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Abstract 

Background  Staphylococcus aureus, a known contributor to non-healing wounds, releases vesicles (SAVs) that influ-
ence the delicate balance of host-pathogen interactions. Efferocytosis, a process by which macrophages clear 
apoptotic cells, plays a key role in successful wound healing. However, the precise impact of SAVs on wound repair 
and efferocytosis remains unknown.

Methods  Filtration, ultracentrifugation, and iodixanol density gradient centrifugation were used to purify the bacte-
rial vesicles. Transmission electron microscopy (TEM), nanoparticle tracking analysis (NTA), and Western blot (WB) were 
used to characterize the vesicles. Macrophage efferocytosis efficiency was assessed using flow cytometry and confo-
cal microscopy, while efferocytosis at wound sites was analyzed through WB, FACS, and TUNEL staining. Hematoxylin 
and eosin (H&E) staining and wound size measurements were used to evaluate the wound healing process. Phos-
phorylation of signaling pathways was detected by WB, and efferocytosis receptor expression was measured using 
RNA sequencing, qPCR, and flow cytometry. siRNA and pathway inhibitors were used to investigate the roles of key 
receptors and signaling pathways in efferocytosis.

Results  We identified SAVs at infected wound sites, linking them to delayed healing of wounds. SAVs inhibit effero-
cytosis by activating the TLR2-MyD88-p38 MAPK signaling pathway, which regulates efferocytosis receptor genes. 
This activation promoted cleavage and shedding of MerTK, a crucial receptor for macrophage-driven efferocytosis. 
Notably, selective inhibition of p38 MAPK prevented MerTK shedding, restored efferocytosis and accelerated wound 
healing significantly, offering a promising therapeutic approach for chronic, non-healing wounds.

Conclusion  These findings uncover a novel mechanism in S. aureus-infected wounds, highlighting how the dis-
ruption of efferocytosis via the TLR2-MyD88-p38 MAPK-MerTK axis becomes a key force behind impaired healing 
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of wounds. Targeting this pathway could open up a new therapeutic avenue facilitating the treatment of chronic, 
non-healing skin injuries.
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Background
Efferocytosis, the cellular process by which macrophages 
eliminate apoptotic cells (ACs) to resolve inflammation 
and promote tissue regeneration, is critical for wound 
healing and other biological processes [1]. Following 
wound injury, a significant amount of ACs, including 
damaged cells and apoptotic neutrophils, are cleared by 
macrophages through efferocytosis [2, 3]. Efficient effe-
rocytosis relies on specific macrophage receptors, such 
as Mer tyrosine kinase (MerTK), integrins, and recep-
tors for advanced glycation end products (RAGE), which 
bind to phosphatidylserine, enabling AC recognition and 
internalization [4], contributing to tissue repair [5, 6]. 
Conversely, impaired or insufficient efferocytosis leads to 
defective AC clearance associated with chronic inflam-
mation and wounds [7], particularly in diabetic patients 
[8]. A notable increase in macrophage efferocytosis has 
also been observed during wound treatment [9–11]. 
However, little is known regarding the regulatory mech-
anisms underlying efferocytosis in refractory infected 
wounds.

Bacterial infection is a significant risk factor for chronic 
wounds [12]. It remains a major challenge in wound 
management [13], with Staphylococcus aureus (S. aureus) 
as the principal cause of persistent infections in chronic 
wounds, accounting for 65% of cases [14]. As a common 
skin commensal bacterium, S. aureus exhibits a dualistic 
regulatory role during wound healing. On the one hand, 
S. aureus infection triggers inflammation by activating 
immunocytes. It enhances its pathogenicity by secreting 
pore-forming toxins [15] and extracellular adhesin pro-
teins [16], even causing wound exacerbation and delayed 
healing [17]. On the other hand, S. aureus α-hemolysin 
resolves inflammation and promotes wound healing by 
stimulating specialized pro-resolving mediator produc-
tion in macrophages [18].

Consistent with this dualistic effect, S. aureus exhibits 
a complex interaction with macrophage efferocytosis. S. 
aureus biofilms led to the accumulation of anti-inflam-
matory M2 macrophages having a high efferocytotic 
capacity [19]. Whereas α-toxin induced tissue dam-
age during S. aureus-induced pneumonia by inhibiting 
efferocytosis of alveolar macrophages [20]. S. aureus 
synthesizes and releases nanosized cytoplasmic mem-
brane vesicles, referred to as S. aureus vesicles (SAVs), 
loaded with a diverse array of virulence factors, includ-
ing lipoproteins, membrane lipids, and α-hemolysin [21]. 

Intriguingly, the individual effects of these molecules can 
sometimes be opposing, hinting at the complex role of 
SAVs in macrophage efferocytosis and wound healing.

In this study, we identified the presence of SAVs in the 
wound microenvironment and elucidated their inhibitory 
effect on macrophage efferocytosis through the TLR2/
p38 MAPK-dependent MerTK cleavage signaling path-
way. This finding provides profound insights into the role 
of bacterial extracellular vesicles (BEVs) in wound healing 
and facilitates the formulation of potential therapeutic 
strategies to treat chronic wounds.

Methods and materials
Human specimens, mice, and a diabetes model
Under strict sterile conditions, we collected skin soft tis-
sue samples from the infected non-healing wounds of 
in-patients with or without regular antibiotic treatment 
at an orthopedic clinic affiliated with Southern Medical 
University in Guangzhou.

WT C57BL/6J mice and BALB/c nude mice aged 4–8 
weeks were from the Laboratory Animal Centre of South-
ern Medical University (Guangzhou, China). TLR2−/−, 
TLR4−/−, MyD88−/−, and TRIF−/− mice in C57BL/6J 
background were from the Model Animal Research 
Center (Nanjing, China). We established a streptozo-
tocin-induced type 2 diabetes model by administering a 
high-fat diet (60% calorie from fat; D12492; SPF Biotech-
nology Co. Ltd. Beijing, China) to C57BL/6J mice (from 6 
to 12 weeks), injected i.p. with streptozotocin (dissolved 
in 0.1 M sodium citrate, 50 mg/kg per day) for five con-
secutive days. Hyperglycemia was monitored using an 
Accu-Check glucometer (Roche, Diagnostics) 24 h after 
the initial injection of streptozotocin. Mice with fast-
ing glucose levels at 7 mmol/L or random glucose at 15 
mmol/L were selected for further studies. Subsequently, 
the mice received a high-fat diet for another 30 days. We 
detected the non-fasting and fasting blood glucose levels 
every five days, and diabetic mice were identified based 
on the blood glucose levels consistently exceeding 13.9 
mmol/L for at least two consecutive days.

Reagents
Luria-Bertani medium, TRIzol reagent, Rhodamine 
phalloidin (R415), lipopolysaccharide (LPS), CellTrace™ 
CFSE cell proliferation kit, and Lipofectamine 3000 were 
from Invitrogen (Carlsbad, USA). The bicinchoninic acid 
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assay kit, protein markers, and EDTA (0.5  M, pH 8.0) 
solution were purchased from Thermo Fisher Scientific 
(Waltham, USA). Liberase TM Research Grade was from 
Roche (Mannheim, Germany). QUANTI-Blue detection 
kit was from Invivogen. The bacterial cell protein lysate 
reagent (C500003-0010) was from Sangon Biotech Co., 
Ltd (Shanghai, China). The reverse transcription kit was 
from DBI Bioscience (Ludwigshafen, Germany). Mouse 
siRNA targeting MerTK was designed and obtained from 
Tsingke Biotechnology Co., Ltd (Beijing, China). FITC-
Annexin V early apoptosis detection kit was from BD 
Pharmingen (San Diego, USA). TUNEL apoptosis detec-
tion and TraKine™ F-actin staining (Green Fluorescence) 
kits were from KEYGEN Biotech (Nanjing, China) and 
Abbkine Scientific Co., Ltd (Wuhan, China), respectively. 
SYBR Green Premix Pro Taq HS qPCR Kit (AG11701) 
was from Accurate Biotechnology (Hunan) Co., Ltd 
(Changsha, China). Mouse TNFA and MerTK ELISA 
kits were from Excell Biology (Shanghai, China) and 
Jiangsu Meimian Industrial Co., Ltd (Yancheng, China), 
respectively. Clodronate- and control liposomes were 
from Liposoma (Amsterdam, Netherlands). Small-mol-
ecule inhibitors were purchased from MedChemExpress 
(Monmouth Junction, USA). Antibody and chemical 
information are listed in Tables 2, 3 and 4.

Isolation of wound‑specific bacterial vesicles
From 2019 to 2023, we collected wound secretion sam-
ples from 41 patients. All wound isolates were sub-cul-
tured on blood or selective agar media to identify the 
bacteria present, followed by BD Phoenix™ M50 Auto-
mated Microbiology System (BD Biosciences, USA). To 
isolate extracellular vesicles (EVs) from infected skin 
wounds of patients, the samples were thoroughly rinsed, 
fragmented, resuspended in cold PBS, and filtered to 
remove debris. The resulting supernatant was then cen-
trifuged at high speed to isolate the EVs. Subsequently, 
bacterial extracellular vesicles (BEVs) were further pre-
pared using iodixanol density gradient centrifugation, 
following a previously reported protocol [22], wherein 
BEVs were predominantly concentrated in the fifth layer, 
with a density of 1.141–1.186.

Isolation of culture‑derived BEVs
Staphylococcus aureus (S. aureus, ATCC25923), Strep-
tococcus pyogenes (S. pyogenes) (ATCC19615), Proteus 
mirabilis (P. mirabilis) (ATCC12453), and Escherichia 
coli O157:H7 (E. coli, ATCC700728) were generously 
provided by the Institute of Biological and Medical Engi-
neering, Guangdong Academy of Sciences (Guangzhou, 
China). Guangdong Provincial Dermatology Hospital of 

Southern Medical University kindly supplied methicillin-
resistant S. aureus.

We used bacteria cultured for at least four passages at 
their stationary phase using brain heart infusion broth 
at 37  °C until the optical density at A600 nm reached 
0.6–0.8 for optimal BEV isolation from the culture 
medium. Gram -positive and -negative bacterial BEVs 
were prepared as reported previously [23–26]. Briefly, 
cellular debris was removed from the bacterial culture 
medium by centrifugation at 8, 000 g for 5 min at 4  °C. 
The supernatant was collected, filtered through a 0.22 μm 
PVDF, and then plated on a Luria-Bertani agar plate to 
confirm sterility. BEVs were isolated from sterile super-
natant by ultra-centrifugation at 150, 000  g for 1.5  h at 
4 °C. Higher concentrated pellets obtained by pooling the 
vesicles were further ultra-centrifuged, washed, and re-
suspended as 0.5 to 1 mL fractions with PBS before stor-
ing them at −80 °C until further use.

Transmission Electron Microscope (TEM) and Nanoparticle 
Tracking Analysis (NTA)
After negatively staining rough EVs, wound-specific 
and culture-derived BEVs with phosphotungstic acid, 
we evaluated their morphology and membrane integrity 
using the TEM (Hitachi HT7800, Japan) located in Shi-
yanjia Lab (Hangzhou, China) and Guangdong Institute 
of Microbiology (Guangzhou, China).

The size and quantity of extracted vesicles were ana-
lyzed following standard NTA operating procedures 
using the ZetaView Particle Metrix instrument (Ost-
fildern, Germany). Using GraphPad Prism version 
9.0  software, we plotted the graph showing the parti-
cle size distribution and the number of particles per 
mL based on data obtained from at least triplicate 
measurements.

Modeling and assessment of skin wound healing
We utilized naïve, diabetic, and nude mice to investi-
gate the effect of BEVs on chronic wound healing. Full-
thickness excision wounds were inflicted on the shaved 
and sterilized back skin of 8-week-old mice using 8-mm 
punch biopsy needles. Daily wound area measure-
ments using ImageJ software enabled the estimation of 
the wound healing rate from the initial wound area to 
closure.

After sacrificing the mice at the indicated time points, 
complete wounds and 2.5 mm of adjacent normal skin 
were excised. The skin tissues were then fixed in 4% 
paraformaldehyde, followed by paraffin embedding. 
Subsequently, 4 μm sections were cut and stained with 
hematoxylin-eosin for histological analysis or processed 
for immunohistochemistry. For immunohistochemical 
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staining, rabbit anti-CD31 polyclonal antibodies were 
used to assess vessel density.of Pharmaceutical Sci

 All image quantifications, including counting CD31 
bright spots/vessels, were performed manually using 
Image-Pro version 6.0 software for a given area.

Apoptosis detection in wound sites
We employed the TUNEL assay to detect apoptosis 
cells using the One Step TUNEL Apoptosis Assay kit 
(KEYGEN biotech, China) and visualized the results by 
immunofluorescence microscopy. For data analysis, we 
captured images from over ten fields of view from wound 
tissues harvested from each mouse (n = 4 mice per 
group). Additionally, we utilized Western blot analysis to 
monitor the expression of cleaved caspase-3 protein as 
a further evaluation of apoptotic cells at the wound site.

Vesicle uptake and efferocytosis assay
Bone Marrow-Derived Macrophages (BMDMs) incu-
bated with or without PKH67-labeled SAVs for 30 min to 
8 h at 37 °C in the dark were analyzed for vesicle uptake 
capacity using a confocal microscope.

Dexamethasone treatment induced apoptosis in over 
50% of thymocytes, as confirmed by double staining with 
FITC-conjugated Annexin V and PI (Figure S11A). CFSE-
labelled apoptotic thymocytes were prepared as reported 
previously [27] and were then introduced into BMDMs 
for an engulfment assay using confocal microscopy (Fig-
ure S11B, Video S1).

For an in  vitro efferocytosis assay, BMDMs or perito-
neal macrophages pretreated with BEVs, inhibitors, or 
agonists were co-incubated with apoptotic CFSE-labeled 
thymocytes at a 1:10 (phagocyte to thymocyte) ratio for 
2 h (Figure S11C).

A peritonitis mouse model was used to test vesi-
cles’ effect on AC clearance by macrophages [28]. After 
a 72-hour post-injection (i.p.) period of thioglycolate 
treatment, the mice were administered with either PBS 
or SAVs (200 µg) and subsequently injected intraperito-
neally with CFSE-labeled apoptotic thymocytes (1 × 108 
cells). 3  h later, peritoneal cells were collected, washed, 
and suspended, followed by staining with PE-conjugated 
F4/80 and APC-conjugated CD11b antibodies for 30 min. 
FACS analysis was then performed to identify the CFSE-
labeled cells engulfed by the F4/80+CD11b+ cells.

For efferocytosis detection at the injured site, skin tis-
sues were stained with F4/80 (1:100) and anti-cleaved 
caspase-3 antibodies (1:100). Secondary staining was 
performed using donkey anti-rabbit Alexa Fluor® 594 
(1:400), goat anti-rabbit Alexa Fluor® 488 (1:300) anti-
bodies or DAPI. The macrophages that had engulfed ACs 

were captured and counted using a Zeiss LSM 880 confo-
cal microscope (Carl Zeiss, Germany).

Phagocytosis assay
EGFP-tagged E. coli bioparticles were added to 
BMDMs in complete media for 30  min at a ratio of 
10:1 and incubated at 37  °C/5% CO2. FACS was used 
to assess the phagocytosis of E. coli by BMDMs. FACS 
data were analyzed using FlowJo software. The phago-
cytic index = number of BMDMs containing enhanced 
green fluorescent protein-bioparticles)/ (total BMDMs) 
× 100%.

Detection of Toll‑like receptor (TLR) activation status
HEK-Blue null- and TLR cells were purchased from 
InvivoGen (San Diego, USA). The QUANTI-Blue-
secreted embryonic alkaline phosphatase assay was 
used to quantify the activation of TLRs induced by ves-
icles [29]. Briefly, HEK-Blue TLR2 or TLR4 cells were 
cultured in a medium containing 10% heat-inactivated 
fetal calf serum (FCS) at 37  °C for 24  h. After stimu-
lation with vesicles or positive controls for 24  h, the 
secreted embryonic alkaline phosphatase in the culture 
supernatants was detected using the QUANTI-Blue 
assay.

Western blot
After measuring their concentrations with a bicin-
choninic acid assay, BEV proteins were analyzed using 
a western blot. SAVs were used to stimulate BMDMs 
of wild-type or knockout strains lacking TLR2, TLR4, 
MyD88, or TRIF to assess the phosphorylation status 
of NF-κB and MAPK proteins, as well as the expres-
sion of MerTK. Primary antibodies specific to BEV 
markers (ScpA, staphylococcal protein A, OmpA, and 
LPS), β-actin, MerTK, NF-κB, and MAPKs were used 
for detection. Proteins were visualized using ECL Ultra 
reagent (Suzhou, China) and the ChemiDoc Imaging 
System (Bio-Rad, USA).

ELISA
BMDMs were treated with SAVs for indicated peri-
ods (0–24 h). Afterward, the culture medium was col-
lected and centrifuged to remove cell debris. TNFA and 
MerTK levels in the supernatant were detected using 
ELISA kits.

RNA extraction, expression analysis, and sequencing
Total RNA was extracted from skin tissues and cultured 
cells using TRIzol reagent and quantified by a spec-
trometer. A reverse transcription kit (DBI, Germany) 
and SYBR Green real-time PCR master mix (Accurate 
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Biotechnology, China) were used to analyze mRNA 
expression using an LC480 real-time PCR (Roche, Ger-
many). We used the synthesized primers supplied by 
BGI Tech Solutions Co., Ltd (Beijing, China). Expres-
sion of β-actin served as an internal control to normal-
ize the data. The gene sequences corresponding to the 
RNA sequences are presented in Table  5. Lianchuan 
(Hangzhou, China) sequenced RNA from PBS or SAVs 
treated BMDMs, and we analyzed the data using Omic-
Studio tools at https://​www.​omics​tudio.​cn/​tool.

Level of MerTK expression on the cell surface
As described before, PE-conjugated rat anti-mouse 
MerTK antibody or Alexa Fluor® 488-conjugated Arme-
nian hamster anti-mouse itgβ3 antibodies were used to 
detect the surface expression of MerTK and itgβ3 [30]. 
Briefly, we excised the wound and surrounding tissues, 
digested them with Liberase Stock Solution (30 µg/mL), 
and homogenized them using a gentle MACS™ Dissocia-
tor (Miltenyi Biotec, Germany). After filtering, centrifug-
ing, and lysing red blood cells, we stained the cells with 
antibodies against CD45, CD64, F4/80, CD11b, MerTK, 
and itgβ3. Finally, using FACS, we analyzed the quantity 
and quality of MerTK and itgβ3 expressions on the cell 
surface.

siRNA and adoptive transfer experiments
In siRNA transfection experiments, BMDMs were 
treated with 50 nM of MerTK siRNAs, si-1610 (sense: 
5’-CCG ACU CUA UGU UCA UCA UTT-3’; anti-sense: 
5’-AUG AUG AAC AUA GAG UCG GTT-3’), si-2791 
(sense: 5’-GGC UAG ACA UGA ACA UUG ATT-3’; 
anti-sense: 5’-UCA AUG UUC AUG UCU AGC CTT-3’) 
or a negative control (NC) siRNA (sense: 5’-UUC UCC 
GAA CGU GUC ACG UTT-3’; anti-sense: 5’-ACG UGA 
CAC GUU CGG AGA ATT-3’), using Lipofectamine 
3000 reagent in 2 mL of growth medium, three days 
before the engulfment assay. qPCR, western blot, and 
flow cytometry were employed to assess the knockdown 
transfection efficiency.

We injected (i.d.) 100 µL clodronate liposomes in 
BALB/c nude mice, starting from day − 4, with an inter-
val of two days, and determined the efficiency of der-
mal macrophage depletion by determining CD45+ and 
CD64+ expression levels. On day 0, after inducing skin 
wounds in the mice, we injected PBS-, SAVs-, MerTK 
siRNA-, or NC-treated BMDMs (3 × 106 cells/mice, s.c.) 
around the wound site. After 3 days, all mice received a 
similar injection of the respective treatments. On the 9th 
day, skin samples were collected and processed from the 
terminated mice.

Statistical analysis
The results are expressed as mean ± SEM of triplicates. 
We used the student’s “t” test, one-way ANOVA, and 
Bonferroni’s post-test for statistical analysis using SPSS 
version 20.0; if p values < 0.05, the data was considered 
statistically significant.

Results
The presence of S. aureus vesicles in the wounds of trauma 
patients
To better understand the species and distribution char-
acteristics of pathogens at skin wound sites, the wound 
secretions of 41 trauma patients were collected for analy-
sis. The patients’ characteristic features are summarized 
in Table 1. Of the 50 isolates from 41 patients, 33 exhib-
ited single bacterial infections. Among them, 61% were 
Gram-positive and 39% were Gram-negative bacteria, 
with S. aureus being the most prevalent, accounting for 
28% of the total infections (Fig. 1A).

Subsequently, the patient samples from infected skin 
wounds were washed, resuspended, and processed to 
isolate the extracellular vesicles (EVs), as illustrated in 
Fig.  1B. Finally, a blend of exosomes, micro-vesicles, 
and membrane bleb components was collected from the 
tube bottom and termed “rough EVs” (Fig.  1C, upper 
image). Nano-analysis and transmission electron micro-
scope (TEM) imaging revealed a diverse population of 
50–300 nm vesicles within this blend (Fig. 1D & E). Using 
iodixanol density gradient centrifugation, we further 

(See figure on next page.)
Fig. 1  The presence of S. aureus vesicles in the wounds of trauma patients. A Distribution of isolated pathogenic bacteria and the proportion 
of Gram-positive or -negative bacteria at the wound sites of 33 patients. B A schematic diagram depicting vesicle purification protocol 
from the wound tissue. Wound bacterial extracellular vesicles (wBEVs) fractionated by OptiPrep density-gradient centrifugation. Representative (C) 
pictures, (D) size, and (E) TEM images of precipitated rough EVs (upper) and wBEVs (lower) collected from 30 − 45% layer (scale bar = 50 − 100 nm). 
Rough EV pellets contained a mixture of vesicles and non-vesicular components. Black arrows point to heterogeneous EVs. Box showed vesicles 
with a typical round double layer. F TLR2 (left) and TLR4 (right) activation levels from wBEVs extracted from rough EVs. G Coomassie staining of total 
wBEVs separated by SDS-PAGE (H) WB analysis of ScpA, staphylococcal protein A, OmpA, and LPS in wBEVs and bacterial lysates. S. aureus and E. 
coli cell lysates served as positive controls. I Images of skin wound and overlay of representative profile plots. J Wound healing dynamics in WT 
mice after PBS or wBEVs treatment. K Red brackets in the representative histology images show the size of the wound bed in PBS or wBEVs-treated 
groups. Scale bar = 2.0 mm. Unpaired two-tailed t-test. **, p < 0.01; ***, p < 0.001

https://www.omicstudio.cn/tool
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Fig. 1  (See legend on previous page.)



Page 7 of 20Ou et al. Cell Communication and Signaling  (2025) 23:14	

Fig. 2  SAVs delayed wound healing in mice. A A schematic diagram depicting BEVs purification protocol. B Representative TEM images of vesicles extracted 
from S. aureus (SAVs), S. pyogenes (SPVs), E. coli O157 (ECVs), and P. mirabilis (PMVs). Vesicles released from bacteria (black arrows). Scale bar = 50 – 500 nm. 
C Determination of vesicle size and concentration. D A schematic diagram showing bacterial vesicle treatment in wounded mice (n = 5) and images of skin 
wound sites. An overlay of representative profile plots and wound healing dynamics shows a change in wound closure kinetics. E Representative histology 
images and quantification showing the thickness of epithelial tongue edges (black dashed line) at wound sites. Wound vascularity quantification (red 
triangles). Data represent mean ± SEM of at least triplicates in each experiment. One-way ANOVA with Bonferroni’s multiple comparison test. *, p < 0.05; **, 
p < 0.01; ***, p < 0.001 (compared to the PBS-treated wounding mice group). #, p < 0.05, ##, p < 0.01 (compared to the SAVs-treated wounding mice group)
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separated the wound-specific bacterial extracellular 
vesicles (wBEVs) from rough EVs (Fig. 1C, lower image), 
predominantly concentrating them in the 5th (30–45%) 
fraction with a particle size of 100–150  nm, as evi-
denced by their characteristic cup-shaped structure [31] 
(Fig. 1E). Lipoteichoic acid from Gram-positive and LPS 
from Gram-negative bacteria activate TLR2 and TLR4, 
respectively [22, 32]. The 5th fraction activated TLR2 
but not TLR4 (Fig.  1F), suggesting it contained wBEVs 
derived from Gram-positive bacteria. Separated proteins 
of wBEVs were visualized by Coomassie-stained SDS-
PAGE (Fig. 1G). Elevated levels of Staphopain (ScpA) and 
staphylococcal protein A (SPA) within the BEVs fraction 
and the absence of OmpA and LPS confirmed the origin 
of BEVs as S. aureus [33] (Fig.  1H). Collectively, these 
results demonstrate the existence of numerous bacterial 
vesicles derived from Gram-positive bacteria, specifi-
cally S. aureus vesicles (SAVs), in the wounds of trauma 
patients.

S. aureus vesicles impaired the healing of mice wounds
Although S. aureus-infected wounds often display 
impaired healing [16], whether SAVs isolated from 
infected wounds are associated with the impaired healing 
process remains unknown. In the murine wound heal-
ing model, potent inhibition of wound closure (Fig.  1I 
& J), increased wound bed width, and inflammatory cell 
infiltrations (Fig. 1K) were observed after treatment with 
wBEVs isolated from patient wounds.

Subsequently, we cultured four wound-related patho-
gens, including S. aureus, S. pyogenes, E. coli, and P. mira-
bilis. We isolated their BEVs (Fig. 2A), whose morphology 
and size were characterized using TEM and NTA. BEVs 
released from their respective bacterial surfaces (black 
arrows) displayed bi-layered spherical or irregular struc-
tures (Fig. 2B) and ranged from 1010 to 1011 particles/mL 
with a size of 100 to 150  nm (Fig.  2C). Next, we inves-
tigated the role of these BEVs in skin wound healing in 
mice. While wound areas in all groups decreased over 
time, SAVs notably delayed healing compared to other 
vesicles. By day 9, SAVs-treated wounds were almost 

twice as large as those treated with PBS, and the delay in 
healing was even more pronounced on day 13 (Fig. 2D), 
corroborated by HE staining of the skin samples.

Moreover, epithelial wound tongues in SAVs-treated 
mice were significantly shorter than in other groups. 
CD31 staining revealed lower vascular density in the 
PMVs than in the SAVs group (Fig.  2E). Furthermore, 
SAVs derived from both methicillin-sensitive (MSSA) 
and methicillin-resistant (MRSA) strains of S. aureus, 
as well as treatment with S. aureus itself, significantly 
impaired the healing process (Figure S1A - F). Diabetic 
cutaneous ulcers are a frequent complication of persis-
tent non-healing wounds resulting from infection [34]. 
Therefore, we employed a diabetic mouse wound model 
and found that both SAVs and PMVs treatment induced 
delayed wound closure and impaired re-epithelialization 
in mice (Figure S2A - C). These findings underscore the 
inhibitory effects of SAVs on skin wound healing.

Impaired efferocytosis in SAVs‑treated wounds
Chronic refractory wounds are often related to the per-
sistence of ACs at wound sites [35]. TUNEL assays on 
skin samples revealed increased apoptosis (red fluo-
rescence) in SAVs-treated areas compared to controls 
(Fig.  3A). Moreover, cleaved caspase-3 expression in 
wound tissues was significantly higher on days 5 and 
13 after SAV treatment than in mice treated with PBS, 
PMVs, ECVs, or SPVs (Fig.  3B). SAVs-exposed wound 
sites and BMDMs exhibited high-level expression of 
SLC7A11 (Fig.  3C), a negative regulator of efferocyto-
sis that contributes to delayed wound healing [10]. Fur-
thermore, F4/80+ macrophages captured fewer cleaved 
caspase-3+ apoptotic bodies, indicating a decline in effe-
rocytosis in the SAVs-treated lesions (Fig. 3D). SAV treat-
ment has also significantly enhanced TNFA, IL6, IL1B, 
and iNOS expression compared to naive or PBS-treated 
wounded mice, suggesting the persistence of inflam-
mation. The S. aureus group served as a positive con-
trol and displayed increased pro-inflammatory cytokine 
levels; however, the difference between the SAVs and 
S. aureus group was not statistically different (Fig.  3E). 

(See figure on next page.)
Fig. 3  Impaired efferocytosis in SAVs-treated wounds. A Representative images of TUNEL assay (red: apoptotic cells, blue: nucleus) and quantitative 
results of TUNEL-positive cells around wound sites. B WB analysis of cleaved and total caspase-3 expression. C SLC7A11 expression in skin lysates 
of BEVs-treated mice (n = 3, left panel) and SAVs-treated BMDMs (right panel). D Localization of F4/80+ macrophages (red) and capturing apoptotic 
(cleaved caspase-3 (CASP 3)-positive) bodies (green). Scale bar = 100 μm. E Expression of TNFA, IL6, IL1B, and iNOS genes in the skin lysates 
of unwounded and wounded mice from PBS, SAVs, or S. aureus treated mice (n = 4). F A schematic diagram of efferocytosis assay. G Representative 
histograms and efferocytosis after various (PBS, SAVs, SAVs + RvD1, or RvD1) treatments. H A schematic diagram of wound healing models (n = 5). I 
Representative images of skin wounds. J Wound healing dynamics of WT mice treated with PBS, SAVs, SAVs + RvD1, or RvD1. K HE staining of skin 
wound sites of mice from different groups on day 10. The heavy red brackets indicate the size of the wound area. One-way ANOVA with Bonferroni’s 
multiple comparison test. *, p < 0.05; **, p < 0.01; ***, p < 0.001 (compared to the control group). #, p < 0.05; ##, p < 0.01; ###, p < 0.001 (compared 
to the (A-C, G & J) SAVs- or (E) PBS-treated wounded mice)
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Fig. 3  (See legend on previous page.)
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Resolvin D1, an anti-inflammatory lipid, can enhance 
AC clearance and hasten wound healing [36, 37]. Inter-
estingly, SAVs-mediated inhibition of efferocytosis could 
be reversed by co-incubation with Resolvin D1 (Fig.  3F 
& G). Notably, Resolvin D1 treatment rescued SAVs-
induced delayed wound healing but not when admin-
istered alone (Fig.  3H - J). Additionally, the histological 
analysis revealed that mice treated with SAVs exhibited 

significantly wider wound beds and increased inflamma-
tory cell infiltration compared to the PBS control group. 
Notably, intervention with RvD1 in SAVs-treated mice 
resulted in a marked reduction in wound bed width, 
whereas using RvD1 alone did not significantly alter the 
degree of wound healing (Fig.  3K). Altogether, accu-
mulation of ACs, promotion of SLC7A11, and persis-
tent inflammation demonstrate the direct relationship 

Fig. 4  S. aureus vesicles inhibit macrophage efferocytosis. A A schematic diagram of efferocytosis/phagocytosis assays using BMDMs fed 
CFSE-labeled apoptotic thymocytes or EGFP-E. coli bioparticles. B Representative histograms illustrate fluorescence. C Efferocytosis rate (% of CFSE+ 
cells/control) of different bacterial vesicle-treated BMDMs. D Efferocytosis under various concentrations of SAVs. E Immunofluorescence analysis 
and representative images depicting quantification of engulfed thymocytes (red: actin; blue: nucleus; green: thymocytes) and merged images. 
CFSE-labeled thymocytes containing BMDMs (White triangles). The efferocytosis index represents the percentage of CFSE+ cells. Scale bar = 200 μm. 
F Efferocytosis of SAVs-treated peritoneal macrophages and BMDMs. G A protocol for SAVs/PBS treatment of thioglycolate-induced peritonitis 
mice. Representative histograms were shown, and the efferocytosis rate was calculated using F4/80high CD11bhigh macrophages (n = 3 mice/group/
experiment). Data represent mean ± SEM from triplicates done in two independent experiments. One-way ANOVA with Bonferroni’s multiple 
comparison test and unpaired two-tailed t-test. *, p < 0.05; **, p < 0.01; ***, p < 0.001 (compared to the control group)
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between impaired efferocytosis and SAVs-mediated delay 
in wound closure.

SAVs inhibit macrophage efferocytosis
Macrophages are crucial in regulating skin wound heal-
ing [38, 39]. Hence, we aimed to elucidate the precise 
effect of SAVs on macrophage phagocytosis and efferocy-
tosis (Fig. 4A). SAVs had no toxic effects on macrophages 
(Figure S3A - D). After treatment with culture-derived 
SAVs, macrophages exhibited an enhanced phagocytic 
capacity for E. coli bioparticles but displayed a reduced 
ability for efferocytosis (Fig. 4B), which was further vali-
dated by confocal microscopy (Fig. 4E, Figure S4A & B), 
suggesting SAVs specifically inhibit efferocytosis rather 
than compromising the overall engulfment capabilities 
of macrophages. Compared to other bacterial vesicles 
(SPVs, ECVs, and PMVs), SAVs displayed a more pro-
nounced time- and concentration-dependent inhibitory 
effect on efferocytosis in BMDMs (Fig.  4C & D, Figure 
S4C). Interestingly, a comparable time-dependent inhibi-
tory effect of efferocytosis was also observed in perito-
neal macrophages (Fig. 4F). Similarly, the BEVs from the 
patient’s wound also exhibited an inhibitory effect on 
efferocytosis (Figure S4D). Consistent with the in  vitro 
data, SAVs attenuated macrophage efferocytosis in a thi-
oglycolate-induced peritonitis model (Fig. 4G). Our find-
ings demonstrate the capacity of SAVs to significantly and 
specifically inhibit macrophage efferocytosis functions.

SAV inhibition of macrophage efferocytosis relies 
on the TLR2‑MyD88‑p38 MAPK signaling pathway
The internalization of BEVs by macrophages is vital in 
regulating the host’s innate immune responses [40], and 
macrophages efficiently engulf SAVs in a time-dependent 
manner (Figure S5A). A three-dimensional reconstruc-
tion of confocal z-stacks confirmed the distribution 
and colocalization of SAVs within the BMDMs (Figure 
S5B). Among various Toll-like receptors (TLRs) (Figure 
S6A), SAVs activated TLR2-overexpressing cells most 
effectively in a dose-dependent manner (Fig.  5A). Fur-
thermore, SAVs upregulated TLR2 expression at both 

gene and protein levels (Fig.  5A & B). Pharmacological 
inhibition of TLR2 but not TLR4 gradually rescued the 
impaired efferocytosis caused by SAVs (Fig. 5C & D). We 
next used primary cells from WT, TLR2−/−, TLR4−/−, 
MyD88−/−, and TRIF−/− mice to assess efferocytosis in 
the presence or absence of SAVs. TLR2-deficient BMDMs 
resisted SAVs-induced efferocytosis inhibition, while 
TLR4−/− and WT BMDMs exhibited a significant impair-
ment in ACs engulfment (Fig. 5E). Moreover, the SAVs-
induced inhibition of efferocytosis was wholly reversed 
in MyD88−/− but not TRIF−/− cells (Fig.  5F). Although 
SPVs moderately activate TLR2, they fail to inhibit mac-
rophage efferocytosis (Figure S6B, Fig. 4C).

Upon SAV stimulation, the NF-κB p65 signaling path-
way was dynamically activated in BMDMs and signifi-
cantly phosphorylated in 15 min (Fig. 5G), as confirmed 
by confocal microscopy (Figure S6C). Meanwhile, phos-
phorylation of MAPKs (p38 MAPK, ERK1/2, and JNK) 
occurred rapidly after 15–30 min. TLR2 or MyD88 defi-
ciency blocked the phosphorylation of these signaling 
molecules (Fig.  5G). Furthermore, blocking p38 MAPK 
activation with Losmapimod or SB203580 rescued SAVs-
inhibited efferocytosis in a concentration-dependent 
manner, with Losmapimod being more effective. In con-
trast, inhibitors targeting NF-κB p65, ERK1/2, and JNK 
had minimal effects on SAVs-inhibited efferocytosis 
(Fig. 5H). Thus, we identified TLR2-MyD88-p38 MAPK 
as the primary pathway underlying SAVs-induced inhibi-
tion of efferocytosis.

SAVs suppress efferocytosis receptor expression 
through the TLR2‑NF‑κB/p38 MAPK pathway
Analysis of transcriptome data from SAVs-treated 
BMDMs revealed twenty enriched groups in Gene 
Ontology (GO) cellular component analysis (Figure S7). 
We focused on GO terms, the cell surface, and the mem-
brane-associated with efferocytosis receptors (Fig.  6A). 
Additional qPCR analysis confirmed alterations in the 
expression of several efferocytosis genes following SAV 
treatment. Specifically, CD300a, CD300b, CD300f, CD91, 
Stab1, Stab2, RAGE, TIMD3, MerTK, itgβ3, and itgβ5 

(See figure on next page.)
Fig. 5  SAV inhibition of efferocytosis is TLR2-MyD88-p38 MAPK-dependent. A TLR gene expression in BMDMs (bars). Activation of TLR-expressing 
HEK-Blue (blue) and HEK-Blue null (grey) cells. B TLR2 mRNA (bars) and protein expression (blots) in SAVs stimulated BMDMs. C & D Efferocytosis 
rate of SAVs-triggered BMDMs (8 h stimulation) pretreated with (C) TLR2 inhibitor C29 or (D) TLR4 inhibitor TAK242 under different doses for 1 h. 
Efferocytosis rate of SAVs-triggered BMDMs from (E) WT, TLR2−/− and TLR4−/− mice (positive control: Pam3CSK4 (PAM) or LPS) and (F) WT, MyD88−/− 
and TRIF−/− mice. G (left blots) Activation dynamics and quantification of NF-κB p65, p38 MAPK, ERK1/2, and JNK in BMDMs. Immunoblots 
and quantification of indicated proteins in WT and TLR2−/− (middle blots) or WT and MyD88−/− (right blots) mice and BMDMs stimulated with SAVs. 
H Efferocytosis assay was performed in SAVs-stimulated BMDMs after pretreatment with inhibitors for p38 MAPK (Losmapimod or SB203580, left 
and middle bars), NF-κB (BAY 11–7082), JNK (SP600125) or ERK1/2 (PD98059) for 1 h (right bars). Data represent mean ± SEM of triplicates. One-way 
ANOVA with Bonferroni’s multiple comparison test. *, p < 0.05; **, p < 0.01; ***, p < 0.001 (compared to untreated groups). ##, p < 0.05; ###, p < 0.001 
(compared to SAVs-treated group in WT BMDMs). Abbreviation: BAY, BAY11-7082; SP, SP600125; PD, PD98059
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Fig. 5  (See legend on previous page.)
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were down-regulated (2- to 6-fold), while Scarf1 was 
up-regulated (4-fold) (Fig.  6B, Figure S8). Further, SAV 
treatment increased F4/80+CD80+ macrophages (Figure 
S9A), TNFA accumulation (Figure S9B), and other M1 
markers (TNFA, iNOS) (Figure S9C - D) while decreas-
ing M2 markers (Arg1, Chil3l3, Mrc1) (Figure S9E - G) 
showing a shift in macrophage polarization from M2 to 
M1. This polarization towards the pro-inflammatory M1 
phenotype correlated with reduced efferocytosis activity.

As expected, TLR2 but not TLR4 deficiency rescued 
SAVs-inhibited expression of efferocytosis receptors. 
Using specific inhibitors, we identified NF-κB as the criti-
cal signaling pathway regulating the suppressed expres-
sion of multiple efferocytosis receptor genes (CD300a, 
CD300b, CD300f, CD91, Stab1, Stab2, RAGE, TIMD3, 
MerTK, itgβ3, itgβ5) and the upregulated expression 
of Scarf1 in SAV-treated cells. The p38 MAPK inhibi-
tor SB203580 rescued the suppressed expression of sev-
eral efferocytosis receptor genes (CD300a, CD300b, 
CD300f, Stab1, Stab2, TIMD3, itgβ3) in SAV-treated 
cells, whereas inhibitors targeting JNK and ERK1/2 had 
minimal effects (Fig. 6B, Figure S8). Taken together, SAVs 
primarily regulated efferocytotic gene expressions via the 
TLR2-NF-κB/p38 MAPK pathway.

MerTK cleavage is essential for SAVs‑inhibited efferocytosis 
and persistence of non‑healing wounds
Using the keywords “skin, wound, or efferocytosis” in 
the GeneCard database, we identified itgβ3 and MerTK 
as critical molecules associated with skin wound heal-
ing (Fig.  6C). We used flow cytometry to compare the 
extracellular expression of cell-surface itgβ3 and MerTK 
proteins on BMDMs. Notably, SAV treatment specifically 
downregulated MerTK expression while itgβ3 remained 
relatively unchanged (Fig.  6D). A similar effect was 
observed in BMDMs treated with BEVs isolated from 
patient S. aureus-infected wounds (Fig.  6E). After incu-
bation with SAVs, a time-dependent decrease in MerTK 

gene expression, total protein levels, and surface expres-
sion was observed in BMDMs (Fig.  6F & G). MerTK is 
regulated by proteolytic shedding catalyzed by metal-
loproteinases like Adam17 [41]. Our findings further 
demonstrated an elevation in Adam17 gene expression 
(Fig. 6H) and soluble MerTK (sol-Mer) levels (Fig. 6I) in 
SAVs-treated BMDMs, indicating TLR2-MyD88 sign-
aling-dependent MerTK cleavage (Fig.  6J). Inhibition 
of elevated p38 MAPK by Losmapimod also reduced 
MerTK cleavage on macrophages (Fig. 6K). Most impor-
tantly, BMDMs transfected with siRNA explicitly tar-
geting MerTK exhibited reduced MerTK expression, 
resulting in impaired efferocytosis, thereby confirming 
MerTK cleavage as the underlying cause of SAVs-induced 
diminished efferocytosis (Fig. 6L).

Accumulating evidence underscores the critical role 
of MerTK in promoting the resolution of inflammation, 
including the phagocytic clearance of ACs [42]. Here, 
we observed a downward trend in MerTK gene expres-
sion in wounds treated with SAVs or S. aureus (Fig. 7A). 
A search of the Human Protein Atlas database revealed 
dermal macrophages as a primary source of MerTK (Fig-
ure S10). Notably, a significant shedding of cell-surface 
MerTK was observed in dermal macrophages marked by 
CD64+F4/80hi CD11bhi expression (Fig. 7B).

To investigate the role of MerTK cleavage in SAVs-
induced non-healing wounds, we performed adoptive 
transfer of MerTK-knockdown macrophages into dermal 
macrophage-depleted mice (Fig. 7C). After validating the 
knockdown efficiency of dermal macrophages using clo-
dronate liposomes (Fig. 7D), we employed non-targeting 
control (NC) siRNA and siRNA1 targeting MerTK to 
knock down its expression. Macrophages were treated 
with SAVs or left untreated and subsequently adoptively 
transferred into wounded mice to assess their respective 
roles in wound healing. Six days post-wounding, a signifi-
cant delay in healing was observed only in mice receiving 
both SAVs and MerTK siRNA-treated macrophages. A 

Fig. 6  MerTK plays an essential role in SAVs-inhibited efferocytosis. A The mRNA sequence analysis in SAVs-treated BMDMs. Bubble plots depicting 
the cellular component GO terms “membrane” and “cell surface” from the top 10 enriched GO terms using OmicStudio tools (https://​www.​omics​
tudio.​cn/​tool) with p-values. Darker intensity reflects a smaller p-value of GO term enrichment, while bubble size reflects the term frequency. B Heat 
map showing expression of efferocytotic receptors. C Relevance analysis of efferocytosis receptors with skin (red circle) or wound (blue triangle) 
using GeneCard dataset (https://​www.​genec​ards.​org/). The sign size is proportional to the degree of their relevance score with efferocytosis. 
D Representative histograms and percentage comparison of itgβ3 and MerTK cell surface expression. E MerTK surface expression on BMDMs 
after treatment with PBS, SAVs, or BEVs originated from S. aureus-infected wounds (wBEVs). BMDMs were stimulated with SAVs for 0–24 h. 
F MerTK gene, surface, and (G) protein expression. H Adam17 gene expression. I Sol-MerTK levels. J MerTK surface expression on SAVs-treated 
BMDMs isolated from WT, TLR2−/− and MyD88−/− mice. K MerTK surface expression on BMDMs after SAVs stimulation with or without Los (10 µM) 
pretreatment. L Transfection of MerTK siRNA (negative control, siNC; siRNA1, si1610; siRNA2, si2791) successfully reduced MerTK expression at 40% 
(protein), 50–60% (mRNA), and 40–50% (surface), and decreased engulfment of CFSE-labeled ACs. One-way ANOVA with Bonferroni’s multiple 
comparison test and unpaired two-tailed t-test. *, p < 0.05; **, p < 0.01; ***, p < 0.001 (compared to PBS, siNC-treated or untreated groups). ###, 
p < 0.001 (compared to the SAVs-treated group in WT BMDMs)

(See figure on next page.)

https://www.omicstudio.cn/tool
https://www.omicstudio.cn/tool
https://www.genecards.org/
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Fig. 6  (See legend on previous page.)
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single treatment with SAVs or MerTK siRNA had mini-
mal effects on wound healing. Nine days post-wounding, 
the delayed healing phenotype persisted in the mice 
receiving SAVs-treated BMDMs. In contrast, the other 
groups exhibited similar healing patterns observed on 
day 6 (Fig.  7E & F). Histological analysis further con-
firmed these findings (Fig. 7G).

Restoring SAVs‑induced delayed wound healing 
by targeting p38 MAPK
The p38 MAPK signaling pathway plays a pivotal role 
in inflammation, but its contribution to efferocytosis is 
unclear. Blocking p38 MAPK with Losmapimod, a safe 
drug for animals and humans [43], effectively rescued the 
delayed wound healing induced by SAVs in mice (Fig. 7H 
- K). In addition, Losmapimod accelerated wound closure 
independently of its specific therapeutic benefits (Fig. 7I 
& J). These findings were further corroborated by his-
tological evaluation (Fig.  7K), demonstrating improved 
wound healing in Losmapimod-treated mice.

Discussion
The significance of efferocytosis in chronic wounds is 
well acknowledged, yet further exploration is required to 
elucidate its interplay with wound healing in the context 
of bacterial infections. S. aureus [20] and other pathogens 
have evolved strategies to inhibit or subvert efferocytosis 
[44, 45], and their colonization at the wound site contrib-
utes significantly to the development of chronic wounds 
[16, 17]. In this study, we conclusively identified the bio-
logical distribution of SAVs at wound sites of skin-injured 
patients and highlighted their crucial role in impairing 
wound closure and efferocytosis. Using genetic, bio-
chemical, and pharmaceutical techniques, we demon-
strated the inhibitory capacity of SAVs on macrophage 
efferocytosis through the TLR2-MyD88-p38 MAPK-
MerTK axis, which contributed to a significant delay in 
wound healing.

Until now, researchers have employed and optimized 
distinct extraction methods and introduced diverse 

approaches such as BEV property analysis, enumera-
tion, and proteomics profiling to identify BEVs [46]. Prior 
studies have primarily focused on isolating BEVs from 
serum, urine, or stool [47–49]. Here, for the first time, we 
have confirmed the presence of S. aureus-derived vesicles 
(SAVs) in infected wounds of trauma patients through a 
combination of differential, density gradient, and ultra-
centrifugation, coupled with comprehensive analysis 
methods encompassing size-based NTA, TEM, TLR2 
activation assays, and SAVs-specific protein verification. 
More importantly, we have uncovered a novel aspect of S. 
aureus’s impact — vesicular intervention on wound heal-
ing. The mere presence of SAVs alone is sufficient to hin-
der the healing process. Although our current research 
primarily emphasizes the inhibitory function of SAVs, 
we also recognize the potential of bacterial metabolism 
to enrich SAVs with components facilitating wound heal-
ing. Moreover, ongoing research exploring avenues to 
inhibit SAVs’ release offers a promising strategy to atten-
uate their adverse impacts [50]. Our study underscores 
the critical need for further elucidation of mechanisms 
involved in SAVs’ functions and developing innovative 
therapeutic modalities targeting them to enhance wound 
healing outcomes.

Efficient efferocytosis by macrophages is essential 
for inflammation resolution and tissue repair. In recent 
years, researchers have primarily focused on abnormal 
efferocytosis during diabetic wound healing, which con-
tributes to delayed closure [8]. Meanwhile, efforts are 
ongoing to identify the underlying mechanisms [10, 51] 
and therapeutic strategies [9, 52] by targeting the inhibi-
tion of efferocytosis. Besides being a widely recognized 
factor of the hyperglycemic state, pathogens employ 
their virulence factors, including α-toxin from S. aureus, 
edema toxin from Bacillus anthracis, and LPS from E. 
coli, to disrupt prompt and continuous efferocytosis 
processes [45, 53]. Distinct from the impact of bacterial 
components on efferocytosis, it is clear from our results 
that S. aureus utilizes bacterial vesicles carrying diverse 
bioactive molecules to interact with specific receptors, 

(See figure on next page.)
Fig. 7  MerTK in macrophage is critical for SAVs-mediated delayed wound healing. A MerTK gene expression in skin lysates (n = 4). 
B Schematic diagram of macrophage MerTK analysis in wounded mice (n = 6) after treatment with PBS or SAVs. FACS gating strategy 
of CD45+CD64highF4/80+CD11b+MerTK+ cells isolated from wound sites. C A schematic diagram showing clodronate liposome-mediated depletion 
of resident dermal macrophages and treatments in wounded nude mice (n = 8–9). D The efficiency of dermal macrophage deletion and transferring 
of WT and MerTK-deficient BMDMs to wound sites on days and 3. E Representative images of wound closure and (F) healing dynamics at specific 
time points. G The size of the wound bed in different groups (red bracket). H A schematic diagram of wound healing models treated with PBS 
or SAVs on days 3, 5, or 7 with or without Los treatment on days 3, 4, or 5 (n = 8). I Skin wound images. J Wound healing dynamics of WT mice 
treated with PBS, SAVs, SAVs + Los, or Los alone. K Size of the wound bed (red bracket) on day 10. One-way ANOVA with Bonferroni’s multiple 
comparison test and unpaired two-tailed t-test. *, p < 0.05; **, p < 0.01; ***; p < 0.001 (compared to unwounded, PBS, or vehicle clodronate-treated 
wounded groups); ##, p < 0.01 (compared to PBS-treated wounded group). Abbreviations: Veh, vehicle; KD, knockdown; siNC, negative control 
siRNA; siMerTK, MerTK siRNA; i.g., intragastric; Los, Losmapimod
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Fig. 7  (See legend on previous page.)
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leading to a significant impairment in macrophage effero-
cytosis, causing abnormal wound healing. This sheds new 
light on the mechanisms of bacterial pathogenesis and 
suggests potential novel therapeutic targets to enhance 
wound healing.

Generally, SAVs initiate immune responses and affect 
various pathologies via TLRs [25, 40, 54]. We demon-
strated distinct regulatory effects on SAVs-inhibitory 
efferocytosis by activating TLR2 and MyD88-dependent 
signaling pathways. Specifically, the expression of key 
efferocytosis machinery elements, namely cell-surface 
efferocytosis receptors, were downregulated on SAVs-
treated macrophages through the TLR2-NF-κB/MAPKs 
axis. Although the NF-κB p65  signaling pathway can 
influence the mRNA expression of macrophage effero-
cytosis receptors, this impact did not directly determine 
the outcome of efferocytosis. Instead, it is the p38 MAPK 
signaling pathway that directly mediates the SAVs-inhib-
ited efferocytosis. This finding has further sparked our 
interest in exploring the intricate relationships among 
efferocytosis receptors at a deeper level.

MerTK, a key member of the Tyro3/Axl/MerTK family 
of efferocytosis receptors, is mainly expressed in M2-like 
macrophages and plays a vital role in coordinating tissue 

maintenance and repair [55]. In myocardial inflamma-
tion, macrophages use MerTK to recognize and elimi-
nate cardiomyocyte-derived mitochondria and other 
substances, maintaining tissue homeostasis and promot-
ing wound healing [56]. However, the role of MerTK in 
skin wound healing remains unclear. We observed a sub-
stantial reduction in the MerTK expression on the sur-
face of dermal macrophages in SAVs-stimulated wounds 
due to MerTK cleavage. When MerTK-knockdown or 
SAVs-treated macrophages were transferred to wound 
sites after depletion of skin resident macrophages, 
wound closure was delayed, suggesting a contribution of 
MerTK downregulation to impaired wound healing. Fur-
thermore, the inhibition of MerTK by SAVs prolonged 
wound inflammation and reduced the polarization of 
macrophages from M2 to M1-type.

More importantly, SAVs-induced MerTK cleavage 
was primarily mediated through the TLR2-MyD88-p38 
MAPK pathway. Previous studies demonstrated the con-
tribution of elevated p38 MAPK to reduced efferocyto-
sis receptor expression and impaired clearance of ACs, 
thereby accelerating inflammation in the elderly [57] and 
improving atherosclerosis progression [58]. Our study 
now correlates the activation of p38 MAPK with delayed 
skin wound healing observed in SAVs-treated wounds. 
Notably, blocking the phosphorylation of p38 MAPK 

Fig. 8  Staphylococcus aureus vesicles impair cutaneous wound healing through p38 MAPK-MerTK Cleavage-Mediated inhibition of macrophage 
efferocytosis. A A schematic diagram depicting bacterial vesicle-mediated inhibition of macrophage efferocytosis and (B) underlying mechanisms: 
SAVs inhibit macrophage efferocytosis by modulating the expression of efferocytosis receptor genes through the TLR2-MyD88-NF-κB pathway 
and induce the cleavage and shedding of Mer tyrosine kinase (MerTK) via the TLR2-MyD88-p38 MAPK pathway
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using Losmapimod effectively rescued MerTK cleavage, 
ultimately reversing delayed wound healing induced by 
SAVs. Based on these efferocytosis-related mechanisms, 
we propose targeting the p38 MAPK-MerTK axis as a 
therapeutic target in S. aureus-infected chronic wounds.

Conclusions
In summary, we first identified the distribution of SAVs 
in S. aureus-infected wounds, which could potentially 
be used as a novel diagnostic biomarker to monitor 
refractory infected wounds. Next, we associated SAVs 
with impaired efferocytosis and poor wound healing 
and proved the TLR2-MyD88-NF-κB/p38 MAPK axis 
as an indispensable mechanism in this process (Fig.  8). 
Among the down-regulated efferocytosis mechanisms, 
we proposed MerTK cleavage as one of the critical 
aspects underlying the pathology of non-healing infected 
wounds.
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