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Abstract

Purpose GATA2 deficiency is an autosomal dominant disease that manifests with a range of clinical symptoms,
including increased susceptibility to viral, bacterial, and fungal infections. Furthermore, the increased susceptibility
to infections in GATA2 deficiency can trigger hemophagocytic lymphohistiocytosis (HLH) in these patients. Our
systematic review evaluates reported cases of GATA2 deficiency and HLH in the literature.

Methods A systematic review of case reports was conducted following PRISMA 2020 guidelines, encompassing
studies retrieved from Ovid MEDLINE ALL, Embase via Ovid SP, Scopus, Web of Science, and Google Scholar from
inception until June 14, 2024. This review included studies reporting patients diagnosed with GATA2 deficiency
or having a documented history of the condition, who subsequently developed or were concurrently diagnosed
with HLH. Various study types were considered, such as case reports, case series, letters to editors, original articles,
correspondences, and commentaries, without any restrictions on language.

Results In our systematic review, 15 studies from 2016 to 2024 were analyzed, encompassing 23 patients with GATA2
deficiency and HLH. the mean (SD) age of patients was 23.48 (10.54) years, ranging from 7 to 57 years. These patients
exhibited diverse genetic mutations and a spectrum of infections, particularly Mycobacterium avium (M. avium),
Mycobacterium kansasii (M. kansasii), Epstein-Barr virus (EBV), cytomegalovirus (CMV), varicella-zoster virus (VZV),
herpes simplex virus (HSV), and influenza A, often leading to HLH. Family histories of GATA2-deficient patients with
HLH occasionally reveal confirmed GATA2 mutations or suspicious cases among first-degree relatives. Hematopoietic
stem cell transplantation (HSCT) was performed in 8 patients with GATA2 deficiency and HLH. Among them, 6
patients survived post-therapy, while 2 patients died following HSCT. Currently, 1 patient is being considered for HSCT.
The overall mortality rate among GATA2 deficiency patients who experienced HLH was 39.13%.

Conclusions This systematic review highlights GATA2 deficiency’s association with diverse infections triggering
HLH, emphasizing early infection management to mitigate mortality risks. This comprehensive analysis contributes to
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scientific knowledge, offering important insights for clinicians and researchers in diagnosing and managing this rare

condition.
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Introduction

Hemophagocytic lymphohistiocytosis (HLH), first
defined by Scott and Robb-Smith in 1939, is an uncom-
mon and severe immunological disorder that affects
both children and adults, with high mortality rates [1-3].
HLH, characterized by the overactivation of CD8+cells
and macrophages, which induce local and systemic acti-
vation of inflammatory cytokines, including interferon-
gamma (IFN-y), tumor necrosis factor-alpha (TNF-a),
interleukin (IL)-1B, IL-6, IL-10, and IL-18, ultimately
leading to cytolysis, tissue damage, and end-organ injury
[1, 4]. Additionally, inflammatory cytokines contribute
significantly to clinical features, with elevated levels cor-
relating with worse prognosis [5]. Timely identification of
HLH is crucial as patients can deteriorate rapidly, leading
to multiorgan failure and mortality [1].

Genetic predisposition to HLH centers on genes linked
to cell-mediated cytotoxicity and lymphocyte function.
Currently, over 100 HLH-associated genes have been
identified, with clear evidence supporting the involve-
ment of 17 of these genes in HLH [5, 6]. HLH has been
classified into a primary/familial and secondary type,
first described by Farquhar and Claireaux in 1952, and
by Risdall et al. in 1979, respectively [1, 7]. Primary
HLH, characterized by autosomal recessive mutations
in genes such as PRF1, UNC13D, STX11, and STXBP2,
represents about a quarter of all cases and typically
presents in infants during their first year of life [1, 7-9].
Secondary HLH, driven by acquired factors like chronic
inflammation, infection, or malignancy, typically affects
adolescents and adults and does not demonstrate known
genetic associations [7, 9]. Interestingly, a small propor-
tion of adult HLH cases arise from delayed onset primary
HLH, lacking any identifiable cause [4]. In recent times,
there has been a growing diagnosis of primary HLH in
adults [10].

GATA-binding protein 2 (GATA2), a member of the
GATA family of transcription factors, plays a critical
role in hematopoiesis [11]. Numerous mutations have
been identified in GATA2 gene, predominantly germ-
line mutations fundamental to GATA2 deficiency, while
somatic mutations are observed in leukemia patients.
To date, over 500 cases have been reported, with nearly
180 different mutations identified [12—14]. GATA2 defi-
ciency, caused by germline GATA2 mutations that are
thought to be loss-of-function and result in haploinsuf-
ficiency, is a rare autosomal dominant genetic disease
that leads to various clinical manifestations, including

myeloid malignancies like leukemia and non-malignant
presentations such as infections and bone marrow failure
[11, 13, 15].

Multiple studies worldwide have reported associations
between GATA2 mutations and HLH in both pediat-
ric and adult patients [6, 16—18]. Therefore, considering
genetic testing for GATA2 mutations is advisable for
individuals diagnosed with HLH [19]. Our systematic
review evaluates reported cases of GATA2 deficiency
and HLH in the literature. This comprehensive analysis
enriches scientific discourse, providing valuable perspec-
tives for clinicians and researchers in this rare condition.

Materials and methods

Search strategy and study selection

The review was reported utilizing the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses
(PRISMA) 2020 statement [20]. Ovid MEDLINE ALL,
Embase via Ovid SP, Scopus, Web of Science, and Google
Scholar from inception until June 14, 2024 were system-
atically searched, encompassing articles published until
that date. The search strategy utilized a combination of
keywords and medical subject headings (MeSH) related
to “Hemophagocytic lymphohistiocytosis” and “GATA2
deficiency” Detailed search terms and strategies are
outlined in Supplementary Table 1. A reference list of
relevant review articles was reviewed to identify other
relevant articles, using backward and forward searches
through June 14, 2024. Two authors (MRZR and SDA)
separately contributed to title and abstract screening and
after that these two authors conducted full-text screen-
ing based on our inclusion criteria and any discrepancies
reviewed by third author (HM).

Eligibility criteria

All studies reporting patients currently diagnosed with
GATA2 deficiency or with a history of documented
GATA2 deficiency, who experienced HLH (as described
by the authors) occurring concurrently or after the diag-
nosis of GATA2 deficiency, were considered, encompass-
ing case reports, case series, letters to editors, original
articles, correspondences, and commentaries. Review
articles and papers lacking adequate data or deemed
low-quality based on quality assessment methods were
excluded from the study. This systematic review was con-
ducted without restrictions on patient age, publication
time, or language, encompassing articles written in Eng-
lish or any language with an English abstract.
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Data extraction

All data extraction was independently conducted by two
authors (MRZR and HM) using a standardized template.
The data were entered into a predefined Excel sheet,
capturing the first author’s name, year of publication,
country of study, patient age and sex, past medical his-
tory, initial presentation, genetic findings, hematological
and paraclinical results, HLH diagnostic methods, infec-
tion sources, treatments, follow-up details, and outcomes
using Microsoft Excel 2019 version (Microsoft Corpora-
tion, Redmond, WA, USA). The corresponding author
(SDA) verified the accuracy of data extraction, addressed
any contradictions, and resolved discrepancies in the
data extraction process.

Data analysis

We used descriptive statistics to analyze the extracted
data, reporting frequencies, percentages, and propor-
tions. Continuous data are presented as median (IQR) or
mean (+SD), while categorical variables and outcomes
are expressed as numbers and percentages. Statistical
analyses were conducted utilizing SPSS software (version
22).

Risk of bias assessment

The selected papers were assessed for risk of bias based
on Murad et al.,, 2018, by two authors (MRZR and SDA)
independently [21]. Study quality was evaluated accord-
ing to four domains: selection, ascertainment, causality,
and reporting. Any discrepancies reviewed by a third
author (HM).

Results

Methodology of literature review and findings

In total, 197 records were initially obtained. After elimi-
nating duplicates, 152 distinct records underwent screen-
ing. Subsequently, 15 studies met the inclusion criteria
following a comprehensive assessment of eligibility [6, 11,
16-18, 22—31]. The review process is illustrated, as the
flowchart, in Fig. 1.

Characteristics of the included studies

In the final analysis of 15 studies conducted from 2016
to 2024, a total of 23 patients with GATA2 deficiency
and HLH were evaluated. The characteristics of these
patients, including the year and country of study, age, sex,
past medical history, initial presentation, genetic find-
ings, HLH diagnostic methods, infection sources, treat-
ments, follow-up, and outcomes, are detailed in Table 1.
Additionally, hematological laboratory findings and
paraclinical findings (such as bone marrow (BM) evalu-
ation, positron emission tomography/computed tomog-
raphy (PET/CT), abdominal ultrasonography, lymph
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node biopsy, etc.) are shown for each patient in Table 2,
if available.

These studies comprised 7 males, 12 females, and 4 not
mentioned (NM), resulting in a male-to-female ratio of
0.6:1. The patients’ ages ranged from 7 to 57 years, with a
mean (SD) age of 23.48 (10.54) years. Evaluation of family
histories based on reports in GATA2-deficient patients
revealed that their first-degree relatives often have a con-
firmed GATA2 mutation. Affected individuals, including
father [24], mothers [18, 26], sister [24], and daughter [6]
have been identified in these cases. Additionally, there
are reports of suspicious cases within families, such as
evidence of AML [6], benign leukopenia [22], and MDS
[29] in fathers. Evaluation of genetic findings shows that
GATA2 mutations can be missense, nonsense, or frame-
shift mutations in various variants. Additionally, patients
may encounter karyotype abnormalities [27, 28].

Among the hematological laboratory findings, 12
patients were diagnosed with pancytopenia [6, 11, 17,
18, 22-24, 26, 30, 31], one with bicytopenia [18], while
complete complete blood count (CBC) results were not
reported for the remaining 10 patients. Additionally,
among the reported patients, NK ACD107a was low in
5/6 cases, and CTL ACD107a was low in 3/4 cases [6, 11,
18, 23].

These GATA?2 deficient patients can be infected pre-
viously or newly by a wide range of bacterial infections,
such as Mycobacterium (particularly Mycobacterium
avium (M. avium) and Mycobacterium kansasii (M.
kansasii)), Citrobacter freundii (C. freundii), Klebsiella
species (Klebsiella spp.), methicillin-resistant Staphy-
lococcus aureus (MRSA), and Streptococcus species
(Streptococcus spp.). Viral infections such as Epstein-
Barr virus (EBV), cytomegalovirus (CMV), varicella-zos-
ter virus (VZV), herpes simplex virus (HSV), parvovirus,
influenza A, and human papillomavirus (HPV) can also
occur. Additionally, fungal infections such as aspergillo-
sis, mucormycosis, Candida species (Candida spp.), and
Blastomyces dermatitidis may be present.

Among these GATA2 deficient patients, 8 (34.78%)
underwent hematopoietic stem cell transplantation
(HSCT). Out of these patients, 6 are currently alive, while
2 died post-therapy—one infected with Aspergillosis
and the other with EBV following HSCT. Furthermore, 1
patient (4.34%) is currently being considered for HSCT.

Mortality was observed in 9 GATA2 deficiency patients
who experienced HLH at least once (39.13%). The first
reported case of mortality occurred in an 18-year-old
female in 2016, and the most recent case involved a
28-year-old male in 2023. The youngest patient who died
was 10 years old, and the oldest was 57.
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Identification of studies via databases and registeries

y

= 197 records identified from:
2 < Mediine (n = 11)

é < Scopus (n = 21)

= < Web of Science (n =14)
K < Embase (n =29)

e < Google Scholar (n = 122)

Y

Duplicate records removed (n =45)

Records excluded (n = 133)

Records screened (n = 152)

Y

Reports assessed for eligibility (n =

Y

19)

| Etigibility || Screening |

15 Studies included

Included

Y

4 Reports excluded:

< Patients without GATA2 mutation
(n=2)

< Patients without HLH (n =2)

Fig. 1 The PRISMA statement flowchart: visual representation of study selection process

Risk of bias assessment

The selected papers were assessed for bias risk using
Murad et al., 2018 criteria across four domains: selection,
ascertainment, causality, and reporting. Studies were cat-
egorized as having low, some concern, or high risk of bias
within each domain. The detailed assessment is shown in
Fig. 2.

Discussion
In vertebrates, six GATA family transcription factors
(GATA1-GATA6) have been identified. These factors
possess highly conserved dual zinc finger domains (ZF1
and ZF2) in their central regions [30, 32, 33]. ZF1 regu-
lates interactions between proteins, while ZF2 binds to
GATA sites on DNA to regulate transcription [34, 35].
Clinically, mutations associated with disease most fre-
quently occur in ZF-1 and ZF-2 [30].

GATA1 and GATA2 are crucial for hematopoiesis,
GATAS3 for T cell development, and GATA4-GATAG6 for

cardiac embryogenesis [30]. The GATA2 gene, positioned
on cytoband 21.3 of the long arm of human chromosome
3, comprises seven exons, of which five are translated.
GATA2 plays a pivotal role in modulating the expression
of key target genes involved in hematopoietic differentia-
tion and vascular development, including RUNX, SCL/
TAL1, PU.1 (SPI1), FLI1, and LMO2 [12, 36-39]. So,
GATA?2 is a transcriptional regulator in hematopoiesis
and lymphatic angiogenesis, specifically in hematopoi-
etic stem cell activity and self-renewal, maintenance of
erythroid precursor cells, and importantly, production
of megakaryocytes, mast cells, NK cells, and monocytes.
Moreover, GATA2 can be expressed in endothelial cells,
the central nervous system, placenta, and fetal liver and
heart [12, 13, 40, 41].

GATA2 mutations include null mutations (such as non-
sense and frameshift mutations, etc.), missense muta-
tions, and mutations in the GATA2 intron 5 enhancer
element, accounting for 60%, 30%, and 5-10% of cases,
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Study Country Age, PMH Presentation Genetic findings HLH Infection  Treatment Follow- Note
Sex diagnosis up and
outcome
Wu China 28, M NA Recurrent fever  Heterozygous Basedon  M.avium,  HLH 1-year The patient’s
etal, (Tmax 39.5 °C), missense variant  HLH-2004  EBV. treatment:  follow-up: 3-year-old
2024 night sweats, in GATA2 gene diagnostic Ruxolitinib ~ Smaller  daughter
and afternoon/  (Gene location: index (7/8). combined  lymph had the same
evening spikes  chr3.128200691; with nodes, pathogenic
temperature Variant: doxorubi-  intermit-  GATA2 vari-
spikes for >4 c1072G>A: cin-etopo- tentpul- ant, but his
months priorto  p.A358T; side-meth- monary  parents and
presentation; Source: De novo). ylpred- infections, older brother
weight lost ap- nisolone throm- did not;
proximately 5 kg regimen; bocyto-  Patient
since onset. M. avium penia, unable to
treatment:  enlarged  undergo
azithromy-  spleen, allo-HSCT due
cin, clofazi- negative  to economic
mine, and  for M. constraints.
amikacin.  avium
(NGS) and
EBV-DNA.

22,F  NA Intermittent Heterozygous Based on EBV HLH Condition No GATA2
fever (Tmax missense variant  HLH-2004 treatment:  stabilized, gene variant
41°C) without  in GATA2 gene diagnostic Ruxolitinib  intermit-  found in her
obvious (Gene location: index (5/8). combined  tently parents;
cause, since 4 chr3.128200155; with positive
months priorto  Variant: doxorubi-  for EBV-
presentation. c1108A>G: cin-etopo-  DNA

p.R370G; side-meth-  post-
Source: De novo). ylpred- treat-
nisolone ment,
regimen; diag-
patient nosed
proposed  with MDS
for three
allo-HSCT.  years
later.

26,M  Fever, Chest tight- Heterozygous Based on M. kansasii, ~Rifampicin, Patient His father
fatigue,and nessandfever  missense variant  HLH-2004  EBV. doxycy- experi- died of acute
leukopenia  without obvious in GATA2 gene diagnostic cline,and  enced leukemia;
forover 10 triggers, since 1 (Gene location: index (6/8). gentamicin sustained Patient
years; BM month priorto  ¢hr3.128200118; with a pancyto-  unable to
cytology presentation. Variant: pooranti-  peniaand undergo
suggests c1145G>A: infection repeated  allo-HSCT due
MDS not p.R3820; effects. infections. to economic
excluded. Source: constraints.

Unverified).
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Table 1 (continued)
Study Country Age, PMH Presentation Genetic findings HLH Infection  Treatment Follow- Note
Sex diagnosis up and
outcome
Huang china 28,M Intermittent Recurrent Heterozygous Basedon  M.avium;  Cyclo- Died from The GATA2
etal, fever (for 3 fever; lymph- nonsense variant  HLH-2004  Klebsiella sporin, severe variant in
2023 years) and adenopathy; in GATA2 gene diagnostic  pneumonia dexameth- pulmo-  this patient
erythema pancytopenia; (Variant: index. asone, nary creates stop
nodosa (for  splenomegaly;  ¢.599dupG, ruxolitinib, infection  codons,
7months)  erythema p.Ser201%) and 4-drug one leading to the
that treated  nodosa antituber-  month absence of
with various culosis later. both zinc fin-
antibiotics, therapy. ger domains;
but fever his father and
persisted sister carried
mostly in the wild type
the after- of the GATA2
noon and at gene.The
night. absence of
this variant in
the proband’s
father and sis-
ter suggest-
ing it might
be a de novo
mutation.
Burak  USA 22,F  Congenital  Generalized mal- Heterozygous Basedon  CMV Ganciclovir, After 18 Her father
etal, absence of  aise, fever, chest mutation in the HLH-2004 intrave- daysin had benign
2021 the right pain, cough, GATA2 gene (Vari- diagnostic nous Ig, hospital,  leukopenia,
kidney, and shortness ant:c.1009 C>T,  index (5/8). dexa- dis- but no other
right-sided  of breath for 3 p.Arg337%) methasone charged  pertinent
hearing weeks; 10mg/m?  foracute family history;
loss, and At admission: followed rehabilita-  this patient
leukopenia  headaches, by high tionon exhibits loss
(negative weakness, dosage asteroid  of C-terminal
BM biopsy);  fevers, chills, corticoste- taperand zinc-finger
history of lack of appetite, roids (IV valgan- domain.
infectious palpitations, meth- ciclovir,
mono- severe anxiety, ylpred- 900 mg
nucleosisat  sinus tachycar- nisolone,  every
age 13 years; dia, tachypnea, 40mg/d); 12h.
frequent and fever Finally,
upper respi-  (Tmax 394 °C), haploi-
ratory viral  splenomegaly. dentical
infections, human
vaginal leukocyte
candida antigen
infections, bone
and severe marrow
acne. transplant
approxi-
mately 11
months
after
being di-
agnosed
with
GATA2

deficiency.




Rukerd et al. BMC Infectious Diseases

Table 1 (continued)

(2024) 24:1239

Page 7 of 21

Study Country

Age,
Sex

PMH

Presentation

Genetic findings

HLH
diagnosis

Infection

Treatment

Follow-
up and
outcome

Note

Mika
etal,
2021

Germany

29,F

None.

Recurrent fever
(Tmax 40 °C)
for more than 1
year, admitted
after fever per-
sisted for over
two weeks.

Heterozygous
nonsense variant
in GATA2 gene
(Variant:
c177C>G,
p.Tyr59Ter;
Source: De novo)

Based on
HLH-2004
diagnostic
index (7/8);
HScore of
239 points
(98-99%
probability
of HLH).

M. avium.

Treat-
ment with
amikacin,
azithromy-
cin, eth-
ambutol,
rifampicin,
high-dose
dexameth-
asone,
ciclosporin
A, IVIG, and
repetitive
courses of
etoposide
(75 mg/
m?, twice
weekly)
was
initiated
promptly.
Prior to
allo-HSCT,
the antimy-
cobacterial
treatment
wasswitched
to azithro-
mycin,
clofazi-
mine, and
ethambu-
tol. Finally,
allo-HSCT
therapy
following
fludarabine
(150 mg/
m?) and
treosulfan
(30g/

m?); GVHD
prophy-
laxis: post-
transplant
cyclophos-
phamide
(100 mg/
kg), myco-
phenolate-
mofetil,
and
ciclosporin.

Complete
remis-
sion of all
inflam-
matory
manifes-
tations
was
achieved
on
day+240
post-allo-
HSCT, fol-
lowing 12
months
of tuber-
culostatic
therapy.

Family history
and GATA2
genetic
analysis of
first-degree
relatives
revealed no
additional
affected
individuals;
this patient
exhibits
loss of both
zinc finger
domains in
GATA2.
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Table 1 (continued)
Study Country Age, PMH Presentation Genetic findings HLH Infection  Treatment Follow- Note
Sex diagnosis up and
outcome
Sun China 17,F  Atage6, Recurrent fever;  Heterozygous Basedon  VZVatage Dexa- Death. Her father
etal, recurrent pancytopenia; ~ nonsense muta-  HLH-2004  10. methasone had GATA2
2021 fever was splenomegaly;  tion in the GATA2  diagnostic 10mg/12h mosaicism,
observed. At erythema nodo- gene (Variant: index and GCSF. while her
age 10,she  sa; panniculitis c610C>T, 32-year-old
had severe p.Arg204*) sister carried
pneumonia, the same
pleural effu- mutation as
sion, and an the patient
erythema- without mani-
tous and festations;
vesicular this patient
skin rash. exhibits
Anti-VzZV loss of both
antibodies zinc finger
and DNA domains in
were de- GATA2;
tected in her
peripheral
blood. Three
months
later, she
was diag-
nosed with
HLH. Two
years later,
erythema
nodosa on
her lower
limbs,
accom-
panied by
panniculitis.
Olea-  Spain 27?/M NA Inferior vena Mutation in NA. Attheage Long-term Death. Patient didn't
ga- cava thrombosis; the GATA2 of 24 years, antibiotic undergo
Quin- deafness gene (Variant: M. kansasii  therapy. allo-HSCT.
tas €.1035_1036insTC infection of
etal, TGGCC/WT) the lymph
2021 nodes, fol-
lowed by a
disseminat-
ed infection

three years
later;

other: C.
freundii
(bacte-
remia),
Staphylo-
coccus spp.,
and
Candida
spp (esoph-
agitis).
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Table 1 (continued)
Study Country Age, PMH Presentation Genetic findings HLH Infection  Treatment Follow- Note
Sex diagnosis up and
outcome
Barber USA 21,F  Multiple ear Intermittent Heterozygous Based on EBV NA. Overthe  Patient didn't
etal, infections lower respiratory mutationinthe  BM biopsy. three- undergo
2021 within the tractinfections.  GATA2 gene (Vari- month allo-HSCT.
first few ant:c.1009 C>T, hospital-
years of life; p.Arg337%) ization
multiple she de-
episodes of veloped
pneumonia, progres-
bronchitis, sive re-
and sinusitis; spiratory
osteomy- failure
elitis of her second-
finger oc- ary to
curred after HLH and
a fracture at died.
two years of
age; prob-
able PCD.
Suzuki Japan 27,F  History of Eight-day Heterozygous Basedon  CMV;MRSA HLH NA There was no
etal, pancyto- history of per- mutation inthe ~ HLH-2004 treatment: similar family
2020 peniawith  sistent feverand GATA2 gene (Vari- diagnostic methyl- history;
refrac- pancytopenia; at ant:c.1061 C>T, index. predniso-
tory fever of admission: fever  p.Thr354Met) lone pulse
unknown (Tmax 40.2 °C), therapy
origin at hepatospleno- (1000 mg
ages 18and  megaly, and for 5 days)
23; history of urticarial rash was fol-
cervical dys- on herright lowed by
plasia, and forearm; mainte-
urticarial nance
rash induced therapy
by physical with pred-
stimulus nisolone
since age (1 mg/kg/
21; day);
MRSA
treatment:
CT-guided
drainage
for femoral
abscess,
vancomy-
cin, dap-
tomycin,
teicoplanin,
trim-
ethoprim/
sulfa-
methoxa-
zole,
doxycy-
cline, mino-

cycline.
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Study Country Age, PMH Presentation Genetic findings HLH Infection  Treatment Follow- Note
Sex diagnosis up and
outcome
Equchi Japan 14,M Diagnosed  Prolonged fever Heterozygous Basedon M. kansasii  HLH He The patient’s
etal, with MDS at  and weight loss.  frameshift muta-  HLH-2004 treatment:  remains  healthy
2018 age 11. tion in the GATA2  diagnostic etoposide, well with  mother had
gene (Variant: index. cyclospo-  fulldonor  the same
¢.1077_1078insA) rine, and chime- mutation
pred- rism 16 with reduced
nisolone; months B cells but not
Antitu- post- monocytes.
berculosis  trans-
therapy: plant.
isoniazid,
rifampin,
and etham-
butol; Six
months
later, he
underwent
unre-
lated BM
transplan-
tation with
condition-
ing using
total body
irradiation,
etoposide,
fludara-
bine, and
melphalan.
Prader Switzerland 8, F In the Abdominal Heterozygous Basedon  VzV VZVtreat-  Relapsed The patient’s
etal, preceding pain, erythema-  mutation in HLH-2004 ment: after spleen was
2018 month, tous vesicular the GATA2 diagnostic acyclovir, oneyear, notenlarged;
persistent skin rash, and gene (Variant: index (5/8) intrave- recovered
warts and subfebrile body  c.1172_1175del, nous lg with cor-
recurrent temperatures p.E391Gfs%85) (04 g/kg);,  ticoste-
furuncles on over 4 days. HLH treat-  roids and
the hands ment: corti- broad-
and feet. costeroids  spectrum
(1.5mg/ antibiotic
kg/d).

7,M Known case  Mild fever Mutation in the Based on VZV VZV treat-  NA. The patient’s
of GATA2 (Tmax 38.5°C);  GATA2 gene HLH-2004 ment: mother had
mutation for erythematous (Variant: (16 bp  diagnostic acyclovir, treatment-
three years,  vesicular skin tandem repeat in  index (4/6) VZIG (22 resistant
manifesting  rash; cough; exon 4), p.T347fs) 1U/kg), VIG warts on her
as recurrent  splenomegaly. (0.4 g/kg); hands with
fever, oral HLH treat- an identical
aphthosis, ment: corti- genotype
recurrent costeroids (p.T347fs).
furunculosis, (2mg/
and lym- kg/d).
phopenia
(affecting
CDA4T cells,

B cells, and

NK cells).
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Study Country Age,

Sex

PMH Presentation

Genetic findings HLH
diagnosis

Infection

Treatment

Follow- Note
up and

outcome

Parta  USA 17,F
etal,

2018

Known case NA.
of GATA2
mutation for

five years,

Karyotype: NA.
trisomy 8; muta-

tion in the GATA2

gene (Variant:
p.R396Q)

CMV;
parvovirus

HSCT ther-
apy from
haploiden-
tical related
donor re-
cipients
with BM
donor
source.

The
patient
experi-
enced
grade 2
upper
gastroin-
testinal
acute
GVHD
despite
post-
transplan-
tation
cyclo-
phospha-
mide
treat-
ment;
After 12
months
post-
trans-
plant, the
patient is
alive.

Negative fam-
ily history.
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Study Country Age, PMH Presentation Genetic findings HLH Infection  Treatment Follow- Note
Sex diagnosis up and
outcome
Dona- France 26,F  Knowncase NA. Karyotype: NA. CMV; EBV;  GCSF, EPO; Death. CMV infection
dieu And of GATA2 Trisomy 1q Der9 M. avium; interferon; caused HLH.
etal, Belgium mutation t(1,9)(q12,91 VZV: HPV chemo-
2018 since age 2),19)(q12 (cutaneous  therapy.
19. 734),11923(2); warts);
nonsense muta-
tion in the GATA2
gene (Variant:
c610C>T,
p.R204%)

57,7 Knowncase NA. Karyotype: Del5  NA. EBV, HSV. HSCT. Death. EBV-related
of GATA2 Del7 T8 Add 10 hemophago-
mutation Del12 Monosomy cytic syn-
since age 18, Monosomy drome and
21. 21; missense lymphopro-

mutation in the liferative dis-
GATA2 gene (Vari- ease occurred
ant: c937 C>T, post-HSCT.
p.H313Y)

24, F  Knowncase NA. Karyotype: 46,XX  NA. M. avium; NA. Death. M. avium was
of GATA2 [20] / 92 XXXX [2]; pulmonary the cause
mutation missense muta- aspergil- of HLH and
since age tion in the GATA2 losis; death; the
21. gene (Variant: mucormy- patient also

1061 C>G, cosis; HPV experienced
p.T354R) (genital sarcoidosis;
warts.

28,7 Knowncase NA. Karyotype: nor- NA. Influenza A;  NA. Alive. Influenza A
of GATA2 mal; frameshift aspergil- virus infection
mutation mutation in the losis; caused HLH.
since age GATA2 gene (Vari- candidiasis;

14. ant: c.1142del, streptococ-
p.Asn381Metfs*6) CUS sepsis;
HPV
(cutaneous
warts);

10,7 Knowncase NA. Karyotype: NA. Asper- HSCT Death. The patient
of GATA2 monosomy 7; gillosis also experi-
mutation missense muta- post-HSCT. enced atypi-
since age 9. tion in the GATA2 cal Kawasaki

gene (Variant: disease.
c.1186 C>T,
p.R396W)

40,7  Knowncase NA. Karyotype: NA. Mycobacte- HSCT Alive. The patient
of GATA2 normal; missense riosis. developed
mutation mutation in the splenic vein
since age GATA2 gene (Vari- thrombosis
19. ant: c.1193G> A, and had a rec-

p.R3980Q) tal adenoma
(low-grade

dysplasia).
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Study Country Age, PMH Presentation Genetic findings HLH Treatment Follow- Note
Sex up and
outcome
Yama- Japan 20,M Treated EBV- NA. Karyotype: allo-HSCT  Alive The patient’s
moto associated normal; mutation from an without  father was
etal, HLH with in the GATA2 unrelated  relapse. diagnosed
2018 predniso- gene (Variant: donor; with MDS in
lone 2 years p.R230Hfs*44); his youth and
ago. acquired STAG2 died from
mutation (splic- leukoen-
ing site change, cephalopathy
c.820-2 A>Q) around the
age of 50; ac-
quired STAG2
mutation
could contrib-
ute to MDS

progression.
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Study Country

Age,
Sex

PMH

Presentation

Genetic findings

HLH
diagnosis

Infection

Treatment

Follow-
up and
outcome

Note

Cohen USA
etal,
2016

Spin- USA
ner
etal,

2016

24,F

18, F

Atage 10:
vesicular
eruption;

at age 20:
necrotizing
lymphaden-
titis, urinary
Histoplas-
mosis; at
age 21:small
and large
intestine
perforation,
panniculitis,
Weber-
Christian
disease, two
cerebral
ischemic
infarcts, E.
faecium
bacteremia,
disseminat-
ed M. avium
infection,
DVT, PE,
vertebral
compression
fracture,
multiple
deep skin
ulcers, and
osteomyelitis
Atage 9:
severe bilat-
eral lower
extremity
lymphede-
ma; at age
12: necrotiz-
ing pneu-
monia with
pulmonary
abscess,
lung biopsy
identified
thick-walled
budding
yeasts
identified as
Blastomyces
dermatitidis
on culture.

Fever, diffuse ul-
cerations in the
small intestine
and skin.

Fever; headache

Unialleleic
expression; het-
erozygous for ge-
nomic SNPs exon
2bp55A>Cand
exon 3c.15C>G,
hemizygous by
cDNA sequence

frameshift muta-
tion in the GATA2
gene (Variant:
c.871+42_3insT)

Based on

HLH-2004
diagnostic
index (6/8)

NA.

EBV

HSV-1; Blas-
tomyces
dermatitidis

Dexameth-
asone;
etoposide;
alemtu-
zumab;
allo-HSCT.

Dexameth-
asone; van-
comycin;
merope-
nem; levo-
floxacin;
acyclovir;
liposomal
amphoteri-
cinB

HSCT
compli-
cated

by liver
GVHD, no
lym-
phoma
detected,
low EBV
DNAin
blood
(low
thou-
sands/
ml), virus
mainly in
B cells.

Death.

She was
finally treated
with haploi-
dentical HSCT
from her
unaffected
sister.

None.

PMH, past medical history; HLH, hemophagocytic lymphohistiocytosis; M, male; NA, not applicable/available; Tmax, maximum temperature; M. avium,
mycobacterium avium; EBV, epstein-barr virus; NGS, next-generation sequencing; allo-HSCT, allogeneic hematopoietic stem cell transplantation; F, female; MDS,
myelodysplastic syndrome; BM, bone marrow; M. kansasii, mycobacterium kansasii; USA, united states of america; CMV, cytomegalovirus; 1V, intravenous; IVIG,
intravenous immunoglobulin; GVHD, graft-versus-host disease; VZV, varicella-zoster virus; GCSF, granulocyte colony-stimulating factor; C. freundii, citrobacter
freundii; PCD, primary ciliary dyskinesia; MRSA, methicillin-resistant staphylococcus aureus; VZIG, varicella zoster immune globulin; 1U/kg, international unit per
kilogram; HPV, human papillomavirus; EPO, erythropoietin; HSV, herpes simplex virus; E. faecium, enterococcus faecium; DVT, deep vein thrombosis; PE, pulmonary

embolism
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Table 2 The laboratory, biopsy/autopsy, and imaging findings of patients with GATA2 mutation and HLH

Study Age, Hematological laboratory findings Paraclinical findings
Sex
Wuet  28,M  WBC: 1.5x10%L; HGB: 103 g/L; PLT: 63 x 10%/L; decreased BM cytology: active hyperplasia, granulation, and red line hyper-
al, 2024 monocytes: 0.01 x 10%/L; TG: 2.82 mmol/L; ESR: 101 mm/h; plasia, with no typical progenitor cells;
ferritin: 3897 ng/mL.; low NK activity: 11.48% (normal BM flow cytometry: low mature lymphocytes, no abnormal cells;
range > 15.11%); high sCD25 level: 25,825 pg/mL (normal PET/CT: Multiple active lymph nodes (bilateral neck, medias-
range <6400 pg/mL); decreased NK ACD107a: 4.97%; de- tinum, retroperitoneum), large spleen with slightly active me-
creased CTL ACD107a (%): 7.6%; EBV-DNA: positive; anti-tuber-  tabolism. Lung shows multiple nodules and patchy high-density
culosis test: negative for tuberculosis; NGS in peripheral blood:  shadows with slight metabolic activity;
M. avium detected; increases in MIP-1a, MIP-13, IP-10, IL-6, IL-8,  Cervical lymph node pathology: suppurative granulomatous
IL-10, IFN-y, TNF- 0, and MCP-1. inflammation, no lymphoma, acid-fast staining positive, negative
PCR for tuberculosis and EBER, positive PCR for M. avium.

22,F WBC: 1.27 x 10%/L; HGB: 101 g/L; PLT: 96 x 10%/L; decreased BM cytology: active bone marrow hyperplasia and granulation,
monocytes: 0.01 x 10%/L; ALT: 51.2 U/L; LDH: 610 U/L; fibrino- increased metamyelocytes, active erythroid hyperplasia with
gen: 3.13 g/L; ESR: 65 mm/h; ferritin: 2630.8 ng/mL; low NK normal metarubricytes and polychromatic erythroblasts, nucle-
activity: 7.89% (normal range > 15.11%); high sCD25 level: 2923  ated red cells observed, and 189 megakaryocytes;
pg/mL (normal range < 6400 pg/mL); decreased NK ACD107a: ~ BM flow cytometry: No abnormal cells, no myeloid tumor-relat-
5.16%; decreased CTL ACD107a (%): 6.0%; EBV-DNA: positive; ed genes (JAK-2, BCR/ABL) found by bone marrow fusion genes,
perforin, granzyme, and MUNC13-4 expression levels were no variants in ASXL1, SF3B1, TP53, etc.;
within normal ranges. Abdominal ultrasound: splenomegaly;

PET/CT: increased metabolism in right tonsil, multiple nodules
with elevated metabolism in right submaxillary neck, right
clavicular region, posterior neck muscle tissue, enlarged spleen
with elevated metabolism, slight and uneven increase in osteo-
blast metabolism in sternum and pelvis;

Cervical lymph node pathology: histiocytic necrotizing
lymphadenitis.

26,M  WBC: 2.32x 10%/L; HGB: 116 g/L; PLT: 94 x 10°/L; decreased BM cytology: impaired granulocyte maturation, active erythroid
monocytes: 0.02 x 10%/L; ALT: 195 U/L; LDH: 704 U/L; ferritin: hyperplasia, and polymorphic megakaryocytes;

2370 ng/mL; low NK activity: 14.28% (normal range>15.11%);  Abdominal ultrasound: splenomegaly;
high sCD25 level: 16,604 pg/mL (normal range <6400 pg/mL);  CT:interstitial pneumonia in right upper and lower lobes,
NGS detected M. kansasii and EBV. multiple enlarged mediastinal lymph nodes, splenomegaly, and
slightly enlarged lymph nodes in hepatic portal area;
Cervical lymph node pathology: positive for EBER.
Huang 28 M WBC: 0.6-1.3x10%L; HGB: 72-90 g/L; PLT: 43-64x 10°/L; BM cytology: proliferation of erythroid series, predominantly
etal, decreased monocytes: 0.00x 1 0%/L; ESR: 75 mm/h:; ferritin: 895 intermediate or late erythroblasts;
2023 ng/mL; low NK activity: 1.36% (normal range > 15.11%); high PET/CT: multiple lesions in bilateral lung fields, hypermetabolic
sCD25 level: 6696 pg/mL (normal range <6400 pg/mL); normal  lymphadenopathies in hilum, mediastinum, supraclavicular area,
NK ACD107a and CTL ACD107a, low NK cell APerforin: 72.56%;  and enlarged spleen;
increases in IL-15, IFN-y, and CRP; blood culture three weeks Mediastinal lymph node biopsy: necrotic background with
after admission: M. avium detected. plasma cells, eosinophils, and lymphocyte infiltration;
NGS in BAL detected Klebsiella pneumonia.
Burak  22,F WBC: 0.85 x 10%/L; HGB: 116 g/L; PLT: 120 10%/L; absolute BM cytology: normocellular marrow with relative erythroid
etal, monocytes: 9.00x 10'/L; AST: 159 U/L; ALT: 65 U/L; LDH: 701 atypia, reactive plasmacytosis, and hemophagocytosis;
2021 U/L; ferritin: 27,514 ng/mL; TG: 380 mg/dL; fibrinogen: 509 mg/  BM flow cytometry and myelodysplastic syndromes panel were

dL; flow cytometry of lymphocyte subsets: low levels of B, CD4,
and NK cells;

PBS: moderate anisocytosis, poikilocytosis, Dohle bodies, ovalo-
cytes, and toxic granulation;

CMV IgM > 240 IU/mL (normal range < 30 IU/mL); CMV IgG

0.80 IU/mL (normal range < 0.60 IU/mL); CMV DNA by PCR:
1,890,000 1U/mL; EBV serology: highly suggestive of reactiva-
tion; the patient’s Ig studies: normal levels of IgA and IgG, with
elevated IgM; elevated sIL-2 receptor: 2452 pg/mL.

NK-cell function test was inconclusive due to negligible NK
cells.

negative;

Abdominal ultrasound: increased echogenicity of portal triads,
reflecting acute hepatitis, mild splenomegaly, and an absent
right kidney.

CTA was negative for pulmonary embolism but revealed diffuse
reticulonodular infiltrates in the lungs with numerous nodules,
mediastinal lymphadenopathy, and splenomegaly;

A bronchoscopy with BAL and transbronchial biopsy: mild
airway hypervascularity without significant secretions, with a
predominance of neutrophils, no malignant cell, and negative
culture.
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Study Age, Hematological laboratory findings Paraclinical findings
Sex
Mikaet 29,F WBC: 1.5 10%/L; HGB: 76 g/L; PLT: 78 x 10%/L; decreased BM cytology: no evidence of myelodysplasia.
al, 2021 monocytes: 0.01x 10%/L; B-lymphopenia (9 cell/ml); NK BM histopathology: no evidence of myelodysplasia.
lymphopenia (50 cell/ml); AST: 79 U/L; LDH: 626 U/L; increased  BM and BAL culture: M. avium detected.
ferritin: 3860 g/L; increased TG: 4.56 mmol/L; normal fibrinogen: Abdominal ultrasound: enlarged abdominal lymph nodes and
5.1 g/L; slL-2 receptor: 2710 U/L; low NK ACD107a and CTL hepatosplenomegaly;
ACD107a. PET/CT: disseminated lymphadenopathy, bone marrow activa-
tion, and hepatosplenomegaly at diagnosis.
Retroperitoneal lymph node pathology: granulomatous lymph-
adenitis with acid-fast bacteria, classified as M. avium.
Control PET/CT: Following allo-HSCT transplantation (day +240)
and after 12 months of tuberculostatic therapy, showed com-
plete remission of NTM-related lymphadenopathy and remission
of HLH-associated hematopoietic activation.
Sunet 17,F At age 10: pancytopenia, increased ferritin, hypertriglyceride- At age 10: Brain MRl indicated inflammation or white matter
al, 2021 mia, hypofibrinogenemia, decreased NK cell activity, elevated ~ demyelination;
slL-2 receptor, anti-VZV antibodies and DNA: detected in At age 12: Skin biopsy from erythema nodosa on the lower limbs
peripheral blood. showed panniculitis.
Ate age 17: pancytopenia; monocytopenia; B cell, NK cell, and At age 17: BM cytology: myeloid hyperplasia; chest CT: lung in-
dendritic cell cytopenias, with relative sparing of T cell counts.  fection; patient had not received HSCT due to financial problems
and concern about the risk of post-transplant complications.
Oleaga- 27?/M  Neutrophils: normal; T cells: normal; B cells: absence; NK cells: BM cytology: hypoplasia, MDS.
Quintas decreased; monocytes: decreased; Dendritic cells: NA.
etal,
2021
Barber 11,F WBC: 7.2x 10%/L (82% neutrophils, 17% lymphocytes, 1% Non-diagnostic nasal ciliary biopsy: normal ultrastructure on
etal, monocytes); CFTR genotyping: negative; IgG: 1596 mg/dL; IgA:  TEM; Chest CT: bronchiectasis in multiple lobes; Sinus CT:
2021 179 mg/dL; IgM: 96 mg/dL; IgE 74 kU/L. mucosal thickening consistent with pansinusitis; Low nNO level:
9.8 nL/min.
Suzuki  27,F WBC: 161 x 10%/L; HGB: 119 g/L; PLT: 72 x 10%/L; monocyto- BM cytology: phagocytic findings by macrophages without any
etal, penia; B and NK lymphocytopenia; ferritin 4746 ng/mL; TG: malignant findings;
2020 172 mg/dL; fibrinogen: 119 mg/dL; sIL-2 receptor 1889 U/ MRI: intramuscular abscess formation within the thigh;
mL. CMV IgM: positive; CMV IgG: negative; CMV antigenemia: ~ Chest CT: multiple bilateral nodules on the lung, compatible
detected 37/37 positive cells. with septic emboli; transthoracic echography: no vegetations.
Eguchi  14,M  WBC: 1.58x 10%L (83% neutrophils, 16% lymphocytes, and 0%  BM cytology: hemophagocytosis without evidence of
etal, monocytes); HGB: 92 g/L; PLT: 10.8 X 10%/L; ferritin: 2,206 ng/ml;  malignancy.
2018 sIL-2 receptor: 2,349 U/ml. BM flow cytometry: No cytogenetic abnormality;
FDG/PET: intraperitoneal abscesses.
Prader 8,F Normal blood counts at admission; bicytopenia on day 13: BM cytology: evidence of hemophagocytosis;
etal, absolute neutrophil count: 710 cells/uL; HGB: 73 g/L; AST: 490 Skin biopsy from the rash: nonspecific changes with epidermal
2018 U/L; ALT: 374 U/L; LDH: 1619 U/L; increased ferritin 7090 ug/L;  spongiosis, perivascular lymphocytic infiltrates, and rare eosino-
increased TG: 5.8 mmol/L; elevated fibrinogen; decreased NK philic granulocytes;
ACD107a: 94%; VZV DNA in the patient’s blood: peaking at VZV DNA detected in the fluid from skin vesicles;
537,000 copies/mL; slL-2 receptor: 1622 pg/ml; Perforin expres-  CXR: miliary pattern of pulmonary opacities.
sion: within the lower range compared to an adult control and
within the range of a control individual with a known hetero-
zygous A91V-perforin mutation; flow cytometry in peripheral
blood: normal proportion of TCRy& + cells.
7,M Pancytopenia on day 2: absolute neutrophil count: 380 cells/  VZV DNA detected in the fluid from skin vesicles.

uL, HGB: 95 g/L, PLT: 53 10%/L; increased ferritin (from 820 to
4,510 pg/L within 3 days); increased TG (from 0.6 to 2.2 mmol/I
within 3 days);

mild hypogammaglobulinemia: IgG 6.1 g/I; normal range:
6.7-12.1); decreased NK ACD107a: 8.8%; VZV DNA in the
patient’s blood: peaking at 183,572 copies/mL; EBV DNA:
slightly increased during VZV infection (max 424 copies/m!,
normal < 100) and became negative 2 months later; Perforin
expression: within the lower range compared to an adult
control and within the range of a control individual with a
known heterozygous A91V-perforin mutation; flow cytometry
in peripheral blood: high proportion of TCRyS + cells.
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Study Age, Hematological laboratory findings Paraclinical findings
Sex
Parta 17,F NA. BM cytology: MDS.
etal,
2018
Dona-  26,F NA. BM cytology: MDS, AML4.
dieuet 577 NA. BM cytology: MDS, undifferentiated acute leukemia.
al, 2018 o4 NA BM cytology: MDS.
28,7 NA. BM cytology: MDS.
10,7 NA. BM cytology: MDS.
40,7 NA. BM cytology: MDS.
Yama- 18, M NA BM cytology: MDS-RCMD with IPSS: Int-1.
moto
etal,
2018
Cohen  24,F Neutropenia; lymphopenia; anemia; thrombocytopenia; BM cytology: hypocellular with EBV-positive T-cells and B-cell
etal, reduced numbers of B cells and NK cells; hypogammaglobu- lymphopenia, evidence of hemophagocytosis and a T-cell clone;
2016 linemia; increased ferritin; increased TG; EBV DNA in peripheral  Skin and intestinal biopsy: EBV-positive hydroa vacciniforme-like
blood T cells: positive (2,022,000 copies/1 0°T cells); EBV DNA lymphoma involving the colon and skin with a clonal T-cell
in peripheral B cells: positive (18,410,000 copies/10° B cells); population;
Evidence of T-cell clones in the blood and CSF, along with an Abdominal CT: splenic infarcts and a perisplenic abscess, which
EBV-positive T-cell lymphoma of the lung. was drained.
Echocardiography: vegetations on the mitral valve, indicative of
presumed marantic endocarditis.
Spinner 18, F At age 12: neutropenia (ANC: 1400 cells/mL), lymphopenia BM cytology: hypocellular with decreased trilineage hematopoi-
etal, (ALC: 1570 cells/mL, B lymphopenia (absolute CD19+: 23 cells/  esis and abundant hemophagocytosis;
2016 mL), NK lymphopenia (absolute CD56+CD16+:<12 cells/mL)  Autopsy: disseminated HSV-1 infection involving the lungs, liver,

with relative T-cell sparing, monocytopenia (AMC: 20 cells/mL),
NK-cell function: reduced with minimal response to exogenous

and vagina.

IL-2, CD56"™9" subset: nearly absent;

Atage 18:WBC: 0.7 x 10%/L; HGB: 70 g/L; PLT: 14 x 10%/L; AST:
6821 U/L; ALT: 3081 U/L; fibrinogen: <60 mg/dL; ferritin: 49,900

ng/mL; HSV-1 DNA in the blood: positive.

M, male; WBC, white blood cell; HGB, hemoglobin; PLT, platelet; TG, triglycerides; ESR, erythrocyte sedimentation rate; NK, natural killer; sCD25, soluble CD25; CTL,
cytotoxic T lymphocyte; EBV, epstein-barr virus; NGS, next-generation sequencing; M. avium, mycobacterium avium; MIP-1a, macrophage inflammatory protein-1
alpha; MIP-13, macrophage inflammatory protein-1 beta; IP-10, interferon gamma-induced protein 10; IL, interleukin; IFN-y, interferon gamma; TNF-a, tumor necrosis
factor alpha; MCP-1, monocyte chemoattractant protein-1; BM, bone marrow; PET/CT, positron emission tomography/computed tomography; PCR, polymerase
chain reaction; EBER, epstein-barr virus-encoded RNA; F, famle; ALT, alanine aminotransferase; LDH, lactate dehydrogenase; M. kansasii, mycobacterium kansasii; CT,
computed tomography; CRP, c-reactive protein; BAL, bronchoalveolar lavage fluid; AST, aspartate aminotransferase; PBS, peripheral blood smear

respectively [39]. Overall, GATA2 somatic mutations are
often described as gain-of-function mutations, whereas
germline GATA2 mutations are typically characterized as
loss-of-function, resulting in haploinsufficiency [15]. In
2008, the initial documentation of hematopoietic abnor-
malities linked to GATA2 involved two gain-of-function
mutations within the GATA2 gene associated with blast
crisis in chronic myeloid leukemia [42, 43]. In 2011,
it was discovered that loss-of-function heterozygous
mutations in GATA2 genes contribute to a spectrum of
immunodeficiency disorders. These include MonoMAC
syndrome (characterized by monocytopenia with infec-
tion by Mycobacterium avium complex), various myeloid
malignancies, familial and primary pediatric myelodys-
plastic syndrome (MDS) and acute myeloid leukemia
(AML), DCML deficiency (dendritic cell, monocyte, B,
and NK cell involvment), and Emberger syndrome (MDS
with lymphedema) [12, 44—47]. These diverse clinical

conditions now fall under the umbrella term of GATA2
deficiency [39]. As of now, despite the frequent overlap
and significant variation in clinical features observed
over the course of the disease, there is no universally
recognized GATA2 phenotype that serves as a definitive
marker [13].

GATA2 deficiency, an autosomal dominant disease
with high but incomplete penetrance, presents with
a spectrum of clinical manifestations that typically
develop in the second and third decades of life, includ-
ing hematologic and non-hematologic malignancies,
cardiovascular, dermatologic, and respiratory complica-
tions, immunological abnormalities, and susceptibility
to infectious diseases (viral, bacterial, and fungal) [6, 12,
30, 37, 39]. GATAZ2 deficiency is one of the most frequent
genetic causes of BM failure, particularly in children and
young adults [12, 39, 48]. Following uneventful pregnan-
cies, GATA?2 deficient patients are born with normal BM
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cellularity and peripheral blood cell counts, but in child-
hood, the BM typically becomes hypocellular, a hallmark
of childhood MDS [12, 34, 39, 49]. The likelihood of
developing hematologic malignancies rises with advanc-
ing age [39]. Patients with this deficiency face a signifi-
cant risk of developing MDS or AML by the age of forty
[50]. Peripheral blood features include deficiencies of
monocytes, DCs, NK cells, and B cells, with neutropenia
being less common [51].

The deficiencies in both humoral and cell-mediated
immunity directly attributable to high rates of infec-
tions [12]. A reduced number and function of NK cells in
GATA2 deficiency contribute to impaired viral clearance
and inadequate monitoring of malignant transforma-
tions. Additionally, the lack of DCs hinders the recogni-
tion of viruses and intracellular pathogens, specifically,
leading to increased mycobacterial infections suscepti-
bility. Additionally, mycobacterial infection resistance
is compromised by monocytopenia and failure of tissue
macrophages to form proper inflammatory granulomas
[41, 52]. Disseminated mycobacteriosis is infrequent dur-
ing childhood due to normal blood counts, but its occur-
rence rises as BM function deteriorates with age [12].
So, prophylaxis with azithromycin for non-tuberculous
mycobacteria is suggested once blood counts decrease
[53]. Viral infections, including HPV, HSV, VZV, CMV,
EBV, and molluscum contagiosum, are highly common in

patients with GATA?2 deficiency, occurring in up to 70%
of cases [30, 54]. HPV is particularly prevalent, affecting
between 50% and 63% of these patients, and often mani-
fests as extensive, recurrent, or treatment-resistant warts,
condylomas, and/or dysplasia. Consequently, the pres-
ence of persistent warts in patients with cytopenia is a
strong indicator of GATA?2 deficiency [39, 54]. HPV vac-
cination is crucial due to the heightened susceptibility of
GATA2 deficiency patients and the risk of severe onco-
genic lesions [55]. Based on Spinner et al's study of 57
patients with GATA2 deficiency, severe HSV infections
occurred in 35%, severe VZV in 11%, persistent EBV vire-
mia in 11%, CMV pneumonia or dissemination in 4%, and
severe cutaneous molluscum contagiosum in 3.5%. Addi-
tionally, about 16% of patients experienced severe fungal
infections, including invasive aspergillosis, disseminated
histoplasmosis, and recurrent candidiasis [54]. Moreover,
the profound immunodeficiency in GATA2 deficiency,
with susceptibility to bacterial (especially mycobacterial),
viral, and fungal infections, highlights the critical context
for HLH cases in these patients. Based on our results, a
total of 23 patients with GATA2 deficiency experienced
HLH triggered by various infections, including M. avium,
M. kansasii, EBV, CMV, VZV, HSV, and influenza A.

NK cell cytotoxicity is reduced in GATA2 defi-
ciency syndrome, accompanied by a specific loss of the
CD56™8" NK cell subset, which indicates impaired
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differentiation of cytotoxic NK cells [56]. Degranulation
and damage to cytotoxic T lymphocytes (CTLs) and NK
cells identify through ACD107a analysis [6]. Detection of
ACD107a on CTL surfaces is highly sensitive and specific
for diagnosing HLH associated with genetic disorders [6].
It was hypothesized that the majority of GATA2 muta-
tions in HLH patients disrupted the function of the zinc
finger domain or led to its loss, with the onset of HLH
triggered by infection [11]; Based on our evaluation, three
patients reported an absence of both zinc finger domains
[11, 23, 24], and one patient reported a loss of the C-ter-
minal zinc finger domain [22]. GATA2 deficiency causes
loss of CD56™8" NK cells and the impaired NK cell
activity in this patient may be due to missing zinc finger
domains reducing perforin release [11, 57]. Low NK cell
counts are also a diagnostic criterion for HLH, indicating
a high risk for aggressive HLH [22, 58].

Given the familial pattern of GATA2 mutations and the
potential for hematologic disorders in first-degree rela-
tives, early detection and monitoring are crucial for pre-
venting disease progression. So, all first-degree relatives
of a patient with GATA2 deficiency should be screened.
Following the identification of healthy carriers, a BM
aspirate with cytogenetics and a baseline biopsy, as rec-
ommended by most international societies, should be
performed at diagnosis [12, 55].

HLH therapy aims to reduce inflammation and
immune cell overactivation. If the cause is unknown,
diagnostics should explore potential infections, malig-
nancies, or autoimmune disorders [59]. Currently, the
only treatment that can cure patients with GATA2 defi-
ciency is allogeneic hematopoietic stem cell transplan-
tation (allo-HSCT), which addresses the compromised
hematopoietic and lymphoid systems such as restoring
normal hematopoiesis, resolving MDS, and potentially
eliminating longstanding infections [12, 55]. Indications
for HSCT primarily include MDS, recurrent infections,
declining pulmonary function, and secondary organ
damage. Studies indicate a more favorable outcome when
HSCT is performed early in the disease course, prior to
cytogenetic abnormalities or progression to AML. Symp-
tomatic patients not undergoing HSCT are at heightened
risk of neoplastic transformation [12, 28, 54]. Our find-
ings highlight that despite its curative potential, HSCT in
GATA2 deficiency still carries significant risks, including
infection-related mortality.

The study’s strengths include its broad inclusion crite-
ria across various publication types without restrictions
on study design, country, or language. A thorough search
strategy adhering to PRISMA 2020 guidelines enhanced
the review’s comprehensiveness. The quality of included
studies was rigorously assessed for reliability. However,
limitations include the inability to access full-text arti-
cles from one study, potentially impacting completeness.

Page 19 of 21

Publication and language biases in study selection and
heterogeneity among studies may affect generalizabil-
ity. Nonetheless, this study offers valuable insights into
GATA2 deficiency among HLH patients.

Conclusions

GATA2 deficiency presents with a wide range of clini-
cal manifestations, including hematologic malignancies,
immunodeficiency states, and heightened susceptibil-
ity to severe infections, which can precipitate HLH. Our
systematic review highlights the crucial role of genetic
testing in diagnosing GATA2 mutations among individu-
als who have experienced HLH, especially those affected
by various infections like M. avium. Given the likelihood
of first-degree relatives harboring GATA2 mutations,
comprehensive genetic evaluations in affected families
are imperative. Urgent intervention is critical due to the
high mortality rate observed in patients with GATA2
deficiency who experience HLH. HSCT emerges as a piv-
otal therapeutic approach for managing GATA2-deficient
patients, offering potential curative benefits by address-
ing underlying hematologic and immune deficiencies,
though it carries significant risks such as infection-
related mortality.
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