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Abstract
Background  Acute lung injury (ALI) is characterized by excessive inflammation and alveolar damage, arising from 
pathogens or systemic insults such as sepsis, and can progress to severe acute respiratory distress syndrome (ARDS). 
Despite its severity, effective pharmacological treatments remain unavailable, and current clinical interventions are 
limited to supportive care such as mechanical ventilation. Mesenchymal stem cell-derived extracellular vesicles (MSC-
EVs) have emerged as promising candidates for lung repair, but insufficient immunosuppressive capacity often limits 
their efficacy.

Methods  Human adipose-derived mesenchymal stem cells (hADMSCs) were primed with IFN-γ and TNF-α to 
enhance the immunomodulatory properties of their secreted EVs. We characterized unprimed control MSC-EVs 
(C-MEVs) and primed MSC-EVs (P-MEVs) by transmission electron microscopy, nanoparticle tracking analysis, and 
western blotting for EV markers. Functional assays in THP-1 and A549 cells examined anti-inflammatory potency and 
barrier regeneration against lipopolysaccharide (LPS)-induced damage. A preclinical mouse model of LPS-induced 
ALI was used to evaluate inflammatory cytokine expression, immune cell infiltration, pulmonary edema, and vascular 
leakage. Finally, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)-infected Vero E6 cells were tested 
whether P-MEVs could mitigate the inflammatory damage characteristic of virus-triggered acute lung injury.

Results  Primed hADMSCs exhibited elevated expression of immunosuppressive molecules (e.g., COX-2, IDO, TSG-
6), without changing EV morphology or yield. P-MEVs mitigated LPS-induced inflammation more effectively than 
C-MEVs in THP-1 and A549 cells. In vivo, P-MEVs more robustly attenuated inflammatory cytokines, immune cell 
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Background
Acute lung injury (ALI) is characterized by an exces-
sive inflammatory response and alveolar damage, and 
can arise from various causes, including bacterial or 
viral infections, sepsis, and trauma [1]. The global cri-
sis of the COVID-19 pandemic has starkly highlighted 
the devastating impact of virus-induced ALI, which 
frequently progresses to acute respiratory distress syn-
drome (ARDS), a condition that typically requires 
intensive care unit admission due to its severity [2–5]. 
In ALI, pathogens or endotoxins infiltrate the alveolar 
space, activating immune and epithelial cells and trig-
gering a cytokine storm [6]. This heightened inflamma-
tory cascade increases vascular permeability, resulting 
in pulmonary edema and severe respiratory failure [1, 
4–6]. Currently, there are no efficacious pharmacologi-
cal therapies for ALI, and no definitive treatment exists 
for severe ARDS beyond supportive measures, including 
mechanical ventilation [6–10]. Consequently, there is an 
urgent need to develop effective therapeutic interven-
tions that suppress the cytokine storm and foster lung 
repair mechanisms for managing ALI.

Mesenchymal stem cell-derived extracellular vesicles 
(MSC-EVs) have emerged as a promising cell-free ther-
apeutic option for ALI due to their ability to modulate 
immune responses and facilitate tissue regeneration [11, 
12]. MSC-EVs, which are enriched with miRNAs, pro-
teins, and growth factors, have shown efficacy in pre-
clinical studies by alleviating cytokine storm-related 
complications such as alveolar inflammation, edema, 
and epithelial injury [13, 14]. In addition, MSC-EVs offer 
several advantages over cell-based therapies, including 
reduced immunogenicity, ease of storage, and the avoid-
ance of risks associated with MSC transplantation—such 
as pulmonary embolism [15, 16]. Despite these favorable 
therapeutic properties, MSC-EVs face clinical limitations 
due to their insufficient immunomodulatory capacity, 
resulting in suboptimal efficacy [17–19]. This limitation 
highlights the need for strategies that enhance the immu-
nomodulatory functions of MSC-EVs to advance their 
clinical translation.

Recent studies suggest that extracellular vesicles (EVs) 
derived from mesenchymal stem cells (MSCs) precon-
ditioned with inflammatory cytokines such as IFN-γ 
and TNF-α exhibit enhanced anti-inflammatory and 
immunosuppressive properties compared to EVs from 
unprimed MSCs. The immunomodulatory functions 
of MSCs are highly adaptable and responsive to the 
microenvironment, specifically influenced by the par-
ticular environment of the host cells [20]. Under inflam-
matory conditions, MSCs upregulate the secretion of 
key anti-inflammatory mediators, including COX-2, 
IDO, and TSG-6, which are critical in suppressing exces-
sive immune responses [21, 22]. Therefore, MSCs can be 
primed to enhance their immunosuppressive functions 
by replicating these inflammatory microenvironments 
in vitro, thereby significantly improving the therapeutic 
properties of the released EVs [23, 24]. Thus, inflamma-
tory priming represents a valuable strategy to overcome 
the current limitations of MSC-EVs in ALI treatment.

In this study, we investigated the enhanced immuno-
suppressive and tissue-regenerative properties of EVs 
released from human adipose-derived mesenchymal 
stem cells (hADMSCs) stimulated with IFN-γ and TNF-
α. We then evaluated the anti-inflammatory and tissue-
regenerative effects of these primed MSC-EVs (P-MEVs) 
in a preclinical mouse model of ALI induced by lipopoly-
saccharide (LPS). To investigate the broader applicabil-
ity of P-MEVs, we also extended our investigation as an 
exploratory study to an in vitro SARS-CoV-2 infection 
model, assessing their potential against lung cell injury of 
viral etiology. Finally, mechanistic analysis revealed that 
P-MEVs exhibit elevated expression of miRNAs that neg-
atively regulate inflammatory pathways, which play a piv-
otal role in their enhanced immunomodulatory function.

Materials and methods
Cell culture
hADMSCs were purchased from CEFObio (Seoul, 
Republic of Korea). THP-1 (TIB-202), A549-Luc2 (CCL-
185-LUC2), and Vero E6 (CRL-1586) were obtained 
from the American Type Culture Collection (Manassas, 
VA, USA). hADMSCs were cultured in CEFOgro human 

recruitment, and lung injury markers in mice challenged with LPS. In SARS-CoV-2-infected Vero E6 cells, P-MEVs 
suppressed cytopathic effects and inflammatory responses more potently than C-MEVs. Mechanistic analyses revealed 
that these enhancements were associated with elevated miRNA levels, including miR-221-3p, involved in inhibiting 
inflammatory pathways.

Conclusion  Inflammatory cytokine priming substantially augments the immunomodulatory and tissue-regenerative 
efficacy of hADMSC-derived EVs, offering superior therapeutic effects in ALI models and promising activity against 
SARS-CoV-2-induced lung damage. These findings underscore the therapeutic potential of P-MEVs as an innovative, 
cell-free platform for treating severe pulmonary disorders, including ARDS.
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MSC growth medium containing 10% supplements 
and 0.5% penicillin and streptomycin (CEFOgro-MSC, 
CEFObio) and used between passages 2 and 5. THP-1 
and A549-Luc2 were cultured in Roswell Park Memorial 
Institute medium (Hyclone, Logan, UT, USA) contain-
ing 10% heat-inactivated fetal bovine serum (FBS, Gibco; 
Thermo Fisher Scientific, Waltham, MA, USA) and 1x 
Antibiotic-Antimycotic solution (AA, CA002-010, Gen-
DEPOT, Katy, TX, USA). Vero E6 cells were cultured in 
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% heat-inactivated FBS and 1x AA. All 
cells were maintained at 37 °C in a humidified incubator 
with 5% CO2.

Inflammatory priming of hADMSCs with IFN-γ and TNF-α
To stimulate the hADMSCs with inflammatory factors, 
cells were seeded in 100  mm cell culture dishes (1 × 105 
cells/dish), and after 24 h, the supernatant was replaced 
with fresh culture medium containing IFN-γ (10 ng/mL, 
300-02-100UG; Peprotech, Rocky Hill, NJ, USA) and 
TNF-α (15 ng/mL, 300–01  A-50UG; Peprotech) as rec-
ommended by the International Society of Cell and Gene 
Therapy (ISCT) [25]. hADMSCs that were not primed 
using cytokines served as controls. After 24 h, the hAD-
MSC morphologies were examined by light microscopy, 
and their viability was measured by mitochondrial activ-
ity using the CellTiter 96 AQueous One Solution Cell 
Proliferation Assay System (MTS assay, G3582; Promega, 
Madison, WI, USA). Further, hADMSC counting was 
performed using an automated cell counter (LUNA-II; 
Logos Biosystems, Gyeonggi-do, Republic of Korea). 
In addition, cells were harvested for RNA and protein 
extraction.

Isolation of hADMSC-derived EVs
The EVs were isolated from both control and primed 
hADMSCs. Control and primed hADMSCs (1 × 105 
cells/100  mm dish) were maintained in 10 mL of MSC 
growth medium without supplements for 48 h. Cell cul-
ture media were collected twice every 24 h. The collected 
conditioned media were serially centrifuged at 300 x g 
for 5 min, 2500 x g for 20 min, and 10,000 x g for 30 min 
to remove cell debris and large vesicles, and the super-
natants were then filtered through 0.2 μm syringe filters. 
To remove soluble proteins and antibiotics, the resulting 
supernatants were subjected to a tangential flow filtra-
tion (TFF) system [26] equipped with 0.05 μm PS hollow 
fiber (D02-S05U-05-S; Repligen, Waltham, MA, USA). 
The supernatants were continuously circulated through 
a membrane filter system at a pressure of less than 20 
psi and exchanged with two volumes of phosphate-
buffered saline (PBS). The EVs were harvested in a final 
volume of approximately 10 mL. The prepared EVs were 
stored at − 80  °C until further use. Characterization of 

hADMSC-derived EVs was performed according to the 
minimal information for studies of extracellular vesicles 
(MISEV2023) guidelines [27].

Nanoparticle tracking analysis (NTA)
Immediately after isolating the MSC-EVs, the size distri-
bution and concentration were measured using Nano-
Sight LM10 (Nanosight, Salisbury, UK). To examine 
the movement and morphology of the nanoparticles, a 
monochromatic laser beam was applied at 405 nm, and 
a 30 s video was acquired at a rate of 30 frames/s and a 
camera level of 9. Captured vesicle movements were ana-
lyzed to measure particle size and concentration using 
the NTA software (version 2.3, Nanosight). NTA post-
acquisition settings were optimized and remained con-
stant between samples.

Transmission electron microscopy (TEM)
A fixative solution was prepared by combining 2.5% glu-
taraldehyde (Grade I, 25% in H2O; Sigma-Aldrich, St. 
Louis, MO, USA) and 1.5% formaldehyde (ACS reagent, 
37% by weight in H2O, containing 10–15% methanol as 
a stabilizer; Sigma-Aldrich) in 0.2 M sodium cacodylate 
buffer (pH 7.2, adjusted with HCl). The emulsion from 
the EVs was mixed with the fixative in a 1:1 v/v ratio. The 
mixture was incubated at 4 °C for 30 min, with pipetting 
performed every 10 min to ensure uniform distribution. 
After fixation, the EV solution was applied to a plasma-
cleaned gold (Au) TEM grid (200 mesh; TED Pella, Red-
ding, CA, USA). The grid was maintained at 4  °C for 
10 min before the excess solution was removed using fil-
ter paper. Next, the TEM grid was washed using 0.2  M 
sodium cacodylate buffer before deionized water (DIW) 
was used to remove the residual fixative. For negative 
staining, 1% uranyl acetate (98–102%; Electron Micros-
copy Sciences, Hatfield, PA, USA) was applied to the EV-
coated grid and left for 3 min before removal. The stained 
EVs were washed using DIW and air-dried at room tem-
perature. The prepared sample was then visualized using 
a transmission electron microscope (Hitachi HF-3300, 
Tokyo, Japan), and the resulting images were analyzed 
using ImageJ software (NIH, Bethesda, MD, USA).

Western blot analysis
Total proteins were extracted from the hADMSCs, MSC-
EVs, mouse lung tissue, and Vero E6 using cell lysis buf-
fer (9803; Cell Signaling Technology, Danvers, MA, USA) 
supplemented with a protease/phosphatase inhibitor 
cocktail (5872; Cell Signaling Technology), on ice. After 
centrifugation at 13,000  rpm for 10  min, the superna-
tants were collected, and protein concentrations were 
quantified using the bicinchoninic acid protein assay 
kit (23225; Thermo Fisher Scientific). In total, 20  µg of 
protein was denatured in sodium dodecyl sulfate (SDS) 
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sample buffer containing 2% 2-mercaptoethanol and 
boiled for 10  min. SDS-PAGE was performed to sepa-
rate each sample before the proteins were transferred 
to nitrocellulose membranes (IB301002; Invitrogen; 
Thermo Fisher Scientific). The membranes were blocked 
using 5% BSA in 0.1% Tween-20 in Tris-buffered saline 
for 1  h and incubated with primary antibodies at 4  °C 
overnight. Then, the blots were probed using the speci-
fied HRP-conjugated secondary antibody. The follow-
ing primary antibodies (1:1000): anti-GM130 antibody 
(610822; BD Life Sciences, Franklin Lakes, NJ, USA), 
anti-ALIX antibody (ab117600; Abcam, Cambridge, UK), 
anti-TSG101 antibody (ab30871; Abcam), anti-β-Actin 
antibody (4967; Cell Signaling Technology), anti-COX2 
antibody (12282; Cell Signaling Technology), anti-Stat3 
antibody (12640; Cell Signaling Technology), anti-p-Stat3 
antibody (9145; Cell Signaling Technology), anti-NF-κB 
p65 antibody (8242; Cell Signaling Technology), anti-p-
NF-κB p65 antibody (3033; Cell Signaling Technology), 
and secondary antibodies (1:2000): anti-rabbit IgG, HRP-
conjugated antibody (7076; Cell Signaling Technology), 
anti-mouse IgG, HRP-conjugated antibody (7074; Cell 
Signaling Technology) were used and the protein bands 
were detected using chemiluminescent substrate (34095; 
Thermo Fisher Scientific). The ChemiDoc XRS + sys-
tem (Bio-rad, Hercules, CA, USA) was used to quantify 
protein levels, and the relative protein expressions were 
measured using ImageJ software (NIH).

Quantitative reverse transcription-polymerase chain 
reaction (qRT-PCR)
Total RNA was extracted from hADMSCs, THP-1, A549, 
mouse lung tissue, and Vero E6 using the MiniBEST Uni-
versal RNA Extraction kit (9767; TaKaRa, San Jose, CA, 
USA). Complementary DNA strands were synthesized 
from the isolated RNA using the PrimeScipt First Strand 
cDNA Synthesis kit (6110 A; TaKaRa). Gene expression 
was assessed by qRT-PCR using the TB Green Premix Ex 
Taq kit (RR420A; TaKaRa). Triplicate reactions were per-
formed in a 20 µL volume with specific primer pairs using 
the StepOnePlus qRT-PCR System (Applied Biosystems; 
Thermo Fisher Scientific). The mRNA expression levels 
were normalized to glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH). A comparative threshold cycle (Ct) 
analysis was used to calculate the relative mRNA amount 
of samples after normalization with GAPDH. Data are 
expressed as modified 2(−ΔΔCt) values from the original 
Ct values. The primer sequences used in this analysis are 
listed in Table S1.

In vitro studies with THP-1 macrophage-like cells and A549 
lung epithelial cells
THP-1 cells were cultured in a medium supplemented 
with 50 nM phorbol-12-myristate 13-acetate (PMA; 

P8139; Sigma-Aldrich) to induce differentiation into 
adherent macrophage-like cells. After 48 h of PMA treat-
ment, THP-1 macrophage-like cells were washed and 
allowed to grow in PMA-free culture medium for the 
next 24 h. To investigate the effect of MSC-EVs on LPS-
induced inflammatory responses, THP-1 macrophage-
like cells and A549 cells were pretreated with different 
concentrations of MSC-EVs (10, 100, and 1000 EVs/cell) 
for 2 h to ensure cellular uptake and then activated with 
LPS from E. coli 0111:B4 (L2630; Sigma-Aldrich). RNA 
was isolated after 6  h for qRT-PCR, and the culture 
supernatant was harvested for ELISA after 24 h.

Enzyme-linked immunosorbent assay (ELISA)
Cell culture supernatants and lung tissue homogenates 
were collected after centrifugation at 550 x g for 10 min. 
The TNF-α, IL-1β, and IL-6 levels in THP-1 and A549 
supernatants and mouse lung tissue were measured 
using ELISA kits (88-7326 for human TNF-α, 88-7261 
for human IL-1β, 88-7066 for human IL-6, 88-7324 for 
mouse TNF-α, 88-7013 for mouse IL-1β, 88-7064 for 
mouse IL-6; Invitrogen; Thermo Fisher Scientific) accord-
ing to the manufacturer’s recommendations. Absorbance 
was measured at 450  nm using a VersaMax microplate 
reader (Molecular Devices, San Jose, CA, USA).

Cell viability assay
The MTS assay was used to analyze the effect of MSC-
EVs on the viability of LPS-treated A549 cells. Here, 
A549 cells (5 × 103 cells/well) were seeded in a 96-well 
plate and allowed to adhere for 16  h. Subsequently, to 
facilitate internalization, the cells were pretreated with 
different concentrations of MSC-EVs (10, 100, and 1000 
EVs/cell) for 2 h. Following pretreatment, the cells were 
activated using LPS (500 µg/mL) for 24 h.

To investigate the cytotoxicity of MSC-EVs and LPS 
on THP-1 macrophage-like cells, A549 cells, and Vero 
E6 cells, each cell type was seeded at a density of 5 ×  
104 cells/mL (100 µL) in a 96-well plate for 16 h. The cells 
were then incubated with different concentrations of 
MSC-EVs and LPS for 24 h. Untreated cells were used as 
control groups. MTS reagent (20 µL) was added to each 
well and incubated at 37  °C for 2 h, and the absorbance 
was measured at 490  nm using a VersaMax Microplate 
Reader (Molecular Devices).

In vitro epithelial cell permeability assay
A549 cells (1 × 105 cells per well) were cultured on 0.4 μm 
pore size Transwell inserts (353095; Falcon, Corning, NY, 
USA) in a 24-well plate until a confluent monolayer was 
formed. The cells were then treated with different con-
centrations of MSC-EVs (10, 100, and 1000 EVs/cell) for 
2  h to facilitate internalization. Next, LPS (500  µg/mL) 
was added to each well for an additional 24 h, after which 
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the upper chamber medium was replaced with a medium 
containing 500 µg/mL FITC-conjugated 40 kDa dextran 
(53379; Sigma-Aldrich). After 3 h, the fluorescence inten-
sity in the lower chambers was measured using an EnVi-
sion multimode plate reader (PerkinElmer, Waltham, 
MA, USA) at excitation and emission wavelengths of 
485 nm and 530 nm, respectively.

Animals and LPS-induced ALI mouse model
All in vivo experimental protocols were ethically 
approved by the DGIST Institutional Animal Care and 
Use Committee (IACUC; approval number: DGIST-
IACUC-24010205-0000). The work has been reported in 
line with the ARRIVE guidelines 2.0. Male C57BL/6 mice, 
8 weeks of age, were purchased from Orient Bio (Seong-
nam-si, Republic of Korea) and maintained under stan-
dard conditions (20–24  °C, 45–65% relative humidity) 
with a 12 h light–dark cycle. For intravenous injections of 
LPS or EVs, mice were briefly anesthetized with 2% iso-
flurane via inhalation. Euthanasia was performed by CO2 
inhalation in accordance with institutional guidelines. To 
establish the LPS-induced ALI mouse model, random-
ized mice received an intravenous injection of 5  mg/kg 
LPS, while control mice received an equal volume of PBS. 
LPS-treated mice received a daily dose of 150 µL MSC-
EVs (6.0 ×  109 particles) by tail vein injection (6.0 ×  109 
particles) at 4 h, 24 h, and 48 h after LPS treatment. Con-
trol and LPS-only treated groups received 150 µL of PBS 
at the same time points. (10 mice/group, total 40 mice 
per experiment). Mice had ad libitum access to a normal 
chow diet and water, and body weight was monitored 
daily. Mice were euthanized 72  h after LPS treatment, 
and lung tissues were collected for subsequent experi-
ments. One portion of lung tissue was removed from 
five mice in each group and fixed with 4% paraformal-
dehyde (PFA) for histological analysis. Another portion 
was frozen in liquid nitrogen for RNA and protein extrac-
tion, and a third portion of lung tissue was used for cell 
isolation. For the other five mice in each group, the left 
lung was used to measure the wet-to-dry (W/D) ratios, 
and the right lung was used for Evans blue extravasation 
analysis. Mice that died were excluded from the statisti-
cal analysis.

Flow cytometry
Lung tissue was minced into small pieces of less than 1 
mm3 on ice, placed on a strainer in a 50 mL conical tube, 
and crushed with the blunt end of a 10 mL syringe. Sam-
ples were washed with RPMI and resuspended in 500 
µL of Red Blood Cell Lysing Buffer Hybri-Max (R7757; 
Sigma-Aldrich) for 5 min. Then, 4.5 mL of PBS was added 
for washing, and the samples were centrifuged at 550 × 
g to obtain the cells. All cells were fixed using 4% PFA 
mixed in PBS and incubated at room temperature for 

10 min. After blocking, the cells were stained with the fol-
lowing fluorescence-conjugated antibodies: anti-CD45-
APC-Cy7 antibody (103115, clone 30-F11; Biolegend, 
San Diego, CA, USA), anti-Ly6G-FITC antibody (127605, 
clone 1A8; Biolegend), anti-Siglec-F-BV421 antibody 
(565934, clone E50-2440; BD Life Sciences), anti-F4/80-
eFluor™ 506 antibody (69-4801-80, clone BM8; Invitro-
gen; Thermo Fisher Scientific), anti-CD11b-PE antibody 
(24965; Cell Signaling Technology), and anti-CD11c-APC 
antibody (33293; Cell Signaling Technology). Cell popu-
lations were analyzed using CytoFLEX (Beckman Coul-
ter, Brea, CA, USA) and the data were analyzed using 
CytExpert software (Beckman Coulter).

Lung W/D ratio
The severity of pulmonary edema was assessed by deter-
mining the W/D ratio in the lung. After the lungs were 
removed and washed using PBS, surface moisture was 
removed with clean filter paper, and the wet weight was 
recorded. The tissue was then placed in an oven at 60 °C 
for 48  h to obtain the dry weight. The W/D ratio was 
calculated to evaluate the moisture content of the lung 
tissue.

Evans blue dye extravasation
To assess lung barrier permeability, mice were injected 
intravenously 2  h before euthanasia with 100 µL of 1% 
Evans Blue (E2129; Sigma-Aldrich) mixed in PBS. The 
excised lung tissues were weighed and incubated with 
formamide at 60 °C for 48 h. After incubation, the sam-
ples were centrifuged at 12,000 x g for 20 min. The optical 
density of the supernatant was measured at 620 nm using 
a VersaMax Microplate Reader (Molecular Devices). The 
extravasated Evans blue dye concentration was deter-
mined using a standard curve and expressed as µg of 
Evans blue dye per g of lung tissue.

Hematoxylin and Eosin (H&E) staining
Harvested lungs were fixed in 4% (v/v) paraformaldehyde 
overnight, dehydrated, cleared, and embedded in paraf-
fin. Paraffin-embedded tissues were then sectioned into 
5  μm slices. Lung tissue sections were deparaffinized, 
rehydrated, and then stained with H&E. After stain-
ing and dehydration, the glass slides containing the tis-
sue sections were mounted in mounting solution and 
photographed under a Nikon Eclipse Ni-E light micro-
scope (magnification, x40 and x200; Nikon Corp., Tokyo, 
Japan).

Virus amplification
The SARS-CoV-2 isolate (NCCP No. 43326) was 
obtained from the National Culture Collection for Patho-
gens (Osong, Republic of Korea). To amplify a virus 
stock, the Vero E6 cells (2 × 106 cells in T75 culture flasks) 
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were infected with the virus at a multiplicity of infec-
tion (MOI) of 0.1. The virus supernatant was harvested 
with a 50% cytopathic effect (CPE). The plaque assay was 
employed to perform the virus titration in Vero E6 cells 
(6-well plate, 4 × 105 cells/well). All experiments using the 
SARS-CoV-2 strain were conducted in the Biosafety Lab-
oratory Level 3 facility at the Korea Zoonosis Research 
Institute (KoZRI), Jeonbuk National University (Iksan, 
Republic of Korea).

SARS-CoV-2 infection in Vero E6 cells
Vero E6 cells (1.5 × 105 cells per well) were seeded in 
6-well plates overnight. To avoid overinfection and 
excessive cell toxicity, an MOI of 0.003 was used and 
the cells were inoculated with 200 µL of SARS-CoV-2. 
The non-infected control received DMEM media only. 
After incubation at 37  °C with 5% CO2 for 1  h, rock-
ing every 15  min, the inoculum was removed. The cells 
were washed once with DMEM media and replenished 
in 2 mL of DMEM containing 2% FBS, 1x AA, and vari-
ous concentrations of MSC-EVs (10, 100, and 1000 EVs/
cell) for an additional 48 h. Images confirming CPE were 
captured using a microscope (DMi8; Leica, Wetzlar, Ger-
many). Cell pellets were obtained by removing the super-
natant, washing with 1 mL of cold PBS, and scraping the 
monolayer with 1 mL of fresh PBS. After centrifugation 
at 300 x g and 4  °C for 5 min, the cells were frozen at 
-80 °C for subsequent RNA and protein extraction.

Small RNA isolation from EVs
RNA was isolated from EVs using TRIzol LS reagent 
(10296028; Invitrogen; Thermo Fisher Scientific) accord-
ing to the manufacturer’s instructions. RNA quality was 
evaluated using an Agilent 2100 bioanalyzer equipped 
with an RNA 6000 Nano Chip (Agilent Technologies, 
Santa Clara, CA, USA). RNA quantification was per-
formed using a NanoDrop 2000 spectrophotometer 
(Thermo Fisher Scientific).

MiRNA library preparation and sequencing
A small RNA library was prepared using the NEBNext 
Multiplex Small RNA Library Prep kit (New England Bio-
labs, Ipswich, MA, USA) according to the manufacturer’s 
protocol. To construct the library, cDNA synthesis was 
initiated by adaptor ligation using 1 µg of total RNA from 
each sample, followed by reverse transcription using 
adaptor-specific primers. The library was amplified by 
PCR and purified using the QIAquick PCR Purification 
kit (Qiagen, Hilden, Germany) and AMPure XP beads 
(Beckman Coulter). Then, the yield and size distribution 
of the small RNA libraries were analyzed using an Agi-
lent 2100 Bioanalyzer alongside a high-sensitivity DNA 
assay (Agilent Technologies, USA). High-throughput 

sequencing was performed by single-ended 75 sequenc-
ing using the NextSeq500 system (Illumina, San Diego, 
CA, USA).

MiRNA data analysis
The data were analyzed using the Bowtie2 software tool 
to generate a bam file (alignment file). Mapping was 
based on the mature miRNA sequence. Read counts 
mapped to the mature miRNA sequences were extracted 
from the alignment file using the bed tool (version 2.25.0) 
and Bioconductor, which uses the R (version 3.2.2) statis-
tical programming language (R Development Core Team, 
2011). These read counts were used to assess the miRNA 
expression levels, with comparisons between samples 
performed using the quantile normalization method. 
miRWalk 2.0 was used for miRNA target exploration. 
Data mining and visualization were performed using 
ExDEGA (Ebiogen Inc., Republic of Korea). GO (Gene 
Ontology) enrichment and KEGG (Kyoto Encyclope-
dia of Genes and Genomes) pathway analyses were per-
formed for target genes using the online computational 
resource DIANA-miRPath v4.0 with target selection 
from TargetScan v.8.0 [28].

Statistical analysis
All values are presented as the mean ± standard error of 
the mean (SEM), as indicated in the figure legends. Sta-
tistical comparisons between the two groups were per-
formed using an unpaired, two-tailed Student’s t-test. 
Differences between multiple groups were statistically 
analyzed using a one-way analysis of variance (ANOVA) 
or two-way ANOVA, with the Holm–Sidak multiple 
comparison test for post hoc analysis. Values of *p < 0.05, 
**p < 0.01, ***p < 0.001, and ****p < 0.0001 were applied to 
indicate statistical significance, and the p-values are fur-
ther specified in the figure legends. Statistical analysis 
was performed using GraphPad Prism 8 (GraphPad Soft-
ware, San Diego, CA, USA).

Results
Characterization of hADMSC-derived EVs
We treated hADMSCs with the inflammatory cytokines 
IFN-γ and TNF-α to enhance the potency of their EVs, 
following ISCT recommendations [25]. After stimula-
tion, there were no significant differences in cell mor-
phology, proliferation, or viability between control and 
primed hADMSCs (Figure S1a–c). Nonetheless, the 
primed hADMSCs displayed significantly increased 
mRNA levels of COX-2, A20, and TSG-6 (Figure S1d), 
along with higher COX-2 and IDO protein expression 
(Figure S1e), indicating enhanced immunosuppressive 
capacity without altering basic cellular properties. To 
determine whether inflammatory priming could affect 
the characteristics of EVs, we first isolated EVs from the 
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Fig. 1 (See legend on next page.)
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culture supernatant of both control and primed hADM-
SCs using the TFF system (Fig.  1a). TEM revealed that 
both control MSC-EVs (C-MEVs) and P-MEVs were 
round and cup-shaped (Fig. 1b) with an average diameter 
of approximately 95 nm (Fig. 1c). NTA revealed that both 
C-MEVs and P-MEVs had a similar size distribution of 
vesicles with no differences in the levels of EV secretion 
(Fig.  1d). In addition, C-MEVs and P-MEVs were found 
to have comparable expressions of EV markers, including 
Alix and TSG101 (Fig. 1e), while no signal was observed 
for GM130 (Golgi marker), suggesting that the EVs were 
successfully isolated with minimal contamination. These 
results indicate that inflammatory priming did not affect 
the morphology, size, and EV marker expression of hAD-
MSC-derived EVs.

To assess whether inflammatory priming affects the 
cellular uptake efficiency of EVs, we performed a time-
course uptake assay using DiR-labeled C-MEVs and 
P-MEVs in THP-1 and A549 cells. Flow cytometric anal-
ysis revealed that both cell types efficiently internalized 
EVs, with P-MEVs exhibiting consistently higher fluores-
cence signals than C-MEVs, particularly at the 8 h time 
point (Fig.  1e. These results suggest that inflammatory 
priming enhances the uptake of EVs by recipient cells, 
which may contribute to their increased therapeutic 
efficacy.

P-MEVs ameliorate LPS-induced inflammation and damage 
in macrophages and lung epithelial cells
ALI is a prevalent pulmonary condition marked by epi-
thelial and endothelial barrier disruption, and neutro-
philic infiltration [1, 6]. Macrophages play a key role in 
mediating inflammatory responses by activating proin-
flammatory pathways [29]. In particular, LPS is widely 
recognized as a potent proinflammatory stimulant for 
macrophages and lung epithelial cells [30]. It is also well 
known that proinflammatory cytokines such as TNF-α, 
IL-1β, and IL-6 are key mediators in LPS-induced inflam-
matory responses [31]. Based on preliminary experi-
ments (Figure S2a, b), we treated THP-1 cells with 5 µg/
mL LPS and A549 cells with 50  µg/mL LPS to induce 
robust inflammation without excessive cytotoxicity. 
Neither C-MEVs nor P-MEVs impaired cell viability at 
any dose (Figure S2c, d). Under these conditions, LPS 
significantly elevated TNF-α, IL-1β, and IL-6 mRNA 

levels in both THP-1 and A549 cells (Fig. 2a, b), provid-
ing a suitable platform to assess the immunomodula-
tory capacity of MSC-EVs. Co-treatment with C-MEVs 
or P-MEVs attenuated LPS-induced inflammation in a 
dose-dependent manner, with P-MEVs displaying a more 
pronounced effect than C-MEVs (Fig.  2a, b). To further 
evaluate secreted cytokines, conditioned media were 
analyzed by ELISA. Consistent with the transcriptional 
data, LPS stimulation significantly increased TNF-α, 
IL-1β, and IL-6 levels. In both LPS-induced THP-1 and 
A549, treatment with C-MEVs or P-MEVs suppressed 
these proinflammatory mediators in a dose-dependent 
manner, with P-MEVs again showing greater efficacy 
than C-MEVs (Fig. 2c, d).

Next, we evaluated the ability of MSC-EVs to restore 
lung epithelial barrier integrity by measuring cell viabil-
ity and epithelial permeability in LPS-treated A549 cells. 
Compared to the control group, LPS treatment sig-
nificantly reduced cell viability (Figs.  3a, b, and S3) and 
induced monolayer damage, increasing cell permeabil-
ity to FITC–dextran levels (Fig.  3d). Co-treatment with 
C-MEVs or P-MEVs effectively suppressed the cytotox-
icity and epithelial barrier dysfunction in LPS-treated 
A549 cells in a dose-dependent manner, with P-MEVs 
showing a more pronounced effect compared to C-MEVs 
(Fig. 3a–d). These results suggest that inflammatory cyto-
kine-primed MSC-EVs exert superior protective effects 
against LPS-induced damage compared to unstimulated 
MSC-EVs. In conclusion, the stimulation of hADMSCs 
using inflammatory cytokines produces EVs that exert 
protective effects against LPS-induced inflammation and 
permeability damage.

P-MEVs alleviate inflammation in an LPS-induced ALI 
mouse model
LPS instillation into the lung is a widely used model to 
induce ALI in animals and shares key pathologic features 
with ALI, such as alveolar space thickening and elevated 
levels of inflammatory cytokines [32]. To confirm the 
therapeutic efficacy of P-MEVs in ALI in vivo, we estab-
lished a mouse model of ALI by intravenous injection of 
5  mg/kg LPS. Subsequently, the mice received daily tail 
vein injections of MSC-EVs (Fig.  4a). This intravenous 
administration route was chosen as it is the most estab-
lished and reproducible method for such preclinical 

(See figure on previous page.)
Fig. 1  Characterization of hADMSC-derived EVs
(a) Schematic diagram showing the steps involved in the production of EVs isolated from control (C-MEVs) or primed hADMSCs (P-MEVs). Created using 
BioRender.com. (b) Representative TEM image of EVs derived from control and primed hADMSCs. Black scale bars represent 200 nm (left) and 100 nm 
(right). (c) The average diameter of EVs measured from the images in (b). n = 150. (d) NTA depicting the size distribution and representative video images 
of C-MEVs and P-MEVs. The observed size range of EVs was 50–200 nm. (e) Immunoblotting for representative cell and EV markers in cell lysate and EVs 
isolated from the indicated samples (Full-length blots are presented in Supplementary Figure S9a). (f) Time-course analysis of DiR-labeled EV uptake in 
A549 and THP-1 cells. Cells were incubated with 1000 EVs/cell, and intracellular fluorescence was quantified by flow cytometry at 0, 8, 16, and 24 h. n = 4. 
Data are presented as the mean ± standard error of the mean (SEM), analyzed by unpaired two-tailed Student’s t-test for (c), and by two-way ANOVA fol-
lowed by the Holm–Sidak multiple comparison test for (f). Statistical differences in post hoc tests are indicated as ns = not significant, and ****p < 0.0001
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models, ensuring reliable assessment of therapeutic 
potential [33]. After LPS treatment, mice showed a grad-
ual decrease in body weight. However, the administration 
of either C-MEVs or P-MEVs significantly attenuated this 
body weight loss, and the effect was particularly remark-
able following P-MEVs administration (Fig.  4b). After 
three days of LPS treatment, lung tissues were harvested 
and evaluated for inflammatory response and ALI. First, 
we analyzed the mRNA expression levels of proinflam-
matory cytokines, including TNF-α, IL-1β, and IL-6 in 
the lung tissue. LPS treatment significantly upregulated 
the mRNA expression of these cytokines compared to the 
control group. Notably, mice injected with either C-MEVs 
or P-MEVs showed a decrease in the mRNA expression of 
inflammatory cytokines compared to those treated with 
LPS alone, with P-MEVs demonstrating superior efficacy 
over C-MEVs (Fig. 4c). We further investigated the effect 
of MSC-EVs on protein levels of proinflammatory cyto-
kines using ELISA. LPS treatment significantly increased 
the secretion of proinflammatory cytokines in the lung 
tissue of mice, which was ameliorated by administering 
either C-MEVs or P-MEVs (Fig. 4d). Western blot analy-
sis of lung homogenates revealed a significant increase 
in the phosphorylation of STAT3 and NF-κB, key proin-
flammatory signaling pathways, in LPS-challenged mice. 
In contrast, administration of either C-MEVs or P-MEVs 
attenuated these inflammatory signaling pathways, 
with P-MEV administration showing enhanced efficacy 
(Fig. 4e). Having established that P-MEVs mitigate both 
cytokine production and inflammatory signaling, we next 
explored how these treatments affect immune cell infil-
tration in the lung. Accordingly, we performed a flow 
cytometric analysis of neutrophils, monocyte-derived 
macrophages, and alveolar macrophages on lung homog-
enates. LPS-treated mice showed significantly increased 
recruitment of neutrophils and monocyte-derived mac-
rophages. Conversely, administration of either C-MEVs 
or P-MEVs decreased the amount of these cells (Figs. 4f 
and S4). In addition, we also observed that administra-
tion of either C-MEVs or P-MEVs to LPS-treated mice 
increased the proportion of alveolar macrophages, the 
subset necessary for tissue homeostasis and repair dur-
ing ALI. Notably, the administration of P-MEVs had a 
greater impact on reducing ALI than the administration 
of C-MEVs, consistent with previous results (Figs.  4f 
and S4). These results demonstrate that P-MEVs have 
superior efficacy to C-MEVs against LPS-induced lung 
inflammation, highlighting their potential as an advanced 
therapeutic approach for ALI.

P-MEVs attenuate LPS-induced lung injury, pulmonary 
edema, and vascular leakage
Improving key pathological features such as lung injury, 
pulmonary edema, and vascular leakage is critical in 

treating ALI, as these indicators are directly related to 
disease severity and patient outcomes [34, 35]. First, we 
evaluated the effects of administering P-MEVs on LPS-
induced lung injury, pulmonary edema, and vascular 
leakage. Histological analysis of lung sections revealed 
substantial lung damage in LPS-treated mice, including 
immune cell infiltration and increased alveolar wall thick-
ness (Fig.  5a). However, administering P-MEVs notably 
attenuated this damage, as evidenced by reduced immune 
cell infiltration and alveolar wall thickening (Fig.  5a). 
Administering C-MEVs showed similar improvements, 
though to a lesser extent (Fig. 5a). To further evaluate the 
effect of administering MSC-EVs on LPS-induced pul-
monary edema, we measured the lung index and W/D 
ratio of each group. Compared to the control group, 
both parameters were significantly increased in the LPS-
treated group. However, administering either C-MEVs 
or P-MEVs markedly reduced pulmonary edema in LPS-
challenged mice (Fig. 5b, c). We measured the leak index 
using Evans blue to assess the severity of lung vascular 
leakage. Evans blue leakage increased in the LPS-treated 
group compared to the normal group. However, admin-
istering either C-MEVs or P-MEVs reduced capillary 
permeability compared to the LPS-only treated group 
(Fig. 5d). Interestingly, P-MEV administration was asso-
ciated with a further improvement in pulmonary edema 
and vascular leakage compared to C-MEV administration 
(Fig. 5b–d). Collectively, P-MEVs showed a superior abil-
ity to alleviate lung injury, reduce pulmonary edema, and 
improve vascular integrity in LPS-treated mice, demon-
strating greater therapeutic potential than C-MEVs.

P-MEVs ameliorate the SARS-CoV-2-induced damage in 
SARS-CoV-2-infected cells
To explore whether P-MEVs could alleviate the inflam-
matory responses associated with coronavirus disease 
2019 (COVID-19)-induced damage, we examined the 
anti-inflammatory efficacy of MSC-EVs in SARS-CoV-
2-infected Vero E6 cells. The Vero E6 cell line, derived 
from African green monkey kidney epithelial cells, is 
commonly used to study SARS-CoV-2 due to its high 
expression of ACE2 receptors, which are critical for viral 
entry [36]. SARS-CoV-2 infection triggers inflamma-
tory responses, increasing proinflammatory cytokines 
and chemokines [37, 38]. We assessed the cytotoxicity 
of MSC-EVs on Vero E6 cells by administering different 
concentrations of C-MEVs or P-MEVs. Both C-MEVs 
and P-MEVs were observed to be non-toxic, even at high 
doses (Figure S6). Vero E6 cells were then infected with 
SARS-CoV-2 at 0.003 MOI and incubated for 1 h. MSC-
EVs were treated after the virus was removed. After 48 h, 
CPE was evaluated by microscopy. SARS-CoV-2-infected 
cells showed severe CPE, but treatment with C-MEVs 
or P-MEVs effectively suppressed the viral toxicity in 
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Fig. 2  Evaluation of the anti-inflammatory effects of P-MEVs against LPS-induced inflammation in macrophages and lung epithelial cells
Macrophages and lung epithelial cells were pretreated with MSC-EVs (C-MEVs or P-MEVs) or PBS for 2 h, followed by exposure to the indicated concentra-
tion of LPS for the indicated periods. (a) qRT-PCR analysis of relative mRNA expression levels of TNF-α, IL-1β, and IL-6 in THP-1 cells 6 h post LPS exposure 
(5 µg/mL). n = 3. (b) qRT-PCR analysis of relative mRNA expression levels of TNF-α, IL-1β, and IL-6 in A549 cells 6 h post LPS exposure (50 µg/mL). n = 3. 
(c) ELISA analysis of TNF-α, IL-1β, and IL-6 levels in THP-1 cells 24 h after LPS exposure (5 µg/mL). n = 3. (d) ELISA analysis of TNF-α, IL-1β, and IL-6 levels in 
A549 cells 24 h after LPS exposure (50 µg/mL). n = 3. C, control; P, primed. Data are presented as the mean ± SEM, analyzed by one-way ANOVA, followed 
by the Holm–Sidak multiple comparison test. Statistical differences in post hoc tests are indicated as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001
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a dose-dependent manner (Fig.  6a). Furthermore, we 
investigated the influence of MSC-EVs on inflamma-
tion by measuring changes in mRNA expression levels of 
inflammatory markers associated with COVID-19 sever-
ity, including TNF-α, IL-1β, IL-6, CCL2, and CXCL10. 
SARS-CoV-2 infection strongly upregulated the mRNA 
expression of the aforementioned inflammatory cyto-
kines and chemokines. However, treatment with C-MEVs 
or P-MEVs effectively suppressed the SARS-CoV-2-in-
duced inflammation in a dose-dependent manner, with 
enhanced effects observed when MSC-EVs were primed 
with inflammatory cytokines (Fig.  6b). Taken together, 

these findings suggest that P-MEVs are promising candi-
dates for mitigating SARS-CoV-2-induced inflammation, 
as they more effectively reduce viral cytotoxicity and 
inflammatory responses than C-MEVs, potentially point-
ing toward future applications in COVID-19-related lung 
injury.

MiRNAs enriched in P-MEVs suppress LPS-induced 
inflammation in macrophages and enhance therapeutic 
potential against ALI
It is well-established that miRNAs mediate the thera-
peutic effects of MSC-EVs in ALI [39, 40]. Therefore, we 

Fig. 3  Evaluation of the tissue regenerative effects of P-MEVs against LPS-induced damage in lung epithelial cells
Lung epithelial cells were pretreated with MSC-EVs (C-MEVs or P-MEVs) or PBS for 2 h, followed by exposure to LPS (500 µg/mL) for 24 h. (a, b) Assessment 
of cell viability in A549 cells by (a) MTS assay (n = 5) and (b) in vitro bioluminescence assay (n = 6). (c, d) Assessment of epithelial permeability in A549 cells 
by measuring the fluorescence intensity of FITC–dextran. (c) Experimental scheme (created using BioRender.com) and (d) relative permeability (n = 4). C, 
control; P, primed; C-MEV, control MSC-EV; P-MEV, primed MSC-EV. Data are presented as the mean ± SEM, analyzed by one-way ANOVA, followed by the 
Holm–Sidak multiple comparison test. Statistical differences in post hoc tests are indicated as ***p < 0.001 and ****p < 0.0001
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Fig. 4 (See legend on next page.)
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compared overall miRNA profiles between C-MEVs and 
P-MEVs using miRNA sequencing (miRseq) to inves-
tigate the potential contributing factors that enhanced 
the efficacy of P-MEVs in ALI treatment. A total of 193 
miRNAs were found in C-MEVs and P-MEVs, with 101 
miRNAs in P-MEVs showing more than twice the expres-
sion level of those in C-MEVs (Fig.  7a). To explore the 
genes targeted by the top 10 miRNAs highly expressed 
in P-MEVs (expression changes by P-MEVs were greater 
than 2-fold compared to C-MEVs), we further conducted 
GO and KEGG pathway analyses (Figure S7a, b). The GO 
analysis revealed that the identified miRNAs were pre-
dominantly associated with transcriptional regulation, 
protein binding, and DNA-binding transcription factor 
activity (Figure S7a). KEGG analysis highlighted path-
ways such as proteoglycans in cancer and the mitogen-
activated protein kinase signaling pathway (Figure S7b). 
Notably, miRseq analysis revealed that both C-MEVs 
and P-MEVs contained miRNAs critical for regulat-
ing the immune response, promoting tissue regenera-
tion, and, importantly, suppressing inflammation (Figure 
S8a–c). These key miRNAs, detected in both groups, 
highlight the fundamental role of miRNAs in modulat-
ing inflammatory processes and enhancing the thera-
peutic potential of MSC-EVs in ALI treatment. Based on 
these miRseq data, we hypothesized that miRNAs asso-
ciated with negatively regulating inflammation suppress 
the LPS-induced inflammation. Among the 23 miRNAs 
involved in negatively regulating inflammation, seven 
whose expression was increased by more than 600-fold 
in P-MEVs compared to C-MEVs were selected to assess 
their influence on the secretion of proinflammatory cyto-
kines in macrophages (Fig.  7b). We transfected THP-1 
cells with each miRNA mimic and evaluated the reduc-
tion in the LPS-induced secretion of proinflammatory 
cytokines. Compared to the control group, stimulation 
with 5 µg/mL LPS resulted in a significant increase in the 
secretion of TNF-α, IL-1β, and IL-6 in non-transfected 
THP-1 cells (Fig.  7c–e). Conversely, miR-221-3p down-
regulated the protein levels of TNF-α and IL-1β in LPS-
treated THP-1 cells (Fig. 7c, d). Interestingly, all miRNAs 
(miR-24-3p, miR-92a-3p, miR-423-3p, miR-221-3p, 

miR-155-5p, miR-29a-3p, and miR-25-3p) significantly 
reduced IL-6 secretion in LPS-treated THP-1 cells 
(Fig.  7e). To further validate that miR-221-3p is a key 
mediator of the enhanced therapeutic effects of P-MEVs, 
we conducted a critical loss-of-function experiment. We 
transfected THP-1 cells with a specific miR-221-3p inhib-
itor prior to treatment with P-MEVs under LPS-induced 
inflammatory conditions. Notably, the functional inhibi-
tion of miR-221-3p in recipient cells markedly abrogated 
the superior anti-inflammatory capacity of P-MEVs. The 
ability of P-MEVs to suppress the production of TNF-α, 
IL-1β, and IL-6 was significantly reversed, confirming 
that their therapeutic effect is critically dependent on 
miR-221-3p activity (Fig. 7f–h). In conclusion, these find-
ings suggest that the enhanced efficacy of P-MEVs in ALI 
treatment may be due to the expression of specific miR-
NAs and their anti-inflammatory effects.

Discussion
The primary objective of this study was to evaluate the 
extent to which the immunomodulatory and tissue-
regenerative capacities of EVs derived from IFN-γ/
TNF-α-primed hADMSCs could be enhanced relative 
to unprimed EVs in an LPS-induced ALI model. We fur-
ther aimed to determine whether P-MEVs could sup-
press inflammatory responses in an in vitro SARS-CoV-2 
infection model, thereby suggesting a potential extension 
to virus-induced lung injury. Previous research has indi-
cated that MSC-EVs exert therapeutic effects in severe 
inflammatory diseases, including ALI and ARDS. How-
ever, unprimed EVs frequently exhibit limited immu-
nomodulatory capacity, rendering them less effective 
against the intense inflammatory environment character-
izing severe conditions [17–19]. In this study, we admin-
istered C-MEVs and P-MEVs under identical conditions 
in an LPS-induced ALI model and observed significantly 
reduced expression of proinflammatory cytokines, along 
with marked improvements in lung tissue injury indices 
and pulmonary edema in the P-MEV group. These find-
ings strongly support the premise that priming MSCs 
with IFN-γ and TNF-α substantially enhances the immu-
nomodulatory and tissue-regenerative properties of their 

(See figure on previous page.)
Fig. 4  P-MEVs alleviate lung inflammation in a mouse model of LPS-induced ARDS
C57BL/6 mice were challenged with LPS (5 mg/kg, intravenously) and then received daily injections of PBS or MSC-EVs (6 × 109 particles, intravenously). 
After 72 h, the mice were sacrificed and subjected to functional analysis. (a) Experimental scheme for establishing an LPS-induced ALI mouse model and 
administration of MSC-EVs. Created using BioRender.com. (b) Daily monitoring of mouse body weight changes. Values are calculated as a percentage of 
body weight from day 0. n = 4–5. (c) qRT-PCR analysis of relative mRNA expression levels of TNF-α, IL-1β, and IL-6 in the lung tissues. n = 5. (d) ELISA analysis 
of TNF-α, IL-1β, and IL-6 concentrations in the lung tissues. n = 5. (e) Western blot analysis of lung homogenate (left, Full-length blots are presented in 
Supplementary Figure S10). Phosphorylated bands were normalized to the respective total bands and are shown as fold changes relative to the control. 
n = 5. (f) Flow cytometric analysis of neutrophils (CD11b + Ly6G+), monocyte-derived macrophages (Siglec F- CD11b + on CD11c + F4/80+), and alveolar 
macrophages (Siglec F + CD11b- on CD11c + F4/80+) accumulation in lung tissue. n = 5. Con, control mice with PBS injections; LPS, mice with LPS injec-
tion only; LPS + C-MEVs, mice with LPS and control MSC-EVs injections; LPS + P-MEVs, mice with LPS and primed MSC-EVs injections. Data are presented 
as the mean ± SEM, analyzed by two-way ANOVA for (b) and analyzed with a one-way ANOVA for (c), (d), (e), and (f), followed by the Holm–Sidak multiple 
comparison test. Statistical differences in post hoc tests are indicated as ns = not significant, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001
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EVs, clearly demonstrating superior therapeutic efficacy 
compared to control EVs.

An essential consideration for the clinical translation of 
any new therapeutic is its safety profile. MSC-EVs inher-
ently offer safety advantages over cell-based therapies, 
such as avoiding the risks of embolism [41]. Importantly, 
our findings are consistent with existing literature dem-
onstrating the safety of primed EVs. A key preclinical 
study showed that while inflammatory cytokine-primed 
MSCs could be lethal in a severe disease model, the EVs 
derived from these same cells were well-tolerated and 
therapeutically effective [42]. This supports the notion 
that priming enhances therapeutic function without con-
ferring the risks of the parent cells. In our study, P-MEVs 
exhibited no cytotoxicity in vitro and were well-tolerated 
in our ALI model, as evidenced by the significant attenu-
ation of body weight loss in treated mice. Taken together, 

this collective evidence strongly supports the preclinical 
safety of P-MEVs as a promising therapeutic agent for 
ALI.

In line with widely accepted preclinical criteria for ALI 
models, we evaluated multiple domains that reflect key 
aspects of lung injury pathophysiology. Specifically, our 
study incorporated: (i) histological assessment of alveolar 
injury, (ii) quantification of alveolar-capillary barrier dis-
ruption, and (iii) evaluation of inflammation. These mea-
surements fulfill three of the four core domains outlined 
in the updated experimental ALI guidelines, which rec-
ommend reporting at least one relevant parameter from 
each domain to ensure pathophysiological relevance [43]. 
Although we did not directly assess mechanical indices 
such as lung compliance or airway resistance, these mea-
surements typically require specialized ventilator systems 
and invasive procedures—such as tracheal intubation 

Fig. 5  P-MEVs attenuate LPS-induced lung injury, pulmonary edema, and vascular leakage
C57BL/6 mice were administered LPS (5 mg/kg, intravenously) and received daily injections of PBS or MSC-EVs (6 × 109 particles, intravenously). After 72 h, 
the mice were sacrificed and subjected to functional analysis. (a) Representative H&E staining of lung tissue. Black scale bars represent 250 μm at 40x and 
50 μm at 200x. (b) Evaluated lung index (%; lung weight (g)/body weight (g) x 100). n = 4–5. (c) Lung W/D ratio for pulmonary edema evaluations. n = 4–5. 
(d) Evans blue index (µg/g) for assessing lung permeability. Mice received a tail vein injection of 1% Evans blue 2 h before euthanasia. n = 4–5. One mouse 
in the LPS group died before data collection could be performed and was excluded from the study. Con, control mice with PBS injections; LPS, mice with 
LPS injection only; LPS + C-MEVs, mice with LPS and control MSC-EVs injections; LPS + P-MEVs, mice with LPS and primed MSC-EVs injections. Data are 
presented as the mean ± SEM, analyzed by one-way ANOVA, followed by the Holm–Sidak multiple comparison test. Statistical differences in post hoc tests 
are indicated as ns = not significant, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001
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Fig. 6  P-MEVs ameliorate the SARS-CoV-2 infection-induced damage in vitro
Vero E6 cells were infected with SARS-CoV-2 (MOI = 0.003) for 1 h, followed by exposure to C-MEVs or P-MEVs for 48 h. (a) Representative images of CPE 
were observed under a microscope. Black scale bars represent 25 μm. (b) qRT-PCR analysis of relative mRNA expression levels of TNF-α, IL-1β, IL-6, CCL2, 
and CXCL10. n = 3. C-MEVs, control MSC-EVs; P-MEVs, primed MSC-EVs; C, control; P, primed. Data are presented as the mean ± SEM, analyzed by one-way 
ANOVA, followed by the Holm–Sidak multiple comparison test. Statistical differences in post hoc tests are indicated as *p < 0.05, **p < 0.01, and ***p < 0.001
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Fig. 7 (See legend on next page.)
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under anesthesia—that were incompatible with our sur-
vival-based protocol. Instead, we adopted surrogate 
markers that are widely accepted as indirect indicators of 
pulmonary function and gas exchange capacity in murine 
ALI models [44]. Taken together, our findings demon-
strate that P-MEVs not only modulate inflammation but 
also alleviate functional impairments in lung structure 
and barrier integrity, capturing key features of ALI pro-
gression and recovery.

Viral lung injury is likewise characterized by potent 
inflammatory responses and tissue destruction, high-
lighting a substantial therapeutic gap [45, 46]. SARS-
CoV-2, which causes COVID-19, has led to widespread 
virus-induced lung injuries worldwide due to its high 
infectivity and mortality rates [2, 3]. In this study, to 
explore whether the potent anti-inflammatory effects of 
P-MEVs extend to a viral context, we applied them to an 
in vitro SARS-CoV-2-infected cell model. We observed 
more pronounced anti-inflammatory effects—mani-
fested by reduced expression and secretion of inflam-
matory mediators—and enhanced cell viability relative 
to the C-MEV group. This finding suggests that primed 
EVs may suppress excessive immune reactions even 
under viral conditions, paving the way for a cell-free 
therapeutic strategy against COVID-19 and related virus-
induced ALI. It is important to note, however, that this 
experiment was designed as a proof-of-concept to assess 
the anti-inflammatory potential of P-MEVs, and a com-
prehensive evaluation of direct antiviral activity, such as 
measuring viral replication, was beyond the scope of the 
present work. Therefore, future studies including in vivo 
viral challenge models and detailed virological assess-
ments are necessary to fully establish their therapeutic 
potential in this context.

From a mechanistic standpoint, multiple studies have 
proposed that primed MSCs upregulate anti-inflam-
matory mediators such as COX-2, IDO, and TSG-6 and 
increase the loading of specific miRNAs. The present 
results also suggest that P-MEVs contain higher levels of 
these anti-inflammatory substances and miRNAs than 
C-MEVs, thereby more effectively inhibiting NF-κB, 
STAT, and other inflammatory signaling pathways. 
Notably, we observed a pronounced elevation of miR-
221-3p in P-MEVs, and cells treated with a miR-221-3p 
mimic under LPS-induced injury displayed a robust 

anti-inflammatory response, as evidenced by reduced 
TNF-α, IL-1β, and IL-6 levels. Crucially, our loss-of-
function experiment provides direct evidence for this 
proposed mechanism. By inhibiting miR-221-3p in recip-
ient macrophages, we demonstrated that the enhanced 
anti-inflammatory effects of P-MEVs were significantly 
diminished. This finding confirms that miR-221-3p is not 
merely a correlational marker but a key functional media-
tor of the heightened therapeutic efficacy of P-MEVs. 
Previous research has demonstrated that miR-221-3p 
plays a pivotal role in modulating inflammatory pathways 
and immune responses in lung disease models, particu-
larly by suppressing cell apoptosis in conditions such as 
sepsis-induced ALI and chronic obstructive pulmonary 
disease [47, 48]. Moreover, miR-221-3p has been identi-
fied as a major regulator of inflammatory responses in 
severe COVID-19 patients, suggesting its potential for 
controlling the excessive inflammation associated with 
COVID-19-induced ALI [49]. Collectively, these find-
ings indicate that miR-221-3p may serve as a promising 
therapeutic candidate for mitigating inflammation in 
both acute and chronic lung injury models, particularly 
in COVID-19-induced damage. By effectively downregu-
lating proinflammatory cytokines, P-MEVs enriched with 
miR-221-3p could be employed as a potent intervention 
for ALI and other serious inflammatory disorders, thus 
opening new avenues for miRNA-based therapies target-
ing both pulmonary and systemic inflammatory diseases.

Beyond the enhanced efficacy observed in ALI and 
SARS-CoV-2–induced models, our findings have 
broader implications for treating other inflammatory 
and immune-mediated conditions. The ability of inflam-
matory cytokine priming to selectively enrich EVs with 
therapeutic miRNAs without compromising EV integrity 
or yield opens the door to tailoring EV cargo to specific 
disease contexts, potentially enabling personalized cell-
free therapies. Future studies should explore the utility 
of primed EVs in other inflammatory disorders, such as 
sepsis or autoimmune diseases, and assess the benefits 
of combining EV-based therapy with existing pharma-
cological treatments. Such combination strategies could 
further improve therapeutic outcomes by simultaneously 
modulating multiple facets of the immune response. Ulti-
mately, these efforts will be crucial for advancing primed 
MSC-EV therapies from bench to bedside.

(See figure on previous page.)
Fig. 7  P-MEV-enriched miRNAs suppress LPS-induced inflammation in macrophages
(a) Scatter plot of differential expression of miRNAs between C-MEVs (𝑥-axis) and P-MEVs (𝑦-axis). The red and green lines represent the threshold for a 
2-fold increase and decrease in miRNA levels in P-MEVs compared to C-MEVs, respectively. (b) The normalized data of C-MEVs (blue circle) and P-MEVs 
(red circle) are shown on the left 𝑦-axis with their corresponding fold change (black triangle on the right 𝑦-axis) of 23 miRNAs in negative regulation of 
inflammation. (c–e) Protein expressions of TNF-α (c), IL-1β (d), and IL-6 (e) in THP-1 cells at 24 h after transfection with each of the seven miRNA candidates 
(100 nM), followed by treatment with 5 µg/mL LPS using ELISA. n = 3. (f-h) qRT-PCR analysis of relative mRNA expression levels of TNF-α (c), IL-1β (d), and 
IL-6 (e) in THP-1 cells 6 h post LPS exposure (5 µg/mL). Cells were transfected with a miR-221-3p mimic or miR-221-3p inhibitor or Control (100 nM) for 
24 h prior to LPS and EV treatment. n = 3. C-MEVs, control MSC-EVs; P-MEVs, primed MSC-EVs. Data are presented as the mean ± SEM, analyzed by one-
way ANOVA, followed by the Holm–Sidak multiple comparison test. Statistical differences in post hoc tests are indicated as *p < 0.05 and ****p < 0.0001
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Although our results clearly demonstrate that inflam-
matory cytokine priming enhances the therapeutic 
efficacy of MSC-EVs in mitigating ALI, further investi-
gation is warranted. A limitation of our study is the lack 
of direct in situ evidence to precisely identify which cell 
populations within the lung tissue are responsible for 
the reduced inflammatory signaling we observed. Future 
studies should employ more advanced techniques to 
address this. For instance, multiplex immunofluores-
cence (IF) for pSTAT3 could be used to visually confirm 
these cell-specific effects directly within the lung tissue. 
Furthermore, intracellular flow cytometry would allow 
for the precise quantification of changes in pSTAT3 lev-
els within distinct cell populations, thereby fully dissect-
ing the mechanisms of P-MEVs in vivo. Furthermore, it is 
important to optimize priming conditions and elucidate 
the mechanisms underlying selective miRNA enrich-
ment. In particular, the molecular basis for the pref-
erential packaging of key regulatory miRNAs, such as 
miR-221-3p, remains incompletely understood. Future 
studies should also focus on refining priming protocols 
and assessing the long-term stability and biodistribution 
of primed EVs in vivo. Moreover, employing more clini-
cally relevant models—especially those that recapitulate 
the complex inflammatory milieu of COVID-19-induced 
ARDS—will be essential for translating these findings 
into effective cell-free therapies. Such efforts could lay 
the groundwork for combining MSC-EV treatment with 
other therapeutic strategies, thereby further enhanc-
ing clinical outcomes in patients with severe pulmonary 
diseases.

Conclusion
In conclusion, P-MEVs exhibited significantly enhanced 
immunomodulatory and tissue-regenerative effects in an 
ALI model compared to C-MEVs, while also demonstrat-
ing anti-inflammatory capabilities in a SARS-CoV-2-in-
fected cell model, suggesting their potential extension 
to virus-induced lung injury. These findings support the 
notion that priming can substantially enhance the thera-
peutic efficacy of EVs as a cell-free treatment option and 
indicate that P-MEVs could be applied to various severe 
respiratory diseases, including virus-mediated ALI. With 
further assessment in large-animal studies and clinical 
trials, primed EVs may emerge as an innovative strategy 
to address current therapeutic gaps in managing severe 
lung injuries.
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