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A B S T R A C T

Extracellular vesicles (EVs) secreted by bone marrow mesenchymal stem cells (BMSCs) have shown repairing
effects in tissue damage. However, their efficacy and mechanism in the treatment of ulcerative colitis (UC), a
type of chronic inflammatory bowel disease, are unclear. To investigate the effects and possible mechanism of
EVs in UC treatment, we established an in vitro model using lipopolysaccharide (LPS)-treated macrophages and
an in vivo dextran sulfate sodium (DSS)-induced mouse model to mimic UC. In vitro, EVs promoted the pro-
liferation and suppressed inflammatory response in LPS-induced macrophages, as demonstrated by the up-
regulation of pro-inflammatory factors (TNF-α, IL-6, and IL-12) and down-regulation of the anti-inflammatory
factor IL-10. In the in vivo model, EV administration ameliorated the symptoms of UC by reducing weight loss,
disease activity index, and colon mucosa damage and severity while increasing colon length. This was ad-
ditionally accompanied by the increase in IL-10 and TGF-β levels and the decline in VEGF-A, IFN-γ, IL-12, TNF-
α, CCL-24, and CCL-17 levels. In terms of the mechanism, EVs promoted M2-like macrophage polarization,
characterized by the increase in the M2 marker CD163. Furthermore, the positive effect of EVs on UC repair
seemed to be related to the JAK1/STAT1/STAT6 signaling pathway. Collectively, BMSC-derived EVs exerted
positive therapeutic effects against DSS-induced UC, which could be due to a negative inflammatory response.

1. Introduction

Inflammatory bowel disease (IBD), including both Crohn's disease
and ulcerative colitis (UC), is a chronic multifactorial disease that af-
fects the gastrointestinal tract and likely results from an aberrant im-
mune response toward luminal antigens in genetically susceptible in-
dividuals [1]. UC is clinically manifested by signs such as body weight
loss, bloody mucous stool, abdominal pain, rectum atrophy, and easy
relapse [2]. The etiology and pathogenesis of UC are believed to be
related to genetic susceptibility, immune dysregulation, infection, and
environmental factors [3]. Pathophysiological features of UC include
the destruction of the epithelial barrier, abnormal immune response
induced by the imbalance of intestinal symbiotic flora, immune im-
balance between regulatory and effector T cells, and inflammatory
cascade induced by leukocyte recruitment [4]. The ultimate manifes-
tations of these characteristics are mucosal inflammation injury and
intestinal mucosal imbalance. Clinical trials and treatments of UC

mainly focus on anti-inflammatory and mucosal repair and protection,
and current treatment of IBD primarily consists of 5-aminosalicylic
acid, steroids, antimicrobials, immunomodulators, and monoclonal
antibodies [5,6]. However, these medications present limitations, and
many patients show no response or become refractory over time.
Hence, novel, effective, and safe treatments for UC are urgently needed.

Mesenchymal stem cells (MSCs) are cells that can self-renew and
differentiate into various cell types, providing the theoretical basis for
the treatment of many diseases [7,8]. Although MSCs can be found in
most adult tissues, the primary sources of MSCs for treatment are bone
marrow, umbilical cord, and adipose tissues. Among them, bone
marrow-derived MSCs (BMSCs) have shown effectiveness in the treat-
ment of chronic diseases, such as knee osteoarthritis [9], type 2 dia-
betes [10], and UC [11]. In particular, the therapeutic potential of
MSCs against UC was demonstrated through MSC transplantation,
whereby transforming growth factor-β (TGF-β) signaling was triggered
and activated by MSCs to accelerate the recovery of colitis [11].
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Extracellular vesicles (EVs) secreted by cells have been described as
a new mechanism for cell-cell communication [12]. Various subsets of
EVs have been identified, including exosomes (< 150 nm), micro-
vesicles (200–500 nm), and oncosomes (1–10 μm) [13]. When EVs are
secreted into the extracellular space in the form of exocytosis, they
interact with membrane surface receptors of target cells to regulate
signaling pathways and the extracellular environment [14]. EVs can
fuse with the target cell membrane to release their contents, including
microRNAs, mRNAs, and growth factors, into the cytoplasm and this is
believed to be their key physiological function [14]. In turn, the con-
tents of these EVs may exert immunomodulatory effects by triggering
cytokine secretion or promoting the expression of inflammatory med-
iators [15]. MSC-secreted EVs have been used in cell-free therapy to
repair tissue damage induced by conditions such as myocardial
ischemia/reperfusion [16], autoimmune hepatitis [17], and necrotizing
enterocolitis [18]. In addition, EVs from the serum of mice with dextran
sodium sulfate (DSS)-induced acute colitis were reportedly involved in
macrophage activation, indicating that EVs have potential im-
munomodulatory effects [19]. However, it remains unknown whether
BMSC-derived EVs from can be used in the treatment of DSS-induced
UC.

Mononuclear phagocytic cells can differentiate into macrophages of
various phenotypes that have different functions under the stimulation
of cytokines and microbial products in the cellular microenvironment
through a process known as macrophage polarization [20]. M1 mac-
rophages play a vital role in pro-inflammation by inducing type I im-
mune response, killing microbes and tumor cells, and producing a large
number of inflammatory factors. Contrarily, M2 macrophages partici-
pate in type II immune response by removing residues and promoting
angiogenesis [21]. They may also have critical functions in im-
munoregulation and tissue repair/remodeling by inhibiting the nuclear
factor κB and signal transducer and activator of transcription (STAT)
signaling pathways [22]. We hypothesized that EVs secreted by BMSCs
can inhibit the production of inflammatory factors, promote M1/M2
macrophage polarization in intestinal tissue during UC onset, repair the
intestinal mucosa, and delay the occurrence and development of UC.

In this study, we first validated our hypothesis by verifying the ef-
fects of BMSC-derived EVs on macrophages in vitro. Then, a DSS-in-
duced UC model was constructed in mice to investigate the protective
effect of exogenous EVs on ulcer mucosa repair through macrophage
polarization, which may provide a new approach for the treatment of
UC.

2. Materials and methods

2.1. Extraction, culture, and identification of mouse peritoneal
macrophages

Mouse peritoneal macrophages were extracted as previously de-
scribed with an improved approach [23]. Two eight-week-old male
BALB/c mice were injected with 3.0% thioglycollate medium (1.5 mL/
mouse) into the peritoneum to deteriorate it, following a seven-day
adaptive feeding period. Three days after injection, the mice were sa-
crificed and injected with 3mL of 0.05% ethylenediaminetetraacetic
acid/phosphate-buffered saline into the peritoneum to harvest perito-
neal macrophages. The collected cells were centrifuged at 200×g for
5min at 4 °C, and the cell pellet was washed with phosphate-buffered
saline (PBS) and centrifuged again. Then, the cell pellet was suspended
in RPMI-1640 medium with 100 U/mL penicillin, 100 μg/mL strepto-
mycin, and 10% fetal bovine serum (FBS). After incubation at 37 °C for
2 h, the cells were washed three times with PBS to remove unattached
cells including neutrophils. The cells were cultured at 37 °C in a hu-
midified atmosphere containing 5% CO2. Macrophages were identified
by immunofluorescence staining for CD11b (data not shown) to ex-
amine purity and specificity based on a previously reported method
[24].

2.2. BMSC isolation and EV extraction

Mouse BMSCs were extracted from an eight-week-old male BALB/c
mouse as previously described [25]. Adherent BMSCs were grown in
Dulbecco's modified Eagle medium (DMEM) supplemented with 10%
FBS until they reached 80% confluence. The cells were trypsinized
(0.25% trypsin, Gibco Invitrogen, Carlsbad, CA) for 3min, followed by
neutralization using media containing 10% FBS. Next, the cells were
quantified using a hemacytometer, centrifuged at 180×g for 5min at
4 °C, and resuspended in sterile PBS at a concentration of
2.0× 106 cells/mL. For EV extraction from BMSCs, the cells were cul-
tured in serum-free, low-glucose DMEM at 37 °C in a humidified at-
mosphere of 5% CO2 for 48 h. Thereafter, the conditioned medium was
collected and centrifuged at 1000×g for 20min to remove cell debris,
followed by centrifugation at 2000×g for 20min and 10,000×g for
20min. The remaining supernatant was then ultra-centrifuged at
100,000×g for 70min to obtain isolated EVs. The purified EVs were
collected and stored at −80 °C until use. The samples were imaged
using transmission electron microscopy to verify the presence of EVs
and the EV surface markers CD63, CD81, and TSG101 were detected by
western blot.

2.3. Transmission electron microscopy

To investigate the morphology of the EVs, an EV pellet was placed
on a formvar carbon-coated 200-mesh copper electron microscopy grid
and incubated for 5min at room temperature. The grid was then wa-
shed with double-steamed water and subjected to standard uranyl
acetate staining in the absence of light. The samples were washed once
again with double-steamed water and allowed to semi-dry at room
temperature before transmission electron microscopic observation
(Hitachi HT7700, Tokyo, Japan).

2.4. EV uptake by macrophages

Approximately 20 μg of EVs were collected and labeled according to
the instructions of the PKH-67 labeling kit. The PKH67-stained EVs
were washed three times using 0.5% PBS to remove excess dye and then
co-cultured with 2.0× 105 macrophages. The cells were visualized
after 12 h or 24 h with confocal laser scanning microscopy (Nikon,
Tokyo, Japan).

2.5. Treatment of macrophages with lipopolysaccharides (LPS) and EVs

Macrophages were treated with 1 μg/mL LPS [26] for 24 h to con-
struct an in vitro model of UC-induced inflammation. The cell experi-
ments were divided into four groups: Control, LPS treatment,
LPS+ EVs, and single EV treatment. For the LPS+EVs group, after
30min of LPS pre-stimulation, macrophages were treated with 100 μg/
mL EVs for 24 h. Single EV treatment involved no LPS pre-induction.

2.6. Macrophage phenotype and proliferation

After 24 h, macrophages were collected and labeled with the mar-
kers of M1 (interleukin (IL)-12, tumor necrosis factor (TNF)-α, and
cluster of differentiation (CD)86) and M2 macrophages (CD163,
CD200R, and IL-10). Changes in macrophage phenotype were detected
by flow cytometry and the number of cells positive for each marker was
statistically analyzed. To verify the effect of EVs on macrophage pro-
liferation, cells were collected at 12 h, 24 h, and 48 h after EV treat-
ment. The absorbance at each time point was measured using Cell
Counting Kit-8 (PAB180031, Bioswamp, Wuhan, China) according to
the manufacturer's instructions.
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2.7. Enzyme-linked immunosorbent assay (ELISA)

To measure the cytokine production levels in the cell culture
medium, mouse serum and colon tissue homogenate supernatants were
collected and frozen at −80 °C until they were assayed. The levels of
tumor necrosis factor-α (TNF-α, MU30030), IL-6 (MU30044), IL-12
(MU30186), and IL-10 (MU30055) in the cell culture medium; vascular
endothelial growth factor A (VEGF-A, MU30236), interferon γ (IFNγ,
MU30038), IL-12 (MU30186), IL-10, and TNF-α in the serum; and
VEGF-A, IL-10, transforming growth factor-β (TGF-β, MU30574), che-
mokine ligand (CCL)-24 (MU30618), and CCL-17 (MU30804) in colon
tissue homogenate supernatants were determined by corresponding
ELISA kits (Bioswamp, Wuhan, China) according to the manufacturer's
instructions.

2.8. Quantitative reverse-transcription polymerase chain reaction (qRT-
PCR)

Total RNA was extracted from frozen macrophage samples or colon
tissues using Trizol (15596018, Invitrogen, Carlsbad, CA, USA) and
reverse-transcribed into cDNA using the PrimeScript RT Master Mix
(RR036Q, TaKaRa Biotechnology, Dalian, China) according to the
manufacturer's instructions. qRT-PCR was performed in a 20-μL reac-
tion mixture containing SYBR Green PCR Master Mix (4309155,
Applied Biosystems), cDNA, and each primer at 0.2 mmol/L at 95 °C for
10min, 40 cycles at 95 °C for 10 s, and 60 °C for 45 s. The data was
collected using the QuantStudio™ 6 Flex Real-Time PCR System
(Applied Biosystems). The relative amount of each gene was normalized
to the housekeeping gene GAPDH and analyzed using the 2−ΔΔCt
method. Primer sequences are shown in Table 1.

2.9. In vivo UC model and EV treatment

The animal research was approved by the Institutional Animal Care
and Use Committee at Tongji Medical College, Huazhong University of
Science and Technology (approval number: 2017IACUC795). Thirty
specific pathogen-free male BALB/C mice aged 7–8weeks (weighing
21–23 g) were obtained from the Animal Experiment Center of
Huazhong Agricultural University. All mice were maintained under
controlled temperature (22 ± 1 °C) and humidity (60 ± 15%) in a 12-
h light/dark cycle, given free access to deionized water, fed irradiated
disinfectant food, and allowed to acclimatize to the above-mentioned
conditions for seven days before experimentation. The mice were ran-
domly divided into three groups (n= 10 per group): control, DSS-in-
duced UC, and DSS-induced UC+EV treatment. To induce UC, the
mice were exposed to 3% DSS (42867, Sigma, USA) in the drinking
water for seven days. EV treatment was performed via intraperitoneal
injection of 50 μg of EVs/mouse/day for seven days [27]. Non-treated
mice were injected with the same amount of saline. All mice were sa-
crificed seven days after treatment to obtain blood and colon tissue
samples. The colons were subjected to macroscopic assessment and
further processed for microscopic histological evaluation and molecular

detection.

2.10. Daily life records and disease activity index (DAI) evaluation

The body weight, degree of diarrhea, and occult blood or bleeding
in the stool of the mice were monitored daily. DAI is a direct indication
of the severity of disease symptoms. The DAI was determined by the
same technician blinded to the grouping by scoring the extent of body
weight loss, stool consistency, stool occult blood positivity, and gross
bleeding in accordance with a previously described method [28].

2.11. Macroscopic damage index of mouse colon

After seven days, all mice were sacrificed by cervical dislocation.
The colon was removed and measured. The distal colon was excised and
cut longitudinally, and the intestinal contents were washed with ice-
cold PBS. Macroscopic damage index was assessed blindly by the colon
macroscopic scoring system on a 0–4 rating scale with a modified
method described as follows: 0, normal mucosa; 1, hyperemia and
edema, no ulcers; 2, same as 1 plus small linear ulcers or petechiae; 3,
same as 2 plus wide ulcers and necrosis and/or adhesions; 4, same as 3
plus megacolon and/or stenosis and/or perforation.

2.12. Histological assessment of pathological lesions in colon tissues

Formalin-prefixed colon sections were embedded in paraffin and
stained with hematoxylin and eosin (H&E) according to standard pro-
tocols. Histological microscopic assessment was performed in a blinded
fashion by the same pathologist according to a previously described
scoring standard [29] to evaluate the severity of inflammation (0, none;
1, mild; 2, moderate; 3, severe), extent of inflammation (0, none; 1,
mucosa; 2, mucosa and submucosa; 3, transmural), and crypt damage
(0, none; 1, basal one-third damaged; 2, basal two-thirds damaged; 3,
crypt lost but surface epithelium present; 4, crypt and surface epithe-
lium lost).

2.13. Myeloperoxidase (MPO) activity assay

MPO activity, an index that indicates the degree of neutrophil in-
filtration, was measured according to a previously described method
[30]. The colon tissue samples were thawed and weighed. Supernatants
were obtained from homogenate samples and the MPO activity was
determined via a colorimetric method using an MPO assay kit (A044,
Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according
to the manufacturer's instructions.

2.14. Immunofluorescence staining of macrophage markers

Frozen sections of the distal colon were fixed in freshly prepared 4%
paraformaldehyde in PBS and stained for CD86 and CD163, which are
markers of M1 and M2 macrophages, respectively. Paraffin-embedded
tissue sections were dewaxed, rehydrated, and subjected to antigen
retrieval before permeabilization. Thereafter, the colon tissues were
blocked with 1% bovine serum albumin (BSA) in PBS for 30min, in-
cubated overnight with primary antibodies (mouse anti-mouse CD86
and rat anti-mouse CD163) diluted in 1% BSA in PBS at 4 °C, and wa-
shed three times with PBS. Then, the samples were incubated with the
appropriate secondary antibodies (Alexa Fluor 488 goat anti-mouse IgG
or Alexa Fluor 594 goat anti-rat IgG) for 2 h at room temperature. To
visualize the cell nuclei, sections were counterstained with 4′,6-diami-
dino-2-phenylindole for 40min at 30 °C. The stained sections were ex-
amined using a Leica fluorescence microscope.

2.15. Protein extraction and western blot

Total proteins were extracted from EVs or colon tissue using a total

Table 1
Primer sequences.

Primer names Sequences (5′-3′) Fragment size (bp)

IL-6-F ACGGCCTTCCCTACTT 126
IL-6-R TTCCACGATTTCCCAG
IL-10-F ACCTGGTAGAAGTGATGC 194
IL-10-R GACACCTTGGTCTTGGAG
IL-12-F TCACGCTACCTCCTCTTT 109
IL-12-R GGTTTCGGGACTGGCTAA
TNF-α-F TCTCATTCCTGCTTGTGG 196
GAPDH-F CCTTCCGTGTTCCTAC
GAPDH-R GACAACCTGGTCCTCA 152
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protein extraction kit (Jiancheng Bioengineering Institute, Nanjing,
China) and quantified by the bicinchoninic acid assay. Whole proteins
were subjected to 10–15% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and the separated proteins were transferred to poly-
vinylidene difluoride membranes. Non-specific binding was blocked
with 5% skimmed milk for 2 h at 37 °C. Then, the membranes were
incubated with rabbit antibodies against CD63 (ab217345, 1:1000,
Abcam, Cambridge, UK), CD81 (ab109201, 1:2000, Abcam), TSG101
(ab30871, 1:1000, Abcam), p-Janus kinase 1 (JAK1, ab138005, 1:5000,
Abcam), JAK1 (ab133666, 1:5000, Abcam), p-STAT1 (ab30645,
1:1000, Abcam), STAT1 (ab31369, 1:1000, Abcam), p-STAT6
(ab28829, 1:1000, Abcam), and STAT6 (ab44718, 1:200, Abcam) at
4 °C overnight. Next, the membranes were incubated with horseradish
peroxidase-conjugated goat anti-rabbit secondary antibody IgG
(ab6721, 1:5000, Abcam) for 1 h at room temperature. Images were
obtained using the multifunctional Gel Imaging System (Image Quant
LAS 500, General Electric, Fairfield, CT, USA) after incubation with
enhanced chemiluminescent reagent (P0018A, Shanghai Beyotime
Biotechnology Co., Ltd., China).

2.16. Statistical analysis

All experiments were performed in triplicate and values are pre-
sented as the mean ± standard deviation (SD). The difference between
the two groups was compared with t-test. One-way analysis of variance
followed by the Tukey's post hoc test was performed to compare dif-
ferences of multiple groups (> 2) using SPSS 19.0 software (IBM Corp.,
Armonk, NY, USA). P < 0.05 was considered statistically significant.

3. Results

3.1. Macrophages absorbed EVs in a time-dependent manner and EVs
promoted proliferation of LPS-treated macrophages

EVs isolated from BMSCs were observed using transmission electron
microscopy (Fig. 1A), and their size and specifications were consistent
with conventional results. In addition, purified EVs expressed the spe-
cific biomarkers CD63, CD81, and TSG101 (Fig. 1B), confirming that
EVs have been successfully isolated and identified. To verify the ability
of macrophages to absorb EVs, PKH67-labeled EVs were co-cultured
with macrophages, and the activity of PKH67-labeled EVs was observed
at 12 h and 24 h (Fig. 1C). Over time, the number of EVs absorbed by
macrophages gradually increased with a certain degree of time de-
pendence. The effect of EVs on the proliferation of LPS-treated mac-
rophages was subsequently investigated (Fig. 1D). Evidently, LPS
treatment inhibited macrophage proliferation, whereas EV treatment
alone promoted macrophage proliferation at 24 h and 48 h to a large
extent (P < 0.01). Furthermore, in LPS-treated macrophages, EV ad-
ministration promoted proliferation such that it was similar at 24 h and
48 h compared to that of control cells (P < 0.01).

3.2. EVs promoted polarization of M1-like macrophages to an M2-like state

The effect of EVs on macrophage polarization was investigated by
detecting markers of M1 and M2 macrophages by flow cytometry
(Fig. 2). LPS-treated macrophages displayed an increase in the M1
markers CD86, IL-12, and TNF-α (P < 0.01, Fig. 2A–C), whereas EVs
attenuated the expression of these markers (P < 0.01). In terms of M2-
like macrophages, compared with the LPS-treated cells, EVs up-regu-
lated the activity of the M2 markers CD163, CD200R, and IL-10

Fig. 1. Identification and characterization of EVs and their effect on macrophage uptake and proliferation. (A) Transmission electron microscopic observation of EVs.
Scale bar= 100 nm. (B) Detection of EV markers (CD63, CD81, and TSG101) by western blot. (C) Fluorescence imaging of EV uptake by macrophages at 12 h and
24 h. Scale bar= 50 μm. (D) Macrophage proliferation evaluated by Cell Counting Kit-8. The values are presented as the mean ± SD, n= 3. Compared with the
same group at 12 h, **P < 0.01; compared with the control at the same time point, ##P < 0.01; compared with the LPS group at the same time point, &&P < 0.01.
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(P < 0.01, Fig. 2D–F). Collectively, these results showed that EVs may
effectively promote the polarization of M1-like macrophages into an
M2-like state.

3.3. EVs suppressed inflammatory response of LPS-treated macrophages

To investigate the effect of EVs on the inflammatory response of
LPS-treated macrophages, the activity of inflammatory cytokines was
assessed in cell culture supernatants and cultured cells. LPS sig-
nificantly increased the secretion (Fig. 3A) and mRNA expression
(Fig. 3B) of the pro-inflammatory factors TNF-α, IL-6 and IL-12
(P < 0.01) in macrophages, whereas the incorporation of EVs

attenuated inflammatory response by decreasing the secretion of these
factors. By contrast, the secretion and mRNA expression of the anti-
inflammatory factor IL-10 were up-regulated by EVs (P < 0.01), sig-
nifying that EVs may be capable of suppressing LPS-induced in-
flammatory response.

3.4. EVs attenuated the severity of DSS-induced UC in vivo

In vivo, mice subjected to DSS-induced UC showed significant
weight loss (P < 0.01, Fig. 4A) and an increase in DAI (P < 0.01,
Fig. 4B). These effects were reversed by EVs, as reflected by the decline
in weight loss percentage and DAI compared to those exhibited by UC-

Fig. 2. Evaluation of pro-inflammatory and anti-inflammatory cytokines in macrophages by flow cytometry. Percentage of macrophages positive for M1 markers (A)
CD86, (B) IL-12, and (C) TNF-α; and M2 markers (D) CD163, (E) CD200R, and (F) IL-10. The values are presented as the mean ± SD, n=3. Compared with the
control, **P < 0.01; compared with the LPS group, ##P < 0.01.
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induced mice without EV treatment (P < 0.01). Next, the gross ap-
pearance of the colon was evaluated. As shown in Fig. 4C, EV treatment
significantly reversed colon shortening induced by UC. Moreover, no
macroscopic damage was observed in the colon tissues from control
mice, whereas the intestinal mucosa of UC-induced mice appeared ul-
cerated, edematous, hyperemic, and hemorrhagic, accompanied by the
highest macroscopic colon damage score (P < 0.01, Fig. 4D and E). On
the contrary, intestinal mucosal injury was alleviated when UC-induced
mice were treated with EVs (P < 0.01). From a microscopic perspec-
tive, the pathological lesions in the colon tissue were evaluated by H&E
staining. The colon segments of healthy mice showed a normal struc-
ture, whereas severe intestinal mucosal damage was observed in DSS-
induced mice, as characterized by increased neutrophils, massive
edema, deep infiltration of the superficial mucosal layers, damaged
epithelial cells, distorted crypt architecture, and a higher microscopic
score than that of the control group (P < 0.01, Fig. 4F and G). In turn,
colonic lesions in EV-treated mice were reduced to a mild structural
damage, accompanied by a lower microscopic score (P < 0.01, Fig. 4F
and G). On the basis of pathological study, the degree of neutrophil
infiltration was evaluated by MPO activity (Fig. 4H). UC-induced colon
tissues showed highly increased MPO activity (P < 0.01), which was
markedly reduced by EV treatment (P < 0.01).

3.5. EVs promoted polarization of M1-like macrophages into an M2-like
state and reduced inflammatory response in mice with DSS-induced UC

Immunofluorescence was performed to identify the effect of EVs on
markers of M1 and M2 macrophages in UC-induced colon tissues
(Fig. 5A). In control and UC-induced tissues, prominent staining of the
M1 marker CD86 was observed, while the M2 marker CD163 was ab-
sent. Upon EV treatment, however, the amount of CD163 increased
significantly, as indicated by the bright red staining. Next, ELISA was
performed to assess the activity of cytokines and chemokines in the
serum and in colon tissues (Fig. 5B and C). UC-induced mice showed an
increase in pro-inflammatory factors (VEGF-A, IFN-γ, IL-12, and TNF-α)
in the serum and VEGF-A, CCL-24, and CCL-17 in colon tissue

homogenate supernatants (P < 0.01), but the administration of EVs
significantly reduced their levels (P < 0.01). In terms of the anti-in-
flammatory factors IL-10 and TGF-β, EVs further increased their se-
cretion levels (P < 0.01). These results showed that EVs exerted a
significant anti-inflammatory effect on DSS-induced mice, possibly by
promoting the polarization of M1-like macrophages into an M2-like
state.

3.6. EVs regulated the JAK1/STAT1/STAT6 signaling pathway in mice
with DSS-induced UC

To explore the mechanism of EV function, we examined the activity
of JAK/STAT pathway-associated proteins in colon tissues after UC
induction and EV administration (Fig. 6A and B). Evidently, the in-
duction of UC via DSS significantly increased the phosphorylation levels
of JAK1, STAT1, and STAT6 (normalized to total protein amount)
(P < 0.01). Down-regulations in JAK1 and STAT1 levels were ob-
served with EV administration (P < 0.05 and P < 0.01, respectively),
accompanied by a remarkable up-regulation in that of STAT6
(P < 0.01). These findings show that the anti-inflammatory functions
of EVs may be closely related to the regulation of the JAK1/STAT1/
STAT6 signaling pathway.

4. Discussion

EVs, which are released by most cell types, are involved in in-
formation transmission between cells and soluble factor release. With
the recent emergence of cell therapy in medical research, EVs have
become a highlight in the treatment of a variety of diseases. In parti-
cular, MSC-derived EVs have exerted therapeutic effects on several
types of tissue injuries such as myocardial ischemia/reperfusion injury
[31] and traumatic brain injury [32]. In this study, we aimed to de-
monstrate that EVs released by mouse BMSCs ameliorated DSS-induced
UC in a mouse model and propose that the underlying mechanisms are
mediated by M1/M2 macrophage polarization through JAK1/STAT1/
STAT6 signaling.

Fig. 3. EVs suppressed inflammatory response in LPS-induced macrophages. (A) Secretion levels of TNF-α, IL-6, IL-12, and IL-10 in cell culture supernatants were
evaluated by ELISA. (B) mRNA levels of TNF-α, IL-6, IL-12, and IL-10 extracted from macrophages were evaluated by qRT-PCR. The values are presented as the
mean ± SD, n= 3. Compared with the control, **P < 0.01; compared with the LPS group, ##P < 0.01.
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Based on polarization state, macrophages can be identified as either
classically activated (M1) or alternatively activated (M2). M1 macro-
phages are considered pro-inflammatory and cytotoxic because they
produce IL-12, TNF-α, and reactive oxygen intermediates [33]. By
contrast, M2 macrophages are anti-inflammatory and promote wound
healing via TGF-β and IL-10 secretion [34]. We first verified whether
EVs regulated macrophage polarization in LPS-treated macrophages.
LPS is a common pathogen-associated molecular pattern embedded in
the outer membrane of gram-negative bacteria, such as Escherichia coli
[35]. They are closely associated with toll-like receptor 4 in leukocytes
to stimulate the release of pro-inflammatory cytokines and chemokines
known to improve bacterial killing and clearance [36]. Macrophage
treatment with LPS is an effective in vitro model of UC-induced in-
flammatory response [35,37]. Our results revealed that BMSC-derived
EVs promoted the proliferation of macrophages exposed to LPS
(Fig. 1D) and reduced the secretion and expression levels of TNF-α, IL-
6, and IL-12, increased IL-10 expression (Fig. 3). The decrease in the
expression of M1 markers CD86, IL-12, and TNF-α and the increase in
M2 markers CD163, CD200R, and IL-10 (Fig. 2) may be indicative of
the M1/M2 polarization of macrophages implicated therein.

The suggestion that EVs play a predominant role in the regulation of
macrophage phenotype is supported by relevant studies in the litera-
ture. In particular, exosomes (a subset of EVs) derived from LPS-pre-
conditioned MSCs have been shown to exhibit better ability than un-
treated MSC-derived exosomes to modulate macrophage balance via the
up-regulation of anti-inflammatory cytokine expression and promotion
of M2 macrophage activation [38]. Moreover, epithelial ovarian
cancer-derived exosomes induced M2 polarization by transferring miR-
222-3p to macrophages, showing that miRNAs released by EVs may
effectively regulate the polarization of tumor-promoting M2 macro-
phages [39]. Similarly, in a study of experimental bronchopulmonary
dysplasia, BMSC-derived exosomes modulated macrophage phenotype,
suppressed the pro-inflammatory M1 state, and augmented the anti-
inflammatory M2-like state both in vitro and in vivo [40].

Though EVs exhibited evident regulatory effects on macrophage
phenotype in vitro, whether and how they affect UC in vivo remain
unanswered. To address this question, an in vivo DSS-induced UC
model, which is a widely recognized method of investigating the pa-
thological mechanism of IBD [41,42], was established in mice. Con-
sistent with previous studies, we showed that DSS-induced UC resulted

Fig. 4. EVs attenuated the severity of DSS-induced UC in mice at multiple levels. Experiment animals were monitored macroscopically for (A) body weight loss from
day 0 to day 7 (%), (B) mean DAI from day 0 to day 7, (C) colon length (photo and quantification), (D) colon damage, and (E) colon damage score. Microscopically,
(F) H&E staining of colon tissues (100× and 200×, scale bar= 100 μm), (G) colon injury score, and (H) MPO activity in colon tissues were evaluated. The values are
presented as the mean ± SD, n=3, **P < 0.01.
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in body weight loss, elevated DAI score, shorter colons, and increased
severity of macroscopic and microscopic colon injury (Fig. 4A–G). In
addition, the formation of ulcers in UC-induced mice was accompanied
by severe bleeding in the colon and stool. Furthermore, MPO activity,
which is a quantitative index of inflammation and a marker of neu-
trophil infiltration, was markedly elevated in the colon of DSS-treated
mice (Fig. 4H). These adverse consequences of DSS-induced UC were
alleviated by EVs administration in our animal experiments, as con-
firmed by the results of microscopic colon evaluation and histopatho-
logical observation, collectively exhibiting the anti-inflammatory effect
of the EVs used in our study.

UC is a chronic and progressive inflammatory state of the gastro-
intestinal tract. Colon mucosal lesions are characterized by the in-
filtration of inflammatory cells, which mainly include macrophages.
Macrophages can be stimulated to secrete various types of cytokines

and enzymes, further resulting in the injury of intestinal tissue.
Normally, M1 and M2 macrophages secrete pro-inflammatory and anti-
inflammatory cytokines, respectively [22]. Pro-inflammatory cytokines
are a double-edged sword that not only kill pathogenic bacteria but also
damage intestinal mucosal cells [43]. The participation of pro-in-
flammatory cytokines in UC development has been widely demon-
strated, and the severity of colitis was reportedly associated with the
expression of TNF-α, which is mainly produced in macrophages [44].
Similarly, IFNγ deficiency alleviated colitis by ameliorating stool con-
sistency, rectal bleeding, and colon injury [45], signifying the critical
role of IFNγ in inflammation mediation. Furthermore, remarkable up-
regulation of VEGF has been found in endoscopic biopsies of UC pa-
tients [46]. The regulation of anti-inflammatory cytokines in UC should
not be neglected. The mRNA expression of IL-10 was in fact quite low in
the bowel tissues of IBD patients [47], whereas TGF-β has been shown

Fig. 5. EVs promoted polarization of M1 macrophages into an M2-like state and reduced the inflammatory response of mice with DSS-induced UC. (A) Detection of
M1 (CD86) and M2 (CD163) macrophage markers. Scale bar= 50 μm. ELISA of secretion levels of (B) VEGF-A, IFNγ, IL-10, IL-12, and TNF-α in mouse serum and (C)
VEGF-A, IL-10, TGF-β, CCL-24, and CCL-17 in supernatants of mouse colon tissue homogenate. The values are presented as the mean ± SD, n=3. Compared with
the control, **P < 0.01; compared with the UC group, ##P < 0.01.
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to alleviate DSS-colitis after BMSC transplantation [11]. On this note,
IL-10 deficiency in mice led to the development of chronic colitis, but
the condition was improved by IL-10 administration, which reduced
MPO activity and attenuated TNF-α level [48]. Chemokines are also an
essential part of monocyte recruitment during inflammatory response.
Specifically, CCL-17 exhibited disease-promoting functions in murine
experimental colitis at the histological, cellular, and molecular levels,
and the mRNA levels of rectal CCL-11, CCL-24, and CCL-26 were in-
creased in active UC patients [49].

In vivo, EV-treated macrophages showed a decrease in the expres-
sion of the M1 marker CD86 and an increase in that of the M2 marker
CD163 in colon tissues of mice subjected to DSS-induced UC (Fig. 5A).
Correspondingly, EV administration effectively decreased the secretion
levels of pro-inflammatory cytokines (VEGF-A, IFNγ, TNF-α, and IL-12)
and chemokines (CCL-17 and CCL-24), while those of anti-in-
flammatory factors (IL-10 and TGF-β) were increased (Fig. 5B and C).
These observations may be signs of a shift from an M1-like to an M2-
like state in macrophages, but the specific signaling pathways im-
plicated therein require additional in-depth analysis. We therefore in-
vestigated the activity of the JAK1/STAT1/STAT6 axis, which has been
shown to regulate cytokine signaling and secretion [50,51].

In our study, EVs significantly decreased JAK1 and STAT1 phos-
phorylation, but increased STAT6 activity (Fig. 6). Members of the JAK
and STAT family act in a variety of combinations and when activated,
they interact with cytokine receptors to elicit specific cellular responses
in complex ways. STAT6 activation via phosphorylation occurs upon
JAK1 and JAK3 activation and may indicate pro-inflammatory response
in UC [52–54]. Higher levels of STAT6 were observed clinically in the
intestinal mucosa of active UC patients compared with those in healthy
individuals [53]. However, we showed that EV treatment resulted in an
upregulation of p-STAT6 expression in DSS-induced UC, which may be
explained by the differential role of STAT6 in the immune system.
STAT6 is closely related to IL-4, a cytokine that triggers the alternative
activation of macrophages to the M2 state. Importantly, mucosal repair
was promoted in murine IBD by M2 macrophage polarization, which
was mediated by STAT6-dependent IL-4 signaling [55]. Another
member of the STAT family, STAT1, is phosphorylated by the combi-
nation of JAK1 with either JAK2 or TYK2. Its involvement of in IFNγ
signaling may be evidenced by its elevated levels in the gut tissue of
patients suffering from UC and the attenuation of colitis in STAT1-de-
ficient mice [56–58]. It has also been pointed out that JAK1 inhibition
exerted anti-inflammatory effects by reversing the disease signature of
the colon mucosa in DSS-induced colitis, which was associated with
down-regulated STAT3 phosphorylation [59]. Taken together, the pro-

inflammatory properties of JAK1, STAT1, and STAT6 are revealed in
our study, whereby phosphorylation of all three factors was evident
after UC induction. EV treatment attenuated the expression of p-JAK1
and p-STAT1, which is indicative of anti-inflammatory response and
corresponds to the previously presented results on the up-regulation of
anti-inflammatory cytokines. Contrarily, the up-regulation of p-STAT6
can be clarified by the IL-4-mediated M2 polarization of macrophages,
as discussed above. This observation supports our argument of M1/M2
polarization via EV administration, ultimately validating the claims of
our hypothesis.

5. Conclusion

Collectively, our findings suggest that EVs derived from mouse
BMSCs promoted M2-like macrophage polarization and relieved in-
flammatory responses, in turn attenuating DSS-induced UC. This pro-
cess is potentially mediated by the JAK1/STAT1/STAT6 signaling
pathway. The use of mouse BMSCs-derived EVs may provide a novel
approach for the treatment of UC via regulating inflammatory proper-
ties and macrophage phenotype.
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