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INTRODUCTION 
 
As the most abundant innate immune cells in the lung, 
pulmonary macrophages significantly increased in the 
lungs of individuals with COPD though, they exhibit 
lower phagocytic and bactericidal activity whereas there 
is hypersecretion of pro-inflammatory cytokines [1]. 
Such pulmonary macrophages have been widely accepted 
as orchestrators of lung tissue inflammation during 
COPD development [2] by recruiting pro-inflammatory 
innate immune cells while activating adaptive immune 
cells, which could be aggravated due to decreased 

clearance of cellular debris and inhaled pathogens within 
lung tissues on the other hand [3]. Although many 
molecules and pathways necessary for dysfunctions  
of pulmonary macrophages have been identified in 
COPD pathogenesis [1, 4–6], vital transcriptional hubs 
for multiple dysfunctional responses of pulmonary 
macrophages remain less known. 
 
Although GATA2 deficiency has long been regarded as 
a genetic disorder of hematopoiesis, lymphatics, and 
immunity though [7], more than half of these patients 
were reported to have pulmonary diseases, including 
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ABSTRACT 
 
Pulmonary macrophages from COPD patients are characterized by lower phagocytic and bactericidal activity 
whereas there is hypersecretion of pro-inflammatory cytokines. The prominent decline of GATA2 expression in 
pulmonary macrophages from COPD patients inspired us to figure out its role during COPD development. The 
expression levels of GATA2 were decreased in alveolar macrophages isolated from cigarette smoke (CS)-
induced COPD mice and cigarette smoke extract (CSE)-treated macrophages. In vitro, both CSE and GATA2 
knockdown via siRNAs elevated pro-inflammatory cytokines expression whereas inhibiting phagocytosis in 
macrophages. Integrated analysis of transcriptomics of GATA2-knockdown macrophages and the results of ChIP 
sequencing of GATA2 together with dual-luciferase reporter assay identified Abca1 and Pacsin1 as functional 
target genes of GATA2. Mechanistically, ABCA1 mediates the pro-inflammatory secretion phenotype and the 
dysfunction in early stage of phagocytosis of macrophages through TLR4/MyD88 and MEGF10/GULP1 
pathways, respectively. PACSIN1/SUNJ1 partially mediates the disruption effects of GATA2 downregulation on 
maturation of phagolysosomes in macrophages. Together, our study suggests that GATA2 influences multiple 
functions of pulmonary macrophages by simultaneous transcriptional regulation of several target genes, 
contributing to the dysfunctions of pulmonary macrophages in response to CS, which provides an impetus for 
further investigations of GATA2 or other underappreciated transcription factors as regulatory hubs in COPD 
pathogenesis. 
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pulmonary alveolar proteinosis (PAP), pulmonary 
hypertension, pneumonia, emphysema and bronchitis [8]. 
Impaired surfactant metabolism due to phagocytically 
dysfunctional alveolar macrophages (AMs) with unclear 
mechanisms underlies PAP, which indicates the crucial 
role of GATA2, a zinc finger transcription factor, in 
regulating pulmonary macrophage function besides  
in modulating endothelial and hematopoietic cells 
differentiation [9, 10]. 
 
Recently, with the advent of high throughput, next 
generation, and single-cell sequencing, GATA2 was 
found to be downregulated in pulmonary macrophages 
in several separate datasets from both COPD patients 
and smokers [11–13]. However, the exact influence  
of decline of GATA2 expression to pulmonary 
macrophages in COPD pathogenesis has been 
unexplored. This study validates the downregulation of 
GATA2 in both macrophages from CS-exposed COPD 
mouse model and multiple CSE-treated macrophage  
cell lines and further provides new mechanistic insight 
into the integrated role of GATA2 in regulating pro-
inflammatory phenotype as well as phagocytosis of 
pulmonary macrophages. 
 
RESULTS 
 
GATA2 is downregulated in pulmonary macrophages 
during the development of CS-triggered COPD 
 
We first enquired the expression level of GATA2 in 
macrophages from the lung tissues of COPD patients 
and smokers based on our previous single-cell RNA 
sequencing (scRNA-seq) dataset of human lung tissues 
from COPD patients and control donors [12] as well  
as that from smokers and non-smokers reported by 
Watanabe et al. [11]. GATA2 was significantly down-
regulated in pulmonary macrophages from COPD 
patients and smokers (Figure 1A) compared to their 
matched controls, which were not observed in other  
cell types, such as endothelial cells, epithelial cells,  
NK cells, and T cells (Supplementary Figure 1A).  
To confirm the decline of GATA2 in macrophages 
during COPD pathogenesis, we established a COPD 
mouse model by CS exposure (Supplementary Figure 
1B). Immunostaining of lung tissues from these mice 
showed an overlap of GATA2 and F4/80 (marker of 
macrophages) (Figure 1B). While F4/80 expression was 
increased in lung tissues of CS-exposed mice, reflecting 
the augmented macrophage infiltration and pulmonary 
inflammation, GATA2 expression was significantly 
decreased in both cytoplasm and nuclei of pulmonary 
macrophages compared to the control mice. Such 
decline in the mRNA level of Gata2 was also observed 
in the primary AMs from bronchoalveolar lavage fluid 
(BALF) of CS-exposed mice (Supplementary Figure 1C). 

In vitro, we treated mouse monocyte macrophage 
leukemia cell line RAW264.7 cells and mouse alveolar 
macrophage cell line MH-S cells with different 
concentrations of CSE which showed no significant 
effect on cell viability (Supplementary Figure 1D) and 
found that GATA2 expression was downregulated at 
both mRNA and protein levels in a CSE dose-dependent 
manner (Figure 1C and Supplementary Figure 1E). 
Together, GATA2 is downregulated in pulmonary 
macrophages during the development of COPD. 
 
Downregulation of GATA2 leads to pro-inflammatory 
phenotype and impaired phagocytosis in macrophage 
 
Next, to investigate the influences of GATA2 
dysregulation on pulmonary macrophages in COPD 
pathogenesis, we intersected the potential targets of 
GATA2 identified by ChIP sequencing (ChIP-seq)  
from GTRD database [14] with COPD-associated 
differentially expressed genes (DEGs) from pulmonary 
macrophages in our previous COPD human lung tissue 
scRNA-seq dataset. KEGG pathway analysis showed 
that the intersected genes upregulated in pulmonary 
macrophages from COPD patients were enriched  
in infectious and inflammatory pathways (PI3K- 
Akt, mTOR, Toll-like receptor, etc.), and that those 
downregulated ones were enriched in endocytosis, 
phagocytosis, lysosome, and phagosome (Figure 2A). 
Accordingly, we hypothesized that GATA2 down-
regulation may disrupt the macrophage phagocytosis 
and aggravate pulmonary inflammation by enhancing 
the expression of pro-inflammatory cytokines in 
macrophages during COPD development. Notably, 
inflammation-related molecules (Cd80, Cxcl1, Ccl2, 
Il23, Cxcl10, Cxcl11, Cxcl12, Mmp9, Mmp12, and 
Tgfb1) exhibited a dose-dependent increase in CSE-
treated RAW264.7 cells (Figure 2B) and MH-S cells 
(Supplementary Figure 2A), concurrent with the decrease 
of GATA2 in vitro (Figure 1C and Supplementary 
Figure 1E). Meanwhile, we also examined the 
phagocytic function of CSE-treated macrophages using 
Protonex™ 600 Red Latex Beads. Generally, the 
average number of engulfed beads within every cell 
indicates the engulfing ability of macrophages, while 
the fluorescence intensity of phagocytosed beads,  
that increases as pH decreases from neutral to acidic 
during phagolysosome formation and maturation from 
phagosomes, reflects the digestion extent of the ingested 
particles in macrophages. As shown in Figure 2C  
and Supplementary Figure 2B, both the number of 
beads swallowed by RAW264.7 cells and MH-S cells 
as well as the fluorescence of beads within these cells 
decreased with the increase of CSE concentrations, 
suggesting that CSE treatment may injure the processes 
of ingestion and phagolysosome formation of macro-
phage phagocytosis. At mRNA levels, alterations of 
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molecules vital to phagocytosis (Cd163, Cd209, 
Marco, Stab2, and Sirpa) and genes related to 
lysosome injury (Lamp2 and Gpnmb [15]) all revealed 
phagocytic dysfunction of macrophages in a CSE 
dose-dependent manner (Figure 2D and Supplementary 
Figure 2C). Subsequently, we knocked down Gata2  
in RAW264.7 cells using small interfering RNAs 
(siRNAs) (Supplementary Figure 2D) and found that 
Gata2 knockdown resulted in impaired phagocytosis 
of RAW264.7 cells as reflected by decreases of both 
the number and fluorescence intensity of engulfed beads 

(Figure 2F). Additionally, the increased expression of 
inflammation-related molecules and the dysregulation 
of genes involved in phagocytosis were also detected 
in Gata2-silenced RAW264.7 cells (Figure 2E, 2G). 
Notably, silencing Gata2 in RAW264.7 cells alone was 
sufficient to partially recapitulate the effect of CSE  
on inflammation and phagocytosis in macrophages 
(Figure 2B–2D). Thus, downregulation of GATA2  
led to pro-inflammatory phenotype and impaired 
phagocytosis in macrophage, especially the processes 
of ingestion and phagolysosome formation. 

 

 
 

Figure 1. GATA2 is downregulated in pulmonary macrophages during the development of CS-triggered COPD. mRNA levels of 
GATA2 were analyzed in database GSE171541 and CSE173896 (A). Eight-week-old mice were exposed to cigarette smoke (CS) or room air 
(n = 5–10). The lungs were harvested 2, 3, and 4 months after CS exposure and subjected to immunofluorescence staining of F4/80 and 
GATA2 (B). Scale bars = 50/100 μm. Relative integrated density of GATA2 fluorescence in F4/80 marked cells was measured from each 
group (Air, round dots; CS, triangle dots). mRNA and protein levels of GATA2 were measured by qPCR, western blotting, and 
immunofluorescence staining (C) in RAW264.7 cells treated with CSE for 24 h from each group (CSE-0%, blue bars; CSE-2.5%, magenta bars; 
CSE-5%, green bars; CSE-10%, orange bars). *P < 0.05 or **P < 0.01 vs. Air 5–10 animals per group or CSE-0%. 
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Identification of Abca1 and Pacsin1 as transcriptional 
targets of GATA2 with inflammatory and phagocytic 
regulatory potential 
 
To investigate the mechanisms by which GATA2 
downregulation induces macrophage pro-inflammatory 
phenotype and injures multiple processes of macrophage 
phagocytosis, we conducted bulk RNA-seq of Gata2-
silenced RAW264.7 cells and found a total of 135 
DEGs compared with control cells. Enrichment of the 
105 upregulated DEGs in biological processes such as 
oxidative stress and inflammatory response strongly 
indicated the pro-inflammatory activation of Gata2-
silenced RAW264.7 cells. On the other hand, the 30 
downregulated DEGs exhibited an involvement in 
phagocytosis, engulfment, and cholesterol transport 

(Figure 3A and Supplementary Figure 3A), resembling 
the result of GO analysis of downregulated DEGs in 
macrophages from COPD lung tissues (Figure 2A). 
Therefore, we picked out 6 downregulated DEGs 
involved in these biological processes, namely Abca1, 
Abcg1, Lpcat3, Pacsin1, Srebf1, and Sting1, among 
which the former 5 ones were predicted target genes of 
GATA2 in GTRD database. Notably, only Abca1 and 
Pacsin1 showed a consistent decline of expression  
in CSE-treated macrophages and Gata2-silenced 
RAW264.7 cells (Supplementary Figure 3B). ABCA1, 
a kind of cholesterol transporter capable of regulating 
cholesterol levels and stability of lipid rafts within the 
cell membranes, participates in phagocytosis directly 
together with phagocytic receptor MEGF10 and 
cytoplasmic adapter protein GULP1 [16, 17]. Besides, 

 

 
 

Figure 2. Downregulation of GATA2 leads to pro-inflammatory phenotype and impaired phagocytosis in macrophage. 
Differentially expressed genes from lung macrophages in COPD patients were intersected with GTRD database GATA2 ChIP-seq 
measurements and the genes were subjected to KEGG pathway analysis (A). mRNA levels of Cd80, Cxcl1, Ccl2, Il23, Cxcl10, Cxcl11, Cxcl12, 
Mmp9, Mmp12, and Tgfb1 were measured by qPCR (B) in CSE-treated RAW264.7 cells from each group. Phagocytosis assessment in RAW 
264.7 cells was done by Cell Meter™ Fluorimetric Phagocytosis Assay Kit. The images were taken using fluorescence microscopy and the 
average number of engulfed beads within every cell and the mean fluorescent intensity of Texas Red were calculated (C). Scale bars = 
50 μm. mRNA levels of Cd163, Cd209, Marco, Stab2, Sirpa, Lamp2, and Gpnmb were measured by qPCR (D) in CSE-treated RAW264.7 cells 
from each group (CSE-0%, blue bars; CSE-2.5%, magenta bars; CSE-5%, green bars; CSE-10%, orange bars). *P < 0.05 or **P < 0.01 vs. CSE-0%. 
mRNA levels of Cd80, Cxcl1, Ccl2, Il23, Cxcl10, Cxcl11, Cxcl12, Mmp9, Mmp12 and Tgfb1 were measured by qPCR (E) in RAW264.7 cells from 
each group. Examination of phagocytosis was done by Cell Meter™ Fluorimetric Phagocytosis Assay Kit (F). Scale bars = 50 μm. mRNA levels 
of Cd163, Cd209, Marco, Stab2, Sirpa, Lamp2, and Gpnmb were measured by qPCR (G) in RAW264.7 cells from each group (siNC, black bars; 
siGata2-1, gray bars; siGata2-2, white bars). *P < 0.05 or **P < 0.01 vs. siNC. 
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ABCA1 has also been documented to amplify the  
pro-inflammatory signaling through TLR4/MyD88 
pathway [18]. In addition, PACSIN1, essential for 
cytoskeleton rearrangement and autophagosome-
lysosome fusion, has been reported to interact with 
Synaptojanin1 (SYNJ1) to regulate endocytosis and 
circulation of synaptic vesicle [19]. Thus, we narrowed 
down the candidate target genes of GATA2 with 
inflammatory and phagocytic regulatory potential to 
Abca1 and Pacsin1. 

We predicted 3 and 5 GATA2 binding sites in the 
promoter regions of Abca1 and Pacsin1, respectively in 
Insect2.0 database [20] and constructed different wild 
type pGL6-Abca1/Pacsin1-Luc reporters with these 
GATA2 binding sites as illustrated in Figure 3B. When 
co-transfected with Gata2 overexpression plasmid,  
only Abca1-TFBS2 and Pacsin1-TFBS1 reporters  
showed significantly increased transcriptional activation. 
Subsequently, we mutated the binding sites in Abca1-
TFBS2 and Pacsin1-TFBS1 reporters and found that 

 

 
 

Figure 3. GATA2 directly promotes the transcriptional activity of Abca1 and Pacsin1. GO enrichment analysis was done for 
upregulated/downregulated differentially expressed genes and different GO pathways and the related DEGs were connected with different 
colored bars (A). Schematic drawing of the mouse Abca1/Pacsin1 promoter region with potential GATA2 DNA binding sites (black boxes) 
and that of the pGL6-Abca1/Pacsin1-Luc construct containing the Abca1/Pacsin1 promoter region (B). They were co-transfected in mouse 
aortic endothelial cells (MAECs) and relative luciferase activity was measured. The mutant plasmid was then constructed and co-
transfected, the relative luciferase activity was measured as well (C). *P < 0.05 vs. Vector and #P< 0.05 vs. Gata2-WT. 
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overexpression of GATA2 failed to transcriptionally 
activate the mutant Abca1-TFBS2 and Pacsin1- 
TFBS1 reporters (Figure 3C). In addition, Abca1 and 
Pacsin1 were significantly downregulated in Gata2-
knockdown RAW264.7 cells, owing to the reduction  
of transcriptional activation of GATA2 to both target 
genes (Supplementary Figure 3C). Hence, Abca1 and 
Pacsin1 turned out to be the transcriptional target 
genes of GATA2, both of which have the potential  
to mediate the effect of GATA2 downregulation  
on macrophage pro-inflammatory phenotype and 
phagocytosis. 
 
ABCA1 mediates the effects of GATA2 
downregulation on macrophages by regulating 
inflammation and ingestion 
 
As a target gene of GATA2, Abca1 was down- 
regulated in AMs of CS-exposed COPD mouse model 
(Supplementary Figure 4A). We also observed the 
activation of the TLR4/MyD88 pathway along with the 
declines in MEGF10 and GULP1 expression in CSE-
treated RAW264.7 cells (Supplementary Figure 4B, 
4C). Furthermore, consistent with the decreased number 
of engulfed beads within CSE-treated RAW264.7  
cells in phagocytosis assessment (Figure 2C), the 
expression levels of Flotillin1, a biomarker of lipid  
rafts [21], showed a similar CSE-dose-dependent 
reduction, reflecting instability of macrophage lipid 
rafts (Supplementary Figure 4C, 4D). Accordingly, we 
hypothesized that Abca1 may mediate the effects of 
GATA2 downregulation on macrophages by regulating 
inflammation and ingestion through TLR4/MyD88 
pathway and MEGF10/GULP1 pathway, respectively. 
To test this, we employed Falcarindiol, a natural 
polyacetylene compound able to increase ABCA1 
protein expression at the transcriptional and post-
transcriptional levels [22], to partly restore the function 
of ABCA1 as well as the normal activity of its 
downstream pathways including TLR4/MyD88 and 
MEGF10/GULP1. As expected, along with the decreased 
ABCA1 expression, Gata2 silencing led to the activation 
of the TLR4/MyD88 pathway as well as the suppression 
of the MEGF10 and GULP1 expression in RAW264.7 
cells, all of which together with the upregulation of  
pro-inflammatory cytokines exhibited a partial reverse 
by Falcarindiol (Figure 4A–4D). Meanwhile, in the 
evaluation of phagocytosis, it was the reduced number 
of engulfed beads rather than the decreased fluorescence 
intensity of phagocytized beads in Gata2-silenced 
RAW264.7 cells that was remarkably reversed by 
administration of Falcarindiol, which was coherent  
with the partially restored expression of phagocytosis 
molecules (Figure 4E, 4F). Furthermore, in the context 
of CSE treatment, Falcarindiol was also able to  
suppress the expression of pro-inflammatory genes 

(Supplementary Figure 4E) and sustain phagocytosis in 
macrophages (Supplementary Figure 4F, 4G). These 
results suggested that the aberrant expression of 
inflammation-related molecules and the disruption of 
ingestion in the early stage of phagocytosis due to CS-
induced GATA2 downregulation in macrophages were 
ascribed to decreased ABCA1 expression-mediated 
TLR4/MyD88 pathway activation as well as MEGF10/ 
GULP1 pathway suppression, respectively. 
 
PACSIN1 mediates the effects of GATA2 
downregulation on macrophage by regulating 
phagolysosome formation 
 
Similarly, Pacsin1, another target gene of GATA2, 
was significantly decreased in AMs of CS-exposed 
mice (Supplementary Figure 5A). To verify the 
potential responsibility of dysregulated PACSIN1 for 
the impeded formation/maturation of phagolysosome 
indued by GATA2 downregulation in macrophages, we 
overexpressed Pacsin1 in Gata2-silenced RAW264.7 
cells (Supplementary Figure 5B). Intriguingly, the 
inter-actor of PACSIN1, SYNJ1, also showed decline 
in expression in Gata2-sileced RAW264.7 cells,  
along with the reduction of another two markers of 
phagosome formation and maturation, EEA1 and 
LAMP1 [23], which were all restored by Pacsin1 over-
expression (Figure 5A–5C), indicating the improvement 
of phagolysosome maturation. Coherently, together 
with the reverse of dysregulated phagocytosis-
associated genes (Figure 5D), the reduced fluorescence 
intensity of phagocytized beads within Gata2-silenced 
RAW264.7 cells was partly reversed by Pacsin1 
overexpression (Figure 5E). Similarly, by upregulating 
Synj1 (Supplementary Figure 5C–5E), Pacsin1 
overexpression was sufficient to partly resist the 
damaging effect of CSE on macrophage phagocytosis, 
especially in the stage of phagolysosome maturation 
(Supplementary Figure 5F, 5G). Thus, decreased 
expression of Pacsin1 due to CS-induced GATA2 
downregulation was responsible for the dysfunctional 
macrophage phagocytosis, especially the late stage of 
phagocytosis. 
 
GATA2 improves macrophage inflammatory 
phenotype and phagocytosis against CSE through 
transcriptional activation of ABCA1 and PACSIN1 
 
Finally, to further validate the role of GATA2 in 
modulating macrophage pro-inflammatory phenotype 
and damaged phagocytosis under the condition of  
CS exposure, we overexpressed Gata2 in CSE- 
treated RAW264.7 cells (Supplementary Figure 6A). 
As expected, both targets, Abca1 and Pacsin1, were 
significantly upregulated upon Gata2 overexpression, 
together with the repressed TLR4/MyD88 pathway 
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Figure 4. ABCA1 mediates the effects of GATA2 downregulation on macrophages by regulating inflammation and ingestion. 
RAW264.7 cells were incubated with or without siGata2 for 48 h, and they were then treated with or without Falcarindiol for another 24 h. 
mRNA levels of Gata2, Abca1, Pacsin1, Tlr4, Myd88, Megf10, and Gulp1 were assessed by qPCR (A) and their protein levels, Flotillin1 was 
added, were measured by western blotting (B) and immunofluorescence staining (C) in RAW264.7 cells from each group. mRNA levels of 
Cd80, Cxcl1, Ccl2, Il23, Cxcl10, Cxcl11, Cxcl12, Mmp9, Mmp12, Tgfb1, Cd163, Cd209, Marco, Stab2, Sirpa, Lamp2 and Gpnmb were 
measured by qPCR (D, E) in RAW264.7 cells from each group (siNC, black bars; siGata2-1, gray bars; siGata2-2, white bars; siGata2-
1+Falcarindiol, purple bars; siGata2-2+Falcarindiol, cyan bars). Phagocytosis assessment was done by Cell Meter™ Fluorimetric Phagocytosis 
Assay Kit (F). Scale bars = 50 μm. *P < 0.05 or **P < 0.01 vs. siNC and #P < 0.05 or ##P < 0.01 vs. siGata2. 
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Figure 5. PACSIN1 mediates the effects of GATA2 downregulation on macrophage by regulating phagolysosome formation. 
RAW264.7 cells were co-transfected with or without siGata2 and Pacsin1 overexpression plasmids for 48 h. mRNA levels of Gata2, 
Pacsin1 and Synj1 were assessed by qPCR (A) and protein levels of GATA2, ABCA1, PACSIN1, SYNJ1, EEA1, and LAMP1 were assessed by 
western blotting (B) and immunofluorescence staining (C) in RAW264.7 cells from each group. mRNA levels of Cd163, Cd209, Marco, 
Stab2, Sirpa, Lamp2 and Gpnmb were measured by qPCR (D) in RAW264.7 cells from each group (siNC, black bars; siGata2-1, gray bars; 
siGata2-2, white bars; siGata2-1+Pacsin1-OE, teal bars; siGata2-1+Pacsin1-OE, asparagus bars). Phagocytosis assessment was done by 
Cell Meter™ Fluorimetric Phagocytosis Assay Kit (E). Scale bars = 50 μm. *P < 0.05 or **P < 0.01 vs. siNC and #P < 0.05 or ##P < 0.01 vs. 
siGata2. 
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as well as activated MEGF10/GULP1 pathway  
downstream of ABCA1 and increased expression  
of PACSIN1 interactor, SYNJ1 (Figure 6A and 
Supplementary Figure 6B). Correspondingly, the CSE-
induced pro-inflammatory phenotype was alleviated as 
reflected by the decreased expression of inflammation-
related molecules (Figure 6B), while the CSE-
disrupted phagocytosis was improved as indicated by 
the increased engulfed beads as well as enhanced 
fluorescence intensity of phagocytized beads within 
macrophages in phagocytosis assessment (Figure 6C), 
together with the restoration of phagocytosis molecules 
(Supplementary Figure 6C). Similarly, the CSE-
induced pro-inflammatory phenotype and phagocytosis 
dysfunction were mitigated by Gata2 overexpression 
in MH-S cells (Supplementary Figure 6D–6G). 
Collectively, Gata2 overexpression was sufficient to 
partially improve the macrophage pro-inflammatory 
phenotype and phagocytosis against CSE via 
transcriptionally activating Abca1 and Pacsin1. 
 
DISCUSSION 
 
In this study, we found that GATA2 was significantly 
downregulated in pulmonary macrophages from 
COPD patients and smokers. We clarified that CSE-
induced downregulation of GATA2 promoted the pro-
inflammatory phenotype and inhibited phagocytosis  
in macrophages. Mechanistically, due to the down-
regulation of GATA2, the decreased transcriptional 
activity of the GATA2 target gene Abca1 led to a 
decrease in Abca1 expression, which facilitated 
inflammatory secretion through the activation of  
the TLR4/MYD88 pathway, and directly impaired 
phagosome formation in macrophages, along with the 
downregulation of the phagocytic receptor MEGF10 
and the cytoplasmic junction protein GULP1. 
Meanwhile, the decline in the expression of Pacsin1, 
which was confirmed to be another target gene of 
GATA2, directly hindered the formation and maturation 
of phagolysosome in macrophages (Figure 6D). 
 
Beyond supporting the generation of diverse myeloid 
cell progeny [24], GATA2 establishes and maintains a 
genetic network that even modulate mature immune 
cells in different pathological contexts. Seemingly 
contrary to our results, as a signature gene of mast cells 
(MCs) and basophils, GATA2 was increased in these 
cells from sputum of COPD patients compared with 
control individuals, which was also associated with 
eosinophilic airway inflammation, blood eosinophilia, 
and decreased lung function [25]. Moreover, Yin et  
al. [26] found that through a mechanism involving 
instigating expression of Rab7 and components of  
both the vacuolar ATPase and NADPH oxidase 
complexes, upregulation of GATA2 in macrophages 

from early-stage human atherosclerotic lesions renders 
the loss of efferocytosis in macrophages, which  
initiates atherosclerotic plaque formation due to the 
failed efferocytic clearance of apoptotic cells. As a 
transcription factor, GATA2 largely depends on the 
target genes it regulates to execute multiple functions. 
For example, in fetal liver progenitors, GATA2 restricts 
action of innate immune mediators via repressing 
multiple TLR family members including TLR1, TLR2, 
and TLR6 [27]. Intriguingly, GATA2 was also reported 
to play a critical role in maintain AM identity  
and function. Increased expression of GATA2, together 
with activation of STAT5, AKT, and ERK, were 
associated with the generation of foamy AMs and  
the accumulation of pulmonary surfactant resulting 
from CISH deficiency [28]. In addition, LPS was  
able to transcriptionally increase IL-1β expression in 
RAW264.7 cells through upregulating GATA2 [29]. 
Therefore, the molecular network established by 
GATA2 based upon different transcriptional targets 
within pulmonary macrophages could serve as a 
pleiotropic modulator in response to different stimuli  
as well as under different conditions, which warrants 
more extensive studies to fully illustrate its functions 
and mechanisms. 
 
The pulmonary macrophages from both patients  
with GATA2 heterozygous mutation (i.e., GATA2 
deficiency) and COPD exhibit typical phagocytic 
dysfunction [1, 5, 8, 10, 30, 31], besides they all show 
a deficiency/downregulation of GATA2 expression. 
Furthermore, both clusters of DEGs related to  
COPD and Gata2 silencing in pulmonary macrophages 
were enriched in biological processes associated  
with inflammation (mTOR, Toll-like receptor, TNF, 
and Wnt), phagocytosis (endocytosis, lysosome,  
and phagosome), and lipid metabolism (cholesterol 
metabolism), reflecting the remarkable resemblance 
between the functional changes caused by knockdown 
of Gata2 and the pathological changes in macrophages 
during the development of COPD, which suggested 
that the downregulation of GATA2 is very likely to 
mediate significant pathological changes in macrophages 
during COPD development. Meanwhile, the predicted 
GATA2 target genes from public database also 
enriched in the aforementioned biological processes, 
such as positive regulation of inflammatory response, 
endosome, and lipid metabolic process. Hence, we 
selected candidate genes related to phagocytosis and 
inflammation and conducted experimental verification. 
Such strategy not only enhances the credibility of 
bioinformatics analysis and avoids potential biases  
of analysis based on single transcriptome dataset, but 
also reduces the screening range of candidate target 
genes, which improves the accuracy and efficiency in 
exploring functional mechanisms. 
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Figure 6. GATA2 improves macrophage inflammatory phenotype and phagocytosis against CSE through transcriptional 
activation of ABCA1 and PACSIN1. RAW264.7 cells were pre-incubated with or without CSE. After 24 h, they were transfected with or 
without Gata2 overexpression plasmids for another 48 h. mRNA levels of Abca1, Tlr4, Myd88, Megf10, Gulp1, Pacsin1, and Synj1 were 
assessed by qPCR and their protein levels, GATA2 and Flotillin1 were added, which were measured by western blotting in RAW264.7 cells 
from each group (A). mRNA levels of Cd80, Cxcl1, Ccl2, Il23, Cxcl10, Cxcl11, Cxcl12, Mmp9, Mmp12 and Tgfb1 were assessed by qPCR (B) in 
RAW264.7 cells from each group (NC, black bars; CSE, gray bars; CSE+Gata2-OE, white bars). Phagocytosis assessment was done by Cell 
Meter™ Fluorimetric Phagocytosis Assay Kit (C). Scale bars = 50 μm. *P < 0.05 or **P < 0.01 vs. NC and #P < 0.05 or ##P < 0.01 vs. CSE. 
Schematic drawing shows loss of GATA2 in macrophage during COPD is associated with the loss of ABCA1 and PACSIN1. GATA2 directly 
regulates ABCA1, which is essential for pro-inflammation via TLR4/MYD88 and for phagocytosis via MEGF10 and GULP1. Together with 
SYNJ1, the decline in PANCIN1 expression, which is another target gene of GATA2, directly hindered the formation and maturation of 
phagolysosome in macrophages (D). 
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As the reverse transporter of cholesterol located on the 
plasma membrane, Golgi apparatus, and lysosomes of 
cells [32], ABCA1 is essential for maintaining lipid 
homeostasis in macrophages. Notably, the Abca1 
knockout mice manifested typical alveolar protein 
deposition with the existence of foam AMs [18, 33], 
supporting the role of ABCA1 in the phagocytosis of 
AMs. Moreover, cholesterol synthesis of AMs has long 
been reported to be significantly increased in smokers 
and patients with COPD [34], and their AMs exhibited 
“foam-like” changes [35], with increased secretion of 
pro-inflammatory cytokines as well as suppressed 
phagocytosis. Given that ABCA1, through the transport 
of PI(4,5)P2, can participate in the regulation of  
signal transmission along the MyD88 dependent  
TLR4 pathway [18] and that the localization of TLR4  
to cellular membrane relies on cholesterol [35], we 
proposed that the elevated overall level of cholesterol 
within macrophages due to the downregulation of 
ABCA1 can not only amplify the pro-inflammatory 
signaling through TLR4/MyD88 via accumulated 
PI(4,5)P2 in lipid rafts, but also increase TLR4 
expression and localization in cellular membrane, which 
may enhance the sensitivity and reactivity of pulmonary 
macrophages to inhaled pollutants and pathogenic 
microorganisms, thereby exacerbating the inflammatory 
response in lung tissue [36]. Additionally, activation of 
TLR4 was reported to inhibit the transcription factor 
liver X receptor (LXR) and thus further decrease the 
expression of ABCA1, creating a vicious circle in 
macrophages [37]. In addition, as an important component 
of lipid rafts, ABCA1, along with the phagocytic 
receptor MEGF10 and the cytoplasmic adapter protein 
GULP1, also plays a direct role in the formation of 
phagosomes during the early stage of phagocytosis  
[16, 17]. Interestingly, our research not only supported 
the involvement of Abca1, as a transcriptional target 
gene of GATA2, in the macrophage pro-inflammatory 
phenotype and formation of macrophage phagosomes  
in the early stage of phagocytosis, but also revealed  
the consistency of ABCA1, MEGF10, and GULP1 
expression in macrophages. Further research is needed 
to determine whether the downregulation of MEGF10 
and GULP1 is regulated directly by GATA2 or 
indirectly by TLR4/LXR or other pathways activated by 
Abca1 downregulation. 
 
Phagocytosis is a complex biological process that 
involves several sequential steps, including recognition, 
adhesion, engulfment, components processing, and the 
formation of phagosomes and phagolysosomes [38]. 
Beyond the process of engulfment/ingestion, we found 
that the inhibition of macrophage phagocytosis, by  
CSE and Gata2 knockdown, also took place during  
the formation/maturation of phagolysosome. In our 
study, Pacsin1 overexpression significantly reversed the 

decreased fluorescence intensity of the beads 
phagocytosed by Gata2-silenced RAW264.7 cells, 
accompanied by a restoration of the expression of EEA1 
and LAMP1, suggesting that PACSIN1-SYNJ1, which 
could facilitate the fusion and transport of vesicles 
[19, 39], also partially mediated the disruptive effects of 
GATA2 downregulation on phagocytosis of macrophages. 
Our findings revealed that GATA2 influences different 
steps of phagocytosis of pulmonary macrophages during 
COPD development via different target genes, high-
lighting the versatile and complex role of GATA2 in 
COPD pathogenesis, which needs more explorations. 
 
In summary, our study uncovered a decrease in GATA2 
expression in pulmonary macrophages of COPD lung 
tissue, which downregulates its target genes Abca1 and 
Pacsin1, and therefore facilitates macrophage pro-
inflammatory phenotype whereas inhibiting macrophage 
phagocytosis by affecting the engulfment and the 
maturation of phagolysosomes. Our findings identified 
GATA2 as a transcriptional regulatory hub in pulmonary 
macrophages during COPD development, providing 
new potential targets for the prevention and treatment  
of COPD. 
 
MATERIALS AND METHODS 
 
Mice and CS exposure 
 
All animal experiments were approved by the 
Institutional Animal Care and Use Committee at 
Nanjing Medical University. Male C57BL/6 mice of 8 
weeks were purchased from the National Resource 
Center for Mutant Mice Model Animal Research Center 
of Nanjing University. Mice were randomly selected 
and exposed to cigarette smoke (CS) or room air (RA). 
According to the method of Conlon et al. [40], the 
control group was placed in a sterile barrier facility and 
exposed to filtered air. CS exposures were performed 
via the CSM-100C inhalation exposure apparatus 
(TOW-int tech, Shanghai, China) using Huangshan 
Brand cigarettes (China Tobacco Anhui Industrial Co., 
Ltd., Bengbu, Anhui, China), exposing mice to CS  
with a total particulate matter concentration (TPM) of 
500 mg/m3. TPM was real-time monitored by Microdust 
Pro Real Time Dust Monitor (Casella, Germany) and 
carbon monoxide (CO) was controlled at 300 parts per 
million (ppm). Simulating human’s smoking habits,  
CS exposure was performed for 1 h at a time, twice per 
day, 7 days a week for 6 months. 
 
Isolation of mouse alveolar macrophages 
 
According to the method of Zhang et al. [41], after 
anesthesia, the mouse’s trachea was exposed and 
incised in the middle. The lung was injected with 0.75 
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ml of stroke-physiological saline solution via the 
trachea using a standard 1-ml syringe, after which  
the bronchoalveolar lavage fluid (BALF) was slowly 
pumped. This procedure was duplicated for fifteen 
times. The BALF was centrifuged at 300 g for 5  
min. The cell pellet was resuspended in RPMI 1640 
medium (Gibco, Waltham, MA, USA) without FBS and 
incubated for 1 h at 37°C with 5% CO2 for preferential 
adhesion of alveolar macrophages. 
 
Preparation of aqueous cigarette smoke extract (CSE) 
 
Huangshan Brand cigarettes were used in this study, of 
which the tar, nicotine, and carbon monoxide contents 
were 10 mg/cigarette, 0.9 mg/cigarette, and 11 mg/ 
cigarette, respectively. As previously described [42], 
CSE was prepared by bubbling smoke from 1 cigarette 
into 10 ml of RPMI 1640 or DMEM (Gibco) at a rate of 
1 cigarette per 2 minutes. The pH of CSE was adjusted 
to 7.2–7.4. After being filtered through a sterile 0.22 μm 
filter (Merck & Millipore, Darmstadt, Germany), part of 
CSE preparation was diluted 5–10 times with RPMI 
1640 or DMEM and monitored the absorbance at 320 
nm (optical density of 0.67 ± 0.01) to choose the best 
dilution ratio, compared with control medium prepared 
by bubbling air through 10 ml of culture medium. CSE 
was diluted with culture medium immediately before 
use for each experiment. 
 
Cell culture and treatment 
 
All the cell lines used in this study were purchased from 
Procell (Wuhan, China). The mouse macrophage cell 
line RAW264.7 and the mouse alveolar macrophages cell 
line MH-S were grown in Dulbecco’s Modification of 
Eagle’s Medium (DMEM) medium (Gibco) containing 
10% FBS. The media was supplemented with 100  
μg/ml streptomycin, 100 U/ml penicillin, 0.25 μg/ml 
amphotericin B, and 10 mmol/l HEPES (Sigma-Aldrich, 
St. Louis, MO, USA). Cells were cultured at 37°C in a 
humidified 5% CO2 atmosphere. For CSE treatment, 
cells were incubated with or without CSE for 24 h.  
For Falcarindiol treatment, cells were incubated with  
or without 24 μM Falcarindiol (MedChemExpress, 
Shanghai, China) for another 24 h. 
 
Transient transfection for RAW264.7 and MH-S 
macrophages 
 
Small interfering RNAs (siRNAs) were designed and 
synthesized by Ribobio (Guangzhou, Guangdong, China). 
Overexpression plasmids were designed and synthesized 
by Genomeditech (Shanghai, China). For transient 
transfection, Lipofectamine 3000 reagent (Invitrogen, 
Grand Island, NY, USA) was mixed with siRNAs or 
plasmids according to the manufacturer’s protocol. 

RNA extraction and RT-PCR assay 
 
Total RNA was extracted from cells and lungs using 
Trizol reagent (Invitrogen, Carlsbad, CA, USA). RNA 
was reverse-transcribed into cDNA with HiScript II Q 
RT SuperMix for qPCR (Vazyme, Nanjing, China). 
Quantification RT-PCR was performed using ChamQTM 
Universal SYBR qPCR Master Mix (Vazyme) and  
Step One PlusTM Real-Time PCR System (Applied 
Biosystems, Foster City, CA, USA). Arpppo was used 
as internal standards for mRNAs. The primers used are 
displayed in Supplementary Table 1. 
 
Western blot analysis 
 
Western blotting was performed as previously described 
[43]. Individual immunoblots were probed with rabbit 
anti-GATA2 mAb (Abcam, New Territories, Hong 
Kong, China) diluted 1:1000, rabbit anti-ABCA1 mAb 
(Cell Signaling Technology, Danvers, MA, USA) 
diluted 1:1000, rabbit anti-Flotillin1 mAb (Abcam, New 
Territories, Hong Kong, China) diluted 1:5000, rabbit 
anti-TLR4 pAb (Proteintech, Wuhan, China) diluted 
1:1000, mouse anti-MYD88 mAb (Proteintech) diluted 
1:5000, rabbit anti-MEGF10 pAb (Merck & Millipore) 
diluted 1:800, rabbit anti-GULP1 pAb (Proteintech) 
diluted 1:2000, rabbit anti-PACSIN1 pAb (Proteintech) 
diluted 1:1000, rabbit anti-Synaptojanin-1 Ab (Cell 
Signaling Technology, USA) diluted 1:1000, mouse 
anti-EEA1 mAb (Proteintech) diluted 1:10000, rabbit 
anti-Lamp1 pAb (ABclonal, Woburn, MA, USA) diluted 
1:1000, mouse anti-α-Tubulin mAb (Sigma Aldrich) 
diluted 1:4000 in 2.5% (wt/vol.) non-fat dried milk in 
Tris-buffered saline with Tween-20 (TBST) buffer. 
 
Immunofluorescence staining 
 
Immunofluorescence staining was performed as 
described previously [43]. In brief, it was performed 
using primary antibodies to GATA2 (1:100, Proteintech), 
F4/80 (1:50, Abcam), Flotillin1 (1:500, Abcam), TLR4 
(1:100, Abcam), EEA1 (1:4000, Proteintech), LAMP1 
(1:100, ABclonal) and associated fluorescein (FITC)- 
and Cy3-conjugated secondary antibodies (Jackson 
ImmunoResearch, West Grove, PA, USA) per manu-
facturer instructions. Stained sections were imaged 
using OLYMPUS automated fluorescence microscope 
BX63 (Olympus, Shinjuku, Tokyo, Japan). 
 
Assessment of phagocytosis for RAW264.7 and MH-S 
macrophages 
 
The phagocytosis of macrophages was measured using 
the Cell Meter Fluorimetric Phagocytosis Assay Kit 
(AAT Bioquest, Sunnyvale, CA, USA) according to the 
manufacturer’s instructions. To analyze the phagocytic 
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activity, Texas Red signal indicates the endocytosis of 
Protonex 600 Red-Latex bead conjugate in macrophages, 
while CytoTrace Green is applied to evaluate the cell 
numbers as an internal control. The images were taken 
using OLYMPUS automated fluorescence microscope 
BX63 (Olympus, Shinjuku, Tokyo, Japan). 
 
Transcriptome sequencing 
 
Total RNA was isolated and purified using TRIzol 
reagent (Invitrogen, Carlsbad, CA, USA) following the 
manufacturer’s procedure. The RNA amount and purity 
of each sample was quantified using NanoDrop ND-
1000 (NanoDrop, Wilmington, DE, USA). The RNA 
integrity was assessed by Bioanalyzer 2100 (Agilent, 
Santa Clara, CA, USA) with RIN number >7.0, and 
confirmed by electrophoresis with denaturing agarose 
gel. At last, we performed the 2 × 150 bp paired-end 
sequencing (PE150) on an Illumina Novaseq™ 6000 
(LC-Bio Technology Co., Ltd., Hangzhou, China) 
following the vendor’s recommended protocol. The 
differentially expressed mRNAs were selected with fold 
change >2 or fold change <0.5 and with parametric F-
test comparing nested linear models (p-value < 0.05) by 
R package edgeR (https://bioconductor.org/packages/ 
release/bioc/html/edgeR.html). 
 
Luciferase reporter assay 
 
Mouse aortic endothelial cells (MAECs) were seeded in 
6-well plates at a confluence of 70%. 2.8 μg of the 
Gata2 over-expression plasmid, firefly and renilla 
luciferase reporter plasmid (vector: pGL-6) were added 
for co-transfection. After 48 h, luciferase activities were 
detected with the Dual-Luciferase Reporter Assay 
System (Beyotime, Haimen, China). Relative activity 
was assessed using the ratio of the firefly luciferase 
signal to the renilla luciferase signal. 
 
Statistical analysis 
 
At least three independent experiments were performed. 
Comparisons were performed using the Student’s t-test 
between two groups or ANOVA in multiple groups. 
Results were presented as means ± SEM. A value of 
P < 0.05 was considered statistically significant. 
 
Abbreviations 
 
COPD: Chronic obstructive pulmonary disease; 
GATA2: GATA binding protein 2; CS: Cigarette 
smoke; CSE: Cigarette smoke extract; BALF: 
Bronchoalveolar lavage fluid; ABCA1: ATP-Binding 
cassette sub-family A member 1; MEGF10: Multiple 
epidermal growth factor-like domains protein 10; 
GULP1: GULP PTB Domain Containing Engulfment 

Adaptor 1; TLR4: Toll-like receptor 4; MYD88: 
Myeloid differentiation primary response gene 88; 
PACSIN1: Protein kinase C and casein kinase substrate 
in neurons 1; SYNJ1: Synaptojanin 1; EEA1: Early 
endosome antigen 1; LAMP1: Lysosomal associated 
membrane protein 1; MLI: Mean linear intercept; DI: 
Destruction index. 
 
AUTHOR CONTRIBUTIONS 
 
Conceptualization, S.S. and Q.H.; Methodology, S.S., 
Q.H. and L.L.; Software, Q.H. and X.Z.; Validation, 
S.S., L.L. and T.K.; Formal Analysis, S.S., Q.H. and 
X.Z.; Investigation, S.S. and Q.H.; Resources, J.W.; 
Data Curation, S.S. and Q.H.; Writing – Original Draft 
Preparation, S.S.; Writing – Review & Editing, Q.H. 
and J.W.; Visualization, S.S. and Q.H.; Supervision, 
J.W.; Project Administration, S.S., Q.H. and J.W.; 
Funding Acquisition, J.W. 
 
ACKNOWLEDGMENTS 
 
We are grateful to LC Sciences, Hangzhou, Zhejiang for 
the help in transcriptome sequencing. 
 
CONFLICTS OF INTEREST 
 
The authors declare no conflicts of interest related to 
this study. 
 
ETHICAL STATEMENT 
 
All animal experiments were approved by the 
Institutional Animal Care and Use Committee at Nanjing 
Medical University (Approval Number: 220183307). 
 
FUNDING 
 
This study was supported by research grants from the 
National Natural Science Foundation of China under 
Grant 82171576, and Jiangsu Province Capability 
Improvement Project through Science, Technology and 
Education under Grant No. CXZX202228 to Jianqing 
Wu. 
 
REFERENCES 
 
1. Hodge S, Hodge G, Ahern J, Jersmann H, Holmes M, 

Reynolds PN. Smoking alters alveolar macrophage 
recognition and phagocytic ability: implications in 
chronic obstructive pulmonary disease. Am J Respir 
Cell Mol Biol. 2007; 37:748–55. 
https://doi.org/10.1165/rcmb.2007-0025OC 
PMID:17630319 

 2. Lee JW, Chun W, Lee HJ, Min JH, Kim SM, Seo JY, Ahn 

12940

https://bioconductor.org/packages/release/bioc/html/edgeR.html
https://bioconductor.org/packages/release/bioc/html/edgeR.html
https://doi.org/10.1165/rcmb.2007-0025OC
https://pubmed.ncbi.nlm.nih.gov/17630319/


www.aging-us.com 14 AGING 

KS, Oh SR. The Role of Macrophages in the 
Development of Acute and Chronic Inflammatory 
Lung Diseases. Cells. 2021; 10:897. 
https://doi.org/10.3390/cells10040897 
PMID:33919784 

 3. Barnes PJ. Inflammatory mechanisms in patients with 
chronic obstructive pulmonary disease. J Allergy Clin 
Immunol. 2016; 138:16–27. 
https://doi.org/10.1016/j.jaci.2016.05.011 
PMID:27373322 

 4. Karavitis J, Kovacs EJ. Macrophage phagocytosis: 
effects of environmental pollutants, alcohol, cigarette 
smoke, and other external factors. J Leukoc Biol. 
2011; 90:1065–78. 
https://doi.org/10.1189/jlb.0311114 
PMID:21878544 

 5. Taylor AE, Finney-Hayward TK, Quint JK, Thomas CM, 
Tudhope SJ, Wedzicha JA, Barnes PJ, Donnelly LE. 
Defective macrophage phagocytosis of bacteria in 
COPD. Eur Respir J. 2010; 35:1039–47. 
https://doi.org/10.1183/09031936.00036709 
PMID:19897561 

 6. Barnes PJ. Cellular and molecular mechanisms of 
asthma and COPD. Clin Sci (Lond). 2017; 131:1541-
1558. 
https://doi.org/10.1042/CS20160487 
PMID:28659395 

 7. Spinner MA, Sanchez LA, Hsu AP, Shaw PA, Zerbe CS, 
Calvo KR, Arthur DC, Gu W, Gould CM, Brewer CC, 
Cowen EW, Freeman AF, Olivier KN, et al. GATA2 
deficiency: a protean disorder of hematopoiesis, 
lymphatics, and immunity. Blood. 2014; 123:809–21. 
https://doi.org/10.1182/blood-2013-07-515528 
PMID:24227816 

 8. Marciano BE, Olivier KN, Folio LR, Zerbe CS, Hsu AP, 
Freeman AF, Filie AC, Spinner MA, Sanchez LA, Lovell 
JP, Parta M, Cuellar-Rodriguez JM, Hickstein DD, 
Holland SM. Pulmonary Manifestations of GATA2 
Deficiency. Chest. 2021; 160:1350–9. 
https://doi.org/10.1016/j.chest.2021.05.046 
PMID:34089740 

 9. Calvo KR, Hickstein DD. The spectrum of GATA2 
deficiency syndrome. Blood. 2023; 141:1524–32. 
https://doi.org/10.1182/blood.2022017764 
PMID:36455197 

10. Ballerie A, Nimubona S, Meunier C, Gutierrez FL, 
Desrues B, Delaval P, Jouneau S. Association of 
pulmonary alveolar proteinosis and fibrosis: patient 
with GATA2 deficiency. Eur Respir J. 2016; 48:1510–4. 
https://doi.org/10.1183/13993003.00252-2016 
PMID:27799394 

11. Watanabe N, Fujita Y, Nakayama J, Mori Y, Kadota T, 

Hayashi Y, Shimomura I, Ohtsuka T, Okamoto K, Araya 
J, Kuwano K, Yamamoto Y. Anomalous Epithelial 
Variations and Ectopic Inflammatory Response in 
Chronic Obstructive Pulmonary Disease. Am J Respir 
Cell Mol Biol. 2022; 67:708–19. 
https://doi.org/10.1165/rcmb.2021-0555OC 
PMID:36108172 

12. Huang Q, Wang Y, Zhang L, Qian W, Shen S, Wang J, Wu 
S, Xu W, Chen B, Lin M, Wu J. Single-cell transcriptomics 
highlights immunological dysregulations of monocytes in 
the pathobiology of COPD. Respir Res. 2022; 23:367. 
https://doi.org/10.1186/s12931-022-02293-2 
PMID:36539833 

13. Morrow JD, Chase RP, Parker MM, Glass K, Seo M, Divo 
M, Owen CA, Castaldi P, DeMeo DL, Silverman EK, Hersh 
CP. RNA-sequencing across three matched tissues 
reveals shared and tissue-specific gene expression and 
pathway signatures of COPD. Respir Res. 2019; 20:65. 
https://doi.org/10.1186/s12931-019-1032-z 
PMID:30940135 

14. Yevshin I, Sharipov R, Kolmykov S, Kondrakhin Y, 
Kolpakov F. GTRD: a database on gene transcription 
regulation-2019 update. Nucleic Acids Res. 2019; 
47:D100–5. 
https://doi.org/10.1093/nar/gky1128 
PMID:30445619 

15. van der Lienden MJC, Gaspar P, Boot R, Aerts JMF, 
van Eijk M. Glycoprotein Non-Metastatic Protein B: 
An Emerging Biomarker for Lysosomal Dysfunction in 
Macrophages. Int J Mol Sci. 2018; 20:66. 
https://doi.org/10.3390/ijms20010066 
PMID:30586924 

16. Singh TD, Park SY, Bae JS, Yun Y, Bae YC, Park RW, Kim 
IS. MEGF10 functions as a receptor for the uptake of 
amyloid-β. FEBS Lett. 2010; 584:3936–42. 
https://doi.org/10.1016/j.febslet.2010.08.050 
PMID:20828568 

17. Park SY, Kim SY, Kang KB, Kim IS. Adaptor protein 
GULP is involved in stabilin-1-mediated phagocytosis. 
Biochem Biophys Res Commun. 2010; 398:467–72. 
https://doi.org/10.1016/j.bbrc.2010.06.101 
PMID:20599701 

18. Kotlyarov S. Participation of ABCA1 Transporter in 
Pathogenesis of Chronic Obstructive Pulmonary 
Disease. Int J Mol Sci. 2021; 22:3334. 
https://doi.org/10.3390/ijms22073334 
PMID:33805156 

19. Strochlic TI, Concilio S, Viaud J, Eberwine RA, Wong 
LE, Minden A, Turk BE, Plomann M, Peterson JR. 
Identification of neuronal substrates implicates Pak5 
in synaptic vesicle trafficking. Proc Natl Acad Sci U S 
A. 2012; 109:4116–21. 

12941

https://doi.org/10.3390/cells10040897
https://pubmed.ncbi.nlm.nih.gov/33919784/
https://doi.org/10.1016/j.jaci.2016.05.011
https://pubmed.ncbi.nlm.nih.gov/27373322/
https://doi.org/10.1189/jlb.0311114
https://pubmed.ncbi.nlm.nih.gov/21878544/
https://doi.org/10.1183/09031936.00036709
https://pubmed.ncbi.nlm.nih.gov/19897561/
https://doi.org/10.1042/CS20160487
https://pubmed.ncbi.nlm.nih.gov/28659395/
https://doi.org/10.1182/blood-2013-07-515528
https://pubmed.ncbi.nlm.nih.gov/24227816/
https://doi.org/10.1016/j.chest.2021.05.046
https://pubmed.ncbi.nlm.nih.gov/34089740/
https://doi.org/10.1182/blood.2022017764
https://pubmed.ncbi.nlm.nih.gov/36455197/
https://doi.org/10.1183/13993003.00252-2016
https://pubmed.ncbi.nlm.nih.gov/27799394/
https://doi.org/10.1165/rcmb.2021-0555OC
https://pubmed.ncbi.nlm.nih.gov/36108172/
https://doi.org/10.1186/s12931-022-02293-2
https://pubmed.ncbi.nlm.nih.gov/36539833/
https://doi.org/10.1186/s12931-019-1032-z
https://pubmed.ncbi.nlm.nih.gov/30940135/
https://doi.org/10.1093/nar/gky1128
https://pubmed.ncbi.nlm.nih.gov/30445619/
https://doi.org/10.3390/ijms20010066
https://pubmed.ncbi.nlm.nih.gov/30586924/
https://doi.org/10.1016/j.febslet.2010.08.050
https://pubmed.ncbi.nlm.nih.gov/20828568/
https://doi.org/10.1016/j.bbrc.2010.06.101
https://pubmed.ncbi.nlm.nih.gov/20599701/
https://doi.org/10.3390/ijms22073334
https://pubmed.ncbi.nlm.nih.gov/33805156/


www.aging-us.com 15 AGING 

https://doi.org/10.1073/pnas.1116560109 
PMID:22371566 

20. Parra RG, Rohr CO, Koile D, Perez-Castro C, Yankilevich 
P. INSECT 2.0: a web-server for genome-wide cis-
regulatory modules prediction. Bioinformatics. 2016; 
32:1229–31. 
https://doi.org/10.1093/bioinformatics/btv726 
PMID:26656931 

21. Bickel PE, Scherer PE, Schnitzer JE, Oh P, Lisanti MP, 
Lodish HF. Flotillin and epidermal surface antigen 
define a new family of caveolae-associated integral 
membrane proteins. J Biol Chem. 1997; 272:13793–
802. 
https://doi.org/10.1074/jbc.272.21.13793 
PMID:9153235 

22. Wang L, Palme V, Schilcher N, Ladurner A, Heiss EH, 
Stangl H, Bauer R, Dirsch VM, Atanasov AG. The 
Dietary Constituent Falcarindiol Promotes Cholesterol 
Efflux from THP-1 Macrophages by Increasing ABCA1 
Gene Transcription and Protein Stability. Front 
Pharmacol. 2017; 8:596. 
https://doi.org/10.3389/fphar.2017.00596 
PMID:28919859 

23. Tian X, Zheng P, Zhou C, Wang X, Ma H, Ma W, Zhou 
X, Teng J, Chen J. DIPK2A promotes STX17- and 
VAMP7-mediated autophagosome-lysosome fusion 
by binding to VAMP7B. Autophagy. 2020; 16:797–
810. 
https://doi.org/10.1080/15548627.2019.1637199 
PMID:31251111 

24. Johnson KD, Jung MM, Tran VL, Bresnick EH. 
Interferon regulatory factor-8-dependent innate 
immune alarm senses GATA2 deficiency to alter 
hematopoietic differentiation and function. Curr Opin 
Hematol. 2023; 30:117–23. 
https://doi.org/10.1097/MOH.0000000000000763 
PMID:37254854 

25. Winter NA, Gibson PG, McDonald VM, Fricker M. 
Sputum Gene Expression Reveals Dysregulation of 
Mast Cells and Basophils in Eosinophilic COPD. Int J 
Chron Obstruct Pulmon Dis. 2021; 16:2165–79. 
https://doi.org/10.2147/COPD.S305380 
PMID:34321876 

26. Yin C, Vrieze AM, Rosoga M, Akingbasote J, Pawlak 
EN, Jacob RA, Hu J, Sharma N, Dikeakos JD, Barra L, 
Nagpal AD, Heit B. Efferocytic Defects in Early 
Atherosclerosis Are Driven by GATA2 Overexpression 
in Macrophages. Front Immunol. 2020; 11:594136. 
https://doi.org/10.3389/fimmu.2020.594136 
PMID:33193444 

27. Tran VL, Liu P, Katsumura KR, Kim E, Schoff BM, 
Johnson KD, Bresnick EH. Restricting genomic actions 

of innate immune mediators on fetal hematopoietic 
progenitor cells. iScience. 2023; 26:106297. 
https://doi.org/10.1016/j.isci.2023.106297 
PMID:36950124 

28. Shoger KE, Cheemalavagu N, Cao YM, Michalides BA, 
Chaudhri VK, Cohen JA, Singh H, Gottschalk RA. CISH 
attenuates homeostatic cytokine signaling to 
promote lung-specific macrophage programming and 
function. Sci Signal. 2021; 14:eabe5137. 
https://doi.org/10.1126/scisignal.abe5137 
PMID:34516753 

29. Wu TT, Tai YT, Cherng YG, Chen TG, Lin CJ, Chen TL, 
Chang HC, Chen RM. GATA-2 transduces LPS-induced 
il-1β gene expression in macrophages via a toll-like 
receptor 4/MD88/MAPK-dependent mechanism. PLoS 
One. 2013; 8:e72404. 
https://doi.org/10.1371/journal.pone.0072404 
PMID:23940812 

30. Berenson CS, Kruzel RL, Eberhardt E, Sethi S. 
Phagocytic dysfunction of human alveolar 
macrophages and severity of chronic obstructive 
pulmonary disease. J Infect Dis. 2013; 208:2036–45. 
https://doi.org/10.1093/infdis/jit400 
PMID:23908477 

31. Hodge S, Hodge G, Scicchitano R, Reynolds PN, 
Holmes M. Alveolar macrophages from subjects with 
chronic obstructive pulmonary disease are deficient 
in their ability to phagocytose apoptotic airway 
epithelial cells. Immunol Cell Biol. 2003; 81:289–96. 
https://doi.org/10.1046/j.1440-1711.2003.t01-1-
01170.x 
PMID:12848850 

32. Nagao K, Kimura Y, Mastuo M, Ueda K. Lipid outward 
translocation by ABC proteins. FEBS Lett. 2010; 
584:2717–23. 
https://doi.org/10.1016/j.febslet.2010.04.036 
PMID:20412807 

33. Bates SR, Tao JQ, Collins HL, Francone OL, Rothblat 
GH. Pulmonary abnormalities due to ABCA1 
deficiency in mice. Am J Physiol Lung Cell Mol Physiol. 
2005; 289:L980–9. 
https://doi.org/10.1152/ajplung.00234.2005 
PMID:16055479 

34. Fujii W, Kapellos TS, Baßler K, Händler K, Holsten L, 
Knoll R, Warnat-Herresthal S, Oestreich M, Hinkley 
ER, Hasenauer J, Pizarro C, Thiele C, Aschenbrenner 
AC, et al. Alveolar macrophage transcriptomic 
profiling in COPD shows major lipid metabolism 
changes. ERJ Open Res. 2021; 7:00915–20. 
https://doi.org/10.1183/23120541.00915-2020 
PMID:34527724 

35. Zhu X, Owen JS, Wilson MD, Li H, Griffiths GL, Thomas 

12942

https://doi.org/10.1073/pnas.1116560109
https://pubmed.ncbi.nlm.nih.gov/22371566/
https://doi.org/10.1093/bioinformatics/btv726
https://pubmed.ncbi.nlm.nih.gov/26656931/
https://doi.org/10.1074/jbc.272.21.13793
https://pubmed.ncbi.nlm.nih.gov/9153235/
https://doi.org/10.3389/fphar.2017.00596
https://pubmed.ncbi.nlm.nih.gov/28919859/
https://doi.org/10.1080/15548627.2019.1637199
https://pubmed.ncbi.nlm.nih.gov/31251111/
https://doi.org/10.1097/MOH.0000000000000763
https://pubmed.ncbi.nlm.nih.gov/37254854/
https://doi.org/10.2147/COPD.S305380
https://pubmed.ncbi.nlm.nih.gov/34321876/
https://doi.org/10.3389/fimmu.2020.594136
https://pubmed.ncbi.nlm.nih.gov/33193444/
https://doi.org/10.1016/j.isci.2023.106297
https://pubmed.ncbi.nlm.nih.gov/36950124/
https://doi.org/10.1126/scisignal.abe5137
https://pubmed.ncbi.nlm.nih.gov/34516753/
https://doi.org/10.1371/journal.pone.0072404
https://pubmed.ncbi.nlm.nih.gov/23940812/
https://doi.org/10.1093/infdis/jit400
https://pubmed.ncbi.nlm.nih.gov/23908477/
https://doi.org/10.1046/j.1440-1711.2003.t01-1-01170.x
https://doi.org/10.1046/j.1440-1711.2003.t01-1-01170.x
https://pubmed.ncbi.nlm.nih.gov/12848850/
https://doi.org/10.1016/j.febslet.2010.04.036
https://pubmed.ncbi.nlm.nih.gov/20412807/
https://doi.org/10.1152/ajplung.00234.2005
https://pubmed.ncbi.nlm.nih.gov/16055479/
https://doi.org/10.1183/23120541.00915-2020
https://pubmed.ncbi.nlm.nih.gov/34527724/


www.aging-us.com 16 AGING 

MJ, Hiltbold EM, Fessler MB, Parks JS. Macrophage 
ABCA1 reduces MyD88-dependent Toll-like receptor 
trafficking to lipid rafts by reduction of lipid raft 
cholesterol. J Lipid Res. 2010; 51:3196–206. 
https://doi.org/10.1194/jlr.M006486 
PMID:20650929 

36. Poltorak A, He X, Smirnova I, Liu MY, Van Huffel C, Du 
X, Birdwell D, Alejos E, Silva M, Galanos C, 
Freudenberg M, Ricciardi-Castagnoli P, Layton B, 
Beutler B. Defective LPS signaling in C3H/HeJ and 
C57BL/10ScCr mice: mutations in Tlr4 gene. Science. 
1998; 282:2085–8. 
https://doi.org/10.1126/science.282.5396.2085 
PMID:9851930 

37. Castrillo A, Joseph SB, Vaidya SA, Haberland M, 
Fogelman AM, Cheng G, Tontonoz P. Crosstalk 
between LXR and toll-like receptor signaling mediates 
bacterial and viral antagonism of cholesterol 
metabolism. Mol Cell. 2003; 12:805–16. 
https://doi.org/10.1016/s1097-2765(03)00384-8 
PMID:14580333 

38. Uribe-Querol E, Rosales C. Phagocytosis: Our Current 
Understanding of a Universal Biological Process. Front 
Immunol. 2020; 11:1066. 
https://doi.org/10.3389/fimmu.2020.01066 
PMID:32582172 

39. Oe Y, Kakuda K, Yoshimura SI, Hara N, Hasegawa J, 
Terawaki S, Kimura Y, Ikenaka K, Suetsugu S, 
Mochizuki H, Yoshimori T, Nakamura S. PACSIN1 is 
indispensable for amphisome-lysosome fusion during 
basal autophagy and subsets of selective autophagy. 
PLoS Genet. 2022; 18:e1010264. 
https://doi.org/10.1371/journal.pgen.1010264 
PMID:35771772 

40. Conlon TM, John-Schuster G, Heide D, Pfister D, 
Lehmann M, Hu Y, Ertüz Z, Lopez MA, Ansari M, 
Strunz M, Mayr C, Angelidis I, Ciminieri C, et al. 
Inhibition of LTβR signalling activates WNT-induced 
regeneration in lung. Nature. 2020; 588:151–6. 
https://doi.org/10.1038/s41586-020-2882-8 
PMID:33149305 

41. Zhang Y, Li X, Grassmé H, Döring G, Gulbins E. 
Alterations in ceramide concentration and pH 
determine the release of reactive oxygen species by 
Cftr-deficient macrophages on infection. J Immunol. 
2010; 184:5104–11. 
https://doi.org/10.4049/jimmunol.0902851 
PMID:20351190 

42. Yang SR, Yao H, Rajendrasozhan S, Chung S, 
Edirisinghe I, Valvo S, Fromm G, McCabe MJ Jr, Sime 
PJ, Phipps RP, Li JD, Bulger M, Rahman I. RelB is 
differentially regulated by IkappaB Kinase-alpha in B 
cells and mouse lung by cigarette smoke. Am J Respir 
Cell Mol Biol. 2009; 40:147–58. 
https://doi.org/10.1165/rcmb.2008-0207OC 
PMID:18688039 

43. Huang Q, Chen Y, Shen S, Wang Y, Liu L, Wu S, Xu W, 
Zhao W, Lin M, Wu J. Klotho antagonizes pulmonary 
fibrosis through suppressing pulmonary fibroblasts 
activation, migration, and extracellular matrix 
production: a therapeutic implication for idiopathic 
pulmonary fibrosis. Aging (Albany NY). 2020; 
12:5812–31. 
https://doi.org/10.18632/aging.102978 
PMID:32244228 

 
 

12943

https://doi.org/10.1194/jlr.M006486
https://pubmed.ncbi.nlm.nih.gov/20650929/
https://doi.org/10.1126/science.282.5396.2085
https://pubmed.ncbi.nlm.nih.gov/9851930/
https://doi.org/10.1016/s1097-2765(03)00384-8
https://pubmed.ncbi.nlm.nih.gov/14580333/
https://doi.org/10.3389/fimmu.2020.01066
https://pubmed.ncbi.nlm.nih.gov/32582172/
https://doi.org/10.1371/journal.pgen.1010264
https://pubmed.ncbi.nlm.nih.gov/35771772/
https://doi.org/10.1038/s41586-020-2882-8
https://pubmed.ncbi.nlm.nih.gov/33149305/
https://doi.org/10.4049/jimmunol.0902851
https://pubmed.ncbi.nlm.nih.gov/20351190/
https://doi.org/10.1165/rcmb.2008-0207OC
https://pubmed.ncbi.nlm.nih.gov/18688039/
https://doi.org/10.18632/aging.102978
https://pubmed.ncbi.nlm.nih.gov/32244228/


www.aging-us.com 17 AGING 

SUPPLEMENTARY MATERIALS 
 
Supplementary Figures 
 

 
 

Supplementary Figure 1. GATA2 is downregulated in pulmonary macrophages during the development of CS-triggered 
COPD. mRNA levels of GATA2 were analyzed in database GSE171541 (A). Eight-week-old mice were exposed to cigarette smoke (CS) or 
room air. The lungs were harvested and subjected to H&E staining, Masson trichrome staining and measurements of mean linear intercept 
(MLI) and destruction index (DI) (B). Scale bars = 100 μm. mRNA levels of Gata2 were measured by qPCR (C) in alveolar macrophages from 
BALF of mice. Cell activity was determined by CCK-8 method (D) in RAW264.7 and MH-S cells treated with CSE for 24 h from each group 
(1 hour, blue lines; 2 hour, magenta lines; 3 hour, green lines; 4 hour, orange lines). mRNA and protein levels of GATA2 were measured by 
qPCR, western blotting, and immunofluorescence staining (E) in MH-S cells treated with CSE for 24 h from each group (CSE-0%, blue bars; 
CSE-2.5%, magenta bars; CSE-5%, green bars; CSE-10%, orange bars). *P < 0.05 or **P < 0.01 vs. Air 5–10 animals per group or CSE-0%. 
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Supplementary Figure 2. Downregulation of GATA2 leads to pro-inflammatory phenotype and impaired phagocytosis in 
macrophage. mRNA levels of Cd80, Cxcl1, Ccl2, Il23, Cxcl10, Cxcl11, Cxcl12, Mmp9, Mmp12, and Tgfb1 were measured by qPCR (A) in CSE-
treated MH-S cells from each group. Phagocytosis assessment in MH-S cells was done by Cell Meter™ Fluorimetric Phagocytosis Assay Kit. 
The images were taken using fluorescence microscopy and the average number of engulfed beads within every cell and the mean 
fluorescent intensity of Texas Red were calculated (B). Scale bars = 50 μm. mRNA levels of Cd163, Cd209, Marco, Stab2, Sirpa, Lamp2, and 
Gpnmb were measured by qPCR (C) in CSE-treated MH-S cells from each group (CSE-0%, blue bars; CSE-2.5%, magenta bars; CSE-5%, green 
bars; CSE-10%, orange bars). *P < 0.05 or **P < 0.01 vs. CSE-0%. The efficiency of siRNA was assessed by qPCR and western blotting (D) 
(siNC, black bars; siGata2-1, gray bars; siGata2-2, white bars). *P < 0.05 or **P < 0.01 vs. siNC. 
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Supplementary Figure 3. GATA2 directly promotes the transcriptional activity of Abca1 and Pacsin1. Volcano plots for DEGs 
expressed in RAW264.7 cells with or without Gata2 knockdown. Red dots represent upregulated genes and green dots represent 
downregulated genes (A). mRNA levels of Abca1, Abcg1, Lpcat3, Pacsin1, Srebf1, and Sting1 were measured by qPCR (B) in RAW264.7 cells 
from each group (CSE-0%, blue bars; CSE-2.5%, magenta bars; CSE-5%, green bars; CSE-10%, orange bars; siNC, black bars; siGata2-1, gray 
bars; siGata2-2, white bars). Protein levels of ABCA1 and PACSIN1 were assessed by western blotting (C) in RAW264.7 cells from each group 
(siNC, black bars; siGata2-1, gray bars; siGata2-2, white bars). *P < 0.05 or **P < 0.01 vs. siNC. 
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Supplementary Figure 4. ABCA1 mediates the effects of GATA2 downregulation on macrophages by regulating inflammation 
and ingestion. mRNA levels of Abca1 were measured by qPCR in alveolar macrophages from BALF of mice (A). *P < 0.05 or **P < 0.01 vs. 
Air 5–10 animals per group. RAW264.7 cells were incubated with or without CSE for 24 h, and they were then treated with or without 
Falcarindiol for another 24 h. mRNA levels of Gata2, Abca1, Pacsin1, Tlr4, Myd88, Megf10, and Gulp1 were assessed by qPCR (B) and their 
protein levels, Flotillin1 was added, which were measured by western blotting (C) and immunofluorescence staining (D) in RAW264.7 cells 
from each group. mRNA levels of Cd80, Cxcl1, Ccl2, Il23, Cxcl10, Cxcl11, Cxcl12, Mmp9, Mmp12, Tgfb1, Cd163, Cd209, Marco, Stab2, Sirpa, 
Lamp2 and Gpnmb were measured by qPCR (E, F) in RAW264.7 cells from each group (NC, black bars; CSE, gray bars; CSE+Falcarindiol, 
white bars). Phagocytosis assessment was done by Cell Meter™ Fluorimetric Phagocytosis Assay Kit (G). Scale bars = 50 μm. *P < 0.05 or **P 
< 0.01 vs. NC and #P < 0.05 or ##P < 0.01 vs. CSE. 
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Supplementary Figure 5. PACSIN1 mediates the effects of GATA2 downregulation on macrophage by regulating phagolysosome 
formation. mRNA levels of Pacsin1 were measured by qPCR in alveolar macrophages from BALF of mice (A). *P < 0.05 or **P < 0.01 vs. Air 
5–10 animals per group or CSE-0%. The efficiency of Pacsin1 overexpression plasmids was assessed by western blotting (B). RAW264.7 cells 
were incubated with or without CSE for 24 h, and then transfected with or without Pacsin1 overexpression plasmids for 48 h. mRNA levels 
of Gata2, Pacsin1 and Synj1 were assessed by qPCR (C) and protein levels of GATA2, ABCA1, PACSIN1, SYNJ1, EEA1, and LAMP1 were 
assessed by western blotting (D) and immunofluorescence staining (E) in RAW264.7 cells from each group. mRNA levels of Cd163, Cd209, 
Marco, Stab2, Sirpa, Lamp2 and Gpnmb were measured by qPCR (F) in RAW264.7 cells from each group (NC, black bars; CSE, gray bars; 
CSE+Pacsin1-OE, white bars). Phagocytosis assessment was done by Cell Meter™ Fluorimetric Phagocytosis Assay Kit (G). Scale bars = 50 μm. 
*P < 0.05 or **P < 0.01 vs. NC and #P < 0.05 or ##P < 0.01 vs. CSE. 
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Supplementary Figure 6. GATA2 improves macrophage inflammatory phenotype and phagocytosis against CSE through 
transcriptional activation of ABCA1 and PACSIN1. The efficiency of Gata2 overexpression plasmids was assessed by western blotting 
(A). Protein levels of Flotllin1 and TLR4 were measured by immunofluorescence staining (B). Scale bars = 50 μm. mRNA levels of Cd163, 
Cd209, Marco, Stab2, Sirpa, Lamp2, and Gpnmb were assessed by qPCR (C) in RAW264.7 cells from each group (NC, black bars; CSE, gray 
bars; CSE+Gata2-OE, white bars). *P < 0.05 or **P < 0.01 vs. NC and #P < 0.05 or ##P < 0.01 vs. CSE. MH-S cells were pre-incubated with or 
without CSE. After 24 h, they were transfected with or without Gata2 overexpression plasmids for another 48 h. mRNA levels of Abca1, 
Tlr4, Myd88, Megf10, Gulp1, Pacsin1, and Synj1 were assessed by qPCR and their protein levels, GATA2 and Flotillin1 were added, which 
were measured by western blotting and immunofluorescence staining in MH-S cells from each group (D). mRNA levels of Cd80, Cxcl1, Ccl2, 
Il23, Cxcl10, Cxcl11, Cxcl12, Mmp9, Mmp12, Tgfb1, Cd163, Cd209, Marco, Stab2, Sirpa, Lamp2 and Gpnmb were assessed by qPCR (E, F) in 
MH-S cells from each group (NC, black bars; CSE, gray bars; CSE+Gata2-OE, white bars). Phagocytosis assessment was done by Cell Meter™ 
Fluorimetric Phagocytosis Assay Kit (G). Scale bars = 50 μm. *P < 0.05 or **P < 0.01 vs. NC and #P < 0.05 or ##P < 0.01 vs. CSE. 
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Supplementary Table 
 
Supplementary Table 1. Details of primers used. 

Gene Primer (5′–3′) 

Mouse Gata2 
Forward CACCCCGCCGTATTGAATG 
Reverse CCTGCGAGTCGAGATGGTTG 

Mouse Cxcl1 
Forward CTGGGATTCACCTCAAGAACATC 
Reverse CAGGGTCAAGGCAAGCCTC 

Mouse Ccl2 
Forward TTAAAAACCTGGATCGGAACCAA 
Reverse GCATTAGCTTCAGATTTACGGGT 

Mouse Il23 
Forward ATGCTGGATTGCAGAGCAGTA 
Reverse ACGGGGCACATTATTTTTAGTCT 

Mouse Cxcl10 
Forward CCAAGTGCTGCCGTCATTTTC 
Reverse GGCTCGCAGGGATGATTTCAA 

Mouse Cxcl11 
Forward GGCTTCCTTATGTTCAAACAGGG 
Reverse GCCGTTACTCGGGTAAATTACA 

Mouse Cxcl12 
Forward TGCATCAGTGACGGTAAACCA 
Reverse CACAGTTTGGAGTGTTGAGGAT 

Mouse Mmp9 
Forward CTGGACAGCCAGACACTAAAG 
Reverse CTCGCGGCAAGTCTTCAGAG 

Mouse Mmp12 
Forward CTGCTCCCATGAATGACAGTG 
Reverse AGTTGCTTCTAGCCCAAAGAAC 

Mouse Tgfb1 
Forward CTCCCGTGGCTTCTAGTGC 
Reverse GCCTTAGTTTGGACAGGATCTG 

Mouse Cd163 
Forward TCTCAGTGCCTCTGCTGTCA 
Reverse TCTTCCTTGACTCTGACCGC 

Mouse Cd209 
Forward CTGACAGATGAGCTTACGTCCA 
Reverse CACAGGCGGAAGAGTTCAGTC 

Mouse Marco 
Forward AGAGGGAGAGCACTTAGCAG 
Reverse CTGTGCCCCGACAATTCACAT 

Mouse Stab2 
Forward ATTGCTCTGGCTGCCTACTC 
Reverse GTTGGCTGGCTTCTCACATC 

Mouse Sirpa 
Forward TCGAGTGATCAAGGGAGCAT 
Reverse CCTGGACACTAGCATACTCTGAG 

Mouse Lamp2 
Forward TGTATTTGGCTAATGGCTCAGC 
Reverse TATGGGCACAAGGAAGTTGTC 

Mouse Gpnmb 
Forward TGCCAAGCGATTTCGTGATGT 
Reverse GCCACGTAATTGGTTGTGCTC 

Mouse Abca1 
Forward GCTTGTTGGCCTCAGTTAAGG 
Reverse GTAGCTCAGGCGTACAGAGAT 

Mouse Abcg1 
Forward CTTTCCTACTCTGTACCCGAGG 
Reverse CGGGGCATTCCATTGATAAGG 
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Mouse Lpcat3 
Forward GACGGGGACATGGGAGAGA 
Reverse GTAAAACAGAGCCAACGGGTAG 

Mouse Pacsin1 
Forward GAGGTGGGGAACTACAAGCG 
Reverse GTATGCCTTCTCGATCTTGGC 

Mouse Srebf1 
Forward TGACCCGGCTATTCCGTGA 
Reverse CTGGGCTGAGCAATACAGTTC 

Mouse Sting1 
Forward GGTCACCGCTCCAAATATGTAG 
Reverse CAGTAGTCCAAGTTCGTGCGA 

Mouse Tlr4 
Forward ATGGCATGGCTTACACCACC 
Reverse GAGGCCAATTTTGTCTCCACA 

Mouse Myd88 
Forward AGGACAAACGCCGGAACTTTT 
Reverse GCCGATAGTCTGTCTGTTCTAGT 

Mouse Megf10 
Forward GAAGACCCCAACGTATGCAG 
Reverse CGGTGCAGCTTGTGTAGTAGA 

Mouse Gulp1 
Forward ACAGAAGTTGTGAGAGATGCTG 
Reverse GCAGTTGTGTTGAACCTCCTTT 

Mouse Synj1 
Forward GTGTTCGTATGTCAAGGGGATT 
Reverse CCTTCCTTAGACCCAAGCAGAT 

Arpppo 
Forward GAAACTGCTGCCTCACATCCG 
Reverse GCTGGCACAGTGACCTCACACG 
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