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Regulatory role of Gpr84 in the switch of alveolar
macrophages from CD11blo to CD11bhi status during lung
injury process
Chengcong Yin1, Long Cheng1, Jiajia Pan1, Lili Chen1, Qi Xue1, Juliang Qin1, Shaoying Wang1, Bing Du1, Mingyao Liu1, Ying Zhang1,
Wenzheng Jiang1, Min Qian1 and Hua Ren 1

Acute respiratory distress syndrome (ARDS) is a kind of comprehensive disease with excessive inflammation and high clinical
mortality. Multiple immune cells are involved in the ARDS process. Amongst these populations, lung-resident alveolar macrophages
(AMs) are known to participate in the regulation of ARDS. GPR84, a metabolite-sensing GPCR sensing medium-chain fatty acids
(MCFAs), is highly expressed in LPS-challenged macrophages and considered as a pro-inflammatory receptor. In this study, it was
hypothesized that Gpr84 may be involved in pulmonary homeostasis via its regulatory effect on the switch of AM status. In LPS-
induced ALI mouse model, we identified the internal LPS-induced switch of AMs from CD11blo to more inflamed CD11bhi status,
which is deeply related to the exacerbated imbalance of homeostasis in the lung injury process. Gpr84 was highly expressed in ALI
lung tissues and involved in cytokine release, phagocytosis and status switch of AMs through positive regulatory crosstalk with
TLR4-related pathways via CD14 and LBP, which relied on Akt, Erk1/2, and STAT3. If conserved in humans, GPR84 may represent a
potential therapeutic target for ARDS.

Mucosal Immunology (2020) 13:892–907; https://doi.org/10.1038/s41385-020-0321-7

INTRODUCTION
Acute respiratory distress syndrome (ARDS), formerly also referred
as acute lung injury (ALI), is a non-cardiogenic pulmonary
oedma1,2 complicated by systemic inflammation, including
excessive release of inflammatory mediators TNF, IL-6, IL-12, and
immune cell infiltration.3–6 Recent epidemiology data have
revealed direct and indirect risk factors of ARDS, amongst which
pneumonia, the aspiration of gastric contents, and sepsis cause
more than 85% of cases.2

Balanced pulmonary homeostasis is crucial for the physiological
functions of lung, which becomes disrupted during ARDS.7–9 Due
to the existence of the lung epithelial barrier, the pulmonary
immune homeostasis is relatively self-governed by a complex
regulatory network, including but not limited to resident alveolar
macrophages (AMs),10–13 neutrophils,14–17 T lymphocytes18–20, B
lymphocytes,21 NK cells,22 and alveolar epithelial cells.23–25

Amongst these cell populations, AMs and recruited monocytes/
macrophages play pivotal roles in the pathogenesis of ARDS. In
ARDS, AMs are source of IL-1α,26 IL-1β,27 TNF,28 CXCL1,29 CXCL2,27

and type I IFNs.30 AMs also contribute to the neutrophil
recruitment,31 the regulation of Treg,

32,33 and the phagocytosis
of surfactants.34–36 Nevertheless, the regulatory mechanisms of
AMs in ARDS are still unclear.
The characteristics of myeloid-derived monocytes/macrophages

(MO/Mφ) differ to AMs,37–39 which are embryonic-origin lung-
resident macrophages that mainly self-renew during whole
lifespan.38,40,41 Recent studies have revealed that metabolic
reprogramming regulated the switch between the pro- and anti-

inflammatory status of macrophages, which may differ amongst
myeloid-derived and tissue-resident macrophages. In myeloid-
derived MO/Mφ, glycolysis is the main metabolic mechanism in
classical macrophage activation, whilst fatty acid oxidation (FAO)
and OXPHOS used to be considered as dominate metabolic
pathways in the alternative macrophage activation.42–45 However,
recent studies showed that both FAO and OXPHOS were
dispensable in alternative macrophage activation.46 AMs are
committed to FAO at steady state,47,48 which differs from
myeloid-derived MO/Mφ and lung interstitial macrophages.47 In
the light of above, varied relationships of immunometabolism and
macrophage activation are worthy of study.
Free fatty acids (FFAs) are essential sources for cellular

functions.49 FFAs commonly originate from the decomposition
of triglycerides50 and the catabolites of symbiotic bacteria,51 whilst
lipopolysaccharide (LPS) stimulation may enhance the uptake of
FFAs in macrophages.52 Cellular uptake of exogenous FFAs may
contribute to de novo fatty acid synthesis,53,54 survival,55 and
immune responses. Free fatty acid receptors (FFARs) are a group
of metabolite-sensing GPCRs,56,57 including GPR40, GPR41, GPR43,
GPR84, GPR119, and GPR120, that use FFAs as ligands and are
expressed differentially in immune cells and involved in the
regulation of inflammation. GPR41 and GPR43 can promote
neutrophil recruitment to infected tissues,58 whilst GPR40 and
GPR120 repress tissue inflammation.59,60 Amongst FFARs, GPR84
plays a potential role in pro-inflammatory processes. GPR84, also
termed GPCR4 or EX33, was first discovered in neutrophils,61 and
can be activated by medium-chain fatty acids (MCFAs, C9–C14) in
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relatively high doses.62 The expression of Gpr84 was upregulated
in microglia63 and 3T3-L1 adipocytes64 in response to LPS or TNF
stimulation in mice, respectively. Activation with agonists or
MCFAs to GPR84 could enhance the mRNA levels of pro-
inflammatory mediators, including Il12b,62 Tnf,65 and IL8,65 whilst
Gpr84 deficiency reduced the mRNA levels of Il6, Tnf, and Ccl2.66

GPR84 downstream pathways may refer to Gi/o,62 Akt, Erk1/2, and
NF-κB.67 However, the clear roles of GPR84 during inflammation
require further elucidation.
In this study, LPS-induced ALI mouse model was established

through intratracheal instillation of LPS to mimic and clarify the
regulatory role of GPR84 in AMs during the inflammatory process
in ARDS. Consistent with the perspective of restricted alveolar
niches,68 our results indicated that the absolute CD45.2+F4/80+

cells in BALF remained relatively constant during ALI process, the
majority of which are Ly-6G−CD45.2+F4/80+CD11a+Siglec-F+Ly-
6CmidCD11c+CCR2loCX3CR1

lo-midCD14lo-midCD326lo-midCD11blo-hi

AMs. AMs interacted with LPS and switched from CD11blo to
CD11bhi status with enhanced inflammatory cytokine release and
phagocytic capacity, formerly considered as recruited monocytes
or M1-like AMs. Gpr84 deficiency significantly alleviated tissue
necrosis, downregulated neutrophil infiltration, and the release of
pro-inflammatory cytokines. These regulatory effects of Gpr84 may
be attributed to the involvement in the switch of AMs status
through the crosstalk with TLR4-related pathways via Akt/Erk1/2-
STAT3-CD14/LBP. This study provides insights into the role of
GPR84 as a potential therapeutic target for ARDS.

RESULTS
Dynamic switch of AM status occurs in LPS-induced ALI mouse
model
Different cell populations (Gating strategies see Fig. 1f, Supple-
mentary Fig. 1a, c) in pulmonary microenvironment were
preliminarily investigated in the progress of LPS-induced ALI
mouse model. Ly-6G−CD45.2+F4/80+CD11a+Siglec-F+Ly-
6CmidCD11c+CCR2loCX3CR1

lo-midCD14loCD326lo-midCD11blo AMs
dominate the alveolar niches at steady state, whilst time-
dependent Ly-6G+CD11b+ neutrophil infiltration happened dur-
ing ALI process (Fig. 1a). Absolute amounts of CD45.2+F4/80+ cells
in alveolar niches remained relatively constant (Fig. 1a), with
slightly decrease of AMs and subsequent increase of recruited Ly-
6G−CD45.2+F4/80+CD11a+Siglec-F−CD11c−CCR2mid-

hiCD14hiCD11b+Ly-6Cmid-hi MOs, which partly verified the per-
spective of restricted alveolar niches.68 The recruited Siglec-
F−CCR2hiCD11b+Ly-6Chi MOs were mainly discovered in lung
parenchyma, whilst AMs still dominate the CD45.2+F4/80+ cells in
alveoli niches (Fig. 1a, Supplementary Fig. 1d).
Further exploration of AMs from mice with sham treatment or

LPS challenge indicated a time-dependent switch to CD11bhi

status (Fig. 1a) with several changes of AM markers (Fig. 1c). ALI
led to AMs with increased FSC, partially indicating morphological
changes as well as enhanced phagocytic potential of ALI-CD11bhi

AMs. With time-dependent increasing expression of CD11b on
AMs in ALI mice, elevated level of F4/80 and slightly upregulated
level of CD11c were also found, possibly implying a more
activated status. In contrast, CD11bhi AMs showed lower levels
of Siglec-F and CD326, which were usually considered as cardinal
markers of AMs at steady state. The switch of AM status coincided
with ALI-related cytokine release in BALF (Fig. 1b), possibly
supporting the correlation between dynamic switch of AM status
and the ALI process, whilst first peaks of TNF and IL-6 occurred at
6 h implied an acute inflammatory response.

AMs play a vital role in ALI and CD11bhi AMs act as a more
inflamed status
The regulatory functions of AMs at different status in ALI require
further elucidation. Temporary depletion of AMs with clodronate

liposomes was applied and resulted in significantly decreasing of
neutrophil infiltration and ALI-related cytokine release (Fig. 1e),
which indicated that AMs were involved in the regulation of
neutrophil invasion and inflammatory cytokine release during ALI.
Considering the complexity of pulmonary immune homeostasis,

FITC-conjugated LPS was used to explore cell populations that
directly interact with LPS in vivo. AMs displayed the strongest FITC
signal which indicated superior capacity to interact LPS (Fig. 1g),
whilst other cell populations showed negative or weak signals
(Supplementary Fig. 2a). Thus, AMs were the main cell populations
that directly bind to LPS and initiate ALI process. The biased
LPS–AM interaction may be a result of unique alveolar structure,
leading to inefficient transport of LPS into the lung parenchyma.
Based on above, we have reason to believe that AMs were key
cells to initiate further immune responses under inhaled
challenge, such as the inhaled pneumonia caused by Gram-
negative bacteria.
AMs were generally considered as immunosuppressive at

steady state. However, the actual phenotypes and functions of
AMs in ALI remained controversial. In this study, Sham-CD11blo

AMs, ALI-CD11bint, and ALI-CD11bhi AMs were sorted (Fig. 2a) and
analyzed. ALI-related cytokines were highly expressed in CD11bhi

AMs (Fig. 2b) which may represent a more inflamed status.
Upregulated expressions of macrophage activation markers
(Fig. 2b) in CD11bhi AMs hinted that the switched status of AMs
in ALI cannot be classified as pro- or anti-inflammatory exclusively,
but represented an intermediate status with combined functions.
In addition, CD11bhi AMs showed higher levels of TNF, IL-6, IL-12
secretion, and enhanced phagocytic capacity amongst the AM
status (Fig. 2c, d), which reinforced the role of CD11bhi AMs as a
more pronounced inflamed status.

Gpr84 was involved in the dynamic switch of AM status in ALI
Our previous gene microarray results showed Gpr84 was highly
expressed in lung tissues from LPS-induced ALI mice (data not
shown). Amongst the metabolite-sensing FFARs, Gpr84 was
uniquely and highly expressed in lung tissues as well as in BALF
and parenchyma cells from ALI mice (Fig. 2e). To specify the
distribution of Gpr84 expression, different immune cells were
sorted and assessed. AMs and neutrophils, two main effector cells
in ALI, had higher Gpr84 expression than other FFARs (Fig. 2e, f).
Other immune cells, including CD19−CD3+NK1.1− T lymphocytes,
CD3−CD19+ B lymphocytes and CD19−CD3−NK1.1+ NK cells,
showed a similar variation to all FFARs (Supplementary Fig. 2b).
Furthermore, we found that the expression of Gpr84 was
the highest in CD11bhi AMs amongst AM status (Fig. 2g). Based
on these results, we assumed that GPR84 is likely to be involved in
ALI process.
To reveal the roles of Gpr84 in ALI, Gpr84 deficient mice were

constructed via CRISPR/Cas9 approaches. Both male and female
Gpr84 deficient mice showed a little weight loss (Supplementary
Fig. 3a). Various histological analysis consistently indicated that
Gpr84 deficiency alleviated the impairment of structural
remodeling, MPO activity, lung permeability, cell invasion, and
cytokine release in ALI mice (Fig. 3a–d). Although Gpr84
deficiency seemed not to affect the absolute CD45.2+F4/80+

cells in BALF, the progress of the AM switch during ALI process
was delayed (Fig. 3e). The influence of Gpr84 on status switch
was further verified through chimeric BMT (Fig. 3f, Supplemen-
tary Fig. 3b, c). In BMT, chimeric BM cells with different ratio (the
ratio was calculated as injected number of CD45.1+WT BM cells
to that of CD45.2+Gpr84−/− BM cells) were transplanted to
explore the difference of WT and Gpr84−/− AMs in the same
individual system, whilst WT to WT group and Gpr84−/− to
Gpr84−/− group were used as controls. In addition to the
validation of delayed status switch of AMs, the influence of
Gpr84 knockout on chemotaxis of different immune cells were
investigated (Supplementary Fig. 3d). The regulatory effect on
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the switch of AM status may be a key mechanism of Gpr84 in ALI,
since the role of AM switch had been described above.

Gpr84 regulates LPS-induced inflammation via CD14 and LBP
Previous studies regarded GPR84 as a pro-inflammatory receptor
in immune cells.65 However, the exact relationships and under-
lying mechanisms within Gpr84 and inflammatory reactions
require elucidation. To explore the preliminarily functions of
Gpr84 on AMs, MH-S cell line were employed. Similar to RAW264.7
(data not shown), Gpr84 was highly expressed in LPS-stimulated

MH-S (Fig. 4a). Combined stimulation with the GPR84 agonist
diindolyl-methane enhanced LPS-induced upregulated expres-
sions of several ALI-related cytokines in MH-S, including Il6, Il12b,
and Cxcl2 (Fig. 4b). Knockdown of Gpr84 with siRNA (Fig. 4c) prior
to LPS stimulation significantly downregulated the mRNA level of
LPS-induced cytokines (Fig. 4d).
Primary AMs were isolated from Gpr84 deficient mice to further

study the role of Gpr84. AM markers showed minor difference
between WT and Gpr84−/− AMs in vitro (Supplementary Fig. 4a).
Tracing of chimeric transplanted CD45.1+WT and CD45.2+Gpr84−/−

Fig. 1 Status switch and vital role of AMs in LPS-induced ALI mouse model. a Change of different BALF cell populations during the ALI
process; b Trends of IL-6, TNF, IL-12 and CCL2 release in ALI; c Comparison of different AM markers between sham-AMs and ALI-AMs (four
biological repeats for each time point, two technical repeats); d Change of different BALF cell populations with ALI or sham treatment that
received PBS- or clodronate-liposomes 24 h before ALI; e Influence of clodronate-induced AM depletion on ALI-related cytokine release;
f Unbiased clusters of lung parenchyma cells based on gating strategy; g LPS-bind capacity of AMs in vivo implied by the MFI of LPS-FITC.
Data of a, b are shown as means ± SEM (four biological repeats, two technical repeats), asterisk symbol indicates (*) compared with sham
group; data of d, e are shown as means ± SEM (four and eight biological repeats for sham and ALI group, respectively, two technical repeats
each); *0.01 < P < 0.05; **P < 0.01; ***P < 0.001.
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bone-marrow cells showed lower level of several AM markers
throughout AM repopulation in vivo (Supplementary Fig. 5). WT and
Gpr84−/− AMs, BMDMs, and PEMs, from different sources and
tissues in mice, were isolated and stimulated with LPS to investigate
the functions of Gpr84 in macrophages. The enhanced levels of LPS-
induced cytokines decreased in Gpr84−/− macrophages compared
to WT (Fig. 4e–g). Gpr84 deficiency was also found to weaken the
AM phagocytosis of latex beads (Fig. 4h). In response to LPS
stimulation in vitro, switch of the CD11b expression occurred on

AMs as well. Gpr84−/− AMs showed lower CD11b level under LPS
challenge (Fig. 4i). In summary, Gpr84 played an important role in
the regulation of macrophage functions, particularly AMs, including
cytokine release, phagocytosis and status switch in LPS-induced
inflammatory reactions.
In view of downregulated LPS-induced inflammatory responses

of Gpr84−/− AMs, we assumed that GPR84 downstream may share
crosstalk with TLR4-related pathways, instead of regulating single
inflammatory cytokine. Lower expressions of Tlr4, MD-2, Cd14, and

Fig. 2 CD11bhi AMs showed a more inflamed status and Gpr84 was highly expressed in ALI. a Sorting strategy of AMs with different status
in mice with sham or ALI treatment; b Expressions of macrophage activation markers and ALI-related cytokines in AMs with different status
in vivo; c Secretion of TNF, IL-6, and IL-12 in AMs with different status in vivo; d Phagocytic capacity of AMs with different status in vivo;
e Expressions of FFARs in lung tissue, BALF cells, and parenchyma cells from mice with sham or ALI treatment; f Expressions of FFARs in
neutrophils and AMs in vivo; g Expressions of FFARs in AMs with different status in vivo. Data of b, g are shown as means ± SEM (n= 3), hash
symbol indicates (#) compared with sham-CD11blo AMs, asterisk symbol indicates (*) compared with ALI-CD11bmid AMs; Data of e, f are shown
as means ± SEM (n= 3), asterisk symbol indicates (*) compared with sham group, *0.01 < P < 0.05; **P < 0.01; ***P < 0.001.
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Lbp in LPS-induced Gpr84−/− AMs supported this assumption
(Fig. 5a). CD14 was also downregulated in Gpr84−/− AMs under
LPS challenge, compared with WT, whilst TLR4-MD2 dimers
showed no significant difference (Fig. 5b). With intratracheal
instillation of FITC-conjugated LPS in WT and Gpr84−/− mice, we
explored that Gpr84−/− AMs exhibited weaker LPS-binding
capacity in vivo (Fig. 5d). LPS-induced upregulated CD14 level,
not TLR4/MD2 dimers, was reduced on Gpr84−/− AMs in vivo
(Fig. 5c), which verified that CD14 level of AMs was regulated by
Gpr84 in some way. Meanwhile, the ratio of LPS-binding CD14+

AMs in BALFs declined in Gpr84−/− mice (Fig. 5e). LBP release was
also decreased in BALF from Gpr84−/− mice, implying that Gpr84

was involved in the regulation of LPS-mediated TLR4-related
pathway via CD14 and LBP (Fig. 5e). Other pulmonary cells
showed no significant difference in LPS-binding capacity between
WT and Gpr84−/− mice (Supplementary Fig. 4b).

Gpr84 positively regulates CD14 and LBP via Akt/Erk1/2-STAT3
The regulatory mechanisms of GPR84 related to CD14 and LBP
were next investigated. Due to limited number of isolated AMs, it
was difficult to acquire sufficient AM proteins for western-blot
assays. Instead, primary BMDMs were used to explore the GPR84
downstream pathways in macrophages. Gpr84−/− BMDMs showed
lower phosphorylated levels of PI3K, Akt, Src, Erk1/2, p38 MAPK,

Fig. 3 Gpr84 was involved in the ALI process and switch of AM status. a Histology of lung structural remodeling in WT and Gpr84−/− mice
shown with HE staining; b MPO activity in WT and Gpr84−/− mice detected with IHC; c Lung permeability analysis of WT and Gpr84−/− mice
with Evans blue injection through caudal vein; d ALI-related cytokine release in BALF from WT and Gpr84−/− mice; e Neutrophil and monocyte
infiltration in WT and Gpr84−/− mice; f Comparison of cell infiltration and status switch in BM-transplanted mice with different chimeric ratio.
Data of c–f are shown as means ± SEM (four and eight biological repeats for sham and ALI group, respectively, two technical repeats each),
*0.01 < P < 0.05; **P < 0.01; ***P < 0.001.
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STAT1, STAT3, and NF-κB (Fig. 6a, b) under LPS challenge within
1 h, the time point that expressions of Cd14 and Lbp were
upregulated. Interestingly, β-arrestin 2, a negative regulator of
GPCR signaling, was higher in Gpr84−/− BMDMs at basal level and
maintained throughout LPS challenge period, whilst β-arrestin
1 showed no significant difference (Fig. 6b). This may be a key
regulatory mechanism of Gpr84 deficiency in inflammation.
Consistent with those found in BMDMs, obvious reduction in

phosphorylated Akt, Erk1/2, and STAT3 were affirmed in Gpr84−/−

AMs with Phosflow assays (Fig. 6d) and Confocal assays (Fig. 7a–c).
Blockade of PI3K, Akt, STAT1, STAT3, ERK1/2, NF-κB, and p38 MAPK
were performed with inhibitors to clarify their involvement in the
regulation of CD14 and LBP (Fig. 7d). Treatment with Akt and
STAT3 inhibitors downregulated LPS-induced CD14 and LBP of
AMs in both mRNA and protein levels, whilst Erk inhibitors seemed
to only suppress LBP level. The binding sites of STAT3 and

Fig. 4 Gpr84 was involved in the regulation of AMs and other primary macrophages. a Gpr84 expression in alveolar macrophage cell line
MH-S under LPS challenge. b Expressions of ALI-related cytokines in MH-S with combined stimulations of LPS and GPR84 agonists; c Efficiency
of Gpr84 knockdown in MH-S by RNA interference; d Expressions of ALI-related cytokines in MH-S after Gpr84 knockdown; e–g Expressions of
ALI-related cytokines in Gpr84+/+ and Gpr84−/− AMs, BMDMs, and PEMs; h Phagocytosis of latex beads in Gpr84+/+ and Gpr84−/− AMs; i LPS-
induced CD11b switch in Gpr84+/+ and Gpr84−/− AMs. Data of a–g are shown as means ± SEM (four biological repeats, three technical repeats),
asterisk symbol indicates (*) compared with DMSO/NC/Gpr84+/+ cells under LPS challenge; data of h, i are shown as means ± SEM (four
biological repeats, two technical repeats each), *0.01 < P < 0.05; **P < 0.01; ***P < 0.001.
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promotor regions of Cd14 and Lbp were checked with ChIP assay
(Fig. 6c). Combination of Phosflow, Confocal, inhibitor treatment,
and ChIP suggested that Gpr84 regulated CD14 and LBP via Akt/
Erk1/2-STAT3.

DISCUSSION
Resident AMs and myeloid-derived MO/Mφ are both essential for
the pathogenesis of ARDS/ALI, but the underlying regulatory
mechanisms still need to be elucidated. Contradictory views on
AMs in ARDS/ALI have been reported, which may imply different
regulatory roles of AMs in different phases of pathogenesis. Here
we would like to discuss about CD11bhi AMs, GPR84 and the
potential immunometabolic mechanisms involved.
CD11bhi macrophages have been discovered in lung diseases

long ago. With respect to the origin of CD11bhi macrophages,

some regarded them as recruited monocytes,69 whilst others
considered as a switched status from CD11blo AMs under
challenge.37 In this study, we found that both CD11bhi AMs and
recruited MO/Mφ existed in ALI. Recruited Ly-6G−CD45.2+F4/
80+CD11a+Siglec-F−Ly-6Cmid-hiCD11clo-midCCR2mid-hiCX3CR1

lo-mid

CD14hiCD326−CD11bhi MO/Mφ were discovered in both BALF and
parenchyma cells, but Ly-6G−CD45.2+F4/80+CD11a+Siglec-F+Ly-
6CmidCD11c+CCR2loCX3CR1

lo-midCD14lo-midCD326lo-midCD11blo-hi

AMs coupled with dynamic switch from CD11blo to CD11bhi status
still dominated the F4/80+ macrophages in alveolar niches.
Several studies have shown that myeloid-derived MO/Mφ and

some tissue-resident Mφ have the potential to participate in AM
repopulation. With chimeric BMT, we confirmed that myeloid-
derived MOs can repopulate the AMs under stress of lethal
irradiation. With PMT, we demonstrated that M-CSF-induced
mature BMDMs can also be transformed to an AM-like

Fig. 5 Gpr84 was involved in the regulation of CD14 expression on AMs. a Expressions of Tlr4, MD-2, Cd14 and Lbp in Gpr84+/+ and Gpr84−/−

AMs with LPS challenge in vitro using real-time qPCR; b CD14 level in Gpr84+/+ and Gpr84−/− AMs after 3 h LPS challenge in vitro; c CD14 level
in Gpr84+/+ and Gpr84−/− AMs after 3 h post-instillation of LPS-FITC in vivo. d LPS-binding capacity of Gpr84+/+ and Gpr84−/− AMs in vivo;
e CD14+LPS+ AMs and LBP release in BALF from Gpr84+/+ and Gpr84–/− mice. Data of a–e are shown as means ± SEM (four biological repeats,
three technical repeats), *0.01 < P < 0.05; **P < 0.01; ***P < 0.001 .
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Fig. 6 Signal pathway of Gpr84 in regulation of LPS-induced CD14/LBP pathway in AMs. a WB assay for signal proteins in Gpr84+/+ and
Gpr84−/− BMDMs under LPS challenge within 1 h; b WB assay for signal proteins in Gpr84+/+ and Gpr84−/− BMDMs under LPS challenge within
20min; c ChIP analysis for binding of STAT3 to the promotor site of Cd14 and Lbp in BMDMs; d Phosflow analysis for phosphorylated level of
signal proteins in Gpr84+/+ and Gpr84−/− AMs. Data of c are shown as means ± SEM (two biological repeats, three technical repeats), data of
d are shown as means ± SEM (four biological repeats, three technical repeats), *0.01 < P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 7 Confocal and inhibitor assays for LPS-induced CD14/LBP pathway in AMs. a–c Confocal assays for phosphorylated levels of Akt, Erk1/
2, and STAT3 in Gpr84+/+ and Gpr84−/− AMs under LPS challenge; d Effects of signal protein inhibitors on the CD14 expression and LBP release
in primary AMs, including PI3K (LY294002), Akt (GSK2141795), STAT1 (Fludarabine), STAT3 (S3I201), NF-κB (JSH-23), Erk1/2 (GDC0994), and p38
MAPK (SB203580) (section symbol indicates (§) compared with PBS group, hash symbol indicates (#) compared with DMSO group, asterisk
symbol indicates (*) compared with LPS+DMSO group). Data of d are shown as means ± SEM (four biological repeats, two technical repeats),
*0.01 < P < 0.05; **P < 0.01; ***P < 0.001.
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phenotype in alveolar niches in vivo and act as AMs. Only
clodronate-induced AM depletion without transplantation
showed self-repopulation in a week post depletion, while the
repopulated macrophages showed comparable level of AM
markers to resident AMs, in agreement with previous studies.40

Combined with these studies and our data, we thought myeloid-
derived MO/Mφ, mature BMDMs, and resident AMs all have the
repopulation potential, which may be related to the restricted
alveolar niches and the status of resident AMs. The local
proliferation of resident AMs may be more preferable, however,
in pathological states with severe AM apoptosis or necrosis, such
as lethal irradiation or drug-induced necrosis, MO/Mφ with
different phenotypes can also contribute to the AM repopulation.
With regards to the characteristics of CD11bhi AMs, some hold the

opinion that CD11bhi AMs are M2-like macrophages,70 whilst CD11b
negatively regulates TLR4-mediated inflammation71 and has
positive effects on DCs.72 Others believe that CD11b inhibition on
AMs can alleviate inflammation.73 As far as we are concerned,
CD11bhi AMs cannot be exclusively classified as a simple pro- or
anti-inflammatory status, partly based on the consistently upregu-
lated mRNA levels of macrophage activation markers, which was in
agreement with recent studies.69 Elevated secretion of TNF, IL-6, IL-
12 p40/p70, and enhanced phagocytic capacity of CD11bhi AMs
revealed CD11bhi AMs as a more inflamed status, particularly in the
inflammatory response phase of ARDS/ALI. Combination of
increased CD11b expression on AMs under LPS challenge and the
inflamed phenotype of CD11bhi AMs can simply imply CD11b as a
hallmark of inflammatory status, regardless of CD11b functions. Our
results did not mean to directly disprove the negative regulatory
role of CD11b on AMs, since AMs may show the phenotypes that
promote tissue repair in later phases. The underlying functions of
the CD11bhi AMs will be analyzed furthermore.
Gpr84 was first discovered in neutrophils, the main invaded

cells and source of reaction oxygen species production in ARDS/
ALI. Interestingly, GPR84 effect on chemotaxis of neutrophils did
exist but seemed not obvious as previously described, based on
our results of chimeric BMT, PMT, and trans-well assay
(Supplementary Fig. 3d–f). Chemotaxis ratio in several gated
cells suggested that GPR84 may play opposed roles in
chemotaxis of myeloid-derived cells and lymphocytes. Besides,
CD45.1+WT neutrophils exhibited minor advantage of chemo-
taxis over CD45.2+Gpr84−/− neutrophils. PMT in vivo and trans-
well assay in vitro also verified the results of chimeric BMT.
Different members of FFARs have been reported diverse

important roles in diseases. However, the roles of GPR84 are still
incompletely described. In our opinion, the ligands of GPR84 still
remain uncharacterized. MCFAs (C9–C14, especially C10–C12),
which were recognized as endogenous ligands of GPR84, can
merely activate GPR84 at mM level concentrations in vitro. Since the
release and forms of MCFAs in vivo remain a black box, we prefer an
intermediate derivatives of MCFAs, such as derivatives with
hydroxyl, which showed more effective to activate GPR84 in vitro.
Pulmonary immune and metabolic homeostasis were both

disrupted in ARDS/ALI. We hypothesized that metabolic pathways
of FFAs in the lung microbiota were disordered, leading to the
accumulation of intermediate derivatives of MCFAs (C9–C14) in
the microbiota and release into alveolar niches through exosomes
or other vehicles. Recent studies have suggested that LPS
stimulation can increase triglyceride accumulation and FFAs
uptake of macrophages.52 However, the precise mechanisms by
which FFAs and their derivatives generated from the microbiota
contributing to ARDS/ALI or other lung diseases remain undefined,
and require investigation in future studies.
In summary, our work reveals a key role as well as possible

mechanisms of Gpr84 in regulating AMs in the ALI mouse model,
including switch of CD11b status, acute inflammatory cytokine
release, and phagocytic capacity. Our findings amplify the
knowledge of different macrophage populations in pulmonary

inflammatory responses. Involvement of FFARs in ARDS/ALI
indicates an important role of immunometabolism in pulmonary
pathogenesis. The regulatory mechanisms of pulmonary immune
homeostasis, metabolic homeostasis, and their crosstalk need to
be clarified depth.

METHODS
Animals
Wild-type C57BL/6 mice were purchased from the Shanghai
Laboratory Animal Company (Shanghai, China). Gpr84 deficient
C57BL/6 mice and C57BL/6-Ly5.1 (CD45.1) mice were obtained from
the Laboratory Animal Center of East China Normal University
(Shanghai, China). Gpr84 deficient mice and CD45.1 mice were
identified by PCR and FCM, respectively. All mice were bred and
housed under specific pathogen-free (SPF) conditions according to
institutional guidelines. Mice were sacrificed by cervical dislocation.
The experimental protocols were approved by the Animal
Investigation Committee of East China Normal University.

LPS-induced ALI mouse models and LPS interactions in vivo
Weight-matched male littermates (24–26 g) of different genotypes
were used for LPS-induced ALI mouse models. Mice were
anesthetized and administered with 1 mg/kg LPS (L2880, Sigma)
by intratracheal instillation. Sham groups were given an identical
volume of sterilized PBS. For the detection of LPS interactions
in vivo, 4 mg/kg FITC-conjugated LPS (F8666, Sigma) was
administered by intratracheal instillation.

AM depletion
PBS- or clodronate-liposomes (CP-005–005, LIPOSOMA) in a
volume of 70 μL were administered by intratracheal instillation.
The efficiency of depletion was measured after 24 h post injection.
LPS-induced ALI models were established for a further 48 h.

Chimeric bone-marrow transplantation (BMT)
Age-matched male mice (8–10 weeks) of different genotypes were
used. 1 g L−1 Ampicillin (A8180, Solarbio) and 1 g L−1 Neomycin
(4801, Sigma) were added to the drinking water 1 week before
BMT and 2 weeks post BMT. Recipient mice were irradiated at
dose of 9 Gys. BM cells from CD45.1+ WT and CD45.2+ Gpr84−/−

were isolated, counted, and mixed with different ratios (2:1 or 1:2)
before injection. 5 × 106 chimeric BM cells in a total volume of
150 μL PBS were transplanted to each recipient mice via caudal
vein. Mice were ready after 8 weeks post BMT.
For tracing of AM development, 5 × 106 chimeric BM cells with

1:1 chimeric ratio were transplanted. Mice were sacrificed from 1st
to 8th week post transplantation. Both BALF cells and BM cells
were isolated and analyzed.

Pulmonary macrophage transplantation (PMT)
PMT was performed as described previously.34 Age-matched male
mice (8–10 weeks) of different genotypes were used. AMs of
recipient mice were temporarily depleted with clodronate
liposomes for consecutive 7 days. Donor BMDMs were obtained
as described below. BMDMs were digested with 0.5% Trypsin-
EDTA (15400054, Gibco) and counted. 2 × 106 BMDMs in a total
volume of 50 μL PBS were administrated by intratracheal
instillation. Mice were ready after 4 weeks post PMT.

Isolation of bronchoalveolar lavage fluid (BALF) cells and lung
parenchyma cells
Mice were euthanatized. BALF cells were collected by intratracheal
instillation of pre-warmed PBS and temporarily stored on ice. Lung
tissues were then sectioned and digested with 1 mgmL−1

Collagenase D (11088858, Roche), 1 mgmL−1 Dispase II
(04942078001, Roche), and 100 UmL−1 DNase I (D5025, Sigma)
at 37 °C for 1 h. Digested samples were passed through 40 μm cell
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meshes and temporarily stored on ice. All samples were
centrifuged and BALF supernatants were collected for ELISA. RBCs
were lysed and residual cell pellets were resuspended with
precooled MACS solution (D-PBS containing 2% heat-inactivated
FBS and 0.25 mM EDTA) for FCM analysis.

FCM analysis and cell sorting
For surface markers, cells were blocked for CD16/32 with
functional-grade antibody (16–0161, eBioscience) for 15 min at
4 °C. Surface markers were stained for another 1 h at 4 °C, washed
and resuspended with MACS solution.
For intracellular staining, cells were isolated in sterile conditions

and plated in 24-well multidishes. Non-adherent cells were
discarded 2 h later. Adherent cells were primed with 20 ngmL−1

IFN-γ (315–05, PEPROTECH) for 2 h and stimulated with 1 μgmL−1

LPS and 2 μL protein transport inhibitor cocktail (eBioscience,
00–4980) for another 12 h. Cells were digested with 0.5% Trypsin-
EDTA, centrifuged and resuspended. Following CD16/32 blockade
and staining of specific markers, cells were fixed and permeabi-
lized using BD Fixation and Permeabilization Kits (554714, BD).
For phosflow, AMs were isolated and incubated at 37 °C

overnight. Phosflow were performed as BD protocol described.
Single cell suspensions of AMs were prepared the second day and
recovered in water bath at 37 °C for 2 h. Cells were treated with
PBS or LPS, fixed with BD Phosflow Lyse/Fix Buffer (558049, BD),
and permeabilized with BD Phosflow Perm/Wash Buffer I
(557885, BD).
All analysis (Table 1) were performed with a BD LSRFortessa and

FlowJo X.
For cell sorting, BALF and lung parenchyma cells were isolated

in sterile conditions and stained for membrane markers. Cells were
sorted with a BD Aria II and collected in complete medium.

Histology and immunohistochemistry (IHC)
Murine lungs were fixed with 4% paraffin overnight. Samples were
dehydrated with dose-gradient ethanol, immersed in xylene for
20min, and embedded with paraffin. Slices (5 μm) were prepared
and stored at −20 °C for further HE staining and IHC at Servicebio
(Shanghai, China).

Lung permeability assay
20mg/kg Evans blue stain (E2129, Sigma) was injected through the
caudal vein of mice. Blood samples were collected from the posterior
orbital plexus with capillary after 30min post injection. Blood
samples were clarified at 16,000 g for 5min at 4 °C. Supernatants
were removed and stored at −80 °C. Mice were euthanized by
cervical dislocation. Lung tissue samples were dissociated, washed
with PBS, and freeze-dried at −80 °C. Frozen samples were weighed,
homogenized with 500 μL formamide, and incubated at 56 °C for 48
h. Mixtures were clarified at 5,000 g for 30min and transferred to
new tubes. Evans blue concentrations were assessed based on the
optical density of the samples at 620 and 740 nm. For blood samples,
data were corrected with the formula: E620 (corrected)= E620−
(1.426 × E740+ 0.030). For lung tissue samples, values were
measured with E620 and normalized by tissue weight.

ELISA
TNF, IL-6, and CCL2 were measured with ELISA Max Standard Sets
(430904, 431301, 432701, BioLegend), IL-12 were measured with
ELISA Ready-SET-GO (88–7121, eBioscience). All ELISA measure-
ments followed standard steps recommended on TDS kits.

RNA extraction and reverse transcription PCR
For isolated cells and tissues, RNA was extracted with RNAiso Plus
(9108, TaKaRa) and reverse transcribed with PrimeScript™ RT
reagent kits (RR036A, TaKaRa). For sorted cells, RNA was extracted
and reverse transcribed with Cell-to-cDNA Kits (B0001, EZ
Bioscience).

RNA interference (RNAi)
MH-S cells were plated in the absence of Penicillin or Streptomy-
cin. Media was replaced with OptiMEM when the cell density was
about 60–70%. Cells were then treated with a mixture of siGpr84
(sense: 5′-UCUGUGUUGGGCUAUCGAUTT-3′, antisense: 5′-AUC-
GAUAGCCCAACACAGATT-3′, GenePharma, Shanghai) and Lipofec-
tamine RNAiMAX Reagent (13778–100, Invitrogen) for 6 h. Cells
were stimulated after 24 h post transfection.

Isolation of AMs BMDMs, PEMs in vitro
Mice were euthanatized by cervical dislocation and dipped in 75%
EtOH. To isolate AMs and BMDMs, lung tissues and hind legs
were separated and gently washed in sterilized PBS. For AMs,

Table 1. Antibodies used in FCM.

Target Clone Dye/conjugate Brand

CD3 17A2 PE-Cy7, Super Bright 600 eBioscience

CD4 GK1.5 PE BioLegend

CD8 53–6.7 APC BioLegend

CD11a M17/4 PE-Cy7 eBioscience

CD11b M1/70 FITC, APC, PE-Cy5 eBioscience

CD11c N418 APC-Cy7, Super
Bright 780

eBioscience

CD14 Sa2–8 APC, Super Bright 600 eBioscience

CD16/32 93 Functional, PE eBioscience

CD19 6D5 PE-Cy5.5 eBioscience

CD31 390 Super Bright 600 eBioscience

CD45.1 A20 FITC eBioscience

CD45.2 104 eFluor 506 eBioscience

CD68 FA-11 PE-Cy7 eBioscience

CD86 GL1 PE eBioscience

CD206 C068C2 PE BioLegend

CD326 G8.8 Super Bright 645 eBioscience

CCR2 SA203G11 Alexa Fluor 647 BioLegend

CX3CR1 2A9–1 Alexa Fluor 700 BioLegend

F4/80 BM8 PE-eFluor610,
eFluor 450

eBioscience

IL-6 MP5-20F3 PE BD Biosciences

IL-12 C15.6 PE BD Biosciences

Rat IgG1 / FITC, PE BD Biosciences

Live/dead / FVD780 eBioscience

Ly-6C HK1.4 PerCP-Cy5.5 eBioscience

Ly-6G 1A8-Ly6g APC, eFluor 450 eBioscience

MHCII M5/114.15.2 FITC, PE-Cy7 BioLegend

NK1.1 PK136 Alexa Fluor 700 eBioscience

Podoplanin 8.1.1 PE eBioscience

p-Akt M89-61 BV421 BD Biosciences

p-Erk1/2 20A BV421 BD Biosciences

p-
p38 MAPK

36/p38 PE BD Biosciences

p-NF-κB K10-
895.12.50

Alexa Fluor 647 BD Biosciences

p-STAT1 K51-856 Alexa Fluor 647 BD Biosciences

p-STAT3 49/p-Stat3 PE BD Biosciences

Siglec-F 1RNM44N PE eBioscience

TLR4/MD2 MTS510 PE-Cy7 eBioscience

TNF MP6-XT22t FITC BD Biosciences
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Table 2. Primers used in real-time PCR.

Gene F-/R- Sequence (5′→3′) PCR length (bp)

Arg1 Forward CTCCAAGCCAAAGTCCTTAGAG 184

Reverse GGAGCTGTCATTAGGGACATCA

Ccl2 Forward TAAAAACCTGGATCGGAACCAAA 120

Reverse GCATTAGCTTCAGATTTACGGGT

Ccl3 Forward TTCTCTGTACCATGACACTCTGC 100

Reverse CGTGGAATCTTCCGGCTGTAG

Ccl4 Forward TTCCTGCTGTTTCTCTTACACCT 121

Reverse CTGTCTGCCTCTTTTGGTCAG

Ccl5 Forward GCTGCTTTGCCTACCTCTCC 104

Reverse TCGAGTGACAAACACGACTGC

Cd14 Forward CTCTGTCCTTAAAGCGGCTTAC 191

Reverse GTTGCGGAGGTTCAAGATGTT

Cd206 Forward CTCTGTTCAGCTATTGGACGC 132

Reverse CGGAATTTCTGGGATTCAGCTTC

Cd68 Forward CCATCCTTCACGATGACACCT 132

Reverse GGCAGGGTTATGAGTGACAGTT

Cd86 Forward GAGCTGGTAGTATTTTGGCAGG 100

Reverse GGCCCAGGTACTTGGCATT

Cxcl1 Forward ACTGCACCCAAACCGAAGTC 114

Reverse TGGGGACACCTTTTAGCATCTT

Cxcl2 Forward CCAACCACCAGGCTACAGG 108

Reverse GCGTCACACTCAAGCTCTG

Cxcl5 Forward TCCAGCTCGCCATTCATGC 103

Reverse TTGCGGCTATGACTGAGGAAG

Fizz1 Forward CCAATCCAGCTAACTATCCCTCC 188

Reverse CCAGTCAACGAGTAAGCACAG

Nos2 Forward GGAGTGACGGCAAACATGACT 127

Reverse TCGATGCACAACTGGGTGAAC

Gapdh Forward AGGTCGGTGTGAACGGATTTG 123

Reverse TGTAGACCATGTAGTTGAGGTCA

Gpr40 Forward GGGCATCAACATACCCGTGAA 192

Reverse GCCCTGAGCTTCCGTTTGT

Gpr41 Forward CTTCTTTCTTGGCAATTACTGGC 158

Reverse CCGAAATGGTCAGGTTTAGCAA

Gpr43 Forward CTTGATCCTCACGGCCTACAT 137

Reverse CCAGGGTCAGATTAAGCAGGAG

Gpr84 Forward CTCCTGCTACCATGAGTCTGT 186

Reverse GTGCAGTAGAGTAGATCAGCCA

Gpr84
(identification)

Forward AGGCCTGAGAATCTTTGTGAGCTA 172

Reverse GCCGGTACGCCAATGGAG

Gpr119 Forward TCCTCACCGTCATGCTGATTG 159

Reverse ATATGGAGACTCCGAGTGGGA

Gpr120 Forward CTTCTGCGCGGATTTGCTC 123

Reverse CCGCTCATTGTCATCACGTAGA

Il6 Forward CTGCAAGAGACTTCCATCCAG 131

Reverse AGTGGTATAGACAGGTCTGTTGG

Il12a Forward CTGTGCCTTGGTAGCATCTATG 169

Reverse GCAGAGTCTCGCCATTATGATTC

Il12b Forward TGGTTTGCCATCGTTTTGCTG 123

Reverse ACAGGTGAGGTTCACTGTTTCT

Il23a Forward AATAATGTGCCCCGTATCCAGT 142

Reverse GCTCCCCTTTGAAGATGTCAG
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Table 3. Predicted transcription factor binding sites (TFBS) and primers.

Predicted STAT3-Cd14 sequence 1: TTCCAGGCAG/TGCCTGGAAT

TFBS F-/R- Sequence (5′→3′) PCR length (bp)

1784/1793 Forward TTGAGCTTTATTCTCTGCCTGGAA 110

Reverse GCAATTTCCCACCGTTCAAATCC

Predicted STAT3-Cd14 sequence 2: TTCCAGGACA/GTCCTGGAAC

TFBS F-/R- Sequence (5′→3′) PCR length (bp)

1430/1439 Forward GACGGCAAACCTTGCTTCCCAAT 182

Reverse AGAGGCAGGCCAGCTTGAGTTC

Predicted STAT3-Cd14 sequence 3: GTACAGGAAA/CCTTTTCCTGTACG

TFBS F-/R- Sequence (5′→3′) PCR length (bp)

1968/1977 Forward GTGAATCAATGGGACTGAGCAACA 112

Reverse GTGCCAGGAGGATGACCTATGC

Predicted STAT3-Lbp sequence 1: TGCTAGGAAG/TCTGCTAGGAAGGCCT

TFBS F-/R- Sequence (5′→3′) PCR length (bp)

1816/1825 Forward GGCTGTGACCCTGAGTGAACCT 83

Reverse TGCCTCTGCCAACCTTCTTGACT

Predicted STAT3-Lbp sequence 2: TTCCAGTAAT/TTACTGGAAA

TFBS F-/R- Sequence (5′→3′) PCR length (bp)

275/284 Forward GCAAGGGACTCTGGGATCTCAG 131

Reverse CAGTAGGGATGGGCCTGTGTTT

Predicted STAT3-Lbp sequence 3: CTCTTGGAAG

TFBS F-/R- Sequence (5′→3′) PCR length (bp)

646/655 Forward TGTCACCAAACCAGACCCAGATG 80

Reverse AATCTCACCTGCCAGCTCTCATC

Table 2. continued

Gene F-/R- Sequence (5′→3′) PCR length (bp)

Il27 Forward CTGTTGCTGCTACCCTTGCTT 177

Reverse CACTCCTGGCAATCGAGATTC

Ebi3 Forward CTTACAGGCTCGGTGTGGC 127

Reverse GTGACATTTAGCATGTAGGGCA

Lbp Forward GATCACCGACAAGGGCCTG 143

Reverse GGCTATGAAACTCGTACTGCC

MD-2 Forward CGCTGCTTTCTCCCATATTGA 140

Reverse CCTCAGTCTTATGCAGGGTTCA

Tlr4 Forward TTTGACACCCTCCATAGACTTCA 114

Reverse GAAACTGCAATCAAGAGTGCTG

Tnf Forward CCTGTAGCCCACGTCGTAG 148

Reverse GGGAGTAGACAAGGTACAACCC

Ym1 Forward CAGGTCTGGCAATTCTTCTGAA 197

Reverse GTCTTGCTCATGTGTGTAAGTGA
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pre-warmed Ca2+, Mg2+-free D-PBS containing 0.5 mM EDTA was
infused into alveolar niches and collected. Suspensions were
mixed with 1 mL of complete RPMI 1640 medium to neutralize
the EDTA. For BMDMs, marrow cavities were flushed with serum-
free DMEM until visible. Suspensions were then passed through
40 μm cell meshes.
Cell suspensions from alveolar niches and bone cavities were

centrifuged at 300 g for 3 min and supernatant was discarded. RBC
lysis were performed in BD Lyse (555899, BD) for 5 min at room
temperature and centrifuged. Supernatants were discarded and
cell pellets were resuspended in complete RMPI 1640 (for AMs) or
DMEM (for BMDMs) containing 10% heat-inactivated FBS and 1%
P/S (15140122, Gibco). For AMs, the media were replenished
after 2 h and cells were cultured overnight for further analysis.
For BMDMs, non- and weakly-adherent cells were added to
six-well plates the second day and cultured in complete DMEM
and 20 ngmL−1 M-CSF (315–02, PEPROTECH) for 7 days, with
exchange of media at 3rd and 6th day.
To isolate PEMs, 3 mL thioglycollate medium (70157, Millipore)

was injected i.p. for successive 3 days in SPF conditions. The
peritoneum was exposed and filled with 2 mL D-PBS containing
0.5 mM EDTA. Peritoneal fluid was withdrawn and temporarily
stored on ice. Cell suspensions were centrifuged and RBCs were
lysed. Media were replaced 2 h later and adherent cells were
incubated with complete DMEM overnight and ready for further
analysis.

Analysis of phagocytic capacity
AMs were pretreated with PBS or LPS. FITC-conjugated latex beads
(L1030, Sigma) were 1:1000 diluted with PBS and added to the
media. Supernatant was discarded 1 h later. Cells were washed,
digested and analyzed with BD LSRFortessa and FlowJo X.

Isolation of neutrophils and trans-well assay
BM cells were isolated as described above. Separation column
with gradient density of 45, 62, 81% was made with Percoll
(17–0891–01, GE Healthcare) and Ca2+, Mg2+-free HBSS
(14175–095, Gibco). BM cells were resuspended with 45% media,
added to the column and centrifuged at 1,500 g for 30min at 4 °C
with low accelerating and descending rate. Cells were gently
obtained, resuspended with serum-free RPMI 1640, and centri-
fuged at 300 g for 5 min at 4 °C. Cell pellets were resuspended
with complete RPMI 1640 with 25 ngmL−1 GM-CSF (567302,
BioLgend) overnight and ready for further analysis.
For trans-well assay, AMs were cultured in lower chambers

overnight. Media were exchanged with complete RPMI 1640
containing 2% heat-inactivated FBS and 1% P/S just prior to the
experiment. AMs were stimulated with 1 μgmL−1 LPS for 6 h. f-
MLP (1921, TOCRIS) were used as positive chemoattractant.
Neutrophils were collected, centrifuged, and resuspended with
complete RPMI 1640 containing 2% heat-inactivated FBS and 1%
P/S at a density of 3 × 105 cells per 200 μL. Resuspended cells in a
volume of 200 μL were added to upper chambers (353504, BD
Falcon) and migrated for 2 h. Cell suspensions in lower chambers
were collected, stained, and analyzed for Ly-6G+ cells in 1 min
with BD LSRFortessa and FlowJo X.

Real-time quantitative PCR
TB Green™ Premix Ex Taq™ (RR420A, TaKaRa) and SimpleChIP
Universal qPCR Master Mix (88989, CST) were used. Real-time
quantitative PCR (Tables 2, 3) was performed on the QuantStudio™
3 Real-Time PCR System (A28566, Applied Biosystems).

Western blot (WB)
Cells were lysed with RIPA solution containing 1% protease
inhibitor cocktail (CW2200S, CWBIO) and 1% Phosphatase
inhibitor cocktail (CW2383, CWBIO). Lysed mixture were sonicated
and quantified with BCA Protein Assay Kit (A53225, Thermo
Scientific). Normalized samples were boiled with SDS-PAGE buffer
(7722, CST) and stored at −80 °C. SDS-PAGE was performed at 80 V
and gel was transferred at 300mA. Membranes were blocked with
milk, washed with PBST, and incubated with primary anti-
body (Table 4) overnight at 4 °C. Membranes were washed,
incubated with secondary antibody for 1 h at room temperature,
washed, and scanned with Odessey CLX.

Immunofluorescence (IF) and confocal assay
AMs were isolated as described above and cultured on coverslips.
After treatment with PBS or LPS, media were discarded. AMs were
fixed with 4% paraffin for 15 min at room temperature, washed
with TBST, and permeabilized successively with methanol, 1% BSA,
and 0.3% Triton X-100. Supernatant was then discarded and cells
were incubated with primary antibodies (Table 4) overnight at 4 °
C. Samples were washed, incubated with secondary antibody or
phalloidin-iFluor 555 (ab176756, Abcam) at room temperature for
40min and washed again. Coverslips were mounted on slides with
SlowFade Diamond Antifade Mountant (S36968, Invitrogen),
scanned with Lecia TCS SP8, analyzed with Lecia Application
Suite X and merged with ImageJ.

Chromatin Immunoprecipitation (ChIP)
ChIP were performed with SimpleChIP Plus Enzymatic Chromatin
IP Kit (9005, CST). Cells were cross-linked with 37% formaldehyde
(F8775, Sigma) and performed as CST protocol described. Samples
from BMDMs were treated with 0.25 μL Micrococcal Nuclease for
5 min at 37 °C. Transcription factor binding sites (TFBS) were
predicted with JASPAR (jaspar.genereg.net) and hTFtarget
(bioinfo.life.hust.edu.cn/hTFtarget). Primers were designed with
Primer Premier 6 and evaluated for the primer specificity with
Primer-BLAST.

Table 4. Antibodies used in WB, ChIP, and IF.

Antibodies Product no. Application Brand

β-Arrestin 1 Rabbit mAb 12697 WB CST

β-Arrestin 2 Rabbit mAb 3857 WB CST

PI3K p85 Rabbit mAb 4257 WB CST

PI3K p85 pY458/pY199 Rabbit mAb 4228 WB CST

Akt(pan) Rabbit mAb 4691 WB CST

Akt pS473 Rabbit mAb 4060 WB, IF CST

Src Rabbit mAb 2123 WB CST

Src Family pT416 Ab 2101 WB CST

Erk1/2 Rabbit mAb 4695 WB CST

Erk1/2 pT202/pY204 Rabbit mAb 4370 WB, IF CST

p38 MAPK Ab 9212 WB CST

p38 MAPK pT180/pY182
Rabbit mAb

4511 WB CST

NF-κB p65 Rabbit mAb 4764 WB CST

NF-κB p65 pS636 Rabbit mAb 3033 WB CST

Stat3 Rabbit mAb 4904 WB, ChIP CST

Stat3 pS727 Ab 9134 WB CST

β-Actin Ab 4967 WB CST

Anti-STAT1 Ab ab3987 WB Abcam

Anti-STAT1 pS727 Ab ab109461 WB Abcam

Phospho-STAT3 (Ser727) Ab AF3294 IF Affinity

Anti-rabbit IgG (H+ L), F(ab′)2
Fragment
(Alexa Fluor 488 conjugate)

4412 IF CST
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Statistical analysis
Data are presented as the mean ± SEM. All statistical analysis were
performed with GraphPad Prism version 7.0. Significant differ-
ences were assessed through t test for comparisons between
groups and a one-way ANOVA for comparisons amongst more
than two groups.
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