Program (NMDP) reported
a S-year OS of 87% with MSD, 52% with other related
donors and 71% with unrelated donors. This excellent
o & ~ outcome with unrelated donors was reported when age at
§ transplant was <5 years; however, patients >5 years had
- g e Z a poor outcome.’’ Contrary to this study, recent literature
8 _ 34 ) § “; shows improved transplant outcomes over time for all
i; %3° 8 %3" g = % donor types.*>® This is attributed to better donor selection
s ‘- ° e < and a wider worldwide donor base, use of less toxic
Journal of Multidisciplinary Healthcare 2021:14 https: 3505

Dove:


https://www.dovepress.com
https://www.dovepress.com

Hosahalli Vasanna et al

Dove

conditioning regimen, effective GVHD management, and
advances in prevention and treatment of infection.>!
Alternative donor transplants including umbilical cord
blood (UCB) and mismatched related/haploidentical trans-
plants were demonstrated to have poor outcomes accord-
ing to earlier studies.>®>! However, in the last decade,
better cord selections and effective measures to overcome
graft failure/rejection and GVHD have paved the way for
successful use of alternative donors in WAS boys who lack

4,50,51 In a

suitable  matched  donors. Primary
Immunodeficiency Disease  Treatment Consortium
(PIDTC) report conducted between 2005 and 2015,
Burroughs et al reported use of CB grafts in 39 of 129
patients (30%) and reported an excellent 5-year OS of
90%. Shekhovtsva et al published results for UCB out-
comes on 90 patients using myeloablative (MAC) condi-
tioning and anti-thymocyte globulin and reported five-year
OS rates of 75% and an EFS of 70%. Improved outcomes
with CB in this study have also been attributed to better
cord selection, higher CD34 cell dose, and improved sup-
portive care.

Before the year 2000, T cell-depleted haploidentical or
mismatched unrelated grafts were reported to be asso-
ciated with high transplant-related mortality (TRM) of
38-55%, which was attributed to graft failure, GVHD,
and infectious complications.*® Improved outcomes
reported in the recent era are due to the use of or post-
transplant cyclophosphamide (PT-Cy) or T cell depletion
bearing aff receptor implicated in causing GVHD, and
CDI19-positive cells harboring EBV.**¢” Balashov et al
reported a dramatic decrease in the incidence of GVHD
and TRM in a haploidentical transplant with T cell recep-
tor (TCR)ap+/CD19+ graft depletion with a reported OS
of 88.9%. However, mixed myeloid donor chimerism and
secondary graft rejection (graft rejection and severe throm-
bocytopenia) were reported in 7 out of 18 patients in the
current series. Hence, in patients undergoing MUD/Haplo
transplant with TCR af+/CD19+ graft depletion, the same
investigators proposed the addition of G-CSF (10 ng/kg/
day for 5 days starting on day —8) and plerixafor (240 pg/
kg/day for 3 days starting on day —6) to the conditioning
regimen, in a clinical trial and demonstrated full donor
chimerism with OS rates of 93.8% without any graft
dysfunction.> Another recent study by Elfeky et al
reported 100% OS in 34 patients including alternative
donor transplants with a median follow-up of 63
months.®' Though very promising, limitations of TCR af

+ depletion include high cost and restricted availability,

making PT-Cy a realistic choice for GVHD prophylaxis in
alternative donor transplant.®®

Bone marrow (BM) as a graft source is preferred due to
the high risk of chronic GVHD with peripheral blood stem
cells. A fully matched graft (either BM or PBSC) is a 10/
10 match at HLA-A, -B, -C, -DRBI, and -DQBI at the
antigen level for MSD and allele level for MUD. For cord
blood, 6/6 is considered a full match at HLA-A and -B at
the antigen level and -DRBI at the allele level.*

Conditioning Regimen

The first patient who underwent HSCT for WAS received
minimal conditioning and demonstrated donor-derived
T-cell reconstitution but failed to achieve donor-derived
myeloid reconstitution. However, a second transplant from
the same donor following a myeloablative conditioning
regimen resulted in successful platelet engraftment.
These initial transplant experiences highlighted that WAS
patients have a selective advantage for WASp expression
in lymphoid lineage compared to platelets, resulting in
early T cell reconstitution and no platelet reconstitution
unless both myeloablative and immune-ablative condition-
ing regimen is used. Conventional myeloablative condi-
tioning regimens used include Busulfan and
Cyclophosphamide. To reduce the toxicity associated
with the conditioning regimen, reduced-dose busulfan
and treosulfan-based regimens are increasingly being
used. One of the primary problems with WAS post-
transplant is mixed donor chimerism, which was highest
with  the (RIC)

regimens.***®  Furthermore, even with myeloablative

reduced-intensity  conditioning
conditioning (MAC) regimens, a substantial risk of
mixed donor chimerism exists (19-30%), especially with
MMRD. The degree of mixed donor chimerism in the
post-transplant setting is a significant factor affecting pla-
telet reconstitution. Hence, many experts in the field still
recommend the use of MAC regimens due to higher fre-
quencies of achieving full donor chimerism and better
T-cell engraftment.*>!>°

Since WAS patients exhibit robust T Cell function
compared to SCID patients, most protocols now include
serotherapy (anti-thymocyte globulin [(ATG)/alemtuzu-
mab]) in their conditioning regimens. Elfeky et al used
RIC based on reduced-dose busulfan or treosulfan along
with serotherapy with alemtuzumab/rabbit ATG and
showed 100% survival with a median follow-up of 63
months in their cohort of patients with most patients

61

receiving alternative donors. Treosulfan/lower-dose
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busulfan (area under the curve 65 mg/L/h), fludarabine,
and serotherapy are currently the most widely employed
reduced toxicity regimen.”®

Nonmyeloablative  conditioning was used by
Burroughs et al for patients in whom infection/organ dys-
function precluded the use of MAC. Although stable donor
engraftment and low early mortality were observed among

those patients, a higher rate of GVHD was noted.”"

Post-Transplant Complications
Most transplant-related complications occur within the
first year after transplant and include mixed chimerism,
infectious risk, autoimmunity, and malignancy, GVHD,
TRM, and late effects such as infertility, second malig-
nancies, endocrine issues, and organ dysfunction.

Mixed Chimerism

Mixed donor chimerism is a particular problem in
patients with WAS in the post-transplant period. The
reported incidence of mixed donor chimerism in various
studies has been ~19-50%.°°>"-°° Mixed donor chimer-
ism results in poor platelet reconstitution, subnormal

illness. 229031

lymphocyte counts, and autoimmune
According to Moratto et al, donor chimerism in the
T-cell, B-cell, and Myeloid compartment was classified
into four groups: full (>95% donor cells), high (>50—
95%), low (5-50%), and null (<5%) chimerism. In their
cohort, 72.1% of the patients achieved full donor chimer-
ism in all three compartments, 27.9% mixed chimerism
in at least one of the compartments, low or null donor
chimerism was more common in myeloid cells (16.5%)
in comparison to B cells (7.4%) and T cells (3.2%).
Although low donor chimera was seen in the first year
after HSCT, improved donor chimerism with stabiliza-
tion was reported in a significant proportion of patients
over time.”" Platelet reconstitution after HSCT is linked
to the degree of myeloid donor chimerism, with higher
platelet counts achieved in full donor chimerism com-
pared to low-level chimerism.* Type of conditioning was
the major determinant of mixed donor chimerism, with
RIC linked to a higher likelihood than MAC.

Donor myeloid chimerism <50% was associated with
higher rates of platelet transfusion dependence and subse-
quent graft failure.’’’? One other mechanism for a low
degree of donor myeloid chimerism is the emergence of
autoimmune thrombocytopenia in the post-transplant
period.”? In cases of incomplete reconstitution, close mon-
itoring of the donor chimerism is critical, and therapies

such as stem cell boost, donor lymphocyte infusion, or
a second transplant may be required.

Post-Transplant Autoimmunity
The incidence of post-transplant autoimmunity usually
occurs within 2 years after HSCT and has been reported
to be 20%.°° Pre-transplant autoimmunity was not a risk
factor for post-transplant autoimmunity. Although earlier
studies reported mixed donor chimerism after MUD or
MMRD HSCT as an independent risk factor to develop
de novo post-transplant autoimmunity, subsequent studies
failed to reproduce the same results.***>%"6! In a recent
study, Burroughs et al reported an increased incidence of
autoimmunity with mixed myeloid chimerism at 6 months
post-transplant; however, this was not observed on long-
term follow-up. Donor type is a significant consideration
as post-transplant autoimmunity was seen in none of the
MSD, unlike 23% of unrelated and 9% CB grafts.*
Autoimmune cytopenias (hemolytic anemia, thrombocy-
topenia, and neutropenia) are the predominant manifestation
of autoimmunity in the post-transplant period, with a reported

incidence varying between 14% and 72%.'>°%%73

GVHD

Sophisticated HLA matching technology, allograft manipu-
lation in alternative donor transplants, and with appropriate
GVHD prophylaxis, the incidence of acute GVHD has
decreased in WAS transplanted patients. The cumulative
incidence of day 100 chronic GVHD as reported by
Burroughs et al was 17%, and there was no difference in
the incidence of acute/chronic GVHD based on the different

graft types.*

Infections

WAS transplanted patients are at risk for serious, as well as
fatal, infections, even 2 years after transplant. Ozashin et al
demonstrated that risk of severe infections correlated with
splenectomy, and strongly advocated against splenectomy in
patients who are transplant candidates/transplant recipients.>
Shin et al reported viral reactivation in 84% (26/31 patients)
of transplant recipients using viral polymerase chain reaction
(PCR) tests. Age at transplant was a significant predictor in
their study, which demonstrated patients transplanted <2
years had 71% viral reactivation vs 100% in those trans-
planted >2 years.”? Periodic surveillance with quantitative
PCR, preventive measures and aggressive treatment of infec-
tions are crucial in the post-transplant period.
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Post-Transplant Malignancy

The true incidence of post-transplant malignancy is unknown
due to limited published results. Kamani et al in their CIBMTR
study on malignancies after HSCT in primary immunodefi-
ciency disorders (PIDs) reported the highest incidence of
malignancy of 3.3% (n=360 patients) for WAS when com-
pared to 2.3% for other PIDs. Various reported malignancies
included lymphoproliferative disorders (LPD) [mainly, EBV-
related post-transplant lymphoproliferative disorder (PTLD)],
Immunoblastic B-cell lymphoma and large-cell lymphoma,
diffuse large B-cell lymphoma (DLBCL) high-grade NHL,
myelodysplasia and AML.**°*>1-" Sjgnificant risk for devel-
opment of LPD was the use of T cell-depleted graft as demon-
strated by the fact that the median time to LPD from HSCT was

3 months.”*”

Late Effects

While the overall incidence of late effects after HSCT for
WAS is lower than for SCID, Ozashin et al found a higher
incidence (20%) of late complications and irreparable
damage with sequela of those who survived beyond 2 years
with a 7-year EFS of 75%. Long-term side effects from
conditioning regimens, chronic GVHD, veno-occlusive dis-
ease, endocrine complications, and hampered growth and
development are of main concern. Unique challenges of
transplanting an immunodeficiency disorder include systemic
distribution of some of these genetic defects and incomplete
understanding of the natural history of these defects.

Gene Therapy for WAS

Gene therapy (GT) using viral vectors to treat WAS has
the potential to become a promising alternative for patients
without a suitably matched donor and/or patients with
disease-related comorbidities that increase the risk for
transplant-related mortality. The ex-vivo transduction of
autologous hematopoietic stem cells with lentiviruses or
retroviruses can be used to restore normal WASp to
cells.”®

The first gene therapy clinical trial for WAS started in
2006 in Hanover, Germany. The trial used a Moloney
Leukemia virus-derived y-retroviral vector. Ten patients
were treated with peripheral blood mononuclear cells
after receiving GCSF =+ plerixafor. The conditioning regi-
men consisted of Busulfan 8mg/kg followed by the infu-
sion of 2.9x10° to 24.9x10° CD34+ cells/kg. Although
nine out of ten patients achieved immune reconstitution
and correction of WASP expression with the improvement

of clinical status and WAS scores, this trial had an unac-
ceptably high risk of insertional mutagenesis, with activa-
tion of several proto-oncogenes leading to T-ALL in six
patients (488—1813 days after GT) and one patient with
AML 1165 days after GT. Blood analysis of these patients
showed clusters of integration sites near LMO2, CCND2,
MDSI1/EVII genes.””’®

Subsequent clinical trials have used a self-inactivating
lentiviral vector (SIN-LV) for WAS gene correction.
Conditioning regimens for these trials included Busulfan
(12mg/kg), and Fludarabine 120mg/m?. Target busulfan
AUC differed between trials from 60 to 82. The trial
conducted in Milan used a lower dose of busulfan (6.4—
9.6 mg/kg with a target AUC of ~48), Fludarabine 60mg/
m2, and anti-CD20 monoclonal antibody (mAb). To date,
a total of 34 patients with WAS have been treated with LV-
transduced autologous bone marrow or mobilized periph-
eral-derived CD34+ cells. Ninety-one percent of the
patients survived and sustained multi-lineage engraftment
of cells expressing the WASp with associated significant
improvement of symptoms.””*' Even in the European trial
that included mostly patients with severe WAS (score 5 in
6 out 7 patients) gene therapy was well tolerated with
evident clinical improvement. One patient died from mul-
tiagent-resistant septic shock 7 months after gene therapy.
The surviving patients experienced resolution of severe
eczema, recurrent infections, autoimmunity, and after 7
months, these patients did not require regular transfusions
or the use of TPO mimetics. Immune reconstitution with
normal absolute T cell counts was seen in four out of six
patients. Despite showing an improvement in platelet size,
platelet numbers remained below normal values for all
patients, but no severe bleeding symptoms were
reported.”’ In contrast, two out of the five patients treated
in Boston did not show resolution of autoimmunity after
gene therapy. Gene therapy for WAS using SIN-LV has
not been associated with severe adverse events, including
no evidence of the transformation of hematopoietic cells as
was observed with the previous retroviral vectors despite
vector integration adjacent to proto-oncogenes.” %%

A recently published long-term analysis of seventeen
patients treated with WASp SIN-LV OTL-103 at an Italian
hospital reported that all surviving patients who achieved
multilineage engraftment and sustained WASp expression
in lymphocytes and platelets, sustained improvement in
infection risk and bleeding events after 8 years post-
treatment.*” Salient features of HSCT versus gene therapy
are highlighted in Table 3.
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Table 3 HSCT Vs Gene Therapy

Previous

Experience

‘“Proven Curative Therapy” (50 Years of
Experience)

Offered Only as “Clinical Trial” (10 Years of Experience)

Conditioning MAC: RIC:
regimen MAC preferred over RIC Busulfan + Fludarabine
(Due to low risk of mixed donor chimerism)
Nonmyeloablative: Used only in patients in whom
MAC usage is restricted due to organ dysfunction
Viral vector N/A Retroviral vector showed good engraftment and WAS protein

reconstitution but high risk for leukemogenesis (7/10 patients).
wl.6W LV vector used in 34 patients (no clonal selection reported

with some patients with almost a decade of follow-up)

Correction of Corrects all abnormalities provided full donor

underlying chimerism results
abnormalities Correction of thrombocytopenia needs at least

>50% myeloid donor chimerism.

Substantial improvement of all listed abnormalities without full
expression of WASp in all hematopoietic cell lines.
Thrombocytopenia increased from pretreatment values with an
improvement of MPV, improved frequency and severity of bleeding
episodes.

WASp expression

Selective advantage for T cells>> B cells>> Myeloid cells

Variable levels of reconstitution (lymphocyte selective advantage)

Complications
regimen like

Acute and chronic GVHD
Mixed donor chimerism
Post-transplant autoimmunity
Malignancy post HSCT

Acute and long-term toxicity from the conditioning

No severe side effects related to gene therapy were reported with
lentivirus (LV).

However, the risk of insertional oncogenesis/clonal expansion exists.
None reported so far.

The longest follow-up is 8.8 years, still long-term data are needed.

Age <5 years and preferably <2 years good outcomes

Can be performed even in older patients/adults who are considered
high risk for HSCT.

Ongoing research

A cryopreserved product is being used to increase safety
(Currently being tested in a clinical trial: NCT03837483)

Future scope

Improvement in vector construct to increase transgene expression
Evaluate the use of cryopreserved formulation of wl.6W-transduced
autologous CD34+ HSPC.

Refinement of conditioning regimen to increase gene-corrected

myeloid engraftment®

In summary, outcomes for WAS have significantly
improved over the years with HSCT. Even with 90—
100% survival reported in multiple studies, acute and
long-term toxicity associated with transplant remains
a concern.®' Gene therapy has demonstrated a better
safety profile and can improve all features of WAS,
despite limited long-term follow-up data. However,
with the widespread availability and long-term safety
data,
a standard therapeutic option.

gene therapy has the potential to become
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