Jin et al. Respiratory Research (2025) 26:189

Respiratory Research
https://doi.org/10.1186/512931-025-03241-6

: ®
Geranylgeranyl diphosphate synthase o

deficiency impairs efferocytosis and resolution
of acute lung injury

Jigjia Jin'?", Lihong Ma'?", Lulu Li*", Xinyu Zhou*, Suhua Zhu?, Kaikai Shen?, Qiuli Xu®, Bei Jiang®, Yanli Gu’,
Qianshan Ding® Hong Qian”’, Tangfeng Lv'** and Yong Song'**"

Abstract

Acute respiratory distress syndrome (ARDS) are major causes of mortality of critically ill patients. Impaired mac-
rophage-mediated clearance of apoptotic cells (efferocytosis) in ARDS contributes to prolonged inflammation,

yet the underlying mechanisms remain unclear. In this study, we investigated the role of geranylgeranyl diphosphate
synthase (GGPPS) in efferocytosis during lung injury resolution. We identified dynamic changes in GGPPS expression
in lung macrophages and circulating monocytes throughout the progression and resolution phases of acute lung
injury (ALI). Myeloid-specific GGPPS knockout mice exhibited prolonged lung inflammation, increased accumula-
tion of apoptotic neutrophils, a higher number of recruited macrophages, and a reduced number of resident mac-
rophages. Notably, recruited macrophages play a dominant role in efferocytosis compared to resident macrophages.
GGPPS deficiency suppressed efferocytosis in both macrophage subsets in vivo and in vitro. Mechanistically, GGPPS
knockout disrupted AXL signaling in recruited macrophages. Importantly, administration of geranylgeraniol (GGOH)
rescued the delayed resolution of lung injury, restored efferocytosis, and increased the suppressed AXL expression

in CKO mice. Collectively, this study identifies GGPPS as a key regulator of AXL-mediated efferocytosis in recruited
macrophages, highlighting its potential as a therapeutic target to accelerate ARDS resolution.
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New & noteworthy

The mortality rate of ALI/ARDS is high, whereas the
therapeutic choice is limited. Exploring the mechanism
of lung injury resolution is key to identify therapeu-
tic targets. Our findings showed a beneficial effect of
GGPPS on the resolution of lung injury. AXL-mediated
efferocytosis in recruited macrophages could be the key
mechanism.

Introduction

Acute lung injury (ALI) and acute respiratory distress
syndrome (ARDS) are major causes of acute respiratory
failure with high mortality. Despite extensive investiga-
tion into the pathogenesis of ARDS, therapy remains
mainly supportive [1]. In the resolution phase of ARDS,
infiltrated neutrophils undergo apoptosis and are subse-
quently phagocytosed by macrophages through a process
known as efferocytosis[2, 3]. Efferocytosis involves three
main steps: the recruitment of macrophages, recognition
and binding of apoptotic cells, and subsequent internali-
zation and degradation of targets [4—6]. A well-coor-
dinated efferocytosis process could prevent the release
of noxious neutrophil substances and reprogram mac-
rophages towards an anti-inflammatory phenotype [2, 7,
8]. In ARDS patients and ALI mouse model, efferocytosis
was suppressed [9, 10]. Notably, inefficient efferocytosis
has been implicated in increased lung damage and poorer
outcomes of ALI/ARDS [10, 11], whereas enhanced effe-
rocytosis could accelerate the repair of lung injury [12].
The precise mechanism by which efferocytosis was regu-
lated remains elusive.

Geranylgeranyl diphosphate synthase (GGPPS) in
mevalonate pathway is an important branch enzyme
which converts farnesyl diphosphate (FPP) to geranylge-
ranyl diphosphate (GGPP) [13]. The two downstream
nonsteroidal isoprene products, FPP and GGPP, involve
in prenylated modification of different GTPases. The dys-
regulated expression of GGPPS is involved in the devel-
opment of diverse diseases including fatty liver disease
[14], infertility [15], and diabetes [16]. We previously
identified a role of GGPPS in the acute phase of ALI
mouse model [17]. However, the role of GGPPS in effe-
rocytosis and resolution of lung injury remains unknown.
Of note, it has been reported that in the mouse model of
bisphosphonate-related osteonecrosis of the jaw, supple-
ment with geranylgeraniol (GGOH), a substrate analog
for GGPP, could rescue macrophage efferocytosis and
improve the bone healing [18], indicating that GGPPS
could play a role in efferocytosis. To test the hypothesis,
the impact of GGPPS deficiency on macrophage effero-
cytosis and lung injury resolution was investigated. Two
populations of macrophages, resident and recruited
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macrophages, co-exist in the inflamed lung with distinct
transcriptional and functional programming [19]. Thus,
the effects of GGPPS deficiency on the count and effero-
cytotic capacity of the two macrophage subsets were also
examined. This study identified GGPPS as a key positive
regulator of efferocytosis in recruited macrophages and
the resolution of ARDS.

Methods

Mice

C57BL/6, WT (GGPPS), and CKO (GGPPSYLysM-
cre) mice were purchased from GemPharmatech Co.,
Ltd. All animal experiments were carried out accord-
ing to the China Council on Animal Care and approved
by the Institutional Animal Care and Use Committee of
Nanjing University.

Mouse ALI model

To establish ALI mouse model, mice (8—12 weeks, male)
were anesthetized with tribromoethanol (30 pl/g, Mei-
lunbio, China) and intratracheally instilled with LPS
(Sigma, O55:B5, 0.5 mg/kg). In separate groups of mice,
GGOH (Sigma, 25 mg/kg) was intraperitoneally injected
on day 3 and day 4 of ALIL Mice were sacrificed 0, 1, 3, 5,
or 7 days after LPS instillation. The right lungs were lav-
age with saline. The bronchoalveolar lavage fluid (BALF)
cells were enumerated on an automated cell counter
(Bio-Rad) or subjected to flow cytometry analysis. Or
the cytospin samples of BALF cells were stained with
Wright's Giemsa and analyzed by light microscopy. The
left lungs were harvested for histological analysis.

BALF analysis

The concentration of total protein was quantified using
BCA Protein Assay (Beyotime, China). The levels of IL-6,
TNF-a, IL-1B, and IL-10 in BALF were measured using
the ELISA kits (Servicebio, China) according to the man-
ufacturer’s instructions.

Histology, immunostaining, and lung injury scoring

The left lungs were fixed in a 4% paraformaldehyde solu-
tion overnight followed by paraffin embedding and sec-
tioning. Slices were then stained with hematoxylin and
eosin (H&E) or subjected to immunofluorescence as
described previously [20, 21]. All antibodies were listed
in Supplementary Table S1. ALI was scored as previously
described [22].

Isolation of peripheral blood monocytes

Mouse peripheral blood monocytes was isolated
using Mouse Peripheral Blood Monocyte Isolation Kit
(TBD2011M, Tianjin, China) according to manufacturer’s
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instruction. Cell pellets were then used for subsequent
RNA extraction and qRT-PCR analysis.

Induction of apoptotic neutrophils

This study was approved by Ethics Review Committee at
Jinling hospital. Peripheral blood (6 ml, anticoagulated
with EDTA) was acquired from consenting healthy vol-
unteers (18-60 years old). Neutrophils were isolated
using Histopaque-1077 (Sigma) and Histopaque-1119
(Sigma) according to the manufacturer’s protocols. Then,
the isolated neutrophils were exposed to UV irradiation
(254 nm, UVS-26, 6-W bulb, 0.02 J/s/cm2) at a concen-
tration of 2.5x107° cells/ml for 15 min and incubated
at 37°C for 2 h. Approximately 70% of neutrophils were
apoptotic (Annexin V17-AAD™ cells) (Supplementary
Fig. 1).

TUNEL staining

Terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) staining of mouse lung tissue on day
5 of ALI was performed using Tunel Assay Kit (Ser-
vicebio, China) following the manufacturer’s protocols.
Images were captured using fluorescent microscopy and
analyzed using Image ] software (National Institutes of
Health, USA).

Assay of efferocytosis in vivo

Efferocytotic capacity was also assessed as the percent-
age of Ly6G™ cells within macrophages, as determined by
flow cytometry analysis. Efferocytosis was also analyzed
after intratracheal (i.t.) instillation with apoptotic neu-
trophils. Apoptotic neutrophils were labeled with CFSE
(Invitrogen) and then i.t. instilled into WT or CKO mice
(1.0x 1077 in 100 pl per mouse). 3 h later, BALF cells were
harvested and analyzed by flow cytometry. The efferocy-
totic capacity was presented as the percentage of CFSE™
cells within F4/80* macrophages [23].

Efferocytosis assay in vitro

Bone marrow-derived macrophages (BMDMs) and alve-
olar macrophages (AMs) were generated as described
previously [17]. BMDMs or AMs (5x 10* cells per well)
were overlaid with apoptotic neutrophils (macrophages:
neutrophils=1: 5-1: 10) labeled with CFSE (Invitro-
gen, 0.5 uM) for 2 h. Then, BMDMs or AMs engulfing
apoptotic neutrophils were analyzed by flow cytometry
(the percentages of CFSE* in F4/807 cells). The gating
strategy was shown in Supplementary Fig. 2. Efferocy-
tosis in vitro was also evaluated by immunofluorescence
analysis. CMTPX (Invitrogen)-labeled BMDMs were
co-cultured with CESE-labeled apoptotic neutrophils.
2 h later, efferocytosis was quantified as the percentage
of CMTPX'CESE™ cells. For pretreatment with GGOH

Page 3 of 14

or AXL inhibitor, BMDMs were treated with GGOH
(10 uM, Sigma) 24 h or with R428 (2.5 uM, Selleck) 1 h
prior to coincubation, respectively.

Flow cytometry

Briefly, cells were blocked with FcR Blocking Rea-
gent (Miltenyi, Germany) for 10 min, and then immu-
nostained with primary antibodies. To analyze apoptotic
neutrophil-derived epitopes within macrophages, BALF
cells were blocked and stained with the viability dye
(Thermofisher), F4/80, CD11b and CDllc, followed
by fixation with BD Cytofix/Cytoper solution (BD Bio-
sciences) and permeabilization using 1XBD Perm/
Wash buffer (BD Biosciences). Finally, cells were stained
with Ly6G. The ratio of Ly6G* cells in macrophages was
determined as the efferocytotic level [24, 25]. Data were
acquired on flow cytometry (Moflox XDP, Beckman) and
analyzed with Flow Jo software (Tree Star, USA). All anti-
bodies were listed in Supplementary Table S1.

Western blot

Protein extraction and evaluation of protein concentra-
tion were performed as described previously [22]. Pro-
teins was loaded onto SDS-PAGE gels, transferred to
PVDF membranes (Millipore, USA), incubated with anti-
bodies, and reacted with ECL substrate. Protein bands
were detected using the Scannning System (Tanon 5200,
China) and quantified using Image] Software (NIH). All
antibodies were listed in Supplementary Table S1.

Quantitative real-time PCR

Total RNA was extracted from BMDMs using TRI-
zol Reagent (Vazyme, China) and reverse-transcribed
to ¢cDNA using HiScript III RT SuperMix for qPCR kit
(Vazyme, China). qRT-PCR was carried out using Cham
Q SYBR Green PCR Master Mix (Vazyme, China). Rela-
tive mRNA expression of the target genes is calculated
according to the 2724€T methods. The primer sequences
are listed in Supplementary Table S2.

Detection of GTP-Bound Rac1
Racl activities were determined using the GLISA kit
(Cytoskeleton) according to the manufacturer’s protocols.

Statistics

Data are expressed as the meanzstandard deviation.
Statistical significance of differences was determined
by unpaired Student’s t test, one-way ANOVA test with
Tukey’s multiple comparison test, or two-way ANOVA
test using the SPSS software versions 23.0 (IBM). P values
were indicated as *p <0.05, and **p <0.01.
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Results
GGPPS expression is dynamically modulated in lung
macrophages following LPS exposure
Intratracheal instillation of 0.5 mg/kg of LPS evoked
neutrophil-mediated lung inflammation and injury that
peaked on Day 3, significantly alleviated on Day 5, and
returned to baseline on Day 7 (Fig. 1A, B). Consistently,
total cell count (Fig. 1C) and neutrophil count (Fig. 1D) in
BALF also peaked on Day 3 and dramatically decreased
on Day 5. There is marked expansion of the macrophage
pool in the BALF during ALI that started on Day 3 and
peaked on Day 5 (Fig. 1E). Lymphocyte influx began on
Day 3 concurrent with macrophage and reached its high-
est point on Day 5 (Fig. 1F). Total protein concentration
also peaked on Day 3 and trended downward on Day
5 (Fig. 1G), indicating Day 3 and Day 5 as the key time
points to investigate lung injury resolution.

We next evaluated GGPPS expression after ALI onset.
In the immunofluorescence assay, GGPPS expression in
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lung macrophages were decreased on Day 3 compared to
Day 0, and significantly recovered by Day 5 (Fig. 1H, I).
The mRNA expression of GGPPS in circulating mono-
cytes was also significantly decreased on Day 3 compared
to Day 0, with a subsequent increase on Day 5 compared
to Day 3 (Fig. 1]). These results suggest that GGPPS could
play a role in the resolution of lung injury.

Myeloid-specific GGPPS knockout impeded the resolution
of lung injury

We next investigated the role of GGPPS in lung injury
resolution using myeloid-specific knockout mice. The
knockout efficiency in BMDMs was evaluated previously
[17]. GGPPS knockout efficiency in AMs was also deter-
mined (Supplementary Fig. 3). The BALF cells in WT and
CKO mice under homeostasis were evaluated previously
[17]. GGPPS knockout did not affect total cell count, the
percentages of macrophage and neutrophils, or the mor-
phology of the macrophages in BALF under homeostasis.

o

GGPPS relative
mRNA expression
°
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Fig. 1 GGPPS expression level in lung macrophages altered during the development and resolution of lung injury. Representative image (200 x)
of H&E staining of lung tissue (A), lung injury score (B), BALF total cell count (C), neutrophil count (D), macrophage count (E), lymphocyte count
(F) and total protein level (G) of C57BL/6 mice after LPS instillation. Immunofluorescence staining for GGPPS (green) in macrophages (F4/80, red)
was performed in lung sections on day 0, day 3, and day 5 following LPS instillation (H, I). Yellow spots indicate colocalization of GGPPS in lung
macrophages. Representative images were shown. Scale bar=100 um. n=3-6 mice for each group. The mRNA levels of GGPPS in circulating
monocytes of mice on day 0, day 3, and day 5 after LPS instillation (J). For Fig J, each dot represents three mice to get enough RNA in monocytes.
One-way ANOVA with the Turkey’s multiple comparison test. *, p<0.05, **, p<0.01
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Fig. 2 GGPPS knockout impaired the resolution of lung injury. Representative image (200 x) of H&E staining of lung tissue (A) and lung injury
score (B) of WT and CKO mice 0d, 3d, and 5d after LPS instillation. Total cell count in BALF was enumerated on an automated cell counter (C). The
count of neutrophils (D) and apoptotic neutrophils (E) in BALF of WT and CKO mice on Day 3 and 5. Gating strategy of BALF cells for macrophages
(F4/80*%, F), recruited macrophages (CD11bMCD11c'°%, F), and resident macrophages (CD11c"CD116'°%, F). The count of immune cells

was calculated based on the total cell count and percentages (D, E, G, H, I). Student's t-test test, NS, not significant. ¥, p<0.05, **, p<0.01.n=3-6

for each group

After LPS stimulation, CKO mice exhibited significantly
higher ALI score compared to WT mice on Day 3 and
5 (Fig. 2A, B). The CKO group also displayed increased
infiltration of total cells (Fig. 2C) and protein exudation
(Supplementary Fig. 4A) in BALF on day 3 and Day 5.
The levels of proinflammatory cytokines IL-6, TNF-a,
and IL-1f were elevated in CKO group, whereas the level
of pro-resolving cytokine IL-10 was significantly sup-
pressed (Supplementary Fig. 4B, C). Furthermore, WT
mice rapidly cleared apoptotic neutrophils. While the
count of neutrophil (Fig. 2D, Supplementary Fig. 4D) and
apoptotic neutrophils (Fig. 2E, Supplementary Fig. 4D)
in CKO mice were significantly increased on Day 3 and
5. TUNEL staining also showed that obviously increased
accumulation of TUNEL" cells in lung tissue in CKO
mice compared to WT mice (Supplementary Fig. 4E, F).
Next, the impact of GGPPS deficiency on the mac-
rophage pool in BALF was investigated. CKO group
showed a significantly increased number of F4/80* mac-
rophages compared to the WT group on Day 3. By Day

5, macrophage counts reached comparable levels in
both groups (Fig 2F, G). The macrophage subsets, resi-
dent (CD11cMCD11b") and recruited (CD11bMCD11c)
macrophages were further gated on F4/80" macrophages
(Fig. 2F) as previously reported [19]. Consistently, mac-
rophages were predominantly resident subset during
homeostasis (referred to as Day 0). During acute and
resolving inflammation, recruited macrophages exhib-
ited robust accumulation on Day 3 and 5 followed by a
progressive decline on Day 7. In comparison, resident
macrophage levels remained constant during acute early
inflammation and showed an increasing trend by Day 5
(Fig. 2F). Recruited macrophage counts was significantly
increased in the CKO group on Day 3 and 5 compared
to the WT group (Fig. 2H). In contrast, resident mac-
rophages showed a notable reduction in CKO group
(Fig. 2I). Taken together, these results indicated that
GGPPS deficiency delays lung injury resolution, impairs
the clearance of apoptotic neutrophils, and alters the dis-
tribution of macrophage subsets.
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GGPPS knockout impaired efferocytosis in vivo

We next examined whether GGPPS deficiency affects
efferocytosis in vivo. Intracellular Ly6G staining in
macrophages was used to represent the level of effero-
cytosis [24, 25]. Interestingly, intracellular Ly6G stain-
ing in resident macrophages was poorer compared
to recruited macrophages. Nonetheless, efferocytotic
capacity of both macrophage subsets was significantly
suppressed in CKO mice compared to WT mice (Fig. 3
A-C). Efferocytosis was also determined via i.t. instilla-
tion of apoptotic neutrophils (Fig. 3D). The percentage
of CFSE* cells engulfed by CKO macrophages were sig-
nificantly decreased compared to WT group (Fig. 3E,
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F). These results suggest that GGPPS promotes the
resolution of lung injury by modulating macrophage
efferocytosis.

GGOH rescued the impaired lung injury resolution of CKO
mice

GGOH is a C20 isoprenoid that is found in fruits, vegeta-
bles, and grains, including rice [26, 27]. Besides, GGOH
could be converted into GGPP in cells [20]. To further
confirm the role of GGPPS in lung injury resolution,
CKO mice with ALI was administered i.p. with GGOH
on day 3 and day 4 (Fig. 4A). The impact of GGOH was
validated through Western blot analysis to evaluate the
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Fig. 3 GGPPS knockout impaired efferocytosis in vivo. Efferocytosis was evaluated by flow cytometry quantification of Ly6G* cells

in CD11bMCD11c® and CD11c"CD11b'° macrophages in BALF on Day 3 and 5 (A-C). n=3-6 for each group. Student’s t-test test, *p < 0.05,
**p<0.01. D Schematic diagrams showing the procedure of determining efferocytosis after i.t. instillation of apoptotic neutrophils. Efferocytosis
was determined by flow cytometry quantification of uptake of CFSE-labeled apoptotic cells by macrophages (the percentage of CFSE* cells
among F4/80." cells) 3 h after i.t. instillation of apoptotic human neutrophils into WT or CKO mice (E, F). n=3-6 for each group. Two-way anova

analysis or Student’s t-test test, ¥, p <0.05, **, p<0.01
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expression of non-prenylated RAP1A in alveolar mac-
rophages on Day 5. RAP1A was the representative gera-
nylgeranylated protein and could be used to evaluate
protein geranylgeranylation [28—30]. The protein level of
unprenylated RAP1A was decreased after GGOH sup-
plementation (Supplementary Fig. 5A, B), suggesting that
GGOH was appropriately working. GGOH administra-
tion significantly decreased the lung injury score (Fig. 4B,
C), total cell count (Fig. 4D), and neutrophil count
(Fig. 4E) of CKO mice. The clearance of apoptotic neutro-
phils was also accelerated by GGOH treatment (Fig. 4F).
Macrophage count was comparable between the two
groups (Fig. 4G). Further analysis of macrophage subsets
revealed that CKO + GGOH group exhibited significantly
decreased number of CDI11bMCD11c¢® macrophage
(Fig. 4H) and obvious increased CD11cMCD11b"° mac-
rophage number (Fig. 4I). Importantly, the hampered
efferocytotic capacity of recruited and resident mac-
rophages in CKO mice were also rescued by GGOH
(Fig. 4J-L). Thus, these results further suggested that
GGPPS play an important pro-resolving role in ALIL

GGPPS deficiency impaired efferocytosis in vitro

We next investigated whether interfering GGPPS expres-
sion could affect efferocytosis in vitro (Fig. 5A). After
co-incubation, CFSE*% cells in CKO BMDMs were sig-
nificantly decreased compared to WT BMDMs, which
was rescued by GGOH pretreatment (Fig. 5B-C). The
impact of GGOH on protein geranylgeranylation in
BMDMs was also validated (Supplementary Fig. 5C,
D). Efferocytosis was also evaluated in resident alveolar
macrophages (AMs) in vitro, demonstrating that GGPPS
knockout also suppressed clearance of apoptotic cells
in AMs (Supplementary Fig. 6). Next, CMTPX-labeled
BMDMs and CFSE-labeled apoptotic neutrophils were
co-incubated for 2 h and IF assay also showed that the
percentage of CMTPXTCFSE™ cells were significantly
decreased in CKO BMDMs (Fig. 5D, E). These results
further indicated that GGPPS is a positive regulator of
efferocytosis.

(See figure on next page.)
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Impaired efferocytosis resulted from GGPPS knockout

was associated with disrupted AXL signaling

We next determined whether GGPPS knockout would
affect the expression of efferocytosis-specific genes in
BMDMs after 2 h of coincubation. Gene expression
levels were determined for Cx3crl, P2ry2, and Slprl,
which involve the recruitment of apoptotic cells; for
Axl, Tyro3, Timp3, Prosl, Mertk, and Gas6, which
mediate the recognition and binding of apoptotic cells
by macrophages; and for Racl, Elmol, and Dock2,
which contribute to apoptotic cell internalization. We
found that several genes, including Cx3crl, S1prl, Axl,
Timp3, Prosl, and Mertk, showed a downward trend in
CKO BMDMs. Specifically, Axl was significantly down-
regulated in the knockout group (Fig. 6A). AXL is one
of the best studied efferocytotic receptors and plays a
key role in regulating efferocytosis in inflammatory
diseases [21, 31]. Flow cytometry assay also showed
that CKO group exhibited significantly reduced AXL
expression, which was restored by GGOH treatment
(Fig. 6B, C). The protein level of AXL in BMDMs via
Western assay also showed similar downward trend in
CKO group (Fig. 6D, E).

Our group previously found that GGPPS defi-
ciency enhances Racl activity in macrophages in the
acute phase of ALI [17]. Interestingly, Racl activation
was reduced in the CKO group after co-incubation
with apoptotic neutrophils, which contrasts with its
response to LPS stimulation (Supplementary Fig. 7).

Next, AXL expression in macrophage subsets dur-
ing lung injury was also determined. In WT mice, the
percentage of AXL* cells on CD11bMCD11c" recruited
macrophages was approximately 40% on Day 3, fol-
lowed by a gradual increase on Day 5 and 7 (Supple-
mentary Fig. 8). In contrast, AXL was constitutively
expressed in the vast majority of resident macrophages.
In CKO group, recruited and resident macrophages
both exhibited decreased AXL expression compared
to WT group (Fig. 6F, G). Besides, GGOH administra-
tion rescued the impaired AXL expression in both mac-
rophage subsets (Supplementary Fig. 9). Finally, AXL
inhibitor R428 was used. The impact of AXL inhibitor
on the downstream signaling was determined through

Fig. 4 GGOH rescued the impaired lung injury resolution of CKO mice. A The schematic diagram showing the procedure of GGOH intervention
after onset of ALI. Representative image (400 x) of H&E staining of lung tissue (B) and lung injury score (C) of CKO mice with or without GGOH
treatment. The total cells in BALF were enumerated on an automated cell counter (D). BALF neutrophils (E), apoptotic neutrophils (F), macrophages
(G), CD11b"CD11c" recruited macrophages (H), and CD11c"CD11b" resident macrophages (1) of ALI mice in CKO and CKO +GGOH group.

Gating strategy was shown in Fig. 2F. The count of immune cells was calculated based on the total cell count and percentages. The percentage

of CD11b"CD11c" recruited macrophages and CD11c"CD11b'° resident macrophages with intracellular Ly6G* staining in CKO and CKO +GGOH

group (J-L). Student’s t-test test, *, p <0.05, **, p <0.01
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determining Racl activity [32] (Supplementary Fig. 10).
As expected, GGOH significantly increased the effero-
cytotic capacity of BMDMs, which could be reversed by
AXL inhibitor (Fig. 6 H, I). In summary, these results
suggest that GGPPS regulates efferocytosis via AXL
signaling.

Discussion

This study demonstrates that myeloid-specific knockout
of GGPPS in mice delays the resolution of lung injury.
Recruited macrophages are the primary contributors to
apoptotic cell clearance in acute lung injury. GGPPS defi-
ciency impaired the phagocytosis of apoptotic neutro-
phils by recruited macrophages, both in vitro and in vivo.
Importantly, reduced AXL activation may be a key mech-
anism underlying this inhibition. Therefore, this study
identifies a novel role for GGPPS as a positive regulator
of macrophage efferocytosis and the resolution of acute
lung injury.
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In this model, lung injury progressed and peaked on
day 3, accompanied by reduced expression of GGPPS in
lung macrophages and circulating monocytes, followed
by the resolution of lung inflammation and a recovery
of GGPPS expression. Although GGPPS is expressed in
various lung cell types (Fig. 1H), our study specifically
focuses on macrophage. Macrophages play a central role
in tissue repair, including initiating phagocytosis of apop-
totic neutrophils and releasing anti-inflammatory and
pro-repair mediators [33]. In addition, the gradual recov-
ery of GGPPS expression in macrophages suggests that
GGPPS may play a significant role in initiating the reso-
lution of lung injury. These findings support our rationale
for targeting macrophages in the context of lung injury
resolution. Notably, the decreased expression of GGPPS
on Day 3 following LPS instillation may result from the
infiltration of monocytes with lower GGPPS expression
or from the downregulation of GGPPS in macrophages
under inflammatory conditions. Future studies utiliz-
ing flow cytometry sorting assays will be necessary to
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compare GGPPS expression levels among resident mac-
rophages, recruited macrophages, and monocytes and
to provide further insights into its regulation during
inflammation.

Two macrophage subpopulations, resident AMs and
recruited AMs, co-exist in the inflamed lung. The unique
programming of resident and recruited alveolar mac-
rophages during acute lung injury has been thoroughly
examined [19, 32, 34, 35]. Resident AMs proliferate to
replenish the AMs pool and maintain alveolar integ-
rity. Recruited AMs amplify acute inflammation. They
also contribute to resolving inflammation and restoring
homeostasis. In our study, GGPPS knockout increased

the number of recruited AMs while decreased the num-
ber of resident AMs. These results suggest the important
and complex role of GGPPS in macrophage function,
with the mechanisms regulating the function of different
macrophage subsets warranting further investigation.
Impaired efferocytosis in patients with inflammatory
lung injury is closely associated with increased morbid-
ity and mortality [36]. Enhanced macrophage-mediated
efferocytosis has been shown to accelerate the resolu-
tion of lung inflammation in an acute lung injury model
induced by E. coli peritonitis [37]. In our study, the accu-
mulation of apoptotic neutrophils in BALF and increased
TUNEL staining in lung tissues of CKO mice prompted
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us to investigate whether the delayed resolution observed
in these mice was due to defective apoptotic cell clear-
ance. We first performed intracellular staining of Ly6G in
resident and recruited macrophages from WT and CKO
mice. Notably, in alignment with previous studies [38—
40], we observed that recruited macrophages in inflamed
lungs were more efficient in apoptotic cell ingestion than
resident macrophages. In vitro experiments also showed
that BMDMs phagocytose apoptotic cells more efficiently
than AMs. Janssen et al. [38] suggested that high levels of
SP-A and SP-D surrounding resident macrophages might
contribute to their poorer efferocytotic ability. However,
the underlying mechanism requires further investigation.

This study demonstrated that GGPPS deficiency sig-
nificantly impaired apoptotic cell clearance in both
recruited and resident macrophages in vivo and in vitro.
Considering efficient efferocytotic capacity of recruited
macrophages, the recruited subpopulation could be
the primary target of GGPPS. However, the correlation
between GGPPS expression with the different efferocy-
totic capacity of the two macrophage subsets was unclear.
Future study should include bone marrow transplan-
tation experiments and create chimeras to clarify the
role of GGPPS in efferocytosis of different macrophage
subsets [38]. Additionally, we observed that resident
macrophages displayed enhanced apoptotic cell uptake
following intratracheal instillation of apoptotic cells,
which could be attributed to differences in apoptotic cell
burden. Specifically, as shown in Fig. 2E, the number of
apoptotic neutrophils in BALF was approximately 102,
whereas the number of injected neutrophils reached
1077, Higher apoptotic cell burden promotes increased
engulfment [41]. Taken together, given the dominant
role of recruited macrophages in efferocytosis, further
mechanistic experiments were performed primarily in
BMDMs.

Efferocytosis is a tightly orchestrated process by which
macrophages are recruited to sites of apoptotic activity,
and then recognize, and finally engulf apoptotic cells [6].
Axl is one of the best studied recognition-related recep-
tors [42]. Axl on macrophages binds to phosphatidyl-
serine on the membrane of apoptotic cell via a bridging
molecule, facilitating the tethering of these apoptotic
cells [43]. This study demonstrated that GGPPS defi-
ciency decreased the expression of AXL in BMDMs
in vitro and recruited macrophages in vivo. The AXL
inhibitor R428 suppressed the increased efferocytosis of
BMDMs in WT+GGOH group. Consistently, Hu et al.
[31] reported that AXL regulates efferocytosis function
of microglia and alleviates early brain injury. In BMDMs,
AXL-knockout mice also exhibited defective efferocy-
tosis, enhanced M1 responses, and increased suscep-
tibility to parasite infection [44]. These findings suggest
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that GGPPS deficiency diminished efferocytosis, at
least in part, by intervening AXL signaling in recruited
macrophages.

The temporal expression profile of AXL on resident
and recruited macrophages during the ALI time course
was also examined. AXL expression on recruited mac-
rophages was around 40% on Day 3, followed by a grad-
ual increase after the peak of inflammation. In contrast,
AXL was constitutively expressed in the vast majority
resident macrophages. GGPPS knockout also disrupted
AXL expression on resident macrophages. Constitutive
expression of AXL has been reported on resident mac-
rophages in the mouse lung and AXL-deficient resident
alveolar macrophages exhibited poorer efferocytosis
in vitro [21]. The expression pattern of AXL on resident
subset appears contradictory to its poor phagocytic abil-
ity, suggesting that surface expression of AXL is not the
sole determinant of efferocytosis efficiency of resident
macrophages during the resolution of lung injury. Post-
translational modification, co-receptor interactions,
or signaling inhibitors may limit its functional activity.
Additionally, the excessive suppression of SP-A and SP-D
on the efferocytosis of resident macrophages [38] may
overshadow the pro-phagocytic function of AXL. This
disparity deserves further investigation in future studies.

This study revealed that GGPPS deficiency suppressed
the mRNA and protein expression of AXL. However, the
potential pathways through which GGPPS modulates
AXL mRNA expression remain unclear. Several tran-
scription factors, including activator protein 1 (AP1)
[45], Sp1/Sp3, and YAP [46], are known to act on the
AXL promoter. Previous studies have shown that GGPPS
knockout or statins, classic inhibitors of the mevalonate
pathway, inhibit the transcriptional activity of AP1 [47],
Spl [48], and YAP1 [49]. These findings suggest that
GGPPS regulates AXL expression by targeting these
transcription factors, warranting further studies to eluci-
date the underlying mechanisms.

The observed reduction in Racl activation (GTP-
Racl levels) in CKO BMDMs following co-incubation
with apoptotic cells appears contradictory to our pre-
vious findings demonstrating that GGPPS deficiency
enhances Racl activation and promotes pro-inflamma-
tory cytokine production in LPS-stimulated BMDMs
[17]. This discrepancy suggests that protein prenylation
may differentially regulate Racl activation in inflamma-
tory versus efferocytosis pathways. As reported by Akula
et al. [28], under inflammatory conditions, the guanine-
nucleotide exchange factor (GEF) TIAM1 exhibits high
affinity for non-prenylated Racl, facilitating GTP load-
ing and amplifying inflammatory responses in LPS-
stimulated BMDMs. In contrast, efferocytosis employs
a distinct Racl activation mechanism mediated by the
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DOCK180/ELMO complex, another GEF subfamily that
catalyzes GDP-to-GTP exchange on Racl [50-52]. Other
Racl GEFs, including Dbl [53] and Vavl [54], were also
identified to regulate Racl activity after engulfment of
apoptotic cells. However, the precise role of Racl pre-
nylation in efferocytosis remains poorly understood. Pre-
nylated Racl is known to be crucial for endomembrane
targeting and cytoskeletal reorganization during FcyR-
mediated phagocytosis [55]. Besides, Racl activity could
be restored by geranylgeraniol, thereby rescuing mac-
rophage efferocytosis in bisphosphonate-related osteone-
crosis of the mouse jaw [18]. Thus, we hypothesize that
the DOCK180/ELMO complex, DbI, or Vavl, may pref-
erentially recognize prenylated Racl during apoptotic cell
clearance. Consequently, GGPPS deficiency could impair
efferocytosis by disrupting the prenylation and activation
of Racl in mouse ALIL This hypothesis warrants further
studies systematically examining: 1) The role of Racl pre-
nylation and activation in GGPPS-deficient macrophages
in efferocytosis, using both in vitro and in vivo models; 2)
Whether Racl inhibition abolishes the pro-efferocytotic
effects of GGOH supplementation; 3) How Racl prenyla-
tion and activation vary across macrophage subsets and
subcellular locations.

This study demonstrated that GGOH administration at
the peak of inflammation restored AXL expression and
the capacity of both recruited and resident macrophages
to clear apoptotic neutrophils, and alleviated lung injury
in GGPPS-CKO mice. These findings support the impor-
tant role of GGPPS in resolution of ALI. GGOH, a nat-
ural C20 isoprenoid found in plants, has been shown
to serve as a precursor for GGPP synthesis and protein
isoprenylation in mammalian cells [20]. GGOH has
demonstrated anti-inflammatory properties in human
peripheral blood mononuclear cells [56] and in a mouse
model of liver inflammation [57]. Additionally, GGOH
enhanced macrophage efferocytosis and promoted the
bone healing in the mouse model of bisphosphonate-
related osteonecrosis [18]. However, GGOH administra-
tion did not exert therapeutic effects on WT mice with
ALI (data not shown) in this study, though GGOH pro-
moted efferocytosis of WT BMDMs in vitro. Notably,
apoptotic neutrophils were efficiently cleared during Day
3 and 5 of acute lung injury in WT mice, enabling rapid
resolution of lung injury. This may limit the potential for
GGOH to exert its pro-resolving effects when adminis-
tered on Days 3 and 4. Future studies should optimize the
timing and dosage of administration to explore the pro-
tective role of GGOH.

Some limitations of our study should be addressed.
First, clinical data were lacking. Evaluating GGPPS
expression in alveolar macrophages from ARDS patients
with successful versus failed resolution could provide
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valuable insights. This clinical investigation is currently
ongoing. In addition, Lyz2-Cre driver system could also
induce GGPPS deletion in neutrophils [58]. According
to the Immunological Genome Consortium, GGPPS is
expressed in neutrophils and to a similar degree as mono-
cytes. Our data demonstrated that GGPPS deficiency
increases neutrophil counts at both day 3 and 5 during
ALI (Fig. 2D). The findings suggest that accumulated
neutrophils could be due in part to defective efferocyto-
sis, and it could also arise from increased recruitment or
prolonged survival of neutrophils. Therefore, the poten-
tial role of GGPPS in regulating neutrophil survival and
recruitment requires further investigation. Furthermore,
though instillation methods and co-culture methods
were traditional approaches for studying efferocytosis
[23, 41, 59, 60], using human neutrophils to assess effe-
rocytosis of mouse macrophage has certain limitations.
Some key efferocytosis receptors and bridging molecules
may have different affinities between species. However,
the yield of thymocytes from mice or neutrophils from
peripheral blood is relatively low, which increases the
costs. To address these limitations, this study has incor-
porated in vivo experiments to validate the results.

Conclusions

In summary, GGPPS deficiency in macrophages delayed
lung injury resolution. Reduced AXL expression and
impaired efferocytosis in recruited macrophages could be
the key mechanism. Thus, GGPPS-AXL signaling might
provide promising therapeutic strategy for ARDS.
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Additional file 1: Supplementary Figure 1. The percentage of apoptotic
neutrophils was determined by flow cytometry (Annexin V*7-AAD %
cells). Supplementary Figure 2. Gating strategy to identify the percentage
of CFSE™ cells and AXL™ cells in F4/80™" BMDMs or AMs after co-incu-
bation with apoptotic neutrophils. Supplementary Figure 3. The mRNA
expression of GGPPS determined by gRT-PCR and the protein expression
by Western blot in AMs of WT or CKO mice. Student’s t-test, **, p<0.01.
Supplementary Figure 4. The concentrations of total protein in BALF (A)
determined by BCA assay and the concentration of cytokines (B, C) in
BALF determined by ELISA in WT and CKO mice 3d and 5d after LPS instil-
lation. Gating strategy of BALF cells for the neutrophils (Ly6G*%, D), apop-
totic neutrophils (AnnexinV*t7-AAD %, D). Apoptotic cells were assessed
by TUNEL staining of lung tissue of ALl mice on day 5 from the WT and
CKO group (E). Scale bar=100 um. The percentage of TUNEL+ cells was
presented (F). Student’s t-test, *, p<0.05, **, p<0.01. n=3-8 for each group.
Supplementary Figure 5. The protein expression non-prenylated RAPTA
in AMs from ALI mice with or without GGOH administration (A, B) and in
BMDMs in WT, CKO and CKO+GGOH group (C, D). Student’s t-test or one-
way ANOVA analysis, *, p<0.05, **, p<0.01. Supplementary Figure 6. Effe-
rocytosis was determined by flow cytometry quantifying the percentage
of CFSE™ cells among F4/80% cells 2 h after co-incubation of apoptotic
neutrophils and AMs (A, B). Student’s t-test, **, p<0.01. Supplementary
Figure 7. Rac1 activity was determined in WT- or CKO-BMDMs after
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co-incubation with apoptotic neutrophils using G-LISA kit. Student’s t-test,
* p<0.05. Supplementary Figure 8. AXL* cells gated on CD11bMCD11c®
recruited macrophages and CD11c"CD11b resident macrophages in
BALF (A). AXL expression in CD11b"CD11c recruited macrophages in
BALF of mice with ALl on Day 3, 5,and 7 (B) and CD11c"'CD11b" resident
macrophages on Day 0, 3, 5, and 7 (C). n=3-5 for each group. One-way
ANOVA analysis, **, p<0.01. Supplementary Figure 9. AXL expression in
CD11bMCD11c"° recruited macrophages (A) and CD11c"CD11b"° resident
macrophages (B) in BALF of ALl mice in CKO and CKO+GGOH group.
n=3-5 for each group. Student’s t-test, *, p<0.05. Supplementary Figure 10.
Rac1 activity in BMDMs in WT, WT+GGPP, and WT+GGPP+R428 group was
determined using G-LISA assay. n=3-5 for each group. One-way ANOVA
analysis, ¥, p<0.05, **, p<0.01.
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