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Background: Emerging evidence links macrophage overactivation to sepsis-associated acute lung injury (ALI), yet the role of lung tissue- 
derived extracellular vesicles (Ti-EVs) in this process remains unclear. This study combines transcriptomic profiling and functional 
validation to reveal how Lung Ti-EVs mediate macrophage polarization through miRNA-dependent NLRP3 inflammasome activation.
Methods: We established a sepsis mouse model, extracted and characterized lung tissue-derived EVs, performed high-throughput 
transcriptome sequencing and bioinformatics analysis. Intratracheal administration of these EVs to wild-type C57BL/6 mice revealed 
their effects on pulmonary inflammation, macrophage polarization, and proliferation. In vitro co-culture experiments with Raw264.7 
macrophages further validated these findings and explored underlying mechanisms.
Results: We identified extracellular vesicles (EVs) enriched in lung tissues from septic ALI mice, selectively carrying miRNAs 
including miR-128-3p. In vivo administration of these EVs exacerbated pulmonary inflammation by expanding M1 macrophage 
populations, while in vitro experiments demonstrated EV-mediated miR-128-3p delivery to macrophages stimulated TNF-α and IL-6 
production. Mechanistically, miR-128-3p promoted macrophage proliferation and inflammatory responses by targeting Rab20.
Keywords: lung tissue extracellular vesicles, sepsis, acute lung inflammation, miR-128-3p, macrophages

Introduction
Sepsis is a life-threatening clinical syndrome characterized by high incidence and mortality rates.1,2 The lungs are the 
primary target organ during sepsis, with approximately 25% to 50% of sepsis patients developing acute lung injury (ALI) 
or progressing to acute respiratory distress syndrome.3 Of particular concern is the higher mortality rate associated with 
ALI caused by sepsis compared to other risk factors.4 Despite continuous optimization of clinical treatment methods for 
sepsis-induced ALI, the mortality rate remains unacceptably high at 40%.5 Therefore, there is an urgent need to explore 
safe and effective strategies for treating ALI.

Inflammation is a fundamental biological process that maintains homeostasis. However, excessive inflammatory responses 
can result in tissue damage. The inflammatory response in acute lung injury (ALI) involves various target cells and effector cells,6 

with macrophages playing a pivotal role. Macrophages serve as crucial effectors and regulators of the inflammatory cascade 
triggered by ALI, participating in pathogen clearance and promoting adaptive immune responses.7 The polarization of macro-
phages, namely classical activation (M1) and alternative activation (M2), plays a key role in fulfilling these functions.8 M1 
macrophages are recognized for their pro-inflammatory properties, critically involved in phagocytosis and secretion of pro- 
inflammatory cytokines; whereas M2 macrophages primarily contribute to inflammation regulation and tissue repair.9,10 

Excessive production of M1 macrophages following sepsis-induced ALI can exacerbate lung inflammation and alveolar injury, 
thereby worsening the severity of sepsis-induced ALI.11 Conversely, the generation of M2 macrophages facilitates alveolar repair 
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and regeneration, thus aiding recovery from sepsis-induced ALI.12 Therefore, targeting the polarization of macrophages during 
sepsis-induced ALI is considered a potential therapeutic approach.

Extracellular Vesicles (EVs) are extracellular vesicles ranging in diameter from 30 to 150 nm, enclosed by a double- 
layered membrane and containing molecular components derived from their source cells, including immune-suppressive 
and immune-stimulating proteins, chemokines, cytokines, cell receptors, lipids, microRNAs (miRNA), long non-coding 
RNAs (LncRNA), and messenger RNAs (mRNA).13–15 Recent investigations have elucidated their roles in the regulation 
of inflammation and confirmed their involvement in various diseases through the modulation of macrophage 
polarization.16 Extensive research has demonstrated the significance of non-coding RNAs particularly miRNAs in 
acute lung injury.14 EVs possess the ability to transfer specific molecules such as miRNAs into target cells for regulating 
cellular functions and participating in disease mechanisms.17 In a mouse model of sepsis-induced lung injury, EVs 
containing miRNA play a regulatory role in macrophages and mediate the systemic response to acute lung injury.18,19 

However, most studies have focused on isolating EVs from cell culture systems and body fluids.20,21 Compared to EVs 
derived from these sources, tissue-derived extracellular vesicles (Ti-EVs), which are directly isolated from the interstitial 
space surrounding various cell types, can provide more comprehensive information that accurately reflects subtle changes 
within cells and tissue microenvironments with higher tissue specificity.22 Bowen Li et al discovered that under 
inflammatory conditions, lung Ti-EVs can aggregate in the bone marrow and enhance neutrophil recruitment.23 Cecilia 
Lässer et al demonstrated that Ti-EVs derived from lung tissues can be isolated in mice, and their proteomics undergo 
changes during allergen-induced airway inflammation, potentially contributing to the pathogenesis of type 2-driven 
eosinophilic asthma.24 Yang et al demonstrated that M2 macrophage-derived extracellular vesicles (EVs) effectively 
inhibit alveolar macrophage pyroptosis both in vitro and in vivo via a miR-709-mediated mechanism, suppressing the 
excessive release of cytokines such as IL-6, TNF-α, and IL-1β, thereby attenuating acute lung injury.12 In a separate 
study, Chen et al identified that EV-let-7a-5p modulates M2-like macrophage activation in inflammatory microenviron-
ments, significantly reducing macrophage infiltration and collagen deposition while upregulating IL-10 expression, which 
markedly improves pulmonary function.25 However, limited knowledge exists regarding the involvement and mechan-
isms of action of EVs derived from lung tissue in acute lung injury. This study presents novel findings demonstrating that 
EVs originating from lung tissue exacerbate sepsis-induced acute lung injury, thereby suggesting that early inhibition of 
these lung-derived EVs may hold promise as a potential therapeutic strategy. Specifically, we have identified the miRNA 
profile within EVs derived from lung tissue during sepsis-induced acute lung injury and elucidated the Ti-EVs-miR-128- 
3p-M1 polarization axis within the lungs under this pathological condition.

Materials and Methods
Mice
C57BL/6J mice (male, aged 6–8 weeks) were obtained from Zhejiang Weitonglihua Experimental Animal Co., Ltd. in 
China. The mice were maintained under controlled conditions of temperature (23–24°C), humidity (55±5%), and a 12-hour 
light-dark cycle. All animal experiments received approval from the Animal Ethics Committee of the First Affiliated 
Hospital of Nanchang University (Ethics Approval Number: CDYFY-IACUC-202302QR051) and were conducted in 
compliance with the National Institutes of Health (NIH) guidelines for the care and use of laboratory animals, as well as 
relevant regulations outlined in China’s Regulations on the Administration of Experimental Animals. Random grouping 
was achieved using computer-generated numbers.

Cell Culture
The mouse macrophages were obtained from Shanghai Fuxiang Biotechnology Co., Ltd. (Shanghai, China). The cells 
were maintained in high-glucose DMEM supplemented with 10% FBS, streptomycin at a concentration of 50 mg/mL, 
and penicillin at a concentration of 50 U/mL. They were incubated in a humidified environment at 37°C with 5% CO2. 
Fresh medium was replaced daily, and when the cell density reached approximately 80% to 90%, the cells were 
subcultured.
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Mouse Model of Cecal Ligation and Puncture (CLP)-Induced ALI
Following the methodology outlined in previous literature, a sepsis mouse model was established through CLP surgery.26 

Prior to the CLP procedure, mice were subjected to an 8-hour fasting period and a 4-hour water restriction. Subsequently, 
anesthesia was induced via intraperitoneal injection of 0.3% pentobarbital sodium at a dosage of 30 mg/kg (Rui Tai, 
China). The limbs of the mice were secured on the surgical table, after which abdominal fur was shaved and depilatory 
cream applied; iodine solution was utilized for disinfection. A midline incision measuring 1.0–2.0 cm below the 
diaphragm was performed to expose the cecum. Following ligation of approximately 50% of the cecal tip, an 18G 
needle was employed to puncture the ligated site twice in both directions, allowing for gentle extrusion of intestinal 
contents from the needle holes. The cecum was then carefully repositioned into the abdominal cavity, with closure 
achieved using a 4–0 suture for both muscle and skin incisions. Mice in the sham surgery group did not undergo cecal 
puncture or ligation; all other procedures mirrored those conducted on CLP group mice. Postoperatively, mice were 
placed on a heating pad to maintain normothermia and received resuscitation via subcutaneous injection of 1 mL pre- 
warmed saline (37°C).

Lung Histological Analysis
Lung tissues were removed and preserved in formalin for 24 hours to facilitate subsequent histological examination. The 
samples were then embedded in paraffin, sectioned at a thickness of 4 μm, and stained using hematoxylin and eosin.

Myeloperoxidase (MPO) Evaluation
MPO activity was assessed to measure the infiltration of inflammatory cells into lung tissues. Lung samples were 
homogenized in a reaction buffer at a ratio of 1:9 (w/v), and MPO activity was evaluated using a commercial test kit from 
WuHan Elabscience Biotechnology Co., Ltd, China, following the manufacturer’s guidelines.

RNA Extraction and qPCR Analysis
Total RNA was isolated using TRIzol reagent (Invitrogen, USA). Reverse transcription PCR was carried out in a 20 μL 
reaction volume following the manufacturer’s protocol. Subsequently, qPCR was performed with SYBR Green Master 
Mix on a StepOne Plus Real-Time PCR System (Applied Biosystems, USA). The relative expression levels of miRNAs 
or mRNAs were normalized using the 2–ΔΔCt method, employing U6 small nuclear RNA (snRNA) or GAPDH as 
reference genes.

Isolation of EVs from Lung Tissue
To extract lung tissue-derived EVs, lung tissue from animals in both the CLP and sham groups was carefully cut into 
small pieces (approximately 2 × 2×2 mm) and stored at −80°C, following previously described methods27 with slight 
modifications.28 The tissue mixture was dissociated using the Miltenyi human tumor dissociation kit (Miltenyi Biotec, 
cat. no. 130–095-929). Enzymes H, R, and A were utilized according to the manufacturer’s guidelines. A fresh mixture 
consisting of 2.2 mL RPMI medium, 100 μL enzyme H, 50 μL enzyme R, and 12.5 μL enzyme A was prepared just 
before use. Approximately 200 mg of tissue was briefly sliced on dry ice and then incubated in the dissociation solution 
at 37°C for about 10–15 minutes. The resulting suspension was filtered twice through a 70 μM filter to eliminate any 
remaining tissue fragments. Following a centrifugation step at 4°C for ten minutes at a speed of 300× g, the supernatant 
was transferred to a new tube and subjected to another centrifugation for ten minutes at a speed of 2000 × g under similar 
conditions. The cell-free supernatant was gradually passed through a filter with a pore size of 0.22 μm to remove cellular 
debris before being centrifuged again at an acceleration of 10,000 × g for thirty minutes at four degrees Celsius (Optima 
XPN-100 using Beckman ultra-clear tubes). The resultant suspension underwent ultracentrifugation at an acceleration of 
150,000× g for two hours at four degrees Celsius to collect the pellet which was then resuspended in one milliliter PBS; 
Exosupur column chromatography purification followed (Echobiotech, China). Finally, fractions were concentrated down 
to two hundred microliters using Amicon® Ultra spin filters with a molecular weight cutoff of 100 kDa (Merck, 
Germany).
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Transmission Electron Microscopy (TEM)
The lung tissue-derived EVs solution was applied to a copper mesh and incubated for one minute at room temperature. 
Subsequently, lung tissue-derived EVs were rinsed with sterile distilled water and stained with uranyl acetate solution for 
one minute. The sample was then dried under incandescent light for two minutes. Transmission electron microscopy 
(TEM; H-7650, Hitachi Ltd., Tokyo, Japan) was employed to visualize and capture images of the copper mesh.

Nanoparticle Tracking Analysis (NTA)
The ZetaView PMX 110 (Particle Metrix, Meerbusch, Germany), which is equipped with a 405 nm laser, was utilized to 
assess the size and concentration of particles in vesicle suspensions. Particle motion was analyzed using NTA software 
(ZetaView 8.02.28) based on a 60-second video recorded at 30 frames per second.

Western Blot Analysis
Protein concentrations were determined using the Bicinchoninic Acid (BCA) Protein Assay Kit (Bio-Rad, Hercules, CA, 
USA). Equal volumes of protein samples were subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis 
and subsequently transferred onto polyvinylidene difluoride (PVDF) membranes. The membranes were incubated with 
5% non-fat milk for one hour at room temperature to block nonspecific binding, followed by an overnight incubation at 
4°C with antibodies specific to CD63 (1:500 dilution, Santa Cruz Biotechnology, USA), CD9 (1:1000 dilution, Santa 
Cruz Biotechnology, USA), GM130 (1:1000 dilution, Santa Cruz Biotechnology, USA), TSG101 (1:1000 dilution, Santa 
Cruz Biotechnology, USA), NLRP3 (1:1000 dilution, dilution, Abcam, UK), Rab20 (1:1000 dilution, Abcam, UK), and 
β-actin (1:5000 dilution, Santa Cruz Biotechnology, USA). The following day, the membranes were rinsed and incubated 
with horseradish peroxidase (HRP)-conjugated secondary antibodies (1:1000, Cell Signaling Technology, USA). 
Detection of the blots was performed using enhanced chemiluminescence (Thermo Fisher Scientific, Bei Jing, China), 
and quantification was carried out with the Bio-Rad imaging system (USA). β-actin served as a loading control, and the 
relative intensity of the target protein was normalized to that of the control group.

RNA Isolation, Library Preparation, and RNA Sequencing
Lung tissue-derived EVs for RNA sequencing were isolated from both sham and CLP groups. Total RNA was extracted 
and purified from lung tissue EVs using the miRNeasy Serum/Plasma Advanced Kit (Qiagen, cat. No. 217204), in 
accordance with the manufacturer’s guidelines. The concentration and purity of RNA were assessed utilizing the RNA 
Nano 6000 assay kit along with the Agilent Bioanalyzer 2100 System (Agilent Technologies, CA, USA). For library 
construction, 4.5 ng of RNA from each sample was used as input material with the SMARTer Stranded total RNA-Seq 
Kit V2 (Takara Bio USA, Inc). Index codes were subsequently incorporated into each sample’s attribute sequences. In 
preparing small RNA libraries, a total of 3 ng of RNA per sample served as input material for generating the samples. 
The QIAseq miRNA library kit (Qiagen, Frederick, MD) facilitated sequencing library generation while index codes 
were added to their respective attribute sequences. Unique molecular indices in reverse transcription primers enabled 
quantification of miRNA expression during cDNA synthesis and PCR amplification processes. Finally, library quality 
assessment was performed using both the Agilent Bioanalyzer 2100 and qPCR methods. Clustering of index-coded 
samples on the acBot cluster generation system followed manufacturer’s instructions using TruSeq PE Cluster Kitv3- 
cBot-HS (Illumina, San Diego, CA, USA). After clustering completion, sequencing preparations were conducted on the 
Illumina NovaSeq 6000 platform by EchoBiotech Co., Ltd., based in China.

miRNA Analysis
Bowtie software was employed to align the Clean Reads with the Silva, GtRNAdb, Rfam, and Repbase databases. 
Repeats and non-coding RNAs (ncRNAs), including ribosomal RNA (rRNA), transfer RNA (tRNA), small nuclear RNA 
(snRNA), and small nucleolar RNA (snoRNA), were removed from consideration. The remaining reads were used to 
identify and predict miRNAs by comparing them against known miRNAs sourced from miRbase and Genome (ftp://ftp. 
ensembl.org/pub/release-101/fasta/mus_musculus/dna). The expression matrix for the quantitative unique molecular 
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index count of miRNA was normalized to transcripts per million and calculated as relative logarithmic expression using 
the EdgeR package.

Immunofluorescent Staining
The cells or excised tissues were fixed in formalin, treated with 0.1% Triton X-100 for permeabilization, and blocked 
using 10% BSA. Samples were incubated overnight at 4°C with primary antibodies, followed by a one-hour incubation at 
25°C with fluorescently labeled secondary antibodies. Nuclei were stained with DAPI for ten minutes to visualize them. 
Fluorescent microscopy (Leica, Wetzlar, Germany) was employed to capture six images from each animal. The following 
antibodies were utilized: anti-CD68 (28,058-1-AP, dilution of 1:100; Proteintech), anti-iNOS (18985-1-AP, dilution of 
1:100; Proteintech), anti-Arg-1 (16,001-1-AP, dilution of 1:100; Proteintech), anti-CD80 (66,406-1-lg, dilution of 1:100; 
Proteintech) and anti-EDU (Ribo Biotech Co., Ltd., China).

Bioluminescence Imaging
We employed the Sigma PKH67 Green Fluorescent Labeling Kit (MINI67) to label EVs, adhering to the previously 
established protocol.29 Subsequently, we co-cultured these labeled EVs with macrophages; after a designated incubation 
period, we stained the macrophages with DAPI and examined them using a fluorescence microscope. Concurrently, in 
accordance with the manufacturer’s instructions, we labeled EVs utilizing fluorescent lipophilic tracers DiR/DiI (5 μM, 
AAT Bioquest) and DAPI (10 μg/mL, Beyotime). Briefly, EVs were diluted in PBS prior to dye application. The labeling 
process was conducted at room temperature in darkness for 20 minutes and subsequently terminated by adding 0.1% 
BSA (Sigma Aldrich) in PBS. The EVs were then centrifuged at 110,000×g for 70 minutes to eliminate any residual free 
dye before being resuspended in PBS and transferred into recipient mice for bioluminescence imaging using the Xenogen 
IVIS imaging system.

Cell Transfection
Following the manufacturer’s guidelines, the riboFECTTM CP Reagent (Ribobio Technology Co., Ltd., Guangzhou, 
China) was utilized to transfect the specified small interfering RNA (siRNA) or negative controls (NCs) into macro-
phages. Cells were collected for subsequent analyses 12 hours post-transfection. agomir-NC, agomir-128-3p, antagomir- 
NC, antagomir-128-3p, minic-NC, minic-128-3p, Inhibitor-NC, Inhibitor-128-3p, siRNA and corresponding negative 
control siRNA (si-NC) were designed and synthesized by Ribobio Technology Co., Ltd. (Guangzhou, China).

Luciferase Assay
The 3’-UTR region of the Rab20 gene encompasses predicted binding sites for miR-128-3p and its mutants, which were 
subsequently cloned into a plasmid vector and transfected into HEK293 cells. In all transfection experiments, a firefly 
luciferase vector was co-transfected to assess transfection efficiency. All luciferase results were reported as relative 
luminescence units: the average observed firefly luciferase activity was normalized against the average activity recorded 
from the firefly luciferase vector.

Cell Proliferation Assays
Adhere to the guidelines provided in the EDU kit to conduct the EDU experiment. Incubate 4×103 to 1×105 cells in 
a culture medium supplemented with EDU (Ribobio Technology Co., Ltd., China) for a duration of 2 hours prior to 
performing immunostaining. Fluorescence images were captured using a fluorescence microscope (Zeiss, Germany).

Preparation of Engineered Lung Tissue EVs
Lung tissue EVs were mixed with a 20µM miR-128-3p agonist or inhibitor to achieve a total volume of 400µL, 
maintaining an approximate ratio of 400μg EVs per 1OD miRNA (5 nmol). The resulting mixture was transferred to 
a 0.4cm electroporation cuvette and placed on ice. Electroporation parameters were set at 400V for 15ms. Following 
electroporation, RNase was employed to eliminate any unloaded miRNA adhering to the exosomal surface (10μL RNase 
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at a concentration of 1 mg/mL incubated for 10 minutes to remove untransfected miRNA). Subsequently, ultracentrifu-
gation was performed at 150,000×g for 2 hours. Finally, the sample was stored at −80°C for future use.

Statistical Analysis
Data analysis was performed using SPSS 26.0 software, and graphs were created using GraphPad Prism 8.3.0 software. 
For data that followed a normal distribution, the mean (standard deviation) was used. For comparisons between two 
groups, we used a t-test, and for comparisons between three groups, we used one-way analysis of variance. For data that 
did not follow a normal distribution, the median (interquartile range) was used, and comparisons between two groups 
were made using the Mann–Whitney U-test, and comparisons between three groups were made using the Kruskal–Wallis 
test. P < 0.05 was considered statistically significant.

Results
Activated Macrophages in the Lung Tissue of Mice with Acute Lung Injury
Initially, we employed HE staining to assess the successful establishment of the mouse sepsis-induced acute lung injury 
(ALI) model. Compared to the Sham group, lung tissue from the CLP group exhibited significant pathological alterations, 
including interstitial edema, alveolar hemorrhage, and infiltration of inflammatory cells (Figure 1A), confirming that 
a viable mouse sepsis-induced ALI model was established. We noted a marked increase in the expression levels of 
inflammatory factors IL-1β, IL-6, and TNF-α in the ALI-induced group following CLP when compared with the Sham 
group (Figure 1B). Myeloperoxidase (MPO) serves as a critical indicator of inflammatory cell accumulation; results 
indicated an elevated degree of lung inflammation in the CLP group relative to the Sham group (Figure 1C). 
Macrophages play a pivotal role in ALI’s inflammatory response; thus, we utilized immunofluorescence to evaluate 
CD68 expression as a macrophage marker within lung tissue. Our findings revealed that fluorescence intensity for 
macrophages significantly increased in the CLP group compared to controls (Figure 1D). Subsequently, we analyzed 
markers indicative of activated macrophage phenotypes: iNOS (M1) and Arg1 (M2). Immunofluorescence data demon-
strated an increase in fluorescence intensity for pro-inflammatory M1 macrophages within the CLP cohort while anti- 
inflammatory M2 macrophages displayed reduced fluorescence intensity (Figure 1E and F). Additionally, we observed an 
elevation in mRNA levels for specific M1 marker CD80 within the CLP group alongside decreased expression of M2- 
specific marker CD206—further corroborating our immunofluorescence findings (Figure 1G).

Isolation and Characterization of Lung Tissue-Derived EVs
Lung Ti-EVs were extracted separately from the lung tissues of both the Sham and CLP groups, and their ultrastructure 
was examined using transmission electron microscopy (TEM) (Figure 2A). TEM images revealed that these Ti-EVs 
exhibited a cup-like morphology. Additionally, we characterized the size distribution of lung tissue-derived Ti-EVs 
isolated from both groups utilizing a ZetaView nanoparticle tracking analyzer (Figure 2B). As illustrated in the figure, 
there was a significant increase in the concentration of lung tissue-derived Ti-EVs in the CLP group; however, no 
differences were observed in EV size. Furthermore, Western blot analysis confirmed that the markers CD9, CD63, and 
TSG101 in Ti-EVs derived from lung tissues of both the Sham and CLP groups were positively expressed.15 These 
findings validate our successful extraction of lung tissue-derived Ti-EVs.

Ti-EVs Isolated from the Lung Tissues of Mice with Sepsis-Induced ALI Exacerbate ALI 
via M1 Macrophage Polarization
We injected lung Ti-EVs from sepsis ALI mice via tracheal administration to assess their role in inducing lung injury. In 
vivo imaging showed that these Ti-EVs accumulated in the lung tissue after injection (Figure 3A). Our findings suggest 
that lung Ti-EVs may contribute to ALI. To further investigate whether these EVs induce lung inflammation, we 
administered Ti-EVs from Sham and CLP mouse lungs into Sham-Exo and CLP-Exo groups, respectively. 
Histological analysis revealed significant pathological changes in the lungs of CLP-Exo mice compared to Sham-Exo, 
including interstitial edema, alveolar congestion, and inflammatory cell infiltration (Figure 3B). Additionally, we 
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measured pro-inflammatory cytokines IL-1β, IL-6, and TNF-α in the lung tissue; qRT-PCR results indicated elevated 
levels of these cytokines in the CLP-Exo group relative to Sham-Exo controls (Figure 3C). Macrophage polarization is 
crucial for damage response and repair during sepsis-induced ALI. Next, we used immunofluorescence staining to 
determine if pulmonary Ti-EVs enhance macrophage proliferation and modulate activation status in vivo. The results 
showed an increase in macrophage numbers within the CLP-Exo group compared with Sham-Exo (Figure 3D), along 
with increased M1 macrophage markers while M2 markers were reduced (Figure 3E and F). Furthermore, mRNA levels 
for CD80—a specific marker for M1 macrophages—were significantly higher (Figure 3G), whereas expression of M2 
marker CD206 was lower. Finally, we quantified the expression level of miR-128-3p and observed that it was 
significantly elevated in the lung tissue of mice in the CLP-Exo group compared to other groups (Figure 3H).

Figure 1 Macrophages in the lung tissues of ALI mice were activated. (A) Pathological analysis of lung tissues was conducted. Following the establishment of the CLP model for 
24 hours, H&E staining was employed to evaluate the degree of lung inflammation (n=6), with images at 200x magnification corresponding to a scale of 100μm and those at 400x 
magnification corresponding to a scale of 50μm. (B) The expression levels of inflammatory factors IL-1β, IL-6, and TNF-α were quantified using qRT-PCR (n=6). (C) Infiltration 
of inflammatory cells within lung tissues was assessed by measuring MPO activity (n=6). (D) After sectioning, immunofluorescence intensity for CD68-positive macrophages in 
lung tissues was determined through anti-CD68 antibody staining (n=6), scale bar 50μm. (E) Immunofluorescence intensity for M1 macrophages in lung tissues was evaluated 
using iNOS as a marker (M1, red), scale bar 50μm. (F) Immunofluorescence intensity for M2 macrophages in lung tissues was assessed with Arg1 as a marker (M2, green), scale 
bar 50μm. (G) Expression levels of CD80 and CD206 were measured via qRT-PCR, utilizing GAPDH as an endogenous control (n=6). *P<0.05, **P<0.01, ***P<0.001.
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Inhibition of Ti-EVs Production in the Lungs Mitigates ALI Induced by M1 Macrophage 
Polarization
We utilized GW4869, a well-characterized chemical inhibitor of EVs/exosome biogenesis, to examine the effects of inhibiting 
lung Ti-EVs on septic ALI.30 Initially, DMSO or GW4869 (1 mg/kg) was administered through intraperitoneal injection into 
mice one hour prior to the experimental procedures. Subsequently, both Sham and CLP groups were established, and lung 
tissues were collected from each group 24 hours later. Histological analysis demonstrated that the pathological changes in the 
lung tissues of the CLP+GW4869 group were significantly less severe compared to those observed in the CLP+DMSO group 
(Figure 4A). Concurrently, we evaluated pro-inflammatory cytokines such as IL-1β, IL-6, and TNF-α within the lung tissues. 
Quantitative RT-PCR results indicated that levels of these pro-inflammatory factors were substantially lower in the CLP 
+GW4869 group relative to those in the CLP+DMSO group (Figure 4B). Additionally, we observed a reduction in 
macrophage numbers within the CLP+GW4869 cohort when compared with their counterparts in the CLP+DMSO group 
(Figure 4C), along with decreased fluorescence intensity for M1 macrophages and fewer markers indicative of M2 macro-
phages (Figure 4D and E). Furthermore, mRNA levels for CD80—a specific marker for M1 macrophages—were found to be 
diminished (Figure 4F), while expression levels of another M2 marker CD206 increased, thereby supporting our immuno-
fluorescence findings. Finally, we assessed miR-128-3p expression levels and discovered that they were highest in lung tissues 
from mice subjected to CLP+DMSO treatment (Figure 4G). Macrophages were co-incubated with EVs isolated from lung 
tissue. qPCR was employed to assess the expression levels of the top 8 upregulated miRNAs in EVs derived from both Sham 
and CLP groups, as identified through miRNA sequencing. The results demonstrated that miR-128-3p exhibited the highest 
expression level in the EVs obtained from the CLP-Exo group (Figure 4H).

Lung Ti-EVs from Pneumonia-Associated Sepsis ALI Selectively Encapsulate miR-128-3p
Recent research has demonstrated that EVs play a crucial role in regulating the physiological functions of target cells through 
the delivery of microRNAs (miRNAs). Based on our previously published sequencing study, bioinformatics analysis revealed 
miRNAs with significantly upregulated expression levels, and quantitative RT-PCR was conducted to assess their differential 

Figure 2 Isolation and characterization of lung Ti-EVs. (A) Transmission electron microscopy images depict lung Ti-EVs isolated from the lung tissues of mice in both the 
Sham and CLP groups, which were subjected to acute lung injury. The scale bar represents 200 nm, with white arrows in (A) indicating EV particles. (B) Nanoparticle 
tracking analysis (NTA) reveals the concentration and size distribution of lung Ti-EVs obtained from the Sham and CLP group mice (n=6).
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expression in lung Ti-EVs.15 Notably, miR-128-3p exhibited the highest expression level in CLP-Exo compared to Sham-Exo, 
indicating that EVs derived from lung tissue of ALI mice may selectively encapsulate miR-128-3p (Figure 4H).

Lung Ti-EVs Carrying miR-128-3p Enhance Macrophage Proliferation and Inflammation 
in vivo
To investigate the role of miR-128-3p in lung Ti-EVs on the phenotypic transformation of macrophages during septic ALI, 
agomir, a miR-128-3p agonist, or agomir NC as a control was introduced into lung Ti-EVs via electroporation. The resulting 
engineered exosomes, either agomir-miR-128-3p or agomir-NC, were subsequently administered intratracheally to mice. 
Results indicated that treatment with engineered exosomes containing agomir-miR-128-3p led to exacerbation of histological 
lesions (Figure 5A), increased expression levels of pro-inflammatory cytokines IL-1β, IL-6, and TNF-α (Figure 5B), as well as 
an elevation in both the number of lung macrophages and M1 macrophage activation (Figure 5C and D). Moreover, mRNA 
levels of the specific M1 marker CD80 were significantly elevated while those of another M2 marker CD206 were reduced 
(Figure 5E). This finding was further corroborated by additional data showing increased mRNA levels for CD80 alongside 
decreased expression for CD206 (Figure 5F), reinforcing immunofluorescence results. Collectively, these findings suggest that 
engineered exosomes carrying agomir-miR-128-3p exacerbate sepsis-induced ALI through enhanced activation of M1 
macrophages.

Figure 3 Injection of EVs derived from the lung tissue of ALI mice induces lung inflammation in recipient mice. (A) Fluorescent signals observed in the lungs following intra- 
tracheal injection of DiR-labeled EVs. (B) Pathological analysis of lung tissue was conducted after establishing the CLP model for 24 hours, with H&E staining used to evaluate 
the extent of lung inflammation (n=6). Images at 200x magnification correspond to a scale bar of 100μm, while those at 400x magnification correspond to a scale bar of 
50μm. (C) qRT-PCR was employed to assess mRNA expression levels of inflammatory cytokines IL-1β, IL-6, and TNF-α in lung tissue. (D) Following sectioning, 
immunofluorescence intensity for macrophage marker CD68 in lung tissue was determined using anti-CD68 antibody staining (n=6; CD68 shown in red). (E) 
Immunofluorescence intensity for M1 macrophages within lung tissue is presented (n=6), with iNOS as an M1 marker shown in red. (F) Immunofluorescence intensity 
for M2 macrophages within lung tissue is depicted (n=6), with Arg1 as an M2 marker shown in green. (G) Expression levels of CD80 and CD206 were quantified via qRT- 
PCR, utilizing GAPDH as an endogenous control (n=6). (H) miR-128-3p expression levels were also assessed by qRT-PCR. *P<0.05, **P<0.01, ns P>0.05.
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Lung Ti-EVs Carrying miR-128-3p Enhance Proliferation and Inflammation in vitro 
Macrophages
To investigate the involvement of lung Ti-EVs miR-128-3p in the phenotypic transformation of macrophages during the 
vitro development of septic ALI, we labeled lung Ti-EVs with PKH67 and co-cultured them with macrophages in culture 
medium for 6 hours. We observed that macrophages were capable of internalizing these lung Ti-EVs in vitro (Figure 6A). 
Furthermore, upon stimulation with CLP-Exo, levels of miR-128-3p significantly increased (Figure 6B), indicating that 
miR-128-3p from lung Ti-EVs derived from ALI mice can be transferred to macrophages. To assess macrophage 
proliferation, we employed the EDU method. The results demonstrated that CLP-Exo enhanced macrophage proliferation 
compared to Sham-Exo (Figure 6C). Immunofluorescence analysis confirmed a significant increase in fluorescence 
intensity for iNOS and CD80 on CLP-Exo-treated macrophages, suggesting that CLP-Exo-induced proliferation is 
associated with an increase in M1 macrophages (Figure 6D and E). Additionally, we evaluated the inflammatory effects 
of lung Ti-EVs on macrophages. Compared to cells stimulated by Sham-Exo, those treated with CLP-Exo exhibited 
significantly elevated levels of pro-inflammatory cytokines IL-6, IL-1β, and TNF-α (Figure 6F). NLRP3 is a cytosolic 
immune factor responsive to cellular stress signals and regulates downstream inflammatory cytokines involved in 
inflammation processes. Our findings revealed that NLRP3 expression was higher in CLP-exposed cells than in those 

Figure 4 GW4869 mitigates sepsis-induced ALI and attenuates pulmonary inflammatory responses. (A) A pathological analysis of lung tissue was performed. Following the 
establishment of the CLP model for 24 hours, the degree of lung inflammation was evaluated using H&E staining (n=6). Images at 200x magnification correspond to a scale 
bar of 100μm, while those at 400x magnification correspond to a scale bar of 50μm. (B) Quantitative RT-PCR was utilized to quantify the expression levels of inflammatory 
cytokine mRNA in lung tissue, including IL-1β, IL-6, and TNF-α. (C) After sectioning, immunofluorescence intensity for CD68-positive macrophages in lung tissue was 
assessed through anti-CD68 antibody staining (n=6; CD68 shown in red), scale bar 50μm. (D) The immunofluorescence intensity for M1-type macrophages within lung 
tissue is presented (n=6), with iNOS as an M1 marker depicted in red, scale bar 50μm. (E) The immunofluorescence intensity for M2-type macrophages in lung tissue is 
illustrated (n=6), with Arg1 serving as an M2 marker shown in green, scale bar 50μm. (F) Expression levels of CD80 and CD206 were quantified via qRT-PCR, employing 
GAPDH as an endogenous control (n=6). (G) miR-128-3p expression levels were also measured by qRT-PCR (n=6). (H) Quantitative RT-PCR was employed to assess the 
expression levels of exosomal miR-128-3p in Raw264.7 macrophages following treatment with Sham-Exo and CLP-Exo (n=6). *P<0.05, **P<0.01, ns P>0.05.
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exposed to Sham Exosomes while Rab20 protein levels were reduced (Figure 6G). To further elucidate the role of miR- 
128-3p-containing lung Ti-EVs in promoting both proliferation and inflammation within macrophages, we co-cultured 
these cells with engineered exosomes minic-miR-128-3p. It was found that, compared with the exosomes from the minic- 
miR-128-3p NC group, the engineered exosomes containing minic-miR-128-3p significantly enhanced cell proliferation 
and inflammatory response (Figure 6H and I).

Figure 5 Lung Ti-EVs enhance the proliferation and inflammation of macrophages in vivo. (A) Pathological analysis of lung tissue was conducted, with the degree of 
inflammation assessed via H&E staining following a 24-hour establishment of the CLP model (n=6). Images at 200x magnification correspond to a scale bar of 100μm, while 
those at 400x magnification correspond to a scale bar of 50μm. (B) Quantitative RT-PCR was employed to measure mRNA expression levels of inflammatory cytokines (IL- 
1β, IL-6, TNF-α) in lung tissue. (C) Immunofluorescence staining was performed to evaluate the fluorescence intensity of CD68-positive macrophages in lung sections (n=6), 
scale bar 50μm. (D) The immune fluorescence intensity for M1-type macrophages in lung tissue was assessed using iNOS as a marker (M1, red), scale bar 50μm. (E) Similarly, 
immunofluorescence staining evaluated M2-type macrophage fluorescence intensity using Arg1 as a marker (M2, green), scale bar 50μm. (F) qRT-PCR analysis quantified the 
expression levels of CD80 and CD206, with GAPDH serving as an endogenous control (n=6). *P<0.05, **P<0.01, ns P>0.05.
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miR-128-3p Enhances Macrophage Proliferation and Inflammation Through the 
Targeting of Rab20
Subsequently, we investigated the potential targets of miR-128-3p implicated in macrophage proliferation and inflam-
mation to elucidate the molecular mechanisms by which miR-128-3p influences these processes. Bioinformatics analysis 
revealed that the 3’ UTR of Rab20 mRNA harbors a complementary binding site for the seed region of miR-128-3p, 
which is conserved across species (Figure 7A). To further confirm whether Rab20 directly interacts with miR-128-3p, we 
performed a luciferase reporter assay. The results indicated that minic-miR-128-3p significantly reduced luciferase 
activity from the wild-type 3’ UTR of Rab20 but had no effect on the luciferase activity from its mutant counterpart 
(Figure 7B). When engineered exosomes containing minic-miR-128-3p or minic-miR-128-3p NC were co-incubated with 
macrophages, overexpression of miR-128-3p inhibited Rab20 expression while increasing NLRP3 levels (Figure 7C). 

Figure 6 Lung Ti-EVs enhance macrophage proliferation and inflammation in vitro. (A) PKH67-labeled EVs (green) were co-cultured with macrophages for specified 
durations, and the uptake of exosomes by macrophages was observed using fluorescence microscopy (n=6), scale bar 50μm. (B) Ti-EVs from sham-operated and CLP- 
operated lung tissues were co-incubated with macrophages (Sham-Exo or CLP-Exo), followed by detection of miR-128-3p expression via qRT-PCR, utilizing U6 as an 
endogenous control (n=6). (C) The impact of lung tissue exosomes on macrophage proliferation was assessed using the EDU method (n=6), scale bar 50μm. (D) 
Immunofluorescence intensity of M1 macrophages was measured, highlighting iNOS expression (M1, red; n=6), scale bar 50μm. (E) Immunofluorescence intensity for CD80 
in M1 macrophages is presented as well (M1, green; n=6), scale bar 50μm. (F) Expression levels of miR-128-3p and CD206 were quantified through qRT-PCR, with GAPDH 
serving as an endogenous control (n=6). Additionally, inflammatory cytokine mRNA expressions IL-1β, IL-6, and TNF-α were evaluated in lung tissue post incubation with 
Sham-Exo or CLP-Exo via qRT-PCR analysis (n=6). (G) Western blotting was employed to assess Rab20 and NLRP3 protein levels in lung tissue following incubation with 
Sham-Exo or CLP-Exo; β-actin served as an internal control. Finally, (H) the expression levels of inflammatory cytokine mRNAs IL-1β, IL-6, and TNF-α in lung tissue after 
incubation with minic-miR-128-3p versus minic-miR-128-3p NC were determined using qRT-PCR. (I) The effect of lung Ti-EVs on macrophage proliferation was further 
evaluated through the EDU method after exposure to engineered exosomes, scale bar 50μm. **P<0.01, ns P>0.05.
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Furthermore, we assessed the impact of lung Ti-EVs on Rab20 expression within macrophages. Silencing Rab20 resulted 
in increased NLRP3 levels and promoted macrophage proliferation (Figure 7D and E).

Discussion
A growing body of research underscores the pivotal role of inflammation in lung injury and repair processes. Concurrently, 
macrophage heterogeneity—typically characterized by M1 and M2 states—is recognized as a complex and nuanced 
phenomenon that is significantly influenced by microenvironmental signals, including EVs.31 This study presents, for the 
first time, an analysis of the types and expression profiles of miRNAs within lung Ti-EVs sourced from lung tissue in sepsis- 
related ALI. Furthermore, it elucidates how miR-128-3p contained in these Ti-EVs targets Rab20 to activate the NLRP3 
signaling pathway, thereby promoting M1 polarization of macrophages and exacerbating the pathological progression of ALI.

In this experimental study, we successfully isolated tissue-derived Ti-EVs from lung tissues of sepsis-induced ALI mice 
for the first time. We induced ALI in mice using the well-established CLP model, followed by extraction of Ti-EVs from the 
lung tissues of these sepsis-induced ALI mice. Characterization confirmed that the isolated vesicles were indeed tissue-derived 
rather than cell-derived extracellular vesicles. To investigate whether lung Ti-EVs contribute to lung injury, we labeled these 
EVs with DiR dye and administered them to mice via intratracheal injection. In vivo imaging revealed that the labeled Ti-EVs 
accumulated within the pulmonary parenchyma. Notably, this observation aligns with previous reports confirming that lung 
Ti-EVs can localize to the pulmonary parenchyma.23 Subsequently, we injected Ti-EVs derived from septic ALI lung tissue 
into normal mice through intratracheal administration. Our findings demonstrated that histological analysis via HE staining 

Figure 7 miR-128-3p enhances macrophage proliferation and inflammation by targeting Rab20. (A) Conservation of the target site for miR-128-3p within the 3’ UTR of 
Rab20 across different species, along with the conservation of the miR-128-3p sequence itself in various species. (B) A dual luciferase reporter assay was conducted in 293T 
cells, where cells were co-transfected with wild-type or mutant Rab20 3’ UTR luciferase reporter plasmids alongside minic-miR-128-3p or minic-miR-128-3p NC, followed 
by incubation with a renin-active substrate. Firefly luciferase activity was quantified as an indicator of overall luciferase activity (n=6). (C) Protein levels of Rab20 and NLRP3 
were assessed via Western blotting following incubation with engineered exosomes containing minic-miR-128-3p and minic-miR-128-3p NC; β-actin served as an internal 
control. (D) Following transfection with siRab20, protein levels of Rab20 and NLRP3 were measured through Western blot analysis, utilizing β-actin as an internal control. 
(E) The impact of lung-derived exosomes on macrophage proliferation was determined using the EDU assay post-transfection with siRab20 (n=6), scale bar 50μm. **P<0.01, 
ns P>0.05.
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indicated pathological changes; qRT-PCR revealed elevated levels of inflammatory cytokines IL-1β, IL-6, and TNF-α; and 
immunofluorescence assays showed alterations in macrophage numbers and polarization fluorescence intensity—all suggest-
ing that lung Ti-EVs sourced from septic ALI lungs are capable of inducing acute lung injury. In a similar context, research 
conducted by Cecilia Lasser et al demonstrated that lung Ti-EVs are implicated in various pulmonary inflammatory diseases.24 

However, following intraperitoneal administration of GW4869, an exosome inhibitor, to mice—intended to suppress the 
production and release of Ti-EVs derived from ALI lung tissue—we observed that GW4869 effectively inhibited the 
generation of these Ti-EVs. This was substantiated through histological analysis revealing pathological changes, qRT-PCR 
quantifying levels of inflammatory cytokines IL-1β, IL-6, and TNF-α, as well as immunofluorescence assays assessing 
alterations in macrophage numbers and polarization fluorescence intensity. Xinyu Ge et al demonstrated that ischemia- 
reperfusion (IR) induces an increase in the release of EVs from the heart, termed IR-EVs, and that the transfer of these IR-EVs 
exacerbates cardiac damage associated with IR. GW4869 effectively inhibits both the production and release of EVs, thereby 
mitigating IR-induced injury.32 Our research findings are consistent with those reported in the literature cited below. Xiaofeng 
Qin et al reported that pretreatment with exosome inhibitor GW4869 can alleviate pulmonary fibrosis as well as reduce levels 
of TNF-α, IL-1β, and IL-6 in bronchoalveolar lavage fluid.33 Yang Shao et al indicated that GW4869 suppresses NLRP3 
inflammasome-mediated necroptosis in intestinal cells and alleviates intestinal barrier damage during severe acute pancrea-
titis. Moreover, inflammatory responses and distant organ injuries—specifically to the kidneys and lungs—associated with 
severe acute pancreatitis were improved following GW4869 treatment.34 Therefore, timely inhibition of harmful EVs 
production and release represents a promising strategy for treating ALI.

Although EVs encompass a diverse array of bioactive molecules, studies have demonstrated that their biological effects on 
target cells are partially contingent upon the content of the loaded miRNAs. Exosomal miRNAs have emerged as novel 
regulators of cellular functions, playing pivotal roles in the pathogenesis of cancer and inflammatory diseases. Chao Wang et al 
reported that levels of miR-155 in serum EVs from smokers were significantly elevated and correlated with carotid plaque 
formation as assessed by ultrasound imaging.35 Rares Drula et al found that physiological concentrations of 17β-estradiol 
inhibit miR-149-5p, thereby obstructing its regulatory activity towards SP1 and specifically enhancing the secretion of EVs 
from estrogen receptor-positive breast cancer cells.36 Yu Ning et al indicated that silencing miR-139-3p in MSCATV-EVs 
derived from atorvastatin-pretreated bone marrow mesenchymal stem cells markedly diminished this effect, while over-
expression of miR-139-3p in mesenchymal stem cell-derived EVs augmented M2 polarization through inhibition of down-
stream signal transducer and activator of transcription 1.37 Therefore, based on additional experimental studies alongside our 
sequencing results, we identified a set of inflammation-related miRNAs present in lung Ti-EVs: miR-128-3p, miR-196b-5p, 
miR-196a-5p, miR-130b-5p, miR-5099, miR-18b-5p, miR-215–5p, and miR1946a.

Our study revealed that lung Ti-EVs derived from sepsis-induced ALI mice exhibited differentially expressed miRNAs. 
While the expression levels of miRNAs such as miR-196b-5p, miR-196a-5p, and miR-1946a were also upregulated in these 
EVs, the most significant increase was observed for miR-128-3p. This finding suggests that miR-128-3p may play a critical 
role in modulating the inflammatory activity of exosomes. Indeed, as a highly conserved and pivotal miRNA, the involvement 
of miR-128-3p has been extensively studied in various conditions including esophageal squamous cell carcinoma, lung cancer, 
and renal inflammation.38–40 Liuzhong Wu et al demonstrated that miR-128-3p expression was significantly upregulated 
following TNF-α stimulation. The overexpression of miR-128-3p exacerbated the inflammatory response induced by TNF-α, 
whereas inhibition of miR-128-3p effectively mitigated the inflammatory response in bone marrow mesenchymal stem cells.41 

Lin Wang et al reported that in LPS-induced septic acute kidney injury, miR-128-3p targets NRP1 to promote infiltration of 
inflammatory cells, enhance the expression of inflammatory factors, decrease renal cell viability, and increase apoptosis.42 

Haibo Xie et al found a dramatic increase in miR-128-3p expression in CLP or LPS-induced sepsis animal models; 
additionally, overexpression of miR-128-3p facilitated lung epithelial cell damage and macrophage inflammation.43

Our study reveals that lung tissue-derived Ti-EVs exacerbate sepsis-induced ALI by promoting inflammatory 
responses and macrophage polarization. In vivo experiments demonstrated that intratracheal administration of lung 
tissue-derived Ti-EVs in mice significantly elevated proinflammatory cytokines (TNF-α, IL-1β, and IL-6), aggravated 
histopathological damage, increased macrophage infiltration, and enhanced M1 macrophage activation. To establish the 
causal role of Ti-EVs miR-128-3p in ALI progression, engineered EVs carrying agomir-miR-128-3p were administered 
intratracheally, resulting in markedly amplified inflammatory cytokine expression, intensified histopathological 
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alterations (as evidenced by HE staining), substantial macrophage accumulation, and pronounced M1 macrophage 
polarization. Further mechanistic investigations revealed that in vitro co-culture of macrophages with engineered 
exosomes containing mimic-miR-128-3p upregulated NLRP3 protein expression while downregulating Rab20, conco-
mitant with enhanced inflammatory cytokine production, accelerated macrophage proliferation, and preferential M1 
phenotype differentiation. Collectively, these findings indicate that lung tissue-derived Ti-EVs miR-128-3p aggravates 
ALI through modulation of the Rab20-NLRP3 signaling axis.

MiRNAs are believed to regulate numerous complex physiological processes by inhibiting the expression of target genes 
with related functions.44 Through a database search, we identified Rab20 as a potential target of miR-128-3p. Rab20 is 
a member of the Rab GTPase family that regulates the membrane transport of phagolysosomal vesicles by controlling EVs 
selection, vesicle generation, movement, connection, and fusion; it plays a crucial role in the innate immune response against 
pathogens.45–47 Studies have shown that reduced levels of Rab20 in monocytes and macrophages are closely associated with 
the development of silicosis in miners. Furthermore, deficiency in Rab20 promotes activation of the NLRP3 inflammasome 
induced by silica crystals, thereby facilitating lung interstitial fibrosis and impairing respiratory function.48 Research indicates 
that RAB20 serves as a biomarker for interstitial lung disease associated with connective tissue disorders found in 
bronchoalveolar lavage fluid.49 Our experimental investigations demonstrated that co-culture of macrophages with lung 
tissue-derived extracellular vesicles containing miR-128-3p resulted in suppressed Rab20 protein expression and elevated 
inflammatory mediator levels. Notably, exogenous supplementation of miR-128-3p-overexpressing extracellular vesicles 
exacerbated these effects, showing more pronounced Rab20 suppression and intensified inflammatory responses, consistent 
with previous reports in this research field.

Drawing from existing literature, we identified Rab20 as a downstream target of NLRP3.48 NLRP3 serves as a crucial 
sensor in the innate immune system, detecting exogenous pathogen invasion and endogenous cellular damage, and 
responding by forming a supramolecular complex known as the NLRP3 inflammasome to activate cysteine-aspartate 
protease-1.50 Wen-Jing Zhong et al demonstrated that inhibition of glycolysis using 2-deoxyglucose can diminish the 
activation of the NLRP3 inflammasome in macrophages triggered by myeloid cell receptor-1.51 Xiaoyang Wu et al 
reported that HO-1 regulates macrophage polarization via the TXNIP/NLRP3 signaling pathway.52 Haijin Lv et al 
indicated that negatively regulating NLRP3 inflammasome activation in alveolar macrophages can ameliorate patholo-
gical changes and lung injury-related indicators in ALI models while reducing pro-inflammatory cytokine levels, thereby 
modulating M1/M2 macrophage balance.53 Our experimental data demonstrated that co-culture of macrophages with 
lung tissue-derived extracellular vesicles containing miR-128-3p led to upregulated NLRP3 protein expression and 
elevated inflammatory mediator levels. Furthermore, exogenous supplementation of miR-128-3p-overexpressing extra-
cellular vesicles resulted in more pronounced NLRP3 upregulation and significantly amplified proinflammatory 
responses TNF-α, IL-1β, and IL-6). Intriguingly, siRNA-mediated silencing of Rab20 similarly induced NLRP3 protein 
overexpression, consistent with previous mechanistic studies investigating the Rab20-NLRP3 regulatory axis in macro-
phage activation.

EVs carry a variety of molecules involved in intercellular communication and have garnered significant attention for their 
potential as drug delivery systems.54 Several engineering approaches have been explored for the loading of these vesicles. In this 
study, we investigated the nucleic acid loading of miR-128-3p agonists or inhibitors onto EVs isolated from lung tissue via 
electroporation. First, we assessed the effects of voltage and pulse duration on vesicle morphology, loading capacity, and 
miRNA transfer to target cells. Second, mild electroporation proved to be more effective and provided superior protection for 
miRNA against RNase degradation compared to direct incubation with EVs. Furthermore, electroporation preserved the original 
contents of the vesicles—including RNAs and proteins—and maintained their uptake capability by target cells, indicating that 
the integrity of the vesicles was not compromised during this process. Our findings demonstrate that lung tissue-derived EVs can 
be effectively and functionally loaded with miRNA using an electroporation method that maintains their structural integrity. 
Finally, this study also has certain limitations, as the origin of exosomes from pulmonary tissue was not tracked.

In summary, our study demonstrates the presence of abundant pulmonary alveolar exosomes in mice with ALI, which 
are specifically loaded with miRNAs, including miR-128-3p. In vivo experiments indicate that these pulmonary alveolar 
exosomes can effectively reach pulmonary macrophages and induce lung injury. Furthermore, in vitro studies reveal that 
miR-128-3p derived from pulmonary alveolar exosomes promotes macrophage proliferation and inflammation by 
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targeting Rab20. This research underscores the significance of pulmonary alveolar exosomes in modulating the activation 
process of macrophages. This novel intercellular communication pathway may enhance our understanding of ALI 
mechanisms following exposure to various stimuli, such as sepsis.

Conclusions
Ti-EVs miR-128-3p derived from lung tissue in sepsis-induced ALI activates the NLRP3 signaling pathway by targeting 
Rab20, leading to M1 polarization of macrophages and aggravating ALI. This study reveals the importance of extra-
cellular vesicles derived from lung tissue in regulating macrophage activation during sepsis. This novel intercellular 
communication pathway may help to better understand the mechanism of ALI after exposure to various stimuli (such as 
sepsis). In the future, it is necessary to further explore whether the level of miR-128-3p in Ti-EVs derived from lung 
tissue can serve as a prognostic biomarker for the progression of ALI in patients with sepsis.
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