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A B S T R A C T

Background aims: Sepsis is a potentially life-threatening disease that results from a severe systemic inflam-
matory response due to infection. Mesenchymal stromal cell-derived small extracellular vesicles (MSC sEVs)
are able to transfer bioactive molecules and have been demonstrated to play an important role in the patho-
physiological process of sepsis. Herein the authors aimed to investigate the potential role and downstream
molecular mechanism of MSC sEVs in sepsis.
Methods: MSC sEVs were acquired by ultracentrifugation and then injected into a cecal ligation and puncture
mouse model. The efficacy of MSC sEVs in both in vitro and in vivomodels of sepsis was evaluated.
Results: MSC sEV therapy improved survival, reduced sepsis-induced inflammation, attenuated pulmonary
capillary permeability and improved liver and kidney function in septic mice. In addition, the authors found
that microRNA-21a-5p (miR-21a-5p) was highly enriched in MSC sEVs, could be transferred to recipient cells,
inhibited inflammation and increased survival in septic mice. Furthermore, the authors demonstrated that
MSC sEV miR-21a-5p suppressed inflammation by targeting toll-like receptor 4 and programmed cell death
4. The therapeutic efficacy of MSC sEVs was partially abrogated by transfection with miR-21a-5p inhibitors.
Conclusions: Collectively, the authors’ data suggest that miR-21a-5p-bearing MSC sEVs may be a prospective
and effective sepsis therapeutic strategy.
© 2023 International Society for Cell & Gene Therapy. Published by Elsevier Inc. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Introduction

Sepsis is a potentially life-threatening disease that results from a
severe systemic inflammatory response to infection [1]. The patho-
genesis of sepsis involves excessive activation of inflammatory cells
such as macrophages, uncontrolled systemic inflammation and dys-
function of multiple organs [2]. Although continuous progress has
been made regarding the therapeutic principles, sepsis remains the
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leading cause of death among patients admitted to intensive care
units [3]. Currently, the mortality rate of sepsis is approximately 26%
[3,4]. Therefore, novel therapeutics for sepsis that target specific
pathologies to prevent disease progression are urgently needed.

To date, several pre-clinical studies have recognized mesenchy-
mal stromal cells (MSCs) as a novel tool for sepsis therapy via their
ability to inhibit the overwhelming inflammatory response [5�7].
Moreover, MSCs have been demonstrated in two clinical trials to offer
therapeutic benefits for sepsis [8,9]. The underlying mechanisms of
the beneficial effects of MSCs on sepsis remain under exhaustive
investigation. Interestingly, growing pre-clinical data have indicated
that MSCs exert their restorative effects through paracrine mecha-
nisms instead of cell engraftment [10,11]. This so-called paracrine
hypothesis has attracted considerable interest in the scientific com-
munity. Currently, the authors and others have demonstrated that
MSC-conditioned medium can inhibit excess pro-inflammatory
responses and repair sepsis-induced lung injury both in vitro and
in vivo [12,13].

Recently, MSCs have been demonstrated to release paracrine
mediators such as extracellular vesicles (EVs), which play an active
role in a variety of diseases [14�17]. EVs are natural nano- to micro-
sized membrane vesicles encapsulated by phospholipid bilayers that
are released by all cell types into the extracellular environment [18].
According to the Minimal Information for Studies of Extracellular
Vesicles guidelines, EVs are generally categorized into twomajor sub-
classes: medium to large EVs (range, 150�1000 nm) and small EVs
(sEVs) (approximately 30�150 nm) [19]. EVs have emerged as impor-
tant mediators of intercellular communication for physiological and
pathological processes as a result of their collection of biologically
active factors, including proteins, messenger RNAs (mRNAs) and
microRNAs (miRNAs) [18]. MSC-derived EVs have significant poten-
tial for cell-free cell therapy in the field of regenerative medicine.
They can avoid the side effects of the entire MSC injection process,
including quality assurance challenges, senescence-induced genetic
instability, tumor generation and immune rejection [20]. Regarding
the field of sepsis, numerous studies have reported the therapeutic
Fig. 1. Isolation and characterization of MSC sEVs. (A) Schematic representation of MSC sEV
The speed and length of each centrifugation are indicated to the right of the arrows. All cent
fied MSC sEVs showing a spheroid shape (scale bar = 100 nm). (C) Western blotting results in
of calnexin in sEVs derived from MSCs. (D) The number of particles versus particle size was g
the mean of three independent experiments.
effects of MSC-derived EVs in several types of sepsis-induced organ
dysfunction, such as acute lung injury [21�23], acute kidney injury
[24], cardiovascular disorder [25,26] and liver injury [27]. However,
the underlying mechanisms involved remain only partially under-
stood.

In this study, the authors explored the effect of MSC sEVs on sur-
vival, organ failure and inflammation in a cecal ligation and puncture
(CLP) septic mouse model. Moreover, the authors evaluated the
impact of MSC sEVs on the inflammatory response of macrophages in
vitro. The authors observed that miRNA-21a-5p (miR-21a-5p) was
enriched in MSC sEVs. The authors then explored the role of MSC
sEV-derived miR-21a-5p in the inflammatory response of macro-
phages and in CLP mice. The authors’ data confirmed the important
role of MSC sEV-derived miR-21a-5p in sepsis and suggested that it
may provide insights into novel therapies for sepsis.

Methods

Animals

All animal experiments were performed according to National
Institutes of Health (NIH) guidelines (NIH publication no. 85�23,
revised 1996) and laboratory animal management regulations in
China and adhered to the 2011 Guide for the Care and Use of Labora-
tory Animals published by the NIH. The protocol was approved by
the ethics committee of Xiangya Hospital of Central South University
(201603218).

Extraction and identification of MSC sEVs

Bone MSCs were isolated from mice as described in the authors’
previous study [28]. A differential ultracentrifugation method was
applied to extract MSC sEVs based on the method of Th�ery et al. [29].
Details of the operational process for sEV extraction are schematically
shown in Figure 1A. Briefly, when MSCs at passage three grew to 70%
fusion, they were cultured with serum-free medium (Cyagen
isolation using differential ultracentrifugation based on the method of Th�ery et al. [29].
rifugation steps were performed at 4°C. (B) Transmission electron micrographs of puri-
dicating the positive expression of CD81 and TSG101 proteins and negative expression
enerated using nanoparticle tracking analysis with a ZetaView. Results are presented as
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Biosciences Inc, Guangzhou, China). Every other day, the supernatant
of the cultured MSCs was collected and centrifuged for at least
10 min at 300 £ g and further centrifuged for 10 min at 2000 £ g.
The supernatant was then centrifuged for 30 min at 10 000 £ g and
filtered through 0.22-mm filters to remove cell debris. Finally, the
supernatant was ultracentrifuged at 100000 £ g for 100 min. To
purify the sEVs, the pellets were washed with phosphate-buffered
saline (PBS) and centrifuged again at 100000 £ g for 100 min. After
this step, the pellets were diluted with PBS and kept at�80°C for sub-
sequent experiments. All of the aforementioned procedures were
performed at 4°C. Protein concentrations of the sEVs were evaluated
using a bicinchoninic acid protein assay kit (Thermo Fisher Scientific,
Waltham, MA, USA). Additionally, the sEV ultrastructure was ana-
lyzed by transmission electron microscopy (H-7650; Hitachi, Tokyo,
Japan). The size distribution and concentration of the particles were
analyzed with a nanoparticle tracking analyzer (ZetaView; Particle
Metrix GmbH, Inning am Ammersee, Germany). Protein markers
such as CD81 (primary antibody, 1:300, ab79559; Abcam, Cambridge,
UK), TSG101 (primary antibody, 1:1000, ab125011; Abcam) and cal-
nexin (primary antibody, 1:200, sc23954; Santa Cruz Biotechnology,
Inc, Santa Cruz, CA, USA) were assessed by western blot.

Induction and treatment of sepsis

Male C57BL/6 mice aged 7�8 weeks were kept in specific patho-
gen-free conditions with stable room temperatures (23 § 2°C). CLP
was performed as previously described [5]. In brief, mice were anes-
thetized using an intraperitoneal injection of pentobarbital (90 mg/
kg). The cecum was ligated at the colon juncture with a 4-0 silk liga-
ture suture and then penetrated twice using a 21-gauge needle.
Immediately after surgery, all mice were resuscitated with a subcuta-
neous injection of pre-warmed normal saline (35 mL/kg). In the
sham operation group, the cecum was exteriorized but not ligated or
punctured. Mice that underwent sham or CLP surgery were injected
through the tail vein with either saline (150 mL) or MSC sEVs (40 mg
per mouse in 150 mL of saline). Then, some of the mice were killed
48 h after the sham or CLP procedure for subsequent analysis. The
other mice were monitored every 12 h for seven days for survival
rate analysis, (Figure 2A).

Histopathological analysis

All liver, lung and kidney tissues were harvested and then fixed in
4% paraformaldehyde. After gradual dehydration, all samples were
embedded in paraffin and cut into 4- to 6-mm-thick sections for
hematoxylin and eosin staining. All tissue sections were observed
under an Eclipse E800 microscope (Nikon, Tokyo, Japan). Six slides
per tissue were examined. At least 10 visual fields were randomly
selected. Tissue injury scores were evaluated by two investigators in
a blinded manner according to the published scoring system [30].

Bacterial clearance assessment, organ function measurement and
cytokine/chemokine determination

Mouse plasma was collected 48 h after the CLP or sham operation.
Measurement of bacterial clearance was performed on peritoneal
lavage fluid and plasma. After 10-fold dilution, samples were plated
on blood agar plates for 24 h at 37°C. The number of colony-forming
units (CFUs) per milliliter of peritoneal lavage fluid or plasma was
then counted.

Plasma levels of alanine aminotransferase (ALT), aspartate amino-
transferase (AST) and bilirubin were used to assess liver dysfunction,
and blood urea nitrogen (BUN) and creatinine were used to assess
kidney dysfunction. Amylase was used as an indicator of pancreatic
dysfunction. Commercially available kits (BioAssay Systems, Atlanta,
GA, USA) and a Photometer 5010 (ROBERT RIELE GmbH & Co KG,
Berlin, Germany) were used to measure plasma levels of ALT, AST, bil-
irubin, amylase, BUN and creatinine based on the manufacturers’
instructions. Plasma levels of tumor necrosis factor alpha (TNF-a), IL-
1b, IL-6 and IL-10 were assessed by mouse cytokine and chemokine
enzyme-linked immunosorbent assays (R&D Systems Inc, Minneapo-
lis, MN, USA) based on the manufacturer’s instructions.

Assessment of lung wet:dry weight ratio and analysis of bronchoalveolar
lavage fluid

To measure the total amount of lung water, the left lung of the
mice was excised and weighed to measure the wet weight. Next, the
left lung tissues were placed in an oven at 60°C. After 48 h, the tissues
were reweighed to measure the dry weight. The lung wet:dry ratio
was measured as described in the authors’ previous study [28].

Bronchoalveolar lavage was performed according to a previously
published protocol [28]. Bronchoalveolar lavage fluid (BALF) samples
were centrifuged at 500 £ g for 10 min at 4°C. A bicinchoninic acid
protein assay kit was used to evaluate protein in the BALF. The cell
pellet in BALF was resuspended in 100 mL of PBS. After
Wright�Giemsa staining (Beijing Solarbio Science & Technology Co,
Ltd, Beijing, China), neutrophil cells were counted under a micro-
scope.

Bone marrow-derived macrophage isolation and treatment

Bone marrow-derived macrophages (BMDMs) were isolated from
the bone marrow of male C57BL/6 mice aged 6�8 weeks. In brief,
mouse bone marrow was extracted, rinsed with PBS and passed
through a 200 mesh sieve. After removing the red blood cells, the
precipitate was cultured in complete Roswell Park Memorial Institute
1640 medium with 25 ng/mL macrophage colony-stimulating factor
for 5 days in a 37°C and 5% carbon dioxide incubator. Lipopolysaccha-
ride (LPS) 100 ng/mL (Sigma-Aldrich, St Louis, MO, USA) was used to
stimulate the BMDMs for 24 h. Different doses of MSC sEVs (1 mg,
2 mg and 4 mg per 1 £ 105 cells in 10 mL of PBS) were applied to the
BMDM culture medium. The authors found that there was a dose
effect on miR-21a-5p expression with increasing amounts of sEVs in
vitro. A total of 20 mg of MSC sEVs provided protective effects (see
supplementary Figure 1). Therefore, the authors chose this dose for
subsequent experiments in vitro.

MSC sEV labeling and uptake

To determine whether BMDMs could take up MSC sEVs, the
authors labeled MSC sEVs with 1,10-dioctadecyl-3,3,30,30-tetramethy-
lindocarbocyanine perchlorate (Dil) (D282; Thermo Fisher Scientific).
Subsequently, LPS-treated BMDMs were co-cultured with Dil-labeled
sEVs at 37°C for 24 h. Thereafter, BMDMs were rinsed with PBS and
fixed in 4% paraformaldehyde. After permeabilization with ice-cold
methanol for 15 min, BMDMs were stained on glass slides with Alexa
Fluor 647 phalloidin (A22287) and 40,6-diamidino-2-phenylindole
(D1306) (Thermo Fisher Scientific). The cells were then observed
under a confocal laser scanning microscope (LSM 800; Carl Zeiss
Microscopy GmbH, Jena, Germany).

To trace the administered MSC sEVs in vivo, the authors injected
Dil-labeled sEVs into mice through the tail vein. For immunofluores-
cence staining, fixed frozen sections of mouse lung were incubated
with rat anti-mouse F4/80 monoclonal antibody (ab6640; Abcam) at
10 mg/mL overnight at 4°C. After washing the slides in PBS, the slides
were incubated with anti-rat IgG secondary antibody (ab150157;
Abcam) and 40,6-diamidino-2-phenylindole at room temperature.
Next, images were acquired with a confocal laser scanning micro-
scope (LSM 800). To quantify the retention of MSC sEVs, the number
of nuclei of F4/80-positive cells surrounded by Dil-labeled MSC sEVs



Fig. 2. MSC sEVs improved survival and attenuated organ injury in septic mice. (A) Experimental design for the in vivo study. Sham-operated mice underwent the same procedure without
ligation and puncture of the cecum. Saline or MSC sEVs (40mg per mouse in 150mL of saline) were injected through the tail vein 6 h after the CLP operation. Mice were then killed 48 h later
to evaluate therapeutic efficacy or observed for 168 h (7 days) to evaluate survival rate. (B) Kaplan�Meier survival curves showing that administration of MSC sEVs significantly improved sur-
vival in mice with CLP-induced sepsis at 168 h (n = 15�20 mice per group, **P < .01, compared between the CLP+sEVs and CLP+Saline groups). (C) Bacterial counts in peritoneal fluid and
peripheral blood (n = 15 for each group). (D) Organ dysfunction biomarkers AST, ALT, bilirubin, amylase, BUN and creatinine measured in plasma (n = 15 for each group). (E) Sections were
stained with hematoxylin and eosin and examined histologically. The representative sections are shown at £200 original magnification (scale bar = 50 mm). With regard to kidney histology,
the yellow arrow indicates a shrunken glomerulus; the green arrow indicates tubular injury, including brush border loss and tubular luminal debris or obstruction; and the blue arrow indicates
capillary congestion. Regarding lung histology, the yellow arrow indicates alveolar wall thickening, the blue arrow indicates infiltrated inflammatory cells in the alveoli and the green arrow
indicates an enlarged interstitial space.With respect to liver histology, the yellow arrow indicates hepatic cell edema and the blue arrow indicates capillary congestion. Histological injury scores
are shown at the bottom (n = 15 for each group). Statistical analysis was performed using one-way ANOVAwith a Tukey�Kramer post-hoc test. Results are presented as mean§ SD. ** P< .01,
compared with the Sham group. ## P< .01, compared with the CLP+saline group. && P< .01, compared with the Sham+sEVs group. Results are represented as mean§ SD. ANOVA, analysis of
variance; SD, standard deviation. ANOVA, analysis of variance; SD, standard deviation.
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Table 1
Murine primers for qRT-PCR.

Gene Forward primer, 50�30 Reverse primer, 50�30

TNFA TACTGAACTTCGGGGTGAT CAGGCTTGTCACTCGAATT
IL1B CAACCAACAAGTGATATTCTCC GATCCACACTCTCCAGCTGCA
IL6 GTCAATTCCAGAAACCGCTATG ACAGGTCTGTTGGGAGTGGT
IL10 AGGCAGCCTTGCAGAAAAGA GCTCCACTGCCTTGCTCTTA
TLR4 AGCTTCTCCAATTTTTCAGAACTTC TGAGAGGTGGTGTAAGCCATGC
PDCD4
CLTC

ACTGACCCTGACAATTTAAGCG
CTTTGGCACAGGGATAGGAAAT

TTTTCCGCAGTCGTCTTTTGG
GCTGATCTTTTTGCTTTCGGTT

ACTB CATCCGTAAAGACCTCTATGCCAAC ATGGAGCCACCGATCCACA-
U6 CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT

ACTB, b-actin; CLTC, clathrin heavy chain.
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was divided by the total amount of nuclei of F4/80-positive cells. Five
random tissue sections were selected per mouse.

miR-21a-5p mimics and inhibitor transfection

miR-21a-5p mimics (50 nM) or inhibitors (50 nM) and their nega-
tive controls (50 nM) (Guangzhou RiboBio Co, Ltd, Guangzhou, China)
were transfected into MSCs using HiPerFect transfection reagent
(QIAGEN, Germantown, MD, USA) following the manufacturer’s
instructions. After 6 h of transfection, the culture medium was
changed to serum-free medium. After 42 h, sEVs were extracted
according to the protocol shown in Figure 1A. The collected sEVs
were used for subsequent experiments. miR-21a-5p mimics (50 nM)
or inhibitors (50 nM) and their negative controls (50 nM) were also
transfected into BMDMs using HiPerFect transfection reagent. The
treatment grouping was as follows: mimic negative control (mimic
NC), miR-21a-5p mimic (miR-21a-5p mimic), inhibitor negative con-
trol (inhibitor NC) and miR-21a-5p inhibitor (miR-21a-5p inhibitor).

Toll-like receptor 4, programmed cell death 4 and clathrin heavy chain
inhibitor transfection

To determine whether inhibiting the expression of toll-like recep-
tor 4 (TLR4) and programmed cell death 4 (PDCD4) in BMDMs had an
effect on inflammation similar to that of MSC sEVs, the authors used
small interfering RNAs (siRNAs). To determine whether inhibiting the
expression of toll-like receptor 4 (TLR4) and programmed cell death
4 (PDCD4) in BMDMs had an effect on inflammation similar to that of
MSC sEVs, the authors used small interfering RNAs (siRNAs). To find
the highest inhibitory efficiency of siRNA, the authors purchased
three TLR4 siRNAs (siTLR4 #1, #2 and #3) and three PDCD4 siRNAs
(siPDCD4 #1, #2 and #3) from Guangzhou RiboBio Co, Ltd. Clathrin
heavy chain was demonstrated to play an important role in endocy-
tosis by macrophages [31]. Therefore, to confirm that increased miR-
21a-5p in BMDMs was due to internalization of sEVs, siClathrin (see
supplementary Table 2) was used to block the uptake of sEVs.
BMDMs were transfected with siTLR4, siPDCD4, siClathrin or univer-
sal negative control siRNA using Lipofectamine 2000 (Thermo Fisher
Scientific) based on the recommended protocol. After 24 h of trans-
fection, the inhibitory efficiency was measured by quantitative real-
time polymerase chain reaction (qRT-PCR). siRNAs with the highest
inhibitory efficiency were selected for subsequent experiments. To
validate the effect of siTLR4, the authors used a pharmacological
inhibitor of TLR4 (TAK-242). BMDMs were treated with 100 ng/mL
LPS with and without 1-h pre-treatment with 1mM TAK-242.

TLR4 and PDCD4 overexpression transfection

Lentiviral particles of TLR4 and PDCD4 overexpression and their
negative controls were purchased from Shanghai GenePharma Co,
Ltd (Shanghai, China). BMDMs were infected with a multiplicity of
infection of 50 according to the manufacturer’s protocol. BMDMs
were divided into the following treatment groups: PBS (control),
LPS + oe-NC (overexpressed TLR4 or PDCD4 control) + sEVs (mimic-
NC), LPS + oe-NC (overexpressed TLR4 or PDCD4 control) + sEVs
(miR-21a-5p mimic), LPS + oe-TLR4 or PDCD4 + sEVs (mimic-NC) and
LPS + oe-TLR4 or PDCD4 + sEVs (miR-21a-5p mimic).

Plasmid construction and luciferase reporter assay

miR-21-5p binding sites in the TLR4 30 and PDCD4 30 untranslated
region (UTR) sequences were cloned into a pGL3 luciferase control
reporter vector (Promega Corporation, Madison, WI, USA). The
desired pGL3-TLR4-wt or pGL3-TLR4-mut, pGL3-PDCD4-wt or pGL3-
PDCD4-mut and miR-21-5p mimic or mimic-NC were delivered
together into HEK293T cells (Shanghai Institute of Nutrition and
Health, Chinese Academy of Sciences, Shanghai, China). After 24 h of
transfection, the cells were collected and measured for luciferase
activity with the Dual-Luciferase Reporter Assay System (Promega
Corporation).

RNA pull-down

The biotin-labeled miR-21a-5p mimic, biotin-labeled mutated
miR-21a-5p and negative control were transfected into BMDMs. After
48 h, the cells were harvested and lysed, and the lysate was incubated
with M-280 streptavidin magnetic beads (Thermo Fisher Scientific) at
room temperature for 15�30 min. Next, qRT-PCR was carried out to
analyze enrichment of the co-deposited TLR4 and PDCD4 RNA.

Quantitative real-time PCR

Total RNA was purified from cultured cells or lung tissues using
TRIzol reagent (Thermo Fisher Scientific) [28]. The primers used are
displayed in Table 1. sEV miRNAs were extracted with the SeraMir
Exosome RNA Purification Kit (System Biosciences, LLC, Palo Alto, CA,
USA). The miRNA primers were supplied by Tiangen Biotechnology
Co, Ltd (Beijing, China). RNA was converted to complementary DNA
using a reverse transcription kit (QIAGEN). Next, qRT-PCR analysis
was performed with SYBR Green Master Mix (Thermo Fisher Scien-
tific) and run on a StepOne Plus Real-Time PCR System (Thermo
Fisher Scientific). Data were analyzed with the 2�DDCt comparative
method using U6 small nuclear RNA or glyceraldehyde 3-phosphate
dehydrogenase for normalization.

Western blotting analysis

Total protein was purified from cells and lung tissue homogenate
[32]. The protein was loaded on a 10% denaturing sodium dodecyl
sulfate�polyacrylamide gel and then transferred to polyvinylidene
fluoride membranes. After incubation with antibodies such as TLR4
(ab13867, 1:1000; Abcam), PDCD4 (ab51495, 1:1000; Abcam), phos-
phorylated nuclear factor kappa B (NF-kB) p65 (#3033, 1:1000; Cell
Signaling Technology, Danvers, MA, USA), total NF-kB p65 (#4764,
1:1000; Cell Signaling Technology) and b-actin (#3700, 1:1000; Cell
Signaling Technology), the membranes were washed with PBS three
times. Subsequently, the membranes were incubated with horserad-
ish peroxidase-conjugated secondary antibody. A total of 50 mg of
protein was used for western blotting analysis. The signals were
detected by a chemiluminescence detection kit (GE Healthcare, Pitts-
burgh, PA, USA). The band intensity was quantified using Image-Pro
Plus 6.0 software (Media Cybernetics, Inc, Rockville, MD, USA).

Statistical analysis

Results are presented as mean § standard deviation of at least
three independent experiments. A two-tailed unpaired Student’s t-
test was performed for comparison between two groups. One-way
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analysis of variance was used to compare multiple groups.
Kaplan�Meier analysis was used to estimate survival curves. P < 0.05
indicated statistical significance. All statistical analyses were per-
formed using Prism 9 software (GraphPad Software, San Diego, CA,
USA).

Results

Characterization of MSC sEVs

sEVs were obtained from the conditioned medium of mouse bone
marrow-derived MSCs through ultracentrifugation. Transmission
electron microscopy was used to observe the ultrastructure of MSC
sEVs. Figure 1B displays the spheroid-shaped morphology of MSC
sEVs, which ranged from 80 nm to 100 nm in size. Through nanopar-
ticle tracking analysis, the authors measured the size distribution and
number of sEVs. The mean diameter of sEVs was 88 § 42.3 nm
(Figure 1D). The authors isolated 1.8 £ 106 particles (containing
4.82 mg of sEV protein) from the culture medium of 1 £ 106 MSCs
(see supplementary Table 1). Western blotting analysis revealed the
expression of CD81 and TSG101 proteins, but the endoplasmic reticu-
lummarker calnexin was not expressed (Figure 1C).

MSC sEV treatment improved survival and attenuated organ injury in
CLP-induced sepsis

The mouse treatment scheme is shown in Figure 2A. Kaplan�Me-
ier survival curves showed that the survival rate of CLP mice treated
with MSC sEVs was significantly higher than that of CLP mice treated
with saline (60% in the CLP+MSC sEV group versus 30% in the CLP
+saline group) (Figure 2B). This result indicated that MSC sEVs
exerted protective effects against CLP-induced sepsis.

The number of CFUs in mouse peritoneal lavage fluid and blood
was counted to assess bacterial burden (Figure 2C). Mice that
received CLP surgery had a significantly larger number of CFUs in
both peritoneal lavage fluid and blood than mice that received sham
surgery (P < 0.05). However, CLP mice that received MSC sEV therapy
exhibited a significantly lower number of CFUs in both peritoneal
lavage fluid and blood than mice that received normal saline (P <

0.05), which indicated that MSC sEVs made direct or indirect contri-
butions to bacterial clearance.

To analyze the effect of MSC sEVs on multi-organ dysfunction, the
authors evaluated the pathology and function of the major organs (i.
e., liver, pancreas, kidneys and lungs) of mice treated with or without
MSC sEVs. The authors found that mice subjected to CLP showed
more obvious dysfunction of the liver (as reflected by ALT, AST and
bilirubin levels), pancreas (as reflected by amylase levels) and kid-
neys (as reflected by BUN and creatinine levels) than mice subjected
to the sham operation (P < 0.01) (Figure 2D). However, when CLP
mice were treated with MSC sEVs, their organ injuries were less
severe compared with those administered saline (P < 0.01). Similarly,
the pathological scores—which were used to evaluate edema, inflam-
matory cell infiltration and severe hemorrhage—in mice with the CLP
operation were higher than the scores in mice receiving the sham
operation. The pathological scores were also significantly reduced
after treatment with MSC sEVs (P < 0.01) (Figure 2E).

MSC sEVs attenuated lung vascular permeability and inflammation in
CLP-induced sepsis

The concentrations of total protein in BALF and lung wet:dry
ratios were evaluated to assess pulmonary vascular leakage. CLP sur-
gery significantly increased lung vascular permeability (P < 0.05 for
total protein and P < 0.01 for lung wet:dry ratio compared with the
sham group) (Figure 3A,B). Treatment with MSC sEVs markedly
reversed the increase in lung vascular permeability in CLP mice (P <
0.05 for total protein and P < 0.01 for lung wet:dry ratio compared
with the CLP+saline group). Additionally, total cell counts in the BALF
were detected to evaluate lung inflammation. The results revealed
that both total cells and neutrophils in the BALF were significantly
increased in the CLP+saline group compared with the sham group
(P < 0.01). Treatment with MSC sEVs prevented this CLP-induced
increase (P < 0.01) (Figure 3C,D).

MSC sEVs decreased plasma cytokine/chemokine levels in CLP-induced
sepsis

Sepsis is characterized by a systemic inflammatory response. The
authors measured the concentrations of plasma cytokines and che-
mokines that could reflect the systemic inflammatory response in
CLP mice. The authors’ results showed that levels of pro-inflamma-
tory cytokines TNF-a, IL-1b and IL-6 were significantly elevated in
the plasma of mice that received CLP surgery compared with mice
that received sham surgery (P < 0.01) (Figure 3E�H). However,
administration of MSC sEVs significantly attenuated these increases
(P < 0.01) (Figure 3E�G). Moreover, the anti-inflammatory cytokine
IL-10 was significantly increased after treatment with MSC sEVs (P <

0.01) (Figure 3H).
The authors also detected the retention of MSC sEVs in lung tis-

sues. At 6 h after administration, Dil-labeled MSC sEVs were observed
in the perinuclear region of macrophages (anti-mouse F4/80-positive
cells) (Figure 3I). The percentages of macrophages surrounded by Dil-
labeled MSC sEVs were significantly higher in CLP+sEV mice com-
pared with sham+sEV mice (see supplementary Figure 2).

miR-21a-5p was abundantly expressed in MSC sEVs and could be
delivered into BMDMs

A vast number of studies have demonstrated that MSC sEVs medi-
ate cellular communication by shuttling miRNAs. Therefore, the
authors selected a class of inflammation-related miRNAs (i.e., miR-
125b, miR-27a, miR-21a, miR-93, miR-15a, miR-146a, miR-181b,
miR-127, miR-130a, miR-106a, miR-106b, miR-126, miR-223) for the
present study based on previous reports [33,34]. The authors per-
formed qRT-PCR to analyze the differential expression of these miR-
NAs in MSC sEVs. The results showed that miR-21a-5p was the most
highly expressed miRNA among the inflammation-related miRNAs
(Figure 4A). miR-21a has been reported to attenuate inflammation
and to be protective against sepsis in several studies [35�37]. There-
fore, the authors focused on MSC sEV miR-21a-5p for further investi-
gation. To determine whether MSC sEVs could be internalized in
BMDMs, Dil-labeled MSC sEVs were cultured for 24 h with BMDMs
stimulated with 100 ng/mL LPS. The authors observed that Dil-
labeled MSC sEVs were internalized by BMDMs (Figure 4B). The
authors further found that the expression of miR-21a-5p was
markedly elevated in BMDMs after co-culturing with MSC sEVs for 24
h (P < 0.01) (Figure 4C). When the uptake of MSC sEVs by BMDMs
was blocked, the expression of miR-21a-5p was significantly
decreased (see supplementary Figure 3), which confirmed that
increased miR-21a-5p in BMDMs was due to internalization of sEVs.

miR-21a-5p targeted TLR4 and PDCD4

Bioinformatics analysis with TargetScan predicted that miR-21a-
5p targeted TLR4 and PDCD4 and indicated that the 30 UTRs of TLR4
and PDCD4 were complementary to the miR-21a-5p seed region
(Figure 4D). To validate that the 30 UTRs of TLR4 and PDCD4 were
direct targets of miR-21a-5p, the authors conducted dual-luciferase
reporter gene assays. The luciferase activity of TLR4-wt and PDCD4-
wt was reduced upon miR-21a mimic transfection, whereas the lucif-
erase activity of TLR4-mut and PDCD4-mut was not changed (P <

0.01) (Figure 4E). Moreover, the RNA pull-down assay showed that



Fig. 3. MSC sEV treatment inhibits pulmonary microvascular permeability and plasma cytokine/chemokine levels in septic mice. (A,B) Pulmonary vascular permeability was assessed by mea-
surement of (A) total protein in BALF and (B) lung wet:dry ratios (n = 15 for each group). (C,D) To evaluate lung inflammation, BALF was assessed for (C) total cell counts and (D) neutrophil
counts (n = 15 for each group). (E�H) Plasma pro-inflammatory cytokines (E) TNF-a, (F) IL-1b and (G) IL-6 and the anti-inflammatory cytokine (H) IL-10 were measured by mouse ELISA
(n = 15 for each group). (I) Representative images of MSC sEV incorporation in macrophages in lung tissues (n = 6 for each group) (scale bar = 50mm). Statistical analysis was performed using
one-way ANOVAwith a Tukey�Kramer post-hoc test. Results are presented as mean§ SD. ** P< 0.01, * P< 0.05, compared with the Sham group. ## P< 0.01, compared with the CLP+saline
group. && P< 0.01, & P< 0.05, compared with the Sham+sEVs group. DAPI, 40 ,6-diamidino-2-phenylindole; ELISA, enzyme-linked immunosorbent assay; SD, standard deviation.
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both TLR4 and PDCD4 were enriched with biotinylated miR-21a-3p,
proving their direct interaction (P < 0.01) (Figure 4F). To prove that
miR-21a-5p could specifically regulate the expression of TLR4 and
PDCD4, the authors used miR-21a-5p mimics and inhibitors to trans-
fect BMDMs. The level of miR-21a-5p was significantly increased
after transfection of miR-21a-5p mimics, whereas it was significantly
decreased after transfection of miR-21a-5p inhibitors (P < 0.01)
(Figure 4I). The authors also found that miR-21a-5p mimics signifi-
cantly reduced TLR4 and PDCD4 expression, whereas miR-21a-5p
inhibitors led to elevation of TLR4 and PDCD4 expression (Figure 4G,
H). Collectively, these data indicate that miR-21a-5p negatively regu-
lated the expression of TLR4 and PDCD4 by binding to the 30 UTR.
MSC sEVs inhibited TLR4 and PDCD4 expression in BMDMs and lung
tissues

The levels of miR-21a-5p target genes, including TLR4 and PDCD4,
were markedly reduced at both the mRNA and protein levels in
LPS-induced BMDMs after treatment with MSC sEVs (P < 0.01)
(Figure 5A�D). A similar trend was observed in the protein level of
phosphorylated NF-kB p65, which is downstream of TLR4 and PDCD4
(P< 0.01) (Figure 5E). The data suggest that miR-21a-5p can be trans-
ferred into target cells to regulate gene expression.
Because MSC sEVs have been reported to accumulate mainly in
the lungs, the authors specifically focused on lung tissues to explore
the mechanisms of MSC sEVs in vivo. The results revealed that treat-
ment with MSC sEVs significantly increased miR-21a-5p expression
levels in lung tissues of mice that underwent CLP or sham operation
(P < 0.05 for the sham+sEV group and P < 0.01 for the CLP+sEV group
compared with the sham group) (Figure 5F). Moreover, MSC sEV
therapy significantly reduced the mRNA and protein expression of
both TLR4 and PDCD4—known targets of miR-21a-5p—in the lung tis-
sues of septic mice (P < 0.01) (Figure 5G�J). Additionally, levels of
phosphorylated NF-kB p65 protein were significantly reduced in the
lung tissues of septic mice after treatment with MSC sEVs (P < 0.01)
(Figure 5K).

MSC sEVs suppressed inflammation in vitro and in vivo through the
delivery of miR-21a-5p

To explore the effects of miR-21a-5p derived from MSC sEVs
on sepsis in vitro, BMDMs were co-cultured with MSC sEVs that
were additionally treated with miR-21a-5p inhibitor. LPS
increased the mRNA and protein expression of pro-inflammatory
cytokines TNF-a, IL-1b and IL-6 (P < 0.01) as well as TLR4 and
PDCD4 and the level of phosphorylated NF-kB p65 protein in
BMDMs, whereas co-treatment with MSC sEVs alleviated these



Fig. 4. miR-21a-5p targeted TLR4 and PDCD4. (A) Detection of expression of indicated miRNAs by qRT-PCR analysis (n = 3). (B) Fluorescence microscopy analysis of Dil-labeled MSC
sEV internalization by BMDMs. Dil-labeled MSC sEVs (red) are visible in the perinuclear region of BMDMs (scale bar = 50 mm). (C) Levels of miR-21a-5p in LPS-stimulated BMDMs
after co-culturing with or without MSC sEVs for 4 h (n = 3 per group). (D) Bioinformatics analysis with TargetScan predicts that the 30 UTRs of TLR4 and PDCD4 are complementary
to the miR-21a-5p seed region. (E) Luciferase activity of TLR4-wt and TLR4-mut or PDCD4-wt and PDCD4-mut was determined upon miR-21 mimic transfection (n = 3 per group).
(F) Enrichment of miR-21a-5p detected by RNA pull-down assay in BMDMs. (G,H) mRNA and protein levels of TLR4 and PDCD4 in LPS-stimulated BMDMs after transfection with or
without miR-21a-5p mimics or inhibitors (n = 3 per group). (I) Level of miR-21a-5p in LPS-stimulated BMDMs after transfection with or without miR-21a-5p mimics or inhibitors
(n = 3 per group). Statistical analysis was performed using one-way ANOVA with a Tukey�Kramer post-hoc test. Results are presented as mean § SD. For (C): ** P < 0.01, compared
with the Sham group. ## P < 0.01, compared with the LPS+saline group. && P < 0.01, compared with the Sham+sEVs group. For (E): ** P < 0.01, compared with control group. For
(F): ** P < 0.01, compared with the Bio-NC group. ## P < 0.01, compared with the Bio-miR-21a-5p mut group. For (G-I): ** P < 0.01, * P < 0.05, compared with the mimic NC group.
## P < 0.01, # P < 0.05, compared with the miR-21a-5p mimic group. && P < 0.01, compared with the inhibitor NC group.ANOVA, analysis of variance; DAPI, 40 ,6-diamidino-2-phe-
nylindole; SD, standard deviation.

ARTICLE IN PRESS

8 R. Niu et al. / Cytotherapy 00 (2023) 1�15



Fig. 5. miR-21a-5p targeted TLR4 and PDCD4 and inhibited their expression in BMDMs and lung tissues. (A�D) mRNA and protein levels of TLR4 and PDCD4 in LPS-stimulated BMDMs after
co-culturing with or without MSC sEVs for 4 h. (E) Protein level of phosphorylated NF-kB p65 in LPS-stimulated BMDMs after co-culturing with or without MSC sEVs for 4 h. (F) Lung miR-
21a-5p expression was determined for each group with qRT-PCR. (G,H) mRNA levels of (G) TLR4 and (H) PDCD4 in lung tissues of septic mice were determined with qRT-PCR. (I�K) Protein
levels of (I) TLR4, (J) PDCD4 and (K) phosphorylated NF-kB p65 in lung tissues of septic mice were measured by western blot. Statistical analysis was performed using one-way ANOVA with a
Tukey�Kramer post-hoc test. Results are presented as mean§ SD (n = 3 per group). For (A-E): ** P< 0.01, compared with the Sham group. ## P< 0.01, compared with the LPS+saline group.
&& P < 0.01, compared with the Sham+sEVs group. For (F-K): ** P < 0.01, * P < 0.05, compared with the Sham group. ## P < 0.01, compared with the CLP+saline group. && P < 0.01, com-
pared with the Sham+sEVs group. Results are represented as mean§ SD. n = 3 per group. ANOVA, analysis of variance; SD, standard deviation.
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effects (Figure 6A�M). MSC sEVs also significantly increased the
anti-inflammatory cytokine IL-10 (P < 0.01) (Figure 6D,H). More-
over, inhibition of MSC sEV miR-21a-5p markedly reversed these
reductions in pro-inflammatory cytokines, TLR4, PDCD4 and phos-
phorylated NF-kB p65 as well as the increase in anti-inflamma-
tory cytokine IL-10 (Figure 6A�M).



Fig. 6. MSC sEV treatment suppressed inflammation in BMDMs through the delivery of miR-21a-5p. BMDMs were co-cultured with MSC sEVs, which were additionally treated with a specific
inhibitor targeting miR-21a-5p. (A�H) mRNA and protein expression of pro-inflammatory cytokines (A,E) TNF-a, (B,F) IL-1b and (C,G) IL-6 and anti-inflammatory cytokine (D,H) IL-10 in
BMDMs was determined by qRT-PCR and mouse ELISA, respectively (n = 3 per group). (I,J) mRNA expression of (I) TLR4 and (J) PDCD4 in BMDMs was determined by qRT-PCR (n = 6 per
group). (K�M) Protein levels of (K) TLR4, (L) PDCD4 and (M) phosphorylated NF-kB p65 in BMDMs were measured by western blot (n = 3 per group). Statistical analysis was performed using
one-way ANOVAwith a Tukey�Kramer post-hoc test. Results are presented as mean§ SD. ** P< 0.01, * P< 0.05, compared with the Sham group. ## P< 0.01, compared with the LPS+saline
group. && P < 0.01, compared with the LPS+sEVs group. $$ P < 0.01, compared with the LPS+sEVs (21a-5p inhibitor) group. ANOVA, analysis of variance; ELISA, enzyme-linked immunosor-
bent assay; SD, standard deviation.
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Similar trends were observed in vivo for the mRNA and protein
expression of TLR4 and PDCD4 and the protein expression of phos-
phorylated NF-kB p65 in the lung tissues of septic mice (P < 0.01)
(Figure 7B�F). Additionally, the authors explored the potential effect
of miR-21a-5p derived from MSC sEVs on the survival rate of septic
mice. MSC sEV administration significantly increased the survival
rate of CLP mice compared with mice administered saline (P < 0.05)
(Figure 7A). However, there were no significant differences in the
survival rate between CLP mice administered miR-21a-5p-depleted
MSC sEVs and CLP mice administered saline (P > 0.05). These data
suggest that MSC sEVs suppressed inflammation by targeting TLR4
and PDCD4 through miR-21a-5p.

Inhibition of TLR4 and PDCD4 induced MSC sEV-like positive effects on
BMDMs

The authors additionally tested whether inhibiting the expression
of miR-21a-5p target genes TLR4 and PDCD4 had similar beneficial
effects on BMDMs as MSC sEVs. The authors’ data showed that the
most effective siRNAs were siTLR4 #1 and siPDCD4 #1, both of which
were selected for subsequent experiments (P < 0.01) (Figure 8A,B).
The authors then found that inhibition of TLR4 and PDCD4 signifi-
cantly reduced the mRNA and protein expression of pro-inflamma-
tory cytokines TNF-a, IL-1b and IL-6 and increased the expression of
anti-inflammatory cytokine IL-10 in LPS-stimulated BMDMs (P <

0.01) (Figure 8C�J). The beneficial effects on BMDMs induced by
siTLR4 #1 and siPDCD4 #1 were almost the same as those induced by
treatment with MSC sEVs (P < 0.01), which further indicated that the
beneficial effects of MSC sEVs on BMDMs may be in part mediated
through miR-21a-5p targeting of TLR4 and PDCD4. Moreover, TLR4
signaling inhibitor (TAK-242) treatment were also observed the simi-
lar anti-inflammatory effect on BMDMs with siTLR4 (see supplemen-
tary Figure 4).

MSC sEVs suppressed inflammation in vitro through the miR-21a-5p-
TLR4/PDCD4 pathway

To investigate the regulatory role of miR-21a-5p in sepsis, the
authors introduced miR-21a-5p mimic-transfected MSC sEVs along
with TLR4 and PDCD4 overexpression lentiviral particles into
BMDMs. The authors’ qRT-PCR and western blot analysis showed
that miR-21a-5p mimic-transfected MSC sEVs significantly



Fig. 7. MSC sEV treatment suppressed inflammation in lung tissues of septic mice through the delivery of miR-21a-5p. CLP-induced septic mice were treated with saline, MSC sEVs
or miR-21a-5p-depleted MSC sEVs. (A) Survival rate in CLP mice was monitored for a total of 168 h (7 days) (n = 20 per group). (B,C) mRNA expression of (B) TLR4 and (C) PDCD4 in
lung tissues of septic mice was determined by qRT-PCR (n = 3 per group). (D�F) Protein expression of (D) TLR4, (E) PDCD4 and (F) phosphorylated NF-kB p65 in lung tissues of septic
mice was determined by western blot (n = 3 per group). Statistical analysis was performed using one-way ANOVA with a Tukey�Kramer post-hoc test. Results are presented as
mean§ SD. For (A) *P< 0.05, CLP+sEVs group or CLP+ sEVs (control inhibitor) compared with the CLP+saline group; #P < 0.05, CLP+sEVs group or CLP+ sEVs (control inhibitor) com-
pared with the CLP+sEVs (21a-5p inhibitor). For (B-F), ** P < 0.01, compared with the Sham group. ## P < 0.01, compared with the CLP+saline group. && P < 0.01, compared with
the CLP+sEVs group. $$ P < 0.01, compared with the CLP+sEVs (21a-5p inhibitor) group. ANOVA, analysis of variance; SD, standard deviation.
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downregulated TLR4 and PDCD4 expression. However, when BMDMs
were infected with TLR4 or PDCD4 overexpression lentivirus, the
benefit effect of miR-21a-5p mimic-transfected MSC sEVs was
reversed (Figure 9I�L). Moreover, functional analysis demonstrated
that miR-21a-5p mimic-transfected MSC sEVs significantly reduced
the expression of pro-inflammatory cytokines TNF-a, IL-1b and IL-6
and increased the expression of anti-inflammatory cytokine IL-10.
However, overexpression of TLR4 and PDCD4 reversed this change
(Figure 9A�F). Collectively, these results reveal that MSC sEVs sup-
pressed inflammation in vitro through the miR-21a-5p-TLR4/PDCD4
pathway.

Discussion

In this study, the authors explored the role of MSC sEVs in sepsis
in vitro and in vivo. The authors proved that MSC sEVs significantly
alleviate the symptoms of sepsis, including elevating survival rates
and bacterial clearance, inhibiting lung vascular leakage and the
inflammatory response and improving organ dysfunction. The
authors found that the potential mechanisms underlying the benefi-
cial effects of MSC sEVs on sepsis might be related to the delivery of
miRNA. Moreover, the authors found that miR-21a-5p was highly
abundant in MSC sEVs, could be delivered into recipient cells and tar-
geted TLR4 and PDCD4.

Over the past decade, multiple studies have demonstrated that
systemic injection of MSCs attenuates the inflammatory response
and organ failure in several pre-clinical models of sepsis [5�7]. MSCs
have additionally been confirmed to have beneficial effects on sepsis
in early-phase clinical trials [8,9]. However, the utilization of MSCs as
therapeutic agents for sepsis may be limited by technical challenges,
including scaling up and maintaining the activities of stem cells.
Recently, there has been increasing interest in using MSC sEVs in sep-
sis as an alternative to cell therapy [20]. MSC sEVs could provide
benefits to injured cells similar to MSCs themselves but avoid phago-
cytosis, degradation and modification in the circulation [38,39]. In
the present study, sEVs derived from mouse MSCs improved murine
survival, attenuated organ injury, reduced systemic inflammation
and decreased lung vascular leakage in septic mice. Consistent with
the authors’ report, several studies have proven the beneficial effects
of MSC- or endothelial progenitor cell-derived sEVs on septic mice
[21,35,39]. The authors also observed that MSC sEVs had a minimal
impact on pancreatic function compared with other organs based on
amylase activity. This interesting observation may be related to the
inhibition of inflammation and pyroptosis of pancreatic acinar cells
[40] and the control of the systemic inflammatory response to facili-
tate the repair of pancreatic tissue by MSC sEVs [41]. A similar obser-
vation was also reported by Li et al. [40], who showed that MSC sEVs
could alleviate inflammation and pyroptosis of pancreatic acinar
cells.

The mechanisms related to the protective effects of MSC sEVs
against sepsis have not been well characterized. Although there are
numerous bioactive molecules in sEVs, reports have indicated that
miRNAs might play a critical role in the beneficial effects of sEVs on
recipient cells [34,42]. sEVs are considered vehicles for the horizontal
transfer of miRNAs between cells to regulate gene expression and
biological processes [43,44]. miR-21 has been demonstrated to be
present in sEVs derived from several kinds of cells, including cancer-
associated adipocytes and fibroblasts [45], dendritic cells [46], bron-
chial epithelial cells [47], endothelial progenitor cells [37,48] and
human umbilical cord blood cells [49]. The results of the current
study showed that high levels of miR-21a-5p were identified in sEVs
derived from mouse bone marrow MSCs. Moreover, miR-21a-5p
expression was markedly enhanced in both BMDMs incubated with
MSC sEVs and lung tissues of septic mice that received MSC sEV ther-
apy. The data suggest that miR-21a-5p can be transferred from MSC
sEVs to target cells.



Fig. 8. Inhibition of TLR4 and PDCD4 induced MSC sEV-like positive effects on BMDMs. BMDMs were co-cultured with MSC sEVs, siTLR4 or siPDCD4. (A,B) Inhibitory efficiency of
siRNAs targeting (A) TLR4 and (B) PDCD4 was verified by qRT-PCR (n = 3 per group). (C�J) mRNA and protein expression of pro-inflammatory cytokines (C,G) TNF-a, (D,H) IL-1b
and (E,I) IL-6 and anti-inflammatory cytokine (F,J) IL-10 in BMDMs was determined by qRT-PCR and mouse ELISA, respectively (n = 3 per group for mRNA and n = 6 per group for
protein). Statistical analysis was performed using one-way ANOVA with a Tukey�Kramer post-hoc test. Results are presented as mean § SD. For (A) and (B), ** P < 0.01, compared
with the Con siRNA group. For (C-J), ** P < 0.01, compared with the control group. ## P < 0.01, compared with the LPS+saline group. && P < 0.01. ANOVA, analysis of variance; Con
siRNA, negative control siRNA; Ctrl, control; ELISA, enzyme-linked immunosorbent assay; SD, standard deviation, compared with the LPS+sEVs group.
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Growing evidence has revealed that miR-21 performs a pivotal
function in inflammatory responses [36,50�52]. The importance
of miR-21a-5p in sepsis has been demonstrated in CLP-induced
acute kidney injury mouse models that have high renal tubular
injury scores, inflammatory factor levels and oxidative stress
responses [37,53]. Through its targeting of TLR4, miR-21a-5p reg-
ulates inflammatory responses in Mycobacterium tuberculosis-
infected macrophages [54] and LPS-stimulated NR8383 cells [36].
Additionally, miR-21 has been demonstrated to target and inhibit
PDCD4, a selective protein translation inhibitor known to inhibit
inflammation and a proposed target for sepsis therapeutics [35].
More recently, reports have shown that the miR-21-dependent
regulation of inflammation in sepsis is mediated by NF-kB p65
phosphorylation [53].

In summary, this study revealed that the expression levels of
TLR4, PDCD4 and phosphorylated NF-kB p65 were significantly
decreased in BMDMs and CLP-induced septic mice treated with miR-
21-5p-containing MSC sEVs. However, the positive roles played by
MSC sEVs were significantly reversed by a specific inhibitor targeting
miR-21-5p. Moreover, the authors found that knocking down the
expression of miR-21-5p target genes TLR4 and PDCD4 could provide
MSC sEV-like protective effects with regard to the inflammatory
response in BMDMs. These findings indicate that miR-21-5p trans-
ferred by MSC sEVs might provide an anti-inflammatory benefit in
sepsis by targeting TLR4 and PDCD4.
Several limitations of this study should be pointed out. First, a
great number of bioactive molecules were identified in MSC sEVs,
and the authors focused on only miRNAs in this work. The authors
cannot exclude the possibility that other bioactive molecules within
MSC sEVs contribute to the beneficial effects against sepsis; this
requires further exploration. Second, the results of the authors’ study
revealed that miR-21a-5p accounts for a portion of the therapeutic
effects of MSC sEVs in sepsis. However, the possibility that other MSC
sEV miRNAs may also play a role in sepsis therapy cannot be
excluded. Ongoing research involving bioinformatics analysis may
detect additional miRNAs in MSC sEVs that are related to sepsis.
Third, miRNA regulation is a network system: miRNAs may be regu-
lated by other molecules and miRNAs may regulate different targets
as well. Further mechanistic studies to explore the therapeutic effect
of MSC sEV miR-21a-5p in sepsis are still needed.

Conclusions

In summary, the authors’ present data indicate that sEVs released
from MSCs improve survival and attenuate organ injury in septic
mice through the inhibition of inflammation. Moreover, the authors’
results reveal that the mechanisms underlying the protective effects
of MSC sEVs against sepsis might be related to the delivery of miR-
21a-5p. More importantly, MSC sEV-derived miR-21a-5p is likely to
suppress inflammation by targeting TLR4 and PDCD4 (Figure 10).



Fig. 9. MSC sEVs suppressed inflammation in vitro through the miR-21a-5p-TLR4/PDCD4 pathway. miR-21a-5p mimic-transfected MSC sEVs along with TLR4 and PDCD4 overex-
pression lentiviral particles were transfected into BMDMs. (A�H) mRNA and protein expression of pro-inflammatory cytokines (A,E) TNF-a, (B,F) IL-1b and (C,G) IL-6 and anti-
inflammatory cytokine (D,H) IL-10 in BMDMs was determined by qRT-PCR and mouse ELISA, respectively (n = 3 per group). (I�L) mRNA expression of (I,K) TLR4 and (J,L) PDCD4 in
BMDMs was determined by qRT-PCR and western blot, respectively (n = 3 per group). Statistical analysis was performed using one-way ANOVA with a Tukey�Kramer post-hoc
test. Results are presented as mean § SD. Statistical analysis: one-way ANOVA with a Tukey-Kramer post hoc test. ** P < 0.01, * P < 0.05, compared with the Ctrl group. ## P < 0.01,
#P < 0.05, compared with the LPS+Oe-NC+sEV(mimic-NC) group; && P < 0.01, & P < 0.05, compared with the LPS+Oe-NC+sEV(miR-21 mimic) group; $$ P < 0.01, compared with
the LPS+Oe-TLR4+sEV(mimic-NC) group;FF P < 0.01, compared with the LPS+Oe-PDCD4+sEV(mimic-NC) group; ELISA, enzyme-linked immunosorbent assay.

Fig. 10. Schematic illustration of the mechanism of MSC sEVs in the treatment of sepsis. MSC sEVs inhibited sepsis-associated inflammation through the delivery of miR-21a-5p.
Moreover, MSC sEV-derived miR-21a-5p is likely to suppress inflammation by targeting TLR4 and PDCD4. ER, endoplasmic reticulum; MVB, multivesicular body.
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Ongoing investigation into the role of MSC sEVs will allow us to bet-
ter understand their potential as novel sepsis therapeutics.
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