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GataZ heterozygous mutant mice exhibit reduced

inflalmmatory responses
and impaired bacterial clearance

Jun Takai," Takashi Shimada,’ Tadaho Nakamura,” James Douglas Engel,® and Takashi Moriguchi'#*

SUMMARY

Infectious diseases continually pose global medical challenges. The transcription
factor GATA2 establishes gene networks and defines cellular identity in hemato-
poietic stem/progenitor cells and in progeny committed to specific lineages.
GATA2-haploinsufficient patients exhibit a spectrum of immunodeficiencies asso-
ciated with bacterial, viral, and fungal infections. Despite accumulating clinical
knowledge of the consequences of GATA2 haploinsufficiency in humans, it is un-
clear how GATA2 haploinsufficiency compromises host anti-infectious defenses.
To address this issue, we examined Gata2-heterozygous mutant (G2"**) mice as
a model for human GATA2 haploinsufficiency. In vivo inflammation imaging and
cytokine multiplex analysis demonstrated that G2"°* mice had attenuated inflam-
matory responses with reduced levels of inflammatory cytokines, particularly
IFN-y, IL-12p40, and IL-17A, during lipopolysaccharide-induced acute inflamma-
tion. Consequently, bacterial clearance was significantly impaired in G2"<t
mice after cecal ligation and puncture-induced polymicrobial peritonitis.
These results provide direct molecular insights into GATA2-directed host de-
fenses and the pathogenic mechanisms underlying observed immunodeficiencies
in GATA2-haploinsufficient patients.

INTRODUCTION

Although first-world countries have developed elaborate health care systems, we nonetheless continue to
be confronted by long-standing or emerging infectious disease threats (Becker et al., 2006; Khabbaz et al.,
2014). Many mechanistic aspects of the host immune defense system and its failures in the face of these
recurrent challenges have long been topics of debate (Ibrahim et al., 2017). Clinical and genetic studies
conducted over the last decade have revealed the inextricable link between the hematopoietic transcrip-
tion factor GATA2 and the etiology of primary immunodeficiency disorder (Jung et al., 2020; Shimizu and
Yamamoto, 2020).

GATA2 is a founding member of the GATA transcription factor family, which most avidly binds to a
consensus (A/T) GATA (A/G) motif through two evolutionarily conserved Cy zinc fingers (Moriguchi and Ya-
mamoto, 2014; Shimizu and Yamamoto, 2016; Tsai et al., 1989; Yamamoto et al., 1990). GATA2 has been
established as a master regulator of hematopoiesis, since Gata2-mutant mice die around 9.5-day mouse
embryos owing to complete hematopoietic failure (Tsai et al., 1994). Numerous subsequent studies have
demonstrated that GATAZ2 is highly expressed in hematopoietic stem/progenitor cells (HSPCs) and is
essential for normal hematopoietic development through its regulation of multiple target genes (Fujiwara
et al., 2009; Lim et al., 2012; Suzuki et al., 2006, 2013; Tsai and Orkin, 1997).

Although abundant GATA2 expression has been detected in severe cases of acute myeloid leukemia, clin-
ical studies of germline GATA2 mutations have established its causal role in an immunodeficiency syn-
drome, monocytopenia and mycobacterial infection (MonoMAC) syndrome, and dendritic cell, monocyte,
and B and NK lymphocyte (DCML) deficiency, in which defects in monocytes, B cells, natural killer cells, and
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frameshift, or nonsense mutations mainly in the DNA-binding zinc-finger domains (Bresnick et al., 2020;
Collin et al., 2015). Thus, haploinsufficiency of GATA2 underlies the pathogenesis of these conditions.
Monoallelic complete gene deletion, mutations in the fifth intron cis-regulatory elements, and variations
within the 5 noncoding exons of GATAZ2 have also been found in diseased patients (Bresnick et al.,
2020; Collin et al., 2015; Hsu et al., 2013; Johnson et al., 2012; Shimizu and Yamamoto, 2020). This spectrum
of qualitative and quantitative mutations of GATAZ is believed to compromise the regulatory network of
the hematopoietic system and the host defense system. Consequently, GATA2-haploinsufficient patients
showed an increased prevalence of a variety of infections, i.e., severe viral infections in 70%, mycobacterial
infections in 53%, fungal infections in 16%, and other severe bacterial infections in 49% of the 57 reported
patients (Spinner et al., 2014). These data suggest that GATA2 plays a crucial role in pathogen clearance by
reinforcing the host defense system. However, the molecular mechanisms underlying GATA2-directed host
defense remain obscure.

Although GATA2 governs early hematopoietic development, mature hematopoietic and numerous other
cell lineages in adult tissues sustain GATA2 expression as well (Harigae et al., 1998; Li et al., 2015; Ohmori
etal., 2012; Tsai and Orkin, 1997; Watanabe-Asaka et al., 2020; Wilson et al., 1990; Yu et al., 2014; Zon et al.,
1993). For example, our group and others have demonstrated that GATAZ2 plays a key role in the mainte-
nance and function of mast cells and participates in allergic inflammatory responses (Li et al., 2017, 2021;
Ohmorietal., 2015,2019; Ohneda et al., 2019). We also showed that GATA2 exacerbated inflammatory kid-
ney injury by promoting cytokine production from renal collecting duct cells (Yu et al., 2017). Host-path-
ogen interactions promote the production of inflammatory cytokines such as interleukins, chemokines,
and interferons by a variety of cells, which subsequently facilitate leukocyte recruitment and clearance of
pathogens (Kumar et al.,, 2011). Considering these features of inflammatory microenvironments, we hy-
pothesized that GATA2 might promote inflammation and simultaneously accelerate pathogen clearance
by regulating cytokine balance in adult animals.

To address the potential roles played by GATA2 in the inflammatory responses and pathogen clearance,
we employed GataZ-heterozygous mutant mice (referred to as G2 hereinafter) as a model for human
GATA2 haploinsufficiency (Tsai et al,, 1994). We found that G2"'°* mice had a less inflammatory status
and lower cytokine production than wild-type (WT) mice upon lipopolysaccharide (LPS) administration.
Of note, bacterial clearance was impaired in G2"®! mice in comparison with WT mice upon polymicrobial
peritonitis induced by cecal ligation and puncture (CLP). This study demonstrates that GATA2 is involved in
LPS-induced inflammatory responses and bacterial clearance after CLP-induced polymicrobial peritonitis.

RESULTS

Attenuation of LPS-induced inflammation in G2"¢t

mice

To test the hypothesis that GATA2 haploinsufficiency is responsible for impaired immune function, we
examined whether Gata2 heterozygous mutant (G2"'®") mice showed any alterations in inflammatory re-
sponses upon LPS administration. Previously, we developed an in vivo inflammation imaging strategy ex-
ploiting a transgenic mouse line carrying a human IL-6 bacterial artificial chromosome-driven luciferase re-
porter gene (hlL-6 Luc; Figure 1A) (Hayashi et al., 2015). By crossing these hlL-6 Luc transgenic mice with the
G2"®t mice, we were able to monitor the inflammatory status of G2®* mice up to 24 h after intraperitoneal
(i.p.) LPS injection. We found that G2"** mice showed a diminished inflammatory response in comparison
with Gata2 wild-type genetic background of mice harboring the hlL-6 Luc transgene (hlL-6 Luc::G2*'* or
G2*'* background), particularly in the peritoneum during the early phases of the time course (see the 1-,
2-, and 4-h time points in Figure 1B). Quantification of these results clearly demonstrated that hlL-6 Luc
luminescence was significantly diminished in the G2 mice by 2-4 h after LPS administration: a 40% reduc-
tion after 2 h (p = 0.029) was followed by a 56% reduction at 4 h (p = 0.0093) relative to G2+ background
(Figure 1C). Subcutaneous or low-dose i.p. administration of LPS exerted similar effects (Figures STA and
S1B). We also found that G2"®* mice showed moderate and statistically significant increase of survival
compared with wild-type (WT) mice after administration of LPS (p = 0.045), consistent with a lower inflam-
matory status in the G2"** mice (Figure 1D). A previous study reported that G2"** mice showed comparable
populations of neutrophils, B lymphocytes, T lymphocytes, natural killer cells, macrophages, monocytes,
and dendritic cells to WT mice in the spleen under steady-state conditions (Onodera et al., 2016). In this
study, we further demonstrated that G2"'°* mice and WT mice harbored comparable populations of red
blood cells, white blood cells, platelets, peripheral blood neutrophils, peritoneal mast cells, peritoneal
macrophages, and other hematopoietic lineages, regardless of LPS administration (Figures 1E, 1F, and
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Figure 1. Attenuation of LPS-induced inflammation in Gata2 heterozygous mice

(A) Structure of the hiL-6 luciferase transgenic allele (hIL-6 Luc) used for in vivo inflammation monitoring.

(B and C) Time course monitoring of the inflammation induced by intraperitoneal (i.p.) LPS administration (n = 4-8 mice at
each time point). Note that Gata2 heterozygous mutant (G2"®Y mice showed a lower level of inflammation at 2-4 h after
LPS administration than G2/

(D) Kaplan-Meier survival curves of G2"°t (n = 14) and WT (n = 16) mice after 10 mg/kg i.p. LPS administration. G2"** mice
showed a higher survival rate.

(E) Hematological indices in the peripheral blood (PB): red blood cells (RBC), white blood cells (WBC), platelets (PLT) and
Ly6G*CD11b" neutrophils (Neu) 4 h after 10 mg/kg i.p. LPS administration (n = 6-7 for WT and n = 6-7 for G2MeYy,

(F) Total numbers of peritoneal cells, FceR"c-kit" peritoneal mast cells (PEC Mast), and CD11b"F4/80" peritoneal
macrophages (PEC Mac) in the peritoneal cavity 4 h after 10 mg/kg i.p. LPS administration (n = 6 for WT and n = -7 for G2Y).
The results were calculated from more than three experiments. Data in Figures 1C, 1E, and 1F are represented as the
mean + SEM. Dots in Figures 1E and 1F represent independent biological replicates. Dots in Figure 1D represent death
events. p values were calculated with the unpaired ttest for Figures 1C, 1E, and 1F and the log rank test for Figure 1D. n.s.,
not significant. See also Figures S1 and S2 for further information.
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S2A-52C). We also found that G2"®* mice showed a reduced expression level of Gata2 mRNA in bone
marrow progenitor fractions, as anticipated (Figures S2D-S2F). These results demonstrate that GATA2-
haploinsufficiency mice have a lower inflammatory response than WT mice upon LPS-induced systemic

inflammation and that this attenuation was not attributable to any gross hemocytopenia in the G2"** mice.

2Het mice

Reduced cytokine levels in G
Given that G2"°* mice exhibited a diminished inflammatory response while harboring normal hematopoi-
etic populations, we hypothesized that cytokine production might be attenuated in the G2"*!
address this question, we subjected peritoneal lavage fluids and plasma recovered from LPS-treated
G2"°* and WT mice to multiple 32-plex cytokine immune analyses by MAGPIX (Figure 2A). We found
that almost all of the cytokine levels examined (30/32) in G27** peritoneal lavage fluid were lower than those
in WT mice (left column in Figure 2B). We further noticed that IFN-y, IL-12p40, and IL-17A were most
reduced in the plasma of the G2"" mice, although almost one-third of the cytokines were higher in the
G2t than in the WT mice (* in right column of Figure 2B). The quantified results showed that IFN-y, IL-
12p40, and IL-17A levels in the plasma of LPS-treated G2"®* mice were reduced to 58%-68% of the levels
found in WT controls (Figure 2D). The same trends were also detected in the peritoneal lavage fluid of the
G2Met mice (Figure 2C). Basal levels of IL-12p40 and IL-17A in the plasma of the vehicle (PBS)-treated G2oHet
mice were also decreased; IL-12p40 and IL-17A in G2"'** mice were reduced by 76% and 61%, respectively,
relative to the WT mice (insets in Figure 2D).

mice. To

To evaluate the kinetics of cytokine production, we further examined representative cytokines, including
IFN-y, IL-12p40, IL-17A, IL-6, IL-1at, and MIP-1B, by MAGPIX over a period of time (0, 4, 8, and 24 h) after
LPS administration. We found that plasma levels of IFN-y, IL-12p40, and IL-17A were lower in the G2Met
mice than in the WT mice during LPS-induced inflammation (Figure S3). In contrast, IL-1ee and/or MIP-18
were transiently elevated in G27®' mice at the 8-h stage in peritoneal lavage fluid and at the 4- to 8-hr stage
in plasma. Of note, most cytokines tended to be reduced in the G2"°* mice at the 0- and 24-h stages
(Figure S3).

Collectively, these results suggest that a broad spectrum of inflammatory cytokines, particularly IFN-vy, IL-
12p40, and IL-17A, appear to be under intense direct or indirect regulatory influence by GATA2 upon LPS-
induced inflammation, although there were differences in the induction kinetics of these cytokines.

Imaging of inflammation in vivo after induction of polymicrobial peritonitis by cecal ligation
and puncture

Proinflammatory cytokines, including IFN-vy, IL-12, and IL-17A, play a role in bacterial clearance by recruiting and
activating leukocytes (Cavalla et al., 2014; Mufioz-Carrillo et al., 2018). We thus hypothesized that the reduced
cytokine production impaired bacterial clearance in the G2 mice. To address this possibility, we conducted
CLP as a model of polymicrobial peritonitis (Figure S5) (Rittirsch et al., 2009). When we monitored the inflamma-
tory status of polymicrobial peritonitis by exploiting hlL-6 Luc transgenic mice on a G2+ background, luciferase
luminescence was first detected around the peritoneum as early as 4 h after the CLP procedure (Figure 3A).
Thereafter, the luciferase luminescence expanded throughout the body by 12 h (Figure 3A). Quantitative anal-
ysis demonstrated that the luciferase luminescence reached a peak at 24 h and thereafter gradually decreased;
by 72 h, the inflammatory status was approximately as it had been in the early stage (Figure 3B). It has been re-
ported that bacterial proliferation peaked 24 h after CLP surgery, which is in agreement with our current lumi-
nescence time course data demonstrated in hiL-6 Luc transgenic mice (Meng et al., 2012). We next asked
whether the hiL-6-controlled luminescence level correlated with the number of bacterial colony-forming units
(CFUs), which were counted by inoculating peritoneal lavage fluid onto agar plates. We found a positive corre-
lation (R? = 0.705) between the luminescence intensity and CFU counts in the peritoneal lavage fluid 24 h after
the CLP procedure, indicating that the luminescence level positively correlated with the robustness of bacterial
colonization in the G2™* mice (Figures 3C and 3D). Collectively, the hiL-6 Luc transgenic mouse system enabled
us to precisely monitor the inflammation status along with bacterial infiltration in mice in response to CLP-
induced peritonitis.

Impaired bacterial clearance in G2"** mice upon CLP-induced polymicrobial peritonitis

In order to further examine the role of GATAZ2 in bacterial clearance, G2™®tand G2*/* mice crossed with hiL-
6 Luc transgenic mice were subjected to CLP. We found that the bacterial CFU count in the peritoneal
lavage fluid 24 h after CLP was significantly higher in the G2 group than in the G2*/* group (G2"°":

4 iScience 24, 102836, August 20, 2021

iScience



iScience ¢? CellPress

A B PEC Plasma
Wild-Type (n=4) PBS, i.p. LPS LPS
Gata2'et (n=4) PBS, i.p. G-CSF
Wild-Type (n=5) LPS, 10mglkg, i.p. o
Gata2Het (n=5) LPS, 10mg/kg, i.p. IFN-y *
IL-1a
‘ IL-1b
Collect peritoneal lavage IL-2
and plasma 4 hours :tg
IL-5
32-plex cytokine analysis by MAGPIX H
\ 4 IL9
i i IL-10
Calculate cytokine concentration IL12p40 i
IL-12p70
c LIF
PEC IFN-y PEC IL-12p40 PEC IL-17A IL-13
_ s. n.s. LIX
30 p=0.019  go- a1 1207 p=0.14 IL-15
r 1 . IL-17A *
—' v 607 LAy, IP-10 G2Het | WT
£ 204 80 Ay
= . KC Log,FC
= 40 1 MCP-1 1.0
10 40 MIP-1a
_Loo 1 poss 1 _Lop IIVJllF(’:;l; 08
o-! 0 0 MIP-2 0
& & & & & & MIG
Q&é\é’x ‘é\x & @i@‘% Gf(\ < Q&@%& gé\x o RANTES 0.5
NV TP &P VEGF
A%
TNF-a -1.0
D Plasma IFN-y Plasma IL-12p40 Plasma IL-17A
200 ) 400+ pe00tt 800- _@
p=0.022 o p00021 T s P0.0082 %
150 4 300 N 600- .
E ' ’
o 100 200 400+
[=%
50 100 200-
—lon
0- 0- o-
& & & &
AN & T LY @

Figure 2. Reduced cytokine levels in G2"* mice

(A) Experimental workflow of multiplex cytokine immune analysis by MAGPIX (n = 4 for the PBS-treated group and n =5 for
the LPS-treated group in WT and G2"¢Y).

(B) Heatmaps visualizing the fold changes in mean cytokine concentration in the G2"** mice over the WT mice in
peritoneal cavity lavage fluid (PEC) and plasma upon LPS stimulation. Note that almost all cytokines (30/32) in PEC were
decreased in the G2™** mice compared with the WT mice (left column). IFN-y, IL-12p40, and IL-17A were most diminished
in the plasma of G2"°* mice (* in right column).

(C and D) Quantification results show that IFN-vy, IL-12p40, and IL-17A levels upon LPS stimulation were diminished in
peritoneal lavage (C) and plasma (D). Basal levels of IL-12p40 and IL-17A in the plasma of vehicle (PBS)-treated G2 mice
were also decreased (insets in D).

Results were calculated from two experiments. Data in Figures 2C and 2D are represented as the mean + SEM. Dots in
Figures 2C and 2D represent independent biological replicates. p Values were calculated with unpaired t tests for Figures

2C and 2D. LOD, limit of detection; n.s., not significant. See also Figure S3 for further information.
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Figure 3. Inflammation imaging after cecal ligation and puncture (CLP)

(A and B) Time course inflammation imaging of the polymicrobial peritonitis induced by CLP, exploiting hIL-6 Luc
transgenic mice ona G2*/* background (n = 6-10 mice at each time point). Representative images are shown in Figure 3A.
(C) Inflammation imaging of CLP-induced polymicrobial peritonitis 24 h after CLP. The number of bacterial colony-
forming units (CFU) in the peritoneum of each mouse is indicated. Note that the mouse with robust luminescence shows a
high number of CFUs.

(D) A correlation between luminescence intensity and bacterial CFU counts upon CLP-induced polymicrobial peritonitis in
hIL-6 Luc transgenic mice on a G2+ background (n = 18). The coefficient of determination, at 0.705, shows a positive
correlation between luminescence and CFU counts.

The results in Figures 3B and 3D were calculated from more than three experiments. Data in Figure 3B are represented as
the mean + SEM. Dots in Figure 3D represent independent biological replicates. See also Figure S5A for details of the
CLP procedure.

6 iScience 24, 102836, August 20, 2021

iScience



iScience

1.2 x 10° CFU; G2*/*: 1.7 x 10* CFU, p = 0.0014: Figures 4A and 4C). CFU counts in the peripheral blood
were also moderate and statistically significant higher in the G2t group than in the G2*/* group, suggest-
ing the prevalence of bacteremia in the G2™®t mice (G2"*%: 9.4 x 10? CFU versus G2*/*: 4.1 x 102 CFU, p =
0.047: Figures 4A and 4C). We next monitored the inflammatory status in the G2t and G2*/* mice by em-
ploying the hlL-6 Luc imaging system described above. We found that hlL-6-directed luciferase lumines-
cence showed a moderate and statistically significant decrease (p = 0.040) at 4 h after CLP and a slight in-
crease at 24 h after CLP in the G2 group (Figures 4D and 4E). With the hiL-6 Luc imaging system, the
luminescence level positively correlated with bacterial counts in mice with the G2*/* genetic background
(Figure 3D). Therefore, we normalized the luminescence level to the number of bacterial CFUs to estimate
the inflammatory response per unit of bacterial count. Of note, we found that G2 showed a significantly
lower level of luminescence per CFU than G2*/*, indicating a diminished inflammatory response to bacteria
in G2M" mice (G27°% 0.27 versus G2*/*: 12.5, p = 0.0024; Figure 4F). These results indicate that the inflam-
matory immune responses to bacterial infection failed to fully activate in the G2t
quently impaired bacterial clearance in the CLP model.

mice, which subse-

Roles of macrophages and mast cells in GATA2-directed bacterial clearance

GATA2 was reported to be expressed in differentiated mast cells and macrophages, both of which are
involved in the host immune system (Cassado et al., 2015; Johnzon et al., 2016; Ohmori et al., 2015; Wu
et al., 2013). We found that bright GFP signal was detected in the c-kit"FceR™ peritoneal mast cells (MCs),
whereas there was virtually no GFP fluorescence in F4/80"CD11b™ peritoneal macrophages (Macs) in the
Gata2 GFP knock-in mice, in which a GFP expression cassette was inserted into the translational start site
(Figures 5A and 5B) (Suzuki et al., 2006). To further assess the endogenous Gata2 mRNA profile in the
isolated c-kit" bone marrow progenitors, peritoneal macrophages, and peritoneal mast cells of WT
mice, we performed reverse transcription quantitative PCR (RT-gPCR) using a GataZ-specific primer
pair. Consistent with the GFP expression profile, the Gata2 mRNA level in peritoneal macrophages
was more than 100-fold lower than that in c-kit" bone marrow progenitors or peritoneal mast cells
(Figure 5C).

We next examined whether GATA2 expression in peritoneal macrophages and mast cells might contribute
to bacterial clearance. To this end, we employed GataZ2 floxed mice (G2F) crossed with lysozyme (LysM)-Cre
mice or histidine decarboxylase (Hdc)-Cre transgenic mice that express cre recombinase specifically in
macrophages or mast cells, respectively (Figure 5A) (Charles et al., 2006; Clausen et al., 1999). We tested
and confirmed that LysM-Cre and Hdc-Cre activity was specifically detected in Mac and MC, respectively,
utilizing the ROSA26 tdTomato (R26-tdT) reporter system (Figures 5D and 5E). We further validated the re-
sidual unrecombined Gata2 floxed allele in Mac and MC from LysM- and Hdc-Cre mice, respectively, by
quantitative genomic PCR using a Gata2 floxed allele-specific primer. In support of results using the
R26-tdT reporter system, we found that 87% of copies of the Gata2 floxed allele were excised specifically
in Mac of G27F::LysM-Cre, but there was little or no excision in Mac of G27/F::Hdc-Cre (Figure S6). Mean-
while, we failed to determine the residual unrecombined Gata2 floxed allele in MC due to an
insufficient MC fraction (approximately 10% cells per G27F mouse) in the peritoneum (Figure S6). Notably,
G2™F::Hdc-Cre mice had a significant 76% reduction in their mast cell counts compared with Gata2-suffi-
cient control mice, whereas LysM-Cre-mediated GataZ2 excision rarely affected the peritoneal macrophage
population (Figures 5F and 5H). Considering the MC-specific activity in Hdc-cre and the reduced frequency
of MCin G27/F::Hdc-Cre mice, we inferred that the Gata2floxed allele was excised effectively in G27F::Hdc-
Cre mice (Figures 5E and 5H). Subsequent CLP experiments demonstrated that bacterial clearance was not
significantly changed in macrophage-specific Gata2-deficient mice (Figure 5G). In contrast, the bacterial
count tended to be increased, albeit by a statistically nonsignificant margin (p = 0.12), in mast-cell-specific
Gata2-deficient mice compared with Gata2-sufficient control mice (Figure 5I). Collectively, these results
indicate that GATA2 expression in peritoneal macrophages and mast cells affected bacterial clearance
only marginally, if at all.

Discussion

One of the major clinical manifestations of syndromic GATA2 haploinsufficiency is primary immunodefi-
ciency with marked susceptibility to weakly virulent bacterial, viral, and fungal infections, suggesting
that GATAZ2 haploinsufficiency compromises the innate immune system of the host (Jung et al., 2020; Shi-
mizu and Yamamoto, 2020). However, immunological insights and molecular explanations for GATA2-hap-
loinsufficient patients are largely lacking. We demonstrate here that Gata2 heterozygous mutant mice
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Figure 4. Impaired bacterial clearance in G2"'** mice upon CLP

(A) Bacterial CFU in the peritoneal cavity at 24 h after CLP (n = 7 for sham G2*/*, n = 6 for sham G2, n = 10 for CLP G2*/*,
and n = 11 for CLP G2"¢Y.

(B) Bacterial colony-forming units (CFU) in the peripheral blood at 24 h after CLP (n = 7 for sham G2**, n = 6 for sham
G2", n =10 for CLP G2*/*, and n = 11 for CLP G2"Y).

(C) Representative agar plates with cultures from peritoneal cavity lavage fluid (PEC) and peripheral blood (PB) from G2*/*
and G2"° at 24 h after CLP.

(D) Whole-body inflammation monitoring using hiL-6 Luc at 4 or 24 h after CLP or the sham controls in the G2*/* and G2
groups.

(E) Quantification of the luminescence at 4 or 24 h after the CLP in the G2*/* and G2t groups (n = 10-12 mice at each time
point).

(F) Luminescence per CFU was calculated to evaluate the response to inflammation per bacterial count (n = 10 for G2*/*
and n = 11 for G2"!). Note that G2"** showed significantly diminished luminescence per CFU.

The results in Figures 4A, 4B, 4E, and 4F were calculated from more than three experiments. The results in Figures 4C and
4D are representative images from Figures 4A, 4B, and 4E, respectively. Data in Figures 4A, 4B, 4E, and 4F are
represented as the median and interquartile range. Dots in Figures 4A, 4B, 4E, and 4F represent independent biological
replicates. p Values were calculated with the Wilcoxon-Mann-Whitney test for Figures 4A, 4B, 4E, and 4F. n.s., not
significant.
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Figure 5. Roles of macrophages and mast cells in GATA2-directed bacterial clearance
(A) Schematic diagrams of Gata2 GFP knock-in (GataZ®™), Gata2 floxed (G2 alleles, and ROSA26-tdTomato allele (R26-tdT).
(B) Histograms depicting GFP fluorescence in peritoneal macrophages (Mac) and peritoneal mast cells (MC) of Gata2®™* mice and WT mice.
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Figure 5. Continued

(C) The relative Gata2 mRNA levels were quantified by RT-gPCR using a Gata2 exon 3-4 primer set and normalized to glyceraldehyde-3-phosphate
dehydrogenase (Gapdh) in the WT mice. Gata2 mRNA levels in Mac and MC were calculated by defining the average Gata2 mRNA level in BM c-kit"
progenitors as 1.0.

(D) Td-tomato-gating histogram of Mac and MC in R26-tdT crossed with lysozyme-Cre (LysM-Cre) mice.

(E) Td-tomato-gating histogram of Mac and MC in R26-tdT crossed with histidine decarboxylase-Cre (Hdc-Cre) mice.

(F) Cell frequencies of Mac and MC in the Gata2-sufficient control (control; n = 5), GZF”::LysM—Cre (n = 6), and GZF/F::LySM—Cre (n = 5) groups.

(G) Bacterial colony-forming units (CFU) in the peritoneal cavity at 24 h after CLP in the control (n = 6), G27*::LysM-Cre (n = 8), and G2”/7::LysM-Cre groups
(n=5).

(H) Cell frequencies of Mac and MC in the Gata2-sufficient control (control; n = 8), G2M*::Hdc-Cre (n = 6), and G27/F::Hdc-Cre. Note the reduced frequencies
of MC in the G2F:: Hdc-Cre mice.

(1) Bacterial CFU in the peritoneal cavity at 24 h after CLP in the control (n = 9), G2M*::Hdc-Cre (n = 7), and G27F::Hdc-Cre (n = 5) groups.

One representative data point from each of two experiments is presented in Figures 5B, 5D, and 5E. Results in Figures 5C and 5F-5| were calculated from
more than three experiments. Dots in Figures 5C and 5F-5I represent independent biological replicates. Data in Figures 5C, 5F, and 5H are represented as
the means + SEM. Data in Figures 5G and 5| are represented as the median and interquartile range. p Values were calculated with the unpaired t test for
Figures 5F and 5H and with the Wilcoxon-Mann-Whitney test for Figures 5G and 5. Gata2™" mice without the cre transgene or Gata2™* mice with the cre
transgene were used as control mice in Figures 5F-5I. See also Figure Sé for further information.

show attenuated inflammatory responses to LPS and suffer from susceptibility to bacterial peritonitis in a
CLP model.

The reported human GATA2 mutations thus far have been categorized into two groups, i.e., quantitative
and qualitative GATA2 haploinsufficiency, both of which are associated with a highly penetrant pheno-
type of immunodeficiency. There is a cohort of patients showing reduced or abnormal GATAZ transcripts
from one allele, which are caused by mutations in the coding sequences, complete gene deletion, reg-
ulatory element mutations, or nonsense-mediated decay of mRNA (Hsu et al., 2013). Indeed, we found
that G2™®* mice showed an attenuated inflammatory response upon LPS stimulation and that this atten-
uation was accompanied by reduced cytokine levels (Figures 1 and 2). The CLP-induced polymicrobial
peritonitis study employed here revealed that GATAZ2 is required for sufficient bacterial clearance and
that even haploid mutation of Gata2 significantly weakened the elaborate immune system (Figure 4).
Therefore, G2™°* mice recapitulate the bacterial infection susceptibility observed in human GATA2
haploinsufficiency.

The multiple 32-plex cytokine immune analyses revealed that IFN-y, IL-12p40, and IL-17A were most signif-
icantly diminished in the plasma of LPS-treated G2"*t mice (Figures 2B and 2D). IL-12 (heterodimeric com-
plex of IL-12p35 and IL-12p40) secreted from macrophages and dendritic cells stimulates T cells and
NK cells through a specific receptor complex and promotes the production of IFN-y (Teng et al., 2015).
IFN-vy confers activity on macrophages, enabling them to kill intracellular bacteria (lvashkiv, 2018). Mutation
of IFN-y and IL-12 signaling molecules in humans leads to impaired IFN-y signaling and results in suscep-
tibility to intracellular bacterial infections (Kong et al., 2018; Martinez-Barricarte et al., 2018; Tangye et al.,
2020). In addition, the IL-17 protein family contains the highly homologous members IL-17A and IL-17F,
which are preferentially produced by Th17 cells (lwakura et al., 2011). The IL-17A/IL-17F cytokines induce
proinflammatory cytokine output, neutrophil infiltration, and antimicrobial peptide production, thereby
participating in host defense against bacterial infection (lwakura et al., 2011). Indeed, mice with compound
IL-17A and IL-17F deficiency exhibit increased susceptibility to opportunistic infection by S. aureus (Ishi-
game et al., 2009). As the IL-12/IFN-vy regulatory axis and IL-17 cytokines play important functions in innate
immunity against low-virulence bacterial infections, one would predict that the simultaneous suppression
of both cytokine systems would severely disrupt host immune defense in the event of GATA2 haploinsuffi-
ciency (Figure 6). Importantly, IFN-y, IL-12p40 and IL-17A have not been linked previously to GATA2 func-
tion. Since these cytokines are produced mainly by T cells, NK cells, macrophages, and dendritic cells in
which GATAZ2 is rarely expressed, as previously reported and shown in this study (Figures 1E, 1F, and
5A), non-cell-autonomous mechanisms of GATA2 haploinsufficiency must be operative in these processes
(Onodera et al., 2016).

Plasma IFN-y, IL-12p40, and IL-17A were usually diminished during LPS stimulation in G2"®* mice
compared with WT mice, whereas some other cytokines, including IL-1a. and MIP-1B, were transiently
elevated in G2"'°" mice during the middle stages (i.e., 8 h in peritoneal lavage fluid and 4-8 h in plasma)
of LPS stimulation (Figures 2 and S3). Given these results, we surmise that cytokine levels dynamically
change in the middle stages depending on the regulatory kinetics of each cytokine, which can be
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Figure 6. A proposed model for the GATA2-directed host defense system and the pathogenesis of
immunodeficiency resulting from human GATA2 haploinsufficiency

A sufficient amount of intact GATA2 promotes an adequate inflammatory response; thus, GATA2 confers host defense
against pathogens (left panel). Insufficient intact GATAZ in the whole body leads to a reduced inflammatory response
against pathogens, thereby impairing pathogen clearance (right panel).

reciprocally regulated by other cytokines. Therefore, in the middle stage, the levels of some cytokines are
increased, whereas others are decreased. However, at 0 h (i.e., basal level) and 24 h, most of the cytokines

2H et

were diminished in the G mice relative to the WT mice. These results suggest that GATA2 may exert its

most dominant effects at the basal to early stage and the terminal stage of LPS stimulation.

The phenotypic complexity of GATA2 haploinsufficiency might reflect the consequences of a dual defect
between hematopoietic cells and non-hematopoietic cells expressing GATA2. To discriminate between
these possibilities, we employed macrophage- or mast-cell-specific conditional deletion of GataZ2 in this
study. Although macrophage-specific Gata2 deletion hardly altered the efficiency of bacterial clearance,
bacterial clearance was diminished slightly in the mice with mast-cell-specific GATA2 defects (Figure 5).
Given these results, we speculate that GATAZ2 in mast cells might be partially responsible for host defense
against bacteria (Figure 5). Notably, however, the bacterial clearance of mice with mast-cell-specific Gata2
deletion was less affected than that of the G27°* mice. These data raise the possibility that GATA2 expres-
sion in other cell lineages also participates in establishing the host immune defenses. GATAZ is expressed
in a number of other somatic tissues, including vascular endothelium, urogenital tissues, and the kidney, in
which GATAZ is known to play crucial developmental roles (Kanki et al., 2011; Khandekar et al., 2004; Lin-
nemann et al., 2011; Yu et al., 2014). In particular, vascular endothelial cells are well known to produce cy-
tokines in response to inflammatory stimuli (Mai et al., 2013). In fact, public data from ChIP-Atlas (https://
chip-atlas.org) indicate that the chromosomal human IL-6 locus contains a number of GATA2 binding peaks
in human umbilical vein endothelial cells. Therefore, it would be quite interesting to address whether
GATAZ2 directly regulates cytokine gene expression in endothelial cells and thereby plays a role in bacterial
clearance through the vascular system.

Clinical studies of GATA2-haploinsufficient patients have shown that hematopoietic stem cell transplanta-
tion is a potentially curative therapy to circumvent severe infections and hematological malignancies (Hof-
mann et al., 2020; Parta et al., 2018). However, a clinical survey of 79 French and Belgian GATA2-haploin-
sufficient patients reported that severe infections still emerged in some transplant recipients within five
years after transplantation (Donadieu et al., 2018). Thus, the clinical evidence implies that defects in non-
hematopoietic tissue may participate in the etiology of the immunodeficient phenotypes observed in some
GATA2-haploinsufficient patients.
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IL-6 is a prototypical proinflammatory cytokine that is promptly and transiently induced in response to
infection. The induction of IL-6 evokes acute-phase inflammation and subsequently reinforces host immune
defense (Tanaka et al., 2014). In addition to the previously reported LPS-induced inflammation model, we
performed successful inflammation imaging of CLP-induced polymicrobial peritonitis and subsequent sys-
temic inflammation by employing the hIL-6 Luc reporter system (Hayashi et al., 2015). Therefore, we
reasoned that the hlL-6 Luc reporter would reliably monitor the inflammatory response and reasonably
represent the host immune defense status in G2"°t mice. G2 mice crossed with hiL-6 Luc reporter
mice appear to have considerable merit for further unveiling disease mechanisms and may potentially serve
as a robust screening system for therapeutic development.

Given the diverse functions of GATAZ2 in multiple tissue contexts, it should be carefully considered whether
GATA2 germline mutations uniformly disrupt GATA2 expression in all tissues or whether GATA2 haploin-
sufficiency affects only a subset of GATA2-regulated processes. More detailed studies on the innate im-
mune system and pathogen clearance in G27® mice will offer a deeper understanding of immune defi-
ciency and open new therapeutic avenues for GATA2 haploinsufficiency diseases.

Limitations of the study

This study demonstrated that G27® mice exhibited a weakened inflammatory response and impaired bac-
terial clearance. Although these phenotypes were consistent with the clinical symptoms observed in
GATA2-haploinsufficient patients, further prospective studies are needed to confirm whether GATA2-hap-
loinsufficient patients manifest a weakened inflammatory response. In addition, the molecular mechanisms
underlying the regulation of inflammatory cytokines by GATA2 have not been identified. Statistically sig-
nificant differences were observed in Figures 1D, 4B, and 4E; however, the biological importance of these
results needs to be further validated.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Purified Anti-Mouse CD16 / CD32 (Fc Shield) (2.4G2) TONBO 70-0161
Fixable Viability Dye eFluor™ 450 Thermo Fisher Scientific 65-0863-

CD117 (c-Kit) Monoclonal Antibody (2B8), APC

FceR1 alpha Monoclonal Antibody (MAR-1), PE

CD11b Monoclonal Antibody (M1/70), APC-eFluor 780
Ly-6G Monoclonal Antibody (1A8-Lyég), APC

Ly-6G Monoclonal Antibody (1A8-Ly6g), Super Bright 600
F4/80 Monoclonal Antibody (BM8), PE-Cyanine7

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

Thermo Fisher Scientific

Catalog # 17-1171; AB_469430
Catalog # 12-5898; AB_466028
Catalog # 47-0112; AB_1603193
Catalog # 17-9668; AB_2573307
Catalog # 63-9668-82; AB_2762785
Catalog # 25-4801-82; AB_469653

Chemicals, peptides, and recombinant proteins

Lipopolysaccharide Sigma-Aldrich 12880

VivoGlo™ Luciferin, In Vivo Grade Promega P1043

Critical commercial assays

MILLIPLEX MAP Mouse Cytokine/Chemokine Magnetic Bead Merk MCYTMAG-70K-PX32
Panel - Premixed 32 Plex

MILLIPLEX MAP Mouse Cytokine/Chemokine Magnetic Bead Merk MCYTOMAG-70K-06
Panel - 6 Plex

MagextractorTM -Genome- TOYOBO NPK-101
Agencourt® RNAdvanceTM Tissue Kit BECKMAN COULTER A32645

ReverTra Ace® gPCR RT Master Mix with gDNA Remove TOYOBO FSQ-301
THUNDERBIRD® Next SYBR® gqPCR Mix TOYOBO QPX-201
Experimental models: Organisms/strains

GataZ2 heterozygous mutant mice/ C57B6N-Tyrc-Brd/BrdCrCrl Tsai et al., 1994 N.A.

human IL-6 luciferase transgenic mice/ C57B6N-Tyrc-Brd/ Hayashi et al., 2015 N.A.

BrdCrCrl

Gata2 Floxed mice/C57BL/6J Charles et al., 2006 N.A.

Gata2 GFP knockin mice/C57BL/6J Suzuki et al., 2006 N.A.

lysozyme-Cre mice/C57BL/6J Clausen et al., 1999 N.A.

Histidine decarboxylase-Cre mice/C57BL/6J

Mutant Mouse Resource & Research

RRID: MMRRC_037409-UCD

Centers

ROSA26-tdTomato mice/C57BL/6J Madisen et al., 2010 N.A.
Software and algorithms

Living Image software PerkinElmer N.A.
FlowJo BD Biosciences N.A.
xPONENT Merk N.A.
Excel Microsoft N.A.
Prism 8 GraphPad Software N.A.
RESOURCE AVAILABILITY

Lead contact

Further information and requests should be directed by the Lead Contact, Takashi Moriguchi (moriguchi@

tohoku-mpu.ac.jp).
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Material availability

No unique materials were generated in this study.

Data code and availability

The data generated or analyzed in this study are available upon request from the Lead Contact, Takashi
Moriguchi (moriguchi@tohoku-mpu.ac.jp).

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Mice

The Gata2 heterozygous mutant mice, human IL-6 luciferase (hIL-6 Luc) transgenic mice, Gata mice,
Gata2 GFP knock-in mice, lysozyme-Cre mice and ROSA26-tdTomato mice used for this study have
been described previously (Charles et al., 2006; Clausen et al., 1999; Madisen et al., 2010; Suzuki et al.,
2006; Tsai et al., 1994). Histidine decarboxylase-Cre mice (RRID: MMRRC_037409-UCD) were purchased
from the Mutant Mouse Resource & Research Centers (https://www.mmrrc.org). Littermate mice of geno-
types, namely, Gata2*'*, Gata2™*¥Flox without Cre recombinase transgene and Gata2*'* with the Cre re-
combinase transgene, were used as controls in each analysis. All mutant mice were crossed with a C57B6N-
Tyrc-Brd/BrdCrCrl (B6 albino mouse) or C57BL/6J genetic background in this study. Both male and female
mice at 10-16 weeks were mainly used for this study. All mice were handled according to the regulations of
the Standards for Humane Care and Use of Laboratory Animals of Tohoku Medical and Pharmaceutical Uni-
versity and the Guidelines for the Proper Conduct of Animal Experiments from the Ministry of Education,
Culture, Sports, Science and Technology (MEXT) of Japan. All animal experiments were approved by the
Tohoku Medical Pharmaceutical University Animal Experiment Committee (registration number: 20002-cn).

2F\ox

METHODS DETAILS

LPS-induced inflammation and analysis of the mortality rate

LPS-induced inflammation was executed by intraperitoneal (i.p.) or subcutaneous (s.c.) injection of lipo-
polysaccharide (LPS; Sigma-Aldrich, St. Louis, Missouri) at a dose of 1 mg/kg or 10 mg/kg body weight.
To analyze the mortality rate after LPS administration, we used a sublethal dose of LPS at 10 mg/kg as pre-
viously reported (Genster et al., 2017) and monitored the viability of the mice twice a day (morning and eve-
ning) for 168 hr (7 days) after LPS administration.

Imaging of luminescence in vivo

In vivo imaging was conducted utilizing an in vivo imaging system (IVIS; PerkinElmer, Waltham, MA) as pre-
viously described (Hayashi et al., 2015). Briefly, hiL-é Luc transgenic mice were intraperitoneally injected
with 75 mg/kg D-luciferin for analysis of LPS-induced inflammation or subcutaneously injected with
150 mg/kg D-luciferin for analysis of cecal ligation and puncture (CLP)-induced polymicrobial peritonitis.
Subsequently, the anesthetized mice were placed in a light-sealed chamber, and the luminescence was
imaged for 60 s to monitor LPS-induced inflammation or for 180 s to monitor CLP-induced polymicrobial
peritonitis. Luminescence emitted from various regions of the mouse was quantified with Living Image soft-
ware (PerkinElmer, Waltham, MA).

Hematological analysis, cell counting and flow cytometry analyses

Single-cell suspensions were prepared from bone marrow, peripheral blood and peritoneal lavage fluid,
and then these suspensions were used for subsequent experiments. Hematological indices were automat-
ically measured using a Celltac a-MEK-6550 (Nihonkoden, Tokyo, Japan). Cell counts were examined using
a TC20™ Automated Cell Counter (Bio-Rad Laboratories, Hercules, CA). Red blood cells were lysed using
RBC lysis buffer (Thermo Fisher Scientific, Waltham, MA). Fc receptor blocking was performed with anti-
CD16/32 (2.4G2 hybridoma culture supernatant, dilution 1:400). Immunostaining was performed with
each anti-body for 30 min at 4 °C and subsequently cell suspensions were washed with phosphate-buffered
saline (PBS) containing 2% fetal bovine serum (FACS buffer) as previously described (Takai et al., 2019).
Fixable Viability Dye eFluor™ 450 (Thermo Fisher Scientific, Waltham, MA)-negative live cells were sub-
jected to all of the flow cytometry analyses. Flow cytometry analysis was performed using a BD
LSRFortessa™ X-20 (BD Biosciences, San Jose, CA), a FACSAria Fusion (BD Biosciences, San Jose, CA)
and an Attune NxT Flow Cytometer (Thermo Fisher Scientific, Waltham, MA). Cell sorting was conducted
with a FACSAria Fusion (BD Biosciences, San Jose, CA). The data were analyzed with FlowJo software (BD
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Biosciences, San Jose, CA). The following flow cytometry antibodies were diluted and used with FACS
buffer: CD11b (M1/70, dilution 1:400), FceR (MAR-1, dilution 1:200), c-kit (2B8, dilution 1:200), F4/80
(BM8, dilution 1:200) and Ly6G (1A8, dilution 1:200). The gating strategies are shown in Figure S4.

Cytokine multiplex analysis

After the intraperitoneal injection of PBS or LPS, peritoneal lavage fluid was collected with 1 mL PBS.
Plasma was also collected from submandibular blood. Multiplex cytokine analysis was performed with
diluted samples and a 6-plex/32-plex Mouse Cytokine/Chemokine Magnetic Bead Panel (Merck Millipore,
Barrington, MA) on a MAGPIX (Merck Millipore, Barrington, MA) according to the manufacturer’s instruc-
tions. The concentration of each cytokine was automatically calculated by the xPONENT system on a
MAGPIX.

CLP-induced polymicrobial peritonitis and counting of colony-forming units (CFU)

Cecal ligation and puncture (CLP) was performed as a model of polymicrobial peritonitis as previously
described, with minor modifications (Rittirsch et al., 2009). Each step of the CLP procedure is shown in Fig-
ure S5. Peritoneal bacteria were collected by lavage of the peritoneal cavity with 10 mL PBS. Peritoneal
lavage fluid or whole blood was plated on brain-heart infusion agar plates (BD Biosciences, San Jose,
CA) and cultured at 37°C overnight. Based on serial dilution, bacterial colony counts were calculated as
CFU per 10 mL for peritoneal lavage fluid or per mL for peripheral blood.

Quantitative real-time PCR

Genomic DNA was extracted from the mouse tails using l\/lagextractorTM -Genome- (TOYOBO, Osaka,
Japan), and the hematopoietic cells were sorted by FACS according to the manufacturer’s instructions. To-
tal RNA from the sorted hematopoietic cells was extracted using the Agencourt® RNAdvance™ Tissue Kit
(BECKMAN COULTER, Brea, CA) according to the manufacturer’s instructions. cDNA was synthesized us-
ing ReverTra Ace® gPCR RT Master Mix with gDNA Remover (TOYOBO, Osaka, Japan). Quantitative real-
time PCR was performed using THUNDERBIRD® Next SYBR® gPCR Mix (TOYOBO, Osaka, Japan) on a
CFX96 Touch™ Detection System (Bio-Rad Laboratories, Hercules, CA). The genomic DNA was normal-
ized to the value of the Gata2 -2.8 kb locus. The mRNA expression level was normalized to the Gapdh
expression level. The primers used in the quantitative real-time PCR are listed in Table S1.

QUANTIFICATION AND STATISTICAL ANALYSIS

Comparisons between the 2 groups were made using the unpaired t-test and the Mann-Whitney U test as
described in the figure legends. The data are presented as the mean + SEM or median =+ interquartile
range as described in the figure legends. Since a reduced inflammatory response in G
demonstrated in Figure 1, one-tailed tests were adopted in Figures 2, Fig 4 and Fig 5. For all analyses,
the criterion for statistical significance was defined as p < 0.05. For correlation analysis, a correlation coef-
ficient ranging from 0.50 to 0.70 was defined as moderate correlation, and a value of 0.70 to 0.90 was
defined as high correlation, as previously described (Mukaka, 2012). Data management and statistical anal-
ysis were performed using Excel (Microsoft, Redmond, WA) and GraphPad Prism 8 software (GraphPad

Software, San Diego, CA).

2t mice was
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