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Abstract 

Background  Sepsis is a common indirect insult leading to acute respiratory distress syndrome (ARDS). Circulating 
extracellular vesicles (EVs) have been reported to participate in the pathogenesis of sepsis. However, the alteration 
of EV-bound S100A8/A9 during septic shock, along with the role of S100A8/A9 in driving acute lung injury, remains 
unexplored. 

Methods  EVs were isolated from the plasma of patients upon admission with sepsis or septic shock, as well 
as from healthy controls. Levels of EV S100A8/A9 were assayed via ELISA. To examine the effects and underlying 
mechanisms of septic shock EVs in acute lung injury, these EVs were administered intratracheally into wild-type 
C57BL/6 mice or mice with a deficiency of advanced glycation end-products (RAGE). In addition, a mouse model 
of polymicrobial sepsis was introduced using cecal ligation and puncture (CLP).

Results  Levels of EV S100A8/A9 were significantly elevated in patients with sepsis or septic shock compared 
to healthy controls. Receiver operating characteristic (ROC) analysis demonstrated that EV S100A8/A9 effectively 
distinguished between septic shock and sepsis and had predictive potential for the development of ARDS. Notably, 
the levels of S100A8/A9 in EVs and alveolar macrophages from CLP mice were significantly higher than those in sham 
mice. Intratracheal administration of septic shock EVs directly induced acute lung injury and M1 macrophage polari-
zation in a lipopolysaccharide-independent manner. Septic shock EVs were efficiently taken up by alveolar mac-
rophages in vivo, leading to a significant increase in S100A8/A9 levels, which was inhibited by preincubating the EVs 
with an S100A8/A9 neutralizing antibody. Additionally, mice with deficiency in RAGE, a receptor for S100A8/A9, were 
partially protected from acute lung injury induced by septic shock EVs. In vitro, septic shock EVs prompted a proin-
flammatory response in bone marrow-derived macrophages. This response was blocked by preincubating the EVs 
with the S100A8/A9 neutralizing antibody.
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Conclusions  Our results suggested that EV S100A8/A9 has potential value in distinguishing septic shock from sep-
sis and predicting the development of ARDS. Septic shock EVs-induced lung injury is at least partially mediated 
through S100A8/A9-RAGE pathway, involving the activation of alveolar macrophages.
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Background
Acute respiratory distress syndrome (ARDS, acute lung 
injury) is characterized by the acute onset of refractory 
dyspnea which is accompanied by bilateral infiltrates on 
chest radiograph that cannot be ascribed to heart fail-
ure. Despite supportive strategies such as neuromuscular 
blockage and lung protective ventilation, the mortality 
of ARDS still remains around 30–40% [1]. During early 
phase of lung injury, alveolar macrophages are activated 
by pathogens through pattern recognition receptors. 
Proinflammatory cytokines are released and stimulate 
the release of chemokines from neighboring alveolar 
epithelial cells and tissue macrophages, resulting in the 
recruitment of neutrophils and macrophages. The severe 
inflammatory responses lead to impaired barrier func-
tion of the alveolar epithelium and fluid accumulation in 
the air space [2].

One of the major underlying causes of ARDS is sepsis 
[3]. Sepsis is a lethal syndrome characterized by organ 
dysfunction as a result of dysregulated response to infec-
tion [4]. It is estimated that about 49 million patients 
worldwide were afflicted with sepsis in 2017, accounting 
for approximately 11 million sepsis-related deaths and 
almost one-fifth of yearly all global deaths [5]. At pre-
sent,  there  is no specific treatment for  sepsis-induced 
ARDS. There is a pressing need for deciphering the pre-
cise mechanisms of sepsis-induced ARDS.

Extracellular vesicles (EVs) are particles naturally 
secreted from cells [6]. Chargaff and West first docu-
mented the presence of EVs in 1946 as “minute break-
down products of blood corpuscles” [7]. The first electron 
microscopy image of EVs was documented in 1967 [8]. 
EVs, originally thought as a feature of waste removal for 
cells [9], now represent a unique means for intercellular 
communication [10, 11]. They have the capacity of mim-
icking the function of the parental cells and transferring 
functional miRNA/mRNA and protein cargos to tar-
get cells [12]. Our group reported that miR-27a-3p was 
transported from EVs of mesenchymal stem cells to alve-
olar macrophages and abated lung injury [13].

Intravenous injection of EVs from peripheral blood of 
septic patients significantly elevated the expression of 
proinflammatory proteins such as nuclear factor-ĸB (NF-
ĸB) in the lungs and heart of mice [14]. Li et al. reported 
that sepsis EVs enhanced proinflammatory responses 
and apoptosis of cells related to lung tissue via delivery of 

miR-210-3p [15]. Xu et al. reported that circulating EVs 
from septic mice prompted the production of proinflam-
matory cytokines in  vitro via miRNA and TLR7-medi-
ated signaling. The EVs also induced the recruitment of 
peritoneal leukocytes in vivo [16].

It has been documented that S100A8 and S100A9 exist 
as a heterodimer complex and are abundantly expressed 
in neutrophils, macrophages, and endothelial cells, rep-
resenting up to 40% of neutrophil cytosolic proteins 
[17, 18]. The S100A8/A9 complex is a ligand for Toll-
like receptor 4 (TLR4) and receptor for advanced glyca-
tion endproducts (RAGE), promoting proinflammatory 
responses [19]. Plasma S100A8/A9 has been reported as 
a disease marker for sepsis and a predictor for outcomes 
[20]. The first aim of this study was to examine whether 
there is an alteration of EV S100A8/A9 in sepsis and 
septic shock patients. The second aim was to determine 
whether EV S100A8/A9 contributes to septic shock-
induced lung injury.

Materials and methods
Study subjects
Sepsis and septic shock patients were consecutively 
enrolled into the prospective observational study con-
ducted at the ICU of the First Affiliated Hospital of Zhe-
jiang University School of Medicine between September 
2022 and May 2024. All enrolled patients met the con-
sensus Sepsis-3 classification [4]. Eligible patients were at 
least 18  years old and diagnosed with sepsis during the 
first 24  h after admission. Subjects were excluded from 
the study if any of the following criteria were met: age 
less than 18, pregnancy, undergoing immunosuppressive 
or chemotherapy, chronic inflammatory diseases, current 
COVID-19/HBV/HCV/HIV infection, and traumatic 
brain injury. Healthy control subjects were age-matched 
volunteers without concurrent infection and enrolled 
during physical examination. After the inclusion, all 
participants or legal representatives were provided with 
written details of the study. The study was only con-
ducted in participants with written informed consent. 
Study procedures were in obedience to the provisions 
detailed in Declaration of Helsinki. The study protocol 
was approved by the ethics committee of the First Affili-
ated Hospital of Zhejiang University School of Medi-
cine. For enrolled subjects, whole peripheral blood was 
collected up to 24 h after ICU admission. In the healthy 
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controls, whole peripheral blood was collected imme-
diately after written informed consent. Demographic 
characteristics, causes of infection, microbiology results, 
sequential organ failure assessment (SOFA) scores, acute 
physiology and chronic health evaluation II (APACHE II) 
scores, laboratory measurements, development of ARDS, 
lengths of hospital stay, and ICU mortality were collected 
from the medical record for study purpose.

Isolation and labeling of EVs from plasma
Peripheral blood samples were collected in EDTA tubes 
and centrifuged at 800 g for 10 min within 4 h of sam-
ple collection. After centrifugation, plasma samples 
were carefully collected and stored in a −80 °C freezer 
until use. Plasma samples were thawed and placed into 
SW 32 Ti centrifuge tubes (Beckman Coulter, Brea, 
CA), diluted with phosphate buffered saline (PBS) to 
the appropriate height, and centrifuged at 10,000 g for 
30  min. Then, the top fraction was poured into a new 
SW 32 Ti centrifuge tube and centrifuged at 120,000 g 
for 120  min. The pellet of the centrifugation was 
washed with 9  ml of PBS, transferred to a SW 41 Ti 
centrifuge tube, and centrifuged at a second 120,000 g 
for 120 min. The EV-containing pellet was resuspended 

with 50 µl PBS. The EV yield was determined by meas-
uring the protein content using the Pierce BCA protein 
detection kit (Thermo Fisher, Waltham, MA) (A list 
of commercial reagents is provided in Supplemental 
Table 1). For assay of EV cargo transfer in vivo, labeling 
of EVs with Vybrant™ DiD (Thermo Fisher) was per-
formed as described previously [13].

For visualization of transferred EV cargo in pul-
monary macrophages in  vivo, septic shock EVs were 
labeled with fluorescent dye Vybrant DiD and instilled 
to mice intratracheally. After 24  h, lung tissue sam-
ples were harvested and embedded in Tissue-Tek OCT 
(Sakura), sectioned to a thickness of 5  µm, fixed with 
4% formaldehyde for 1 h, dehydrated with 30% sucrose 
for 24 h, and permeabilized with 0.3% Triton X-100 for 
30 min. Sections were then blocked with blocking solu-
tion containing 0.5% Tween 20 and 5% bovine serum 
albumin for 1 h and incubated with a rabbit anti-F4/80 
antibody (Abcam) overnight. After that, the sections 
were incubated with CoraLite 488-conjugated goat 
anti-rabbit IgG (Proteintech, Wuhan, China) for 1  h. 
Cell nuclei were labeled with 1 µg/ml DAPI, and images 
were taken with a Zeiss fluorescence microscope.

Table 1  Demographic and clinical characteristics of sepsis and septic shock patients

SD standard deviation, IQR inter quartile range, N/A not applicable, SOFA sequential organ failure assessment, APACHE acute physiology and chronic health evaluation, 
CRP C-reactive protein, PCT procalcitonin, ARDS acute respiratory distress syndrome, ICU intensive care unit

Variable Sepsis Septic shock Healthy controls p value
n = 28 n = 26 n = 24

Age (years) ± SD 62.5 ± 19.4 67.0 ± 14.6 62.8 ± 8.3  > 0.05

 Male/female (n) 21/7 17/9 17/7  > 0.05

Type of organism, n (%) N/A  > 0.05

 Gram +  2 (7.1) 2 (7.7)

 Gram − 15 (53.6) 12 (46.1)

 Fungus 4 (14.3) 2 (7.7)

 Compound 1 (3.6) 7 (26.9)

 No organism cultured 6 (21.4) 3 (11.5)

Source of infection, n (%) N/A  > 0.05

 Pneumonia 19 (67.9) 12 (46.1)

 Peritonitis 6 (21.4) 4 (15.4)

 Urinary infection 1 (3.6) 3 (11.5)

 Other 2 (7.1) 7 (26.9)

SOFA score ± SD 6.64 ± 2.30 11.19 ± 5.28 N/A  < 0.001

APACHE II score ± SD 18.75 ± 6.14 23.31 ± 9.27 N/A  < 0.05

CRP (mg/L) ± SD 90.72 ± 78.20 146.70 ± 95.04 N/A  < 0.05

PCT (ng/ml) ± SD 3.02 ± 4.54 22.39 ± 31.74 N/A  < 0.05

Lactic acid (mmol/L) ± SD 1.49 ± 0.82 3.14 ± 2.64 N/A  < 0.01

ARDS, n (%) 8 (28.5) 16 (61.5) N/A  < 0.01

ICU length of stay, day (IQR) 7.5 (5, 20.25) 20 (10, 31.25) N/A  < 0.05

ICU 28 day Death, n (%) 3 (10.7) 12 (46.1) N/A  < 0.01
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Western blot analysis
Cells and EVs were treated with RIPA buffer (Apply-
gen, China) supplemented with proteinase inhibitor 
cocktail for 30 min. BCA protein assay kit was used for 
determination of protein concentration of lysates. An 
equal amount of protein (10  μg) was resolved on 12% 
SDS-PAGE gel and transferred to polyvinylidenefluoride 
membranes (Millipore, Billerica, MA). The membranes 
were incubated for 1  h with blocking buffer (PBS with 
0.1% Tween-20 and 5% non-fat milk). Then, membranes 
were incubated with the primary antibodies for S100A8/
A9 (Abcam, Cambridge, UK), β-actin (Cell Signaling 
Technology, Danvers, MA), and CD9 (Abcam) overnight 
at 4 °C, followed by corresponding secondary antibodies. 
The membranes were developed using EZ-ECL Detection 
Kit (BDBIO, Hangzhou, China).

ELISA analysis
S100A8/A9 ELISA was performed following the manu-
facturer’s instruction (Proteintech). The plates were 
incubated at 37 °C for 1 h with 200 μL of blocking solu-
tion, followed by three washes with PBS with 1% Tween 
20 (PBS-T buffer). EVs were lysed with extraction buffer 
PTR (Abcam). EVs (20 μg/ml) and plasma (samples with 
uniform dilution factor) were incubated in each well for 
1.5 h at 37 °C. The plates were washed 3 times with PBS-T 
buffer, then 50 μL of horseradish peroxidase-conjugated 
substrate was added to each well. After a 30-min incuba-
tion at room temperature, the reactions were halted by 
the addition of 25 μL of 1 N H2SO4. The optical density 
was examined at 450  nm using SpectraMax 190 Micro-
plate Reader (Molecular Devices, San Jose, CA).

Mouse model of EV‑induced lung injury
RAGE−/− mice with C57BL/6  J background were gener-
ated by the Nanjing Biomedical Research Institute of 
Nanjing University via CRISPR/Cas9 technology and 
maintained in the lab. Wild-type (WT) C57BL/6  J mice 
(male, 6–8  weeks old) were acquired from Shanghai 
Laboratory Animal Center (Shanghai, China). The ani-
mal study protocol was approved by the Institutional 
Animal Care and Use Committee of Zhejiang University 
School of Medicine. The mice were housed under a 12-h 
light/dark cycle at a controlled temperature of 24 ± 1 °C, 
with ad  libitum access to food and water. Polymyxin B 

(PMB, 25  µg/ml) was incubated with septic shock EVs 
at 37  °C for 1 h to neutralize the possibly contaminated 
lipopolysaccharide (LPS) in EVs. Mice (male, 6–8 weeks 
old) were randomized into different groups and anesthe-
tized by intraperitoneal administration of single dose of 
phenobarbital (50  mg/kg). Mice were instilled intratra-
cheally with PBS (50  µL), control EVs (100  μg/50  µL), 
septic shock EVs (100  μg/50  µL), and septic shock EVs 
(100 μg/50 µL) + PMB. Mice were sacrificed at 24 h after 
treatment. Specimens of lung as well as bronchioalveolar 
lavage (BAL) were collected for subsequent examination.

Mouse model of polymicrobial sepsis
Animal model of experimental sepsis was generated in a 
BSL2 lab via cecal ligation and puncture (CLP) as previ-
ously described [21]. Mice were weighed and anesthe-
tized by intraperitoneal administration of a single dose 
of phenobarbital (50 mg/kg). The cecum was exposed by 
a 2-cm midline laparotomy incision. A 3–0 silk suture 
was used to ligate the cecum at about one centimeter 
from cecal tip. The cecum was perforated twice with a 
21-gauge needle at the distal point of the ligation. The 
cecum was gently pressured with 2 fingers to extrude 
fecal material at the puncture site and repositioned to 
the abdominal cavity. Two layers of 4–0 silk sutures 
were used to close the peritoneum. For mice in the sham 
group, the same procedure was conducted without liga-
tion and puncture of the cecum. All mice received 1 ml 
of isotonic saline solution subcutaneously to provide 
hydration. Mice were sacrificed via cervical dislocation at 
48 h after CLP or sham surgery to collect BAL and blood 
samples.

Bone marrow‑derived macrophages (BMDMs) 
and treatment
Femurs and tibias of sacrificed C57BL/6 mice were 
flushed with PBS using 25-gauge needles. Bone mar-
row was collected by centrifugation for 5  min at 300  g 
and resuspended in red blood cell lysis buffer for 5 min. 
Cells were spun down and resuspended in differentiation 
medium (DMEM supplemented with 20 ng/ml GM-CSF, 
10% FBS). After overnight culture at 37 °C with 5% CO2, 
non-adherent cells were saved and cultured on 6-well 
plates. Cells were replenished with fresh differentia-
tion medium every 3 days. On day 7, fully differentiated 

Fig. 1  EV S100A8/A9 levels and their correlation with plasma S100A8/A9 levels, disease severity scores, and sepsis biomarkers. The box and whisker 
plots depict the concentration of EV S100A8/A9 (A) and plasma S100A8/A9 (B) of healthy controls (n = 24), sepsis patients (n = 28), and septic shock 
patients (n = 26). The plots display the median (line inside boxes), interquartile range (box boundaries), and error bars (upper and lower ranges) 
(A-B). ∗ p < 0.05 and ∗ ∗ ∗ p < 0.001. The correlation curve was plotted by EV S100A8/A9 levels at admission to their corresponding plasma S100A8/
A9 levels (C), along with APACHE-II (D), SOFA (E), CRP (F) and PCT (G) values. ns: not significant

(See figure on next page.)
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Fig. 1  (See legend on previous page.)
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macrophages were dissociated from the culture and 
replated at 5 × 105 cells/well in 12-well plates. Polymyxin 
B (PMB, 25  µg/ml) was incubated with septic shock 
EVs at 37  °C for 1 h to neutralize the possibly contami-
nated LPS in EVs. Cells were treated with PBS, control 
EVs (100 µg/ml), septic shock EVs (100 µg/ml), and sep-
tic shock EVs + PMB for 24 h. Then, cells were collected 
for flow cytometry analysis. IL-1β, IL-6, TNF-α, and 
MIP-2 levels in the culture supernatants were assayed 
via ELISA (Multi Sciences, Hangzhou, China) per man-
ufacturer’s protocol. To examine the role of S100A8/A9 
in the proinflammatory effects of septic shock EVs, the 
septic shock EVs were incubated overnight at 4  °C with 
or without an anti-S100A8/A9 neutralization antibody 
(Clone A15105B, BioLegend) at 100 μg/ml prior to treat-
ment of BMDMs. Cells were treated with PBS, control 
EVs (100 µg/ml), septic shock EVs (100 µg/ml), and septic 
shock EVs + anti-S100A8/A9 for 24  h. Culture superna-
tants were assayed for IL-6 and TNF-α via ELISA.

Protein leakage, neutrophil counts, and cytokine levels 
in bronchoalveolar (BAL)
BAL fluid was harvested from mice at 24  h after treat-
ment of EVs. The BAL was pelleted via centrifugation at 
500  g for 5  min. Protein concentration of the superna-
tant was examined using Pierce BCA Protein Assay Kit. 
Total white blood cells in the pellet were counted using 
a hemocytometer. Infiltrated neutrophils in the cell pel-
let were stained with a FITC-labeled anti-Ly-6G antibody 
(BD Biosciences) and examined by flow cytometry. BAL 
supernatant was also measured for IL-6 and TNF-α via 
ELISA.

Separation of primary alveolar macrophages from BAL
To isolate alveolar macrophages, BAL was processed 
immediately after collection and pelleted by centrifuga-
tion at 300 g for 5 min. Total cells were then resuspended 
with RPMI-1640 with 5% fetal bovine serum and plated 
onto 6-well plate (5 × 105 cells/well) in a 37 oC incubator 
with 5% CO2. After 1.5 h, the medium and non-adherent 
cells were discarded. The adhered macrophages were har-
vested with cold PBS for further experiments. The purity 
of the primary macrophages was consistently ≥ 90% for 
all samples (Supplemental Fig. 1).

Flow cytometry
To determine the polarization of macrophages in BAL 
and BMDMs, cells were resuspended in staining buffer 
(PBS, 0.5% BSA). Cells were incubated for 30  min with 
the anti-mouse antibodies or their isotype controls: 
PE-F4/80 and BV650-CD86 (BD Biosciences). For intra-
cellular staining of iNOS and CD206, cells were treated 
with Fixation/Perm working buffer following the manu-
facturer’s instructions (Foxp3/Transcription Factor Stain-
ing Buffer Set, Thermo Fisher) and incubated for 30 min 
with the anti-mouse antibodies or their isotype controls: 
BV785 CD206 (BioLegend, San Diego, CA) and PE-Cy7 
iNOS (Thermo Fisher). Cells were washed twice with 
staining buffer and fixed with 4% paraformaldehyde. Flow 
cytometry data was collected on a BD LSRFortessa™ and 
analyzed using FlowJo V10 software.

Histopathology
Examination of lung histology was conducted on lungs 
without lavage. After euthanasia, an 18-gauge blunt nee-
dle was placed into the trachea and tightened using a liga-
ture. After chest opening, the lungs were perfused gently 
with 4% buffered paraformaldehyde, removed, and fixed 
with the same solution for 24 h in a glass vial. The lungs 
were dehydrated in an automatic tissue processor and 
embedded in paraffin. Tissue sections of 5  µm in thick-
ness were deparaffinized using xylene, rehydrated with 
ethanol series, and processed with hematoxylin and eosin 
(H&E) staining before morphological structure evalua-
tion. Images of lung sections were captured by a digital 
camera using an Olympus VS120 microscope (Shinjuku, 
Tokyo, Japan).

Statistical analysis
SPSS 27 software and GraphPad Prism 8.0.2 software 
were applied for statistical analysis. Categorical variables 
were displayed as percentages, and the significance of 
group differences was assessed using Pearson’s chi-square 
test or Fisher’s exact test. For quantitative data, normal-
ity was tested using the D′Agostino-Pearson Omnibus 
normality test, the Shapiro–Wilk normality test, and 
Kolmogorov–Smirnov test, with p value corrected by the 
Dallal-Wilkinson-Lilliefor method. Student t test or one-
way/two-way analysis of variance with Bonferroni post 

(See figure on next page.)
Fig. 2  The value of EV S100A8/A9 for the prediction of septic shock and ARDS. A ROC curve displays sensitivity and specificity of EV and plasma 
S100A8/A9 in differentiating sepsis or septic shock from healthy controls. B ROC curve displays sensitivity and specificity of EV S100A8/A9, plasma 
S100A8/A9, CRP and PCT in predicting septic shock. C The box and whisker plots depict the concentration of EV S100A8/A9 and plasma S100A8/
A9 in sepsis and septic shock patients who developed ARDS (n = 24) compared to those without ARDS (n = 30). The plots display the median (line 
inside boxes), interquartile range (box boundaries), and error bars (upper and lower ranges). D ROC curve displays sensitivity and specificity of EV 
S100A8/A9 and plasma S100A8/A9 in predicting ARDS. ∗ p < 0.05. ns: not significant
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A

C

D

B

AUC

EV S100A8/A9 : 0.803 (0.709-0.897), p 0.001

Plasma S100A8/A9: 0.894 (0.823-0.966), p 0.001

AUC

EV S100A8/A9 : 0.729 (0.591-0.868), p = 0.004

CRP : 0.691 (0.547-0.835), p = 0.016

PCT : 0.696 (0.546-0.845), p = 0.014

Plasma S100A8/A9 : 0.543 (0.387-0.699), p = 0.592

AUC

EV S100A8/A9: 0.685 (0.537-0.832), p = 0.021

Plasma S100A8/A9: 0.658 (0.510 -0.806), p = 0.047
Fig. 2  (See legend on previous page.)
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hoc analysis was performed for parametric data. Non-
parametric data were examined using the Mann–Whit-
ney test or the Kruskal–Wallis test with Dunn post hoc 
analysis. A p value of less than 0.05 was regarded as sta-
tistically significant.

Results
Study patient characteristics
Twenty-eight patients with clinical diagnosis of sepsis, 
26 patients with septic shock, and 24 healthy controls 
were recruited for the study. The clinical characteris-
tics, demographics data, and outcomes for patients were 
shown in Table  1. There was no statistically significant 
difference in age and gender among the three groups (all 
p > 0.05). The source of infection and type of organisms 
responsible for the infection were similar between sepsis 
and septic shock. Septic shock patients had higher SOFA 
scores, APACHE II scores, c-reactive protein (CRP), pro-
calcitonin (PCT), lactic acid, rate of ARDS, rate of mor-
tality, and ICU/hospital lengths of stay.

Plasma and EV S100A8/A9 are elevated in sepsis and septic 
shock patients
EVs from sepsis patients, septic shock patients, and 
healthy controls were separated by ultracentrifugation 
and characterized as our previous report [21]. The pro-
tein levels of S100A8/A9 in plasma and EVs at admis-
sion were examined via ELISA. EV (Fig. 1A) and plasma 
(Fig.  1B) S100A8/A9 were significantly higher in both 
sepsis and septic shock patients compared to healthy 
controls. Meanwhile, septic shock patients exhibited 
higher levels of EV S100A8/A9 (interquartile 1169 to 
2360 pg/µg) compared to sepsis patients (interquartile 
365–1486  pg/µg) (Fig.  1A), while there was no differ-
ence in plasma S100A8/A9 between septic shock (inter-
quartile 0.772 to 4.626 µg/ml) and sepsis (interquartile 
0.690–4.423 µg/ml) (Fig. 1B). EV S100A8/A9 from sep-
sis or septic shock patients was significantly correlated 
with plasma S100A8/A9 (p < 0.05, Fig. 1C), APACHE II 
score (p < 0.05, Fig. 1D), SOFA score (p < 0.05, Fig. 1E), 
CRP (p < 0.001, Fig. 1F), and PCT (p < 0.05, Fig. 1G).

EVs

Sham CLP 

CD9-- --25KDa

S100A8/A9-- --13KDa
S100A8/A9--

β-actin--

BAL Macrophage
Sham
CLP -

+ -
+

-
+ -

+

--42KDa

--13KDa

Sham
CLP -

+ -
+

BA

Fig. 3  Expression of S100A8/A9 in CLP EVs and alveolar macrophages. A Samples of control and CLP EVs at 48 h after CLP procedure were resolved 
in SDS-PAGE gel and probed with an antibody for S100A8/A9. B BAL samples from control and CLP mice were collected at 48 h after procedure. 
Alveolar macrophages were separated and examined for the expression of S100A8/A9. Data are expressed as mean ± SD, n = 6 (D). **p < 0.01

(See figure on next page.)
Fig. 4  LPS-independent effect of septic shock EVs on acute lung injury. Mice were randomized and treated with four regimens: PBS, control EVs 
(100 µg/50 µl), septic shock EVs (100 µg/50 µl), and septic shock EVs + PMB (25 µg/ml pretreatment). PBS and EVs were administered intratracheally. 
Mice were sacrificed 24 h after treatment. A Microscopic images were obtained from lung sections stained with H&E. The arrows denote neutrophil 
infiltration. B BAL was examined for lung injury parameters, which included total protein content, total cell count, and neutrophil count. C BAL 
levels of IL-6 and TNF-α were examined via ELISA. Data are expressed as mean ± SD, n = 8–9. *p < 0.05, **p < 0.01, ***p < 0.001
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EV S100A8/A9 differentiates septic shock from sepsis 
and predicts the development of ARDS
The value of plasma and EV S100A8/A9 in discrimi-
nating between patients with sepsis or septic shock 
and healthy controls was determined by receiver 
operating characteristic (ROC) analysis. EV S100A8/
A9 had an area under the curve (AUC) of 0.803 (95% 
CI 0.709–0.897, p < 0.001), while the AUC for plasma 
S100A8/A9 was 0.894 (95% CI 0.823–0.966, p < 0.001) 
(Fig. 2A). Nevertheless, there was no significant differ-
ence in the AUC between EV S100A8/A9 and plasma 
S100A8/A9 (p = 0.096). ROC curve analysis was also 
conducted to evaluate the value of plasma and EV 
S100A8/A9, along with plasma CRP and PCT, in dif-
ferentiating sepsis and septic shock. The AUC for 
EV S100A8/A9 (AUC = 0.729; 95% CI 0.591–0.868; 
p = 0.004) was comparable to that of CRP (AUC = 0.691; 
95% CI 0.547–0.835; p = 0.016) and PCT (AUC = 0.696; 
95% CI 0.546–0.845; p = 0.014) (Fig.  2B), indicat-
ing their predictive value for septic shock. However, 
plasma S100A8/A9 (AUC = 0.543; 95% CI 0.387–0.699; 
p = 0.592) did not show predictive value for septic 
shock.

The levels of EV and plasma S100A8/A9 were sig-
nificantly elevated in sepsis and septic shock patients 
who developed ARDS compared to those without 
ARDS (Fig. 2C). The predictive value of plasma and EV 
S100A8/A9 for the development of ARDS was deter-
mined by ROC analysis. EV S100A8/A9 exhibited an 
AUC of 0.685 (95% CI 0.537–0.832, p = 0.021), while the 
AUC for plasma S100A8/A9 was 0.658 (95% CI 0.510–
0.806, p = 0.047) (Fig. 2D). While serum S100A8/A9 has 
previously been identified as a potential biomarker for 
predicting ARDS onset [22], these findings suggest that 
EV S100A8/A9 may serve as a promising biomarker for 
early prediction of ARDS.

EV S100A8/A9 is elevated in CLP mice
In Western blot analysis, plasma EVs from the CLP mice 
had high levels of S100A8/A9 while expression in the 
sham group was mostly undetectable (Fig. 3A). Further-
more, alveolar macrophages from CLP mice had much 

higher levels of S100A8/A9 compared with those from 
sham mice (Fig. 3B). Previous studies have documented 
the proinflammatory nature of S100A8/A9 [23]. These 
findings from the animal model suggest the involvement 
of EV S100A8/A9 in sepsis-associated inflammation.

Septic shock EVs directly prompt acute lung injury in mice
To determine whether septic shock EVs could evoke 
lung injury, C57BL/6 mice were exposed to intratra-
cheal delivery of septic shock or control EVs (100  µg/
mouse in 50 µl). BAL and lung specimen were collected 
at 24 h after insult. H&E staining results showed that sep-
tic shock EVs elicited neutrophil infiltration in the lung, 
which was accompanied by thickened alveolar septum 
and augmented interstitial cellularity compared with 
control EVs (Fig.  4A). PMB treatment of septic shock 
EVs did not mitigate the histological alterations, indicat-
ing that LPS was not a contributing factor for the effect 
of septic shock EVs (Fig. 4A). Enhanced alveolar-capillary 
barrier permeability (BAL protein level) is a hallmark of 
acute lung injury. BAL protein levels, total cell number, 
and neutrophil number were significantly elevated (by 
66%, 178%, and 173%, respectively) after treatment with 
septic shock EVs versus control EVs (Fig. 4B). Although 
control EVs had no effect on the BAL protein levels, it is 
noteworthy that they caused a modest increase in total 
cells and neutrophils as compared with PBS. PMB treat-
ment of septic shock EVs did not alter the parameters 
for lung injury (Fig. 4B). Levels of BAL IL-6 and TNF-α 
were significantly increased (by 7.6-fold and 2.2-fold, 
respectively) in septic shock group versus control group 
(Fig. 4C). In the meantime, PMB treatment did not alter 
the effect of septic shock EVs on BAL IL-6 and TNF-α 
levels.

Septic shock EVs promote M1 macrophage polarization 
in vivo
BAL samples as described above were examined for mac-
rophage phenotypes via flow cytometry (Fig.  5A). Sep-
tic shock EVs significantly increased the populations of 
F4/80 + iNOS + cells as well as F4/80 + CD86 + cells com-
pared with control EVs, favoring polarization of alveolar 

Fig. 5  Alveolar macrophage polarization in vivo after insult of septic shock EVs. Mice were randomized and treated with four regimens: PBS, control 
EVs (100 µg/50 µl), septic shock EVs (100 µg/50 µl), and septic shock EVs + PMB (25 µg/ml pretreatment). BAL fluid cells were collected at 24 h 
and stained with a combination of PE anti-F4/80, BV650 anti-CD86, BV785 anti-CD206, and PE-Cy7 anti-iNOS or with the isotype control for 30 min. 
A Dot plots displayed the gating strategy to identify polarization of alveolar macrophages. B Representative dot plot showed F4/80 + iNOS + and 
F4/80 + CD86 + (M1) macrophages in flow cytometry. C Representative dot plot displayed F4/80 + CD206 + (M2) macrophages. Numbers in the plot 
denote the percentage of cells in the gate for that particular experiment. Data for macrophage polarization were plotted in the right panels. Data 
are expressed as mean ± SD, n = 8–9. *p < 0.05, **p < 0.01, ***p < 0.001

(See figure on next page.)
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macrophages toward M1 phenotype (Fig. 5B). Addition-
ally, septic shock EVs reduced the expression of markers 
for M2 macrophages (F4/80 + CD206 +) (Fig.  5C). Pre-
treatment of septic shock EVs with PMB did not alter the 
effect of EVs on macrophage phenotypes (Fig. 5B, C).

Septic shock EVs enhance inflammatory response in vitro 
via S100A8/A9
To examine whether septic shock EVs modulate mac-
rophage polarization in  vitro, BMDMs were allocated 
into 4 groups: PBS, control EVs, septic shock EVs, and 
septic shock EVs with PMB pretreatment. After 24 h of 
treatment, cells were analyzed for macrophage pheno-
types via flow cytometry (gating strategy in Supplemen-
tal Fig.  2). Phenotype results revealed that septic shock 
EVs elevated the expression of F4/80 + iNOs + M1 mac-
rophages compared with the control EVs (Fig. 6A), while 
the levels of F4/80 + CD206 + M2 macrophages were 
significantly reduced (Fig.  6B). Again, PMB treatment 
did not influence septic shock EV-induced macrophage 
polarization (Fig. 6A, B).

To examine whether septic shock EVs alter inflamma-
tory response in vitro, expression of IL-1β, IL-6, MIP-2, 
and TNF-α in the culture medium was examined at 24 h 
via ELISA. Results showed that septic shock EVs sig-
nificantly increased the levels of MIP-2, IL-1β, IL-6, and 
TNF-α compared to control EVs (Fig. 6C). As expected, 
the levels of proinflammatory cytokines were not affected 
by pretreatment of septic shock EVs with PMB. Inter-
estingly, the proinflammatory effect of septic EVs on 
BMDMs was blocked by an anti-S100A8/A9 neutraliza-
tion antibody (Clone A15105B) (Fig. 6D), suggesting that 
EV S100A8/A9 plays a significant role in mediating this 
inflammatory response.

S100A8/A9 is transferred from septic EVs to alveolar 
macrophages
To study the efficiency of EV uptake by alveolar mac-
rophages, septic shock EVs were labeled with fluorescent 
dye Vybrant DiD and instilled to mice intratracheally. 
At 24  h post-instillation, approximately 70% of BAL 

macrophages were positive for EVs, indicating efficient 
transfer of EV cargo to alveolar macrophages in  vivo 
(Fig.  7A). Confocal microscopy of lung sections further 
revealed that the Vybrant DiD-labeled septic shock EVs 
largely co-localized with the F4/80-expressing mac-
rophages (Fig.  7B). The levels of S100A8/A9 in alveolar 
macrophages were significantly augmented 24  h after 
intratracheally administration of septic shock EVs com-
pared to control EVs (Fig. 7C). Additionally, pre-incuba-
tion of septic shock EVs with an S100A8/A9 neutralizing 
antibody (100  μg/ml) resulted in a significant reduction 
in S100A8/A9 levels in alveolar macrophages 24 h after 
administration of EVs (Fig.  7D). These findings suggest 
that S100A8/A9 may play an important role in facilitating 
the transfer of septic shock EVs to alveolar macrophages.

RAGE deficiency alleviates septic shock EV‑induced acute 
lung injury
Literature has documented that exogenous S100A8/A9 
is proinflammatory and induces neutrophil influx to the 
lung in mice [23]. RAGE is a receptor for S100A8/A9 and 
is regarded as a biomarker for acute lung injury [24]. To 
explore the involvement of S100A8/A9-RAGE pathway 
in septic shock EV-evoked acute lung injury, WT and 
RAGE−/− mice were exposed to intratracheal adminis-
tration of septic shock or control EVs (100 µg/50 µl). At 
24 h after insult, BAL specimens were obtained for fur-
ther analysis. Total protein levels, total cell counts, and 
neutrophil counts were significantly reduced (by 27.5%, 
38.2%, and 36.4%, respectively) in RAGE−/− versus wild-
type animals (Fig.  8A). Furthermore, RAGE deficiency 
diminished the effect of septic shock EVs on BAL IL-6 
and TNF-α levels (Fig.  8B). These findings indicate that 
the acute lung injury induced by septic shock-derived 
EVs is at least partially mediated by S100A8/A9-RAGE 
pathway.

Discussion
This report demonstrates that EV S100A8/A9 exhib-
its differential expression in septic shock patients ver-
sus those with sepsis and holds predictive potential 
for the onset of ARDS. In addition, the lung injury 

(See figure on next page.)
Fig. 6  Role of S100A8/A9 in septic shock EVs-induced proinflammatory response in vitro. A–C Mouse BMDMs were treated with four regimens: 
PBS, control EVs (100 µg/ml), septic shock EVs (100 µg/ml), or septic shock EVs + PMB (25 µg/ml pretreatment). After 24 h, cells were collected 
and stained with a combination of PE anti-F4/80, BV785 anti-CD206, and PE-Cy7 anti-iNOS or with the isotype control for 30 min. A Representative 
dot plot showed iNOS + F4/80 + (M1) macrophages in flow cytometry. B Representative dot plot displayed CD206 + F4/80 + (M2) macrophages. A, 
B Numbers in the plot denote the percentage of cells in the gate for that particular experiment. Data for macrophage polarization were plotted 
in the right panels. C Cell culture medium was collected at 24 h. Levels of IL-1β, IL-6, TNF-α, and MIP-2 in culture supernatants were examined 
by ELISA. D Septic shock EVs were preincubated with or without an anti-S100A8/A9 neutralization antibody before being applied to BMDMs 
as described above. Levels of IL-6 and TNF-α in culture supernatants were examined by ELISA. Data are expressed as mean ± SD, n = 6–9. *p < 0.05, 
**p < 0.01, ***p < 0.001
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induced by septic shock EVs is partly driven by the 
S100A8/A9-RAGE signaling pathway. Sepsis EVs have 
been reported to produce detrimental effects in other 
systems of the body. Platelet-derived EVs from septic 
shock patients depressed contractility of the left ven-
tricle in isolated animal hearts. The negative inotropic 
effect was dependent on the nitric oxide in EVs [25]. 
When healthy rats were administered systemically with 
plasma EVs from septic rats, a septic inflammatory pat-
tern was generated with upregulated NF-ĸB activity 
and oxidative stress [26]. In a rat model of CLP-induced 
sepsis, levels of procoagulant EVs were significantly 
increased and induced negative hemodynamic out-
comes. Treatment of septic rats with activated protein 
C modified the levels of EVs, favoring hemodynamic 
improvement [27]. In addition, treatment of mice with 
GW4869, an EV release inhibitor, alleviated the CLP-
induced cardiac inflammation, reduced pro-inflam-
matory cytokines, and prolonged survival [28]. Our 
findings address a knowledge gap regarding the role of 
sepsis EVs in the pathogenesis of ARDS.

Recent studies have highlighted the origins and mech-
anisms of S100A8/A9 in the development of sepsis and 
the progression of sepsis-related organ damage. Using 
scRNA-seq analysis, Wang et  al. showed that S100A8/
A9hi neutrophils accumulated in the lung tissues of sep-
tic mice, resulting in endothelial barrier damage and 
lung injury. These neutrophils induced mitochondrial 
dysfunction in endothelial cells, characterized by exces-
sive fission and impaired mitophagy, via NDUFA3 
suppression in mitochondrial complex I. Ultimately, 
mitochondrial DNA released from damaged mitochon-
dria triggered ZBP1-mediated PANoptosis [29]. Jakobs-
son et al. demonstrated that myocardial dysfunction was 
associated with elevated S100A8/A9 levels in severe sep-
sis patients and CLP mice. Inhibition of the interaction 
between S100A8/A9 and RAGE using ABR-238901 effec-
tively diminished systemic inflammation and restored 
the function of cardiac mitochondria [30]. Su et  al. dis-
covered that high levels of S100A8/A9 activated TLR4, 

leading to platelet pyroptosis and a feedback loop that 
released inflammatory cytokines and stimulated neutro-
phil extracellular trap (NET) formation. Inhibiting the 
S100A8/A9–TLR4 pathway, either through Paquinimod 
or genetic ablation, improved survival in mice with sepsis 
by reducing platelet pyroptosis [31]. Another study found 
that S100A8/A9 exacerbated sepsis-induced lung injury, 
partly through the P38/STAT3/ERK pathways. Deficiency 
of S100A8/A9 alleviated pulmonary vascular permeabil-
ity in CLP mice [32]. In addition, S100A8/A9 participated 
in sepsis-induced cardiomyopathy via the TLR4-ERK1/2-
Drp1 pathway, leading to mitochondrial fission and dys-
function [33]. While we cannot rule out the contribution 
of other inflammatory mediators, our study provided a 
fresh perspective on sepsis-induced lung injury by inves-
tigating the role of EV S100A8/A9.

Our results indicate that S100A8/A9 may be crucial 
in promoting the transfer of septic shock-derived EVs 
to alveolar macrophages. Chakraborty et  al. reported 
that S100A8/A9 was present on the surface of cell mem-
branes and secreted via EVs [34]. Bhardwaj et  al. found 
that cell surface expression of S100A8/A9 in monocytes/
macrophages was elevated in acute inflammation, but not 
in chronic inflammation [35]. It is well recognized that 
functional membrane proteins can be expressed on the 
surface of EVs [36]. Therefore, it is highly plausible that 
septic shock EVs express S100A8/A9 on their surface. 
Other studies have shown that EVs are internalized via 
receptor‐mediated endocytosis [37]. Pham et  al. docu-
mented that endocytosis of red blood cell-derived EVs by 
macrophages triggered the release of cytoplasmic heme, 
thereby preventing the formation of foam cells in athero-
sclerosis [38]. Thus, we propose that S100A8/A9 on the 
surface of septic shock EVs may interact with RAGE and/
or TLR4 on alveolar macrophages, prompting the uptake 
of EVs and initiating an inflammatory response.

It is generally accepted that S100A8/A9 exerts its effect 
via RAGE and/or TLR4 pathway. Guo et al. revealed that 
SARS-CoV-2 infection upregulated S100A8 expression, 
triggering aberrant neutrophil activation via the S100A8/

Fig. 7  Transfer of S100A8/A9 from septic EVs to alveolar macrophages. A Vybrant DiD-labeled septic shock EVs (100 µg/50 µl) were 
administered to C57BL/6 mice (6–8 weeks old) intratracheally. BAL specimens were harvested at 24 h after treatment and examined 
for F4/80 + DiD + macrophages via flow cytometry. B Vybrant DiD-labeled septic shock EVs (red) (100 µg/50 µl) were administered to C57BL/6 
mice (6–8 weeks old) intratracheally. Lung samples were harvested at 24 h and processed for immunostaining with the macrophage marker F4/80 
(green), followed by counterstaining with DAPI to visualize cell nuclei. The specimens were then imaged using confocal microscopy. Pulmonary 
macrophages exhibiting both red and green fluorescence were identified as those that had successfully internalized septic shock EVs. C Control 
or septic shock EVs (100 µg/50 µl) were administered to C57BL/6 mice (6–8 weeks old) intratracheally. BAL specimens were harvested at 24 h 
after treatment. Alveolar macrophages were separated and examined for the expression of S100A8/A9. D Septic shock EVs (100 µg/50 µl) were 
incubated overnight at 4 °C with or without an anti-S100A8/A9 neutralization antibody at 100 μg/ml and administered to C57BL/6 mice (6–8 weeks 
old) intratracheally. BAL specimens were harvested at 24 h after treatment. Alveolar macrophages were separated and examined for the expression 
of S100A8/A9 by Western blot. Data are expressed as mean ± SD, n = 8 (C), n = 3 (D). *p < 0.05, **p < 0.01

(See figure on next page.)
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A9-TLR4 pathway [39]. Our results indicate that sep-
tic shock-derived EVs induce lung injury, partly through 
the S100A8/A9-RAGE pathway. Boyd et  al. found that 
S100A8/A9 contributed to endotoxin-induced cardio-
myocyte dysfunction by interacting with RAGE [40]. In 
peripheral blood mononuclear cells from patients with 
septic shock, Hofer et  al. found that the expression of 
membrane RAGE was significantly elevated compared to 
healthy controls. This increase in RAGE expression was 
accompanied by a marked rise in soluble RAGE (sRAGE) 
levels in plasma, which is likely attributed to the elevated 
shedding of membrane RAGE [41]. Consistent with these 
findings, our results also showed that sRAGE expression 
in the plasma of septic shock patients was significantly 
higher than in sepsis patients and healthy controls (Sup-
plemental Fig. 3). However, Chen et al. demonstrated that 
S100A9 induced macrophage infiltration and cytokine 
release in the lungs, independently of RAGE or TLR4 
signaling [42]. Additionally, Ghavami et  al. reported 

that S100A8/A9 triggered apoptosis by promoting mito-
chondrial dysfunction and reducing the expression of 
anti-apoptotic proteins Bcl-2 and Bcl-xL, independent of 
RAGE [43].

This study examined the changes in EV S100A8/A9 
during septic shock and explored its contribution to 
acute lung injury. The involvement of EV S100A8/A9 has 
been documented in the pathogenesis of other diseases. 
For instance, Saenz-Pipaon et  al. revealed that levels of 
S100A8/A9 in circulating EVs were elevated in patients 
with peripheral arterial disease and correlated with high 
amputation risk [44]. Li et  al. documented that plasma 
EVs from systemic sclerosis patients blocked the prolif-
eration and migration of endothelial cells. S100A8/A9 
may play an essential role in the process [45]. Burke et al. 
discovered that chemotactic S100A8/A9 was abundant 
in EVs generated from myeloid-derived suppressor cells, 
which are commonly present in cancer patients [46]. 
Maus et al. demonstrated that human melanoma-derived 
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Fig. 8  Role of RAGE in sepsis EV-evoked acute lung injury. Control or septic shock EVs (100 µg/50 µl) were injected into RAGE-/- or WT C57BL/6 
mice intratracheally. Mice were sacrificed 24 h after treatment. A BAL was examined for lung injury parameters, which included total protein 
content, total cell count, and neutrophil count. B Levels of BAL IL-6 and TNF-α levels were examined via ELISA. Data are expressed as mean ± SD, 
n = 8. *p < 0.05, **p < 0.01, ***p < 0.001. ns: not significant
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EVs altered dendritic cell maturation via S100A8/A9 
cargo [47]. However, Joshi et al. found that neutrophils-
derived S100A8/A9 modulated platelet activity during 
acute myocardial infarction via free heterodimer, rather 
than EVs [48].

In the present report, the results showed that alveolar 
macrophages were the target cells of sepsis EVs. Mac-
rophages, originating from different sources, have been 
widely studied as a recipient of EVs. EVs derived from 
RAW264.7 macrophages pre-treated with LPS enhanced 
the secretion of IL-6 and TNF-α in naive RAW264.7 cells 
[28]. LPS-exposed murine BMDMs produced histone-
containing EVs which interacted with TLR4, induc-
ing inflammatory response in untreated BMDMs [49]. 
Endothelial EVs carrying heat shock protein A12B were 
internalized by RAW264.7 macrophages. EV treatment 
elevated IL-10 production and decreased TNF-α and 
IL-1β levels in LPS-stimulated macrophages [50]. More-
over, mycobacteria-infected RAW264.7 macrophages 
heightened production of EVs containing heat shock pro-
tein 70 on the surface. These vesicles induced NF-κB acti-
vation and TNF-α secretion in uninfected macrophages 
[51].

The pathogenic characteristics of sepsis-induced lung 
injury include activation (M1 polarization) of alveolar 
macrophages, elevation of proinflammatory cytokines, 
and infiltration of neutrophils [52]. The current study 
showed that septic shock EVs induced M1 polarization 
of macrophages in vitro and in vivo. It is known that M1 
macrophages are active producers of proinflammatory 
cytokines and inducers of neutrophil recruitment [53]. 
Polarized macrophages could also be parental cells for 
proinflammatory EVs, resulting in lung injury. Soni et al. 
showed that intratracheal administration of EVs from 
LPS-primed alveolar macrophages elevated BAL neu-
trophil infiltration, protein leakage, and ICAM-1 expres-
sion in mice [54]. In an animal model of LPS-evoked lung 
inflammation, alveolar macrophages were the major con-
tributors for the proinflammatory cytokines in the BAL 
EVs [55].

There are several limitations in the design of the pre-
sent study. First, we did not assess the potential of the 
S100A8/A9 neutralizing antibody to block the effects 
of septic shock EVs in vivo. Secondly, the study encom-
passed a sepsis cohort and a septic shock cohort, each 
with diverse etiologies such as pneumonia, intra-abdom-
inal infection, urinary tract infection, and others. It is 
unknown whether the origin of the infection modulates 
the functions of EVs. Thirdly, this study included 28 sep-
sis patients and 26 septic shock patients. A larger sample 
size is crucial to validate the potential of EV S100A8/A9 
in distinguishing septic shock from sepsis and predicting 
the onset of ARDS.

Conclusions
Our study reveals that EV S100A8/A9 holds promise as 
both a diagnostic marker to differentiate septic shock 
from sepsis and a prognostic indicator for the onset of 
ARDS. S100A8/A9-RAGE pathway is at least partially 
responsible for septic shock EVs-induced acute lung 
injury. S100A8/A9 may emerge as an appealing thera-
peutic target for treating sepsis-associated acute lung 
injury.
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