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Background

Wiskott Aldrich syndrome (WAS) is characterized by bleeding manifestations, recurrent infections, eczema, autoimmunity, and malignancy. Over the last decade, improved awareness and better in-house diagnostic facilities at several centers in India has resulted in increased recognition of WAS. This study reports collated data across major primary immunodeficiency diseases (PID) centers in India that are involved in care of children with WAS and highlights the varied clinical presentations, genetic profile, and outcomes of patients in India.



Methods

Request to share data was sent to multiple centers in India that are involved in care and management of patients with PID. Six centers provided requisite data that were compiled and analyzed.



Results

In this multi-institutional cohort, clinical details of 108 patients who had a provisional diagnosis of WAS were received. Of these, 95 patients with ‘definite WAS’ were included Fourteen patients were classified as XLT and 81 patients as WAS. Median age at onset of symptoms of patients was 3 months (IQR 1.6, 6.0 months) and median age at diagnosis was 12 months (IQR 6,48 months). Clinical profile included bleeding episodes (92.6%), infections (84.2%), eczema (78.9%), various autoimmune manifestations (40%), and malignancy (2.1%). DNA analysis revealed 47 variants in 67 cases. Nonsense and missense variants were the most common (28.4% each), followed by small deletions (19.4%), and splice site defects (16.4%). We also report 24 novel variants, most of these being frameshift and nonsense mutations resulting in premature termination of protein synthesis. Prophylactic intravenous immunoglobulin (IVIg) was initiated in 52 patients (54.7%). Hematopoietic stem cell transplantation (HSCT) was carried out in 25 patients (26.3%). Of those transplanted, disease-free survival was seen in 15 patients (60%). Transplant related mortality was 36%. Outcome details were available for 89 patients. Of these, 37% had died till the time of this analysis. Median duration of follow-up was 36 months (range 2 weeks- 12 years; IQR 16.2 months- 70 months).



Conclusions

We report the first nationwide cohort of patients with WAS from India. Bleeding episodes and infections are common manifestations. Mortality continues to be high as curative therapy is not accessible to most of our patients.
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Introduction

Wiskott–Aldrich syndrome (WAS; OMIM#301000) is an X- linked immune deficiency disorder with an estimated incidence of 3.7- 4.1 per 1 million live births, and is characterized by micro- thrombocytopenia, eczema, combined immunodeficiency, and increased risk for autoimmunity, and malignancy (1–4).

This syndrome is caused by mutations in WAS gene that contains 12 exons and is located on short arm of X chromosome (Xp11.23) (5). WAS gene encodes Wiskott Aldrich syndrome protein (WASp), which is a 502-amino acid protein, and a key molecule for actin cytoskeleton polymerization (6–9). WASp is expressed by all hematopoietic cells (10) and has essential cellular functions like formation of immunological synapses (11–15), release of secretory granules (16, 17), phagocytosis (18, 19), cellular migration (20, 21), and motility (22).

Review of literature revealed occasional case reports with limited information on genetic abnormalities in WAS from India (23–32). We published a small series of eight patients in 2012 highlighting that under-reporting was mainly due to lack of awareness amongst medical fraternity and nonavailability of diagnostic and therapeutic facilities (23). In 2011, a dedicated society for PID (Indian Society for Primary Immune Deficiency, ISPID) was founded. ISPID has been working toward increasing awareness regarding PIDs and establishment of diagnostic support and research centers in the country. ISPID with the support of Foundation of Primary Immunodeficiency Diseases (FPID), USA organized national, international level conferences for sensitization, and further research in field of PIDs. The Indian Council of Medical Research (ICMR) helped set up the Centre for Advanced Research (CAR) facility in PIDs at PGIMER, Chandigarh in 2015 and subsequently at the National Institute of Immunohaematology (NIIH), Mumbai in 2017. There seems to be a paradigm shift in number of patients diagnosed with PID in India after these CAR facilities were started (33). With improved awareness and advent and availability of better genetic diagnostic tests, patients with WAS and other PIDs are now being diagnosed at several centers.

This study reports data across major centers in India that are involved in care of children with PID and highlights the clinical manifestations and genetic profiles. It also emphasizes the difficulties likely to be encountered in management of these patients in context of a developing country.



Patients and Methods

All members of ISPID were also contacted via email to share data of patients with WAS on a predesigned excel sheet by the lead author (DS). Different centers supported by the FPID, USA, and other institutions involved in care of patients with PID across India were also contacted. Data including demographics, prominent clinical manifestations, laboratory investigations, genetic results, treatment regimens and long-term outcomes were collated on an excel sheet. (appendix1) Participating centers included Postgraduate Institute of Medical Education and Research (PGIMER), Chandigarh, North India (60 patients); Apollo Hospitals, Chennai, South India (19 patients); Bai Jerbai Wadia Hospital for Children, Mumbai, West India (16 patients); Aster CMI Hospital, Bengaluru, South India (5 patients); Kasturba Medical College, Manipal Academy of Higher Education, South India (4 patients); and King George’s Medical University, Lucknow, North India (1 patient). Ethical approval was obtained from the Institute’s Ethics Committee (INT/IEC/1216).

European Society of Immunodeficiencies (ESID) definitions were used to categorize patients for this analysis (34). The term ‘definite WAS’ was used when there was congenital thrombocytopenia and small platelets and at least one of the following: 1. Mutation in WAS gene; 2. Absent WASp mRNA on northern blot analysis of lymphocytes; 3. Absent WASp protein in lymphocytes; 4. Maternal cousins, uncles or nephews with small platelets and thrombocytopenia). ‘Probable WAS’ was diagnosed, if patients had congenital thrombocytopenia, small platelets and at least one of the following: 1. Eczema; 2. Abnormal antibody response to polysaccharide antigens; 3. Recurrent bacterial or viral infections; 4. Autoimmune diseases; 5. Lymphoma, leukemia, or brain tumor (34).

The WAS severity scoring system was used to differentiate between patients with mild and severe clinical phenotypes (35). Patients with ‘mild’ WAS phenotype or XLT had thrombocytopenia with absent or isolated and intermittent eczematous lesions and absence of recurrent or chronic infections (WAS score 1 or 2). Patients with classic WAS had extensive and difficult-to-treat eczema or had recurrent infections requiring frequent antimicrobial agents (score 3 or 4). Patients who developed autoimmunity or malignancy received a score of 5 (35). The collated data include demographic profile, clinical presentation, investigation details including platelet counts, mean platelet volume (MPV), and serum immunoglobulins (IgG, IgA, IgM, IgE). MPV value between 7.5 -11 fL was considered normal, and microplatelets were defined if MPV was < 7.5 fL.

DNA analysis of WAS was carried out to confirm the diagnosis in patients with clinical suspicion of WAS and in those who had low MPV or reduced WASp expression, or suggestive X-linked family history.

PGIMER, Chandigarh was designated as a Centre for Advanced Research for Primary Immunodeficiency Disorders by ICMR in 2015 and was soon followed by NIIH, Mumbai. Facilities for flow cytometry and genetic studies are available at both these centers. Most patients diagnosed at Bai Jerbai Wadia Hospital for Children (BJWHC), Mumbai, underwent investigations in collaboration with NIIH, Mumbai. At most other centers, flow cytometry and NGS based molecular test are outsourced to commercial laboratories. Hematopoietic Stem Cell Transplant (HSCT) was carried out at PGIMER, BJWHC, Apollo Hospitals and Aster CMI Hospital, Bengaluru.


Laboratory Investigations at PGIMER, Chandigarh

Platelet count and size (MPV) was estimated by automated analyzers (COULTER® HmX AL Analyzer, Beckman Coulter, United States or COULTER® LH780 Hematology Analyzer, Beckham Coulter, United States) standardized for MPV estimation. A dedicated peripheral smear examination to look for platelet morphology was also carried out by an experienced hematologist as automated analyzers can dismiss small thrombocytes as debris leading to erroneously low platelet count and high MPV. Serum IgG, IgM and IgA were estimated by nephelometer (MININeph, semiautomated nephelometer, The Binding Site, United Kingdom) while serum IgE was estimated by enzyme immunoassay.



WASp Quantification by Flow Cytometry

Intracellular staining of WASp using phycoerythrin (PE)-labeled anti human WASp antibody (sc-13139PE (clone: B-9), Santa Cruz Biotechnology, United States), was carried out on non-erythroid blood cells in peripheral blood. Cells were gated using side scatter vs CD45 labeled with fluorescein isothiocyanate (FITC) (A07782; Beckman Coulter Life Sciences, United States). Cells were acquired on an in-house flow cytometer (Navios™ EX System, Beckman Coulter, United States). Median fluorescence intensity (MFI) and Stain Index (SI) in stimulated and unstimulated samples were calculated.



DNA Amplification and Sequencing

Prior to 2015, DNA analysis for WAS was carried out in collaboration with overseas centers, which included: Service d’Hématologie, d’Immunologie et de Cytogénétique, Hôpital de Bicêtre, Le Kremlin-Bicêtre, France; National Defense Medical College, Saitama, Japan; and Department of Paediatrics & Adolescent Medicine, The University of Hong Kong, Hong Kong.

After 2015, DNA analysis was performed in-house in Pediatric Immunology laboratory, Advanced Pediatrics Centre by Sanger sequencing using specific primers. After obtaining informed consent from parents or caregivers, genomic DNA was isolated from peripheral blood samples using Qiagen kits (QIAMP DNA Blood Mini Kit, 51106, Qiagen Ltd., United States). All 12 exons of WAS gene were amplified by polymerase chain reaction (PCR) using 9 sets of specific primers. Primer sequences and PCR conditions are attached as Appendix1.

Direct sequencing was performed at Central Sophisticated Instrument Centre on a genetic analyzer (Applied Biosystems® 3500 Series Genetic Analyser, Thermo Fisher Scientific, United States). Sequences were aligned with known WAS gene sequence (NCBI reference sequence: NG_007877.1). Sequence variations were described according to reference sequences (Ensembl ID: ENST00000376701.5), and cDNA nucleotides were counted from the first ATG translation initiation codon. WAS gene variants were confirmed with Ensembl, Genome Aggregation Database (gnomAD) and Human Gene Mutation Database (HGMD).

Since 2018, we have started performing targeted next generation sequencing (NGS) for PID patients using a gene panel comprising of 44 genes including the WAS gene on IonS5 platform, (Ion torrent S5, Thermo Fisher Scientific, United States). However, variants in regulatory regions and the polyadenylation sites of the WAS gene were not covered by the panel that we have been using.



Laboratory Investigations at Other Centers

At other centers, WASp expression could only be carried out in some patients due to non-availability of this specialized flow cytometric test. Genetic tests were performed based on clinical suspicion. NGS using a targeted gene panel was also performed by most centers through commercial laboratories (MedGenome Laboratories Pvt Ltd). Illumina platform was used for sequencing in the commercial laboratories with a coverage of >80X. Sanger sequencing was used to confirm the variants obtained by NGS.



Management and Treatment

Appropriate antimicrobial therapy was initiated to treat breakthrough infections based on clinical manifestations, microbiological susceptibility, and clinical judgment of the treating physician. Patients with classic WAS were initiated on cotrimoxazole prophylaxis and monthly intravenous immunoglobulin (IVIg) therapy, while patients with XLT phenotype were managed symptomatically. Most patients with XLT were not initiated on any prophylactic therapy. Indications for replacement IVIg were: WAS score 3-5, frequent infections despite antimicrobial prophylaxis, patients awaiting HSCT. Corticosteroids were used for treatment of skin vasculitis and autoimmune hemolytic anemia (AIHA), and malignancies were treated using standard chemotherapeutic protocols. HSCT was carried out in patients for whom a suitable donor could be arranged, at a center of their choice.



Statistical Analysis

Patient demographics, disease and treatment related variables were summarized using descriptive statistics such as medians and ranges for continuous variables and counts and percentages for categorical variables. Mann Whitney U test was used to compare continuous variables between groups. Categorical variables were compared by using the x2 test or Fisher’s exact test wherever needed. The Kaplan-Meier method was used to estimate probability of overall survival (OS). Death from any cause was considered as an event, and surviving patients were censored at last follow-up. Log-rank test was used to compare overall survival probability between different groups of patients. All p-values were 2-sided, and a p value of <0.05 was considered significant.




Results

Data of 108 patients with WAS, collated from 6 centers, were included and analyzed. Ninety-eight patients had ‘definite WAS’, and 10 patients had ‘probable WAS’. Patients with ‘probable WAS’ and 3 patients with ‘definite WAS’ with insufficient clinical and demographic details were excluded from analysis. The study thus included 95 patients with WAS for further analysis (Figure 1). Complete variant details were available for 67 of 86 patients who had been confirmed by genetic tests. The cohort included 14 patients of XLT (WAS score 1- 7 children; score 2- 7 children), while remaining 81 children had classic WAS (WAS score 3- 29 patients; score 4- 13 patients; and score 5- 39 patients).




Figure 1 | STROBE diagram of collated data, stratification and inclusion of study subjects.



Median age at onset of symptoms was 3 months (range birth -14 years; interquartile range, (IQR) 1. - 6 months) while median age at diagnosis was 12 months (range 2 month – 32 years; IQR 6- 48 months) (Table 1). Median age of alive children at the time of analysis was 86.5 months (IQR: 52- 168 months, range: 10- 418 months). Median delay in diagnosis was 8 months (range 1 month – 16.5 years; IQR 3- 30.2 months) and median follow-up was 36 months (range 2 weeks- 12 years; IQR 16.2 months- 70 months). Family history of WAS or X-linked inheritance was present in 29 patients (30.5%). Details of median age at onset of symptoms and age at diagnosis in patients with XLT and WAS have been summarized in Table 1. Patients with classic WAS earlier onset of symptoms, were younger at time of diagnosis and had less delays in establishment of diagnosis in comparison to patients with XLT (p values were 0.044, 0.019, and 0. 021 respectively) (Table 1).


Table 1 | Baseline characteristics of the included patients.




Clinical Manifestations at First Presentation

Most children with WAS (71, 74.7%) had bleeding manifestations at time of presentation, commonest being gastrointestinal bleeding in form of blood-stained stools (47, 49.4%), followed by eczema and infections (Table 2). Clinical triad of bleeding, eczema, and infections was seen in 15 patients (15.7%) at time of presentation, though complete triad evolved over time in 70 patients (73.6%). Three patients had presented with autoimmune manifestations (AIHA 2 patients; skin vasculitis 1 patient) and were later diagnosed to have WAS (Table 2).


Table 2 | Clinical manifestations at the time of presentation in the cohort.



Data of provisional diagnosis proffered to patients before referral was available in 42 patients. Eight of these 42 patients (19%) were initially diagnosed and managed as ITP. Diagnosis of WAS (WAS: 5 patients; XLT: 3 patients) was later suspected on based family history (2 patients), non-responsiveness to treatment (6 patients), development of infections (2 patients) or eczema (1patient).



Clinical Manifestations on Follow-Up

Spectrum of clinical features of our cohort over the follow- up period was summarized in the Table 3.


Table 3 | Clinical manifestations encountered in patients over 217 patient years of follow-up (n=95).




Bleeding Manifestations

Bleeding manifestations were encountered in 88 children (92.6%) with blood-stained stools (67; 70.5%) and skin bleeds (54; 56.8%) being the common symptoms (Table 3). Other manifestations included epistaxis (11 patients), hematuria (6 patients), hematemesis (2 patients), hemoptysis (1patient) and bleeding from auditory canal (1 patient). Intracranial bleeding was observed in 5 patients (5.3%). Bleeding from multiple sites (more than 1) was found in 45 patients (47.3%) during follow-up.



Infections

Eighty patients (84.2%) had evidence of infections with pneumonia being the most common (52, 54.7%), followed by otitis media in 34 patients (35.7%). Septicemia, meningitis, septic arthritis, and skin and soft tissue abscesses were other infections encountered in these patients. Detailed microbiological profile of these infections was not available, as many patients had been treated at peripheral healthcare facilities and records were not available.

Cytomegalovirus (CMV) infection was documented in 7 (7.3%) patients. Four amongst these had been treated as congenital CMV infection. Immunological investigations (CD3+, CD 19+, and CD56+ cell populations and serum immunoglobulins) were non-contributory. Diagnosis of WAS was suspected much later when they continued to have persistent thrombocytopenia despite treatment, suggestive family history and/or eczema. One patient developed skin vasculitis in at 11 months of age and further work-up led to diagnosis of WAS.

Molluscum contagiosum (MC) virus infection was seen in 5 patients - infection was difficult to eradicate in one of these. Varicella infection was seen in 4, of which 2 had severe hemorrhagic manifestations. Epstein Barr virus infection was recorded in 2 patients.



Eczema and Atopy

Eczema was observed in 75 patients (78.9%). Other allergic manifestations included bronchial asthma (2 patients), lactose intolerance (1 patient) and cow milk protein allergy (1 patient).



Autoimmunity

Autoimmune manifestations were observed in 38 patients (40%). AIHA was the commonest manifestation with Direct Coombs test (DCT) being positive in 9 children (9.5%). Two children, aged 6 months and 3.5 years, presented with AIHA and it was only due to high index of suspicion based on other clinical findings, that the diagnosis of WAS could be established. Skin vasculitis was recorded in 9 children (9.5%). Diagnosis of WAS was made because of persistent micro-thrombocytopenia. Incidental antinuclear antibodies (ANA) were detected in 9 patients (9.5%). A 17 years old patient developed Takayasu arteritis after 12 years of follow-up.



Malignancy

Malignancy developed in 2 patients and both succumbed to it. A child diagnosed to have WAS at 8 months developed high grade intracranial non-Hodgkin lymphoma as early as 3.5 years (27) while the second child succumbed to non-Hodgkin lymphoma at 18 years of age. He had persistent monoclonal gammopathy without overt malignancy for 8 years prior to clinical evidence of the disease (28).




Laboratory Investigations


Thrombocytopenia

Thrombocytopenia is a hallmark of WAS. Median platelet count in our cohort was 20 x109/L (range 1 x109/L to 142 x109/L; IQR: 12 x109/L – 32.2 x109/L) was recorded in our cohort. Life threatening intracranial bleeding and gastrointestinal was recorded in 5 and 2 patients, respectively.



Mean Platelet Volume

MPV values were available for 65 patients and median MPV was 5.6 fL (range 3.1- 10.8 fL; IQR 5 - 7 Fl),. An MPV value of >7.5 fL was seen in 10/65 patients (15.3%) which could be attributed to differences in laboratory methods and techniques.



Serum Immunoglobulins

Details of estimated serum immunoglobulins (Ig) levels were available in 45 patients. Variable immunoglobulin profile was observed in these patients. Serum IgG was normal in 28 (62,2%), increased in 15 (33.4%) patients and was reduced in 2 (4.4%) patients. Low serum IgM was noted in 13 (28.8%) patients. Serum Ig A and Ig E were elevated 23 (51.1%) and 39 (87%) patients, respectively.



Lymphocyte Subset Analysis

Flow cytometric data of lymphocyte subset (CD3+ T cells, CD19+ B cells, CD56+ NK cells and CD3+CD56+ NKT cells) was available for 28 patients (Supplementary Table 1). Absolute lymphocyte counts (ALC) were low in 5/23 (%) patients, who had concomitant CMV infection or autoimmune hemolytic anemia or hemophagocytic lymphohistiocytosis (HLH), Median CD3+ T lymphocyte counts were 2.017 x109/L (67.3%) (IQR 1.48- 3.59 x109/L, range: 0.43 - 10.6 x109/L), while median CD19+ B lymphocyte counts were 0.38x109/L (10.44%) (IQR 0.154 - 0.716 x109/L, range: 0.04 - 2.17 x109/L). Median CD56+ NK lymphocyte counts were 0.436 x109/L (12.24%) (IQR 0.176- 1 x109/L, range: 0.1- 1.46 x109/L. B lymphocytes were reduced in 11/20 (55%) patients while 8 patients had elevated levels of NK cells (36). Detailed immunophenotyping of subsets and T cell proliferation assay were not routinely carried out at most centers due to nonavailability.



WASp Expression by Flow Cytometry

Results of WASp expression on lymphocytes were available in 34 of 95 patients (6 patients with XLT and 28 patients with WAS). Reduced WASp expression (SI 0.29, 0.00 - 0.64) was seen in 30/34 patients (88.2%). Of these, 24 patients had WAS and 6 patients had XLT phenotype. Normal WASp (SI 0.75, 0.74 - 0.83) expression was observed in remaining 4 children. Of these 4 patients with normal WASp, 2 had intronic splice site mutation, and the remaining 2 patients had frameshift mutation in exon 10 (C-terminal end) of WAS gene.



Genetic Analysis

Eighty-six patients underwent DNA analysis; however, complete variant details were available for 67 patients at time of analysis of data. We identified 47 WAS gene variants in these 67 patients, 24 of which were novel and are being reported here for the first time (Supplementary Table 2). Mutations were found in all exons, except exons 8 and 11. Commonest mutations were single nucleotide substitutions (39/67) [nonsense (19 patients, 28.4%); missense (19 patients, 28.4%); and stop-loss (1 patient, 1.5%)]; followed by frameshift deletions (n=13, 19.4%); splice-site defects (n=11, 16.4%); small insertions (n=3, 4.5%); and large deletions (n=1, 1.5%). (Supplementary Table 3 and Figure 2). Fifteen of 19 missense mutations were found in EVH1 (Drosophila enabled/vasodilator-stimulated phosphoprotein homology 1) domain (exons 1- 4). Hotspot mutations identified in our cohort included (p.R86H (n=5), p.R13X (n=4), p.R34X (n=4). It is interesting to note that, of the 6 frameshift deletions in exon 10, 5 resulted in termination of protein at 444 position (Patient no 03, 32,84,96,98,25,26 in Supplementary Table 2).




Figure 2 | Distribution of variants in XLT, and classic WAS patients (Inner circle: XLT, and outer circle: WAS).





Novel Variants

Twenty-four novel variants (marked with bold in Supplementary Table 2 and Figure 3) were found in 27 patients. These included deletions (10); splice-site (5); insertions (3); nonsense (3); and missense (3). Four novel variants were found in proline rich region (exon 10) while 3 were in EVH1 domain (exon 4). Of the remaining 17 variants, 12 were exonic while 5 were intronic. Combined Annotation Dependent Depletion (CADD) Scores for single nucleotide variants (3 missense and 4 splice site) were calculated and was found to be more than 24 suggesting deleterious effect (Supplementary Table 2). Sixteen novel variants (frameshift deletions, frameshift insertions and nonsense) resulted in premature termination (PT) protein synthesis and were thus classified as pathogenic.




Figure 3 | Distribution of variants on various exons, and intervening sequences of WAS gene in study population (n=67).



Missense and splice-site variants (7/9) occurred in the coiled-coil region of WASp protein. Missense variants (p.G40R, p.T48N and p.V75L) and splice-site variant (c.415+5G>C) affected WH1 domain responsible for binding of WASp interacting protein (WIP) and stabilization of WASp. Variant (p.G40R) resulted in substitution of non-polar amino acid by a polar amino acid at 40th position placed adjacent to α-helix and resulted in reduction of Wasp protein. Stability of β-strands was affected by variants (p.T48N and p.V75L) as substituted amino acids were neither β-branched nor aromatic. Variant (p.T48N) also resulted in low WASp expression. Intervening sequence (IVS) variant (c.832+3_ +6delGAGT) caused splicing defect in Cdc42-binding site and Rac- interactive binding (CRIB) domain and reduced expression of WASp in expression.

Deletion (c.1564_1567delAGTG) affected Verprolin homology sequence (V) that binds monomeric actin and central (C) and acidic (A) sequence (VCA) domain caused extension of WASp beyond termination codon, binding of Actin related protein 2/3 (Arp2/3) complex resulting in instability of WASp. Variant (c.1507+2T>A) caused splicing defect and affected central (C) sequence essential for nucleation and interaction with Arp2/3 complex disturbing the stability of WASp and also affected WASp protein expression in the patient.




Genotype-Phenotype Correlations

Of 67 patients in whom genetic analysis details were available, 56 had WAS and 11 had XLT (Supplementary Table 3). Nonsense variants (32.1%) were the most common mutations found in patients with WAS while missense mutations were most common mutations found in patients with XLT (4/11, 36.4%). Premature termination (non-sense, frameshift, and splice site mutation) was more frequent in patients with WAS phenotype than those with XLT [39/56 (69.6%) versus 7/11 (63.6%)]. Though, missense mutation were more common in XLT, 15 patients (26.7%) with WAS were found to have missense mutations.



Treatment

Treatment details were available for 66 of 95 patients in our cohort. Of these 57 patients (86.3%) were commenced on cotrimoxazole prophylaxis. IVIg was administered in prophylactic dose (400 mg/kg/month) in 52 patients (78.8%). Twenty-eight patients (28/66, 42.4%) had received corticosteroids. Major indications of corticosteroid treatment included autoimmune manifestations like AIHA (8 patients), skin vasculitis (8 patients), and colitis (2 patients). Eight patients had received corticosteroids in variable doses and duration for refractory thrombocytopenia as they were initially diagnosed and followed up as ITP. Rituximab was used in the patient with Takayasu arteritis (and WAS) in addition to IVIg and methyl prednisolone. Splenectomy was performed only in one patient with refractory thrombocytopenia.

HSCT was performed in 25 patients (26.3%) (Supplementary Table 4). Haploidentical transplants were carried out in 10 patients while matched unrelated transplant were performed in 4 patients. Five patients each underwent matched related, and cord blood donor transplantation (Supplementary Table 4). Conditioning regimens included fludarabine (n= 19), busulfan (n=14), and anti-thymocyte globulin (n = 10). Acute graft versus host disease (GVHD) occurred in 10 of 24 transplant recipients and 9 of these were managed successfully with systemic corticosteroids. One child succumbed to acute GVHD. Complete donor chimerism (whole blood donor cell chimerism of >95%) was attained in 15/25 recipients (60%), while mixed chimerism occurred in 3 patients. Successful lymphoid and myeloid engraftment was achieved in 14 patients, and they were maintaining a disease-free survival course (DFS) till date. One child was awaiting a second HSCT. Nine patients succumbed to transplant related complications- 4 had sepsis; 2 had GVHD; 1 each had CMV disease, pulmonary hemorrhage, acute respiratory distress syndrome, and immune cytopenia.



Outcomes

Outcome details were available for 89 of 95 patients (93.7%), while follow-up duration was available for 56 patients with a median follow-up was 36 months (range 2 weeks- 12 years; IQR 16.2 months- 70 months). Of 89 patients in whom follow up data were available, 33 (37%) had died (classic WAS 32; XLT 1) at the time of analysis. Causes of death included intracranial hemorrhage (5 patients), transplant related complications (9 patients, Supplementary Table 4), malignancy (2 patients), severe gastrointestinal bleed (1 patient), HLH(1 patient), infections (7 patients including 2 patients with pneumonia). Cause of death could not be ascertained in remaining 8 patients.



Survival Analysis

Overall survival of our cohort is shown in Figure 4A. Cumulative survival on Kaplan- Meier analysis was not statistically significant between the following parameters: XLT versus classic WAS (P 0.154) (Figure 4B); presence or absence of autoimmune manifestations (p 0.410) (Figure 4C); HSCT versus conservative management (p 0.543) (Figure 4D); and missense mutations versus other types of mutations (p 0.083) (Figure 4E).




Figure 4 | Kaplan Meier survival curves. (A) Overall survival (OS) of the entire cohort. Median follow-up was 36 months (range: 2 weeks- 12 years). (B) Comparison of OS between XLT and WAS, (p 0.154). (C) Comparison of OS of patients with autoimmune manifestation and without autoimmunity, (p 0.410). (D) Comparison of OS of patients who underwent HSCT and patients who were not transplanted, (p 0.543). (E) Comparison of OS of patients who had missense variants and those with variants other than missense mutation, (p 0.083).






Discussion

WAS is one of the oldest PIDs described, yet there are hardly any data on this condition from India. We report the first-ever multicentric cohort of children with WAS from India.

Clinical presentation of patients with WAS/XLT is extremely variable. Patients often present to different pediatric sub-specialties, and are often misdiagnosed as chronic ITP, colitis, or atopic dermatitis (37). It is therefore important that General pediatricians, as well as those working in pediatric sub-specialties should be aware of this disorder for early diagnosis. The classical triad of eczema, thrombocytopenia, and immune deficiency may not be evident at first presentation (38) but usually evolves over time. The triad was noted only in (15.7% patients in our cohort also at the time of first presentation.

The median age of diagnosis was as low as 1.75 months in an initial cohort from USA (38) while it ranged from 11months (1-42 months) to 24 months (1-132 months) in studies from China and Turkey respectively (37, 39). Mean age at diagnosis was 31.9 months (1-108 months) at our center in the year 2008 (23). However, median age at diagnosis in this multicentric cohort was found to be 12 months (5.5-36 months). This suggests improved recognition and early diagnosis of patients with WAS which can be ascribed to increased sensitization and improving diagnostic facilities in our country.

Thrombocytopenia is a universal feature of WAS and XLT, usually manifesting as petechiae, spontaneous or prolonged bleeding in first year of life. Most common presenting manifestations observed in our study was bleeding from gastrointestinal tract and skin bleeds as reported previously in other studies also (37, 38, 40). As us uniform graded data about bleeding was not available from all centers, A comparative profile of clinical manifestations with various published cohorts have been summarized in Supplementary Table 5.

Patients with WAS are more susceptible to infections due to impairment in both cellular and humoral immunity. Sino-pulmonary infections were the commonest infection in our cohort. Viral infections from Varicella-zoster virus (VZV), Herpes simplex virus (HSV), EBV, CMV, and Human papillomavirus (HPV) can be extremely severe CMV infection in WAS needs particular attention and often poses a diagnostic dilemma (38, 41–43). Thrombocytopenia may be erroneously ascribed to CMV infection and underlying diagnosis of WAS is often missed or delayed (41, 42). Life threatening hemorrhagic varicella was observed in 2 patients. Complicated varicella infection is often seen in children in India, as vaccination is optional and not part of universal immunization program. It is essential to highlight that all patients with WAS had received BCG vaccine at birth (as part of the national immunization schedule); however, BCG adenitis or disseminated BCG disease was not seen in any patient. BCG infection in patients with WAS per se is extremely rare (44).

Autoimmune manifestations are seen in up to 70% of WAS patients (37–40, 45–48) and can even occur post HSCT (49). A multitude of autoimmune complications affecting all organs (Supplementary Table 5) are described though autoimmune cytopenia (including hemolytic anemia, neutropenia, and thrombocytopenia) are the most reported complications. Autoimmune manifestations were seen in 40% of children, with AIHA being the commonest. Unusual autoimmune complication seen in our cohort were Takayasu arteritis (50) and Guillain Barre syndrome, which have been rarely described before (50).

Children with WAS have increased risk to develop malignancies. Overall incidence of tumors is reported in up to 13% (38, 46) while in our cohort it was 2.1%. Most reported malignancies are EBV related B cell lymphomas or leukemia (2, 38). As most children with WAS are transplanted early in developed countries malignancies are seen much less commonly. However, they are still encountered in patients in developing countries and are important contributors to mortality. Both the children with malignancy in our cohort succumbed to their illness.

Differentiation between XLT and WAS is based on the clinical scoring system (35). Clinical observations indicate that age of patient at diagnosis may influence the score assignment. Bleeding may be the only clinical manifestation in early infancy, suggesting a milder phenotype. These patients may evolve to develop serious infections, autoimmune manifestations, and malignancy later in childhood. Patients with milder phenotypes of WAS may go on to develop serious infections, autoimmune manifestations, and malignancy later in childhood. Also, clinical observations indicate that age of patient at diagnosis may influence the score assignment. Thus, it has been proposed to assign a score of 5 to patients with age below 2 years who present with life-threatening severe refractory thrombocytopenia (51). Five patients who were labeled as XLT evolved into the WAS phenotype on follow-up. Moreover, WAS expression or genotype is not considered in the scoring system.

Intracellular staining of WASp by flow cytometry is a quick test to establish diagnosis if protein expression is completely absent or markedly reduced. However, interpretation of result is difficult in patients with residual expression. Genetic analysis is needed in clinically suspected patients with residual WASp expression for confirmation of diagnosis. Despite expanding availability of flow cytometry-based test, this specialized test is not easily available at all centers in India. WASp expression may be preserved in patients with milder phenotypes with missense variants (46) and mutations involving C terminal end of WAS gene. WASp antibody usually recognizes and binds to epitope in the region between amino acid 146-265 thus resulting in normal WASp expression in some patients (52). Normal WASp levels could also be seen in patients with revertant mutations. Two patients with intronic mutations and two patients with frameshift mutation in C terminal (exon 10) had normal WASp expression in our cohort.

Identification of mutation in the WAS gene is essential for confirmation of diagnosis of WAS. Sanger sequencing technique is an easy, accessible and effective method for determining variants in the 12 exons and intron/exon boundaries of the WAS gene. Coverage of proximal and distal promoter regions of WAS gene is important as variants are often encountered in these regions and can be missed by NGS panels. We found 10 unique intronic mutations in 11 families in our cohort.

We found 47 unique mutations of WAS gene in 67 patients in our cohort. Of these, 24 proved to be novel. Fifty-six patients had exonic variants, with 31 patients (55.3%) having mutations localized to exons 1-4. Several cohorts have reported a frequency of 50%- 58.8% of these mutations in first 4 exons (40, 42–44, 51, 53, 54). This information is helpful for initial screening of patients by targeted sequencing. Studies suggested nonsense variants to be the commonest in their cohort (40, 42–44, 48, 51, 53–55), while others have found missense mutations to be more common (47, 56, 57). In our study both missense, and nonsense variants were equal.

Published literature suggests that deleterious mutations (i.e., non-sense, frameshift, and splice site mutations) are more common in classic WAS as compared to XLT phenotype (45). In our cohort, these mutations were 5.5 times more frequent in patients with classic WAS than XLT. However, this difference was not statistically significant (p 0.262). On the other hand, missense mutations which are reported more with XLT (45) were also found in 26.78% patients with WAS.

Management of patients with WAS must be individualized to specific clinical manifestations and degree of severity. Allogeneic HSCT has proven to be potentially curative and more recently, gene therapy is an important alternative in patients in whom HSCT cannot be performed (58). Conventionally, children with XLT, who have milder disease, do not require standard prophylactic interventions. However, with declining immune functions, development of clinically evident infections or defective antibody responses they too may require prophylactic measures such as cotrimoxazole prophylaxis or IVIg replacement. Risk of life -threatening complications and recognized life-long medical problems that affect the prognosis and quality of life of these patients, many centers now also support early HSCT for patients with XLT (59). However, risk-benefit of HSCT for patients with WAS mutations needs to be individualized in resource limited settings with high transplant related complications and mortality.

Decision to initiate chemoprophylaxis with cotrimoxazole (and whether it should include anti-viral and/or antifungal medications) depends on frequency, severity, and type of infections suffered by the individual patients. Most of our patients were initiated on cotrimoxazole prophylaxis (57 patients, 86.3%).

Prophylactic immune globulin treatment IVIg needs to be given even if serum IgG levels are within normal limits, as these patients have functional defects. Most of our patients at PGIMER, were initiated on replacement therapy depending upon frequency and severity of infections. Subcutaneous immunoglobulin is not available in India at present. Providing regular IVIg is a daunting task in financially deprived situations. Of late, support from state Governments and well as non-governmental philanthropic organizations has been very helpful is recognized in providing this therapy to children with PID.

WAS was among the first few diseases to be treated by HSCT (1968) (60). HSCT results in complete reversal of the disease and reported outcomes from developed countries are extremely encouraging. The ESID Registry of 170 patients with WAS have reported an overall survival of 87% with HLA-matched sibling donors (MSD), 71% with MUD, and 52% with mismatched donors (61). There are occasional reports of successful HSCT in patients with WAS from various centers in India (25, 26, 29). Only 25 patients (26.3%) could undergo HSCT in our cohort, and transplant related mortality was 36%. HSCT still remains out of reach for most patients in developing countries. There are many barriers to successful HSCT in resource limited settings. Limited centers offer this specialized therapy and there is a need for more robust donor registries. Delays in diagnosis often results in transplant being performed much later in life-this itself affects the outcomes adversely.

Mortality (33 patients, 37%) continues to be high in our cohort. Like threatening bleeding episodes, infections, and development of complications like malignancy and autoimmunity remain important causes of death.

Several limitations of the study are recognized. Complete uniform data was not available from all centers especially with respect to bleeding, infections, and treatment. Laboratory data including immunophenotyping of lymphocyte subsets, WASp expression and genetic analysis could not be performed in all patients. Moreover, the median follow-up was only 3 years only, thereby limiting the data about long term complications and, and outcomes.

The authors are aware of other centers in the country that could not participate in the study and have not been thus reported.



Conclusions

To conclude, we document the first nationwide study on clinical and genetic features of 95 patients with WAS from India. We report wide spectrum of clinical manifestations and 24 novel variants in our cohort. Mortality continues to be high as definitive therapy is not accessible to all patients. There is an urgent need to increase awareness of WAS amongst internists and pediatricians and improve pediatric HSCT services in our country.
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