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Perinatal tissue‑derived exosomes 
ameliorate colitis in mice by regulating 
the Foxp3 + Treg cells and gut microbiota
Yaping Yan1†, Kaixiu Li1†, Jiang Jiang2,3†, Lihong Jiang3,4, Xiang Ma1, Fang Ai2,3, Shuai Qiu1 and Wei Si1*    

Abstract 

Background  The capacity of self-renewal and multipotent differentiation makes mesenchymal stem cells (MSC) one 
of the most widely investigated cell lines in preclinical studies as cell-based therapies. However, the low survival rate 
and poor homing efficiency of MSCs after transplantation hinder the therapeutic application. Exosomes derived from 
MSCs have shown promising therapeutic potential in many diseases. However, the heterogeneity of MSCs may lead 
to differences in the function of secreting exosomes. In this study, the therapeutic effects of hUC-Exos and hFP-Exos 
on the DSS-induced colitis mouse model were investigated.

Methods  The colitis mouse models were randomly divided into four groups: (1) DSS administered for 7 days and 
euthanasia (DSS7D), (2) DSS administered for 7 days and kept for another 7 days without any treatment (DSS14D), (3) 
DSS administered for 7 days and followed with hUC-EVs infusion for 7 days (hUC-EVs) and (4) DSS administered for 
7 days and followed with hFP-EVs infusion for 7 days (hFP-EVs). We analyzed colon length, histopathology, Treg cells, 
cytokines and gut microbiota composition in each group.

Results  A large amount of IL-6, IL-17 and IFN-γ were produced along with the decrease in the number of 
CD4 + Foxp3 + and CD8 + Foxp3 + cells in DSS7D group, which indicated that Th17 cells were activated and Treg cells 
were suppressed. We found that the number of CD4 + Foxp3 + and CD8 + Foxp3 + cells increased in order to sup-
press inflammation, but the length of colon did not recover and the symotoms were worsened of the colonic tissue 
in DSS14D group. The subsequent infusion of either hUC-Exos or hFP-Exos mediated the transformation of Treg and 
Th17 cells in colitis mice to maintain immune balance. The infusion of hUC-Exos and hFP-Exos also both reduced the 
abundance of pro-inflammatory intestinal bacterial such as Verrucomicrobia and Akkermansia muciniphila to improve 
colitis.

Conclusions  We found that Foxp3 + Treg cells can inhibit the inflammatory response, and the over-activated Treg 
cells can still further damage the intestinal mucosa. hUC-Exos and hFP-Exos can control inflammation by regulating 
the balance between Th17 cells and Treg cells. Decreased inflammatory response improved the structure of colon 
wall in mice and reduced the abundance of pro-inflammatory bacteria in the intestine. The improvement of intestinal 
wall structure provides conditions for the reproduction of beneficial bacteria, which further contributes to the reduc-
tion of colitis.
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Background
Inflammatory bowel disease (IBD) including Crohn’s 
disease (CD) and ulcerative colitis (UC) is a chronic and 
lifelong pathological condition accompanied by severe 
tissue destructive lesions. The exacerbation of IBD occurs 
when immune system over-reacts to the bacterial com-
munity presenting in intestines and triggers a series of 
uncontrolled inflammatory events that can damage the 
intestinal wall [1]. Various factors including genetics, 
environment, diet and gut microbiota have been asso-
ciated with the development of IBD pathology [2]. The 
incidence of IBD is increasing globally and has become 
a worldwide health issue. Currently, there is no cure for 
IBD and the use of anti-inflammatory drugs to slow down 
the disease progression is the main therapeutic strategy. 
However, the anti-inflammatory treatment inevitably 
brings side effects such as weakened immunity and drug 
resistance. Therefore, new therapeutic strategy is needed 
for the treatment of IBD [3].

During the past two decades, studies on the patho-
genesis of IBD mainly focused on the unusual acti-
vation of T cells including Th1 and Th2 subsets [4]. 
Subsequent study demonstrated that Th17 cells and 
their related cytokines are also involved in the patho-
genesis of IBD as mediators [5]. Th17 cells are a subset 
of effectors T cells that are characterized by the pro-
duction of large amounts of IL-17A and possess of the 
pro-inflammatory capability. Th17 cells are induced by 
the combination of interleukin-6 (IL-6) and transform-
ing growth factor β (TGF-β), and the expansion is pro-
moted by interleukin- 23 (IL-23) [6]. IL-17A has been 
widely applied as a marker of intestinal inflammation, 
since higher level of IL-17A was detected in the mucosa 
of either CD or UC patients compared to healthy peo-
ple [7, 8]. In addition to Th17 cells, the CD4 + Treg 
cells is another distinct regulatory subsets of T cells. 
Regulatory cells play a key role in maintaining immune 
homeostasis and self-tolerance. The CD4 + Treg cells 
characterized by the expression of transcription factor 
Foxp3 is regulated by TGF-β [9]. The balance between 
Th17 cells and Treg cells is critical for immune home-
ostasis [10]. However, the role of Treg cells in IBD is 
still unclear. In addition, IBD is believed to be caused 
by abnormal immune responses to symbiotic bacte-
ria, which disrupt the host–microbe balance [11, 12]. 
Previous studies have also shown that the diversity of 
gut microbiota is reduced in IBD patients, and Rumi-
nococcus gnavus and adherent invasive Escherichia coli 
have been linked to IBD and gut inflammation [13, 14]. 

Colonizing germ-free mice with fecal microbiota from 
IBD patients can increase the number of Th17 cells, and 
Akkermansia muciniphila can induce T cells to differ-
entiate into Th17 cells in the context of inflammation 
[15].

Mesenchymal stem cells have been widely used in 
practice of preclinical studies and clinical trials in the 
treatment of various diseases [16–18]. Clinical trials 
in CD patients showed that MSCs activated the pro-
duction of Th17/Th1 cells, while they inhibited the 
production of Foxp3 + Treg cells. As a result, the bal-
ance between Th17/Th1 cells and Treg cells was rees-
tablished [19, 20]. However, intravenously infused 
MSCs in rodents are mostly trapped in the capillaries 
of lung and are subsequently cleared [21, 22]. The low 
survival rate, poor homing efficiency and differentiat-
ing ability of MSCs after transplantation hinder the 
therapeutic application of MSCs [23]. MSCs secrete a 
wide range of paracrine factors responsible for up to 
80% of their therapeutic effect [24]. Exosomes are one 
of the paracrine factors secreted by MSCs, which has 
been considered as the central mediator of intercellular 
communication via transferring proteins, mRNAs and 
miRNAs to neighboring cells [25, 26]. MSC-derived 
exosomes mimic the ability of MSCs to regulate the 
activity of immune cells including T, B, dendritic and 
macrophages cells [27]. The application of exosomes 
instead of MSCs can avoid the risk of thrombosis and 
tumorigenicity. However, MSCs derived from differ-
ent tissues showed different biological characteristics 
that reflected through their different modes of action, 
such as proliferative, immunological, transdifferen-
tial and paracrine [28, 29]. For example, the micRNA 
expression profiles between adipose- and bone marrow 
MSC-isolated exosomes existed striking differences 
in conserved tRNA [30]. The heterogeneity of MSCs 
derived from various tissues may lead to differences in 
the function of secreting exosomes. Therefore, in order 
to achieve the preferable therapeutic effects by the 
application of MSCs or exosomes to treat diseases such 
as colitis, the function of cells and exosomes should 
be evaluated and the most suitable type of cell source 
should be determined.

The mouse models with colitis are induced by dex-
tran sodium sulfate (DSS) that has been widely used in 
the pathogenetic study and therapeutic strategy devel-
opment [31]. MSC-derived exosomes have showed 
great promising to cure colitis either in preclinical or 
clinical practices. The prenatal tissues mainly include 
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umbilical cord (UC) and fetal placenta (FP) are the 
most primary source for derivation of MSCs due to 
the abundant source and noninvasive harvest process. 
However, whether the exosomes derived from UC-
MSCs and FP-MSCs have therapeutic effects on IBD 
treatment is unclear. In this study, we derived exosomes 
from UC-MSCs and FP-MSCs isolated from the same 
donor’s prenatal tissues and compared the therapeu-
tic effects on DSS-induced mouse models with colitis 
evaluated by pathology. We also explored the effect of 
exosomes derived from UC-MSCs and FP-MSCs on the 
regulation of T cells, inflammation and the homeosta-
sis reestablishment of gut microbiota. The present pre-
clinical study is beneficial to understand the interaction 
between exosomes and intestinal microbiota by the 
regulation of internal inflammation, and provide a new 
stragety for the treatment of IBD.

Methods
Animals
Four-week-old BALB/c mice (Charles River, Beijing, 
China) with body weight between 20 and 30  g were 
administrated with DSS to induce colitis model. The mice 
were housed in a room with a 12 h light:12 h dark cycle 
and provided with sterile food and water ad libitum. The 
temperature was controlled at 22  °C. The procedures 
for mice model generation and exosomes injection were 
approved by the Institutional Animal Care and Use Com-
mittee of Kunming University of Science and Technol-
ogy and were performed in accordance with the Guide 
for the Care and Use of Laboratory Animals (PZWH-
K2022-0021). All of the chemicals used in this study 
were obtained from Sigma Chemical Co. (St. Louis, MO, 
USA), unless otherwise indicated.

Cell isolation and expansion
Usage of human sample (n = 3, from healthy donors) 
and the protocol used in this study are approved by Eth-
ics Committee of Kunming University of Science and 
Technology (KMUST-MEC-195). Umbilical cord and 
placenta were harvested from fetuses with cesarean from 
the First People’s Hospital of Yunnan Province. All the 
donors (n = 3) provided informed consents prior to tis-
sue donation. UC and FP were cleaned with physiological 
saline. FP was cut into small pieces about 1 cm in diam-
eter. UC was cut into small pieces about 1 cm in diam-
eter after the blood vessel was removed. The tissue pieces 
were cultured in a Petri dish with low-glucose DMEM 
supplemented with 12% fetal bovine serum, 100  U/mL 
penicillin and 100 U/mL streptomycin. The medium was 
changed every 3  days. When the cells reach about 80% 
confluence, they were passaged and cultured.

Flow cytometric analysis for surface marker profiles 
of MSCs
Expression of cell surface markers on either UC-MSCs 
or FP-MSCs was examined by flow cytometry using a 
commercial MSC Analysis Kit (BD Biosciences, San 
Jose, CA, USA) according to the manufacturer’s instruc-
tions as described previously [32]. Briefly, 5 × 105 MSCs 
were collected, washed and centrifuged in 300 μL of PBS. 
MSCs were then resuspended in 100 μL of PBS and incu-
bated with antibodies on ice to detect cell surface mark-
ers including CD44, CD90, CD73 and negative cocktail 
(CD34, CD11b, CD19, CD45, HLA-DR). Unbound anti-
bodies were washed away by centrifugation, and the cells 
were resuspended in 300  μL of PBS and examined via 
flow cytometric analysis.

Evaluation of the differentiation potential of MSCs
The differentiation capacity of MSCs was conducted 
using the Tri-lineage Differentiation Kit (Gibco BRL, 
Grand Island, NY, USA) as described previously [32]. 
For osteogenic differentiation, MSCs were seeded into 
24-well plates and cultured with an osteogenic differen-
tiation medium (Gibco) for 21 days. The osteogenic dif-
ferentiation was confirmed by the appearance of Alizarin 
Red stain. For adipogenic differentiation, MSCs were cul-
tured in an adipogenic differentiation medium (Gibco) 
for 7 days. The adipogenic differentiation was confirmed 
by the cellular accumulation of neutral lipid vacuoles, 
which were stained red with Oil Red O. For chondro-
genic differentiation, MSCs were collected in 15-mL 
centrifuge tubes and cultured in a chondrogenic differen-
tiation medium (Gibco). After 21 days of differentiation 
induction, the pellets were sectioned, and then, sulfated 
proteoglycans were visualized by staining with 1% tolui-
dine blue (Merck, Darmstadt, Germany) for 10  min. 
The chondrogenic differentiation was confirmed by the 
appearance of Alcian Blue stain.

Extraction and identification of exosomes derived 
from MSCs
MSC-conditioned medium (Exo-depleted medium, 
ViVaCell, BI, China) was collected after the cells reach 
80% confluence followed by a centrifugation at 300  g 
for 10  min. Briefly, the dead cells in the supernatant 
were removed by centrifuge at 2500  g for 25  min. The 
cell debris in the supernatant were removed by centri-
fuge at 10,000  g for 30  min. Then, the supernatant was 
ultracentrifuged (himac CP100WX, HITACHI, Japan) at 
100,000 g for 140 min at 4 °C to pellet the exosomes. The 
pellet was then washed once by mixing with an appro-
priate amount of PBS and centrifuge at 100,000 g at 4 °C 
for 70  min. The concentration of each exosomes was 
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determined by a bicinchoninic acid (BCA) kit (Abcam, 
Cambridge, MA, USA). The morphologic characteris-
tics of MSC-Exos were observed by Nanoparticle Track-
ing Video Microscope PMX-120 (NTA). The phenotypic 
profile of MSC-Exos was determined by western blot 
with CD63 (1:500, Millipore), TSG101 (1:1000, Mil-
lipore) [33, 34]. Briefly, total protein was separated by a 
sodium dodecyl sulfate–polyacrylamide gel electropho-
resis (SDS-PAGE) gel under denaturing conditions and 
then transferred to polyvinylidene difluoride (PVDF) 
membranes (Millipore Sigma, MA, USA). Membranes 
were blocked with 5% skimmed milk for 1  h, followed 
by the incubation of specific primary antibodies (Cell 
Signaling Technology, Danvers, MA, USA) overnight. 
After being washed with Tris-buffered saline and tween 
20 (TBST, Yeasen, Shanghai, China) for 3 times, mem-
branes were incubated with the secondary antibody (Cell 
Signaling Technology, Danvers, MA, USA) at room tem-
perature for 1 h. Immunoreactive bands were exposed by 
enhanced chemiluminescence method, and the relative 
protein expression levels were reflected by target protein/
reference β-actin.

Quantification and preservation of exosomes
The concentration of each exosomes was determined 
by a BCA kit. Dispense the exosomes into sterile EP 
tubes, each EP tube contains 50 µg of exosome protein. 
Finally, put the EP tube containing the exosomal protein 
in a − 80  °C refrigerator and keep it for no more than 
2 months.

DSS‑induced colitis mouse models
Mice were anesthetized using isoflurane (RWD lifesci-
ence, China), which placing the mice in a closed con-
tainer permeated with a mixture of isoflurane and 
oxygen vapor. DSS (36,000–50,000 molecular weight; 
MP Biomedicals) was diluted to 3% with deionized water 
before use, and the mice were intragastrically adminis-
tered solution of daily up to 7  days. The mice with free 
access for sterile food and water were served as control 
and were euthanized on the 7th day to collect samples. 
The IBD mouse models were randomly divided into four 
groups: (1) DSS administered for 7  days and euthana-
sia (DSS7D group), (2) DSS administered for 7 days and 
kept for another 7 days without any treatment (DSS14D 
group), (3) DSS administered for 7  days and followed 
with hUC-Exos infusion for 7  days (hUC-Exos group) 
and (4) DSS administered for 7  days and followed with 
hFP-Exos infusion for 7  days (hFP-Exos group). Dis-
solve 50 µg exosomes protein in 200 µl of normal saline 
and injected into mice via tail vein per day. At the end of 
treatments, the mice in each group were euthanized for 
subsequent analysis. Briefly, mice were killed using CO2 

at 20% chamber replacement rate. Intact colons from the 
epityphlon to the anus were harvested, and colon lengths 
were measured. Photographs of the colon were acquired 
at a vertical angle immediately after the samples were 
harvested.

Exosome labeling and tracking in vivo
Exosomes (about 1 µg/µL at protein level) were incubated 
with 1 mM DiR (Invitrogen) at the volume ratio of 500:1 
for 30 min. About 100 μg of DiR-labeled exosomes were 
tail vein-injected into mice. Exosome localization in the 
whole body and individual organs was detected by IVIS ® 
Lumina II in vivo imaging system (PerkinElmer, Thermo 
Fisher, USA) on day 7 after injection.

Flow cytometry of Foxp3 + cells
Immune cells are tested on the 7th and 14th days. Periph-
eral blood mononuclear cell (PBMC) isolated from 
peripheral blood was stained with fluorescence-labeled 
antibodies (CD4-FITC, CD8-APC and Foxp3-PE, Bio-
Legend, USA) followed by the wash of cold PBS. Flow 
cytometric analysis was performed on a BD FACSCali-
bur flow cytometer (FACSAria II, BD, USA), and the data 
were analyzed with Flowjo VX software.

Cytokine detection by cytometric bead array
Cytokine are tested on the 7th and 14th days in each 
group. Prior to blood collection, mice were fasted for 
eight hours. The collected serum samples were stored 
at − 80  °C. IL-6, IFN-γ, TNF-α, IL-17A, IL-10 and 
TGF-β were tested using a BD Cytometric Bead Array 
(CBA) Mouse Th1/Th2/Th17 Cytokine Kit according to 
manufacturer’s instructions. The mouse Th1/Th2/Th17 
Cytokine data were analyzed by using FCAP Array soft-
ware (BD Biosciences).

RNA isolation and qRT‑PCR
The total RNA of the colon was extracted by using TRI-
zol (Invitrogen, USA) according to manufecture’s instruc-
tions. Approximate 1 µg of RNA was reverse transcribed 
into cDNA using miRcute Plus miRNA qPCR Detection 
Kit (TIANGEN, Beijing, China). qPCR was performed 
with SYBR Green PCR master mix (Roche, Switzerland). 
Relative expression of mRNA was normalized to β-actin 
and calculated by 2 − ΔΔCt. The PCR primer sequences 
are listed in Additional file 1: Table S1.

Hematoxylin and eosin (H&E) staining
The dissected colon tissues were fixed in 4% formalin 
(Thermo Fisher Scientific, MA, USA) for 24 h, embedded 
into paraffin (Thermo Fisher Scientific) and sliced into 
5-μm sections. The slides were stained with hematoxy-
lin and eosin (Sigma-Aldrich) and examined with a light 
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microscope. The histological scores were evaluated by 
observers who were blinded as to which treatment group 
the mice belonged to. The histological damage score 
is the sum of evaluation based on crypt architecture, 
mucosal damage and muscle thickening of the tissue [35].

16S rRNA sequencing of fecal microbiota
Contents of colon were collected directly from the mice 
in each group were euthanized. Fecal samples were then 
stored at − 80 °C for further analysis. The genomic DNA 
from the total 50 samples was extracted using a QIAamp 
Fast DNA Stool Mini kit (Qiagen, Germany) according to 
the manufacturer’s instructions. The quality and quantity 
of genomic DNA were then determined by 1% agarose 
gel electrophoresis and using a NanoDrop 8000 instru-
ment (Thermo, USA). The V3–V4 region of the bacte-
rial 16  s rRNA gene was amplified by polymerase chain 
reaction (PCR) using the primers 338F (5′-GTA​CTC​
CTA​CGG​GAG​GCA​GCA-3′) and 806R (5′-GTG​GAC​
TACHVGGG​TWT​CTAAT-3′), followed by 8-bp unique 
barcode sequencing performed by Illumina Miseq PE300 
sequencing. The PCR protocol involved an initial dena-
turation at 94  °C for 4 min; 25 cycles of denaturation at 
94 °C for 45 s, annealing at 55 °C for 50 s and extension 
at 72 °C for 45 s; and then a final extension at 72 °C for 
10 min.

Statistical analysis
All data are expressed as the mean ± SEM. Statistical sig-
nificances were analyzed by SPSS (version 16.0) using the 
one-way ANOVA. Differences with p < 0.05 were consid-
ered statistically significant.

Results
Extraction and characterization of Exos from UC‑MSCs 
and FP‑MSCs
The procedure for extraction of exosomes from hUC-
MSCs and hFP-MSCs by ultracentrifugation is described 
in Fig.  1a. The surface marker profiles of UC- and FP-
MSCs were analyzed at passage 4 by flow cytometry. 
Both hUC-MSCs and hFP-MSCs express positive sur-
face markers at high ratios, which include CD44, CD73 
and CD90 but barely expressed the cocktailed negative 
surface markers (Fig.  1b). The cells also presented the 
capability of adipogenic, osteogenic and chodrogenic dif-
ferentiation (Fig.  1c). Both hUC-MSCs and hFP-MSCs 
were expanded in Exo-depleted medium. Both hUC-
Exos and hFP-Exos were positive for TSG101 and CD63 
(Fig.  1d, e), and exhibited similar morphology and size 
(diameter > 100 nm) (Fig. 1f, g).

hUC‑Exos and hFP‑Exos alleviated DSS‑induced colitis 
of mice
The experimental procedure is illustrated in Fig. 2a. After 
intragastrically administered 3% DSS for 7 days, mice dis-
played symptoms of acute colitis. Notably, the exosomes 
showed high ability to circulate into liver, stomach, colon 
and rectum (Fig.  2b). We evaluated the colon length of 
the mice from the 5 groups. The colon length of DSS7D 
group was significantly shorter than control group, and 
the colon length of DSS14D group did not show any 
recovery one week after the cease of DSS administra-
tion. In contrast, the length of the colon was significantly 
restored after the administration of hUC-Exos and hFP-
Exos (Fig.  2c, d). Colons in DSS7D groups exhibited 
mucosal damage and crypt architecture reduction of 
the tissue, and the symptoms were significantly wors-
ened one week after the cease of DSS administration in 
DSS14D group. However, these symptoms were signifi-
cantly alleviated 7 days after the treatment of either hUC-
Exos or hFP-Exos (Fig. 2e, f ).

hUC‑Exos and hFP‑Exos regulate the secretion of cytokines 
in colitis mice
We detected the concentration of cytokines in the 
peripheral blood of mice. We found that IL-6, IFN-γ, IL-
17A and IL-10 greatly increased in the DSS7D group. 
The concentration of IL-6, IFN-γ, IL-17A and IL-10 sig-
nificantly decreased in the DSS14D group compared to 
DSS7D group. However, the concentration of IL-6, IFN-γ, 
IL-17A and IL-10 were significantly returned to normal 
levels after the administration of hUC-Exos and hFP-
Exos (Fig. 3a–d).

We also measure the mRNA expression of cytokines 
including IL-6, IFN-γ, IL-17A, IL-10, IL-23 and IL-4. 
We found that the expression of IL-6, IFN-γ, IL-17A 
and IL-10 in the colon significantly increased in DSS7D 
group, and then decreased after the infusion of hUC-Exos 
and hFP-Exos (Fig. 3e–h). We also found that the expres-
sion of IL-23 and IL-4 in the colon is greatly increased 
in DSS14D group (Fig. 4i, j). After exosomal infusion, the 
mice from both hUC-Exos and hFP-Exos groups showed 
reduced secretion of cytokines. Therefore, the infusion of 
either hUC-Exos or hFP-Exos remodels the immune bal-
ance of colitis.

hUC‑Exos and hFP‑Exos mediate the transformation of Treg 
and Th17 cells in colitis mice
We investigated the number of Foxp3 + cells in 
the five groups and found that the number of 
CD4 + Foxp3 + cells and CD8 + Foxp3 + cells increased 
significantly in the DSS14D group, which indicated 
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that a large number of Treg cells were produced at this 
stage. We also found that a large amount of IL-17A was 
produced in the DSS7D group. Therefore, a large num-
ber of Treg cells were produced in order to suppress 
inflammation after the cease of DSS administration at 
7  days. However, pathological examination found that 
the symptom in the DSS14D group was aggravated. 
Therefore, over-activated Treg cells failed to allevi-
ate the development of colitis in mice by inhibiting 
inflammation. The number of CD4 + Foxp3 + cells and 
CD8 + Foxp3 + cells decreased after the infusion of 
UC-Exos or FP-Exos via tail vein compared to DSS14D 
group (Fig. 4a–e). hUC-Exos and hFP-Exos can mediate 

the transformation of T cells into Treg and Th17 cells in 
colitis mice.

hUC‑Exos and hFP‑Exos treatment alters the composition 
of gut microbiota
The alpha diversity decreased in DSS7D and DSS14D 
groups compared to the control group. The alpha diver-
sity increased in hFP-Exos group compared to the DSS 
group and hUC-Exos group (Fig.  5a). The microbial 
composition of the other four groups is quite differ-
ent compared to the control group. The composition of 
microbita is relatively similar between DSS7D group 
and DSS14D group, and the composition of micro-
biota is similar in hUC-Exos and hFP-Exos (Fig.  5b, c). 

Fig. 1  Extraction and identification of hUC-Exos and hFP-Exos. a Extraction of exosomes by ultracentrifugation. b, c Characterization of surface 
markers and tri-lineage differentiating capability of hUC-MSCs and hFP-MSCs. d Exosome marker proteins (TSG101and CD63) in hUC-Exos and 
hFP-Exos analyzed by western blotting. Full-length blots are presented in Additional file 2: Fig. S1. e Integrated optical densities of TSG101 and CD63 
between the hUC-Exos and hFP-Exos. f, g Transmission electron microscopy images of hUC-Exos and hFP-Exos. Scale bars = 200 µm
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The relative abundance of Bacteroidota increased in the 
other four groups except control group. Verrucomicro-
biota significantly increased in DSS7D group, but sub-
sequently decreased after the infusion of hUC-Exos and 
hFP-Exos. The relative abundance of Desulfobacterota 
enhanced in the hFP-Exos group (Fig.  5d). Lactobacil-
laceae and Lactobacillus was significantly reduced in 

the four experimental group compared to control group. 
Akkermansia and Alloprevotella decreased after the 
treatment of hUC-Exos and hFP-Exos compared to DSS 
group (Fig.  5e). The abundance of Escherichia coli and 
Bacteroides vulgates significantly increased in the DSS7D 
group and DSS14D group and reduced after the infusion 
either of hUC-Exos or hFP-Exos (Fig. 5f ).

Fig. 2  Exosomes alleviated DSS-induced mouse colitis. a Experimental procedure. b Imaging of DiR-labeled exosomes from different tissues. 
c, d Effects of DSS administration and hUC-Exos or hFP-Exos treatment on the colon length of colitis mouse models. e, f HE staining and 
histopathological score of colon tissues. hUC-Exos and hFP-Exos administration significantly reduced histopathological score of the DSS mice 
including inflammatory cell infiltration and crypt architecture reduce. The statistical results are collected from 10 mice in each group. Different 
letters on the columns indicate significant differences
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Fig. 3  Concentration of inflammatory cytokines in peripheral blood and the correspondent gene expression in colon tissues. a–d Concentration 
of IL-6, IFN-γ, IL-17A and IL-10 in peripheral blood from the 5 groups. The statistical results are collected from 3 to 5 mice each group. e–j Level of 
related gene expression in colon tissues including IL-6, IFN-γ, IL-17A, IL-10, IL-23, IL-4. The statistical results are collected from 3 to 5 mice each group. 
Different letters on the columns indicate significant differences
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Fig. 4  Analysis of Foxp3 + Treg cells in the five groups by flow cytometry. a Flow cytometry of CD4 + Foxp3 + Treg cells and CD8 + Foxp3 + Treg 
cells. b Numbers of CD4 + T cells in the five groups. c Numbers of CD4 + Foxp3 + Treg cells. d Numbers of CD8 + T cells. e The numbers of 
CD8 + Foxp3 + Treg cells. The statistical results are collected from 2 to 5 mice in each group. Different letters on the columns indicate significant 
differences

Fig. 5  Diversity and composition analysis of gut microbiota from the five groups. a Alpha diversity (Shannon index) analysis. b PCoA of the 
composition of gut microbiota. c Evolutionary analysis of gut microbiota. d–f Composition of intestinal microbiota in family, genus and species 
levels. The statistical results are from 10 mice in each group
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Discussion
The therapeutic effect of MSC transplantation is poor, 
and the survival time of inoculated MSCs in the inflamed 
intestine is very short [36, 37], which limit the applica-
tion of MSC in IBD treatment. However, exosomes iso-
lated from MSCs show excellent therapeutic effects in 
animal disease models [38]. Previous studies have shown 
that exosomes injected into colitis mice were found in 
the liver, spleen and damaged colon at 12  h, 24  h and 
48 h, which indicates that exosomes can reach the dam-
aged colon and improve colitis [39–42]. However, it 
is unknown whether the exosomes can exist in colitis 
mice for a long time. In our study, we chose to analyze 
the therapeutic effects of exosomes after 7  days of con-
tinuous injection. Our results found that exosomes were 
mainly distributed in the liver, stomach and colorectum 
of mice at the seventh day after exosome injection, which 
was similar to previous reports.

After the infusion of hUC-Exos or hFP-Exos, the 
length of the colon of DSS mice significantly recovered, 
and both epithelial cells and crypts were significantly 
improved by pathological evaluation. In order to exclude 
the possible self-recovery of the colon after 7 days of DSS 
administration, we also set up the DSS14D group. We 
found that the colon length of mice did not recover in the 
DSS14D group, and more importantly, the number and 
morphology of crypts in DSS14D mice decreased sharply 
compared to DSS7D group.

Previous studies have proved that IL-17A secretion sig-
nificantly increased in IBD patients [7, 8]. It is also known 
that Th17 cells express the pro-inflammatory cytokine 
IL-17 and IFN-γ, which plays an important role in the 
pathogenesis of inflammatory diseases. In our results, we 
found that the secretion of IL-17A, IL-6 and IFN-γ sig-
nificantly increased in the DSS7D group. The results are 
in agreement with those observed in IBD patients [43, 
44]. Initial CD4 + T cells differentiate into Th17 cells in 
response to IL-6 and become more pathogenic in the 
presence of IL-23 [10, 45, 46]. IL-23 can induce and exac-
erbate intestinal inflammation [47]. IL-6 acts as a potent 
pro-inflammatory cytokine in T cells through promotion 
of Th17 differentiation and inhibiting Treg cell differen-
tiation. These evidences indicate that T cells mainly dif-
ferentiate into Th17 cells in the DSS7D group. Seven days 
after DSS treatment in DSS14D group, the mice showed a 
significant increase in the number of CD4 + Foxp3 + and 
CD8 + Foxp3 + cells, and a reduction in the secretion 
of IL-6 and IL-17A compared to mice in DSS7D group. 
Previous study found that IL-4 may be a cytokine that 
activates the high expression of inflammatory proteins 
and participates in the immune regulation of Th2 cells 
in patients with ulcerative colitis [48]. The expression of 
IL-4 was significantly increased in the DSS14D group. 

IL-4 can inhibit the differentiation of T cells into Th17 
cells [49]. These changes indicated that the differentiation 
of T cells into Th17 cells was suppressed and the produc-
tion of Treg cells were significantly increased. However, 
we did not observe the improvement of colon length 
and pathological symptom in the DSS14D group. Simi-
lar phenomenon was observed in the peripheral blood of 
patients with colorectal cancer that the number of Treg 
cells increased significantly [50], which may also explain 
the deterioration of the pathology of the mice in the 
DSS14D group. Therefore, although a large increase in 
Foxp3 + Treg cells can inhibit the inflammatory response, 
the over-activated Treg cells can still further damage the 
intestinal mucosa [51]. By infused with hUC-Exos or 
hFP-Exos daily for 7  days after DSS induction, mice in 
both hUC-Exos and hFP-Exos did not show increased 
secretion of IL-17A and IL-6 compared to the DSS14D 
groups, though the number of CD4 + Foxp3 + Treg cells 
was found decreased. Therefore, the results suggested 
that hUC-Exos and hFP-Exos mediated the balance of 
Th17 and Treg cells in IBD mice. We also found that the 
infusion of hUC-Exos and hFP-Exos regulated the level 
of IL-10 on mice with colitis. Since IL-10 is regarded as 
an anti-inflammatory cytokine and can control the Th17 
prevalence [52–54], the maintenance of immune homeo-
stasis of Th17 cells and Treg cells may be a key target for 
the treatment of IBD.

The diversity and instability of intestinal bacteria lose 
balance in IBD patients [55, 56]. However, whether the 
immuoregulation of MSCs or MSC-derived Exos can 
impact the reestablishment of healthy intestinal micro-
biota homeostasis is still unknown. Our results showed 
that alpha diversity of gut microbiota was reduces after 
treatment with hUC-Exos and hFP-Exos. But the alpha 
diversity of gut microbiota was higher in hFP-Exos group 
compared to hUC-Exos group. Shannon index is a com-
prehensive index to the abundance and uniformity of 
the bacterial community. The higher of Shannon index, 
the higher of diversity and uniformity in the microbiota 
community. Therefore, the greater individual difference 
of mice may result in higher Shannon index in hFP-Exos 
group. We found that pro-inflammatory bacteria did not 
decrease in the DSS14D group compared to the DSS7D 
group, but significantly decreased after hUC-Exos and 
hFP-Exos treatments. Verrucomicrobia is suggested to 
be directly related to colon inflammation [57, 58]. In our 
study, the treatment of either hUC-Exos or hFP-Exos 
decreased the relative abundance of Verrucomicrobia. 
The abundance of Akkermansiaceae and Akkermansia 
elevated in IBD patients, which can predict the effect 
of IBD treatment with an accuracy rate of 76.5% [59], 
and Akkermansia muciniphila can induce the activa-
tion of Th17 cells in an inflammatory environment [15]. 
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In our results, Akkermansia and A. muciniphila signifi-
cantly increased in DSS7D group. In contrast, the rela-
tive abundance of Akkermansiaceae, Akkermansia and 
A. muciniphila reduced after the treatment of hUC-Exos 
or hFP-Exos, and the scope of reduction was especially 
greater in the hUC-Exos group. Furthermore, the abun-
dance of another two symbiotic bacteria (Escherichia 
coli and Bacteroides vulgatus) linked to IBD and inflam-
mation [60] were observed significantly increased in 
the DSS7D group and DSS14D group. In contrast, the 
abundance of Escherichia coli and Bacteroides vulgatus 
was decreased after the treatment with hUC-Exos or 
hFP-Exos. Therefore, our results demonstrated for the 
first time that the infusion of hUC-Exos or hFP-Exos can 
rebalance IBD mouse intestinal microbiota by regulating 
inflammation, and in turn, the reduction of pro-inflam-
matory bacteria helps the healing of symptom of mice 
with colitis. Besides that, we speculate that exosomes 
mediated the balance of the number of Treg and Th17 
cells, and the immune balance further promoted changes 
in the composition of gut microbiota. Finally, the changes 
in the gut microbiota further reduced the intestinal 
inflammation.

Severe inflammatory reaction reduced the number of 
colonic crypts and a large number of inflammatory cells 
infiltrated in mice with colitis, which led to increase the 
abundance of pro-inflammatory bacteria. The destruc-
tion of intestinal wall structure promotes harmful 
substances to enter the peripheral circulation, which 
further aggravates inflammation in mice. By analyz-
ing Treg cells in the peripheral blood of mice, we found 
that CD4 + Foxp3 + Treg and CD8 + Foxp3 + Treg were 
abundant in DSS14D mice. Therefore, we speculate that 
over-activated Treg cells will also aggravate colitis in 
mice. Exosomes can control inflammation by regulating 
the balance between Th17 cells and Treg cells. Decreased 
inflammatory response improved the structure of colon 
wall in mice and reduced the abundance of pro-inflam-
matory bacteria in the intestine. The improvement of 
intestinal wall structure provides conditions for the 
reproduction of beneficial bacteria, which further con-
tributes to the reduction of colitis.

Conclusion
In summary, we investigated the therapeutic effects of 
hUC-Exos or hFP-Exos on DSS-induced mice with coli-
tis. Our results indicated that (1) the colon of mice with 
colitis did not recover but showed severe pathological 
symptom after the cease of DSS administration up to 
7 days; (2) MSC-Exos can home to injured mouse intes-
tines through tail vein injection; (3) over-activated Treg 
cells aggravated the pathological symptom of mice with 
colitis, and hUC-Exos and hFP-Exos infusion regulated 

the balance of Th17 cells and Treg cells; (4) the infusion 
of hUC-Exos and hFP-Exos intended to reduce the abun-
dance of pro-inflammatory bacterial, such as Verrucomi-
crobia, Akkermansia, A. muciniphila and Escherichia 
coli, and reestablish the intestinal microbiota homeosta-
sis. The present study demonstrated that hUC-Exos and 
hFP-Exos have similar therapeutic effects on mice with 
colitis. and may be used as a new strategy for the treat-
ment of colitis by the application of exosome derived 
from perinatal tissues. Our results are beneficial for the 
understanding of the mechanism between T cells and 
intestinal microbiota in colitis.
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