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Mendelian Susceptibility to Mycobacterial diseases (MSMD) are a group of innate immune defects with more than 17 genes and 32 clinical phenotypes identified. Defects in the IFN-γ mediated immunity lead to an increased susceptibility to intracellular pathogens like mycobacteria including attenuated Mycobacterium bovis-Bacillus Calmette-Guérin (BCG) vaccine strains and non-tuberculous environmental mycobacteria (NTM), Salmonella, fungi, parasites like Leishmania and some viruses, in otherwise healthy individuals. Mutations in the IL12RB1 gene are the commonest genetic defects identified. This retrospective study reports the clinical, immunological, and molecular characteristics of a cohort of 55 MSMD patients from 10 centers across India. Mycobacterial infection was confirmed by GeneXpert, Histopathology, and acid fast bacilli staining. Immunological workup included lymphocyte subset analysis, Nitro blue tetrazolium (NBT) test, immunoglobulin levels, and flow-cytometric evaluation of the IFN-γ mediated immunity. Genetic analysis was done by next generation sequencing (NGS). Disseminated BCG-osis was the commonest presenting manifestation (82%) with a median age of presentation of 6 months due to the practice of BCG vaccination at birth. This was followed by infection with Salmonella and non-typhi Salmonella (13%), Cytomegalovirus (CMV) (11%), Candida (7%), NTM (4%), and Histoplasma (2%). Thirty-six percent of patients in cohort were infected by more than one organism. This study is the largest cohort of MSMD patients reported from India to the best of our knowledge and we highlight the importance of work up for IL-12/IL-23/ISG15/IFN-γ circuit in all patients with BCG-osis and suspected MSMD irrespective of age.
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INTRODUCTION

Mendelian Susceptibility to Mycobacterial diseases (MSMD) now also known as Inborn Errors of IFN-γ immunity (IEI) are a group of innate or intrinsic immune defects localized to 17 genes and 32 clinical phenotypes identified (1–3). IL-12/23/ISG15-IFN-γ axis is the principal immunological pathway for intra-macrophagic pathogens (4, 5). Defects in this pathway lead to an increased susceptibility to intracellular pathogens like mycobacteria including attenuated Mycobacterium bovis- Bacillus Calmette-Guérin (BCG) vaccine strains and non-tuberculous environmental mycobacteria (EM), Salmonella, fungi, parasites like Leishmania, and some viruses, in otherwise healthy individuals (4, 6–9). Tuberculosis is the commonest public health problem in India with an estimated incidence of 2.4 million cases in 2019 (10). BCG vaccination is universally administered to all babies soon after birth (11), to protect against severe forms of tuberculosis. Adverse event following BCG immunization might be the presenting manifestation in MSMD.

In a setting of strong clinical suspicion, flow-cytometric evaluation of IL-12/23-IFN-γ pathway followed by molecular work-up for identifying the genetic etiology is warranted. Our first patient of IL-12Rβ1 defect was diagnosed with help from Dr. Dinakantha Kumararatne from Cambridge. Subsequently, our initial cases suspected with MSMD were evaluated by Dr. Jacinta Bustamante and Pr. Jean-Laurent Casanova at Paris; and a genetic cause could be identified in nine patients with three IL-12Rβ1 complete defects, two IFN-γR1 (partial dominant), two STAT1 (partial dominant, loss-of-function), one complete IFN-γR1 defect, and one complete IL-12p40 defect. In India, with increasing awareness about MSMD, pediatricians, infectious disease specialists, hemato-oncologists and those dealing with the menace of Mycobacterium tuberculosis (M. tb) started recognizing and appreciating genetic factors responsible for susceptibility to mycobacterial tuberculosis. With the ease of access to next generation sequencing (NGS) in recent years, the diagnosis of MSMD has increased.

There is a paucity of literature on MSMD from India with only a few published case reports (12–15). In this study, we report clinical, immunological, and molecular characteristics of a retrospective cohort of 55 MSMD patients from 10 centers across India.



MATERIALS AND METHODS

Ten participating of Primary immunodeficiencies (PID) centers from India contributed data for this retrospective analysis. The participating centers included Bai Jerbai Wadia Hospital for Children, Mumbai (n = 14), Christian Medical College; Vellore (n = 11), Indian Council of Medical Research—National Institute Immunohaematology; Mumbai (n = 10), ACPED (Advance Center for Pediatrics) PGI, Chandigarh (n = 8), ASTER CMI; Bangalore (n = 3), Narayana Hrudayalaya; Bangalore (n = 3), Kasturba Medical College and Hospital; Mangalore (n = 2), Apollo Hospital; Chennai (n = 2), Superspeciality Pediatric Hospital and Post Graduate Teaching Institute; Noida (n = 1), and Sir Ganga Ram Hospital, Delhi (n = 1). All centers were contacted via email and requested to provide details of their MSMD patients on a pre-designed Microsoft Excel datasheet. Details included demographic information, clinical manifestations, family history, microbiological and immunological investigations, genetic evaluation, management, and follow-up. Being a retrospective analysis of data, it was exempted from ethics approval.

Diagnosis of infection with Mycobacterium tuberculosis complex (MTBC) was confirmed by PCR in addition to histopathologic and microbiologic findings of acid-fast bacilli (AFB) detected from lymph nodes or broncho-alveolar lavage. Diagnostic approach for suspected MSMD included basic lymphocyte subset analysis, nitroblue tetrazolium (NBT) test, immunoglobulin levels, and flow-cytometric evaluation of the IFN-γR1 (CD119), IL-12Rβ1 (CD212), serum IFN-γ levels, STAT1, and STAT4 phosphorylation along with NGS for making a molecular diagnosis. NGS included PID targeted-gene panel and clinical Exome sequencing. Imaging studies including chest X-ray, ultrasound, and chest CT scan were used when internal organ involvement was suspected. The specialized assays were used for rapid identification of the candidate gene when molecular facilities were not freely available initially. Eventually with the easy availability of NGS facilities, the relevant assays were performed for functional validation of the identified mutation and has been carried out in majority of the cases. Some centers performed molecular workup directly after the basic immune work-up for the patients suspected with MSMD.

Statistical analysis of data was obtained on a predesigned worksheet (Excel, Microsoft Office) and analyzed using Graph pad Prism (Chicago, IL, USA) for Microsoft Windows. Kaplan Meier's analysis was used to estimate the risk of BCG related complications.



RESULTS


Patient Characteristics

In this study, we analyzed a total of 55 patients of MSMD of which 51 (93%) had a confirmed molecular diagnosis and four were evaluated by flow cytometry. The clinical and demographic details of the patients are presented in Table 1. There was a slight male preponderance with 56% males and 44% females. History of consanguinity was present in 58% families and 33% families had history of a previous affected sibling. The median age of presentation was 6 months (0.5–300 months). Figure 1 shows the age-wise distribution at presentation.


Table 1. Demographic and clinical findings.
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FIGURE 1. Age-wise distribution at presentation.


The commonest clinical presentation was disseminated BCG-osis (82% patients) [ESID criteria for BCG-itis and BCG-osis was followed (16)], representative clinical images are shown in Figure 2. The average number of organs involved in patients with BCG-osis was three.
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FIGURE 2. Clinical images. (A–C) Show image of BCG-osis without failure to thrive: IL-12Rβ1 defect. (D–F,J,K) Represent multi-focal bone involvement seen in PD-IFNγR1 defect or AD-STAT1 defect. (G–I) Shows child with BCG-osis, shoulder, and disseminated Histoplasmosis: IL-12Rβ1 defect. (L–Q) Represent another case of BCG-osis with impetigo and lymphadenopathy whose culture grew non-typhi Salmonella: IL-12Rβ1 defect.




Microbiological Spectrum

All patients in the cohort had mycobacterial disease with MTBC (96%), and non-tuberculous mycobacteria (NTM) in (4%). Multisystem involvement with mycobacteria was the commonest followed by lymph node involvement, tubercular osteomyelitis, pulmonary, skin, and central nervous system (CNS) in the order of decreasing frequency (Figure 3).


[image: Figure 3]
FIGURE 3. Representative clinical images and sites of involvement of Mycobacteria. (A–D) Show BCG-osis with candidiasis: IL-12Rβ1 defect or ROR-γT defect. (E–G) Show exuberant growth of AFB in tissue Liver Biopsy (F) also shows CMV inclusions. (H–K) multifocal bone TB: IFN-γR1 or IFN-γR2 defect. (L,M) Show cutaneous BCG-osis. (N) Showing graph with sites of involvement with mycobacterium.


Thirty-six percent of patients in cohort were infected by more than one organism. Other infections associated with our cohort were Salmonella and non-typhi Salmonella (13%), Candida (7%), Histoplasma (2%), Nocardia (2%), Mycobacterium leprae (2%) other bacterial infections like Staphylococcus aureus (4%), Streptococci (4%), Pseudomonas aeruginosa (2%), Neisseria (2%), Proteus mirabilis (2%), Clostridium difficile (2%), Enterococci (4%), and viruses Cytomegalovirus (CMV, 11%), Molluscum (2%), Varicella zoster (2%), Bocavirus (2%). The overall microbiological spectrum and distribution of infections with different families of micro-organisms are presented in Figure 4.
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FIGURE 4. Microbiological spectrum.




Immunological and Molecular Evaluation

Evaluation of the IL-12/23/IFN-γ pathway by flow-cytometry could be performed in 21 patients and the results were consistent with the underlying molecular defect. NGS analysis in 55 MSMD patients within 51 families led to the identification of 5 previously reported and 24 novel mutations in 7 different genes as presented in Table 2. The pathogenicity of novel mutations identified in our cohort was determined by in silico tools like Mutation Taster, SIFT and Polyphen-2, and genotype-phenotype correlation.


Table 2. Molecular findings.
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The spectrum of molecular defects identified in the patients is presented in Figure 5. The prevalence of different molecular defects in India is consistent with world literature as shown in Figure 5 (21, 22).


[image: Figure 5]
FIGURE 5. Molecular defects. The molecular defects identified in our cohort were IL-12Rβ1 (46%) followed by complete IFN-γR1 (14%), complete IFN-γR2 (14%), PD-IFN-γR1 (13%), complete STAT1 defect (7%) and IL-12p40 defect (2%), RORC(2%), and ISG15(2%).



AR Complete IL-12Rβ1 Deficiency

The complete IL-12Rβ1 defect was identified in 25 patients presenting at a median age of presentation of 9 months (Range 1–300 months). 21/25 (84%) patients presented with BCG-osis; Six patients (P8, P9, P32, P39, P45, and P46) had recurrent Salmonella infection and three patients (P10, P16, and P53) had Candidiasis along with tuberculosis. Nineteen patients (76%) had only BCG-osis and did not develop any other infections during the period of follow up. Autoimmune manifestations in the form of inflammatory bowel disease was seen in three patients (P8, P45, and P46) and one patient (P46) had autoimmune hemolytic anemia, leukocytoclastic vasculitis and was ANA positive. The other infections identified included Histoplasma (P7), Giardia (P7), Staphylococcus (P40), Proteus (P45), Enterococcus (P45), and Clostridium difficile (P46). One patient (P7) with histoplasmosis and BCG-osis also had CD4 lymphopenia and portal vein thrombosis. Consanguinity was present in 12/25(48%) patients and there was history of a previous affected sibling in 7/25(28%) families. Flow cytometric evaluation of IL-12Rβ1 expression was found to be absent in 11 patients where it was evaluated.

IL-12Rβ1 was the predominant gene affected in our cohort with a homozygous mutation located in exon 9, c.962C>A being the commonest mutation identified (11/25) followed by another mutation Intron 15 c.1791+2T>G (6/25). Two of our patients had homozygous missense mutation in exon 16 of IL12Rβ1, c.1786A>G. This mutation was reported as benign in Clinvar, however flow cytometry confirmed deficient IL-12Rβ1. Carrier status in parents was confirmed in three families. All patients received anti-mycobacterial treatment with antibiotics. Two siblings also had an aspiration of pus for BCG-itis. Three patients of complete IL-12Rβ1 deficiency (P32, P53, and P55) underwent allogeneic hematopoietic stem cell transplantation (HSCT), which engrafted well and the patients are doing well. P32 and P53 had father as haploidentical donor while P55 had a fully matched sibling donor. Four (16%) patients (P10, P18, P25, and P41) expired.

Three of our patients developed inflammatory bowel disease (IBD) during follow up which is not reported in world literature. IL-12Rβ1 defect also results in TH17 pathway defect that can be associated with autoimmunity and auto inflammation which could be the cause of IBD in our patients. This needs to be investigated further.



AR Complete IL-12p40 Deficiency

IL-12p40 defect was identified in one patient (P3) who presented at three months of age with BCG-osis and also needed admission twice due to tubercular pleural effusion. The patient received ATT thrice and is doing well.



AR Complete IFN-γR1 Deficiency

Complete IFN-γR1 deficiency was identified in eight patients. The median age of presentation was 5.5 months (0.5–36 months). BCG-osis was the presenting manifestation in all patients. Additional infections with Streptococcus (P48), and CMV (P1, P35, and P54) were observed. Flow cytometric evaluation of IFN-γR1 was performed in four patients and found to be absent in three. One patient (P1) revealed a partial expression, however, baseline IFN-γ levels were very high and downstream STAT1 phosphorylation was found to be absent suggesting that although partial expression of IFN-γR1 was present, it was non-functional. All patients received ATT for mycobacterial infections. Two (25%) patients (P1 and P12) expired due to respiratory distress and hypersplenism with increased transfusion requirement. One patient (P54) with complete IFN-γR1 underwent haploidentical HSCT as the child had no matched family donor, nor any matched unrelated donor. He rejected his graft and had autologous reconstitution by day 28 post-HSCT. He continues to be on four ATT drugs. One patient (P35) is well on ATT and NTM prophylaxis. Four patients are (P21, P22, P31, and P48) are lost to follow up.



AD Partial IFN-γR1 Deficiency

Seven patients were diagnosed with a partial dominant (PD) IFN-γR1 deficiency with a median age of presentation of 72 months (4–180 months). BCG-osis was the presenting manifestation in 6/7(86%) patients. Severe forms of the disease in the form of multifocal osteomyelitis were identified in (71%) five patients (P2, P11, P13, P44, and P47) with PD IFN-γR1 defect which was similar to world literature (21). The organisms isolated included tubercular and non-tubercular mycobacteria. One patient (P11) also identified with PD IFN-γR1defect had recurrent lymphadenopathy and joint involvement and extensive cutaneous infection with Mycobacterium avium intracellulare (Figure 6). She also developed molluscum contagiosum of the vulvar region. Other infections associated with partial dominant defect were Pseudomonas aeruginosa (P2), Staphylococcus aureus (P11), Mycobacterium leprae (P13), Salmonella (P44), CMV (P2) leading to secondary hemophagocytic lymphohistiocytosis (HLH), and Varicella (P27). Flow cytometry was performed in all seven patients, and showed increased IFN-γR1 expression, and abnormal STAT1 phosphorylation suggestive of the PD IFN-γR1 deficiency. All four patients in whom mutation was available had c.818_821delTTAA in exon 6 of IFNGR1. All patients received anti-tubercular treatment for mycobacterial infections. P27 needed three courses of ATT for recurrent lymphadenopathy. Two patients (P2 and P13) expired while two patients (P44 and P47) are lost to follow up. Rest three patients (P11, P23, and P27) are alive and doing well.
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FIGURE 6. Clinical images of a case with partial dominant IFNγR1 deficiency. (A–D) Severe cutaneous and bony MAC infection. (E,F) Response to AKT. (G) Development of Molluscum contagiosum.




AR Complete IFN-γR2 Deficiency

IFN-γR2 deficiency was identified in eight patients (14%) which is higher than 3% reported in world literature (21). The median age of presentation is 6.5 months (3–14 months). All vaccinated patients presented with BCG-osis; two patients were not vaccinated due to previous affected sibling. One patient (P43) had a previously affected siblings, he had recurrent mycobacterial infection and needed three courses of ATT. Other infections identified included CMV infection in P51 and P52 and Neisseria in P52; both were siblings. Consanguinity was identified in 6/8 (75%) families. Three (37.5%) patients (P24, P29, and P38) expired before transplant. The siblings P51 and P52 underwent haplo-identical transplant; P51 is alive and well, while P52 expired 2 years later due to an unrelated cause.



STAT1 Deficiency

STAT1 deficiency was identified in four patients of whom two patients had an AR complete defect (P4 and P5) and two had a PD partial defect (P30 and P42). Both patients with a complete defect and one with a partial defect (P30) presented with BCG-osis and one patient with partial defect (P42) had history of recurrent tuberculosis. No other infections besides MTBC were identified in any patients. Both patients with complete defect were siblings and born of a consanguineous marriage. One patient with a partial defect (P30) had family history of father affected with cutaneous tuberculosis and paternal grandmother affected with Pott's spine, suggestive of autosomal dominant transmission. STAT1 phosphorylation by flow cytometry was found to be absent in both patients with complete STAT1 defect who were evaluated along with normal IFN-γ levels. Both patients with complete defect expired, one patient with PD defect (P42) is on antibiotic prophylaxis for recurrent respiratory tract infections and the other is on anti-mycobacterial treatment.



ISG15 Defect

One patient (P37) was identified with ISG15 defect, born of a third-degree consanguineous marriage had presented at 3 months of age with BCG-osis, he also had Bocavirus infection and recurrent Streptococcal pneumonia. A homozygous mutation was identified in exon 2 of the ISG15 gene, c.454_455del, identified by NGS and confirmed by Sanger sequencing. The patient received ATT and antibiotics but succumbed to the disease.



RORγT Deficiency

One patient (P26) was identified with RORγT deficiency caused due to homozygous mutation in Exon 5 of the RORC gene, c.558T>G, identified by NGS and confirmed by Sanger sequencing by Dr. Anne Puel. The patient had presented with CNS tuberculomas, oral thrush, and onychomycosis. The patient received ATT and is currently well.




Treatment and Outcome

All patients were started on ATT comprising of a combination of four drugs -isoniazid, rifampicin, ethambutol, and pyrazinamide, which was altered based on sensitivity pattern. BCG strain was identified based on its inherent pyrazinamide resistance [Danish 1331 is pyrazinamide resistant (11)] hence in BCG-osis, pyrazinamide was not part of treatment protocol. Duration of treatment was 6 months to 2 years depending on the site of involvement. Eighty-five percent received one course of ATT, 7% received two courses, 7% received three courses and 2% received five courses of ATT. Second-line drugs were given for a longer duration for MDR tuberculosis. Other antibiotics and antifungals based on drug sensitivity reports were added depending on concurrent infections. 6/51 (12%) cases of molecularly confirmed MSMD underwent allogenic HSCT. Three patients of complete IL-12Rβ1 (P32, P53, and P55) engrafted well and the patients are doing well. P32 and P53 had father as haploidentical donor while P55 had a fully matched sibling donor. One patient with complete IFN-γR1 (P54) underwent haploidentical HSCT as the child had no matched family donor, nor any matched unrelated donor. He rejected his graft and had autologous reconstitution by day 28 post-HSCT. He continues to be on four drug ATT. The siblings P51and P52 with complete IFN-γR2 deficiency underwent haplo-identical transplant from father; P51 is alive and well, while P52 expired 2 years later due to an unrelated cause. Three patients (P51, P52, and P53) were transplanted at Narayana Hrudayalaya, two (P54 and P55) at Apollo Chennai and One (P32) at CMC Vellore. Among 41 patients who could be followed 66% (27/41) are alive and well. Fourteen patients (34%) expired of which four had IL-12Rβ1 defect, two had AR complete IFN-γR1 deficiency, one had PD IFN-γR1 defect, four had AR complete IFN-γR2 defect, two AR complete STAT1 deficiency, and one AR ISG15 defect.




DISCUSSION

Although Inborn Errors of Immunity (IEI) as a group have been traditionally described to cause susceptibility to a wide range of micro-organisms, MSMD causes predisposition to infection by selective intracellular organisms. BCG related complications may be the presenting manifestation in MSMD in 4–80% of the patients (15). The practice of vaccinating all babies soon after birth might be the reason for an early presentation seen in our cohort; in addition to other well-known social factors like high population density, high incidence of M. tb in the country, poor nutrition, and unhygienic conditions. Although the majority of our patients presented at <3 years of age, some patients presented later in life and their diagnosis was confirmed after several years. Like other inherited genetic IEI, MSMD too can present at any age and should be kept in the differential diagnosis of any child with the right clinical infection to suspect MSMD. This was observed in particular in two patients where the diagnosis was delayed for years before the infection gave a clue to MSMD. One child (P8) was diagnosed after a lymph node biopsy grew non-typhi Salmonella which was the clue to suspect MSMD and IL-12Rβ1 defect was confirmed. Another child (P7) with BCG-osis after birth recovered and had two episodes of infection with Histoplasma; right shoulder osteomyelitis and later disseminated histoplasmosis. The clue to suspecting MSMD comes from knowing the organism. Local endemicity pattern for a particular infection (e.g., Leishmania donovani, Histoplasma capsulatum) may provide a difference in the pattern of infections in MSMD in different parts of the world. In India, Leishmania donovani is endemic in states of Bihar and Uttar Pradesh, however, we did not see a single case of MSMD with Leishmania donovani in our cohort while we did have cases of MSMD presenting with Histoplasmosis which is endemic in India.

Presence of mycobacterial infection in all patients suggests that the burden of exposure to Mycobacterium is very high in India. Isolation of NTM at a site other than the cervical node or wound site especially in the scenario of multifocal bone tuberculosis should initiate work up for underlying MSMD (23, 24). NTM was present in only 5% of our patients which is much less than what is reported in literature (25).

There is now a greater emphasis of making a definitive diagnosis of M. tb in India and due to the availability of culture, GeneXpert, line probe assay, and NGS for mycobacterial genome, it is possible to make a correct microbiological diagnosis. In addition to accurately identifying the organism, the drug sensitivity pattern can help us treat our patients more appropriately and recognize multi-drug resistant (MDR) and extensively drug-resistant (XDR) tuberculosis.

Micro-organisms isolated can provide very important clues to underlying molecular defects. For instance, an association of Mycobacterial infection with CMV strongly suggests AR complete IFNγR1/R2 or AR complete STAT1 defect (26); with candidiasis suggests possibility of IL-12Rβ1 defect or RORγT deficiency (27, 28); with Salmonella or non-typhi Salmonella strongly suggests the possibility of complete IL-12Rβ1 or IL-12p40 defect (29). Brain calcification along with mycobacterial infection suggests the possibility of ISG15 deficiency (30). Multifocal bone osteomyelitis by M. tb or NTM strongly correlates with an underlying molecular defect of PD-IFNγR1 defect or PD-STAT1 defect (31). One can predict an underlying molecular defect based on the clinical presentation.

Complete IL-12Rβ1 Deficiency caused by bi-allelic mutations in the IL12RB1 gene was the commonest underlying molecular defect identified in our cohort. Mutations resulting in premature stop codons, such as nonsense, and essential splicing-site mutations, represented the majority of IL-12Rβ1 deficiency causing mutations (92%). This defect is usually associated with a late presentation, however, in our cohort, the median age of presentation was earlier at 9 months due to mandatory BCG vaccination at birth. The high incidence of nonsense and essential splice site mutation could also contribute to earlier presentation. Almost 64% of patients had a single infection with MTBC, this finding is consistent with the finding reported previously in a survey of 141 IL-12Rβ1 patients (32). It reflects the protective role of the primary infection against the reactivation of a latent organism or secondary infection. When compared to IFNγR1 defects and STAT1 deficiency, IL-12Rβ1 defect had a milder course of the disease which was observed by lower mortality (16% in IL-12Rβ1 compared to 20% in IFNγR1, and 50% in STAT1 defects altogether), fewer patients suffering from infections with multiple organisms, fewer courses of ATT required during the course of disease (32, 33). Although, the commonest mutation reported in literature is intron 15 c.1791+2T>G (34), we found exon 9 c.962C>A mutation to be the commonest in our cohort, which was present in almost half the patients. Multifocal bone tuberculosis may be seen in as much as half of the patients of PD IFNγR1 deficiency (17). This is consistent with the finding in our cohort (57%) with three patients having multifocal bone tuberculosis and one patient having joint involvement. STAT1 defects may also present with multifocal bone tuberculosis although this was not observed in our cohort.

Identification of a molecular defect can help us to take therapeutic management decisions. Patients with complete IFN-γR1, IFN-γR2, and STAT1 deficiencies can be cured with HSCT (35). Majority of our patients were treated with 4 drug ATT as is the usual practice in our country, the duration of treatment ranging from 6 months to 2 years depending on the site of involvement and the clinical response to treatment. However, since most of the patients had BCG (Danish 1,331) disease, which is resistant to pyrazinamide, standard ATT was modified to include drugs according to the sensitivity pattern and more aggressive treatment was given for a longer duration. A few patients of IL-12Rβ1 had a recurrence of infections and worsening of symptoms despite being on treatment. Such patients may benefit from treatment with IFN-γ (36) which is currently not available in India. HSCT was performed in three patients (P33, P54, and P56) with IL-12Rβ1 defect who are currently doing well.

This study describes the clinical and molecular spectrum of a large cohort of MSMD patients from India. It highlights the importance of having a high index of suspicion in patients presenting with adverse effects to BCG vaccination and investigating the IFN-γ mediated immunity in all patients with a clinical suspicion of MSMD (21) irrespective of age. Flow cytometric evaluation is helpful in rapid diagnosis and provides important clues to the underlying genetic defect. It is also helpful for functional validation of novel genetic defects (37). With the increasing burden of MDR and XDR TB in India, awareness about MSMD will help clinicians to evaluate more patients for underlying genetic susceptibility to mycobacteria. Under the national TB program (RNTCP) microbiological confirmation is mandatory before initiation of ATT. With increasing awareness among physicians isolation of NTM/ EM while pursuing the microbiological diagnosis would prompt work up for underlying genetic defects. Knowledge of the underlying molecular defect is important not only in planning definitive therapy in the form of HSCT for severe forms of the disease but also providing genetic counseling to the affected families. Once a family member has been diagnosed with MSMD, BCG vaccination should be avoided in the next child until a genetic defect has been ruled out.

Tuberculosis still remains a major public health problem in India. With BCG vaccine given at birth and tuberculosis being endemic in India, diagnosing MSMD is critical not only for the appropriate management of the patient but also for the optimum control of tuberculosis. As seen in our cohort BCG-osis is the commonest presentation. We had high index of suspicion for BCG-osis in patients presenting with BCG adenitis, persistent AFB positivity, three episodes of MTB, strong family history of Koch, infections with Intracellular organisms like Non-typhi salmonella, Kala Azar, Histoplasma, and NTM. This has helped us in picking up cases of MSMD and instituting appropriate treatment including HSCT. This study also highlights the wide spectrum of micro-organisms seen with MSMD which is unique to our cohort. We also report higher prevalence of IFNγR2 defect in India. Autoimmunity in MSMD has not been reported any literature, presence of multiple autoimmunity in our cohort of IL-12Rβ1 requires further investigation and may indicate need for screening MSMD patients for autoimmune diseases. Flow cytometric analysis of MSMD is available at only two centers in our country this has limited functional validation in our cohort.
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PatientID  Age of Sex Consanguinity Family BCGosis Salmonella  Other Type of MSMD  Outcome

presentation history organisms Defect
(in months)

P1 05 Foo+ + + - omv IFN-yR1 D

P2 F = e e Pseudomonas IFN-yR1 A
aeruginosa,
comv

P3 3 M 4 - + - - IL-12p40 A

P4 6 Foo+ - + - - STAT1 D

P5 3 Foo+ + + - - STAT1 D

6 11 Mo+ - + - - IFN-yR2 A

P7 168 Mo+ + + - Giardia, IL-12RB1 A
Histoplasma

P8 120 M- + + + - IL-12RB1 A

PY 300 Foo+ - - + - IL-12RB1 A

P10 18 Mo+ - + - Candida IL-12RB1 D

P11 120 Foo- - + - Staphylococeus  IFN-yR1 A
aureus, NTM,
Molluscum
(Coxsackie)

P12 24 M+ + + - - IFN-yRT

P13 180 Mo+ - - - Mycobacterium  IFNyR1 D
leprae

P14 9 F et gt + = s IL-12RB1 A

P15 27 Foo- - + - - IL-12RB1 Lost FIU

P16 48 M L - + i Candida IL-12RB1 Lost FU

P17 12 Foo+ + + - - IL-12RB1 A

P18 3 Foo+ + + - - IL-12RB1 D

P19 182 Mo+ - + - - IL-12Rp1 A

P20 14 F + = L = — IFN-yR2 A

P21 5 Foo+ + + - - IFN-yR1 Lost FIU

P22 3 M & - + - = IFN-yR1 Lost FU

P23 4 [ - + - - IFN-yR1 A

P24 4 M + = + = = IFN-yR2 D

P25 2 Foo+ - + - - IL-12RB1 D

P26 6 Foo+ - - - Candida RORC A

P27 72 Foo- - + - Varicella Zoster  IFNyR1 A

P28 4 F + + + -~ &5 IL-12RB1 A

P29 3 Mo+ + + = - IFN-yR2 D

P30 3 M- + + - - STAT1 A

P31 6 M - + - - IFNyRT Lost FIU

P32 7 F + - e + - IL-12RB1 A

P33 4 M- - + - - IL-12RB1 A

P34 2 F = - + = = IL-12RB1 Lost FU

P35 13 Mo+ - + - MV, NTM IFN-yR1 A

P36 3 Mo+ - + - - IL-12RB1 A

P37 3 Mo+ - + - Streptococcus  1SG15 D
pneumoniae,
Enterococcus,
BOCA VIRUS

P38 3 M- - + - - IFN-yR2 D

P39 4 Foo- + - + - IL-12RB1 A

P40 1 Foo- - + - Staphylococeus  IL-12RB1 A
aureus

P41 1 Mo - - + - - IL-12RB1 D

P42 1 M i - s — = STAT1 A

P43 7 M- + + - - IFN-yR2 Lost FU

P44 48 M = b + + = IFN-yR1 Lost FU

Pa5 120 Foo- - - + Proteus IL-12RB1 Lost FU

P46 120 M - tp ey + Clostridium IL-12RB1 Lost FU
difficile

P47 % M- - + - - IFNyR1 Lost FU

Pag 36 F + & + = Streptococcus IFNyR1 Lost FU
pyogenes

Pag 6 Foo+ + + - - IL-12RB1 Lost FU

P50 6 M ~ e e = . IL-12RB1 Lost FU

P51 9 Mo+ + - - comv IFN-yR2 A

P52 6 M + & - - Neisseria, CMV  IFN-yR2 D

P53 6 Mo+ - - - Candida IL-12RB1 A

P54 3 M = - = cmv IFN-yR1 A

P55 60 M- - - - - IL-12RB1 A

D, dead; A, alive; F/U, follow-up.
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©.769dup pD257GIs'22  Homozygous
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c.1728-4C>T Heterozygous
CA29G>A  pW143" Homozygous
c568T>G  pYi86" Homozygous

Mutation type Reported/novel

Deletion Novel
Missense 1567051378
(Reported
Benign in
Clinvar)
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(PMID
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Essential 15554063682
splcingsite (PMID
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(17, 18)
Deletion Novel
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Essential Novel
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