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Abstract: Peritoneal inflammation remains a major cause of treatment failure in patients with kidney
failure who receive peritoneal dialysis. Peritoneal inflammation is characterized by an increase in
neutrophil infiltration. However, the molecular mechanisms that control neutrophil recruitment in
peritonitis are not fully understood. ELMO and DOCK proteins form complexes which function as
guanine nucleotide exchange factors to activate the small GTPase Rac to regulate F-actin dynamics
during chemotaxis. In the current study, we found that deletion of the Elmo1 gene causes defects in
chemotaxis and the adhesion of neutrophils. ELMO1 plays a role in the fMLP-induced activation of
Rac1 in parallel with the PI3K and mTORC2 signaling pathways. Importantly, we also reveal that
peritoneal inflammation is alleviated in Elmo1 knockout mice in the mouse model of thioglycollate-
induced peritonitis. Our results suggest that ELMO1 functions as an evolutionarily conserved
regulator for the activation of Rac to control the chemotaxis of neutrophils both in vitro and in vivo.
Our results suggest that the targeted inhibition of ELMO1 may pave the way for the design of novel
anti-inflammatory therapies for peritonitis.
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1. Introduction

Peritoneal dialysis (PD) is an effective alternative therapy for renal failure, but in-
fection and infection-associated acute inflammation can lead to treatment failure, which
is a common complication of PD. The early stages of acute peritonitis are characterized
by massive neutrophil infiltration. Neutrophils are the dominant white blood cells in
the human body and play a key role in the first-line immune response. Dysregulation of
the number or function of neutrophils leads to neutrophil inflammatory diseases such as
coronary artery disease [1], rheumatoid arthritis [2], and sepsis [3]. Chemotaxis, the direc-
tional movement of cells toward chemokines and other chemoattractants, plays a critical
role in diverse physiological processes, such as embryonic development, the targeting of
metastatic cancer cells to specific tissues, and the mobilization of immune cells to fight
invading microorganisms. Neutrophil chemotaxis to sites of infection and tissue injury is a
critical process during immune responses that leads to acute and chronic inflammation. The
migration of neutrophils to the site of infection is a four-step process, including neutrophil
capture, rolling, stable adhesion, and transendothelial migration [4].
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Neutrophil chemotaxis is induced by chemoattractant stimuli, including lipids, N-
formylated peptides, complement anaphylatoxins, and chemokines [5,6]. During the
inflammatory response, the binding of chemokines to G-protein-coupled receptors (GPCRs)
on the surface of immune cells induces the dissociation of the heterotrimeric G protein to
two free subunits, Gα and Gβγ [7,8]. Gβγ activates downstream effectors, including Rho
family proteins, PI3K/mTORC2, phospholipase C, MAPK, JAK/Stat, and NF-κB, which
ultimately leads to cell polarization and migration [9–11]. Studies have shown that PI3K
promotes the polarization phenotype of neutrophils to promote efficient chemotaxis [12–14],
which depends on the site activation and phosphorylation of the downstream effector
AKT threonine-308 [15,16]. However, another study showed that PI3K indeed accelerates
neutrophil chemotaxis, but is not required [17]. mTORC2 is a key regulator of the actin
cytoskeleton [18]. By acting downstream of Ras, it regulates the phosphorylation of AKT
serine-473 and participates in the chemotaxis of neutrophils [19]. Together, these signaling
components lead to the activation of the small GTPase Rac to regulate the reorganization of
the actin cytoskeleton that generates directional force for cell chemotaxis at the leading edge.
At the trailing end of the polarized neutrophils, activated RhoA stimulates the assembly
of actomyosin contractile complexes to detach the cells from the substratum as a result of
RhoA/ROCK-dependent actomyosin contractile forces [20].

The engulfment and cell motility protein (ELMO) is an evolutionarily conserved
adapter protein with three isoforms of ELMO proteins, ELMO 1–3. The ELMO1–DOCK–
Rac1 axis has been found to regulate the actin cytoskeleton during osteoclast precursor
cell migration [21], the engulfment of apoptotic cells [22], and neurite outgrowth [23]. In
previous studies, we showed that ELMO family proteins bind to heterotrimeric G proteins,
such as Gα and Gβγ subunits, leading to the activation of Rac GTPase to regulate F-actin
dynamics during D. discoideum [24] and cancer cell migration [25,26]. Recently, a number
of studies have suggested that ELMO1 is involved in inflammatory diseases [21,26–30].
However, the role and mechanism of ELMO1 in regulating the chemotaxis of neutrophils
in acute peritonitis remains unclear. By using the adhesion sites at the leading edge as
cortical anchors for F-actin polymerization, cells reorganize the cytoskeleton to enhance
membrane protrusion during chemotaxis [31]. In this study, we set out to investigate the
function of ELMO1 in the adhesion and chemotaxis of neutrophils. Our data show that
ELMO1 is required for the migration and adhesion of neutrophils. More importantly, we
found that peritoneal inflammation is alleviated in Elmo1 knockout mice in the mouse
model of thioglycollate (TG)-induced peritonitis. Together, our results suggest that ELMO1
functions as a conserved regulator to control the chemotaxis of neutrophils both in vitro
and in vivo.

2. Results
2.1. ELMO1 Plays a Role in Acute Peritonitis by Regulating the Infiltration of Neutrophils

The early stage of acute peritonitis is characterized by neutrophil infiltration at the
site of infection. To study the possible role of ELMO1 in the inflammatory response, we
successfully constructed an acute peritonitis model using 4% TG in Elmo1−/− and Elmo1+/+

adult mice. H&E-stained sections revealed that the inflammatory response was reduced in
the liver and peritoneum in KO mice compared to WT mice (Figure 1A). The peritoneal
lavage fluid after TG induction was collected and analyzed by flow cytometry and ELISA.
The results showed that the peritoneal lavage fluid of Elmo1−/− mice had lower cellular
accumulation and levels of inflammatory factors (TNF-a and IL-6) than wild-type mice
(Figure 1B–D). Immunofluorescent staining of immune cells revealed reduced numbers of
Gr-1+ neutrophils in the liver and peritoneum in the Elmo1−/− mice (Figure 1E,F). These
results suggest that a reduction in the inflammatory response may be attributable to the
decreased enrichment of neutrophils in Elmo1−/− mice.
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Figure 1. ELMO1 plays a role in acute peritonitis by regulating infiltration of neutrophils. (A) H&E-
stained peritoneum and liver sections. The inflammatory cell infiltration is indicated by black ar-
rows. Scale bar, 50 µm. (B) Total number of cells in peritoneal lavage fluid. The number of TG-
induced cells in peritoneal lavage fluid were detected by flow cytometry. (C,D) Relative content 
levels of TNF-α and IL-6 in peritoneal lavage fluid detected by ELISA. The data are presented as 
means ± SEM (n = 6). (E,F) Immunofluorescence-stained histological peritoneum and liver sections. 
Yellow arrows indicate inflammatory cell infiltration. Scale bar: 50 µm. Statistical significance was 
assessed by t-test, ** p < 0.01, *** p < 0.001, and ns p > 0.05. n = 6. 

2.2. Elmo1 Deficiency Reduces the Chemotaxis and Adhesion of Neutrophils 
Studies have shown that under the stimulation of fMLP, Rho, Rac, and Cdc42 are 

temporarily activated in neutrophils; this is especially true for Rho and Rac, which control 
skeleton reorganization, reversible adhesion, and directional migration [32–34]. To check 
whether ELMO1 is involved in the chemotaxis of neutrophils, we collected cells in the TG-
induced peritoneal lavage fluid and performed flow cytometric analysis. The results 
showed that Elmo1−/− mice had a lower percentage of neutrophils in the peritoneal lavage 
fluid than wild-type mice (Figure 2A,B). We next examined the chemotaxis of isolated 
primary neutrophils with high purity (Supplementary Figure S3) stimulated with fMLP 
by transwell assay. Flow cytometry analysis showed that the migration ability of 

Figure 1. ELMO1 plays a role in acute peritonitis by regulating infiltration of neutrophils. (A) H&E-
stained peritoneum and liver sections. The inflammatory cell infiltration is indicated by black arrows.
Scale bar, 50 µm. (B) Total number of cells in peritoneal lavage fluid. The number of TG-induced
cells in peritoneal lavage fluid were detected by flow cytometry. (C,D) Relative content levels of
TNF-α and IL-6 in peritoneal lavage fluid detected by ELISA. The data are presented as means ± SEM
(n = 6). (E,F) Immunofluorescence-stained histological peritoneum and liver sections. Yellow arrows
indicate inflammatory cell infiltration. Scale bar: 50 µm. Statistical significance was assessed by t-test,
** p < 0.01, *** p < 0.001, and ns p > 0.05. n = 6.

2.2. Elmo1 Deficiency Reduces the Chemotaxis and Adhesion of Neutrophils

Studies have shown that under the stimulation of fMLP, Rho, Rac, and Cdc42 are
temporarily activated in neutrophils; this is especially true for Rho and Rac, which control
skeleton reorganization, reversible adhesion, and directional migration [32–34]. To check
whether ELMO1 is involved in the chemotaxis of neutrophils, we collected cells in the
TG-induced peritoneal lavage fluid and performed flow cytometric analysis. The results
showed that Elmo1−/− mice had a lower percentage of neutrophils in the peritoneal lavage
fluid than wild-type mice (Figure 2A,B). We next examined the chemotaxis of isolated
primary neutrophils with high purity (Supplementary Figure S3) stimulated with fMLP by
transwell assay. Flow cytometry analysis showed that the migration ability of neutrophils
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increased in a concentration-dependent manner under the stimulation of fMLP, reaching
the maximum level at 1 µM. The migration of neutrophils in the Elmo1−/− group was
significantly lower than that of the wild-type group (Figure 2C). HL-60, a human leukemia
cell line, is a well-established model for studying neutrophil functions, including migration
and phagocytosis. To further verify the effect of Elmo1 gene ablation on cell migration, we
successfully knocked down Elmo1 in HL-60 cells (Supplementary Figure S1). We added
1 µM of fMLP to stimulate the HL-60 cells in the transwell experiment and found that the
migration ratio of the knockdown group was significantly lower than that of the control
group as well (Figure 2D).
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Figure 2. Elmo1 deficiency reduces the chemotaxis and adhesion of neutrophils. (A) The percentage
of neutrophils number in the peritoneal lavage fluid. TG-induced neutrophil aggregation was stained
with CD11b and Gr-1 to detect the ratio by flow cytometry (different colors means different cell
population). (B) The percentage of CD11b- and Gr-1-positive cells were quantified with FlowJo
software and the data are presented as means ± SEM (n = 5). (C,D) Primary neutrophils (n = 4)
and HL-60 cells (n = 5) migration assay. Cells migrate under stimulation of fMLP for 2 h. Migrated
cell numbers in the bottom chamber were counted by flow cytometry. The data are presented as
means ± SEM. (E,F) Primary neutrophils and HL-60 cells adhesion assay. The fMLP-stimulated cells
were incubated at 37 ◦C for 2 h and stained with crystal violet followed by 2% SDS dissolving for
measuring absorbance at 570 nm. The data are presented as means ± SEM (n = 5). Each group had
3 replicates. Statistical significance was assessed by t-test, KD groups versus CON group by one-way
ANOVA. * p < 0.05, ** p < 0.01, *** p < 0.001, and ns p > 0.05.
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Cell adhesion is closely related to the process of cell migration [35]. We next examined
the effect of ELMO1 on the adhesion of neutrophils. By measuring the OD value of the
absorbance of the adherent cells at 570 nm, we found that with the increase in the fMLP
concentration, the adhesion ability of neutrophils went up, reaching the maximum at
10 µM. The adhesion ability of the neutrophils of Elmo1−/− mice was reduced compared
with that of wild-type mice (Figure 2E). To further verify the effect of Elmo1 on neutrophil
adhesion, we also performed the same assay in HL-60 cells. We found that Elmo1 KD cells
showed reduced adhesion (Figure 2F). In addition, we tested the chemotaxis and adhesion
of neutrophils and HL-60 under the stimulation of C5a. We found that the chemotaxis
and adhesion of Elmo1-deficient cells were reduced compared to those of wild-type cells
(Figure S2B–E), indicating that the defect in chemotaxis and adhesion is not limited to a
specific agent. Overall, the above results indicate that ELMO1 positively regulates the
chemotaxis and adhesion of neutrophils in vivo and in vitro.

2.3. Deficiency of Elmo1 Down-Regulates fMLP-Induced Actin Polymerization

The local polymerization of actin causes cell polarization to produce traction and thrust
in the process of neutrophil migration. Phalloidin binds the actin between polymerized
subunits with high specificity. We used Alexa Fluor 633-phalloidin to stain F-actin, which
was followed by flow cytometry to measure the mean fluorescence intensity. In addition, we
used confocal microscopy to detect the F-actin cell end-clustering in neutrophils. The results
showed that F-actin was polymerized rapidly and transiently under fMLP stimulation.
However, the F-actin polymerization in neutrophils from Elmo1−/− mice was reduced
compared to that in neutrophils from wild-type mice (Figure 3A–C). Similarly, we found
that Elmo1 KD cells showed reduced F-actin polymerization as well (Figure 3D–F). To
identify the neutrophils in the sample, we stained the samples with an antibody against
Ly6G (Figure S2A). In conclusion, our data suggest that a deficiency of Elmo1 reduces the
F-actin polymerization in neutrophils.

2.4. ELMO1 Regulates fMLP-Triggered Rac Activation Independent of PI3K and mTORC2
Signaling Pathways

Next, we checked whether Elmo1 plays a role in the migration of neutrophils and actin
polymerization through Rac1 signaling. We found that compared to wild-type mice, the
level of activated Rac1 (Rac1-GTP) in Elmo1−/− neutrophils was remarkably reduced when
stimulated by 10 µM of fMLP, indicating that ELMO1 promotes the activation of the Rac
protein (Figure 4A,B). It was found that the binding of chemokines to GPCRs activates the
downstream signaling pathways of PI3K and mTORC2, each of which transduces signals
to the actin cytoskeleton [36]. We therefore examined whether ELMO1 is involved in
modulating the PI3K and mTORC2 classic signaling pathways under fMLP stimulation. We
found that phosphorylation at AKT-T308 and AKT-S473, which were activated by PI3K and
mTORC2, respectively, showed no significant difference between Elmo1−/− and wild-type
neutrophils (Figure 4C–E), which was further confirmed in HL-60 cells (Figure 4F–H). We
therefore speculated that ELMO1 regulates the Rac activation of neutrophils independent
of the PI3K and mTORC2 signaling pathways.
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Figure 3. Deficiency of Elmo1 down-regulates fMLP-induced actin polymerization. (A,B) Neutrophil
F-actin polymerization assay. Confocal micrographs of fMLP-stimulation cells stained with Alexa
Fluor 633 phalloidin and DAPI. The percentage of phalloidin-positive cells in vision were quantified
with ImageJ software and the data are presented as means ± SEM (n = 7). (C) The fMLP-stimulated
primary neutrophils were stained with phalloidin to detect the F-actin by flow cytometry (n = 5).
(D,E) F-actin polymerization assay in HL-60 cells (n = 5). (F) The fMLP-stimulated HL-60 cells F-actin
polymerization assay (n = 5). MFI: mean fluorescence intensity. Yellow arrows indicate F-actin
polymerization cells. Each group had 3 replicates. Statistical significance was assessed by t-test,
* p < 0.05, ** p < 0.01 and *** p < 0.001.
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Figure 4. ELMO1 regulates fMLP-triggered Rac activation independent of PI3K and mTORC2
signaling pathways. (A) fMLP-induced Rac1 activation assay. Total proteins of neutrophils were
collected after 5 and 15 s of fMLP stimulation, incubated with PAK-PBD beads and then subjected
to SDS-PAGE and analyzed by immunoblotting for detecting for Rac1. (B) The ratio of Rac1-GTP
to total Rac1 was quantified and graphed. Data are presented as mean ± SEM representation
(n = 3). (C,F) fMLP-stimulated neutrophils and HL-60 cells. Phosphorylated AKT and total AKT
were detected by SDS-PAGE Western blotting. (D–H) The levels of phosphorylated AKT-T308 (n = 3)
and AKT-S473 (n = 3) were density-determined using ImageJ software and expressed as the ratio
of phosphorylated form to total protein. Data are presented as means ± SEM. Each group had
3 replicates. Statistical significance was assessed by t-test, * p < 0.05, and ns p > 0.05.
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3. Discussion

The results presented here reveal the biological functions of ELMO1 in the chemotaxis
of neutrophils in murine peritonitis. We found that inflammation was alleviated in Elmo1
knockout mice in the mouse model of TG-induced peritonitis. We showed that ELMO1-
deficient neutrophils exhibit defective capabilities of adhesion and migration. Furthermore,
we discovered that ELMO1 functions through Rac1 independently of the canonical PI3K
and mTORC2 signaling pathways. Taken together, our data suggest that ELMO1 acts as a
regulator of neutrophil chemotaxis during acute inflammation.

Previous studies have shown that GPCRs regulate the ELMO/DOCK complex via
heterotrimeric G proteins to activate the small GTPase Rac, which promotes actin polymer-
ization during the chemotaxis of D. discoideum [24] and human cancer cells [25,26]. Recently,
we found that Elmo1 deficiency suppresses the adhesion and migration of osteoclast pre-
cursors, which are critical processes for the information of mature osteoclasts, and results in
alleviated bone erosion in Elmo1 knockout mice in a rheumatoid arthritis mouse model [21].
In line with our findings, Arandjelovic reported that Elmo1 knockout neutrophils show
significantly reduced migration toward chemoattractants of LTB4 and CXCL1 [27]. In our
current study, we showed that the deletion of Elmo1 causes defective chemotaxis in neu-
trophils and human neutrophil-like HL-60 cells stimulated with fMLP, indicating that the
mechanism underlying ELMO1 signaling in neutrophil chemotaxis shares a similarity with
other organisms or cells. Therefore, our data support the notion that the ELMO/DOCK
complex functions as an evolutionarily conserved guanine nucleotide exchange factor to
regulate Rac activation in cell chemotaxis.

Neutrophils, the most abundant white blood cells in human blood circulation, play
a critical role in the innate immune response that forms the first line of defense against
invading pathogens. However, excessive recruitment of these cells results in tissue damage
and inflammatory diseases such as arthritis [27], colitis [37], and sepsis [38]. The results
reported herein show that ELMO1 plays a role in the recruitment of neutrophils in a
mouse model of TG-induced peritonitis. Our current studies cannot exclude the possible
involvement of additional innate immune cells such as macrophages, which may also play
a role in the inflammation of peritonitis. However, our results are complemented by a
recent report demonstrating that neutrophils are the predominant cells in the model of TG-
induced peritonitis compared to macrophages [39]. These data suggest that ELMO1 is a key
regulator of neutrophil chemotaxis and may be critical to the early inflammatory response in
murine peritonitis. It is well established that neutrophils are the first responders, playing a
key role in the immune response to acute infection. However, recent studies have suggested
that neutrophils may also be involved in chronic inflammation by exhibiting memory-like
inflammatory responses after exposure to bacterial components such as LPS [40], LTA [41],
or small extracellular vesicles from the gut [42]. It would be interesting to investigate
whether ELMO1 functions as a priming neutrophil function in future studies.

Recent studies have revealed that adenovirus therapy targeting ELMO1 delays the
inflammatory response in an arthritis animal model [30], and that the c-terminal helical in-
hibitory peptide of ELMO1 decreases osteoclast-mediated bone resorption [28]. The studies
here may have important implications for targeting ELMO1 to inhibit the infiltration of neu-
trophils into the peritoneum, which may help patients with kidney failure. Further studies
would shed light on the functions and mechanisms of ELMO1 in regulating inflammation,
which may hopefully pave the way for the design of novel anti-inflammatory therapies.

4. Materials and Methods
4.1. Mice

Animal experiments were carried out in accordance with the relevant ethical regu-
lations for animal testing and research, and the protocols were reviewed and approved
by the Ethics Committee of Shanghai University (the approval number: No. ECSHU2021-
045). Elmo1 knockout mice were purchased from the European Mouse Mutant Archive.
Mice were maintained in specific pathogen-free conditions in individual ventilated cages
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and were housed at 22 ± 2 ◦C under a 12–12 h light/dark cycle with free access to food
and water.

4.2. Primary Neutrophil Isolation and Identification

The tibia and femur of mice were washed in PBS containing 100 U/mL of penicillin and
100 µg/mL of streptomycin. Bone marrow fluids were flushed from the bone marrow cavity
with HBSS containing 2% bovine serum albumin. Bone marrow cells were resuspended
in red blood cell lysis buffer, and then the cell suspension was added to the PercollTM

(170891, GE Healthcare, Chicago, IL, USA) buffer with gradient centrifugation at 1500× g
for 30 min. The middle cell layer was collected and washed with a wash buffer. The
clarified cells were resuspended in an RPMI medium (SH30809, HyClone, Logan, UT,
USA) containing 10% fetal bovine serum (FBS) (10099, Gibco, New York, NY, USA) and 1%
penicillin and streptomycin.

4.3. Cell Culture, Infection, and Differentiation

The cultivation and differentiation of HL-60 cells (purchased from ATCC) were per-
formed as described previously [43]. shRNA sequences targeting human Elmo1 (GenBank,
NM_014800) and a negative scrambled sequence were constructed by GeneChem (Shanghai,
China). The Elmo1 shRNA sequences were GATAGTTCAAACTTCTATA and CCATGTA-
CACGCGAGATTATA, and the negative scrambled shRNA sequence was CCTAAGGT-
TAAGTCGCCCTCG. Silencing Elmo1 was achieved by inserting shRNAs into the pLVX
vector. Recombinant lentiviruses were produced by co-transfecting 293T cells. Lentivirus
particles were used to infect cells with the added HitransG (REVG005, GeneChem, Shang-
hai, China). After co-culturing for 24 h, cells were sorted with green fluorescence by
flow cytometry (Beckman Coulter, Krefeld, Germany). The differentiated HL-60 (dHL-60)
cells were used for experiments on day 6 after a 1.3% dimethyl sulfoxide (DMSO) (D8418,
Sigma-Aldrich, St. Louis, MO, USA) treatment. Differentiation was verified using CD11b
(550019, BD Pharmingen™, Franklin Lakes, NJ, USA) and CD71 (555537, BD Pharmingen™,
Franklin Lakes, NJ, USA) antibodies for flow cytometry detection and immunofluorescence.

4.4. H&E, Immunofluorescence, and Phalloidin Staining Assay

Primary neutrophils and HL-60 cells were cultured in fibrinogen-coated glass-bottom
dishes (801001, NEST, Beijing, China) at a density of 2 × 105 cells per dish. After stimulation,
the cells were fixed with 4% paraformaldehyde (PFA) for 10 min and incubated with Alexa
Fluor 633-phalloidin (A22284, Life Technologies, Carlsbad, CA, USA) for 30 min, which
was followed by 4, 6-diamidino-2-phenylindole (DAPI) (D3571, Life Technologies, USA)
staining for 2 min. The cells were imaged using a Zeiss 710 LSM confocal microscope (Zeiss,
Oberkochen, Germany). Neutrophils and HL-60 cells were collected and resuspended at
1 × 107/mL. Then, 20 µL of cells were stained with phalloidin after stimulation for the
indicated times. The detection of MFI (mean fluorescence intensity) was performed via
flow cytometry.

The liver and peritoneum were fixed in 4% PFA overnight at 4 ◦C. Samples were em-
bedded in paraffin. Six-micrometer-thick sections were cut (Leica Microsystems, Wetzlar,
Germany) and stained with a hematoxylin and eosin staining solution, and then pho-
tographed under a light microscope (Olympus Microsystems, Tokyo, Japan). Immunofluo-
rescence staining was performed on sections of Gr-1 according to standard protocols [44].
In brief, sections were deparaffinized, rehydrated, and permeabilized with 0.1% Triton
X-100 for 30 min. For immunostaining, sections were blocked with 10% goat serum for
60 min, incubated with the anti-Gr-1 antibody (87048S, Cell Signaling Technology, Danvers,
MA, USA) overnight at 4 ◦C, and incubated with a secondary antibody for 1 h at 37 ◦C; then,
they were mounted on ProLong Gold DAPI (P36934, Life Technologies, USA). Images were
taken and analyzed using the Olympus DP72 microscope (Olympus Microsystems, Japan).
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4.5. Generation of the Peritonitis Mouse Model

The peritonitis mouse model was generated with 4% TG (70157, Sigma-Aldrich, USA)
according to the protocol as described in [45]. In brief, 2 mL of TG was injected into the
abdominal cavity. Organs, serum, and peritoneal lavage fluid of mice were collected within
6 h. The same volume of peritoneal lavage solution was centrifuged at 500 g, and the
total cell numbers were counted via the FSC (forward scatter) and SSC (side scatter) of
flow cytometry. Cells were incubated with anti-CD11b (17-0118, eBioscience, San Diego,
CA, USA) and anti-Gr-1 (11-5931, eBioscience, USA) antibodies to label neutrophils. The
percentage of neutrophils for the same total cells were recorded by flow cytometry.

4.6. Enzyme-Linked Immunosorbent Assay (ELISA)

The contents of tumor necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6) in the
peritoneal lavage fluid were measured by TNF-α (88-7324) and IL-6 (88-7064) ELISA kits
(eBioscience Co., USA). First, 96-well plates were coated with the capture antibody and
incubated overnight at 4 ◦C. Then, the standard samples and peritoneal lavage fluid were
added and incubated for 2 h at room temperature. The corresponding detection antibody,
avidin-horseradish peroxidase, and tetramethylbenzidine (TMB) solution were added.
After stopping the reaction, optical absorbance was read at 450 nm and analyzed. The
concentration of protein was calculated according to the standard curve.

4.7. Adhesion Assay

Primary neutrophils and HL-60 cells adhesion assay were conducted in a 96-well plate.
Cells suspended in a 100 µL cell culture medium were seeded in triplicate at a density of
2 × 106 cells per well and incubated with fMLP for 30 min at 37 ◦C. Then, cells were washed
with PBS and fixed with 4% PFA for 10 min after the non-adherent cells were aspirated out.
The fixed cells were stained with crystal violet for 10 min and dissolved by sodium dodecyl
sulfate (SDS) to measure the absorbance at 570 nm using a microplate spectrophotometer.

4.8. Transwell Migration Assay

Primary neutrophil and HL-60 cells migration assays were performed in 24-well
cell culture insert paired plates on transwell filters with a pore size of three microns
(353096, Becton, Dickinson and Company, New York, NY, USA). First, 5 × 105 cells were
suspended in a 200 µL medium and added to the upper chamber of the insert pre-coated
with 2.5 µg/mL of fibronectin (F0895, Sigma-Aldrich, Burlington, MA, USA). Then, a
600 µL medium containing 100 µM of fMLP (47729, Sigma-Aldrich, USA) was added to
the lower chamber for cell migration. Cells in the lower chamber were collected after
2 h of incubation and counted by flow cytometry. Mobility was defined as the ratio of
(experimental group—control group)/control group.

4.9. Rac Activity Assay

Rac1 activity assays were generated according to the Rac1 activation assay kit (BK035,
Cytoskeleton, Denver, CO, USA). In brief, neutrophils were stimulated with 10 µM of fMLP
for the indicated times, and then were disrupted with an ice-cold lysis buffer containing a
protease inhibitor cocktail. After repeated freezing and thawing, some of the lysates were
taken, stored, and used to detect the total Rac1. The remaining cell lysates were incubated
with PAK-PBD beads to detect active Rac1. Samples were analyzed by SDS-PAGE and
immunoblotting using the anti-Rac1 antibody.

4.10. Western Blot Analysis

Proteins extracted from cells were separated via SDS-PAGE and transferred to polyvinyli-
dene difluoride (PVDF) membranes. The PVDF membrane was blocked with 5% skim milk
and probed with antibodies against p-AKT-T308, p-AKT-S473, AKT (2965S, 4060S, and 9272S;
Cell Signaling Technology, USA), ELMO1 (ab174298, Abcam, Cambridge, UK), and GAPDH
(C1219, Tianjin Sungene Biotech, Tianjin, China) for the indicated proteins.
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4.11. Statistical Analysis

Statistical significance was evaluated with GraphPad Prism 6 using Student’s 2-tailed,
unpaired t-test analysis of variance and a one-way ANOVA was used for comparisons of
more than two groups. p < 0.05 was considered significant.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ijms24098103/s1.

Author Contributions: Conceptualization, J.Y. and X.C.; methodology, S.Y., X.G., H.L., Y.Z., X.C. and
J.Y.; validation, J.Y., X.C., S.Y. and Y.Z.; formal analysis, S.Y.; investigation, S.Y., X.C., X.G., H.L. and
Y.Z.; resources, J.Y. and X.C.; data curation, S.Y., X.G. and Y.Z.; writing—original draft preparation,
J.Y., X.C. and S.Y.; writing—review and editing, J.Y., X.C. and B.L.; supervision, J.Y. and X.C.; funding
acquisition, J.Y. and X.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Nature Science Foundation of China (31972901,
31571430, 31671234) and the Open Program of Henan Joint International Research Laboratory of Stem
Cell Medicine. The APC was funded by the National Nature Science Foundation of China.

Institutional Review Board Statement: The animal study protocol was approved by the Ethics
Committee of Shanghai University.

Acknowledgments: We thank the members of Yan’s lab (Shanghai University, Shanghai, China) for
their generous assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Niccoli, G.; Montone, R.A.; Sabato, V.; Crea, F. Role of Allergic Inflammatory Cells in Coronary Artery Disease. Circulation 2018,

138, 1736–1748. [CrossRef] [PubMed]
2. Konig, M.F.; Abusleme, L.; Reinholdt, J.; Palmer, R.J.; Teles, R.P.; Sampson, K.; Rosen, A.; Nigrovic, P.A.; Sokolove, J.; Giles,

J.T.; et al. Aggregatibacter actinomycetemcomitans-induced hypercitrullination links periodontal infection to autoimmunity in
rheumatoid arthritis. Sci. Transl. Med. 2016, 8, 369ra176. [CrossRef] [PubMed]

3. Venet, F.; Monneret, G. Advances in the understanding and treatment of sepsis-induced immunosuppression. Nat. Rev. Nephrol.
2018, 14, 121–137. [CrossRef] [PubMed]

4. Margraf, A.; Lowell, C.A.; Zarbock, A. Neutrophils in acute inflammation: Current concepts and translational implications. Blood
2022, 139, 2130–2144. [CrossRef]

5. Petri, B.; Sanz, M.J. Neutrophil chemotaxis. Cell Tissue Res. 2018, 371, 425–436. [CrossRef]
6. Michael, M.; Vermeren, S. A neutrophil-centric view of chemotaxis. Essays Biochem. 2019, 63, 607–618. [CrossRef]
7. Chen, K.; Bao, Z.; Tang, P.; Gong, W.; Yoshimura, T.; Wang, J.M. Chemokines in homeostasis and diseases. Cell Mol. Immunol 2018,

15, 324–334. [CrossRef]
8. Mafi, A.; Kim, S.K.; Goddard, W.A., 3rd. The mechanism for ligand activation of the GPCR-G protein complex. Proc. Natl. Acad.

Sci. USA 2022, 119, e2110085119. [CrossRef]
9. Surve, C.R.; To, J.Y.; Malik, S.; Kim, M.; Smrcka, A.V. Dynamic regulation of neutrophil polarity and migration by the heterotrimeric

G protein subunits Galphai-GTP and Gbetagamma. Sci. Signal. 2016, 9, ra22. [CrossRef]
10. Khater, M.; Wei, Z.; Xu, X.; Huang, W.; Lokeshwar, B.L.; Lambert, N.A.; Wu, G. G protein betagamma translocation to the Golgi

apparatus activates MAPK via p110gamma-p101 heterodimers. J. Biol. Chem 2021, 296, 100325. [CrossRef]
11. Liu, L.; Das, S.; Losert, W.; Parent, C.A. mTORC2 regulates neutrophil chemotaxis in a cAMP- and RhoA-dependent fashion. Dev.

Cell 2010, 19, 845–857. [CrossRef]
12. Takai, Y.; Sasaki, T.; Matozaki, T. Small GTP-binding proteins. Physiol. Rev. 2001, 81, 153–208. [CrossRef]
13. Filippi, M.D.; Szczur, K.; Harris, C.E.; Berclaz, P.Y. Rho GTPase Rac1 is critical for neutrophil migration into the lung. Blood 2007,

109, 1257–1264. [CrossRef]
14. Roberts, A.W.; Kim, C.; Zhen, L.; Lowe, J.B.; Kapur, R.; Petryniak, B.; Spaetti, A.; Pollock, J.D.; Borneo, J.B.; Bradford, G.B.; et al.

Deficiency of the hematopoietic cell-specific Rho family GTPase Rac2 is characterized by abnormalities in neutrophil function
and host defense. Immunity 1999, 10, 183–196. [CrossRef]

15. Tuosto, L.; Capuano, C.; Muscolini, M.; Santoni, A.; Galandrini, R. The multifaceted role of PIP2 in leukocyte biology. Cell Mol.
Life Sci. 2015, 72, 4461–4474. [CrossRef]

16. Pare, G.; Vitry, J.; Merchant, M.L.; Vaillancourt, M.; Murru, A.; Shen, Y.; Elowe, S.; Lahoud, M.H.; Naccache, P.H.; McLeish, K.R.;
et al. The Inhibitory Receptor CLEC12A Regulates PI3K-Akt Signaling to Inhibit Neutrophil Activation and Cytokine Release.
Front. Immunol. 2021, 12, 650808. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms24098103/s1
https://www.mdpi.com/article/10.3390/ijms24098103/s1
https://doi.org/10.1161/CIRCULATIONAHA.118.035400
https://www.ncbi.nlm.nih.gov/pubmed/30354461
https://doi.org/10.1126/scitranslmed.aaj1921
https://www.ncbi.nlm.nih.gov/pubmed/27974664
https://doi.org/10.1038/nrneph.2017.165
https://www.ncbi.nlm.nih.gov/pubmed/29225343
https://doi.org/10.1182/blood.2021012295
https://doi.org/10.1007/s00441-017-2776-8
https://doi.org/10.1042/EBC20190011
https://doi.org/10.1038/cmi.2017.134
https://doi.org/10.1073/pnas.2110085119
https://doi.org/10.1126/scisignal.aad8163
https://doi.org/10.1016/j.jbc.2021.100325
https://doi.org/10.1016/j.devcel.2010.11.004
https://doi.org/10.1152/physrev.2001.81.1.153
https://doi.org/10.1182/blood-2006-04-017731
https://doi.org/10.1016/S1074-7613(00)80019-9
https://doi.org/10.1007/s00018-015-2013-0
https://doi.org/10.3389/fimmu.2021.650808


Int. J. Mol. Sci. 2023, 24, 8103 12 of 13

17. Heit, B.; Liu, L.; Colarusso, P.; Puri, K.D.; Kubes, P. PI3K accelerates, but is not required for, neutrophil chemotaxis to fMLP. J. Cell
Sci. 2008, 121, 205–214. [CrossRef]

18. Ballesteros-Alvarez, J.; Andersen, J.K. mTORC2: The other mTOR in autophagy regulation. Aging Cell 2021, 20, e13431. [CrossRef]
19. Nadolni, W.; Immler, R.; Hoelting, K.; Fraticelli, M.; Ripphahn, M.; Rothmiller, S.; Matsushita, M.; Boekhoff, I.; Gudermann, T.;

Sperandio, M.; et al. TRPM7 Kinase Is Essential for Neutrophil Recruitment and Function via Regulation of Akt/mTOR Signaling.
Front. Immunol. 2020, 11, 606893. [CrossRef]

20. Gambardella, L.; Vermeren, S. Molecular players in neutrophil chemotaxis—Focus on PI3K and small GTPases. J. Leukoc. Biol.
2013, 94, 603–612. [CrossRef]

21. Liang, X.; Hou, Y.; Han, L.; Yu, S.; Zhang, Y.; Cao, X.; Yan, J. ELMO1 Regulates RANKL-Stimulated Differentiation and Bone
Resorption of Osteoclasts. Front. Cell Dev. Biol. 2021, 9, 702916. [CrossRef] [PubMed]

22. Ravichandran, K.S.; Lorenz, U. Engulfment of apoptotic cells: Signals for a good meal. Nat. Rev. Immunol. 2007, 7, 964–974.
[CrossRef] [PubMed]

23. Franke, K.; Otto, W.; Johannes, S.; Baumgart, J.; Nitsch, R.; Schumacher, S. miR-124-regulated RhoG reduces neuronal process
complexity via ELMO/Dock180/Rac1 and Cdc42 signalling. EMBO J. 2012, 31, 2908–2921. [CrossRef] [PubMed]

24. Yan, J.; Mihaylov, V.; Xu, X.; Brzostowski, J.A.; Li, H.; Liu, L.; Veenstra, T.D.; Parent, C.A.; Jin, T. A Gbetagamma effector, ElmoE,
transduces GPCR signaling to the actin network during chemotaxis. Dev. Cell 2012, 22, 92–103. [CrossRef]

25. Wang, Y.; Xu, X.; Pan, M.; Jin, T. ELMO1 Directly Interacts with Gbetagamma Subunit to Transduce GPCR Signaling to Rac1
Activation in Chemotaxis. J. Cancer 2016, 7, 973–983. [CrossRef]

26. Li, H.; Yang, L.; Fu, H.; Yan, J.; Wang, Y.; Guo, H.; Hao, X.; Xu, X.; Jin, T.; Zhang, N. Association between Galphai2 and
ELMO1/Dock180 connects chemokine signalling with Rac activation and metastasis. Nat. Commun. 2013, 4, 1706. [CrossRef]

27. Arandjelovic, S.; Perry, J.S.A.; Lucas, C.D.; Penberthy, K.K.; Kim, T.H.; Zhou, M.; Rosen, D.A.; Chuang, T.Y.; Bettina, A.M.;
Shankman, L.S.; et al. A noncanonical role for the engulfment gene ELMO1 in neutrophils that promotes inflammatory arthritis.
Nat. Immunol. 2019, 20, 141–151. [CrossRef]

28. Arandjelovic, S.; Perry, J.S.A.; Zhou, M.; Ceroi, A.; Smirnov, I.; Walk, S.F.; Shankman, L.S.; Cambre, I.; Onengut-Gumuscu, S.;
Elewaut, D.; et al. ELMO1 signaling is a promoter of osteoclast function and bone loss. Nat. Commun. 2021, 12, 4974. [CrossRef]

29. Jarzynka, M.J.; Hu, B.; Hui, K.M.; Bar-Joseph, I.; Gu, W.; Hirose, T.; Haney, L.B.; Ravichandran, K.S.; Nishikawa, R.; Cheng, S.Y.
ELMO1 and Dock180, a bipartite Rac1 guanine nucleotide exchange factor, promote human glioma cell invasion. Cancer Res.
2007, 67, 7203–7211. [CrossRef]

30. Xie, Z.; Yu, W.; Zheng, G.; Li, J.; Cen, S.; Ye, G.; Li, Z.; Liu, W.; Li, M.; Lin, J.; et al. TNF-alpha-mediated m(6)A modification
of ELMO1 triggers directional migration of mesenchymal stem cell in ankylosing spondylitis. Nat. Commun. 2021, 12, 5373.
[CrossRef]

31. De Pascalis, C.; Etienne-Manneville, S. Single and collective cell migration: The mechanics of adhesions. Mol. Biol. Cell 2017, 28,
1833–1846. [CrossRef]

32. Szczur, K.; Xu, H.; Atkinson, S.; Zheng, Y.; Filippi, M.D. Rho GTPase CDC42 regulates directionality and random movement via
distinct MAPK pathways in neutrophils. Blood 2006, 108, 4205–4213. [CrossRef]

33. Ambruso, D.R.; Knall, C.; Abell, A.N.; Panepinto, J.; Kurkchubasche, A.; Thurman, G.; Gonzalez-Aller, C.; Hiester, A.; deBoer, M.;
Harbeck, R.J.; et al. Human neutrophil immunodeficiency syndrome is associated with an inhibitory Rac2 mutation. Proc. Natl.
Acad. Sci. USA 2000, 97, 4654–4659. [CrossRef]

34. Csepanyi-Komi, R.; Sirokmany, G.; Geiszt, M.; Ligeti, E. ARHGAP25, a novel Rac GTPase-activating protein, regulates phagocyto-
sis in human neutrophilic granulocytes. Blood 2012, 119, 573–582. [CrossRef]

35. Trepat, X.; Chen, Z.; Jacobson, K. Cell migration. Compr. Physiol. 2012, 2, 2369–2392. [CrossRef]
36. Senoo, H.; Kamimura, Y.; Kimura, R.; Nakajima, A.; Sawai, S.; Sesaki, H.; Iijima, M. Phosphorylated Rho-GDP directly activates

mTORC2 kinase towards AKT through dimerization with Ras-GTP to regulate cell migration. Nat. Cell Biol. 2019, 21, 867–878.
[CrossRef]

37. Bressenot, A.; Salleron, J.; Bastien, C.; Danese, S.; Boulagnon-Rombi, C.; Peyrin-Biroulet, L. Comparing histological activity
indexes in UC. Gut 2015, 64, 1412–1418. [CrossRef]

38. Resende, C.B.; Borges, I.; Goncalves, W.A.; Carneiro, R.; Rezende, B.M.; Pinho, V.; Nobre, V.; Teixeira, M.M. Neutrophil activity in
sepsis: A systematic review. Braz. J. Med. Biol. Res. 2020, 53, e7851. [CrossRef]

39. Fukui, S.; Fukui, S.; Van Bruggen, S.; Shi, L.; Sheehy, C.E.; Chu, L.; Wagner, D.D. NLRP3 inflammasome activation in neutrophils
directs early inflammatory response in murine peritonitis. Sci. Rep. 2022, 12, 21313. [CrossRef]

40. Lajqi, T.; Braun, M.; Kranig, S.A.; Frommhold, D.; Poschl, J.; Hudalla, H. LPS Induces Opposing Memory-like Inflammatory
Responses in Mouse Bone Marrow Neutrophils. Int. J. Mol. Sci. 2021, 22, 9803. [CrossRef]

41. Lajqi, T.; Frommhold, D.; Braun, M.; Alexander Kranig, S.; Poschl, J.; Hudalla, H. Gram-positive Staphylococcus aureus LTA
promotes distinct memory-like effects in murine bone marrow neutrophils. Cell Immunol. 2022, 376, 104535. [CrossRef] [PubMed]

42. Lajqi, T.; Kostlin-Gille, N.; Hillmer, S.; Braun, M.; Kranig, S.A.; Dietz, S.; Krause, C.; Ruhle, J.; Frommhold, D.; Poschl, J.; et al.
Gut Microbiota-Derived Small Extracellular Vesicles Endorse Memory-like Inflammatory Responses in Murine Neutrophils.
Biomedicines 2022, 10, 442. [CrossRef] [PubMed]

43. Eckhardt, S.G.; Dai, A.; Davidson, K.K.; Forseth, B.J.; Wahl, G.M.; Von Hoff, D.D. Induction of differentiation in HL60 cells by the
reduction of extrachromosomally amplified c-myc. Proc. Natl. Acad. Sci. USA 1994, 91, 6674–6678. [CrossRef] [PubMed]

https://doi.org/10.1242/jcs.020412
https://doi.org/10.1111/acel.13431
https://doi.org/10.3389/fimmu.2020.606893
https://doi.org/10.1189/jlb.1112564
https://doi.org/10.3389/fcell.2021.702916
https://www.ncbi.nlm.nih.gov/pubmed/34381782
https://doi.org/10.1038/nri2214
https://www.ncbi.nlm.nih.gov/pubmed/18037898
https://doi.org/10.1038/emboj.2012.130
https://www.ncbi.nlm.nih.gov/pubmed/22588079
https://doi.org/10.1016/j.devcel.2011.11.007
https://doi.org/10.7150/jca.15118
https://doi.org/10.1038/ncomms2680
https://doi.org/10.1038/s41590-018-0293-x
https://doi.org/10.1038/s41467-021-25239-6
https://doi.org/10.1158/0008-5472.CAN-07-0473
https://doi.org/10.1038/s41467-021-25710-4
https://doi.org/10.1091/mbc.e17-03-0134
https://doi.org/10.1182/blood-2006-03-013789
https://doi.org/10.1073/pnas.080074897
https://doi.org/10.1182/blood-2010-12-324053
https://doi.org/10.1002/cphy.c110012
https://doi.org/10.1038/s41556-019-0348-8
https://doi.org/10.1136/gutjnl-2014-307477
https://doi.org/10.1590/1414-431x20207851
https://doi.org/10.1038/s41598-022-25176-4
https://doi.org/10.3390/ijms22189803
https://doi.org/10.1016/j.cellimm.2022.104535
https://www.ncbi.nlm.nih.gov/pubmed/35537323
https://doi.org/10.3390/biomedicines10020442
https://www.ncbi.nlm.nih.gov/pubmed/35203650
https://doi.org/10.1073/pnas.91.14.6674
https://www.ncbi.nlm.nih.gov/pubmed/8022834


Int. J. Mol. Sci. 2023, 24, 8103 13 of 13

44. Xiang, J.; Zhang, S.; Xu, R.; Chu, H.; Biswas, S.; Yu, S.; Miao, D.; Li, W.; Li, S.; Brown, A.J.; et al. Elevated HB-EGF expression in
neural stem cells causes middle age obesity by suppressing Hypocretin/Orexin expression. FASEB J. 2021, 35, e21345. [CrossRef]

45. Smith, M.L.; Olson, T.S.; Ley, K. CXCR2- and E-selectin-induced neutrophil arrest during inflammation in vivo. J. Exp. Med. 2004,
200, 935–939. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1096/fj.202001945R
https://doi.org/10.1084/jem.20040424

	Introduction 
	Results 
	ELMO1 Plays a Role in Acute Peritonitis by Regulating the Infiltration of Neutrophils 
	Elmo1 Deficiency Reduces the Chemotaxis and Adhesion of Neutrophils 
	Deficiency of Elmo1 Down-Regulates fMLP-Induced Actin Polymerization 
	ELMO1 Regulates fMLP-Triggered Rac Activation Independent of PI3K and mTORC2 Signaling Pathways 

	Discussion 
	Materials and Methods 
	Mice 
	Primary Neutrophil Isolation and Identification 
	Cell Culture, Infection, and Differentiation 
	H&E, Immunofluorescence, and Phalloidin Staining Assay 
	Generation of the Peritonitis Mouse Model 
	Enzyme-Linked Immunosorbent Assay (ELISA) 
	Adhesion Assay 
	Transwell Migration Assay 
	Rac Activity Assay 
	Western Blot Analysis 
	Statistical Analysis 

	References

