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Inherited GATA2 deficiency is dominant by haploinsufficiency
and displays incomplete clinical penetrance

A full list of authors and affiliations appears at the end of the article.

Abstract

Purpose.—Germline heterozygous mutations of GATAZ underlie a variety of hematological
and clinical phenotypes. The genetic, immunological, and clinical features of GATA2-deficient
patients with mycobacterial diseases in the familial context remain largely unknown.

Methods.—We enrolled 15 GATA?2 index cases referred for mycobacterial disease. We describe
their genetic and clinical features including their relatives.

Results.—We identified 12 heterozygous GA7AZ mutations, two of which had not been reported.
Eight of these mutations were loss-of-function and four were hypomorphic. None was dominant-
negative /n vitroand the GATAZ locus was found to be subject to purifying selection, strongly
suggesting a mechanism of haploinsufficiency. Three relatives of index cases had mycobacterial
disease and were also heterozygous, resulting in 18 patients in total. Mycobacterial infection was
the first clinical manifestation in 11 patients, at a mean age of 22.5 years (range: 12 to 42 years).
Most patients also suffered from other infections, monocytopenia or myelodysplasia. Strikingly,
the clinical penetrance was incomplete (32.9% by age 40 years), as 16 heterozygous relatives aged
between 6 and 78 years, including 4 older than 60 years, were completely asymptomatic.

Conclusion.—Clinical penetrance for mycobacterial disease was found to be similar to other
GATAZ2 deficiency-related manifestations. These observations suggest that other mechanisms
contribute to the phenotypic expression of GATA2 deficiency. A diagnosis of autosomal dominant
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GATAZ2 deficiency should be considered in patients with mycobacterial infections and/or other
GATAZ2 deficiency-related phenotypes at any age in life. Moreover, all direct relatives should be
genotyped at the GATAZ locus.

Keywords
Primary immunodeficiency; GATA2; mycobacteria; tuberculosis; haploinsufficiency

Introduction

GATA2 is a zinc-finger transcription factor expressed in hematopoietic stem cells

and various hematopoietic progenitor cells in humans (1, 2). The first germline
heterozygous mutations of human GATAZ were described in 2011 (3-7). The disease-
causing mutations reported include missense, nonsense, and canonical essential splicing
mutations, synonymous exonic mutations affecting RNA splicing, as well as small
frameshift insertions/duplications, small frameshift deletions, small in-frame deletions,
intronic mutations, synonymous and large deletions (Figure S1). One third of the mutations
was inherited from a parent, and as many as two thirds occurred de novo. The probability
of the mutation being damaging was estimated /n sifico in most cases, by determining its
predicted effect on the protein. Only 12 germline mutations (p.A318T, p.R330*, p.T354M,
p.T355del, p.T358N, p.R361L, p.C373R, p.R396Q, p.R396L, p.R398W, c.1017+572C>T
and ¢.1017+512del28), have been characterized experimentally 7 vitro, in reporter assays,
EMSA, or granulocyte colony-forming assays involving an overexpression system (6—18).
Ten of these mutations were reported to be loss-of-function (LOF) (6-17) and two to be
hypomorphic (p.R396Q and p.R396L) (10, 18). The mechanism of dominance has been
described for only seven of these 12 mutant alleles (6, 17, 18), three of which have

been reported to have a dominant negative (DN) effect /n vitro (p.T354M, p.T355del

and p.R330%) (6, 10, 15, 17), whereas the other four appear to cause disease by
haploinsufficiency (10, 17, 18).

These mutations cause a broad spectrum of phenotypes, including monocytopenia

with mycobacterial disease (monoMAC syndrome) (4, 19-21), familial myelodysplastic
syndrome (MDS) (5, 6, 13, 22), chronic or acute myeloid leukemia (CML or AML) (5,

13, 22, 23), Emberger syndrome (primary lymphedema and MDS) (7, 11, 22), and, more
rarely, isolated neutropenia (21), aplastic anemia (24), and isolated NK cell deficiency (3,
25, 26). The clinical features of the disease typically manifest in the second decade of

life, but the age at onset varies widely, from early childhood to late adulthood. Clinical
penetrance is variable, depending on the phenotype considered (1, 7, 27, 28). High levels
of clinical penetrance have been reported for MDS and AML, at ages of 12 to 19 years,

in the families of index cases carrying GATAZ mutations (1, 15, 21, 27, 29, 30), whereas
lymphedema has a low penetrance up to the age of 40 years, in all published reports (7, 22,
28, 31). The published studies did not involve penetrance calculations per se and did not,
therefore provide precise estimates of overall clinical penetrance, or of global or specific
penetrance for any phenotype (1, 7, 27, 28). The reported estimates of penetrance were
inferred from the number of probands and asymptomatic heterozygous relatives. Moreover,
penetrance for infectious diseases, including mycobacterial diseases in particular, has not
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yet been estimated. The clinical phenotypes of autosomal dominant (AD) GATA2 deficiency
differ considerably between patients, attesting to the variable expressivity of this deficiency
and implying that the individual penetrance of these phenotypes at population level is
incomplete, despite the absence of precise estimates.

Since 2011, 77 GATA2-deficient patients from 74 kindreds with a history of mycaobacterial
disease have been reported (3, 4, 8, 9, 20, 22, 25-28, 32-46). Mean age at first
mycobacterial infection in these patients was 26 years (range: 8-51, including 57

patients with available information), and these patients had experienced a total of 92
mycobacterial episodes among them. Environmental mycobacteria (EM) were the most
frequently documented infectious agents, in 78 episodes in 64 patients (M. avium complex,
=32 episodes; M. kansasii, n=25; M. fortuitum, n=8; M. abscessus, n=6; M. szulgai,

m=1; M. malmoense, n=1; M. genavense, n=1; M. sherisii, =1, M. fukienense, n=1,
unidentified mycobacterial species 7=2). Most EM infections were disseminated (/7=58),
but some were regional (/7=7) or localized (pulmonary, 77=3; extrapulmonary, skin /=1).
The tissues sampled for EM isolation included lymph nodes, respiratory tissues, pleural
fluid, blood, synovial fluid, bone marrow, spleen, and skin (4, 19, 34, 36-38, 43, 44, 47—
50). Osteomyelitis was described in only one patient (36). Only one of the 64 patients

who experienced EM infection had a history of Sa/monella disease (prolonged Sal/monella
enterocolitis) (35). Six patients suffered from tuberculosis (8, 9, 27, 36, 46). Another patient
had disseminated BCG disease after vaccination at 12 years of age (3, 26, 28); two other
patients were vaccinated with BCG without complications (34, 35). The mycobacterial
species isolated was not reported in seven episodes (36, 47). Monocytopenia (58 of the

58 patients tested), B lymphopenia (54/54), and NK lymphopenia (51/52) were the most
frequently associated biological abnormalities; T lymphopenia (/7=33/49) and neutropenia
(22/39) were less common. In this study, we investigated a group of 18 patients with GATAZ2
mutations and mycobacterial diseases.

Materials and methods

Patients and kindreds

The patients were referred to the Laboratory of Human Genetics of Infectious Disease,
France, for mycobacterial infectious and hematological abnormalities. Then, we excluded
the diagnosis of Mendelian susceptibility to mycobacterial diseases (MSMD) in these
patients. The parents and/or patients signed an informed consent form, in accordance with
the requirements of the institutional review boards (IRB) of the various institutions involved.
Approval for this study was obtained from the French Ethics Committee (CPP) and the
French National Institute of Health and Medical Research (INSERM; 2010-A00650-39);
and from the Rockefeller University (JCA-0699). The treating physicians of the patients
with GATA2 deficiency completed a detailed questionnaire. Data were collected from 2011
to 2018 and sent to JB. The information recorded included date of birth, date of first
clinical manifestations, BCG vaccination, infectious diseases (particularly those due to
mycobacteria), hematological disorders, hematopoietic stem cell transplantation (HSCT),
and vital status, including the cause of death for any patients who had died. Our analysis
focused mainly on mycobacterial infectious diseases in GATA2-deficient patients. We did
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not consider clinical signs for other infectious diseases for the recruitment of these patients,
and this is one of the limitations of this retrospective study. The experiments described here
were performed in France, in accordance with local regulations, and with the approval of the
IRB of Necker Hospital for Sick Children, France.

Diagnosis of mycobacterial infection

Infectious disease due to mycobacteria was diagnosed on the basis of clinical and radiologic
features, staining for acid-fast bacillus (AFB), molecular PCR and/or microbiological
culture results, when available. Recurrence was defined as a subsequent episode of
mycobacterial disease caused by the same microbe after a period free from clinical disease
and treatment. EM infections were classified as lung disease, according to the criteria

of the American Thoracic Society (ATS)/Infectious Disease Society of America (IDSA),

or extrapulmonary disease, in the form of skin and soft tissue, lymph node, bone and

joint, disseminated or catheter-related infections (51, 52). Tuberculosis was diagnosed
according to the criteria proposed by S. Graham et a/. (53) and Lewinsohn et a/ (54).

The diagnosis of tuberculosis was considered confirmed in the presence of at least one

sign or symptom of tuberculosis with a positive culture for M. tuberculosis. Probable
tuberculosis was defined as the presence of one sign or symptom suggestive of tuberculosis,
a radiogical chest images (X-ray or CT-scan) consistent with intrathoracic tuberculosis and
at least one of the following: i) positive clinical response to anti-tuberculosis treatment,

ii) documented exposure to or close contact with a patient with tuberculosis, or iii)
immunological evidence of M. tuberculosisin the form of a positive tuberculin skin test
(TST) or tuberculosis interferon-y release assay (IGRA). Possible tuberculosis was defined
as signs or symptoms suggestive of tuberculosis infection, together with a chest X-ray not
consistent with pulmonary tuberculosis but a positive clinical response to anti-tuberculosis
treatment, documented exposure to or close contact with a patient with tuberculosis, or
immunological evidence of M. tuberculosison TST or IGRA.

Extraction of DNA, whole-exome sequencing (WES) and GATA2 sequencing

Genomic DNA was isolated from the whole blood of patients and healthy donors, by
phenol/chloroform extraction or with the iPrep PureLink gDNA Blood kit, with the iPrep
instruments from Thermo Fisher Scientific. For P9, genomic DNA was extracted from
plasma with the QIAmp DNA Blood Mini Kit (Qiagen, 51104). WES was performed with
3 ug of DNA from P1, P7, P8 and P16. Exome capture was performed with the SureSelect
Human All Exon 72 Mb kit (Agilent Technologies, Santa Clara, CA, USA). Paired-end
sequencing was performed on a HiSeq 2000 machine (Illumina, San Diego, CA, USA)
generating 100-base reads. The sequences were aligned with the GRCh37 reference build of
the human genome, with BWA. For the other patients, GATAZ was sequenced with primers
flanking each of the seven exons and part of their intronic borders, as well as for a region
encompassing 1,500 base pairs (bp) upstream of exon 1 for the promoter region (PCR
amplification conditions and primer sequences are available). In addition, we sequenced the
intron 5 of GATAZ (containing the mutation at position ¢.1017+572, a common mutation

in previous publications) in all patients (9). PCR products were analyzed by electrophoresis
in 1% agarose gels, sequenced with the Big Dye Terminator cycle sequencing kit (Applied
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Biosystems, Foster City, CA), and analyzed on an ABI Prism 3700 machine (Applied
Biosystems, Foster City, CA).

Public database

Two public and international database were used to check the frequency of GATAZ
variants found in this study. It corresponds to Genome Aggregation Database (gnomAD,
gnomad.broadinstitute.org) and Biomarker Recognition and Validation Online (BRAVO,
bravo.coh.org). The database PubMed was used for the review of literature to find the
information about mycobacterial infections in germline GATA2 deficiency. No publication
data limit was applied; conference papers were excluded.

Plasmid cloning and mutagenesis

PCMV6 empty plasmid (EV), GATAZ-wild type (WT) isoform 1 (Origene RC208554) and
GATAZ-WT isoform 2 (Origene RC227514) were used to transform competent TOP 10
cells (Invitrogen, C404006). The plasmids were then extracted with the HiSpeed Plasmid
Maxi Kit (Qiagen, 12663). Mutated plasmids (p.R330*, p.M388T, p.R396Q, p.R396W,
p.R398Q, p.R398W, ¢.599dup, ¢.915 916del, ¢.1023del, ¢.1035_1036insTCTGGCC and
€.1099dup) were generated by site-directed mutagenesis (QuikChange Il XL Site-Directed
Mutagenesis Kit: Agilent 200521-5). Insertions (p.V382Gfs*23 and p.N381_V382ins41)
were generated using In-Fusion® HD Cloning Plus (Takara) following the manufacturer’s
instructions. Deletion was generated using Pfu Ultra Fusion Il (Agilent) and Quick Blunting
and Quick Ligation kits (NEB). Briefly, primers encompassing non-deleted parts of the
plasmid were generated and the plasmid was amplified. PCR reaction was blunted and then
ligated following manufacturer’s instructions. The ligation product was then transformed
into competent bacteria.

Immunoblots and luciferase reporter assay

Human embryonic kidney (HEK)293T cells were plated at a density of 0.6x10° in 2 mL
of Dulbecco’s madified Eagle medium (DMEM) (Gibco) supplemented with 10% fetal
bovine serum (FBS) (referred as complete medium) in 60 mm culture dishes, which were
incubated at 37°C under an atmosphere containing 5% CO,. After 24 hours of culture,
the cells were transfected with a Lipofectamine transfection kit (LTX and PLUS reagent,
Invitrogen 15338100). For each plasmid, 5 pg of plasmid DNA was used to transfect the
cells of the corresponding plate. After 48 hours, the cells were collected and proteins
were extracted in modified RIPA buffer (Sigma). Protein concentration was determined
by the Bradford method. The proteins extracted were subjected to polyacrylamide gel
electrophoresis (Criterion XT precast gel 10% Bis-Tris, 1.0 mm, BIO-RAD). The resulting
protein bands were transferred onto a membrane with the iBlot system (Invitrogen), and
analyzed with an anti-GATAZ2 antibody (Santa Cruz, sc-267) diluted 1:500 in 1x PBS
supplemented with 3% skim milk powder or BSA, and anti-DDK antibody (Origene,
TA5001) at a dilution of 1:2,000. An anti-GAPDH antibody (Santa Cruz, sc-25778) was
used as the internal expression control for immunoblotting.

Luciferase reporter assays were performed in HEK293T cells. We plated 3x106 cells in 100
uL of DMEM in each well of a 96-well culture plate, and incubated the plates at 37°C,
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under an atmosphere containing 5% CO». Lipofectamine was used to transfect the cells with
various plasmids: EV, GATA2-WT and mutated isoform 1. After 24 hours, the supernatant
was discarded and luciferase activity was measured with the Dual-Luciferase Reporter
Assay kit (Promega), according to the manufacturer’s instructions. The other plasmids used
in the experiment were promyelocytic myeloid leukemia (PML; Myc-DDK-tagged, Origene
RC220236), the GATAZ luciferase reporter plasmid (Panomics, LR0030) and Renilla pRL-
SV40-d238, created by Ho and Strauss (55). Samples were analyzed in a luminometer
(Victor X4 model 2030, Perkin Elmer). Experiments were performed in triplicates.

Enzyme-linked immunosorbent assay (ELISA)

ELISA was performed on plasma from patients, family members (when samples were
available) and healthy donors, for human Flt-3 ligand (FLT3L) (R&D Systems, DFK00)
and human M-CSF [R&D Systems, DMCOO0B], in accordance with the kit manufacturer’s
instructions.

Peripheral blood mononuclear cells (PBMCs), RNA analysis and TOPO cloning

PBMCs were obtained from heparin-treated whole blood from patients and healthy controls,
by centrifugal separation on a Ficoll gradient and washing with RPMI 1640. Total RNA
was extracted from transfected cells or frozen PBMCs from patients and healthy donors,
with the RNeasy Micro Kit (Qiagen, 74004). Reverse transcription was performed with
SuperScript Il Reverse Transcriptase (Invitrogen, 1804). Quantitative real-time PCR (qPCR)
was performed in an ABI Prism 7500 machine (Applied Biosystems), with SYBR Green
master mix (Biorad, 1725124) and specific primers for GATAZ. GAPDH expression was
used as an internal control. Data were analyzed by the comparative cycle threshold (ACt)
method. TOPO TA cloning was performed using PCR products from cDNA of GATAZ
patients following the manufacturer’s instructions (K450001, Thermo Fisher Scientific).

Statistical analysis

Statistical analysis for the luciferase assay experiments was performed with GraphPad
Prism version 5.03. We checked for normal distribution, and then performed an unpaired
ttest (Wilcoxon matched-pairs signed-rank test) for statistical analysis, as two groups

were compared in each case: WT versus mutants, combinations of WT and EV versus
combinations of WT and mutant, or WT versus combinations of WT and mutant. Data were
considered significant if p<0.01.

Penetrance calculation

We calculated the penetrance using the strategy that we previously described (56, 57).
Briefly, the index patient of each family was excluded from this calculation, considering
only other symptomatic and asymptomatic family members. We estimated penetrance as
a function of age for all types of GATA2-related disease and by disease type (focused

in mycobacterial infection), in GATA2-deficient first-degree relatives of index cases. We
did not assess individually the penetrance for all phenotypes identified in the spectrum of
GATAZ2 deficiency. For the calculation, we excluded the proband or index case of each
kindred because per se they were sick and they suffered all parameters of GATA2-related
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disease. The first strategy was based on the use of data for all relatives with identified
GATAZ mutation only (n=18). The second strategy was based on the assumption that non-
genotyped relatives suffering from GATA2-related disease, including those with relevant
information in the estimation of penetrance (n=22). We used the non-parametric cumulative
incidence function taking competing risks into account, as implemented in the R package
“cmprsk” (http://cran.r-project.org). Confidence intervals (Cls) were calculated by log-log
transformation, to ensure that the lower limits of the 95% Cls were positive.

Selective pressure measures

GATAZ2 negative selection was analyzed using previously described models. SnIPRE (58)
makes use of a generalized linear mixed model to model genome-wide variability for
categories of mutations. It estimates two key population genetic parameters for each gene,
one of which, £ 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 UCSC Genome Browser.
All differences between the two species were annotated functionally by snpEff 50, using

the GRCh37.65 build. We retrieved all human coding sequences (CDS) of more than 20

bp in length, and we considered the longest available transcript for each gene. We then
retrieved all polymorphisms identified in the WES data of phase 1 of the 1,000 Genomes
Project. Accordingly, we analyzed single-nucleotide polymorphisms (SNPs) annotated as
non-synonymous or synonymous, located outside of gaps in the human-chimp alignment and
shown to be polymorphic in at least one human population. We also used the dbSNP136
chimp database to remove positions that were polymorphic in humans or chimps from the
list of positions divergent between humans and chimps. We finally 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 fparameter.

RVIS (59) uses allele frequency data to rank genes according to whether functional genetic
variation for the gene concerned is more or less frequent than expected based on the amount
of apparently neutral variation observed for the gene. A RVIS close to 0 indicates low levels
of functional variation, whereas genes with RVIS values close to 1 are subject to high levels
of variation. We downloaded the RVIS values calculated with the EXAC dataset from the
RVIS website.

The intolerance of each gene to LOF variants was assessed by calculating the pLI

score (60). Values of pLI close to 1 indicate a high degree of intolerance to LOF

for the gene concerned. We considered pLI values of 0.9 and above to define

a set of genes with extremely low tolerance to LOF. We downloaded the pLI

scores from the EXAC website (ftp://ftp.broadinstitute.org/pub/EXAC_release/release0.3.1/
functional_gene_constraint/fordist_cleaned_exac_r03_march16_z pli_rec_null_data.txt).
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Demographics and diagnosis of GATA2 deficiency in 15 kindreds

We studied 15 index cases and three symptomatic relatives from 14 non-consanguineous
families and one consanguineous family presenting mycobacterial diseases and
hematological abnormalities. In total, 18 patients (Figure 1, Table 1 and Table S1) were
referred to our laboratory between 2011 and 2018. These patients were from Brazil
(kindreds A and B), Colombia (C), France (D, E and O), Germany (F), Mexico (G),
Portugal (H), Spain (I, J and K), Tunisia (L), Turkey (M), and the USA (N). Kindreds

B, D and E have been reported elsewhere (36, 61). We performed Sanger sequencing

for the seven exons of GATAZ, their flanking intronic regions and the intron 5 in 11 of

the 15 index cases (P2-P5, P9, P11-P13, P15, P17 and P18). WES was performed for

four of the 15 index cases (P1, P7, P8 and P16). We identified five missense mutations
[c.1163T>C (p.M388T) in kindreds A and J, ¢.1193G>A (p.R398Q) in kindred D, c.
1192C>T (p.R398W) in kindreds B and F, ¢.1187G>A (p.R396Q) in kindred G and
€.1186C>T (p.R396W) in kindred M]; one nonsense mutation [c.988C>T (p.R330%) in
kindred I]; one small insertion [¢.1035_1036insTCTGGCC (predicted p.G346Sfs*40) in
kindred K]; two small duplications [c.599dup (predicted p.S5201%*) in kindreds H and L

and ¢.1099dup (predicted p.D367Gfs*17) in kindred NJ; two small deletions [c.915 916del
(predicted p.W306Afs*77) in kindred C and ¢.1023del (predicted p.A342Pfs*45) in kindred
E]; and one essential splicing site substitution [c.1143+2T>A (predicted to cause the

loss of the donor site of exon 5), Kindred O], all in the heterozygous state (Figure 1).

By TOPO TA cloning we evaluated the cDNA consequences of the essential splice site
mutation ¢.1143+2T>A and found: a deletion of exon 5 (predicted p. S340_N381del),

an insertion of 65 intronic base pairs (predicted p.VV382Gfs*23) or an insertion of 123
intronic base pairs (predicted p.N381_V382ins41, Figure S2). Ten of these mutations have
already been reported in other patients (9, 10, 21, 25-27, 36, 62), whereas two are novel
(c.1035_1036insTCTGGCC and ¢.1143+2T>A, Figure S1). Intron five was sequenced by
Sanger in all the patients to investigate the potential presence of intronic mutations (9).
These novel variants were not found in public databases (GnomAD and BRAVO database)
or in our own WES database of about 8,000 exomes from patients with various infectious
diseases. We analyzed the familial segregation of the mutant alleles in the 15 kindreds.
Three family members with clinical features suggestive of GATA2 deficiency (mycobacterial
disease and cutaneous warts for P6; pulmonary tuberculosis for P14; mycobacterial disease
and MDS for P10) (Table 1 and table S1) were found to be heterozygous for GATAZ2
mutations. Nineteen individuals were wild-type (WT). Surprisingly, 16 individuals were
carriers of a heterozygous GATAZ mutation, but were not clinically affected (kindreds A, B,
D, J, L, M and N; Figure 1). Biological material was not available for 18 other individuals
(Figure 1). Together, these data suggest that 34 individuals (18 patients and 16 carriers) had
AD GATA2 deficiency.

Expression of the mutant GATAZ2 alleles in HEK293T cells

Human GATAZencodes two isoforms: isoform 1, which has 480 amino acids (aa, 50.5
kDa) and isoform 2, which has 466 aa (49.1 kDa) (1). We evaluated GATA2 expression, by
transiently transfecting HEK293T cells with constructs encoding C-terminally DDK-tagged
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WT or mutant GATAZ cDNAs. Similar levels of GATAZ mRNA were detected in HEK293T
cells with the WT allele and in cells with mutant alleles (data not shown). The WT GATA2
proteins had the expected molecular weight (MW) on western blots. The missense mutations
(p.M388T, p.R396Q, p.R396W, p.R398Q and p.R398W) were detected at the expected MW.
Protein levels for all missense mutations were normal for both isoforms, as shown by
detection with a DDK-specific Ab (Figure 2 and Figure S3). The ¢.915_916del, c.1023del,
p.R330*, p.V382Gfs*23, p.N381_V382ins41 and p. S340_N381del mutations produced a
truncated protein for both isoforms, as shown by detection with an Ab against GATA2. The
c ¢.1035_1036insTCTGGCC mutation produced a truncated protein in isoform 1 (Figure 2).
The ¢.1099dup and ¢.599dup produced low levels of GATA2 protein of a lower MW for
isoform 1 (Figure 2) and no detectable GATAZ2 protein for isoform 2 (Figure S3).

Functional activity of the mutant GATAZ2 alleles in HEK293T cells

We then assessed the functional activity of the GATA2 mutants in a luciferase assay using
HEK293T cells transfected with the different cDNAs and a renilla to assess transfection
efficiency. The renilla used in this assay was modified to delete GATA2 binding sites

(55). Only isoform 1 of GATA2 displayed transcriptional activity. The PML gene is

a member of the tripartite motif (TRIM) family, the members of which have been

reported to potentiate the transactivational activity of GATA2 (63). We therefore evaluated
the impact of the various mutant alleles relative to GATA2-WT, with or without PML

in overexpression. Similar levels of GATAZ mRNA were detected in HEK293T cells

with the WT allele and in cells with mutant alleles (data not shown). HEK293T cells
transfected with GATAZ2-WT displayed functional activity that was enhanced when the
cells were cotransfected with PML (Figure 3A). However, the function of the various
GATAZ alleles was severely impaired or abolished in both sets of conditions, depending
on the allele tested, as shown by the significant difference relative to the WT (Figure

3A). Luciferase activity was impaired but not completely abolished for the missense
alleles and the inframe deletion and insertion (p.M388T, p.R396Q, p.R396W, p.R398Q,

p. S340_N381del and p.N381_V382ins41), suggesting that these alleles are functionally
hypomorphic, whereas one missense variant (p.R398W), and the nonsense (p.R330%)

and all frameshift alleles (c.599dup, ¢.915 916del, c.1023del, ¢.1035_1036insTCTGGCC,
€.1099dup and p.V382Gfs*23) resulted in a complete LOF, at least in these overexpression
conditions (Figure 3A).

Study of the mechanism of dominance in HEK293T cells

We then investigated the mechanism underlying dominance (haploinsufficiency or negative
dominance) in heterozygous cells. We performed luciferase assays in cells transiently co-
transfected with PML and combinations of GATAZ-WT and GATAZ2-mutant plasmids in
different amounts, mimicking heterozygosity (Figure S4). Higher levels of luciferase activity
were observed for combinations of WT-GATAZ2 with the various mutant GATAZ plasmids
than for combinations of the mutant GATAZ plasmids with EV. The luciferase activities of
the WT-mutant plasmids combination were in the range of the WT-EV combination (Figure
S4), suggesting that the mechanism of dominance does not involve negative dominance.

We also performed a different kind of assay in which the amount of WT plasmid was

kept constant whilst that of the mutant plasmid was variant (Figure 3B). Similar levels of
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luciferase activity were recorded for the different amounts of mutant plasmid used, all these
levels being higher than that for EV, but not significantly different from the corresponding
WT with EV point. This finding provides support for the haploinsufficiency hypothesis
because luciferase activity would be predicted to decrease in the presence of larger amounts
of mutant plasmid in a negative dominance model.

Selective pressure selection of GATA2 gene

Purifying selection or negative selection is the selective removal of deleterious alleles

from the population. We say that a gene is under purifying selection if the rate of its
non-synonymous to synonymous variants (aj/ds) in a given population is significantly
more reduced compared that expected by random chance (an/ds=1) (64). We analyzed
several selection parameters, to estimate the evolutionary pressure on the GATAZ locus (see
methods). GATAZ s predicted to be intolerant to LOF variants (pLI score of 0.97, with 0.9
taken as the threshold beyond which genes are considered to be extremely intolerant of LOF
variants) (Figure 4A). Moreover, GATA2 was found to be under negative selection according
to the Fparameter from Selection inference using Poisson random effects (SnIPRE), which
is 0.388 (Figure 4B) (95% confidence interval [CI]: 0.223 — 0.675), placing GATAZin the
26.4% of genes under the strongest evolutionary pressure. The residual variation intolerance
score (RVIS) of 11.839 (Figure 4C) places GATAZin the 11.8% of genes under the
strongest negative pressure. Moreover, consensus negative selection (CoNeS) score (65) of
GATAZwas low, consistent with a negative selection of the gene (Figure 4D). These results
strongly suggest that the GATAZ locus has evolved under purifying selection or negative
selection, providing additional support for the hypothesis that GATAZ2 deficiency results
from haploinsufficiency (9, 66—68).

Environmental mycobacterial diseases in GATA2-deficient patients

The mycobacterial diseases in the patients were caused by EM (17=10), M. tuberculosis
(r=4), both EM and M. tuberculosis (n=1), and unidentified Mycobacterium spp. (1mr=3)
(Figure 5A, Table 1). Eleven patients developed EM disease due to M. avium (n=5) and/or
M. kansasii (n=T). One of these patients (P5) had infectious diseases caused by two different
EM: M. avium and M. kansasii. P1 presented a combination of EM disease and tuberculosis.
EM disease recurred in P13, who developed a M. kansasii infection of the lymph nodes

at the age of 24 years, and a disseminated infection three years later. No other EM was
identified in this cohort. Mean age at the diagnosis of EM infection was 20 years (range: 12
years to 29 years). EM infection was diagnosed on the basis of a positive culture (7=10),
PCR (17=4), the direct detection of acid-fast bacilli (AFB; 7=2), or on clinical grounds (7=2).
Positive cultures were obtained from two sites in four patients: the lungs and blood (/7=3), or
the liver and blood (7=1). EM disease was detected in the lungs (/7=7), lymph nodes (/7=6),
liver (7=3), spleen (/7=2), and bone marrow (/7=3) (Table 2 and Figure 5B). Up to four organs
were affected in patients with EM infections. None of the patients of this cohort presented
EM disease of the soft tissues or skin. Most episodes involved simultaneous infections of the
lungs and lymph nodes. Disseminated EM disease was documented in seven patients (P5,
P6, P7, P8, P9, P13 and P17). Three patients with pulmonary EM disease had fever and
coughing (P2, P6 and P17) and three patients had chest pain, fever and coughing (P5, P7 and
P12).
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Tuberculosis in GATA2-deficient patients

Thirteen of the 18 patients studied here were vaccinated with BCG at birth (Table 2). No
complications of vaccination [local-regional BCG disease (BCG-itis) or disseminated BCG
(BCG-osis)] were reported in this cohort. Tuberculosis was diagnosed in five patients (P1,
P3, P14, P15 and P16, Table 1), all of whom had been vaccinated with BCG. Mean age

at tuberculosis diagnosis was 29 years (range: 17 years to 42 years). Tuberculosis was
thoracic in four patients (P1, P3, P14 and P15) and disseminated in one patient (P16). The
diagnosis of tuberculosis was confirmed in two patients (P1 and P16) by cultures positive
for M. tuberculosis, whereas tuberculosis was considered probable in the other three cases
(P3, P14 and P15). In this cohort, tuberculosis was mostly found in the lungs (r7=4) (Table
2). Recurrences of tuberculosis were documented in P3, who had two pulmonary episodes
(at 28 years and 32 years), and P16 (29 years and 31 years), who suffered two episodes

of disseminated tuberculosis affecting the lungs, lymph nodes, spleen and bone marrow.
Patients with infections caused by unidentified Mycobacterium spp. displayed disseminated
(P4) or localized (P10 and P11) forms of infectious disease.

Other clinical manifestations in GATA2-deficient patients

All patients suffered from non-mycobacterial infections, caused by viruses, bacteria, or
fungi (Table 1, Table S2). The microorganisms isolated were: Streptococcus pneumoniae
(m=2), Klebsiella pneumoniae (n=1), Citrobacter freundii (n=1), Clostridium difficile
(mr=2), Haemophilus influenzae (n=1), Pseudomona aeruginosa (n=1), Brucella spp. (rmr=1),
Staphylococcus aureus (n=1) and Streptococcus salivarius (n=1). Eight patients suffered
from bacterial infections other than mycobacterial infections (Table S2). In addition,

five patients displayed mucocutaneous fungal infections caused by Candida spp.: mouth
infections in three of these cases (P3, P9 and P11), cutaneous in another (P5) and esophageal
in two cases (P11 and P13). Candlida infections may have been favored by cytopenia
(neutropenia in particular, documented in P3 and P13) and certain drug treatments (such

as long-term antibiotic therapy with or without immunosuppressants, P13). One patient
had disseminated histoplasmosis at the age of 23 years (P17). P5 and P12 suffered from
disseminated aspergillosis, resulting in the death of P5. One patient suffered from Epstein-
Barr virus (EBV) infection (P9). One patient suffered fulminant hepatitis due to Herpes
simplex virus type 2 (HSV)-2 (P10). Eight patients had recurrent warts caused by human
papillomavirus (P1, P2, P3, P5, P6, P10, P14 and P15). P1 had to be hospitalized for 10
days due to adverse reactions to yellow fever vaccine. In addition to infectious diseases,
some patients had lymphedema (P1, P2, P5, P6, P14 and P15), deafness (P3 and P13),
sarcoidosis (P11 and P16), psoriasis (P5 and P16), monoclonal gammopathy (P11), obesity
(P8), thrombosis (P8, P13 and P14), autoimmune hemolytic anemia (P12), or non-infectious
mouth ulcers (P4 and P17).

Hematological and immunological abnormalities in patients with GATA2 mutations

GATAZ mRNA is present in total peripheral mononuclear blood cells (PBMCs), in various
lymphoid (T cells, B cells, NK cells) and myeloid cell (monocytes, total dendritic cells,
myeloid dendritic cells, plasmacytoid dendritic cells) subsets and in CD34™ cells (1, 69-71).
An evaluation of circulating blood cell counts for the patients for whom such data were
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available showed that some patients had low neutrophil counts (/=8), with few or no B cells
(m=16), low T cell counts (r7=11), few or no NK cells (/7=15), and low dendritic cell counts
(m=6) (Table S1). Monocytopenia was the most common feature among these patients, being
found in 17 of 18 patients (Table S1). Bone marrow analysis was performed for 13 patients.
Hypoplasia was observed in eight patients (P3, P5, P9, P10, P11, P13, P15 and P17), MDS
was observed in seven patients (P4, P5, P9, P10, P11, P13 and P15), AML was observed

in P7, and hemophagocytic syndrome secondary to disseminated mycobacterial infection
was observed in P13 (Table S1). Cytogenetic analysis was performed for nine patients, six
of whom were considered cytogenetically “normal” by metaphase cytogenetics. However,
cytogenetic analysis results were aberrant for three patients (P10, P11 and P18; Table S1),
with deletions and aneuploidy detected in P10; and duplication (15; 1qter->1g12:15p11-
>15qter) in P11. FLT3L levels in plasma were high in all the patients tested (/7=9) and in
one carrier, but was undetectable in four carriers (Figure S5A). No plasma samples were
available for the other patients. Only two patients had high plasma M-CSF concentrations.
Therefore, FLT3L is more sensitive than M-CSF in symptomatic patients and it is useful

as parameter of GATAZ2 deficiency. This protein remained low in the other patients (7=7;
Figure S5B).

Incomplete clinical penetrance for GATA2 deficiency

We then estimated clinical penetrance as a function of age at onset of the first GATA2
deficiency-related symptom in 18 relatives of the index cases confirmed to carry GATAZ
mutations (P14 was not considered due to a lack of information about age). Only two of
these 18 individuals presented GATA?2 deficiency-related symptoms (Table 1) (P6, suffered
from M. kansasiiinfection at 17 years of age; and P10 suffered from MDS at 12 years of
age). The other 16 individuals remained healthy at their most recent follow-up visit (mean
follow-up: 39.33 years; range: 6 to 78 years). Estimated clinical penetrance in these 18
individuals reached a plateau at 14%, at the age of 20 years (95% CI: 0.02-0.36) (Figure
6A). However, only living relatives of the index case and one dead relative (P10) were tested
for genetic etiologies of GATA2 deficiency, which may have led to an ascertainment bias
and underestimation of penetrance. We therefore performed a second calculation including
four non-genotyped family members who died from diseases very likely to be related to
GATAZ2 deficiency: AML or lymphedema (kindred B, 11.1 and 11.3, both of whom died
from AML at ages of 36 and 33 years, respectively; kindred F, 11.3 who died from AML

at the age of 26 years; and kindred L, 11.4, who died from lymphedema at birth, taken

an age of 0). Penetrance in these 22 individuals was estimated at 15.5% by the age of

25 years (95% CI: 0.034-0.35), and increased to 32.9% by the age of 40 years (95% ClI:
0.12-0.55) (Figure 6A). This result suggests that penetrance for GATA2 deficiency increases
with age, but remains incomplete at the age of 40 years. Mycobacterial infections were the
main clinical manifestation in the 14 index cases. We therefore analyzed the penetrance

of mycobacterial diseases relative to the other clinical phenotypes associated with GATA2
deficiency (AML, viral infections or lymphedema) in the 22 aforementioned individuals.
Penetrance for mycobacterial disease was estimated at 10% by the age of 20 years (95% CI:
0.017-0.3), increasing to 22.6% by the age of 40 years (95% CI: 0.06-0.44) (Figure 6B),
whereas the penetrance for other clinical phenotypes was estimated at 10% at the age of 20
years (95% CI: 0.15-0.28), increasing to 28% by the age of 40 years (95% CI: 0.095-0.5)
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(Figure 6B). We observed no significant differences in penetrance between mycobacterial
disease and other clinical phenotypes, probably due to the small number of individuals
available for this analysis. Estimates of clinical penetrance may be biased by incomplete
information about the relatives of the index case (as illustrated by the observed difference
between the two strategies of analysis). The observation of four GATAZ2-mutation carriers
who remain physically healthy at more than 60 years of age (kindred A, 1.2, 78 years;
kindred B, 1.2, 63 years; kindred J, 1.1, 68 years; and kindred M, 1.1, 66 years) confirms the
incomplete penetrance of these mutations. These results suggest that other elements, such
as genetic modifiers or pathogen exposure, may play a role in the development of GATA2
deficiency-related diseases (31, 72).

Clinical outcome

We focused on the onset of mycobacterial infection and survival in the 18 patients. Age at
onset of infection was known for 16 of these patients, with infection typically beginning

in early adulthood. Mean age at onset of the first mycobacterial infection was 22.5 years
(range: 12 to 42 years) (Table 2 and Figure 6C). The first mycobacterial infection was
caused by EM in 11 of these cases (mean age: 20 years; range: 12 to 29 years), by TB in
four cases (mean age: 29 years; range: 17 to 42 years) and unidentified mycobacteria in
three cases (mean age: 22.6 years; range: 12 to 38 years) (Figure 6C). Ten of the 18 patients
and all the asymptomatic individuals are still alive (Table 2). The most recent follow-up visit
occurred at a mean age of 31.3 years (range: 13 to 51 years) for the patients and 41.18 years
(range: 11 to 78 years) for the asymptomatic individuals. Three patients (P4, P12 and P16)
underwent HSCT, who are alive and well, and one patient underwent liver transplantation
(P10). Mortality was 44.4% for the patients with symptoms (P3, P5, P7, P9, P10, P11,

P13 and P15). The cause of death was infectious disease in three patients (disseminated
Aspergillus infection for P5, disseminated M. avium infection for P9 and disseminated

M. kansasiiinfection for P13), hematological disease in two patients (myelodysplasia for
P3 and AML for P7), and unknown in two patients (P11 and P15). Fulminant hepatitis
associated with encephalitis and multiorgan failure caused the death of P10.

Discussion

We describe here an international cohort of 18 patients with AD GATA2 deficiency and
mycobacterial disease from 15 kindreds in 10 countries. Various patients with this disorder
have already been reported, but information about their ethnicity is often missing. The
patients reported here were from Brazil, Colombia, France, Germany, Mexico, Portugal,
Spain, Tunisia, Turkey, and the USA. The key clinical presentation in these GATA2-deficient
patients is mycobacterial disease, with a high proportion of infections caused by EM,

such as M. kansasiiand M. avium, in particular. M. tuberculosis was the second most
frequently identified mycobacterium, identified in five of these patients. No significant
differences in terms of mycobacterial species and geographic or ethnic origin were found
between this cohort and other reported patients (3, 8, 9, 26-28, 34-36). No complications
of BCG vaccination were reported in this cohort, consistent with the low susceptibility to
BCG documented in other published studies of GATA2-deficient patients (3, 26, 28). This
probably reflects the age-dependent decline of immunity in these patients. Interestingly, one
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patient had an adverse reaction to the yellow fever vaccine, requiring hospitalization. The
loss of peripheral dendritic cells, including plasmacytoid dendritic cells in particular, may
have contributed to the adverse effects of this vaccine, as reported for GATA2-deficient
patients with severe influenza (18, 73). Patients with GATA2 deficiency are also susceptible
to viral, pyogenic, and fungal infections.

Clinical penetrance for any individual GATA2 deficiency-related disease phenotype was
incomplete at the age of 40 years (32.9%), as 16 relatives of the index cases carried GATAZ
mutations but remained asymptomatic, up to the age of 78 years for one of these individuals.
Penetrance for mycobacterial infection was incomplete at the age of 40 years (22.6%),

and there were no significant differences in penetrance between mycobacterial disease and
other clinical phenotypes. The penetrance of GATA2 deficiency was not sufficiently well
characterized in previous published, in which a high but incomplete penetrance was assumed
for MDS and AML (1, 15, 21, 29) and a low penetrance was assumed for lymphedema
(7,22, 28, 31, 72, 74-77) based on the number of patients affected, in the absence of a
detailed penetrance analysis. We show here, by calculating the clinical penetrance of any
GATAZ2 deficiency-associated disease phenotype or for mycobacterial disease in particular,
excluding the index cases, that the penetrance of GATAZ2 deficiency increases with age

but remains incomplete at the age of 40 years. Various factors may underlie this clinical
heterogeneity, including gene modifiers in humans, promoter methylation, allele-specific
expression, somatic rescue environmental exposure and the type of microbe (31, 72,

78). Our findings therefore formally demonstrate the incomplete penetrance of GATA2
deficiency, which has been assumed for many years, but never analyzed directly (36, 72, 74,
75).

Only 12 of the germline GATAZ mutations reported in previous studies have been properly
characterized /n vitro, limiting our understanding of the mechanism underlying GATA2
deficiency (6-18). We report here an /n vitro evaluation of all GATAZ2 variants found, two
of which have never before been described. Protein levels were affected, with all variants
generating lower levels of protein than the WT, a truncated protein or no protein at all.
We also showed, in luciferase assays, that WT GATA2 was able to bind and activate its
own promoter, consistent with the findings of Cortes-Lavaud et a/ (10). The mutant alleles
tested displayed a complete LOF or were hypomorphic in terms of this binding. However,
functional differences were not correlated with clinical outcome. Clinical phenotypes did
not differ markedly between patients with hypomorphic alleles and patients carrying LOF
alleles. A comparison of these patients with other reported patients carrying the same
mutations revealed their clinical phenotypes to be similar (in terms of infections and
hematological manifestations), but not identical (21, 24, 27, 28). This observation has
been made before in other studies in which clinical outcome was found to differ between
individuals carrying the same mutation, and even between family members (27, 75).

Our findings suggest that haploinsufficiency is the mechanism underlying dominance. This
conclusion is based on (i) the truncating nature of most mutations, (ii) the lack of negative
dominance /n vitro, and (iii) the negative selection acting on GATAZ. Our results are

at odds with a previous report on p.R330* (17), which suggested that this variant was
dominant-negative. The differences in the experimental conditions used probably account for
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this discrepancy. The use of different promoters, normalization strategies, and transfection
reagents, may account for the differences in the results obtained. A previous report
demonstrated that the same allele could be complete LOF or hypomorphic, depending on the
promoter used for the luciferase assay (15), highlighting the different roles of GATA2 as a
transcription factor. GATA2 deficiency is a complex inborn error of hematopoiesis requiring
further study and characterization, given the observed differences between patients and the
incomplete penetrance for any GATA?2 deficiency-related disease considered. It has already
been shown that epigenetic factors may play a role in the severity of GATA2 deficiency (72).
Therefore, the search of modifier genes and somatic variations might help to characterize the
broad spectrum within this deficiency (annulling partial or totally the effect of the germline
causing mutation) (72, 74, 78). A diagnosis of AD GATAZ2 deficiency should be considered
in adults of any age with mycobacterial infections, with hematological disorders. FL3TL on
plasma constitute a good monitoring in asymptomatic individuals to see the evolution of the
disease. Moreover, all direct relatives of these patients should undergo genotyping for the
GATAZlocus. Complete familial segregation is strongly considered in the selection of donor
for HSCT in GATA2 deficiency.
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Figure 1. GATA2 deficiency.
Schematic representation of the 15 kindreds with germline GATAZ mutations. Each kindred

is designated by a capital letter (A-O), each generation by a Roman numeral (I-11), and
each individual by an Arabic numeral. The proband is indicated by arrows. Solid black
shapes indicate GATA2-deficient patients and clinical disease. Solid gray shapes indicate
individuals with GATA2 deficiency-related clinical features (lymphedema or acute myeloid
leukemia [AML]) who have not been genotyped. Mutations are indicated in red and wild
type (WT) allele in black. Individuals whose genetic status could not be determined are
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denoted “E?” Individuals with symbols crossed by a black vertical line have asymptomatic
GATAZ2 deficiency. Deceased individuals are represented by symbols crossed by a diagonal
black line. Healthy individuals are shown in white.
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Figure 2. Protein expression of GATA2 alleles in an overexpression system.
HEK?293T cells were transfected with an empty plasmid (EV), a construct encoding GATAZ

wild-type (WT)-DDK-tagged or mutated alleles corresponding to isoform 1 of GATA2
(p.R330*, p.M388T, p.R396W, p.R396Q, p.R398Q, p.R398W, ¢.599dup, ¢.915 916del,
€.1023del, ¢.1035_1036insTCTGGCC, ¢.1099dup, p.V382Gfs*23, p.N381_V382ins41 and
p. S340_N381del) for 48 hours. GATAZ2 protein levels were evaluated by western blotting
with antibodies against GATA?2 and against the DDK tag. GAPDH was used as a loading
control. NT indicates non-transfected cells. The results shown are representative of three
independent assays.
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Figure 3. Functional characterization of GATAZ2 alleles.
A. GATA2-luciferase activity in HEK293T cells. GATA2-dependent transactivation potential

was evaluated with a GATAZ-luciferase reporter plasmid. Cells were transiently transfected
with (+) or without (=) PML, empty plasmid (EV) and various GATAZ-plasmids (WT,
p.R330*, p.M388T, p.R396W, p.R396Q, p.R398Q, p.R398W, ¢.599dup, c.915_916del,
.1023del, ¢.1035_1036insTCTGGCC, ¢.1099dup, p.V382Gfs*23, p.N381_V382ins41 and
p. S340_N381del). B. Transient cotransfection of cells with PML and equivalent

amounts of GATAZ-WT plasmid (25 ng) but with various amounts of mutant plasmids
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(p.R330*, p.M388T, p.R396W, p.R396Q, p.R398Q, p.R398W, ¢.599dup, ¢.915 916del,
€.1023del, ¢.1035_1036insTCTGGCC, ¢.1099dup, p.V382Gfs*23, p.N381_V382ins41 and
p. S340_N381del), with different amounts of EV used to keep the final plasmid
concentration constant. Error bars indicate the standard error of the mean. The results shown
are representative of two independent assays with three replicates per experiment.
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Figure 4. List of variants and strength of the purifying selection acting on GATA2.
Genome-wide distribution of the strength of purifying selection, estimated by A. Probability

of loss of function intolerance (pLI) score, B. the fparameter, C. residual variation
intolerance (RVIS) score on bar plots, as described in the methods and D. consensus
negative selection (CoNeS) score. The position of GATAZis indicated by a black arrow

and a red vertical bar.
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Figure 5. Mycobacterial infections and distribution in GATA2-deficient patients.
A. Spectrum of mycobacterial species causing disease in GATA2-deficient patients. The

patients infected with a particular “type” of mycobacterial species are represented as
percentages, with infections with two different species considered as a type of infection.
Asymptomatic carriers are individuals carrying the mutation with no clinical phenotype. B.
Mycobacterial infection sites in patients infected with EM infection.
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Figure 6. Penetrance of clinical diseases in patients with GATA2 deficiency.
A. Kaplan-Meier curves showing the penetrance of GATAZin confirmed carriers (GATA2

confirmed, continuous line) and family members with suspected GATA2 deficiency
(GATAZ2 suspected, discontinuous line) with clinical manifestations at 20 and 40 years.

B. Penetrance of mycobacterial infection (mycobacterial disease, continuous line) and
other clinical manifestations of GATA2 deficiency (other disease, discontinuous line). C.
Kaplan-Meier curve showing the percentage of mycobacterial infection-free patients from
5 to 45 years. The total number of patients (/7=16) is indicated by a continuous black
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line, patients infected with environmental mycobacteria (EM, /7=11) are indicated by a
discontinuous gray line, patients infected with Mycobacterium tuberculosis (TB, n=4) are
indicated by a discontinuous black line and patients infected with unidentified mycobacteria
(Mycobacterium spp., n=3) are indicated in a black dotted line.
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Table 2.
Summary table of the GATA2 deficient-patients

Total number of GATA2-deficient pa\tients'4 n=18
Sex

-Male n==6

-Female n=12
Age at diagnosis of GATA2 deficiency (years), mean (range) 26.9 years (13-47)
Age at diagnosis of mycobacterial infection (years), mean (range)  22.5 years (12-42)
Patients vaccinated with BCG n=13
BCG-associated manifestations n=0
Tuberculosis-associated manifestations n=7

Localized

-Lungs n=4

-Lymph nodes n=1

Disseminated n=2
EM-associated manifestations n=16

Localized

-Lungs n=3

-Lymph nodes n=3

Disseminated n=10
Unidentified mycobacterium-associated manifestations n=3

Localized

-Lungs n=2

-Lymph nodes n=0

Disseminated n=1
Vital status

Alive n=10

Dead n=8

16 healthy GATAZ2 mutation carriers are not included in this table; BCG, Bacillus Calmette-Guérin; EM, environmental mycobacteria
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