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Introduction
Mendelian susceptibility to mycobacterial disease (MSMD) 

(OMIM #209950) is characterized by a predisposition to severe 

disease caused by weakly virulent mycobacteria, including Myco-

bacterium bovis Bacille Calmette-Guérin (BCG) vaccines and 

environmental mycobacteria (1, 2). Patients are typically oth-

erwise healthy, normally resistant to most other microbes, and 

have no overt hematological or immunological abnormalities in 

routine tests. Nevertheless, some patients can suffer from infec-

tions due to more virulent mycobacteria, such as Mycobacterium 

tuberculosis (3). Moreover, extraintestinal, nontyphoidal salmo-

nellosis has also been documented in approximately half of the 

patients (2, 4–6). Other infections caused by intramacrophagic 

bacteria, fungi, and parasites occur more rarely (2, 7). In partic-

ular, chronic mucocutaneous candidiasis can be seen in patients 

with specific genetic etiologies (8). MSMD was first described 

in the 1950s, with various clinical manifestations ranging from 

recurrent localized disease to progressive disseminated infec-

tions (9–11). The clinical outcome and response to treatment 

also vary considerably from patient to patient. The overall preva-

lence of MSMD has been estimated at approximately 1 of 50,000 

births, and cases have been diagnosed or reported in almost all 

Mendelian susceptibility to mycobacterial disease (MSMD) is characterized by a selective predisposition to clinical disease 

caused by the Bacille Calmette-Guérin (BCG) vaccine and environmental mycobacteria. The known genetic etiologies of MSMD 

are inborn errors of IFN-γ immunity due to mutations of 15 genes controlling the production of or response to IFN-γ. Since the 

first MSMD-causing mutations were reported in 1996, biallelic mutations in the genes encoding IFN-γ receptor 1 (IFN-γR1) and 

IFN-γR2 have been reported in many patients of diverse ancestries. Surprisingly, mutations of the gene encoding the IFN-γ 

cytokine itself have not been reported, raising the remote possibility that there might be other agonists of the IFN-γ receptor. 

We describe 2 Lebanese cousins with MSMD, living in Kuwait, who are both homozygous for a small deletion within the IFNG 

gene (c.354_357del), causing a frameshift that generates a premature stop codon (p.T119Ifs4*). The mutant allele is loss of 

expression and loss of function. We also show that the patients’ herpesvirus Saimiri–immortalized T lymphocytes did not 

produce IFN-γ, a phenotype that can be rescued by retrotransduction with WT IFNG cDNA. The blood T and NK lymphocytes 

from these patients also failed to produce and secrete detectable amounts of IFN-γ. Finally, we show that human IFNG 

has evolved under stronger negative selection than IFNGR1 or IFNGR2, suggesting that it is less tolerant to heterozygous 

deleterious mutations than IFNGR1 or IFNGR2. This may account for the rarity of patients with autosomal-recessive, complete 

IFN-γ deficiency relative to patients with complete IFN-γR1 and IFN-γR2 deficiencies.

Inherited human IFN-γ deficiency underlies 
mycobacterial disease
Gaspard Kerner,1,2 Jérémie Rosain,1,2 Antoine Guérin,1,2 Ahmad Al-Khabaz,3 Carmen Oleaga-Quintas,1,2 Franck Rapaport,4  

Michel J. Massaad,5,6 Jing-Ya Ding,7,8 Taushif Khan,9 Fatima Al Ali,9 Mahbuba Rahman,9 Caroline Deswarte,1,2  

Rubén Martinez-Barricarte,4 Raif S. Geha,10 Valentine Jeanne-Julien,1,2 Diane Garcia,1,2 Chih-Yu Chi,11,12 Rui Yang,4 Manon Roynard,1,2 

Bernhard Fleckenstein,13 Flore Rozenberg,14 Stéphanie Boisson-Dupuis,1,2,4 Cheng-Lung Ku,7,15 Yoann Seeleuthner,1,2 Vivien Béziat,1,2,4 

Nico Marr,9,16 Laurent Abel,1,2,4 Waleed Al-Herz,17,18 Jean-Laurent Casanova,1,2,4,19,20 and Jacinta Bustamante1,2,4,21

1INSERM U1163, Laboratory of Human Genetics of Infectious Diseases, Necker Branch, INSERM 1163, Paris, France. 2Imagine Institute, University of Paris, Paris, France. 3Allergy and Clinical Immunology Unit, 

Pediatric Department, Mubarak Al-Kabeer Hospital, Kuwait University, Jabriya City, Kuwait. 4St. Giles Laboratory of Human Genetics of Infectious Diseases, Rockefeller Branch, Rockefeller University, New York, 

New York, USA. 5Department of Experimental Pathology, Immunology and Microbiology, and 6Department of Pediatrics and Adolescent Medicine, American University of Beirut, Beirut, Lebanon. 7Laboratory of 

Human Immunology and Infectious Disease, Graduate Institute of Clinical Medical Sciences, Chang Gung University, Taoyuan, Taiwan. 8Division of Infectious Diseases, Department of Internal Medicine, Linkou 

Chang Gung Memorial Hospital, Taoyuan, Taiwan. 9Research Branch, Sidra Medicine, Doha, Qatar. 10Division of Immunology, Department of Pediatrics, Children’s Hospital, Harvard Medical School, Boston, 

Massachusetts, USA. 11Division of Infectious Diseases, Department of Internal Medicine and 12School of Medicine, China Medical University Hospital, Taichung, Taiwan. 13Institute of Clinical and Molecular 

Virology, Erlangen-Nurnberg University, Erlangen, Germany. 14Department of Virology, University of Paris, Cochin Hospital, Assistance Publique – Hôpitaux de Paris (AP-HP), Paris, France. 15Department 

of Nephrology, Chang Gung Memorial Hospital, Taoyuan, Taiwan. 16College of Health and Life Sciences, Hamad Bin Khalifa University, Doha, Qatar. 17Department of Pediatrics, Faculty of Medicine, Kuwait 

University, Kuwait City, Kuwait. 18Allergy and Clinical Immunology Unit, Pediatric Department, Al-Sabah Hospital, Kuwait City, Kuwait. 19Pediatric Hematology and Immunology Unit, Necker Hospital for Sick 

Children, AP-HP, Paris, France. 20Howard Hughes Medical Institute, New York, New York, USA. 21Center for the Study of Primary Immunodeficiencies, Necker Hospital for Sick Children, AP-HP, Paris, France.

Authorship note: GK, JR, AG, and AAK are co–first authors who contributed equally to 

this work. JLC and JB are co–last authors who contributed equally to this work.

Conflict of interest: The authors have declared that no conflict of interest exists.

Copyright: © 2020, American Society for Clinical Investigation.

Submitted: December 4, 2019; Accepted: March 4, 2020; Published: May 11, 2020.

Reference information: J Clin Invest. 2020;130(6):3158–3171. 

https://doi.org/10.1172/JCI135460.

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/6
https://doi.org/10.1172/JCI135460


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

3 1 5 9jci.org   Volume 130   Number 6   June 2020

deficiencies). IFN-γ is mostly secreted by NK cells and T lympho-

cytes (37). First identified in 1966 as a leukocyte antiviral IFN (38), 

IFN-γ was shown in 1983 to be the macrophage-activating factor 

(39). Mice lacking IFN-γ were shown to be prone to infection by 

both viruses and intramacrophagic pathogens (40–43). The study 

of MSMD has shown that human IFN-γ is much more a macro-

phage-activating factor than an antiviral IFN. The genetic etiology 

and immunological basis of MSMD remain unknown in about half 

of the patients identified to date.

Surprisingly, germline mutations of the IFN-γ cytokine itself 

have not been reported, despite the identification of hundreds of 

patients with mutations of the genes encoding the chains of its 

receptor (refs. 7, 13, 14, 16, 23–25, 31, 34, 44–56 and our unpub-

lished data). There are 10 types of IFN-γR1 and IFN-γR2 defi-

ciencies (Table 1), including recessive and dominant disorders, 

complete and partial functional defects, forms without surface 

receptors or with dysfunctional surface receptors, and different 

types of mechanisms by which mutations disrupt the function of 

surface receptors (7, 13, 14, 16, 23–25, 31, 34, 44–56). By contrast, in 

25 years of study, to our knowledge, no patient has yet been report-

ed to have any form of inherited IFN-γ deficiency. This surprising 

observation raised the remote but finite possibility that there 

might be other agonists of the human IFN-γ receptor. We set out to 

search for mutations of IFNG in patients with unexplained MSMD 

referred to our laboratory.

Results
Clinical description of 2 related patients with MSMD. We studied 2 

patients from 2 related consanguineous families from Lebanon 

living in Kuwait (Figure 1A). Patient 1 (P1, IV.3) was the third child 

born to consanguineous parents (second degree) of Arab origin. 

She was born at full term, with no perinatal complications. The 

child was vaccinated with BCG at the age of 3 months. Three weeks 

later, she developed a prolonged fever associated with a large left 

axillary mass (8 × 8 cm) that was erythematous and tender. She 

also had hepatosplenomegaly, maculopapular rashes, occasional 

diarrhea, and failure to thrive. The infant was treated with multi-

ple courses of antibiotics, without improvement. Laboratory tests 

showed leukocytosis, anemia, thrombocytosis, and high levels of 

liver enzymes. Acid-fast bacilli (AFB) were detected on biopsy of 

an excised lymph node, confirming the diagnosis of disseminat-

ed mycobacterial disease (BCG-osis), which was initially treated 

with amikacin and levofloxacin. This treatment was later replaced 

countries. The occurrence of familial cases segregating as Men-

delian disorders led to this condition being named MSMD (12).

The first genetic etiology was discovered in 1996 in patients 

with IFN-γ receptor 1 (IFN-γR1) deficiency (13, 14). Causal muta-

tions have been identified in 10 autosomal (IFNGR1, IFNGR2, 

STAT1, IRF8, IL12RB1, IL12RB2, IL23R, IL12B, SPPL2A, and TYK2) 

and 2 X-linked (XR) (NEMO and CYBB) genes (2, 7, 15–18). Allelic 

heterogeneity at these loci has led to the definition of 23 genetic 

etiologies (Table 1 and refs. 13–31). In addition, autosomal-reces-

sive (AR) complete STAT1, IRF8, TYK2, ISG15, and RORγ/RORγT 

and AR partial JAK1 deficiencies almost invariably underlie myco-

bacterial diseases in the context of other clinical phenotypes; these 

deficiencies can be considered syndromic forms of MSMD (Table 

2 and refs. 32–36). Collectively, there are, thus, 15 MSMD-causing 

genes and 30 genetic etiologies.

Despite their high levels of locus and allelic heterogeneity, iso-

lated and syndromic MSMDs display striking physiological homo-

geneity: all known genetic etiologies are inborn errors of IFN-γ 

immunity. Some genetic etiologies (ISG15, IL-12Rβ1, IL-12Rβ2, 

IL-23R, TYK2, RORγ/RORγT, and IL-12p40 deficiencies) impair 

the production of IFN-γ, whereas others (STAT1, IFN-γR1, IFN-

γR2, JAK1, and gp91phox deficiencies) impair cellular responses to 

this cytokine. A few disrupt both the induction of IFN-γ and the 

response pathway for this cytokine (IRF8, SPPL2A, and NEMO 

Table 1. Overview of diseases underlying “isolated” MSMD

Gene Inheritance Defect Protein

IL12RB1 AR C E–

AR C E+

IL12B AR C E–

IL23R AR C E+

IL12RB2 AR C E–

SPPL2A AR C E– or E+

IRF8 AD P E+

IFNGR1 AR C E+

AR C E–

AD P E+++

AR P E+ of mutant protein

AR P E+

IFNGR2 AR C E+

AR C E–

AR P E+ of mutant protein

AR P E+ of WT protein

AD P E+

STAT1 AD P E+P–

AD P E+B–

AD P E+P–B–

NEMO (IKBKG) XR P E+

CYBB (gp91 phox) XR P E+

TYK2 P1104A AR P E+

Modes of inheritance are AD, AR, or XR. C, complete functional defect; 

P, partial functional defect. The proteins are WT or mutated. E–, not 

expressed; E+, expressed; E+P–, expressed but not phosphorylated; E+B–, 

expressed but not binding; E+P–B–, expressed but neither binding nor 

phosphorylated.

Table 2. Overview of diseases underlying “syndromic” MSMD

Gene Inheritance Defect Protein

TYK2 AR C E–

JAK1 AR P E–

RORC AR C E–

ISG15 AR C E– 

IRF8 AR C E– or E+

STAT1 AR C E–

AR P E+
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Figure 1. IFN-γ deficiency. (A) Pedigree of 2 related kindreds, showing familial segregation of the c.354_357del (p.T119Ifs*4) mutant (M) IFNG allele. The 

affected patients are represented by black circles, and an arrow indicates the proband. Each generation is designated by a roman numeral (I–IV). E?, 

individuals of unknown genotype. (B) Linkage analysis. (C) An analysis of WES data identified IFNG as a candidate MSMD gene carrying a rare homozygous 

mutation common to P1 and P2 within the linkage regions. SNVs, single nucleotide variants. (D) Alamut viewer presentation of the region of the genome 

containing the mutation, in the sense orientation, for P1 and P2. (E) CADD score and MAF of all homozygous coding variants previously reported in public 

databases (gnomAD v2.1 and TOPMED/BRAVO) (http://gnomad.broadinstitute.org; https://bravo.sph.umich.edu) and in our in-house (HGID) database. 

The dotted line corresponds to the MSC with its 95% CI. The c.354_357del mutation is shown as a red diamond. (F) Sanger sequencing of the region con-

taining the IFNG mutation from a healthy control, patients, and the patients’ heterozygous relatives.
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Six weeks after initial vaccination with BCG at the age of 3 months, 

she presented with fever associated with axillary swelling and an 

ulcerated lesion at the injection site. The swelling measured 4 × 

5 cm and was erythematous but not tender. The patient also had 

hepatosplenomegaly, with normal growth parameters and no dys-

morphic features. Laboratory tests at presentation showed leuko-

cytosis, anemia, thrombocytosis, a low erythrocyte sedimentation 

rate, and high levels of liver enzymes. Serological tests showed the 

patient to be seropositive for respiratory syncytial virus (RSV) at 

the age of 5 months. A CT of the chest showed moderate infiltra-

tion in the left mid-lung field, with no pleural effusion or hilar or 

mediastinal masses. A biopsy of an excised lymph node confirmed 

the presence of AFB. Accordingly, the patient was diagnosed with 

BCG-osis. She was treated with isonizid, rifampin, and ethambu-

tol, but her condition was complicated by conjugated hyperbil-

irubinemia and an increase in liver enzyme levels, with normal-

ization after the cessation of all antimycobacterial drugs. The 

same drugs were then sequentially reintroduced, without adverse 

effects. Ethambutol was stopped after the completion of 2 months 

of treatment. The immunological test results obtained at the age 

of 5 months are shown in Supplemental Table 1.

Homozygosity for a frameshift in the IFNG gene. We performed 

WES and genome-wide linkage analysis (GWL) for both families. 

Principal component analysis (PCA) of the WES data confirmed 

the Middle Eastern ancestries of the patients, and their parental 

consanguinity was confirmed by their homozygosity rates (6.8% 

for P1 and 4.8% for P2). No rare heterozygous or homozygous 

nonsynonymous variants were identified in any of the 15 known 

MSMD-causing genes (Tables 1 and 2). We performed multipoint 

linkage analysis with homozygosity mapping under an AR mod-

el with a very rare disease-causing allele (minor allele frequency 

[MAF] <10–3) and complete penetrance. We identified 6 chromo-

somal regions linked to MSMD on chromosomes 7, 8, 11, 12, 14, 

by isoniazid, rifampin, and ethambutol after a return to normal 

liver enzyme levels. The immunological assays are shown in Sup-

plemental Table 1 (Supplemental material available online with 

this article; https://doi.org/10.1172/JCI135460DS1). The patient 

had no other severe infections caused by other bacteria or virus-

es. Human recombinant IFN-γ (IMUKIN) treatment (50 μg/m2, 3 

times per week) was started 18 months after the patient’s initial 

presentation. Fourteen months after the diagnosis of BCG-osis, 

the patient presented with prolonged, unremitting high fever, sple-

nomegaly, pancytopenia, very high ferritin levels, and high fasting 

triglyceride levels. Hemophagocytic lymphohistiocytosis (HLH) 

was suspected, but no evidence of hemophagocytosis was found 

in the bone marrow. Extensive microbiological studies revealed 

no infectious cause for this episode. The patient was treated with 

dexamethasone and etoposide (VP-16), in accordance with the 

HLH-04 protocol, and experienced both clinical and biochemi-

cal remission. However, no mutations in known HLH genes were 

identified by whole-exome sequencing (WES). Two weeks after 

completing the 40-week HLH-04 treatment protocol, the patient 

presented with intermittent fever, severe irritability, headache, 

and possible convulsions. Cerebrospinal fluid studies were nor-

mal, and brain MRI showed a white-matter lesion with enhancing 

nodules and leptomeningeal enhancement. The patient’s electro-

encephalogram was normal. We found no signs of systemic HLH 

(cytopenia, hepatosplenomegaly, low fibrinogen or high ferritin 

levels). We initiated treatment with dexamethasone, intrathecal 

methotrexate, and prednisone in accordance with the HLH-04 

protocol. The patient’s relapse of HLH led us to perform allogene-

ic hematopoietic stem cell transplantation (HSCT) with cells from 

a matched donor (her sister) at the age of 3 years. Nine days after 

HSCT, the patient experienced a prolonged convulsion and died.

Patient 2 (P2, IV.5) was born to consanguineous parents at full 

term and with no perinatal complications. She is the cousin of P1. 

Figure 2. List of variants and strength of the purifying selection acting on IFNG. Genome-wide distribution of the strength of purifying selection acting 

on genes, estimated by (A) the f parameter, for which lower values in the interval [0,1] correspond to stronger purifying selection, and (B) GDI rank, for 

which higher values correspond to highly tolerant genes, on bar plots for the IFNG, IFNGR1, and IFNGR2 genes. The positions of IFNG, IFNGR1, and IFNGR2 

are indicated by 1 red arrow and 2 orange vertical bars, respectively.
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and 17, with a lod score (>2.65) close to the maximum expected 

value (2.959) (Figure 1B). These regions covered 12.16 Mb. We 

found only 2 homozygous coding variants that were nonsynon-

ymous or affected an essential splice site and had a MAF higher 

than 0.001 in the linked chromosomal intervals (Figure 1C). The 

first variant, in the CD36 gene, was located on chromosome 7 and 

was probably irrelevant to MSMD (see Supplemental Data). The 

second variant was located on chromosome 12 and was a frame-

shift small deletion c.354_357del in exon 3 of IFNG, which encodes 

the IFN-γ protein (Figure 1D). The deletion of 4 nucleotides in this 

gene was predicted to generate a premature stop codon at posi-

tion 119, located 48 amino acids upstream from the canonical 

stop codon and following a stretch of 4 novel amino acids. The 

combined annotation-dependent depletion (CADD) score of 25 

obtained (c.354_357del; Figure 1E) was well above the IFNG muta-

tion significance cutoff (MSC) of 20.877 (57–59). We confirmed 

the c.354_357del IFNG mutation by Sanger sequencing of genom-

ic DNA from whole blood, peripheral blood mononuclear cells 

(PBMCs), EBV-transformed B cells (EBV-B cells), herpesvirus 

saimiri–transformed T cells (HVS-T cells), and fibroblasts from P1 

and P2 (Figure 1F). The parents of both patients and the siblings 

of P1 were heterozygous for the same variant, consistent with an 

AR trait having complete penetrance in each family. This variant 

was not found in our WES database (>6000 patients with various 

infectious diseases) or in public databases (gnomAD, version 2.1 

and TOPMed BRAVO). The MAF of the allele was therefore less 

than 3 × 10–6. Moreover, there were no homozygous variants of 

IFNG predicted to be loss of function (LOF) in the general popula-

tion (Figure 1E). Only 2 missense variants (p.G54D, CADD 0.004 

and p.R152Q, CADD 28.2) in the homozygous state are present in 

the gnomAD (version 2.1) and TOPMed BRAVO databases. Over-

all, both the familial segregation of the frameshift c.354_357del 

IFNG allele and the results of population genetic analyses strongly 

suggested that these 2 related MSMD patients from Lebanon had 

AR IFN-γ deficiency.

Strong purifying selection on IFNG. We investigated the reasons 

for the identification of only 2 related MSMD families with puta-

tive AR IFN-γ deficiency, contrasting with the hundreds of kin-

dreds diagnosed with various forms of IFN-γR1 or IFN-γR2 defi-

ciency over the past 25 years, a problem that is perhaps as puzzling 

as the rarity of AR IL-12Rβ2 and IL-23R deficiencies relative to 

AR IL-12Rβ1 deficiency (17). We analyzed 2 selection parameters 

(see Methods) to estimate the negative evolutionary pressure on 

the IFNG, IFNGR1, and IFNGR2 loci. According to the f parameter 

from SnIPRE (selection inference using Poisson random effects), 

IFNG is at 0.318, ranking it in the top 8.9% of genes under the 

strongest evolutionary pressure (Figure 2A). By contrast, their f 

values placed IFNGR1 and IFNGR2 outside the top 28% and 65%, 

respectively, of genes under the strongest negative selection (Fig-

ure 2A). The gene damage index (GDI) value was also much lower 

for IFNG (ranked among the 1.3% of genes with the lowest GDI 

values) than for IFNGR1 and IFNGR2 (ranked in the top 62% and 

59%, respectively, of genes with the lowest GDI values) (Figure 

2B). Moreover, numerous missense and predicted LOF variants are 

present in the heterozygous state in IFNGR1 and IFNGR2, includ-

ing 4 with a MAF above 0.01 (2 in each gene), whereas far fewer 

such variants are observed in IFNG, with a maximum individual 

frequency of 6 × 10–5 and a maximum cumulative frequency of 

5.30 × 10–4. Finally, taking into account the size of the correspond-

ing coding region, the ratio of nonsynonymous variants per bp for 

IFNG (0.09/bp) was approximately half that for IFNGR1 (0.20/

bp) and IFNGR2 (0.17/bp) (Supplemental Table 2). When consid-

ering the noncoding adjacent regions covered by WES, this vari-

ants-per-bp ratio was higher for IFNG (0.12/bp) than for IFNGR1 

(0.06/bp) and IFNGR2 (0.08/bp), indicating that IFNG does not 

lie in a region with a particularly low mutation rate (Supplemental 

Table 2). Finally, autosomal-dominant (AD) IFN-γR1 deficiency is 

caused exclusively by specific deletions that are dominant-nega-

tive through truncation of both the recycling and STAT1-binding 

sites in the intracellular tail, but not the transmembrane domain 

(2, 7, 23, 48), whereas AD IFN-γR2 deficiency acts by haploinsuf-

ficiency with very low penetrance for MSMD (25). Overall, these 

results indicate that IFNG has evolved under stronger negative 

selection than IFNGR1 and IFNGR2, implying that IFNG is less tol-

erant to heterozygous mutations than IFNGR1 and IFNGR2. These 

results are consistent with a previous study based on a sample of 

186 individuals from sub-Saharan Africa, Europe, and East Asia 

that used, in particular, the classical McDonald-Kreitman Poisson 

random field test (60, 61). These findings probably account for the 

greater rarity of AR IFN-γ deficiency than of IFN-γR1 and IFN-

γR2 deficiencies. They also suggest that patients heterozygous for 

deleterious IFNG mutations may display related life-threatening 

infectious phenotypes, such as tuberculosis (18).

The mutant IFNG allele is LOF. The IFNG gene encodes a glyco-

protein of 20 to 25 kDa and 166 amino acids (62–65). The mutant 

protein in the patients’ cells is predicted to contain 123 amino acids, 

including 119 original and 4 novel amino acids (Figure 3A). We 

transiently transfected human embryonic kidney 293T (HEK293T) 

cells with plasmids encoding WT IFNG or mutant c.354_357del 

Figure 3. Levels of RNA and protein produced from the IFNG allele in an 

overexpression system and in vitro characterization. (A) Schematic repre-

sentation of the WT protein and predicted proteins for P1 and P2. (B) qPCR 

on cDNA from HEK293T cells nontransfected (NT) or transfected with an 

empty plasmid (EV), WT-IFNG, or mutated IFNG. GUSB was used for nor-

malization. The results shown are representative of 2 independent exper-

iments. (C) Western blot analysis of IFN-γ in HEK293T cells left NT or that 

were transfected with an EV, WT-IFNG, or mutated IFNG, all inserted into 

p.CMV6 with a C-terminal DDK tag, with (left) or without (middle) brefeldin 

treatment and the addition of supernatants from HEK293T-transfected 

cells (right). The anti–IFN-γ antibodies used were a monoclonal mouse 

anti-IFN-γ antibody recognizing an N-terminal epitope between amino 

acids 20 and 50, and an antibody directed against the C-terminal DDK tag. 

An antibody against GAPDH (α-GAPDH) was used as a protein-loading con-

trol. The results shown are representative of 2 independent experiments. 

Different exposure times were used for each Western blot. (D) Induction 

of HLA-DR on SV-40 fibroblasts from a healthy control and from a patient 

with AR complete IFN-γR1 deficiency. Cells were activated with commercial 

IFN-γ or supernatants obtained from HEK293T cells transfected with dif-

ferent constructs. The results shown are representative of 2 independent 

experiments. (E) qPCR on cDNA from the HVS-T cells from healthy travel 

controls (C1 and C2), a heterozygous individual, and P1. GUSB was used 

for normalization. The results shown are representative of 2 independent 

experiments. (F) RT-PCR of exons 1–4 of the IFNG cDNA in PHA blasts 

from a healthy control (C+), 2 patients (P1 and P2), their relatives (Het1 

and Het2), and a negative control (C–). The ACTB gene was used as a cDNA 

loading control.
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IFNG, with a C-terminal DDK tag. We also tested the 2 missense 

coding variants found in the homozygous state in public databases 

(p.G54D and p.R152Q IFNG). The IFNG mRNAs were produced in 

similar amounts (Figure 3B). Western blotting with a mouse mAb 

against amino acids 25–50 of the human IFN-γ protein detected 

a WT protein product with an apparent molecular weight (MW) 

between 20 and 30 kDa in the cell lysate and supernatant (Figure 

3C). However, we detected no mutant IFN-γ protein (Figure 3C). 

Moreover, Western blotting with an antibody against the C-ter-

minal DDK tag detected no proteins, ruling out a reinitiation of 

translation downstream from the premature stop codon. The pro-

teins encoded by the 2 public missense variants had a normal MW.  

Figure 4. Abolition of the production and secretion of IFN-γ by cells 

from the IFN-γ–deficient patients. (A) IFN-γ secretion by controls (C1, C2, 

C3) and patient HVS-T cell lines untransduced or transduced with empty 

plasmid (pLZRS-IRES-ΔNGFR-EV) or WT-IFNG plasmid (pLZRS-IRES-

ΔNGFR-WT-IFNG). The results shown are representative of 2 independent 

experiments. (B) Induction of IFN-γ secretion in a whole-blood assay for 

in-house (local) controls, travel controls, patients (P1 and P2), and het-

erozygous relatives (Het), following stimulation with live BCG alone or in 

combination with IL-12. (C) Induction of IL-12p40 secretion in a whole-blood 

assay for local controls, travel controls, patients (P1 and P2), and heterozy-

gous relatives, following stimulation with live BCG alone or in combination 

with IFN-γ. NS, no stimulation. A nonparametric Wilcoxon test was per-

formed for the data in B and C to calculate the P value between heterozy-

gous relatives and controls (local or travel controls). (D) IFN-γ production 

by PHA-activated CD3+, CD4+, and CD8+ T cells from P1 and P2 and from a 

healthy donor in the absence of stimulation or following stimulation with 

PHA alone, PHA plus IL-12 or IL-23, or PMA-ionomycin (PMA/Iono) in the 

presence of brefeldin A.
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tative real-time RT-PCR (qPCR) (Figure 3E and data not shown). 

Cells from the patient produced IFNG transcripts that were detect-

able by qPCR. The levels of IFNG mRNAs were diminished when 

compared with those in unrelated travel controls, suggesting that 

transcripts carrying the mutation are subject to some degree of 

mRNA decay. We assessed the consequences of the c.354_357del 

mutation of IFNG at the mRNA level by performing qPCR on 

PBMCs and HVS-T cells from patients and healthy controls (Fig-

ure 3E). We amplified a segment spanning exons 1–4 from healthy 

controls, P1, P2, and the patients’ parents. Cells from the patients 

yielded PCR products of MWs similar to those obtained in PCR 

products from healthy controls and heterozygous carriers (Figure 

3F). TA cloning and Sanger sequencing of these PCR products 

confirmed that all molecular clones analyzed for each patient (P1 

and P2) lacked the 4 nucleotides corresponding to c.354_357del, 

thereby causing a frameshift  premature stop codon (p.T119Ifs4*) 

(Figure 3A). The C-terminal domain of human IFN-γ is import-

ant for its biological activity, including interaction with its spe-

The active form of human IFN-γ is a homodimer (66, 67). We eval-

uated the function of the mutant proteins by assessing HLA-DR 

induction in SV-40 fibroblasts with supernatants from transfect-

ed HEK293T cells. Recombinant IFN-γ and supernatants from 

HEK293T cells transfected with the WT, p.G54D, or p.R152Q 

cDNA induced HLA-DR expression on the surface of SV-40 fibro-

blasts from a healthy control, but not on those from a patient 

with AR complete IFN-γR1 deficiency (Figure 3D). By contrast, 

supernatants from HEK293T cells transfected with the mutant 

c.354_357del or with a previously described LOF cDNA (p.R143*) 

(68) did not induce HLA-DR. These results suggest that the mutant 

allele found in the homozygous state in these 2 related patients 

with MSMD is LOF and that there are no homozygotes for LOF 

alleles in current public databases. These data further suggest that 

these 2 patients have MSMD due to AR complete IFN-γ deficiency.

Impaired IFNG mRNA expression in patients’ cells. We mea-

sured IFNG transcript levels in phytohemagglutinin (PHA) blasts 

and HVS-T cells from P1 and healthy travel controls using quanti-

Figure 5. Microbial exposure in the IFN-γ–deficient patients. Antibody profiles of patients (P1, P2) and unrelated control subjects (HC2 and HC3 are 

healthy adult controls, whereas HC1 is a healthy pediatric control). Pooled plasma used for intravenous immunoglobulin (IVIg) therapy and IgG- depleted 

serum served as additional controls and were used for comparison. (A) Heatmap plot depicting score values equivalent to the count of significantly 

enriched peptides for a given species sharing less than a continuous 7-residue subsequence, the estimated size of a linear epitope. The species shown are 

those for which at least 1 of the patients had a score above the threshold set for this analysis (≥3). The color indicates the score values, with scores above 

the threshold shown in darker shades of blue. Max, maximum. (B) Result from a PCA of peptide enrichment score values above the significance threshold 

for at least 1 of the patients. More than 70% of the variance was accounted for by the first 2 components and separated the various controls (mockIP, IVIg, 

IgG-depleted), healthy controls (HC1, HC2, and HC3), and patients (P1 and P2, shown in red). PC1, principal component 1; PC2, principal component 2. (C) 

Scatter plots showing the contribution of the enriched peptides to the principal components (PC1 and PC2). Peptide groups from microbial species contain-

ing at least 3 differentially enriched nonhomologous peptides are shown in color.
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and B). We also observed normal proportions of Tregs and γδ T 

cells in both P1 and P2 (Supplemental Figure 2B). The frequency of 

CD56bright NK cells was similar in these 2 patients compared with 

healthy controls, whereas the frequency of invariant NKT (iNKT) 

cells was lower (Supplemental Figure 2B). Total CD27+ memo-

ry B cell levels were low when compared with levels in non–age-

matched controls (Supplemental Figure 2D), with low IgA+– and 

IgM+–specific, normal IgD+–specific, and high IgG+–specific mem-

ory B cell levels (Supplemental Figure 2E). Serum IgG, IgM, and 

IgA levels were also normal in both patients (Supplemental Table 

1). These findings indicate that IFN-γ is not essential for the devel-

opment of the known leukocyte subsets in humans, as previously 

documented in IFN-γR1– and IFN-γR2–deficient humans (2, 13, 

14, 31, 48, 49). These findings also suggested that these patients 

had  no other immunological deficits that could account for their 

mycobacterial disease.

Immunity to nonmycobacterial microorganisms. Finally, we 

assessed the patients’ history of microbial exposure by measuring 

their repertoires of plasma antibodies specific for a wide array of 

nonmycobacterial species, using phage immunoprecipitation–

sequencing (PhIP-Seq). The results obtained suggest that the 

patients (P1 and P2) had been exposed to various common respira-

tory and enteric pathogens by the age of 2 years but that this expo-

sure did not result in significant disease. In particular, the patients 

had been exposed to human adenoviruses A and C, human RSV, 

human metapneumovirus, rhinoviruses A and B, human herpes-

viruses (HHVs) 6 and 7, and opportunistic bacterial pathogens, 

such as Streptococcus pneumoniae and Staphylococcus aureus (Fig-

ure 5A). We also performed a PCA of the peptide/antibody spec-

ificities significantly enriched in at least 1 of the plasma samples 

obtained from the patients at the age of 2 years. P1 and P2 differed 

in terms of their antimicrobial antibody repertoires and, presum-

ably, exposure histories, and differences with respect to IgG-de-

pleted sera and other unrelated control subjects were observed in 

both patients (Figure 5B), indicating that they were able to mount 

normal humoral responses. The difference in humoral immunity to 

common infections in these patients relative to the other subjects 

tested appeared to be driven principally by the presence of antibod-

ies against human adenoviruses B and C, rhinoviruses A and B, and 

enteroviruses A and C (Figure 5C). These findings confirmed that 

protective immunity to a wide range of microorganisms, including 

common viruses, can be achieved in the absence of IFN-γ.

Discussion
We describe AR complete IFN-γ deficiency as a genetic etiol-

ogy of MSMD in 2 patients from 2 related families. This is the 

first characterization to our knowledge of a genetic deficiency 

of human IFN-γ, a cytokine essential for protective immunity 

to weakly virulent mycobacteria. IFN-γ binds to IFN-γR1 and 

IFN-γR2. Over the past 25 years, 5 allelic forms of IFN-γR1 defi-

ciency and 5 allelic forms of IFN-γR2 deficiency, 8 of which are 

recessive, have been characterized in studies of MSMD. Hun-

dreds of patients with these deficiencies have been identified 

worldwide, with no particular ethnic preponderance, except for 

a higher frequency of recessive forms in areas with high rates of 

consanguineous unions (7, 13, 14, 16, 23, 25, 31, 44–53, 56, 75–

79). The response to IFN-γ is impaired or abolished in affected 

cific receptor (68–71). The predicted truncated protein, if trans-

lated and expressed, would therefore probably not be functional 

(68). These findings indicate that the patients’ T cells expressed 

reduced amounts of the IFNG mRNAs encoded by the frameshift 

c.354_357del allele.

Lack of IFN-γ and secretion by the patients’ cells. IFN-γ is pro-

duced predominantly by activated primary NK and T cells (37). 

It can also be produced by HVS-T cell lines (17, 34). HVS-T cells 

from 3 healthy controls secreted IFN-γ, whereas such cells from 

P1 did not (Figure 4A). Furthermore, the retroviral transduction of 

P1 cells with the WT IFNG cDNA rescued the cellular phenotype, 

whereas transduction with an empty plasmid or vector (EV) did 

not (Figure 4A). We studied the functional consequences of the 

homozygous IFNG mutation in primary lymphocytes by measur-

ing cytokine secretion in whole-blood assays (72, 73). After stim-

ulation with BCG plus IL-12, the whole blood of healthy controls 

secreted large amounts of IFN-γ. By contrast, the patients’ cells 

secreted no detectable IFN-γ under the same conditions as those 

for the local and travel controls. Cells from heterozygous relatives 

apparently produced smaller amounts of IFN-γ than did cells 

from the controls, although the difference was not statistically 

significant (Figure 4B). Similar results were also obtained for the 

stimulation of whole blood with lipopolysaccharide (LPS) (Supple-

mental Figure 1A). The amounts of IL-12p40 produced in assays 

on whole blood from patients were in the normal range after stim-

ulation with BCG plus IFN-γ or LPS plus IFN-γ (Figure 4C and data 

not shown). The amounts of IL-12p70 produced by the patients’ 

PBMCs after stimulation with LPS plus IFN-γ were within the nor-

mal range (data not shown). We also used flow cytometry to assess 

the intracellular production of IFN-γ by PHA–IL-2–activated T 

cells. PHA-activated CD3+ T cells from healthy controls produced 

large amounts of IFN-γ after additional stimulation with PMA plus 

ionomycin. By contrast, cells from P1 and P2 produced no detect-

able IFN-γ in these conditions (Supplemental Figure 1B). We also 

analyzed the production of IFN-γ by 3 subsets of PHA-activated T 

cells (CD4+, CD8+, and δ T cells) (Figure 4D) after stimulation with 

IL-12, IL-23, or phorbol myristate acetate/ionomycin (PMA/iono-

mycin). Under these conditions, none of the subsets of PHA T cells 

from the patients produced any detectable IFN-γ. The amounts of 

TNF produced by PHA-activated CD4+, CD8+, and δ T cells follow-

ing stimulation with IL-12, IL-23, or PMA/ionomycin were low but 

detectable in the patients’ cells (Figure 4D), as previously report-

ed in patients with inherited AR complete IFN-γR1 deficiency (14, 

74). Cells from heterozygous relatives produced normal amounts 

of IFN-γ and TNF. Collectively, these experiments indicate that P1 

and P2 have AR complete IFN-γ deficiency.

Frequencies of leukocyte subsets in IFN-γ–deficient patients. 

We analyzed the patients’ circulating leukocyte subsets by flow 

cytometry and found that they had normal counts of polymorpho-

nuclear cells and monocytes (data not shown). The frequencies of 

total T, B, and NK cells were also within normal ranges. The prolif-

eration of T cells in vitro in response to stimulation with PHA and 

tuberculin was normal (Supplemental Table 1). In addition, the 

patients had higher proportions of naive CD4+ and CD8+ T cells 

than did healthy controls, normal proportions of all subsets of 

CD4+ and CD8+ memory T cells, and normal proportions of muco-

sal-associated invariant T (MAIT) cells (Supplemental Figure 2, A 
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Genomic DNA extraction, WES and genome-wide linkage analysis. 

Genomic DNA was isolated from whole blood of patients, their rel-

atives, and healthy donors, using iPrep instruments from Thermo 

Fisher Scientific. We used 3 μg DNA from P1 and P2 for WES. The 

Agilent 50-Mb SureSelect Exome Kit was used in accordance with 

the manufacturer’s instructions. Burrows-Wheeler Aligner (BWA) 

(http://bio-bwa.sourceforge.net/) was used to align the reads with 

the human reference genome hg19, before recalibration and anno-

tation with the Genome Analysis Toolkit (GATK) (https://gatk.broa-

dinstitute.org/hc/en-us), Picard (https://broadinstitute.github.

io/picard/), and ANNOVAR (https://doc-openbio.readthedocs.io/

projects/annovar/en/latest/). Our in-house software was used to 

filter the variants. For GWL analysis, the 2 patients were genotyped 

using the Affimetrix Genome-wide Mapping 6.0 chip, and the par-

ents were genotyped using the Affymetrix Genome-wide Human 

Mapping 250 K chip with the Affymetrix Power Tools Software 

Package (http://www.affymetrix.com/estore/partners_ programs/

programs/developer/tools/powertools.aff) for genotype calling. 

SNPs presenting more than 1 Mendelian inconsistency were dis-

carded. PLINK software (http://zzz.bwh.harvard.edu/plink/) was 

used to further filter SNPs with population-based filters accord-

ing to the ethnicity of the kindred. A subset of 163,807 autosomal 

SNP markers common to the 2 genotyping arrays and optimized 

to decrease their linkage disequilibrium (LD) was used for linkage 

analysis, as previously described (88). Parametric multipoint link-

age analyses were performed with MERLIN (http://csg.sph.umich.

edu/abecasis/merlin/tour/input_files.html), assuming AR inheri-

tance with complete penetrance and a deleterious allele frequency 

of 10–3 (89). The family founders and unrelated individuals from 

HapMap CEU (https://www.sanger.ac.uk/resources/downloads/

human/hapmap3.html) were used to estimate allele frequencies 

for the 2 kindreds and to define linkage clusters, with an r2 thresh-

old of 0.4. PCR products were analyzed by electrophoresis in 1% 

agarose gels, sequenced with the BigDye Terminator v3.1 Cycle 

Sequencing Kit (Thermo Fisher Scientific), and analyzed on an ABI 

Prism 3700 machine (Applied Biosystems).

Assessment of the selective pressures on the IFNG gene. We used an 

approach based on 2 methods to estimate the strength of purifying 

selection acting on IFNG in humans. SnIPRE (selection inference 

using a Poisson random effects model) makes use of a generalized 

linear mixed model to model genome-wide variability for categories 

of mutations (90). It estimates 2 key population genetic parameters 

for each gene, one of which, f, quantifies the strength of purifying 

selection acting on human genes, with 0 corresponding to strong 

negative selection and 1 to neutral selection. We used the alignment 

of the hg19 human genome and the PanTro3 chimp genome from 

the UCSC Genome Browser (https://genome.ucsc.edu/). All differ-

ences between the 2 species were annotated functionally by SnpEff 

50 (http://snpeff.sourceforge.net/SnpEff_manual.html), using the 

GRCh37.65 build (https://m.ensembl.org/info/website/tutorials/

grch37.html). We retrieved all human coding sequences (CDSs) of 

more than 20 bp in length and considered the longest available tran-

script for each gene. We then retrieved all polymorphisms identified in 

the WES data for phase 1 of the 1000 Genomes Project. We analyzed 

SNPs annotated as nonsynonymous or synonymous, located outside 

of gaps in the human-chimp alignment and shown to be polymorphic 

in at least 1 human population. We also used the dbSNP build 136 

patients. By contrast, we report here the first 2 patients, to our 

knowledge, with biallelic IFNG LOF mutations, suggesting that 

this deficiency is extremely rare.

One plausible explanation for this rarity is that the IFNG gene 

has evolved under stronger purifying selection, preventing the 

accumulation of deleterious monoallelic amino acid variants. 

There are fewer heterozygous missense variants of IFNG than of 

IFNGR1 and IFNGR2 in the general population. Moreover, most 

variants are predicted in silico to be neutral, and the only 2 mis-

sense variants common enough to be found in the homozygous 

state in the general population were shown to be neutral in vitro. 

The physiological reason for the different patterns of selection at 

the IFNG locus and at the IFNGR1 and IFNGR2 loci is probably 

related to IFN-γ immunity. The 2 chains of the receptor are ubiqui-

tously expressed, as is IFN-γR1, and even IFN-γR2, the expression 

of which may be regulated in some cell types to enhance or atten-

uate the response to IFN-γ. By contrast, the production of IFN-γ is 

tightly regulated. Only a few cell types, all of the lymphoid lineage, 

produce this cytokine abundantly (NK cells, γδ T cells, CD8+ T 

cells, CD4+ T cells, innate lymphoid cells [ILCs], and MAIT cells). 

Moreover, IFN-γ is produced under stringent transcriptional and 

posttranscriptional control (17, 37, 62, 69). This strict regulation 

ensures effective immunity to infection, while preventing autoin-

flammation. Excessive IFN-γ production was recently proposed to 

result in fulminant viral hepatitis in a patient with AR IL-18BP defi-

ciency (80). In other words, the interaction between this cytokine 

and its 2 receptor chains is modulated by regulation of the cyto-

kine, which serves as the limiting factor.

In this context, heterozygous deleterious mutations at the IFNG 

locus are expected to be less tolerated than deleterious mutations 

at the IFNGR1 and IFNGR2 loci. We previously reported that hap-

loinsufficiency for deleterious mutations at the IFNGR2 locus can 

underlie MSMD with very low penetrance, but that this is not the 

case for such mutations at the IFNGR1 locus (25). Our findings sug-

gest that heterozygosity for IFNG mutations may underlie severe 

infectious phenotypes, including MSMD with low penetrance or 

tuberculosis with higher penetrance, as recently shown in humans 

homozygous for the P1104A variant of TYK2 (18, 81). It will be of 

interest to search for heterozygous IFNG variants in large cohorts 

of patients with tuberculosis and related infections. Our study con-

firms that MSMD is actually caused by inborn errors of IFN-γ. This 

experiment of nature rules out the remote but finite possibility that 

there are other agonists of the IFN-γ receptor, as documented for 

other receptors such as IL-4Rα, which can be stimulated by IL-4 

and IL-13 (82–84), and IL-7Rα, which can be stimulated by IL-7 

and thymic stromal lymphopoietin (TSLP) (85). Mutations of IFNG 

should thus be considered in patients with MSMD or related infec-

tious diseases, including tuberculosis and other diseases caused by 

intramacrophagic microorganisms. Early diagnosis according to 

this approach may be advantageous, as patients would be predicted 

to benefit from recombinant IFN-γ treatment. Indeed, treatment 

with this cytokine has already been shown to be useful in patients 

with MSMD who have impaired IFN-γ production, such as those 

with IL-12Rβ1 deficiency (2, 86, 87).

Methods
Additional details are provided in the Supplemental Data.
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Retroviral transduction. PBMCs from healthy controls and patients 

and their relatives were infected with Herpes saimiri for the gener-

ation of HVS-T cells, as previously described (34). HVS-T cells were 

cultured with a 1:1 mixture (by volume) of RPMI and Panserin 401 

supplemented with 10% FBS, 350 μg/mL glutamine, 100 μg/mL gen-

tamycin, and 10 IU/mL human recombinant IL-2 (hrIL-2) (Roche). 

HVS-T cells were transduced with retroviral particles, as previously 

described (34). Briefly, 6-well nontissue culture–treated plates were 

coated by incubation for 24 hours with RetroNectin (100 ng/mL). The 

next day, the wells were washed with PBS, and the viral supernatants 

were thawed and added to the empty wells. The volume in each well 

was made up to 2 mL with medium. Plates were centrifuged at 800 × g 

for 30 minutes, and 106 cells were added to each well. The plates were 

centrifuged for 5 minutes at 300 × g and incubated at 37°C for 5 days. 

Transduced cells were purified by magnetic cell separation (MACS) 

with a magnetic bead–conjugated anti-NGFR antibody (Miltenyi Bio-

tec), in accordance with the manufacturer’s protocol. We used flow 

cytometry to check that the purity of the transduced cells exceeded 

95%. ELISA was performed on the collected supernatants using the 

Human IFN-γ (Sanquin) and Deluxe Set Human IFN-γ (BioLegend) 

ELISA kits, according to the manufacturers’ instructions.

Statistics. Statistical tests for Figure 4, B and C, and Supplemental 

Figure 1A were performed using a nonparametric Mann-Whitney Wil-

coxon Test. Samples were compared pairwise to assess the null hypoth-

esis that the levels of cytokine production were the same in the 2 sam-

ples tested. A P value below 0.05 was used to reject the null hypothesis.

Study approval. The patients were referred to the Laboratory 

of Human Genetics of Infectious Diseases (HGID) for cellular and 

genetic diagnosis. Written informed consent forms were signed by 

the parents of the patients. This study was conducted in accordance 

with the Declaration of Helsinki, and approval was obtained from the 

French ethics committee Comité de Protection des Personnes (CPP), 

the French National Agency for Medicine and Health Product Safety 

(ANSM), the INSERM, and The Rockefeller University IRB.
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and LA performed statistical and bioinformatics analyses. SBD, 
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formed viral serological tests. BF generated the HVS-T cells. AAK 

and WAH provided samples and were responsible for the clinical 

diagnosis and follow-up of the patients. JYD, CYC, and CLK per-

formed the tests for autoantibody detection. We included in the 

list of authors performing experiments JB and JLC wrote the man-

uscript and designed the figures, with contributions from all of the 

authors. All of the authors edited the manuscript and approved 

the final version for submission. The contributions of the co–first 

authors were as follows: GK analyzed WES, identified the muta-

tion in patients, performed linkage and statistical analysis. AG 

performed Sanger sequencing verification, constructed the plas-

mid, generated the first overexpression results, and performed the 

flow cytometric analysis of PBMCs. JR verified the overexpression 

system and qPCR results, rescued and evaluated functional tests 

in the overexpression system, and prepared some of the figures. 

chimp database (https://www.ncbi.nlm.nih.gov/projects/SNP/snp_

summary.cgi?build_id=136) to remove positions that were polymor-

phic in humans or chimps from the list of positions divergent between 

humans and chimps. Finally, we determined the number of divergent 

and polymorphic synonymous and nonsynonymous mutations and 

the proportion of synonymous and nonsynonymous sites for a total of 

18,969 genes. SnIPRE was then used to estimate the f parameter. The 

intolerance of each gene to damaging mutations was also assessed by 

the GDI (91). It uses all annotated alleles with a global MAF of less 

than 0.5 in the 1000 Genomes Project to estimate a gene damaging 

score. High GDI values are associated with highly tolerant genes. 

Genes are ranked according to their GDI value. We downloaded GDI 

values from The Rockefeller University’s site (http://lab.rockefeller.

edu/casanova/GDI).

Plasmid cloning, mutagenesis, and Western blotting. Empty plasmid 

(EV) and the WT-IFNG plasmid (RC209993) were purchased from Ori-

Gene. Mutated plasmids (p.G54D, p.R152Q, c.354_357del and p.R143*) 

were generated by site-directed mutagenesis using the QuikChange II 

XL Site-Directed Mutagenesis Kit (200521-5, Agilent Technologies) or 

by PCR followed by blunting (Quick Blunting Kit, New England Bio-

Labs) and ligation (Quick Ligation, New England BioLabs). HEK293T 

cells were transfected by incubation for 48 hours in a 6-well plate with 

2 mL DMEM supplemented with 10% FBS (Sigma-Aldrich) in the pres-

ence of X-tremeGENE-9 DNA Transfection Reagent (6365787001, 

Roche), with 1 μg plasmid containing EV, WT, or the mutant cDNA 

studied here. When indicated, cells were treated 6 hours before har-

vesting with brefeldin A diluted to 1:1000 (GolgiPlug, BD).

Proteins were extracted in whole-cell lysis buffer containing 20 

mM Tris-HCl, pH 7.4, 140 mM NaCl, 2 mM EDTA, 50 mM NaF, and 

1% NP40 supplemented with protease inhibitor cocktail (cOmplete 

Mini, Roche) and quantified with the Bradford assay. Lysate (50 

μg protein) was mixed with Laemmli loading buffer and incubated 

at 95°C for 5 minutes before being subjected to electrophoresis in a 

precast 4%–12% acrylamide SDS-PAGE gel (Bio-Rad). The follow-

ing antibodies were used for Western blotting: mouse monoclonal 

anti–human IFN-γ N-terminus (sc-373727, E-10, Santa Cruz Biotech-

nology), anti-GAPDH (2118, 14C10, Cell Signaling Technology), and 

HRP-conjugated anti-DDK (clone M2, Sigma-Aldrich). Uncoupled 

antibodies were detected by incubation with HRP-conjugated goat 

anti-mouse or antirabbit secondary antibodies (Bio-Rad).

Intracellular staining of cytokines. Human PBMCs were isolated 

from heparinized whole blood by Ficoll-Hypaque density gradient 

centrifugation. IFN-γ production by PHA-IL-2–activated T cells was 

assessed by intracellular staining. Briefly, in 96-well plates containing 

RPMI medium supplemented with 10% FBS, PHA-IL-2–activated T 

cells were either left unstimulated or were stimulated for 6 hours in 

the presence of PMA (40 ng/mL) and ionomycin (10–5 M), or for 16 

hours with PHA (1 μg/mL) and IL-12 (20 ng/mL) or IL-23 (100 ng/

mL), as indicated. All incubations were performed in the presence of 

brefeldin (Golgi Plug, 1:1000, BD Biosciences). Cells were then har-

vested and stained for extracellular markers (CD3, CD8, CD4) and 

with a viability dye (LIVE/DEAD Aqua Cell Stain Kit, Thermo Fisher 

Scientific), before fixation and permeabilization with a fixation/per-

meabilization kit (eBioscience). Cells were then stained for intracel-

lular IFN-γ (clone B27, BD Biosciences) and TNF (clone cA2, Miltenyi 

Biotec) and analyzed with a Gallios flow cytometer (Beckman Coulter) 

and FlowJo 10.1r5 software.
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