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In this work we present the case of SARS-CoV-2 infection in a 1.5-year-old boy affected by severe Wiskott-Aldrich Syndrome with previous history of autoinflammatory disease, occurring 5 months after treatment with gene therapy. Before SARS-CoV-2 infection, the patient had obtained engraftment of gene corrected cells, resulting in WASP expression restoration and early immune reconstitution. The patient produced specific immunoglobulins to SARS-CoV-2 at high titer with neutralizing capacity and experienced a mild course of infection, with limited inflammatory complications, despite pre-gene therapy clinical phenotype.
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Introduction

Data about severe acute respiratory syndrome Coronavirus 2 (SARS-CoV-2) infection in children with primary immunodeficiencies (PIDs) are limited (1). In the general pediatric population, this infection is known to be generally milder than in adults (2, 3). However, multisystem inflammatory syndrome, temporally associated to SARS-CoV-2 infection, has been increasingly reported in children and adolescents. Clinical spectrum ranges from general inflammatory syndromes to incomplete and complete forms of Kawasaki-like disease, leading to serious illness with wide cardiovascular involvement, suggestive of a systemic immune-mediated disease (4, 5).

Here we present the first case of a 1.5-year-old boy affected by severe Wiskott-Aldrich Syndrome (WAS), who experienced SARS-CoV-2 infection five months after treatment with gene therapy (GT). WAS is a rare, X-linked, life-threatening PID, caused by mutations in the gene encoding for the WAS protein (WASP), a key regulator of actin polymerization. WASP deficiency in platelets results in micro-thrombocytopenia, while in immune cells it mainly compromises immunological synapse formation, cell migration and cytotoxicity. Thus, WAS is characterized by bleeding episodes, development of recurrent or severe infections, eczema and increased risk of autoimmunity, autoinflammation and malignancies (6). Supportive treatment is based on immunogloblulin replacement therapy, antimicrobial prophylaxis and immunosuppressants. Allogeneic hematopoietic stem/progenitor cell (HSPC) transplantation is a recognized curative treatment for WAS, even if it may be hampered by complications such as graft-versus-host disease, rejection and autoimmunity. Moreover, donor availability may be limited. Investigational autologous gene therapy (GT) represents a safe and effective therapeutic alternative, according to available data from recent GT clinical trials using lentiviral vectors encoding for the human WAS gene (7–10).



Case Presentation

Our patient was diagnosed with WAS (WAS gene mutation: c.1384_1385delAG; p.S461Lfs*32) at 3 months of age, due to severe thrombocytopenia, eczema and early-onset steroid-refractory autoinflammatory manifestations (fever, vasculitis, increased inflammatory indexes, Zhu score 5A), treated with IL-1 soluble receptor antagonist. After diagnosis, anti-infective prophylaxis and immunoglobulin replacement therapy were also started. At 5 months of age, he experienced severe hypereosinophilia with mild cardiac injury, which required treatment with steroids. In the following months, he also developed chronic CMV infection with multiple reactivations, requiring specific antiviral treatment.

In 2019, at 1 year of age, the patient underwent at our Unit a reduced-intensity conditioning with mAb anti-CD20 (rituximab, 375 mg/sqm), busulfan [weight and area under the curve (AUC)-targeted, target AUC 48,000 ± 10% ng/ml*h] and fludarabine (total dose: 60 mg/sqm), followed by GT with OTL-103 [autologous CD34+ cell-enriched population containing HSPC transduced ex vivo using a lentiviral vector encoding the human WAS gene] in a clinical trial (OTL-103-4; EudraCT number: 2018-003842-18; NCT03837483) (10). Sinusoidal obstruction syndrome with suspected thrombotic microangiopathy occurred early after GT, possibly linked to an unexpected high busulfan exposure (AUC 80,988 ng/ml*h), and then resolved without sequelae. Neutrophil engraftment was achieved on day +15 post-GT. Multilineage engraftment of gene corrected cells resulted restoration of WASP expression in lymphocytes and platelets, improvement of in vitro T-cell functions, in particular anti-CD3i mediated response (11), and main lymphocyte subsets’ count normalization (T, B and NK cells) by 4 months post-GT (Figure 1, Supplementary Figure 1 and data not shown). At the same timepoint, platelets ranged between 21 and 29 *109/L.




Figure 1 | Immune reconstitution after gene therapy (GT). (A) Engraftment of gene corrected cells expressed as VCN/genome in sorted subpopulations from peripheral blood (PB), measured by Real Time-PCR (10) during follow-up after GT. VCN, Vector Copy Number. (B) WASP expression (% of WASP+ cells) by flow cytometry (10) in PB cell subpopulations. WASP, WAS protein. (C) Peripheral blood cell counts at different time points before GT and during follow-up. Bu, Busulfan; Flu, fludarabine. *The 6 month-follow up visit was performed between 6.4 and 6.9 months after GT, after second negative swab for SARS-CoV2.



In March 2020 (5 months after GT), our patient tested positive by RT-PCR for SARS-CoV-2 at nasopharyngeal and rectal swabs after his mildly symptomatic mother tested positive (Figure 2A). Although the patient was asymptomatic, due to the high risk of SARS-CoV-2-related complications based on his previous clinical history, off-label home-treatment with hydroxychloroquine (HCQ, 2.5 mg/kg BID) and lopinavir/ritonavir (LPV/r, 12 mg/kg BID) was administered for 2 weeks. Blood tests and nasopharyngeal swabs were monitored weekly, showing mild increase in inflammatory indexes (Figure 2A), without lymphopenia. During infection period platelets ranged between 21 and 55 *109/L (patient on ongoing TPO-agonist treatment) and showed normal volume, as expected based on previous studies (7, 12). There was no evidence of pro-coagulant status, hyperferritinemia or dyslipidemia. Nasopharyngeal swab RT-PCR became weakly positive 16 days after the first positivity detection, and two consecutive negative nasopharyngeal swabs were obtained within a total of 40 days.




Figure 2 | Immune response to SARS-CoV-2 infection. (A) Lymphocyte subpopulations counts and inflammatory marker levels during SARS-CoV-2 infection. SARS-CoV-2 E gene real time (RT)-PCR cycle threshold (Ct) on nasopharyngeal (NP) swabs are reported, when available. +, positive; +/−, weakly positive; –, negative. HCQ, hydroxychloroquine; LPV/r, lopinavir/ritonavir. CVC, central venous catheter. Units of measure of data reported on y axis are specified in the legend on the right. (B, C) Anti-SARS-CoV-2 and anti-OC43/HKU1 Coronaviruses antibody serum level in our patient (B), in three children and in patient’s mum (black stars) after SARS-CoV-2 infection (C). (D) 50% neutralization (IC50) (expressed as reciprocal of serum dilution) of SARS-CoV-2 with the serum of our patient and of another child after SARS-CoV-2 infection. The first dilution tested was 1/40.



One month after the first SARS-CoV-2 finding, the patient experienced a concomitant central venous catheter (CVC)-related infection from Staphylococcus epidermidis with fever and an increase in inflammatory indexes, which rapidly resolved with antibiotic treatment and CVC removal. At this time, repolarization anomalies at electrocardiogram (ECG) and increase of cardiac biomarkers (troponin T, pro-BNP, CK-MB) suggested ongoing myocardial inflammation (Supplementary Table 1). Thus, high-dose intravenous immunoglobulins (IVIg) (1 g/kg), but not steroids, were administered. Notably, transthoracic echocardiogram and 24-h Holter ECG were unremarkable. Furthermore, completely normal findings at delayed-enhanced cardiac magnetic resonance allowed to rule out myocarditis.

Specific antibodies to different SARS-CoV2 antigens were tested by a luciferase immunoprecipitation system (LIPS) assay developed in house (13). Serum IgG to Nucleocapsid protein (NP), Receptor binding domain (RBD) and Spike proteins (S1S2) were positive by day 6 after first positive swab and at day 61 (Figure 2B), reaching levels comparable to those of children who experienced SARS-CoV2 infection (n=3) and higher than the mother (Figure 2C). Serum IgA and IgM to RBD were also detected in the patient. Notably, at all time points the patient had a stable positive signal for antibodies against two coronaviruses associated with common cold (HKU1 and OC43) (Figure 2B). Since the patient was still on monthly IVIg supplementation, we tested eight children receiving Ig supplementation, all with negative SARS-CoV-2 swabs, and followed at our Unit in the same period. They all resulted negative for specific SARS-CoV2 antibodies, indicating their absence in the immunoglobulin preparations and the lack of interference with the LIPS assay (data not shown). Remarkably, the patient’s serum also showed a neutralizing capacity to SARS-CoV2 using a Spike-pseudotyped lentiviral vector in a VERO E6 cell assay (Figure 2D) (manuscript in preparation). After complete resolution of SARS-CoV-2 infection, molecular and immunological tests showed persistence of engraftment of gene corrected cells, with marked rise in CD8+ transduced cells, increase in WASP-expressing cells and stable lymphocyte count (Figure 1). IL-6 increased transiently during acute SARS-CoV-2 infection and then returned to normal values (Figure 1A). As compared to pre-GT values, plasma TNF-alpha and IL-1beta as well as cytokines which have been associated with symptomatic Coronavirus Disease 19 (COVID-19) (14) (IL-2, IL-7, IL-10, IFN-g, IL-8) were stable or decreased post-SARS-Cov2 infection. IL-1-alpha, eotaxin and VEGF were increased (data not shown).



Discussion

SARS-CoV-2 infection is known to cause a wide-spectrum of clinical presentations in adult population, varying from asymptomatic course to severe hyper inflammatory syndromes requiring intensive care (15). It is known that children generally have a milder course, possibly due to a different immunological status or different distribution of receptors compared to adults (3). Outbreaks of Kawasaki and Kawasaki-like syndromes have been described during SARS-CoV-2 pandemic (5), but the pathogenesis and predisposing factors have not yet been identified.

At present, little is known about SARS-CoV-2 infection in children with PID. A recent retrospective survey that included this patient (16) indicates that risk factors predisposing to severe disease and mortality in patients with congenital immune disorders were similar to the general population, but a significant number of younger patients were affected. In a small series in transplant centers in Spain, three immunodeficient patients with SARS-CoV-2 infection were reported post-transplantation, suggesting an increased risk for these patients (17).

WAS is a PID associated with micro-thrombocytopenia, recurrent or severe infections, eczema and increased risk to develop autoimmune and autoinflammatory manifestations, which represented the main clinical features of our patient at disease onset (7). While antiviral treatment (HCQ + LPV/r) was started precociously in our patient, it was not sufficient to induce SARS-CoV-2 viral clearance, with specific swabs remaining positive for 40 days, at the higher range of asymptomatic patients (14).

Although no data are available on early antiviral treatment in asymptomatic/mildly symptomatic subjects, recent work has shown lack of efficacy of HCQ and LPV/r in hospitalized adult with COVID-19 (18, 19).



Concluding Remarks

Immune reconstitution after GT allowed the patient to present a mild clinical course after infection with SARS-CoV-2, as observed in most children. He did not show lymphopenia, known to associate with longer duration of viremia (15), and controlled the infection with early development of immunity with specific antibody response to viral antigens and neutralizing activity. It is unlikely that the limited inflammatory complications, despite its underlying auto-inflammatory disease, is due to an incomplete immune-hematological reconstitution since at the time of presumptive SARS-CoV2 infection the patient had normal leukocyte counts and subsequently produced a prompt inflammatory response to the concomitant bacterial infection. Although we cannot rule out that our patient experienced a very mild form of COVID-19 related inflammatory syndrome (20), his cardiac biomarkers showed only a mild increase (Supplementary Table 1). In addition, he did not fall into the criteria of the Multisystem Inflammatory Syndrome of Children (MISC) and he was discharged after resolution of the bacterial infection. In conclusion, despite previous clinical history of inflammatory manifestations, early immune reconstitution after GT favored the development of specific, neutralizing IgG antibodies against SARS-CoV-2 and mild SARS-CoV-2 disease course without severe autoinflammatory complications.
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