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Purpose: The pathogenesis of sepsis-induced organ dysfunction remains elusive, and the mortality remains alarmingly high. We
sought to investigate the profile of extracellular vesicles (EVs)-mediated communication between plasma and polymorphonuclear
neutrophils (PMNs) in sepsis, and to elucidate whether miRNAs and PMN-related membrane proteins from plasma-derived EVs
(plasma-EVs) are associated with sepsis-induced organ dysfunction and prognosis.

Methods: PMN-derived EVs (PMN-EVs) were isolated from the blood samples of healthy controls (N=3) and patients with septic
shock (N=3) after ICU admission. We performed miRNA sequencing of the isolated EVs, followed by bioinformatic analysis. A
miRNA model for comparing PMN-EVs and plasma-EVs was successfully established in the training cohort. Furthermore, miRNAs
and PMN-related membrane proteins from the plasma-EV model were confirmed in the validation cohort. A logistic regression model,
receiver operating characteristic (ROC) curves, and Kaplan-Meier analyses were performed to evaluate the efficiency of diagnostic
and/or prognostic performance. Further, in vivo and in vitro experiments were conducted to explore the involvement of plasma-EVs in
PMNs autophagy.

Results: Fifty-five miRNAs from PMN-EVs differed significantly between the healthy controls and patients with septic shock.
Furthermore, the plasma-EV model (six miRNAs and eight PMN-related membrane proteins) was confirmed in the validation cohort,
demonstrating that miR-34a-5p, miR-503-5p, miR-4772-3p, ITGAM, MPO, and MMP9 serve as sepsis biomarkers for distinguishing
lung, liver, and kidney dysfunction. Kaplan—-Meier survival analysis showed that miR-34a-5p, miR-4772-3p, ITGAM, and MMP9
were potential prognostic predictors. Finally, we found that plasma-EVs from sepsis patients exert an inhibitory effect on PMNs
autophagy, which can be reversed by EV inhibitors such as GW4869 and enoxaparin.

Conclusion: These findings suggest that miRNAs and PMN-related membrane proteins from plasma-EVs could be valuable
diagnostic tools for identifying sepsis-induced organ dysfunction and predicting prognosis, enabling proactive management of sepsis
by physicians and improving the prognosis of sepsis patients.
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Introduction
Sepsis, a life-threatening organ dysfunction triggered by severe infection, remains a prominent cause of morbidity and

mortality worldwide.! Regrettably, many patients with sepsis-induced multiple organ dysfunctions experience higher
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mortality rates primarily due to the fact that the pathophysiology, effective classification diagnostic tools, and novel
therapeutic strategies in sepsis remain not fully elucidated.” ®

Extracellular vesicles (EVs) exhibit high specificity as they contain a diverse array of proteins, RNA, and other molecules
that directly originates from their parent cells and facilitate intercellular communications.”® This nudges EVs to accurately
reflect the physiological and pathological states of these cells, making them not only potential biomarkers for the early
diagnosis and prognosis of sepsis but also opening avenues for novel therapeutic strategies. The serum exosomal miRNAs
demonstrated superior performance compared to routine parameters in accurately predicting persistent organ failure, and
could forecast the onset of persistent organ failure within the “golden hours” following acute pancreatitis.” A study on the
plasma exosomal proteomics analysis of individuals with sepsis-induced acute lung injury (ALI) and healthy controls revealed
differential expression of 39 proteins. Additionally, elevated levels of plasma exosomal APN/CD13 were correlated with the
severity of ALI and mortality in sepsis patients.'® Moreover, plasma-derived EVs are able to cross the blood-brain barrier in
normal mice, and in sepsis they can induce neuronal inflammation in the brain through miRNAs and innate immune
signaling.'" Therefore, circulating EVs may play a crucial role in modulating intercellular communication between immu-
nological and structural cells, as well as contributing to sepsis-induced organ dysfunction.

Recent studies have demonstrated a clear link between the potent antibacterial components of polymorphonuclear
neutrophils (PMNs) and the emergence of organ dysfunction in sepsis.'? In previous studies, EVs generated by the donor
cells were stimulated in vitro by LPS, which may not fully reflect the intricate in vivo scenario during sepsis; however,
there are few reports on the characteristic profile of EVs in PMNs from early septic patients, as well as EV-mediated
signal transmission between plasma and PMNs. In light of these considerations, we aimed to elucidate whether specific
miRNAs and membrane proteins from plasma-EVs are associated with particular sepsis-induced organs dysfunction and
prognosis. Furthermore, we sought to unravel new hints for researches on EVs in PMNs and plasma in sepsis, as well as
provide insights for clinical practitioners.

Materials and Methods

Patients and Control Subjects

Patients with sepsis admitted to the Emergency Medicine of the First Affiliated Hospital of Guangxi Medical University
from January to December 2023 were included as the study subjects, and healthy volunteers were recruited as the control
group. Sepsis was diagnosed based on the guidelines of the Third International Consensus Deficiency for Sepsis and
Septic Shock (Sepsis-3). Sepsis-induced organ dysfunction was diagnosed retrospectively according to the Criteria to
Screen for Sepsis or Assess Organ Dysfunction.'® The discovery cohort consisted of 3 patients with septic shock at
admission (day 1 and day 3) and 3 healthy controls. The study enrolled a total of 96 patients diagnosed with sepsis,
among whom 7 were excluded due to insufficient samples for ELISA analysis, and 5 were lost to follow-up, resulting in a
final enrollment of 84 patients in the validation cohort. Additionally, 18 healthy donors were enrolled as controls, with an
average age of 35+11, including 10 males (55.6%) and 8 females (44.4%). Baseline demographics and clinical details of
the subjects were retrospectively collected. We excluded patients who were pregnant, had severe anemia or active
bleeding, neutropenia, a history of congenital heart disease, coronary heart disease, myocardial infarction, hypertensive
heart disease, pulmonary hypertension, chronic heart dysfunction, tumors or organ transplants, an immunosuppressive or
immune-deficient state, and those who were not reachable during follow-up. Peripheral blood samples of 20 mL were
collected from patients in EDTA tubes following a standard venipuncture procedure. After centrifugation at 3000 xg for
15 min at 4°C, the plasma was aspirated and stored at —80°C. All protocols, procedures, and subject/patient recruitment
procedures described in this study were approved by the Ethics Committee of the First Affiliated Hospital of Guangxi
Medical University, China (Approval No.2023-K128-01). This study was conducted in accordance with the principles of
the Declaration of Helsinki. Written informed consent was obtained from all the subjects and patients.

Animals
Adult male Sprague-Dawley rats (6—8 weeks old) were purchased from the Animal Center of Guangxi Medical
University and were maintained under specific pathogen-free conditions. All animal experiments were conducted in

10348 "o Journal of Inflammation Research 2024:17

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Ye et al

accordance with the National Institutes of Health “Guidelines for Care and Use of the Laboratory Animals” and approved
by the Animal Ethics Committee of Guangxi Medical University (Approval No. 202305565). Every effort was made to
minimize the number of rats used and their suffering.

PMN:s Isolation

Peripheral blood samples were collected from humans and rats. PMNs were isolated using a Peripheral Blood Neutrophil
Isolation Reagent Kit (Solarbio), according to the manufacturer’s instructions. Briefly, 40 mL peripheral blood was
collected in a tube containing an anticoagulant and mixed slowly with reagents A and C, followed by centrifugation at
1000 xg for 20 min. Following centrifugation, the neutrophil-containing layer between reagents A and C was gently
removed and lysed with Red Blood Cell Lysis Buffer to remove the erythrocytes. Healthy donors or septic patients PMNs
were cultured in 1640 medium containing 10% EVs-free FBS at 37 °C and 5% CO, for 24 hours, and then the culture
supernatant was collected to isolate EVs.

EVs Purification and Characterization from Plasma and PMNs

EVs were isolated by ultracentrifugation (UC) and molecular size exclusion (SEC). For the plasma samples, 20 mL
peripheral blood samples from patients were collected in EDTA tubes following a regular venipuncture procedure. The
collected blood samples should be promptly centrifuged within 2 hours to remove cellular debris and stored at —80°C for
subsequent extraction of EVs. In short, the plasma should be thawed at 37°C and then centrifuged in 3-steps: 1500 xg for
20 min at 4°C; 3000 xg for 15 min at 4°C; 13,000xg for 30 min at 4°C, and processed through a 0.22 pum filter to remove
large particles. For the PMNs medium, PMNs were cultured in 10% EVs-free FBS medium for 24 hours. In short, 3-step
centrifugation at 300 xg for 10 min; 3000 xg for 10 min at 4°C and processed through a 0.22 um filter to remove large
particles. The supernatant of plasma or PMNs was then ultracentrifuged using a Type70Ti (Beckman, USA) at 100,000
xg for 2 hours at 4°C to pellet the EVs. Then, the pellet was re-suspended in PBS and centrifuged at 100,000 xg for 2
hours at 4°C. After washing with PBS, the EVs pellet was re-suspended in ImL PBS. SEC was used to separate EVs
using an Exosupur exclusion column (Echobiotech, China), following the manufacturer’s instructions. The sample was
then eluted with PBS and 2 mL of the target fraction was collected. Finally, the EVs solution was concentrated using an
Amicon® ultrafiltration tube with a molecular weight cutoff of 100kDa (Merck, Germany). It was divided into two
portions, one used for ELISA detection and the other for RNA extraction.

EV morphology was examined under transmission electron microscope (HT-7700, Hitachi Ltd, Japan). EVs surface
marker proteins were resolved by SDS-polyacrylamide gel electrophoresis and immunoblotted using antibodies against
the following proteins: ALIX (1:1000, R23425, Zen-bio), CD9 (1:1000, 380441, Zen-bio), TSG101 (1:1000, 381538,
Zen-bio), Calnexin (1:5000, 10,427-2-AP, Proteintech), VDAC1 (1:1000, 55,259-1-AP, Proteintech), GM130
(1:5000,11,308-1-AP, Proteintech), and TIM23 (1:1000, 11,123-1-AP, Proteintech). The size distribution and particle
concentration of EVs were characterized by Nano flow cytometry (NanoFCM).

RNA Sequencing and miRNA Analysis

RNA sequencing and differential expression analyses were performed as previously described.'* miRDB and miRWalk
were used to predict the biological targets of differentially expressed miRNAs (DE-miRNAs), and those that overlapped
with the targets of differentially expressed genes were identified. Gene functions and signaling pathways were annotated
using the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases. The UniProt
database indicates the presence of 24 exosome membrane proteins associated with neutrophils. The TRRUST database
was used to predict the TF-mRNA relationships. The TF-miRNA-mRNA network was constructed and visualized using
Cytoscape (version 3.10), based on the regulatory relationship between TFs, miRNAs, and mRNAs.

RNA Extraction and Quantitative Real-Time PCR

Total RNA was extracted from plasma or PMNSs derived EVs using an Exosome RNA Purification Kit (5202050, Simgen).
RNA was converted into complementary DNA (cDNA) using the Mir-X™ miRNA First-Strand Synthesis Kit (638315,
TaKaRa). qPCR analysis was performed with TB Green Advantage qPCR Premix (RR820A, TaKaRa). RT-qPCR analysis
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was performed using the Applied Biosystems system. U6 served as an internal control to normalize the qPCR data. The
experiments were conducted in triplicate, and the relative fold changes in miRNA expression levels were calculated using
the following equation: relative quantification = 2-**“T, Primers used are listed in Supplementary Table 1.

Enzyme-Linked Immunosorbent Assay

PMN-related membrane proteins in plasma-EVs were quantified using MPO (SEA601Hu, Cloud-Clone Corp)., MMP9
(SEAS553Hu, Cloud-Clone Corp)., ITGAM (SEB685Hu, Cloud-Clone Corp)., CXCR4 (SEA940Hu, Cloud-Clone Corp).,
CXCR2 (SEC006Hu, Cloud-Clone Corp)., CSF3R(SEB476Hu, Cloud-Clone Corp)., CD33 (ELK9595, ELK
Biotechnology), and SELL (ELK5204, ELK Biotechnology). The levels of tumor necrosis factor-a (TNF-a), interleukin-
1B (IL-1B), and interleukin-6 (IL-6) in the serum samples were quantified using ELISA kits from Cloud-Clone Corp.,
China, according to the provided protocols. A microplate reader was used to measure the OD density at 450 nm. The
concentrations of proteins in the EVs or serum were determined by comparing the OD of the samples to the standard curve.

Immunoblotting Analysis

Total protein was extracted using RIPA lysis buffer containing protease inhibitors. The protein concentrations in the
supernatants were measured using a BCA assay kit (P0010, Beyotime). The proteins were separated by SDS-PAGE and
transferred to PVDF membrane (Millipore). Membranes were blocked in TBST containing 5% bovine serum albumin at
room temperature for 1 hours, and incubated with primary antibodies overnight at 4°C. B-actin was used as an internal
control. The following antibodies were used: ATGS5 (1:1000, R23497, Zen-bio), Beclinl (1:1000, R22856, Zen-bio), P62
(1:1000, 380612, Zen-bio), CXCR4 (1:1000, 380981, Zen-bio), MMP9 (1:1000, 380831, Zen-bio), LC3B (1:1000,
T55992S, Abmart), CXCR2 (1:1000, ab65968, Abcam), ITGAM (1:1000, ab133357, Abcam), ATG7 (1:2000,
CY7051, Abways), and B-actin (1:10,000, 380624, Zen-bio). After washing with TBST, the membrane was incubated
with the Anti-rabbit IgG (H+L) (DyLight™ 800 4X PEG Conjugate) (1:20,000, 5151, CST) for 1 hours at room
temperature. After washing with TBST, images were captured by Odyssey software.

EV Fluorescence Labelling

To investigate whether plasma-EVs were taken up by PMNs, they were labeled with the fluorescent lipophilic tracer DiR
before co-culture. Labeling was performed using a DiR-label Kit (D-9111, Bioss), following the manufacturer’s
instructions. Briefly, the EVs solution was mixed with the staining solution (2 pM), vigorously shaken for 1 min, and
incubated for 20 min. Finally, all the unbound dye molecules were removed by UC at 100,000 x g for 90 min at 4°C and
the pellets were resuspended in PBS. After co-culture for 6 hours, PMNs were fixed, stained with DAPI (C02-04002,
Bioss), and observed under an Olympus fluorescence microscope (Olympus, Japan).

In vitro Co-Culture of EVs Experiments
Isolated EVs were quantified using the BCA assay. In vitro, human PMNs were co-cultured with 100 ug/mL plasma-EVs
for 24 hours from healthy donors (Control-EVs) or septic patients (Sepsis-EVs).

LPS-Induced Sepsis Model

To induce experimental sepsis, rats were treated with either an intraperitoneal injection of endotoxin lipopolysaccharides
(Escherichia coli O111:B4, Sigma Aldrich) 10 mg/kg body weight or saline and sacrificed after 24 hours. Rat blood was
collected in SmL EDTA tubes and EVs were isolated according to a previously described protocol.

Treatment of EVs Inhibitors in Septic Rat

The EV-release inhibitor GW4869 and EV-uptake inhibitor enoxaparin were used to evaluate the role of plasma-EVs in
sepsis development. Briefly, rats were intraperitoneally administered GW4869 (2.5 mg/kg) 1 hours before LPS induction.
In another experiment, enoxaparin (3 mg/kg) was injected into healthy rats through the tail vein, followed by the
injection of LPS-EVs or Saline-EVs (600 pg in 100 pL PBS per rat). Rats injected with the same volume of saline were
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used as controls. The rats were euthanized 24 hours after injection, and peripheral blood was collected in EDTA tubes to
isolate PMNs for further analysis.

Statistical Analysis

The Shapiro-Wilk test was performed to test the normality of the data. The baseline characteristics of all patients
conforming to a normal distribution are expressed as meantstandard deviation (SD). The results for miRNAs and
membrane proteins are expressed as the mean + standard error of the mean (SEM). For non-normally distributed data,
continuous variables were reported as medians and interquartile ranges, and categorical variables were reported as
numbers and percentages. Comparisons of continuous and categorical variables between the groups were performed
using the Mann—Whitney U-test, Fisher’s exact test, or chi-square test, respectively. Unpaired Student’s #-test was used to
analyze the differences between two groups, and differences among three or more groups were analyzed using one-way
analysis of variance (ANOVA) or two-way ANOVA, followed by a post hoc Tukey’s test. Correlation analyses were
performed using the Spearman correlation coefficient. A logistic regression model was employed to compute hazard
ratios and accompanying 95% confidence intervals. Receiver operating characteristic (ROC) curve analysis was used to
evaluate the efficiency of the diagnostic and/or prognostic performance. To graphically illustrate the impact of miRNAs
or membrane proteins, the data were dichotomized based on low versus high expression at the median. Survival rates
between groups were compared using the Kaplan-Meier method and the Log rank test. All statistical analyses were
performed using SPSS software (version 26.0) and GraphPad Prism version 9.0. Statistical significance was set at P
< 0.05.

Results
miRNA Profiles from PMN-EVs in Septic Shock Patients

To clarify whether miRNAs from PMN-EVs are key mediators of organ dysfunction in septic shock, sequencing of
PMN-EVs was performed to identify potentially efficient miRNAs. We then screened 55 differentially expressed
miRNAs (DE-miRNAs), of which 9 were downregulated and 46 were upregulated. The clustering heatmap visually
displayed these DE-miRNAs (Supplementary Table 2) (Figure 1A). We then utilized the miRWalk and miRDB databases
to predict the target genes for the 55 DE-miRNAs, which collectively had 3863 target genes. GO analysis revealed that

1978 significantly enriched GO terms encompassing 1544 biological processes, 215 cellular components, and 219
molecular functions were involved in the regulation of cell morphogenesis, cell-cell junction, and transcriptional
coregulator activity, etc (Figure 1B). Meanwhile, 141 significantly enriched pathways were obtained by KEGG analysis,
mainly involving the MAPK signaling pathway, Ras signaling pathway, and autophagy, etc (Figure 1C). Heatmap display
showing 11 differentially expressed miRNAs in patients with septic shock at day 1 and day 3 (Figure S1A)
(Supplementary Table 3). Then, we utilised miRWalk and miRDB databases to predict the target genes for DE-

miRNAs, which collectively had 1334 target genes in both databases. KEGG and GO analyses were used to assess
the potential functions of these DE-miRNAs based on their target genes (Figure S1B and C).

To explore miRNAs and PMN-related surface proteins that target the interaction regulatory network, we used the
UniProt database to identify 24 PMN-related membrane proteins. Twenty-four PMN-related target genes of the identified
miRNA signatures were obtained from the miRWalk database. A regulatory network of TF-miRNA-mRNA was
established, involving 16 transcription factors, 27 upregulated miRNAs (19 miRNAs were deleted because they did
not participate in the network), and 17 PMN-related target genes (Figure 1D). Another TF-miRNA-mRNA network
consisted of 3 transcription factors, 8 downregulated miRNAs (hsa-miR-10b-5p was deleted because they did not
participate in the network), and 14 PMN-related target genes (Figure 1E). These results suggest that miRNAs derived
from PMN-EVs may reflect and/or regulate sepsis progression by influencing multiple signalling pathways.

Screening DE-miRNAs from PMN-EVs in Plasma-EVs

EVs were isolated from the plasma or PMNs medium of patients with septic shock by ultracentrifugation and molecular
size exclusion. Transmission electron microscopy (TEM) images showed that the morphology of the PMN-derived or
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plasma-derived EVs was typical of Exos, as round bulging structures were observed (Figure 2A). All isolated EVs
showed a similar size distribution profile with isolated particles within the 30—150 nm range by NanoFCM analysis. The
concentration of isolated PMN-derived or plasma-derived EVs was approximately 1.51E+8 particles/mL, and 1.79E+8
particles/mL respectively (Figure 2B). Immunoblotting analysis showed that the isolated EVs expressed positive EVs
biomarkers (Alix, Tsgl01, and CD9), whereas Golgi (GM130), endoplasmic reticulum (Calnexin), and mitochondrial
proteins (VDACI and TIM23) were exclusively detected in cell lysates, serving as negative markers for EVs (Figure 2C).
These results demonstrate that PMNs and plasma secreted EVs with characteristics consistent with those of Exos.

To verify the differential expression of candidate miRNAs derived from PMN-EVs in the discovery phase, the
expression of 13 miRNAs was detected using RT-qPCR in an independent training set consisting of 12 patients with
septic shock and 12 healthy controls. The results revealed a significant difference and consistent expression trend
between patients with septic shock and healthy controls in the expression of 9 candidate miRNAs (miR-34a-5p, miR-
96-5p, miR-182-5p, miR-199b-5p, miR-210-3p, miR-301a-3p, miR-503-5p, miR-1262, and miR-4772-3p), as observed
in the training set (Figure 3A). We hypothesized that PMN-EVs might enter the bloodstream during sepsis. Therefore, we
conducted a comparative analysis of miRNA expression in PMN-EVs and plasma-EVs obtained from the same patient
with sepsis. The results of the differential expression analysis of 9 miRNAs in PMN-EVs were used as a basis for further
verification to confirm their differential expression in plasma-EVs. The results showed that the expression of miR-301a-
3p in the plasma-EVs of septic shock patients was significantly lower than that in the control group, whereas the
expression of miR-34a-5p, miR-199b-5p, miR-210-3p, miR-503-5p, miR-1262, and miR-4772-3p was significantly
higher (Figure 3B). Paired analysis of miRNA expression also indicated that miR-34a-5p, miR-199b-5p, miR-210-3p,
miR-503-5p, and miR-4772-3p are higher in plasma-EVs. Compared to PMN-EVs, the level of miR-301a-3p was
significantly lower in plasma-EVs, whereas the difference in the level of miR1262 did not reach statistical significance
(Figure 3C).

Validation of DE-miRNAs and PMN-Related Membrane Proteins from Plasma-EVs

The baseline characteristics of study participants at admission are shown in Table 1. The median age was 58 (46-64.5)
and 75% of the patients were male. There were no significant differences in age, sex, or comorbidities between the sepsis
and septic shock groups, whereas the clinical characteristics, including pulmonary infection, PaO,/FiO,, MAP, lactate,
CRP, albumin, serum creatinine, SOFA score, APACHE II score, and 28-day mortality, were significantly different
(P<0.05).

We further validated the upregulation of 6 miRNAs (miR-34a-5p, miR-199b-5p, miR-210-3p, miR-503-5p, miR-1262,
and miR-4772-3p) in plasma-EVs in an independent validation study consisting of 36 sepsis patients, 48 septic shock patients
and 18 healthy controls. The levels of miR-34a-5p, miR-199b-5p, and miR-503-5p were significantly increased in sepsis
patients compared with the healthy controls (P<0.05). In addition, the levels of miR-34a-5p, miR-199b-5p, miR-503-5p, and
miR-4772-3p were significantly increased in septic shock compared to healthy controls and sepsis (Figure 4A).

We next validated 8 PMN-related membrane proteins from plasma-EVs, using a commercially available ELISA. The
proteins CD33, CSF3R, CXCR2, CXCR4, ITGAM, MPO, MMP9, and SELL were selected for comparison. Compared to the
healthy controls group, levels of ITGAM and MPO were found to be elevated in plasma-EVs in patients with sepsis; and the
expression of CXCR2, ITGAM, MPO, and MMP9 was significantly higher in patients with septic shock. In addition, the
levels of ITGAM, MPO, and MMP9 were higher in patients with septic shock than those with sepsis (Figure 4B).

To further evaluate potential biomarkers for predicting septic organ dysfunction, we also compared the differential
expression of miRNAs and PMN-related membrane proteins in plasma-EVs. The demographic and clinical character-
istics of the patients analyzed according to subgroup are provided in Supplementary Tables 4-7. The levels of miR-34a-
5p, miR-503-5p, and MMP9 were significantly upregulated in the ARDS group, compared with Non-ARDS. The level of
MPO was significantly elevated in the ALF group, as compared to Non-ALF. We found that miR-199b-5p, miR-4772-3p,
MPO, and ITGAM levels tended to be higher in AKI group compared to Non-AKI (Figure SA). We further validated
these findings in prognosis, and the results showed that levels of miR-34a-5p, miR-4772-3p, ITGAM, and MMP9 in
plasma-EVs of Non-survivors were significantly higher than those in the survivors group (Figure 5B). Taken together,
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the mean + SEM. *p < 0.05, **p < 0.01, *¥**p < 0.001, ****p < 0.0001, and ns = no significance.
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Table | The Baseline Characteristics of All the Patients

Parameters All Patients Sepsis Septic shock P value
n,84 n,36 n,48
Sociodemographic characteristics
Age, years 58 (46—65) 55 (41-61) 58 (47-68) 0.264
Male sex, n(%) 63 (75) 24 (66.7) 39 (81.3) 0.127
Comorbidities
Arterial hypertension, n(%) 30 (35.7) 13 (36.1) 17 (35.4) 0.948
Diabetes mellitus, n(%) 10 (11.9) 5(13.9) 5(10.4) 0.627
Cerebrovascular disease, n(%) 5 (6) 1 (2.8) 4 (8.3) 0.287
Source of sepsis
Lung, n(%) 52 (61.9) 17 (47.2) 35 (72.9) 0.016
Abdominal, n(%) 18 (21.4) 5(13.9) 13 (27) 0.145
Skin and soft tissue, n(%) 6 (7.1) 1 (2.8) 5(10.4) 0.179
Other, n(%) 3 (3.6) 1 (2.8) 2 (42) 0.734
Ventilatory data
Use of mechanical ventilation, n(%) 67 (79.8) 28 (77.8) 39 (81.3) 0.695
PaO,/FiO,, mmHg 230 (162-339) 304 (181-398) 204 (138.5-296.5) 0.039
Mechanical ventilation duration, days 2 (1-7) 1 (1-7.8) 3 (1-6.8) 0.423
ICU admission
MAP, mmHg 83.95 £ 22.18 92.70 £ 21.53 77.12 £ 2042 0.001
Lactate, mmol/L 2.20 (1.44-3.85) 1.53 (1.14-2.82) 3 (1.93-4.98) <0.001
PCT, ng/mL 4.40 (1.17-22.25) 3.57 (0.45-23.05) 5.38 (1.41-22.25) 0.119
CRP, mg/L 93.57 (27.77-146.32) 76.43 (15.1-132.7) 100.46 (44.1-179.7) | 0.019
WBGC,10 '?/L 13.81 + 6.52 12.47 + 5.94 14.84 + 6.83 0.072
Hemoglobin, g/L 97.08 + 36.04 89.92 + 32.78 102.68 + 37.85 0.165
Platelet, 10°/L 174 (60.5-264.5) 148.50 (58.5-253) 196.20 (91.1-288) 0.718
proBNP, pg/mL 3694 (9267-14,242) 3574 (1132.3-22,797) | 4012 (783-13,841) 0.967
PT, s 13.6 (12.2-16.6) 14.15 (12.23-17.43) 13.1 (12-16.1) 0.953
APTT, s 32.9 (29.1-37.9) 32.45 (29.53-36.23) 33.5 (27.9-38.3) 0.759
Fibrinogen, g/L 4.16 £ 1.73 4+1.58 43+ 1.85 0.508
TB, umol/L 15.7 (10.2-28.8) 14.9 (10.53-28.68) 17.7 (9.9-29.5) 0.244
Albumin, g/L 30 (27-34.1) 30.9 (29.03-36.28) 29.6 (26.9-32.6) 0.044
Prealbumin, mg/L 139.67 * 61.69 151.53 + 63.20 130.41 £ 59.62 0.051
Scr, umol/L 153 (92.5-290.5) 118.5 (73-251) 169 (111.5-404.5) 0.034
24h urine output, mL 880 (215-1800) 1050 (278-1573) 810 (80-2265) 0.425
SOFA score 8 (7-11) 8 (6-10) 10 (8-12.75) <0.001
APACHE Il score 20 (18-25) 20 (17-22) 23 (20-26) <0.001
ICU stay, days 3 (1-9.75) 2 (1-10.5) 3 (1-9.75) 0.488
28-day mortality, n (%) 45 (53.6) 13 (36.1) 32 (66.7) 0.005

Notes: Continuous variables are expressed as the median (P25-P75) or meantstandard deviation (SD), and categorical variables are expressed as

n (%). Statistical significance was set at P < 0.05.

Abbreviations: APTT, Activated partial thromboplastin time; APACHE, acute physiology and chronic health evaluation; CRP, C-reactive protein; ICU,
intensive care unit; MAP, mean arterial pressure; PCT, procalcitonin; PT, Prothrombin time; pro-BNP, pro-brain natriuretic peptide; PO,/FiO,, ratio of
partial pressure of arterial oxygen to the fraction of inspired oxygen; TB, Total bilirubin; Scr, Serum creatinine; SOFA, sequential organ failure

assessment score; WBC, white blood cells.

our data suggest that the plasma-EVs panel (miR-34a-5p, miR-503-5p, miR-4772-3p, ITGAM, MPO, and MMP9) may
be a potential noninvasive biomarker for septic organ dysfunction.

Association of miRNAs and PMN-Related Membrane Proteins to Organ Dysfunction

and Prognosis in Septic Patients
We performed Spearman correlation analysis in the validation sets to assess whether the expression levels of the plasma-
EV panel (miR-34a-5p, miR-503-5p, miR-4772-3p, ITGAM, MPO, and MMP9) correlated with severity. Notably, the
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Figure 4 Validation of miRNAs and PMN-related membrane proteins expression in plasma-EVs from sepsis, septic shock patients and healthy controls. (A) Validation of the
expression levels of miR-34a-5p, miR-199b-5p, miR-210-3p, miR-503-5p, miR-1262, and miR-4772-3p by RT-qPCR in plasma-EVs. (B) Validation of the expression levels of PMN-
related membrane proteins CD33, CSF3R, CXCR2, CXCR4, ITGAM, MPO, MMP9, and SELL in plasma-EVs by ELISA. A total of 102 plasma EVs samples (|8 healthy control, 36
sepsis and 48 septic shock patients) were obtained from validation cohorts. Data are presented as the mean + SEM. *p < 0.05, **p < 0.01, ¥*p < 0.001, and ¥***p < 0.0001, and
ns = no significance.
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expression levels of miR-34a-5p, miR-199b-5p, miR-4772-3p, ITGAM, MPO, and MMP9 were positively correlated
with SOFA scores, whereas miR-503-5p was not correlate with SOFA scores (Figure S2A). In addition, Spearman
correlation analysis showed that the expression levels of miR-34a-5p, miR-199b-5p, miR-4772-3p, ITGAM, MPO, and
MMP9 were positively correlated with the APACH II score in patients with sepsis, but there was no such correlation for
miR-503-5p (Figure S2B).

Next, we used multivariate logistic regression analysis to determine the best combination of miRNAs and PMN-
related membrane proteins for predicting septic organ dysfunction and prognosis. The results show that independent
predictors of sepsis-induced acute respiratory distress syndrome (S-ARDS) included miR-34a-5p (OR=1.931, 95% CI
1.104-3.376, P=0.021), miR-503-5p (OR=1.582, 95% CI 1.091-2.293, P=0.016), and MMP9 (OR=1.856, 95% CI
1.277-2.696, P=0.001). MPO (OR=1.018, 95% CI 1.010-1.026, P<0.001) and ITGAM (OR=1.006, 95% CI 1.002—
1.010, P=0.002) emerged as independent predictors of sepsis-induced acute liver failure (S-ALF). Furthermore, high
miR-4772-3p expression was an independent predictor of sepsis-induced acute kidney injury (S-AKI) (OR=2.639, 95%
CI 1.503-4.636, P<0.001) (Table 2).

Enhanced analysis of plasma-EVs panel and their association with septic severity and 28-day mortality using logistic
regression. The results showed that highly expressed of miR-34a-5p (OR=2.291, 95% CI 1.303-4.030, P=0.004), miR-
4772-3p (OR=4.280, 95% CI 1.644-11.144, P=0.003), MMP9 (OR=1.422, 95% CI 1.060-1.907, P=0.019), and ITGAM
(OR=0.996, 95% CI 0.992-0.999, P=0.025) independently predict the occurrence of septic shock. Further investigation
revealed that an independent prognostic factor for sepsis 28-day overall survival included miR-4772-3p (OR=3.443, 95%
CI 1.447-8.189, P=0.005), MMP9 (OR=1.536, 95% CI 1.138-2.074, P=0.005), and ITGAM (OR=1.004, 95% CI 1.000—
1.008, P=0.042) (Table 3).

Table 2 Logistics Analysis of miRNAs and PMN-Related Membrane Proteins from Plasma-EVs in Sepsis-Induced Organ Dysfunction

Risk Factors S-ARDS S-ALF S-AKI
OR 95% CI P value OR 95% ClI P value OR 95% CI P value

miR-34a-5p 1.931 1.104-3.376 0.021 0.821 0.566—1.192 0.300 0.843 0.625-1.136 0.262
miR-199b-5p 0.778 0.460-1.315 0.349 0813 0.444—1.489 0.502 1.395 0.765-2.542 0.277
miR-503-5p 1.582 1.091-2.293 0.016 0.946 0.657-1.363 0.766 0.960 0.710-1.298 0.792
miR-4772-3p 0817 0.475-1.405 0.466 0.844 0.475—-1.500 0.563 2.639 1.503-4.636 <0.001
MMP9 (ng/mL) 1.856 1.277-2.696 0.001 0.733 0.533-1.009 0.056 0.994 0.797-1.240 0.956
MPO (ng/mL) 0.995 0.989-1.001 0.090 1.018 1.010-1.026 <0.001 1.004 0.998-1.009 0.162
ITGAM (pg/mL) 1.002 0.999-1.005 0.253 1.006 1.002-1.010 0.002 1.000 0.998-1.003 0.752

Notes: Statistical significance was set at P < 0.05.
Abbreviations: S-ARDS, sepsis-induced acute respiratory distress syndrome; S-ALF, sepsis-induced acute liver failure; S-AKI sepsis-induced acute kidney injury; Cl,
confidence interval; OR, odds ratio.

Table 3 Logistics Analysis of miRNAs and PMN-Related Membrane Proteins from
Plasma-EVs for Severity and Mortality in Sepsis

Risk Factors Septic shock 28-day Mortality
OR 95% CI P value | OR 95% CI P value

miR-34a-5p 2291 | 1.303-4.030 0.004 1.285 | 0.919-1.796 | 0.143
miR-199b-5p 1.971 | 0.925-4.200 0.079 0.580 | 0.320-1.054 | 0.074
miR-503-5p 1.373 | 0.905-2.082 0.136 0.798 | 0.561-1.137 | 0.211
miR-4772-3p 4.280 | 1.644-11.144 | 0.003 3.443 | 1.447-8.189 | 0.005
MMP9 (ng/mL) 1.422 | 1.060-1.907 0.019 1.536 | 1.138-2.074 | 0.005
MPO (ng/mL) 1.004 | 0.997-1.010 0.258 0.996 | 0.990-1.002 | 0.164
ITGAM (pg/mL) | 0.996 | 0.992-0.999 0.025 1.004 | 1.000-1.008 | 0.042

Note: Statistical significance was set at P < 0.05.
Abbreviations: Cl, confidence interval; OR, odds ratio.
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EVs-Based Biomarkers Were Able to Predict Septic Organ Dysfunction and Prognosis
Six prominent indicators (miR-34a-5p, miR-503-5p, miR-4772-3p, ITGAM, MPO, and MMP9) identified in this study
were used to evaluate their diagnostic performance. When used individually, MMP9, ITGAM, miR-34a-5p, and miR-
4772-3p exhibited AUC values of 0.733, 0.670, 0.803 and 0.786, respectively, in distinguishing S-ARDS patients from
Non-ARDS, and the AUC of multiple markers (0.911) showed higher sensitivity and specificity. In the S-ALF prediction,
ROC analyses revealed that the AUC values of MPO and ITGAM were 0.887 and 0.786, respectively. When combined,
these two membrane proteins significantly enhanced the discrimination efficiency of S-ALF, yielding an AUC value of
0.919. Furthermore, miR-4772-3p exhibited the best performance for the diagnosis of S-AKI, with an AUC value of
0.827. We combined miR-34a-5p and miR-503-5p with MMP9 to perform ROC analysis of septic shock, and found that
this combination achieved a higher AUC (0.884) than miR-34a-5p, miR-503-5p, and MMP9 alone (0.77, 0.735, and
0.822, respectively). Notably, the AUC of multiple markers (0.870) was significantly greater than that of MMP9,
ITGAM, or miR-4772-3p alone for 28-day mortality (Figure 6A). Next, the prognosis of miRNAs and PMN-related
membrane proteins from plasma-EVs in sepsis was analyzed. Kaplan-Meier survival analysis showed that individuals
with high expression levels of miR-34a-5p, miR-4772-3p, ITGAM, and MMP9 had worse prognosis than those with low
expression levels (Figure 6B). Collectively, the levels of miR-34a-5p, miR-4772-3p, ITGAM, and MMP9 could be used
as potential prognostic predictors in patients with sepsis.

We constructed a target interaction regulatory network diagram to depict the functions of DE-miRNAs and PMN-
related membrane proteins in plasma-EVs. The ITGAM, MPO, and MMP9 levels were highly correlated with miR-34a-
5p expression. The key pathways included the Hedgehog signaling pathway, Rapl signaling pathway, Hippo signaling
pathway, ErbB signaling pathway, Ras signaling pathway, MAPK signaling pathway, PI3K-Akt signaling pathway, NF-
kB signaling pathway, TNF signaling pathway, and autophagy (Figure 7).
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Figure 6 ROC curves and Kaplan-Meier survival estimation of miRNAs and PMN-related membrane proteins from plasma-EVs for septic patients. (A) ROC curves were
drawn based on RT-gPCR and ELISA data for sepsis-induced organ dysfunction or 28-day mortality in patients with sepsis in the validation cohort. AUC indicates area under
curve. (B) Kaplan—Meier survival estimation of sepsis patients with high and low miRNAs (miR-34a-5p, miR-4772-3p, ITGAM, MMP9) for 28-day mortality.

Plasma-EVs Suppressed PMNs Autophagy

Enrichment pathway analysis revealed that the target genes are mainly involved in several inflammatory and autophagy-
related pathways. However, the role of plasma-EVs in the regulation of PMNs autophagy during sepsis remains unclear.
We hypothesized that plasma-EVs contain PMN-EVs and play a pivotal role in the response to damage in target cells
during sepsis. Immunoblotting analysis further confirmed that the PMN-specific markers CXCR2, CXCR4, MMP9, and
ITGAM were expressed in the plasma-EVs of healthy controls and patients with sepsis (Figure 8A). We co-incubated
plasma-EVs with PMNs directly. Intriguingly, we observed that DiR-labelled EVs were taken up by PMNs in vitro
(Figure 8B). Immunoblotting analysis demonstrated that the expression of ATGS, ATG7, Beclin-1, and LC3B decreased
after stimulation of PMNs with plasma-EVs from sepsis patients, whereas the level of P62 was increased (Figure 8C). An
experimental sepsis model was induced in rats by intraperitoneal injection of 10 mg/kg LPS. Twenty-four hours after the
administration of LPS, significant differences were observed in serum tests between the Saline group and the LPS group,
as indicated by several indices (TNF-a, IL-1p, and IL-6) (Figure S3). Together, these data suggest that a sepsis model
was successfully established in rats. To further verify the role of plasma-EVs in the induction of PMNs autophagy after
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Figure 7 miRNAs and PMN-related membrane proteins from plasma-EVs with differential expression target the interaction regulatory network diagram.

LPS induction, GW4869, an EV-release inhibitor, was used to reduce EV secretion in the systemic circulation. GW4869

treatment significantly increased the levels of ATGS, ATG7, Beclin-1, and LC3B in rats with sepsis while reducing the

level of P62 (Figure 8D). Furthermore, the administration of LPS-EVs to healthy rats also significantly suppressed PMNs
autophagy in vivo, whereas Saline-EVs had no such effect, once again demonstrating the close association between septic
plasma-EVs and PMNs autophagy. Moreover, we further validated these findings in vivo, treatment with enoxaparin, an
inhibitor of EV uptake, significantly stabilized PMNs autophagy as evidenced by increased levels of ATGS, ATG7,
Beclin-1 and LC3B and decreased expression of P62 compared to LPS-EVs (Figure 8E). These observations suggest that

plasma-EVs from sepsis patients suppress PMNs autophagy both in vivo and in vitro.
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Discussion
The present study suggests that miRNAs and PMN-related membrane proteins from plasma-EVs have the potential to

serve as biomarkers for sepsis-induced organ dysfunction and prognosis. More specifically, the high expression of these
factors (miR-34a-5p, miR-503-5p, miR-4772-3p, ITGAM, MPO, and MMP9) in plasma-EVs is associated with septic
organ dysfunction. Notably, we observed a significant correlation between elevated levels of miR-34a-5p, miR-4772-3p,
ITGAM, and MMP9 with unfavorable survival outcomes. Furthermore, PMN-EVs were released into the plasma, and
sepsis-induced plasma-EVs suppressed PMNs autophagy, which could be reversed by EV inhibitors such as GW4869 and
enoxaparin.

PMNs, which are professional killer cells of the innate immune system, have gained recognition.'” The potent
antimicrobial effect of PMNs confers them with a dual role as both crucial guardians of host defenses and detrimental
facilitators of tissue damage in an uncontrolled inflammatory state.'® However, little attention has been paid to the
changes in the PMN-EVs within the body, despite substantial evidence suggesting that PMN-EVs are pivotal components
of their in vivo functionality.'”'® However, the role of PMN-related membrane proteins in sepsis remains unclear.
Several proteins enriched in plasma-EVs identified in this study have been previously implicated in disease progression
or have been identified as risk factors for sepsis. EV-derived ITGAM mediates severe acute pancreatitis-related acute
lung injury.?’ Moreover, elevated plasma levels of MPO-DNA complexes have been found to be associated with a poor
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Figure 8 Sepsis-induced plasma-EVs affect PMNs autophagy. (A) The expression of PMNs specific markers CXCR2, CXCR4, MMP9, and ITGAM in plasma-EVs from healthy
controls and sepsis patients by Immunoblotting. (B) Uptake of DiR-labeled plasma-EVs (red) by PMNs co-incubated for 6 hours, observed under inverted fluorescence
microscopy. (C) After co-incubation of PMNs with plasma-EVs from healthy controls or septic patients for 24 hours, protein expression levels of ATGS5, ATG7, Beclin-1, P62,
and LC3B were assessed by Immunoblotting. B-actin serves as an internal reference. LC3B-II/LC3B-| is used to assess the relative level of LC3B. (D) Rats were administered
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Beclin-1, P62, and LC3B were detected by Immunoblotting. n=6 for each group. Data are presented as the mean * SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001,
and ns = no significance.

outcome in acute liver failure, suggesting that NET formation contributes to the disease progression.?! Another sepsis-
predictive EV protein, MMPY, identified in our study, has been shown to be associated with septic shock and significantly
correlated with the SOFA score.> Herein, we report that as sepsis progresses, PMN-EVs can be released into the
bloodstream, partly participating in plasma-EVs, suggesting that shifting the focus from PMNs to their EV-related
membrane proteins might offer an innovative diagnostic strategy.

EVs, as intricate mediators of sepsis, play pleiotropic roles in both alleviating and exacerbating the disease’s
progression.”® Recent studies have pointed out that EVs mediate intracellular communication by delivering functional
proteins, mRNA transcription products, and miRNAs from maternal cells to recipient cells.** Most notably, miRNAs are
emerging as key players in the pathogenesis of sepsis and have been implicated in the regulation of cell death, cell
metabolism, and inflammatory.>> >’ The growing therapeutic potential of specific EV-derived miRNAs, such as miR-
125b-5p, miR-193b-5p, miR-377-3p, and miR-709, has been identified in the treatment of sepsis.zgf31 Several miRNAs
enriched in plasma-EVs, identified in this study, have previously been implicated in disease development or identified as
risk factors for sepsis. miR-34a-5p expression was significantly higher in plasma-EVs from septic mice than in those
from the sham group, and it has been found to accelerate sepsis-induced apoptosis and exacerbate lung injury, suggesting
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its involvement in the pathogenesis of sepsis.*>**

miR-503-5p is recognized as a signature molecule in plasma-EVs of
severe acute pancreatitis-associated lung injury and is an important regulator in the rat ALI model.**** Serum exosomal
miR-4772-3p has previously been identified as a prognostic marker for tumor recurrence in stage II and III colon
cancer;>® however, the precise role of miR-4772-3p in sepsis remains unclear. If patients are likely to have poor outcomes
at the onset of sepsis, the early administration of tailored therapy may improve their outcomes. Our findings further
support the notion that plasma-EV miRNAs could potentially serve as diagnostic biomarkers for septic organ dysfunction
and prognosis.

EV-mediated intercellular crosstalk plays a critical role in sepsis-induced organ dysfunction.”> Specific immune cells
release EVs loaded with pro-inflammatory signals, thereby exacerbating inflammation and leading to further organ dysfunc-
tion. Current evidence suggests that ARDS, ALF, and AKI are common complications of sepsis, and are associated with
increased morbidity and mortality.>” Previous studies have shown that PMN-EVs, abundant in MMP9, undermine cellular
cohesion and disrupt tissue structure integrity, resulting in extensive tissue damage and impairment of epithelial barrier
function.*® Additionally, miR-30d-5p in PMN-EVs induces M1 macrophage polarization and triggers macrophage pyroptosis
in ALI, while modulation of the cross-talk between PMNs and macrophages attenuates lung injury.'® Furthermore, LPS
induced macrophage-EVs act on hepatocytes, activating NLRP3 inflammasome and caspase-1, subsequently leading to liver
injury.*® Moreover, exosomal miR-19b-3p mediated the cross-talk between tubular epithelial cells and macrophages and
contributed to M1 macrophage activation.”’

Plasma-EVs exhibit bidirectional regulatory effects on disease progression. Plasma-EVs from acute pancreatitis mice
contribute to pancreatitis-associated lung injury by triggering NLRP3-dependent pyroptosis in alveolar macrophages.*’
Conversely, plasma-EVs from young healthy humans improve functional recovery by counteracting ferroptotic injury via
regulation of the P53/SLC7A11/GPX4 axis after Intracerebral hemorrhage.*' In addition, healthy plasma-EVs circ 0001785,
for atherogenesis, which can reduce endothelial cell injury and thus delay atherogenesis through the miR-513a-5p/TGFBR3
ceRNA network mechanism.* Therefore, targeting plasma-EVs may be a promising avenue for the treatment of sepsis.

Autophagy is a self-destructive process that is crucial for the removal of damaged organelles, disordered proteins, and
intracellular infections.***** Emerging evidence has shown that enhanced autophagy may contribute to a protective effect on
organs during sepsis, ameliorating inflammation, lung injury, kidney injury, and cardiac injury.*> *° In contrast, a few studies
have demonstrated the opposite. The increase in plasma mtDNA and protein levels during sepsis suggests that promoting
autophagy may trigger an inflammatory response in the immune cells.”® Although drug interventions targeting PMNs death in
sepsis remain to be investigated, there is evidence that heparin neutralizes extracellular histones and reduces their toxicity,
thereby increasing survival in animal models of sepsis.”'*>* We found that plasma-EVs from patients with sepsis suppressed
autophagy in PMNs. Additionally, we found that GW4869 and enoxaparin significantly stabilized sepsis-induced PMNs
autophagy, as numerous studies have shown that targeting PMNs cell death may be a promising treatment for sepsis.

Our study had several limitations that warrant consideration. First, the decision to utilize intraperitoneal injection of
LPS for the establishment of a sepsis model in this study was made based on the following considerations. There is no
question that cecal ligation and puncture (CLP) remains a classic model of sepsis. However, the CLP model presents
challenges in controlling the amount of bowel leakage, resulting in a wide range of variation in sepsis outcomes.
Additionally, when assessing the impact on acute inflammation, the LPS model is the most suitable since LPS treatment
elicits a stronger response, as systemic effects are easily identifiable, measurable, and reproducible.”®> A more compre-
hensive comparison of the effects of LPS and CLP models warrants further studies in the future. Second, the investiga-
tion of molecular mechanisms is subject to short-lived PMNs; therefore, further exploration will be performed. Third, the
current study may be influenced by the high heterogeneity of EVs and frequent occurrence of multiple organ dysfunction
in sepsis. Therefore, it is imperative to conduct a larger multicenter study to establish a robust correlation between
miRNAs and PMN-related membrane proteins, and their long-term prognostic implications in sepsis. Finally, although
our study highlighted the role of miRNAs and PMN-related membrane proteins in plasma-EVs in sepsis, further in-depth
research is required to investigate the contributions of other components, such as proteins, DNA, and mRNA, to develop

new therapeutic strategies for managing human sepsis.
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Figure 9 Flow chart. The differential expression analysis of miRNAs between PMN-EVs and plasma-EVs, along with PMN-related membrane proteins, indicates that the
plasma-EVs model holds potential for predicting septic organ dysfunction and prognosis. Our study suggests that plasma-EVs exert suppressive effects on PMNs autophagy,
which can be reversed by EV inhibitors such as GW4869 and enoxaparin, providing an EV-based intervention strategy for sepsis. However, the systemic effect, mechanism,
and outcomes in rats that received sepsis EVs remain unclear and warrant further investigation in future studies.

Conclusions
Our study successfully identified a panel of EV-based biomarkers for diagnosing septic organ dysfunction and evaluating
the prognosis. This will facilitate a more comprehensive investigation into the pathogenesis of sepsis, discovery of

biomarkers for predicting disease progression, and development of EV-based therapeutic interventions (Figure 9).
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