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ABSTRACT

In acute lung injury, two subsets of lung macrophages exist in the alveoli: tissue-resident 
alveolar macrophages (AMs) and monocyte-derived alveolar macrophages (MDMs). 
However, it is unclear whether these 2 subsets of macrophages have different functions and 
characteristics during the recovery phase. RNA-sequencing of AMs and MDMs from the 
recovery period of LPS-induced lung injury mice revealed their differences in proliferation, 
cell death, phagocytosis, inflammation and tissue repair. Using flow cytometry, we found 
that AMs showed a higher ability to proliferate, whereas MDMs expressed a larger amount 
of cell death. We also compared the ability of phagocytosing apoptotic cells and activating 
adaptive immunity and found that AMs have a stronger ability to phagocytose, while MDMs 
are the cells that activate lymphocytes during the resolving phase. By testing surface markers, 
we found that MDMs were more prone to the M1 phenotype, but expressed a higher level of 
pro-repairing genes. Finally, analysis of a publicly available set of single-cell RNA-sequencing 
data on bronchoalveolar lavage cells from patients with SARS-CoV-2 infection validated the 
double-sided role of MDMs. Blockade of inflammatory MDM recruitment using CCR2−/− mice 
effectively attenuates lung injury. Therefore, AMs and MDMs exhibited large differences 
during recovery. AMs are long-lived M2-like tissue-resident macrophages that have a strong 
ability to proliferate and phagocytose. MDMs are a paradoxical group of macrophages 
that promote the repair of tissue damage despite being strongly pro-inflammatory early 
in infection, and they may undergo cell death as inflammation fades. Preventing the 
massive recruitment of inflammatory MDMs or promoting their transition to pro-repairing 
phenotype may be a new direction for the treatment of acute lung injury.
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INTRODUCTION

Acute lung injury (ALI) is characterized by diffuse alveolar damage and a lack of effective 
treatments (1). Alveolar macrophages (AMs) and monocyte-derived macrophages (MDMs) are 
two subsets of lung macrophages that exist in the injured lung and take part in the whole process 
of ALI, including pathogenesis and resolution (2-4). AMs are tissue-resident macrophages 
that reside in alveolar cavities. They originate from the yolk sac and fetal liver and are the 
first sentinels to defend against pathogens and dust (5-8). MDMs are recruited macrophages 
that enter alveoli during infection or injury. AMs and MDMs are all believed to be important 
mediators of ALI recovery (9,10). They transit from the so-called M1 to M2 phenotypes and 
are involved in apoptotic cell phagocytosis and tissue injury repair (11,12). However, whether 
they have the same phenotype and function remains unclear, making it difficult to target 
macrophages to intervene in the lung injury process.

RNA-sequencing (RNA-seq) revealed significant differences between AMs and MDMs at 
the transcriptional level, especially in proliferation, metabolism, phagocytosis, cell death, 
cytokine release, and pro-repairing functions. We compared the proliferation ability, cell 
death level, phagocytic ability, phenotype, and pro-repair function of AMs and MDMs during 
the recovery period of ALI. AMs have a high proliferation rate and strong phagocytic ability 
with a repressed phenotype and stronger vitality. Whereas, MDMs have shown paradoxical 
characteristics. MDMs are short-lived cells that show high expression of inflammatory markers 
compared to AMs, but release a higher level of growth factors that help repair the injured 
tissue. The presence of a large number of inflammatory MDMs (iMDMs) is an important 
reason for the aggravation of lung injury, and timely resolution of inflammatory MDMs or 
conversion to a pro-repairing phenotype can help the recovery of infection and injury.

MATERIALS AND METHODS

Patients data
Public data set (Gene Expression Omnibus [GEO]: GSE145926) which contain single-cell 
RNA-seq (scRNA-seq) data from bronchoalveolar lavage fluid (BALF) cells from 3 patients 
with moderate COVID-19 (M1–M3), 6 patients with severe/critical COVID-19 (S1–S6), 3 healthy 
controls (HC1–HC3) were used for bioinformatic analysis. Ethical approval was obtained 
from the Research Ethics Committee of 8th Medical Center, Chinese PLA General Hospital 
(202205311004).

Mice
C57BL/6 wild-type (WT) mice were purchased from Charles River in Beijing (Vital River). 
Ccr2−/− (B6.129S4-Ccr2tm1Ifc/J) mice were purchased from Jackson Laboratory. All mice 
(8 weeks old) were housed in a pathogen-free facility of the Beijing Institute of Lifeomics. 
All experiments were conducted under protocols approved by the Animal Care and Use 
Committee (IACUC-20200221-02M).

Mouse preparation
Mice were anesthetized (2.5% avertin, 20 ml/kg, intraperitoneal [i.p.]; MilliporeSigma, Saint 
Louis, MO, USA) before LPS instillation. Escherichia coli LPS (O111:B4 Sigma-Aldrich L2630) 
at 2 μg/g mouse or PBS as control was instilled intratracheally [i.t.] via a 24-gauge catheter. 
On 1, 3, 5, and 7 days after instillation, mice were anesthetized and killed by exsanguinations 
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from their inferior vena cava. In some experiments, mice were anesthetized and killed 6 days 
after instillation.

Analysis of BALF
BAL was obtained by cannulating the trachea with a 20-gauge catheter. The right lung was 
lavaged three times with a single inoculum of 600 μl sterile PBS. BAL was then centrifuged 
at 500 g for 5 min at 4°C. Supernatants were stored at −80°C for later analysis. The cell pellet 
was diluted in PBS with 2 Mm EDTA and then performed for flow cytometry (as described 
below). Total protein was measured in the cell-free supernatant using the method of 
bicinchoninic acid.

Wet/dry ratio
The left lobe of the lung was resected after LPS-induced injury, weighed and dried at 55°C for 
24 h to calculate the lung wet to dry ratio.

Flow cytometry and cell sorting
Cells were incubated with Fc Block-2.4G2 (70-0161) Ab to block Fcγ III/II receptors before 
staining with a specific Ab. For surface marker analysis, cell pellets were stained with the 
appropriate Abs at 4°C for 20–30 min. For intracellular cytokine analysis, cells were stained 
with the Cytofix/Cytoperm kit according to the manufacturer’s instructions (eBioscience, San 
Diego, CA, USA). The following Abs were used for staining: CD45-AF700 (30-F11), Ly6G-
PEcy7 (1A8), CD64-APC (X54-5/7.1), MerTK-BV711 (DS5MMER), Siglec-F-BV421 (E50-2440), 
CD11b-BV510 (M1/70), CD206-PE (C068C2), CD86-FITC (GL-1) RELM alpha-PerCP-eFluor™ 
710 (DS8RELM), Ki67-eFluor™ 660 (SolA15), CD3-BV421 (17A2), CD44-FITC (1M7), CD25-
FITC (7D4), CD69-PE (H1.2F3). Flow cytometry was performed using an LSR II Fortessa (BD 
Biosciences, San Jose, CA, USA). The acquired data were analyzed with FlowJo software (Tree 
Star). For cell sorting, a FACS Aria III (BD Biosciences) was used.

RNA-seq
The 106 AMs or MDMs of each sample were sorted from 5 ALI mice on day 6. The RNA 
sequencing was completed in Annoroad Gene Technology Corporation (Beijing, China). RNA 
samples were sequenced using Illumina NovaSeq 6000 according to the standard protocol. 
Raw data were filtered to obtain clean data. Analysis were conducted using the clean data. 
Reads were mapped to the mouse genome GRCh38 with HISAT2 and were quantified with the 
featureCounts function.

RNA-seq data analysis
The DEGs between AMs and MDMs were calculated by the DESeq2 package, then screened 
with FDR <0.05 and |log2FC|> 1 to identify the differences. Furthermore, Gene Ontology 
(GO) function and Kyoto Encyclopedia of Genes and Genomes (KEGG) functional 
enrichment analysis was performed using the Clusterprofiler (V3.16.1) package. The gene set 
enrichment analysis (GSEA) were conducted by clusterProfiler R package and visualized by 
the ggplot2 R package (R Project for Statistical Computing, Vienna, Austria).

EdU staining
Mice were administrated 0.5 mg EdU (Thermo Fisher Scientific, Waltham, MA, USA) via i.p. 
injection. After 24 h, BALF cells were obtained and EdU incorporation was measured by flow 
cytometry using the Click-iT EdU Alexa Fluor 647 Flow Cytometry Assay Kit (Thermo Fisher 
Scientific) according to the manufacturer’s instructions.
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Phagocytosis analysis
Thymus was obtained from three-week-old mice and then labeled with carboxyfluorescein 
succinimidyl ester (CFSE), after which cells were killed at 65°C for 10 min. Heat-killed cells 
were injected into the lungs of lung-injured mice by tracheal injection, and flow cytometry 
was performed 1 h later.

T cell activation assay
CD3+ CD44− Naïve T cells were sorted from mouse lymph nodes and seeded into CD3-coated 
(BD Clone: 145-2C11) 48-well plates (5×105/well). Naïve T cells were cultered in RPMI 1640 
supplemented with 10% FBS and CD28-Ab (TONBO Clone: 37.51) for 8 h. Afterwards, T cells 
were co-cultured overnight with AMs or MDMs. Activated T cells were then harvested for flow 
cytometry analysis.

Cell migration assay
Macrophages were seeded in 24-well plates (1×106/well), and after adhesion, linear scratch 
were made in the cell monolayers with a 200-μl pipette tip. The area of scratch wound was 
measured by using ImageJ software 0, 6, 12, 24 h after stimulation.

Single-cell data analysis
scRNA-seq data GSE145926 including 3 patients with moderate COVID-19 (M1–M3), 6 
patients with severe/critical infection (S1–S6), 3 healthy controls (HC1–HC3) and a publicly 
available BALF (HC4) sample were download from GEO databases. Macrophages were 
re-integrated and re-clustered from the nCoV.rds, The data was first normalized using 
‘LogNormalize’ methods in Seurat (v.3.1.0) with default parameters. The top 2,000 variable 
genes were then identified using the ‘vst’ method in Seurat FindVariableFeatures function 
and the FindCluster package used for cell cluster analysis with the resolution set to 0.8.

Histopathological analysis
Lungs were inflated and fixed for 48 hours with 10% formalin, and then embedded in 
paraffin. 5 μm sections were cut and stained with H&E, Slides were scanned and pictures 
were taken using Leica Aperio slide scanner (Leica, Wetzlar, Germany).

Statistical analyses
Statistical analysis was performed with GraphPad Prism v8 software. Data are presented as 
mean±SEM. Sample data with normal distribution were analyzed using Student’s t-test or 
one-way ANOVA where appropriate.

RESULTS

AM and MDM dynamics in LPS-induced lung injury model
The classical LPS tracheal injection-induced lung injury model was used, and a gating 
strategy to differentiate AMs and MDMs was adopted based on the differential expression 
levels of Siglec F and CD11b in AMs and MDMs (Fig. 1A) (4,13,14). Intratracheal instillation 
of LPS resulted in tissue damage and inflammation. The peak of inflammation and tissue 
injury occurred on day 3 and resolved on day 5 (Fig. 1B-D). AM numbers first declined during 
the acute inflammatory response phase and gradually recovered during the recovery period, 
whereas MDMs were recruited early and then declined (Fig. 1E). The dynamics of AMs and 

Differences of Alveolar Macrophages

https://doi.org/10.4110/in.2023.23.e24 4/16https://immunenetwork.org



MDMs were contrasting, and they reached a similar quantity on day 6. Therefore, day 6 was 
chosen as the time point for analyzing AMs and MDMs.

Transcriptional differences between AMs and MDMs during the recovery period
AMs and MDMs from day 6 in ALI mice were sorted for RNA-seq (Fig. 2A). Principal 
component analysis (PCA) and cluster dendrograms revealed obvious differences in AMs 
and MDMs (Fig. 2B, Supplementary Fig. 1). A total of 2,732 differentially expressed genes 
(DEGs) between AMs and MDMs were identified, of which 1,212 genes were downregulated 
and 1,520 were upregulated as displayed in a volcano plot (Fig. 2C). Some genes representing 
inflammation, repairing and cell death, such as Nos2, IL6, Ccl5, Pdgfa and Bcl2, were 
significantly up-regulated in MDMs. While AMs up-regulated Mrc1, Ccna2, Ccnd2, Marco, 
Cd209b and SiglecF, which were related to cell proliferation and phagocytosis (Fig. 2C). The 
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Figure 1. AMs and MDMs in LPS-induced ALI. (A) Gating strategy of AMs and MDMs in BALF cells. AMs were identified as CD45+Ly6G−CD64+MerTK+SiglecF+CD11b− 
cells; MDMs were identified as CD45+Ly6G−CD64+MerTK+SiglecF−CD11b+ cells. (B, C) Total cell number and protein level dynamics in ALI mice BALF (n=3 per time 
point). (D) Wet/dry weight ratio changes of lung tissue in ALI mice. (E) Dynamic changes of AMs and MDMs in mice BALF (n=3 per time point).



heatmap of top 50 DEGs was also made to show gene expression differences between AMs and 
MDMs (Fig. 2D). Next, the GO and KEGG pathways were analyzed. GO analysis revealed that 
MDMs are mainly involved in leukocyte migration, cell chemotaxis, and cytokine production, 
whereas AMs are involved in nuclear division and the cell cycle (Fig. 3A and B). KEGG pathway 
enrichment showed that AMs enriched pathways related to cell cycle, fatty acid metabolism, 
and DNA replication whereas MDMs enriched cell adhesion and immune signaling pathways 
(Fig. 3C). These results indicate that AMs are in a state of strong cell proliferation and have a 
higher levels of fatty acid metabolism, whereas MDMs retain the chemotactic characteristics 
of monocytes and secrete more cytokines. Partially consistent with the GO and KEGG 
analyses results, AMs and MDMs showed large differences in genes that represent functions of 
phagocytosis, proliferation, inflammation, and cell death (Fig. 3D).
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Figure 2. Gene expression differences between AMs and MDMs. (A) Experiment design for sorting and sequencing of AMs and MDMs. (B) PCA of AMs and MDMs 
that sorted from ALI mice BALF on day 6 (each point represents 5 mice). (C) Volcano plot of differentially expressed genes in AMs and MDMs. (D) Clustering 
heatmap of the top 50 differentially expressed genes in AMs and MDMs.
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Figure 3. Transcriptional level differences between AMs and MDMs. (A, B) Top 10 BP, CC, and MF enrichments of MDMs and AMs that sorted from ALI mice BALF 
on day 6. (C) Top 20 upregulated and downregulated KEGG pathways of MDMs that sorted from ALI mice BALF on day 6. (D) Heatmap of genes that represent 
phagocytosis, proliferation, inflammation, and cell death of AMs and MDMs that sorted from ALI mice BALF on day 6. 
BP, biological function; CC, cellular component; MF, molecular function.



AMs have stronger viability and phagocytic ability compared with MDMs
Studies have shown that AMs are self-renewing macrophages that can repopulate their 
numbers independent of MDM supplements (15,16). DEGs also showed that AMs expressed 
stronger cell cycle-related genes. Therefore, we compared the proliferative abilities of AMs and 
MDMs using Ki67 and EDU staining. At day 6 of lung injury, AMs showed a stronger ability to 
proliferate, whereas MDMs exhibited low proliferation (Fig. 4A and B). The cell death levels of 
AMs and MDMs were also analyzed. As expected, MDMs showed higher levels of cell death in 
vivo, as indicated by the percentage of 7-aminoactinomycin D (7-AAD)+ cells (Fig. 4C).

Phagocytosis of apoptotic cells, an important function of macrophages, contributes to 
timely resolution of inflammation (12). However, the role of macrophages in phagocytosis 
of apoptotic cells remains controversial. To explore the phagocytic function of AMs and 
MDMs, CFSE-labeled apoptotic thymocytes were injected i.t. 6 days post LPS stimulation 
to investigate the phagocytic function of AMs and MDMs (Fig. 4D). The proportion of 
CFSE+AMs was significantly higher than that of CFSE+MDMs, indicating that AMs may have 
a stronger ability to phagocytize apoptotic cells (Fig. 4E).

MDMs have strong adhesion ability and promote lymphocyte differentiation 
and activation
Macrophage functions, such as tissue repair and phagocytosis, are related to cell adhesion 
and motility. One study showed that AMs move towards inhaled bacteria within the alveoli 
and that macrophage migration is crucial for bacterial clearance (17). MDMs exhibited 
stronger cell adhesion and motility abilities, according to the GSEA results (Fig. 4F). 
Macrophages are also important cells that connect the innate and adaptive immunities. They 
control the initiation of adaptive immunity via Ag presentation and lymphocyte activation. 
Lymphocyte activation, proliferation, and differentiation are critical processes in the adaptive 
immunity. The ability to promote adaptive immune activation was compared and found that 
MDMs, rather than AMs, promoted lymphocyte activation, proliferation, and differentiation 
(Fig. 4F). To verify GSEA results, AMs and MDMs from day 6 in ALI mice were sorted and co-
cultured with CD3/CD28-activated T cells. T cells from MDM-T co-culture system expressed 
stronger T cell activation markers CD25 and CD69 (Fig. 4G), which means MDMs may have 
stronger ability in activating lymphocytes. An in vitro scratch-wound healing assay was also 
made to study cell migration difference of AMs and MDMs. Consistent with the results of 
GSEA, MDMs showed enhanced ability of migration at 12 and 24 h after the scratch (Fig. 4H).

MDMs are prone to “M1” phenotype but express a high level of pro-repairing 
genes
Macrophages undergo phenotypic transition and promote the resolving of inflammation and 
repairing of tissue injury during the recovery phase (18,19). The expression of M1 and M2 
markers of AMs and MDMs were compared and found that AMs expressed higher levels of 
CD206 and resistin-like molecule α (RELM-α), which are both M2 markers, whereas MDMs 
expressed higher levels of M1 marker CD86 and inducible nitric oxide synthase (Fig. 5A). 
Consistent with the M1 phenotype, MDMs were more inflammatory and produced more 
cytokines according to the GSEA (Fig. 5B). A high expression of M2 markers usually indicates 
a high ability to promote tissue repair. MDMs, which were prone to the M1 phenotype, 
expressed higher levels of pro-repairing genes, such as Vegfa, Pdgfa, Hgf, and Hbegf (Fig. 5C). 
GSEA also revealed that MDMs have a higher ability to regulate endothelial cell proliferation 
than that of AMs (Fig. 5D). Based on the above results, we speculated that MDMs are pro-
inflammatory in the early stage and pro-repairing in the later stage, so we analyzed the 
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Figure 4. Viability and functional differences between AMs and MDMs. (A-C) Ki67, Edu and 7-AAD staining of AMs and MDMs on day 6 post LPS (n=4). Experiment 
was repeated three times. (D) Study design for phagocytosis analysis. (E) Percentage of CFSE+cells of AMs and MDMs (n=4). Experiment was repeated three 
times. (F) GSEA of biological functions that represent cell adhesion, cell motility, cell migration, and positive regulation of lymphocyte activation, proliferation, 
and differentiation of AMs and MDMs. (G) Representative FACS plot and quantification of T cell activation marker CD25 and CD69 expression after co-cultured 
with AMs or MDMs overnight (n=4). (H) Migration rates of AMs and MDMs 6, 12, 24 h after scratch (n=4). 
*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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Figure 5. Phenotype differences of AMs and MDMs. (A) CD86, iNOS, RELM-α and CD206 expression levels of AMs and MDMs on day 6 post LPS (n=4). Experiment 
was repeated three times. (B) GSEA of inflammatory response and cytokine production functions of AMs and MDMs. (C) Heatmap of genes that represent tissue-
repairing of AMs and MDMs. (D) GSEA of functions that represent regulating endothelial cell proliferation of AMs and MDMs. (E) Representative flow cytometry 
plots of Ly6clo and Ly6chi MDMs among Siglec-F−CD11b+ MDMs from BALF on day 3 and day 7. (F) Percentages of Ly6chi and Ly6clo MDMs at different time points of 
ALI (n=3) per time point. 
*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.



dynamic changes of Ly6chi and Ly6clo MDMs since Ly6chi Cx3cr1lo MDMs are known as pro-
inflammatory macrophages while Ly6clo Cx3cr1hi MDMs are pro-resolving macrophages 
(20,21). As expected, the newly recruited macrophages were mainly Ly6chi iMDMs and they 
gradually converted to Ly6clo MDMs as inflammation subsides (Fig. 5E and F).

iMDM significantly increased in BALF of severe COVID-19 patients
To verify that the characteristics of AMs and MDMs are also conserved in human, we analyzed 
a publicly available set of scRNA-seq data on BAL cells from patients with moderate or 
severe SARS-CoV-2 infection and healthy controls (GEO: GSE145926) (22). A total of 20 
macrophages clusters were identified (Supplementary Fig. 2A) and the 20 clusters were 
assigned into 2 groups: AMs and MDMs according to the surface markers (Fig. 6A and B, 
Supplementary Fig. 2B). As expected, 2 groups of MDMs existed in the human lung: iMDMs 
and pro-repairing MDMs (pMDMs) (Fig. 6B). MDMs, especially iMDMs, were significantly 
increased in severe COVID-19 patients, suggesting that iMDMs have pro-inflammatory 
effects and may contribute to disease exacerbation (Fig. 6B). We then performed GO and 
KEGG pathway enrichment analyses on AMs and MDMs of severe COVID-19 patients. 
Unsurprisingly, MDMs are significantly enriched in inflammation-related pathways. (Fig. 6C). 
To verify the role of iMDM in lung injury, CCR2−/− mice were used to test the effect of blocking 
iMDM recruitment. On the third day after LPS injection, the number of MDMs in the BALF of 
CCR2−/− mice was significantly reduced (Fig. 6D), accompanied by a significant reduction in 
the degree of lung injury (Fig. 6E-G). Therefore, prolonged presence of iMDMs or failure to 
convert to pMDMs in a timely manner will worsen the disease.

DISCUSSION

In ALI, lung macrophages are involved in the recovery from inflammation and tissue injury. 
In the past, AMs have been studied as a whole. However, recent studies have shown that AMs 
and MDMs are macrophages of different origins with different transcriptional and functional 
characteristics. However, apart from their origin, differences in their roles in the recovery 
period from lung injury remain unclear.

To study AMs and MDMs in lung injury, an LPS-induced mouse lung injury model was used 
and the transcriptional and functional characteristics of AMs and MDMs were analyzed. 
AMs and MDMs showed large differences at the transcription level. GO and KEGG pathway 
enrichment analyses indicated that AMs have high proliferation levels and lipid acid 
metabolism, while MDMs show stronger performance in inflammatory pathways and cytokine 
production. One study compared the metabolic characteristics of AMs and MDMs and found 
that MDMs increased glycolytic and arginine metabolism, whereas resident macrophages 
increased tricarboxylic acid cycle as well as amino acid and fatty acid metabolism (23). These 
results demonstrate the differences in the metabolism of AM and MDMs. However, the 
relationship between metabolic and functional differences remains unclear.

Survivability is an important difference between AMs and MDMs. Our study showed that 
AMs have stronger proliferative capacity and lower levels of cell death. This result is in line 
with the conclusions from some previous studies that AMs are long-lived macrophages that 
can multiply independent of monocytes, regardless of being in steady or infection states 
(15,16). MDMs are macrophages that inherit the characteristics of monocytes. They are 
short-lived cells with a low proliferation ability and a high percentage of death during the 
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Figure 6. Analysis of scRNA-seq data on BAL cells from patients with SARS-CoV-2 infection. (A) The heatmaps of hierarchically clustered top 30 DEGs across 
3 groups of macrophages. The gene names were listed to the left. (B) UMAP projection of 2 and 3 macrophage groups among controls (n=4) and patients 
(moderate, n=3; severe, n=6). (C) The GO and KEGG analysis of up-regulated DEGs showing some highlighted pathways in MDMs. (D) Representative flow 
cytometry plots of AMs (Siglec-F+CD11b−) and MDMs (Siglec-F−CD11b+) among CD64+MerTK+ cells from BALF and quantification of cell numbers (±SEM) on the right 
(n=3–4). Experiment was repeated three times. (E) Lung tissue and BALF of WT and CCR2−/− mice on day3 post LPS. (F) Pulmonary pathology of WT and CCR2−/− 
mice on day 3 post LPS (bar=100 µm). (G, H): Lung wet/dry ratio and BALF total protein of WT and CCR2−/− mice on day 3 post LPS (n=3–4). Experiment was 
repeated three times. 
*p<0.05; **p<0.01.



recovery period. MDMs have been shown to undergo apoptosis during lung injury, and this 
process is determined by the death receptor Fas (24). Prevention of MDM apoptosis delays 
ALI resolution (24). Therefore, the number of AMs and MDMs are precisely controlled. The 
timely recovery of AMs and the decline in MDMs guarantees the resolution of inflammation. 
However, the precise mechanisms that regulate the number of AMs and MDMs remain 
unclear and require further exploration.

Our study also revealed differences in the phagocytic function of AMs and MDMs during 
recovery. The stronger phagocytosis of AMs during recovery is consistent with their ability to 
engulf surface proteins, bacteria, and dust in a steady state. Phagocytosis of apoptotic cells 
may promote the transition of macrophages (25,26) and enhance their proliferation ability 
(27); therefore, the high proliferation rate and rapid transition of AMs may also be related to 
phagocytosis. However, since the phagocytic capacity of macrophages is limited, it is unclear 
whether the weak phagocytic capacity of MDMs is related to their pre-phagocytosis of many 
apoptotic cells (28). In addition to their pro-repair function, MDMs are critical in activating 
adaptive immunity.

Macrophage phenotype transition occurs when the repair process starts (29,30). AMs and 
MDMs have been studied as a whole in the past, and thus, their respective phenotypic 
characteristics have been ignored. Our studies found that AMs display classical M2 markers, 
which is consistent with their repression phenotype in hemostasis. This may be related 
to their high level of proliferation for the reason that newly generated AMs exhibit the 
repression phenotype (16). Therefore, AMs may be critical in mediating the resolution 
of inflammation. In the acute inflammation phase, MDMs have been demonstrated to 
produce higher levels of IL-1β, IL-6, IL-12p70, keratinocyte chemokine, and IL-10 than 
those by AMs (23). During the recovery period, MDMs also expressed high levels of pro-
inflammatory genes, such as Il6, Tnf, and Nos2. MDMs also exhibited higher expression of 
M1 markers than that by AMs, indicating that MDMs may be the main source of cytokine 
storm and cause tissue injury in ALI (31-33). Paradoxically, MDMs show a stronger ability to 
repair tissues, despite their M1 phenotype. These results suggest that there may be distinct 
sub-populations of MDMs with a constant, dynamic change. The transition from iMDMs 
to pMDMs is an important condition for tissue damage repair. However, the long-term 
existence of pMDMs may contribute to fibrosis (34). Therefore, timely death of MDMs is an 
important part of recovery. Our study showed that the increase of iMDMs may contribute to 
worsening condition of lung infection and blocking the recruitment of iMDMs may reduce 
lung injury. However, considering the function of defending pathogens and activating T and 
B cells of MDMs, totally blocking the recruitment of MDMs may be not the best choice. The 
intervention of macrophages should focus on increasing the number of AMs, promoting the 
death of excess iMDMs or promoting conversion of iMDMs to pMDMs.

In summary, this study compared the transcriptional and functional differences of AMs and 
MDMs during ALI recovery. The results of this study found that AMs are highly proliferating 
macrophages with a repression phenotype and high phagocytic ability, while MDMs are the 
main pro-repairing macrophages with a paradoxical phenotype and undergo a large amount 
of cell death during the recovery phase. These results provide clues for future research on the 
mechanisms and interventions for lung injury.
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