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Abstract

Acute respiratory distress syndrome (ARDS) is an acute and diffuse inflammatory lung injury in a short time, one of the
common severe manifestations of the respiratory system that endangers human life and health. As an innate immune cell,
macrophages play a key role in the inflammatory response. For a long time, the role of pulmonary macrophages in ARDS
has tended to revolve around the polarization of M1/M2. However, with the development of single-cell RNA sequencing,
fate mapping, metabolomics, and other new technologies, a deeper understanding of the development process, classification,
and function of macrophages in the lung are acquired. Here, we discuss the function of pulmonary macrophages in ARDS
from the two dimensions of anatomical location and cell origin and describe the effects of cell metabolism and intercellular
interaction on the function of macrophages. Besides, we explore the treatments for targeting macrophages, such as enhanc-
ing macrophage phagocytosis, regulating macrophage recruitment, and macrophage death. Considering the differences in
responsiveness of different research groups to these treatments and the tremendous dynamic changes in the gene expression
of monocyte/macrophage, we discussed the possibility of characterizing the gene expression of monocyte/macrophage as
the biomarkers. We hope that this review will provide new insight into pulmonary macrophage function and therapeutic
targets of ARDS.
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Introduction

Acute respiratory distress syndrome (ARDS) is a common
and frequently fatal cause in intensive care units (ICUs),
caused by various pulmonary and extrapulmonary factors,
such as pneumonia; aspiration of gastric contents; non-
pulmonary sepsis; trauma; acute pancreatitis; transfusion
of fresh frozen plasm and so on [1]. The mortality rate of
ARDS is as high as about 40. In the past two years, the
Corona Virus Disease 2019 (COVID-19) epidemic has
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severely affected people’s lives and the global economy.
And ARDS is one of the causes of its high mortality [3].
However, at present there is no specific pharmacotherapy for
ARDS in clinical practice. The main therapies are support-
ing treatments such as liquid therapy, prone position ventila-
tion, mechanical ventilation and extracorporeal membrane
oxygenation (ECMO). These treatments have improved
clinical outcomes in ARDS patients, but mortality remains
high [4]. Therefore, it is necessary to find effective thera-
peutic targets.

The pathological features of ARDS include alveolar
epithelial cells (AECs) injury, inflammatory response, and
increased alveolar—capillary permeability. Whether ARDS
is caused by direct factors with pulmonary inflammation as
the first or ARDS is caused by indirect factors with vascular
inflammation as the first, the inflammatory response is the
central link [5]. Macrophages (M®) are innate immune cells
that express pattern recognition receptors (PRR) to recog-
nize pathogen-associated molecular patterns (PAMP) and
damage-associated molecular patterns (DAMP). M® recruit
neutrophils and other leukocytes to initiate innate immune
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responses by producing inflammatory cytokines. Moreover,
they can remove cell debris, interact with alveolar epithelial
cells and produce growth factors to regulate inflammation
and promote tissue repair. Because M® have the character-
istics of diversity and plasticity, they can obtain different
phenotypes with the changes in the tissue environment.

For a long time, M® are divided into classically activated
macrophages (M1) and alternatively activated macrophages
(M2) according to different functions [6, 7]. Stimulated by
lipopolysaccharide (LPS), tumor necrosis factor o (TNF-
a) or interferon y (IFN-y), M® polarize to M1, producing
TNF-a, interleukin (IL-1, IL-6), monocyte chemoattractant
protein (MCP-1, MCP-2), macrophage inflammatory protein
2 (MIP-2), reactive oxygen species (ROS), cyclooxygenase
2 (COX-2) and so on, which are involved in the pathologi-
cal processes of proinflammatory, chemotaxis, free radi-
cal formation, matrix degradation and antibacterial. Con-
versely, M2 are generated in response to cytokines such as
IL-4, IL-13, IL-10, and TGF-f. This population produces
chemokine CCL18, arginine enzyme 1 (Arg-1), IL-10,
transforming growth factor-p (TGF-p), and Fizz1 (found in
inflammatory zone 1), promoting inflammation resolution,
angiogenesis, and tissue repair [8].

Morrell et al. performed genome-wide transcriptional
profiling of AMs purified from BALF (bronchoalveolar
lavage fluid) collected from patients with ARDS. They
found that the enrichment of M1-like genes on the first day
was related to survival/extubationp, ,s. On days 4 and 8,
enrichment of M2-like genes was associated with 28-day
survival, while enrichment of M1-like genes was associated
with death/intubationp,,¢ [9]. Likewise, several studies have
found that the proportion of M1 in BALF increased in LPS-
induced or CLP-induced ALI/ARDS (acute lung injury and
acute respiratory distress syndrome) mice, while promoting
M2 polarization by some interventions can reduce inflam-
matory lung injury [10-13]. In the bleomycin-induced pul-
monary fibrosis model, the polarization of M2 promotes
pulmonary fibrosis [14, 15].

The above studies have proved the correlation between
lung inflammation and the M1/M2 phenotype. Although
as an experimental research method, M1-M2 dichotomy
greatly reduces the research complexity caused by the
diversity of macrophages. Various subpopulations of mac-
rophages can both express markers of M1 and M2: nitric
oxide synthase2 (NOS2) and Argl, because the M1/M2
phenotype is proposed based on different arginine meta-
bolic processes in cells [16, 17]. Then, there is a question of
whether the M1/M2 ratio changes are caused by reprogram-
ming single macrophages or simply increasing or decreasing
the number of these two types of cells in vivo during acute
lung injury.

With the development of single-cell sequencing, fate
mapping, and other new technologies, the researcher has
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found that the aggregate expression of M1 and M2 genes is
closely related to cell origin. Compared with resident alveo-
lar macrophages (RAMs), recruited alveolar macrophages
(RecAMs) highly expressed M1 markers. The expression of
M1 marker increased at the peak of inflammation. It returned
to the baseline level after the inflammation subsided, con-
sistent with the dynamic changes of monocyte-derived
macrophages in the lung. In contrast, M2 markers are most
expressed in homeostasis, mainly in RAMs. In addition, a
cluster of cells was found to be mononuclear macrophages,
the main secreting growth factor. These cells are associated
with the function of M2 macrophages but do not express M2
markers [18]. The above results indicate that in the course of
ARDS, the change in M1/M2 ratio may be related to the shift
in cell ratio of different subgroups. The M1/M2 paradigm
is so simple that it cannot describe the multidimensional,
complex, and dynamic changes of macrophages in detail.

Therefore, it is necessary to understand the origin, dis-
tribution, molecular markers, functions of different mac-
rophages, and the relationship with other cells. This review
is meant to explain the role of pulmonary macrophages from
the aspects mentioned above and the prospective therapeutic
targets in ALI/ARDS.

Dynamic changes of pulmonary
macrophages in ALI/ARDS

When pathogens or other stimuli invade, TLR (toll-like
receptors) on RAMs and alveolar type II epithelial cells
(ATII) are activated to induce chemokine secretion, thereby
recruiting circulating immune cells into the airspace, such as
monocytes, neutrophils, platelets, etc. These immune cells
further release inflammatory factors and promote the dam-
age of alveolar epithelial cells and endothelial cells, thereby
increasing vascular permeability and liquid extravasation,
leading to pulmonary edema [19, 20] (Fig. 1).

Among them, circulating monocytes are recruited to
the lungs in a CCL2/CCR2 axis-dependent manner and
differentiate into macrophages, known as RecAMs [21].
Self-maintenance and renewal of RecAMs are regulated
by macrophage colony-stimulating factor (M-CSF) pro-
duced by its autocrine epithelial cells and activated fibro-
blasts [22]. As is known, circulating monocytes are divided
into classical monocytes (CD147CD167), intermediate
monocytes (CD14*CD16%), and nonclassical monocytes
(CD14"°CD16"). One vitro study found that all human
monocyte subsets could differentiate into macrophages [23].
Recently, Evren et al. used the humanized mouse model to
dissect the development process of circulating monocytes
differentiating into pulmonary macrophages. They reported
that CD14'°CD16 monocytes differentiated into pulmonary
vascular macrophages, while HLA-DR" (human leukocyte
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Fig.1 The function of pulmonary macrophages and their interac-
tions with other cells. At steady state, resident alveolar macrophages
(RAMs) maintain the hyporesponsive state affected by various
cytokines and promote the differentiation of CD4" T cells into Treg
cells through secreting transforming growth factor-f (TGF-f) and
retinal dehydrogenase (RALDH). Likewise, interstitial macrophages
can facilitate the differentiation of CD4+T cells into Treg cells. In
inflammation, RAMs secrete chemokines to recruit neutrophils and
monocytes. Neutrophil extracellular traps (NETs) can lead to the
pyroptosis of AMs. Monocytes can differentiate into pulmonary vas-

antigen DR) monocytes derived from CD147CD16~ mono-
cytes migrated to lung tissue and then differentiated into
alveolar macrophages and interstitial macrophages [24]. In
addition, some studies found that PIMs derived from mono-
cytes could also differentiate into RecAMs through tran-
scriptome data analysis [25-27].

In the late stage of inflammation, most of the RecAMs
apoptosis, while the number of RAMs has no significant
change. A study suggests that RecAMs apoptosis is due to
its high expression of the death receptor Fas [28]. When
RAMs are severely depleted, and alveolar niches are acces-
sible and available, RecAMs can infiltrate the alveolar and
replenish the macrophage population [29, 30]. Over time,
the transcript profile and phenotype of RecAMs gradually
become similar to resident macrophages under the influence
of the tissue microenvironment [31-34].

cular macrophages, interstitial macrophages and RECAMs. Recruited
alveolar macrophages (RECAMs) secrete inflammatory factors lead-
ing to alveolar epithelial cell apoptosis and inhibiting the differentia-
tion of Treg cells. C-type lectin-like 2 (CLEC-2) expressed by plate-
lets interacted with RECAMs to inhibit the activities of chemokines.
ATI alveolar type I cell, ATII alveolar type II cell, GM-CSF granulo-
cyte-macrophage colony stimulating factor, L-70 interleukin-10, /L-1
interleukin-1, Treg regulatory T cells, HMGBI high mobility group
protein-1, MMP12 matrix metalloproteinase-12, TRAIL tumor necro-
sis factor related apoptosis-inducing ligand, DR-5 death receptor-5

Notable, compared the bleomycin-induced fibrosis model
with the LPS-induced acute lung injury model, there are
time differences in the dynamic changes in the number of
monocyte-derived macrophages (MDMs). In the former,
the number of C11b"M® began to increase on Day7 and
reached its peak on Day14 [35]. In the latter, the recruitment
of MDMs peaked on Day3 and Day 6 and returned to base-
line levels on Day 30 and Day 12, respectively, depending
on the dose of LPS (200 or 20 pg) [28].
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Table 1 Classification, markers and functions of macrophages

Subset Origin Biomarker Functions
AMs
RAMs Fetal liver monocytes [36, 37] F4/80 Detective microenvironment
Siglec-F changes
CDIl1c* Phagocytosis and cell pro-
CDI11b~ liferation
CD206% Inflammation initiation [16,
CD169* 18, 59]
CDo64*
RECAMs CD14*CD16~ F4/80 Pro-inflammatory
Monocytes [24] CDll1c™ Tissue repairation [16, 18]
CDI11b*
CD14+
PIMs Yolk sac-derived F4/80 lineage M® [36];
CD14*CD16~
Monocytes [24]
Vascular-associated IMs Lyvelh Secretion of IL-10
MHCII"® Maintenance of vascular
CD206™ permeability
Preventing inflammatory
cells
infiltration
Inhibiting fibrosis 43, 45]
Nerve-associated Lyvel® ) Antigen presentation
IMs MHCI™ Regulation of T cell activity
CD206™ [43,45]
PVMs CD14~CDl16% CD68* [52] Secretion of pro-inflamma-

Monocytes [24]

tory factors
Recruitment of platelets and
Neutrophils [54]

AMs alveolar macrophages, RAMs resident alveolar macrophages, RECAMs recruited alveolar macrophages, PIMs pulmonary interstitial mac-
rophages, IMs interstitial macrophages, M® macrophages, PVMs pulmonary vascular macrophages

The role of pulmonary macrophages
from different anatomical positions

Pulmonary macrophages can be divided into alveolar mac-
rophages (AMs), pulmonary interstitial macrophages (PIMs)
and pulmonary vascular macrophages (PVMs) according to
the anatomical location (Table 1).

Alveolar macrophages

Alveolar macrophages (AMs) are located in the alveolar
cavity, with the highest content in pulmonary macrophages.
AMs are mainly derived from fetal liver monocytes [36,
37]. Self-sustainment and renewal of AMs require granulo-
cyte—macrophage colony-stimulating factor (GM-CSF) and
TGF-p secreted by alveolar type II epithelial cells [38—40].
At steady state, AMs can be regarded as a cell sensor to
identify various changes in microenvironment, phagocytose
inhaled stimulants and cell debris, and coordinate immune
responses. AMs can also maintain the balance of alveolar
surface protein. Its deficiency or dysfunction can lead to pul-
monary alveolar proteinosis [41]. The study has shown that
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AMs maintain the hyporesponsive state and lung homeosta-
sis under the action of TGF-f, IL-10, and CD200 in alveolar
microenvironment [42].

Pulmonary interstitial macrophages

Pulmonary interstitial macrophages (PIMs) are located in
bronchial interstitial and alveolar interstitial, accounting for
30-40% of pulmonary macrophages. Although research-
ers found that PIMs were only located in bronchial stroma
by fluorescence microscopy, but compared with the results
obtained by confocal microscopy, such result is doubtful
[43, 44]. PIMs were initially derived from yolk sac-derived
embryonic F4/80 macrophages and then replenished by cir-
culating progenitor cells [36]. At present, studies have found
that PIMs are divided into two groups, vascular-associated
IMs distributed around blood vessels and peripheral nerve-
associated IMs distributed around nerves. The two cells both
express high-level IL-10 gene and promote the proliferation
of CD4" T cells and the differentiation of Treg cells. But the
functions of the two cells have a different emphasis. Vascu-
lar-associated IMs play a key role in maintaining vascular
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permeability, preventing inflammatory cell infiltration, and
inhibiting tissue inflammation and fibrosis. Nerve-associ-
ated IMs play an important role in antigen presentation and
regulation of T cell activity [43, 45]. Basak et al. treated
CD169DTR, AM-DTR, NAM-DTR, and IL-10—GFP mice
with influenza virus PR8 and the ligand Poly (I:C) of TLR3,
respectively. They found that PIMs were the main secretor
of IL-10, which may be the potential mechanism of PIMs
regulating lung inflammation. When PIMs were depleted,
pro-inflammatory factors (IL-6), chemokines (CCL2, CCL3
and CCLS5) and the recruitment of monocytes increased in
the alveolar lavage fluid, thereby enhancing the inflamma-
tory response. While in the absence of AMs, the viral load
was significantly increased and the mortality of mice was
increased. And confocal analysis revealed that AMs but not
NAMs could engulf the influenza virus. This indicates that
alveolar macrophages mainly play the role of phagocytos-
ing viruses, while pulmonary interstitial macrophages are
involved in immune regulation and inflammatory response
[46-48].

Pulmonary vascular macrophages

For a long time, it has been believed that pulmonary mac-
rophages only contain AMs and PIMs, because there are
no constitutive pulmonary vascular macrophages (PVMs)
in humans, mouses, and rats. But in the condition of liver
dysfunction and bile duct ligation, PVMs appear in the lungs
of humans and rats. In the mouse model of acute pancrea-
titis induced by L-arginine, PVMs (CD68™") are recruited
to the lung in an MCP-1-dependent manner. It has been
reported PVMs are not only associated with ARDS caused
by acute pancreatitis but also may increase the incidence
rate and mortality of ALI/ARDS [49-53]. Taking swine as
the research object, the researcher found the mechanism of
PVMs participating in ALI/ARDS may be related to the
activation of NF-kB, the secretion of pro-inflammatory
factors (TNF-a, IL-1b, IL-6, IL-8, COX-2) and the recruit-
ment of platelets and neutrophils [54]. Apoptosis of PVMs
can attenuate inflammation [50, 55]. Recently, research-
ers found PVMs in the lungs of humanized mice. Utiliz-
ing gene sequencing technology, the researcher found this
subgroup expressed genes related to leukocyte adhesion to
endothelium and participated in erythrocyte turnover and
iron metabolism. It was also found the existence and main-
tenance of PVMs depended on CD14°CD16% monocytes.
SPIC is a candidate transcription factor driving the develop-
ment of human PVMs [24]. Notably, PVMs were found in
humanized mice without stimulation. Does this mean that
humanized mice have changed the structural composition
of pulmonary macrophages to some extent? It needs further
research and discussion. But in any way, the presence of

PVMs provides a research direction for ARDS caused by
extrapulmonary factors.

The role of pulmonary macrophages
from different origins

Depending on the origins, pulmonary macrophages can be
divided into tissue-resident and recruited macrophages.
The function of RAMs is mainly to detective and respond
to microenvironment changes, phagocyte debris, cell pro-
liferation, and anti-inflammatory, while RecAMs show a
strong pro-inflammatory effect in inflammation and pro-
moting fibrosis after inflammation regression [25, 27,
35, 56-58]. Through single-cell sequencing technology,
the researcher found enriched genes in RAMs are related
to PPAR signaling, lipid metabolism, cell cycle, protea-
some function, and protein processing in the LPS-induced
mouse model. RAMs focus on cell proliferation to supple-
ment the damaged alveolar macrophage pool, and RAMs
gradually stop the secretion of pro-inflammatory factors
after the onset of inflammation [16, 18]. PPAR-y expres-
sion in RAMs is responsible for the restriction of exag-
gerated inflammation, promoting tissue repair, thereby
controlling the development of the disease following
viral infection [59]. At the peak of inflammation, enriched
genes in RecAMs are associated with inflammation-related
pathway genes, such as NF-kB signaling pathway, TLR
signaling pathway, interferon signaling pathway, and
the ER-phagosome pathway, while producing high lev-
els of cytokines, such as TNFa, IL1p, CXCL1, CXCL2
and IL-10 [16, 18]. Likewise, Aegerter et al. found that
RecAMs immunoreactivity is strongest in the lungs using
gene set enrichment analysis (GSEA), whose expression
of STAT3-related pathways is the most prominent [31].
After inflammation regression, it revealed MDMs encode
growth factors and enrich genes about cell-matrix inter-
actions such as matrix metalloproteinase 14 (MMP14),
SPP1, and extracellular matrix protein 1 (ECM1) [18, 60].
The study has shown targeting the Notch/RBP-J (Recom-
bination signal-binding protein Jx) signaling pathway
can regulate RecAMs recruitment and TGF-f secretion,
thereby improving pulmonary fibrosis [56].

Moreover, the apoptosis of AMs and MDMs has different
effects on the disease, which confirm their different roles
in inflammatory reactions. Preventing AMs apoptosis and
pyroptosis in the early stage of inflammation can decrease
the severity and mortality of ARDS [61-64]. The study
found that ghrelin combined with GH secretagogue receptor-
la (GHSR-1a) on the surface of alveolar macrophages can
protect AMs from apoptosis and reduce sepsis-induced lung
inflammation by activating the Wnt/p-catenin pathway. This
study did not describe the apoptosis of RAMS or RecAMs in
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detail. But the time for obtaining the sample was 20 h after
cecum ligation and puncture (CLP) in mice, and AMs line
NR8383 was used to test the anti-apoptotic effect of ghrelin
in vitro. More importantly, in the LPS-induced lung injury
model, the kinetics of RecAMs confirmed that RecAMs
were present in the BALF by Day 3 [28]. So we speculate
that ghrelin exerts an anti-apoptotic effect on RAMs and
thereby reduces the severity of ARDS in early inflamma-
tion [62]. According to the report, pyroptosis and apoptosis
of macrophages are related to two pathways, respectively:
TLR4/TRAF6/NF kB/NLRP3/caspase-1 and TLR4/cas-
pase-8/caspase-3 signaling pathways in LPS-induced ALI
[61]. It has been reported that inhibition of PKR (double-
stranded RNA-dependent kinase), p38 MAPK (mitogen-acti-
vated protein kinase), or PIM2 (a member of serine/threo-
nine kinase family) protects macrophages from pyroptosis
through NLRP3—pyroptosis pathway as well as inhibits the
progression of ALI [63—65]. Furthermore, mesenchymal
stem cells (MSCs) can attenuate LPS-induced macrophage
apoptosis by mitochondrial transfer [66].

MDMs apoptosis promotes inflammation resolution
and attenuates pulmonary fibrosis [28, 35, 67, 68]. After
3—4 days of LPS stimulation in mice, injection of RvD1
(Resolvin D1) via the tail vein promotes the apoptosis of
recruited macrophages through the ALX/FasL-FasR/cas-
pase3 signaling pathway, thereby promoting the regression
of inflammation [67]. William et al. found that activation
of the death receptor Fas leads to depletion of RecAMs but
not RAMs, which indicates that apoptosis of RecAMs plays
a beneficial role in the processes of resolution of ALI [28].
In the mouse model of ARDS induced by P. aeruginosa,
after administration of sPD-L1, lung injury was alleviated,
and MDMs were reduced. However, when approximately
50% of MDMs were depleted in the lung after the early
depletion of circulating monocytes by CL, the protective
effect of sSPD-L1 on the lung was significantly attenuated
[68]. Besides, Alexandra et al. reported that depletion of the
anti-apoptotic protein cellular FADD-like IL-1b-converting
enzyme—inhibitory protein (c-FLIP) by targeting C11b"M®
promotes C11b™M® cell death after 7-14 days of bleomycin
treatment, thereby protecting mice from pulmonary fibrosis
[35].

In fact, during the progression of lung injury, MDMs have
apoptosis resistance. And mitochondrial dynamics have an
important role in mediating apoptosis resistance [69-71].
NADPH oxidase 4 (NOX4) overexpression induced Aktl
activation and Bcl-2-related death [70]. Aktl regulates
posttranslational modification of PGC-1a (the peroxisome
proliferator-activated receptor-y coactivator) by promot-
ing p38 MAPK activation in a redox-dependent manner to
increase mitochondrial biogenesis [69]. Carnitine palmitoyl
transferase 1a (Cptla) is a rate-limiting enzyme in fatty acid
B oxidation in the outer mitochondrial membrane, which
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interacts directly with Bcl-2 and anchors Bcl-2 to mitochon-
dria to reduce apoptosis [71]. Additionally, the study proves
that extracellular superoxide dismutase (EC-SOD) can
induce apoptosis of RecAMs by increasing the expression of
pro-apoptotic factor Chacl (a y-glutamylcyclotransferase),
thereby reducing lung inflammation. R213G SNP (sin-
gle nucleotide polymorphism) of EC-SOD knock-in mice
showed enhanced inflammatory regression and anti-fibro-
sis protection [72]. Interestingly, the study has found that
a GCCT haplotype of EC-SOD has a protective effect in
ARDS patients, while R213G SNP is not associated with
time on the ventilator or mortality [73].

Effects of metabolism on macrophages

Through phosphoproteomics analysis of LPS-stimulated
RAW264.7, it was observed that inflammatory signal trans-
duction, cellular apoptosis, and metabolism were the main
processes in the acute inflammatory response. And in these
processes, metabolism is important [74]. For instance, it
is well known that arginine metabolism is thought to be a
determinant of M1/M2 polarization of macrophages [75]. In
addition, it was found that M1 activation depended on glyco-
lysis, while M2 activation depended on oxidative phospho-
rylation and fatty acid oxidation in other studies about cell
metabolism on macrophage polarization [76-78]. Heparin-
binding protein (HBP) enhances macrophages' glycolysis to
produce lactic acid and then activates the NF-kB pathway
to regulate the production and release of proinflammatory
cytokines [79]. Coupling of the Wnt/B-catenin signaling
with HIF-a can mediate glycolysis of macrophages, thereby
inhibiting proliferation of AMs and promoting secretion of
inflammatory factors [80]. Conversely, soluble death recep-
tor 5-Fc (sDR5-Fc) is the extracellular region structure
of death receptor 5 (DRS), which can block subsequent
apoptotic signals by inhibiting DRS. In the study of acute
myocardial infarction, it was found that sSDR5-Fc inhibits
macrophage M1 polarization by inhibiting the expression
of key glycolytic factors HK2 and GLUT1 [81]. When mes-
enchymal stem cell exosomes were co-cultured with LPS-
treated MH-S cells, it was found that exosomes inhibited
AMs glycolysis and promoted M2 polarization [82].
Similarly, through RNA sequencing and whole-cell
metabolomic profiling of RAMs and RecAMs during the
LPS-induced acute inflammatory process, Mould et al. found
the metabolism of RAMs are mainly based on the tricarbo-
xylic acid cycle and amino acid synthesis, while RecAMs
are mainly based on arginine metabolism and glycolysis.
Notably, RecAMs had increased the expression of enzymes
involved in glycolysis, but there was no statistical differ-
ence in glycolytic intermediates in the process [16]. Sved-
berg et al. reported that glycolysis of AMs is impaired in the
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lung environment, leading to hyporesponsiveness of AMs
to IL-4. However, after being removed from the lungs, AMs
regained responsiveness to IL-4 in a glycolysis-dependent
manner [83]. This result is consistent with the hyporespon-
sive of AMs under the steady-state. Additionally, Yu et al.
found that the adenosine triphosphate (ATP) produced by
glycolysis of macrophages in LPS-induced inflammation
was mainly used for S-adenosylmethionine (SAM) synthe-
sis rather than cell proliferation. Then SAM promotes the
production and release of inflammatory cytokines (IL-1f)
in pro-inflammatory macrophages through histone H3 lysine
36 trimethylation (H3K36me3) [84].

Currently, most studies on macrophages and metabolism
are based on the M1/M2 classification. In the future, more
studies are needed to explore the effects of metabolism on
the biology of resident macrophages and monocyte-derived
macrophages.

Interaction between pulmonary
macrophages and other cells

AECs

In homeostasis, AECs cannot only produce GM-CSF to
ensure the self-maintenance and renewal of AMs but also
secrete TGF-B, CD200, and IL-10 to maintain the hypore-
sponsive state of AMs and maintain the anti-inflammatory
phenotype [38, 42]. AMs also reduce NO production and
release by autocrine TGFp [85]. During inflammation, AECs
secrete CCL-2 and M-CSF to promote the recruitment and
self-maintenance of MDMs [22, 86]. Additionally, in the
case of viral infection, AECs release type I IFN to induce
AMs to release tumor necrosis factor related apoptosis-
inducing ligand (TRAIL). TRAIL binds to death recep-
tor-5 (DR5) on AECs and activates stress kinase AMPK,
leading to the degradation of cytoplasmic membrane Na,
K-ATPase and suppressing the elimination of pulmonary
edema [87, 88]. And it is reported that the Lian Hua Qing
Wen capsule (LHQW) inhibited LPS-induced TRAIL secre-
tion in macrophages, thereby efficiently protecting epithelial
cells against TRAIL-induced apoptosis [89]. In turn, AMs
secrete IL-1 to promote AECs to produce GM-CSF, which
can amplify the inflammatory response and aggravate the
damage of AECs and endothelial cells by enhancing Toll-
like receptor (TLR)-induced monocytes glycolysis [90]. In
the late stage of inflammation, TFF2 (Trefoil factor) secreted
by AMs promotes autocrine Wnt4/Wnt16 to induce AECs
proliferation and reparation [91]. Moreover, it was reported
that T-cell immunoglobulin mucin 3 (Tim-3) regulates the
function of macrophages, which indirectly regulates PI3K/
AKT signaling pathway in AECs, thereby promoting repair
of the lung epithelial barrier after injury [92].

RecAMs

Jagdish et al. found that sphingosine-1-phosphate (S1P) pro-
duced by RecAMs can inhibit AMs type 1 interferon gene
stimulator (STING) signal to up-regulate the anti-inflamma-
tory function of AMs and reduce pulmonary inflammation
[93]. Although the main role of RecAMs in ARDS is to pro-
mote inflammation, the possibility of a feedback mechanism
between RecAMs and RAMs is not ruled out.

T lymphocytes

As mentioned above, in the studies of macrophage polariza-
tion, IFN-y secreted by Thl lymphocytes can increase the
phagocytic activity of macrophages and the production of
pro-inflammatory factors. And, IL-4 and IL-13 secreted
by Th2 lymphocytes can promote the polarization of mac-
rophages into the anti-inflammatory phenotype. In home-
ostasis, resident macrophages secrete TGF-f and retinal
dehydrogenase (RALDH1 and RALDH?2) to promote the
differentiation of CD4* T cells into Treg cells and main-
tain immune tolerance [94]. In inflammatory response,
high mobility group protein-1 (HMGB-1) secreted by mac-
rophages regulates the development of Treg cells through
PTEN/B-catenin signaling pathway, thereby promoting lung
inflammation [95]. PIMs can also promote the proliferation
of CD4 +T cells and the differentiation of Treg cells in vitro
[45]. In turn, in sepsis, high expression of G protein-coupled
receptor-174 (GPR174) in Treg cells promotes tissue dam-
age by amplifying inflammatory response, and GPR174 defi-
ciency promotes macrophage polarization to anti-inflamma-
tory phenotype [96]. In the study of laryngeal squamous cell
carcinoma, it was found that there was a positive feedback
loop between Treg cells and M2-like macrophages, in which
M2-like macrophages could induce CD4*T cells to produce
Treg cells. In turn, Treg cells could promote the differentia-
tion of monocytes into M2-like macrophages [97]. Morrell
et al. found that PD-L1 low expression in pro-inflammatory
AMs (PD-L1'°CD169'°CD206*CD14%) in BALF from
RADS patients. The accumulation of these cells was cor-
related with the severity of ARDS [98]. It was reported that
the decreased expression of PD-L1 in macrophages was
associated with INF-y secretion by CD8 * T cells in COPD
patients [99]. These suggest that in ALI/ARDS, there may
be intercellular communication between CD8*T cells and
macrophages.

Neutrophils
In ARDS, neutrophils are the central link in the inflamma-
tory response, and their excessive aggregation is one of the

criteria for the success of the ARDS model [100]. Mac-
rophages and neutrophils are interdependent in migrating
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to lung inflammation [101, 102]. Actually, not all alveo-
lars contain RAMs in the normal lung. RAMs can crawl
across the alveoli to swallow pathogens such as bacteria
and stop neutrophil recruitment through the ' cloaking '
mechanism to maintain homeostasis. When the crawling
ability of RTM is impaired, or the blocking mechanism
is disordered, neutrophils will be recruited to the lungs
under the action of chemokine CXCL2/CXCR?2, causing
tissue damage [103, 104]. Furthermore, TNF-a, G-CSF,
and GM-CSF secreted by macrophages can inhibit neutro-
phil apoptosis and prolong its life span in the inflamma-
tory response [105]. Moreover, macrophages can remove
apoptotic neutrophils by efferocytosis. At the same time,
macrophages increase IL-4 secretion, thereby inhibiting
neutrophil recruitment and NETs formation [106].

Conversely, neutrophils promote monocyte recruitment
by releasing harmful substances such as heparin-binding
protein (HBP) and cathepsin G and altering vascular per-
meability [107-109]. In addition, neutrophils promote
the proinflammatory phenotype of macrophages through
exosomes or neutrophil extracellular traps (NETs), etc.
[110, 111]. However, one study has shown that neutrophils
inhibit NF-kB activation in macrophages in an independ-
ent-apoptosis manner, resulting in reduced proinflamma-
tory cytokine release and anti-inflammatory reprogram-
ming [112].

More importantly, neutrophils can promote the pyrop-
tosis of AMs, positively correlated with the occurrence of
ALI/ARDS [113]. A large number of NETs produced by
neutrophils were phagocytosed by AMs under the stimula-
tion of endotoxin, which led to the activation of AIM2 in
AMs, thereby inducing the caspase-1-dependent pyropto-
sis of AMs [114]. Another study found that extracellular
histones promote AMs pyroptosis through the NLRP3
inflammasome pathway, thereby aggravating the pulmo-
nary inflammatory response of ARDS. NETs composed of
DNA and histones embedded in proteases, so this may be
one of the mechanisms of NETSs acting on alveolar mac-
rophages [115].

Platelets

Platelet receptor C-type lectin-like 2 (CLEC-2) expressed
by platelets is critical for securing vascular integrity in
the lungs during inflammation. Sidn Lax et al. found
that in inflammatory response, CLEC-2 interacted with
podoplanin on RECAMSs, and inhibited the activities of
keratinocyte-derived chemokine (KC) and macrophage
inflammatory protein 2 (MIP-2) by promoting AMs to
release matrix metalloproteinase-12 (MMP-12), thereby
reducing lung inflammation and injury [116]. Platelets
release CCL5 in RAC1-dependent manner, which binds

@ Springer

to CCRS5 on AMs and stimulates alveolar macrophages to
release CXCL2, thus leading to neutrophil recruitment and
promoting lung injury [117].

Therapeutic targets and biomarkers
Depletion of circulating monocytes

Using chlorophosphate liposome (CL) to deplete circulat-
ing monocytes in the LPS-induced ALI mouse model, the
researchers found that lung injury, perivascular edema,
and neutrophil infiltration were significantly inhibited
[57]. However, in human studies, leukapheresis was used
to deplete circulating monocytes, and neither pulmonary
neutrophils nor pulmonary inflammation was reduced.
It is inconsistent with the results of animal experiments.
The most intuitive reason is the average concentration of
circulating monocytes was still in the normal range dur-
ing the experiment [118]. Besides, it is noteworthy that
the intestine and other tissues require a continuous sup-
ply of monocytes to maintain homeostasis, so the method
of exhausting circulating monocytes may have off-target
effects.

In our opinion, circulating monocytes may be more
suitable for biomarkers. In the human study, it was found
that the amplification of CD14™" CD16™ monocytes was
the most obvious in the leukocytes of BALF after LPS
inhalation, which was 400 times that of the control group.
There was no difference in the concentration of peripheral
blood monocytes between the two groups [119]. CD14
and CD163 are surface proteins on monocytes and mac-
rophages. When cells were activated, sCD14 (soluble
form of CD14) and sCD163 (extracellular part of CD163)
entered the blood circulation. The days from hospitaliza-
tion to the onset of ARDS were negatively correlated with
sCD163 plasma levels. sCD14 plasma level was negatively
correlated with the percentage of non-classical monocytes
[120]. Furthermore, the accuracy of CD14 monocytes in
predicting the survival rate of patients with COVID-19
was 90%, and the characteristics of four genes (CEBPD,
MAPFB, IFITM3 and LGLS1) were determined [121].
Moreover, Jiang et al. found that the expression of sup-
pressors of cytokine signaling-3 (SOCS3) was deficient
in ARDS patients compared with non-ARDS patients
through single-cell RNA sequencing of peripheral blood
of patients with and without ARDS in sepsis. Importantly,
gene expression profiles showed that increased RABI11A
expression in monocytes was associated with neutrophil
clearance deficiency, increased ATP2B1 expression was
associated with vascular leakage in ARDS, and SPARC
was associated with lung fibrosis [122]. Besides, different
studies in the peripheral blood of patients with COVID-19
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showed that the proportion of intermediate and non-clas-
sical monocytes in the blood circulation increased or
decreased [120, 123]. Researchers consider that this con-
troversial result may be related to different disease stages
corresponding to the sample collection time. Therefore, it
may be possible to identify disease stages, ARDS subtypes
and guide administration time by characterizing circulat-
ing monocytes [124].

Inhibiting recruitment of RecAMs

Studies have shown that CCL2/CCR2, CSF-1/CSF-1R or
GM-CSF/GM-CSFR signals play an important role in the
recruitment of inflammatory monocytes and RecAMs [56,
125]. Lipoxin A4 (LXA4) is arachidonic acid metabolite
formed during inflammation.

CCL2/CCR2

LXA4 can inhibit the secretion of CCL2 and CXCL2 by
RAMs, thereby reducing the accumulation of RecAMs and
neutrophils and alleviating inflammation [126]. CCR2/5-
iPS-ECs (rat-induced pluripotent stem cell-derived endothe-
lial cells overexpressing CCR2/5) attenuates LPS-induced
lung injury by competing with monocytes for chemokines.
Of course, in addition to competitive effects, it may be
related to repairing endothelial cells derived from pluripo-
tent stem cells or the secretion of vesicles and cytokines
[127]. Moreover, interleukin-1 receptor-associated kinase-
M (IRAK-M) is a negative regulator of Toll-like receptor
signaling secreted by bone marrow-derived cells. IRAK-
M promotes RecAMs recruitment and aggravates pulmo-
nary fibrosis by upregulating CCR2 expression in mono-
cytes. Conversely, gene ablation of IRAK-M reduces the
recruitment of monocytes [128]. Preclinical experiments
show that CCL2/CCR2 signal is a promising therapeutic
target. In the study of atherosclerosis, the clinical research
of targeted inhibition of the CCL2/CCR2 signal is in the
ascendant, which provides a reference for the treatment of
ARDS (CCL2/CCR2) [129]. But the side effects of blocking
the signal leading to impaired bacterial clearance and the
dual role of CCL2/CCR2 signaling in ARDS concomitant
diseases such as diabetes and cancer should be taken into
account [130, 131].

CSF-1/CSF-1R

CSF-1 is necessary for the accumulation of inflammatory
macrophages. Studies have shown that blocking CSF-1/CSF-
IR signaling leads to selective loss of monocyte-derived
alveolar macrophages and improvement of pulmonary fibro-
sis in fibrotic niches [22, 125]. CSF1R antibody AMB-05X

(formerly AMG 820) has been designated for clinical trials
of idiopathic pulmonary fibrosis (IPF), and axatilimab has
recently been approved by the US Food and Drug Adminis-
tration as an orphan drug for IPF [132].

GM-CSF/GM-CSFR

GM-CSF recruits neutrophils and monocytes to the inflam-
matory site and promotes the release of proinflammatory
cytokines during inflammation [133]. Clinical trials showed
that early treatment with Mavrilimumab (an anti-GM-CSF-
receptor-a monoclonal antibody) and Lenzilumab (an
anti-human GM-CSF monoclonal antibody) could benefit
patients without ventilator [134, 135]. However, Gimsilumab
(an anti-GM-CSF monoclonal antibody) did not show any
benefit in the treatment of COVID-19 patients [136]. The
differences in the results of different clinical trials may be
related to drug dosage, timing, and target population. Inter-
estingly, GM-CSF plays an important role in maintaining
RAMs homeostasis. GM-CSF levels in BALF of surviving
ARDS patients were significantly higher than those of dead
patients at the early stage of disease [137]. Exogenous GM-
CSF was beneficial to ARDS patients with non-COVID19,
and the clinical trial of Sargramostim (a man-made form
of the naturally occurring protein GM-CSF) in the treat-
ment of COVID19 (NCT04326920) was ongoing [138, 139].
However, another randomized trial of GM-CSF in the treat-
ing ARDS failed to improve the clinical outcome of ARDS
patients with non-COVID-19. Researchers believe that the
cause of this outcome may be related to too late administra-
tion [140]. The treatment of two completely different targets
may be beneficial to the disease, while the same therapeutic
target has completely different effects, which may be related
to the time point of administration. It emphasizes the impor-
tance of determining the optimal treatment time window. It
is, therefore, more essential and urgent to appoint reliable
predictive biomarkers. By the way, HLA-DR expression in
monocytes plays a guiding role in GM-CSF therapy in sepsis
[141].

Morrell, ED et al. identified three different subtypes of
AMs defined by surface expression of CD169 and PD-L1
in bronchoalveolar lavage fluid by cyTOF (a technology
that combines elements of flow cytometry with elemental
mass spectrometry). The percentages of these three types of
cells were significantly different between mechanical and
non-mechanical patients. And PD-L1 gene expression and
PD-L1/PD-1 pathway-associated gene sets were significantly
decreased in AMs from patients who experienced prolonged
mechanical ventilation or death [98]. Furthermore, another
study by Morrell, ED et al. proved that the expression pat-
tern of AMs gene was highly dynamic in ARDS, especially
in the first 8 days after the onset of ARDS, the inflamma-
tory transcription characteristics of AMs were related to
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meaningful endpoints [9]. Moreover, Zhao et al. determined
an alveolar macrophage-related core gene set variation score
(CGSVA score) composed of eight genes (PTCRA, JAGI,
C1QB, ADAM17, C1QA, MMP9, VSIG4, and TNFAIP3)
through bioinformatics analysis. The CGSVA score of
ARDS patients was significantly higher than that of healthy
patients in BALF and whole blood so that it can be used as a
circulating biomarker for ARDS. It should be noted that this
study's limitation is to select significantly up-regulated genes
at all time points without studying the changes of the genes
over time [142]. In summary, the highly dynamic expres-
sion pattern of the AMs gene can be used to determine the
subtype of ARDS and guide the administration time by char-
acterizing AMs.

Regulation of macrophage death

PD-1/PD-L1 is expected to be a biomarker and therapeutic
target for ARDS. Xu, J. et al. found that the expression of
PD-1 on MDMs increased in mice and humans with direct
ARDS. sPD-L1 could induce apoptosis of MDM cells and
alleviate lung injury in vivo [68]. Similarly, in indirect
ARDS, the concentration of sPD-1 in serum and BALF
increased [143]. It is reported that high expression of PD-1
in monocytes may be involved in developing sepsis [144].

Enhancing phagocytosis of macrophages

In LPS-induced inflammation, the phagocytosis of mac-
rophages is inhibited, leading to the accumulation of
apoptotic neutrophils in the lung, the sustained release of
inflammatory factors, and the aggravation of inflammatory
response [145, 146]. So strengthening the phagocytosis of
macrophages may be an effective target for treating ARDS.

The researchers found that after incubation with BALF
of ARDS patients, the expression of vascular endothelial
growth factor receptor-3 (VEGFR-3) in human alveolar
macrophages decreased, and the phagocytosis efficiency
reduced, while VEGF-C/VEGFR-3 signaling enhances
macrophage phagocytosis by upregulating integrin alpha
[147]. The mitogen-activated protein kinases MEK1/2 act
as an important role in acute lung injury. Compared with
normal subjects, the activation level of MEK1/2-ERK1/2
pathway in alveolar macrophages of ARDS patients was
increased. It is reported that Meki (a MEK1/2 inhibitor)
enhances macrophage efferocytosis of apoptotic cells [148,
149]. AMPK is a serine-threonine protein kinase whose acti-
vator (Metformin) improves macrophage endocytosis and
increases NETs (neutrophil extracellular traps) clearance
[150]. And mesenchymal stem cells also can increase mac-
rophage phagocytosis and improve ARDS by mitochondrial
transfer [151]. Additionally, it was found that alpha 1 antit-
rypsin (A1AT) deficiency impairs macrophage phagocytosis.
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In a study of patients with chronic obstructive pulmonary
disease, it was found that exposure to tobacco reduced the
phagocytosis of macrophages, whereas intravenous admin-
istration of A1AT increased macrophage phagocytosis and
delayed disease progression and deterioration [152, 153].
Several clinical trials on A1AT treatment of COVID-19 dis-
ease are ongoing due to the anti-inflammatory, antioxidative
stress response, and anti-apoptotic effects of A1AT [154,
155].

Additionally, CD47/SIRPa signal plays a vital role in
macrophage phagocytosis. Shen et al. found that inhibition
of SIRPa enhanced macrophage phagocytosis and allevi-
ated acute lung injury in mice [156]. In addition, anti-SIRPa
therapy can also increase the phagocytosis of circulating
monocytes, prevent the long-term formation of paralyzed
AMs and provide therapeutic targets for patients with
impaired immune function [157]. Several CD47-SIRP« tar-
geted drugs are currently under clinical research in the field
of cancer [158]. Importantly, in the study of atherosclerosis,
researchers have developed single-walled carbon nanotubes
(SWNTs) containing CD47/SIRPa inhibitors based on the
accumulation characteristics of SWNTs in Ly-6Chi mono-
cytes and macrophages, which can specifically enhance the
phagocytosis of cells [159]. The nano-treatment scheme
provides a possibility to target mononuclear macrophages
in acute lung injury. More importantly, SIRPa is expected to
become a biomarker and molecular target for the treatment
of ALI/ARDS in mice.

Highlight

In people with immunocompromised, the elderly is the
representative group. Both chronic diseases and acute lung
infections can easily attack them [160]. Among them, the
increased susceptibility to lung disease in the elderly is
associated with ineffective innate sensing, impaired phago-
cytosis, and quantitative changes in macrophages [147,
161-163]. The dysfunction of macrophages is related to pul-
monary microenvironment. In the aging microenvironment,
alveolar macrophages are resistant to GM-CSF signaling.
The study found that treatment with GM-CSF resulted in
changes in cell cycle gene expression in young adult mice,
favoring a higher proliferative phenotype. Still, these were
not altered in older mice [5]. By the way, it was found that
hyaluronic acid levels continued to be significantly increased
in the alveolar microenvironment of aged animals compared
to young adult animals [5]. Hyaluronic acid is a ligand for
CD44, expressed by alveolar macrophages. And the study
found binding of CD44 and hyaluronic acid promotes the
survival of AMs, which could be a target for treating lung
inflammation [164].
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Conclusion

Pulmonary macrophages are important sensors in the inflam-
matory response, and are responsive to changes in the
microenvironment. In the course of ARDS, the functional
regulation of pulmonary macrophages is complex, which is
affected by cell origin, cell metabolism, and other tissue cells
in the lung microenvironment. Alveolar macrophages are
divided into RAMs and RecAMs, which have anti-inflam-
matory and pro-inflammatory functions, respectively. Both
PIMs and PVMs are derived from monocytes. The former
mainly plays the role of anti-inflammation and promoting
fibrosis, while the latter plays the role of pro-inflammation.
Moreover, RecAMs and PIMs are differentiated from clas-
sical monocytes, and PIMs can differentiate into RecAMs
to promote the development of pulmonary fibrosis. But the
relationship between vascular-associated PIMs or neural-
associated PIMs and RecAMs is not clear. Besides, the cel-
lular communication and interaction among AMs, PIMs and
PVMs have not been fully elucidated. Among them, because
there are no constitutive pulmonary vascular macrophages in
the human lung, there is little research on PVMs. But PVMs
may play an indispensable role in ARDS, especially ARDS
caused by extrapulmonary factors. Although many studies
have shown that glycolysis is associated with M1 polariza-
tion and pro-inflammatory function of lung macrophages,
the mechanism between glycolysis and lung macrophages of
different origins remains unclear. As a heterogeneous syn-
drome, different ARDS patients have different responses to
treatment. In the future, it is necessary to further study the
cellular dynamics of monocytes/macrophages and time-
dependent changes of biomarkers in the pathogenesis of
ARDS.

Acknowledgements This work was supported by the National Natural
Science Foundation of China (No. 81070190) and Chen Xiao-ping
Foundation for the Development of Science and Technology of Hubei
Province (No. CXPJJTH12000005-07-40).

References

1. Matthay MA, Zemans RL, Zimmerman GA, et al. Acute res-
piratory distress syndrome. Nat Rev Dis Primers. 2019;5(1):18.
https://doi.org/10.1038/s41572-019-0069-0.

2. Bellani G, Laffey JG, Pham T, et al. Epidemiology, patterns
of care, and mortality for patients with acute respiratory dis-
tress syndrome in intensive care units in 50 countries. JAMA.
2016;315(8):788-800. https://doi.org/10.1001/jama.2016.
0291.

3. Grasselli G, Tonetti T, Protti A, et al. Pathophysiology of
COVID-19-associated acute respiratory distress syndrome: a
multicentre prospective observational study. Lancet Respir Med.
2020;8(12):1201-8. https://doi.org/10.1016/s2213-2600(20)
30370-2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Silva PL, Pelosi P, Rocco PRM. Personalized pharmacological
therapy for ARDS: a light at the end of the tunnel. Expert Opin
Investig Drugs. 2020;29(1):49-61. https://doi.org/10.1080/13543
784.2020.1699531.

. Thompson BT, Chambers RC, Liu KD. Acute respiratory distress

syndrome. N Engl J Med. 2017;377(6):562-72. https://doi.org/
10.1056/NEJMral1608077.

Mills CD, Kincaid K, Alt JM, et al. M-1/M-2 macrophages and
the Th1/Th2 paradigm. J Immunol. 2000;164(12):6166-73.
https://doi.org/10.4049/jimmunol.164.12.6166.

Mills CD. M1 and M2 macrophages: oracles of health and
disease. Crit Rev Immunol. 2012;32(6):463-88. https://doi.org/
10.1615/critrevimmunol.v32.i6.10.

. Chen X, Tang J, Shuai W, et al. Macrophage polarization and

its role in the pathogenesis of acute lung injury/acute respira-
tory distress syndrome. Inflamm Res. 2020;69(9):883-95.
https://doi.org/10.1007/s00011-020-01378-2.

Morrell ED, Bhatraju PK, Mikacenic CR, et al. Alveolar mac-
rophage transcriptional programs are associated with outcomes
in acute respiratory distress syndrome. Am J Respir Crit Care
Med. 2019;200(6):732-41. https://doi.org/10.1164/rccm.
201807-13810C.

Xie K, Chai YS, Lin SH, et al. Luteolin regulates the differ-
entiation of regulatory T cells and activates IL-10-dependent
macrophage polarization against acute lung injury. J Immunol
Res. 2021;2021:8883962. https://doi.org/10.1155/2021/88839
62.

Pinheiro NM, Santana FP, Almeida RR, et al. Acute lung injury is
reduced by the «7nAChR agonist PNU-282987 through changes
in the macrophage profile. FASEB J. 2017;31(1):320-32. https:/
doi.org/10.1096/1j.201600431R.

Lin F, Song C, Zeng Y, et al. Canagliflozin alleviates LPS-
induced acute lung injury by modulating alveolar macrophage
polarization. Int Immunopharmacol. 2020;88: 106969. https://
doi.org/10.1016/j.intimp.2020.106969.

Xie H, Wu L, Chen X, et al. Schistosoma japonicum cystatin alle-
viates sepsis through activating regulatory macrophages. Front
Cell Infect Microbiol. 2021;11: 617461. https://doi.org/10.3389/
fcimb.2021.617461.

JiWJ, Ma YQ, Zhou X, et al. Spironolactone attenuates bleomy-
cin-induced pulmonary injury partially via modulating mononu-
clear phagocyte phenotype switching in circulating and alveolar
compartments. PLoS ONE. 2013;8(11): e81090. https://doi.org/
10.1371/journal.pone.0081090.

Wang Y, Zhang L, Wu GR, et al. MBD2 serves as a viable target
against pulmonary fibrosis by inhibiting macrophage M2 pro-
gram. Sci Adv. 2021. https://doi.org/10.1126/sciadv.abb6075.
Mould KJ, Barthel L, Mohning MP, et al. Cell origin dictates pro-
gramming of resident versus recruited macrophages during acute
lung injury. Am J Respir Cell Mol Biol. 2017;57(3):294-306.
https://doi.org/10.1165/rcmb.2017-00610C.

El Kasmi KC, Qualls JE, Pesce JT, et al. Toll-like receptor-
induced arginase 1 in macrophages thwarts effective immunity
against intracellular pathogens. Nat Immunol. 2008;9(12):1399—
406. https://doi.org/10.1038/ni.1671.

Mould KJ, Jackson ND, Henson PM, et al. Single cell RNA
sequencing identifies unique inflammatory airspace macrophage
subsets. JCI Insight. 2019. https://doi.org/10.1172/jci.insight.
126556.

Armstrong L, Medford AR, Uppington KM, et al. Expression of
functional toll-like receptor-2 and -4 on alveolar epithelial cells.
Am J Respir Cell Mol Biol. 2004;31(2):241-5. https://doi.org/
10.1165/rcmb.2004-00780C.

Wu TT, Chen TL, Loon WS, et al. Lipopolysaccharide stimu-
lates syntheses of toll-like receptor 2 and surfactant protein-A
in human alveolar epithelial A549 cells through upregulating

@ Springer


https://doi.org/10.1038/s41572-019-0069-0
https://doi.org/10.1001/jama.2016.0291
https://doi.org/10.1001/jama.2016.0291
https://doi.org/10.1016/s2213-2600(20)30370-2
https://doi.org/10.1016/s2213-2600(20)30370-2
https://doi.org/10.1080/13543784.2020.1699531
https://doi.org/10.1080/13543784.2020.1699531
https://doi.org/10.1056/NEJMra1608077
https://doi.org/10.1056/NEJMra1608077
https://doi.org/10.4049/jimmunol.164.12.6166
https://doi.org/10.1615/critrevimmunol.v32.i6.10
https://doi.org/10.1615/critrevimmunol.v32.i6.10
https://doi.org/10.1007/s00011-020-01378-2
https://doi.org/10.1164/rccm.201807-1381OC
https://doi.org/10.1164/rccm.201807-1381OC
https://doi.org/10.1155/2021/8883962
https://doi.org/10.1155/2021/8883962
https://doi.org/10.1096/fj.201600431R
https://doi.org/10.1096/fj.201600431R
https://doi.org/10.1016/j.intimp.2020.106969
https://doi.org/10.1016/j.intimp.2020.106969
https://doi.org/10.3389/fcimb.2021.617461
https://doi.org/10.3389/fcimb.2021.617461
https://doi.org/10.1371/journal.pone.0081090
https://doi.org/10.1371/journal.pone.0081090
https://doi.org/10.1126/sciadv.abb6075
https://doi.org/10.1165/rcmb.2017-0061OC
https://doi.org/10.1038/ni.1671
https://doi.org/10.1172/jci.insight.126556
https://doi.org/10.1172/jci.insight.126556
https://doi.org/10.1165/rcmb.2004-0078OC
https://doi.org/10.1165/rcmb.2004-0078OC

1428

W. Dang et al.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

phosphorylation of MEK1 and ERK1/2 and sequential activation
of NF-kB. Cytokine. 2011;55(1):40-7. https://doi.org/10.1016/j.
cyt0.2011.03.005.

Maus UA, Janzen S, Wall G, et al. Resident alveolar macrophages
are replaced by recruited monocytes in response to endotoxin-
induced lung inflammation. Am J Respir Cell Mol Biol.
2006;35(2):227-35. https://doi.org/10.1165/rcmb.2005-02410C.
Joshi N, Watanabe S, Verma R, et al. A spatially restricted
fibrotic niche in pulmonary fibrosis is sustained by M-CSF/M-
CSFR signalling in monocyte-derived alveolar macrophages. Eur
Respir J. 2020. https://doi.org/10.1183/13993003.00646-2019.
Boyette LB, Macedo C, Hadi K, et al. Phenotype, function, and
differentiation potential of human monocyte subsets. PLoS ONE.
2017;12(4): e0176460. https://doi.org/10.1371/journal.pone.
0176460.

Evren E, Ringqvist E, Tripathi KP, et al. Distinct developmen-
tal pathways from blood monocytes generate human lung mac-
rophage diversity. Immunity. 2021;54(2):259-275.e7. https://doi.
org/10.1016/j.immuni.2020.12.003.

Misharin AV, Morales-Nebreda L, Reyfman PA, et al. Monocyte-
derived alveolar macrophages drive lung fibrosis and persist in
the lung over the life span. J Exp Med. 2017;214(8):2387-404.
https://doi.org/10.1084/jem.20162152.

Landsman L, Jung S. Lung macrophages serve as obligatory
intermediate between blood monocytes and alveolar mac-
rophages. J Immunol. 2007;179(6):3488-94. https://doi.org/10.
4049/jimmunol.179.6.3488.

Sennello JA, Misharin AV, Flozak AS, et al. Lrp5/p-catenin sign-
aling controls lung macrophage differentiation and inhibits reso-
lution of fibrosis. Am J Respir Cell Mol Biol. 2017;56(2):191—
201. https://doi.org/10.1165/rcmb.2016-01470C.

Janssen WJ, Barthel L, Muldrow A, et al. Fas determines dif-
ferential fates of resident and recruited macrophages dur-
ing resolution of acute lung injury. Am J Respir Crit Care
Med. 2011;184(5):547-60. https://doi.org/10.1164/rccm.
201011-18910C.

Guilliams M, Scott CL. Does niche competition determine
the origin of tissue-resident macrophages? Nat Rev Immunol.
2017;17(7):451-60. https://doi.org/10.1038/nri.2017.42.

Liu Z, Gu Y, Chakarov S, et al. Fate mapping via Ms4a3-
expression history traces monocyte-derived cells. Cell.
2019;178(6):1509-1525.e19. https://doi.org/10.1016/j.cell.2019.
08.009.

Aegerter H, Kulikauskaite J, Crotta S, et al. Influenza-induced
monocyte-derived alveolar macrophages confer prolonged anti-
bacterial protection. Nat Immunol. 2020;21(2):145-57. https://
doi.org/10.1038/541590-019-0568-x.

Guilliams M, Svedberg FR. Does tissue imprinting restrict mac-
rophage plasticity? Nat Immunol. 2021;22(2):118-27. https://
doi.org/10.1038/s41590-020-00849-2.

van de Laar L, Saelens W, De Prijck S, et al. Yolk sac mac-
rophages, fetal liver, and adult monocytes can colonize an empty
niche and develop into functional tissue-resident macrophages.
Immunity. 2016;44(4):755-68. https://doi.org/10.1016/j.immuni.
2016.02.017.

Kulikauskaite J, Wack A. Teaching old dogs new tricks? The
plasticity of lung alveolar macrophage subsets. Trends Immunol.
2020;41(10):864—77. https://doi.org/10.1016/}.1t.2020.08.008.
McCubbrey AL, Barthel L, Mohning MP, et al. Deletion of
c-FLIP from CD11b(hi) macrophages prevents development of
bleomycin-induced lung fibrosis. Am J Respir Cell Mol Biol.
2018;58(1):66-78. https://doi.org/10.1165/rcmb.2017-01540C.
Tan SY, Krasnow MA. Developmental origin of lung mac-
rophage diversity. Development (Cambridge, England).
2016;143(8):1318-27. https://doi.org/10.1242/dev.129122.

@ Springer

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Ginhoux F, Guilliams M. Tissue-resident macrophage ontogeny
and homeostasis. Immunity. 2016;44(3):439-49. https://doi.org/
10.1016/j.immuni.2016.02.024.

Whitsett JA, Alenghat T. Respiratory epithelial cells orchestrate
pulmonary innate immunity. Nat Immunol. 2015;16(1):27-35.
https://doi.org/10.1038/ni.3045.

Guilliams M, De Kleer I, Henri S, et al. Alveolar macrophages
develop from fetal monocytes that differentiate into long-
lived cells in the first week of life via GM-CSF. J Exp Med.
2013;210(10):1977-92. https://doi.org/10.1084/jem.20131199.
Yu X, Buttgereit A, Lelios I, et al. The cytokine TGF-f pro-
motes the development and homeostasis of alveolar mac-
rophages. Immunity. 2017;47(5):903-912.e4. https://doi.org/
10.1016/j.immuni.2017.10.007.

Doerschuk CM. Pulmonary alveolar proteinosis and mac-
rophage transplantation. N Engl J Med. 2015;372(18):1762-4.
https://doi.org/10.1056/NEJMcibr1413035.

Snelgrove RJ, Goulding J, Didierlaurent AM, et al. A critical
function for CD200 in lung immune homeostasis and the sever-
ity of influenza infection. Nat Immunol. 2008;9(9):1074-83.
https://doi.org/10.1038/ni.1637.

Schyns J, Bai Q, Ruscitti C, et al. Non-classical tissue mono-
cytes and two functionally distinct populations of intersti-
tial macrophages populate the mouse lung. Nat Commun.
2019;10(1):3964. https://doi.org/10.1038/s41467-019-11843-0.
Gibbings SL, Thomas SM, Atif SM, et al. Three unique inter-
stitial macrophages in the murine lung at steady state. Am J
Respir Cell Mol Biol. 2017;57(1):66-76. https://doi.org/10.
1165/rcmb.2016-03610C.

Chakarov S, Lim HY, Tan L, et al. Two distinct interstitial
macrophage populations coexist across tissues in specific sub-
tissular niches. Science (New York, NY). 2019. https://doi.org/
10.1126/science.aau0964.

Ural BB, Yeung ST, Damani-Yokota P, et al. Identification of a
nerve-associated, lung-resident interstitial macrophage subset
with distinct localization and immunoregulatory properties. Sci
Immunol. 2020. https://doi.org/10.1126/sciimmunol.aax8756.
Fujimoto I, Pan J, Takizawa T, et al. Virus clearance through
apoptosis-dependent phagocytosis of influenza A virus-
infected cells by macrophages. J Virol. 2000;74(7):3399-403.
https://doi.org/10.1128/jvi.74.7.3399-3403.2000.

Herold S, Becker C, Ridge KM, et al. Influenza virus-induced
lung injury: pathogenesis and implications for treatment. Eur
Respir J. 2015;45(5):1463-78. https://doi.org/10.1183/09031
936.00186214.

Bordet E, Maisonnasse P, Renson P, et al. Porcine alveo-
lar macrophage-like cells are pro-inflammatory pulmonary
intravascular macrophages that produce large titers of por-
cine reproductive and respiratory syndrome virus. Sci Rep.
2018;8(1):10172. https://doi.org/10.1038/s41598-018-28234-y.
Gill SS, Suri SS, Janardhan KS, et al. Role of pulmonary intra-
vascular macrophages in endotoxin-induced lung inflammation
and mortality in a rat model. Respir Res. 2008;9(1):69. https://
doi.org/10.1186/1465-9921-9-69.

Singh B, Pearce JW, Gamage LN, et al. Depletion of pulmonary
intravascular macrophages inhibits acute lung inflammation.
Am J Physiol Lung Cell Mol Physiol. 2004;286(2):L363-72.
https://doi.org/10.1152/ajplung.00003.2003.

Vrolyk V, Schneberger D, Le K, et al. Mouse model to
study pulmonary intravascular macrophage recruitment and
lung inflammation in acute necrotizing pancreatitis. Cell
Tissue Res. 2019;378(1):97-111. https://doi.org/10.1007/
s00441-019-03023-9.

Vrolyk V, Singh B. Animal models to study the role of pulmo-
nary intravascular macrophages in spontaneous and induced


https://doi.org/10.1016/j.cyto.2011.03.005
https://doi.org/10.1016/j.cyto.2011.03.005
https://doi.org/10.1165/rcmb.2005-0241OC
https://doi.org/10.1183/13993003.00646-2019
https://doi.org/10.1371/journal.pone.0176460
https://doi.org/10.1371/journal.pone.0176460
https://doi.org/10.1016/j.immuni.2020.12.003
https://doi.org/10.1016/j.immuni.2020.12.003
https://doi.org/10.1084/jem.20162152
https://doi.org/10.4049/jimmunol.179.6.3488
https://doi.org/10.4049/jimmunol.179.6.3488
https://doi.org/10.1165/rcmb.2016-0147OC
https://doi.org/10.1164/rccm.201011-1891OC
https://doi.org/10.1164/rccm.201011-1891OC
https://doi.org/10.1038/nri.2017.42
https://doi.org/10.1016/j.cell.2019.08.009
https://doi.org/10.1016/j.cell.2019.08.009
https://doi.org/10.1038/s41590-019-0568-x
https://doi.org/10.1038/s41590-019-0568-x
https://doi.org/10.1038/s41590-020-00849-2
https://doi.org/10.1038/s41590-020-00849-2
https://doi.org/10.1016/j.immuni.2016.02.017
https://doi.org/10.1016/j.immuni.2016.02.017
https://doi.org/10.1016/j.it.2020.08.008
https://doi.org/10.1165/rcmb.2017-0154OC
https://doi.org/10.1242/dev.129122
https://doi.org/10.1016/j.immuni.2016.02.024
https://doi.org/10.1016/j.immuni.2016.02.024
https://doi.org/10.1038/ni.3045
https://doi.org/10.1084/jem.20131199
https://doi.org/10.1016/j.immuni.2017.10.007
https://doi.org/10.1016/j.immuni.2017.10.007
https://doi.org/10.1056/NEJMcibr1413035
https://doi.org/10.1038/ni.1637
https://doi.org/10.1038/s41467-019-11843-0
https://doi.org/10.1165/rcmb.2016-0361OC
https://doi.org/10.1165/rcmb.2016-0361OC
https://doi.org/10.1126/science.aau0964
https://doi.org/10.1126/science.aau0964
https://doi.org/10.1126/sciimmunol.aax8756
https://doi.org/10.1128/jvi.74.7.3399-3403.2000
https://doi.org/10.1183/09031936.00186214
https://doi.org/10.1183/09031936.00186214
https://doi.org/10.1038/s41598-018-28234-y
https://doi.org/10.1186/1465-9921-9-69
https://doi.org/10.1186/1465-9921-9-69
https://doi.org/10.1152/ajplung.00003.2003
https://doi.org/10.1007/s00441-019-03023-9
https://doi.org/10.1007/s00441-019-03023-9

The role of lung macrophages in acute respiratory distress syndrome

1429

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

acute pancreatitis. Cell Tissue Res. 2020;380(2):207-22.
https://doi.org/10.1007/s00441-020-03211-y.

Chen ZT, Li SL, Cai EQ, et al. LPS induces pulmonary intra-
vascular macrophages producing inflammatory mediators via
activating NF-kappaB. J Cell Biochem. 2003;89(6):1206-14.
https://doi.org/10.1002/jcb.10590.

Duke-Novakovski T, Singh-Suri S, Kajikawa O, et al. Immuno-
phenotypic and functional characterization of rabbit pulmonary
intravascular macrophages. Cell Tissue Res. 2013;351(1):149—
60. https://doi.org/10.1007/s00441-012-1509-2.

Zhang N, Yang K, Bai J, et al. Myeloid-specific blockade of
Notch signaling alleviates murine pulmonary fibrosis through
regulating monocyte-derived Ly6c(lo) MHCII(hi) alveolar
macrophages recruitment and TGF-p secretion. FASEB J.
2020;34(8):11168-84. https://doi.org/10.1096/7.201903086RR.
Jiang Z, Zhou Q, Gu C, et al. Depletion of circulating monocytes
suppresses IL-17 and HMGBI1 expression in mice with LPS-
induced acute lung injury. Am J Physiol Lung Cell Mol Physiol.
2017;312(2):L.231-1242. https://doi.org/10.1152/ajplung.00389.
2016.

Aran D, Looney AP, Liu L, et al. Reference-based analysis of
lung single-cell sequencing reveals a transitional profibrotic mac-
rophage. Nat Immunol. 2019;20(2):163-72. https://doi.org/10.
1038/541590-018-0276-y.

Huang S, Zhu B, Cheon IS, et al. PPAR-y in macrophages limits
pulmonary inflammation and promotes host recovery following
respiratory viral infection. J Virol. 2019. https://doi.org/10.1128/
jvi.00030-19.

Mould KJ, Moore CM, McManus SA, et al. Airspace mac-
rophages and monocytes exist in transcriptionally distinct subsets
in healthy adults. Am J Respir Crit Care Med. 2021;203(8):946—
56. https://doi.org/10.1164/rccm.202005-19890C.

Jiang R, Xu J, Zhang Y, et al. Ligustrazine alleviate acute lung
injury through suppressing pyroptosis and apoptosis of alveolar
macrophages. Front Pharmacol. 2021;12: 680512. https://doi.org/
10.3389/fphar.2021.680512.

Li B, Zeng M, He W, et al. Ghrelin protects alveolar macrophages
against lipopolysaccharide-induced apoptosis through growth
hormone secretagogue receptor la-dependent c-Jun N-terminal
kinase and Wnt/p-catenin signaling and suppresses lung inflam-
mation. Endocrinology. 2015;156(1):203-17. https://doi.org/10.
1210/en.2014-1539.

Zeng Y, Qin Q, Li K, et al. PKR suppress NLRP3-pyroptosis
pathway in lipopolysaccharide-induced acute lung injury model
of mice. Biochem Biophys Res Commun. 2019;519(1):8-14.
https://doi.org/10.1016/j.bbrc.2019.08.054.

Li D, Ren W, Jiang Z, et al. Regulation of the NLRP3 inflamma-
some and macrophage pyroptosis by the p38 MAPK signaling
pathway in a mouse model of acute lung injury. Mol Med Rep.
2018;18(5):4399-409. https://doi.org/10.3892/mmr.2018.9427.
Wang F, Xu L, Dong G, et al. PIM2 deletion alleviates lipopoly-
saccharide (LPS)-induced respiratory distress syndrome (ARDS)
by suppressing NLRP3 inflammasome. Biochem Biophys Res
Commun. 2020;533(4):1419-26. https://doi.org/10.1016/j.bbrc.
2020.08.109.

Zhou X, Zhang K, He Z, et al. Downregulated miR-150 in bone
marrow mesenchymal stem cells attenuates the apoptosis of LPS-
stimulated RAW264.7 via MTCH2-dependent mitochondria
transfer. Biochem Biophys Res Commun. 2020;526(3):560-7.
https://doi.org/10.1016/j.bbrc.2020.03.098.

Xiang SY, Ye Y, Yang Q, et al. RvD1 accelerates the resolu-
tion of inflammation by promoting apoptosis of the recruited
macrophages via the ALX/FasL-FasR/caspase-3 signaling path-
way. Cell Death Discov. 2021;7(1):339. https://doi.org/10.1038/
s41420-021-00708-5.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Xu J, Wang J, Wang X, et al. Soluble PD-L1 improved
direct ARDS by reducing monocyte-derived macrophages.
Cell Death Dis. 2020;11(10):934. https://doi.org/10.1038/
$41419-020-03139-9.

Larson-Casey JL, Gu L, Davis D, et al. Post-translational regula-
tion of PGC-1a modulates fibrotic repair. FASEB J. 2021;35(6):
€21675. https://doi.org/10.1096/1].202100339R.

Larson-Casey JL, Gu L, Kang J, et al. NOX4 regulates mac-
rophage apoptosis resistance to induce fibrotic progression. J
Biol Chem. 2021;297(1): 100810. https://doi.org/10.1016/j.jbc.
2021.100810.

Gu L, Surolia R, Larson-Casey JL, et al. Targeting Cptla-Bcl-2
interaction modulates apoptosis resistance and fibrotic remod-
eling. Cell Death Differ. 2022;29(1):118-32. https://doi.org/10.
1038/541418-021-00840-w.

Allawzi A, McDermott I, Delaney C, et al. Redistribution
of EC-SOD resolves bleomycin-induced inflammation via
increased apoptosis of recruited alveolar macrophages. FASEB
J. 2019;33(12):13465-75. https://doi.org/10.1096/11.20190
1038RR.

Arcaroli JJ, Hokanson JE, Abraham E, et al. Extracellular super-
oxide dismutase haplotypes are associated with acute lung injury
and mortality. Am J Respir Crit Care Med. 2009;179(2):105-12.
https://doi.org/10.1164/rccm.200710-15660C.

Luo Y, Jiang Q, Zhu Z, et al. Phosphoproteomics and proteomics
reveal metabolism as a key node in LPS-induced acute inflamma-
tion in RAW264.7. Inflammation. 2020;43(5):1667-79. https://
doi.org/10.1007/s10753-020-01240-x.

Rath M, Miiller I, Kropf P, et al. Metabolism via arginase or
nitric oxide synthase: two competing arginine pathways in mac-
rophages. Front Immunol. 2014;5:532. https://doi.org/10.3389/
fimmu.2014.00532.

Huang SC, Smith AM, Everts B, et al. Metabolic reprogramming
mediated by the mTORC2-IRF4 signaling axis is essential for
macrophage alternative activation. Immunity. 2016;45(4):817—
30. https://doi.org/10.1016/j.immuni.2016.09.016.

Tan Z, Xie N, Cui H, et al. Pyruvate dehydrogenase kinase 1
participates in macrophage polarization via regulating glucose
metabolism. J Immunol. 2015;194(12):6082-9. https://doi.org/
10.4049/jimmunol.1402469.

Vats D, Mukundan L, Odegaard JI, et al. Oxidative metabolism
and PGC-1beta attenuate macrophage-mediated inflammation.
Cell Metab. 2006;4(1):13-24. https://doi.org/10.1016/j.cmet.
2006.05.011.

Lu Z, Li X, Yang P, et al. Heparin-binding protein enhances
NF-«kB pathway-mediated inflammatory gene transcription in
M1 macrophages via lactate. Inflammation. 2021;44(1):48-56.
https://doi.org/10.1007/s10753-020-01263-4.

Zhu B, Wu Y, Huang S, et al. Uncoupling of macrophage inflam-
mation from self-renewal modulates host recovery from respira-
tory viral infection. Immunity. 2021;54(6):1200-1218.e9. https://
doi.org/10.1016/j.immuni.2021.04.001.

Zhai GY, Qie SY, Guo QY, et al. sSDR5-Fc inhibits macrophage
M1 polarization by blocking the glycolysis. J Geriatr Cardiol
JGC. 2021;18(4):271-80. https://doi.org/10.11909/j.issn.1671-
5411.2021.04.003.

Deng H, Wu L, Liu M, et al. Bone marrow mesenchymal stem
cell-derived exosomes attenuate LPS-induced ARDS by modu-
lating macrophage polarization through inhibiting glycolysis in
macrophages. Shock. 2020;54(6):828-43. https://doi.org/10.
1097/shk.0000000000001549.

Svedberg FR, Brown SL, Krauss MZ, et al. The lung environment
controls alveolar macrophage metabolism and responsiveness in
type 2 inflammation. Nat Immunol. 2019;20(5):571-80. https://
doi.org/10.1038/s41590-019-0352-y.

@ Springer


https://doi.org/10.1007/s00441-020-03211-y
https://doi.org/10.1002/jcb.10590
https://doi.org/10.1007/s00441-012-1509-2
https://doi.org/10.1096/fj.201903086RR
https://doi.org/10.1152/ajplung.00389.2016
https://doi.org/10.1152/ajplung.00389.2016
https://doi.org/10.1038/s41590-018-0276-y
https://doi.org/10.1038/s41590-018-0276-y
https://doi.org/10.1128/jvi.00030-19
https://doi.org/10.1128/jvi.00030-19
https://doi.org/10.1164/rccm.202005-1989OC
https://doi.org/10.3389/fphar.2021.680512
https://doi.org/10.3389/fphar.2021.680512
https://doi.org/10.1210/en.2014-1539
https://doi.org/10.1210/en.2014-1539
https://doi.org/10.1016/j.bbrc.2019.08.054
https://doi.org/10.3892/mmr.2018.9427
https://doi.org/10.1016/j.bbrc.2020.08.109
https://doi.org/10.1016/j.bbrc.2020.08.109
https://doi.org/10.1016/j.bbrc.2020.03.098
https://doi.org/10.1038/s41420-021-00708-5
https://doi.org/10.1038/s41420-021-00708-5
https://doi.org/10.1038/s41419-020-03139-9
https://doi.org/10.1038/s41419-020-03139-9
https://doi.org/10.1096/fj.202100339R
https://doi.org/10.1016/j.jbc.2021.100810
https://doi.org/10.1016/j.jbc.2021.100810
https://doi.org/10.1038/s41418-021-00840-w
https://doi.org/10.1038/s41418-021-00840-w
https://doi.org/10.1096/fj.201901038RR
https://doi.org/10.1096/fj.201901038RR
https://doi.org/10.1164/rccm.200710-1566OC
https://doi.org/10.1007/s10753-020-01240-x
https://doi.org/10.1007/s10753-020-01240-x
https://doi.org/10.3389/fimmu.2014.00532
https://doi.org/10.3389/fimmu.2014.00532
https://doi.org/10.1016/j.immuni.2016.09.016
https://doi.org/10.4049/jimmunol.1402469
https://doi.org/10.4049/jimmunol.1402469
https://doi.org/10.1016/j.cmet.2006.05.011
https://doi.org/10.1016/j.cmet.2006.05.011
https://doi.org/10.1007/s10753-020-01263-4
https://doi.org/10.1016/j.immuni.2021.04.001
https://doi.org/10.1016/j.immuni.2021.04.001
https://doi.org/10.11909/j.issn.1671-5411.2021.04.003
https://doi.org/10.11909/j.issn.1671-5411.2021.04.003
https://doi.org/10.1097/shk.0000000000001549
https://doi.org/10.1097/shk.0000000000001549
https://doi.org/10.1038/s41590-019-0352-y
https://doi.org/10.1038/s41590-019-0352-y

1430

W. Dang et al.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Yu W, Wang Z, Zhang K, et al. One-carbon metabolism sup-
ports S-adenosylmethionine and histone methylation to drive
inflammatory macrophages. Mol Cell. 2019;75(6):1147-1160.
e5. https://doi.org/10.1016/j.molcel.2019.06.039.

Vodovotz Y, Bogdan C, Paik J, et al. Mechanisms of suppression
of macrophage nitric oxide release by transforming growth factor
beta. J Exp Med. 1993;178(2):605-13. https://doi.org/10.1084/
jem.178.2.605.

Tian Y, Lv J, Su Z, et al. LRRK2 plays essential roles in main-
taining lung homeostasis and preventing the development of pul-
monary fibrosis. Proc Natl Acad Sci USA. 2021. https://doi.org/
10.1073/pnas.2106685118.

Peterander]l C, Morales-Nebreda L, Selvakumar B, et al. Mac-
rophage-epithelial paracrine crosstalk inhibits lung edema clear-
ance during influenza infection. J Clin Invest. 2016;126(4):1566—
80. https://doi.org/10.1172/jci83931.

Brauer R, Chen P. Influenza leaves a TRAIL to pulmonary
edema. J Clin Invest. 2016;126(4):1245-7. https://doi.org/10.
1172/ci86802.

Li Q,Ran Q, Sun L, et al. Lian Hua Qing Wen capsules, a potent
epithelial protector in acute lung injury model, block proapop-
totic communication between macrophages, and alveolar epithe-
lial cells. Front Pharmacol. 2020;11: 522729. https://doi.org/10.
3389/fphar.2020.522729.

Liu X, Boyer MA, Holmgren AM, et al. Legionella-infected mac-
rophages engage the alveolar epithelium to metabolically repro-
gram myeloid cells and promote antibacterial inflammation. Cell
Host Microbe. 2020;28(5):683-698.¢6. https://doi.org/10.1016/j.
chom.2020.07.019.

Hung LY, Sen D, Oniskey TK, et al. Macrophages promote
epithelial proliferation following infectious and non-infectious
lung injury through a Trefoil factor 2-dependent mechanism.
Mucosal Immunol. 2019;12(1):64-76. https://doi.org/10.1038/
$41385-018-0096-2.

Zhang Y, Zhang W. Tim-3 regulates the ability of macrophages
to counter lipopolysaccharide-induced pulmonary epithelial bar-
rier dysfunction via the PI3K/Akt pathway in epithelial cells.
Mol Med Rep. 2020;22(1):534-42. https://doi.org/10.3892/mmr.
2020.11109.

Joshi JC, Joshi B, Rochford I, et al. SPHK2-generated S1P
in CD11b(4+) macrophages blocks STING to suppress the
inflammatory function of alveolar macrophages. Cell Rep.
2020;30(12):4096-4109.e5. https://doi.org/10.1016/j.celrep.
2020.02.112.

Soroosh P, Doherty TA, Duan W, et al. Lung-resident tissue mac-
rophages generate Foxp3+ regulatory T cells and promote airway
tolerance. J Exp Med. 2013;210(4):775-88. https://doi.org/10.
1084/jem.20121849.

Zhou M, Fang H, Du M, et al. The modulation of regulatory T
cells via HMGB1/PTEN/B-catenin axis in LPS induced acute
lung injury. Front Immunol. 2019;10:1612. https://doi.org/10.
3389/fimmu.2019.01612.

Qiu D, Chu X, Hua L, et al. Gprl74-deficient regulatory T
cells decrease cytokine storm in septic mice. Cell Death Dis.
2019;10(3):233. https://doi.org/10.1038/s41419-019-1462-z.
Sun W, Wei FQ, Li WJ, et al. A positive-feedback loop between
tumour infiltrating activated Treg cells and type 2-skewed mac-
rophages is essential for progression of laryngeal squamous cell
carcinoma. BrJ Cancer. 2017;117(11):1631-43. https://doi.org/
10.1038/bjc.2017.329.

Morrell ED, Wiedeman A, Long SA, et al. Cytometry TOF iden-
tifies alveolar macrophage subtypes in acute respiratory distress
syndrome. JCI Insight. 2018. https://doi.org/10.1172/jci.insight.
99281.

McKendry RT, Spalluto CM, Burke H, et al. Dysregulation of
antiviral function of CD8(+) T cells in the chronic obstructive

@ Springer

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

pulmonary disease lung role of the PD-1-PD-L1 axis. Am J
Respir Crit Care Med. 2016;193(6):642-51. https://doi.org/10.
1164/rcem.201504-07820C.

Matute-Bello G, Downey G, Moore BB, et al. An official Ameri-
can Thoracic Society workshop report: features and measure-
ments of experimental acute lung injury in animals. Am J Respir
Cell Mol Biol. 2011;44(5):725-38. https://doi.org/10.1165/rcmb.
2009-0210ST.

Kreisel D, Nava RG, Li W, et al. In vivo two-photon imag-
ing reveals monocyte-dependent neutrophil extravasation
during pulmonary inflammation. Proc Natl Acad Sci USA.
2010;107(42):18073-8. https://doi.org/10.1073/pnas.10087
37107.

Dhaliwal K, Scholefield E, Ferenbach D, et al. Monocytes con-
trol second-phase neutrophil emigration in established lipopol-
ysaccharide-induced murine lung injury. Am J Respir Crit
Care Med. 2012;186(6):514-24. https://doi.org/10.1164/rccm.
201112-21320C.

Neupane AS, Willson M, Chojnacki AK, et al. Patrolling alveolar
macrophages conceal bacteria from the immune system to main-
tain homeostasis. Cell. 2020;183(1):110-125.e11. https://doi.org/
10.1016/j.cell.2020.08.020.

Uderhardt S, Martins AJ, Tsang JS, et al. Resident macrophages
cloak tissue microlesions to prevent neutrophil-driven inflamma-
tory damage. Cell. 2019;177(3):541-555.e17. https://doi.org/10.
1016/j.cell.2019.02.028.

Takano T, Azuma N, Satoh M, et al. Neutrophil survival fac-
tors (TNF-alpha, GM-CSF, and G-CSF) produced by mac-
rophages in cats infected with feline infectious peritonitis
virus contribute to the pathogenesis of granulomatous lesions.
Adv Virol. 2009;154(5):775-81. https://doi.org/10.1007/
s00705-009-0371-3.

Impellizzieri D, Ridder F, Raeber ME, et al. IL-4 recep-
tor engagement in human neutrophils impairs their migration
and extracellular trap formation. J Allergy Clin Immunol.
2019;144(1):267-279.e4. https://doi.org/10.1016/j.jaci.2019.
01.042.

Chertov O, Ueda H, Xu LL, et al. Identification of human neu-
trophil-derived cathepsin G and azurocidin/CAP37 as chem-
oattractants for mononuclear cells and neutrophils. J Exp Med.
1997;186(5):739—47. https://doi.org/10.1084/jem.186.5.739.
Gautam N, Olofsson AM, Herwald H, et al. Heparin-binding
protein (HBP/CAP37): a missing link in neutrophil-evoked
alteration of vascular permeability. Nat Med. 2001;7(10):1123-7.
https://doi.org/10.1038/nm1001-1123.

Pahlman LI, Morgelin M, Eckert J, et al. Streptococcal M protein:
a multipotent and powerful inducer of inflammation. J Immunol.
2006;177(2):1221-8. https://doi.org/10.4049/jimmunol.177.2.
1221.

Jiao Y, Zhang T, Zhang C, et al. Exosomal miR-30d-5p of neu-
trophils induces M1 macrophage polarization and primes mac-
rophage pyroptosis in sepsis-related acute lung injury. Crit Care.
2021;25(1):356. https://doi.org/10.1186/s13054-021-03775-3.
Song C,LiH, Li Y, et al. NETs promote ALI/ARDS inflamma-
tion by regulating alveolar macrophage polarization. Exp Cell
Res. 2019;382(2): 111486. https://doi.org/10.1016/j.yexcr.2019.
06.031.

Marwick JA, Mills R, Kay O, et al. Neutrophils induce mac-
rophage anti-inflammatory reprogramming by suppressing
NF-kB activation. Cell Death Dis. 2018;9(6):665. https://doi.
0rg/10.1038/s41419-018-0710-y.

‘Wu DD, Pan PH, Liu B, et al. Inhibition of alveolar macrophage
pyroptosis reduces lipopolysaccharide-induced acute lung injury
in mice. Chin Med J. 2015;128(19):2638-45. https://doi.org/10.
4103/0366-6999.166039.


https://doi.org/10.1016/j.molcel.2019.06.039
https://doi.org/10.1084/jem.178.2.605
https://doi.org/10.1084/jem.178.2.605
https://doi.org/10.1073/pnas.2106685118
https://doi.org/10.1073/pnas.2106685118
https://doi.org/10.1172/jci83931
https://doi.org/10.1172/jci86802
https://doi.org/10.1172/jci86802
https://doi.org/10.3389/fphar.2020.522729
https://doi.org/10.3389/fphar.2020.522729
https://doi.org/10.1016/j.chom.2020.07.019
https://doi.org/10.1016/j.chom.2020.07.019
https://doi.org/10.1038/s41385-018-0096-2
https://doi.org/10.1038/s41385-018-0096-2
https://doi.org/10.3892/mmr.2020.11109
https://doi.org/10.3892/mmr.2020.11109
https://doi.org/10.1016/j.celrep.2020.02.112
https://doi.org/10.1016/j.celrep.2020.02.112
https://doi.org/10.1084/jem.20121849
https://doi.org/10.1084/jem.20121849
https://doi.org/10.3389/fimmu.2019.01612
https://doi.org/10.3389/fimmu.2019.01612
https://doi.org/10.1038/s41419-019-1462-z
https://doi.org/10.1038/bjc.2017.329
https://doi.org/10.1038/bjc.2017.329
https://doi.org/10.1172/jci.insight.99281
https://doi.org/10.1172/jci.insight.99281
https://doi.org/10.1164/rccm.201504-0782OC
https://doi.org/10.1164/rccm.201504-0782OC
https://doi.org/10.1165/rcmb.2009-0210ST
https://doi.org/10.1165/rcmb.2009-0210ST
https://doi.org/10.1073/pnas.1008737107
https://doi.org/10.1073/pnas.1008737107
https://doi.org/10.1164/rccm.201112-2132OC
https://doi.org/10.1164/rccm.201112-2132OC
https://doi.org/10.1016/j.cell.2020.08.020
https://doi.org/10.1016/j.cell.2020.08.020
https://doi.org/10.1016/j.cell.2019.02.028
https://doi.org/10.1016/j.cell.2019.02.028
https://doi.org/10.1007/s00705-009-0371-3
https://doi.org/10.1007/s00705-009-0371-3
https://doi.org/10.1016/j.jaci.2019.01.042
https://doi.org/10.1016/j.jaci.2019.01.042
https://doi.org/10.1084/jem.186.5.739
https://doi.org/10.1038/nm1001-1123
https://doi.org/10.4049/jimmunol.177.2.1221
https://doi.org/10.4049/jimmunol.177.2.1221
https://doi.org/10.1186/s13054-021-03775-3
https://doi.org/10.1016/j.yexcr.2019.06.031
https://doi.org/10.1016/j.yexcr.2019.06.031
https://doi.org/10.1038/s41419-018-0710-y
https://doi.org/10.1038/s41419-018-0710-y
https://doi.org/10.4103/0366-6999.166039
https://doi.org/10.4103/0366-6999.166039

The role of lung macrophages in acute respiratory distress syndrome

1431

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Li H, Li Y, Song C, et al. Neutrophil extracellular traps aug-
mented alveolar macrophage pyroptosis via AIM2 inflamma-
some activation in LPS-induced ALI/ARDS. J Inflamm Res.
2021;14:4839-58. https://doi.org/10.2147/jir.S321513.

Jiang P, Jin Y, Sun M, et al. Extracellular histones aggravate
inflammation in ARDS by promoting alveolar macrophage
pyroptosis. Mol Immunol. 2021;135:53-61. https://doi.org/10.
1016/j.molimm.2021.04.002.

Lax S, Rayes J, Wichaiyo S, et al. Platelet CLEC-2 protects
against lung injury via effects of its ligand podoplanin on
inflammatory alveolar macrophages in the mouse. Am J Phys-
iol Lung Cell Mol Physiol. 2017;313(6):L1016-11029. https://
doi.org/10.1152/ajplung.00023.2017.

Hwaiz R, Rahman M, Syk I, et al. Racl-dependent secretion
of platelet-derived CCLS5 regulates neutrophil recruitment
via activation of alveolar macrophages in septic lung injury. J
Leukoc Biol. 2015;97(5):975-84. https://doi.org/10.1189/jlb.
4A1214-603R.

Barr LC, Brittan M, Morris AC, et al. A randomized con-
trolled trial of peripheral blood mononuclear cell depletion
in experimental human lung inflammation. Am J Respir Crit
Care Med. 2013;188(4):449-55. https://doi.org/10.1164/rccm.
201212-23340C.

Jardine L, Wiscombe S, Reynolds G, et al. Lipopolysaccharide
inhalation recruits monocytes and dendritic cell subsets to the
alveolar airspace. Nat Commun. 2019;10(1):1999. https://doi.
org/10.1038/s41467-019-09913-4.

Zingaropoli MA, Nijhawan P, Carraro A, et al. Increased
sCD163 and sCD14 plasmatic levels and depletion of periph-
eral blood pro-inflammatory monocytes, myeloid and plas-
macytoid dendritic cells in patients with severe COVID-19
pneumonia. Front Immunol. 2021;12: 627548. https://doi.org/
10.3389/fimmu.2021.627548.

Amrute JM, Perry AM, Anand G, et al. Cell specific periph-
eral immune responses predict survival in critical COVID-19
patients. Nat Commun. 2022;13(1):882. https://doi.org/10.
1038/s41467-022-28505-3.

Jiang Y, Rosborough BR, Chen J, et al. Single cell RNA
sequencing identifies an early monocyte gene signature in
acute respiratory distress syndrome. JCI Insight. 2020. https://
doi.org/10.1172/jci.insight.135678.

Zhang D, Guo R, Lei L, et al. Frontline science: COVID-19
infection induces readily detectable morphologic and inflam-
mation-related phenotypic changes in peripheral blood mono-
cytes. J Leukoc Biol. 2021;109(1):13-22. https://doi.org/10.
1002/j1b.4hi0720-470r.

Martinez FO, Combes TW, Orsenigo F, et al. Monocyte activa-
tion in systemic Covid-19 infection: assay and rationale. EBio-
Medicine. 2020;59: 102964. https://doi.org/10.1016/j.ebiom.
2020.102964.

Louis C, Cook AD, Lacey D, et al. Specific contributions
of CSF-1 and GM-CSF to the dynamics of the mononuclear
phagocyte system. J Immunol. 2015;195(1):134—44. https://
doi.org/10.4049/jimmunol.1500369.

Mei HX, Ye Y, Xu HR, et al. LXA4 inhibits lipopolysaccha-
ride-induced inflammatory cell accumulation by resident mac-
rophages in mice. J Inflamm Res. 2021;14:1375-85. https://doi.
org/10.2147/jir.S301292.

Xing D, Wells JM, Giordano SS, et al. Induced pluripotent stem
cell-derived endothelial cells attenuate lipopolysaccharide-
induced acute lung injury. J Appl Physiol. 2019;127(2):444—
56. https://doi.org/10.1152/japplphysiol.00587.2018.

Reader BF, Sethuraman S, Hay BR, et al. IRAK-M regulates
monocyte trafficking to the lungs in response to bleomycin
challenge. J Immunol. 2020;204(10):2661-70. https://doi.org/
10.4049/jimmunol.1900466.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Georgakis MK, Bernhagen J, Heitman LH, et al. Targeting
the CCL2-CCR2 axis for atheroprotection. Eur Heart J. 2022.
https://doi.org/10.1093/eurheartj/ehac094.

Winter C, Taut K, Srivastava M, et al. Lung-specific overex-
pression of CC chemokine ligand (CCL) 2 enhances the host
defense to Streptococcus pneumoniae infection in mice: role
of the CCL2-CCR2 axis. J] Immunol. 2007;178(9):5828-38.
https://doi.org/10.4049/jimmunol.178.9.5828.

Singh S, Anshita D, Ravichandiran V. MCP-1: function, regu-
lation, and involvement in disease. Int Immunopharmacol.
2021;101(Pt B): 107598. https://doi.org/10.1016/j.intimp.2021.
107598.

Ordentlich P. Clinical evaluation of colony-stimulating factor 1
receptor inhibitors. Semin Immunol. 2021;54: 101514. https://
doi.org/10.1016/j.smim.2021.101514.

Hamilton JA. GM-CSF in inflammation. J Exp Med. 2020.
https://doi.org/10.1084/jem.20190945.

De Luca G, Cavalli G, Campochiaro C, et al. GM-CSF block-
ade with mavrilimumab in severe COVID-19 pneumonia and
systemic hyperinflammation: a single-centre, prospective cohort
study. Lancet Rheumatol. 2020;2(8):e465—73. https://doi.org/10.
1016/s2665-9913(20)30170-3.

Temesgen Z, Burger CD, Baker J, et al. Lenzilumab efficacy
and safety in newly hospitalized covid-19 subjects: results from
the live-air phase 3 randomized double-blind placebo-controlled
trial. medRxiv. 2021. https://doi.org/10.1101/2021.05.01.21256
470.

Criner GJ, Lang FM, Gottlieb RL, et al. Anti-granulocyte-
macrophage colony-stimulating factor monoclonal antibody
gimsilumab for COVID-19 pneumonia: a randomized, dou-
ble-blind, placebo-controlled trial. Am J Respir Crit Care
Med. 2022;205(11):1290-9. https://doi.org/10.1164/rccm.
202108-18590C.

Matute-Bello G, Liles WC, Radella F 2nd, et al. Modulation
of neutrophil apoptosis by granulocyte colony-stimulating fac-
tor and granulocyte/macrophage colony-stimulating factor dur-
ing the course of acute respiratory distress syndrome. Crit Care
Med. 2000;28(1):1-7. https://doi.org/10.1097/00003246-20000
1000-00001.

Herold S, Hoegner K, Vadasz I, et al. Inhaled granulocyte/mac-
rophage colony-stimulating factor as treatment of pneumonia-
associated acute respiratory distress syndrome. Am J Respir Crit
Care Med. 2014;189(5):609-11. https://doi.org/10.1164/rccm.
201311-2041LE.

Bosteels C, Maes B, Van Damme K, et al. Sargramostim to treat
patients with acute hypoxic respiratory failure due to COVID-
19 (SARPAC): a structured summary of a study protocol for a
randomised controlled trial. Trials. 2020;21(1):491. https://doi.
org/10.1186/s13063-020-04451-7.

Paine R 3rd, Standiford TJ, Dechert RE, et al. A randomized trial
of recombinant human granulocyte-macrophage colony stimu-
lating factor for patients with acute lung injury. Crit Care Med.
2012;40(1):90-7. https://doi.org/10.1097/CCM.0b013e3182
2d7b10.

Meisel C, Schefold JC, Pschowski R, et al. Granulocyte-
macrophage colony-stimulating factor to reverse sepsis-
associated immunosuppression: a double-blind, randomized,
placebo-controlled multicenter trial. Am J Respir Crit Care
Med. 2009;180(7):640-8. https://doi.org/10.1164/rccm.
200903-03630C.

Zhao C, Mo J, Zheng X, et al. Identification of an alveolar
macrophage-related core gene set in acute respiratory distress
syndrome. J Inflamm Res. 2021;14:2353-61. https://doi.org/10.
2147/5ir.S306136.

Monaghan SF, Chung CS, Chen Y, et al. Soluble programmed
cell death receptor-1 (sPD-1): a potential biomarker with

@ Springer


https://doi.org/10.2147/jir.S321513
https://doi.org/10.1016/j.molimm.2021.04.002
https://doi.org/10.1016/j.molimm.2021.04.002
https://doi.org/10.1152/ajplung.00023.2017
https://doi.org/10.1152/ajplung.00023.2017
https://doi.org/10.1189/jlb.4A1214-603R
https://doi.org/10.1189/jlb.4A1214-603R
https://doi.org/10.1164/rccm.201212-2334OC
https://doi.org/10.1164/rccm.201212-2334OC
https://doi.org/10.1038/s41467-019-09913-4
https://doi.org/10.1038/s41467-019-09913-4
https://doi.org/10.3389/fimmu.2021.627548
https://doi.org/10.3389/fimmu.2021.627548
https://doi.org/10.1038/s41467-022-28505-3
https://doi.org/10.1038/s41467-022-28505-3
https://doi.org/10.1172/jci.insight.135678
https://doi.org/10.1172/jci.insight.135678
https://doi.org/10.1002/jlb.4hi0720-470r
https://doi.org/10.1002/jlb.4hi0720-470r
https://doi.org/10.1016/j.ebiom.2020.102964
https://doi.org/10.1016/j.ebiom.2020.102964
https://doi.org/10.4049/jimmunol.1500369
https://doi.org/10.4049/jimmunol.1500369
https://doi.org/10.2147/jir.S301292
https://doi.org/10.2147/jir.S301292
https://doi.org/10.1152/japplphysiol.00587.2018
https://doi.org/10.4049/jimmunol.1900466
https://doi.org/10.4049/jimmunol.1900466
https://doi.org/10.1093/eurheartj/ehac094
https://doi.org/10.4049/jimmunol.178.9.5828
https://doi.org/10.1016/j.intimp.2021.107598
https://doi.org/10.1016/j.intimp.2021.107598
https://doi.org/10.1016/j.smim.2021.101514
https://doi.org/10.1016/j.smim.2021.101514
https://doi.org/10.1084/jem.20190945
https://doi.org/10.1016/s2665-9913(20)30170-3
https://doi.org/10.1016/s2665-9913(20)30170-3
https://doi.org/10.1101/2021.05.01.21256470
https://doi.org/10.1101/2021.05.01.21256470
https://doi.org/10.1164/rccm.202108-1859OC
https://doi.org/10.1164/rccm.202108-1859OC
https://doi.org/10.1097/00003246-200001000-00001
https://doi.org/10.1097/00003246-200001000-00001
https://doi.org/10.1164/rccm.201311-2041LE
https://doi.org/10.1164/rccm.201311-2041LE
https://doi.org/10.1186/s13063-020-04451-7
https://doi.org/10.1186/s13063-020-04451-7
https://doi.org/10.1097/CCM.0b013e31822d7bf0
https://doi.org/10.1097/CCM.0b013e31822d7bf0
https://doi.org/10.1164/rccm.200903-0363OC
https://doi.org/10.1164/rccm.200903-0363OC
https://doi.org/10.2147/jir.S306136
https://doi.org/10.2147/jir.S306136

1432

W. Dang et al.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

anti-inflammatory properties in human and experimental
acute respiratory distress syndrome (ARDS). J Transl Med.
2016;14(1):312. https://doi.org/10.1186/s12967-016-1071-x.
Fu Y, Wang D, Wang S, et al. Blockade of macrophage-asso-
ciated programmed death 1 inhibits the pyroptosis signalling
pathway in sepsis. Inflamm Res. 2021;70(9):993—-1004. https://
doi.org/10.1007/s00011-021-01493-8.

Michlewska S, Dransfield I, Megson IL, et al. Macrophage
phagocytosis of apoptotic neutrophils is critically regulated by
the opposing actions of pro-inflammatory and anti-inflammatory
agents: key role for TNF-alpha. FASEB J. 2009;23(3):844-54.
https://doi.org/10.1096/1.08-121228.

Mabhida RY, Scott A, Parekh D, et al. Acute respiratory distress
syndrome is associated with impaired alveolar macrophage effe-
rocytosis. Eur Respir J. 2021. https://doi.org/10.1183/13993003.
00829-2021.

McQuattie-Pimentel AC, Ren Z, Joshi N, et al. The lung micro-
environment shapes a dysfunctional response of alveolar mac-
rophages in aging. J Clin Invest. 2021. https://doi.org/10.1172/
jci140299.

Long ME, Gong KQ, Eddy WE, et al. MEK1 regulates pulmo-
nary macrophage inflammatory responses and resolution of acute
lung injury. JCI Insight. 2019. https://doi.org/10.1172/jci.insight.
132377.

Long ME, Eddy WE, Gong KQ, et al. MEK1/2 inhibition
promotes macrophage reparative properties. J Immunol.
2017;198(2):862-72. https://doi.org/10.4049/jimmunol.1601059.
Grégoire M, Uhel F, Lesouhaitier M, et al. Impaired efferocytosis
and neutrophil extracellular trap clearance by macrophages in
ARDS. Eur Respir J. 2018. https://doi.org/10.1183/13993003.
02590-2017.

Jackson MV, Morrison TJ, Doherty DF, et al. Mitochondrial
transfer via tunneling nanotubes is an important mechanism by
which mesenchymal stem cells enhance macrophage phagocy-
tosis in the in vitro and in vivo models of ARDS. Stem Cells
(Dayton, Ohio). 2016;34(8):2210-23. https://doi.org/10.1002/
stem.2372.

Lee J, Lu Y, Oshins R, et al. Alpha 1 antitrypsin-deficient mac-
rophages have impaired efferocytosis of apoptotic neutrophils.
Front Immunol. 2020;11: 574410. https://doi.org/10.3389/fimmu.
2020.574410.

Serban KA, Petrusca DN, Mikosz A, et al. Alpha-1 antitrypsin
supplementation improves alveolar macrophages efferocytosis
and phagocytosis following cigarette smoke exposure. PLoS
ONE. 2017;12(4): e0176073. https://doi.org/10.1371/journal.
pone.0176073.

Yang C, Keshavjee S, Liu M. Alpha-1 antitrypsin for COVID-19
treatment: dual role in antiviral infection and anti-inflammation.
Front Pharmacol. 2020;11: 615398. https://doi.org/10.3389/
fphar.2020.615398.

@ Springer

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

McEvoy NL, Clarke JL, Mc Elvaney OJ, et al. A randomised,
double-blind, placebo-controlled, pilot trial of intravenous
plasma purified alpha-1 antitrypsin for SARS-CoV-2-induced
acute respiratory distress syndrome: a structured summary
of a study protocol for a randomised, controlled trial. Trials.
2021;22(1):288. https://doi.org/10.1186/s13063-021-05254-0.
Shen Q, Zhao L, Pan L, et al. Soluble SIRP-alpha promotes
murine acute lung injury through suppressing macrophage
phagocytosis. Front Immunol. 2022;13: 865579. https://doi.org/
10.3389/fimmu.2022.865579.

Roquilly A, Jacqueline C, Davieau M, et al. Alveolar mac-
rophages are epigenetically altered after inflammation, leading to
long-term lung immunoparalysis. Nat Immunol. 2020;21(6):636—
48. https://doi.org/10.1038/s41590-020-0673-x.

Wang Y, Zhao C, Liu Y, et al. Recent advances of tumor therapy
based on the CD47-SIRPa axis. Mol Pharm. 2022;19(5):1273—
93. https://doi.org/10.1021/acs.molpharmaceut.2c00073.

Flores AM, Hosseini-Nassab N, Jarr KU, et al. Pro-efferocytic
nanoparticles are specifically taken up by lesional macrophages
and prevent atherosclerosis. Nat Nanotechnol. 2020;15(2):154—
61. https://doi.org/10.1038/s41565-019-0619-3.

Goldberg EL, Dixit VD. Drivers of age-related inflamma-
tion and strategies for healthspan extension. Immunol Rev.
2015;265(1):63—74. https://doi.org/10.1111/imr.12295.

Hearps AC, Martin GE, Angelovich TA, et al. Aging is associ-
ated with chronic innate immune activation and dysregulation of
monocyte phenotype and function. Aging Cell. 2012;11(5):867—
75. https://doi.org/10.1111/j.1474-9726.2012.00851 .x.

Wong CK, Smith CA, Sakamoto K, et al. Aging impairs alveolar
macrophage phagocytosis and increases influenza-induced mor-
tality in mice. J Immunol. 2017;199(3):1060-8. https://doi.org/
10.4049/jimmunol.1700397.

Albright JM, Dunn RC, Shults JA, et al. Advanced age alters
monocyte and macrophage responses. Antioxid Redox Signal.
2016;25(15):805-15. https://doi.org/10.1089/ars.2016.6691.
Dong Y, Poon GFT, Arif AA, et al. The survival of fetal and bone
marrow monocyte-derived alveolar macrophages is promoted by
CD44 and its interaction with hyaluronan. Mucosal Immunol.
2018;11(3):601-14. https://doi.org/10.1038/mi.2017.83.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.


https://doi.org/10.1186/s12967-016-1071-x
https://doi.org/10.1007/s00011-021-01493-8
https://doi.org/10.1007/s00011-021-01493-8
https://doi.org/10.1096/fj.08-121228
https://doi.org/10.1183/13993003.00829-2021
https://doi.org/10.1183/13993003.00829-2021
https://doi.org/10.1172/jci140299
https://doi.org/10.1172/jci140299
https://doi.org/10.1172/jci.insight.132377
https://doi.org/10.1172/jci.insight.132377
https://doi.org/10.4049/jimmunol.1601059
https://doi.org/10.1183/13993003.02590-2017
https://doi.org/10.1183/13993003.02590-2017
https://doi.org/10.1002/stem.2372
https://doi.org/10.1002/stem.2372
https://doi.org/10.3389/fimmu.2020.574410
https://doi.org/10.3389/fimmu.2020.574410
https://doi.org/10.1371/journal.pone.0176073
https://doi.org/10.1371/journal.pone.0176073
https://doi.org/10.3389/fphar.2020.615398
https://doi.org/10.3389/fphar.2020.615398
https://doi.org/10.1186/s13063-021-05254-0
https://doi.org/10.3389/fimmu.2022.865579
https://doi.org/10.3389/fimmu.2022.865579
https://doi.org/10.1038/s41590-020-0673-x
https://doi.org/10.1021/acs.molpharmaceut.2c00073
https://doi.org/10.1038/s41565-019-0619-3
https://doi.org/10.1111/imr.12295
https://doi.org/10.1111/j.1474-9726.2012.00851.x
https://doi.org/10.4049/jimmunol.1700397
https://doi.org/10.4049/jimmunol.1700397
https://doi.org/10.1089/ars.2016.6691
https://doi.org/10.1038/mi.2017.83

	The role of lung macrophages in acute respiratory distress syndrome
	Abstract
	Introduction
	Dynamic changes of pulmonary macrophages in ALIARDS
	The role of pulmonary macrophages from different anatomical positions
	Alveolar macrophages
	Pulmonary interstitial macrophages
	Pulmonary vascular macrophages

	The role of pulmonary macrophages from different origins
	Effects of metabolism on macrophages
	Interaction between pulmonary macrophages and other cells
	AECs
	RecAMs
	T lymphocytes
	Neutrophils
	Platelets

	Therapeutic targets and biomarkers
	Depletion of circulating monocytes
	Inhibiting recruitment of RecAMs
	CCL2CCR2
	CSF-1CSF-1R
	GM-CSFGM-CSFR

	Regulation of macrophage death
	Enhancing phagocytosis of macrophages
	Highlight

	Conclusion
	Acknowledgements 
	References




