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Abstract
Mesenchymal stem cell (MSC)-derived extracellular vesicles (EVs) have shown anti-
inflammatory potential in multiple inflammatory diseases. In the March 2022 issue
of the Journal of Extracellular Vesicles, it was shown that EVs from human MSCs
can suppress severe acute respiratory distress syndrome, coronavirus 2 (SARS-CoV-
2) replication and can mitigate the production and release of infectious virions. We
therefore hypothesized thatMSC-EVs have an anti-viral effect in SARS-CoV-2 infec-
tion in vivo. We extended this question to ask whether also other respiratory viral
infections could be treated by MSC-EVs. Adipose stem cell-derived EVs (ASC-EVs)
were isolated using tangential flow filtration from conditioned media obtained from
a multi-flask cell culture system. The effects of the ASC-EVs were tested in Vero
E6 cells in vitro. ASC-EVs were also given i.v. to SARS-CoV-2 infected Syrian Ham-
sters, andH1N1 influenza virus infectedmice. The ASC-EVs attenuated SARS-CoV-2
virus replication in Vero E6 cells and reduced body weight and signs of lung injury
in infected Syrian hamsters. Furthermore, ASC-EVs increased the survival rate of
influenza A-infectedmice and attenuated signs of lung injury. In summary, this study
suggests that ASC-EVs can have beneficial therapeutic effects in models of virus-
infection-associated acute lung injury and may potentially be developed to treat lung
injury in humans.
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 INTRODUCTION

In the 2022 March issue of the Journal of Extracellular Vesicles, S. Chutipongtanate et al. reported that extracellular vesicles
(EVs) from humanmesenchymal stem cells (MSCs) can suppress severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) replication and mitigate the production and release of infectious virions (Chutipongtanate et al., 2022), which suggests that
MSC EVs have direct effects on viral infection. Furthermore, a recent blinded and placebo-controlled clinical study showed
improvement in lung injury parameters in severe COVID-19 disease (Lightner et al., 2023).

In the present report, we investigated the efficacy of adipose-tissue MSC-derived EVs (ASC-EVs) in both SARS-CoV-2 and
H1N1 influenza infection in vivo. Both of these viruses are known to cause severe infections in humans, and in some cases, they
can cause both cytokine storms and acute respiratory distress syndrome (ARDS) (Daemi et al., 2021). Although most influenza
pandemics can be at least partly controlled by vaccines and antiviral therapy, the unprecedented coronavirus disease (COVID-19)
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pandemic is still ongoing and continues to cause severe disease, including cytokine storms and ARDS, primarily in unvaccinated
individuals (Vo et al., 2022). Vaccines and antiviral therapy have not yet been successful in controlling the pandemic, and there is
a need for additional therapeutic modalities to treat severe inflammation induced by respiratory viruses (The U.S. Food & Drug
Administration, 2020). MSC-EVs are known to have tissue regenerative and anti-inflammatory functions, including roles in
inflammatory respiratory diseases (Huang et al., 2022; Pattanapanyasat, K. et al, 2022, WHO Solidarity Trial Consortium, 2021).
Therefore, we hypothesized that adipose tissue MSC-EVs have anti-inflammatory effects in severe viral respiratory infections.

 MATERIALS ANDMETHODS

. Kits and reagents

The kits and reagents used in this studywere purchased from the following sources:MinimumEssentialMedium (MEM)-α, foetal
bovine serum (FBS), gentamycin, Dulbecco’s phosphate buffered saline (DPBS) and trypsin-ethylenediaminetetraacetic acid
(Trypsin-EDTA) were from Thermo Fisher Scientific (Grand Island, NY, USA); normal immunoglobulin G and phycoerythrin-
conjugated antibodies for a cluster of differentiation CD9, CD63 and CD81 were from BD Biosciences (San Jose, CA, USA);
enzyme-linked immunosorbent assay (ELISA) for calnexin was from LSBio (Seattle, WA, USA); ELISA for TSG101 and
cytochrome C was from Abcam (Cambridge, UK) or R&D Systems (Minneapolis, MN, USA); the 500-kDa molecular weight
cut-off filter membrane cartridge was from GE Healthcare (Chicago, IL, USA); and the Hybrid-R RNA purification kit was from
GeneAll (Seoul, South Korea).

. Cell culture

A human ASC cryostock at passage four was prepared as described previously and was stored in liquid nitrogen until use (Lee
et al., 2020). Frozen cells were thawed at 37◦C, plated at a density of 3000 cells/cm2, and cultured in MEM-α containing 10%
FBS and 0.1% gentamycin (Gibco, Grand Island, NY, USA). ASCs were maintained until they reached confluence and were
characterized for surface marker expression and tri-lineage differentiation potential according to the criteria described by the
International Society of Cellular Therapy (Börger et al., 2020).
Vero E6 cells (CRL-1586, American Type Culture Collection; ATCC) were cultured in minimum essential medium supple-

mented with 10% FBS, 1% penicillin-streptomycin, 1% L-glutamine (200 nM), 1% sodium pyruvate (100 nM) and nonessential
amino acids. All cells were cultured in a humidified atmosphere of 5% CO2 in air at 37◦C. The cell viability and cell size were
monitored using an automated cell counter with trypan blue staining.

. Isolation of ASC-EVs

To obtain ASC-conditioned media (CM), a vial of ASC stock was thawed and sub-cultured with gradually increasing culture
scales in T175 flasks and a one or two-layered cell factory (Thermo Fisher Scientific, Carlsbad, CA, USA) prior to passage 7. At
passage 7, the ASCs were plated at a density of 6000 cells/cm2 in 10-layered cell factories and cultured up to 90% confluence
in MEM-α containing 10% FBS (Gibco, Grand Island, NY, USA). The FBS was heat-inactivated (56◦C for 30 min) before being
added to the cell culture. The ASCs were washed three times with DPBS to remove residual FBS and were supplemented with
serum-free and phenol-red-free MEM-α. The cells were further incubated in an FBS-free medium for 24 h at 37◦C and 5% CO2
before the CM was collected (Lee et al., 2020).
ASC-EVs (ASCE™ is the proprietary trademark of ExoCoBio Inc.) were isolated fromASC-CMusing tangential flow filtration

(TFF)-based ExoSCRT™ technology as previously described (Lee et al., 2020). Briefly, to remove larger non-exosomal particles,
including cells, cell debris, microvesicles and apoptotic bodies, the ASC-CM was filtered through a 0.22-μm polyethersulfone
membrane filter (Merck Millipore, Billerica, MA, USA) and then concentrated using TFF with a 500 kDa molecular weight cut-
off filter. The concentrated ASC-CM was further dialyzed with appropriate volumes of buffer to remove non-exosomal proteins,
nutrients and cellular waste products such as lactate and ammonia. Isolated ASC-EVs were stored in small aliquots at −80◦C in
sterile polypropylene tubes. Frozen ASC-EVs were thawed at 4◦C until further use.
ASC-EVs were characterized according to the Minimal Information for Studies of Extracellular Vesicles 2018 (MISEV2018)

as recommended by the International Society for Extracellular Vesicles (Théry et al., 2018). Nanoparticle tracking analysis was
performed using Zetaview (Particle Metrix, Meerbusch, Germany) as described previously (Lee et al., 2020). Transmission elec-
tron microscopy analysis, flow cytometry analysis and protein quantification were performed as previously described (Shin
et al., 2020). ELISAs for TSG101, calnexin and cytochrome C were performed according to the manufacturer’s recommendations
(Figure S1).
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. Quantitative of miRNAs and IFITM

Total RNAs were extracted from ASC-EVs using QIAzol lysis reagent (QIAGEN, Hilden, Germany) and miRNeasy
Serum/Plasma Kit (QIAGEN). To normalize for technical variation, 0.16 fmol of synthetic cel-miR-39-3p (QIAGEN) was spiked
into the ASC-EVs sample after the addition of a denaturing solution. The quality and quantity of the miRNAs were assessed
using a spectrophotometer (DS-11/DeNovix, Wilmington, DE, USA). Four miRNAs were measured by quantitative polymerase
chain reaction (qPCR) following the manufacturer’s instructions. Briefly, 2.0 μL of template RNAs were reverse-transcribed
using miRCURY LNA miRNA PCR Assay (QIAGEN), and then qPCR was performed using miRCURY LNA SYBR Green
PCR Kit (QIAGEN). The miRNA primers (miR-181a-5p, miR-92a-3p, miR-23a-3p, miR-103a-3p, miR-26a-5p) from miRCURY
LNA miRNA PCR Assays (QIAGEN) were used. Analysis was performed using QuantStudio 3 Real-time PCR System (Applied
Biosystems, Waltham, MA, USA) to quantify the amount of miRNA. Relative expression levels were normalized to spike in,
cel-miR-39-3p and calculated using the standard curve methods. The quantification of IFITM3 (interferon-induced transmem-
brane protein 3) in ASC-EVs was evaluated in an enzyme-linked immunosorbent assay (ELISA) kit following the manufacturer’s
instructions (MyBioSource, San Diego, CA, USA). The IFITM3 contents were measured using a microplate spectrophotometer
at 450 nm (SpectraMax i3X, Molecular Devices, California, USA).

. HN influenza A virus

Influenza A/Puerto Rico/08/1934 (H1N1) was used to model highly pathogenic human influenza A virus infection. All
experiments were performed under animal biosafety level 2 (ABL-2) conditions at Knotus Co., Ltd. (Incheon, South Korea).

. Severe acute respiratory syndrome coronavirus  infection in vitro

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2; BetaCoV/Korea/KCDC03/2020, NCCP43326) was used to
model highly pathogenic human SARS-CoV-2 infection. Virus stocks were grown and propagated in Vero E6 cells and were
titrated using the plaque assay and the 50% tissue culture infective dose (TCID50) assay. All experiments were performed under
animal biosafety level 3 (ABL-3) conditions at the Korea Zoonosis Research Institute (KoZRI) of Jeonbuk National University
(Jeollabuk-do, South Korea).

. Cellular uptake assay

For fluorescent labelling of the ASC-EVs, the PKH67 Green Fluorescent Cell Linker Mini Kit (Sigma, St. Louis, MO) was used
according to the manufacturer’s instructions. After ASC-EVs were fluorescently labelled, they were purified using an MW3000
Exosome spin column (Thermo Fisher Scientific,Waltham,MA, USA) to remove the unlabelled dye. The labelled ASC-EVs were
then incubated with Vero E6 cells. During incubation, cellular uptake of labelled ASC-EVs was monitored using the IncuCyte
S3 live cell imaging system (Sartorius, Goettingen, Germany) in a humidified atmosphere of 5% CO2 at 37◦C.

. Cytotoxicity assay

The cytotoxicity of the ASC-EVs on Vero E6 cells was determined using the 3-[4,5-dimethylthiazol-2-yl]−2,5-
diphenyltetrazolium bromide (MTT) or CCK-8 (Dojindo, MD, USA) assays. For the MTT assay, Vero E6 cells (1 × 104
cells/mL) were seeded in 96-well cell culture plates followed by treatment with different concentrations (2-fold serial dilutions)
of ASC-EVs in triplicate. After 48 and 96 h of incubation, 50 μL of MTT solution (5 mg/mL) in PBS was added to each well and
further incubated for 4 h at 37◦C until formazan crystals were formed. The supernatant was aspirated and the formazan crystals
produced by metabolically active cells were dissolved in 100 μL of dimethylsulfoxide (DMSO). Absorbance was measured at
540 nm using an ELISA microplate reader (Spectra Max i3x, Molecular Devices Inc., CA, USA), then the absorbance value was
converted to determine the percentage of living cells.

. In vitro antiviral activity assays

For Vero E6 cells, 1 × 104 cells/mL were seeded into 96-well plates and incubated overnight in 5% CO2 at 37◦C. Subsequently,
the culture medium was removed from each well, and 101−102 TCID50 of SARS-CoV-2 (50 μL suspension) and different
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concentrations of ASC-EVs (50 μL) were added to each well. For the virus control, 101−103 TCID50 of the virus plus the highest
concentration of DMSO were added to six wells. In addition, six wells were treated with DMSO alone (negative control). The
plates were incubated at 37◦C in 5% CO2, and cytotoxicity was monitored for up to 3 days post-infection.

. SARS-CoV- plaque assay

Vero E6 cells (1 × 104 cells/mL) were seeded into 96-well plates and incubated overnight in 5% CO2 at 37◦C. Then, 10-fold serial
dilutions (101, 102 and 103 TCID50) of SARS-CoV-2 stock and 2-fold serial dilutions (5.0 × 109, 2.5 × 109, 1.25 × 109, 0.625 × 109,
0.31 × 109 and 0.15 × 109 particles/100 μL) of ASC-EVs were added to triplicate wells to a final volume of 0.2 mL/well. After 48 or
72 h, cells were washed with PBS, fixed with 200 μL of 4% formaldehyde solution for 15 min, and stained with 0.4% crystal violet.
The wells were inspected for viral presence, as determined by the appearance of cytopathic effects (CPE). The viral endpoint
titration (the dilution required to infect 50% of the wells) was expressed as TCID50/mL. CPE (%) was calculated along with the
virus titer (number of positive wells/total number of wells × 100). The mean of the positive area on plaque-staining cells was
analyzed using the ImageJ software (National Institutes of Health, Bethesda, MD) in a total of four wells.

. Experimental Syrian hamster model of SARS-CoV--induced acute lung injury (ALI)

The animal study protocol was approved by the Institutional Animal Care and Use Committee (IACUC Approval No. KNOTUS
IACUC21-KE-044) andwas performed according to theAnimal Experimentation Policy of KoZRI (JeonbukNational University,
Jeollabuk-do, Korea). Seven-week-old female Syrian hamsters (RjHan:AURA)were obtained from Janvier Labs (Saint-Berthevin,
France) and kept under controlled environmental conditions (temperature, 23 ± 3◦C; relative humidity, 55 ± 15%; ventilation,
10−20 air changes/h and luminous intensity, 150−300 lux) with a 12 h light-dark cycle in the experimental animal facility at
KoZRI of Jeonbuk National University.
ALI was induced by intranasal inoculation with 200 μL of 104 TCID50 of SARS-CoV-2 (NCCP43326). 24 h after infection, the

vehicle control or ASC-EVswere intravenously administered once a day for 4 days through the tail vein. The amount of ASC-EVs
per injection was 3.0 × 109 or 1.0 × 1010 particles/200 μL (corresponding to 20.3 and 67.9 μg of protein, respectively) per head.
The body weights of the hamsters were recorded every day until 7 days post-infection.

. Histopathological and immunohistochemical analysis of the SARS-CoV-–infected Syrian
hamster lungs

The hamsterswere sacrificed onday 5 or 7 post-infection, and the lungswere harvested and themost visibly infected lesion of each
lobe was used for analysis. The lungs were fixed in neutral buffered formalin, sectioned longitudinally in the bronchial region,
and stained using hematoxylin and eosin (H&E). The lung tissue sections were assigned a score as follows: 0, no pathological
manifestations; 1, affected area ≤ 10%; 2, affected area between 10% and 50% and 3, affected area ≥ 50%; an additional point
was added when pulmonary edema and/or alveolar haemorrhage was observed (Imai et al., 2020; Kulkarni et al., 2022). Total
inflammatory cell counts were determined from these images at 400× magnification (Olympus BX53, Tokyo, Japan) in three
randomly selected regions per H&E-stained lung tissue section.
For immunohistochemical staining of the lung tissue sections, citrate buffer was used for antigen retrieval, followed by incu-

bation with anti-interleukin (IL)−1β (1:200 dilution, NB600-633 Novus Biological, LLC, USA) and N protein (1:200 dilution,
NB10056576, Novus Biological LLC, USA) antibodies. After sequential incubation with the appropriate horseradish peroxidase-
conjugated secondary antibodies, the slides were counterstainedwithMayer’s hematoxylin (Dako, CA,USA). The signal intensity
of immunohistochemical staining was further quantified using Zen 2.3 blue edition software (Carl Zeiss, Jena, Thüringen,
Germany), and the area of positivity was presented as the percentage of the total tissue area.

. Experimental mouse model of HN influenza A virus-induced ALI

The animal study protocol was approved by the Institutional Animal Care and Use Committee (IACUC Approval No. KNOTUS
IACUC20-KE-457) andwas performed according to theAnimal Experimentation Policy of Knotus Co., Ltd. Six-week-old female
C57BL/6 mice were obtained fromOrient Bio (Seongnam, Gyonggi-do, Korea) and maintained under controlled environmental
conditions (temperature, 23± 3◦C; relative humidity, 55± 15%; ventilation, 10−20 air changes/h; and luminous intensity, 150−300
lux) with a 12-h light-dark cycle in the experimental animal facility at Knotus Co., Ltd.
ALI was induced by intranasal inoculation with 50 μL of 1 LD50 of influenza A/Puerto Rico/08/1934 (H1N1). After infection,

vehicle control or ASC-EVs were administered intravenously once a day for 3 or 4 days at a flow rate of 1 mL/min through the
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tail vein. The amount of ASC-EVs per injection was 1.0 × 1010 particles per mouse (equivalent to 67.9 μg of protein). Survival,
body weight, body temperature and clinical signs of disease were monitored daily for 14 days. A loss of body weight of 20%
was considered a surrogate for death, and the mice were sacrificed if this occurred. Clinical scores were evaluated daily using
the following method: (1) slightly ruffled fur, (2) ruffled fur and reduced mobility, (3) ruffled fur, reduced mobility and rapid
breathing, (4) ruffled fur, reduced mobility, huddled appearance and rapid and/or laboured breathing indicative of pneumonia
and (5) death (Mansell & Tate, 2018). The daily clinical scores were added for each mouse and averaged across the groups.

. Histopathological and immunohistochemical analyses of the HN influenza A
virus-infected CBL/ mice lungs

C57BL/6 mice were sacrificed at 9 days post-infection, the lungs were harvested and the visibly most infected lesion of each lobe
was used for analysis, followed by fixation in neutral buffered formalin. Fixed lungs were sectioned longitudinally in the bronchial
region and stainedwithH&E. The sections were scored in an unbiased fashion from 0 to 3. Score 0 was defined as no pathological
change, while scores 1, 2 and 3 corresponded to the presence of inflammation involving <25%, 25%−50% and >50% of the lung
parenchyma, respectively (Kulkarni et al., 2022; Wang et al., 2019). Sections were scored by two blinded readers resulting in a
percentage of pathological scores. Total inflammatory cell counts were determined from these images at 400× magnification
(Olympus BX53, Tokyo, Japan) in three randomly selected regions per H&E-stained lung tissue section.
For immunohistochemical staining of the lung tissue sections, citrate buffer was used for antigen retrieval, followed by incu-

bation with anti-interleukin (IL)−1β (1:200 dilution, ab9722, Abcam, Cambridge, MA, USA), anti-IL-6 (1:100 dilution, orb6210,
Biorbyt, San Francisco, CA, USA), anti-tumour necrosis factor-α (1:50 dilution, ab1793, Abcam), interferon-γ (1:50 dilution,
MM700, Invitrogen, Waltham, MA, USA) and IL-10 (1:100 dilution, ab189392, Abcam) antibodies. After subsequent incuba-
tion with the appropriate horseradish peroxidase-conjugated secondary antibodies, the slides were counterstained with Mayer’s
hematoxylin (Dako, CA, USA). The signal intensity of immunohistochemical staining was further quantified using Zen 2.3 blue
edition software (Carl Zeiss, Jena, Thüringen, Germany), and the area of positivity was presented as the percentage of the total
tissue area.

. RNA extraction and quantitative real-time polymerase chain reaction

To identify SARS-CoV-2–specific gene expression in Vero E6 cells or lung tissue lesions, total RNA was extracted using a
Hybrid-R RNApurification kit (GeneAll, Seoul, South Korea). Following this, 100 ng/μL RNAwas used for quantitative real-time
polymerase chain reaction to identify SARS-CoV-2–specific gene expression using the Allplex 2019-nCOV assay kit (Seegene,
Seoul, South Korea). The relative expressions of the E gene (FAM), RdRP gene (CalRed 610) and N gene (Cy5) were analyzed by
the comparative threshold cycles method and normalized to the SARS-CoV-2–infected group (Livak & Schmittgen, 2001).

. Statistical analyses

All data are expressed as the mean ± standard deviation. Statistical differences were analyzed using a one-way analysis of vari-
ance with Dunnett’s multiple-comparison test for comparisons of more than three groups and the Mann–Whitney U-test for
nonparametric analysis between two groups using Prism 8 (GraphPad Software Inc., CA, USA). The results were considered
statistically significant at p < 0.05.

 RESULTS

This study sought to determine the effects of ASC-EVs on the in vitro and in vivo replication of SARS-CoV-2 during infection. To
understandwhether any general anti-infective function could bemaintained by ASC-EVs, we also tested their in vivo therapeutic
effects on H1N1 influenza infection. EVs were derived from adipose tissue-derived MSCs cultured in a cell factory as previously
described (Lee et al., 2020), which allows for relatively large-scale production of ASC-EVs. EVs were isolated from FBS-free
MSC cell culture medium 48–72 h after cell clearance and were concentrated and purified using TFF as described in detail in the
Supplementary Information (Lee et al., 2020). EV characteristics are described in Figure S1. The antiviral effect of ASC-EVs on
SARS-CoV-2 was tested in vitro using Vero E6 cells. Furthermore, ASC-EVs were tested in vivo in Syrian hamsters exposed to
SARS-CoV-2 (wild-type virus variant) and in mice exposed to the H1N1 influenza virus.
Vero E6 cells express the angiotensin-converting enzyme 2 (ACE2) receptor, which is a viral entry path for SARS-CoV-2

(Lu et al., 2008), and these cells were used to test the effects of ASC-EVs. Treatment with three ASC-EV doses of up to 5 ×
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F IGURE  Anti-viral effects of ASC-EVs against SARS-CoV-2. (a) The effects of ASC-EVs on cell viability of Vero E6 cells. Vero E6 cells were treated
with ASC-EVs, and after 24 h a CCK-8 assay was performed to determine the viability of the cells. (b) Plaque assay of SARS-CoV-2–induced cell death. Vero
E6 cells were treated with SARS-COV-2 (103 TCID50/well) + ASC-EVs (from 0.15 × 109 to 5.0 × 109 particles/mL) and the CPEs were evaluated from 72 h after
infection. (c) The mean plaque reduction in Vero E6 cells with increasing concentrations of ASC-EVs (n = 3). (d) The relative expression of
SARS-CoV-2–specific genes (E, RdRP and N) was measured using quantitative real-time polymerase chain reaction (the top three figures show data for 101
TCID50, and the lower three figures show data for 102 TCID50. Data are presented as the mean ± standard deviation from three independent experiments;
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109 particles/mL did not show any signs of cytotoxicity in Vero E6 cells for up to 96 h (Figure 1a). We then tested whether the
ASC-EVs affected the cytopathic effects and replication of SARS-CoV-2. Cells were treated with increasing titers of the virus
and increasing concentrations of ASC-EVs for 48 or 72 h. Cytopathic effects were observed at a virus titer of 103 median tissue
culture infectious dose (TCID50), and ASC-EV treatment (0.15× 109/mL to 5× 109 particles/mL) attenuated this effect, reflecting
the antiviral activity of the ASC-EVs against SARS-CoV-2 (Figure 1b,c). These findings are similar to the results obtained by
Chutipongtanate et al. using umbilical cord-derived MSC-EVs (Chutipongtanate et al., 2022). The expression levels of SARS-
CoV-2–specific genes, namely, the E, RdRP and N genes, were directly attenuated by ASC-EVs (1 × 1010 particles/mL) at viral
titers of 101 TCID50 and 102 TCID50 (Figure 1d).
We tested whether ASC-EV treatment reduced any signs of infection in vivo in SARS-CoV-2-infected Syrian hamsters.

Intranasal challenge with SARS-CoV-2 (200 μL of 104 TCID50 of wild-type SARS-CoV-2) resulted in weight loss in the animals
during the study period; however, all the animals survived. Four daily intravenous injections of 3 × 109 or 1 × 1010 particles/mL
ASC-EVs versus vehicle (protocol shown in Figure S2a) reduced body weight loss (Figure 1e). From 5 days post-infection, ASC-
EV therapy was associated with body weight recovery of the infected hamsters, seemingly dose-dependently at day 7 (Figure 1e).
Examination of the lungs showed detectable discoloration and focal red lesions in infected hamsters, and ASC-EVs significantly
reduced the pathology score (Figure 1f). Furthermore, H&E histological analysis showed that the accumulation of inflamma-
tory cells and the thickening of alveolar septa were reduced by ASC-EVs in infected mice (Figure 1g). Altogether, these findings
demonstrated the in vitro and in vivo antiviral activity of ASC-EVs against SARS-CoV-2 (Figure 1). We do not have direct evi-
dence of an EV-mediated mechanism for the antiviral effects observed. However, a qPCR analysis identified five potentially
antiviral miRNAs (miR-181a-5p, miR-92a-3p, miR-23a-3p, miR-103a-3p, miR-26a-5p) in the ASC-EVs (Figure S1g). Further, we
could also identify the potentially anti-viral protein IFITM3 in the ASC-EVs (Figure S1h).
To test whether ASC-EVs exhibited similar anti-viral effects against other viruses, we used a mouse model of H1N1 influenza

A virus infection (Bouvier et al., 2010; Wang et al., 2020). Intranasal challenge of mice with H1N1 influenza A virus (50 μL of one
median lethal dose (LD50) of influenza A Puerto Rico 08/1934 H1N1) resulted in respiratory distress, inflammation and death,
and 3−4 daily intravenous injections of 1 × 1010 particles/mL ASC-EVs or vehicle (protocol shown in Figure S3a) resulted in
a prolonged survival rate from day 9 post-infection (Figure 2a). Treatment also resulted in a significant reduction in the loss
of body weight (Figure 2b) and an improvement in body temperature up to day 8, which was prior to the death of any animal
(Figure 2c) (Rogers et al., 2020). The trends for reduced body weight loss were also seen in surviving animals treated with ASC-
EVs beyond day 9; however, these data were inconclusive because only a few mice survived the infection beyond that day. The
clinical score of the infection is shown in Figure 2d and was significantly reduced in the mice treated with four injections of
ASC-EVs. Histopathological changes in the lungs, including edema and areas of dark-coloured haemorrhage, were reduced in
mice treated with ASC-EVs (Figure 2e). These results also indicate reduced edema and haemorrhage, indicating the protective
effects of ASC-EVs at 9 days post-infection (Figure 2e). Furthermore, H&E histological analysis indicated that the accumulation
of inflammatory cells was reduced by ASC-EVs in the infected mice (Figure 2f). The histopathological scores and inflammatory
cell numbers are shown in Figure 2g,h, and the data indicate a significant improvement with four injections of ASC-EVs. Figures
S2b,c and S3b,c show the presence of cytokines (IL-1b for SARS-CoV-2–infected Syrian hamsters and IL-1b, IL-6, TNF-a, IFN-g
and IL-10 for H1N1-infected mice) by immunohistochemistry of lung tissues in the two animal models, implying a significant
reduction in cytokine expression, but also showing that the treatment did not fully block cytokine production. Overall, these
results indicate a potential beneficial therapeutic effect of ASC-EVs in H1N1 influenza A virus-induced acute lung injury in vivo
(Figure 2). The expression of SARS-CoV-2 genes such as the E, RdRP and N genes are shown in Figure S2d, and these were
significantly reduced in ASC-EV–treated Syrian hamsters.

 DISCUSSION

MSCs from various sources, including ASCs, bonemarrowMSCs and umbilical cordMSCs, convey both anti-inflammatory and
regenerative functions in numerous inflammatory diseases and in different organs, including the lungs (Matthay et al., 2019; Shu
et al., 2020;Wang et al., 2019). Importantly, EVs derived fromMSCs fromdifferent sources such as umbilical cord or adipose tissue
show efficacy in multiple experimental inflammatory models. However, it should be noted that MSCs from different donors can
confer different degrees of anti-inflammatory and regenerative activity, which is why batch-to-batch stability must be carefully
considered. Although there is inadequate published data in experimental animals, multiple clinical tests are currently being
performed or are being planned using MSCs or their EVs to treat COVID-19. As of July 2023, there were more than 26 active

***p < 0.001 and *p < 0.05 compared to SARS-CoV-2 (101 TCID50) + ASC-EVs; ### p < 0.001 compared to SARS-CoV-2 (102 TCID50) + ASC-EVs. (e) Body
weight of Syrian hamsters exposed to SARS-CoV-2 infection with virus inoculated on day 0. All animals survived throughout the experiment (n = 8). (f)
Photograph of the Syrian hamster lungs 7 days after induction of SARS-CoV-2 infection. Fewer spots of bleeding and reduced overall redness were observed in
animals treated with ASC-EVs. (g) Micrographs of Syrian hamster lung sections at 5 or 7 days after the induction of SARS-CoV-2 infection. ASC-EVs
increased the area of apparent alveoli and reduced cellularity. The scale bar is 250 μm. DPI, days post-infection. Magnification is 40× (first and third row) and
400× (second and fourth row).
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F IGURE  Anti-viral effects of ASC-EVs against H1N1 influenza A virus. (a) Kaplan–Meier survival plot for mice infected with H1N1 virus on day 0.
Treatment with higher numbers of intravenous injections of ASC-EVs reduced mortality (red curve). Mice that lost more than 20% of their body weight were
sacrificed and recorded as death. Only a few mice in the ASC-EV group survived after H1N1 infection in the experiment (n = 11). (b) Body weight of mice
infected with H1N1 virus on day 0. The mice that survived the infection beyond day 10 recovered their body weight (no statistical analysis was performed). (c)
Body temperature up to day 8 in mice infected with H1N1 virus on day 0. Treatment with ASC-EVs significantly reduced the drop in body temperature on day
6. (d) Clinical score up to day 14 in mice infected with H1N1 virus on day 0. Treatment with ASC-EV four times intravenously significantly improved the
clinical score. (e) Macroscopic photographs of mouse lungs post-mortem after H1N1 virus infection on day 0 versus controls. The lungs of mice treated with
vehicle appeared dark red with spots of bleeding, whereas the ASC-EV treatment reduced this morphology. (f) Representative micrographs (H&E staining) of
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and recruiting studies and 23 completed clinical trials of MSCs against SARS-CoV-2 infection, reflecting the great interest in
using MSCs for the treatment of COVID-19 (https://clinicaltrials.gov). Five of these have resulted in peer-reviewed publications
(Dilogo et al., 2021; Ercelen et al., 2021; Hashemian et al., 2021; Karyana et al., 2022; Kouroupis et al., 2021; Lanzoni et al., 2021;
O’Brien et al., 2021; Rebelatto et al., 2022; Saleh et al., 2021; Shi et al., 2022; Turan et al., 2020; Xu et al., 2021), and the key finding
is that MSC cells and their EVs appear to be safe in these patient groups; however, data on their efficacy is still unclear, primarily
because most of these studies were not placebo controlled. Importantly, the National Institutes of Health has discouraged the
use of MSCs in patients outside of clinical trials https://www.covid19treatmentguidelines.nih.gov/therapies/cell-based-therapy/
(Liang et al., 2021; Pereira Chilima et al., 2018). EVs may provide a more practical alternative to MSC therapy because they are
easier to store and transport (Sengupta et al., 2020). Still, clinical trials ofMSC-EVs in severe COVID-19 orARDS are complicated
to perform and will provide conclusive results only if they are well designed in terms of size, inclusion criteria, and outcome
measures (Börger et al., 2020).
In this study, we have demonstrated that ASC-EVs effectively prevent lung injury induced by both SARS-CoV-2 and H1N1

influenza A virus in two separate animal models. For SARS-CoV-2, the in vivo findings are paralleled with the documented
in vitro antiviral effects. Previous studies have delineated the specific antiviral effects of MSC-EVs, primarily in vitro (Lightner
et al., 2023; Oh et al., 2022; Park et al., 2021). The exact mechanism explaining the anti-viral effects of the ASC-EVs has not been
delineated, but five possibly anti-viral miRNAs and the anti-viral IFITM3 protein are present in the EVs (Park et al., 2021; Zhu
et al., 2015). Importantly, iv administration of MSC-EV in an LPS-associated ALI model shows lung accumulation of EVs for up
to 48 h post iv injection (Tieu et al., 2023), which suggests that the EVs to a large extent biodistribute to the diseased tissue, not
primarily elsewhere.
Our current study further adds to previous findings as we have documented the inhibitory effects of ASC-EVs in virus-induced

acute lung injury in vivo, which may have implications for the human ARDS. Initial clinical trials of MSC-EVs have indeed
implicated efficacy in severe SARS-CoV-2-mediated lung injury, at least in a subpopulation analysis (Lightner et al., 2023).
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